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Introduction: 

The title compounds (1-18) constitute a subclass of derivatives of orotic acid (6-
carboxyuracil, vitamin B13), an important representative of pyrimidine compounds, 
which takes crucial part in metabolic processes in living organisms [1] and exhibits 
various physiological effects [2]. Its sulphur analog — 2-thioorotic acid — is also of 
interest because of its biological activity and chelating power with metal cations. The 
great interest with this compound results in continuous search of its new derivatives, 
modified both in the position 2 of uracil ring (sulphur atom) and in the position 6 
(carboxylic group).  

Among derivatives of carboxylic acids on the special attention deserve 
hydroxamic acids. These compounds possess a wide spectrum of biological activities 
including antibacterial, anti-inflammatory, antifungal and antitumor properties [3-5] and 
are also known as stimulators of growth of several plants [6]. Hydroxamates have been 
identified as selective inhibitors of matrix metalloproteinases [7] and other enzymes, for 
example 5-lipoxygenase, an enzyme involved in the biosynthesis of mediators of 
allergic disorders [8]. Wide range of physiological properties of sulphur analogs of 
pyrimidine bases (2-thiouracil, 2-thioorotic acid) as well as activity of hydroxamic acids 
encouraged me to obtain (via methyl esters) new hydroxamic acids, rooted from 
substituted 2-benzylthioorotic acids, containing in the phenyl ring chloro, bromo or 
nitro substituents in the positions ortho, meta or para. The substrates have been 
synthesized previously in our laboratory [9]. 
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Compound X R Compound X R 

1 o-Cl OCH3 10 o-Cl NHOH 
2 m-Cl OCH3 11 m-Cl NHOH 
3 p-Cl OCH3 12 p-Cl NHOH 
4 o-Br OCH3 13 o-Br NHOH 
5 m-Br OCH3 14 m-Br NHOH 
6 p-Br OCH3 15 p-Br NHOH 
7 o-NO2 OCH3 16 o-NO2 NHOH 
8 m-NO2 OCH3 17 m-NO2 NHOH 
9 p-NO2 OCH3 18 p-NO2 NHOH 

My aim was to examine the reactivity of the above 2-benzylthioorotic acids under the 
conditions of esterification reaction, to receive X-substituted 2-benzylthio-6-



methoxycarbonyluracils (methyl esters 1 – 9) and to transform them into corresponding 
2-benzylthio-6-hydroxyaminocarbonyluracils (hydroxamic acids 10 – 12). The research 
of antimicrobial properties of the compounds studied is being in progress. 
Experimental part 
At first, a conventional method was elaborated to syntesize methyl esters of 2-(chloro, 
bromo or nitro) benzylothioorotic acids 1-9. Starting material was refluxed with boiling 
absolute methanol and catalytic amount of concentrated sulphuric acid to the entire 
dissolution of the substrate. The reaction mixture was evaporated on the vacuum rotary 
evaporator to 1/10 of previous volume. TLC monitoring showed a complicated mixture 
of products. The obtained mixture was purified and products separated using silica gel 
column chromatography. The set of products received (I-VI) is presented on the 
Scheme 1. 

In the second method of esterification 2-o-chlorobenzylthioorotic acid was 
submitted to the action of thionyl chloride in absolute methanol at room temperature. 
After standing over night only products I and II were isolated from the reaction 
mixture. All products were identified using electron ionization mass spectrometry, 
electrospray MS and 1H NMR. 
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The purified esters 1-9 were dissolved (or suspended) in methanol and added to 

the previously prepared mixture of saturated solutions of hydroxylamine hydrochloride 
in methanol and potassium hydroxide in methanol (2:1) and then stirred magnetically 
over three days. After this time the reaction mixture was neutralized with 1n HCl and 
gave the positive result of the FeCl3 test (coloured complex) for hydroxamic acids. The 
neutral or slightly acidic solution containing one of the hydroxamic acids 10 – 18 was 



gently evaporated under reduced pressure and cooled in the refridgerator.The 
precipitated solid was filtered, washed with small amount of cold absolute methanol and 
dried. 
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Results and discussion  

2-benzylthioorotic acids, containing X substituent (X = Cl, Br or NO2) in the 
position ortho, meta or para of phenyl ring turned out to be susceptible to 
decomposition in the conditions of esterification reactions (acidic methanol, temperature 
63-64°C). One of the side reactions observed is debenzylation to the 2-thioorotic acid 
III (Scheme1), the other is hydrolisis of  Csp2-S bond of benzylthioorotic acid, which 
yielded the orotic acid IV and was accompanied with formation of appropriate X-
benzyl-mercaptane (V) and/or di-(X-benzyl)-disulphide (VI), substances of unpleasant 
smell. Surprisingly, 2-(o-, m- or p-)(chloro, bromo or nitro)benzylthio-4-methoxy-6-
methoxycarbonylpyrimidines (compounds II) are also formed in this reaction. The 
possible mechanism of creating these compounds (similar to the reaction of the 
hemiacetal formation) is shown on Scheme 3. 
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As a conseqence of side reactions, the laborious separation – silica gel column 

chromatography – was needed to isolate desirable esters from the reaction mixture and 
the yield received was about 15 percent. To the quick identification of compounds 
obtained especially mass spectral methods (EIMS and ESIMS) appeared useful and 
convenient. Characteristic parameters of the obtained new 2-benzylthio-6-
methoxycarbonyluracils 1-9 are collected in Table 1. 
 The isolated and purified esters 1 – 9 were used further to obtain hydroxamic 
acids as descibed earlier. Some characteristics of products 10 – 18 (X substituted 2-
benzylthio-6-hydroxyaminocarbonyluracils) are shown in Table 2. 
Table 1. Structure, thin layer chromatography (phase A* = BuOH- AcOH-H2O 5:2:3), 
melting points and molecular ions (EIMS, m/z) of esters 1 - 9 



Compound Substituent 
X 

Molecular 
formula 

Rf (TLC) 
phase A* 

m.p. 
°C 

M+. 
m/z 

1 o-Cl 0,95 240-246 
2 m-Cl 0,96 228-229 
3 p-Cl 

C13H11N2O3SCl 

0,95 233-237 

310/312 

4 o-Br 0,95 243-245 
5 m-Br 0,96 239-240 
6 p-Br 

C13H11N2O3SBr 

0,95 240-243 

354/356 

7 o-NO2 0,95 244-247 
8 m-NO2 0,96 239-241 
9 p-NO2 

C13H11N3O5S 

0,96 247-249 

321 

Table 2. Characteristic data for hydroxamic acids 10 - 18 
Compound Substituent 

X 
Molecular 
formula 

Molecular 
weight 

m.p. 
°C 

Complex with 
Fe3+ (colour) 

10 o-Cl 126-129 
11 m-Cl 120-123 
12 p-Cl 

C12H10N3O3SCl 311 

116-118 

violet 

13 o-Br 128-131 
14 m-Br 124-126 
15 p-Br 

C12H10N3O3SBr 355 

123-126 

violet 

16 o-NO2 128-130 
17 m-NO2 125-127 
18 p-NO2 

C12H10N4O5S 322 

132-135 

dark red to 
brown 

Summary: 
New organic compounds, derivatives of pyrimidine bases, rooted from 2-

thioorotic acid and expected to possess significant physiological activity, were received.  
The main difficulty in the synthesis of hydroxamic acids appeared the first step, 

i. e. the esterification of substituted 2-benzylthioorotic acids and proper separation of 
products. The side reactions took place due to the lability of sulphur-carbon bonds in the 
applied conditions (presence of strong concentrated acid, raised temperature). Other 
synthetic routes to the desired esters should be investigated to make this synthesis more 
selective and efficient. Synthesis of hydroxamic acids proceeds mostly unambiguously, 
although it requires observing strictly basicity/acidicity conditions. 

Electrospray ionization mass spectrometry turned out to be convenient to the 
identification of isolated main and by-products of above-mentioned reaction as well as 
to evaluate the degree of purity or kind of contaminations of compounds studied 
(variety of pseudo molecular ions, protonated and deprotonated, are easily detected). 
References: 
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DESIGN AND SYNTHESIS OF POTENTIAL BIOEFFECTORS BASED 
ON 5,8-QUINOLINEDIONE MOIETY 
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Indtroduction 
Quinoline-5,8-dione and its derivatives constitute group of compounds of great 
biological and pharmaceutical importance. This moiety is present in many antiviral and 
antibacterial factors [1-3]. Well known are also antitumor, and antimicrobial agents 
containing quinolinedione substructure [4]. Especially lavendamycin (1A), streptonigrin 
(1B) and streptonigrone (1C) are potent antitumor agents the activity of which is 
believed to be determined by presence of quinolinedione moiety [5, 6]. Main obstacle in 
study on such compounds is their synthetic unavailability. Mentioned bioactive 
structures (1A, 1B, 1C) as well as some of their derivatives could be obtained from 
Streptomyces species [7] or by applying biosynthetic procedures [8-14]. However 
purely synthetic ways are necessary to built more diverse group of derivatives essential 
in rational drug design.  
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Scheme 1.  Structures of: 1A lavendamycin, 1B streptonigrin and  1C streptonigrone. In 
bold 7-amino-5,8-quinolinedione  moiety is shown.   
 
Reported methods for the synthesis of structures based on quinolinediones are quite 
complex. They consist of many steps and result in low overall yields [15-19]. 
Furthermore, to the best of our knowledge, there is no applicable protocol leading to 
quinazoline derivatives. Thus, in our study focused on the synthesis new biologically 
active structures we have modified known procedure to facilitate obtaining some new 
interesting structures.  
  
Results and discussion  
Formerly, some remarks on quinoline-5,8-dione azaanalogues were made and their 
value in our understanding of HIV-1 integrase inhibitors chemistry [19]. In this paper 
we wish to report some findings on design and synthesis of new, quinazoline based 
analogues of quinoline-5,8-dione and its derivatives that could be of great biological 
importance. During our works we found out their significant values as bioeffectors, 
especially fungicides and herbicides [20]. Main problem in quinolinedione chemistry is 
a multistep, time consuming synthesis that restrains more comprehensive research.  
                                                 
* Corresponding author: rmusiol@us.edu.pl 



Scheme 2 shows a procedure that we have successfully applied to obtain known 
quinolinedione and their, even more interesting, analogues. From easily available 3-
methoxybenzaldehyde, through nitration (a), reduction (b), acylation (c), cyclization 
(d), hydrolysis (e, h) and oxidation (g) we have obtained 8-hydroxy-2-methyl-
quinazoline which was further reacted as commercially available 8-hydroxyquinaldine.  
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Scheme 2. Synthesis of quinoline-5,8-diones and analogues R=H, CH3  A) X=C, B) 
X=N. 
 
Experimental 
Melting points were recorded on Boetius apparatus and are uncorrected. The 1H NMR 
spectra were obtained on Bruker 500MHz. When diffuse, easily exchangeable protons 
were not listed. Analytical thin-layer chromatography was performed on Merck silica 
gel 60F254 alumina precoated plates (0.25mm layer). All liquid chromatography 
separations were performed using Merck silica gel 50-100 mesh. Solvents as ether, 
chloroform, ethanol were dried and purified according to common procedures. 
Chemicals obtained from commercial suppliers (POCh, Merck, Sigma-Aldrich) were 
used without further purification.   
8-hydroxy-2-methyl-quinazoline 6B was obtained as yellow solid mp 160oC (lit. mp 
154-158oC [21]) in 90% yield. 
8-hydroxy-5,7-dinitro-2-methyl-quinoline 7A, and 8-hydroxy-5,7-dinitro-2-methyl-
quinazoline 7B, was obtained according to known procedure by direct nitration [22]. 
7A: yellow solid, yield 61%, mp 295oC, lit mp. 290-300 oC [22]. 



7B: yellow solid mp 250oC, yield 85%. 1HNMR 500 MHz, DMSO-d6, δ: 2,78 (s, 3H); 
9,10 (s, 1H); 10,22 (s, 1H); 11,23 (s, 1H).  
8-hydroxy-5,7-diamino-2-methyl-quinoline 8A and 8-hydroxy-5,7-diamino-2-
methyl-quinazoline 8B. Reduction of 7A or 7B with  gaseous hydrogen in presence of 
5% Pd/C afford in respective amine. However free diamine was found very unstable it 
was immediately further converted to more stable diacetic derivative.  
8-acetoxy-5,7-diacetamino-2-methyl-quinoline 9A and 8-acetoxy-5,7-diacetamino-2-
methyl-quinazoline 9B. To the mixture of 1,6 mmol of 7, 0,13g Pd/C in hydrochloric 
acid solution (0,66 cm3 of conc. HCl in 6 cm3 H2O) was hydrogenated until the color 
changed form yellow to deep red and filtered. The residue was washed with small 
amount of water. Collected solutions were mixed with 1,33g of sodium acetate 0,66 g 
sodium sulfate and dropwise 4,5cm3 of acetic anhydride. Mixture was stirring during 
one hour in room temperature and then during 30 min in ice bath. Resulted white solid 
was separated washed with cold water and dried in the air to give 9.  
9A: yellow solid, 80% yield, mp 258oC (lit mp 260,5oC [22]). 
9B: yellow solid, 50% yield mp 274-276oC (decomp.). 1HNMR, 500 MHz, DMSO-d6, 
δ: 2,16 (s, 3H); 2,34 (s, 3H); 2,42 (s, 3H); 2,62 (s, 3H); 7,88 (s, 1H); 9,47 (s, 1H); 9,57 
(s, 1H); 11,40 (s, 1H). 
7-acetamino-2-methyl-5,8-quinolinedione 10A and 7-acetamino-2-methyl-5,8-
quinazolinedione 10B. To suspension of 0,47 mmol of 9 in 5,8 cm3 acetic anhydride 
was added dropwise the solution of 0,42 g potassium dichromate in 5,5 cm3 of water. 
Mixture was heated gently and stirred during 1,5 hour. The resulted mixture was 
extracted with dichloromethane (12 times with 2,5 cm3). Combined organic layers were 
washed with 3% aqueous solution of sodium bicarbonate, dried with magnesium sulfate 
and then evaporated to dryness. Crude compound 10 was obtained and used in further 
synthesis without complex purification. 
10A: yellow solid mp 210-212oC  (lit mp 217oC [22]) yield 67%. 
10B: yellow solid mp 210oC (decomp.) in 80% yield 1HNMR, 500 MHz, CDCl3, δ: 2,33 
(s, 3H); 2,98 (s, 3H); 7,98 (s, 1H); 8,31 (s, 1H); 9,43 (s, 1H).  
7-amino-2-methyl-5,8-quinolinedione 11A: red solid mp 240oC (lit mp 240oC [22]), 
yield 60%. 
 
Conclusions  
Knowledge about activity of quinazolines is essential for more rational design of new 
bioefectors. Introducing additional nitrogen atom is slight change in structure of 
quinoline leading to significant changes in chemical behavior. In table 1 some features 
important for our study are presented.  
 

Structure 
N  N

N

 
pKa [23] 4,75 3,43 

Molecular volume [24] 123,8 119,2 
LogP [24] 1,94 1,53 

Molecular refractivity [25] 42,81 38,80 
Table 1. Differences in important molecular properties of quinoline and quinazoline.  
 
Such differences are even more significant in the case of functionalized quinazolines 
[26]. Knowledge about these relationships would help us to control pharmaceutically 
important features of potential drugs like membrane permeability or cellular uptake. 



Particularly, we hope that quinazoline based analogues of active diones will be deprived 
of cytotoxicity. Multistep synthesis presented in this paper allows to obtain structurally 
diverse quinazolines with satisfied yields and excellent purity. Further study will be 
focused on finding new fungicides and herbicides with the quinazoline moiety.  
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 Metals, once emitted, can reside in the environment for hundreds of years or 
more. They are persistent environmental contaminations. Human activity has drastically 
changed the biogeochemical cycles and balance of some heavy metals in the 
environment. Excessive levels of metals in the environment are hazardous to human. 
During the recent decades considerable attention has been given to problems concerning 
negative effects of heavy metals on various ecosystems in different environmental 
compartments. Numerous field observations indicate a significant increase of heavy 
metals concentrations in soils, especially agricultural and forest ones [1]. 

Proper evaluation of the effect of heavy metals on the natural environment is 
possible on the basis of knowledge about their forms and bindings with soil, sediment, 
sludge or solid waste components found. Sequential extraction could be the source of 
the above mentioned information, enabling identification and quantitative determination 
of various forms of the same 
chemical element. It is 
therefore widely used as a tool 
for the study of fate of metals 
in the environment [2-8]. 

The loading of 
ecosystems with chromium and 
other heavy metals can be due 
to pollution by waste materials. 
Landfill leachates are still one 
of the major sources of heavy 
metals discharged to the 
surrounding environment [3]. 

The aim of this work 
was to identify the 
environmental impact of 
industrial waste disposal and 
mobility of heavy metals in 
polluted soils. 

A five-step sequential 
fractionation scheme was used 
to partition the metals into exchangeable (F I), acid-soluble (F II), reducible (F III), 
organic matter (F IV) and residual (F V) fractions (Fig.1). The metals forms occurred in 
fractions F I - F IV can be released to ecosystems under changeable natural conditions. 
The metals forms occurring in the residual fraction (FV) are permanently immobilized 
[2-4]. 

10 ml of 1M CH3COONH4

pH = 7

20 ml of 1 M CH3COONH4

adjusted to pH = 5
with acetic acid

extractants

Fig. 1. Schematic diagram of the sequential extraction of metals from galvanic wastewater sludge 



 
 
Table 1. The metals contents in leachates and particular fractions determined by the sequential extraction 
 
soil/sludge Sandy soil/galvanic sludge Agricultural soil/galvanic sludge Loamy soil/galvanic sludge 

Time 0 1 week 1 month 3 months 0 1 week 1 month 3 months 0 1 week 1 month 3 months 
Metal [mgCu kg-1 d.w.] mean ± S.D., n= 3 [mgCu kg-1 d.w.] mean ± S.D., n= 3 [mgCu kg-1 d.w.] mean ± S.D., n= 3 

Leachate 0.00 0.27±0.10 0.55±0.20 1.23±0.70 0.00 0.32±0.12 0.65±0.24 1.35±0.71 0.00 0.28±0.11 0.56±0.22 1.34±0.59 
Fraction I 1.29±1.06 0.57±0.18 0.91±0.35 1.13±0.40 0.68±0.01 0.68±0.01 0.69±0.01 1.65±0.90 0.90±0.39 1.00±0.53 2.40±1.45 3.55±2.49 
Fraction II 1.49±0.04 1.12±0.41 2.27±1.33 1.51±0.09 1.91±0.64 1.79±0.44 3.14±0.80 7.49±3.21 7.37±1.10 7.90±3.22 2.43±0.82 21.8±1.50 
Fraction III 3.58±3.71 4.65±3.50 1.42±1.23 4.27±2.85 2.96±1.26 2.49±1.77 5.88±0.67 8.08±3.74 7.36±6.94 9.10±4.00 2.38±0.81 12.8±7.20 
Fraction IV 1.79±0.08 1.68±0.14 2.76±1.67 2.09±1.18 15.7±1.41 15.0±12.1 23.3±7.20 26.7±10.2 3.64±3.12 3.94±1.65 7.95±1.08 9.80±1.71 
Fraction V 2.11±1.44 1.67±0.46 1.74±0.06 2.04±1.17 13.5±1.27 12.9±3.00 15.2±3.70 17.8±5.90 2.32±1.90 2.48±0.84 1.72±0.84 6.43±0.45 

Metal [mgNi kg-1 d.w.] mean ± S.D., n= 3 [mgNi kg-1 d.w.] mean ± S.D., n= 3 [mgNi kg-1 d.w.] mean ± S.D., n= 3 
Leachate 0.00 0.55±0.27 1.03±0.53 2.08±0.9 0.00 0.88±0.14 1.65±0.47 2.80±0.94 0.00 0.97±0.30 2.24±0.98 3.90±1.53 
Fraction I 5.54±1.50 8.00±0.97 7.21±3.19 5.18±0.52 2.97±1.88 3.75±0.79 4.11±1.05 4.26±0.65 5.96±0.68 7.35±1.32 6.02±0.84 6.42±1.28 
Fraction II 32.8±7.80 27.2±7.30 26.6±13.1 25.9±2.50 30.9±8.90 19.4±8.10 19.0±2.80 33.4±1.50 44.8±1.00 34.0±1.10 33.2±4.90 44.2±1.80 
Fraction III 31.7±5.00 32.1±12.7 37.2±8.20 22.1±3.00 73.5±10.4 64.6±9.80 66.7±4.50 60.7±2.30 52.0±15.0 51.6±13.2 55.1±1.90 40.0±1.00 
Fraction IV 5.94±3.54 8.58±3.32 11.0±2.99 11.6±0.93 30.0±1.70 27.0±9.10 26.5±1.60 30.1±2.00 16.3±1.20 16.1±1.7 15.3±2.50 17.6±3.80 
Fraction V 6.18±2.01 5.65±2.27 6.52±1.36 7.68±0.59 23.0±0.20 19.2±5.70 16.7±0.80 19.1±4.00 16.3±3.30 11.8±2.10 11.1±1.30 13.5±1.90 

Metal [mgFe kg-1 d.w.] mean ± S.D., n= 3 [mgFe kg-1 d.w.] mean ± S.D., n= 3 [mgFe kg-1 d.w.] mean ± S.D., n= 3 
Leachate 0.00 3.10±1.29 7.2±1.57 9.30±1.90 0.00 4.47±0.74 5.07±0.76 6.32±1.47 0.00 3.30±0.29 8.35±1.54 12.2±2.54 
Fraction I 70.6±2.80 33.9±2.98 60.5±13.6 41.5±14.7 250±10.4 81.8±7.73 132±52.0 189±18.0 497±22.0 187±15.0 294±19.0 323±29.0 
Fraction II 169±51.0 62.1±10.4 53.5±38.3 258±16.2 365±16.0 107±9.00 151±71.0 274±21.0 674±27.0 217±18.0 340±18.0 498±33.0 
Fraction III 3454±663 3326±442 3513±821 2637±280 8104±715 9077±300 6185±758 3239±335 6772±539 6493±250 4577±147 5286±119 
Fraction IV 444±156 258±83.0 264±85.0 468±160 4066±570 3739±981 2915±339 4204±784 1570±354 1166±187 1031±85.0 1301±361 
Fraction V 1071±90.8 1390±131 1320±109 1487±156 18265±1906 19724±5400 15184±2000 13534±1927 9447±539 8136±1662 7543±732 7717±1374 

Metal [mgZn kg-1 d.w.] mean ± S.D., n= 3 [mgZn kg-1 d.w.] mean ± S.D., n= 3 [mgZn kg-1 d.w.] mean ± S.D., n= 3 
Leachate 0.00 2.95±1.65 5.59±1.89 7.23±2.39 0.00 4,78±1.22 6.28±2.43 8.02±3.13 0.00 3.47±1.11 4.96±2.01 7.69±3.78 
Fraction I 302±48.0 368±80.0 447±184 438±33.0 227±7.00 262±9.00 236±67.0 270±13.0 304±41.0 375±51.0 354±11.2 428±38.0 
Fraction II 680±132 664±105 808±284 794±90.0 818±161 798±146 883±234 1379±43.0 783±153 824±143 915±210 1260±67.0 
Fraction III 278±67.0 329±51.0 399±82.0 212±29.0 627±159 724±89.0 773±37.0 821±23.0 444±126 469±71.0 534±18.0 438±54.0 
Fraction IV 25.9±3.90 26.8±6.10 52.2±37.1 25.4±4.70 159±45.0 134±29.0 154±17.0 142±17.0 65.2±21.4 50.8±9.50 65.3±10.6 43.9±28.2 
Fraction V 17.2±1.00 9.50±2.00 19.1±10.3 13.2±1.20 83.7±10.1 61.3±12.0 74.0±6.20 67.0±16.2 45.6±7.00 27.3±3.50 36.2±6.10 34.1±6.90 

 



In experiments dewatered galvanic sludge from electroplating plant and three 
types of soils: sandy forest, agriculture and loamy, were used. The soil samples were 
taken from the top 20 cm layer. Investigations were performed for air-dry weight of the 
sludge and soils samples. Each soil and galvanic sludge were mixed in the ratio of 50 to 
1 (10g of soil and 0.2 g of sludge). The experiment was carried out on three parallel 
soil-sludge samples using 30 ml polypropylene columns. During experiments 
demineralized water (100 ml/week) was added to each column. The leachates were 
collected to determine the quantity of leached metals. 

Before the start of the experiment and after 1 week, 1 and 3 months, the 
sequential extraction of metals was carried out according to the schematic diagram 
presented in Figure 1. In this diagram the optimum experimental ratio of the mass 
sludge sample to the volume of extractants was also presented. 

Metals concentrations were determined using Atomic Absorption Spectroscopy 
Method, AAS model 30, the Karl Zeiss Jena Company. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Percent contribution of selected metals in particular fractions and leachates in the 

total metal contents 
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The mean value with standard deviation value of the metals contents in leachates 
and particular fractions were presented in Table 1. 

The quantities of Cu, Ni, Fe and Zn extracted with different extractants, with 
each metal fraction expressed as percentage of the sum of metal content in F I - F V 
fractions and leachates are given in Figure 2. 

The amounts of metals (Cu, Ni, Fe, Zn) leaching from sludge-soil samples were 
increasing with contact (Tab. 1, Fig. 2). 

The occurrence of Cu, Ni, Fe and Zn in particular fractions of sequential 
extraction depends on the type of investigated soil (sandy forest, agricultural or loamy). 

Contribution of particular fractions of metals present in the sludge-soil samples 
has not shown significant changes during investigated time (3 months). 
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Abstract 
We have used a modified Stöber process to obtain silica particles of a controlled size 
with narrow size distribution. By including functionalized organosilanes in the synthesis 
process, we have created particles with functional amine, thiol and vinyl groups on the 
surface. The effects of reaction conditions and the loading of the functionalized 
organosilanes on particle size was examined by SEM and TEM. 
 
Introduction 
Unmodified silica particles have only hydroxide groups on the surface and are not 
suitable for the preparation of inorganic-organic composite materials. The bonding force 
of the hydroxide groups with some typical compounds is usually small. 
Functionalization of silica particles leads to the presence of active groups on the 
particles surface and is expected to prepare the active sites to bind other molecules. The 
most common functional groups are: -NH2 (amines), -SH (thiols), and -COOH 
(carboxylic acid). Especially useful are amine groups transformed to aldehyde groups 
which easily connect to proteins and enzymes via Schiff base linkage [1-3]. The 
chemical interactions of amine groups with other functional groups are well 
characterized too. The thiol groups are used for anchoring metal complexes and metal 
ions [4]. 
In this work we present results of synthesis functionalized silica particles by the sol-gel 
method. We have created silica particles with amine, thiol and vinyl groups on the 
surface by including functionalized organosilanes in synthesis process. 
 
Experimental 
All particles have been obtained in the sol-gel process. The basic precursor was 
tetraethoxysilane (TEOS, Alfa Aesar), as a functionalized organosilanes we used 3-
Aminopropyltriethoxysilane (APTES, Aldrich), 3-Mercaptopropyltrimethoxysilane 
(MPTMS, Alfa Aesar) and Vinyltriethoxysilane (TVOS, Aldrich). The syntheses were a 
modified Stöber process [5] in which TEOS has been co-hydrolized with functionalized 
organosilanes. Particles with functional amine groups have been obtained by hydrolysis 
of APTES only without TEOS. The morphology and size of the obtained particles have 
been examined by scanning electron microscopy (SEM, XL 30 Philips CP) and 
transmission electron microscopy (TEM, TESLA BS500). The IR measurements were 
carried out at room temperature with a Bruker IFS-88 FT spectrometer in the region of 

  



400-4000 cm-1. Suspension of the powders in Nujol were placed between KBr wafers 
and IR spectra were measured.  
 
Results and discussion 
Figure 1a presents SEM micrographs of the silica particles with amine groups on the 
surface. The particles have been obtained by hydrolysis of APTES without TEOS. The 
obtained particles are spherical in shape with diameters in the range from 0.5 µm to 
5µm.  
 
  
 
 
 
 
 
 
 
                                                    a                                                                          b 
Fig. 1. SEM micrographs of the silica particles with amine groups (a) and the same particles after reaction 
with acetone (b).  
 
The presence of the amine groups on silica particles surface was confirmed by the FT-
IR measurement (Fig 2a). The spectrum shows a very characteristic sharp band  at 1610 
cm-1 assigned to the stretching vibration of NH2 group [6]. 
 
 
 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

0,8

1,6

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

0,8

A
bs

or
ba

nc
e

 (a)

1610
-NH2

1733
-C=N1610

-NH2

 (b)

Wavelenght (cm-1)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. FT-IR spectra of silica particles obtained from APTES (a) and the same particles after reaction 
with acetone (b). 

 

  



Modified silica particles were impregnated in acetone to transformed –NH2 groups in 
reaction with carbonyl groups of the acetone to imino groups (Shiff bases) (Figure 3). 
The change of powder color from white to yellow after impregnation in acetone was 
observed. The FT-IR spectra measured for silica particles after impregnation in acetone 
(Figure 2b) shows new sharp band at 1733 cm-1 corresponding to the C=N groups  of 
Schiff bases (imines) [3,7] created in reaction with acetone. One can observed that after 
impregnation in acetone characteristic  band  at 1610 cm-1 assigned to the NH2 group 
doesn’t disappear what menace that NH2 groups on the surface of silica particles are still 
present. Interesting fact is that the shape of the silica particles after and before the 
impregnation does not change and the particles are still spherical (Fig. 1b).  
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Fig. 3. The procedure of the coupling  reaction of silica particles with amine groups and acetone. 
 

After co-hydrolization of the TEOS with MPTMS and TEOS with TVOS silica 
particles with thiol and vinyl groups respectively were obtained. The TEM micrographs 
of these particles are present on  Figure 4. Not all particles are spherical, some of them 
are irregular. The size of the particles with thiol groups are in the range from 380 to 
1300 nm. The particles with vinyl groups are bigger, their diameters are from 2,8 to 3.8 
µm. 
 

     
                                                  A                                        B 

Fig. 4. TEM micrograph of the silica particles with thiol (A) and vinyl (B) groups. 
 
The FT-IR spectra of silica particles before and after the functionalization are  presented 
on the Figure 5a-5c. For silica particles (Fig. 5a) it is possible to see the Si-O-Si 
symmetric and asymmetric bands located at 798 cm-1 and 1098 cm-1, respectively and 
the band at 949 cm-1 corresponding to the Si-O group. In Fig 5b the spectrum shows a 
band at 693 cm-1 corresponding to the Si-C stretching vibration of the functional group 
containing the thiol. The presence of the thiol groups (-SH) is observed in the band at 

  



2550 cm-1. In Fig. 5c the spectrum shows a band at 1645 cm-1 associated to the -C=C- 
group of vinyl group.  
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Fig. 5. FT-IR spectra of (a) silica nanoparticles, (b) particles  

with thiol groups and (c) particles with vinyl groups. 
 
 
Conclusions 
The silica particles with amine, thiol and vinyl groups on the surface have been 
obtained. Some of the particles have spherical shape and size about a few micrometers. 
The presence of the functional groups is confirmed by the IR measurements. The amine 
groups were transformed to the imines in the reaction with acetone. This process 
doesn’t change spherical shape of the particles.  
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Introduction 
Natural dyes, derivatives of 1,4-naphthoquinone, such as lawson, lapachol and juglone, 
were used in historical times for dyeing of fabrics, as well as in folk medicine and 
cosmetics. Today, endeavours are made towards broader application of these dyes in 
medicine, what is, first of all, associated with their microcidal features [1]. A special 
interest has, for the last decade, been attracted by lapachol (Fig. 1- B), occurring in 
wood and bar of Tabebuia avellanedea, a South-American tree, known under the names 
of La Pacho, Pou d’Arco and Taheebo [2]. 
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Fig. 1. Reaction of lapachol synthesis  

 

The raw material, obtained from this tree, reveals bactericidal, fungicidal and 
antimalarial activity. Because of limited resources of the natural raw material, the issue 
of producing synthetic lapachol becomes more and more important, as well as the 
determination of its usability for cosmetics and medicine. The application of synthetic 
lawson in these branches is strictly associated with its potential biocidal activity, 
regarding various pathogenic microorganisms. The goals of the study included:  

-  design of lapachol synthesis method,  
-  evaluation of biocidal activity of lapachol solutions  
-  assessment of the possibility to obtain biocidal fabric. 
 

Experimental 
Lapachol synthesis  
The synthesis of lapachol was performed by modified K. Schaffner-Sabb’s method [3], 
acting with prenyl bromide onto lawson solution in DMSO, in the presence of 
triethylamine (TEA) and NaI (Fig.1). The product of that reaction contained, beside 
lapachol (B), O-alkyl compound (C) and unreacted lawson. The mixture of those two 
components was dissolved in toluene and sequentially extracted with NaHCO3 and 
NaOH solutions. The extract in soda lye was acidified with hydrochloric acid. The 
extracted raw lapachol was crystallised with isopropanol, giving a product with melting 
temperature at 139 – 140oC (lit. [3] 140oC). Lapachol structure was confirmed by 1H 
NMR (CDCl3), δ (ppm): 1,68 (3H, s), 1,79 (3H, d), 3,30 (2H, d), 5,22 (1H, t), 7,33 (1H, 
s, OH), 7,76 – 8,13 (4H, m, ArH) spectrum. 



 

 

Bactericidal and fungicidal properties of lapachol and Lawson* solutions 
   *Naphthoquinone dye applied for comparative purposes 
The evaluation was performed by screening method, employing the well technique: 
wells, hollowed in medium with inoculated microorganisms, were filled with dye 
solution in acetone (200 µl) at concentration of 10 mg/cm3, then incubated for 24 h in 
temperature of 37oC (bacteria) and for 5 days in 30oC (fungi). The results have been 
presented in Table 1 as bactericidal activity rates, determined by the diameter of 
microorganism growth suppression zone / well diameter ratio.  
 
Table 1. Bactericidal and fungicidal activity of lapachol and lawson 

Studied compounds 

lapachol lawson acetone* 

 

Microorganisms 

Bactericidal activity rate 

        Corynebacterium xerosis CX - 1,77 - 

        Klebsiella pneumoniae KP 1.03 1.69 - 

        Bacillus licheniformis BL 1.54 2.62 1.08 

        Micrococcus luteus ML 1.46 2.08 - 

        Staphylococcus aureus S.A. 1.08 1.54 - 

        Escherichia coli EC 1.08 1.31 - 

       Pseudomonas aeruginosa PA - 1.54 - 

 Fungicidal activity rate 

        Aspergillus niger AN 1.06 2.70 - 

-  no growth suppression zone;      * applied for control purposes 
 
Dyeing of wool and polyamide fabric and evaluation of their biocidal properties 
Synthetic lapachol and lawson were applied for dyeing of wool (W) and polyamide 
(PA). The dyeing procedure was performed for one hour in a Roaches Engineering Ltd. 
dyeing machine, with 1:20 liquor ratio, pH=5.5 (acetate buffer), in temperature of 98oC. 
Dyed samples of the fabrics were submitted to resistance tests in conformity with ISO 
standards (Table 2). The obtained results confirmed good binding of the dyes, both with 
wool and polyamide.  

The obtained dyeing was submitted to evaluation of biocide activity against 
bacteria, listed in Table 1 and the following fungi: Trichophyton mentagrophytes 
and Aspergillus niger. The applied evaluation method was conformable with AAT CC 
147-1998 Standard. The obtained results have been demonstrated in Table 3.  
 
 



 

 

Table 2. Functional qualities of PA and W fabrics, dyed with lapachol and lawson 

Dye 
%* 

Fabric 
type 

Rubbing 
dry / wet 

Sublimation 
150 oC 

Washing    Perspiration  
   alkaline / acid 

Water 

 
0.5 

lapachol 

 
PA 
W 

 
5/5 
5/5 

 
4-5/4/5 

- 

 
3/5/5 

2/4-5/4-5

  
 2/3/3    2/2/2 
 3/2/4    3/2/4-5 

 
2/2/2 

4/2/4-5 
 

0.5 
lawson 

 

 
PA 
W 

 
5/5 
5/5 

 
4-5/4-5/5 

- 

 
3/5/5 
4/5/5 

  
 2/4/4    2/3/3 
 3/4/4    3/4/4 

 
2/3/2 
3/3/4 

* with regards to fabric mass 
 
 
Results and discussion 
The performed studies have demonstrated that lapachol and lawson reveal bactericidal 
properties against most of the tested organisms. The largest growth suppression zones – 
from 1.69 to 2.7 – were observed around the wells with lawson solution. With regards 
to lapachol, those values were distinctly lower, not exceeding 1.6, while no growth 
suppression was observed in case of Corynebacterium xerosis and Pseudomonas 
aeruginosa. The studies of fungicide properties, performed only for Aspergillus niger, 
demonstrated strong activity of lawson (2.7) and weaker on of lapachol (1.06).  
Similar studies, done for wool fabric, dyed with lapachol and lawson in concentrations 
from 0.02 to 1%, did not reveal any growth suppression zones for either bacteria or 
fungi. Those microorganisms grew also under the fabric, in direct contact with its 
surface. The observed effect is to be associated with the fairly high stability of the 
keratin-NH3

+ -O-dye binding, what, in consequence, leads to elimination of free dye.  
In the case of the polyamide material, the presence of growth suppression zones was 
confirmed for only two bacteria: Micrococcus luteus and Staphylococcus aureus, with 
lapachol, used for dyeing at concentration of 1%. In all the other concentration ranges, 
contact activity was observed with regards to the studied bacteria, i.e., no bacterial 
growth under the fabric.  
The results of fungicidal tests, performed with polyamide fabric for Trichphyton 
mantagrophytes and Aspergillus niger, have proven that both lapachol and lawson 
inhibit the development of these fungi. The growth suppression effect was observed 
under the fabric, in direct contact with its surface, but it was also manifested by 
presence of a growth suppression zone. It was also found that Aspergillus niger was 
more sensitive and that either lapachol or lawson concentration at 0.04% was 
satisfactory to inhibit further development of the fungus. The biocidal effect of the 
polyamide fabric can be explained by weaker binding of either lapachol or lawson with 
polyamide fibre. The fibre, when compared with wool, has got a much lower number of 
amine groups, capable for ion binding with OH groups of lapachol and lawson. In result 
of this feature, in presence of water or humid environment, active biocidal dye particles 
appear in direct fibre surrounding.  
 
The study was financed from the funds of Research Project No 3T09 B01928.  
 
 



 

 

 Table 3. Bactericidal and fungicidal properties of fabrics, dyed with lapachol and   
lawson 

Observed effects2 

Bacteria Fungi 

Dye 
Fabric 

 
 W - wool 
 PA - polyamide 

% of dye1 
used for 
dyeing 

CX KP BL ML SA BC PA TM AN 

lapachol/W 0.02 - 1 No effects 
    lawson/W 0.02 - 1 No effects 

0.02 - - - -* -* -* -* - - 
0.04 - -* -* -* -* -* -* - + 
0.06 - -* -* -* -* -* -* - + 
0.08 - -* -* -* -* -* -* + + 
0.1 - -* -* -* -* -* -* + + 
0.2 - -* -* -* -* -* -* + + 
0.3 - -* -* -* -* -* -* + + 
0.4 - -* -* -* -* -* -* + + 
0.5 - -* -* -* -* -* -* + + 
0.6 - -* -* -* -* -* -* + + 
0.8 -* -* -* -* -* -* -* + + 

 
lapachol 

PA 

1 -* -* -* + + -* -* + + 
0.02 -* -* -* -* -* -* -* - - 
0.04 -* -* -* -* -* -* -* - + 
0.06 -* -* -* -* -* -* -* + + 
0.08 -* -* -* -* -* -* -* + + 
0.1 -* -* -* -* -* -* -* + + 
0.2 -* -* -* -* -* -* -* + + 
0.3 -* -* -* -* -* -* -* + + 
0.4 -* -* -* -* -* -* -* + + 
0.5 -* -* -* -* -* -* -* + + 
0.6 -* -* -* -* -* -* -* + + 
0.8 -* -* -* -* -* -* -* + + 

 
lawson 

PA 

1 -* -* -* -* -* -* -* + + 
1 vs. fabric mass 
2 + the presence of growth suppression zone; - no growth suppression zone; 
  * growth suppression under the fabric 
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Introduction 
 A development of synthetic dyes caused a considerable decrease of natural dyes 
application in textile industry in the end of 19th century. Nowadays, there is a strong 
tendency to apply the synthetic dyes on a big scale for dyeing of textiles that could 
exhibit antibacterial or antifungal activity against common pathogens [1, 2]. The most 
popular and easy technologies of such textiles production are based on employing dyes 
that show a maximum zone of microbial inhibition in dyeing process of fibres [3]. The 
naphthoquinone compounds (lawsone and lapachol – Fig. 1) have an ineresting position 
among such dyes [4, 5, 6]. 

O

O

OH

                                       

O

O

OH

CH2-CH=C CH3

CH3

 
lawsone (C.J. Natural Orange 6)    lapachol (Natural Yellow 16) 

Fig. 1. The chemical structure of lawsone and lapachol. 
The aim of the present study was to determine a possibility of polyamide (PA6) 

dyeing with synthetic lawsone and lapachol in liquid and supercritical carbon dioxide. 
Techniques of textile dyeing using supercritical fluids as a solvent are relatively new 
and still under study; the majority of papers appeared in the last decade [7, 8, 9]. 
Different kinds of disperse dyes and fibres were investigated but mostly it was not 
possible to dye fibres in this medium with good fastness properties and to acceptable 
colour depth. The results obtained were usually worse than in the traditional aqueous 
dyeing procedure. Nevertheless, it is believed that carbon dioxide, especially in 
supercritical state, can be very useful for dyeing because of more in-depth penetration 
into the structure of the materials. The major requirement for this process to proceed 
successfully is a supply of suitable and low-molecular weight dyes which are 
sufficiently soluble in liquid carbon dioxide. Both lawsone and lapachol comply with 
these requirements. 
Experimental 
 Lawsone used in the study was synthesized according to the method described 
by Fieser [10] in which 4-amino-3-hydroxynaphthalene-1-sulfonic acid was used as a 
starting material. Lapachol was obtained according to the method described by 
Schaffner-Sabba [11]. 

The object for dyeing was a knitwear of polyamide PA6 fibres (thickness: 67 
dtex, degree of crystallinity: 0.49). Weight of the samples was in the range from 2.0 to 
3.0 g. The amount of reactive dye used was 0.5 ÷ 1.0% owf (on weight of fabric).  



Traditional water-based dyeing was carried out with a dye apparatus, purchased 
from Roadies Engineering Ltd., at the following parameters: the liquor ratio 1:20, pH = 
5.0 (acetate buffer), dyeing time: 1 hour at 98oC. 

Dyeing experiments in CO2 were carried out in a stainless steel autoclave of 100 
cm3 volume equipped with a thermostat, temperature controller and pressure indicator. 
To increase the solubility of the dye ethanol or acetone were used as co-solvents. The 
fabric and dye solution in the co-solvent (2 cm3) put into a small glass tube were placed 
at the bottom of the autoclave and closed. When the autoclave was filling up with the 
liquid CO2 (c.a. 70% of the vessel volume) and the dye dissolved in the medium the 
desired temperature and pressure was set. The dyeing processes were conducted for 15 
to 90 minutes. The parameters of dyeing experiments are shown in Table 1. 
Table 1. Parameters of polyamide (PA) dyeing with synthetic lawsone and lapachol 

Lawsone 
Sample  System Temp [oC] Pressure [bar] Time [min] 
PA-1 H2O (pH=5,0)1% owf dye  98 – 60 
PA-2 61 
PA-3 90 

   PA-4* 
CO2 (“sub-critical”)1% owf dye 

 
25 

   90 * 

 
15 

PA-5 CO2 (supercritical)1% owf dye 45 90 15 
Lapachol 

PA-6 H2O (pH=5.0)1% owf dye                  98 – 60 
PA-7 H2O (pH=5.0)   0.5% owf dye 98 – 60 
PA-8 CO2 (“sub-critical”)0.5% owf dye 25 90 30 
PA-9 CO2  (supercritical)0.5% owf dye 50 96 30 
PA-10 CO2 (supercritical) 1% owf dye 50 95 90 

* refers to a fabric sample which was first padded in a dye solution in ethanol, dried and then subjected to 
dyeing in CO2 

The evaluation of colours obtained was determined on the basis of 
spectrophotometric investigation using UV-VIS Spectrophotometer CM-3600d 
(KONICA MINOLTA Co., Ltd.). The colour parameters were determined in the 
CIELab system with the use of L* , a*, b* parameters. 

Fastness properties of the dyed samples were examined according to ISO 
standards (ISO 105-E04 and ISO 105-C06/25).  
Results 

The results obtained revealed that synthetic lawsone is a useful dye for 
polyamide fabric dyeing in sub- and super-critical carbon dioxide. All the experiments 
carried out showed colouristic effect which can be defined as orange. The results of 
dyeing carried out in CO2 were compared with those obtained using traditional water-
based procedure and the study showed almost the same dyeing results. 
Spectrophotomertic measurements revealed very small differences related to intensity 
and tint of the colour obtained. The results are summarized in Table 2. The values of 
dE* were in the range from 9.87 to 20.72. The lowest dE* value was observed for the 
samples PA-4* and PA-5 which indicates a very slight difference of colours obtained 
using CO2 in comparison with the sample dyed in water; PA-1. The higher temperature 
and pressure of CO2 supplied to the autoclave the better results of dyeings were 
observed.  



Table 2. The effect of techniques applied for PA dyeing with synthetic lawsone on 
colour strength (symbols of the samples – explained in Table 1) 

Lawsone 
Sample Colour obtained L*                 a*                 b*              dE* 
PA-1 orange   63.28             32.24            35.18 – 
PA-2 orange 77.35 26.17 35.14 15.82 
PA-3 orange 79.60 22.58 31.95 20.72 

  PA-4* orange 68.98 36.02 43.40 9.87 
PA-5 orange 63.71 38.77 47.07 12.95 

L* - the lightness coordinate, a* - the red/green coordinate (with +a* indicating red, and –a* indicating 
green), b* - the yellow/blue coordinate (with +b* indicating yellow, and –b* indicating blue), dE* - the 
colour difference between the samples dyed in CO2 and polyamide dyed in water which was the reference 
sample  
From analysis of the brightness parameter (L* ) it followed that its values were almost 
identical for PA-1 and PA-5 samples, dyed respectively: in water (60 min at 98oC) and 
in supercritical CO2 (15 min at 45oC). Insignificantly greater difference of the L*  value 
was observed for PA-4* sample which was first padded in the solution of lawsone in 
ethanol and then subjected to the treatment with “sub-critical” CO2 (T = 25oC, p = 90 
bar). The other dyieng experiments (samples PA-2 and PA-3) carried out with the use of 
CO2 should be estimated favourably although differences of colours were greater. 

The effectiveness of polyamide fabric dyeing in CO2 was varified by fastness 
tests. The results showed that colour fastness of fibres dyed in carbon dioxide was very 
similar to that of fibres dyed in water. In general, the differences did not exceed a unit in 
the five-degree scale; where 4-5 corresponds to an excellent fastness. The best results 
were observed for rubbfastness (4-5) which can fulfil the requirements of most users. 
The other fastness properties were estimated as good or satisfactory.  

Additional spectral measurement was also done in order to test the effectiveness 
of dye-fiber interaction. The test consisted in measurement of light beam reflected from 
the sample dyed in sub-critical CO2 and the same sample after washing in 1% solution 
of a commercial wool detergent. The measurements done before and after washing 
showed that the colour parameters of the examined sample changed very slightly. The 
loss of colour was inconsiderable and it was equal 6.09 of CIELab units. It can be 
concluded therefore, that a small change of the spectral value before (dE* = 58.58) and 
after washing (dE) = 52.49) indicates a high degree of bonding between lawsone and 
polyamide fiber. This bond is of ionic nature, to a great extent, and results from 
interactions between amino groups of polyamide -NH2 and –OH groups in lawsone. The 
presence of such a bond was proved in a wool-lawsone system [12].  

Much worse results of dyeing with the use of CO2 were observed when lapachol 
was applied as a dye. Dyeings obtained were characterized by low colour intensity and 
were far from the results gained with a typical aqueous dyeing procedure. The results 
are summarized in Table 3. Colour difference between the PA-8 sample dyed in CO2, 
applied in near subcritical state, was dE* = 37.49 and for PA-9 sample dyed in 
supercritical CO2, dE* = 20.53 of CIELab units. Increase of the dye concentration to 1% 
owf and dyeing time to 90 minutes caused a decrease of the dE* value to 14.71.   
Al the experiments carried out with the use of CO2 led to a pale pink colours. They were 
convergent with dyeings obtained in water, what  suggests that lapachol is present in 
ionized form which is characterized by the colour of rosy. Yellow dyeings are typical of 
a non-ionized form. 



Table 3. The effect of techniques applied for PA dyeing with synthetic lapachol on 
colour strength 

Lapachol 
Sample Colour obtained L*                 a*                 b*              dE* 
PA-6 pink  53,19             25,01            10,64 – 
PA-7 pink  56,46 26,91   8,06 – 
PA-8 pale pink 86,94   5,46   3,80 37,49 
PA-9 pale pink 72,04 17,30   7,89 20,53 

   PA-10 pale pink 62,91 22,34   4,11 14,71 
symbols of the samples – like in Table 1; symbols L*, a*, b*, dE* - like in Table 2 

Samples dyed with lapachol were investigated in the fastness test; the same as in 
the case of samples dyed with lawsone. From the results analysis it folowed that colours 
obtained with lapachol had average fastness and the results were typical of dyes that are 
linked with fibres according to ionic mechanism. The fastness examined were slightly 
worse, except rubbfastness, in compariosn with dyeings obtained with the use of 
lawsone as a dye. It indicates a week bonding between lapachol and polyamide.   
Conclusion 
Process of polyamide dyeing with lawsone in carbon dioxide (applied in supercritical 
and “sub-critical” state) proceeded readily and very quickly and it was possible to 
obtain almost the same dyeing results using carbon dioxide within 15 minutes and 
typical aqueous dyeing procedure (60 min at 98oC). The use of lapachol led to the worse 
results. The dyeings obtained were characterized by lower intensity compared with a 
typical aqueous dyeing technique. The unfavourable results are connected with lower 
ability of lapachol to undergo ionization in unpolar medium of CO2. In consequence this 
influences lapachol-polyamide bonding unfavourably.    
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Introduction 

The Faculty wishes to meet the teaching quality guidelines set for the European Higher 
Education Area (EHEA) by the ENQA (European Network for Quality Assurance), which 
stipulate that: “ teaching staff should be given opportunities to develop and extend their 
teaching capacity (…)  Institutions should provide poor teachers with opportunities to 
improve their skills to an acceptable level.” [1].  

Academic teachers at the Faculty of Chemistry Jagiellonian University have the annual 
workload of 210 teaching hours at the BSC or MSc level, and doctoral students are obliged to 
teach 90  hours per year. In 2001, the Faculty started a course for PhD students and new 
teaching staff, which dealt with “Selected Problems in the Methodology of Teaching 
Chemistry at University Level.” [2]. Each year it was becoming increasingly difficult to 
decide on a meetings time that would be convenient for the entire staff, all of whom had also 
other commitments. To solve that problem a residential course for new staff of Faculty of  
Chemistry at   JU was organized in June 2005. 

In 2003, the ECTN (European Chemistry Thematic Network) created the Newly Appointed 
University Chemistry Teaching Staff (NAUCTS) group, whose main objective was to 
organize a pilot summer school aimed at improving the teaching skills. The establishment of 
the NAUCTS group was greeted with an enthusiasm at many faculties, as South and Eastern 
European universities had provided little in-service training for their teaching staff, and 
opportunities to exchange experiences was scarce as a result. Jagiellonian University then 
became the venue for the first working meeting in January 2005.  

Comparison 

Those two residential courses have many things in common:  

The objectives:  to disseminate best practice and to facilitate the networking of staff. 

• Some topics: PBL, image of chemistry, presentation skills, assessment and 
evaluation, tutorial 

• Methods: work in group, workshops, evening sessions of discussions etc. 

• Both schools received very positive evaluation from participants.  

The difference is e.g. that while during the ECTN school emphasis was laid on the European 
dimension of chemical study, the Polish school highlighted rather the possibilities of solving 
local problems.  

Organisation 



One of the objectives of the ECTN Summer School was to facilitate the networking of staff 
from different countries.  Given the need to bring people together over large distances a 
residential summer school was the only feasible way of achieving this. Malta was selected as 
the venue as it was reasonably accessible from most of Europe, the cost of accommodation 
was reasonable, and it was felt that somewhere with an established reputation as a holiday 
destination might attract the young staff we wished to attend.  

The main organisational problem was that of attracting enough delegates to apply. Publicity 
was done throughout the ECTN, but the response was generally disappointing. Despite the 
fact that all costs of delegates, including travel, were covered it seemed that the opportunity to 
attend such a meeting on teaching was far less attractive than it would have been for a 
research conference. A detailed procedure for evaluating applications had been developed, but 
in the end did not need to be used. However, after some time we did manage to recruit around 
thirty suitable delegates. 

In advance of the meeting an electronic discussion group was set up on Yahoo. This proved 
invaluable in allowing delegates to introduce each other, and in providing written 
documentation in advance of the meeting. It was also used after the meeting to facilitate initial 
networking. 

The Jagiellonian course has contained three parts: 

�  Preparation for the meeting: course organisation, presentation of main teacher’s aids – 
posters, models, overheads,  literature, computer programs, the Internet resources etc. 
– items which may cause problems in transportation  

� 3 day residential course (Zakopane) 

� Summary meeting: presentation of plots of new classes, impact of the residential 
course on subsequent teaching methods and ideas arising from the course presented in 
conferences [3-5] 

Input from industry 

In the informal atmosphere of the residential course in Zakopane there was also a chance to 
look at the higher education from the broader perspective, confront the academic knowledge 
with actual requirements of a potential employer. How and what students are taught, what the 
university graduates know and what kind of professional experience they have, finally effects 
their chances to find a better job. Based on the example of the pharmaceutical industry (which 
is one of the major employers of  chemistry graduates in Krakow) the importance of the 
proper documentation of the conducted experiments was emphasized – “Anything not 
documented (properly) means not done” (OECD Principles on Good Laboratory Practise). 
Contemporary industry (chemical, pharmaceutical, any) is govern by rules of Good 
Manufacturing Practice (GMP), modern chemical laboratories are obligated to follow Good 
Laboratory Practice (GLP). The teacher should not only try to make his/her course more 
attractive for students, by showing students that knowledge they gain at the course is not 
purely theoretical but can be used in “real life” certainly attracts, but also needs to be  
responsible for preparing their students/graduates to be competitive at the global job market. 
Substantial feature expected from new employees is independence and ability of critical 
thinking. Unfortunately those aspects are traditionally considered as deficits of Eastern 
European and Asian students. Young participants of  Zakopane residential course had 
dynamically discussed the possibilities of changes in daily routine of their own courses to 
encourage their students to act more independently and ask more critical questions.  

 



Evaluation 

The ECTN Summer School generally ran with few problems. Detailed evaluation [6] was 
collected at the end; this was overwhelmingly positive but there were some useful suggestions 
for improvement. The networking aspect was also successful, but it did prove necessary to 
modify the programme in order to allow delegates more free time. Informal feedback 
suggested that this did facilitate the networking process. 

One problem did emerge afterwards, which was the dominance of native English speakers in 
discussion groups. This may have been exacerbated by the fact that such speakers also 
dominated the list of presenters. In the debriefing meeting a number of suggestions were made 
in order to address this in a subsequent Summer School. 

The evaluation of the residential school in Zakopane resulted in different suggestions [7]. 
According to opinions of participants, they appreciated the opportunity to exchange the 
experience and ideas among themselves. Moreover, they found constructive criticism of 
presented oral presentations and teaching&learning chemistry beneficial in a wider context. In 
the evaluation questionnaire participants also listed as useful, valuable and important: 
adjusting program to the needs of participants, introduction of formal regulations, unknown 
from previous experience (e.g. new organisation of studies according to Bologna 
Declaration), increased self-awareness etc. 

It was also evaluated that during the course some difficulties appeared. Especially self-
evaluation, looking at their own teaching from the students' point of view seemed to have 
been the most problematic tasks. 

 

Results and conclusions:  

Major problems that may occur during the residential course are presented in table 1. Possible 
solutions were also proposed, as they are recommended both by participants and the teaching 
staff. 

Table 1  

 

Problems Suggested solutions 

× Making off-topics 

× Long discussion 

√ Professional moderator 

× Overcrowded programme √ Interactive forms, diversity in classes, 

× Reduced leisure time √ Outdoor activities 

× Problems in absence of home for 
mothers/fathers with young children 

√ Planning events long time in advance 

× Need of financial support higher than 
by other forms of training 

√ Sponsors, grants, reducing costs (e.g. 
sleeping in dormitories) 

 

It was showed that residential training of academic staff  has many unique advantages:  

� The participants focus on the subject of the course since there are no other classes or 
duties during that time 



�  The discussion is almost unlimited since the time can be adjusted to the needs of 
participants. 

�  There is an opportunity for a better meeting with other participants during informal 
situations (e.g. meals, excursions, travelling) which leads to the integration of the 
young academic teachers and networking. 

The proceedings of the ECTN Summer School, which are available in the Internet [8] were 
written by the delegates themselves. In order to do this, groups of two or three were asked to 
report on specific sessions. Each group consisted of delegates drawn from different countries 
so as to facilitate collaborations between different countries after the event had ended. 

This year the training at the Faculty of Chemistry is to be continued; the ECTN training will 
be held in the year 2007 again on Malta.  

References: 

[1] Standards and Guidelines for Quality Assurance in the European Higher Education Area 
www.enqa.net/files/BergenReport210205.pdf , p.17; 

[2] I.Maciejowska, PhD Students as Academic Teachers. How We Can Help Them?, Variety 
in Chemistry Education, Dublin, 31.08-02.09.2003; 

[3] A.Białas, I. Maciejowska, Design of a catalyst for air protection, Variety in Chemistry 
Education, Keele, 30.08-01.09.2006; 

 [4] M. Woźniakiewicz, M.Herman, M.Kochanowski, J.Milczarek, M.Wieczorek, A.Skulska, 
A.Zakrzewska, J.Dobrowolska, S.Walas, I.Maciejowska, P. Kościelniak,  Modelowy 
regulamin zajęć laboratoryjnych - anatomia sukcesu, Annual Meeting of Polish Chemical 
Society, Gdańsk  18-22.09.2006; Book of Abstracts p.272 

[5] J. Milczarek, I. Maciejowska, S. Walas „...Przychodzi farmaceuta do chemika...” czyli 
ćwiczenie laboratoryjne z fabułą, Annual Meeting of Polish Chemical Society, Gdańsk  18-
22.09.2006; Book of Abstracts p.272 

 [6] ECTN Newly Appointed University Chemistry Teaching Staff  Summer School,  Results 
of Evaluation Questionnaire;  

[7] I.Maciejowska, M. Brindell, R. Wietecha-Posluszny, Residential Summer School – 
efficacious way of  academic teachers’ training, 8th ECRICE, Budapest, 31.08 - 01.09. 2006, 
Book of abstract  p. 153-154 

[8] European Chemistry Thematic Network, Newly Appointed University Chemistry 
Teaching Staff, Summer School Malta 22-27 June 2005, Proceedings, http://www.cpe.fr/ectn-
assoc//network/wgws_naucts/ssm_index.htm  

 

 

 
 



TRITIUM KINETIC ISOTOPE EFFECTS ON ENZYMATIC 
DECOMPOSITION OF 5’-HYDROXY-L-TRYPTOPHAN 

 
ElŜbieta Boroda, Marianna Kańska 

Department of Chemistry, University of Warsaw Pasteur 1 Str., 02-093 Warsaw, Poland 
 

Abstract 
 

The tritium kinetic isotope effect on position 2 has been determined in the 
reaction of decomposition of 5’-hydroxy-L-tryptophan, 5’-OH-L-Trp, catalysed by 
enzyme TPase, (EC. 4.1.99.1). The numerical values of isotope effects in the course of 
reaction were obtained by competitive method using 5’-hydroxy-[1-14C]-L-tryptophan 
as internal radiometric standard. 

 
Introduction 
 

The enzyme tryptophanase (L-Tryptophan indole lyase EC 4.1.99.1), TPase, 
catalyses the decomposition of 5’-OH-L-Trp to the corresponding 5-hydroxyindole, 
pyruvic acid, and ammonia [1]. (Scheme 1). 
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Scheme 1. The reversible reaction catalyzed by the enzyme Tpase 
 

Under certain conditions, there is a possibility of the reverse reaction, leading to 
formation of L-tryptophan. This enzyme also decomposes L-serine, L-cysteine, S-
methyl-L-cysteine, and is often used in synthesis of 5’-hydroxy-L-tryptophan [2]. In the 
literature, the mechanism of TPase catalysis are well documented [3, 4]. One technique 
often used in studying such kind of reaction mechanisms is kinetic isotopic effect 
method (KIE). In the course of KIE study the ratios of reaction rates for lighter and 
heavier isotopes should be determined since numerical values of KIE’s will be used to 
find rate determining step. 

Aforementioned studies require the synthesis of isotopomer of 5’-OH-L-Trp 
labeled with isotopes of hydrogen in 2-position of side chain and isotopomer of this 
compound specifically labeled with 14C in carboxylic group. For measuring reliable 
values of KIE we applied internal radioactive standard method. It assumes using doubly 
labeled substrate for KIE determination. The substrate, in our case 5’-OH-L-Trp, should 
bear one label (14C) in position non-involved in course of reaction, and second label 



(tritium) is bonded to 2-position. In this method KIE is determined from changing the 
value of ratio 14C/3H in course of reaction. 

For this studies we have used the following isotopomers: 5’-OH-[2-3H]-L-Trp 
and 5’-OH-[1-14C]-L-Trp. The 14C-labelled compounds were used as internal 
radiometric standards for precise determination of numerical values of KIE.  

The synthesis of abovementioned isotopomers of tryptophan have been 
described by us earlier [5, 6]. 
 
Results and discussion  
 

Tritium kinetic isotope effects (1H/3H) of hydrogen bonded to α-carbon position 
of 5’-OH-L-Trp in course of decomposition have been measured in water in room 
temperature. The values of tritium kinetic isotope effects in mentioned above reaction 
are given in Table 1.  

 
Table 1. Tritium KIE for enzymatic decomposition of 5’-OH-[2-3H]-L-Trp 

Degree of conversion [f] KIE 

0,022 4,09 

0,061 4,99 

0,063 4,62 

0,100 4,48 

0,107 4,87 

0,142 4,49 

0,142 5,00 

0,163 4,56 

0,180 4,79 

0,220 4,43 

 Avg. 4,63 ± 0,16 

 
These effects were determined using internal radiometric standard ([1-14C]-5’-

OH-L-Trp) and Yankwich-Tong equation (1) to calculate KIE values [7]. Internal 
radioactive standard method assumes using 3H/14C ratio instead of specific activity of 
3H-labeled 5’-OH-L-Trp, therefore, the determination of KIE is much more precise. The 
experimental error was accessed by Student t-test with 95% of confidence. 
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where: 
• α - 1H/3H kinetic isotope effect, 
• R0 - 

3H/14C radioactivity ratio in 5’-OH-L-Trp at the start of reaction,  
• Rf - 

3H/14C radioactivity ratio in 5’-OH-L-Trp after f degree of conversion, 

••  f - degree of conversion..  
  

Considerably large KIE of tritium implies that it value is typical to primary KIE, 
and therefore, the hydrogen atom in position 2 plays a significant role in transformation 
of the enzyme-substrate complex into enzyme-product complex. In this study, the 
kinetic isotope effect of enzymatic decomposition of 5’-OH-L-Trp was determined for 
the first time using the radioactive isotopes. While, KIE for this reaction has been 
previously investigated, it was relied upon the stable isotopes, specifically determining 
the solvent isotope effects. The magnitude of KIE for tritium indicates that hydrogen 
atom bonded with α-carbon of 5’-OH-L-Trp is involved in a proton transfer during the 
decomposition of a tryptophan. 
 
Experimental 
 
Materials 

All chemicals was from Aldrich. Enzymes TPase (EC 4.1.99.1) from 
Escherichia coli, LDH (EC 1.1.1.27) from rabbit muscle, cofactor PLP, and NADH 
were from Sigma. The scintillation cocktail was from Rotiszint (Germany). 

 
Methods 

The concentration of pyruvic acid was determined spectrophotometrically using 
Shimadzu UV-102 CE-LV spectrometer. This indirectly procedure consists of 
conversion of pyruvic acid to L-lactic acid by enzyme LDH and coenzyme NADH 
(Scheme 2) and determining the concentration changes of NADH by measuring the 
absorbance at 340 nm [8, 9]. 
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Scheme 2. Conversion of pyruvic acid into L-lactic acid by enzyme LDH 
 

The radioactivity of all samples was determined using an automatic liquid 
scintillation counter (LISA LSC PW470 – Raytest, Germany). 
 
KIE assays 

KIE assays was carried out at room temperature. In catalysed reaction by TPase 
the LDH/NADH couple allows indirectly determine the concentration of pyruvic acid 
[11] (scheme 2), and degree of decomposition of 5’-OH-L-Trp. 



For each kinetic run the assayed sample of [2-3H]-, and [1-14C]-5’-OH-L-Trp 
was placed in encapped vial and dissolved in 4.5 ml of 0.1 M phosphate buffer, pH 8. 
Radioactivity of 3H-isotopomer was 3-7 fold higher than 14C-one. To this the following 
reagents were added in turn:  

1.  90 mg of KCl; 
2. 9,5 mg D,L-dithiothreitol (HSCH2(OH)CH2(OH)CH2SH 1,4-dithiobutan-

2,3-diol,); 
3. 300 ml of 1mM 5’-pyridoxal phosphate, PLP, (cofactor); 
4. 600 ml of the enzyme L-lactic dehydrogenase of activity 270 U/ml; 
5.  300 ml of 2 mM NADH; 
6. 300 ml of enzyme TPase (0.13 U/ml). 
In the preset time of the course of reaction the 1 ml of volume samples were 

taken, and degree of conversion was determined spectrophotometrically. Next, reaction 
was quenched by acidifying the reaction mixture to pH 5 with glacial acetic acid. The 
non reacted 5’-OH-L-Trp and L-lactic acid were separated on ion exchange column 
(Amberlite IR 120 H+ form, 60×5 mm) by elution with 0.3 M NH3(aq) and their 
radioactivities were measured on LSC. Additionally the degree of conversion was 
checked using radioactivity of the product and substrate.  
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In the academic year 2003/2004 the Faculty of Biotechnology and the Faculty of 
Physics, Astronomy, and Applied Computer Science of Jagiellonian University 
introduced Biophysics as a new interdisciplinary (interdepartmental) subject. Teaching 
is conducted by staff from these faculties and from JU's Faculty of Chemistry. 
 
Students taking this course have 150 timetabled hours on chemistry consisting of 
lectures, seminars and exercises on General Chemistry with elements of Physical 
Chemistry (90 hours) and Organic Chemistry (60 hours). 
 
In the academic year 2005/2006 thirty-three students enrolled on the course. These were 
graduates of secondary schools with varying study profiles: Biology/Chemistry, 
Mathematics/Physics, Mathematics/Computer Science, Mathematics/Physics/Computer 
Science, Mathematics/Biology/Chemistry, general, Computer and Natural Sciences, and 
Mathematics. 
 
Nineteen students had passed the extended version of the 'matura' school graduation 
exam in Chemistry. This shows that the level of knowledge of Chemistry possessed by 
first year students of Biophysics is extremely varied. This is confirmed by the results of 
a test carried out during the first lecture of the academic year 2005/2006 which 
consisted of 13 questions on elementary material from the secondary school curriculum. 
The average number of points scored by the students was 17.21 out of a maximum 29 
(59.34%). These results show that students are ill-prepared to take on the new, often 
challenging material included in the course. 
 
It was especially surprising that they had difficulty solving this problem: 
 
Sulphur(IV) oxide can be produced on an industrial scale by burning pyrite (FeS2): 

4 FeS2 + 11 O2 → 2 Fe2O3 + 8 SO2 

Calculate what volume of Sulphur(IV) oxide, measured in normal conditions, would be 
produced as a result of burning 30 g of pyrite. 
 
As many as 21 (63.63%) of the students left this question unanswered, which required 
nothing more than calculation of the molar mass of FeS2, knowledge of the molar 
volume of gases (22.4 dm3), and the ability to express a single proportion: 
 

      4 • 120 g FeS2   →produces  8 • 22.4 dm3 SO2 

30 g FeS2   →produces  x dm3 SO2 
x = 11.2 dm3 SO2 



Please note that this question did not require that students be able to solve chemical 
reaction equations. 
Another question which caused the students great difficulty was: 
 
Formalin is an aqueous solution of methanal (formaldehyde) with a concentration of 
around 40%. Design an experiment allowing the identification of methanal 
(formaldehyde) in formalin. Draw a diagram for the experiment and specify the 
expected results. Write an equation for the reaction that takes place. 
 
The difficulty factor of this question was only 0.21. This seems to suggest that in many 
schools no chemical experiments are performed at all. This was confirmed by the results 
of a questionnaire in which 28% of students reported that they had never seen or carried 
out a chemical experiment. 
It is little wonder therefore that first year Biophysics students have difficulty coping 
with lectures in elementary Chemistry with elements of Physical Chemistry. Their 
inability to handle the material was confirmed by the results of the final exam for this 
part of the course. 
In order to even out the students' level as well as prepare them to take on new material 
the Department of Chemical Education of Jagiellonian University has prepared support 
materials to be used as an independent study aid by students preparing for exercises or 
attending lectures. The materials have been recorded on CD-ROM and will be made 
available to all Biophysics students starting from the academic year 2006/2007. 
 
In the “You should be able to…” section the CD contains all the material from the 
secondary school curriculum which students need to know to be able to keep up with 
the new material introduced as the course progresses. For example, before a lecture on 
chemical bonds (from the point of view of quantum mechanics) the students can use the 
CD to update their knowledge of doublet/octet rules and the formation of ionic and 
covalent bonds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A screenshot of the page on the formation of covalent bonds. 



Particular emphasis has been placed on providing support material for computational 
exercises. The fifteen teaching hours on this subject cover a wide range of topics from 
the following areas: 
 

1. Elementary chemical calculations – stoichiometry; 
2. Solutions and concentrations of solutions; 
3. Reactions in aqueous solutions (electrolytic dissociation, the hydrogen ion 

concentration exponent, hydrolysis – hydrolysis constant and degree of 
hydrolysis, solubility and the solubility product); 

4. Oxidisation and reduction reactions; 
5. Electrochemistry; 
6. Thermochemistry; 
7. Chemical kinetics. 

 
Students are required to thoroughly recap material from the secondary school syllabus 
and also apply themselves during the semester. 
 
The material on the CD is divided into two parts: “You should be able to…” and 
“Check your knowledge”. Part I contains a compendium of elementary secondary 
school material presented as follows: at the beginning of each section there is a glossary 
explaining the concepts needed to complete the exercises (fig. 2). This is followed by 
about 10 example exercises with step-by-step solutions and a full commentary (fig. 3). 
Below are some examples of material from the first section of Introduction to Chemical 
Calculations – Stoichiometry. 
 

 
 
Fig. 2 
 
 



 
Fig. 3  
 
The second part of the CD – “Check your knowledge” is designed to help students recap 
material for the oral examination (kolokwium) i.e. the more difficult topics. The 
glossary section includes explanations of the concepts of reaction yield and the ideal gas 
equation of state. The programme then presents about 10 solved problems with full 
commentary, about 10 problems with answers, and 10 test questions. 
 
The authors of the support material hope that providing students with this 'legal cheat 
sheet' will encourage and motivate them to independently prepare themselves for 
lectures and computational exercises. 
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Abstract  
Ultrafast time resolved electronic spectra of the primary intermediates induced 

in the BR photocycle are measured by the femtosecond pump-probe spectroscopy. The 
primary events in bacteriorhodopsin (BR) occurring within the first 3.5 ps are discussed 
on the basis of the two-state, many-mode model proposed recently in our laboratory.  
1. Introduction 

Femtosecond pump-probe electronic absorption [1-5], pump-probe IR 
absorption [6], pump-probe resonance Raman and CARS methods [7-8] as well as 
transient fluorescence decays [9] or fluorescence up-conversion [10] make possible to 
study photophysical and photochemical events initiated by the absorption of a photon. 
Bacteriorhodopsin (BR) belongs to the broad group of retinal proteins, which are 
responsible for very important biological functions, such as vision, photosynthesis and 
phototaxis or proton pumping [11, 12]. Bacteriorhodopsin photocycle induced by light 
absorption in the retinal chromophore results in the transfer of proton from the 
cytoplasmic to the extracellular surface of the bacterium cell. The BR photocycle is 
initiated by absorption of a photon from the visible range because BR in the all-trans 
configuration (BR568) has a maximum absorption for the S0→S1 transition at 568nm. 

Although the photophysical and photochemical processes of BR have been topic 
researches for over 30 years the primary events in the native BR and its retinal modified 
analogs occurring within the first 3.5ps have still remained the subject of debate and 
cover the focused areas of frontier research. Specifically, the main questions that need 
to be answered are: a) what is the precise timescale on which C13=C14 isomerization in 
BR568 occurs [4, 6, 8]? b) what is the physical nature of the J625 intermediate?. Has it  
all-trans or 13-cis configuration? Does it represent the excited S1 or the ground S0 state? 
c) what is the origin of discrepancy between the stimulated emission monitored at 
around 900nm for the early intermediates and the spontaneous fluorescence at 730nm?
To explain the experimental results on the ultrafast dynamics in BR and its retinal 
modified analogs many theoretical models have been proposed. They can be roughly 
divided into two groups: two-state models, and three-state models. The current status on 
these models and their later modifications is presented in a recent overview [13]. 

Recently a new model (called two-state, many-mode model) has been proposed 
[13]. The model revises most of the commonly accepted interpretations of electronic 
spectra of the transient intermediates in the BR photocycle. The main idea of the two-
state, many-mode model is: first, the model assumes that the primary events reflected by 
the initial sequence of transient electronic spectra within the first 3.5ps are not 
associated with a substantial C13=C torsional motion. In contrast to the previous models, 
the model assumes that the femtosecond transient spectra evolution are related to the 
intermolecular energy relaxation and intramolecular energy exchange due to the 
coupling between the electronic degrees of freedom and the vibrational normal modes 



of the retinal. The theoretical details of the model are presented in our recent paper 
[13].We have shown [13] that the two-state, many-mode model is able to rationalize the 
complex pattern of behavior for the primary events in BR568 and the artificial pigments 
such as BR5.13, BR5.12, BR6.11, BR6.9. The goal of this paper is to present new 
femtosecond pump-probe experimental results performed in our laboratory.  
2. Experimental 

The femtosecond pump-probe experiments have been performed with a set-up 
described in our recent paper [13]. The lyophilized BR has been purchased from 
Munich Innovtive Biomaterials. The purity of BR (as purple membranes) is > 99.9% 
(referring to proteins). The lyophilized BR was re-suspended in water. The aqueous 
suspension of purple membrane has an optical density OD of 2. 
3. Results and discussion 

In contrast to the previous experiments we used the excitation at 396nm, 
corresponding to the longer wavelengths of the S1→Sn transition. The upper excited 
state Sn is deactivated rapidly to the lower excited state S1 where the photocycle of 
BR568 starts. Fig. 1 shows the transient transmission changes ∆T/T0 as a function of 
delay time between the pump and the probe pulses for several characteristic 
wavelengths where  ∆T=T-T0, T corresponds to the transmission of BR568 in water 
solution when the both the pump and the probe pulses are employed, T0 corresponds to 
the transmission without the pump pulse. At zero delay (point A in Fig.1) we observe 
the bleaching of the ground state S0 of BR568 due to depletion that corresponds to the 
positive ∆T/T0 signal at 568nm At the same time the ∆T/T0 signal at 710nm becomes 
negative which has been assigned to the excited state absorption (ESA) from the 
vibrationally hot Franck-Condon states S1(Bu)→Sn and indicates that the relaxation of 
the Sn state excited by the pump pulse occurs within the time resolution of the 
experiment. Fig. 2 enlarges the horizontal scale to see more details for very short time 
delays. One can notice that the bleach recovery at 568nm goes beyond the zero with the 
decay time of 217 fs and the signal becomes negative between 250-1500fs delay. It 
indicates that both the bleach and transient absorption contribute to the signal at 568nm. 
The transient transmission minimum is observed at 1000 fs followed by a recovery to 
zero with the rise time of 147 fs. In contrast to the signal at 568 nm, the ∆T/T0 signal at 
710nm is negative at zero delay with minimum at 500 fs and the decay time of 884 fs 
followed by recovery to zero between 500-1500fs. At 1500 fs the transient transmission 
∆T/T0 begins decreasing again with the decay time of 849 fs and reaches minimum at 
around 3 ps. At around 10 ps the signal at 710 nm begins to increase again with the time 
constant of 8.3 ps (Fig.1). This behaviour corresponds very well to the features 
predicted by the two-state, many-mode model. According to the model the transient 
absorption at 710 nm (negative ∆T/T0 signal in Fig. 2) corresponds to the ESA from the 
vibrationally hot Franck-Condon states of the C=C stretching for the electronic 
transition S1(Bu)→Sn with maximum at 682 nm. The maximum of the transient 
absorption (minimum of the ∆T/T0 signal) at 568 nm delayed by 500 fs with respect that 
at 710 nm (see Fig. 2) corresponds to the ESA and is related to the coupling with the 
relaxed CH3 rock vibrations (maximum at 528 nm) and the relaxed HOOP vibrations 
with the maximum at 586 nm due the intramolecular energy transfer between the high 
frequency modes (C=C stretching) and the CH3 rock as well as HOOP motions.
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Fig.1 ∆T/T0 as a function of delay time for several characteristic wavelengths at  

568 nm, 710 nm, 910 nm. 
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Fig.2 ∆T/T0 as a function of delay time for a few characteristic wavelengths: 710nm, 
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At around 500 fs for 710 nm and at 1000 fs for 568 nm the ∆T/T0 signals begin 
to increase which is related to the next step in the ultrafast dynamics The process results 
in the stimulated emission (SEtorsion) increase (maximum at 730 nm) and the recovery to 
zero at 710 nm, and the state absorption ESA decrease in the region 586-682 nm and the 
recovery to zero at 568 nm (1500 fs in Fig.2). This process corresponds to the 
intramolecular energy transfer from the HOOP vibrations to the torsional motion (at 
300cm-1) around C13=C14 bond and results in the most important process of the BR 
photocycle - all-trans→13-cis photoisomerization. When the electronic state S1(Bu) 
becomes coupled with the torsional mode the all-trans→13-cis photoisomerization 
occurs leading to the generation of the K590 photoproduct in the ground state. This 
process is illustrated in Fig. 2 by drastic decrease of the transient transmission at 710nm 
between 1500-3000 fs. At around 10 ps the recovery becomes dominant for∆T/T0 signal 
at 710nm (Fig.1). The recovery has the lifetime of 8.3 ps and corresponds to the 
repopulation of the ground state S0 through the non-reactive channel. In contrast to the 



transient transmission changes ∆T/T0 observed for 568 nm and 710 nm the signal at the 
zero delay in the region of near IR is close to zero. The ∆T/T0 signal becomes positive 
with the rise time of 643 fs and we have assigned it to the stimulated emission SE C=C 
due to the coupling with the primary accepting high frequency vibrations. The positive 
signal reaches its maximum at 1000 fs delay time and goes beyond zero to reach its 
minimum at 1500 fs where the signals at 568 nm and 710 nm are recovered to zero (see 
Fig. 2). The time delay of 1500 fs corresponds to three important events: a) coupling 
with the torsional motion, b) all-trans-13-cis isomerization of the retinal, c) generation 
of the K590 photoproduct. The negative transient transmission signal in near IR can be 
assigned to two processes: a) the transient absorption of BR568 molecules coupled to the 
C=C stretching vibrations that have returned to the ground state (non-reactive path), b) 
the transient absorption of the K590 photoproduct coupled to the C=C stretching 
vibration (reactive path of the photocycle).  
4. Conclusions 

The results obtained in this paper clearly demonstrate the dominant role played 
by the intermolecular energy relaxation and the intramolecular resonance energy 
exchange processes between the vibrational modes on the femtosecond electronic 
dynamics in BR photocycle. The high frequency C=C stretching mode is the primary 
reaction coordinate upon excitation, not the torsional coordinate. This conclusion is 
consistent with that obtained in earlier experimental and computational studies, in 
which bond-stretching dominates the motions at the early times [8-9, 14-15]. The 
coupling between S1(Bu) and the torsional coordinate leading to the photoisomerization 
is achieved at the end of the sequence of the intramolecular energy exchange events 
within the first 3.5 ps upon excitation. 
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Most bis-quinolizidine alkaloids of sparteine type assume in the solid state the 
conformation with ring C a boat. Two of the three known up till now alkaloids which have 
untypical conformation with ring C a chair are 13α-hydroxylupanine (1) and 13β-
hydroxylupanine (2) [1]. But most bis-quinolizidine alkaloids of sparteine type occur in 
conformational equilibrium in solution. We have proposed a method allowing estimation 
of the fraction of the two main conformers in the mixture [2]. Recently, we have published  
new NMR and IR studies of the solution conformation of 1 and 2 [1]. We have found that 
the equilibrium is shifted towards the domination of the boat form, and at the equlibrium 
its fraction amounts to ca. 85 % in CDCl3 solution. The determination was made on the 
basis of the coupling constant JH7-H17β for both 13-hydroxylupanine epimers and the 
chemical shifts of C(12) and C(14) atoms for the epimer α on the assumption that the 
effect of 13α-hydroxy group in lupanine system is the same as in sparteine system, i.e. the 
conformation of 13α-hydroxysparteine is the same as that of sparteine.  

This paper presents the 13C NMR and 1H NMR spectra of 13α-hydroxysparteine (3) 
and 13β-hydroxysparteine (4) (Tables 1 and 2, respectively). The main aim of this 
investigation is to check if the presence of the 13α or 13β hydroxy group causes a shift of 
the conformational equilibrium in a sparteine system or not (and if our previous 
assumption on which we determined the equilibrium in 13-hydroxylupanine epimers is 
true) as well as to determine the conformational equilibrium in 1 and 2 with better 
accuracy.  

The signals in the spectra were assigned by means of 2D NMR techniques (1H-1H 
COSY, 13C-1H HSQC and 1H-1H NOESY). The spectra are as expected for 3 and 4 in the 
conformation with ring C a boat assumed in ca. 100 %. The signals of H17β both in 3 and 
4 are triplets with the coupling constants amounting to 10.9 Hz. The geminal coupling 
constant determined from the signal of H17α is 11.1 Hz both in 3 and 4. As the sum of the 
coupling constants is equal to the difference in the frequencies of the first and the last line 
of the signal, we can assume that JH7-H17β is ca. 10.7 Hz. This is almost the same value (the 
same in the limits of error) as that determined for H17β proton in sparteine (10.8 Hz). It 
means that the assumption upon which the method of determination of the fraction of 
conformers in 13α-hydroxylupanine (1) [1,2] is based, is true. Moreover, we have now 
determined the effect of the hydroxy group (difference in the chemical shifts of the 
appropriate carbon atom in the hydroxy derivative and the chemical shift of the same 
carbon atom in sparteine) to a greater accuracy than before for 13α-OH group and for 13β-

1  R1= O, R2 = OH, R3 = H  

2  R1= O, R2 = H, R3 = OH 

3  R1= H2, R2 = OH, R3 = H  

4  R1= H2, R2 = H, R3 = OH 

5  R1= H2, R2 = H, R3 = H  

7  R1= O, R2 = H, R3 = H 

N
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OH group for the first time. These values can be used as correction in the determination of 
the fraction of conformers both in 13α-hydroxylupanine (1) and in 13β-hydroxylupanine 
(2) using chemical shifts of C(12) and C(14) carbon atoms.  
 
Table 1.  13C NMR chemical shifts of 13α-hydroxysparteine (3), 13β-hydroxysparteine (4),  
13α- hydroxylupanine (1)  and 13β-hydroxylupanine (2),  (CDCl3, ppm from TMS) 

C 
atom 

13α- 
hydroxy-

sparteine (3) 

∆ = 
δ3-δ5 

13α- 
hydroxy-

lupanine (1) 

13β- 
hydroxy-

sparteine (4) 

∆’ = 
δ4-δ5 

13β- 
hydroxy-

lupanine (2) 

Sparte-
ine 
(5) 

2 56.12 -0.16 171.19 56.27 -0.01 171.25 56.28 
3 25.77 -0.19 33.09 25.92 -0.04 32.42 25.96 
4 24.69 -0.11 19.78 24.75 -0.05 19.50 24.80 
5 29.28 -0.13 27.46 29.40 -0.01 27.31 29.41 
6 66.41 -0.14 60.86 66.45 -0.10 60.57 66.55 
7 32.98 -0.22 32.40 33.12 -0.08 32.24 33.20 
8 27.43 -0.31 26.62 27.48 -0.26 26.62 27.74 
9 35.48 -0.75 34.30 35.81 -0.42 34.35 36.23 
10 61.63 -0.38 46.75 61.66 -0.35 46.71 62.01 
11 57.25 -7.21 57.11 61.86 -2.60 61.17 64.46 
12 41.54 6.76 40.17 43.57 8.79 41.56 34.78 
13 65.01 40.06 64.46 69.34 44.39 68.97 24.95 
14 32.76 6.70 31.73 35.24 9.18 33.84 26.06 
15 49.13 -6.31 49.16 52.83 -2.66 52.78 55.44 
17 53.18 -0.47 52.43 52.61 -1.04 51.49 53.65 

 
We use the handbook equation [2]     
     δexp -  δC 

FC =  ───────  
  δB -  δC 

where 
  FC is the fraction of the chair conformer 

δexp is experimental chemical shift of the appropriate C atom (or coupling 
constant) 

  δB is chemical shift of this atom in the boat conformer (or model comp. 5)  
  δC is chemical shift of this atom in the chair conformer (or model comp. 6) 
 
The results are shown in Table 3.  
 
There is a discrepancy in the results determined according to different criteria. The less 
accurate are those derived from the coupling constants but the calculation using 13C 
chemical shifts can also be imprecise because of the accumulation of possible errors of 
corrections determined by comparison of two experimental values. However, the tendency 
is clear: 13α-hydroxylupanine (1) occurs in the equilibrium with about 11 – 14 % of the 
chair conformer while its epimer 2 – with ca. 16 – 23 % of this conformer.  
 
We must answer the following two questions:  

1) why the 13-hydroxy derivatives of sparteine occur in the boat conformation almost 
exclusively, while those of lupanine have the equilibrium shifted towards the 
presence of  small but detectable amount of the chair conformer and 



2) why is there a larger amount of chair conformer in 13β-hydroxylupanine than in its 
13α epimer.  

 
Table 2. 1H NMR chemical shifts of 13α-hydroxysparteine (3), 13β-hydroxysparteine (4),  
 13α- hydroxylupanine (1)  and 13β-hydroxylupanine (2),  (CDCl3, ppm from TMS) 
 

sparteine (5) H 
atoms 

13α- 
hydroxy-

sparteine (3) 

13α-
hydroxy-

lupanine (1) 

13β- 
hydroxy-

sparteine (4) 

13β- 
hydroxy-

lupanine (2) 
[6] with 

corr.a 

2α eq 2.67  2.69  2.53 2.67 
2β ax 1.93  1.95  1.79 1.93 
3α ax 1.50 2.32 1.55 2.30 1.38 1.52 
3β eq 1.54 2.46 1.52 2.46 1.38 1.52 
4α eq 1.70 1.84 1.71 1.82 1.55 1.69 
4β ax 1.20 1.60 1.21 1.62 1.08 1.22 
5α ax 1.38 1.58 1.37 1.56 1.24 1.38 
5β eq 1.24 1.76 1.25 1.77 1.12 1.26 

6 1.74 3.30 1.75 3.32 1.58 1.72 
7 1.85 2.06 1.85 2.02 1.69 1.83 

8α eq 2.06 2.17 2.05 2.15 1.91 1.05 
8β ax 1.08 1.27 1.09 1.30 0.90 1.04 

9 1.43 1.60 1.54 1.68 1.32 1.46 
10α eq 2.53 4.48 2.54 4.53 2.38 2.52 
10β ax 2.00 2.53 2.03 2.55 1.84 1.98 

11 2.42 2.11 2.09 1.82 1.83 1.97 
12α eq 1.61 1.66 1.84 1.82 1.21 1.35 
12β ax 1.61 1.66 1.37 1.43 1.35 1.49 
13α ax ~1.7 (OH) 2.35 (OH) 3.63 3.59 1.15 1.29 
13β eq 4.08 4.08 ~1.65 (OH) 2.21 (OH) 1.55 1.69 
14α eq 1.68 1.65 1.92 1.82 1.43 1.57 
14β ax 1.86 1.78 1.55 1.52 1.43 1.57 
15α ax 2.41 2.37 2.11 2.05 1.86 2.00 
15β eq 2.59 2.54 2.82 2.77 2.63 2.77 
17α ax 2.44 2.02 2.35 2.00 2.20 2.34 
17β eq 2.71 2.85 2.76 2.87 2.54 2.68 

a in the ref. [6] chemical shifts were referred to the signal of CDCl3. 
 
Ad 1) It is obvious that the hydroxy group introduced to the sparteine system causes very 
little changes in its conformational equilibrium. The DFT calculations performed by 
Galasso et al. [3] have conclusively proved that 5  has a strong preference (3.4 kcal/mole, 
99.96 %) to  conformation with ring C a boat over that with ring C a chair.  2-Oxosparteine 
(lupanine, 7) which has the conformation with ring C a boat in the solid [4] occurs in the 
equilibrium with 90 % dominance of the boat form [2] in chloroform solution and the 
Galasso calculations show the preference of the boat form diminished to only 1.4 
kcal/mole (ca. 91.4 %) [5]. The main factor shifting the equilibrium is the lack of the 
repulsion of free electron pairs on N1 and N16 nitrogen atoms present in 5 and absent in 7. 
Thus a small factor shifting additionally the equilibrium is detectable in lupanine system 
and not visible in sparteine one.  



Table 3. Fraction of conformer with ring C a chair  
 

C(12) C(14) JH7-H17β 

Chem. shift Chem. shift 
Com-
pound 

exper. 
(ppm) 

with 
correction 

fraction 
of  chair 
conf. (%) 

exper. 
(ppm) 

with 
correction 

fraction 
of  chair 
conf. (%) 

exper. 
(Hz) 

fraction 
of  chair 
conf. (%) 

1 40.17 33.41 10.9 31.73 25.03 14.3 9.9 11.1 

2 41.56 32.77 16.0 33.84 24.66 17.3 8.9 23.5 

 
 
Ad 2) The chair conformer present exclusively in the solid state of both 13-hydroxy-
lupanine epimers is stabilized by intermolecular hydrogen bond between the OH and C=O 
groups [1]. In solution, the conformational preference changes and this hydrogen bond is 
replaced by a system of hydrogen bonds linking the hydroxy groups with N(16) nitrogen 
atom, lactam group or the solvent (they are seen in IR spectra [1]). The reason why in 13β-
hydroxylupanine the equilibrium is shifted toward a greater amount of the chair epimer 
could be a better steric accessibility of the hydroxy group in 13β position.  
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Introduction 
 
 Quaternary aminoalkylammonium salts play an important role in the living 
processes and many functions of prokaryotic and eukaryotic cells have been shown to be 
alkylammonium salts dependent. These compounds also exhibit an excellent antimicrobial 
activity, therefore they are used as antiseptics, bactericides and fungicides, and as 
therapeutic agents, as well. 
 In general, ammonium salts contain alkyl chain lengths in the range C8 to C16 as 
these show good antimicrobial activities. For the use as softeners and hair conditioning 
agents chain lengths between C16 to C18 are used [1,2].  

The use of microbiocide of the same type for a long time may cause an increase of 
resistance, which is a very serious problem. Antimicrobial resistance in bacteria comprises 
a wide variety of biochemical mechanisms and processes that allow microorganisms to 
grow in the presence of microbiocides. To avoid this problem, microbiocides have to be 
continuously changed [3-5]. 
 In this paper we present an efficient method of synthesis and spectroscopic analysis 
(FTIR, ES-MS, 1H NMR, 13C NMR, 2D NMR) of novel quaternary ammonium 
compounds containing two methyl groups, one amino group and alkyl chain. The sequence 
of synthesis of quaternary alkylaminoammonium salts is shown in Scheme 1.  
 
Experimental section 
 
 N,N-dimethyl-3-phthalimidopropylamine (I) was obtained by the reaction of a 
commercially available N,N-dimethylpropyl-1,3-diamine with phthalic anhydride in acetic 
acid. The reaction mixture was heated under reflux for 4 h. At the next stage  N,N-
dimethyl-3-phthalimidopropylamine (I) was refluxed with an excess of alkyl iodide in 
ethanol for 20-200 h. The obtained N-alkyl-N,N-dimethyl-3-phthalimidopropylamonium 
iodides (II) were purified by crystallization from anhydrous ethanol (Table 1). 
 The final N-alkyl-N,N-dimethyl-3-aminopropylamonium iodides (III) were 
prepared by reaction of N-alkyl-N,N-dimethyl-3-phthalimidopropylamonium iodides (II) 
with monohydrate hydrazine in ethanol at room temperature for 10-15 h. Crude N-alkyl-
N,N-dimethyl-3-aminopropylamonium iodides (III) were purified by crystallization from 
anhydrous ethanol (Table 2). 

The NMR spectra of all obtained compounds were measured in CDCl3 with a 
Varian Gemini 300VT spectrometer, operating at 300,07 Hz and 75,46 Hz for 1H and 13C, 
respectively. Infrared spectra were recorded using a FTIR Bruker IFS 113v and IFS 66v/S 
spectrometers, in KBr pellets. MS spectra were measured in water solution on Waters 
Micromass ZQ spectrometer. 
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Scheme 1. Synthesis of N-alkyl-N,N-dimethyl-3-aminopropylamonium iodides (III) 
 
 
Table 1. Characterization of N-alkyl-N,N-dimethyl-3-phthalimidopropylamonium iodides 
(II) 

 
 

R Formula Molecular 
mass[g/mol] 

ES MS  
[g/mol] 

M.p.  
[°C] 

Reaction 
time [h] 

Yield 
 [%] 

C2H5 C15H21N2O2 388.24 261.34 240-241 20 63 
C4H9 C17H25N2O2 416.30 289.39 159-161 70 55 
C6H13 C19H29N2O2 444.35 317.44 137-139 90 51 
C8H17 C21H33N2O2 472.40 345.50 123-125 100 56 
C10H21 C23H37N2O2 500.46 373.55 113-115 120 62 
C12H25 C25H41N2O2 528.51 401.60 113-114 140 68 
C16H33 C29H49N2O2 584.62 457.71 125-126 180 56 
C18H37 C31H53N2O2 612.67 485.76 132-133 200 79 



Table 2. Characterization of N-alkyl-N,N-dimethyl- 3-aminopropylamonium iodides (III) 
 

 
Results and discussion 
 
 Synthesis of N-alkyl-N,N-dimethyl-3-aminopropylamonium iodides (III) were 
carried out in a relatively mild conditions according to a general procedure described in the 
experimental part. The solid products were purifield by a crystallization to give N-alkyl-
N,N-dimethyl-3-aminopropylamonium iodides with good yields. 
 The structure of synthesized compounds have been confirmed by molecular 
spectroscopy FTIR, ES-MS, 1H and 13C NMR. 
 FTIR spectra of N,N-dimethyl-3-phthalimidopropylamine (1), N-ethyl-N,N-
dimethyl-3-phthalimidopropylamonium iodide (2) and N-ethyl-N,N-dimethyl-3-
aminopropylamonium iodide (3) are shown in Fig. 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. FTIR spectra of N,N-dimethyl-3-phthalimidopropylamine (1), N-ethyl-N,N-
dimethyl-3-phthalimidopropylamonium iodide (2) and N-ethyl-N,N-dimethyl-3-
aminopropylamonium iodide (3). 
 
 
 
FTIR spectra of  N-alkyl-N,N-dimethyl-3-phthalimidopropylamonium iodides (II) show a 
characteristic band in the region 1772-1708 cm-1 which is due to stretching asymmetric and 

R Formula Molecular 
mass[g/mol] 

ES MS  
[g/mol] 

M.p. 
[°C] 

Reaction 
time [h] 

Yield 
[%] 

C2H5 C7H19N2 258.14 131.24 123-124 10 72 
C6H13 C11H27N2 314.25 187.34 164-165 10 71 
C8H17 C13H31N2 342.30 215.40 166-167 15 75 
C10H21 C15H35N2 370.36 243.45 168-169 15 69 
C16H33 C21H47N2 454.52 327.61 181-183 15 63 
C18H37 C23H51N2 482.57 355.66 183-184 15 67 
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symmetric vibrations of carbonyl group, ν(C=O), in a phthalimide moiety. These bands, 
both asymmetric and symmetric, of N-alkyl-N,N-dimethyl-3-phthalimidopropylamonium 
iodides (II) slightly shift to lower frequencies as the length of alkyl chain increases. No 
split of the carbonyl bands was observed and that confirms the equivalence of the both 
carbonyl groups in the phthalimide moiety. The unambiguous assignments of proton and 
carbon shifts was made by homonuclear and heteronuclear correlated spectra (Fig. 2). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The assignments of chemical shifts of protons and carbons in N-hexyl-N,N-
dimethyl-3-phthalimidopropylamonium iodide by two-dimensional 1H-13C heteronuclear 
shift correlated spectra. 
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Introduction 
 
Microorganisms, the first inhabitants of the biosphere, have the incredible ability to survive 
and adapt to almost any challenge. They live everywhere, even in extreme conditions, like 
volcane craters and the ice of Antarctica. Microorganism play an important role in a 
circulation of elements, digestive processes and biotechnology,  although, from the other 
hand they are responsible for diseases, the degradation of food and biodeterioration 
processes.  In order to minimize the negative effects of microorganisms, their populations  
must be reduced to the safe level by physical, biological or chemical methods.[1,2] In the 
physical methods, the UV and gamma irradiation, high and low temperatures, high 
pressure, and magnetic and electric fields of high intensity are used. Some bacteria and 
their metabolites, as bacteriocines, can be used in biological methods.  The physical and 
biological methods have a limited applications and the most important are chemical 
methods, where the chemicals with biocidal activity, microbiocides,  are applied. In early 
times, the use of chemicals as sulfur dioxide or salts and oxides of heavy metals, was quite 
empirical. In more recent times, the modern antimicrobial agents have been used and the 
mechanisms of their action have been recognized. Currently, most of the microbiocides, 
belong to the following groups: (1) phenol derivatives, (2) halogen derivatives, (3) 
oxidizing agents, (4) alcohols, (5) aldehydes, (6) acids and their derivatives, (7) organic 
derivatives of nitrogen, (8) metals and their organic and inorganic derivatives. These 
compounds are cell poisons whose lethal action results mainly from their ability to 
coagulate, precipitate or otherwise denaturate proteins and enzymes. Phenols, alcohols, 
acids and halogen-releasing agents provide good examples of microbiocides of this type 
which are protein-denaturating agents. Any agent which is capable of denaturating proteins 
has the potential to be used as a disinfectant. Oxidizing agents, such as hydrogen peroxide 
or magnesium salt of monoperoxyphthalic acid, react rapidly with cell proteins and destroy 
their molecular structure while metal salts act as protein precipitants. Before any 
antimicrobial activity can result, such agents must first cross the cell membrane and react 
with one or more of the cell constituents. Microbiocides may function by inactivating 
enzymes, disrupting semipermeable membranes or interfering with cell synthesis or 
division. Among the microbiocides currently used, the  widely studied and applied are 
quaternary ammonium compounds (QAC). The above group mainly consists of  
alkyltrimetylammonium salts, dialkyldimethylammonium salts and  
alkyldimethylbenzylammonium salts . The nitrogen atom in QAC can also be included to 
aromatic  or aliphatic  rings. The very interesting group of  QAC are the gemini 
surfactants, with two charged nitrogen atoms connected by a spacer. These compounds are 
intensively studied because of their low CMC value and the high antimicrobial activity. 
The mechanism of antimicrobial activity of quaternary alkylammonium salts is based on: 
(1) adsorption of compound on the bacterial cell surface, (2) diffusion through the cell 
wall, (3) binding to the cytoplasmic membrane, (4) release of potassium cations and other 
cytoplasmic constitituents and (6) precipitation of cell contents and the death of the cell 

 



[2]. The use of QAC is safe, because in the most cases their acute toxicity is low (LD50 
(oral,rat)> 200 mg/kg). The continuous use of QAC, similarly as other antimicrobial 
agents, can trigger of the resistance or insusceptibility to microbiocides [3]. The resistance 
can be intrinsic and acquired. To avoid this effect, the active substances have to be 
changed.  
According to our previous studies on antifungal activity and mechanism of resistance of 
bis-(3-aminopropyl)dodecylamine, we decided to prepare a novel quaternary ammonium 
compounds with mono, bis and tris aminopropyl groups, as well as QAC with 
bisaminopropylgroups and monohydroxyethylgroup to  increase of adhesive forces [4]. 
 
Results and discussion 
 
Synthesis of N-3-aminopropyl-N,N-dimethyl-N-alkylammonium iodides (I), N,N-bis-(3-
aminopropyl)-N,N-dialkylammonium iodides (II), N,N,N-tris-(3-aminopropyl)-N-
alkylammonium iodides (III) and N,N-bis-(3-aminopropyl)-N-(2-hydroxyethyl)-N-
alkylammonium iodides (IV) were carried out by reaction of 3-(dimethylamine)-
propylamine and bis-(3-aminopropyl)amine with phthalic anhydride (Fig.) [5-7]. The 
phtalimide derivatives were alkylated and quaternized by corresponding alkyl iodides. The 
hydroxyethyl derivative was obtained by reaction with ethylene oxide. Phthalimide 
moieties were removed by use of hydrate of hydrazine. Most of  the alkylammonium 
iodides were obtained with good yields and  purified by crystallization from ethanol or 
acetonitrile. Alkylammonium iodides with long hydrocarbon chains, were difficult to 
crystallize because of their surface active properties. One analog of the title compounds, N-
decyl-N,N-dimethyl-N-(3-aminopropyl)ammonium bromide has been previously obtained 
by alkylation of N,N-dimethyl-N-3-ethoxycarbonylpropylamine [8]. 
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Fig.  Structures of N-hydroxyethyl (IV) and  mono (I), bis (II) and tris (III) N-(3-
aminopropyl)-N-alkylammonium iodides. 
 
The structures of iodides were confirmed by FTIR, UV, 1H NMR,  13C NMR and 2D NMR 
spectroscopy. For N,N-bis(phthalimidopropyl)-N-propylamine  X-ray studies and B3LYP 
and DFT calculations have been carried out [9]. The molecular structure of this compound 
presents the first case of a folded conformation which is stabilized by an intramolecular 
hydrogen bond C-H…O. Also the supramolecular structure is stabilized by weak C-H…O 
and C-H…π hydrogen bonds. The antimicrobial activity was determined, using bacteria 
strains, Staphylococcus aureus and Escherichia coli, and fungi strains, Candida albicans 
and Aspergillus niger. The biocidal activity  is very good and strongly depends on the 
structure of the examined alkylammonium iodides. As previously studies showed, the 
length of alkyl chain play the dominant role in the biocidal effects [1]. For N,N-bis(3-
aminopropyl)-N,N-dialkyl ammonium iodides, the relationship of  the biocidal activity of 
N-dodecyl-N-propyl-N,N-(3-aminopropyl)ammonium iodide to N-butyl-N-propyl-N,N- 
bis-(3-aminopropyl)ammonium iodide against Staphylococcus aureus  is 40.  Similar 
relationship value for the above iodides, i.e. 35, is for Escherichia coli. It means that the 
longer alkyl chain the better antibacterial activity is observed. However, it is important to 
note, that alkyl chains longer than  C-14 lower the biocidal effectiveness.  The fungicidal 
activity of obtained iodides is slightly different in comparison to the bactericidal effects. 
The most effective against fungi, Candida albicans and Aspergillus niger, are compounds 
with two long alkyl chains. Relationship of fungicidal activity of  N,N-bis-(dodecyl)-N,N-
bis-(3-aminopropyl)ammonium iodide to N-dodecyl-N-butyl-N,N-bis-(3-
aminopropyl)ammonium iodide against Candida albicans is 10;  for Aspergillus niger the 
relationship C12C12/C12C4 is 5.  
 
Summary 
 
A novel quaternary alkylammonium iodides, with aminopropyl and hydroxyethyl groups, 
have been synthesized and characterized by FTIR, UV and NMR spectroscopy. The new 
QAC, containing additional functional groups, show an excellent antimicrobial activity, 
which depends on the length of alkyl chain.   
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Introduction 
 
Quaternary ammonium compounds having two alkyl chains and two hydrophilic groups in 
a molecule have been reported to show unexpected physicochemical properties in 
comparison with quaternary ammonium compounds having one alkyl chain and one 
hydrophilic group [1].  They  show  a good water solubility, much lower critical micelle 
concentration values (cmc), lower surface tension of aqueous solutions, very good foaming 
properties and  high viscosity of their aqueous solutions.  
In our studies of antimicrobial agents, we have designed and prepared so far new 
quaternary ammonium salts with two hydrophobic alkyl chains and two hydrophilic groups 
[2]. In this paper we present an efficient method of synthesis of novel quaternary 
ammonium compounds in which a  hydroxyl  group  is connected to alkyl chain (Scheme 
1). The spectroscopic properties (FTIR, ESI-MS, 1H NMR, 13C NMR) of these compounds  
have been investigated and compared  to  spectra of quaternary ammonium salts  
previously  obtained. 
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Scheme 1. Synthesis of N,N-bis-(3-aminopropyl)-N-(2-hydroxyethyl) -N-propylammonium 
hydroxide. 
 
 

 



 
Experimental section 
 
The reagents and solvents were used of commercially available reagent quality. 
Preparation of N,N-bis-(3-phthalimidopropyl)amine (I) and N,N-bis-(3-phtalimidopropyl)-
N-propylamine (II) were described in the last papers [2,3]. N,N-bis-(3-phthalimidopropyl)- 
N-(2-hydroxyethyl)-N-propylammonium hydroxide (III) were obtained by a reaction of 
N,N-bis-(3-phtalimidopropyl)-N-propylamine (II) with ethylene oxide in water-methanol 
mixture. The epoxidation reactions  were performed in a steel reactor at 700C under 
pressure 100-120 kPa. The ethylene oxide consumption was precisely measured and 
recorded by a computer. After evaporation of the solvents, the highly viscous liquid was 
obtained (III). The crude product was used for the synthesis of compound (IV) with 
monohydrate hydrazine in ethanol at room temperature for 24 h. After this time, the 
precipitate, 2,3-dihydrophtalazine-1,4-dione, was filtered out and the residue was 
evaporated under vacuum to give yellow, highly viscosous oil. The TLC analysis have 
shown that quaternary ammonium salt (IV) was obtained almost quantitatively. To get the 
crystals of (III), the N,N-bis-(3-phthalimidopropyl)-N-(2-hydroxyethyl)-N-
propylammonium picrate (V) was prepared by a reaction of N,N-bis-(3-
phthalimidopropyl)-N-(2-hydroxyethyl)-N-propylammonium hydroxide (III) with 2,4,6-
trinitrophenol in water at room temperature for 48 h. Crude N,N-bis-(3-
phthalimidopropyl)-N-(2-hydroxyethyl)-N-propylammonium picrate was purified by a 
crystallization from acetonitryle (m.p.1440C).  
The structures of the prepared compounds were confirmed by molecular spectroscopy. The 
NMR spectra  were measured with a Varian Gemini 300VT spectrometer, operating at 
300,07 Hz and 75,46 Hz for 1H and 13C, respectively. Infrared spectra were recorded using 
a FTIR Bruker IFS 113v and IFS 66v/S spectrometers, in nujol and fluorolube. The ESI 
(electrospray) mass spectra were recorded on a Waters/Micromass (Manchester, UK) ZQ 
mass spectrometer equipped with a Harvard Apparatus syringe pump. The sample 
solutions were prepared in methanol at a concentration of approximately 10-5M. The 
standard ESI mass spectra were recorded at the cone voltage 30V (50V, 80V). 
 
Results and discussion 
 
Quaternary ammonium salts having one or three nitrogen atoms and one hydroxyl group in 
alkyl chains were prepared by reactions shown in Scheme 1. Compounds (I) and (II) were 
obtained with very high yields due to the high reactivity of the primary and secondary 
alkylamine towards phthalic anhydride and alkyl halide, respectively. The ethylene oxide 
has been found to be an effective agent for preparing quaternary ammonium salts. The 
yield of the reaction with ethylene oxide under chosen conditions was over 70%. 
The structures of synthesized compounds have been confirmed by FTIR, ESI-MS, 1H and 
13C NMR spectroscopy. 
FTIR spectra of N,N-bis-(3-phthalimidopropyl)-N-(2-hydroxyethyl)-N-propylammonium 
picrate is shown in Fig. 1. 
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Fig. 1. FTIR spectra of 
propylammonium picrate.  
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Fig. 2. The ESI-MS spectra of N,N-bis-(3-phthalimidopropyl)-N-(2-hydroxyethyl)-N-
propylammonium  picrate. 
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Introduction 

The new compounds with antitumoral activity have become one of the most 
important goals in a medicinal chemistry. The especially interesting group of chemicals used 
in cancer therapy are molecules which interact with DNA. On the basis of the type of 
interaction with DNA these drugs may be classified into three groups; (a) alkylating agents, 
(b) agents that cause nicking of the helix and (c) intercalators. During the last decade a special 
attention has been paid to intercalators, because of their high potential anticancer activity 
[1,2]. Intercalators are molecules that bind reversible to the double-helical DNA. They usually 
have a flat, π-deficient aromatic or heteroaromatic, ring. These molecules bind to DNA 
double helical structures by intercalating between stacked base pairs, thereby distorting the 
DNA backbone conformation and interfering with DNA-protein interaction. Among the 
intercalators, naphthalimides represent a promising group of DNA-targeted anticancer agents 
[1-6]. The first naphthalimides as potential antitumour agents were synthesized in the 1970’s. 
As a result of these studies, two compounds, mitonafide and amonafide , have been 
developed. Moreover, the studies have also shown that bis-intercalating agents have generally 
a greater affinity to DNA than corresponding, mono-intercalating agents. Some of them, for 
example DMP 8408 or LU 795539, are very promising drugs for anticancer therapy.  

In this paper we present a synthesis of novel bisnaphthalimide intercalators and their 
spectroscopic analysis ( FT-IR, 1H NMR, 13C NMR ). Scheme of synthesis of N,N-bis-( 1,8-
naphthalimidopropyl )-N-alkylamines is shown in Fig. 1. 

Experimental section 

N,N-bis-( 1,8-naphthalimidopropyl )-N-alkylamines were synthesized by acylating 
of appropriate amines with 1,8-naphthalic anhydride. N,N-bis-( 3-aminopropyl )-N-alkylamine 
in ethanol was added dropwise by 10 minutes to a suspension of 1,8-naphthalic anhydride in 
ethanol. The mixture was stirred at room temperature for 24h. After that the precipitate was 
filtered, washed with ether, dried and crystallized with organic solvents. The product with N-
dodecyl substituent is very hygroscopic. 

The NMR spectra were measured with a Varian Gemini 300VT spectrometer in 
CDCl3. Infrared spectra were recorded in KBr pellets using a FT-IR Bruker IFS 113v 
spectrometer. 
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Fig. 1. Preparation of N,N-bis-( 1,8-naphthalimidopropyl )-N-alkylamines. 

Results and discussion 

Synthesis of N,N-bis-( 1,8-naphthalimidopropyl )-N-alkylamines were carried out in 
a relatively mild conditions according to a general procedure described in the experimental 
part. The solid products were purified by a crystallization from acetonitrile to give N,N-bis-( 
1,8-naphthalimidopropyl )-N-alkylamines with good yields. 

The structure of synthesized compounds have been confirmed by a molecular 
spectroscopy FT-IR, 1H NMR and 13C NMR. FT-IR spectrum of N,N-bis-( 1,8-
naphthalimidopropyl )-N-propylamine is shown in Fig. 1. 
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Fig. 1. FT-IR spectrum of N,N-bis-( 1,8-naphthalimidopropyl )-N-propylamine. 
 



FT-IR spectrum of N,N-bis-( 1,8-naphthalimidopropyl )-N-propylamine show a characteristic 
band in region 1690-1740 cm-1 which is due to stretching, asymmetric and symmetric, 
vibrations of carbonyl group, υ(C=O), in a naphthalimide moiety. No split of the carbonyl 
bands was observed and that confirms the equivalence of the both carbonyl groups in the 
naphthalimide molecule. 
1H NMR and 13C NMR spectra of N,N-bis-( 1,8-naphthalimidopropyl )-N-propylamine and 
N,N-bis-( 1,8-naphthalimidopropyl )-N-dodecylamine are shown in Fig. 2. and Fig. 3, 
respectively. 

 
Fig. 2. 1H NMR and 13C NMR spectra of N,N-bis-(1,8-naphthalimidopropyl)-N-propylamine. 

 
Fig. 3. 1H NMR and 13C NMR spectra of N,N-bis-(1,8-naphthalimidopropyl)-N-
dodecylamine. 
 
In the 1H NMR spectra of N,N-bis-(1,8-naphthalimidopropyl)-N-propylamine the protons of 
methylene groups are observed as triplets and multiplets in the range 1.48 – 4.22 ppm [1.48 
(2H, m), 1.9 (4H,m), 2.45 (2H, t), 2.65 (4H, t), 4.22 (4H, t)], methyl group at 0.9 ppm (3H, t) 
and ArH in the range 7.70 – 8.57 ppm (12H, m). Similarly, for N,N-bis-(1,8-
naphthalimidopropyl)-N-dodecylamine. the protons of methylene groups are observed as 
triplets and multiplets in the range 1.21 – 4.22 ppm [1.21 (18H, m), 1.40 (2H,m), 1.90 (4H, 
m), 2.46 (2H, t), 2.63(4H, t), 4.22 (4H, t)], methyl group at 0.86 ppm (3H, t) and ArH in the 
range 7.72 – 8.56 (12H, m). 

In the 13C NMR spectra of N,N-bis-(1,8-naphthalimidopropyl)-N-propylamine the signals of 
carbon atoms of methylene groups are observed in the range 20.2 – 55.5 ppm (20.2, 25.5, 
39.1, 51.6, 55.5) and the peak of methyl group lies at 11.9 ppm. Aromatic carbon atoms 



resonate in the range 122.7 – 133.7 ppm. The signal of carbonyl group is observed at 164.1 
ppm. For N,N-bis-(1,8-naphthalimidopropyl)-N-dodecylamine. the signals of carbon atoms of 
methylene groups are observed in the range 22.7 – 53.6 ppm and the peak of methyl group 
lies at 14.1 ppm. Aromatic carbon atoms resonate in the range 122.8 – 133.7 ppm. The signal 
of carbonyl group is observed at 164.1 ppm. 
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Teaching is a process that constantly changes. This can be ascribed to the 

progress in pedagogy (subject didactics) and those fields that seem to have nothing in 
common with the teaching process. Importantly, one of them is computer science. As 
technology develops, teaching methods and techniques change as well. At present, 
progress is being made in methods and techniques based on computer networks, and, in 
particular, on the Internet. Moreover, attention should be paid to the learner since the 
way s/he assimilates knowledge depends on many factors. The most important of them 
are: learner personality traits, the nature of the teaching process, evaluation criteria of 
knowledge assimilation, nature of the material taught, and the teacher's personality [1].  

 

 
 

Fig. 1. Variables determining the learning process 
 
The problem lies in the combination of the timetabling system applied in Polish 

schools with teaching use of the Internet. The possible solution is to implement e-
learning in teaching. To fully understand how to implement the technique, the concept 
of e-learning should first be clarified.  
It is very difficult to define the idea of e-learning. The term is variously understood. E-
learning, according to the general definition, is a teaching technique based on data 
communications technologies used to transmit information. The following ways of 
implementing courses can be distinguished: 

 
 

teacher 

Nature of the  
learning process 

Learner knowledge 
evaluation 

Learner personality traits  

Nature of the material taught  



• individual work with training materials available through the computer network 
or on CDs or DVDs. 

• Internet lectures delivered in synchronous mode or at the learner’s request.  
• group training using technology that enables group work 
• video conferences held using appropriate equipment 
• sending information by email 
• using discussion lists to exchange information and experience 
• using communicators to exchange information 

 
It has to be mentioned that e-learning is not a computer system. The only role of 
computer systems is to support and enable information distribution. 
The diagram below specifies the role of e-learning in teaching and learning. [2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Diagram showing the role of e-learning in the processes of learning and teaching 
 

Before implementing e-learning in the teaching process, it is necessary to 
become familiar with its strengths and weaknesses. This will enable correct 
implementation of the method in the teaching process, and prevent irregularities in the 
implementation. 
 
The strengths of e-learning are: 

• teaching process centralization 
• information standardization 
• easy information modification and the possibility of its immediate distribution  
• convenience of training  
• individualization of teaching  
• interactive training  
• flexible selection of material to be taught 

 
The weaknesses of e-learning are: 

• expenses related to system implementation 
• possible poor preparation of the material to be taught 

 

Learning and teaching   

Distance learning and teaching 

Learning and teaching supported  
by data communications technology   

Learning and teaching 
using the Internet  

Learning and teaching 
using computers 



• material to be taught is fragmented, thus attention can be shifted away from the 
main subject 

• students have to possess appropriate computer equipment  
 
As I mentioned, the teaching programme in Poland is supported by the timetabling 
system: students and their teachers meet in classrooms where classes are conducted.  
 
How can traditional teaching be combined with e-learning? The solution is blended 
learning. The Polish equivalent of the term is "nauczanie mieszane".  
What is blended learning? It is an extension and elaboration of the present teaching 
system. This type of teaching is directed towards an individualized education style. It 
enables combining modern teaching methods in traditional classes with technology-
based teaching using computer networks. Thus, blended learning consists of:  

• multimedia technologies, 
• texts, animations, and film sequences available on the Internet,  
• electronic mail, conferences, and video conferences, 
• traditional lessons. 

 
This means combining traditional classroom forms of education with individual student 
work with a personal tutor, i.e. the computer, at home [3, 4]. 
 
What is needed to implement blended learning in chemistry teaching? 
There are four stages of blended learning implementation: 

• preparing the server, 
• selection of appropriate software, 
• preparation of a "lesson", 
• verifying the educational effectiveness of the prepared material. 

 
The Server preparation constitutes the first stage of blended learning 

implementation. Computer equipment to function as server is necessary. It should suit 
the requirements: the number of users and the Internet connection capacity. To start up 
the server, an operating system is necessary. There are two options to choose from: 
Microsoft Windows XP/Microsoft Windows 2000, and Linux. Usually a newly bought 
computer is equipped with Microsoft Windows XP or Microsoft Windows 2000 
operating systems. Otherwise, Linux operating system can be used. This is a system for 
servers. Its installation procedure does not differ from that of Windows. There are a few 
distributions to choose from: 

• Free Mandriva Linux 2007 
• SUSE Linux 10.1 
• Gentoo 
• Fedora Core 
• Ubuntu 

Appropriate distributions can be downloaded from the following web sites: 
www.mandriva.pl, www.susek.info, www.fedora.pl. 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

Fig.3 Linux desktop 
 

Apache HTTP Server is the essential software. This software enables access to the 
previously prepared web sites on the Internet. The software is available for virtually all 
operating systems. It is fast and easy to use. It is not difficult to install the server, and 
installation instructions can be found in computer magazines, and on the Internet. 
Additionally, MySQL and PHP should be installed. These software packages are 
essential for some server programmes to operate, e.g. phpBB2 internet forum, or LMS 
systems [5, 6].  
 

The next step is to select software, and prepare the “lesson”. ToolBook and 
Authorware are authoring programmes that can be used to prepare courses. They enable 
comprehensive course preparation. Any tool generating a file in the form of HTML 
code can be used to create texts for Internet lessons, e.g.: Dreamweaver, FrontPage, 
GoLive, NetObjects Fusion. Courses ought to appeal to the user. They should combine 
sound, animations, or films into one interactive whole. When creating interactive 
courses, one can use: Director, Flash, LiveMotion. Integral to the course preparation, 
the design should be prepared carefully. Special attention should be paid to colour 
selection. The design can be prepared in the following programmes: FreeHand, 
Fireworks, Illustrator, Photoshop, Paint Shop Pro, Gimp. Sound effects (Audacity, Cool 
Edit Pro), and film sequences (Movie Maker, Pinnacle Studio, Premiere, Video Studio) 
can additionally attract the user. [7] 
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 Instructive film as a didactic means has many advantageous features [1]. The use 
of images in combination with acoustic effects it affects not only the intellect but also 
the imagination and emotions of the viewer, which helps remember the contents. It is 
the most comprehensive from among the audiovisual means. 
 
  The most important element in teaching chemistry that helps absorbing 
knowledge, develop the ability of observation and drawing conclusions is the chemical 
experiment. It can be used at the stage of introduction, research, illustration, modelling 
as well as for the purpose of recollection, verification or control of what has been 
taught. In teaching chemistry the use of an instructive film permits closer visualisation 
of chemical phenomena, shows a proper way of organisation and performance of the 
experiment and gives an idea of correct approach to interpretation of future chemical 
experiments performed by the students themselves [2]. 
 

At the Department of Chemical Education, Adam Mickiewicz University, a 
number of educational films have been made on chemical experiments illustrating the 
high school syllabus. The film sequences have been edited on a computer using the 
program Adobe Premiere Pro 1,5. The nonlinear edition was applied with some 
attractive transition effects added between film sequences. The same program Adobe 
Premiere Pro 1,5 also permitted addition of graphic elements and sound edition.  
 

The films were made in three variants, the first variant presented the correct 
performance of the chemical experiment. The films are used in teaching chemistry in 
the scope of the syllabus in the and are addressed to those who are learning chemistry. 
Watching the films the students learn about the chemical reagents and apparatus or 
laboratory instruments needed for the correct performance of the experiment [3].  
 

Tollens test 

  
Fig. 1a. The correct course of the 

chemical reaction, the silver 
mirror.. 

Fig. 1b, c. Testing the students knowledge, incorrect variants of the  
Tollens test. 



The second and third variants of the film present the course of the experiment 
with incorrectly chosen substrates or incorrect performance of the experiment. These 
versions, with reference to the first one, are addressed to those who wish to check their 
knowledge after having finished working on a certain part of the syllabus [4]. 
Film was chosen as a didactic means taking into account its advantages over other 
means, which can be listed as follows: generation of engagement and interest in the 
contents of the lesson, generation of certain intellectual responses, facilitation of 
perception of the contents to be taught (the information given in the verbal form 
accompanied with image is better memorised). Moreover, the use of film permits 
overcoming the restriction of teaching at a certain place and time, the films can be 
shown at even moderately equipped schooling centres, they provide insight into these 
fragments of reality that are inaccessible to direct observation, provide truthful 
presentation of the reality, permit speeding up or slowing down the course of 
phenomena to help grasp the contents of the events.  
 
 

 
Chemical reaction of benzene nitrogenation 

 

  
Fig. 2a. The correct course of the 
reaction leading to nitrobenzene as 
its product.  

Fig. 2b, c. Incorrect  variants of the reaction of benzene nitrogenation 
shown to test the students’ knowledge.  

 
 
The study 
 
  The educational effectiveness of the films was tested on general high school 
students. The total number of students taking part in the test was 186, divided into the 
experimental and the control groups of 92 and 94 students, respectively. The control 
group of 94 students worked with conventional printed instructions to perform a given 
chemical experiment, and they repeated their knowledge using the notes. The 
experimental group of 92 students worked with films and repeated their knowledge 
using the 3 variants of a given film. Prior to the educational experiment the students 
were asked to take the preliminary test to estimate their level of knowledge in particular 
field. At the next step the students were asked to carry out the target chemical 
experiments using conventional printed instructions or using the information from the 
films. Having performed the experiments the students were asked to sit a final test in 
order to assess the increase in the level of their knowledge in a given field of chemistry. 
The increase in the level of knowledge and the education effectiveness of the films were 
assessed for the four taxonomic categories of the didactic aims: memorisation of 



information, understanding of information, use of the information in typical situations 
and use of the information in solving new problems [5].  
 
 
Results 
 
  The results of the educational experiment has shown that in the control group the 
increase in the level of knowledge in the four taxonomic categories of the aims of 
teaching was 28% in memorisation of information, 27% in understanding of 
information,  25% in the use of the information in typical situations and 36% in the use 
of the information in solving new problems. In the experimental group the 
corresponding values were 56%, 49%, 65% and 73%, respectively (Fig. 3). 
 
 

 
Fig. 3. The increase in the level of knowledge of students from the experimental and control groups in the 
four categories of the aims of teaching: A – memorisation, B – understanding, C – use in typical situation,  
D – use in solving new problems.  
 
 
According to these results the educational effectiveness of the films presented in 
particular taxonomic categories of the education aims was  A – 28%, B – 22%,C – 40%, 
D – 37%, respectively.  
 



 
Fig. 4. The educational effectiveness of films as didactic means for the four categories of the aims of 
teaching: A, B, C, D. 
 
The results definitely show the greater educational benefit in the experimental group to 
which the information was presented by the films. Exposition to films had a particularly 
good educational effect in the categories C (application in a typical situation) and D 
(application in solving new problems) (Fig. 4) 
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Abstract: The adsorption of sodium dodecylbenzenesulfonate (SDBS) to TiO2 studies 
were performed at acidic, base and natural pH of SDBS solutions at concentrations 
below the CMC of SDBS. The results were interpreted in terms of Langmuir adsorption 
model. The Lamgmuir constants estimated for adsorption of SDBS to TiO2 at natural 
pH and in HNO3 and NaOH electrolytes solutions were equal to ca. 4x103 M-1. A larger 
Langmuir adsorption constant, K= 17.28x103 M-1 obtained in H2SO4 solution suggests 
the stronger adsorption binding in the presence of SO4

2- ions in solutions. The results of 
investigations have indicated that both electrostatic forces substrate-adsorbate and ionic 
interactions in solution are important in the adsorption of anionic surfactant to TiO2.  
 
Introduction 
Surfactants are widely employed in the domestic and industrial sectors. They cause 
serious ecological problems, since surfactants don’t undergo natural decomposition. The 
advanced oxidation processes (AOP) have a great concern in chemical methods of 
surfactants destruction in the last years. The photodegradation of surfactants using 
semiconductor particles as catalyst represents an efficient kind of AOP methods. 
Titanium dioxide (TiO2) in the anatase form appears to be the most photoactive and 
practical among semiconductors for widespread environmental application such as 
water purification, wastewater treatment, hazardous waste control and water 
disinfection [1]. Photocatalytic destruction of surfactants on TiO2 surface mediated in 
water is heterogeneous process which can be divided into five steps: surfactant diffusion 
from solution to catalyst surface; adsorption of surfactant on the TiO2 surface; chemical 
reaction on the catalyst surface; desorption of products from substrate and diffusion of 
products into solution. Adsorption of detergents on TiO2 surface is one of the most 
important step in photocatalytic oxidation processes. Titanium dioxide particles 
suspended in water are known to be amphoteric. In TiO2, the principal amphoteric 
surface functionality is the “titanol” moiety, >TiOH [2]. The hydroxyl groups on the 
TiO2 surface undergo the acid-base equilibrium according to scheme : 
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At sufficiently low pH an oxide surface is expected to be protonated giving a positive 
surface charge. At high pH the surface will be deprotonated with a negative charge. At 
some intermediate pH the surface has net zero charge. The isoelectric point at pH ≈ 5 
was determined for TiO2 gel film derived from TiCl4 [3]. In the case of TiO2 P25 
Degussa, the pH of zero point of charge, (pHzpc), was equal to 6.25 [4].  
In the present work, we have studied the adsorption from non-micellar aqueous 
solutions of the anionic surfactant to TiO2 particles depending on pH of the systems. 



The value pHzpc for TiO2 implies that interactions with anionic surfactants should be 
favored at low pH under conditions in which pH < pHzpc. We used the typical anionic 
surfactant such as sodium dodecylbenzenesulfonate (SDBS) which is widely used in the 
manufacturing of toothpastes, bath soaps, wash powders, car shampoos, and in a variety 
of other industrial detergents owing to its advanced foaming ability even in hard waters.  
We investigated the adsorption of SDBS on TiO2 at acidic, base and natural pH of 
SDBS solutions i.e. below, above and in the pHzpc range, respectively. 
Experimental 
Titanium dioxide powder, TiO2 P25 Degussa was used as adsorbent. 
Dodecylbenzenesulfonic acid sodium salt (SDBS), (Fluka) was used as adsorbate. The 
absorption maximum for aqueous solutions of SDBS was observed at 224 nm ( ε = 9485 
mol-1dm3cm-1 ). The critical micellization concentration (CMC) of SDBS equal to 1,5 x 
10-3 mol dm-3 (M) was determined by conductometric method. All experiments were 
carried out at concentrations below the CMC of SDBS. The pH of SDBS solutions was 
adjusted using NaOH (Przedsiębiorstwo Chemiczne “Odczynniki” Lublin, p.a.), HNO3 
(POCh, Gliwice, p.a.) and H2SO4 (Chempur, p.a.). A fixed amount of substrate (0.2 g) 
was suspended in 200 cm3 of aqueous solutions of SDBS with various initial 
concentrations. The suspensions of TiO2 powders in surfactant solutions were allowed 
to equilibrate for 2 hours (although the adsorption reach saturation in 1 h) in the dark at 
room temperature under constant stirring. The amount of SDBS adsorbed on the TiO2 
surface was calculated from the absorption spectra of equilibrated solutions. The TiO2 
powder was removed by centrifugation and filtration using 0.45 µm Sartorius filters. 
Results and discussion 
The adsorption curves of SDBS to TiO2 (Fig.1) were obtained from 2,9x10-4–1,4x10-3M 
SDBS solutions at pH 1,9 (H2SO4 adjusted), 2,1 (HNO3 adjusted), 5,7-6,9 ( natural pH 
of SDBS solutions in concentration range under consideration) and 11,5 (NaOH 
adjusted). 
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Fig.1. The influence of pH on adsorption of SDBS to TiO2.  
 
The adsorption of SDBS to TiO2 particles can be discussed in terms of a simple 
Langmuir adsorption isotherm: 
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where Θ is the fractional coverage of TiO2 by SDBS molecules, ceq is the equilibrium 
concentration of the SDBS solution (M), and K is the Langmuir constant for adsorption-
desorption equilibrium (M-1). 
Assuming that a is the amount of adsorbed SDBS to 1 g TiO2 (mol g-1), and am is the 
maximum amount of adsorbed SDBS for monolayer coverage of TiO2 (mol g-1), one can 
obtain Θ = a / am, and linear relationship (2) can be derived: 

m

eq

m

eq

a
c

Kaa
c

+
⋅

=
1                 (2) 

The results of SDBS adsorption to TiO2 for different pH conditions were fitted to 
Langmuir expression (2) as plotted in Figure 2.  
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Figure 2. The adsorption of SDBS to TiO2 depending on pH of solutions in terms of 
Langmuir model  
 
The values of am and K obtained from Figure 2 are given in Table 1.  
 
Table1. 
Langmuir adsorption constant data for adsorption of SDBS to TiO2

pH am
(mol g-1) 

K x 10-3

(M-1) 
Number of SDBS 
molecules covered 

1nm2 of TiO2

Area of TiO2 occupied 
by SDBS molecule 

(Å2) 
5.6 – 6.87 
(natural) 

4.93 x 10-4 4.31 5.94 16.95 

1.9 
(H2SO4) 

6.19 x 10-4 17.28 7.46 13.41 

2.1 
(HNO3) 

2.93 x 10-4 3.73 3.53 28.34 

11.46 
(NaOH) 

4.75 x 10-5 4.59 0.57 174.82 

 
Using the surface area of the TiO2 P25 equal to 50 m2 g-1 and am values (Table 1) we 
have calculated the number of SDBS molecules covered 1nm2 of TiO2 particle surface 
and the TiO2 area occupied by one molecule of SDBS.  
The Langmuir constants ( K ≈ 4 x 103 M-1) calculated for adsorption of SDBS to TiO2 at 
natural pH and in HNO3 and NaOH electrolytes solutions are similar in order of 



magnitude to those obtained for adsorption of sodium dodecylsulfate to TiO2 at pH=3.0 
( K=8 x 103 M-1 ) [5] and for lysine adsorption to TiO2 (K=3x103 M-1 ) [6]. 
A considerably larger Langmuir adsorption constant ( K = 17.28 x 103 M-1) obtained in 
H2SO4 solution suggests the stronger adsorption binding in the presence of SO4

2- in 
solution.  
The results summary shown in Table 1 clearly indicate that electrostatic interactions are 
involved in the adsorption of SDBS to TiO2 surfaces. The low amount of adsorbed 
SDBS in alkaline system (4.75 x 10-5mol g-1) can be explained by electrostatic repulsion 
of anionic sulfonate head groups. The hydrophobic chain can be easier adsorbed on the 
negative TiO2 surface than the negative sulfonate moiety in alkaline solution. One can 
suppose that the SDBS ions could lie transversely on the TiO2 surface. Hidaka and Zhao 
[7] suggested that under alkaline condition, only single-layer adsorption can take place 
on the TiO2 particles owing to electrostatic effects. 
The positive charged TiO2 surface has a strong tendency to adsorb the negative 
sulfonate moiety of SDBS at lower pH value. The amounts of adsorbed SDBS in acidic 
solutions are one magnitude of order higher comparing to alkaline medium.  
If we assume that the SDBS molecule is lying flat on the TiO2 surface, it should occupy 
ca. 62 Å2. The areas of TiO2 occupied by one molecule of SDBS in acidic solutions 
(Table 1) indicate that the sulfonate head group appears to interact directly with the 
TiO2 surface. The area of the triangle formed by the sulfonate oxygen atoms is 
approximately equal to 7-8 Å2.[8]. One can suggest that sulfonate group hold the rest of 
the SDBS molecule nearly perpendicular to the TiO2 surface, especially in the presence 
of SO4

-2 ions in the solution.  
The electrolytes used to pH adjusting have changed the ionic strength of SDBS 
solutions as it is shown in Figure 3. 
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Figure 3. The ionic strength dependence of electrolyte solutions on concentration of 
SDBS.  
A considerably increase of ionic strength of SDBS solutions occur in the presence of 
H2SO4 electrolyte. One can suggest that molecules of anionic surfactants are push out 
from the solutions and the enhancement of SDBS adsorption to TiO2 take place in such 
conditions. 
Conclusions 
Our results indicate that both electrostatic forces substrate-adsorbate and ionic 
interactions in solution are important in the adsorption of anionic surfactant to TiO2. 
SDBS adsorption to TiO2 from aqueous solutions was not only pH- dependent, but 
electrolyte species in solution have affected SDBS adsorption to TiO2 too. 
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Most of the synthetic polymeric materials are produced by the free radical 

polymerization. Methacrylate copolymers have found important applications. 
Copolymerizations of functional methacrylates with other monomers provide simple 
routes for synthesis of biologically active materials and coating formulations [1]. 
Copolymers from methyl methacrylate (MMA) are used in the formation of biologically 
active films and production of materials for optical telecommunication applications 
[2,3].  

The reactivity ratios are among the most important parameters for the 
composition equations of copolymers, which can offer information such as the relative 
reactivity of monomer pairs and determine the copolymer composition.  

This paper presents the synthesis, characterization and determination of 
reactivity ratios for the comonomers, O-methacryloilo-O’-methyl bisphenol A (MMO-
D) and methyl methacrylate (MMA). 
 

Copolymerization 
 

Copolymerization was carried out in tetrahydrofuran (THF) solution at 65ºC 
using 2,2’-azobisizobutyronitrile (AIBN) as a free radical initiator (Fig. 1). 
Predetermined quantities of MMO-D [4], MMA and THF were mixed in the reaction 
tube and degassed with nitrogen. After the sealed tube had been kept at the required 
temperature, the contents were poured into a large excess of methanol. The precipitated 
copolymer was filtered, off washed with methanol and purified by repeated precipitation 
with methanol from a solution of DMF and finally dried under vacuum. The 
copolymerization was stopped at low conversions (<15% wt). 
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Figure 1 



Copolymer Compositons 
 

Since the chemical structure of copolymers can be presented as in Fig. 1, the 
average compositions of copolymer samples were determined from the corresponding 
1H-NMR spectra. The assignment of the resonance peaks in the 1H-NMR spectrum 
allows for the accurate evaluation of the content of both kinds of monomeric unit in the 
copolymer. The 1H-NMR spectrum of the copolymer, poly(MMO-D-co-MMA) 
(0.5:0.5) is shown in Fig. 2. The aromatic protons show signals between 7.26 and 6.75 
ppm. The signals at 1.03-3.79 ppm are due to the aliphatic protons. 
 Thus, the mole fraction of MMO-D in the copolymer chains was calculated from 
the integrated intensities of aromatic protons of MMO-D and aliphatic protons of 
MMO-D and MMA units.  

The following expression is used to determine the composition of copolymers. 
Let m1 be the mole fraction of MMO-D and (1-m1) be that of MMA. There are 8 
aromatic protons in MMO-D and 14 aliphatic protons. MMA unit has 8 aliphatic 
protons. 
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The copolymer compositions and the values of C are presented in Table 1. The 
relationship between the molar percentage of MMO-D (M1) incorporated into the 
copolymer and the comonomer feed ratio is shown in Fig. 3. It indicates that the 
distribution of monomeric units is statistical with an azeotropic composition when the 
mole fraction of MMO-D in the feed is 0.66. 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.5 ppm 
Fig. 2. 1H-NMR spectrum of poly(MMO-D-co-MMA) (0.5:0.5) 



Tab. 1. Composition Data of Free Radical Copolymerization of MMO-D with MMA in 
the THF Solution at 65ºC 
 

Feed 
Composition Intensity of Protons 

Copolymer 
Composition 

No M1 M2 
Conversion 

[%] (IAr) (IAl) C m1 m2 
1.  0.75 0.25 11.43 4.7357 10.0992 0.4689 0.7233 0.2767 

2.  0.50 0.50 11.70 8.4718 21.3334 0.3971 0.5656 0.4344 

3.  0.40 0.60 7.12 10.2287 28.5149 0.3587 0.4907 0.5093 

4.  0.25 0.75 7.27 4.5867 15.5365 0.2952 0.3792 0.6208 
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Fig. 3. Copolymer composition diagram of poly(MMO-D-co-MMA) system. 

 
Reactivity Ratios 
 

The knowledge of reactivity ratio is essential for the preparation of any 
copolymers having a definite composition. The reactivity ratios of MMO-D and MMA 
were evaluated from the monomer feed ratios and the copolymer composition by the 
application of the Fineman-Ross (F-R) [5], Kelen–Tüdös (K-T) [6] and extended 
Kelen–Tüdös (extended K-T) [7] methods. The reactivity ratio related to monomer 1 
(MMO-D) is r1, and that of monomer 2 (MMA) is r2. The values of r1 and r2 from the F-
R , K-T and extended K-T methods are presented in Table 2. According to C. Hagiopol 
[8] since the r1 and r2 values are less than 1, this system gives rise to azeotropic 
polymerization at a particular composition of the monomers which is calculated using 
the equation 
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when the mole fraction of monomer MMO-D in the feed is 0.66, the copolymer formed 
will have the same composition as that of the feed. When the mole fraction of the feed is 
less than 0.66 with respect to MMO-D, the copolymer is relatively richer in this 
monomer unit than the feed. When the mole fraction of the monomer MMO-D in the 
feed is above 0.66, the copolymer is relatively richer in the MMA unit than in the feed. 
 
Tab. 2. Comparison of Reactivity Ratios by Various Methods for Poly(MMO-D-co-
MMA) 

 
Methods r1 r2 r1r2 
F-R 0.6272 0.2995 0.1878 
K-T 0.6482 0.3175 0.2058 

Extended K-T 0.6396 0.3046 0.1948 

 
 

Conclusions 
 

Copolymers of poly(MMO-D-co-MMA) were synthesized by free radical 
solution polymerization. The copolymer compositions were found by the 1H-NMR 
analysis of the polymers. The reactivity ratios were determined by the F-R, K-T and 
extended K-T methods giving values in good agreement. The values of r1 and r2 are less 
than unity indicating that the system gives rise to an azeotropic polymerization.  
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Abstract Enzymatic hydrolysis of a mixture of cis- (1) and trans-3,5-
diacetoxycyclopentene (2) was carried out in the presence of crude and purified pig 
liver esterase (PLE). Significant differences in reactivity and enantioselectivity of 
various biocatalyst fractions (obtained in the salting out process and after its 
immobilization on talc) were observed. 
 
Introduction 
Cis-3-acetoxy–5-hydroxycyclopentene (3) is an useful starting material for synthesis of 
prostaglandins and other biologically active compounds. Stereoselective and 
enantioselective desymmetrisation of cis- (1) and trans-3,5-diacetoxycyclopentene (2) 
mixture is an important step in prostaglandins synthesis. It is well known, that 
enantioselective  hydrolysis of diesters 1 and 2 is catalyzed by lipases: pig pancreatic 
lipase, wheat germ lipase, Aspergillus niger lipase and some esterases. There are 
stereoselective reactions in which isomer cis 1 reacted faster [1,2]. The cis-3,5-
diacetoxycyclopentene hydrolysis (1) by pig liver esterase (PLE), giving (-)-(5S,3R)-3-
acetoxy-5-hydroxycyclopentene, has been also described [3].  
 
Results 
The object of our research was the hydrolysis of the cis- and trans-3,5-
diacetoxycyclopentene (1 and 2) mixture catalyzed by PLE (Scheme1). The course of 
model reaction was monitored by gas chromatography. Cis- and trans-3-acetoxy-5-
hydroxycyclopentene (3 and 4) and starting esters 1 and 2 were observed in the reaction 
mixture. 
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Scheme 1. The hydrolysis of cis- and trans-3,5-diacetoxycyclopentene mixture 
 
PLE was obtained from pig liver using a modification of a method reported in literature 
[4, 5]. It allowed to reduce the research cost. In the presence of crude enzymatic 
preparation both stereoisomers 1 and 2 were hydrolysed with similar rate. Then the 
crude enzymatic preparation was purified by ammonium sulphate(VI) outsalting to 60% 
saturation (P0-60). It turned out, that using this purified enzymatic protein increases the 
rate of trans-3,5-diacetoxycyclopentene (2) hydrolysis (Table 1). 
 
 



Table 1. Course of model hydrolysis catalysed with PLE and P0-60 enzymatic preparations 

Enzyme 
 

Time 
[hours] 

Conversion 
(GC)* 

Isomer cis 
(3) 

Isomer 
trans (4) 

Difference  
in isomers 

amount  
PLE 26 45,7 % 22,6 % 23,1 % 0,5 % 
P0-60 26 49,1 % 19,5 % 29,6 % 10,1 % 

*the sum of amount of isomer cis (3) and trans (4) in the reaction mixture 
 
The fractionation of crude enzyme PLE was performed by salting out with ammonium 
sulphate(VI) to 20%, 40%, 60% and 80 % of saturation. In the range of salting to 20% 
no precipitate has been obtained. Three next enzymatic preparations have been marked 
as P0-40, P40-60 and P60-80. The first of them (P0-40) was inactive as hydrolysis 
biocatalyst.  
As a result two enzymatic preparations P40-60 and P60-80 were used in the next 
experiments and the starting enzyme PLE was compared with them. 
 
Table 2. Composition [%] of model reaction mixture containing esters 1, 2, 3 and 4.  

 PLE P40-60 P60-80 
hours 1 2 3 4 de 4* 1 2 3 4 de 4* 1 2 3 4 de 4*

23 51 38 4 7 27 50 32 7 11 22 56 32 4 8 33 
46 46 31 10 13 13 40 15 17 28 24 40 13 19 29 21 

*diastereomeric excess of 4 
 
In Table 2  there are listed compositions of reaction mixtures containing compounds 1, 
2, 3 and  4 after 23 and 46 hours. Under the influence of both purified enzymes P40-60 
and P60-80 trans-3,5-diacetoxycyclopentene (2) reacted faster producing trans-3-
acetoxy-5-hydroxycyclopentene excess (4) as a result. 
The influence of immobilization of all obtained biocatalysts on its activity was checked.  
The immobilisation of P0-60 enzyme was carried out in sol-gel system, on talc and on  
the celite. The enzyme reactivity was checked in colour reaction with p-nitrophenyl 
acetate and in model hydrolysis of 3,5-diacetoxycyclopentenes. It was found that 
immobilization in sol-gel system inactivates PLE. Hydrolysis reactions with enzymes 
adsorbed on the talc and the celite run much slower (Table 3). 
 
Table 3. The comparison of 3,5-diacetoxycyclopentenes hydrolysis results  

Enzymatic 
preparation 

The protein mass used in 
reaction (Lowry method) 

Time 
[hours] 

Conversion 
[%] 

P0-60 376 µg 44 85 
P0-60 on celite Not measured* 44 13 
P0-60 on talc 376 µg 44 18 
Blind assay Lack of catalyst 44 2 

* Celite impurities interfered with the Lowry assay 
 

After the immobilization on celite the stereoselectivity of hydrolysis of 3,5-
diacetoxycyclopentenes decreased. On the other hand, after immobilization on  the talc 



hydrolysis took place with higher stereoselectivity in comparison with native P0-60 
enzyme reaction. (Table 1 and 4.).  
Table 4. Comparison of stereoselectivity of  the P0-60  immobilized preparations  

Enzyme Conversion 
(GC) Isomer cis (3) Isomer trans 

(4) 
Difference in 

isomers amount 
P0-60 on celite 48,2 % 20,2 % 28,0% 7.8 % 
P0-60 on talk 53,% 20,8 % 32,9 % 12,1 % 

 

In further investigations, enzymes immobilized on talc were used: TPLE, TP40-60 and 
TP60-80. An enzymatic preparation TP60-80, adsorbed on talc, lost his activity 
completely. Reactions with enzyme TPLE and TP40-60 run more slowly than 
previously. The TPLE preparation had higher stereoselectivity, however in the reaction 
with TP40-60 higher diastereoisomeric excess of trans-3-acetoxy-5-
hydroxycyclopentene (4) was obtained than previously (Table 5). 

Table 5. Hydrolysis of 3,5-diacetoxycyclopentenes catalyzed by enzymes immobilized 
on talc 

 TPLE TP40-60 
hours 1 2 3 4 de 4 1 2 3 4 de 4 

26 51 41 3 4 14 47 27 8 18 39 
46 44 31 11 14 12 42 20 28 28 36 
68 38 24 16 22 16 38 18 29 29 29 

 

After the reactions were stopped, the mixtures were separated by liquid column 
chromatography. Enantiomeric ratio of (-) and (+) cis-3-acetoxy-5-hydroxycyclo-
pentene (3) isolated from all reactions was analyzed by means of HPLC with chiral 
column (Whelk SS). All results are listed in the Table 6. The obtained trans-3-acetoxy-
5-hydroxycyclopentene was optically inactive. 
 

Table 6. Enantiomeric ratio of (-) and (+) cis-3-acetoxy-5-hydroxycyclopentene (3) 

Enzyme cis-3-acetoxy-5-hydroxycyclopentene 
 3(-) / 3(+) [α] 

PLE 34 / 66 24,56° 
P40-60 77 / 23 -31,74° 
P60-80 77 / 23  
TPLE 26 / 74  

TP40-60 73 / 27  
 

Conclusions 
In our research application of pig liver esterase to the stereoselective hydrolysis of 3,5-
diacetoxycyclopentenes (1 and 2) was showed. The obtained preparations: P40-60, P60-
80 as well as TPLE and TP40-60 hydrolysed faster stereoisomer trans (2) that might be 



used in enzymatic separation of esters 1 and 2. Catalytic properties of pig liver esterase 
could be modified by purification and immobilization in a simple way on talc. The 
hydrolysis catalyzed by PLE lead to excess of (-)-cis-3-acetoxy-5-hydroxycyclopentene, 
while during hydrolysis with purified preparations P40-60 and P60-80 (+)-cis-3-
acetoxy-5-hydroxycyclopentene was obtained. Enzyme immobilization has great 
influence on its catalytic activity.  

Experimental part 
Preparation of crude pig liver esterase: pieces of fresh pig liver and acetone (300 ml) 
were homogenized in blender. Precipitate was homogenized again in acetone (150 ml) 
and then with methylene chloride (150 ml). Obtained precipitate was crumbled and 
dried under vacuum.  
 
Immobilization of enzymatic preparations on talc (PLE, P40-60, P60-80): Enzymatic 
preparation (250 mg) was dissolved in phosphate buffer pH 7.00 (5ml). To the solution 
talc Luzenac was added (1.0 g) and dispersion was shaken in 1.5 hour. Next the mixture 
was centrifuged. Obtained precipitate was dried under vacuum. Amounts of 
immobilized proteins were determined by Lowry’s method. 
 
Hydrolysis of 3,5-diacetoxycyclopentene (1, 2): Acetone (2 ml), 3,5-diacetoxycyclo-
pentene (0.5 g; 2.7 mmol) and enzymatic preparation were placed into phosphate buffer 
pH 7.00 (50 ml) The mixture was stirred  at 30°C. Reaction run was monitored by GC. 
After the completion of reaction, the enzyme was filtered off. Mixture was extracted 
with diethyl ether. The organic phase was dried and ether was evaporated. Products and 
substrates were separated by column liquid chromatography (Kieselgel 60, 230-430 
mesh, eluent – changing from CH2Cl2 to CHCl3).  
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Introduction 
The new reaction of dithiophosphoric acid 1c with O-thioacylhydroxylamines 2, 

which proceeds via N-O bond cleavage and lead to ammonium dithiophosphates 3c, 
acyl thiophosphoryl disulphates 4c has been recently described [1] (Scheme 1).  
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Scheme 1 The reaction of two equivalents of dithiophosphoric acid 1c with O-
thioacylhydroxylamines 2. 
 
The influence of radical traps and light on the reaction strongly suggested the radical 
mechanism of the process. Moreover, considerable ability of dithiophosphate anions to 
one electron oxidation [2] implied involvement of a single electron transfer process 
(SET) with dithiophosphate anion >P(S)S- as SET donor and radical scavenger as well 
[3]. 
On the other hand, it is known very well, that  selenoles participate in the SRN1 reaction 
as a SET donors [4]. Taking above facts into account we decided to examine reactivity 
of selenophosphoric acid derivatives towards O-thioacylhydroxylamine and compare 
them with thiophosphoric and phosphoric acids ones. We also expected to find 
correlation between course of the reaction and oxidation potentials of phosphate anions 
5 (see Table 2) under investigation.    
 
Results and discussion 

In the first  series of experiments O-thiopivaloyl-N-tert-butylhydroxylamine 2 
was treated with two equivalents of phosphoric acid derivatives 1 (Scheme 2) in 
standard conditions (15min., room temperature, CHCl3 as a solvent). Thus, in the case 
of phosphoric acid 1a (X, Y = O) the reaction did not occur and starting materials 1a, 2 
were quantitatively recovered (Table 1). However, monothiophosphoric acid 1b (X = O, 
Y = S) gave, analogically to dithiophosphoric acid 1c [1,3], ammonium 
monothiophosphate 3b (31P NMR, δ = 53,8 ppm) and monothiophosphoric-acyl 
disulfide  4b (31P NMR, δ = 13,9 ppm). On the other hand, monoselenophosphoric acid 
1d (X = O, Y = Se) produced, apart from expected tert-butylammonium 
monoselenophosphate 3d (31P NMR, δ = 44,6 ppm, 1JP-Se = 745,3 Hz), symmetric bis-
(2-oxo-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl) diselenide 6d (31P NMR, δ =  3,96 
ppm, 1JP-Se = 488,9 Hz) and pivaloyl disulfide 7. Similarly, selenothiophosphoric acid 1e 
(X = S, Y = Se) lead to tert-butylammonium selenophosphate  3e (31P NMR, δ =  98,5 
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ppm, 1JP-Se = 739,1 Hz) and bis-(2-thiono-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl) 
diselenide (31P NMR, δ =  67,2 ppm, 1JP-Se = 471,3 Hz) 6e and pivaloyl disulphide 7.  
 

+ C
O

N

S
H

O
P

O X

YH
2

O
P

O X

Y
S

C

O
O

P
O X

Y

H3N + C

O

S
2

O
P

O X

Y
2

++

1a - f 2

3a - f 4a - f 6a - f 7

room temp.
 15 min.,
 

CHCl3, 

 
Scheme 2 The reaction of two equivalents of  phosphoric acid derivatives 1 with O-
thiopivaloyl-N-tert-butylhydroxylamine 2 
 
Table 1. Products of reaction of phosphoric acids 1 with O-thiopivaloyl-N-tert-
butylhydroxylamine 2.     

Yield  %  X Y 
3   4 6 7 

a O O 0 0 0 0 
b O S 100  81 0 0 
c S S 99 3 92 3 0 0 
d O Se 100  0 49 70 
e S Se 100  0 83 84 
f Se Se 100  0 0 38 

 
The question arose: is it the same reaction like in the case of mono – and 
dithiophosphoric acids 1b, 1c ? The first product should be (2-oxo-5,5-dimethyl-1,3,2-
dioxaphosphorinan-2-yl)-S-pivaloyl selenosulfide 4d or (2-thiono-5,5-dimethyl-1,3,2-
dioxaphosphorinan-2-yl)-S-pivaloyl selenosulfide 4e which could symmetrize to 
diselenide 6d,e and pivaloyl disulphide 7 respectively.                                                                                  
To prove this hypothesis the reaction of monoselenophosphoric acid 1d was monitored 
with 31P NMR technique (room temperature, CDCl3 as a solvent). The tert-
butylammonium monoselenophosphate 3d precipitated from the reaction mixture after 
several seconds. After filtration the 31P NMR spectrum was recorded immediately. 
There was one resonance signal: δ = 6,63 ppm, 1JP-Se = 485,8 Hz observed and identified 
as bis-(2-thiono-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl) diselenide 6d. The 31P 
NMR repeated after 24h, 48h did not indicate any further changes. It could mean that 
symmetrization of (2-oxo-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl)-S-pivaloyl 
selenosulfide 4d to bis-(2-thiono-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl) 
diselenide 6d was very fast or 4d was not obtained at all. Subsequently, we examined 
reaction of selenothiophosphoric acid 1e with O-thiopivaloyl-N-tert-
butylhydroxylamine 2 in NMR tube. Tert-butylammonium selenothiophosphate 3e was 

1, 3, 4, 6 X Y 
a O O 
b O S 
c S S 
d O Se 
e S Se 
f Se Se 
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filtered off and filtrate analyzed with 31P NMR technique. The only signal was δ = 72,2 
ppm, 1JP-Se = 467,1 Hz (adequate for a compound with single P-Se bond) which could 
be assigned to (2-thiono-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl)-S-pivaloyl 
selenosulfide 4e. On the spectrum performed after 24h the signal δ = 72,2 ppm, 1JP-Se = 
467,1 Hz decreased and the new one appeared: δ =  68,2 ppm, 1JP-Se =  478,7 Hz and 
assigned as bis-(2-thiono-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl) diselenide 6e (δ 
= 67,2 ppm, 1JP-Se = 471,3 Hz).  Moreover, intensity of this new signal increased after 
48h and 96h. The compound with δ = 72,2 ppm, 1JP-Se = 467,1 Hz was isolated from the 
reaction mixture and fully characterized by 1H NMR, 13C NMR, IR, MALDI-TOF-MS. 
All above data confirmed formation of  (2-thiono-5,5-dimethyl-1,3,2-
dioxaphosphorinan-2-yl)-S-pivaloyl selenosulphide 4e. Furthermore, the conversion of 
4e to 6e was observed in the same time and conditions as in the crude reaction mixture 
of 1e and 2. 

These observations supported hypothesis where final products 6d,e and 7 are 
formed as the result of symmetrization of intermediate 4d or 4e.  
We also investigated reaction of two equivalents of diselenophosphoric acid 1f with                     
O-thiopivaloyl–N-tert-butyl-hydroxylamine 2. Tert-butylammonium diselenophosphate 
3f (31P NMR  δ = 84,8 ppm, 1JP-Se = 749,5 Hz) was filtered off and on the 31P NMR 
spectrum the one resonance signal was observed: δ =  70,6 ppm, 1JP-Se = 485,8 Hz, 1JP-Se 
= 956,0 Hz, which could be assigned as the most likely structures: (2-seleno-5,5-
dimethyl-1,3,2-dioxaphosphorinan-2-yl)-S-pivaloyl selenosulfide 4f or bis-(2-thiono-
5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl) diselenide 6f.  
The sample of  this reaction mixture was kept at room temperature 24 h and 31P NMR 
analysis indicated, apart from δ =  70,6 ppm, 1JP-Se = 485,8 Hz, 1JP-Se = 956,0 Hz, 
numerous others signals. Since bis-(O,O-dialkylselenophosphoric) diselenides (>P(Se)-
Se-)2 are described as a relatively stable compounds [5] we concluded, that signal δ =  
70,6 ppm, 1JP-Se = 485,8 Hz, 1JP-Se = 956,0 Hz is from (2-seleno-5,5-dimethyl-1,3,2-
dioxaphosphorinan-2-yl)-S-pivaloyl selenosulfide 6f which is not stable and undergoes 
decomposition.  

In the next set of experiments the radical mechanism of the reaction was 
examined. Thiophenols are known to be free radical traps [3]. Hence, to proof the 
hypothesis that SET process is involved, we performed the reactions of two equivalents 
of i) monothiophosphoric acid 1b and ii) selenothiophosphoric acid 1e with O-
thiopivaloyl–N-tert-butyl-hydroxylamine 2 in the presence of  one equivalent of 2,6-
dimethylthiophenol. 
After 30 min. the reaction mixtures were quenched with triethylamine [3] and analyzed 
with 31P NMR. The only products were: triethylammonium monothiophosphate (31P 
NMR δ =  54,4 ppm) and triethylammonium selenothiophosphate (31P NMR δ =  97,7 
ppm, 1JP-Se = 740,1 Hz) respectively. These experiments showed, that 2,6-
dimethylthiophenol prevents the formation of  monothiophosphoric-acyl disulfide 4b or 
(2-thiono-5,5-dimethyl-1,3,2-dioxaphosphorinan-2-yl)-S-pivaloyl selenosulfide 4e in 
the above reaction mixtures.  
The fact, that phosphoric acid 1a did not react with O-thiopivaloyl-N-tert-
butylhydroxylamine 2 in contrast to its sulfur and selenium analogs 1b-f, which 
underwent reaction of the N-O bond cleavage in hydroxylamine, required rational 
explanation. The results of our experiments strongly suggested, that SET process is 
involved in the mechanism of the reaction under discussion. Thus, the first stage is 
single electron transfer process from phosphate anion to protonated O-acylated 
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hydroxylamine [3] . In other words, the course of the reaction should depend on 
oxidation potentials of phosphate anion and its sulfur and selenium analogs 5. To verify 
this hypothesis we measured oxidation potentials of phosphate anions 5 by cyclic 
voltamperometry technique. The results are summarized in Table 2.  
 
Table 2. Redox potentials of phosphate anions 5. 

            
The all measurements were performed for potassium 
salts of 5a-f (0.001 M) in the solution of 0.1 M 
TBAP (tetrabutylammonium perchlorate ) in 
acetonitrile. Working electrode; glassy carbon         
(3 mm diameter), counter electrode was a platinum 
wire, and as a reference electrode was used a 
saturated calomel electrode (SCE). All 
measurements were made on Autolab 30 
electroanalytical system.  
 
 
 
 
 

Data presented in the Table 2 show, that oxidation potentials of phosphate 
anions 5 decrease with increasing of the atomic mass of chalcogen X, Y dramatically. 
The electrochemical measurements indicated, that replacement of at least one oxygen 
atom for sulfur or selenium in phosphoric acid 1 molecule decreased the oxidation 
potential of anions 5 and improved their ability as a SET donor.    
 
Conclusions 

Sulfur and selenium analogs of  phosphoric acids 1b-f reacted with O-acylated 
hydroxylamine 2 with N-O bond cleavage. The course and products of the reaction 
depended on structure of used phosphoric acid derivatives. Monothiophosphate anion 
5b possesses low enough oxidation potential and can participate in the reaction as a 
SET donor, analogically to dithiophosphoric acid 1c [1,3]. They lead to tert-
butylammonium thiophosphates 3b,c and disulfides 4b,c. Additionally, in the case of 
selenothiophosphoric 1e acid  subsequent conversion of selenosulfide 4e to symmetric 
diselenide 6e and pivaloyl disulfide 7 was observed. 
 
Literature    
[1]   L. Doszczak, W. Przychodzen, D. Witt, J. Rachon, Phosphorus, Sulfur and     
         Silicon, 177 (2002) 1851.     
[2]  G. Brunton, B. C. Gilbert and R. J. Mawby, J. Chem. Soc. Perkin Trans. 2, (1976)                   
       650. 
[3]   L. Doszczak, W. Przychodzen, D. Witt, J. Rachon, J. Chem. Soc., Perkin Trans. 2     
       (2002) 1747. 
[4]  A. B. Peñẽñory, A. B. Pierini, R. A. Rossi, J. Org. Chem., 49 (1984) 3834. 
[5]  R. D. Gorak, N. I. Zemlanski, Zh. Obsch. Khim., 41 (1970) 1994. 

O
P

O X

Y
K

5a - f  
 X Y E [V]  5 

a O O above 2.0 
b O S 0.8 
c S S 0.56 
d O Se 0.42 
e S Se 0.23 
f Se Se 0.24 



SYNTHESIS AND INITIAL PHYSICO-CHEMICAL 

INVESTIGATIONS OF HETERONUCLEAR Cu(II)-Nd(III) 

COMPOUND  

 
B. Cristóvão1*, W. Ferenc1 and J. Sarzyński2  

1Faculty of Chemistry, Maria Curie-Skłodowska University, Pl 20-031, Lublin, Poland 
2Institute of Physics, Maria Curie-Skłodowska University, Pl 20-031, Lublin, Poland 

*Author for corespendence: e-mail: cristovao@poczta.onet.pl   

  

ABSTRACT 

The heteronuclear copper(II)-neodymium(III) compound having formula 
[Nd(H2O)5(CuL)2][CuL]·8H2O was obtained by reacting  Na[CuL] (where L = Schiff 
base) with NdCl3. The complex was characterized by elemental analysis,  
thermogravimetric studies, ASA and magnetic measurements. Magnetic susceptibility 
measurements were carried out in the range of 76 – 303 K. The magnetic susceptibility 
data change with temperature according to the Curie-Weiss law with Θ  = -35 K.  The 
magnetic moment decreases from 5,00µB at 303 K  to 4,38µB  at 76 K.  
 
INTRODUCTION 

   Heteronuclear compounds are the subject of the investigations for the reason of 
their particular physical and chemical properties. Besides they can be trated as models 
for investigation of magnetic exchange involving d and f electrons and because of their 
potential applications in production of high temperature superconductors and magnetic 
materials [1-7]. In this paper we have described synthesis and magnetic properties of 
[Nd(H2O)5(CuL)2][CuL]·8H2O. 
 
EXPERIMENTAL 

The violet crystals of  [Nd(H2O)5(CuL)2][CuL]·8H2O were prepared in the 
following way: glycylglycine (5mmol), 5-bromosalicylaldehyde (5 mmol) and NaOH 
(10 mmol) were dissolved and stirred in hot EtOH/H2O (v : v = 1 : 1). CuCl2·2H2O 
(5mmol) was then added to the solution and the resulting solution was adjusted to 
pH ~ 9. Last excess of NdCl3 (8 mmol) was added.  The solution was filtred and the 
filtrate was allowed to evaporate slowly at room temperature. 

The contents of carbon, hydrogen and nitrogen in the obtained compound were 
determined by elemental analysis using a CHN 2400 Perkin Elmer analyser. The 
contents of metals were established by ASA method using ASA 880 spectrophotometer 
(Varian). 

 Anal. Calcd. for C33H48O24N6Br3Cu3Nd: C, 26.6 %; H, 3.2 %; N, 5.7 %; Cu , 
12.8  %; Nd, 9.7 %. Found: C, 27.8 %; H, 2.7 %; N, 5.5 %; Cu, 12.2 %; Nd, 10.3 %. 

The dehydration process of Cu(II)–Nd(III) complex was studied in air using a 
Setsys 16/18 TG, DTA instrument. The experiment was carried out under air flow in the 



 

temperature range of 297–773 K. The sample (4.86 mg) of compound was heated in 
Al2O3 crucibles.  

The magnetic susceptibility values of the Cu(II)-Nd(III) complex were 
determined by Gouy method in the temperature range of 76 – 303 K. The calibrant 
employed was Hg[Co(SCN)2] for which the magnetic susceptibility of 1.644⋅10-5 cm3g-1 
was taken. Correction for diamagnetism of the constituent atoms was calculated by the 
use of Pascal′s constants [8]. The effective magnetic moment values were calculated 
from the equations:    

   µeff  = 2.83 (χM ⋅ T)1/2           (1) 
 µeff  = 2.83 [χM (T –Θ)]1/2           (2) 

   
RESULTS AND DISCUSSION 

The new heteronuclear copper(II)–neodymium(III) compound was synthesised 
and  next on the basis of elemental analysis, thermal analysis, ASA and the literature of 
subject its formula  [Nd(H2O)5(CuL)2][CuL]·8H2O (where L = Schiff base derived 
from 5-bromosalicylaldehyde and glycylglycine) was established. The dehydration 
process of the obtained complex was studied in air atmosphere in the temperature range 
of 297–773 K. The Cu(II)–Nd(III) complex is stable up to 323 K. Next at 323 – 473 K it 
dehydrates in one step losing all molecules of  lattice water. The mass loss calculated 
from TG curve being equal to 10.6% corresponds to the loss of  8 molecules of water 
(theoretical values is 9.7 % ). The dehydration process is connected with an 
endothermic effect seen on DTA curve.  

Experimental magnetic data plotted as magnetic susceptibility χg, 1/χg and 
magnetic moment  µeff  versus temperature are presented in Table 1 and Figs. 1, 2 and 3.  

 
Table 1. The magnetic data of [Nd(H2O)5(CuL)2][CuL]·8H2O 

 
[Nd(H2O)5(CuL)2][CuL]·8H2O 

T 
(K) 

gχ ·106

(cm3/g) 
µeff 

(µB) 
T 

(K) 
gχ ·106

(cm3/g)
µeff 

(µB) 
76 20.697 4.38 213 8.731 4.83 

123 14.870 4.74 223 8.364 4.85 

133 12.041 4.46 233 8.005 4.85 

143 11.617 4.54 243 7.732 4.88 

153 10.957 4.57 253 7.468 4.89 

163 10.910 4.70 263 7.232 4.92 

173 10.532 4.76 273 7.015 4.94 

183 10.052 4.79 283 6.846 4.97 

193 9.505 4.79 293 6.619 4.98 

203 9.146 4.83 303 6.440 5.00 

 
 



 

The magnetic susceptibility changes with temperature according to the Curie-
Weiss law with Θ = -35 K indicating the weak antiferromagnetic interaction in this 
complex  (Table 1, Figs. 1, 2). 

 
 

50 100 150 200 250 300 350
T  (K)

8000

12000

16000

20000

24000

28000

32000
χ 

  (
cm

3 /m
ol

)

 
 

Fig. 1. Experimental magnetic data plotted as magnetic susceptibility χg versus 
temperature 
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Fig. 2. Experimental magnetic data plotted as 1/χg versus temperature 
 

 
The magnetic moment values decrease from  5,00µB at 303 K  to 4,38µB  at 76 K 

(Table 1, Fig. 3). This decrease could be also caused by crystal-field effects as well as a 
cooperative antiferromagnetic interaction of metal ions [1, 2, 9, 10]. 
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Fig. 3. Experimental magnetic data plotted as magnetic moment µeff versus temperature 
 
The magnetic measurements of [Nd(H2O)5(CuL)2][CuL]·8H2O in the 

temperature range of 1.7 – 76 K and the mechanism of the d – f  system interaction in 
this heteronuclear compound will be the subject of future studies. 

 
CONCLUSIONS 

A novel heteronuclear compound [Nd(H2O)5(CuL)2][CuL]·8H2O has been 
prepared. Its magnetic moment and magnetic susceptibility values decrease with 
temperature which can be due to crystal field effect and antiferromagnetic interactions 
of pairs of metal ions. 
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After having read our paper [1] Garfinkle informed us that the papers [2,3] could be 

interesting for us. As we have found the results presented in these and other papers of 
this author (see, e.g. [4,5]) not trivial we have decided to analyze some of those results. 

To write equations in a shorter form we introduce reduced dimensionless affinity α  
 RTA /=α   (1) 
where A, R and T denote the affinity, the universal gas constant and temperature, 
respectively. Using fundamental definitions for the rate of chemical reaction and 
dependence of chemical potential on concentration Garfinkle [4] derived the following 
theoretical equation  
 ( )∑−= ii cdtd // 2νυα   (2) 
where t, υ, iν , ic  are  the  time, the reaction rate, stoichiometric coefficients, and 
concentrations, respectively. Analyzing the affinity decay for numerous experimental 
data for chemical reactions Garfinkle obtained the following experimental relation 
 [ ]kr ttAdtd /1/1/ −=α   (3) 
where Ar is the affinity rate constant and tk is the expected (most probable) time to attain 
the equilibrium. Hjelmfelt at al [6] have shown that eq. (3) can be  treated as an 
approximate expression only and tk which should be infinite can be treated as an artifact 
of that representation only. So, one could conclude that tk can not be treated as a useful 
quantity. However, Garfinkle emphasized that his natural path approach was developed 
to bridge the gap between the mass action and nonequilibrium thermodynamic 
approaches. We decided to check if Garfinkle equations can be useful for an analysis of 
the range in which the formalism of linear nonequilibrium thermodynamics can be used. 

We present the analysis of two simple reactions only. 
I. The reaction A ↔ B with concentrations constccc BA ==+ 0  and starting from 

0=Bc . We can obtain 
 ])(exp[)]/([)/( 00 tkkkkkckkkcc rfrffrfrA +−⋅+++=   (4) 
where kf and kr are the rate constants for the forward and reverse reactions, 
 ])(exp[/ 0 tkkkcdtdc rffA +−=−=υ   (5) 

 { }])exp[(1[]])(exp[1[/)(/ 2 tkkktkkkkkdtd rfrrffrf +−−+−−+−=α   (6) 
 dtdckkkkdtd rfrft

/)]/()[(/lim 0 υα +=
∞→

  (7) 

We can rewrite this equation as  



 dtdLdtd
t

/lim'/ αυ
∞→

=   (8) 

where 
 eq

Afrfrf ckkkckkL =+= )/(' 0   (9) 
where the index eq denotes the chemical equilibrium. 
We can also assume that if only t is sufficiently large (υ and α are sufficiently small) we 
can rewrite eqs. (8) and (9) in a form 
 LAARTLL === )/'('αυ   (10) 
 RTckL eq

Af /=   (11) 
So, we can see that if the time is large enough we can derive from the theoretical 
Garfinkle equation the pheonomenological coefficient L in the same form as that 
derived in [1] which is also in agreement with the result of Baranowski [7] obtained in a 
different way.  

In order to analyze the experimental Garfinkle equation we consider a simplified 
case of the reaction A ↔ B for which 
 kkk rf ==   (12) 
In this case eq. (6) simplifies to  
 ττα 2sinh/2/ −=dd   (13) 
where τ is a dimensionless quantity 
 kt=τ   (14) 
It is convenient to introduce  
 τξ /1=   (15) 
and to analyze the derivative τα dd /  as a function of ξ  in the following form 
 )(/)/( ξξτα Ddddd =−   (16) 

We can  see that the derivative )(ξD  have the following properties: 
1. 0)(lim

0
=

→
ξ

ξ
D               (17) 

2. For small ξ the derivative D(ξ)  is an increasing function of ξ 
3. For ξ = 1.245 the maximum value  
 D(1.245) = 1.169  (18) 
corresponding to an inflection point of the function 
 ταξ ddf /)( =   (19) 
is obtained 
4. For ξ larger than 1.245 the derivative D(ξ) is a decreasing  function  of ξ 
5. After taking into account that ττ

τ
22sinhlim

0
=

→
 from eqs. (13) and (16) we see that  

 1)(lim =
∞→

ξ
ξ

D   (20) 

That is why (in some ranges of ξ) f(ξ) can be treated as nearly a straight line. 
Usually experimental points for reaction are obtained for the appropriate range of t in 
which concentrations of product can be accurately measured. This range of t 
corresponds to some ranges of τ and ξ. One can draw a straight line through 
experimental points. If the range of ξ is not too large the curve f(ξ) can be approximated 
by y(ξ) which is a tangent (straight) line. The intercept of y(ξ) with the axis ξ can be 
obtained in a form 
 )//( ξξξ ddyyk −=   (21) 



Fig. 1 

If the experimental points are in the range of ξ corresponding to the maximum 
magnitude of D(ξ) we get the maximum value of the intercept of ξk equal to ξk(max) 
 ξk(max) = 0.535  (22) 
 0 < ξk < 0.535    (23) 
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In Fig. 1 we show f(ξ) (see eq. (19)) as a function of ξ (see eqs. (13) and (15)) and 
additionally present the straight tangent line for f(1.245) giving the intercept for ξ = 
ξk(max) = 0.535 and the asymptote f(ξ) = - ξ (denoted by f, y, a, respectively). 

We can also write 
 (max)/1(min) kk ξτ =   (24) 
 ∞<< kτ535.0/1   (25) 
 ∞<< ktk535.0/1   (26) 
For example if D(ξ) = 1 one gets ξk = 0 which would correspond to the very early stages 
of chemical reaction when the concentration of product is nearly equal to 0. However, 
from eqs (4), (12), (14) and (15) it follows that for ξ = 1.245,  i.e., for the inflection 
point, the molar fraction of product xB = 0.400 and ξk(max) calculated from eq. (21) is 
equal to 0.535 and τk(min) = 1/0.535. For larger magnitudes of ξ, e.g. ξ = 2 (τ = 1/2) we 
have  xB = 0.316 and  ξk = 0.477 (τk = 1/0.477). Naturally, in this case the experiments 
would be performed for a shorter time than those performed near to the inflection point. 
From Fig. 5 in Ref. [1] we see that the linear nonequilibrium thermodynamic 
phenomenological equation (for which the chemical reaction rate is proportional to the 
affinity) can be used for 0.3 < xB  < 0.5. It means that those ranges of xB are obtained if 
only τk does not differ much from τk(max). The same conclusion can be drawn if tk (see 
eqs. (14)  and  (24)-(26)) is analyzed. It should be emphasized that tk is the quantity 
introduced by Garfinkle in eq. (3). 

II. The second reaction analyzed by us is A + A ↔ B + B  in the simplified case 
when kkk rf ==  and for  the concentrations constccc BA ==+ 0  and starting from 

0=Bc . We can obtain 
 )]4exp(1[)2/1( 00 ktcccA −+=   (27) 
 )4exp(/)2/1( 0

2
0 ktckcdtdcA −−=−=υ   (28) 

 )]4exp()4/[exp(8/ 000 ktcktckcdtd −−−=α   (29) 



In the same way as for the reaction A ↔ B we can derive 
 22

0 )()4/(' eq
AckkcL ==   (30) 

 RTckL eq
A /)( 2=   (31) 

It is worthwhile to observe that recently we have shown that the generally known 
following relation between Aυ and A/RT [8,9] 
 )]exp(1[ αυυ −−= AfA   (32) 
where fAυ  is the forward reaction rate, can be written in a form [1,10,11] 

 )]exp(1[)]exp/()1[(' 2 ααυ −−++= KKLA   (33) 
which is convenient in an analysis of the range of molar faction of product for which the 
linear phenomenological nonequilibrium thermodynamic equation is a sufficient 
approximation (K is the thermodynamic equilibrium constant).  

We can also write eq. (29) in the form 
 '2sinh/2'/ ττα −=dd   (34) 
introducing 
 ktc02'=τ   (35) 
 '/1' τξ =   (36) 
we could also introduce D(ξ’), f(ξ’), y(ξ’), ξ’k(max), τ’k(min) in the same way as we 
have done for the reaction A ↔ B. We would obtain the time tk introduced by Garfinkle 
 ∞<< ktkc0070.1/1   (37) 

If we introduce τ'k(min) = 1/ 0.535 to eq. (27) we can get xB = 0.400. We can 
compare this result with the range 0.35 < xB < 0.5 (see Fig. 3 in Ref. [1]) and draw 
similar conclusions as those for reaction A ↔ B.  The only difference is that in eq. (34) 
the concentration c0 appears. 

Just to summarize: 1. for very simple chemical reactions such as A ↔ B and 
A + A ↔ B + B we have shown that the time tk introduced by Garfinkle can be useful. 
If only tk does not differ much from tk(min) the linear relation between the reaction rate 
and the affinity (used within the formalism of linear nonequilibrium thermodynamics) 
can be treated as a sufficient approximation. 2. We have also shown that the expression 
for the phenomenological coefficient L (see eqs. (11) and (31)) can be derived from the 
Garfinkle theoretical equation (for a large time) in the same form as that derived in 
Refs. [1] and [7]. 
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Introduction 
 

The dynamic development of science and technology calls for new ways of educating 
students. The classical XIX century chemical analysis undoubtedly teaches the basics of 
chemistry and helps in comprehending the learning material. However, in the process of 
educating students who are going to enter their professional careers in the near future and 
will face various challenges, it would not be advisable to leave out the present-day methods 
of analysis. Having this in mind the authors of this article decided to design an exercise 
which would combine the elements of both classical and modern analysis. 

 
The experiment 
 

The research material is strawberries. The student exercise consists of two parts. 
 

I. The classical qualitative determination of copper ion (II) content. 
 
Description of the experiment: 
Equipment: chromatographic plate covered with silica gel, mortar, 100 cm3 beaker, test-
tube, chromatographic chamber or beaker with a closely fitting glass lid, atomizer or wash 
bottle, capillary tube, filter paper, UV lamp. 
 
Reagents: 2-3 strawberries, copper(II) chloride solution of approximately 10%, ethanol, 
concentrated hydrochloric acid, potassium hexacyanoferrate (II) solution of approximately 
6%. 
 
Execution: 

1 Grind the strawberries in the mortar, put them into the beaker and add 20 cm3 of 
distilled water. Heat up and keep the content of the beaker boiling for about 5 
minutes. 

2 Trickle the content of the beaker into the test-tube. Place a specimen quantity of the 
obtained solution on the chromatographic plate using the capillary tube. Next to it 
place the solution of copper (II) chloride, which will serve as a reference standard. 
Dry the plate. 

3 Pour the solvent mixture into the chromatographic chamber. Its layer should not 
exceed 0,5 cm. The solvent mixture consists of ethanol, concentrated hydrochloric 
acid and water in the voluminal ratio of 20:5:5. 

4 Place the dried plate in the previously prepared chromatographic chaber at the angle 



of approximately 15°. Cover the chamber tightly. After about 20-25 minutes, when 
the front of the solvent situates itself 1cm from the edge of the plate, take the plate 
out and dry it. 

5 Examine the plate in UV light. Notice the darker spots located in the same point in 
the strawberry extract and the reference standard solution. 

6 Spray the plate with potassium hexacyanoferrate (II) solution. Notice some brown 
spots in the point examined in UV light (Fig.1). The spots originate from the 
complex  created by the ion of copper and the ions of hexacyjanoferrate (II): 

 
Cu2+ + [Fe(CN)6]4- → Cu2[Fe(CN)6] 
 

The appearance of the colored complex and the spots visible in UV light undoubtedly prove 
the presence of ions of copper (II) in the examined fruit [1]. 
  
  

 
 
  
 
 
 
 
 
 
 
 
 
 

                           
Fig. 1. Chromatographic plate. T – the strawberry extract, 

W - the reference standard solution 
 

II. The quantitative determination of copper content. 
This part of the experiment cannot be conducted by the students by their own means. 

The material for determination should be examined by a laboratory that specializes in 
instrumental analysis.  

1 The students get to know the method and aim of mineralization in theory. It is a 
modern method that includes the use of a microwave device. It differs from the 
older methods in the quickness of specimen preparation (only 30 minutes), in the 
lack of loss of specimen and the highly volatile components it contains (because the 
whole mineralization process takes place in the same closed container) and in the 
elimination of the outside pollution. The dry matter of the solid specimen should 
weigh around 2 g. The effect of the microwave mineralization is that the organic 
material is destroyed and the specimen becomes a water solution, which later 
undergoes further examination. 

 
 
 
 
 
 
 
 
 
 
 
 
 T            W 



2 The subsequent analysis of the mineralized specimens is conducted by means of 
Atomic Absorption Spectroscopy (AAS). The atoms demonstrate the ability to 
absorb the radiation, which is a characteristic of the particular chemical elements 
[2,3]. The induction of the absorption effect requires atomization of the specimen, 
i.e. (that is) its evaporation and dissociation of the molecules into atoms. The AAS 
is a very sensitive analytic method that renders the specific determination of the 
content of various elements possible. The lower limit of the determination of copper 
content is 0,03 mg/l 

3 The AAS spectrophotometer consists of a source of characteristic radiation, an 
atomizer for creating atomic gas, a monochromator (for example a diffraction 
grating) and a detector (photomultiplier). The source of radiation very often consists 
of special lamps containing atoms induced to emit radiation. The specimen (in the 
form of water solution) undergoes atomization in a special acetylene blowpipe or a 
graphite furnace that is electrically heated up to a very high temperature[3,4]. 

 
Results  
 

The qualitative determination of copper content in strawberries is immediate and does 
not create any difficulties for the students. 

The results of the quantitative determination, which the students receive in the form of 
figures, call for further interpretation. The content of copper in the specimen after 
mineralization oscillates between 0,032-0,075 mg/l. The students convert the acquired 
results to the copper content per one kilogram of the examined material. They assess 
whether the determined quantity falls within the permissible limits. A low content of copper 
can in particular be the evidence of deficiency of this element in the soil, which has an 
influence on the crop yield. Among the pomicultural plants, strawberries are particularly 
susceptible to copper deficiency. This deficiency is capable of causing the appearance of 
white spots on the plant’s leaves and can even suppress the plant’s growth.  

The exercise is of particular importance to the students of pomiculture because it 
provides them with directions on how to make good use of modern chemical analysis in the 
production of healthy, ecological food in the future.  
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 1-Piperidineacetic acid (PAA) can be treated as a synthetic aminoacid in which the 
amino group is involved in an alicyclic ring. PAA, like typical aminoacids, exists in a 
zwitterion form in the solid [1] and in aqueous solution [2], but in the isolated molecule 
appears in the neutral form [1]. Because of its amphoteric character PAA forms 
complexes with acid in the 1:1 and 2:1 stoichiometry. The aim of this work is a 
comparison of eight structures of PAA complexes with inorganic acids and phenols.  
 
 
 
 
 The 1:1 complexes of PAA with HCl [3], HClO4 [4], 2,6-dichloro-4-nitrophenol 
(DCNP) [5] and 2,4-dinitrophenol (24DNP) [6], solved by X-ray diffraction, have three 
different type structures.  
 In PAAH·Cl, the PAA is protonated and engaged in the intermolecular COOH···Cl- 
hydrogen bond with chlorine anion. Each of the chlorine anions is involved in the 
COOH···Cl and N+-H···Cl hydrogen bonds. The structure in the crystals is organized in 
the sandwich like infinite two-dimentional layers (Fig.1a, Table 1) [1]. 
 
 
 
 
 
 
 
 
 
 
(a)             Fig.  (b) 
 
 
 
Fig. 1.  Molecular structure and hydrogen bonds in the crystals of (a) 1-
piperidiniumacetic acid chloride and  (b) 1-piperidiniumacetic acid perchlorate 
 
 In PAAH·ClO4 the COOH group is involved in two hydrogen bonds, with ClO4

-

anion and with N+-H atom of a neighboring molecule, related by the twofold screw axis 
parallel to x. The N+H atom forms trifurcated hydrogen bond, the intermolecular with 
OClO3

- and COOH, and intramolecular with the C=O group. (Fig. 1b, Table 1) [4]. 
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Table 1 
Geometrical parameters of the hydrogen bonded complexes of 1-piperidineacetic acid 
(PAA) with acids (AH) 
 
AH Crystal system Space 

group 
COO···donor N+-H···acceptor Ref 

1:1 complexes     
HCl Monoclinic P21/c 2.964(1) 3.062(1)a 3 
HClO4 Orthorhombic P212121 2.664(1) 2.957(1)b 4 
DCNP Triclinic Pī 2.469(2) 2.869(2)c 5 
24DNP Triclinic Pī 2.500(3) A 

2.431(3) B 
2.875(3)c A 
2.797(3)c B 

6 

2:1 complexes     
HCl Triclinic Pī 2.463(3)d A 

2.462(3)d B 
2.755(2)c B 
3.167(2)a A 
2.717(2)c B 

7 

HClO4 Monoclinic C2/c 2.441(3)d 2.766(2)c 8 
TNP Monoclinic P21/c 2.472(5)d 2.735(5)c 

2.747(5)e 
9 

HBA Monoclinic C2 2.589(2)f 
2.519(2)d 

2.773(3)c 
2.820(3)c 

This work 

 
Types of hydrogen bonds:  
a) N+-H···Cl; b) N+-H···OClO3; c) N+-H···O=C; d) COO···HOOC; e) N+-H···OPh;  
f) O-H···OOC 
 
  In the crystal structure of the 1:1 complex of PAA with 2,6-dichloro-4-
nitrophenol (DCNP) PAA is linked with DCNP through the O-···H-O hydrogen bond. 
Two such complexes form a centrosymmetric dimer, (PAA·DCNP)2, in which PAA 
moieties, as zwitterions, are joined by two N+-H···O hydrogen bonds, around the 
symmetry center (Fig. 2a, Table 1) [5]. 
 
 
 
 
 
 
 
 
 
 
 
(a)        (b) 
 
Fig. 2. Molecular arrangement of the complex of 1-piperidineacetic acid with DCNP (a)  
and 24DNP (dimer A) (b).  
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 A similar structure as in (PAA·DCNP)2 has the 1:1 complex of PAA with 2,4-
dinitrophenol (24DNP). PAA forms with 24DNP two non-equivalent centrosymmetric 
dimers, denoted as A and B, through O-H···O hydrogen bonds of different lengths, in 
which two PAA moieties are joined by two N+-H···O hydrogen bonds, around two 
different symmetry centers. The difference between A and B is explained by a 
participation of B in a greater number of the intermolecular C-H···O hydrogen bonds 
(Fig. 2b, Table 1) [6]. 
 In the 2:1 complexes of PAA with HCl and HClO4 homoconjugated cations with 
short symmetric hydrogen bonds are formed.  
 The crystals of (PAA)2H·Cl belong to the triclinic system with two symmetrically 
independent hydrogen bonded complexes (A and B) at two different inversion centers. 
Four 1-piperidiniumacetates, as zwitterions, are held together by a network of hydrogen 
bonds of the types O···H···O, N+-H···O=C and N+-H···Cl. Two carboxylate groups are 
bridged by linear and centrosymmetric O···H···O hydrogen bonds. Two complexes play 
different roles in the crystals. In complex A both N-H atoms interact with chlorine 
anions by two N+-H···Cl hydrogen bonds, while in complex B the N+-H atoms 
participate only in intra and inter-molecular hydrogen bonds with the COO- groups (Fig. 
3a, Table 1) [7]. 
 
 
 
 
 
 
 
 
(a)        (b) 
 
Fig. 3. Molecular structure and hydrogen bonds in the crystals of the 2:1 complexes of 
(a) 1-piperidineacetic acid with HCl and (b) with HClO4. 
 
 In the crystals of (PAA)2H·ClO4 two 1-piperidiniumacetate, as zwitterions, form a 
homoconjugated cation connected by the short and symmetrical O···H···O hydrogen 
bond. These cations are related by the symmetry centre and are connected by the N+-
H···O=C hydrogen bonds. The ClO4

- anion is not engaged in the hydrogen bonds, but 
interacts via Coulombic attraction with the positively charged nitrogen atoms (Fig. 3b 
Table 1) [8]. 
 
  
 
 
 
 
 
 
   (a)       (b) 
Fig. 4. Projection of the 2:1 complex of 1-piperidineacetic acid with TNP (a) and HBA 
(b). 

 

 

 



 The unusual 2:1 complex is formed by PAA with picric acid (TNP).  In the crystals 
there are three kinds of molecules: 1-piperidiniumacetates, 1-piperidineacetic acid and 
picric anion. The molecules are joined together by two N+-H···O and one O-H···O 
hydrogen bonds. The 1-piperidinium acetate molecules are linked with 1-
piperidiniumacetic acid cations into infinite chain through the O···H-O hydrogen bonds. 
The N+-H atom of the zwitterion interacts with phenolate oxygen atom by the N-H···O 
hydrogen bond (Fig. 4a, Table 1) [9] 
 In this work, a new 2:1 complex of PAA with p-hydroxybenzoic acid (HBA) has 
been synthesized. HBA has two donor groups, COOH and OH, hence we expected 
another hydrogen-bonded system in the complex investigated. Similarly as in 
(PAA)2TNP, there are three kinds of molecules in the crystals: 1-piperidiniumacetate, 1-
piperidineacetic acid and p-hydroxybenzoate anion, but the orientation of molecules in 
crystals are different. 1-Piperidiniumacetate and 1-piperidineacetic acid form the non-
symmetrical cyclic dimer through two non-equivalent N+-H···O=C hydrogen bonds. The 
p-hydroxybenzoate anion are linked with such dimer through the O-H···OOC hydrogen 
bond between the hydroxyl group of HBA and the carboxylate group of 1-
piperidiniumacetate and with 1-piperidineacetic acid through COO···HOOC hydrogen 
bond, between the protonated cation and the benzoate anion (Fig. 4b, Table 1). 
 
CONCLUSIONS 

In all the complexes investigated the piperidine ring adopts a chair conformation 
with the CH2COO substituent in the equatorial position.  
 In the 1:1 complexes of PAA with inorganic acids a proton is transferred from acid 
to PAA, while in the complexes with phenols two molecules of PAA, as zwitterions, 
form a cyclic dimer, which further interacts with organic molecules.  
 In the 2:1 complexes of PAA with HCl and HClO4 two homoconjugated cations 
interact with each other by the N-H···O-C hydrogen bonds. The effect of the anion is 
different. The Cl- anion is engaged in the N-H···Cl hydrogen bond, while the ClO4

- 
anion interacts electrostatically with the positively charged nitrogen atom. In the 2:1 
complexes of PAA with TNP and HBA, the PAA molecules form a linear or cyclic 
dimer, respectively, in which one molecule of PAA is protonated. The dimer is engaged 
in the O·H·O hydrogen bonds with TNP- and HBA- anions. 
 In summary, the eight complexes investigated represent seven different structures. 
The hydrogen-bonded system depends more on the number of donor groups than on 
their acidity, however the determination of the role of the components in the hydrogen-
bonded complexes of PAA with acids on their structures needs further investigation.  
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comparison of eight structures of PAA complexes with inorganic acids and phenols.  
 
 
 
 
 The 1:1 complexes of PAA with HCl [3], HClO4 [4], 2,6-dichloro-4-nitrophenol 
(DCNP) [5] and 2,4-dinitrophenol (24DNP) [6], solved by X-ray diffraction, have three 
different type structures.  
 In PAAH·Cl, the PAA is protonated and engaged in the intermolecular COOH···Cl- 
hydrogen bond with chlorine anion. Each of the chlorine anions is involved in the 
COOH···Cl and N+-H···Cl hydrogen bonds. The structure in the crystals is organized in 
the sandwich like infinite two-dimentional layers (Fig.1a, Table 1) [1]. 
 
 
 
 
 
 
 
 
 
 
(a)             Fig.  (b) 
 
 
 
Fig. 1.  Molecular structure and hydrogen bonds in the crystals of (a) 1-
piperidiniumacetic acid chloride and  (b) 1-piperidiniumacetic acid perchlorate 
 
 In PAAH·ClO4 the COOH group is involved in two hydrogen bonds, with ClO4

-

anion and with N+-H atom of a neighboring molecule, related by the twofold screw axis 
parallel to x. The N+H atom forms trifurcated hydrogen bond, the intermolecular with 
OClO3

- and COOH, and intramolecular with the C=O group. (Fig. 1b, Table 1) [4]. 
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Table 1 
Geometrical parameters of the hydrogen bonded complexes of 1-piperidineacetic acid 
(PAA) with acids (AH) 
 
AH Crystal system Space 

group 
COO···donor N+-H···acceptor Ref 

1:1 complexes     
HCl Monoclinic P21/c 2.964(1) 3.062(1)a 3 
HClO4 Orthorhombic P212121 2.664(1) 2.957(1)b 4 
DCNP Triclinic Pī 2.469(2) 2.869(2)c 5 
24DNP Triclinic Pī 2.500(3) A 

2.431(3) B 
2.875(3)c A 
2.797(3)c B 

6 

2:1 complexes     
HCl Triclinic Pī 2.463(3)d A 

2.462(3)d B 
2.755(2)c B 
3.167(2)a A 
2.717(2)c B 

7 

HClO4 Monoclinic C2/c 2.441(3)d 2.766(2)c 8 
TNP Monoclinic P21/c 2.472(5)d 2.735(5)c 

2.747(5)e 
9 

HBA Monoclinic C2 2.589(2)f 
2.519(2)d 

2.773(3)c 
2.820(3)c 

This work 

 
Types of hydrogen bonds:  
a) N+-H···Cl; b) N+-H···OClO3; c) N+-H···O=C; d) COO···HOOC; e) N+-H···OPh;  
f) O-H···OOC 
 
  In the crystal structure of the 1:1 complex of PAA with 2,6-dichloro-4-
nitrophenol (DCNP) PAA is linked with DCNP through the O-···H-O hydrogen bond. 
Two such complexes form a centrosymmetric dimer, (PAA·DCNP)2, in which PAA 
moieties, as zwitterions, are joined by two N+-H···O hydrogen bonds, around the 
symmetry center (Fig. 2a, Table 1) [5]. 
 
 
 
 
 
 
 
 
 
 
 
(a)        (b) 
 
Fig. 2. Molecular arrangement of the complex of 1-piperidineacetic acid with DCNP (a)  
and 24DNP (dimer A) (b).  
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 A similar structure as in (PAA·DCNP)2 has the 1:1 complex of PAA with 2,4-
dinitrophenol (24DNP). PAA forms with 24DNP two non-equivalent centrosymmetric 
dimers, denoted as A and B, through O-H···O hydrogen bonds of different lengths, in 
which two PAA moieties are joined by two N+-H···O hydrogen bonds, around two 
different symmetry centers. The difference between A and B is explained by a 
participation of B in a greater number of the intermolecular C-H···O hydrogen bonds 
(Fig. 2b, Table 1) [6]. 
 In the 2:1 complexes of PAA with HCl and HClO4 homoconjugated cations with 
short symmetric hydrogen bonds are formed.  
 The crystals of (PAA)2H·Cl belong to the triclinic system with two symmetrically 
independent hydrogen bonded complexes (A and B) at two different inversion centers. 
Four 1-piperidiniumacetates, as zwitterions, are held together by a network of hydrogen 
bonds of the types O···H···O, N+-H···O=C and N+-H···Cl. Two carboxylate groups are 
bridged by linear and centrosymmetric O···H···O hydrogen bonds. Two complexes play 
different roles in the crystals. In complex A both N-H atoms interact with chlorine 
anions by two N+-H···Cl hydrogen bonds, while in complex B the N+-H atoms 
participate only in intra and inter-molecular hydrogen bonds with the COO- groups (Fig. 
3a, Table 1) [7]. 
 
 
 
 
 
 
 
 
(a)        (b) 
 
Fig. 3. Molecular structure and hydrogen bonds in the crystals of the 2:1 complexes of 
(a) 1-piperidineacetic acid with HCl and (b) with HClO4. 
 
 In the crystals of (PAA)2H·ClO4 two 1-piperidiniumacetate, as zwitterions, form a 
homoconjugated cation connected by the short and symmetrical O···H···O hydrogen 
bond. These cations are related by the symmetry centre and are connected by the N+-
H···O=C hydrogen bonds. The ClO4

- anion is not engaged in the hydrogen bonds, but 
interacts via Coulombic attraction with the positively charged nitrogen atoms (Fig. 3b 
Table 1) [8]. 
 
  
 
 
 
 
 
 
   (a)       (b) 
Fig. 4. Projection of the 2:1 complex of 1-piperidineacetic acid with TNP (a) and HBA 
(b). 

 

 

 



 The unusual 2:1 complex is formed by PAA with picric acid (TNP).  In the crystals 
there are three kinds of molecules: 1-piperidiniumacetates, 1-piperidineacetic acid and 
picric anion. The molecules are joined together by two N+-H···O and one O-H···O 
hydrogen bonds. The 1-piperidinium acetate molecules are linked with 1-
piperidiniumacetic acid cations into infinite chain through the O···H-O hydrogen bonds. 
The N+-H atom of the zwitterion interacts with phenolate oxygen atom by the N-H···O 
hydrogen bond (Fig. 4a, Table 1) [9] 
 In this work, a new 2:1 complex of PAA with p-hydroxybenzoic acid (HBA) has 
been synthesized. HBA has two donor groups, COOH and OH, hence we expected 
another hydrogen-bonded system in the complex investigated. Similarly as in 
(PAA)2TNP, there are three kinds of molecules in the crystals: 1-piperidiniumacetate, 1-
piperidineacetic acid and p-hydroxybenzoate anion, but the orientation of molecules in 
crystals are different. 1-Piperidiniumacetate and 1-piperidineacetic acid form the non-
symmetrical cyclic dimer through two non-equivalent N+-H···O=C hydrogen bonds. The 
p-hydroxybenzoate anion are linked with such dimer through the O-H···OOC hydrogen 
bond between the hydroxyl group of HBA and the carboxylate group of 1-
piperidiniumacetate and with 1-piperidineacetic acid through COO···HOOC hydrogen 
bond, between the protonated cation and the benzoate anion (Fig. 4b, Table 1). 
 
CONCLUSIONS 

In all the complexes investigated the piperidine ring adopts a chair conformation 
with the CH2COO substituent in the equatorial position.  
 In the 1:1 complexes of PAA with inorganic acids a proton is transferred from acid 
to PAA, while in the complexes with phenols two molecules of PAA, as zwitterions, 
form a cyclic dimer, which further interacts with organic molecules.  
 In the 2:1 complexes of PAA with HCl and HClO4 two homoconjugated cations 
interact with each other by the N-H···O-C hydrogen bonds. The effect of the anion is 
different. The Cl- anion is engaged in the N-H···Cl hydrogen bond, while the ClO4

- 
anion interacts electrostatically with the positively charged nitrogen atom. In the 2:1 
complexes of PAA with TNP and HBA, the PAA molecules form a linear or cyclic 
dimer, respectively, in which one molecule of PAA is protonated. The dimer is engaged 
in the O·H·O hydrogen bonds with TNP- and HBA- anions. 
 In summary, the eight complexes investigated represent seven different structures. 
The hydrogen-bonded system depends more on the number of donor groups than on 
their acidity, however the determination of the role of the components in the hydrogen-
bonded complexes of PAA with acids on their structures needs further investigation.  
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Introduction 

The graduate of a modern school should possess broad general knowledge and the 
basic subjects should be modernised by being made more interdisciplinary. For this reason, 
the teaching programmes for the sciences such as chemistry should be enriched with 
elements of creative thinking. 
With these theses in mind, the author of this article would like to encourage chemistry 
teachers to introduce into their lessons activating teaching methods aimed at the all-round 
development of the young. 
The method of symbolic analogy is one of the synectic methods developed by William J. J. 
Gordon and is meant to teach students how to apply a creative approach to solving 
problems [1-4]. 
The analogies that are developed may be presented in any form, including as pictures. In 
that case, this type of analogy is sometimes called the doodle method [5]. 
 
Experimental 

• Method 
Initial studies were carried out to evaluate the possibility of applying the 

abovementioned activating method in the process of teaching chemical concepts to full-
time year students (during the first semester of the 2005/2006 academic year) of the Faculty 
of Horticulture and Landscape Architecture at the Warsaw Argicultural University. 150 
students took part in the studies. After they completed the inorganic chemistry lessons, an 
appropriate review topic – catalysis – was selected before the exam, and review lectures 
were planned to use the activating teaching method. The students received from the lecturer 
a word – catalyst – for which they were to individually draw a picture. 
The aim of the lessons was to: 

- use the activating teaching method to review chemical concepts with the example of 
the catalyst 

- give students the opportunity to express themselves on the particular topic in 
chemistry in a way consistent with their artistic abilities 

- developing students’ creativity 
- presenting to the students a nonverbal method, i.e. a symbolic analogy method used 

to develop specialists in a range of areas of science and life 
• Plan of lectures 

Topic: Catalysis 



Method: Symbolic analogy (doodle method) 
Type of activity: Individual work 

• Comments 
The effects of these lessons exceeded all expectations. The students really like the 

form of lesson, working energetically and not requiring any encouragement. Original ideas 
were developed. The students had the opportunity to show their own creativity. After the 
lesson, the work done by the individual participants was evaluated together with the 
students. Then, in a secret ballot, the student chose three pictures that they liked the most. 
These situation illustrations have been shown in Figures 1-3. 

 

 
 
Fig. 1. Proposal I. 



 
Fig. 2. Proposal II. 
 
 

 
Fig. 3. Proposal III. 



Results and discussion 
The attractiveness of the method use was studied using a questionnaire [6] filled out 

after the experimental lesson. 
The results of the questionnaire suggest that the students evaluated positively what 

was, to them, a new teaching method. More than 70% of the 150 participants thought that 
the lessons were educational and motivated them to think unconventionally. 

The students stressed that how gladly they took part in the work during such 
lessons. The form of play brings out in students their spontaneity and power of association, 
making the lessons a pleasure. 
 
Conclusion 

The aim of the work was to show that school capable of helping to develop among 
its students the ability to think creatively. What is more, that it is capable of doing this not 
only in teaching the humanities but also the sciences, such as chemistry. Developing and 
stimulating the creativity of students should be one of the aims of any given teaching plan. 
For this reason it is important to take advantage of all opportunities to organise teaching in 
this respect. One such opportunity is to make use of the natural interest that the young have 
for various areas of life. 

The author had hoped the method of teaching used would encourage students to 
learn, especially those of them who had little interest in chemistry. 
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Immobilization of metalloporphyrins into polymer coated electrodes has been 
developed intensively over the past years due to the fact that these materials are efficient 
electrocatalysts for chemical applications. It has been shown that such chemically 
modified electrodes can be used as tools in fundamental electrochemical investigations 
as chemical sensors, energy-producing or electrochromic devices and they can be used 
for investigation of electrocatalytical properties. Some metalloporphyrins after 
immobilization in a polymer film on electrode can act as red-ox mediators for oxidation 
of organic compounds. Iron complexes of porphyrins can be effective mediators for 
oxidation of some phenol and hydroquinone derivatives [1-8]. 

The aim of this work was to investigate properties of platinum modified with three 
porphyrins (Scheme 1) and their iron complexes immobilized in Nafion® film as well as 
determination of catalytic activity of such modified conducting phase in electrochemical 
oxidation of 4-aminophenol and some hydroquinone derivatives. 
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Scheme 1 

 
 
 
EXPERIMENTAL 

All reagents were purchased from Aldrich. The cyclic voltammetry measurements 
were done under an Ar atmosphere on AUTOLAB (Eco Chemie BV) in three electrode 
system, where the working and modified electrode was platinum (Pt), φ=2 mm, the 
reference electrode was saturated calomel electrode (SCE), and the counter electrode 
was the cylindrical platinum gauze. For the preparative electrolysis in potentiostatic 
conditions a Pt plate (5.0 cm2) was used. The electrolysis was carried out under 
potentiostatic conditions in a glass cell (50 ml) at 25 oC. The products were extracted 
with CH2Cl2 and CHCl3 from the electrolyte solution and then identified by UV-Vis, IR, 
NMR and melting points.  
 



RESULTS AND DISCUSSION 
In order to determine properties of platinum modified with three porphyrins and 

their complexes with Fe(II) ions immobilized in Nafion® film the cyclic voltammetry in 
three electrode system was done. The working electrode was platinum or platinum 
modified with iron porphyrins immobilized in Nafion film coated on. The reference was 
saturated calomel electrode (SCE), and counter electrode was cylindrical platinum 
gauze. Figure 1a, (plot a) shows typical voltammograms of iron tetraphenylporphyrin 
immobilized in Nafion® film (Pt/Nafion®/FePorphyrin) measured in 0.1 M HClO4.  

Voltammograms gave a steady state form on Pt/Nafion®/FePorphyrin even after 
repeated potential scanning which proves that porphyrins and their iron complexes are 
effectively immobilized in Nafion® film coated on Pt.  
Linear dependence of the anodic and cathodic current (ipa, ipc) on square root of scan 
rate (v1/2) shows that within scan rate range 5-100 mV/s the red-ox process as well as in 
the solution as in the Nafion® film is diffusion limited (fig. 1b). 
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Figure 1. Cyclic voltammograms a) a) iron complex of tetraphenylporphyrin (FeTPhP) immobilized in 
Nafion® film on Pt, in 0.1 M HClO4 (Pt/Nafion®/FeTPhP), 0.1 V/s; b) 1,4-hydroquinone (10-3 M) in 0.1 
M HClO4 on Pt, 0.1 V/s; c) 1,4-hydroquinone (10-3 M) with FeTPhP(10-3 M) in solution of 0.1 M HClO4 
on Pt, 0.1 V/s; d) 1,4-hydroquinone (10-3 M) in 0.1 M HClO4 on Pt/Nafion®/FeTPhP, 0.1 V/s; b) 
dependence of ipa, ipc=f(v1/2) for iron complex of tetraphenylporphyrin (FeTPhP) immobilized in Nafion® 
film on Pt, in 0.1 M HClO4 (Pt/Nafion®/FeTPhP), 0.1 V/s; T=298 K. 
 
Due to determine changes of porphyrins and their iron complexes amount (Γ) 
immobilized in Nafion® film coated on Pt, the 20 voltammetric cycles were done in 
each case within scan rate range 10-100 mV/s in 0.1 HClO4. It was calculated from 
Γ=Q/nFA, (Q- charge [C], A- area of electrode surface [cm2], F- Faraday’s constant, 
and n- number of electrons). The amount of porphyrins and their iron complexes 
immobilized in Nafion® film has not been changed significantly after repeated scanning. 

The apparent diffusion coefficient and constants of electrode process rate of 
investigated porphyrins and their iron complexes in solution and in Nafion® film were 
calculated and summarized in table 1.  

To investigate mediatory properties of iron porphyrin complexes immobilized in 
Nafion film the cyclic voltammetry was performed in solutions containing 1,4-
hydroquinone, 2,3,5,6-tetrafluoro-1,4-hydroquinone, 2,3,5,6-tetrabromo-1,4-
hydroquinone and 4-aminophenol on bare Pt (fig.1a, plot b), on bare Pt with iron 
porphyrins in solution (Pt + FePorphyrin in solution) (fig.1a, plot c), and on Pt coated 
with Nafion® film and iron porphyrin immobilized in (Pt/Nafion®/FePorphyrin) (fig. 1, 
plot d). 



The best results were obtained for modified electrode, i.e. with iron porphyrins 
immobilized in Nafion® film coated on Pt (Pt/Nafion®/FePorphyrin) (fig. 1, plot d). In 
this case the greater currents of anodic and cathodic peaks of organic compounds 
oxidation and reduction were obtained than in the others. The considerable increase of 
anodic and cathodic current values as well as decrease of cathodic and anodic peak 
potential differences ∆Ep, observed on the voltammograms of oxidized organic 
compounds performed on Pt/Nafion®/FePorphyrin compared to other cases, point to 
catalytic activity of new conducting phase. In the other hand, the diminution of the 
porphyrin complexes reduction cathodic peak on Pt/Nafion/FePorphyrin when the 
organic compound is present in solution can point to mediatory activity of iron 
porphyrins immobilized in Nafion® film coated Pt during oxidation of organic 
substrates. Taking into account the results of preparative electrolysis in potentiostatic 
conditions, we have observed decrease of electrolysis time on Pt/Nafion/FePorphyrin 
compared to bare Pt with iron porphyrins present in solution. The longest electrolysis 
time was observed in case when oxidation has been carried out on bare Pt and without 
iron porphyrins in solution.  

 
 

Table 1. The final products and yield of oxidation process; Esubstr: 0.372 V for 1,4-hydroquinone, 0.416 V 
for 2,3,5,6-tetrafluoro-1,4-hydroquinone, 0.425 V for 2,3,5,6-tetrabromo--1,4-hydroquinone, 0.451 V for 
4-aminophenol; Emed: 1.584 for FeTBP, 1.475 for FeTPhP, 1.475 for FeT(m-I)PhP; vs SCE. 

 
COMPOUND ELECTRODE FINAL PRODUCTS 

Pt at Esubstr. 1,4-benzoquinone                                                   94% 
Pt + FeTBP in solution at Emed 1,4-benzoquinone                                                   96% 
Pt + FeTPhP in solution at Emed 1,4-benzoquinone                                                   97% 

Pt + FeT(m-I)PhP in solution at Emed 1,4-benzoquinone                                                   95% 
Pt/Nafion®/FeTBP at Emed 1,4-benzoquinone                                                   95% 
Pt/Nafion®/FeTPhP at Emed 1,4-benzoquinone                                                   96% 

1,4-hydroquinone 

Pt/Nafion®/FeT(m-I)PhP at Emed 1,4-benzoquinone                                                   97% 
Pt at Esubstr. 2,3,5,6-tetrafluoro-1,4-benzoquinone                     95% 

Pt + FeTBP in solution at Emed 2,3,5,6-tetrafluoro-1,4-benzoquinone                     97% 
Pt + FeTPhP in solution at Emed 2,3,5,6-tetrafluoro-1,4-benzoquinone                     96% 

Pt + FeT(m-I)PhP in solution at Emed 2,3,5,6-tetrafluoro-1,4-benzoquinone                     97% 
Pt/Nafion®/FeTBP at Emed 2,3,5,6-tetrafluoro-1,4-benzoquinone                     97% 
Pt/Nafion®/FeTPhP at Emed 2,3,5,6-tetrafluoro-1,4-benzoquinone                     98% 

2,3,5,6-tetrafluoro-
1,4-hydroquinone 

Pt/Nafion®/FeT(m-I)PhP at Emed 2,3,5,6-tetrafluoro-1,4-benzoquinone                     96% 
Pt at Esubstr. 2,3,5,6-tetrabromo-1,4-benzoquinone                    93% 

Pt + FeTBP in solution at Emed 2,3,5,6-tetrabromo-1,4-benzoquinone                   95% 
Pt + FeTPhP in solution at Emed 2,3,5,6-tetrabromo-1,4-benzoquinone                   96% 

Pt + FeT(m-I)PhP in solution at Emed 2,3,5,6-tetrabromo-1,4-benzoquinone                   94% 
Pt/Nafion®/FeTBP at Emed 2,3,5,6-tetrabromo-1,4-benzoquinone                   97% 
Pt/Nafion®/FeTPhP at Emed 2,3,5,6-tetrabromo-1,4-benzoquinone                   97% 

2,3,5,6-tetrabromo- 
-1,4-hydroquinone 

Pt/Nafion®/FeT(m-I)PhP at Emed 2,3,5,6-tetrabromo-1,4-benzoquinone                   98% 
Pt at Esubstr. 1,4-benzoquinone                                                 89% 

Pt + FeTBP in solution at Emed 1,4-benzoquinone                                                 91% 
Pt + FeTPhP in solution at Emed 1,4-benzoquinone                                                 92% 

Pt + FeT(m-I)PhP in solution at Emed 1,4-benzoquinone                                                 94% 
Pt/Nafion®/FeTBP at Emed 1,4-benzoquinone                                                 95% 
Pt/Nafion®/FeTPhP at Emed 1,4-benzoquinone                                                 94% 

4-aminophenol 

Pt/Nafion®/FeT(m-I)PhP at Emed 1,4-benzoquinone                                                 95% 
 



Table 2. The diffusion coefficients and the standard rate constant of electrode processes. 

 

PORPHYRIN MEDIUM Danod.1 Danod.2 Dcat.1 Dcat.2 ks anod1 ksanod2 ks cat.1 ks cat.2

H2TBP 4.72×10-5 1.64×10-5 8.17×10-6 3.48×10-6 8.33×10-3 8.33×10-2 4.34×10-1 1.59×10-1

H2TPhP 7.10×10-5 1.08×10-5 4.07 ×10-6 1.45×10-5 2.34×10-3 3.57×10-1 1.21×10-1 2.69×10-2

H2T(m-I)PhP 

solution 
0.1 M 

NaClO4 2.32×10-5 2.44×10-5 1.04×10-6 9.66×10-6 2.16×10-3 8.55×10-1 1.71×10-1 1.22×10-2

H2TBP 7.25×10-8 3.56×10-8 3.56×10-9 4.01×10-9 3.30×10-4 4.32×10-3 3.78×10-2 2.34×10-3

H2TPhP 5.03×10-8 2.11×10-8 2.34 ×10-9 3.41×10-9 3.45×10-4 5.19×10-2 4.01×10-2 4.12×10-3

H2T(m-I)PhP 

Nafion®

film 
4.42×10-8 4.09×10-8 3.22×10-9 4.21×10-9 4.23×10-4 4.67×10-2 2.17×10-2 2.34×10-3

FeTBP 2.56×10-5 5.39×10-6 5.34×10-6 2.67×10-6 5.62×10-3 6.23×10-2 3.02×10-1 8.58×10-2

FeTPhP 3.59×10-5 6.55×10-6 2.75×10-6 1.02×10-5 1.45×10-3 1.78×10-1 8.34×10-2 1.06×10-2

FeT(m-I)PhP 

solution 
0.1 M 

NaClO4 1.04×10-5 1.13×10-5 7.27×10-7 6.92×10-6 1.34×10-3 5.12×10-1 7.45×10-2 6.39×10-3

FeTBP 5.02×10-8 2.03×10-8 2.47×10-9 2.98×10-9 2.34×10-4 3.11×10-3 2.08×10-2 1.56×10-3

FeTPhP 3.40×10-8 1.26×10-8 1.67 ×10-9 2.31×10-9 1.96×10-4 3.78×10-2 3.04×10-2 2.79×10-3

FeT(m-I)PhP 

Nafion®

film 
3.12×10-8 2.89×10-8 1.98×10-9 3.05×10-9 3.07×10-4 2.98×10-2 1.34×10-2 1.67×10-3

 
 

CONCLUSIONS 
 Character of voltammograms and value of anodic and cathodic currents are 
comparable even after several cycles, which proves the efective (stable) immobilization 
of investigated porhyrins and their iron complexes in Nafion® layer. 
 Linear dependence of ipa, ipk =f(v1/2) within the scan range 5-100 mV/s indicates 
that transport of the substance to electrode surface within Nafion® film is linear 
diffusion limited. 
 In case of the modified electrode (Pt/Nafion®/FePorphyrin) the increase of 
anodic peaks on voltammograms during oxidation of organic compounds is observed, 
and drastic decrease of cathodic peak related to iron porphyrin reduction, which seems 
to point out to the mediatory activity of these complexes and modified electrode surface.  
 Currents of oxidation observed during preparative electrolyses proves the 
catalytic properties of the modified conducting phase. The preparative electrooxidation 
of the investigated compounds showed that conversion of substrate occur in the shortest 
time on platinum modified with porphyrin complexes immobilized in Nafion® film.  
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Abstract 
A novel palladium catalysts supported on SiO2 coated with film of polyaniline (PANI) 
were studied in the hydrogenation of 2-ethylanthraquinone (eAQ). This reaction is a key 
stage of anthraquinone method of H2O2 production. Two series of catalysts TP and MD, 
differing in ordering of PANI macromolecules in the film were used. Much better 
performance of PANI film-containing TP and MD catalysts than that of typical Pd/SiO2 
was ascribed to advantageous modification of environment surrounding the Pd centres 
due to hydrophobic character of PANI. The influence of polymer was especially 
attractive in TP-based catalysts with “brush-like ordering” of PANI macromolecules in 
the film covering supporting SiO2 grains. 
 
Introduction 
Introductory study of eAQ hydrogenation showed very promising properties of 
polyaniline film-containing 2%Pd/PANI(SiO2) (24.4 wt % PANI) catalyst [1, 2]. To a 
better knowledge of the PANI role, in the present work the TP and MD supports 
differing in the organization of PANI macromolecules in the film covering supporting 
SiO2 grains were used. Their activity was tested in the hydrogenation of 2-
ethylanthraquinone (eAQ), key reaction in the anthraquinone method of H2O2 
production [3-5]. Al2O3, SiO2 or silica-alumina supported Pd catalysts are commonly 
used in this process. The hydrogenation of quinone system in eAQ produced 2-
ethylanthrahydroquinone (eAQH2) (Scheme 1) and its oxidation by air leads to H2O2 
and regeneration of the starting eAQ. Undesired processes accompanying desired eAQ 
to eAQH2 reduction and leading to lowering of selectivity are hydrogenation of 
aromatic rings and hydrogenolytic cleavage of C-O in the hydroquinone eAQH2. 
H4eAQH2 (2-ethyl-5,6,7,8-tetrahydroanthrahydroquinone), 
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Scheme 1 Reaction pattern of eAQ hydrogenation 

 



formed by phenyl ring saturation is the only desired product because its oxidation leads 
to H2O2. Other by-products, not capable to H2O2 formation (2-ethylanthrone, 2-
ethyloxoanthrone, 2-ethylanthracene, dimers) present degradation products. To improve 
the selectivity of quinone-hydroquinone stage the use of lipophilic-resin based Pd 
catalysts has been considered [6]. The desired product, eAQH2 is more polar than the 
starting eAQ, and an increase in the lipophilic character of the environment surrounding 
the Pd centres could facilitate the removal of the polar eAQH2 from the vicinity of the 
catalytic surface thus lowering probability of undesired reactions [6]. Results obtained 
in this work on catalysts containing hydrophobic polymer, PANI (Fig. 1) confirmed 
very well this hypothetical supposition.  
 
Experimental 
An overlayer of PANI was introduced onto supporting SiO2 via the oxidative 
polymerization of aniline hydrochloride in the presence of (NH2)S2O8 at 0-20C. Two 
polymerization procedures TP and MD, resulting in different organization of PANI 
macromolecules in the film were used. Their preparation and characterization has 
already been reported [7-9]. In TP procedure, PANI films are produced on silica before 
the polymerization of aniline in the reaction mixture has started giving a “brush-like” 
ordering of PANI-macromolecules in the TP film (Fig. 1 a). In MD procedure the 
polymerization was performed in the presence of water soluble polymer, poly(N-
vinylpyrrolidone) (stabiliser). The initiation of polymerization started then at the 
stabilizer chains and colloidal particles of PANI generated in aqueous phase adhered to 
the SiO2 grains producing less ordered and more dense film (Fig. 1 b).  
Catalysts (0.5 wt %Pd) were prepared by reacting the PANI(SiO2) – TP and MD 
supports with aqueous PdCl2 solutions (PdCl2 2.3 x 10-3 mol/dm3) of molar ratio NaCl : 
PdCl2 = 2.5 (TP-aq and MD-aq catalysts) and NaCl : PdCl2 = 12 : 1 (TP-Cl and MD-Cl 
catalysts). The suspension was stirred up to complete disappearance of Pd2+ in the 
solution (24 h), filtered, washed with water until the Cl- ions were removed and dried 
(4h at 600C). The reduction of catalysts was performed in the reactor (“in situ”, 30 min 
at 620C). Characterization of catalysts was performed with XPS and TEM techniques.  
Hydrogenation of eAQ was carried out in agitated glass reactor at atmospheric pressure 
of hydrogen, temperature 620C, a mixture 2-octanol-xylene (1:1) as the solvent, (eAQ 
20 g/dm3). The course of hydrogenation was followed by measuring hydrogen uptake 
against reaction time. Product analysis was performed with HPLC and GC-MS.  
 
Results and discussion 
 
Deposition of PANI only slightly reduced the specific surface area from 156.4 m2g-1 in 
pristine SiO2 to 150.3 m2g-1 and 141.1 m2/g in the TP and MD respectively. XPS 
analysis found C, N, Si, O elements within the surface of TP, MD supports. The C/N 
ratios (ca. 6) obtained from the XPS and elemental analysis are very close to the 
(C6H4N) formula of PANI. Not complete covering of supporting SiO2 grains by PANI is 
evidenced by the XPS signal of Si. The content of PANI in the MD sample (10.3 wt %) 
is ca. two times higher that that in TP (5.6 wt %). However, 4-times higher N/Si and 
C/Si ratios in MD catalysts show higher content of PANI within the surface of MD 
support. Hence MD procedure resulted in preferential deposition of PANI onto the outer 
surface of SiO2 

 



 
Fig. 1 Organization of PANI macromolecules in TP (a), MD (b) films and schematic 
formula of the PANI chain (c) 
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Table 1 Properties of catalysts and surface composition (in at %) characterized by XPS 
Sampl

e 
PANI 
wt % 

Surface 
area m2/g 

C N Si O Pd Cl C/Si N/Si 

SiO2  156.4         
TP 5.6 150.3 8.83 1.23 37.69 52.15   0.23 0.033 

TP-aq  152.5 7.06 0.94 32.38 58.98 0.15 0.30 0.22 0.029 
TP-Cl  122 7.82 0.92 32.26 58.55 0.16 0.29 0.24 0.028 
MD 10.3 141.1 27.57 3.5 24.76 44.16   1.11 0.141 

MD-aq  137 22.34 3.39 26.75 46.94 0.16 0.31 0.83 0.127 
MD-Cl  144 19.81 3.14 27.85 48.85 0.11 0.19 0.71 0.113 
 
grains and formation of more dense polymer film (Fig. 1b). The content of Pd is very 
similar (O.15 – 0.16 at %) at the surface of all catalysts. SEM studies showed very 
uniform distribution of Pd in hydrogen-activated catalysts. From TEM images the size 
of Pd particles within 2 – 6 nm was estimated (Fig. 2) in all the catalysts.  
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Fig. 2 TEM micrographs of TP-aq catlyst and diagram of Pd-particles size contribution  
 
The role of PANI was studied in the first quinone-hydroquinone stage and in further 
hydrogenation of eAQH2 (Scheme 1) giving H4eAQ (active quinone) and degradation 
products. In the quinone-hydroquinone reduction, much better performance in terms of 
activity and selectivity exhibited MD-based catalysts with more dense PANI film 
(Table 2). Fig. 3 presents the consumption of hydroquinone form, eAQH2 over 
0.5%Pd/SiO2 and TP-aq and MD-aq catalysts. The highest reactivity in the over-all 
process of eAQH2 consumption exhibited typical 0.5%Pd/SiO2 catalysts. Evidently 
lower reactivity in this undesired process is offered by the PANI film-containing TP and 
MD catalysts. Over both TP-aq and MD-aq catalysts only very low content of 
degradation products is observed, evidently lower than that observed on 0.5%Pd/SiO2 
(Fig. 3 b, c). This effect proves significant decrease in reactivity of PANI film-
containing catalysts to the hydrogenolytic cleavage of C-O in eAQH2. On both PANI 
containing catalysts as a dominating reaction the saturation of phenyl ring in eAQH2 

 



yielding H4eAQ (active quinone) proceeded. This domination is especially high on TP 
catalyst with “brush-like ordering” of PANI chains. The observed, attractive role of 
PANI can be related with influence of polymer on the geometry of eAQH2 molecule 
adsorption, which is a deterministic factor for its hydrogenation. Owing to hydrophobic 
properties, adsorption via aromatic ring is preferred thus facilitating the formation of 
H4eAQH2. 
 
Table 2 Data obtained in quinone-hydroquinone stage  
Catalyst TP-aq Tp-Cl MD-aq MD-Cl 
Rate [mol H2/min] x 10-5 1.72 1.09 2.11 1.33 
Selectivity [%] 67.3 68.5 86 91 
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Fig. 3 Hydrogenation of hydroquinone form, eAQH2 on Pd/SiO2, TP-aq and MD-aq 
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Abstract 

Relatively low oxygen ion conductivity of a pure CaZrO3 amounting about 10-6 S⋅cm-1at 
the temperature of 1273K limits its practical use as a solid electrolyte in solid-state galvanic 
cells. Calcium zirconate based composites containing 1 to 10 %mol Ca3Al2O6 as a disperse 
phase were prepared. The electrical conductivity values for the samples were significantly 
higher than those of pure CaZrO3. The maximum conductivity values were observed for 2 % mol 
Ca3Al2O6 content. The (CaZrO3 + Ca3Al2O6) composites appeared to be purely oxygen-ion 
conductors. The materials prepared were applied as electrolytes in solid galvanic cells. In this 
way the Gibbs free energy of formation of NiCr2O4 at the temperature of 1273K was 
determined. The possibility of application of CaZrO3-based composite materials as electrolytes 
in electrochemical oxygen sensors in the temperature range 873K – 1273K was also 
demonstrated. 

 
1. Introduction 

Calcium zirconate, CaZrO3 being the most stable compound existing in the 
quasi-binary ZrO2-CaO system appeared to be a good oxygen ion-conductor at higher 
temperatures [1]. High chemical stability, good thermal shock resistance at temperatures 
exceeding 1000°C at a very low oxygen activity makes CaZrO3 a more suitable solid 
electrolyte for the determination of oxygen in molten metals than the zirconia solid 
solutions [2,3]. In order to lower the operating temperature of CaZrO3, a disperse 
heterophase can be introduced in it. Composites consisting of a solid ion-conductor 
matrix and a disperse Al2O3 phase were shown to have electrical conductivity 
significantly higher compared to the pure matrix phase [3,4]. As it resulted from 
thermodynamic considerations, a pure Al2O3 was not stable phase in contact with 
CaZrO3 [5]. Therefore, tricalcium aluminiate, (Ca3Al2O6) which was suggested to be 
chemically inert in respect with CaZrO3, was chosen as a heterophase.  

The purpose of our investigations was to examine how the presence of Ca3Al2O6 
heterophase in CaZrO3 matrix influenced electrical and electrochemical properties of 
the composite prepared. However, the practical purpose of this research was to obtain  
composite materials based on CaZrO3, which could be applied as electrolytes in solid 
galvanic cells in the temperature range 873-1273 K  
 

2. Experimental 

CaZrO3 and Ca3Al2O6 powders were prepared by a citrate method. The details of 
experimental procedure of preparation of the powders were described in our previous 
work [6]. The powders of CaZrO3 and Ca3Al2O6 to which some ethanol was added, 
were mixed for 30 min., in a rotary-vibratory mill with yttria stabilized zirconia 



ceramics as a grinding medium. As a lubricant served oleic acid. In this way, 
homogenous mixtures containing up to 10 % mol C3Al2O6 were obtained. Then, the 
mixtures were dried in a room temperature, granulated and cold isostatically pressed 
under a pressure of 200 MPa. Thus obtained pellets were heated, first to the temperature 
of 723K, kept there for 30 min., and then sintered at 1723 K in air, for 4 h.   

The samples were X-ray analysed, and its phase composition was determined in 
this way. Density of the samples was measured by the Archimedes method. To 
determine their electrical properties, the a.c. impedance spectroscopy method was used. 
The measurements were performed in the temperature range  473 -117K 

The transference oxygen partial number in all samples prepared was estimated 
from EMF measurements in the temperature range of  823 – 1273K. To this purpose the 
following  galvanic cell was set up. 

Pt⎟ Fe, FeO⎟(CaZrO3 + Ca3Al2O6)⎟Ni, NiO⎟ Pt .                 (1) 

Two-phase mixtures, (Fe, FexO) and (Ni, NiO) with known equilibrium oxygen  partial 
pressure were used as half-cells.  

Knowing the transference oxygen number, the samples were tested as 
electrolytes in the galvanic cells, according to the following schemes. 

Pt⎟ Ni, NiO⎟(CaZrO3 + Ca3Al2O6)⎟NiCr2O4, Cr2O3, Ni⎟ Pt,          (2) 

Pt⎟ O2 (p1)⎟(CaZrO3 + Ca3Al2O6)⎟O2(p2) ⎟ Pt,                      (3)  

The measurements were performed at the temperature of 1273 K (cell 2) and in the 
temperature range 873-1273K (cell 3). Details of the experimental procedure were 
similar to those described in reference [7]. The cell (3) operated as an oxygen gas 
sensor. Pt/air was applied as a reference electrode (p1). The test gas mixture (p2) 
containing  0.1 % O2 in argon,  was used as a second electrode. 
 
 3. Results and discussion  

In all the samples prepared, only the CaZrO3 and Ca3Al2O6 phases were found in 
X-ray diffraction patterns. 
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Fig.1 Compositional dependence of relative density 
of the sintered materials  

 

 
Fig 2. Microstructure of the (CaZrO3+Ca3Al2O6) 
composite containing 2 % mol Ca3Al2O6  

  
Fig.1 shows, how the Ca3Al2O6 inclusions influences density of the samples. An 

increase of C3Al2O6 inclusions up to content of 4 % mol, caused a deterioration in a 



sinterability of the powders. It resulted from shrinkage incompatibilities of the matrix 
and inclusions in the course of densification. Only gas-tight composite samples  should 
be applied as electrolytes in solid-state galvanic cells. Fig 2. presents typical 
microstructure of the CaZrO3 containing 2 % mol Ca3Al2O6 with small and close 
porosity, and with isometric grains of 1-2 µm in size. 

Impedance spectroscopy enabled the determination of the bulk (σb) and grain 
boundary ionic (σgb) conductivities of the composite samples sintered. Respective 
values of the conductivities at the temperature of 873 K are given in table 1. The values 
of the activation energy (Ea), calculated in the temperature range 473-1173K are also 
given. 
Tab.1 Electrical conductivity at 873K of the 
composite CaZrO3-Ca3Al2O6 samples 
prepared 

σ(S/cm), 873K x 
Bulk grain 

boundary 

Ea, eV 

0 6.81⋅10-9 ------ 2.31 (b) 
1 4.15 ⋅10-5 8.74⋅10-6 1.09 (b) 

1.23 (gb) 
2 6.82⋅10-5 7.11⋅10-5 0.89 (b) 

1.06(gb) 
3 5.72⋅10-5 7.28⋅10-5 0.92 (b) 

0.95 (gb) 
4 4.41⋅10-5 5.11⋅10-5 0.98 (b) 

1.12 (gb) 
5 3.8210-5 3.12⋅10-5 1.11 (b) 

1.16 (gb) 
10 3.27⋅10-5 2.81⋅10-5 1.14(b) 

1.21 (gb)  
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Fig 2. Changes of the relative total conductivity (σ/σo) of the
(CaZrO3+Ca3Al2O6)composites at 873K and 1273K 
respectively 

  As seen from table 1, the bulk and grain boundary conductivity of the composite 
samples increased up to 3 % mol Ca3Al2O6 content, and then fell towards smaller 
values. In contrary, opposite changes in activation energy values were observed. To 
visualize an influence of a presence of Ca3Al2O6 phase on conduction  properties of the 
composite, the relative total conductivity (σ/σo), where σo being the conductivity of 
pure CaZrO3 at the temperatures of 873 K and 1273 K is plotted against the Ca3Al2O6 
content in fig. 2. The inclusion of 2 % mol Ca3Al2O6 caused the enhancement in the 
conductivity by factor ranging from 19987 to 5310,  depending on the temperature at 
which conductivity was measured. The EMF values of cell (1), measured at 
temperatures from 823K to 1273K, were compared to the respective EMF, measured 
with the cell involving as a reference electrolyte fully calcia stabilized zirconia. The 
electrodes in this cell were identical as in the cell (1). The calculated oxygen 
transference number in the composite samples was found to vary from 0.97 to 0.99 what 
indicated on their practically pure oxygen ion conduction.  

As a solid electrolyte in the cells (2) and (3), a sample containing 2 % mol 
Ca3Al2O6 was applied. The overall cell (2) reaction is the reaction of formation of 
NiCr2O4, from oxides.. On the basis of the EMF of the cell (2), the standard Gibbs free 
energy of nickel chromite formation (from oxides), ∆fGo (NiCr2O4) could be calculated  
according to the equation  

∆fGo(NiCr2O4) = -2 FE                  (4) 



The determined ∆fGo(NiCr2O4) values at the temperature of  1273K are presented in 
table 2 along with some data existing in literature. As is seen, the results agree well each 
other. In this way, the usefulness of CaZrO3-based composite containing 2 % mol  
dispersed Ca3Al2O6 for  thermodynamic investigations was demonstrated. 
 
 
Tab.2 The standard Gibbs free energies of 
formation (from oxides) ∆fGo(NiCr2O4) at =1273K 

Reference ∆fGo for NiCr2O4 
[kJ/mol] 

this work -25. 60 
7 -26.50 
8 -26.59 
9 -25.33  
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Fig 3. EMF of the cell (3)calculated from 
Nernst’s equation (---) and obtained  ( ) by our 
measurements 

 

The EMF values of the cell (3), calculated from the Nernst′s equation and 
obtained from our measurements are shown in Fig. 3. The difference between the 
calculated and observed values did not exceed 3 mV. Thus, the composite investigated 
seems to be promising electrolyte also for oxygen sensing. 
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Introduction 

The Sharpless and Reich reported benzeneseleninic acids and its anhydride as good 
oxidation catalysts in combination with hydroperoxides [1]. Since that time 
selenoorganic catalysts play an important role in organic chemistry.  A further 
improvement in selenium catalyzed oxidations came with the introduction of electron-
withdrawing nitro or trifluoromethyl substituents in the aromatic ring making the 
catalysts more selective.  More recently we selected 2-phenylbenzisoselenazol-3(2H)-
one (ebselen) and polymeric diselenides such as PADS and PPDS as high active oxygen 
transfer catalysts [2].  The mechanism of their action involves formation of the active 
intermediates that have selenoxy radical or hydroperoxy groups at the selenium atom 
[3]. Although several works on the oxidative transformations of various functional 
groups with these reagents have been published recently, only a few of them report 
oxidative transformations of the arene ring [4]. 
 

Results and Discussion 
Here we report that hydrogen peroxide in the presence of selenium catalysts is a good 
reagent for oxidative degradation of arenes to 1,4-benzo- and naphthoquinones to ring-
cleaved products such as carboxylic acids and lactones.  The catalytic effectiveness 
of various selenium compounds was evaluated in the model oxidation of di-tert-
butylphenol 1a to 5-carboxymethyl-2(5H)-furanone 2a as is shown in Scheme 1.   
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Scheme 1 



Hydrogen peroxide was used in stoichiometric amounts and the SeO2, organic disele-
nides 3–6, polymeric diselenides PADS (7) and PPDS (8), or ebselen (9) was used 
in 5% molar ratio.  The reaction was carried out in tert-butanol at gentle reflux for 20 h. 
Reaction did not proceed when hydrogen peroxide was used without catalyst.  In the 
presence of SeO2 the desired 5-carboxymethyl-3,5-di-tert-butyl-2(5H)-furanone (2a) 
was formed in 25% yield.  When organic diselenides 3f, 3g, 4c-g, 5a, 5b, 5d and PADS 
were used as catalysts, the yields of lactone 2a were higher.  In the presence of the bis-
(2-nitro-4-trifluoromethylphenyl) diselenide (4d) the substrate was converted almost 
quantitatively and desired 5-carboxymethylfuranone 2a was isolated in the highest 72% 
yield as colourless solid melt at 132-133oC (lit. [5] 132-133oC), Table 1. 
 
Table 1: Oxidation of 2,4-di-tert-butylphenol (1a) to 5-carboxymethylfuranone 2a 

Catalyst Yield 2a (%)a Catalyst Yield 2a (%)a Catalyst Yield 2a (%)a

none ―b 4a 3.2 5c 18 
SeO2 25 4b 7.6 5d 53 

3a 7 4c 67 5e 2.0 
3b 14 4d 72 5f 1.5 
3c 17 4e 60 6a 17 
3d 22 4f 28 6b 19 
3e 12 4g 50 PADS (7) 31 
3f 52 5a 63 PPDS (8) 11 
3g 45 5b 45 Ebselen (9) 14 

a Preparative yield. b Unreacted substrate was isolated in almost quantitative yield. 

These results support our earlier hypothesis that active catalyst intermediate, peroxyse-
lenicic acid is stabilized by ortho substituent interacting by resonance and through intra-
molecural hydrogen bond. This effect can be enhanced by introduction of the additional 
electron-withdrawing group to the para position. In the presented reaction the most 
effective ortho substituent was the NO2 group and the para substituent was CF3 group.  
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Scheme 2 



Moreover, it should be noted that catalyst of choice 4d is easy to obtain by one step 
selenenylation of comercially available 2-nitro-4-trifluoromethylchlorobenzene with 
dilithium diselenide according to the procedure elaborated in our laboratory [6].  
The reagent, hydrogen peroxide/4d was successfully applied for preparative oxidative 
degradation of different hydroxyarenes to correspondding lactones 2 and muconic 
acid (10) (Scheme 2), 1,4-benzoquinones 11 and menadione (13) (Scheme 3), cinnamic 
acids 16 and benzofuranones 18 (Scheme 4). 
In preparative scale, the carboxymethylfuranone 2a having bulky tert-butyl substituents 
was formed by oxidation of tert-butylphenol 1a and its ortho substituted hydroxy 1b or 
formyl 1c derivatives.  Unsubstituted phenol (1d) and its ortho hydroxy substituted 
derivative 1e underwent oxidative rearrangement to isomeric muconic acid (10) and 
lactonization did not take place.  Muconic acids were recently identified in the effluents 
from the bleaching of wood pulps [7].  
Other alkyl and aryl monosubstituted phenoles 1g-m having free one or both ortho 
positions, underwent oxidative ring rearrangements to 3- and 4-substituted 5-carboxy-
methylfuran-2(5H)-ones form 2g-j and 2k-m.  It has been found that phenol having 
strong electron-withdrawing nitro 1f or carboxy 1n group are resistant toward oxidation, 
Scheme 2.  If both ortho positions are substituted by alkyl groups in 1o,p, only 1,4-
benzoquinones 11o,p were formed.  Similarly, from 1-hydroxy-2-methylnaphthalenes 
12a,b, menadione (13) was formed in good yield, Scheme 3.  
The above results give evidence that first step of reaction is selective ortho hydroxyl-
lation of electron rich arene ring [7] by strong electrofilic selenium intermediate.  
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Scheme 3 
 
It is known that H2O2/PADS system oxidation of 1- and 2-hydroxynaphthalenes 
in reflux give E-2-carboxycinnamic acid with almost quantitative yield. Oxidation both 
hydroxynaphthalenes 14a and 15a with H2O2/4d system at mild reaction condition gives 
quantitatively the same product 16a. Similar results were observed when 6- or 7-
methoxy-2-hydroxynaphthalenes 15b,c were oxidized at 55oC for 20 or 60h 
respectively. E-2-Carboxycinnamic acids 16b,c substituted at remote ring carbon atom 
were formed in 60% yield.  Oxidation of 6-carboxymethyl- or 7-hydroxy-2-naphtholes 
15d,e gives better results, but carboxymethyl derivatives require high temperature, 
excess of oxidant (10 eq.) and 72 h reaction time.  On the contrary, oxidation of 
5-methoxy-1-hydrohynaphthalene (17a) and 8-methoxy-1-naphthaldehyde tosylhydra-
zone (17b) with H2O2/4d system using excess of oxidant (10 eq.) give lactones, (1-oxo-
1,3-dihydroisobenzofuran-1-yl) acetic acid 18a and 18b respectively, having methoxy 
substituents at the vicinity to the condensed heterocyclic ring, Scheme 4.  
The above reaction has a practical value, because ring substituted cinnamic acids could 
find both, research and industrial application [8]. Chemoselective oxidative degradation 
of hydroxybenzenes to functionalized products such as lactones [7], is of current interest 
in medicinal chemistry [9].  
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 This paper is to present different kinds of renewable energies and their merits as 
well as their faults that are used in Pomorskie  province. The issues described in the 
paper concern influence of production, storage, transportation, reforming and 
exploitation the energy in environmental protection. Analyzed methods of energy 
exploitation from the renewable sources allow to limit air, water and soil pollution. We 
also try to present possibilities to exploit the unconventional energy in Pomorskie 
province. 
 
The analysis of the last decades has indicated that the energy consumption and 
environmental pollution with the products of combustion is exponential in its character. 
Although it is true that the natural sources of conventional energy (such as coal, petrol 
and natural gas) are sufficient to fulfill the needs of a few next generations, it is also the 
fact that by-products and wastes of combustion (dusts, oxides of nitrogen, sulfur and 
carbon) are not absorbable for natural environment. In the last years appeared the 
possibility to improve the situation. Many institutions and private persons have tried to 
reconstruct primeval state and stop natural environment degradation. Publicity 
campaigns, toughening regulations and punishments for environmental pollution as well 
as stricter their execution have already given first results, which are observable also in 
Poland. The amount of pollutions introduced to environment became significantly lower 
in comparison with previous years, while the acreage of national, landscapes parks, 
nature reserves and so on increased. In the campaign all accessible achievements of 
natural sciences were used. On the basis of different researches multistage and broad 
strategies of improvement of the environment were taken. Natural fuels that are after all 
running out should be eliminated and replaced with the new, unconventional and 
renewable sources of energy. Taken into account present development of technology, 
alternative sources of energy cannot be the main source of energy. These  alternative 
sources of energy because of their specificity, such as dependence on weather, season, a 
time of the day, geographical placement, require the aid of traditional sources of energy. 
Both kinds of sources should be treated complementary. 
 
Renewable energy in Pomorskie province 
 
The conditions of insolation in Poland, the country placed in temperate climate, are 
typical for most middle European countries. Average sums of insolation in one year in 
Poland depend on the region and amount to from 1300 to 1900 hours. Average year sum 
on insolation for Pomorskie province equals to 1600 hours, that is 18,2 % of the period 
of one whole year. 
 
Advantageous insolation is the one of the positive aspects that can be useful for 
production of thermal and electrical energy. There is the possibility to obtain solar 



energy at  rural areas of Baltic seaside, as well as large fields that are not used 
economically.  
 
The surface area of Pomorskie province and its advantageous seaside placement create 
favourable conditions for localization of wind power plants. The reserves of wind 
energy are stable source of energy: 75% of acreage of Poland belongs to the regions of 
good wind conditions, and 5% of this acreage are the regions of extremely good wind 
conditions. And the Pomorskie province belongs to the last. 
 
But the most serious source of renewable energy in Pomorskie province is biomass. 
Currently, in this region act a few heating systems using straw as fuel. Durability of 
stoves fueled with straw in much bigger then the stoves fueled with coal, because straw 
contains less sulfur then coal. There is also installed a few heating systems fueled with 
timber wastes. The interest in using wood and timber wastes as a energy fuel arose due 
to easiness of its acquiring and low maintenance costs. The supply of wood biomass 
increase and will be increasing. We have information that every year over 7 mln m3 
unused timber waste is left in forests and about the growing of agricultural areas that are 
not used. We can also anticipate increase supply of straw accordingly to development of 
production  liquid of bio-fuel. 
 
There are also installations using bio-gas as fuel in Pomorskie province as well as 
electric generators and boilers at wastewater plants and at garbage dumps.   
 
The province is placed in the range of  river basin of Wisła and seaside rivers. The main 
rivers are: Wisła, Wda, Wierzyca, Brda, Motława with Radunia and the rivers flowing 
immediately into the sea i.e. Łeba, Reda, Łupawa, Słupia. There is many lakes (about 
1,5 thousand of  over 1ha surface area): Wdzyckie, Żarnowieckie, Charzykowskie, 
Raduńskie. The biges are Łebsko and Gardno. Waterway network is very thick, 
complicated and diverse. This is why at the area of Pomorskie province act over 20 
hydroelectric power stations of different powers. 
 
Conclusions 
 
After consideration of many aspects of using renewable energy in Pomorskie  province 
it can be said that the way in which we use natural sources of energy influences 
ecological development of the region. In Pomorskie province renewable sources of 
energy are exploited very scanty. But we have note here geographical situation of 
Pomorskie province and limited financial potential of industry as well as individual 
persons.  
 
Renewable sources of energy can take essential part in energy balance of the indyvidual 
districts of  our province. They can have positive impact on energy safety of the region, 
especially on the parts of the province that are underdeveloped in the regard of energy 
supply. Potentially the main consumers of energy from renewable sources are 
agriculture, transport and the housing industry. Especially in the regions that are 
afflicted with unemployment the renewable sources of energy can create many new 
places of employment. And agricultural areas which cannot be used for food production  
because of soil contamination can still be used for energy crops. 



 There is there is general agreement that development of power production based 
at renewable sources can contribute to find a solution of many ecological problems 
generated by power industry. 
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Introduction 
 
„Struvite” is a commonly used name of magnesium ammonium phosphate. It 

occurs in the form of crystals in natural conditions as well as in technical objects, most 
frequently wastewater plants. 
  In 1939 the presence of struvite was observed in wastewater plants for the first 
time. However the firs documented exploitation problems come from 1960 from 
wastewater plant Hyperion in Los Angeles, where the diameter of fermented sludge 
pipes substantially deceased because of precipitated struvite. 

The aim of this job is to determinate optimal conditions for removing of 
magnesium ammonium phosphate from wastewater. Controlled precipitation of struvite 
in wide range of pH and magnesium ions concentration was preformed. And then was 
found out the optimal range of the parameters for the best phosphates reduction. 
 
Conditions of the preformed research 
 

In the investigations were used the samples of supernatant from fermented 
wastewater sludge centrifuges. The effective precipitation of struvite depends on 
concentration of ions, that it is built of, and the value of pH. The range of pH applied in 
investigations was taken from previously performed investigation of controlled 
precipitation of struvite in prepared wastewater. Optimal pH fluctuated from 8,5 to 9,6. 
And such the range was used in the investigation. The doses of magnesium ions was 
chosen on the basis of molar proportions of particular ions present in raw wastewater 
and equaled: 24, 30, 35, 40, 45 and 50 mg Mg2+/dm3. The source of magnesium ions 
was solution MgCl2, where the concentration of Mg2+ ions amounted to 10 000 mg/dm3. 
[1,2,3]. 
 
The performance of the experiment 
 

The appropriate quantity of MgCl2 solution was added To 100 cm3 wastewater. 
And then pH of the wastewater was adjusted to proper level by the means of 1mol/dm3 
NaOH solution. Then the wastewater was mixed by using magnetic stirrer. The samples 
for analysis were taken after 10, 20 and 30 minutes, then permeated. After this 
concentration of phosphate, ammonium and magnesium ions were determinated. 
  
Results  
 
The results of experimental works are given   in Tab. 1 
 
 



Tab 1. Concentration of phosphates after struvite precipitation in various conditions.  
Magnesium dose [mg Mg2+

 /dm3] 

pH t 
(min.) 

24 30 35 40 45 50 

10 223,17 256,99 210,67 236,72 201,76 204,88 
20 221,31 184,64 180,4 208,7 277,26 211,33 

 
8,5 

30 228,72 196,06 161,48 197,82 224,49 155,01 
10 209,9 181,48 296,26 163,56 185,31 102,08 
20 387,79 153,96 140,66 127,37 167,76 97,77 

 
8,8 

30 177,66 190,8 109,21 118,81 94,15 73,42 
10 166,98 199,1 125,14 176,32 132,48 131,69 
20 145,01 149,61 139,63 167,63 99,52 85,79 

 
9,0 

30 108,81 117,63 106,43 142,98 89,63 77,98 
10 124,87 129,45 119,21 109,74 96,43 98,08 
20 192,9 101,45 96,98 86,85 76,94 65,4 

 
9,2 

30 85,42 81,96 73,63 72,45 51,84 21,32 
10 108,44 113,96 111,24 98,79 119,74 77,63 
20 101,99 99,61 98,34 83,98 56,43 69,08 

 
9,4 

30 95,02 52,27 75,26 69,08 53,51 24,87 
10 125,02 131,21 141,45 111,45 110,32 81,45 
20 111,97 116,19 95,83 92,9 78,26 73,82 

 
9,6 

30 127,8 94,43 107,63 83,65 69,67 68,26 
 

The graphs at the pictures 1-5 shows the how the phosphate concentration changed 

during the struvite precipitation after 10,20 and 30 minutes after the beginning the 

process.  
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Picture. 1. Phosphates concentration in pH = 8,5. 
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Picture. 2. Phosphates concentration in pH = 9. 
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Picture. 3. Phosphates concentration in pH = 9,2  
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Picture. 4. Phosphates concentration in pH = 9,4  
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Picture. 5. Phosphates concentration in pH = 9,6 



. 

There is a significant reduction of concentration of phosphates during the 
precipitation of struvite. In tested pH range, the lowest value of concentration reduction 
was reached in pH = 8,5, where it was between 70 and 84%, dependently on used 
magnesium dose. The increase of the reduction followed the increase of pH, and 
accordingly in pH=9 the reduction amounted to from 80 to 92%. In higher pH (9,2-9,4) 
the reduction of phosphates concentration stabilized at the level 90-95%. In the higher 
range of pH (9,6) the reduction minimally decreased. 
         

 In accordance with the magnesium dose the reduction of phosphates 
concentration increased and mostly it reached the maximum at the dose 45 mg/dm3. 
 Because of time of precipitation in majority cases the highest reduction was 
reached in 30 minutes after the beginning of the process. 
 
Conclusions 
The results of the investigations prove that controlled struvite precipitation is a good 
method of phosphate removing from wastewater. Obtained data show that optimal 
conditions of precipitation are in pH between 9,2-9,4 and magnesium dose 45mg/dm3. 
By such the parameters the reduction of phosphate concentration is from 90 to 95 %. 
 As it was shown in experiments, effectiveness of phosphate removing from 
wastewater during controlled struvite precipitation equals over 90%. In spite the fact 
that the method is quite new and not popular, the process can be competitive for another 
methods of phosphates reduction, although it requires rebuilding of technological line. 
The other advantage of the method is that formed struvite can be used in different 
industrial domains, as e.g. good fertilizer for plants. It eliminates problems of 
overproduction of wastes that rises when another method are applied.  
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INTRODUCTION 

Properties of synthesized materials often depend on the synthesis method. In this 
study the chromium vanadate formation was considered using mechanical treatment of 
metal oxides and sol-gel method. The compounds from V2O5-Cr2O3 system [1] exhibit 
magnetic and catalytic properties [2-3]. 

Chromium(III) metavanadate(V) can be obtained through high-temperature 
reaction of oxides in solid state at atmospheric pressure [2,4], at high pressure [5] and 
using wet methods [6,7]. There were also made attempts using mechanochemical 
methods [8]. 

EXPERIMENTAL 

A. Mechanochemical synthesis 
Materials: Cr2O3 (Fluka) and V2O5 (Aldrich) mixture with mol ratio of 1:1 (V-Cr-O) 
Mechanical treatment: planetary ball mill Pulverisette 6 (Fritsch GmbH), BPR=10:1; 

rpm=550; dry conditions: Ar; time of milling: up to 60 h (V-Cr-O/60). The samples for 
analyses were taken off after 4.5h (V-Cr-O/4.5) and 30h (V-Cr-O/30). 
B. Sol-gel method 

Materials: Cr(NO3)3
.9H2O, NH4VO3 and C6H8O7·H2O (POCh Gliwice).  

Procedure: precipitated citrates of both metals after evaporation were heated for 5 
hours at 350oC and 450oC, respectively. 
C. Samples characterization techniques 

The solid compounds were characterized using conventional methods: powder X-ray 
diffraction (XRD) using Philips X’Pert diffractometer (CuKa), thermal analysis (TA)  
using SDT TA Instrument and infrared spectroscopy (FTIR) using Spectrofotometer TS 
2000 Scimiter Series. 

RESULTS AND DISCUSSION   
A. Tojo et al. [8] show that synthesis of CrVO4 by milling for 3 hours occurs 

when hydrated chromium oxide was used. However, in the case of anhydrous chromium 
oxide using the synthesis did not succeed. 

Our preliminary study shows that mechanochemical synthesis of CrVO4 using 
metal oxides as precursors takes place but it requires longer time of milling. 

The kinetics of formation of CrVO4 phase during milling has been estimated by the 
effects of melting of V2O5 and/or CrVO4 (DTA curves in Fig.1), as well as XRD 
patterns shown in  Fig.2. 

Chromium vanadate appeared in samples after 4.5 hrs of milling. Its quantity 
increases with time (see: effect of melting at ca. 920oC in Fig. 1 b-d). However, the  
presence of chromium vanadate as a crystalline phase is observable after 30hrs of 
milling because of its small amount in the sample (Fig. 2d). 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 TA results of non-milled (a) and milled for 
           4.5h (b), 30h (c) and 60h (d) samples. 
           ( A-melting of V2O5, B-melting of CrVO4,  
           C-decomposition and D-melting of 
           Cr2V4O13, E -oxidation of WC).  
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Fig.2 XRD results: of CrVO4 - sol-gel (a),   
           non-milled (b) and milled for 4.5h (c), 
           30h (d) and 60h (e) samples.  
           (WC- contamination) 
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Chromium vanadate appeared in samples after 4.5 hrs of milling. Its quantity 
increases with time (see: effect of melting at ca. 920oC in Fig. 1 b-d). However, the 
presence of chromium vanadate as a crystalline phase is observable after 30hrs of 
milling because of its small amount in the sample (Fig. 2d). 

Unfortunately, even 60 hrs milling did not lead to total conversion of substrates. 
Therefore, peaks of Cr2O3 are still present. Intensities of V2O5 peaks decline in XRD 
spectra after 30 h of milling because of its amorphization, not its absent in the sample. 

The effect of V2O5 melting registered at 670oC indicates the presence of this 
oxide in the samples. 

Besides CrVO4 and non-reacted metal oxides, Cr2V4O13 appears in the samples, 
which is confirmed by a sequence of two endothermic effects on DTA curve, at ca. 720 
and 770oC. It necessary to noticed that the first can be attributed to decomposition of 
Cr2V4O13 to CrVO4 and V2O5, and the second one to melting of non-decomposed 
Cr2V4O13. These effects are small and do not increase with time of milling, also the lack 
of reflexes corresponding to this phase in XRD spectra confirms its small content. The 
exoeffect on DTA curve at 530oC (Fig. 1 b-d) combined with mass increase on TG 
curve is caused by oxidation of WC – the material of the vial that was introduced into 
the sample during milling as a contamination.   

Due to multiphase composition of this system interpretation of IR spectra is 
difficult and non-unequivocal. 

Chromium metavanadate obtained by this way has tetragonal structure. Such 
form is known as a result of high-pressure — high-temperature synthesis [8].  

B. Using sol-gel method leads to formation the chromium vanadate, as a mixture 
of monoclinic and orthorhombic forms (Fig.2a). 

Similar to tetragonal CrVO4 (from the mechanochemical treatment), these two 
forms melt at ca. 920oC (results of these tests are not included in this paper). Lack of 
other thermal effects confirms total conversion of reactants.  

FTIR absorption spectra 
complete and confirm above 
conclusion. All bands in the 
range of 1000-400 cm-1 are 
characteristic for CrVO4, V2O5 
and Cr2O3 (Fig.3). Bands at ca 
950 and 880 cm-1 correspond to 
stretching vibrations of V-O 
bonds in CrVO4, bands at ca. 
730, 650 and 425 cm-1 
correspond to stretching 
vibrations Cr-O in CrVO4 
(Fig.3c). Stretching vibrations of 
V-O-V bridges are connected 
with 540 cm-1 band. 
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Fig. 3  IR of Cr2O3 – (a); V2O5 – (b); and CrVO4 – (c) 
(method sol-gel) 
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4. CONCLUSIONS  
It was shown that the chromium metavanadate using high energy ball milling as 

well as sol-gel method can be obtaind. By mechanical treatment of chromium and 
vanadium oxides, metavanadate forms in tetragonal form. In the latter case, CrVO4 
forms as the only product of reaction being a mixture of monoclinic and orthorhombic 
forms of metavanadate.  

The products obtained by two ways have different catalytic properties depending 
on the used method of synthesis. Their catalytic activity was tested in oxidative 
dehydrogenation of propane and oxidation of carbon monoxide reactions. This is a 
subject of another study. 
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1. Introduction 
 

The new electrochemically active materials have been of considerable interest in 
recent years due to their potential application as electroactive materials in batteries [1], 
supercapacitors [2], sensors [3,4] or electrochromic devices [5]. 

Recently, we have focused on the development of novel electroactive polymers based 
on fullerenes [6-12]. The electrochemical reduction of fullerene epoxides, C60O and C70O, 
results in deposition of polymeric films onto electrode surfaces [6,7]. The two-component 
films of fullerenes or their derivatives and transition metal complexes are formed on the 
electrode during reduction curried out in solution containing fullerenes and complexes of such 
transition metals as palladium [8-11], platinum [12,13], rhodium [8] or iridium [8].In the 
resulting films, the fullerene moieties are believed to be bonded to the metal centers in η2 
fashion to form a polymeric network. Polymers of C60 and transition metal complexes, C60/M, 
exhibit electrochemical activity in the negative potential range due to the reduction of the 
fullerene moieties present. The process of film reduction is accompanied by the transport of 
cations from the supporting electrolyte into the film [9]. Therefore, these films exhibit n-
doped properties. Redox-active films of transition metals and fullerene derivatives containing 
electron-donating groups, 2’-ferrocenylpyrrolidino-[3’,4’;1,2][C60]fullerene and C60 with a 
covalently linked zinc meso-tetraphenylporphyrin, can be also synthesized under 
electrochemical conditions [10,11]. These films can undergo both p- and n-doping. At 
negative potentials, reduction of fullerene moieties occurs. In positive potential range, the 
processes of ferrocene or zinc meso-tetraphenylporphyrin oxidation take place.  

So far, most of the work was focused on the study of formation and properties of 
[C60]fullerene based electroactive materials. In this paper, the processes of 
electropolymerization of two component films of transition metal complexes and 
[C60]fullerene, C60/M, and [C70]fullerene, C70/M, are compared. The electrochemical 
properties of these films are also investigated.  

 
2. Experimental 
 

Palladium(II) acetate, Pd(ac)2, (Alfa), and C60 (Southern Chemical Group) were used 
without additional purification. Supporting electrolytes: tera(ethyl)ammonium perchlorate, 
(Et4N)ClO4 (Aldrich),  tetra(n-butyl)ammonium perchlorate, (n-Bu4N)ClO4 (Sigma), and  
tera(n-hexyl)ammonium perchlorate, (n-Hx4N)ClO4 (Fluka) were used as received.  
Anhydrous acetonitrile (99.9 %, Aldrich) was used as received from.  Toluene (Aldrich) was 
purified by distillation over sodium under argon atmosphere. 

 Voltammetric experiments were performed on a PAR potentiostat with a three-
electrode cell.  A 1.5 mm diameter Au disk electrode (Bioanalytical Systems, Inc.) was used 
as the working electrode.  For imaging by scanning electron microscopy, SEM, films were 
deposited electrochemically on Au foil (Goodfellow Metals, Ltd., Cambridge, UK). Prior to 
the experiment, the Au foil was annealed in a Bunsen flame. A silver wire immersed in a 
mixture of 0.01 M AgClO4 and 0.09 M (n-Bu4N)ClO4 in acetonitrile and separated from the 



working electrode by a "thirsty glass" tip (Bioanalytical Systems, Inc.) served as the reference 
electrode.  For this reference electrode, the ferrocene/ferrocenium formal redox potential was 
+161 mV.  A Pt tab with a surface area of about 0.5 cm2 served as the counter electrode. 

Secondary electron scanning electron microscopy images were obtained with the use 
of an SEM FEI XL30s instrument of FEG (Oregon, USA). The accelerating voltage for the 
electron beam was 10 and 20 keV and the average working distance was 5 mm.  

 
3. Results and discussion 
 
 The C60/M and C70/M (M = Pd, Rh, and Ir) films were prepared through 
electroreduction of an acetonitrile/toluene (1:4, v:v) solution that contained both fullerene and 
transition metal complex and the supporting electrolyte, 0.1 M (n-Bu4N)ClO4. Films were 
grown under cyclic voltammetry conditions at a sweep rate of 100 mV/s. Figure 1 shows the 
multicyclic voltammograms of C60/Rh and C70/Rh films formation. Upon repeated scanning 
of the potential between 100 and -1450 mV, an increase of the current in the potential range 
for fullerene moiety reduction is seen for two systems. The comparison of votammograms 
obtained in solutions containing C60 and C70 indicates for slightly higher efficiency of C60/Rh 
formation than yield of C70/Rh deposition. Higher differences in mass of polymer deposited 
on the electrode surface were detected by electrochemical quartz crystal microbalance 
(EQCM) studies. Results of EQCM exeriments allow estimation of C60/Rh and C70/Rh film 
thickness. Assuming that C60/Rh and C70/Rh layers have structures proposed by Nagashima et 
al. [14] for C60/Rh polymer, the mass of the undoped monolayer calculated to be 1,17·10-7 

g/cm2 and 1,22·10-7 g/cm2 for C60/Rh and C70/Rh, respectively. Results of EQCM studies 
shows that during one voltametric cycle about 15 monolayers of C60/Rh and about 7 
monolayers of C70/Rh were deposited at the electrode surface. Difference in yields of films 
formation obtained by EQCM is much higher that suggested by results of cyclic 
voltammograms. This effect is probably rlated to the fact that  only the thin surface layer of 
the polymers are involved in the reduction/reoxidation processes. 
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Figure 1. Multicyclic voltammogram (20 cycles) obtained in acetonitrile/toluene (1:4, v:v) solution 
containing 0.1 M (n-Bu4N)ClO4,  0.85 mM (CF3CO2)4Rh2, and 0.25 mM C60 (a) or 0.25 mM C70 (b). 
The sweep rate was 100 mV/s.  

 
The electrode covered with the  C60/Rh or C70/Rh films was transferred to the solution 

of acetonitrile containing only the supporting electrolyte and the cyclic voltammograms were 



recorded. Relevant data  obtained for C60/Rh or C70/Rh are shown in  Figure 2 and 3, 
respectively. Films are electrochemically active in negative potential range due to the 
reduction of fullerene cage. Switching between oxidation states at negative potentials involves 
cation transport between the film and the solution. Therefore, the voltammetric response of 
the film is strongly affected by the nature of the cation of supporting electrolyte.  
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Figure 2. Multicyclic voltammograms of C60/Rh 
film   in  acetonitrile   containing  (a)  0.1 M 
(Et4N)4ClO4,  (b) 0.1 M (n-Bu4N)ClO4,  and   (c) 
0.1 M (n-Hx4N)ClO4.  

Figure 3. Multicyclic voltammograms of C70/Rh 
film   in  acetonitrile   containing  (a)  0.1 M 
(Et4N)4ClO4,  (b) 0.1 M (n-Bu4N)ClO4,  and   (c) 
0.1 M (n-Hx4N)ClO4. 

 
 The voltammetric responses of C60/Rh and C70/Rh films in acetonitrile containing the 
same supporting electrolyte are significantly different. The C70/Rh film shows much more 
reversible electrochemical  behavior at negative potentials. In solution containing relatively 
small tera(ethyl)ammonium cations, C70/Rh film exhibit remarkable stability and reversibility 
of the film reduction processes. Three reduction steps corresponding to the processes of 
fullerene moieties reduction are observed. Moreover, the film exhibit good stability in the 
wide potential range. However, a small decrease of the current during potential cycling 
beyond the third oxidation process is observed. Similar studies were done for solution 
containing fullerenes and palladium and iridium complexes. Also in these cases, films 
containing C70 exhibit higher reversibility upon potential cycling. 
 It was reported that the rate of C60/Pd film reduction is limited by the transport of 
cations of supporting electrolyte from the solution to the film [9]. The rate of this process 
depends on the structure of the film. The morphology of the C60/Rh and C70/Rh films are 
shown in Figure 4. The C70/Rh film is less uniform and exhibits higher porosity. This effect is 
particularly well seen for thicker films (Fig. 4d). The porous structure allows the solvent 
swelling and the supporting electrolyte counter-ions migrate more easily through the film. 



  

  
Figure 4. SEM images of (a, b) C60/Rh and (c, d) C70/Rh films electropolimerized on a gold foil 
surface under cyclic voltammetry conditions from acetonitrile/toluene (1:4, v:v) solution containing 
0.1 M (n-BuN)4ClO4,  0.85 mM (CF3CO2)4Rh2, and 0.25 mM C60 (a) or 0.25 mM C70. 
 
4. Conclusions 

Both, C60 and C70 fullerenes form electrochemically active solid films on the electrode 
surface during reduction carried out in acetonitrile/toluene mixture containing fullerene and 
selected transition metal complexes. The efficiency of film formation obtained for C60 is 
higher than the yield of C70/Rh deposition. Films formed in the presence of [C70] fullerene 
exhibit higher porosity. 
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Abstract 

Quasielastic and inelastic incoherent neutron scattering (QENS and IINS) data 
for [Cu(NH3)5](BF4)2 are reported. Neutron scattering elastic peak, registered at 70 K 
and also at higher temperatures, shows distinct broadening, which is typical for 
dynamically, orientationally disordered crystals (ODIC). Fast reorientational motion of 
NH3 ligands in [Cu(NH3)5]2+ can be pretty good described by a simple model of 120° 
instantaneous jumps around 3-fold axis on a picoseconds correlation time scale. The 
NH3 ligands do not suddenly change neither the velocity nor the character of their 
reorientational motion at detected previously phase transition. The dynamical, 
orientational disorder is also confirmed by very much diffused spectra of the phonon 
density of states G(ω) for all temperatures higher than 70 K. 
 
Introduction 
 According to Tomlinson and Hathaway [1], the compound being studied has a 
regular structure at room temperature (space group: No. 225 = Fm 3 m = O ), with a 
lattice parameter of a = 11.10 Å and with four molecules in the unit cell. The high 
symmetry of the crystal lattice is possible because the NH

5
h

3 groups perform fast 
reorientational motions (measurable in picoseconds) around their threefold axis. The 
complex cation [Cu(NH3)5]2+ has square-based pyramid configuration (C4v) or a trigonal 
bi-pyramidal configuration (D3h) [2]. In our previous paper [3] we have performed 
quantum chemical calculations for both these possible complex cation structures, in 
order to decide which cation structure is preferred by the crystal structure. The 
conclusions from our calculations are as follows: firstly, both complex cation structures 
have almost the same energy at equilibrium geometry, and secondly, the energy barrier 
between them is very low. Thus the dynamic transition between both these complex 
cation structures is possible and very probable.  

The phase transitions in [Cu(NH3)5](BF4)2, at T  = 147.9 K - while heating and 
at T  = 141.7 K - while cooling were determined by us by means of differential 
scanning calorimetry (DSC) in the temperature range of 90–300 K [4]. The presence of 
ca. 6 K hysteresis at the phase transition temperature suggests that the detected phase 
transition is of the first order type. A large transition entropy (∆S ≈ 25.1 J·mol

h
c

c
c

-1·K-1) 
indicates considerable configurational disordering in the high temperature phase (so-
called ODIC crystals).  
 
Experimental 

 



Both synthesis and chemical analysis (certifying proper composition and purity 
of the investigated compound) were described in our previous paper [4]. The IINS 
spectra were measured simultaneously using the time-of-flight method in the NERA 
spectrometer [5] in the high flux pulsed reactor IBR-2 in Dubna (Russia). The sample 
was mounted into a thin-wall aluminum container which was placed in a top-loaded 
cryostat cooled with a helium refrigerator. The temperature of the sample could be 
changed within the range 20-300 K and stabilized with ± 0.5 K accuracy. The energy 
resolution of the spectrometer amounts to ca. 3 % for the IINS spectra in the range 100-
1000 cm-1. The spectral width of the elastic peak at 4.2 Å equals to ca. 3.5 cm-1. The 
IINS measurements were made for several scattering angles. The final IINS spectra 
were obtained by summing up the data taken from all 15 detectors, which cover 
scattering angles from 20° to 160°. Each spectrum was registered with good statistic 
(exposition time was approximately 10 hours per spectrum). 
 
Results and Discussion 

The quasielastic neutron scattering data were analyzed in terms of simple 120° 
jump model. It is commonly known that in hexamine and tetrammine compounds NH3 
molecules perform fast stochastic reorientations around 3-fold symmetry axis. For an 
instantaneous jump model around n-axis the scattering low S(Q,ω) for powder sample 
consists of two components and can be expressed by the following formula: 

               Γ)]L(ω(EISF(Q))(1δ(ω)[EISF(Q)Nyω)S(Q, 0 ⋅−+⋅⋅+= ,                          (1) 

where: y0 is the linear background, N is the normalization factor, δ(ω) represents elastic 
part and L(ω,Γ) is the Lorenzian function representing quasielastic broadening. The 
EISF (elastic incoherent structure factor) gives information on geometry of the motion, 
especially of those parts of molecules which contain the hydrogen atoms due to high 
incoherent scattering cross section. Moreover, the EISF parameter calculated for chosen 

momentum transfer )sin(4Q θ
λ
π

=  value is temperature independent (assuming that 

during lowering of temperature and especially after the phase transitions the distance of 
proton to axis rotation does not change). 

The Γ = HWHM (half width at half maximum) has two major properties: 
firstly it is inversionally proportional to the mean time τ between instantaneous jumps 
and secondly it is independent of the scattering vector Q. The equation (1) convoluted 
with instrumental resolution function (Gaussian function with energy of incoming 
neutrons ≈ 4.2 Å and the energy resolution of the TOF spectrometer = 0.418 meV) was 
fitted to the experimental data. The parameters y0, N, EISF and Γ were determined by 
best fit using least square method. The spectrum registered at the lowest temperature (20 
K) was taken as a resolution function because no broadening was observed.  

Fig. 1a shows quality of the fit (solid line) together with linear background 
(dashed line) quasielastic component (dotted line) and resolution function (dashed 
dotted line). The theoretical EISF for 120° jumps model of all NH3 is given by: 

                                      ⎥
⎦

⎤
⎢
⎣

⎡

⋅⋅
⋅⋅⋅

+⋅=
3rQ

)3rQsin(21
3
1)Q(EISF .                                       (2) 

The r parameter denotes proton distance to the 3-fold rotation axis. One can see quite 
good agreement between calculated according to equation (2) (r = 0.76 Å, EISF =     

 



0.421) and experimentally (1) determined elastic incoherent structure factor (EISF = 
0.426). Thus one can conclude that motion of NH3 groups in [Cu(NH3)5](BF4)2 can be 
pretty good described by a simple model of 120° jumps of all protons between their 
equivalent sites. 
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Fig. 1. Example of fitting the 120° jumps model to the QENS experimental spectra for T = 200 
K (a) and Arrhenius plot of the determined FWHM of the QENS component, 2Γ vs. 1000/T (b).  
 

The QENS spectra were measured with NERA time of flight spectrometer at the 
following temperatures: 20, 70, 120, 160 and 200 K. The data for polycrystalline sample 
were registered for different scattering angles but we choose to analysis the data 
obtained after summing up data from all 15 detectors. The mean scattering angle equals 
to 88° (2θ) which corresponds to the neutron momentum transfer equal to 2.103 Å-1. 
The energy of incoming neutrons was equal to ca 4.75 meV (neutrons were 
monochromatized using Bragg scattering from pyrolitic graphite). The final spectrum 
was corrected for the sample holder (Al) scattering and also corrected for diffraction. 
The data were not corrected for multi scattering because of thickens of the sample. The 
registered QENS spectra show an asymmetry on the right side due to beryllium filters 
cut-off edge that is way the fitting was performed only to part of the spectrum see Fig. 
1a. Determination of QENS width (Lorentzian part, Γ) allows one to calculate the 
energy activation for rotations of NH3 molecules. This is thermally activated process 
and can be well described by Arrhenius law: 

                                                ⎟
⎠
⎞

⎜
⎝
⎛ −=Γ

RT
E

AT aexp)( .                                                     (3) 

 Fig. 1b shows an Arrhenius plot 2Γ vs. 1000/T. The estimated activation 
energy equals to 19.6 meV (1.9 kJ⋅mol-1) for high temperature phase and 24.5 meV (2.4 
kJ⋅mol-1) for the low temperature phase. The arrows indicate phase transitions 
temperatures determined by DSC method. The mean time τ between jumps, calculated 

according to the following relation: 
Γ

=τ
2
3h  increases with temperature increasing. It 

 



changes from around 9.5⋅10-12 s at 70 K to 1.2⋅10-12 s at 200 K. The elastic peak, 
registered at 70 K and also at higher temperatures, shows distinct broadening, which is 
typical for dynamically, orientationally disordered crystals (ODIC). 

Fig. 2a shows the inelastic incoherent neutron spectra (IINS) and Fig. 2b shows 
the generalized proton-weighted phonon density of states G(ω) calculated from IINS 
spectra in one phonon harmonic approximation. We can see that the G(ω) spectra 
obtained for all temperatures higher than 70 K are much diffused and broadened. It is 
due to great disorder connected with fast molecular motions, especially to the disorder 
of hydrogen atoms. Just the G(ω) spectra obtained for the low-temperature phase at 
temperature 20 K show some peaks characteristic for ordered phase. 
Concluding the NH3 groups perform fast stochastic reorientation in the temperature 
range of 70 – 200 K.  Motion of NH3 groups in [Cu(NH3)5](BF4)2 can be  pretty good 
described by a simple model of 120° jumps around 3-fold axis within picoseconds time 
scale. This motion is not affected by detected by means of DSC method phase 
transitions. Phases above 70 K are dynamically orientationally disordered. One can see 
broadening of the QENS spectra as well as broadening and diffused character of the 
peaks in the G(ω) phonon density of states function. 
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Fig. 2. The temperature dependence of the IINS spectra of [Cu(NH3)5](BF4)2 (a) and of the 
phonon density function G(ω) (b). 
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Introduction 

 

The properties of active carbon are known to depend on the type of organic material 

used for its production, the presence of mineral components and heteroatoms (e.g. nitrogen, 

oxygen, sulphur and phosphorus) and the conditions of carbonisation and activation [1,2]. It 

has been established that preliminary modification, either thermal or chemical, of the 

materials used as the catalyst support also leads to improvement in the active carbon texture, 

number and type of the surface functional groups [3-5]. Heteroatoms, occurring on the 

surface of the catalyst material or a support of the active component, generate formation of 

active centres of certain type [6]. In view of the growing practical possibilities of 

applications of active carbons enriched in nitrogen in removal of H2S, SO2, COCl2, as 

electrode material in supercapacitors, as catalysts or catalyst support [6,7] this type of 

material enjoys great interest. Modification of the active carbon precursor by a treatment 

with nitrogen has been found to lead to significant changes in the texture and an increase in 

the nucleophilic character of the active carbon surface [6].  

The enrichment of the active carbon precursor in nitrogen is performed by a treatment 

with ammonia and its derivatives [2,4-7] or nitrogen (II) oxide [8,9]. From the catalytic 

point of view, of greatest concern is the type of surface functional groups acting as active 

centres in a given catalytic reaction. 

 
Experimental 
 

The measurements were performed on samples characterized by different degrees of 

coalification, i.e.: waste plum stones, Polish brown coal from the Konin colliery and Polish 

sub-bituminous coal from the Sośnica colliery. The starting raw samples were crushed and 

sieved, then carbon samples were subjected to demineralisation by hydrochloric and 

hydrofluoric acids, according to the Radmacher and Mohrhauer method [10]. The samples 

were divided into two parts. The first part of the samples was exposed to nitrogen (II) oxide 

at two different temperatures, e.g. 270oC and 300oC for 2h [9], whereas the second part was 



ammoxidised. Ammoxidation was carried out using a mixture of ammonia and air at a 

volume ratio of 1:3 (250/750 cm3/min.) in a flow reactor at 300oC or 350oC, for 5 h [2,4-

6].The chemical composition of the samples investigated was performed by an Elementar 

Vario ELIII microanalyser. The FT-IR/PAS spectra of the active carbon samples were 

recorded on a Bio-Rad Excalibur 3000MX spectrometer equipped with a photoacoustic 

detector MTEC 300 (in the helium atmosphere in a detector) over the 4000-400 cm-1 range 

at the resolution of 4 cm-1 and a maximum source aperture. XPS spectra were recorded using 

VG Scientific ESCALAB-210 System. Measurements were made using X-ray radiation Al 

Kα. The depth of the analyzed layer was ca. 3.5-4 nm.  

 
Results and discussions: 
 

According to elemental analysis results, the amount of nitrogen introduced into 

samples studied depends on the temperature of the modification process but also on the 

degree of coalification [2,5]. Results of the elemental analysis of the selected samples prior 

to and after introduction of nitrogen are given in Table 1 and 2. 

 
Table 1. The influence of ammoxidation on elemental composition of the samples studied  
               (wt.%)  

C H N (O+S) Sample 
code E F E F E F, T1 E F, T2 E F 

P 48.8 72.3 6.1 5.0 0.1   5.3 - - 45.0 17.4 
P 48.8 69.9 6.1 4.0 - - 0.1 10.8 45.0 15.3 
SD 77.8 68.4 5.2 3.0 0.9 12.4 - - 16.1 16.2 
SD 77.8 69.1 5.2 2.9 - - 0.9 13.1 16.1 14.9 
S- subbituminous coal, D – material demineralised, T1 – ammoxidation in lower temp, T2 –ammoxidation in 
higher temp., E – before ammoxidation, F – after ammoxidation 
 
As follows from these data, after modification the samples reveal significant differences in 

the content of nitrogen. Ammoxidation leads to introduction of much more nitrogen than 

nitrogenization in analogous samples (e.g.: SD). The above fact can be explained by the 

kind of modification agent. In the case of ammoxidation it is a mixture of NH3/air, which is 

also a simultaneously oxidizing agent which facilitates the introduction of nitrogen, whereas 

in nitrogenization the only modifying agent is NO. The increase in the nitrogen content is 

accompanied by a decrease in the content of carbon as a result of changing proportions of 

the elements in the sample.  

 

 

 



Table 2. The influence of nitrogenization on elemental composition of the samples studied  
               (wt.%) 

C H N (O+S) Sample 
code X Y X Y X Y, T1 X Y, T2 X Y 
BD 62.3 76.3 5.4 4.6 0.6 3.6 - - 31.7 15.5 
BD 62.3 78.2 5.4 4.3 - - 0.6 3.9 31.7 13.6 
SD 77.8 82.1 5.2 4.1 0.9 3.2 - - 16.1 10.6 
SD 77.8 81.4 5.2 3.7 - - 0.9 3.6 16.1 11.0 

B –brown coal, S –subbituminous coal, D –after demineralization, T1 –nitrogenization at 270oC,  
T2 –nitrogenization at 300oC, X- before nitrogenization, Y- after nitrogenization 

 
As follows from the XPS analysis of raw plum stones (P), the greatest amount of 

carbon occurs in them in the form hydroxyl and ether, carboxyl and carbonyl groups [11]. 

Nitrogen occurs mainly in pyrrolic and pyridinium groups and in a low amount in pyridine 

structures. The sample ammoxidised at a higher temperature (PN2) was characterised by a 

greater content of carbon. The majority of carbon occurred in the form of C-OH, C-N (in 

different configuration) and carboxyle groups. The dominant nitrogen species (Fig.1) were 

the pyrrolic and pyridinium as well as quaternary nitrogen groups (N-Q) and N-X forms, but 

also there are also imine, amine and imide species [4,11]. 
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Fig. 1. The N 1s spectrum of PN2 sample 

 

Nitrogenization of previously demineralised coal samples leads to formation of the 

group –NCO giving in the FT-IR/ PAS spectra a band with a maximum at about 2225 cm-1. 

The spectra of these samples show also a band at about 1700 cm-1, which can be assigned to 

amide groups, and a band near 1605 cm-1, which most probably is the so-called carbon band. 

Moreover, the band at about 830-820 cm-1 is most probably the evidence of the presence of 



–O-NO2 and NO −
3  groups, while a broad band in the range 870-750 cm-1 suggests the 

presence of aromatic hydrocarbons [9]. 

 

Conclusions 

Modification of carbonaceous materials by nitrogen(II) oxide or ammoxidation leads 

to an increased content of carbon and nitrogen and a decreased content of hydrogen and total 

content of oxygen and sulphur. The increasing temperature of the above processes results in 

the increase of nitrogen introduced onto their surfaces.  

The N 1s XPS spectra show the presence of different nitrogen functionalities in the samples, 

such as: pyrrole, pyridine, pyridone, amine and chemisorbed nitrogen oxides. The first two 

mentioned are characterised by the highest thermal stability. 

The FTIR-PAS spectra of demineralised and later nitrogenized samples show a maximum at 

2225 cm-1 assigned to the group –NCO and at about 1700 cm-1 assigned to amide groups, 

indicating the presence of these groups on the surface of the samples. 
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INTRODUCTION 
 

The introduction of catalytic converters of automobiles containing platinum, 
palladium and rhodium (platinum group elements, PGEs) for reducing emission of 
gaseous pollutants, such as carbon monoxide, nitrogen oxides and hydrocarbons, has 
resulted in increasing concentration of PGEs in environmental matrices, especially in 
roadside dust, soil and plants. Therefore concerns have arisen with respect to the health 
risks generated by the possible inhalation of dust and contamination through food and 
water. Various technological methods have been developed to control the pollution of 
surface and ground waters as well as soil. Ion exchange chromatography is one of the 
most common concentration techniques used in noble metal chemistry.  

The aim of the present work is selective removal of Pd(II) ions from the 2.0 M 
NaCl – 0.5 ÷ 2.0 M HCl solutions on the chelating ion-exchange resins of polyamine 
(Diaion CR-20), aminophosphonic (Chelite P), thiourea (Lewatit TP-214) and thiol 
(Chelite S) functional groups as well as on the anion exchangers of various basicity 
(Duolite A-368 and Lewatit MP-64). The ion exchange capacities (Cr) as well as the 
recovery factors of Pd(II) ions (%R) were determined for these ion exchangers.  

Choice of model systems used in the studies of Pd(II) ion sorption follows from 
the fact that solutions of similar chemical composition are frequently used in 
hydrometallurgical processes of noble metals recovery on a commercial scale e.g. 
Mathhey Rustenberg Refiners (MMR).  

 
 

EXPERIMENTAL 
 
Determination of the recovery factors of Pd(II) 
 

The samples of 0.5 g dry resin were shaken mechanically with 50 cm3 of  the 
Pd(II) solution from 1 to 240 minutes at 298 K. After equilibrium was reached, the ion 
exchanger was filtered off in order to determine the content of Pd(II) ions in the 
raffinate.  
The recovery factor (%R) of Pd(II) was calculated from the equation (1): 

% R = 
w

o

g
g

 × 100%             (1) 

The amount of metal adsorbed (go) was calculated by the difference between the initial 
(gw) concentration in the aqueous solution and that after sorption. From these 
experiments, time dependence of %R of palladium(II) was obtained. 
 



Determination of the distribution coefficients and resin capacities 
 

The dynamic procedures were applied. The one-centimetre diameter columns 
were filled with swollen ion exchangers in the amount of 10 cm3. Then Pd(II) solutions 
of the initial concentration 100 µg/cm3 were passed through the ion exchanger bed at 
the rate of 0.35 cm/min.. The eluate was collected in the fractions and the palladium(II) 
content was determined.  
The weight (Dw) and bed (Db) distribution coefficients of Pd(II) as well as the working 
ion exchange capacities (Cw) were calculated from the breakthrough curves according to 
the equations (2 – 3): 

    Dw =
j

o

m
VUU −−

                          (2) 

where: U is the effluent volume at C = Co/2 [cm3], Uo is the dead volume in the column 
(liquid volume in the column between the bottom edge of ion-exchanger bed and the 
outlet) [cm3], V is the void (inter-particle) ion exchanger bed volume (which amounts to 
ca. 0.4 of the bed volume) [cm3], mj is the dry ion exchanger weight [g]. 
 

 Db= Dw×dz                                (3) 
 
where: dz is the bed density [g/cm3] [1]. 
The working ion exchange capacities (Cw) are expressed in g of Pd(II) per cm3 of 
swollen anion exchanger.  
 
Palladium(II) concentrations in the raffinate and eluate were determined using the 
spectrophotometric iodide method which is based on formation of the red-brown PdI4

2- 
complex in the presence of excess of potassium iodides. It is necessary to use the 
reducing agent (usually ascorbic acid) in order to avoid oxidation of iodides [2,3]. 
 
RESULTS AND DISCUSSION 
 
 As follows from the research results, the working ion exchange capacities (Cr 
[g/cm3]), the weight (Dw) and bed (Db) distribution coefficients of Pd(II) ions (Table 1) 
calculated from the breakthrough curves (Fig. 1) depend on hydrochloric acid 
concentration in the 2.0 M NaCl – 0.5 ÷ 2.0 M HCl solutions as well as on the ion 
exchanger used. 
The values of working ion exchange capacities in the above systems allowed the ion 
exchangers studied to be placed in the following sequence as far as their application for 
removal of Pd(II) was concerned: 

• 0.5 M HCl – 2.0 M NaCl – 100 µg/cm3 Pd (II) 
Lewatit TP-214 > Chelite S > Lewatit MP-64 > Duolite A-368 > Diaion CR-20 

 
• 1.0 M HCl – 2.0 M NaCl – 100 µg/cm3 Pd (II) 
Chelite S > Lewatit TP-214 > Lewatit MP-64 > Duolite A-368 > Diaion CR-20 

 
• 2.0 M HCl – 2.0 M NaCl – 100 µg/cm3 Pd (II) 
Chelite S > Lewatit TP-214 > Lewatit MP-64 >Duolite A-368 > Diaion CR-20. 



Hard and soft acid and base theory (HSAB) confirms that the selective resins of the 
functional groups containing N or S donor atoms i.g. Chelite S and Lewatit TP-214  
interact strongly with soft acids like precious metals. The sorption mechanism on these 
ion exchangers can be anion-exchanging, coordinating or both. 

 
Table 1. Values of weight distribution coefficients in the 2.0 M NaCl – 0.5 ÷ 2.0 M HCl 
solutions on the ion exchangers under consideration. 
 
 
 
 
 
 
 
 
 
 
 
  

The values of Pd(II) recovery factors determined for the ion exchangers under 
investigation assumed almost 100% values in the hydrochloric acid solutions of a 
concentration 0.5 M, decrease evidently with the increasing acidity of the system and 
when sorption equilibrium occurred at the ion exchanger – solution phase contact time – 
120 min. The observed decrease in the above mentioned values with the increasing HCl 

Weight distribution coefficients (Dw)  
Ion 

exchanger 
2.0 M NaCl – 

0.5 M HCl 
 

2.0 M NaCl – 
1.0 M HCl 

 

2.0 M NaCl – 
2.0 M HCl 

 
Duolite A−368 145.6 115.5 91.7 
Lewatit TP−214 701.5 710.6 653.9 

Chelite P 5.3 5.5 4.5 
Chelite S 527.7 577.8 411.2 

Lewatit MP−64 154.4 129.4 93.2 
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Fig.1. Breakthrough curves of Pd(II) on Chelite S in the 2.0 M NaCl – 0.5 ÷ 2.0 M 
HCl – 100 µg/cm3 Pd(II) solutions. 



concentration can be explained by formation of HCl2- anion which exhibits higher 
affinity for the ion exchangers than the Pd(II) chloride complexes. This dependence 
refers to all ion exchangers in question (Fig. 2). 
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Fig. 2. Influence of phase contact time on recovery factors of Pd(II) in the 2.0 M NaCl – 
0.5 ÷ 2.0 M HCl – 100 µg/cm3 Pd(II) solutions on Chelite S. 
 

The ion exchanger of the functional aminophosphonic groups Chelite P can not be used 
in recovery of Pd(II) chloride complexes due to lack of selectivity towards Pd(II) ions. 
 
CONCLUSIONS 
 
 As follows from the static and dynamic investigations both chelating ion 
exchangers of styrene – divinylbenzene matrices – Lewatit TP-214 and Chelite S and 
medium and weakly basic anion exchangers Lewatit MP-64 and Duolite A-368 can be 
extensively applied in technologies of palladium recovery from anodic slimes 
originating from copper and nickel electrorefining as well as used up automobile 
convertors.  
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Introduction 
 Considerable interest in renewable energy sources was a result of a rapid 
increase in energy demand caused by the industrial revolution. The fuel crisis of the 
1970-ties brought to the world’s attention that natural resources are limited [1]. 
Additionally, a great threat to the humankind was posed by the global climate warming, 
which was brought about by the carbon dioxide emission to the atmosphere resulting 
from  the combustion of conventional energy sources. 

Biogas is created as a result of anaerobic fermentation of organic waste, during 
which methanogenic bacteria decompose organic substances into simple compounds. 

During the process of anaerobic fermentation, up to 60% of organic substance is 
transformed into biogas. Biogas is composed of many chemical compounds, the most 
important of which are: 

• methane (40-80%) 
• carbon dioxide (20-60%) 
• hydrogen sulfide (0.1-5.5%) and 
• trace amounts of hydrogen, carbon monoxide, nitrogen, oxygen and other gases 

[2,3]. 
 Biogas containing more than 40% of methane can be used in order to produce 
heat or electricity, and its calorific value is between 4 and 8 kWh/m3. 
 
Biogas potential 
 This paper focuses on biogas obtained from animal farms. The potential for 
biogas production was estimated basing on the collected information on stock 
population in 2005 (The Agency for Restructuring and Modernization of Agriculture in 
Toruń, The Voivodship Veterinary Inspectorate in Bydgoszcz). 
 In order to convert physical units into big units SD, the following mean 
indicators were adopted: cattle 0.8 SD, pigs 0.2 SD, poultry 0.004 SD. It was based on 
converting coefficients presented in MOŚ, ZN i L ordinance (MOŚ, ZNiL – The 
Ministry for Environmental Protection, Natural Resources and Forestry). 
The technical potential for biogas production was calculated according to the formula: 
 

Pt = SD × Wsmo ×  M    (1) 
where: 
SD  – the number of big units (big animal units of weight of 500 kg) 
Wsmo – the indicator of dry organic mass production in relation to SD 
M  – methane production per dry organic mass unit  



The biogas production potential was calculated according to the formula: 
 

Pp = SD × Wsmo × B     (2) 
where: 
SD  – the number of big units (big animal units of weight of 500 kg) 
Wsmo – the indicator of dry organic mass production in relation to SD 
M  – biogas production per dry organic mass unit  
 
Calculations were based on the data presented in Table 1. 
 

Table 1. Empirical data for biogas production from animal waste 
Cattle Pigs Poultry 

Specification 
dung 

Fermented 
liquid 

manure 
dung

Fermented 
liquid 

manure 

Fermented 
liquid 

manure 

Dry mass 

Ton of 
dry 

mass/ton 
of waste 

0.23 0.1 0.2 0.07 0.15 

Content of dry 
organic mass in 

dry mass 

Ton of 
dry 

organic 
mass/ ton 

of dry 
mass 

0.80 0.8 0.9 0.82 0.76 

Production of 
dry organic 
mass (Wsmo) 

kg of dry 
organic 
mass./ 
SD/day 

3.0 – 5.4 
on average – 4.2 

2.5 – 4.0 
on average – 3.3 

5.5 – 10 on 
average-

7.78 

Biogas 
production (B) 

m3/ton of 
dry 

organic 
mass  

175 – 520 
on average – 347 

220 – 637 
on average – 428 

327 - 722 
on average 

– 524 

Methane 
production (M) 

m3/ton of 
dry 

organic 
mass 

On average – 218 On average – 269 
On 

average– 
330 

 
 In the area of kujawsko-pomorskie voidvodship there are 125 farms in which 
the average livestock density is more than 20.000 heads of poultry, 110 farms where 
there are more than 2000 heads of pigs and 106 farms where there are more than 200 
heads of cattle. 
 
The number of stock in these farms is 127,300 of heads of poultry,  
(31,800 of SD), 100,200  heads of pigs (50,100 of SD) and 19,300 heads of cattle 
(24.100 of SD). The greatest number of animals kept on farms can be found in the 
following counties:  

• poultry – toruński inowrocławski, bydgoski, aleksandrowski counties, 



• pigs – żniński, bydgoski, golubsko-dobrzyński, rypiński, brodnicki counties, 
• cattlc – inowrocławski, nakielski, żniński, bydgoski counties. 

 
 The biogas production potential that can be obtained from poultry farms in 
kujawsko-pomorskie voidvodship is about 47.4 million m3/year, the technical potential 
is about 29.8 million m3/year. 
 The biogas production potential that can be obtained from pig farms in 
kujawsko-pomorskie voidvodship is about 25.8 million m3/year, the technical potential 
is about 16.2 million m3/year. 
 The biogas production potential that can be obtained from cattle farms in 
kujawsko-pomorskie voidvodship is about 12.8 million m3/year, the technical potential 
is about 8 million m3/year. 
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Fig. 1. The possibility of biogas production in bydgoski subregion [m3/year] 
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Fig. 2. The possibility of biogas production in toruńsko-włocławski subregion [m3/year] 

 
Summary  
 The biogas production potential that can be obtained from all poultry, pig, and 
cattle farms in kujawsko-pomorskie voidvodship is about 458.5 million m3/year, the 
technical potential is about 54.1 million m3/year. 
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Introduction 
 Due to its buffering and complex-forming properties as well as its pleasant sour 
flavor and low toxicity, citric acid is widely used in the production of food, alcoholic 
and non-alcoholic beverages and in oil manufacture, pharmaceutical, metallurgical, 
chemical, cosmetics, textile, tobacco, plastics, plating industries and many others [1,2]. 
 Citric acid is mainly obtained from saccharose or molasses by means of 
microbiological fermentation by the selected moulds Aspergillus niger. In order to 
recover acid from the fermentation broth, calcium citrate is precipitated with lime milk, 
and thus obtained precipitate is treated with sulfuric acid. Apart from the main product - 
citric acid, calcium sulfate is also produced. This waste, is produced at the ratio of      
2.5 tons of gypsum per 1 ton of anhydrous citric acid [3]. 
 In order to decrease the amount of wastes and sewage, the attempts are made to 
find environmentally-friendly technologies, that will not produce harmful wastes stored 
at waste dumps. One of such methods is the electrodialysis with bipolar membrane - an 
alternative to the conventional method of obtaining citric acid [4,5]. 
 
Experimental 
 The investigations on sodium citrate conversion to citric acid and sodium 
hydroxide were carried out using the laboratory electrodialyser TS001 by FumaTech 
GmBH, Germany. The electrodialyser consisted of four independent liquid circuits: 
acid, salt and electrode solutions. Each circuit of electrolyte comprised a thermostated 
tank of solution, a pump, and a flowmeter. The stack was made of polypropylene and 
was equipped with platinized titanum electrodes. The process was carried out 
galvanostatically using a constant current power supply (Sorensen 9B2M2, AG 
Technology, USA). 
Electrodialysis was conducted using the following membranes: 

• cation-exchange Neosepta CMX, Tokuyama Corp., Japan, 
• anion-exchange Neosepta ACM, Tokuyama Corp., Japan, 
• bipolar Neosepta BP, Tokuyama Corp., Japan, 
• cation-exchange fumasep® FKB, Fumatech GmbH, Germany, 
• anion-exchange fumasep® FAB, Fumatech GmbH, Germany, 
• bipolar fumasep® FBM, Fumatech GmbH, Germany. 

The effective surface of a single membrane was constant and was 52 cm2, whilst 
the distance between membranes was 8 mm. 
Membrane sheets were kept in 5% solution of NaCl with addition of NaN3 (≈100 ppm) 
– this stopped the development of microorganisms. 
 



Results and discussion 
The mean concentration current efficiency caCE ,  was calculated using the following 

formula: 
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 where: z – anion charge (za = -3), 
  ac∆  – increase in acid concentration, 
  tac ,  – acid concentration in time t, 
  0,ac  – initial acid concentration, 
  0,aV  – initial acid volume (=0.1 mol/dm3), 
  Fn  – transmitted charge calculated according to the following formula: 

F
ItnF =       (2) 

 where: I – current intensity [A] (mean reading), 
  t – time of process [s], 
  F – Faraday constant 96 487 [C/mol]. 
 

In the formula (1) charge z = -3, since in the solutions of Na3A there are virtually 
only A3-  ions.  

 
In the terms of salt concentrations that were used, basing on literature data 

giving dissociation constants: K1 = 8,2·10-4, K2 = 1,8·10-5, K3 = 4·10-7, it was found that 
more than 99% is taken by form A3-. 
 Using concentrations, due to changes in solutions` volumes (here it is mainly 
electroosmosis and anion A3- migration), lowers caCE , efficiency. Because of this, the 
authors considered the number of moles instead of concentrations when calculating the 
efficiency.  Thus, we receive mean mole current efficiency naCE , .  
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 where: ( )
obstata Vc ,,  – the number of moles calculated from experimental data, 

  Ci,pr – acid concentration at the moment of taking a sample Vpr, 
  n – the number of samples taken during the whole experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 1. Electrodialysis efficiencies, T – Tokuyama membranes, F – Fumatech 
membranes. 

No of ED Membrane 
type I [A] t [h] Cs,0 caCE ,  naCE ,  

1 F 3,9 8 0,5 0,780 0,967 
2 T 3,9 8 0,5 0,776 0,846 
3 F 3,9 20 0,5 0,781 0,939 
4 T 3,9 20 0,5 0,484 0,684 
5 F 5,2 8 0,5 0,715 0,899 
6 T 5,2 8 0,5 0,445 0,670 
7 F 5,2 8 1,0 0,758 0,913 
8 T 5,2 8 1,0 0,716 0,858 

 

 Basing on the date in Table 1, it can be found that the efficiencies naCE ,  are 
higher than the concentration efficiencies caCE , . When comparing membranes, it is 
found that efficiencies of citric acid production are higher for Fumatech membranes. 
The efficiencies for Fumatech membranes are comparable although electrodialysis was 
conducted in various process conditions. The prolongation of electrodialysis duration as 
well as increase in current intensity adversely influences efficiency in case of Tokuyama 
membranes.  
 Tokuyama Corp. Membranes were bought in the mid 90-ties and were 
considerably more susceptible to damage during the process of electrodialysis than 
FumaTech GmbH membranes used in 2005. This proves the great technological 
progress that takes place during membrane formation. 
 
Summary: 
 In this paper the comparison between two commercial sets of membranes proved 
the superiority of those produced by Fumatech GmbH – higher efficiency naCE ,  as well 
as mechanical durability. 
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Introduction 
 Electrodialysis (ED) is an electrochemical separation process by which ionic 

(electrically charged) species are transported from one solution to another by crossing 
one or more selective permeability membranes, under the influence of electrical  
current [1]. 

Electrodialysis is an electrochemical process mainly used in industry for solution 
demineralization. A new type of membrane, the bipolar membrane (BP), allows the 
electrodissociation of water [2,3]. Bipolar membrane water splitting technology 
provides an attractive complement to the microbiological fermentation technology [4]. 
As an added advantage the produced acid is usually at a relatively high concentration so 
that the subsequent purification via crystallization or other techniques is relatively 
inexpensive.  

Production of citric acid from sodium citrate was carried out by electrodialysis 
[5,6]. The by-products of sodium citrate electrodialysis are: sodium base and gases 
created during electrode reactions: hydrogen and oxygen. 

Sodium base is one of the essential chemical substances and has applications in 
almost every branch of industry. There are many ways of producing base, but at an 
industrial level it is mainly obtained from sodium chloride electrodialysis. 

 
Experimental 
 
Ionite reclamation 

 
The reclamation of tap water demineralization set used in the Section of 

Chemical Proecological Processes was conducted. Tap water flows in series through: 
volume gauge, four ionic columns, measuring tank with conductivity and temperature 
sensor – into the treated water tank. 

The columns are made of polyvinyl chloride. Table 1 contains more precise data 
concerning presently used ionites, packing height, volume and total exchange capacity 
of particular columns. 

Ionite reclamation was started by washing out suspension from the ion exchange 
bed using tap water. The basic reclamation was conducted in the reverse direction (that 
is, from top to bottom) in relation to the direction of water flow during the work cycle 
of the set. 

For cation exchanger reclamation 10% solution of pure hydrochloric acid was 
used, whilst for anion exchanger 8% solution of sodium base from the electrodialysis 
was used. The process was conducted as long as analytical solution concentration at the 
inlet and outlet was the same – it was potentiometrically determined using the apparatus 
Titrino 736 GP.  
 



Table 1. Characterization of water demineralization columns 

Parameter Column 1 Column 2 Columns 3 and 4 

Ionite type 

Wofatit KPS 
(slightly acid cation 

exchanger Kt-
COOH) 

Wofatit KPS 
(highly acid cation 

exchanger Kt-
SO3H) 

Wofatit SBW (highly 
alkaline anion exchanger    

An-N(CH3)3OH) 

Packing height 
[cm] 30 22 30 

Ionic capacity 
[cm3] 2355 1725 2355 

Exchange capacity 
[mval/cm3] 0,8 1,43 0,9 

Total exchange 
capacity [mval] 1880 2470 2120 

After the reclamation, columns were rinsed with deionized water as long as no 
reclamation solution could be found at their outlet.  

Table 2 contains control parameters – 8 weeks since the reclamation, when 
(according to water meter 320 dm3 of water had flown through the set. Such an amount 
of deionized water was used in April and May 2003 for didactics and research purposes 
in the Section of Chemical Proecological Processes. 

 
Table 2.  Control parameters after 8 weeks since the reclamation 

inlet Water after the column Control parameters Units 0 1 2 3 4 
Exchange capacity mval  1880 2470 2120 2120 
pH  7,6 6,5 3,4 4,5 4,7 
Acid consumption (up to 
pH=4,3) mmol/dm3 4,56 0,46 0 0 0 

Base consumption (up to 
pH=8,3) mmol/dm3 0,20 4,30 5,28 0 0 

Total hardness mval/dm3 5,08 0,98 0 0 0 
chlorides mmol/dm3 0,91 0,91 0,91 0,08 0 
silica mg SiO2/dm3 20 15 15 5 1 
conductivity µS/cm 523 550 670 18 3 

 
In Table 2 the number “0” stands for concentration lower than analysis 

sensitivity. 
The lack of hardness traces in deionized water and conductivity values similar to 

values of distilled water prove that the set worked correctly. 
Basing on the anion content, it can be estimated that from 1 dm3 of water  

(4,56 + 0,91) = 5,47 mval of ions is taken away. Assuming the mean exchange capacity 
of the set to be 4300 mval, it should still last for demineralization of 790 dm3 of water, 
that is, about 470 dm3  should still be expected to be obtained. 

In practice, the next reclamation was conducted in October 2005, after receiving 
800 dm3  of demineralized water. In addition, no differences in water quality were found 
when comparing the reclamation conducted with analytically pure sodium base with one 
obtained from electrodialysis. 



Carbonization of NaOH solution 
 
  Figure 1 represents the efficiency of the process of NaOH solution carbonization 
(a mixture of NaHCO3 and Na2CO3 is created) as well as calcination (Na2CO3 is 
obtained), according to reaction 1 equation, depending on NaOH initial concentration 
and the temperature the process was conducted at. Carbonization time, which was 90 
minutes – was long enough to find sediment in each case (non-zero efficiency). 
 

NaOH + CO2 → Na2CO3     (1) 
 

 
Fig. 1. Efficiency of obtaining Na2CO3 

 
Basing on the obtained graph, it is found that at low initial NaOH concentration, 

efficiency highly depends on carbonization process temperature. 
At high NaOH concentrations and lower temperature, efficiency slightly 

decreases due to losses. 
 

Management of gaseous products 
Hydrogen and oxygen are produced in electrode compartments (water 

electrodialysis) as a result of electrode reactions: oxidation at the cathode and reduction 
at the anode. These products have many applications. Hydrogen (by itself or together 
with oxygen) can be used as  a non-conventional (alternative) energy source. 

According to experts` estimates, after oil supplies (and later on coal as well) 
have run out, it is hydrogen that will become one of the basic energy sources. 

The fuel crisis of the 1970-ties brought to the world’s attention that natural 
resources are limited. At present, attention is often drawn to a more real danger of 



trespassing the ecological barrier, particularly if the issues of the environmental 
protection will not be treated seriously. 
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Introduction 
 
 Many drugs and physiologically important compounds contain a stereogenic centre or 
in general  are chiral molecules. The resolution of racemic compounds can be achieved by 
means of either an intra or intermolecular approach. 
The intramolecular method is based on preparation of diastereoisomers, then on their 
separation by crystallization or chromatography on nonchiral columns and finally on chemical 
regeneration of pure enantiomers. The intermolecular method involves a chiral medium 
which, in HPLC, can be either the mobile phase or the stationary phase.  
The chiral stationary phase is usually prepared by the immobilization of chiral molecules on 
siliceous support with appropriate alkyl spacers [1]. 
The main drawback of these materials is associated with the presence of unreacted silanol 
groups on their surface. 
In the present paper the preparation and characterization of the new chiral stationary phase 
based  on synthetic copolymer and trans (R,R)1,2-diaminocyclohexane is illustrated. 
 
Experimental 
 
 Synthesis of porous copolymer of mono- and diacrylate esters of bisphenol-S and 
divinylbenzene [AcSP-Polym.A-OH] containing the hydroxyl  functional groups on their 
surface was published earlier [2]. In experiments the beads of diameter  5-10 µm were used. 
The reactive hydroxyl groups were subjected to a reaction with epichlorohydrin  and 
transferred into glycidyl groups after the removal of hydrogen chloride. In the second step the 
modified beads (AcSP-Polym.A.-E) have been functionalized with selector trans (R,R)-1,2-
diaminocyclohexane. The anchored selector has been later derivatized with different aroyl 
chlorides in oder to obtain a broader spectrum of CSP. 
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Fig.1. Synthesis of the polymeric chiral stationary phases. 
 
 
 The C,H,N analysis was performed on a Perkin Elmer CHN 2400 analyzer, whereas 
the IR spectra were obtained on a Perkin Elmer 1700 FTIR spectrometer with KBr pallets. 
Parameters such as the specific surface areas, pore volumes, pore size distributions and 
average pore diameters were determined by the method of nitrogen adsorption on the surface 
of studied stationary phase in a dry state. 
The swellability coefficient (B) was determined from equilibrum  swelling in acetone, 
methanol, 1,4-dioxane, dichloromethane, 2-propanol and heptane with the centrifugation 
method [3]. 
 
 
 B can be expressed as follows: 
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where  Vs is the volume of the copolymer after swelling and Vo of the dry copolymer. The 
beads were examined with atomic force microscopy (AFM  Nanoscope III, Digital 
Instruments, United States) in the contact mode. 
 
Results and discussion 
 
 The syntheses of the new chiral stationary phases are presented in Figure 1. All phases 
have been characterized in different steps in the working process by FTIR and elemental 
analysis. 
The FTIR spectrum of AcSP-Polym.A.-E  shows the adsorption line at 908 cm-1 which is 
attributed to the oxirane ring. The disappearance of this line and additionally bands at 2860 
cm-1 and 1670 cm-1 in the spectrum of CSP-Polym.A.-(R,R)CA indicates opening of the 
oxirane ring. 
The FTIR spectrum of CSP-Polym.A.-(R,R)CA-DNB shows bands at 1544 cm-1 characteristic 
of asymmetric vibration and 1345 cm-1 symmetric vibration of the bond C-NO2. In the 



spectrum of CSP-Polym.A.-(R,R)CS-N the strong adsorption band at 993 cm-1 characteristic 
of naphthalene ring  and in the spectrum of CSP-Polym.A.-(R,R)CA-PFB the bands at 478 
cm-1 characteristic of the band CAr-F and 777 and 761 cm-1 characteristic of substitution 1,2,3 
in the benzene ring are visible. 
Characterization of the porous structure of the modified achiral and chiral polymeric 
stationary phases for chromatography is presented in Table 1. 
 
Table 1. The structure of porous polymeric achiral and chiral phases. 

Polymeric phase Specific surface 
area  [m2/g] 

Pore volume 
[cm3/g] 

Average pore 
radius [Å] 

AcSP-Polym.A.-OH 159.7 0.65 72 
AcSP-Polym.A.-E 130.7 0.53 74 
CSP-Polym.A.-(R,R)CA 114.6 0.51 84 
CSP-Polym.A.-(R,R)CA-DNB 99.1 0.39 73 
CSP-Polym.A.-(R,R)CA-PFB 109.8 0.49 85 
CSP-Polym.A.-(R,R)CA-N 99.3 0.42 79 

 
The results confirm that chemical modification of the surface of polymeric matrix change not 
only the chemical character phases but also their porous structure. The specific surface area 
and pore volume of the chiral phase are  smaller than those of the matrix. The shape and 
developed surface of CSP-Polym.A.-(R,R)CA are presented in Figure 2. 

 

 
Fig. 2a. AFM micrograph of CSP-Polym.A.-(R,R)CA 



 
Fig. 2b. Section Analysis of CSP-Polym.A.-(R,R)CA 

 
In Table 2 the swellability coefficients of chiral phases are presented. From the data, we can 
see that all new chiral stationary phases swell similiarly. In acetone and methanol the B values 
are rather large and in nonpolar n-hexane very small. 
The properties of the  presented chiral packing materials suggest that they can be applied to 
HPLC separation. 
 
Table 2. Swelling of polymeric achiral and chiral phases 

B [%]  Phase 
A M D H P CM 

AcSP-Polym.A.OH 16.7 15.9 14.2 1.0 4.8 9.2 
CSP-Polym.A.-(R,R)CA 16.7 15.9 14.2 1.0 4.8 9.2 
CSP-Polym.A.-(R,R)CA-N 17.5 10.5 10.7 0.4 4.4 9.8 
CSP-Polym.A.-(R,R)CA-DNB 14.5 11.4 8.0 0.4 4.7 8.6 
CSP-Polym.A.-(R,R)CA-PFB 13.4 7.4 4.8 0.6 3.1 7.9 

A – acetone, M – methanol, D – 1,4-dioxane,  H – hexane, P – propan-2-ol, CM - 
dichloromethane 
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Abstract:  

This paper presents the analytical efforts accompanied by developing synthesis 
of tert-butyl glycerol ethers for biodiesel reformulation. GC, GC-MS, IR, Raman, NMR, 
and computational studies were performed to facilitate the identification and 
characterization glycerol tert-butyl ethers. GC and selective ion monitoring as well as 
chemical ionization GC-MS methods were used to control and to optimize the 
synthesis. Electron impact MS, NMR, IR and Raman molecular spectroscopy 
techniques were applied to characterize the main reaction products isolated in a pure 
form: 3-tert-butoxy-propane-1,2-diol, 1,3-di-tert-butoxy-propan-2-ol, and 1,2,3-tri-tert-
butoxy-propane. Computational DFT studies were performed to support and rationalize 
both vibrational spectroscopy analysis and the isomer ratio.  
 
Introduction 
 Biodiesel is one of the leading alternatives to fossil fuels in transportation. The 
main products of the biodiesel manufacturing are methyl esters of fatty acids (FAME) 
and glycerol formed as a byproduct [1-3]. Therefore, new methods of glycerol 
utilization are desirable. One of the methods is glycerol ethers synthesis. The ethers are 
excellent oxygen additives for diesel fuel [4-6].  
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Scheme 1 

 Recently, we developed a procedure of catalytic synthesis of high value glycerol 
ethers (primarily di- and tri-tert-butyl), obtained directly from glycerol and isobutene 
from the cracking derived fraction [7] (Scheme 1). Several products were obtained in 
this reaction; the desired ones being: 1,3-di-tert-butoxy-propan-2-ol (2a), 2,3-di-tert-
butoxy-propan-1-ol (2b), 1,2,3-tri-tert-butoxy-propane (3). However, 3-tert-butoxy-
propane-1,2-diol (1a) and 2-tert-butoxy-propane-1,3-diol (1b) were always present in 
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the mixture. Also, dimers and trimers of isobutene were always formed as undesired 
byproducts. Efficacy of 2a, 2b, and 3 for biodiesel fuel results from their decrease of 
emission of particulate matter, viscosity, cold filter plugging point, and cloud point. 1a 
and 1b are undesired because of their insolubility in hydrocarbons and introduction of 
excess water into the fuel.  The aim of this paper is to describe analytical efforts 
accompanying development of our technology. In particular, we have shown that the 
GC, GC-MS, IR, Raman, NMR, and computational studies enable identification and 
characterization of the tert-butyl ethers of glycerol. 
 
Results and Discussion 

GC: For the determination of all components (Fig. 1) the multicomponent 
calibration method was used. Glycerol was determined by standard addition method 
with 1-butanol as a standard.   
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Fig. 1. Exemplary GC analysis of products of glycerol reaction with isobutene fraction. 
1- C4; 2-isobutene dimers; 3-tert-butyl alcohol; 4-isobutene trimers; 5-1,2,3-tri-tert-
butoxy-propane; 6-1,3-di-tert-butoxy-propan-2-ol; 7, 8-isomers of di-butoxy-propan-ol, 
8-3-tert-butoxy-propane-1,2-diol; 9, 10-isomers of butoxy-propane-diol; 11-glycerol. 

 
GC-MS: In the standard EI mass spectra the mixture components were very 

similar to each other. Thus, the chemical ionization (CI) technique was used. The 
selective ion monitoring SIM and CI MS techniques enabled to assign the GC peaks and 
to interpret the EI MS spectra of pure 1,3-di-tert-butoxy-propan-2-ol (2a) and 1,2,3-tri-
tert-butoxy-propane (3) inaccessible in data bases.  

NMR: Most assignments at 1H and 13 C NMR resonances in the isolated ethers 
were done using standard procedures. In ambiguous cases, the 1H{13C} GHMQC 
spectra were used as a final and unequivocal tool for specific assignments. For example, 
this type of spectra was used to distinguish the C1H2 and C3H2 resonances in 
compounds 1a. 

FT-IR and FT-Raman: The most striking difference in the IR spectra upon 
successive tert-butyl etherification of glycerol is the decrease in intensity of the ν(OH) 
stretching band localized at ca. 3400 cm-1 for 1a, at 3450 cm-1 for 2a, and absent for 3 
(Fig. 2). This analogous decrease is observed in intensity and frequency of the broad 
γ(OH) out-of-plane vibration band at ca. 600 cm-1. Changes of the δ(OH) bending 
vibrations band can be observed only as a decrease of the backgrounds at ca 1400 cm-1.  
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Fig. 2. The full mid IR range of liquid films of 3-tert-butoxy-propane-1,2-diol (1a), 1,3-
di-tert-butoxy-propan-2-ol (2a), and 1,2,3-tri-tert-butoxy-propane (3) 
 
 The 1150- 900 cm-1 range is very informative (Fig. 3). The IR spectrum of (3), 
exhibits three main bands in the region: an intense band at ca. 1085 cm-1, and two 
medium intensity bands at 1020 cm-1 and 985 cm-1. The former is due to asymmetric 
νas(C-O+CP-CP) stretching vibrations, where P denotes skeleton. The next is due to 
ρ(CH3) rocking vibrations, while the latter corresponds to the ρ(CH2) rocking 
vibrations. The other bands of the region were also assigned by using detailed PED 
analysis [8]. 
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Fig. 3. The FTIR spectra of liquid films of 3-tert-butoxy-propane-1,2-diol (1a), 1,3-di-
tert-butoxy-propan-2-ol (2a), and 1,2,3-tri-tert-butoxy-propane (3): (a) finger-print 
range, (b) stretching ether C-O vibrations range. 
 
 The IR spectrum of 2a,  bands at ca. 1085, 1020, 885, and 850 cm-1 are the same 
as in the IR spectrum of 3. A new band at ca. 1120 cm-1 is due to the ν(C-O(H)) 
stretching vibrations and  band at ca. 1060 cm-1 and at ca. 950 cm-1 correspond to the 
ether C-O asymmetric stretching modes engaged into intermolecular C-O…H-O 
hydrogen bonds and to the rocking ρ(CH2) vibrations, respectively. 
 Again, the IR spectrum of 1a is similar to that of 2a (Fig. 3), and the bands at ca. 
1120, 1085, 1060, 1020, 885, and 850 cm-1 can be interpreted as in the previous case. A 
new band at 1040 cm-1 can be assigned to the alcoholic C-O asymmetric stretching 
vibrators engaged in the intermolecular hydrogen bonds. The other band can be found at 



 

ca. 935 cm-1 and can be assigned to the rocking ρ(CH) vibrations with a contribution of 
the ρ(CH2) rocking vibrations.  

The changes in Raman spectra with successive tert-butyl etherification of 
glycerol are less obvious. The ν(OH) and ν(C-O) bands are not intense and the only 
changes worth of mentioning are those in the 950 and 700 cm-1 range. As a result, the 
variations in the Raman spectra do not permit ether differentiating in the mixture. 

Calculations: Glycerol exhibits at least 100 conformers [10]. Introduction of 
tert-butyl increases noticeably number of conformers. To estimate energy difference 
between the isomers 1a vs. 1b; and 2a vs. 2b hundreds of conformers were calculated at 
the AM1 level and the most stable conformers were reoptimized by the B3LYP/6-
31G** method. The ∆G estimated have shown that 1a is more stable than 1b by 3.5 
kcal/mol and 2a is more stable than 2b by 3.3 kcal/mol.  
 
Conclusions 

GC technique and GC-MS, 1H and 13C NMR, 1H{13C} GHSQC, FT-IR, and 
Raman molecular spectroscopy methods were used in analyses and characterization of 
(1a) 3-tert-butoxy-propane-1,2-diol, (2a) 1,3-ditert-butoxy-propan-2-ol, and (3) 1,2,3-
tri-tert-butoxy-propane which can be of interest in the chemical industry as oxygen 
additives for diesel fuel. Except EI MS spectra of 1a, the other MS  characteristics have 
not been reported. The CI MS measurements were necessary to observe the molecular 
ions. The 1H{13C} GHMQC spectra were used as an unequivocal tool for the NMR 
assignments. The IR spectra range between 1150 and 900 cm-1 was interpreted in details 
based on both comparison of the experimental and the theoretical B3LYP/6-31G** 
spectra and PED analysis. The calculations were used also to establish that 1a and 2a 
are more stable than their isomers by 3.5 kcal/mol and 3.3 kcal/mol, respectively. 
 
Acknowledgements 
This work was supported by the KBN Grant No. 3 T09B 058 29. The computational 
Grant G19-4 from the Interdisciplinary Center of Mathematical and Computer 
Modeling (ICM) at Warsaw University is gratefully acknowledged. 
 
References 
[1]  Natl. Renew, Ener. Lab.,http://www.nrel.gov/docs/ legosti/fy98/24089.pdf
[2]  Chemical Market Reporter, February 7, (2005)12.  
[3] S. Ritter, Gasoline, Chem. Eng. News, 83 (2005) 37.  
[4] D. Lipkin, U.S. Pat. No. 2,221,839, 1940. 
[5] G. A. Olah,  U.S. Pat. No. 5,520,710, 1996. 
[6] H. Noureddini, US Pat. 6,174,501, 2001. 
[7] J. Kijeński, M. E. Jamróz, W. Tęcza, M. Jarosz, Appl. Pol. Pat., P-371 959 (2004). 
[8] M. H. Jamróz, Vibrat. Ener. Distrib. Anal.: VEDA 4 program, Warsaw 2004. 
[9] Wiley Registry of Mass Spectral Data, 8th Edition, John Wiley & Sons, Inc. 2006. 
[10] R. Chelli, F. L. Gervasio, C. Gellini, P. Procacci, G. Cardini, V. Schettino, J. Phys. 

Chem. A, 104 (2000) 11220-11222. 



COMPARISON OF THE INFLUENCE OF SELECTED ORGANIC 
SOLVENTS ON THE GROWTH OF CHLORELLA VULGARIS 

ALGAL CULTURES 
 

G. Janikowska 
Division of Analytical Chemistry, Faculty of Pharmacy,  Medical University of Silesia, 

Jagiellońska 4, 41-200 Sosnowiec 
 
INTRODUCTION 
 
The organic solvents fall to surrounding us to water environment with industrial sewages or 
other, in result of different activities of man (usage of pesticides, environmental pollution) [1]. 
It can make way a lipid soluble chemicals to interiors of microorganisms  by multidirectional 
biochemical interaction [2]. The direct effect of solvents on aquatic plants can be observed as 
increase or decrease in total cell count or total cell volume of microorganisms.    
The algas Chlorella are recommended by OECD (Organization of Economic  Cooperation 
Development) and other world agencies (EPA, ISO) to investigations of influence of chemical 
matter on aquatic environment, as also estimation of cleanness of waters [3]. Algal tests 
permit to rate influence of examined chemicals in aquatic environment, one from links of 
trophic chain. Serve to estimations of biological activity of chemical substances. Aim of the 
present work was comparison of influence of selected organic solvents on growth of alga 
Chlorella vulgaris cultures.  
  
MATERIALS AND METHODS 
  
The cultures of alga Chlorella vulgaris Beijerinck 1890 strain A-8 carried out in 200 ml  
Erlenmayer flasks, in liquid medium Kühl-Lorenzen [4] modified by  Borns and others [5], in 
conditions of continuous lighting with mercury-glow lamp ( 4800 lx) and continuous mixings 
with magnetical stirrers. Both cultures, controls cultures and cultures with addition of suitable 
quantities of selected solvents as acetone, chloroform, dimethyl sulphoxide (DMSO), 
methanol, hexane and ethyl glicol monoether ( EGME) were carried out simultaneously in 
these same conditions and in five repetitions. In investigations are used initial density of 
cultures about 300 thousand of cells in 1cm3 of culture. Initial concentrations of each solvent 
were situated in borders from 0. 01 to 5. 0 % v/v. Estimation of cultures growth were carried 
out by Bürker heamocytometer under light - microscope every day.  
  
RESULTS AND DISCUSSION  
 
On base of effected investigations were marked the growth curve of alga cultures, which were 
used to calculations the relationship of a values of cells number to each days in control 
cultures and investigated cultures, i.e. cultures with each solvents. Results of these 
dependences for all examined solvents and all their concentrations are presented in fig. 1. 
However the effects of influence this same quantities of solvents on different chemical 
construction are introduced  in fig. 2. For these comparisons the analysed course of culture 
growth in select time, and namely in 2, 4 and 8 day of culture that three different phases of 
growth are presented. Greatest relationship dose-answer we can see in relation to following 
days of culture duration in case of acetone (of figs 1a), instead in relation to differences in 
dose of solvent (0.01 - 1.0 % v/v) in case of  n-hexane in all introduced days of cultivation (of 
figs.1e) but in case of chloroform only for 8 day of culture duration (of figs.1b).  
 

 



Fig.1. Comparison of influence the different concentration of different organic solvents on growth of Chlorella vulgaris alga 
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In case of methanol the toxic effect deepened together with increase of concentration and in 
following days of culture duration (figs. 1d). Such effect for DMSO we can observe only for 
highest concentrations (of figs. 1c). At highest concentration of EGME observed effect is not 
so strong (figs. 1f).  
The inhibition effects observed in course of growth of examined Chlorella cultures were 
differed into dependence on kind of investigated solvent. Differences are referred both the 
inhibition and the moment of occurence of this effect during the time of cultures (fig. 1). In 
every investigated chance the effect of growth inhibition was increasing with initial 
concentration of solvent in cultures medium.  
It can be suppose that observed different effects of investigated solvents caused are not only 
their immediate toxicity, but also their metabolite toxicity which are coming into lively cell 
and time of their exposition and biodegradation.  
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results of Stratton, who in paper with bluegreen algae showed that DMSO and acetone are 
least toxic solvents [7]. Instead El Jay ascertained that DMSO is most proper solvent to 
usages in bioassays [8]. Toxicity of chemical compound not only depends from their chemical 
construction but also depends on species  of microorganism which test of toxicity became 

 and 
ge 
ry 

currently 
y be used in aquatic toxicity testing in order to 

uatic environment. 
 
CONCLUSION  
 
Observed changes in biological activity of investigated solvents came to light in growth of 
alga Chlorella vulgaris cells.  
Investigated solvents in hctcrogeneous manner acts on alga cells.   
Ascertained changes show univocally that investigated substances disturb equilibrium in 
growth of Chlorella cells in relation to growth of  control cultures. Effect of their activities is 
different and decide of them the quantities and chemical construction and time after 
exposition.  
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Introduction 
 Segmented polyurethane (PU) based elastomers have versatile mechanical and 
thermophysical properties due to the formation of microphase separation from the 
thermodynamic incompatibility (immiscibility) of solid-like hard segments and rubbery 
soft segment sequences. The hard segments usually involve interchain interactions by 
means of van der Waals' forces and hydrogen bonding, which determine the strength of 
the hard segment and thus macroscopic properties [1]. Incorporating into polymers 
inorganic or organometallic segments, such as polyhedral oligomeric silsesquioxanes 
(POSS) to afford improved properties continues to be a driving force for the 
development of new hybrid organic/inorganic materials [2]. These hybrid polymers 
display improved properties such as higher Tg, increased oxygen permeability, reduced 
flammability and enhanced mechanical strength [3-5]. The POSS molecule contains a 
polyhedral silicon-oxygen nanostructured skeleton with intermittent siloxane chains 
(general formula (SiO3/2)n). In this work, we report the synthesis and characterization of 
polyurethane networks incorporating POSS. 
 
Materials 
 For synthesis of polyurethane/POSS nanohybrid elastomers 4,4’-
diphenylmethane diisocyanate (MDI) (Aldrich), polytetramethylene glycol (PTMG, 
M=1400) (Terathane® 1400, Invista), 1,4-butanediol (BD) (Aldrich), and 1-(1-(2,3-
dihydroxypropoxy)butyl)-3,5,7,9,11,15-isobutylpentacyclo-[9.5.1.1.(3,9).1(5,5).1(7,13)] 
octasiloxane (PHIPOSS) (Hybrid Plastics) were used. PHIPOSS was used to replace 
part of chain extender (1,4-butanediol) and thus the POSS cages act as pendant groups. 
The chosen POSS molecule has n = 8 (pseudo-cubic), with the corner isobutyl group 
This has approximately 14 Å in molecular axis, with an inner Si-Si diameter of 5.5 Å. 
 
Preparation of Polyurethane/POSS Nanohybrid Elastomers 
 MDI was charged into a 100 ml three-necked round bottomed flask, equipped 
with a mechanical stirrer and nitrogen inlet. It was melted at 70°C and PHIPOSS 
solution in PTMG was then added in one portion. Previously the PHIPOSS mixture in 
PTMG was heated to 120°C to dissolve the POSS cage into the polyol and then cooled 
to 60°C. The reaction was performed under a nitrogen atmosphere at 80°C for 2 h to 
form a polyurethane prepolymer. The NCO groups content was then determined and 
prepolymer was mixed with suitable amount of 1,4-butanediol. Mixture was poured out 
on Petri dish and cured at 110°C for 2 h and post-cured at 80°C in 16 h. The obtained 
polyurethane elastomers contained 40 wt. % of soft segments and 2, 4, 6, 8, 10 wt. % of 
PHIPOSS. 



Techniques 
 Thermogravimetry (TG): dynamic mode at a heating rate of 10 deg/min in 
temperature range of 25 to 600°C, in argon atmosphere, open α-Al2O3 pan, sample mass 
- ~4 mg; 
 Differential scanning calorimetry (DSC): dynamic mode at heating rate of 10 
deg/min, sealed aluminium pan, all samples were heated from -100 to 190°C, sample 
mass - ~5 mg; 
 Wide angle X-ray diffraction (WAXD): wavelength - 1,54 Å (Cu Kα), scan 
range of 2θ from 3 to 50° with step interval of 0,05°. 
 Attenuated total reflectance Fourier spectroscopy (ATR-FTIR): spectral 
range from 3500 to 600 cm-1, ZnSe crystal, incident angle of 30°. 
 

Results 
 
Thermogravimetric Analysis (TG). 

TG curves of the PU elastomers are shown in Fig. 1. Within the experimental 
temperature range, all the polymers displayed similar degradation profiles. It can be 
seen that amount of solid residue for samples containing 2 and 4 wt. % of PHIPOSS 
was lower (and decreasing) than for PU; then, for samples with 6-10 wt. % of PHIPOSS 
an increasing trend was observed (Tab. 1). One can explain this effect in such a way that 
relatively large POSS cages can increase interchain PU distance which results in an 
easier diffusion of volatile products out of material, lowering thus the amount of solid 
residue. On the other hand, after exceeding of 4 wt. % of PHIPOSS barrier effect of 
POSS moieties becomes dominant and the amount of solid residue gradually increases. 
 
Differential Scanning Calorimetry (DSC). 
 DSC profiles displayed for all elastomers single glass transition temperature (Tg) 
in the experimental temperature range. It can be seen that the composites containing 2  
 

 
           Fig. 1. TG profiles of PU/POSS polymers. 

 
 

and 4 wt. % of PHIPOSS displayed lower Tg of soft segments (-58°C and -63°C, 
respectively) in comparison with the control PU elastomer (-50°C), while the hybrids  
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containing 6, 8 and 10 wt. % of PHIPOSS showed the 
comparable Tg to the control PU (Tab. 2). 
It is proposed that in POSS-modified polymers there 
could be the two competitive factors influencing the 
glass transition temperatures. On the one hand, POSS 
cages on the segmental level could restrict the motion 
of macromolecular chains and stabilize Tg’s on the 
level comparable to Tg of the pristine PU. On the other 
hand, the presence of the bulky POSS cages could act 
as the internal plasticizer resulted in decreased values 
of Tg. 
 

Wide Angle X-ray Diffraction (WAXD). 
 When PHIPOSS is incorporated in the polyurethane, the amorphous fraction 
becomes so large that some of the peaks are quite weak. The major peak in the 
PHIPOSS (2θ = 8.2°) can be clearly identified in polyurethane (Fig 2.), which suggests 
that the POSS molecules are probably aggregated and form nanoscale crystals. 
According to the Scherrer equation, the mean dimension of the crystallites can be 
estimated from the breadth of the reflection peak (Tab. 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Fig. 2. WAXD diffractograms of PU/POSS 
                            polymers 
 
Attenuated Total Reflectance Fourier Spectroscopy (ATR-FTIR).  
 The results of ATR-FTIR (Fig. 4) showed two absorption bands for all 
elastomers at 1079 cm-1 (hydogen-bonded ether groups) and at 1105 cm-1 (non-bonded 
ether groups), assigned to the soft polyether segment. After incorporation of PHIPOSS 
into the polyurethane chains the intensity of the band from the hydrogen-bonded ether 
groups decreased. It means that incorporation of the POSS molecules into polyurethane 
matrix resulted in decreased amount of the hydrogen bonds in the soft segment’s phase. 
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Fig. 4. The bands of the ether bonds stretching 
vibrations in the PU/POSS polymers. 

 
Conclusions 

A series of segmented polyurethane elastomers (PU) incorporating POSS was 
obtained. TG and DSC were employed to thermally characterize the POSS-reinforced 
polyurethanes. The results of DSC showed that the glass transition temperatures of the 
POSS-containing nanocomposites are dependent on the content of POSS. When the 
contents of POSS are less than 6 wt. %, the nanocomposites displayed the decreased 
glass transition temperatures in comparison with pristine PU. TG showed that for the 
samples containing PHIPOSS 5% mass loss temperatures are shifted toward higher 
values except of sample containing 10 wt. % of POSS. WAXD showed that the peak of 
PHIPOSS can be clearly identified in nanocomposites, which suggests that the POSS 
molecules are probably aggregated and form nanoscale crystals. IR analysis revealed 
that after incorporation of PHIPOSS into the polyurethane chains the intensity of the 
bands of the hydrogen-bonded ether groups were decreased. Incorporation of the POSS 
molecules into polyurethane chains resulted in decreased amount of the hydrogen bonds 
in the soft segment’s phase. 
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In recent years, much attention has been directed to speciality polymers [1]. Poly(vinyl 
alcohol) or polysaccharides are good examples of macromolecular carriers for bioactive 
agents immobilization [2-4]. In most cases these polymers have been previously 
transformed into suitable reactive derivatives, in order to achieve the attachment of 
bioactive compound as well as to introduce a spacer between the carrier and the 
bioactive compounds. A gradual release of the bioactive agent can be achieved by 
hydrolytic or enzymatic cleavage of the linking bond. In this context, poly(2-
hydroxyethyl methacrylate) (PHEMA) containing reactive hydroxyl groups, may be 
used for coupling of bioactive compounds. 
In this paper, we report the applicability of pendant chloroacetate groups previously 
linked to PHEMA in coupling of bioactive carboxylic acid (1-naphthylacetic acid) by 
reaction with its potassium salt. A study of the hydrolysis of resulting adduct in the 
heterogeneous phase was also made in order to evaluate the release of the bioactive 
acid. 
 
EXPERIMENTAL 
 
Materials 
2-Hydroxyethyl methacrylate (HEMA) was dried and distilled under reduced pressure. 
N,N-dimethylacetamide (DMAc), dimethylsulfoxide (DMSO), lithium chloride (LiCl), 
chloroacetyl chloride, pyridine and potassium 1-naphthylacetate (KNA) were obtained 
from Aldrich. All reagents were used without purification. PHEMA was prepared by the 
procedure described in reference [5]. The number average molecular weight of PHEMA 
was Mn =23.600 g/mol, and Mw/Mn=1.93. 

Esterification of PHEMA with chloroacetyl chloride 
Esterification of PHEMA with chloroacetyl chloride was carried out in DMAc/5% LiCl 
as a solvent and in the presence of pyridine as catalyst at 30 oC [6]. 
Reaction of chloroacetylated PHEMA with the potassium 1-naphthylacetate 
The chloroacetylated PHEMA was dissolved in DMSO at room temperature. The 
calculated amount of potassium salt of 1-naphtylacetic acid was added while stirring. 
All the reactions were performed at 30 oC. After 5 h the product was isolated by 
precipitation with distilled water. All samples were purified by reprecipitation, using 
DMSO as solvent and ethanol as precipitant and then dried under reduce pressure at 60 
oC to constant weight.  

Study of heterogeneous hydrolysis of PHEMA-1-naphthylacetic acid adduct 
The approximately 0.1 g of PHEMA-1-naphthylacetic acid adduct powder-form 
samples were compressed at high pressure to form disks with diameter of 12 mm. The 
resulting disks were placed in conical flasks with 100 cm3 of NaOH solution (pH = 12.7 
÷ 13.7). Flasks were put into water bath heated to the 25 oC. At fixed intervals, solution 



specimens were taken from the liquid above the padded of tables samples. The released 
bioactive agent in the homogeneous solution, was quantitatively determined by UV 
spectroscopy at the absorption wavelength of 1-naphthylacetic acid (NAA) at λ =281 
nm using calibration curves (aqueous solution of sodium hydroxide as solvent). Tests 
were performed for different hydrophilic character of adducts and various pH values of 
reaction environment. 

Measurements 
Infrared spectra were recorded using Perkin-Elmer 2000 (FTIR) instrument. 

1
H-NMR 

and 
13

C-NMR spectra were obtained using Bruker DPX 250 MHz spectrometer. The 
UV-VIS spectra were obtained using Perkin Elmer UV/VIS Lambda 2 spectrometer. 
The degree of the esterification of the PHEMA was determined from the elemental 
analysis of chloride. The values of number average molecular weight (Mn), average 
molecular weight (Mw) and the polydispersity (Mw/Mn) of the PHEMA were determined 
by gel permeation chromatography.  
 
RESULTS AND DISCUSSION 
 
PHEMA modified with chloroacetate groups (mPHEMA) to different degrees of 
substitution were synthesized in a homogenous medium by using the method described 
for chloroacetylation of poly(vinyl alcohol) [7]. The following scheme shows the 
reaction:  
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The effect of component ratio on the degree of substitution is summarized in Table 1. 
As follows from the data in Table 1, the extent of substitution increases with an increase 
in the ratio of chloroacetyl chloride to PHEMA. For example, the degree of substitution 
increases from 13.4 to 98.1 mol % as chloroacetyl chloride/hydroxy groups of PHEMA 
increases from 0.4 to 1.2. 
 
Table 1. Effect of component ratio on the degree of substitution for the esterification of 
PHEMA with chloroacetyl chloride at 25oC 

Sample ClCH2COCl /-OH Cl 
in mPHEMA

Degree of 
substitution 

 mole/mole wt % mol % 
1 0.4 3.32 13.4 
2 1.0 14.89 80.5 
3 1.2 16.95 98.1 

 
The coupling of bioactive carboxylic acid to PHEMA functionalized, was carried out by 
using the KNA according to the following scheme: 
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In this way mPHEMA-1-NAA adduct was obtained. The elemental analysis of the 
products obtained from mPHEMA and KNA showed the absence of chlorine, which 
allowed to assume that the substitution degree in the adduct was the same as for 
corresponding of mPHEMA. 
The FTIR spectrum of mPHEMA (no shown) has a new absorption band at 1760 cm-1 
of carbonyl groups in –COO-CH2-Cl, which is superimposed on the spectrum of >C=O 
band of ester groups of PHEMA. There is also visible an absorption peak of –CH2Cl 
groups at 760 cm-1. Moreover in spectrum of the adduct mPHEMA-1-NAA absorption 
band appears at 1560, 1513 and 790 cm-1, which results from scissoring vibrations 
bands >C=C< and C-H in the naphthyl ring [8].  
The 1H-NMR spectrum of the same mPHEMA (Fig. 1a) shows a characteristic band of 
protons of chloroacetate groups at 4.2 ppm, which is superimposed on one of the signals 
of –OCH2CH2O- groups. There are also visible bands of –CH2- in the main chain at 
1.31 – 2.41 ppm, a signal of α–CH3 groups at 0.63 - 1.31 ppm. The spectrum of 
mPHEMA-1-NAA adduct (Fig. 1b) shows additional signals of naphthyl ring at 7.3 – 
8.2 ppm. 

 
Fig. 1. Spectra 1H-NMR of: a - chloroacetylated PHEMA (98.1 mol% of chloroacetate groups), 
b - adduct of PHEMA-1-naphthylacetic acid (98.1 mol% of 1-naphthylacetate groups) 

The 13C-NMR spectrum of mPHEMA (Fig. 2a) is characterized by chemical shifts at 
41.6 and 167.7 ppm, which correspond to chloromethyl and carbonyl carbon atoms of 
chloroacetate groups, respectively.  

 
Fig. 2. Spectra 13C-NMR of: a - chloroacetylated PHEMA (98.1 mol% of chloroacetate groups), 
b - adduct of PHEMA-1-naphthylacetic acid (98.1 mol% of 1-naphthylacetate groups) 



The spectrum of the mPHEMA-1-NAA adduct (Fig. 2b) shows additional peaks 
between 121.5 and 135.0 ppm, which due to the resonance of carbon atoms in the 
naphthyl ring and the signals at 170.9 ppm can be assigned to the C10H7-CH2-CO- 
groups. 
All these spectroscopic results confirm the presence of chloroacetate and 
naphthylacetate groups in modified PHEMA. 
Fig. 3 shows the release behavior of naphthylacetic acid (at 25 oC and pH=12.7) from 
three mPHEMA-1-NAA adducts, (containing naphthylacetate groups from 13.4 to 98.1 
mol%). From the course of kinetic curves it follows that the release of the active 
compound is the quickest in the case of the adduct with the lowest content of 
naphthylacetate groups. This seems to be connected with interaction between the 
polymer and water. The decreased content of naphthylacetate groups makes the polymer 
more hydrophilic and consequently facilitates the penetration of hydroxyl ions to active 
sites in the tablet, effectively increasing the relative of hydrolysis.  

0
10
20
30
40
50
60
70
80
90

100

0 2 4 6 8

Time, h

N
A

A
 re

le
as

ed
, m

ol
%

 

0

1

2

3

4

0 2 4 6 8
Time,  h

N
A

A
 re

le
as

ed
, m

ol
%

 
Fig. 3. The release of the bioactive compound 
(NAA) from mPHEMA-1-NAA adducts of 3 
different composition (pH = 12.7 at 25 oC): 
(▲) 13.4 mol% 1-naphthylacetate groups; (■) 
80.5 mol% 1-naphthylacetate groups; (•) 98.1 
mol% 1-naphthylacetate groups 
 

Fig. 4. The release of the bioactive compound 
(NAA) from mPHEMA-1-NAA adduct at 3 
different pH value: 
(•) pH = 12.7, (■) pH = 13.0 and (▲) pH = 
13.7 (98.1 mol% 1-naphthylacetate groups, at 
25 oC) 

Fig. 4 shows a typical course of the heterogeneous hydrolysis of mPHEMA-1-NAA 
adduct (containing 98.1 mol% of naphthylacetate groups) in alkaline medium at 25 oC 
from pH=12.7 to 13.7. The presented results clearly indicate the increase in the release 
of bioactive carboxylic acid with the increase in the alkalinity of reaction medium. The 
hydrolysis rate of adduct is the lowest at pH = 12.7. This is consistent with the results 
obtained by Arranz et al. [7] for the poly(vinyl alcohol)-1-naphtylacetic acid adduct. 
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Introduction 

After cereals, oil crops are the second most important source of edible calories for 
human societies. They are also sources of many industrial products, and have the potential 
to provide raw materials for many more. The four major global traded oil crops are 
soybean, oil palm, rapeseed and sunflower, respectively. Together, these four crops 
account for 72% of worldwide vegetable-oil production [1]. Therefore an accurate and fast 
determination of oil content is important to breeders, growers and buyers.  

The traditional method of oil determination in oilseeds is based on solvent 
extraction (Soxhlet). This method is laborious, time consuming and uses large volumes of 
organic solvents, moreover results depends on operator attention. Currently, the alternative 
techniques to solvent extraction are supercritical fluid extraction [2], NIR spectroscopy [3]  
and pulsed nuclear magnetic resonance spectrometry [4].  

In this article the Soxhlet method was compared with the pulsed nuclear magnetic 
resonance spectrometry (pulsed NMR).  
 
Materials and methods 
 Samples of rapeseeds were taken in accordance with current international methods 
of sampling described in ISO standards: PN-EN ISO 542:1997 [5] and PN-EN ISO 
664:1997 [6]. In the first instance increment samples ware taken from tracks. The number 
of sampling points, where the increment samples are taken, was defined according to lot 
size. The sampling points should have been uniformly distributed throughout the lot 
volume, according to the principles described in  PN-EN ISO 542:1997 (Fig. 1) [5].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The number of sampling points [5]. 

Lot size: > 15 tonnes 

Number of incremental samples:  
5 sampling points

Lot size: 30 – 50 tonnes 

Number of incremental samples:  
11 sampling points

Lot size: 15 – 30 tonnes 

Number of incremental samples:  
8 sampling points



 

 The increment samples were combined and mixed thoroughly to form bulk samples, 
which were used to create laboratory samples. Part of laboratory samples were collected 
and combined together. The final analytical samples were selected from this mixture [6].   
 In this paper the analytical samples were marked 1, 2, 3, 4, 5, 6. The total oil 
content in rapeseeds was determined in the test samples (5 g), which were obtained from 
representative and homogenous analytical samples. Four test samples were taken from 
each analytical samples.  
 The rapeseeds used in the study were acquired from different growers in Poland.  
   
Soxhlet extraction. The solvent extraction was conducted according to official methods 
PN-EN ISO 659:1999 [7] and PN-73/R-66164 [8] with petroleum ether (boiling point  
40-60ºC) as the extraction solvent. The oil was extracted from 5 g samples in Soxhlet 
apparatus. These samples were prepared by drying rapeseed at 103 ±2ºC.  The water 
contents in all seeds should have been less than 10 % (m/m). For each test sample it was 
necessary to carry out  three extraction cycles (4 + 2 + 2 hours) to achieve complete oil 
recovery from seeds. The oil extraction was repeated for each test sample three times to 
ensure full oil recovery. After each extraction cycle seeds were grounded carefully in the 
mortar. 

The oil percentage of the collected oil in the seeds was determined gravimetrically 
and expressed as a weight percent relative to initial weight of the raw oilseeds. 
 
Pulsed nuclear magnetic resonance spectrometry. The total oil content was analyzed 
directly on Bruker minispec Pulsed NMR analyzer (operating at 10 MHz) in accordance 
with international standard PN-EN ISO 10565:1999 [9]. Five grams of rapeseed were used 
for each test. Oilseeds shouldn’t have been cleaned and prepared in any way. The water 
contents of all seeds should have been less than 10 % (m/m).  

The calibration prior to each series of measurements was checked using three 
verification samples of known oil contents [9].  

Four analysis were carried out on test samples taken from the same homogenous 
analytical sample.  
 
Statistical analysis. In this study standard deviation (SR) was estimated by range (R) and 
coefficient kn according to the following formula [10]: 
 

SR = kn · R 
 

The range is the largest value minus the smallest value in a data set. This formula can be 
used when the number of determinations (n) is less than 7 [10].   
 All extraction and analyses were carried out four times. In this paper kn = 0,4857 
where n = 4 [10]. 
 
Results and Discussion 
 The oil content in rapeseed was determined using two methods Soxhlet extraction 
and pulsed NMR and results are listed in Table 1. 

The NMR results are not comparable with Soxhlet solvent extraction data. The 
mean values of oil content determined by this method (~ 42,5 %) were lower then the the 
Soxhlet extraction (~ 45,7 %).  
 
 
 



 

Table 1.  Determination of oil content in rapeseed using two methods – Soxhlet extraction 
and pulsed nuclear magnetic resonance spectrometry. 

 

Soxhlet method pulsed NMR method Number 
of 

analytical 
samples C CM 

 
SDR 

 
RDS C CM SDR RDS 

1 

45,69 
46,21 
46,18 
46,09 

46,04 0,25 0,54 

35,90 
39,40 
41,00 
50,00 

41,60 6,90 16,60 

2 

45,66 
46,07 
46,06 
46,03 

45,95 0,19 0,41 

48,80 
43,00 
35,90 
38,00 

41,50 5,20 12,50 

3 

44,59 
44,59 
44,60 
44,59 

44,59 0,01 0,02 

31,10 
52,60 
40,20 
50,20 

43,50 10,40 23,90 

4 

45,80 
45,78 
45,79 
45,80 

45,79 
 

0,01 
 

0,02 

39,40 
40,00 
37,00 
35,40 

38,00 2,30 6,00 

5 

46,69 
45,88 
45,90 
46,08 

46,13 
 

0,39 
 

0,85 

48,00 
44,90 
49,30 
45,40 

46,90 2,10 4,40 

6 

45,20 
46,00 
45,01 
45,70 

45,47 0,48 0,01 

42,30 
50,10 
44,30 
37,60 

43,70 6,10 13,90 

         C     –  the oil content in test samples, which were taken from the same homogenous 
analytical sample [% of dry mass], 

         CM    –  mean value of the oil content in test samples [% of dry mass], 
         SDR  –  Standard deviation [10], 

RDS – Relative standard deviation [%]. 
 
 
 The Soxhlet system is repeatable technique for determination of oil content in 
rapeseed. The values of standard deviation varied from 0,01 to 0,48. For comparison, SD 
and RSD values obtained for NMR analysis are higher and range between 2,10-10,40 and 
4,40-23,90 %, respectively. The Soxhlet method has excellent precission with less than 1% 
relative standard deviation.  
 In the case of NMR, data distribution was very high and some statistical errors 
occured. 
 



 

The calibrate procedure cannot be ignored when using this methods. Pulsary NMR is   
difficult to calibrate. The calibration curve shall be obtained by measuring the signal from 
the three calibration samples with known oil content (Procedure A) [7] or the one standard 
of known oil content (Procedure B) [7]. In this study the working calibration curve was 
obtained according to Procedure A. The series of standards was prepared in a concentration 
range near to the expected unknown concetration (test sample). All samples were measured 
in the working range of calibration curve. The correlation coefficient for this linear 
regression is high (0,98). It means that the calibration model works properly. There could 
be other couses that could affect final results (sample presentation, water content, different 
nature of calibration standards then samples, slope of the curve). 

In conclusion, the proposed pulsary NMR method is relativelly simple, convenient, 
rapid and non-destructive, without sample preparation. This technique offers considerable 
savings of solvent disposal costs and analysis time (time of measurments is not more  then 
2 min.) also eliminates the exposure of laboratory staff to toxic and flammable solvents. 
The results in Table 1 suggest that the pulsed NMR tehnique can be used for estimation of 
oil assay in rapeseed. The best results, in respect of precision are obtained using the 
conventional Soxhlet extraction. Therefore this method can be useful for the determination 
of oil content in rapeseed. 
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1. Introduction 
 

The bis-quinolizidine alkaloids have interested chemists for several decades. 
Interesting examples of stereoisomeric effects on EI mass spectra of this important 
group of alkaloids can be found in the literature [1]. Recently growing interest in the 
study of this type of alkaloids by various mass spectrometric methods has been 
stimulated by the evidence of their suitability for distinction of stereoisomers, metamers 
and positional isomers [2-4]. As a continuation of our previous studies of EI-mass 
fragmentation of the derivatives of sparteine and lupanine [2-4] it seemed reasonable to 
extend our investigation to ESI and FAB/LSIMS mass spectra of these compounds. The 
purpose of this study was to investigate the ESI and FAB/LSIMS mass spectra of: 2-
phenyl-2,3-didehydrosparteine (1), 15-phenyl-14,15-didehydrosparteine (2), 2-cyano-2-
methylsparteine (3), 17-cyanolupanine (4), 17-methyllupanine (5), 2,17-dimethyl-
sparteine (6) and 2-methyl-17-oxosparteine (7) (see Figure 1). We wished to determine 
the cleavage reactions in the processes of the mass fragmentation in the ESI and 
FAB/LSIMS conditions of 1-7 and to establish whether it would be possible to 
distinguish the positional isomers (1, 2; 5, 7) and metamers (3, 4; 5, 6, 7) on the basis of 
differences in the values of µ; µ defined as the ratio of the intensity of the selected 
fragment ion peak to that of the parent ion peak.  

 

 
Figure 1  

                                                 
* Corresponding autor: Tel.: +48-61-829-1354; fax: +48-61-865-8008. E-mail address: 
beatakoz@amu.edu.pl (B. Jasiewicz) 
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The investigated derivatives of sparteine (1-3, 6) and lupanine (4) have A/B 
trans fused rings with double chair conformations and C/D trans fused rings with 
boat/chair conformations. In contrast 17-methyllupanine (5) has A/B trans fused rings 
with sofa/chair conformations, as well as 2-methyl-17-oxosparteine (7) has A/B trans 
fused rings with double chair conformations and C/D trans fused rings with sofa/chair 
conformations.      
 
2. Experimental 
 

The compounds 1-7 were obtained and their structures confirmed according to 
the literature methods [5-11]. 
The ESI mass spectra were recorded on a Waters-micromass Manchester UK/ZQ mass 
spectrometer equipped with a Harvard Apparatus syringe pump. The sample solutions 
were prepared in methanol. The ESI source potentials were 3kV and cone voltage 30V. 
The source and desolvation temperatures were 120o and 300o, respectively. Nitrogen 
was used as neutralizing and desolvatation gas. The FAB spectra were produced by 
LSIMS ionization (Cs+ ion bombardment) using 3-nitrobenzyl alcohol (NBA) as ligand 
matrix. These spectra were recorded on an AMD-Intectra GmBH-Harpstedt D-27243 
Model 402 two-sector spectrometer.  
 
3. Results and conclusions 
 

We found that the compounds 1-4 and 7 gave strong positive-ion ESI mass 
spectra but in the positive-ion mass spectra of 5 and 6 only M+H⎤+ (A) even-electron 
fragment ions were observed (Table 1). In the processes of ESI mass fragmentation of 
M+H⎤+ ions of 1 and 2 simple cleavages of Csp3-Csp3 bonds of ring B (for 1) and ring A 
(for 2) gave even-electron B⎤+ ions [i.e. (C12H25N+H)+- 1 and (C17H18N2+H) ± 2]. In the 
cases of the ESI fragmentation of M+H⎤+ ions of 3 and 4 the eliminations of HCN 
neutral molecules have been observed (ions B: C16H26N2+H⎤+  for 3 and C15H22N2O+H⎤+ 
for 4, respectively). The cleavages of Csp3-Csp3 bonds of ring B gave C7H13N+H⎤+ 
even-electron fragment ion C (for 3), as well as the cleavages of Csp3-Csp3 and Csp2-N 
bonds of ring C gave C9H9NO+H⎤+ C ion for 4. In the case of ESI mass fragmentation 
of M+H⎤+ ion of 7, the elimination of neutral molecule of CH2 has been observed (ion 
B: C15H24N2O+H⎤+). These differences in the mass fragmentations, as well as relative 
abundances of the ions (Table 1) may be sufficient to differentiate among the isomeric 
derivatives of sparteines and lupanines (1-2; 3-4; 5-7, respectively).     

The FAB-LSIMS spectra of 1-7 produced in the positive mode by LSIMS 
ionization (Cs+ ions bombardment) show strong fragmentation (Table 2). The relative 
abundances of M+NBA⎤+ (ion A), M+H⎤+ (B even-electron ions), as well as C⎤+ ions 
which have been obtained by the cleavages of Csp3-Csp3 bonds of ring B (1, 2) or 
eliminations of •CN (3, 4) or •CH3 and •H radicals (5, 6, 7) clearly differ between the 
sets of isomers (1-2; 3-4; 5-7, respectively). The same differences are seen in the cases 
of ions D⎤+ of 1, 2 and 5-7. These ions have been obtained by the cleavages of Csp3-
Csp3 bonds of ring B (1, 7) ring A (2) and ring C (5, 6). Generally speaking the main 
fragment ions compositions correspond to those formed under ESI-MS and EI-MS 
conditions [2-4].  



These ions which have been seen in the positive-ion ESI and positive-ion 
FAB/LSIMS mass spectra of 1-7 may be useful in the mass fragmentography.         
 
Table 1. Relative abundances of characteristic ion peaks in the positive-ion ESI mass spectra of 1-7.   
 

 
Compound 

M+H⎤+ (A) 
Elemental composition  

m/z (%) 

(B) 
Elemental composition  

m/z (%) 

(C) 
Elemental composition 

m/z (%) 
 

1 
 

C21H28N2+H⎤+ 
309 (100) 

 
C12H15N+H⎤+ 

174 (39) 

 
- 

 
2 

 
C21H28N2+H⎤+ 

309 (100) 

 
C17H18N2+H⎤+ 

251 (5) 

 
- 

 
3 

 
C17H27N3+H⎤+ 

274 (100) 

 
C16H26N2+H⎤+ 

247 (99) 

 
C7H13N+H⎤+ 

112 (20) 
 

4 
 

C16H23N3O+H⎤+ 
274 (0) 

 
C15H22N2O+H⎤+ 

247 (100) 

 
C9H10NO+H⎤+ 

148 (71) 
 

5 
 

C16H26N2O+H⎤+ 
263 (100) 

 
- 

 
- 

 
6 

 
C17H30N2+H⎤+ 

263 (100) 

 
- 

 
- 

 
7 

 
C16H26N2O+H⎤+ 

263 (57) 

 
C15H24N2O+H⎤+ 

249 (100) 

 
- 

 
 
Table 2. Relative abundances of characteristic ion peaks in the positive-ion FAB/LSIMS mass spectra of 

1-7.   
 

 
Compound 

M+NBA⎤+ (A) 
Elemental composition 

m/z (%) 

M+H⎤+ (B) 
Elemental 

composition 
m/z (%) 

(C) 
Elemental 

composition m/z 
(%) 

(D) 
Elemental 

composition 
m/z (%) 

(E) 
Elemental 

composition 
m/z (%) 

 
1 

 
C21H28N2+C7H7NO3

⎤+ 
461 (10) 

 
C21H28N2+H⎤+ 

309 (30) 

 
C9H14N+C7H7NO3

⎤+ 
289 (13) 

 
C12H15N+H⎤+ 

174 (8) 

 
C7H7NO3+H⎤+ 

154 (100) 
 
2 

 
C21H28N2+C7H7NO3

⎤+ 
461 (4) 

 
C21H28N2+H⎤+ 

309 (6) 

 
C9H14N+C7H7NO3

⎤+ 
289 (12) 

 
C12H19N2+H⎤+ 

192 (68) 

 
C7H7NO3+H⎤+ 

154 (100) 
 
3 

 
- 

 
C17H27N3+H⎤+ 

274 (100) 

 
C16H26N2+H⎤+ 

247 (28) 

 
- 

 
C7H7NO3+H⎤+ 

154 (7) 
 
4 

 
- 

 
C16H23N3O+H⎤+ 

274 (18) 

 
C15H22N2O+H⎤+ 

247 (100) 

 
- 

 
C7H7NO3+H⎤+ 

154 (32) 
 
5 

 
- 

 
C16H26N2O+H⎤+ 

263 (100) 

 
C15H22N2O+H⎤+ 

247 (15) 

 
C7H13N+H⎤+ 

112 (10) 

 
C7H7NO3+H⎤+ 

154 (10) 
 
6 

 
- 

 
C17H30N2+H⎤+ 

263 (100) 

 
C16H26N2+H⎤+ 

247 (5) 

 
C7H13N+H⎤+ 

112 (36) 

 
C7H7NO3+H⎤+ 

154 (5) 
 
7 

 
- 

 
C16H26N2O+H⎤+ 

263 (73) 

 
C15H22N2O+H⎤+ 

247 (38) 

 
C7H13N+H⎤+ 

112 (47) 

 
C7H7NO3+H⎤+ 

154 (24) 
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1. Introduction 
 

Lupine alkaloids, also called quinolizidines, constitute a large class of naturally 
occurring compounds widely distributed among various plant families, such as the 
Leguminosae. Some of these structures have been attracting growing attention as chiral 
chelating bases [1-5], as can be seen by the broad use of the tetracyclic (-)-sparteine in 
asymmetric reactions [6-10]. Another chiral bidentate ligand, which can be used in 
stereoselective synthesis is an α-isosparteine (see Figure 1).  
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Figure 1. Conformation and atom numbering in α-isosparteine. 

It is well known that Zn(II) complexes of sparteine are used as a diluting agents for 
measuring the hyperfine coupling by EPR on powdered samples whereas Cu(II) 
sparteine complexes are used as model compounds for the type I copper(II) site of blue 
copper protein. Over the past decades, several studies on copper(II) complexes of this 
alkaloid have been reported [11-14] and the copper(II) centers in these complexes are 
always found to have a distorted tetrahedral geometry. Owing to our interest in the zinc 
and copper sparteine and α-isosparteine complexes, we have undertaken the research 
project aimed at characterising the spectral and analytical properties of α-isosparteine 
complexes with zinc and copper(II) acetate salts. The complexes have been 
characterised by NMR, UV-Vis, IR and mass spectroscopy and also by elemental 
analysis. 
                                                 
* Corresponding autor: Tel.: +48-61-829-1354; fax: +48-61-865-8008. E-mail address: 
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2. Experimental 
 
2.1. General techniques  

The 13CNMR, 1HNMR, 1H-1H COSY, 1H-13C COSY spectra were measured on 
a Varian Gemini 300 spectrometer at 300 MHz and at ambient temperature, using ~0.5 
M solutions in CDCl3, TMS as internal reference. The IR spectra were recorded by 
means of a FT-IR Bruker 113v spectrometer (KBr pellets). Electronic spectra were 
measured on a JASCO V-550 spectrophotometer, in methanol solution. ESI mass 
spectra were obtained on a Waters/Micromass (Manchester, UK) ZQ mass 
spectrometer. The sample solutions were prepared in methanol. Elemental analysis was 
carried out by means of a Perkin-Elmer 2400 CHN automatic device. α-Isosparteine 
was obtained according to method described previously [15]. 
 
2.2 Synthesis of complexes  

The complexes were prepared by the direct reaction of metal(II) acetates with a 
stoichiometric amount of an alkaloid in a methanol solution. The resulting precipitate 
was filtered off and recrystallized from methanol. 
 
2.2.1. [Zn(CH3COO)2(α-isosparteine)] (1) 
Yield: 64%. Mp >250 oC (with decomposition). Anal. Calcd. for C19H32N2ZnO4: C, 
54.68; H, 7.67; N, 6.71. Found: C, 54.73; H, 7.56; N, 6.65. MS (ESI-mass)) m/z = 359 
[Zn(C15H26N2)(CH3COO) + H]+, 300 [Zn(C15H26N2) + H]+, 235 (C15H26N2H) + H]+. 
 
2.2.2. [Cu(CH3COO)2(α-isosparteine)] (2) 
Yield: 60%. Mp 190 oC. Anal. Calcd. for C19H32N2CuO4: C, 54.81; H, 7.69; N, 6.74. 
Found: C, 54.53; H, 7.79; N, 6.70. MS (ESI-mass) m/z = 358 [Cu(C15H26N2)(CH3COO) 
+ H]+, 299 [Cu(C15H26N2) + H]+, 235 (C15H26N2H) + H]+. 

 
3. Results and discussion 

 
Newly obtained complexes exhibit the 1:1 stoichiometry as shown by the results 

of elemental analysis. This is in agreement with fact that conformation of the rings in α-
isosparteine is rigid, the same in the free base and in mono- and disalts, namely trans-
trans all- chair. 

The IR absorption in the spectra of quinolizidine and its derivatives in the 2840-
2600 cm-1 region (the so-colled Bohlmann trans-band) is assigned to the stretching 
vibrations of one or more axially oriented Cα-H bonds. The intensity and shape of the 
band depend on the number of the above bands and their steric environment in the 
molecule. In the band complex covering the range 2840-2600 cm-1 in the spectrum of α-
isosparteine there are three peaks at 2793, 2758 and 2735 cm-1 [16]. The attachment of a 
metal atom to N atoms results in the disappearance of the trans-band. The absence of 
this band in the spectra of the complexes suggests that both of the nitrogen atoms are 
involved in coordination. The spectra of both complexes show additional bands: at 
1590-1630 cm-1 γ(C=O). The metal-nitrogen stretching oscillations are observed at 
about 430-470 cm-1.  

In the electronic absorption spectra studied in methanol α-isosparteine display a 
single intense transitions UV region with the maximum at about 200 nm. The UV-vis 



spectrum of 2 shows band ligand-to-metal charge transfer transitions at 305 nm (ε = 
2743), and the characteristic band of d-d transitions at 675 nm (ε = 144).   

Complexation of α-isosparteine with zinc(II) and copper(II) acetate gives 
symmetric complexes. As a consequence, in 13C-NMR spectrum of 1, only 8 signals are 
observed. The chemical shifts of the carbon atoms of complex 1 are similar to those 
reported for α-isosparteine (see Table 1). Additional signals assigned to the –CH3 and 
the carbonyl groups are observed at 17.7 and 177.0 ppm, respectively. The position of a 
bridge carbon signal C-8 is diagnostic of the conformation of the two fused B/C rings in 
the sparteine skeleton. The theoretical value (35.4 ppm) [17] is in agreement with the 
value obtained for α-isosparteine and its complex with zinc acetate salt (36,4 and 36.9 
ppm, respectively). On the basis of a comparison of the NMR spectra of the complex 
studied and the free base it was possible to calculate the complexation effect. The 
complexation-induced 13C shifts are highly dependent on the orientation of nitrogen 
lone-electron pairs and on the conformation of the intervening carbon skeleton. 
Therefore, a study of this effects appears to be most relevant in the case of α-
isosparteine because the complexation does not change the conformation of the free 
base.  
 
Table 1. 13C NMR chemical shifts of α-isosparteine and its complex with 

Zn(CH3COO)2 in CDCl3; δ in ppm.  
 

Carbon atom α - Isosparteine  (δ’c) α - Isosparteine x 
Zn(CH3COO)2  (δc)  

Complexation effect 
(δc - δ’c)  

2 57.2 59.2 + 2,0 
3 25.3 24.0 - 1.3 
4 24.9 23.8 - 1.1 
5 30.0 28.2 - 1.8 
6 66.3 69.8 + 3.5 
7 35.6 34.9 - 0.7 
8 36.4 36.9 + 0.5 
9 35.6 34.9 - 0.7 
10 55.8 57.2 + 1.4 
11 66.3 69.8 + 3.5 
12 30.0 28.2 - 1.8 
13 24.9 23.8 - 1.1 
14 25.3 24.0 - 1.3 
15 57.2 59.2 + 2.0 
17 55.8 57.2 + 1.4 

-COO- - 177.0 - 
-CH3

- - 17.7 - 
 
4. Conclusions 

 
New complexes with α-isosparteine, prepared by the reaction of alkaloid with 

zinc(II) and Cu(II) acetate salts were characterized by IR, UV-Vis and MS methods. 
The structures of α-isosparteine complexes indicate that α-isosparteine remains 
structurally unchanged upon complexation. It acts as a symmetrical bidentate chiral 
ligand with a privileged binding site for tetrahedral coordination and a tendency to 



utilize its two-fold symmetry in the crystal.  It binds metal centers strongly and 
predictably.  
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In the last time one could observe new trends in the research concerning 
synthesis and properties of unsaturated polymers. The presence of double bonds, which 
come from oligomers [1-3] or low molecular weight chain extenders [4,5] allows to 
obtain cross-linked polymers using radical technique. 

Synthesis of unsaturated polyurethanes allows for improving of physico-
chemical properties in comparison to cross-linked polyesters. The use of unsaturated 
substrates [6-12] in the synthesis of polyurethanes allows for obtaining chemical and 
thermal stability polymers.  

In the present paper results of recent studies on synthesis and physical-chemical 
properties of oligo(alkyleneester)diols (OAE) and cross-linked poly(ester urethane)s 
(PEU) are presented. The synthesis of these polymers was conducted in two steps. In 
the first one prepolymers were obtained via reaction of OAE with 4,4`-diphenylmethane 
diisocyanate (MDI). After that prepolymers were cross-linked with styrene (St) or 
methyl methacrylate (MMA) of concentrations of 30wt% in the presence of 1 wt% of 
methyl ethyl peroxide and 0.003 wt% of cobalt (II) 2-ethylhexanoate. 

The unsaturated oligo(alkyleneester)diol was synthesized by polycondensation 
of ethylene glycol (2.4 mol) with adipic acid (1 mol), phthalic anhydride (0.5mol), and 
maleic anhydride (0.5 mol). The reaction was carried out under nitrogen atmosphere at 
the temperature of 190oC. Oligo(alkyleneester)diol was characterized by elemental 
analysis (Tab. 1).  

 
            Tab.1. C, H, O contents in oligo(alkyleneester)diol revealed in elemental analysis. 

                                Elemental analysis 

      Ca            Ha            Oa Cb              Hb            Ob 

    OAE [  % ] [ %] 

            55,42       5,92        38,16    55,42            5,88      38,69 
a found value, b calculated value 
 

The results confirmed the glycol addition to double bonds of OAE and therefore 
creation of non-linear products. Moreover, the presence of functional groups in OAE 
was confirmed by the FT-IR spectra analysis (Fig. 1). 

The presence of the absorption bands at 1730cm-1 and 1141cm-1, which are 
characteristic for –C=O and –C-O groups, indicate on the existence of esters groups in 
the structure of OAE. Furthermore, the absorption bands at 1644 cm-1 and 969 cm-1, 
corresponding to stretching vibrations of C=C and C=C-C-H groups, affirm that the 
phthalic and fumaric acids are present in the structure of  OAE. 



Moreover, the absorption band at 3535cm-1 shows that oligo(alkyleneester)diols 
contain the OH end-groups. This fact was also confirmed by measurements of the acid 
number of OAE. 
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Fig. 1. FT-IR spectrum of oligo(alkyleneester)diol. 

 

Oligo(alkyleneester)diol and 4,4`-diphenylmethane diisocyanate (MDI) were 
used as substrates in the syntheses of urethane prepolymers (NPU) and poly(ester 
urethane)s (PEU). Then the prepolymers synthesized with the [NCO/OH] molar ratio 
2/1, 1.5/1, 1.2/1, 1/1 and 1/1.5 were used in the synthesis of the following poly(ester  
urethane)s: PEU[NCO/OH]2/1, PEU[NCO/OH]1.5/1, PEU[NCO/OH]1.2/1, 
PEU[NCO/OH]1/1, PEU[NCO/OH]1/1.5, respectively. Subsequently, the obtained 
poly(ester urethane)s were dissolved in styrene or methyl methacrylate used as a cross-
linking monomers of concentrations of 30 wt%.  

In order to confirm the chemical structure of poly(ester urethane)s we used the 
Fourier transform infrared spectroscopy (FTIR). The results are presented in Figure 2. 
The peak located at 3348 cm-1, characteristic for –NH absorption bands, indicates on the 
presence of the urethane groups. Moreover, the existence of the ester groups were 
affirmed by the bands at about 1720, 1145 and 1070 cm-1, which are characterized for 
the C=O and C-O-C groups, respectively. The absorption bands at 1640 cm-1 and  
980 cm-1 (νC=C and γC=C-H) gives information about the presence of double bonds in 
cross-linked poly(ester urethane)s. This fact suggests that not all double bonds of PEU 
were involved in the cross-linking reaction with styrene or methyl methacrylate.   
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          Fig. 2. FT-IR spectra of PEU[NCO/OH]1/1 cross-linked by styrene (a) and methyl 
                      methacrylate (b).  



The studies of the stress-strain properties of PEU presented in Fig. 3, show that 
tensile strength of cross-linked poly(ester urethane)s strongly depends on their chemical 
structure as well as the type of cross-linking agent (Fig. 3a, b). Poly(ester urethane)s 
synthesized from prepolymers with [NCO] groups molar excess and cross-linked by 
styrene (PEU/St) have higher tensile strength than their analogues obtained from 
prepolymers with [OH] groups molar excess and polymers cross-linked by methyl 
methacrylate. Indeed, Fig. 3 shows that the tensile strength of PEU/St changes from 50 
to nearly 75 MPa whereas tensile strength of PEU/MMA change from 10 to 30 MPa.  
This fact can be explained by the presence of cross-linking allophanate groups and 
higher cross-linking density of polymers synthesized using styrene as cross-linking 
agent.    
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Fig.3. Stress-strain curves of the PEUs cross-linked by styrene (a) and PEU cross-linked by    

methyl methacrylate (b). 
 

Dynamic mechanical thermal analysis (DMTA) proved the dependence of the 
chemical structure of poly(ester urethane)s on their dynamic storage moduli (G`), loss 
moduli (G``), and loss tangents (tanδ). The plots of G`` vs. temperature show clear of 
two phase behaviour (Fig. 4). The maxima present on the curves may appear because of 
the presence of pendant polystyrene side chains in cross-linked PEU. The glass 
transition temperatures (Tg), defined as maxima of tanδ(T) curve, were found at:  46oC, 
65oC, 56oC, 57oC, and 60oC for PEU [NCO/OH] 2/1, PEU [NCO/OH] 1.5/1, PEU 
[NCO/OH] 1.2/1, PEU [NCO/OH] 1/1, and PEU [NCO/OH] 1/1.5, respectively. 

  

-100 -50 0 50 100 150 200 250

10000

100000

1000000

1E7

1E8  PEU [NCO/OH] 2/1
 PEU [NCO/OH] 1.5/1
 PEU [NCO/OH] 1.2/1
 PEU [NCO/OH] 1/1
 PEU [NCO/OH] 1/1.5

Temperature [oC]

lo
g 

G
`` 

[M
P

a]

a

-100 -50 0 50 100 150 200 250
0,0

0,2

0,4

0,6

0,8  PEU [NCO/OH] 2/1
 PEU [NCO/OH] 1.5/1
 PEU [NCO/OH] 1.2/1
 PEU [NCO/OH] 1/1
 PEU [NCO/OH] 1/1.5

Temperature [oC]

ta
n 
δ

b

 
 

Fig. 4. Variations  of the dynamic loss modulus (G``) (a) and the loss tangent (tan δ) (b) 
with temperature  for PEUs  cross-linked by styrene. 



Dynamic mechanical thermal analysis of poly(ester urethane)s cross-linked by 
methyl methacrylate indicates, as in the case of PEU cross-linked by styrene, on the 
dependence of dynamic-mechanical properties on their chemical structure. The absence 
of the second maximum on Fig. 5a, indicate on the polymers do not undergo phase 
separation. Furthermore, the glass transition temperatures of PEU cross-linked by 
methyl methacrylate were found at:  38oC, 30oC, 56oC, and 32oC for PEU [NCO/OH] 
2/1, PEU [NCO/OH] 1.5/1, PEU [NCO/OH] 1.2/1, and PEU [NCO/OH] 1/1, 
respectively. 
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Fig. 5. Variations  of the dynamic loss modulus (G``) (a) and the loss tangent (tan δ) (b)     
with temperature  for PEUs  cross-linked by  methyl methacrylate. 

Conclusions 
The mechanical and dynamic-mechanical properties of new cross-linked 

poly(ester urethane)s have been investigated. The obtained results show the dependence 
of the mentioned properties on their chemical structure and a kind of cross-linking 
agent. One can observe that poly(ester urethane)s cross-linked by styrene have higher 
tensile strength than their analogues obtained using methyl methacrylate as a cross-
linking monomer. Moreover DMTA analysis shows very clearly that the maxima on the 
G``(T) and  tan δ(T) curves of PEU are strongly chemical composition dependent. 
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INTRODUCTION 
 

Calixarenes are macrocyclic compounds obtained in the base-induced condensation 
reaction of para substituted phenols and formaldehyde. They possess ability to form 
reversible host-quest complexes with ions as well as neutral species [1]. A parent 
tetrahydroxycalix[4]arene does not have chiral recognition ability. However, chirality 
can be introduced by appropriate chemical modification. There are two different 
approaches to produce chiral calixarenes. The first one is an attachment of independent 
chiral substituents at the upper or lower rim of calixarene molecule [2-4]. The second 
approach is synthesis of ‘inherently’ chiral calixarenes, built up of nonchiral subunits 
but chiral on account of non-planar nature of the calixarene structure [5]. Two synthetic 
pathways have been used for synthesis of inherently chiral calixarenes: a) fragment 
condensation leading to asymmetric calixarenes build up of three or four different 
phenol units or b) regio- and stereoselective functionalization of calixarene structure at 
the lower rim. In 1998 Healy et al. [6] reported synthesis of a new type of chiral silica-
bonded calix[4]arene stationary phase in a cone conformation by functionalization of 
the lower rim of triethoxysilyl-calix[4]arene with L-(-)ephedrine units. Enantiomeric 
separation of R(-) and S(+)-1-phenyl-2,2,2-trifluoroethanol on this phase was reported. 
In 2004 [7] Krawinkler and coworkers synthesized two novel cinchona-calixarene 
hybrid type receptors by interlinking 9-amino(9-deoxy)-quinine or 9-amino(9-deoxy)-
epiquinine and calix[4]arene via urea functional units. They immobilized this receptors 
onto silica gel to obtain chiral stationary phases, which reveled chiral recognition ability 
for N-protected amino acids. Both mentioned stationary phases have been blocked in 
cone conformation. Our research group prepared a new chiral stationary phase on the 
basis of calixarene in 1,3-alternate conformation.  
 
RESULTS AND DISCUSSION 
 

The silica gel-linked chiral calix[4]arene was synthesized according to the scheme 1. 
Tetrahydroxycalix[4]arene, used as the starting material for further modifications, was 
prepared by the modified literature procedures [8, 9]. The synthetic strategy of a novel 
chiral calix[4]arene-silica-bonded stationary phase involved functionalization of the 
calix[4]arene structure at the lower rim via the formation of an amide bound between 
the calixarene 3 and the optically active β-L-(+)-phenylalanine t-butyl ester. To prepare 
diacid of calix[4]arene 3 we decided to hydrolyze the diamide, because the yields of 
synthesis of diesters are low (25%) and the isolation of the product is complicated [10]. 
Therefore we synthesized 25,27-diallyloxy-26,28-diacetamidoxycalix[4]arene 2 in 1,3-
alternate conformation. This compound was obtained in reaction of 25,27-diallyloxy-



 

26,28-dihydroxycalix[4]arene 1 with iodoacetamide in the presence of catalytic amount 
of potassium iodide and cesium carbonate as a base. 1H NMR and 13C NMR analyses 
confirmed the presence of 2 in 1,3-alternate conformation (singlet at δ 37.74 ppm for 
ArCH2Ar carbons on the 13C NMR spectrum and two doublets at δ 3.84 and 3.72 ppm, 
J=15.62 Hz at the 1H NMR spectrum). The allylic units were introduced to enable 
chemical bonding of the calixarene moieties to the silica gel. Product 3 was hydrolyzed 
with KOH in EtOH/H2O in the presence of catalytic amount of H2O2 to diacid of the 
calix[4]arene 3 which was transformed into the activated ester derivative in the reaction 
with dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) in dry CHCl3 
and then without isolation of the product (reaction was controlled by TLC) allowed to 
react with optically active β-L-(+)-phenylalanine t-butyl ester to give chiral 
calix[4]arene 4 with high yield. The presence of two singlets at δ 36.26 and 36.91 ppm 
for ArCH2Ar groups at the 13C NMR spectra and double doublets at δ 3.63 and 3.60 
ppm (J1= 1.95 Hz, J2=14.16 Hz) for OCH2C(O)NH at the 1H NMR spectra evidenced 
1,3-alternate conformation and the optical activity of the product 4. Rotatory power 
[α]D

25= -18.6 0 (c=0.8, CHCl3). 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme1. Synthesis of chiral calix[4]arene stationary phase: i) ICH2C(O)NH2, Cs2CO3, 
CH3CN dry, 72h, RT; ii) KOH, H2O2 cat., MeOH/H2O (3:2); reflux 24h; iii) DCC, 
NHS, HCl·H2NCH(Ph)CH2COOC(CH3)3, (iPr)2NEt, CHCl3 dry, 24h, RT; iv) 
(CH3)2SiHCl, H2PtCl6, iPrOH, CH2Cl2, reflux 4h; v) SiO2, dry toluene, Pyridine cat., 
shaking 5 days, RT. 
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Hydrosilylation of 4 with chlorodimethylsilane was performed to create 
calix[4]arene 5. The hexachloroplatinic acid was used as the catalyst. The crude product 
was obtained after evaporation of excess of CH2Cl2 and chlorodimethylsilane. Analysis 
of 1H NMR spectrum of crude product confirmed the complete addition of the silane to 
the double bond (absence of vinylic protons). Product 5 was chemically bonded to the 
surface of silica gel Lichrosorb Si-100 (5µm), which was activated before the reaction 
by heating for 4 hours with 2 N hydrochloric acid to remove metal ions and maximize 
the number of silanol groups on the surface and then dried overnight at 1500C. The 
reaction was performed in dry toluene. The solution of crude product 5 and catalytic 
amount of dry pyridine was added to suspension of silica gel and the mixture was 
shaked at room temperature for 5 days under nitrogen atmosphere. After that time the 
modified gel was filtered and washed with toluene, iPrOH, MeOH, CH2Cl2, acetone and 
diethyl ether, respectively. Surface coverage of modified silica calculated from 
elemental analysis was found to be 275 µmol/g. This relatively low coverage density 
was probably a consequence of large size of calixarene structure. Chromatographic 
performance of novel chiral calix[4]arene phase is in progress 
 
EXPERIMENTAL 
 

1HNMR and 13CNMR spectra were recorded on Gemini 500 MHz spectrometer 
(Varian). Elemental analysis was obtained on analyzer Perkin-Elmer (PE 240). Optical 
activity was measured on Rudolph Research Autopol II polarimeter. Melting points 
were determined with an electrothermal melting point apparatus. Reactions were 
monitored by TLC on pre-coated silica gel plates (SiO2, Merck, 60F254). Flash column 
chromatography was performed on silica gel 60 (SiO2, Merck, 230-400 mesh). 

 
2 1,3-Alternate (42%), mp=234-2350C, 500 MHz 1H NMR (CDCl3): δ 7.10 (d, 4H, 
J=7.3 Hz, ArH); 7.04 (d, 4H, J=7.3 Hz, ArH); 6.86 (t, 2H, J=7.3 Hz, ArH); 6.80 (t, 2H, 
J=7.3 Hz, ArH); 5.85 (br s, 2H, NH2); 5.77-5.69 (m, 2H, CH2CH=CH2); 5.07 (d, 2H, 
J=10.7 Hz, CH2CH=CH2); 4.87 (d, 2H, J=17.5 Hz, CH2CH=CH2); 4.16 (d, 4H, 
OCH2CH=CH2, J=3.9 Hz); 3.87 (br s, 4H, OCH2C(O)NH2); 3.84 (d, 4H, ArCH2Ar, 
J=15.6 Hz); 3.72 (d, 4H, ArCH2Ar, J=15.6 Hz). 500 MHz 13C NMR (CDCl3): δ 37.74 
(s, ArCH2Ar, 1,3-alternate); 172.06 (C=O); 156.50; 153.59; 135.01; 133.62; 133.26; 
131.52; 130.21; 123.78; 123.38; 116.42; 71.04; 68.91. Expected and observed fourteen 
signals. 
3 1,3-Alternate (81%), mp=230-2330C (MeOH), 500 MHz 1H NMR (CDCl3): δ 7.07-
7.04 (m, 8H, ArH); 6.93 (t, 2H, ArH, J=7.3 Hz); 6.87 (t, 2H, ArH, J=7.3 Hz); 5.66-5.60 
(m, 2H, OCH2CH=CH2); 4.97 (d, 2H, J=10.2 Hz, OCH2CH=CH2); 4.77 (d, 2H, J=17.1 
Hz, OCH2CH=CH2); 4.13 (s, 4H, OCH2CH=CH2); 4.06 (s, 4H, OCH2COOH); 3.89 (d, 
4H, ArCH2Ar, J=15.8 Hz); 3.75 (d, 4H, ArCH2Ar, J=15.8 Hz). 500 MHz 13C NMR 
(CDCl3): δ 37.78 (s, ArCH2Ar, 1,3-alternate); 169.08 (s, C=O); 156.30; 153.17; 134.44; 
133.70; 133.10; 131.09; 129.75; 124.52; 124.49; 116.27; 70.96; 67.47. Expected and 
observed fourteen signals. 
4 1,3-Alternate (86%), mp=123-1250C, 500 MHz 1H NMR (CDCl3): δ 7.37-7.36 (m, 
8H, ArH); 7.31-7.26 (m, 4H, ArH); 7.02 (d, 4H, J=7.3 Hz, ArH); 6.91 (d, 2H, J=7.3 Hz, 
ArH); 6.81 (d, 2H, J=7.3 Hz, ArH); 6.70 (t, 2H, J=7.3 Hz, ArH); 6.55 (t, 2H, J=7.3 Hz, 
ArH); 6.02-5.95 (m, 2H, CH2=CHCH2O); 5.27 (dd, 2H, J=1.5 Hz, J=10.7 Hz, 
CH2=CHCH2O); 5.22 (dd, 2H, J=1.5 Hz, J=17.1 Hz, CH2=CHCH2O); 4.85 (q, 2H, 



 

J=7.8 Hz, C∗H); 4.28 (d, 4H, CH2=CHCH2O, J=4.4 Hz); 3.61 (dd, 4H, J= 1.9 Hz, 
J=14.2 Hz, OCH2C(O)NH); 3.49 (dd, 4H, 4H-CH∗CH2O, J=8.3 Hz, J=14.2 Hz); 3.35-
3.29 (m, 8H, ArCH2Ar); 1.48 (s, 18H, C(CH3)3); 500 MHz 13C NMR (CDCl3): δ 36.26 
and 36.91 (2s, ArCH2Ar, 1,3-alternate); 169.04 (s, C=O); 170.83 (s, C=O); 156.65; 
153.84; 137.70; 134.77; 134.64; 133.78; 133.30; 133.27; 132.51; 132.48; 130.89; 
130.71; 129.54; 128.69; 127.06; 123.44; 122.64; 116.74; 81.95; 72.35; 70.82; 54.12; 
28.28. Expected and observed twenty seven signals. [α]D

25= -18.6 0 (c=0.8, CHCl3). 
5 1H NMR spectrum of the crude product of hydrosilation addition reaction did not 
contain signals descended from vinylic protons. 
6 Elemental analysis found C 16.5, H 2.6, N 0.7. Estimated coverage density 275 
µmol/g. 
 
CONCLUSIONS. 
 
In this study the synthesis of new chiral calix[4]arene silica-bonded stationary phase has 
been demonstrated. We have designed this new material for application in 
enantioselective high performance liquid chromatography. The retention power of the 
column and its selectivity will be examined under reversed phase conditions with the 
use of various chromatographic conditions and racemic mixtures as analytes.  
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Introduction 
 

 Some nucleoside analogues have an important role as anticancer and antiviral 
therapeutics [1,2]. For example, 3’-azido-3’-deoxythymidine (AZT) has been developed 
as an anti-HIV drug for treatment of acquired immunodeficiency syndrome (AIDS) [2]. 
In addition, there are some examples of application of AZT as an antineoplastic agent in 
combination with either cisplatin, methotrexate or 5-fluorouracil in the therapy of 
advanced colon cancer [3]. Recently, Wagner and coworkers reported on the potent 
growth inhibitory activity of AZT on cultured human breast cancer cells [4]. It is 
assumed that the mechanism of anticancer action of AZT involves its intracellular 
conversion to 5’-triphosphate (via mono- and diphosphate), which function as 
competitive inhibitor of DNA polymerases and chain terminator of growing DNA 
strand [3]. Consequently, the development of AZT prodrugs (pronucleotides) which can 
easily penetrate the lipid-rich cell membranes and then can undergo hydrolysis to 
5’-monophosphates or their analogues has become an area of increasing interest [5,6]. 
 It is known that incorporation of fluorine in drug molecules often increases 
therapeutic efficacy [7]. Introduction of fluorine into organic compounds dramatically 
changes their properties mainly due to the strong electron-withdrawing inductive effect 
of fluorine. Carbon-fluorine bonds substantially increase the lipophilicity of molecules, 
thereby enhancing the rate of transport of drugs across cell membranes. It is interesting 
to note that difluoromethyl group closely resembles a hydroxyl group in polarity [8]. 

 In this paper we report the method of the synthesis of 5’-
difluoromethylphosphonates of 3’-azido-3’-deoxythymidine (AZT) (9-13) and their 
cytostatic activity. 
 

Results and Discussion 
 

A series of novel phosphonamidates 9-13 was synthesized by phosphonylation 
of 3’-azido-3’-deoxythymidine (7) with difluoromethylphosphonic ditriazolide (6) 
according to the procedure outlined in Scheme 2. 2- and 4-chlorophenyl 
phosphoroditriazolides were used as phosphorylating agents of 5’-protected nucleosides 
in the phosphotriester synthesis of oligonucleosides and provided an example for 
development of our method [9-11]. Difluoromethylphosphonic ditriazolide (6) was 
prepared by the reaction of difluoromethylphosphonic dichloride (5) with 1,2,4-triazole 
in the presence of triethylamine (Scheme 2). Synthesis of difluoromethylphosphonic 
dichloride (5) was achieved by the reaction of diethyl phosphite (1) first with metallic 



sodium to generate diethyl phosphite sodium salt (3) which was then reacted with 
chlorodifluoromethane (2) to give diethyl difluoromethylphosphonate (4). Compound 4 
was subsequently treated with thionyl chloride to yield desired 5 (Scheme 1) [8]. 
Reaction of 6 with 3’-azido-3’-deoxythymidine (7) in the presence of pyridine afforded 
reactive intermediate 8, which was reacted in situ with the appropriate amine to give 
products 9-13 in 65-80% yield. When difluoromethylphosphonic dichloride (5) was 
used as the phosphonylating agent of 3’-azido-3’-deoxythymidine 7 considerable 
amounts of symmetrical (5’-5’)dinucleoside phosphonates were formed.  
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Scheme 1 
 

 The identity of products 9-13 was established on the basis of spectroscopic data 
(1H, 19F, 13C, 31P NMR and MS). 
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The in vitro cytotoxic activity of the phosphonamidates 9-13 was studied in 
human KB (nasopharynx carcinoma) tumor tissue culture (Table 1) [12]. All of 
investigated compounds showed some activity. The most active compound in the series 
was N,N-diethyl(difluoromethyl)phosphonamidate of AZT (13). The other compounds 
in the series exhibited moderate activity. The findings indicate that the nature of N-alkyl 
substituent of phosphonamidates plays an important role as a determinant of their 
cytotoxic activity. 
 
Table 1. Cytotoxic activity of phosphonamidates 9-13 against KB human cancer cells 
 

ED50
a 

Compound µg/ml µmol/l 
  9, R1 = H, R2 = CH2CH2CH3 14.6 34.6 
10, R1 = H, R2 = CH(CH3)2 13.7 32.4 
11, R1 = H, R2 = CH2CH=CH2 23 54.7 
12, R1 = H, R2 = CH2CH2Ph 8.2 16.9 
13, R1 = R2 = CH2CH3 2.2 5.0 
Cytosine arabinoside (standard) 0.99 3.5 

 

aED50 is the concentration of a compound inhibiting by 50% protein biosynthesis in the 
cell population. 
 

Experimental Section 
 

 1H, 19F, 13C, and 31P NMR spectra were recorded on a Varian-Gemini 300 MHz 
spectrometer. Chemical shifts (δ) are reported in ppm relative to the tetramethylsilane 
(TMS) peak. Mass spectra were measured on a Waters Micromass ZQ electrospray (ES) 
mass spectrometer. Thin layer chromatography (TLC) was performed on silica gel 60 
F254 precoated (0.2 mm) plates and column chromatography on silica gel 60 H (5-40 
µm) purchased from Merck. Chemical reagents were purchased from Aldrich. 3’-Azido-
3’-deoxythymidine was prepared based on the literature procedure [13] with some our 
modifications.  
 

General procedure for the synthesis of difluoromethylphosphonamidates 9-13 
 

To a solution of difluoromethylphosphonic dichloride (0.1 ml, 0.914 mmol) in 
acetonitrile (1.8 ml) was added 1,2,4-triazole (165 mg, 2.38 mmol) followed by 
triethylamine (0.260 ml, 190 mg, 1.86 mmol) and the reactants were stirred for 25 min. 
Then to the mixture 3’-azido-3’-deoxythymidine (0.1 mg, 0.37 mmol) and pyridine (2.3 
ml) were added. The reaction mixture was stirred at room temperature for 1.5 h and 
appropriate amine (4.57 mmol) was added. After 3 h, the reaction mixture was 
evaporated under reduced pressure. To the residue was added saturated aqueous sodium 
bicarbonate (15 ml) and the mixture was extracted with chloroform (3 x 7 ml). The 
combined chloroform extracts were washed with water, dried with anhydrous 
magnesium sulfate and evaporated to dryness. The residue was purified by silica gel 
column chromatography using chloroform – methanol (50 : 1 v/v) as eluent to give pure 
products 9-13. 

 



Representative spectral data 
 

Compound 10: 
 
1H-NMR (CDCl3) δ: 1.22, 1.23 (d, 6H, J = 5.5 Hz, N-C(CH3)2), 1.91, 1.92 (d, 3H, J = 
1.1 Hz, 5-CH3), 2.40 (m, 2H, H-2’’, H-2’), 3.48 (m, 2H, H-3’, N-CH-(C)2), 4.05 (m, 1H, 
H-4’), 4.36 (m, 3H, H-5’’, H-5’, NH-C-(C)2), 5.83, 5.99 (dd, 1H, JHF = 30.0 Hz, JHP = 
12.0 Hz, CHF2), 6.12, 6.25 (t, 1H, J = 7.0 Hz, H-1’), 7.24, 7.34 (d, 1H, J = 1.2 Hz, H-6), 
9.85 (s, 1H, OC-NH-CO). 
13C-NMR (CDCl3) δ: 12.28, 25.68, 25.74, 25.77, 25.83, 37.06, 37.12, 44.17, 44.24, 
60.30, 60.38, 63.52, 63.60, 64.15, 64.24, 82.03, 82.10, 84.85, 85.68, 107.71, 110.22, 
110.28, 111.09, 111.46, 111.77, 113.66, 114.58, 117.08, 117.14, 135.05, 135.65, 
150.16, 150.25, 163.55, 163.66. 
19F-NMR (CDCl3) δ: -136.75, -135.52 (ddd, 1F, JHF = 30.0 Hz, JPF = 85.0 Hz, JFF = 
346.4 Hz, F’), -134.44, -133.22 (ddd, 1F, JHF = 30.0 Hz, JPF = 85.0 Hz, JFF = 346.4 Hz, 
F”). 
31P-NMR (CDCl3) δ: 10.88, 11.60 (dd, 1P, JHP = 12.0 Hz, JPF = 85.0 Hz). 
MS-ES m/z (M-H¯) 421. 
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ABSTRACT 

In this work the chemical forms of Mn in ash and soil were investigated by the 
method of sequential extraction, properly according to BCR scheme for ash and Tessier 
scheme for soil. 
It was stated, that the used sequential extraction methods characterize respectively: 
98.9% total content of Mn in ash and 99.4% total content of Mn in soil.  
The determination of manganese in the different extraction solutions has been made by 
flame atomic absorption spectrometry (FAAS). This work describes a study of the 
amount of manganese extracted at each stage in a sequential leaching scheme from coal 
fly ash and soil samples. The interdependencies among the chemical forms of Mn in ash 
and soil were defined from point of view of the chemical speciation of this element. The 
quantitative estimation of mobility and bioavailability of the chemical forms of Mn 
were determined in the examined objects. 
 
Keywords: manganese, sequential extraction, FAAS, fly ash, soil. 
 
1. INTRODUCTION 

The levels of heavy metals circulating in the environment have seriously 
increased during the last few decades due to human activity. 
Manganese is an essential trace element known to be related particulary to reproductive 
function. Its deficiency could lead to negative symptoms such as skeletal abnormalities, 
brain damage, teratogenicity and abnormal metabolism of carbohydrates and lipids [1]. 
The behaviour of the elements in the environment (e.g., bioavailability, toxicity and 
distribution) cannot be reliably predicted on the basic on their total concentration [2,3]. 
Chemical speciation can be defined as the process of determining and identifying 
specific chemical species or binding forms; it allows to know the availability and 
mobility of the metals in order to understand their chemical behaviour and fate; so 
useful environmental guidelines for potential toxic hazards can be developed [4]. 
The basic chemical forms of trace metals contained in the environmental samples can be 
described by using sequential extraction method [5]. The BCR procedure (proposed in 
1993 by the European Community' s Bureau of References – now Standards, 
Measurements and Testing Program) [6] and the method proposed by Tessier et al. [7] 
are most often used for this purpose. 
 
2. EXPERIMENTAL 
2.1. Apparatus  

A Perkin-Elmer Model 3100 air/acetylene flame atomic absorption spectrometer 
(Perkin-Elmer Instruments, Shelton, CT USA) was used for the analysis of Mn in the 
extraction solutions (wavelength of 279.5 nm and fuel flow rate of 0.8 – 1.0 dm3·min-1). 



 

A centrifuge tube - test Model WE 1 (Precision Engineering, Poland) was used for the 
centrifugation of the soil extracts at 3000 rpm. 
A universal shaker Model Vibramax 100 (Heidolph Instruments, Germany) and a hot 
plate Model HP 88720-26 (Barnstead/Thermolyne, USA) were used for the extraction. 
The pH of extraction solutions was determined with a pH meter Model CPI-551 
(Elmetron, Poland). 
2.2. Reagents 

All reagents were from POCH, Gliwice, Poland of analytical grade or higher 
purity. Standard manganese solutions were prepared from standard solutions for atomic 
absorption (manganese concentration 1.000 µg·cm-3 in 1 % of HNO3, Aldrich). 
2.3. Samples 

Coal fly ash samples were collected from the electrostatic precipitator from 
power-plant Rzeszów S.A (Rzeszów, Poland). The 0.5 kg sample was prepared from 
overall air-dried 10 kg sample by “quarterning” method - according to procedure BN-
81/0623–01 [8]. Next the air-dried ash was sieved initially through a laboratory sieve of 
1 mm diameter, and then milled in agate mortar to fine powder (φ ≤ 100 µm) – 
according to PN-77/G-04528/00 [9]. 
The soil samples (depth: 0-15 cm) were collected from the area of the University of 
Technology, Rzeszów, Poland. After sieving through a stainless-steal sieve, with mesh 
apertures of 2 cm diameter, to remove stones and plant debris as well as to homogenize 
the bulk soil, a 10-kg amount was air-dried in open racks in the laboratory conditions 
for two weeks. The 0.5 kg sample was prepared from overall air-dried 10 kg sample by 
“quarterning” method - according to Namieśnik et al. [5]. The dried soil was sieved 
again through a steel sieve with mesh apertures of 1 mm, milled in agate mortar to fine 
powder (φ ≤ 100 µm). 
1g of sample was dried at 105°C to constant weight in order to obtain the amount of 
manganese per g of dry sample in reported values. 
The collected soil samples characteristics: the low carbonates and sulphur content 
account for the slightly alkaline character. 
2.4. Total manganese determination 
 The total content of Mn in fly ash samples after total mineralization with mixture 
of 8 cm3 65 % HNO3, 4 cm3 40 % HF, 2 cm3 37 % HCl and 10 cm3 H2O was described 
in the work [10]. The total content of Mn in soil samples after total mineralization with 
concentrated acids HF and HClO4 was described in reference [11]. The concentration of 
Mn in solutions after mineralization were determined by FAAS method in the 
conditions described in the earlier work [12]. 
2.5. Sequential extraction procedures  

The four-step protocol proposed by the Measurements and Testing Programme, 
modified and described in the work [10], was followed for the sequential extraction of 
Mn from fly ash. The five-step protocol proposed by Tessier et al., described in the 
work [11], was followed for the sequential extraction of Mn from soil samples. After 
extraction sample solutions were first centrifuged at 3000 rpm for 15 min and filtered 
through a filter paper for quantitative analysis MN 616 (Macherey-Nagel GmbH & Co. 
KG, Germany). The supernatant was used for analysis of Mn by the FAAS method in 
the conditions described in the work [12]. Remains of ash were washed with 10 cm3 of 
double–distilled water and this second supernatant was discarded. Blank samples were 
prepared according to the proposed procedures and concentrations of the extracts were 
corrected by the corresponding blank solutions. 



 

3. RESULT AND DISCUSSION 
The sequential extraction of Mn from fly ash according to four-stepped BCR 

method gave the four fraction of manganese: F(I) –acid soluble, F(II) – reducible, F(II) 
– oxidizable, F(IV) – „residual". The scheme of Tessier et al. thas uses five - steps, 
suitable fractions of manganese in soil were descibed as: F(I) exchangeable; F(II) 
carbonate; F(III) Fe/Mn oxides; F(IV) organic; and F(V) residual. 
In Table 1, the distribution of manganese in the four fractions for the fly ash samples 
and in the five fractions for the soil samples are represented. The contents of manganese 
associated with acid soluble sample fraction, exchangeable and carbonate represented 
the availability of this metal, suceptible to pH or ionic composition changes in the 
environment. Manganese associated with reducible and oxidizable fraction can be 
released under redox reactions. Soil has a higher content of this metal in fractions F(III) 
than coal fly ash, since an important proportion of main soil constituens can be altered 
by redox changes and the associated Mn can be released. On the other hand, coal fly ash 
samples are generated by an aggressive process like combustion; therefore are low 
contents of reducible fraction and a lower content of Mn in those fractions. Finally, 
concentrations of manganese in the residual fractions are considerable for the two kinds 
of samples. The metal is strongly bound to minerals and resistant components, and does 
not represent environmental risks. In the examined objects the total concentration of Mn 
is 325 (±27) mg·kg-1 dry mass of ash and 348 (±19) mg·kg-1 dry mass of soil. It was 
stated, that the used sequential extraction methods characterize respectively: 98.9% the 
total content of Mn in ash and 99.4% the total content of Mn in soil. 
 
Table 1. Distribution of manganenese in fly ash and soil obtained after sequential 
extraction procedures by BCR (fly ash) and Tessier et al. (soil); n = 6, p = 95%. 

*Σ[Mn]fraction – sum of the content of Mn in particular fraction ash/soil samples F(I) – F(V). 

**[Mn]total – the total content of Mn in ash/soil samples obtained after total mineralization ash/soil. 

BCR procedure Tessier scheme 

Fractions of Mn in 
fly ash 

Content of Mn [mg⋅kg-1 dry mass] Fractions of Mn in 
soil 

- - 6.1 (± 3.1) F(I) 
exchangeable 

F(I) 
acid soluble 120.0 (± 4.3) 18.6 (± 3.2) F(II) 

carbonate 
F(II) 

reducible 85.0 (± 2.5) 162.5 (± 6.6) F(III) 
Fe/Mn oxides 

F(III) 
oxidisable 62.5 (± 1.9) 24.4 (± 4.3) F(IV) 

organic 
F(IV) 

„residual” 57.5 (± 1.7) 125.6 (± 11.6) F(V) 
„residual” 

Σ[Mn]fraction* 325.0 (± 26) 337.2 (± 32) Σ[Mn]fraction* 

[Mn]total** 325.0 (± 27) 348.0 (± 19) [Mn]total** 



 

The important aspect of investigations connected with the distribution of 
element between individual chemical fractions in different environmental objects is 
arrangement „degree of lability". He is defined as: sum of concentrations of individual 
fraction of the metal to the exclusion of last fraction (,,residual”) with reference to total 
contents of element received as sum of all fractions [13]. It is generally assumed that the 
greater the „degree of lability" (labile percentage) the greater the potential for bio-
accumulation. The „degree of lability" of Mn in fly industrial ash was received on level 
83.3%, ,,residual” to get appropriately 17.7%. For soil the „degree of lability" was 
carried out on the level 62.8%, and ,,residual” to state appropriately 37.2%. The 
received values of „degree of lability" of manganese in fly ash and soil samples, provide 
about higher abilities of manganese to phase and interfacial migration and to his higher 
bioaccumulation in fly industrial ash in relation to soil. 

The essential problem, from the point of view of ecological toxicity is estimation 
of the physicochemical conditions with reference to the natural conditions for 
„leaching" of trace elements are contained in environmental materials. The executed 
investigations of relating the sequential extraction of Mn from fly industrial ash permit 
on ascertainment, that:  
• manganese is present in surface layer of fly industrial ash in concentration of 325 

(±27) mg·kg-1 dry mass of ash; 
• manganese shows effect immediate of washing from surfacel layer by means of 

suitable solutions; at use of sequential extraction – BCR method; 
• his „leaching" from fly industrial ash in the acid soluble fraction (at pH ≈ 5) is 

average; carries out 37% total content of Mn in ash.  
With reference to soil, the „leaching" manganese in environmental conditions is 
contained first of all in the fractions: exchangeable and carbonate. The quantity of 
„leaching" manganes in soil amounted to 7% his total content in soil.  
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INTRODUCTION 

Nafion NR50 (in a H form) is a very strong acid with value of the Hammett 
acidity function (H0) from (-11) to about (–13) – comparable or lower to 100% sulfonic 
acid. This classifies the Nafion resin to the group of superacids. The superacidity is 
attributed to the electron-withdrawing ability of the perfluorocarbone core from the 
terminate sulfonic acid groups. Simplifying, we can say that Nafion structure consists of 
a throughout homogeneous hydrophobic semicrystalline perfluorocarbon matrix with 
randomly clusters of superacidic trifluoromethane sulfonic (triflic) groups. These acidic 
groups are sites of very high hydrophilicity and hence Nafion must be stored in dry 
place under nitrogen - otherwise undergoes hydration. The capacity of the triflic groups 
presented in a bulk of Nafion is 0.8÷0.9 mmol·g-1

(resin). Nafion H resin is both 
chemically and thermally stable up to 550K, at which temp. the sulfonic groups 
beginning to decompose.[1] 

There are two major drawbacks of this material. The first one is its very low 
surface area (<0.02 m2g-1 of commercial pellets) and the second – burying the majority 
of triflic active groups in the bulk of polyperfluoroethylene matrix – making them 
inaccessible to a number of reagents.[2] A method resulting in open up a number of 
exposed triflic group and in consequence an increase of catalytic activity of Nafion H 
consists in impregnation of Nafion H on solid support from its solution followed by 
solvent evaporation. [3] 

Influence of the solvent on properties of support/BCl3 catalytic systems obtained 
in similar way from solutions differing in solvent basicity were studied by Marczewski 
et al..[4] Authors postulate a simple correlation between solvent basicity and activity of 
such prepared catalytic system. The less basic is the solvent used, the higher is the 
strength of the acid. The influence of solvent type on the catalytic properties of Nafion 
H/support composite has not been studied up to date. This might be caused by limited 
availability of Nafion H solutions in solvents. Nowadays the Nafion H solutions, which 
are available on the commercial (chemical) market, are mixtures of 5, 10 or 20wt% of 
resin in lower aliphatic alcohols (mainly methanol) and water. The aim of this work is 
to present a method of preparation of Nafion H solutions in pure, well-defined solvents.  
 
EXPERIMENTAL & RESULTS 

The presented Nafion H dissolving process is based on literature pressurized 
conventional and microwave (mw) assisted methods of obtaining Nafion H 
solutions.[5,6] A mixture of twice distilled demineralized water and Nafion NR50 
pellets was irradiated in Ertec 02-04 microwave reactor for 2 h at temperature up to 
513K (near critical water conditions). The temperature during dissolving was 
automatically controlled by the flow rate of cooling water in a water jacket and power 
density. The pressure in the reaction chamber partially generated by solvent evaporation 
was controlled by power density and by the volume of irradiated mixture. The 



maximum mw density was set at 8 W·g-1. Fig. 1 presents the behavior of process 
parameters during mw irradiation. 
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Fig. 1. Conditions of the process of Nafion H dissolving in water. 

 
The obtained Nafion H - water mixture was inhomogeneous and contained 

Nafion dissolved in water and gel – water swelled Nafion pellets. Process goes through 
a gelation stage. The domination one of these two forms (gel or solution) in mixture was 
dependent on process conditions. The obtained Nafion H - water mixture was filtered 
through a Filtrak 388 filter. The homogeneity of the filtrates was measured by Malvern 
ZETAMASTER apparatus. Every filtrate from the process was homogeneous Nafion –
water solution. The effectiveness parameter of the dissolving process was calculated on 
the basis of the weight of Nafion H found in the filtrate (equivalent to the weight of 
residue from filtrate high vacuum evaporation) in reference to the initial weight of 
Nafion H used. For the process pressure set at 6.5MPa and above the effectiveness of 
the process was close to 95% and dramatically decreased when the pressure was set 
below 6.5MPa. 
 

Table 1. Properties of two Nafion H forms. 

Form: Surface area 
[m2·g-1] Porosity: Acid capacity: 

[mmol·g-1] 
Thermal stability 

[K] 
Commercial 

(pellets) 0,02 Non-porous 0,8 553 

Lyophilized 
(“spongy”) Not detectable Porous 0,7 collapse above 350
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Fig. 2. IR spectra of two Nafion H forms. 

 
The residue from filtrate dried at 243K and under vacuum (<2Pa) for 5 days 

using Christ GAMMA 2-20 freeze-drier was a white “spongy” structure, form of 
Nafion H. The IR spectra of commercial Nafion H pellets and a “spongy” structure are 
presented on fig. 2. The presented spectra indicate that both samples consist of the same 
substance containing -CF2- groups (oscillation bands at 526 and 636cm-1) and -SO3H 
groups (oscillation bands at: 980, 1058 and wide band with maximum at 
1220÷1230cm-1). A considerable increase of intensity of the band at 3409 cm-1 
wavenumber in commercial Nafion NR50 pellets spectrum indicate the presence of the 
traces of water in commercial pellets. The presence of sulfonic acid groups in the 
structure obtained from filtrate was identified in reaction of “spongy” Nafion in water 
with barium nitrate. The opacity of solution confirmed the presence of sulfonic groups 
in the structure.  

The acid capacity of “spongy” Nafion H, determined on the basis of sodium 
hydroxide titration of the residue from filtrate high vacuum evaporation, was consistent 
with ones given for commercial Nafion NR50, which indicates the sulfonic groups don’t 
decompose during dissolving in water or freeze-drying, or that sulfonic groups 
decomposition is negligible under the presented conditions. Table 1 presents a 
comparison of properties of two Nafion H form. 

This new “spongy” form has some drawbacks, e.g. occurs at limited temp. range 
– decays with a partial reconstruction of pellets form when warmed to about 350 K. The 
“spongy” Nafion H structure must be stored under nitrogen in dark place. When stored 
under air undergoes contamination resulting in pinkish coloration. 

The white “spongy” structure of Nafion H, obtained from filtrate (dried at 243K 
and under vacuum <2Pa for 5 days using freeze-drier) appeared to be easily soluble in 
many solvents at room temperature. This property enables the preparation of highly 
concentrated Nafion H solutions of water, methanol, ethanol, butanol, acetonitryle and 
acetic anhydride – solvents with well-defined properties. The above-mentioned 
solvents, except water, are unstable in solution and have a limited operating time. Those 



solutions must be quickly used otherwise are being contaminated by the product of their 
decomposition catalyzed by Nafion H. High acidity of Nafion is the main reason for 
limited validity of such solutions. The “spongy” form of Nafion has a very low 
solubility in acetic acid or methylene chloride and is almost insoluble in light 
hydrocarbons. 
 
CONCLUSIONS 

Microwave assisted pressure method allows for quick dissolving of Nafion H 
pellets in water. Synthesized from water solution, new “spongy” form of Nafion H, is 
easy soluble in many solvents at room temperature. The “spongy” structure of Nafion 
occurs at limited temperature range – collapses when heated to above 350K. 

The stability of Nafion H solutions in organic solvents is limited, mainly due to 
a high acidity of Nafion and it’s interaction with solvents. 
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Technological progress in recent years has increased the requirements for rare 

earth elements. Lanthanides of high purity as well as yttrium, its compounds and 
isotopes find diverse applications in advanced technology. Principal uses are in 
phosphors for color televisions and computer monitors, trichromatic fluorescent lights, 
temperature sensors, and X-ray intensifying screens. As oxide, yttrium is also used as a 
stabilizer in zirconia (YSZ), wear and corrosion resistant cutting tools, seals and 
bearings, jet engine coatings, oxygen sensors in automobile engines, simulant 
gemstones. In electronics, yttrium-iron-garnets (YFG) are components in microwave 
radar to control high frequency signals. Yttrium is an important component in yttrium-
aluminum-garnet (YAG) laser crystals used in industrial cutting and welding, medical 
and dental surgical procedures, temperature and distance sensing, photoluminescence, 
photochemistry, digital communications, and nonlinear optics. Yttrium is also used in 
high-temperature superconductors [1-4]. In these applications yttrium was consumed 
primarily in the form of high purity compounds, especially its oxide and nitrate.  

Recent publications dealing with anion exchange of rare earth elements(III) with 
chelating ligands indicate that their separations on anion exchangers depend not only on 
the types of formed complexes, but also on the types of anion exchangers.  

Dybczyński [5,6] initiated an investigation of the anion exchange elution 
behaviour of lanthanide isotopes in the ethylenediaminetetraacetic acid (EDTA) and 
trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid (DCTA) systems. He found 
that rare earth element complexes with these complexing agents exhibit atypical affinity 
for anion exchangers. An unusual affinity series was also obtained by Hubicka et al. [7-
9] for rare earth element complexes with iminodiacetic acid (IMDA) – Dy(III) > Ho(III) 
> Gd(III) > Eu(III) > Er(III) > Y(III) > Sm(III) > Tm(III) > Nd(III) > Pr(III)  
>>La(III) and N’-(2-hydroxyethyl)ethylenediamine-N,N',N’-triacetic acid (HEDTA) – 
Dy(III) > Ho(III) > Er(III) > Y(III) ≈ Gd(III) > Tm(III) > Tb(III) > Eu(III) > Sm(III) > 
Yb(III) > Nd(III) > Pr(III) > La(III). The determined affinity series provide possibilities 
of separation of these pairs (of the largest difference in affinity) whose separation by 
other methods is time consuming and requires great amounts of complexing agent and 
frequently does not give satisfactory results.  

In the presented paper investigations into the use of monodisperse anion 
exchangers for the sorption and separation of rare earth element(III) complexes with 
EDTA were carried out. The studies of separation by frontal analysis were made for 
[Y(EDTA)]- and [Nd(EDTA)]- complexes.  
 
EXPERIMENTAL 

In the studies strongly basic gel monodisperse anion exchangers Lewatit 
MonoPlus M 500 (type 1) and Lewatit MonoPlus M 600 (type 2) as well as the strongly 



  

basic macroporous anion exchanger Lewatit MonoPlus MP 500 were used. Methanol, 1-
propanol and acetone of analytical reagent grade were supplied from POCH S.A. 

The breakthrough curves of yttrium(III) and neodymium(III) were determined 
using the solutions of complexed rare earth elements (with suitable polar organic 
solvent addition) at a concentration 0.004 M. Solutions of a concentration about 1.5g 
Ln2O3/dm3 at pH 4.6 were used for separation of Y(III) from Nd(III). The frontal 
analysis process was carried out in glass columns of a diameter 2.0 cm filled with the 
anion exchanger keeping the flow rate at 0.2 cm3/cm2⋅min. The percentage of 
neodymium(III) in yttrium(III) was determined by UV-Visible spectrophotometric 
analysis using a SPECORD M 42 produced by Carl Zeiss Jena, Germany. The detection 
limit of neodymium(III) in yttrium(III) was 0.005%.  
 
RESULTS AND DISCUSSION 

EDTA, acting as a multidentate chelating ligand, forms strong complexes with 
most divalent and trivalent metal ions so the ion exchange sorption process of 
lanthanide complexes with EDTA on the anion exchanger in the H2EDTA2- form can be 
presented as follows: 

R2(H2EDTA) + 2[Ln(EDTA)(H2O)3]- ⇄ 2R[Ln(EDTA)(H2O)3] +  H2EDTA2- 

where:  
R- the ion exchange skeleton with a functional group. 
Addition of organic solvent to the aqueous solution of metal salt in the presence 

of a complexing agent can cause not only modification of formed complexes stability 
but also, in the case of many successive complexes formation of the same element, 
change of their interrelations. On one hand, it results from a specific interaction of the 
added organic solvent on bond strength and on the other hand, from the influence of 
dielectric constant value. Literature lacks the data about explanation of lanthanide(III) 
ions behaviour in the presence of complexing agents in the mixed and nonaqueous 
systems. Due to this fact, the effect of polar organic solvent addition on effectiveness of 
Y(III) purification from Nd(III) in the macro-micro system was studied.  

From the breakthrough curves of Y(III) and Nd(III) complexes with EDTA in 
the aqueous solution as well as with 10% (v/v) and 20% (v/v) addition of polar organic 
solvents on Lewatit MonoPlus M 500, Lewatit MonoPlus M 600 and Lewatit MonoPlus 
MP 500 in the H2EDTA2- form, the weight (Dg) and bed (Dv) distribution coefficients 
and the working ion exchange capacities (Cw) were determined. The total ion exchange 
capacities (Ct) were calculated by integration along the curve. The differences in the 
values of calculated the weight (Dg) and bed (Dv) distribution coefficients between 
Y(III) and Nd(III) complexes with EDTA are presented in Figs.1-3.   
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Fig.1. The differences in the 
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The highest difference in the values of the distribution coefficients of Y(III) and 

Nd(III) complexes with EDTA in the aqueous and H2O-polar organic solvent systems 
(Figs.1-3) was found in the case of methanol addition. It increases with the increase of 
percentage contents of methanol and depends on the kind of anion exchanger. The 
difference in the values of the distribution coefficients of these complexes on Lewatit 
MonoPlus M 500 (type 1 - the functional groups of ⎯N+(CH3)3) are higher than those 
on Lewatit MonoPlus M 600 (type 2 - the functional groups of ⎯N+(CH3)2C2H4OH). 
For the strongly basic gel anion exchanger Lewatit MonoPlus M 500 and the 
macroporous anion exchanger of this type – Lewatit MonoPlus MP 500 the difference 
in the values of the distribution coefficients is similar. In the case of 1-propanol and 
acetone addition, for the above mentioned anion exchangers the difference of the 
distribution coefficient values is lower.  

The determined working and total ion exchange capacities for the Y(III) and 
Nd(III) complexes with EDTA indicate that the studied monodisperse anion exchangers 
achieve larger effective sorption capacity towards Nd(III) than Y(III) complexes.  

Taking into account the above statements, separations of Y(III) from Nd(III) 
complexes with EDTA in the aqueous and H2O-organic polar solvents medium on 
monodisperse gel and macroporous anion exchangers were studied using the frontal 
analysis technique.  

 
 
 
 
 
 
 
 
 
 
 

Fig.3. The differences in the 
values of the weight (Dg) and bed 
(Dv) distribution coefficients 
between Y(III) and Nd(III) 
complexes with EDTA and polar 
organic solvents (Me-methanol, 
Pr-1-propanol, Ac-acetone) on 
Lewatit MonoPlus MP  500. 

Fig.2. The differences in the 
values of the weight (Dg) and bed 
(Dv) distribution coefficients 
between Y(III) and Nd(III) 
complexes with EDTA and polar 
organic solvents (Me-methanol, 
Pr-1-propanol, Ac-acetone) on 
Lewatit MonoPlus M 600. 
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The results of separation of Y(III) from Nd(III) (Nd2O3 0.35%) with respect to 
the aqueous solution on Lewatit MonoPlus M 500, Lewatit MonoPlus M 600 and 
Lewatit MonoPlus MP 500 in the H2EDTA2- form are presented in Fig.4.  Taking into 
consideration the effect of the addition of polar organic solvent on the effectiveness of 
separations of rare earth element(III) complexes with EDTA on the above mentioned 
anion exchangers the best results of Y(III) from Nd(III) purification are obtained in the 
20% (v/v) methanol system on Lewatit MonoPlus M 500. The yttrium oxide yield 
obtained in this process is about 74% higher than that obtained in the aqueous solution. 
For the anion exchanger Lewatit MonoPlus M 600 (type 2) the obtained separation 
results are almost similar to those obtained on Lewatit MonoPlus M 500 (type 1). In the 
case of the monodisperse macroporous anion exchanger Lewatit MonoPlus MP 500 the 
obtained separation results of Y(III) from Nd(III) in the H2O-10% (v/v) CH3OH and 
H2O-20% (v/v) CH3OH systems are lower than those on the gel anion exchanger of this 
type (Lewatit MonoPlus M 500). The yield obtained in this process is 24% and 40% 
higher in comparison with aqueous solution.  

Analogous studies on the separation of Y(III)-Nd(III) complexes with EDTA were 
carried out in the presence of 1-propanol and acetone (Fig.4). As found in the studies 
only in the case of 20% (v/v) addition of acetone the effectiveness of separation process 
increases in comparison with the aqueous solution. However, the yield obtained in this 
process is only about 20%, 16% and 14% higher compared with the aqueous one. 
  
CONCLUSIONS 

1. The addition of polar organic solvent – methanol affects separation of rare earth 
element(III) complexes with EDTA. This effect probably caused differentiation of 
structure of lanthanide complexes due to the change of solvatation degree or the 
exchange of water molecules in the primary coordination sphere into polar organic 
solvent molecules, which can be responsible for their different affinity for anion 
exchanger [10].  

2. In purification of Y(III) from Nd(III) in the aqueous-methanol solutions, 
monodisperse gel anion exchangers proved to be very effective which confirms that ion 
exchange structure plays a significant role in separation of rare earth elements(III). 
Controversial opinions found in literature about the effect of polar organic solvent 
addition on sorption and separation of elements on ion exchangers seem to be justified 
as this effect is different which follows from the above studies. 
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Aminopolycarboxylic acids such as ethylenediaminetetraacetate (EDTA), 
iminodiacetate (IDA), nitrilotriacetate (NTA), diethylenetriaminepentaacetate (DTPA) 
and others are used for a wide range of different applications. These synthetic chelating 
agents are almost resistant to biodegradation [1]. Therefore their concentrations have 
increased in some aquatic systems often to non-acceptable levels. In the environment, 
chelating agents have some undesired features such as the remobilization of 
radionuclides and toxic heavy metals from sediments and soils.  

Iminodisuccinate (IDS), commercialized since 1998 by the Bayer AG 
(Leverkusen, Germany), is a synthetic compound, readily biodegradable, which is 
produced from the maleic anhydride, ammonia and sodium hydroxide solution. In water 
equal amounts of the four possible stereoisomers: two identical meso forms RS'-IDS 
and SR'-IDS (because of an intramolecular mirror plane) and two forms RR'-IDS, SS'-
IDS are found [2-4]. The structure of IDS can be described as follows: 

 
 
 
 
 
 

It is characterized by low remobilization of heavy metal ions and is superior to 
conventional complexing agents because of its excellent ability to complex iron(II), 
copper(II) and calcium ions.  

Iminodisuccinic acid Na salt is used in oxidative cotton bleaching for the 
stabilization of H2O2 by complexation of iron and copper ions and to improve the 
dispersion of pigment particles in the production of paper, decorator’s paints and other 
products. It is used in detergents for dishwashing machines. IDS is applied mainly as a 
substitute for NTA, in certain cases it can also be utilized as a substitute for EDTA. In 
membrane-cleaning processes good results are obtained when IDS is combined with 
sodium polyasparaginete [5].  

For IDS no consumption data exist for Europe at present. But as follows from of 
the Federal Office of Environment Protection data in Germany in the mid 2001 there 
were registered 69 washing and cleaning products containing IDS and an approximate 
amount of IDS used in washing and cleaning agents in Germany was 55 t/a. 

The aim of this paper is to investigate sorption of copper(II), iron(III), cobalt(II) 
and nickel(II) complexes with iminodisuccinic acid on strongly basic polystyrene anion 
exchangers. To this end the monodisperse anion exchangers - Lewatit Mono Plus M 500 
and Lewatit Mono Plus MP 500 were used. 

Contrary to heterodisperse anion exchangers, monodisperse polystyrene anion 
exchangers are characterized by good mechanical stability as well as high diffusion 
coefficients. Owing to properly modified polymer structure and homogeneity in grain 
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size, the anion exchangers exhibit very good kinetic properties. This allows for 
significant decrease in anion exchanger contact with the solution. Additionally these 
properties contribute to better exploitation of ion exchanger functional groups compared 
with the traditional heterodisperse anion exchangers. Taking economical aspects into 
account, their large ion exchanger capacity is of significant importance. 

 
EXPERIMENTAL 

In our investigations the following metal ions were selected - copper(II), 
iron(III), cobalt(II) and nickel(II) which represent the toxic trace metals. The initial 
concentration of metals ions was 10-3 M, which is located within the level of real 
effluents such as electroless copper planting rinse water. 

The solutions of metal complexes with IDS were prepared by dissolving 
equimolar amounts of metal chloride in the IDS solution. The behaviour of copper(II), 
iron(III), cobalt(II) and nickel(II) was investigated at pH values without adjustment.  

In order to measure affinity of Cu(II)-IDS, Fe(III)-IDS, Co(II)-IDS and Ni(II)-
IDS complexes, the breakthrough curves were determined using the above mentioned 
anion exchangers in the Cl-, acetate or IDS form. The exemplary breakthrough curves of 
Cu(II), Fe(III), Co(II) and Ni(II) complexes with IDS on the strongly basic gel 
monodisperse anion exchanger Lewatit Mono Plus M 500 are presented in Fig. 1. From 
these breakthrough curves the weight (Dg) and bed (Dv) distribution coefficients as well 
as the working ion exchange capacities (Cw) of M(II)/M(III) were calculated. The total 
ion exchange capacities (Ct) were calculated by integration along the curve. The 
recovery factors (%R) were also determined by means of the static method.  
 
RESULTS AND DISCUSSION 

As follows from the research results presented in Tables 1 and 2, the weight (Dg) 
and bed (Dv) distribution coefficients as well as the working (Cw) and total (Ct) ion 
exchange capacities of metal(II)/(III) ions for anion exchangers are differentiated. 
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Fig. 1. The breakthrough curves of   
M(II)/M(III) in the 0.001M 
M(II)/M(III)–0.001M IDS system on 
Lewatit Mono Plus M 500 in the a) Cl- , 
b) acetate and c) IDS form. 
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Tab.1. The values of the weight (Dg) and bed (Dv) distribution coefficients, the working (Cw) 
and total (Ct) ion exchange capacities for Cu(II), Fe(III), Co(II) and Ni(II) in the  0.001M 
M(II)/(III)-0.001M IDS system on Lewatit Mono Plus M 500. 
 

Anion 
exchanger  

M(II)/M(III) Dg Dv Cw Ct 

Cu 3635.66 1190.41 0.0019 0.0672 
Fe 3506.65 1148.16 0.0012 0.0664 
Co 2103.38 688.70 0.0005 0.0388 

 
 Lewatit Mono 

Plus M 500  
in the Cl- form Ni 2557.91 837.52 0.0006 0.0494 

Cu 2755.99 846.64 0.0291 0.0532 
Fe 2337.65 718.13 0.0238 0.0452 
Co 1714.49 526.69 0.0049 0.0291 

 
Lewatit Mono 
Plus M 500 in 

the acetate form Ni 1965.06 603.67 0.0122 0.0356 
Cu 1237.06 423.32 0.0243 0.0271 
Fe 1103.55 377.63 0.0198 0.0223 
Co 949.14 324.80 0.0178 0.0196 

 
Lewatit Mono 

Plus M 500  
in the IDS form Ni 974.17 333.36 0.0187 0.0212 

 
Tab.2. The values of the weight (Dg) and bed (Dv) distribution coefficients, the working (Cw) 
and total (Ct) ion exchange capacities for Cu(II), Fe(III), Co(II) and Ni(II) in the  0.001M 
M(II)/(III)-0.001M IDS system on Lewatit Mono Plus MP 500. 
 

Anion 
exchanger  

M(II)/M(III) Dg Dv Cw Ct 

Cu 1945.10 485.93 0.0127 0.0308 
Fe 1925.82 481.11 0.0058 0.0282 
Co 2115.51 528.50 0.0006 0.0340 

 
Lewatit Mono 
Plus MP 500  

in the Cl- form Ni 2099.01 524.48 0.0032 0.0348 
Cu 2341.59 532.05 0.0106 0.0387 
Fe 2029.33 461.10 0.0073 0.0292 
Co 1272.25 289.08 0.0025 0.0180 

 
Lewatit Mono 

Plus MP 500 in 
the acetate form Ni 1387.14 315.18 0.0053 0.0230 

Cu 1380.62 358.47 0.0116 0.0231 
Fe 1293.45 335.84 0.0106 0.0210 
Co 1113.46 289.10 0.0075 0.0170 

 
Lewatit Mono 
Plus MP 500  

in the IDS form Ni 1270.95 330.00 0.0087 0.0202 
 

As follows from the determined breakthrough curves and comparison of 
calculated weight (Dg) and bed (Dv) values of distribution coefficients as well as 
working (Cw) and total (Ct) values of ion exchange capacities, the gel anion exchanger 
Lewatit Mono Plus M 500 was more effective in sorption of above mentioned 
complexes than the macroporous anion exchanger of this type - Lewatit Mono Plus MP 
500.  

The research results showed the effect of form of the anion exchanger under 
investigation on effectiveness of individual element ions sorption. The chloride form 
(commercial one) of the applied anion exchangers seems to be the most effective owing 
to the purification yield (high values of distribution coefficients). However, the first 



  

fraction of the purified solution should be redirected on the column for their further 
purification (Fig. 1a), as complexes of smaller affinity for the anion exchanger are 
formed in the first stage of the process. The Cl- form is economically advantageous, as 
besides preliminary preparation of the ion exchanger, it does not require additional 
stages of anion exchanger treatment.  

The distribution coefficients for the acetate and IDS forms are lower compared 
to those for the Cl- form. In the case of IDS form (Fig. 1c) from the beginning of the 
process complete sorption of the Cu(II), Fe(III), Co(II) and Ni(II) complexes is found 
but the purification yield is lower than for the chloride form. 

In the 0.001M M(II)/M(III)-0.001M IDS system the highest affinity for the 
anion exchanger Lewatit Mono Plus M 500 in the Cl- form is exhibite by both Cu(II) 
and Fe(III), which creates possibility of selective separation of these elements from 
Co(II) and Ni(II) (Fig. 1a). The obtained results are confirmed by the research carried 
out by means of the static method depending on the phase contact time for 0.001M 
M(II)/M(III)-0.001M IDS system (Fig.2).  
 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 

Due to common exploitation of complexing both non-biodegradable and more 
biodegradable (such as IDS) agents, it is essential to search for effective and economical 
methods for removal of anion complexes of heavy metals with these agents form waters 
and wastewaters.  

The research results indicate possible application of Lewatit Mono Plus M 500 
in technologies of heavy metals removal from waste water streams. The presented 
method is simple and quick. Its another advantage is easy regeneration of an anion 
exchanger by means of 1M sodium chloride solution. 
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Aminopolycarboxylic acids and their salts are variously applied as chelating 
agents for metal ions in the processes where the concentrations of dissolved, free metal 
ions have to be controlled. They are used in different industrial applications such as 
textile, leather, rubber and paper manufacturing as well as nuclear, photography, 
pharmacy, food industry and in household and agricultural applications. For instance 
EDTA is used in paper-making and pulp-making to stabilize the action of ozone and 
hydrogen peroxide on pulp by complexing with metals (especially Fe, Cu and Mn) that 
catalyse their decomposition [1–3]. 

On a worldwide scale over 100,000 metric tons of aminopolycarboxylic acids 
are produced annually. It has been estimated that 65,000 tons of EDTA and DTPA 
would be realised a year by the pulp and paper industry in the USA [4]. Annual 
ethylenediaminetetraacetate consumption in West Europe was about 30,000 tons in 
1987, but in 1998 this amount was twice as much being 64,000 tons. 

Although EDTA is non-toxic to mammals at environmental concentrations, there 
is same concern about the potential of EDTA to remobilize heavy metals adsorbed onto 
sediments, so that the elimination of heavy metals in waste water treatment plants 
(WWTPs) is less efficient.  So far attempts to improve chemical and physical methods 
have not resulted in an economically feasible process. EDTA is difficult to eliminate in 
conventional biological WWTPs and is hardly adsorbed even onto activated sludge or 
charcoal. NTA and DTPA present fewer problems with regard to eliminability in 
WWTPs [2, 4].  

Under anaerobic conditions, no degradation could be found for any of the EDTA 
complexes. One important process for the fate of EDTA in surface waters is the 
photodegradation of the Fe(III)-EDTA complex [5]. Complexes of EDTA with metals 
other than Fe(III), such as Zn(II), Cu(II), Ca(II), Mg(II), Ni(II) and Mn(II), are either 
stable in sunlight or occur at concentrations too low to contribute significantly to the 
overall degradation of EDTA in surface waters [6].  

The aim of this paper was to examine the ion exchange equilibria of metal 
chelates of EDTA i.e. Cu(II)-EDTA, Fe(III)-EDTA, Co(III)-EDTA, Ni(II)-EDTA with 
the strongly basic gel and macroporous monodisperse anion exchangers Lewatit Mono 
Plus M 500 and Lewatit Mono Plus MP 500. All experiments were carried out in an 
equimolar solution of metal ions and EDTA.  
 
EXPERIMENTAL 

The single metal ions aqueous solutions in the presence of EDTA were prepared 
by dissolving equimolar amounts of appropriate metal chloride in the EDTA solution at 
pH 4.6. The weight (Dg) and bed (Dv) distribution coefficients as well as the working 
ion exchange capacities (Cw) of M(II)/M(III) were calculated from the determined 
breakthrough curves. The total ion exchange capacities (Ct) were calculated by 
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integration along the curve. For anionic complexes of Cu(II), Fe(III), Co(II) and Ni(II) 
the recovery factors (%R) were also determined by means of the static method.  
 
RESULTS AND DISCUSSION 

The exemplary breakthrough curves of M(II)/M(III) ions in the 0.001M 
M(II)/M(III)–0.001M EDTA  system on the above mentioned polystyrene anion 
exchangers are presented in Figs 1 and 2. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The breakthrough curves of Cu(II), Fe(III), Co(II) and Ni(II) complexes with EDTA 
on Lewatit Mono Plus M 500 in the Cl- (a) and  H2edta2- (b) forms. 

 
 
 
 
 
 
 
 
 

    
 

 
 
Fig. 2. The breakthrough curves of Cu(II), Fe(III), Co(II) and Ni(II) complexes with EDTA 
on Lewatit Mono Plus MP 500 in the Cl- (a) and  H2edta2- (b) forms. 

 
As follows from the research the monodisperse polystyrene anion exchangers, 

according to their applicability for recovery of anionic complexes of Cu(II), Fe(III), 
Co(II) i Ni(II) with EDTA in the 0.001M M(II)/(III)-0.001M EDTA system can be put 
in the order: 
Lewatit Mono Plus M 500 in the Cl- form > Lewatit Mono Plus M 500 in the H2edta2- 

form > Lewatit Mono Plus MP 500 in the Cl- form > Lewatit Mono Plus MP 500 in 
the H2edta2- form. 

However, taking into account applicability in the sorption processes of 
[M(edta)]2- and [M(edta)]- complexes in the 0.001M M(II)/(III)-0.001M EDTA-
0.001M÷0.002M NaOH system, the anion exchangers in question can be arranged as 
follows: 
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0.001M M(II)/(III) – 0.001M EDTA – 0.001 M NaOH:  
Lewatit Mono Plus M 500 in the Cl- form > Lewatit Mono Plus M 500 in the H2edta2- 

form > Lewatit Mono Plus MP 500 in the Cl- form > Lewatit Mono Plus MP 500 in 
the H2edta2- form; 
0.001M M(II)/(III) – 0.001M EDTA – 0.002 M NaOH:  
Lewatit Mono Plus M 500 in the Cl- form > Lewatit Mono Plus MP 500 in the Cl- 

form > Lewatit Mono Plus M 500 in the H2edta2- form > Lewatit Mono Plus MP 500 
in the H2edta2- form. 

As follows from the comparison of sorption of the above mentioned complexes 
on these anion exchangers, distribution coefficients increase only for the chloride form 
of monodisperse anion exchangers, with the increasing pH of the model system (Fig. 3). 
However for the versenian form the distribution coefficients of the above complexes 
decrease.    

The exemplary comparison of the weight (Dg) distribution coefficients of Cu(II) 
complexes with EDTA on Lewatit Mono Plus M 500 and Lewatit MonoPlus MP 500 in 
the Cl- and H2edta2- forms is presented in Fig. 3. 

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
The obtained results are also confirmed by the studies of sorption of the Cu(II), 

Fe(III), Co(II) and Ni(II) complexes with EDTA in the pH range from 2,0 to 6,0 using 
the static method, at the constant phase contact time which is 24h.  With the increasing 
pH of the starting model solution, the values of recovery factors (%R) of metal ions on 
the anion exchangers Lewatit Mono Plus M 500 and Lewatit Mono Plus MP 500 in the 
chloride form increase. Therefore in the next stage, the investigations of sorption by 
static method depending on the phase contact time were carried out in the 0.001M 
M(II)/(III)-0.001M EDTA and 0.001M M(II)/(III)-0.001M EDTA-0.001 M÷0.002 M 
NaOH systems using the above mentioned anion exchangers. The values of recovery 
factors (%R) of Cu(II) complexes with EDTA in the the 0.001M M(II)/(III)-0.001M 
EDTA determined for the ion exchangers in question are presented in Fig. 4.  

As follows from the comparison of the obtained results in the case of sorption of 
Cu(II), Co(II) and Ni(II) complexes with EDTA the recovery factors assume almost 
100% values in the aqueous solutions as well as with the addition of 0.001M NaOH and 
0.002M NaOH for the anion exchangers Lewatit Mono Plus M 500 and Lewatit Mono 
Plus MP 500 in the chloride form and evidently decrease for the anion exchangers in the 
versenian form. 

Fig. 3. Comparison of 
weight (Dg) distribution 
coefficients of Cu(II) 
complexes with EDTA on 
Lewatit Mono Plus M 500 
and Lewatit MonoPlus 
MP 500 in the Cl- and 
H2edta2- forms.   
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       This confirms the competitive sorption of anion complexes of the [M(edta)]2- and 
[M(Hedta)]- types (formed at pH >3.0) compared with the neutral complexes of the 
[M(H2edta)] type. The equilibrium state of sorption for the anion complexes of Cu(II), 
Co(II) and Ni(II) with EDTA occurs at the ion exchanger solution phase contact time 
about 60 min. However, the recovery factors of the Fe(III) complexes are lower (values 
below 70 % at the phase contact time 180 min. for all model systems under 
investigations).  
 
CONCLUSION 
1. The research results indicate high affinity of the anion exchangers Lewatit                           
Mono Plus M 500 and Lewatit Mono Plus MP 500 in the chloride form towards the 
copper(II) complexes with EDTA. These anion exchangers can be applied in the 
removal of copper(II) complexes form waters and wastewates.  
2. Differences in affinity of Cu(II) complexes with EDTA for anion exchangers in 
individual systems are probably due to physicochemical properties of these anion 
exchangers (porosity of ion exchanger skeleton), kind of form in which it is used as well 
as to structure of complexes and their stability.     
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Introduction 
 
 Plutonium isotopes appeared in the environment as a result of nuclear weapon 
testing in the atmosphere up to the eighties of past century. Another source of plutonium 
was Chernobyl disaster in 1986. Occurrence and migration of alpha emitting plutonium 
isotopes (238Pu, 239+240Pu) in various element of the environment was relatively well 
examined owing to numerous researches on radiochemical methods of plutonium 
separation and determination using alpha spectrometry with silicon detectors. 
 However, among plutonium isotopes exists also beta emitting one, 241Pu, which 
initial introduced activity was ten times higher. Until recently this isotope was not 
determined frequently because of weak beta radiation emitted. Its presence is important 
as it decays relatively quickly (T½ = 14.4 y) to alpha radiating 241Am. Data of real 
environment contamination with 241Pu are limited, especially concerning a global 
fallout. Literature values of activity are diverse and involve mainly local, single 
immissions of 241Pu. Additionally, as a result of differences in half-live of plutonium 
isotopes the ratio 241Pu/239+240Pu is not stable, what makes difficult a comparison between 
obtained values of activity [1]. 
 Up till now the 241Pu determination was based on alpha radioactivity 
measurement of 241Am ingrown in the sample [2, 3]. Such methods required two alpha 
spectrometric measurements in a large time interval. Therefore, it was not useful for 
quick determination. At present, using ultra low-level spectrometer with liquid 
scintillator Quantulus (Wallac-Perkin-Elmer), a direct measurement of 241Pu beta 
radiation is possible. However, it requires proper plutonium separation procedures to be 
developed. The procedure should enable to introduce a sample directly to liquid 
scintillation vial for beta radiation measurement [1, 4]. 
 The aim of the paper is to present elaborated procedures for direct 241Pu 
determination in various samples from environment and their optimization. 
 
Experimental 
 
 Three different procedures for separation of plutonium from environmental 
samples were tested. The purpose was to elaborate optimal procedure for direct 
determination of 241Pu. Alpha spectrometer Canberra 7401 with PIPS detector was used 
for alpha plutonium determination and Quantulus (Wallac-Perkin-Elmer) for 
measurement of total alpha (in channels 600-805) and weak beta radiation of 241Pu 
(channels 5-265). Standard solution of 242Pu was used for radiochemical yield 
determination. Alpha spectrometry measurements were usually performed within 
600,000 s and these using LS spectrometer within 600 min. LS measurements were 
performed after 24-hour sample conditioning in a dark and low temperature (inside the 
spectrometer) to avoid chemiluminescence, which usually occurs in a low-energy region 

 



of a spectrum. Used scintillation vials were made of teflon-coated polyethylene, which 
ensure a low background and stable conditions during counting.  
 
Results 
 
 The best results of plutonium determination were obtained using two-step 
separation: first one leading to preparation of a source for alpha spectrometry followed 
by second - chemical treatment and liquid scintillation measurement. Total procedure 
consists of thermal sample mineralization, hydrochloric acid leaching, two stage co-
precipitation (with ferric hydroxide and calcium oxalate) next anion-exchange 
separation of plutonium and electrodeposition on steel plate. A source prepared in this 
way was submitted to alpha spectrometric determination of 238Pu and 239+240Pu. 

The second step of the procedure involved re-dissolution of plutonium from the 
plate with nitric acid and liquid extraction using TOPO/cyclohexane solution. Organic 
phase, after neutralization, was introduced to liquid scintillator (Permablend/toluene) 
and measured by Quantulus spectrometer. Specific activity of 241Pu was calculated on a 
basis of count rate in beta and alpha channel range of Quantulus, alpha spectrometric 
count rate of the tracer and amount of 242Pu tracer added before radiochemical 
treatment. The calculation was performed employing the equation below: 
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where: 
 
NLSCβ = count rate of beta radiation by LS spectrometer in a channel range 2-265 [cpm]; 
NLSCα = count rate of alpha radiation by LS spectrometer in a channel range 600-805 
[cpm]; 
NSPα = total count rate of alpha radiation as measured by alpha spectrometry with PIPS 
detector [cps]; 
ELSC = counting efficiency of 241Pu by LS spectrometer, calculated with tritium 
standard;  
N242SPα = count rate of alpha radiation of the tracer 242Pu by alpha spectrometry [cps]; 
m = mass of the sample [g]; 
A242 = tracer 242Pu activity [Bq]. 
 
Background was subtracted from all count rate values. 
 
 Other examined procedures comprised of thermal mineralization, acid leaching 
and two-step co-precipitation as before. However, in the next step direct liquid 
extraction of plutonium was performed. To remove impurities passed together with 
plutonium to organic phase two steps of purification were applied (acid washing), back-
extraction to water phase (with HCl/HI) and next plutonium re-extraction. This 
procedure was simpler, but knowledge of total alpha emitting plutonium activity 
(determined from other sample) was necessary. 

 



 In third procedure the solution obtained by sample leaching was divided into two 
parts. First one (smaller volume) is treated for preparation of an alpha plutonium source 
for spectrometric measurement, and second for LS counting. 
 All three procedures were tested using soil and waste material samples and also 
reference material (IAEA-384) of known 241Pu activity (information value). 
 Table 1 presents range of 241Pu specific activity determined in various materials 
and isotopic ratios. Calculated activities were refereed to a Chernobyl accident (May 1st, 
1986) and this of IAEA-384 to reference date Aug. 1st, 1996. 

 
Table 1. Range of 241Pu concentrations [Bq·kg-1] in various samples 
 

Sample 241Pu [Bq·kg-1] 241Pu/239+240Pu 
Lublin region, top soil, 0-10cm layer 1 - 7.4 4 - 5 
Soil Bragin (Chernobyl), 0-5cm layer 820 - 1480 42 - 60 
IAEA-375 (soil Brjansk) 6.8 19 
IAEA-384 (sea sediment) measured value 
IAEA-384 - information value 
IAEA-384 - confidence interval 

48.5 ± 3.1 
66 

48 - 188 

0.44 
0.56 

Waste of Spanish power plant 14000 - 17000 3.8 - 4 
 
Literature data concerning 241Pu concentration determined in the environment are 

poor [4, 5]. Therefore it is hard to compare obtained result with other, known data. 
There is also a lack of suitable reference materials to test and validate our procedures in 
a good manner. 
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Introduction 

Plutonium isotopes are still present in the environment, despite that their source 
were nuclear tests, intensively conducted in sixties of past century, and Chernobyl 
accident as well. They occur in different elements of environment. Because of low 
specific activity determination of Pu isotopes in environmental samples using alpha 
spectrometry requires special attention to sample preparation method in order to 
precisely separate Pu from other components of matrices. 

In radiochemical practice a lot of various procedures of Pu separation are 
known. Most of them include extraction or solubilization of the sample, its 
concentration by successive co-precipitation with suitable carriers, next separation from 
carrier and residual contamination using anion exchange or extraction method as well as 
source preparation in solid, disc form [1, 2].  

This paper presents results of determination of various environmental samples 
(soil, bones, eggshells, reference material) using the alpha spectrometer (Canberra) with 
PIPS detector. Radiochemical treatment of soil was performed using two different 
methods. They differed in the stage of sample mineralization (extraction by HCl or 
solubilization by HF), source preparation (electrodeposition or co-precipitation with 
NdF3). On intermediate steps of both procedures also occurred some differences. The 
possibility of changing some of stages of both procedures and its influence on final 
result of Pu determination in order to improve the methods was studied. 
 
Experimental and results 
 The first method of Pu separation was used to radiochemical treatment of soil, 
bones, eggshell and reference material samples [2]. In the first stage of this procedure a 
dried and ashed (450-500ºC) sample was leached with 6M HCl. From obtained solution 
trace elements were co-precipitated with ferric hydroxide by 25% NH4OH addition. The 
precipitate was dissolved in 6M HCl and then separated from Fe by co-precipitation 
with calcium oxalate at pH=3. Next, the precipitate was dried, ashed, dissolved in 12M 
HCl and then second co-precipitation with ferric hydroxide was performed. In the next 
stage, precipitate was dissolved in 8M HNO3, boiled on sand bath with NaNO2 until 
nitric oxides disappeared. This stage allows to changing oxidation state of plutonium to 
the Pu4+ form. The solution was introduced on ion-exchange column filled with Dowex 
1x8 (50-100 mesh) and equilibrated with 8M HNO3 in order to exchange of chloride 
ions into nitrate ions. After sample is passed through the column, following solutions 
were introduced: 8M HNO3, 6M HCl and concentrated HCl in order to eliminate of 
trace elements (Th, Am) which disturb Pu determination. In final stage Pu was eluted 
from the column using concentrated HCl with 0,1M NH4I, which changed plutonium 
oxidation stage to +3. Obtained solution was evaporated to dryness with aqua regia to 

 



eliminate iodine and ammonium salts. Finally, Pu was electrodeposited onto stainless 
steel discs from 0,4M ammonium oxalate with 0,3M HCl and measured by alpha 
spectrometry. This procedure is presented on Figure 1. 
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Figure 1. Procedure I of Pu separation from environmental samples 
 
 The second method differs generally in mineralization stage and preparation of 
source for alpha spectrometry [1]. Dried and ashed sample was dissolved in 23M HF, 
boiled, evaporated to dryness and next thrice dissolved in 14M HNO3 and evaporated to 
a form of paste. In the next stage HF was eliminated from the solution using 2M HCl 
and H3BO3 added to the paste. After evaporation 14M HNO3 was added and evaporated 
up to 10 ml, diluted to 0,1M HNO3, bring to boiling and finally chilled. After filtration 
and before introduction the sample on anion exchange column Pu oxidation state was 
set. For this purpose hydrazine solution which reduces Fe+3 to Fe+4 was added. 
Subsequently 12M HCl was added and sample was boiled to decompose of hydrazine. 
Iron returning to the Fe+3 form reduces all Pu species to Pu+3 state. Next solution was 
boiling with NaNO2 to oxidize Pu to Pu+4 and HNO3 was added to 8M concentration. Pu 
was separated on Dowex 1x8 (50-100 mesh). Firstly 2M HNO3 was introduced on the 
column, then 8M HNO3 and finally the sample was added. Next, column was rinsed as 
follows: 8M HNO3 and 10M HCl. Pu was eluted using hydroxylamine hydrochloric in 
0.1M HCl. From this solution the source for alpha spectrometry measurement was 
preparing using co-precipitation with NdF3 and deposition on membrane filter. 
Presented method of Pu separation was afterwards modified for treatment of samples of 
bones and eggshells. Ashed samples of bones and eggshells were dissolved in 14M 
HNO3. From obtained solution Pu was co-precipitated with calcium oxalate. Dried and 
ashed precipitate was dissolved in 14M HNO3 with addition of small amount of HCl and 

 



evaporated to dryness. Next, sample was again dissolved in 14M HNO3 and evaporated 
to 10 ml, whereby solution was complemented to 100 ml and filtrated. After filtration 
oxidation state of Pu was set. Above procedure is presented on Figure 2. 
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Figure 2. Procedure II of Pu separation from environmental samples 
 

In Table 1 results of determination of 239+240Pu concentration in soil sample 
IAEA Soil-6 are presented. Sources for alpha spectrometry measurements were 
prepared by both electrodeposition and co-precipitation methods. Results demonstrate 
that higher efficiency of separation is observed for source prepared by co-precipitation 
with NdF3. 

 
Table 1. 239+240Pu determination in IAEA Soil-6 sample 

Method of 
preparation 

Efficiency 
[%] 

239+240Pu 
[Bq·kg-1] 

Uncertainty 
[Bq·kg-1] 

MDA 
[Bq·kg-1] 

Co-precipitation with 
NdF3

60 1.048 0.084 0.041 

Electrodeposition 35 1.116 0.106 0.060 

Reference value  1.04 0.96 - 1.11 
(confidence interval)  

 
The most important stage of presented methods was the source preparation for 

alpha spectrometry. Such sample should characterize by high stability, uniform 
distribution on the surface and small amount of analyzed material. Proper purification 
during radiochemical separation is extremely important, as well as high purity of used 
reagents. In Fig. 3 and 4 spectra of 242Pu tracer sample, obtained using HF from two 
different producers, are presented. Presence of alpha peaks of uranium isotopes (234U, 
235U and 238U) were clearly visible in Fig. 4.  

 



 
Figure 3. Spectrum of 239+240Pu alpha radiation (test with HF of the first producer) (vertical axis 
- total counts). 
 

 
Figure 4. Spectrum of 239+240Pu alpha radiation (test with HF of the second producer) (vertical 
axis - total counts). 
 
Conclusions 

Basing on our study is not possible to point definitely which method of sample 
preparation for alpha spectrometry is better. Both of them has its limitations and require 
different reagents and equipment. However, if they are properly and carefully 
performed both can give valuable results. 
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Introduction 
 Modern spectrometers for radiation measurement using liquid scintillation 
technique are widely applied to beta emitting radionuclide determination, especially that 
of low energy radiation. Quantulus (Wallac-Perkin-Elmer) spectrometer, owing to 
sophisticated electronics (amplitude comparator and anticoincidence systems) being an 
active systems of background reduction, and a passive shielding made of lead enables to 
measure very low activity of beta radiation. For this purpose it is suitable to determining 
of beta emitting radioisotopes occurring in the environment [1].  
 Environmental samples preparation for LS measurements usually requires an 
application of multi-stage separation procedures for isolation of radionuclide to be 
determined. Insufficient separation from other contaminants being matrix components 
causes lowering of scintillation efficiency (so called quenching). For this reason, 
important factor in determination of specific activity is optimization of measurement 
conditions [2]. Quenching is the main disadvantageous factor in absolute activity 
determination. It is influenced by several factors as chemical composition of 
scintillation cocktail (usually precise composition is not known), its volume taken for 
measurement or chemical composition of the sample introduced to the cocktail. 
 Quantulus spectrometer, as scientific device is not equipped with a software 
containing calibration curves for particular radionuclide and scintillation cocktails. 
Therefore, it is necessary to perform studies on assessment a proper measurement 
parameters. Aim of presented research was comparing various scintillation cocktails 
regarding quenching, cocktail volume and kind of vial during measurements of 14C. 

 
Experimental 

Count rate of background and standard solution (n-pentanol marked with 14C) in 
high energy beta configuration of Quantulus was measured for five commercial 
scintillation cocktails and two other prepared by dissolution of scintillating substance in 
suitable solvent. Quenching level was adjusted by addition of CCl4 to the counting vials 
(0-0.12 cm3). Two types of scintillation vials were used: standard low-potassium glass 
(Packard) and low-diffusion PE (Perkin-Elmer). Volume of cocktail added to the vials 
varied from 2.5 to 15 cm3. 

Count rate of 14C was determined in a channel range of 100-600 and measuring time 
15 min. Samples were stored inside the apparatus and quenching agent was added 
successively. Easy View software was used to view spectra and count rate calculation. 

Chemical composition of liquid scintillation cocktails used (as specified by 
producers) is presented in Table 1. 
 

 



 
Table 1. Chemical composition of scintillation cocktails (manufacturer’s data) [3]. 

Cocktail Producer Solvent (+ emulsifier) Scintillator 

Insta Gel Plus Packard 1,2,4-trimethylbenzen 55-60% 
ethoxilated alkylphenol 34-39% 

2,5- diphenyloxazole (PPO) 
up to 1% 
1,4-bis(2- 
methylstyryl)benzene 
(bis-MSB) up to 1% 

Insta Fluor Packard o-ksylen 97-99% 
n-pentanol 1-2% 

2,5- diphenyloxazole 
(PPO) up to 1% 
1,4-bis(2- 
methylstyryl)benzene 
(bis-MSB) up to 1% 

Permablend III* Packard Toluene >99% 

2,5- diphenyloxazole 
(PPO) 91% 
1,4-bis(2- 
methylstyryl)benzene 
(bis-MSB) 9%, 7g/dm3

Butyl-PBD* Fluka Benzene >98% 
2,(4-bifenylyl)-5-(4-tert-
butylfenyl)-1,3,4-oksadiazol 
about 15g/dm3

Ultima Gold AB 
Ultima Gold LLT Packard 

di-izopropylnaphtalene (DIN) 
60-80% 
ethoxilated alkylphenol 20-40% 
2-(2-butoxyethoxy)ethanol 
2,5-10% 
fatty alcohol ethoxylate <2,5% 

2,5- diphenyloxazole 
(PPO) <2,5% 
1,4-bis(2- 
methylstyryl)benzene 
(bis-MSB) <2,5% 

OptiPhase HiSafe3 Perkin-
Elmer 

di-izopropylnaphthalene (DIN) 
>60% 
poly(ethyleneglicol)mono(4-
nonylphenyl)ether 25-30% 
alfa-fenyl-omega-
hydroxypoly(oxo-1,2-ethanediyl) 
phosphate <10% 

2,5-diphenyloxazole 
(PPO) <1% 
1,4-bis(2-
methylstyryl)benzene 
(bis-MSB) 0,1% 

* - solid substance for preparation of liquid scintillation cocktail 
 
Results 
 The results are presented as relationship of 14C standard solution count rate 
(cpm) versus quench parameter SQP or cocktail volume for two types of vials. It was 
found that examined scintillation cocktails reveal different susceptibility for quenching 
agent. For illustration, in Fig. 1 and 2 spectra of 14C in butyl-PBD and OptiPhase 
scintillating cocktails (respectively) at various quenching level are shown. 
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Fig. 1 Spectra of 14C standard in butyl-PBD with 0, 40, 80 and 120 µl of CCl4 addition 
(15 ml, low-potassium glass vial). 
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Fig. 2. Spectra of 14C standard in OptiPhase HiSafe 3 with 0, 40, 80 and 120 µl of CCl4 
addition (low-potassium glass vial, 15 ml). 
 
 With increasing volume of cocktail quenching effect caused by CCl4 addition 
was smaller as a result of smaller quenching agent concentration; however some 
cocktails are more sensitive for quenching. For example, in Figure 3 and 4 influence of 
cocktail volume on 14C count rate is presented for Permablend III and butyl-PBD 
scintillators, respectively. First of them is the most sensitive for quenching with CCl4, 
but second one is the most stable.  

PERMABLEND + 14C, PE low diffusion vial

0

5000

10000

15000

20000

25000

0 5 10 15 20

scintillator volume [ml]

C
PM

PER 0 ul CCl4

PER 20 ul CCl4

PER 40 ul CCl4

PER 60 ul CCl4

PER 80 ul CCl4

PER 100 ul CCl4

PER 120 ul CCl4

 
Fig. 3. Count rate of 14C vs. Permablend scintillating cocktail volume. 
 

BUTYL-PBD + 14C, PE low diffusion vial
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Fig. 4. Count rate of 14C vs. butyl-PBD scintillating cocktail volume. 
 

 



The scintillating cocktails revealed also different liability for quenching, what is 
visible in Fig. 5 and 6 in a form of relationship 14C count rate vs. SQP parameter for low 
(20µl CCl4) and high quenching (120µl CCl4) at various scintillator volume. 
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Fig. 5. Count rate of 14C vs. quench level (SQP) with addition of 20µl CCl4. 
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Fig. 6. Count rate of 14C vs. quench level (SQP) with addition of 120µl of CCl4. 
 
Conclusions 

Quenching agent addition to scintillator vial has more distinct influence on small 
cocktail volume, but this relationship is not linear. The most susceptible to quench is 
Permablend III scintillating cocktail, on the contrary butyl-PBD is the most stable one. 

At high quenching level scintillating cocktail sensibility for quench is similar, but 
InstaFluor, butyl-PBD and Permablend reveal higher resistance. 
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Introduction 

Anxiolytic drugs without side effects are still being sought. New kinds of drugs from 
this group, without  benzodiazepine-related side effects, such as: addiction, drowsiness, 
convulsion, muscle relaxation, are derivatives of buspirone, which demonstrate effeciency 
similar to diazepam. During the last years it has been reported that some derivatives of certain 
isoindole which possess the aryl-1-piperazinealkyl group linked with the imide nitrogen, 
produce activation of central serotonin system [1] and have anxiolytic or antidepressive 
activity [2]. 

Maprotiline and benzoctamine, drugs derived from anthracene, present anxiolytic and 
antidepressive activity. 
 Looking for a new group of anxiolytic drugs we decided to link the anthracene system 
of maprotiline or benzoctamine with aryl-1-piperazinealkyl group to achieve better activity. 
This group is a part of the buspirone molecule and is considered to be responsible for 
pharmacological activity [3-6]. 
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Scheme 1. Scheme of the reactions 
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Figure 1. maprotiline         Figure 2. buspirone 

 
EXPERIMENTAL 
Chemistry. Melting points were determined in a capillary Kofler’s apparatus and are 
uncorrected. The  1H NMR spectra were recorded on a Bruker DMX400 spectrometer, 
operating at 400.13 MHz for 1H. The chemical shift values, expressed in ppm, were 
references downfield to TMS at ambient temperature. All values of microanalysis were within 
± 0.4% of the calculated compositions. Column flash chromatography and TLC were 
performed on silica gel 60 (Merck) using chloroform or chloroform/methanol (9:1) mixture as 
eluent.  

 
Physical and 1H NMR spectral data of compounds 1a-1h and 2a-2h. 
1a.  Yield 56 %,  m.p. 134.1ºC 1H NMR  (CDCl3) δ(ppm): 7.75 (d, J=7.2Hz, 1H, CHarom), 
7.42 (d, J=6.8Hz, 1H, CHarom), 7.16 (m, 6H, CHarom), 7.04 (d, J=7.2Hz, 1H, CHarom), 6.53 
(d, J=8Hz, 1H, CHarom), 4.75 (s, 1H, CH), 3.88 (m, 1H, CH), 3.84 (s, 3H, OCH3), 3.33(m, 
7H, CH, CH2, CH2 piperidine), 3.08 (t, J=6.8Hz, 2H, CH2), 2.88 (s, 3H, CH3), 2.68 (m, 4H, 
CH2 piperidine), 1.28 (m, 2H, CH2), 0.88 (m, 2H, CH2). C35H37N3O4 . 1½H2O (590,71): calcd. 
C 71.16, H 6.79, N 7.11; found C 71.16, H 6.69, N 7.15. 
1b.  Yield 60 %,  m.p. 156.5ºC 1H NMR  (CDCl3) δ(ppm): 7.75 (d, J=7.2Hz, 1H, CHarom), 
7.42 (d, J=7.2Hz, 1H, CHarom), 7.18 (m, 7H, CHarom), 7.06 (d, J=7.2Hz, 1H, CHarom), 6.83 
(d, J=8.4Hz, 2H, CHarom), 4.75 (m, 1H, CH), 3.84 (d, J=8.4Hz, 1H, CH), 3.31 (m, 5H, CH, 
CH2 piperidine), 3.07(t, J=7Hz, 2H, CH2), 2.88 (s, 3H, CH3), 2.67 (m, 4H, CH2 piperidine), 
2.36 (m, 2H, CH2), 1.26 (m, 2H, CH2), 0.87 (m, 2H, CH2). C34H35Cl2N3O3 . ½H2O (613,57): 
calcd. C 70.76, H 6.11, N 7.28; found C 70.74, H 6.04, N 7.27. 
1c.  Yield 58 %,  m.p. 122.3ºC 1H NMR  (CDCl3) δ(ppm): 7.76 (d, J=7.2Hz, 1H, CHarom), 
7.42 (d, J=7.2Hz, 1H, CHarom), 7.2 (m, 7H, CHarom), 7.04 (m, 3H, CHarom), 4.76 (s, 1H, 
CH), 3.84 (d, J=8.4Hz, 1H, CH), 3.33 (m, 1H, CH), 3.07 (m, 8H, CH2, CH2 piperidine), 2.88 
(s, 3H, CH3), 2.50 (m, 4H, CH2 piperidine), 2.29 (s, 3H, CH3), 1.26 (m, 2H, CH2), 0.87 (m, 
2H, CH2). C35H37N3O3 (547.97): calcd. C 76.75, H 6.81, N 7.67; found C 75.01, H 7.19, N 
7.48. 
1d.   Yield 61 %,  m.p. 174ºC 1H NMR  (CDCl3) δ(ppm): 7.77 (d, J=7.2Hz, 1H, CHarom), 
7.42 (d, J=6.8Hz, 1H, CHarom), 7.18 (m, 10H, CHarom), 4.75 (m, 1H, CH), 3.92 (d, 
J=8.4Hz, 1H, CH), 3.78 (m, 2H, CH2), 3.50 (m, 6H, CH2, CH2 piperidine), 3.39 (m, 1H, CH), 
3.14 (m, 4H, CH2 piperidine), 2.88 (s, 3H, CH3), 1.55 (m, 2H, CH2), 1.02 (m, 2H, CH2). 
C34H35ClFN3O3 . ½H2O (597,10): calcd. C 68.39, H 6.07, N 7.03; found C 68.57, H 5.95, N 
7.03. 
1e.   Yield 57 %,  m.p. 138ºC 1H NMR  (CDCl3) δ(ppm): 7.79 (m, 1H, CHarom), 7.43 (d, 
J=7.2Hz, 1H, CHarom), 7.26 (m, 9H, CHarom), 7.05 (d, J=7.2Hz, 1H, CHarom), 4.74 (m, 1H, 
CH), 4.33 (m,  2H, CH2), 3.90 (d, J=8Hz, 1H, CH), 3.83 (s, 3H, OCH3), 3.50 (m, 9H, CH, 
CH2 piperidine), 2.86 (s, 3H, CH3), 2.54 (m, 2H, CH2),  1.57 (m, 2H, CH2). C34H36ClN3O4 . 
2½H2O (631,16): calcd. C 64.70, H 6.54, N 6.65; found C 64.75, H 6.13, N 6.85. 
1f.   Yield 63 %,  m.p. 177.2ºC 1H NMR  (DMSO) δ(ppm): 7.67 (m, 1H, CHarom), 7.57 (d, 
J=7.2Hz, 1H, CHarom), 7.19 (m, 7H, CHarom), 7.01 (m, 3H, CHarom), 4.81 (m, 1H, CH), 
4.12 (d, J=8.4Hz, 1H, CH), 3.80 (d, J=12.8Hz, 2H, CH2), 3.40 (m, 1H, CH), 3.30 (m, 2H, 
CH2), 3.14 (t, J=12Hz, 2H, CH2 piperidine),  3.03 (t, J=6.8Hz, 2H, CH2 piperidine),  2.93 (m, 



2H, CH2 piperidine),  2.82 (s, 3H, CH3), 2.67 (m, 2H, CH2 piperidine), 1.82 (m, 2H, CH2). 
C33H34Cl3N3O3 . ½H2O (635,99): calcd. C 62.32, H 5.86, N 6.6; found C 62.18, H 5.46, N 
6.69. 
1g.  Yield 55 %,  m.p. 239ºC 1H NMR  (DMSO) δ(ppm): 7.71 (m, 1H, CHarom), 7.60 (d, 
J=7.2Hz, 1H, CHarom), 7.25 (m, 7H, CHarom), 7.00 (m, 3H, CHarom), 4.83 (m, 1H, CH), 
4.13 (d, J=8.4Hz, 1H, CH), 3.43 (m, 6H, CH2 piperidine, CH2),  3.35 (s, 6H, CH3), 3.17 (m, 
1H, CH), 3.03 (m, 4H, CH2 piperidine), 2.70 (m, 2H, CH2),  1.10 (m, 2H, CH2). 
C34H36ClN3O3 . ½H2O (588,13): calcd. C 69.40, H 6.70, N 7.11; found C 69.43, H 6.51, N 
7.14. 
1h.  Yield 59 %,  m.p. 179.3ºC 1H NMR  (CDCl3) δ(ppm): 7.84 (d, J=7.2Hz, 1H, CHarom), 
7.43 (d, J=7.2Hz, 1H, CHarom), 7.23 (m, 10H, CHarom), 4.76 (m, 1H, CH), 3.91 (d, 
J=8.8Hz, 1H, CH), 3.67 (t, J=12Hz, 2H, CH2),  3.44 (m, 4H, CH2 piperidine), 3.38 (m, 1H, 
CH), 2.88 (s, 3H, CH3), 2.50 (m, 4H, CH2 piperidine), 1.89 (m, 2H, CH2),  1.70 (m, 2H, CH2). 
C33H33ClFN3O4 . 1 3/4H2O (605,60): calcd. C 65.44, H 5.78, N 6.94; found C 65.29, H 6.11, 
N 7.29. 
2a.  Yield 61 %,  m.p. 176.1ºC 1H NMR  (CDCl3) δ(ppm): 7.7 (d, J=7.2Hz, 1H, CHarom), 
7.46 (d, J=6.8Hz, 1H, CHarom), 7.30 (m, 5H, CHarom), 7.09 (d, J=7.2Hz, 1H, CHarom), 6.61 
(m, 4H, CHarom), 4.82 (m, 1H, CH), 4.34 (d, J=8.8Hz, 1H, CH), 3.8 (s, 3H, CH3), 3.42 (m, 
7H,  CH2 piperidine, CH, CH2), 3.1 (m, 4H, CH2 piperidine), 2.9 (m, 2H, CH2), 1.59 (m, 2H, 
CH2), 1.03 (m, 2H, CH2). C35H37N3O4 . 2½H2O (648,14): calcd. C 60.61, H 6.04, N 8.83; 
found C 60.87, H 5.84, N 8.69. 
2b.  Yield 56 %,  m.p. 209.8ºC 1H NMR  (CDCl3) δ(ppm): 7.72 (d, J=6.4Hz, 1H, CHarom), 
7.46 (d, J=6.8Hz, 1H, CHarom), 7.33 (m, 9H, CHarom), 7.1 (d, J=7.2Hz, 1H, CHarom), 4.8 
(s, 1H, CH), 4.36 (d, J=6.8Hz, 1H, CH), 4.1 (m, 2H, CH2), 3.48 (m, 7H,  CH2 piperidine, CH, 
CH2), 3.0 (m, 4H, CH2 piperidine), 1.56 (m, 2H, CH2), 1.06 (m, 2H, CH2). C32H32Cl2N4O4 . 
3H2O (661,56): calcd. C 58.09, H 5.78, N 8.77; found C 57.82, H 5.65, N 9.16. 
2c.  Yield 60 %,  m.p. 218.2ºC 1H NMR  (CDCl3) δ(ppm): 7.7 (d, J=5.6Hz, 1H, CHarom), 
7.46 (d, J=6.8Hz, 1H, CHarom), 7.3 (m, 5H, CHarom), 7.2 (m, 2H, CHarom), 7.06 (m, 3H, 
CHarom), 4.8 (s, 1H, CH), 4.37 (d, J=8.8Hz, 1H, CH), 3.6 (m, 4H, CH2), 3.47 (d, J=8.8Hz, 
1H, CH),  3.08 (m, 8H, CH2 piperidine), 2.3 (s, 3H, CH3), 1.6 (m, 2H, CH2), 1.06 (m, 2H, 
CH2). C33H36Cl2N4O4 . 2½H2O (668,60): calcd. C 59.28, H 6.18, N 8.38; found C 59.07, H 
5.66, N 8.07. 
2d.   Yield 58 %,  m.p. 201.7ºC 1H NMR  (CDCl3) δ(ppm): 7.7 (d, J=8Hz, 1H, CHarom), 7.46 
(d, J=6.8Hz, 1H, CHarom), 7.29 (m, 5H, CHarom), 7.02 (m, 5H, CHarom), 4.82 (m, 1H, CH), 
4.37 (d, J=8.8Hz, 1H, CH), 3.62 (m, 4H, CH2 piperazine), 3.47 (m, 3H, CH, CH2),  3.06 (m, 
6H, CH2 piperidine, CH2), 1.62 (m, 2H, CH2), 1.04 (m, 2H, CH2). C32H32ClFN4O4 . 3H2O 
(645,12): calcd. C 59.57, H 5.93, N 8.68; found C 59.14, H 5.62, N 8.72. 
2f.  Yield 55 %,  m.p. 182ºC 1H NMR  (DMSO) δ(ppm): 7.66 (d, J=7.2Hz, 1H, CHarom), 
7.60 (m, 1H, CHarom), 7.35 (m, 7H, CHarom), 7.01 (d, J=8.4Hz, 3H, CHarom), 4.99 (m, 1H, 
CH), 4.36 (d, J=8.8Hz, 1H, CH), 3.80 (d, J=12.8Hz, 2H, CH2), 3.52 (m, 1H, CH), 3.30 (d, 
J=11.2Hz, 2H,  CH2 piperidine), 3.16 (t, J=11.6Hz, 2H,  CH2 piperidine), 3.04 (m, 4H, CH2 
piperidine), 2.73 (m, 2H, CH2), 1.2 (m, 2H, CH2). C31H30Cl2N4O4 . 3H2O (647,55): calcd. C 
57.50, H 5.60, N 8.65; found C 57.68, H 5.68, N 8.16. 
2g.  Yield 60 %,  m.p. 190ºC 1H NMR  (CDCl3) δ(ppm): 7.75 (d, J=6.8Hz, 1H, CHarom), 
7.46 (d, J=7.2Hz, 1H, CHarom), 7.18 (m, 10H, CHarom), 4.82 (m, 1H, CH), 4.30 (d, 
J=8.8Hz, 1H, CH), 3.39 (m, 1H, CH), 3.19 (t, J=7Hz, 2H, CH2), 3.04 (m, 4H, CH2 piperidine), 
2.7 (m, 4H,  CH2 piperidine), 2.26 (s, 5H, CH2, CH3), 1.25 (m, 2H, CH2). C32H33ClN4O4 . 1 
1/4H2O (595,60): calcd. C 68.73, H 6.21, N 10.02; found C 68.72, H 5.77, N 9.64. 
2h.  Yield 54 %,  m.p. 185.4ºC 1H NMR  (CDCl3) δ(ppm): 7.77 (m, 1H, CHarom), 7.46 (d, 
J=6.8Hz, 1H, CHarom), 7.34 (m, 5H, CHarom), 7.08 (m, 5H, CHarom), 4.82 (m, 1H, CH), 



4.38 (d, J=9.2Hz, 1H, CH), 3.64 (t, J=11.8Hz, 2H, CH2), 3.46 (m, 2H, CH2 piperidine, CH), 
3.0 (m, 4H, CH2 piperidine), 2.63 (m, 2H, CH2), 1.76 (m, 2H, CH2). 
C31H30ClFN4O4 . 1H2O (595,05): calcd. C 62.57, H 5.42, N 9.41; found C 62.60, H 5.28, N 
9.18. 

Procedure of receipt of relationship compound 1 became published [6].  
GENERAL PROCEDURE OF PREPARING N-[4-(4-ARYL-1-PIPERAZINYL)-
BUTYL]- 1-ACETYLDIBENZO-[e.h]-BICYCLO[2.2.2]-OCTANE-2,3-
DICARBOXIMIDE [1a-1d] and N-[4-(4-ARYL-1-PIPERAZINYL)-BUTYL]- 1-
NITRODIBENZO-[e.h]-BICYCLO[2.2.2]-OCTANE-2,3-DICARBOXIMIDE [2a-2h] 
A mixture of the compound 1 or 2 (1.2-1g, 2.94-2.45 mmol), anhydrous K2CO3 (1.2-1g, 8.69-
7.24 mmol), KI (0.2 g, 1.0 mmol) and the corresponding N-substituted piperazine (0.97-0.44 
g, 5.95-2.44 mmol) was refluxed in acetonitrile (30-50 ml) for 50 h. When the reaction was 
complete by TLC (silica gel, developing system: chloroform:methanol) the mixture was 
filtered and the solvent was evaporated.  
 
GENERAL PROCEDURE OF PREPARING N-[3-(4-ARYL-1-
PIPERAZINYL)PROPYL]- 1-ACETYLDIBENZO-[e.h]-BICYCLO[2.2.2]-OCTANE-
2,3-DICARBOXIMIDE [1e-1h] and N-[3-(4-ARYL-1-PIPERAZINYL)PROPYL]- 1-
NITRODIBENZO-[e.h]-BICYCLO[2.2.2]-OCTANE-2,3-DICARBOXIMIDE [2e-2h] 
A mixture of the compound 1 or 2 (0.9g, 2.05 mmol), anhydrous K2CO3 (0.9g, 6.52 mmol), 
KI (0.2 g, 1.0 mmol) and the corresponding N-substituted piperazine (0.37-0.72 g, 2.05-4.09 
mmol) was refluxed in acetonitrile (50 ml) for 50 h. When the reaction was complete by TLC 
(silica gel, developing system: chloroform:methanol) the mixture was filtered and the solvent 
was evaporated.  
 
Results and discussion 
In this study we have presented the synthesis of 15 new derivatives of arylpiperazine for 
potential use in the treatment and anxiety. 
 
Conclusion 
Fifteen new N-substituted derivatives of  N-[4-(4-aryl-1-piperazinyl)-butyl]-1-acetyldibenzo-
[e.h]-bicyclo[2.2.2]-octane-2,3-dicarboximide, N-[4-(4-aryl-1-piperazinyl)-butyl]-1-
nitrodibenzo-[e.h]-bicyclo[2.2.2]-octane-2,3-dicarboximide and N-[3-(4-aryl-1- 
piperazinyl)propyl]-1-acetyldibenzo-[e.h]-bicyclo[2.2.2]-octane-2,3-dicarboximide and N-[3-
(4-aryl-1-piperazinyl)propyl]-1-nitrodibenzo-[e.h]-bicyclo[2.2.2]-octane-2,3-dicarboximide 
was obtained. 
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Introduction 
Well-know anxiolytics e.g buspirone, gepirone, tandospirone display high affinity for 
the 5-HT1A and D2 receptor types and therefore are widely used in the treatment of 
psychotic and neurotic disorders. These drugs posses 4-aryl(heteroaryl)-1-
piperazinealkyl group linked with the imide nitrogen [1-4]. Many analogs have been 
synthesized and have demonstrated anxiolytic and/or antidepressive activity in the 
pharmacological tests [5-10]. 
This work is a continuation of our previous studies in search for compounds with 
anxiolytic and antidepressant activity among a group of long-chain arylpiperazine  
ligands. Thus the design of the present compound was inspired in the structures of the 
anxiolytic compounds of new generation and results of our earlier works [10-19]. 
Results and discussion 
The starting imides I and III were obtained in Diels-Alder’s reaction between ethyl 2-
methyl-4-oxocyclohex-2-ene-1-carboxylate and ethyl 3-ethyl-2-methyl-4-oxocyclohex-
2-ene-1-carboxylate (appropriate) and maleimide, in isopropenyl acetate with catalytic 
amount of p-toluenesulphonic acid (p-TSA). 
The next step  was  hydrolysis of  compound I, using anhydrous  ethanol  with 25% 
NH3 (aq.). The compound II was obtained as a result of conducted reaction (Scheme 1). 
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Scheme 1 
 
The imides II and III were reacted in acetonitrile in the presence of anhydrous K2CO3 
and KI with the 1-bromo-4-chlorobutane or 1,4-dibromobutane to give derivatives IV 
and V, respectively. Finally, the resulting N-substituted imides were condensed with 
appropriate amines in acetone, again in the presence of anhydrous K2CO3 and KI to give 
derivatives VI-XIX (Scheme 2). All new piperazinyl derivatives were converted into 
their corresponding hydrochlorides. The structures of the all compounds obtained were 
confirmed by 1H-NMR spectra and elemental analysis. 

 



Conclusion 
In continuation of our research on cyclic imides with potential anxiolytic and 
antidepressive activity we have obtained fourteen new compounds belonging to the 
long-chain arylpiperazine ligand class. From the chemical and pharmacological point of 
view, these compounds are the basis for further research in the field of the potential 
drugs derived from cyclic imides. 
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Scheme 2. 
 
Experimental 
Melting points were determined in a capillary on an Electrothermal 9100 apparatus and 
are given uncorrected. 1H-NMR spectra were recorded in DMSO-d6 or CDCl3 on a 
Bruker AVANCE DMX400 spectrometer operating at 400 MHz. The chemical shift 
values are expressed in ppm (parts per million) relatively to tetramethylsilane used as an 
internal standard and coupling constants J are given in Hz. Column chromatography 
was done using 0.05-0.2 mm Kieselgel (70-325 mesh ASTM, Merck). Reactions were 
monitored by TLC on 0.2 mm thick Kieselgel G plates with 254 nm fluorescent 
indicator (Merck), eluted with 9.8:0.2 or 9.5:0.5 chloroform-methanol. 

 



Synthesis of ethyl 10-(acetoxy)-7-methyl-3,5-dioxo-4-azatricyclo [5.2.2.02,6]undec-
10-ene-8-carboxylate (I) and ethyl 10-(acetoxy)-11-ethyl-7-methyl-3,5-dioxo-4-
azatricyclo[5.2.2.02,6]undec-10-ene-8-carboxylate (III) 
 
A mixture of ethyl 2-methyl-4-oxocyclohex-2-ene-1-carboxylate or ethyl 3-ethyl-2-
methyl-4-oxocyclohex-2-ene-1-carboxylate (0.01 mol), maleimide (0.01 mol) and a 
catalytic amount of p-toluenesulphonic acid (p-TSA) was refluxed for 2h in isopropenyl 
acetate (30 mL). The boiling mixture was filtered and the solvent was evaporated. The 
residue was crystallized from ethyl acetate. 
ethyl 10-(acetoxy)-7-methyl-3,5-dioxo-4-azatricyclo [5.2.2.02,6]undec-10-ene-8- 
carboxylate (I) m.p. 196-197 °C,  1H NMR  400MHz, DMSO δ (ppm):11.14 (s, 1H, 
NH), 5.39 (s, 1H, C11-H), 4.01 (m, 2H, O-CH2-CH3), 3.33 (s, 1H, C6-H), 2.94 (m, 1H, 
C2-H), 2.88 (m, 1H, C1-H), 2.71 (d, 3J = 8.0Hz, 1H, C8-H), 2.10 (s, 3H, C10-OAc), 
2.06-1.99 (m, 1H, C9-H),1.81-1.77 (m, 1H, C9-H), 1.44 (s, 3H, C7-CH3), 1.15 (t, 3J = 
7.2Hz, 3J = 6.8Hz, 3H, O-CH2-CH3); Anal. Calc. for C16H19NO6: 60.02 % C, 6.00 % H, 
4.33 % N; found: 59.76 % C, 6.09 % H, 4.94 % N.  
 
ethyl 10-(acetoxy)-11-ethyl-7-methyl-3,5-dioxo-4-azatricyclo[5.2.2.02,6]undec-10-ene-8-
carboxylate (III) m.p 190-191 °C ; 1H NMR, 400MHz, CDCl3 δ (ppm):8.96 (s, 1H, 
NH), 4.12-4.04 (m, 2H, O-CH2-CH3), 3.06 (d, 3J = 2.8Hz, 1H, C8-H), 2.86 (dd, 3J = 
2.8Hz, 3J = 8.4Hz, 1H, C2-H), 2.60 (d, 3J = 8.4Hz, 1H, C6-H), 2.45 (m, 1H, C7-H), 2.14 
(m, 4H, C10-OAc, C9-H), 2.05-1.87 (m, 3H, C11-CH2-CH3, C9-H ), 1.62 (s, 3H, C7-
CH3),1.23 (t, 3J = 7.2Hz, 3H, O-CH2-CH3), 0.87 (t, 3J = 7.6Hz, 3H, C11-CH2-CH3); 
Anal. Calc. for C18H23NO6: 61.89 % C, 6.59 % H, 4.01% N; found: 61.95 % C, 6.66 % 
H, 3.977 % N.  
 
Synthesis of ethyl 7-methyl-3,5,10-trioxo-4-azatricyclo[5.2.2.02,6]undecane-8-
carboxylate (II)  
The imide I (0,01mol) was dissolved in methanol (30mL) and the 25% solution NH3 
(7mL) was added. The mixture was refluxed for 4h. The boiling mixture was filtered 
and the solvent was evaporated. The residue was crystallized from ethyl acetate. 
 
ethyl 7-methyl-3,5,10-trioxo-4-azatricyclo[5.2.2.02,6]undecane-8-carboxylate (II) m.p. 
215-216 °C; 1H NMR  400MHz, DMSO δ (ppm): 11.41 (s, 1H, NH), 4.10 (m, 2H, O-
CH2-CH3), 3.25 (dd, 3J = 3.2Hz, 3J=9.2Hz, 1H, C2-H), 2.90 (d, J3 = 9.2Hz, 1H, C6-H), 
2.67 (dd, 3J = 6.8Hz, 3J = 10.4Hz, 1H, C1-H), 2.62-2.50 (m, 2H, C8-H, C11-H), 2.23 
(m, 1H, C9-H), 1.89-1.78 (m, 2H, C8-H, C9-H), 1.15 (m, 6H, C7-CH3, O-CH2-CH3); 
Anal. Calc. for C14H17NO5: 60.02 % C, 6.09 % H, 5.02 % N; found: 60.12 % C, 6.17 % 
H, 5.04 % N.  
General synthesis of N- butyl  derivatives of the imides (IV, V)   
The appropriate imide (II or III) (0.01 mol) was dissolved in acetone (30 mL), then 
anhydrous K2CO3 (0.01 mol) and 1-bromo-4-chlorobutane or 1,4-dibromobutane (0.02 
mol) (respectively)- were added. The mixture was refluxed for 12h. When the reaction 
was complete, as indicated by TLC, the mixture was filtered and the solvent was 
evaporated. The residue was purified by flash chromatography (eluent: chloroform-
methanol 100:0.2). 
ethyl 4-(4-chlorobutyl)-7-methyl-3,5,10-trioxo-4-azatricyclo[5.2.2.02,6]undecane-8-
carboxylate (IV) oil;  1H NMR  400MHz, CDCl3 δ (ppm): 4.25-4.13 (m, 2H, O-CH2-

 



CH3), 3.54 (t, 3J = 6.0Hz, 2H, C1’-H), 3.50 (t, 3J = 6.4Hz, 2H, C4’-H), 3.12 (dd, 3J = 
3.2Hz, 3J = 9.3Hz, 1H, C2-H), 2.92 (m, 1H, C1-H), 2.85 (d, 3J = 2.0Hz, 1H, C6-H), 2.72 
(dd, 3J = 9.3Hz, 4J = 2.0Hz, 1H, C11-H), 2.64-2.59 (m, 1H, C8-H), 2.22-2.19 (m, 2H, 
C9-H), 1.93-1.87 (m, 1H, C11-H), 1.70 (m, 4H, C2’-H, C3’-H), 1.40 (s, 3H, C7-CH3), 
1.29 (t, 3J = 7.2Hz, 3H, O-CH2-CH3); Anal. Calc. for C18H24ClNO5: 58.46 % C, 6.54 % 
H, 3.79 % N; found: 58.12 % C,   6.54 % H, 3.80 % N.  
 
ethyl 4-(4-bromobutyl)-10-(acetoxy)-11-ethyl-7-methyl-3,5-dioxo-4-azatricyclo 
[5.2.2.02,6]undec-10-ene-8-carboxylate (V) oil; 1H NMR, 400MHz, CDCl3 δ (ppm): 
4.14-4.05 (m, 2H, O-CH2-CH3), 3.51-3.38 (m, 4H, C1’-H, C4’-H), 3.08 (m, 1H, C1-H), 
2.80 (dd, 3J = 2.4Hz, 3J = 8.0Hz, 1H, C2-H), 2.54 (d, 3J = 8.0Hz, 1H, C6-H), 2.46 (m, 
1H, C8-H), 2.17-1.89 (m, 7H, C10-OAc, C11-CH2-CH3, C9-H), 1.82 (m, 2H, C2’-H), 
1.64 (m, 5H, C1-CH3, C3’-H),1.24 (t, 3J = 7.2Hz, 3H, O-CH2-CH3), 0.85 (t, 3J = 7.6Hz, 
3H, C11-CH2-CH3); Anal. Calc. for C22H30BrNO6: 54.55 % C, 6.24 % H, 2.89 % N; 
found: 54.24 % C,   6.16 % H, 2.94 % N.  
General synthesis of aryl- and heteroarylpiperazinyl dervatives of ethyl 4-(4-
chlorobutyl)-7-methyl-3,5,10-trioxo-4-azatricyclo[5.2.2.02,6]undecane-8-carboxylate  
(VI-XII) and ethyl 4-(4-bromobutyl)-10-(acetoxy)-11-ethyl-7-methyl-3,5-dioxo-4- 
azatricyclo[5.2.2.02,6]undec-10-ene-8-carboxylate (XIII-XIX) 
The appropriate pipperazine (0.02 mol) was added to a mixture of N-butylimide (0.01 
mol), powdered anhydrous K2CO3 (0.01 mol), and a catalytic amount of KI in acetone 
(30 mL). The reaction mixture was refluxed for 24 h. After the reaction completion the 
inorganic residue was filtered off and the solvent was evaporated. The crude compound 
obtained was purified by flash chromatography (eluents: chloroform or chloroform-
methanol 100:0.2). All new derivatives were converted into their corresponding 
hydrochlorides with ethereal HCl and recrystallized from methanol. 
The results of elemental analysis (C, H, N) of compounds VI-XIX were within ± 0.5% 
of theoretical values. The values of  1H NMR chemical shifts of these compounds 
support the reported structures and are available on request. 
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Introduction 

It is known that most anxiolytics and hypnotic-sedative drugs such as 
benzodiazepines and barbiturates exert their pharmacological actions via interactions with 
a discrete neuronal site on the GABAA receptor. Suriclone and zopiclone are examples of 
non benzodiazepine structures binding to this receptor and acting as agonists. Non-
benzodiazepine anxiolytics have also been developed that appear to act by modulating 
the serotonergic, histaminergic and non-aminergic systems [1, 2]. It prompted us to 
continue our search for potential anxiolytics within arylpiperazine derivatives of 6-(4-
bromobutyl)-2,3-dihydro-5H-[1,4]dithiino[2,3-c]pyrrole-5,7(6H)-dione 3 and 6-(3-
bromopropyl)-2,3-dihydro-5H-[1,4]dithiino[2,3-c]pyrrole-5,7(6H)-dione 4, analogues 
of suriclone. Synthesized compounds posses an alkyl-(N-aryl) substituted piperazine 
moiety, that is the pharmacophore of 5-HT1A receptor and is believed to give high 
potency in the treatment of anxiety and depression [3, 4]. 

The structure of all derivatives of compound 2 have been established on the 
basis of elemental analysis and 1H NMR spectra. The X-ray crystal structure analysis 
for one selected compound 3d was recorded.  

The target compounds reported here were synthesized according to the routes 
outlined in Fig.1. 
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  Fig. 1. Method for preparation of compounds 3 a-g and 4 a-g. 
 
EXPERIMENTAL 

Chemistry 
 Melting points were determined in a Kofler’s apparatus and are uncorrected. 

The 1H NMR spectra were recorded on a Bruker AVANCE DMX400 spectrometer, 
operating at 400.13 MHz. The chemical shift values are expressed in ppm relative to 



TMS as an internal standard. Elemental analyses were recorded with a CHN model 
2400 Perkin-Elmer. 

Synthesis of 2,3-dihydro-5H-[1,4]dithiino[2,3-c]pyrrole-5,7(6H)-dione  2. 
The anhydride 1 (4,7 g; 0,025 mole) was dissolved in 25 cm3 25% NH3 solution and 
heated for 1 h. The excess solvent was evaporated. The compound was obtained 
previously [5]. 

Synthesis of 6-(4-bromobutyl)-2,3-dihydro-5H-[1,4]dithiino[2,3-c]pyrrole-
5,7(6H)-dione 3 and 6-(3-bromopropyl)-2,3-dihydro-5H-[1,4]dithiino[2,3-c]pyrrole-
5,7(6H)-dione 4. A mixture of dione 2 (2 g; 0,016 mole), 1,4-dibromobutane (7 g; 
0,032 mole) or 1,3-dibromopropane (6,42 g; 0,032 mole) and anhydrous K2CO3 (2 g, 
0,015 mole) was dissolved in 100 cm3 acetone and refluxed for 30 h. The solvent was 
distilled off, then the oily residue was purified by column chromatography (CHCl3). 
3. Yield 85 %, m.p. 74-76 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 3.58-3.54 (t, J=8 
Hz, 2H, N-CH2), 3.44-3.40 (t, J=8 Hz, 2H, CH2-Br), 3.32 (s, 4H, CH2-S), 1.89-1.82 (m, 
2H, -CH2-), 1.79-1.72 (m, 2H, -CH2-); C10H12BrNO2S2 (322.25): calcd. C 37.27, H 
3.75, N 4.35; found C 37.51, H 3.75, N 4.35. 
4. Yield 40 %,  m.p. 70-72 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 3.69-3.66 (t, J=6 
Hz, 2H, N-CH2), 3.38-3.35 (t, J=6 Hz, 2H, CH2-Br), 3.32 (s, 4H, CH2-S), 2.20-2.13 (m, 
2H, -CH2-); C9H10BrNO2S2 (308.22): calcd. C 35.07, H 3.27, N 4.55; found C 35.17, H 
3.36, N 4.51. 

General procedures for the condensation of 4-substituted arylpiperazines 
with derivatives 3 and 4. A mixture of the derivative 3 (0,5 g; 0,012 mole) or 4 (0,5 g; 
0,016 mole), an appropriate amine (0,0024 or 0,0032 mole), anhydrous K2CO3 (0,5 g, 
0,0038 mole) and catalytic amount of KI was dissolved in 50 cm3 acetone and refluxed 
for 30 h. The solvent was evaporated, then the residue was purified by column 
chromatography (CHCl3: CH3OH, 99,5:0,5) to give compounds 3a - 3g and 4a - 4g, 
respectively. 
3a. Yield 50 %, oil, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.02-6.98 (m, 1H, Hαarom), 
6.95-6.91 (m, 2H, Hβarom), 6.87-6.85 (m, 1H, Hγarom), 3.86 (s, 3H, OCH3), 3.58-3.55 (t, 
J=6 Hz, 2H, N-CH2), 3.32 (s, 4H, CH2-S), 3.15 (m, 4H, CH2-Npiper), 2.74 (m, 4H, CH2-
Npiper), 2.51 (m, 2H, -CH2-N), 1.65-1.64 (m, 4H, -CH2-); C21H28ClN3O3S2 . H2O . ½ 
CHCl3 (511,29): calcd. C 50.50, H 5.82, N 8.22; found C 50.79, H 5.72, N 7.97. 
3b. Yield 56 %, m.p. 172-174 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 8.30-8.29 (m, 
2H, Hαarom), 6.48 (m, 1H, Hβarom), 3.84 (m, 4H, CH2-Npiper), 3.57-3.54 (t, J=6 Hz, 2H, 
N-CH2), 3.32 (s, 4H, CH2-S), 2.51-2.41 (m, 6H, CH2-N, CH2-Npiper), 1.65-1.63 (m, 2H, -
CH2-), 1.25 (m, 2H, -CH2-); C18H23N5O2S2 . ½ H2O (414.57): calcd. C 52.15, H 5.84, N 
16.90; found C 52.29, H 5.70, N 16.61. 
3c. Yield 55 %, m.p. 260 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.19-6.83 (m, 4H, 
arom), 3.58-3.55 (t, J=6 Hz, 2H, N-CH2,), 3.32 (s, 4H, CH2-S), 2.90 (m, 4H, CH2-
Npiper), 2.61 (m, 4H, CH2-Npiper), 2.44-2.40 (t, J=8 Hz, 2H, CH2-N), 1.69-1.62 (m, 2H, -
CH2-), 1.56-1.48 (m, 2H, -CH2-); C20H27Cl2N3O3S2 . ½ H2O (501.51): calcd. C 47.90, H 
5.63, N 8.38; found C 48.27, H 5.60, N 8.42. 
3d. Yield 55 %, m.p. 115-117 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 8.19-8.18 (d, 
J=4 Hz, 1H, Hαarom), 7.49-7.45 (t, J=8 Hz, 1H, Hβarom), 6.65-6.60 (m, 2H, Hβarom, 
Hγarom), 3.58-3.54 (m, 6H, N-CH2, CH2-Npiper), 3.31 (s, 4H, CH2-S), 2.58 (m, 4H, CH2-
Npiper), 2.43 (s, 2H, CH2-N), 1.68-1.61 (m, 2H, -CH2-), 1.57-1.55 (m, 2H, -CH2-); 
C19H24N4O2S2 (404.57): calcd. C 56.41, H 5.98, N 13.85; found C 56.19, H 6.00, N 
13.46. 



3e. Yield 53 %, m.p. 130-132 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.28-7.24 (m, 
2H, Hαarom), 6.93-6.83 (m, 2H, Hβarom), 6.87-6.83 (m, 1H, Hγarom), 3.58-3.54 (t, J=8 Hz, 
2H, N-CH2), 3.31 (s, 4H, CH2-S), 3.23 (m, 4H, CH2-Npiper), 2.64 (m, 4H, CH2-Npiper), 
2.44 (s, 2H, CH2-N), 1.68-1.63 (m, 2H, -CH2-), 1.61-1.55 (m, 2H, -CH2-); 
C20H25N3O2S2 (403.58): calcd. C 59.52, H 6.24, N 10.41; found C 59.48, H 6.20, N 
10.38. 
3f. Yield 56 %, m.p. 95-97 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.32-7.31 (m, 5H, 
arom), 3.55-3.52 (m, 4H, N-CH2, CH2-Phe), 3.31 (s, 4H, CH2-S), 2.61-2.48 (m, 10H, 
CH2-N, CH2-Npiper), 1.56-1.48 (m, 4H, -CH2-); C21H27N3O2S2 (417.61): calcd. C 60.40, 
H 6.52, N 10.06; found C 60.50, H 6.35, N 9.95. 
3g. Yield 50 %,  m.p. 135-136.5 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 6.97-6.93 
(m, 2H, Hαarom), 6.88-6.85 (m, 2H, Hβarom), 3.57-3.54 (t, J=6 Hz, 2H, N-CH2), 3.31 (s, 
4H, CH2-S), 3.15 (m, 4H, CH2-Npiper), 2.65 (m, 4H, CH2-Npiper), 2.46 (s, 2H, CH2-N), 
1.66-1.61 (m, 2H, -CH2-), 1.56 (m, 2H, -CH2-); C20H24FN3O2S2 (421.57): calcd. C 
56.98, H 5.74, N 9.97; found C 56.48, H 5.70, N 9.77. 
4a. Yield 50 %, m.p. 140-141.5 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.01-6.97 (m, 
1H, Hαarom), 6.93-6.88 (m, 2H, Hβarom), 6.86-6.84 (m, 1H, Hγarom), 3.85 (s, 3H, OCH3), 
3.66-3.63 (t, J=6 Hz, 2H, N-CH2), 3.28 (s, 4H, CH2-S), 3.08 (m, 4H, CH2-Npiper), 2.60-
2.49 (m, 6H, CH2-N, CH2-Npiper), 1.84 (s, 4H, -CH2-); C20H25N3O3S2 . ½ H2O (428.59): 
calcd. C 56.05, H 6.11, N 9.81; found C 56.42, H 5.90, N 9.70. 
4b. Yield 50 %,  m.p. 115-117 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 8.30-8.29 (d, 
J=4 Hz, 2H, Hαarom), 6.48 (s, 1H, Hβarom), 3.79 (s, 4H, CH2-Npiper), 3.66-3.63 (t, J=6 Hz, 
2H, N-CH2), 3.30 (s, 4H, CH2-S), 2.43 (m, 6H, CH2-N, CH2-Npiper), 1.83 (s, 2H, -CH2-); 
C17H21N5O2S2 (391.53): calcd. C 52.15, H 5.41, N 17.89; found C 52.04, H 5.33, N 
17.51. 
4c. Yield 55 %, m.p. 111-113.5 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.17-6.83 (m, 
4H, arom), 3.67-3.63 (t, J=8 Hz, 2H, N-CH2), 3.33 (s, 4H, CH2-S), 2.86 (m, 4H, CH2-
Npiper), 2.56-2.47 (m, 6H, CH2-N, CH2-Npiper), 1.82 (m, 2H, -CH2-); C19H23N3O3S2 
(405.55): calcd. C 56.27, H 5.72, N 10.36; found C 56.20, H 5.76, N 10.15. 
4d. Yield 51 %, m.p. 166-168 °C, 1H NMR (400 MHz, CDCl3) δ (ppm): 8.18-8.09 (s, 
1H, Hαarom), 7.50-7.46 (t, J=8 Hz, 1H, Hβarom), 6.64-6.62 (d, J=8 Hz, 2H, Hβarom, 
Hγarom), 3.66-3.59 (m, 6H, N-CH2, CH2-Npiper), 3.28 (s, 4H, CH2-S), 2.56 (m, 6H, CH2-
Npiper, CH2-N), 1.25 (m, 2H, -CH2-); C18H24Cl2N4O2S2 . H2O (481.48): calcd. C 44.90, H 
5.65, N 11.64; found C 44.63, H 5.46, N 11.33. 
4e. Yield 30 %, oil, 1H NMR (400 MHz, CDCl3) δ (ppm): 7.32-7.31 (m, 5H, arom), 
3.61-3.57 (t, J=8 Hz, 2H, N-CH2), 3.53 (s, 2H, CH2-Phe), 3.31 (s, 4H, CH2-S), 2.48-
2.37 (m, 10H, CH2-N, CH2-Npiper), 1.79-1.75 (t, J=8 Hz, 2H, -CH2-); C20H25N3O2S2 
(403.56): calcd. C 59.52, H 6.24, N 10.41, found C 59.32, H 6.00, N 10.14 
4f. Yield 51 %, m.p.213-215°C, 1H NMR (400 MHz, CDCl3) δ (ppm): 6.97-6.93 (m, 
2H, Hαarom), 6.87-6.84 (m, 2H, Hβarom), 3.66-3.63 (t, J=6 Hz, 2H, N-CH2), 3.31-3.26 
(m, 4H, CH2-S), 3.13 (m, 4H, CH2-Npiper), 2.62-2.52 (m, 6H, CH2-N, CH2-Npiper), 1.87 
(s, 2H, -CH2-); C19H24Cl2FN3O2S2 . 3 ½ H2O (543.51): calcd. C 41.89, H 5.75, N 7.73; 
found C 41.94, H 5.90, N 7.60. 
 
X-ray crystallography  

Diffraction data for compound 3d were collected on a KUMA KM4 
diffractometer (T = 293K, CuKα: λ = 1.54178 Å). Up to θmax = 72.14°, 3248 reflections 



were collected of which 3051 were independent and used in calculations. Crystal 
structure was solved by direct methods (SHELXS-97 [6]) and refined by full-matrix 
least-squares on F2 using the program SHELXL-97 [7]). The non-hydrogen atoms were 
refined anisotropically. H atoms were positioned geometrically.  
Final R indices for reflections with I > 2σ(I) are: R1 = 0.0455,  wR2 = 0.1240  
(R1 = 0.1485, wR2 = 0.1604 for all data). 
Compound 3d crystallizes in monoclinic crystal system, space group P21/n with unit 
cell dimensions a = 14.295(3) Å, b = 9.013(2) Å, c = 16.325(3) Å,  β = 107.81(3)°,  
V = 2002.5(7) Å3 , Z = 4, dc = 1.342 g cm-3. 
The view of  molecule 3d and the atom numbering scheme is shown in Fig. 2. 

 
Fig. 2. The molecular structure of 3d (50% probability ellipsoids) showing the atomic 
numbering scheme. 
 
The butyl chain present in this molecule adopts expanded -ap, ap,-ap conformation. The 
piperazine ring has a chair conformation; the pyridine ring is almost parallel to the 
central plane of the chair. 
In the crystal, the molecules of 3d form layers via intermolecular Cpiperazine–H⋅⋅⋅O, 
Cpyridine–H⋅⋅⋅Npyridine and Cdithiocyclohexene –H⋅⋅⋅S weak hydrogen bonds. 
Between layers Cdihtiocyclohexene–H⋅⋅⋅O interactions are observed. 
 
Results and discussion 

In this study we have presented the synthesis of 15 new arylpiperazine 
derivatives for potential use in the treatment of anxiety. 
 
Conclusion 

Fiveteen new N-substituted derivatives of 2,3-dihydro-5H-[1,4]dithiino[2,3-
c]pyrrole-5,7(6H)-dione was obtained. Structure of compound 3d was confirmed by the 
X-ray structure analysis. 
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Polysulfones are frequently used as materials for various medical applications (e.g., 
membranes for haemodialysis and medical implants of various types) [1]. The 
hydrophobic character of polysulfone and polyetherosulfone surfaces is a cosequence of 
their chemical structures. The hydrophobicity of these polymers is considered to be the 
reason of membrane fouling with proteins [2] as well as the main parametr determining 
bacterial adhesion and biofilm formation on medical implants [3]. In this paper we 
describe the results of our studies on the modification of the surface of polysulfone and 
polyethersulfone films by means of the irradiation with the UV light absorbed by these 
polymers (254 and 265 nm). The properties of the polymer surfaces were investigated 
and the interactions of the cells and bacteria with native and modified polysulfone 
samples were monitored.  

 
Materials: polysulfone (PSU) ) (Aldrich, Mn = 16 000), poly(1,4-phenylene ether-
sulfone) (PES) (Aldrich, low mol. weight); the samples were prepared in the form of 
homogeneous films. Cells: human osteoblastic line HFOB 1.19, human fibroblastic line 
HS-5. The cells were cultured in RPMI 1640 medium (Gibco Lab) supplemented with 
10% FCS (Gibco Lab) in an incubator in the atmosphere of air (95%) and CO2 (5%) at 
37oC (fibroblasts) and 34oC (osteoblasts).  Bacteria: Staphylococcus epidermidis 
(ATCC 35547), (1.5x108 cfu/ml), cultured in Tryptic Soy Broth, DIFCO. 
 
Methods: The samples were irradiated with the UV light absorbed by the polymer 
(λ=254 nm) using  ASH 400 medium pressure mercury lamp. The absorption spectra of 
PSU and PES samples in the UV-VIS and IR ranges and ATR IR spectra were recorded 
for original and irradiated polymer films (8452A Hewlett Packard (UV-VIS),  
EQIUNOX 55, Bruker (FTIR), DIGILAB FTS 60 (ATR) spectrophotometers). Contact 
angles of water, formamide, ethylene glycol and diiodomethane on the investigated 
samples were measured using the sessile drop technique (Surftens Universal OEG 
GmBH Germany). The viability of the cells was determined by the MTS method and 
the concentrations of collagen type I and osteocalcin - by ELISA tests (DSLabs Inc., 
USA). In vitro evaluation of the adhesion of fibroblasts and osteoblasts as well as 
bacteria, S. epidermidis, to the investigated samples was done by means of the 
fluorescence microscope with interference contrast configuration (ECLIPSE TE2000-E, 
NIKON). The cells were stained with May-Grünwald and Giemsa stain solutions. SEM 
observation were performed with JSM-5400 Jeol instrument (5kV and 10 kV,5x10 ). 
The cells or bacteria  attached to investigated films were fixed with glutaraldehyde 
(2.5% in phosphate buffer), washed with phosphate buffer, dehydrated with  ethanol 
gradient and dried by the CO2 critical point method. 
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Spectral analysis (UV and IR spectra) revealed that the UV irradiation resulted in the 
degradation of polysulfones as well as in formation of carbonyl and hydroxyl groups. 

The contact angles of water, ethylene glycol and 
formamide on the investigated samples considerably 
decreased after UV irradiation while the contact 
angles of diiodomethane increased with the time of 
irradiation (see Fig. 1) confirming the increase in 
hydrophilic character of the both modified polymers. 

The changes of polymer surfaces were evaluated 
in terms of the surface free energy of original and 
modified samples. According to van Oss, Good and 
Chaudhury’s method [4,5], the surface free energy 
(see Eq. 1)  

                                                                                (1) 

 expressed as the sum of  Lifchitz-van der Waals 

ABLWTOT γγγ +=
 
is
component and the polar (acid-base) component, 
Fig. 1 Contact angles on polysulfone 
films after various times of irradiation: 
♦ water, ■ ethylene glycol,  
∆ formamide, • diiodomethane. 
   
                 (2) 

aals, (γs ), the Lewis acid (electron acceptor), (γs
+), and Lewis 

defined  as                                                                       
            −+= γγγ 2AB

 
LWThe Lifchitz-van der W

base (electron donor) (γs
-), components were calculated for solid PSU and PES films by 

solving the following equations with contact angles of water, ethylene glycol and 
diiodomethane: 

+−−+ ++=+L θγ 2)cos1( SLSL
LW
L

LW
S γγγγγγ 22             (3) 

where subscripts S and L refer to the film surface and wetting liquid, res e

ar) component (γs =2(γs  γs ) ) and the total surface energy (γs 

 
ig. 2. Polysulfone  and polyethersulfone films i

pectiv ly and θ 
is a contact angle.  
The acid-base (pol AB + - 1/2

=γs
LW+γs

AB) were then calculated for original and irradiated polymer films (see Fig. 2).  

F rradiated with UV light. Total surface-free energy (TOT) 
and its components: Lifchitz-van der Waals (LW),  acid-base (polar),  (AB), Lewis acid (electron 
acceptor), (+), and Lewis base (electron donor) (-), calculated according to van Oss, Good and 
Chaudhury’s method.   
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Owens, Wendt, Rabel, Kaeble’s [6]  method is based on the assumption that the surface 
free energy (Eq. 4) can be considered as composed of two parts: polar, γ , and 
dispersive, γ

P

    

D: 
                       (4)DPTOT γγγ +=

The interfacial free energy is described as  
)(2 P

L
P
S

D
L

D
SLSSL γγγγγγγ +−+=                         (5)

 Thus, taking into account the Young’s equation we have 
  

mide d diio
 the solid polymer film to be determined 

 

Fi ated with UV light. Total surface-free energy (TOT) 
, calculated according to Owens, Wendt, Rabel, Kaeble’s 

m
The calculations presented above clearly demonstrate the significant increase in 
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samples (see Fig. 3) show the flattened cells with filopodial extensions attached to the 
original and UV 
confirmed by the de
collagen (see Table 
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microscopic observations, which showed 
 to the irradiated 

films is lowered in comparison to that for the 
original PSU and PES films (see Fig. 5). 

   
 

treated surfaces, suggesting good biocompatibility, which was 
termination of the viability of the cells and their ability to secrete 

1). 

ability of the cells and the concentration of collagen type I .  

 
 

Material Viability 
% 

Concentration of collagen type I secreted 
by cells [ng/ml] 

 Fibroblasts 

Viability 
% 

Osteoblasts Fibroblasts Osteoblasts 
  7 days 7 days 4 days 7  days 4 days 7 days 
PSU 0h 65 102 30.2 43.2 27.6 51.7 
PSU 1.5h 82 95 26.2 52.0 24.8 39.0 
PSU 3h 91 85 24.2 46.6 22.8 37.4 
Control 100 100 143 143 24.0 50.4 
       

PES 0h 79 90 27.0 69.9 42.0 59.9 
PES 1.5h 68 73 21.6 46.0 27.2 40.9 
PES 3h 92 89 21.5 50.7 28.5 52.3 
Control 100 100 31.5 143 24.8 62.7 

                                           In vitro evaluation of the adhesion of 
Staphylococcus epidermidis to the 
investigated samples was done by means of 

that the bacteria attachment
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1. Introduction 
Harmane (1-methyl-β-carboline) belongs to the group of β-carboline alkaloids, which 
have interesting pharmacological and photophysical properties. In polar, protic solvents 
and at a low pH range, harmane exists in the monocationic form in which pyridinic N is 
protonated. Recent studies on β-carbolines proved that theoretical calculations may be 
useful in the prediction of structural, spectroscopic and acid-base properties of these 
compounds [1-4]. Angulo and co-workers [4] applied HF/6-31+G(d) method and PCM 
model to estimate the magnitude of prototropic equilibria of β-carbolines. Semi-
empirical methods have also previously been used to predict energies and oscillator 
strengths for electronic transitions in β-carbolines in the gaseous phase [5,6]. However, 
there is a lack of theoretical studies on β-carbolines in which solvent effects are 
included. Therefore, attention in this work has been focused on the use of various 
theoretical methods to estimate properties of electronic transitions for harmane 
monocation not only in the gaseous phase but also in the solvent.  
 
2. Methods 
All theoretical calculations were carried out using Gaussian 03 suite of programs. 
Geometry of harmane was optimized using the semi-empirical (AM1 and PM3) as well 
as Hartree-Fock (HF) and B3LYP (DFT) methods with 6-31G (d) basis set. 
Additionally, to determine the influence of diffuse functions on the predicted structural 
and electronic properties of harmane, geometry optimizations with the use of 6-
31+G(d,p) basis set were also performed. Electronic transition properties of monocation 
were estimated using the semi-empirical ZINDO-1 as well as TD B3LYP/6-31+G(d,p) 
methods with Polarizable Continuum Model (PCM). These calculations were carried 
out using B3LYP/6-31+G(d,p) optimized geometry of molecule under study. 
Absorption spectra of harmane (both the neutral and monocationic form) were recorded 
in a Nicolet Evolution 300 (ThermoElectron Corporation) UV-VIS spectrophotometer 
at room temperature (25 ± 2°C). The solutions of β-carboline were prepared by setting 
the concentration at ~ 10-5 M. 
 
3. Results and discussion 
 
3.1. The ground state geometry  
From the comparison of experimentally determined [7] and theoretically calculated 
structural parameters of harmane free base it followed that the semi-empirical methods 
gave results less consistent with the experimental data. The geometrical parameters 
obtained using AM1 and PM3 methods had deviations from experimental data ≥ 3° for 
bond angles and ≥ 0.05Å for bond lengths. On the other hand, HF and B3LYP methods 
were in reasonably good agreement with the crystallographic data. Differences between 
theoretically predicted and experimental structural parameters of harmane using the 



latter methods were estimated to be less than 0.03Å and 2° for bond lengths and for 
bond angles, respectively. As an example, Fig. 1 shows the B3LYP/6-31+G (d,p) 
optimized geometry of harmane molecule. 
 

 
 
Figure 1. The B3LYP/6-31+G (d,p) optimized structure of neutral (a) and monocationic 
(b) form of harmane. 
 
3.2. Electronic properties of harmane cation 
As can be seen in Fig. 2, four bands may be identified in the absorption spectrum of 
harmane monocation. The maxima of these bands are situated at ∼ 204 nm; I ≈ 250 nm, 
II ≈ 300 nm and III ≈ 370 nm, respectively. The absorption spectra of neutral form of 
harmane (for comparison see the spectrum recorded in cyclohexane) are constituted of 
three bands. Two of them are strong and situated at ∼ 240 nm and ∼ 286 nm, whereas 
the third band is weak and consists of two peaks around 330 and 340 nm, respectively. 
All observed bands result from π→π* transitions. 
The semi-empirical and HF methods overestimated values of HOMO and LUMO 
energies for both the neutral and monocationic form of harmane due to the negligence 
of electron correlation. The best results were obtained using the hybrid DFT (B3LYP) 
method. It should be noted that inclusion of diffuse functions into the B3LYP 
calculations had little effect on the predicted geometrical parameters but it improved the 
value of HOMO-LUMO energy gap corresponding to the lowest energy band in the 
absorption spectra of β-carboline. The theoretically calculated electronic properties of 
neutral and protonated form of harmane are gathered in Table 1.  
 
Table 1. The calculated values of dipole moment (µ, [D]) and HOMO-LUMO energy 
gap (∆E, [eV]) for the neutral and cationic form of harmane. 
 

Free base 
 

Monocation  
Calculation 

method µ 
[D] 

HOMO 
[eV] 

LUMO 
[eV] 

∆E 
[eV] 

µ 
[D] 

 

HOMO 
[eV] 

LUMO 
[eV] 

∆E 
[eV] 

AM1 2.383 -8.550 -0.378 8.172 6.417 -12.272 -5.187 7.085 
PM3 2.267 -8.617 -0.557 8.060 6.660 -12.250 -5.339 6.911 

HF/6-31G(d) 2.752 -7.725 2.635 10.360 6.355 -11.679 -2.381 9.298 
HF/6-31+G(d,p) 2.806 -7.899 1.556 9.455 6.513 -11.727 -2.698 9.029 
B3LYP/6-31G(d) 2.792 -5.625 -0.983 4.642 5.803 -9.640 -5.809 3.831 

B3LYP/6-31+G(d,p) 2.899 -5.939 -1.386 4.553 5.918 -9.830 -6.020 3.811 



 
Figure 2. Absorption spectra of harmane dissolved in cyclohexane (----) and in HCl-
acidified water (- - - -), methanol (–––) and in ethanol (▬), respectively. 
 
In order to get insight into the singlet electronic transitions in harmane monocation, 
ZINDO-1 semi-empirical as well as TD B3LYP with PCM methods were applied. The 
ZINDO-1 predicted excitation energies and oscillator strengths of electronic transitions 
for harmane monocation were less consistent with the experimental data. The ZINDO-1 
calculations suggest that the lowest singlet excited state of harmane cation originated 
from the two close lying S1 and S2 transitions. The S3 and S4 transitions might 
correspond to band II whereas the S5 and S6 transitions might originate from band I of 
the absorption spectra. The results of TD B3LYP calculations indicated that the S1 state 
might originate from band III whereas the S2 transition might be compared with band II 
of harmane monocation absorption spectra. The S3 and S4 states might originate from 
band I. The S3 state was expected to be less strong (based on its oscillator strength) 
making it likely that the peak corresponding to the S4 would obscure the one arising 
from the S3 state. The results of calculations performed on the B3LYP/6-31+G(d,p) 
optimized geometry of harmane monocation are summarized in Table 2. 
 
4. Conclusions 
In order to interpret the absorption spectra of harmane monocation two theoretical 
approaches were applied, i.e. the semi-empirical ZINDO-1 and the TD B3LYP/6-
31+G(d,p) with PCM model, respectively. The former method led to a less consistent 
description of electronic transitions in harmane monocation when compared to the 
experimental data. The above inconsistency might result from the fact that no solvent 
effects were included. Inaccuracy of the method was especially evident in the prediction 
of two close lying S1 and S2 electronic transitions, for which solvent stabilization seems 
to be crucial. According to the obtained results, the S2 state has a much larger dipole 
moment in comparison to the S1 state, which makes the S2 state more sensitive to polar 
environment. Due to solvent stabilization of the S2 state, it is possible that the S1 and S2 
states might interchange and the S2 state would become the lowest-lying excited state. 
On the other hand, the TD B3LYP/6-31+G(d,p) PCM predicted properties of electronic 
transitions to the lowest excited singlet states of harmane monocation correlated quite 
well with the experimental data which may confirm the utility of the latter theoretical 
approach in the interpretation of the absorption spectra of harmane dissolved in 
acidified solvents. 



Table 2. Transition energies (E), wavelengths (λ) and oscillator strengths (f) of electronic transitions for harmane monocation calculated 
using ZINDO-1 and TD B3LYP PCM methods.  
 

ZINDO-1 
in vacuo 

TD B3LYP/6-31+G(d,p) 
in water 

experimental 
in water 

TD B3LYP/6-31+G(d,p) 
in methanol 

experimental 
in methanol 

TD B3LYP/6-31+G(d,p) 
in ethanol 

experimental 
in ethanol 

Tr
an

si
tio

n†  

 
E 

[eV] 
 

λ 
[nm] f E 

[eV] 
λ 

[nm] f E 
[eV] 

λ 
[nm] 

E 
[eV] 

λ 
[nm] f E 

[eV] 
λ 

[nm] 
E 

[eV] 
λ 

[nm] f E 
[eV] 

λ 
[nm] 

S1 3.245 382 0.1735 3.458 359 0.0735 3.369(III)‡ 
f=0.0666 368 3.452 359 0.0724 3.342(III)‡ 

f=0.0748 371 3.451 359 0.0738 3.342(III)‡ 
f=0.0870 371 

S2 3.553 349 0.4197 4.145 299 0.2470 4.160(II)‡ 
f=0.2072 298 4.138 300 0.2456 4.160(II)‡ 

f=0.2912 298 4.135 300 0.2550 4.119(II)‡ 
f=0.2028 301 

S3 4.254 291 0.0216 4.855 252 0.0353 4.853 256 0.0360 4.856 255 0.0370 
S4 4.670 266 0.7088 4.968 250 0.7858 

5.034(I)‡ 
f=0.9538 

246 
4.960 250 0.7787 

4.999(I)‡ 
f=1.0975 

248 
4.956 250 0.7787 

4.959(I)‡ 
f=1.0128 

250 

S5 4.761 260 0.1460 5.357 232 0.0352   5.352 232 0.0392   5.355 232 0.0422   
S6 5.036 246 0.1224 5.428 228 0.0753   5.430 228 0.0732   5.438 228 0.0729   
S7 5.151 241 0.1538 5.657 219 0.0014   5.654 219 0.0014   5.651 219 0.0014   
S8 5.650 219 10-5 5.780 215 0.1341   5.781 215 0.1361   5.788 214 0.1363   
S9 5.773 215 0.4128 6.071 204 0.0656   6.071 204 0.0536   6.076 204 0.0514   
S10 5.811 213 0.4857 6.092 204 0.0003   6.092 204 0.0008   6.089 204 0.0010   

 

† All transitions were determined to be the π→π* with the exception of TD B3LYP S7 and S10 and the ZINDO-1 S8 which resulted from the 
π→ δ* transition; ‡ numbers corresponding to the bands of absorption spectra of harmane dissolved in HCl-acidified solvents. 
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Abstract 
Polymethacrylate resin (OFP) supported palladium catalysts were prepared, 
characterized and used in the hydrogenation of 2-butyne-1.4-diol (B3-D), reaction of 
industrial relevance. The role of specific properties of Pd/OFP catalysts, like 
hydrophobic character and swelling ability, in their activity/selectivity behaviour in the 
hydrogenation of unsaturated triple bonds C≡C (B3-D) to C=C (2-butene-1,4-diol, B2-
D) and subsequently to the saturated C-C one (butane-1,4-diol, B1-D) was studied. Very 
advantageous performance of 2%Pd/OFP catalyst in terms of activity and selectivity 
was observed, especially when the catalysts acted in swollen state induced by medium 
of low polarity (THF solvent). 
 
Introduction 
Currently, the most important catalytic application of organic cross-linked functional 
polymers (OFP) is acid catalysis, however the use of such material as support for metal 
nanoparticles is very promising [1, 2, 3]. Catalytic centers formed on functional resins 
act in the environment of swollen polymer gel, that is in the environment essentially 
different from the surface of conventional solid (Me-supported) catalysts. One of the 
most important difference between inorganic solids and OFP is the swelling ability of 
these organic materials in contact with reaction medium. Swelling of the polymer 
effectively separates the polymeric chains thus dramatically affecting accessibility of 
the active centers as well as the selectivity of reaction [1, 3]. The role of such specific 
properties of Pd-polymethacrylate resins systems in the activity/selectivity behaviour of 
catalysts is reported in the hydrogenation of 2-butyne-1.4-diol (B3-D), reaction of 
industrial relevance [4]. Hydrogenation of triple C≡C bond in B3-D proceeds via an 
intermediate olefinic diol B2-D to the fully saturated butyne-1,4-diol (B1-D). B2-D and 
B1-D, both products are important raw materials for the fine chemical industry 
(preparation of pharmaceuticals, like endosulfan, pyridoxine (vitamin B6), insecticides) 
[1, 2]. On typical catalysts such as Pd/Al2O3, Pd/C, Pd/TiO2, the selectivity to B2-D is 
frequently reduced due to acid catalyzed reactions yielding by-products (like γ-
hydroxybutyraldehyde, n-butyraldehyde, n-butanol, crotyl alcohol) and/or due to the 
formation of fully saturated B1-D already in the stage of triple bond in B3-D 
hydrogenation [5, 6]. To selectively produce olefinic diol (B2-D), alkaline additives like 
KOH, NH3 are introduced to the hydrogenated solution [6, 7]. Pd/OFP catalysts used in 
this work exhibited very promising performance in terms of activity and selectivity 
especially when they acted in swollen state induced by medium of low polarity (THF 
solvent). Very high activity as well as selective hydrogenation of B3-D to B2-D (95 %) 
was then observed. 
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Scheme Hydrogenation of 2-butyne-1,4-diol. 
 

Experimental 
The OFP support (3 % crosslinking) containing carboxylic and ester groups was 
prepared by modification of co-polymer (2-hydroksyethyl methacrylate 20 % mol, 
styrene 77% mol) with glutaric anhydride (3 % mol). To prepare the catalysts, pristine 
OFP (spherical grains 75-150 µm) was swollen in THF and appropriate volume of 
Pd(ac)2 solution in THF (2.3 x 10-3 PdCl2 mol/dm3) was added. The suspension was 
gently stirred at room temperature when all of Pd ions reacted (ca. 24 h). To reduce 
palladium ions, the catalyst was treated with NaBH4 solution in THF : CH3OH (9:1) 
under vigorous stirring, washed with H2O, THF and dried under vacuum to constant 
weight (1 h at 50oC). The swollen ability of pristine OFP, as-prepared and reduced 
catalysts was evaluated by the measurement of the bulk expanded volumes (Vs) in THF, 
H2O and THF-H2O mixtures and expressed as Vs/Vo (Vo –volume of dry sample). 
Reduced catalysts were also characterized by FTIR, SEM and TEM techniques. 
Hydrogenation experiments were carried out in agitated batch reactor at atmospheric 
pressure of H2 and temperature 22oC (B3D = 0.05 mol/dm3). The course of reaction was 
followed by measuring the uptake of hydrogen against time. Samples of solutions were 
withdrawn from the reactor at appropriate intervals of time and GC analysis was 
performed (Auto system XL, Perkin Elmer, 30 m PE-5 MS capillary column). 
 

 
 
Fig. 1 Scanning electron micrographs (SE, BSE) of reduced 2% Pd/OFP catalyst. 
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Fig. 2 Swelling efficiency of Pd/OFP catalysts (a) initial OFP and Pd/OFP catalysts, 
THF medium (b) reduced 2%Pd/OFP in THF-H2O medium. 
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Fig. 3 Products distribution curves, hydrogenation of B3-D in H2O (a) and THF-H2O 

(b) medium. 
Results and discussion 
From the SEM map (Fig. 1) very homogeneous distribution of Pd through each resin 
particle of 2%Pd/OFP catalyst can clearly be seen. TEM studies reveal Pd-nanoparticles 
of nm in size thus indicating that the OFP resin in its swollen state at the stage of 
catalysts reduction with NaBH4 prevented Pd particles aggregation. The catalysts were 
also characterized by bulk expanded volume measurement and results are given in Fig. 
2 a, b. Owing to hydrophobic character, no volume expansion of OFP was observed in 
polar solvent like H2O, ethanol. The swelling efficiency of OFP as well as Pd-
containing samples was very high in THF solvent of low polarity (Fig. 2 a). Although 
insertion of palladium slowly reduced the swelling ability of pristine OFP, the volume 
of Pd-containing resins grains was strongly expanded in THF. The swelling ability of 
as-prepared Pd/OFP (Pd2+ ions present) catalysts slowly decreased with a rise in Pd 
content, however a moderate expansion of catalysts grains was still observed. This can 
be related to exchange of H+ by Pd2+ upon reacting Pd(ac)2 with OFP in acidic form 
(crosslinking effect). The NaBH4 reduced 2%Pd/OFP catalyst was also characterized by 
bulk expanded volume measurements in THF and THF + H2O mixtures (Fig. 2 b). The 

 



swelling ability slowly increases with a rise in H2O content in THF and reaches the 
maximum at 20 % H2O. The same solvents, H2O, THF and THF + H2O mixtures, were 
used in the hydrogenation of 2-butyne-1,4-diol (B3-D). The change in reagents 
concentrations (B3-D, B2-D and B1-D) against reaction time in hydrogenation carried 
out on 2%Pd/OFP catalyst is reported in Fig. 3a and Fig. 3 b. In the former case, water 
was used as the solvent, in the latter, THF-H2O mixture (20 % H2O) corresponding to 
the highest volume expansion of 2% Pd/OFP grains. The data obtained in hydrogenation 
tests reveal that the catalytic performance of Pd/OFP catalysts, rate of triple bond in B3-
D hydrogenation and selectivity to B2-D, both depends critically on their swelling 
ability. In all system studied, the contribution of reactions producing by-products to the 
whole hydrogenation process was very low (5-10 mol % of by-products) maybe because 
most of H+ in the OFP was changed by Na+ upon the reduction with NaBH4. In water, 
solvent in which the polymer does not swell, the catalysts grains can be considered as 
“closed” because the access of Pd-centers located inside of bulk are rather difficult. 
Consequently their outer surface mostly participates in the reaction and the rate of B3-D 
hydrogenation (1.57 mol/min) is the lowest. The rate dramatically increases in THF (3 
mol/min) and it becomes especially high (3.5 mol/min) in conditions inducing the 
highest expansion of catalysts grains (THF + 20 % H2O). Hence, the catalytic results are 
in line with the swelling ability of 2%Pd/OFP catalyst. More interesting are the changes 
in selectivity of B3-D hydrogenation, a consecutive reaction in which the hydrogenation 
of C≡C (B3-D) to C=C (B2-D) is followed by the hydrogenation of C=C to C-C (B1-
D). In aqueous conditions, the formation of fully hydrogenated B1-D proceeds already 
in the stage of triple bond in B3-D hydrogenation thus resulting in very low yield to B2-
D, a desirable olefinic diol. On the other hand, when the grains of catalyst are in 
expanded state (THF, THF + H2O) B2-D is selectively formed (95 %). Only the B3-D 
reacts to B2-D from the initial stage up to 95 % conversion and after that the B2-D 
undergoes hydrogenation to B1-D. Such selective formation of B2-D was observed in 
all THF- containing systems. Hence, the swollen state of Pd/OFP catalyst is very 
advantageous not only in terms of activity but also the selective hydrogenation of 
starting B3-D to B2-D, a desirable product. Such an effect can be related with the nano-
environment surrounding the active centers and their accessibility. The catalysts were 
quite easily filterable and reusable, without loss of activity for at least three runs. These 
properties make the Pd/OFP catalysts very promising systems.  
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Introduction 
 

Every human being from his youngest years acquires knowledge which is then 
in a conscious or spontaneous way used in his daily life. This knowledge helps him to 
function properly in the surrounding world. Acquisition of definite and systematic 
knowledge takes place in school in the frames of defined teaching subjects. It is teachers 
who are transferring the truths about the surrounding world. For the learning process to 
be interesting, effective and creative, the teachers constantly search for new methods of 
transferring knowledge which would become the inspiration for the pupils for the 
independent searching for answers for pervading questions. Activating methods are a 
promising tool for the didactic work in chemistry lessons. Limited cognitive 
possibilities of lightly mentally handicapped children require the use of such methods 
and forms of work that make their own activity higher than the activity of the teacher. It 
must be pointed out that there is no scientific or quasi-scientific elaborations in this area. 
There is also lack of text-books for teaching chemistry in special schools. All that 
chemistry teachers elaborate in their classes, how they introduce pupils into the secrets 
of chemistry, abstract ideas and the laws that are controlling our world, is innovatory. 
This work is an attempt to present the methods activating the teaching and learning 
processes in chemistry lessons including the experiences of teachers working with 
lightly mentally handicapped pupils. 
 
Specificity of teaching in a special school for lightly mentally handicapped children 
 

Difficult work, requiring lots of patience, devotion and love, correctly fulfilled 
gives joy and complacency. One has to know the intellectual potential of the child, its 
cognitive limitations, psychical and emotional maturity in order to properly select the 
methods of transferring the knowledge and conduct the teaching process. Mental 
handicap means the lower level of intellectual functioning, occurring with significant 
limitations in adaptative behavior in the following areas of proficiency: communication, 
independence, home life, social skills, health and safety, at work and in their free time 
[1]. 

Among lightly mentally handicapped children (3%) there are significant 
differences in the intellectual, emotionally-motivating, orientatively-cognitive and 
social processes [2-4]. 
Equally to the attractive didactic methods it is important to aid the intellectual 
development and emotional sphere through various forms of activity. 

Special schools were formed for: 
- education and upbringing of children and youths, 
- enabling the fulfillment of school duties [5]. 

 
 



Organizational structure of special education system 
 
Six-year primary school 
Years 1-3 – first stage of education, years 4-6 – second stage of education 
Three-year secondary school – third stage of education 
High schools – fourth stage of education 
 
Programme of chemistry teaching in a special secondary school 
 

Programme is limited to the “Chemistry in the surrounding world” area with the 
elements of environment protection, realized in correlation with physics, biology and 
geography. 

Teaching subjects include: water, air, natural resources, proteins, carbohydrates, 
organic and mineral acids, lipids, soaps, substances and their transformations, 
constituents of our planet. 
 
Activating methods for teaching chemistry in a special secondary school 
 

The feature of the activating methods is the dominance of pupils activities over 
teacher’s actions. The teacher directs the teaching process and pupils almost 
independently discover the world of chemistry [7,8]. 
 
Chemistry as a teaching subject 
 
Chemistry in special schools – after the reform in 1999 in secondary schools. 
Primary school – preparation of the pupil for the coexistence with the world. 
Secondary school – acquiring the knowledge of the secrets of chemistry, understanding 
of the world of chemistry as a continuation of the world of nature. 
The assumptions of teaching: 
-shaping the ability of thinking, 
-dealing with the information in an integral way, 
-relations with the practice, 
-passing the knowledge of basic laws, 
-forming proper attitudes (health, environmental protection), 
-indication of the importance of chemical knowledge in the daily life. 
Teaching of chemistry in realized in connection with the ecological education, covering 
for instance the areas of “Water” and sources of pollution, methods of water purification 
and pollution prevention during the excursion to the waste-water purification plant, 
walk along the river bank, collecting samples of water etc. 
Lessons aided with experiments improve the acquisition of knowledge. Additionally 
didactical games and excursions are employed, as well as work with text-books, movies, 
problem-oriented methods, micro-teaching. 
 
Activating methods for teaching chemistry in a special school –propositions [9,10] 
 
Method has to correlate with the aim that has to be achieved during the lesson unit. 
Improvement of the contact with pupils changes their attitude towards the subject. 



Activation means the creation of conditions for the active role in the teaching process 
through cooperative work, giving pupils special roles, outdoor activities. 
Direct observation provides better effect than presentation of the problem during lesson. 
Repetitional lessons are chemical mini-competitions, with lottoed questions and tasks, 
work in teams of 3-4 pupils and estimation of pupils and teams. 
Recapitulation lessons use artistic methods such as posters, presentations. 
Interesting form of work is making up advertising and warning slogans. 
 
Recapitulation and conclusions 
 

Modern school can not stand aside, it has to participate and help a young human 
being in his development. Teachers should look for new solutions and methods of work 
which most effectively will help them in transferring his knowledge. 

Changes did not steer clear of special care children and system of special 
education. The reform in 1999 brought Poland closer to European standards and gave 
handicapped children equal chances of start adjusted to their capabilities. 

The novelty is the third stage of education (secondary school), which introduced 
chemistry into the teaching programme. 

 
Activating methods in chemistry teaching are: chemical experiment, presentation, 
work in groups, games and didactical movie. 
Chemical experiment allows for full participation in the lesson and obtaining good 
results without the necessity of longer expressions. 
Activating methods allow children to achieve small successes and promote their own 
activity giving the opportunity of searching for simple solutions of some problems. 
Activating methods develop creative thinking, children themselves propose simple 
experiments. 
Didactic games is an element of play and lesson is linked with pleasure and achieving 
successes. 
Activating methods are used to diversify the lesson but also form the new style of work 
of teacher and pupil. 
Chemical education of lightly mentally handicapped children requires a scientific 
elaboration, work in the area of didactics of chemistry in which the problems of 
teaching chemistry in a special school will be discussed. 
 
*Detailed programme of chemical education in a special school, description of 
activating methods and their practical use (lesson scenarios) were presented in an article 
sent to the Editor of “Chemia w Szkole” (“Chemistry in School”). 
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Introduction 

From among a large number of chemical compounds, special attention should be paid to 

sodium soluble glasses, belonging to a group of large tonnage products, having many 

applications in different branches of industry and economy. It is held that there is not a single 

area of industry that doesn’t utilize soluble glasses. Poland has the basic stock base for the 

production of soluble glasses (SiO2 and Na2CO3) [1]. 

Sodium soluble glass was invented about 6000 years ago in Thebes, an ancient city in Upper 

Egypt. Inhabitants of Thebes owned soda deposits, occurring on the sandy banks of soda 

lakes, mixed with silica sand. From this mixture, in high temperature smelting crucibles, a 

transparent solid substance was produced, which after dissolving in water was used for the 

mummification of bodies. Medieval alchemists knew water glass under the name of oleum 

silicium. Because there was no application found for this substance it fell into oblivion. Only 

in 1841 first factory producing water glass was built in France [2]. 

The first known work regarding the solutions of sodium silicates, describing the changes of 

their viscosity as a function of concentration and the molar ratio of SiO2 to Na2O (which is 

now called the silicate modulus, Mk
*), was presented in 1926 by Main [3]. In this work it was 

shown the difference between the physico-chemical properties of silicate solutions and other 

inorganic substances. This finding did not, however, cause any interest in studying the other 

properties of water solutions of silicates until the beginning of 1950s. At this time systematic 

studies on these substances were started in several scientific centres (such as Berlin, Stanford, 

Wallingford, Mulhouse, Tjumen). In the history of studies on silicate solutions, started by 

Main, two periods of special interest in this area can be distinguished: 1953-1956 and 1974-

2000. Also the literature search from recent years shows that there are only a few centers in 

the world that undertook the studies on systems containing alkaline metal silicates. 

Until now, there is no leading scientific centre in the world working in this area and in Poland 

the only centre that carries out systematic research of the chemistry of sodium silicates 

                                                 
* where and  – weight percent of SiO,032.1/

22
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mass ratio of both oxides 
 

 



solutions, mainly manufactured in Poland by Rudniki Chemical Plant, is the Department of 

Civil Engineering, Mechanics and Petrochemistry of Warsaw University of Technology. 

 

Ecologically friendly sodium soluble glasses 

From the ecological point of view, sodium water soluble glasses are safe for the natural 

environment. They are non-toxic, so they can be added to water, even drinking water, which 

allows to send cooling waters into a reservoir without purification [4]. 

Their total non-toxicity and basicity of their aqueous solution (as a result of their hydrolysis) 

does not cause acidification which only underscores advantages of soluble glasses. 

Sodium silicate is not considered as a dangerous material so it is easy to transport in railway 

and car cisterns and in metal containers. 

Among their advantages also the economical profits can be pointed out. Sodium water glasses 

are cheap and provide the possibility of obtaining large technical and economical benefits. 

Soluble silicates inhibit corrosion, prevent deposits formation and are useful also in systems 

that were already strongly corroded [4,5]. They can be characterized as compounds of low 

reactivity and relatively high stability, unlimited solubility in water an fire-resistant. 

Mentioned friendliness of water glasses for the natural environment allows to make an appeal 

towards ecologists to consider undertaking of collective actions for the resolution of 

signalized problems in scientific, experimental and ecological aspects alike. 

 

Studies on the chemistry of aqueous solutions of silicates and selected areas of their 

applications from the ecological point of view 

Soluble glasses form systems especially hard to investigate because of the low stability of 

silicate ions and various levels of their condensation [6-8]. That is why they are still not 

sufficiently recognized both in the aspect of their molecular composition and physico-

chemical properties. 

Till this moment, thanks to the use of most modern methods and techniques of investigation, a 

huge progress in this area has been made. Many methods for the description of composition 

and structure of alkaline silicates solutions were proposed, however it is hard to generalize 

this data because their more detailed analysis shows many divergences [7] which can lead to 

the statement that the results of investigations probably depend on the method of production 

of the studied silicate [8,9]. 

 



In these investigations the following methods were employed: potentiometric, viscosimetric, 

spectrophotometric with the use of cationic dyes, method based on the synthesis of b-

molybdenosilicic acid, turbidymetric method, 29Si NMR and Poly-Quat. 

The analysis of recent literature reports [4] shows the wide spectrum of investigations but 

because of the large thematic dispersion, the obtained results do not lead to the solution of 

problems pervading for many years. 

Sodium soluble glasses are used for example in such ecologically important areas as 

communal and industrial water treatment (softening), anti-corrosion protection of water 

circuit installations, production of moulding masses etc. Extensive catalogue of applications 

of silicates was presented in an earlier work [4]. 

In order to underscore the ecological advantages of soluble glasses it was indicated that the 

most useful method of investigations is turbidimetric method [4,10,11]. It is based on 

formation of water soluble, colloidal silicate of a studied salt in course of reaction of soluble 

silicate forms with examined salt and measuring the intensity of radiation scattered by formed 

silicate. The ability to form the silicate of a studied salt and the course of scattered light 

intensity changes depend on the chemical composition of silicate solution and its silicate 

modulus (Mk). Presence of impurities, i.e. alien ions introduced into soluble glass during its 

production has also significant influence on the course of reaction. 

The principles of turbidimetric method, methodology of measurements and testing equipment 

were described in an earlier work [10,11]. 

Obtained results in the form of so called turbidity curves have shown that the character of 

their course is closely related to the type of silicate characterized by its silicate modulus (Mk) 

and chemical composition of its solutions. In particular it was found that: 

- addition of selected salts (of calcium and magnesium in case of evaluation of the 

possibilities of using water silicates for water treatment and iron salts for the 

evaluation of anti-corrosion protection of water circuit installations) into solutions of 

soluble glasses causes the formation of colloidal silicates, 

- different courses of turbidity curves indicate that formation of colloidal silicates 

depends on the type of cation , 

- in order to characterize the nature of interaction between salt and sodium silicates a 

mathematical model can be used, basing on which average radii of particles and 

relative sizes of formed colloidal silicate particles were evaluated. 

 

    

 



Recapitulation 

In the present time it can be said that the knowledge of soluble glasses among researchers 

belonging to many groups such as chemists, physico-chemists and ecologists is not sufficient. 

An up-to-date review of the literature of the subject [5] shows that there is only a small 

number of articles and no text-books at all, which fundamentally discuss the areas of 

applications of alkali metals silicates and their solutions. That is why an appeal is made to 

undertake common effort in order to solve pointed out problems, in all aspects: scientific, 

experimental and ecological. 

Fundamental expectations from the ecologists’ point of view: 

- common research leading to the recognition of action mechanism of silicates in the 

areas where they are already widely used, with stress put on the problems of natural 

environment preservation, 

- suggestion of expansion of soluble glasses application areas taking into account their 

ecologically friendly advantages.   

This is from where the necessity arises to conduct complex investigations taking into account 

the influence of the most important parameters on the behavior of silicates. This is a problem 

of big importance because water glasses from the ecological point of view are very 

environmentally friendly [6,12]. 
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Abstract 

The solvent isotope effects on Michaelis, Km, and maximum reaction rate, Vmax, 
in the reaction of hydroxylation of L-tyrosine to L-DOPA catalyzed by enzyme 
tyrosinase (EC 1.14.18.1) were determined. Solvent isotope effects were obtained by 
noncompetitive method for L-tyrosine and its two deuteriated isotopomers: [3’,5’-2H2]-, 
and [2’,6’-2H2]-L-tyrosine. 
 
Introduction 

The enzyme tyrosinase (Tyrosinase EC 1.14.18.1) classified to oxyreductases 
catalyzed two followed (subsequent) oxidation reactions of L-tyrosine to L-DOPA 
(3’,4’-dihydroxyphenylalanine), and next L-DOPA to dopaquinone [1,2]. This o-phenol 
nonenzymatically proceeds to several another unstable intermediates, which polymerize 
to yield melanins [3], scheme 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 1. Conversion of L-tyrosine into melanins in living cells. 

 
Tyrosinase is widely distributed throughout the nature [4,5]. It plays very 

important role in browning of vegetable and fruits, it causes also pigmentation in 
vertebrates, its deficit in mammalian leads to albinism. Exact mechanism of the action of 
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enzyme tyrosinase is not clear up to now. It would be interesting to study this problem 
using isotope effect method, particularly investigating the deuterium solvent isotope 
effects. Kinetics of enzymatic reaction are usually characterized by Michaelis equation: 
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v
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where v is the reaction rate at substrate concentration S, Vmax is a maximum reaction 
rate, and Km is a Michaelis constant. Km and Vmax are interrelated, and approximately 
speaking Km is a measure of strength of enzyme-substrate binding, and Vmax is                
a measure of the rate of reaction under conditions given. Interpretation of solvent isotope 
effects may bring new light on the mechanism of reaction studied. In the literature there 
are many papers concerning using of isotope methods for investigation of mechanism of 
action of enzyme tyrosinase [6-10]. Some of them report the data of SIE obtained for 
hydroxylation of L-tyrosine using natural and genetically modified enzymes [11]. The 
very similar enzyme tyrosine hydroxylase (EC 1.14.16.2), known also as tyrosine         
3-monoxygenase or L-tyrosine tetrahydropteridine, was the subject of intensive 
investigations, and many data concerning isotope effects were obtained using isotope 
methods [12-14]. This enzyme oxidizes also L-tyrosine to dopachrome via L-DOPA, but 
its structure [15] differs considerably from tyrosinase (EC 1.14.18.1) studied currently 
by us.  

In this work we study the influence of solvent on Km and Vmax in the reaction of 
hydroxylation of L-tyrosine to L-DOPA catalyzed by enzyme tyrosinase. Solvent isotope 
effects - SIE, were determined for L-tyrosine and its two deuteriated isotopomers, i.e., 
[3’,5’-2H2]-L-tyrosine, which synthesis was described elsewhere [16] and commercial 
[2’,6’-2H2]-L-tyrosine. The kinetic of conversion of L-tyrosine into L-DOPA were 
measured using noncompetitive method, and numerical values of SIE [17] were 
calculated by dividing kinetics parameters obtained in phosphate buffer by the ones 
obtained in fully deuteriated buffer. The progress of reaction was monitored indirectly 
by spectrophotometrical measurements of absorbance of dopachrome (Scheme 1) at       
λ = 475 nm (molar extinction coefficient for dopachrome ε = 3600 M-1cm-1).  
 
Experimental 

Standard mixture contains 0.1M phosphate buffer (pH 7.0), or 0.1M fully 
deuteriated phosphate buffer (pD 7.0) prepared from 83% D3PO4/D2O, 30% KOD and 
99,9% heavy water, L-tyrosine and enzyme Tyrosinase EC 1.14.18.1 (0.02 U/ml). The 
concentration range of L-tyrosine, [3’,5’ -2H2]- L-tyrosine, [2’,6’-2H2]- L-tyrosine was 
between 2.1 mM and 0.6 mM. The isotopomer [3’,5’-2H2]- L-tyrosine has been 
synthesised in our laboratory [16] , and [2’,6’-2H2]- L-tyrosine was purchased from 
Sigma. The total volume of reaction mixture was 2 ml. The progress of reaction was 
monitored spectrophotometrically by measuring the increasing of absorbance of 
dopachrome at λ=475 nm. These kinetic assays were carried out at the room 
temperature. The maximal velocity (Vmax) and ratio of Michaelis constant per maximal 
velocity (Km/Vmax) were calculated using computer programme Enzfitter 1.05. The 
results of solvent kinetic isotope effects concerning of three mentioned above 
isotopomers of L-tyrosine are shown in Table 1. 



Isotopomer of L-tyrosine SIE onVmax SIE onVmax/Km 
L-tyrosine 5.71 ± 0.131 9.33 ± 0.37 

[3’,5’-2H2]- L-tyrosine 1.89 ± 0.053 3.66 ± 0.142 
[2’,6’-2H2]- L-tyrosine 4.16 ± 0.036 9.95 ± 2.45 

 
Table 1. Solvent Isotope Effects 

 
Discussion 

The oxidation of L-tyrosine in the presence of tyrosinase in phosphate buffer 
proceeds about 6 times faster than in fully deuteriated medium. Similarly the rates of 
oxidation for compounds of L-tyrosine labeled with deuterium in aromatic ring are also 
lower in deuteriated medium. Probably the H/D exchange of labile protons of enzyme 
causes the conformational changes in active site of enzyme, and this reflects on activity 
of this biological catalyst slowing considerably its activity.  
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Introduction 
 

Civilizational advancement manifesting itself in a dynamic development of particular 
branches of technology, such as communication, energetics, chemical industry, causes the 
appearance and increase of several dangers for people, property and natural environment. 
Also food industry was developed significantly and with its growth increased the need for 
vegetables and fruits needing freezing and refrigeration. Thanks to that these products are 
now available on the market all year long. For the process of freezing ammonia is used. 
Plants that use ammonia in their technological processes (freezing of fruits and vegetables 
with the use of ammonia installation) create potential dangers for the natural environment and 
ipso facto danger threatening human life and health. 
 
Dangers caused by ammonia [1] 
 

When analyzing physico-chemical properties of NH3, it can be concluded that it 
creates the dangers of fire and explosion. Direct contact of the worker with this substance may 
result in a health loss or in extreme instances, death. 
Under normal conditions ammonia is a colourless gas having sharp, pungent smell. In 
industry and commerce it can occur as gaseous ammonia, liquid ammonia or ammoniac water. 
It can be liquified easily. Because ammonia is almost twice lighter than air, being oxidized it 
migrates towards upper parts of the room. In air ammonia reacts with water vapour and 
carbon dioxide forming ammonium carbonate. 
Aqueous solutions of ammonia are fire resistant liquids. Ignition is only possible in case of 
highly concentrated solutions, in high temperature and in presence of highly energetic sources 
of ignition. Over concentrated solutions, particularly in closed tanks or in case of heating of 
these solutions, explosive mixtures of ammonia and air can be formed. 
Liquified ammonia is a colourless liquid having high heat of vaporization. It dissolves many 
substances, interacts with copper and its alloys and salts. In contact with such substances as 
for instance mercury, chlorine, bromine, iodine, hydrofluorine, chlorates (I) etc it self-ignites. 
In reaction with sodium and calcium ammonia forms explosive products. 
Ammonia does not react with steel but it causes the corrosion of zinc, copper and its alloys. 
High concentration of ammonia is harmful for electrical equipment. In temperatures over 
260oC ammonia decomposes to nitrogen and hydrogen. Such temperatures do not occur 
during normal mode of work of the equipment but can occur for instance during welding 
when maintenance works are improperly conducted.  
 
Influence of ammonia on human organism. Intoxication prevention 
 

Ammonia is a toxic substance. In gaseous NH3 form it is harmful for skin, lungs and 
eyes. Has sharp, pungent smell. Toxic effect of NH3 is based on formation of ammonium 
hydroxide in mucous films. Ammonium hydroxide dissolves proteins and because of that 
leads to deep necrosis changes. Ammonia and ammonium hydroxide directly damage the cells 



and cause particularly painful irritation of all mucous films. Inhalant intoxication with 
ammonia causes swelling, irritation and pneumonia. 

Reaction of human organism on ammonia depends on ammonia concentration and 
time of exposure. Its characteristic sharp smell acts as a warning, protecting from exposure to 
highly concentrations. That is why severe intoxications with gaseous ammonia occur 
relatively seldom. At the same time, particularly among people who have contact with 
gaseous ammonia at work, the receptivity towards the smell of ammonia gradually decreases. 
The cause of this effect is the gradual paralysis of smelling nerves terminations. 

Inhalation of ammonia causes aggravating throat irritations, cough, salivation, nausea, 
weeping, headache. Slight exposure usually causes irritation of mouth, nose and throat. Cough 
occurs, elevated body temperature and breath curtailing. In more serious cases a pneumonia 
can develop, irritation of breathing system, circulation incapacity, which can lead to death. 
People who survived severe ammonia intoxication have most often irreversible changes in 
lungs and breathing tracts. Frequent staying in ammonia containing atmosphere can lead to 
troubles with digestion. High concentrations of ammonia cause burns of I and II degree. 

Workers having contact with ammonia should be thoroughly trained in methods of 
evacuation and use of personal protection equipment such as goggles, respirators, showers, 
protective clothes etc. All equipment should be constantly controlled in order to prevent 
accidents. Valves should be precisely marked to avoid accidental dehermetization of the 
installation [2,3,4]. 
 
Proceeding in case of danger of ammonia leak [5,6] 
 

The danger of ammonia leak requires that the crew and other people staying in the area 
endangered with ammonia equipment failure could evacuate protecting their breathing tracts 
with masks and half-masks. Failures have to be located and liquidated as fast as possible and 
that is why it is necessary to maintain rescue forces wherever the danger of areal pollution 
occurs. 

Rescue workers have to be equipped with gas-proof, anti-chemical protective clothes, 
protecting the whole body from gases, liquids, vapours and dusts. 
In case of ammonia leak in a closed room, only especially trained in chemical rescue workers 
can take part in pollution liquidation. The decision regarding the number of rescue workers, 
and personal protection equipment is made by a person managing the rescue action. If it is not 
possible to liquidate the effects of the accident with own forces and measures, the action 
should be entrusted to outside, speciallized rescue forces. 

People who take part in a rescue action in area polluted with ammonia should be 
safeguarded by two additional rescue workers. One person assists inside the polluted room, 
the other one stays outside and has to be ready to help. Polluted rooms have to be intensively 
ventilated with fresh air. Before starting any rescue actions, explosimetric measurements and 
measurements of ammonia concentrations in a polluted atmosphere have to be made. 
Installations and rooms cleaned from ammonia have to be ventilated with neutral gas and then 
with air. 

The need of starting rescue actions can take place because of a leak of ammonia water 
to the environment. The methods of rescue crews protection and rescue procedure is similar as 
in case of gaseous ammonia. The difference is in the fact that spilled ammonia water has to be 
collected from the ground. Ammonia water can penetrate the sewer system. Polluted areas of 
sewer systems have to be isolated with barriers. The most effective method is pumping out 
polluted liquid to asenization cars and transferring it to a dedicated wastewater reservoir. If it 
is possible, ammonia water has to be diluted as much as possible by pouring as much as 
possible of clean water into the sewer system. Polluted ground has to be rinsed with water. 



First aid [7,8] 
 
Depending on the way that ammonia entered the organism, first aid is based on: 
-carrying the affected person out of polluted room into fresh air, taking off polluted clothes, 
covering with warm blanket and providing calmness, 
-maintaining permeability of breathing tracts. In case of dyspnoea oxygen should be given. 
Artificial respiration should be avoided. Vapors of acetic acid can be given for respiration, 
-offering diluted solution of acetic acid (100 grams of vinegar in 1 litre of water), lemon, juice, 
solution of citric acid. Milk can be given to drink too. 
-rinsing burned skin with water. 
-rinsing burned eyes with running water for at least 15 minutes. Then eyes should be rinsed 
many times with 0.9% w/w NaCl solution. Further help of oculist is needed. 
-providing medical help to all affected people. 
 
Dangers to natural environment related to the use of NH3 
 

Danger to the natural environment is related to the change of pH. In strongly alkalized 
environment fish die because of suffocation caused by damage done to their breathing organs. 
Polluted water burns into their skin and gills. Spilled ammonia water has to be collected from 
the ground. Ammonia water can penetrate the sewer system. Polluted areas of sewer systems 
have to be isolated with barriers. The most effective method is pumping out polluted liquid to 
asenization cars and transferring it to a dedicated wastewater reservoir. If it is possible, 
ammonia water has to be diluted as much as possible by pouring as much as possible of clean 
water into the sewer system. Polluted areas should be rinsed with water. Large amounts of 
ammonia solution after diluting it to the concentration of 10-25% can be used as cheap 
nitrogen fertilizer, very easily assimilated by plants. 

In case of an accident during transport outside the production plant it is necessary to 
remove the car from the inhabited area, remove from the endangered area all people that do 
not take part in rescue work, inform authorities, wear breathing masks and protective clothes, 
block all routes leading into the area, remove all sources of ignition, extinguish all open fire, 
do not use any sparkling equipment. In case of release of gaseous ammonia water washing 
should be used to avoid spreading of a gaseous cloud. In case of accident in the area of a 
production plant the rescue work has to proceed according to the obliging instructions. The 
development of ammonia using chemical industry and general chemization of the whole 
economy causes the increase of potential toxic danger both in the area of the plant and in the 
surrounding area. 
 
Recapitulation and conclusions 
 

The state of danger related to the use and transport of NH3 requires an adequate 
organization of fire protection forces and chemical rescue forces, having necessary rescue 
equipment and trained crew of professional fire brigade. 

Production plants where NH3 is stored, create huge danger for the environment. It 
follows the possibility of formation of gaseous mixture around installations and containers 
caused by leaks and oxidation of vapours, which can not be totally eliminated and that is why 
it is necessary to mark the explosion danger zones and conduct constant, systematic control 
and maintenance. 

Road transport of NH3 should meet both technological and fire-protection 
requirements. Similarly as in the railway transport, auto-cisterns used for ammonia transport 



have special protections used to provide adequate conditions for safe transport of dangerous 
materials. 

The development of chemical industry using NH3 and chemization of the whole 
economy causes the increase of the potential toxic danger both in the area of the plant using 
such substances and in the surrounding areas. 
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Introduction 
Metals can cause acute poisoning, immediately observable or lingering poisoning. Acute 
poisoning is caused by such metals as Bi, As, Zn, Cd, Cu, Hg. Lingering poisoning can be 
caused by for instance As, Zn, Cd, Cr, Cu, Hg, Pb, Sn, Co, Ni, Mn, Se, Tl, Fe and Ag. 
Lingering poisoning, occurring for an elongated time in a delitescent form is very 
dangerous, especially if it causes mutagenic changes or brain damage (lead and mercury 
poisoning). It is hard to recognize and cure. Lead, mercury and cadmium are among the 
most toxic metals. These elements are carcinogenic, and when they occur in the 
environment in concentrations higher than the maximum allowable concentration, i.e. 2 
ppm in solid products [mg/kg of food], 0.4 ppm in liquid products [mg/kg of food] , 0.1 
ppm in water [mg/dm3], 100 ppm in a dry mass of compost [mg/kg], 0.05 ppm in air 
[mg/kg of food], cause the appearance of tumours. Besides, mercury and lead damage the 
central neural system and cadmium is the cause of hypertension, being the illness affecting 
ca. 20% of adult population in civilized countries. Lead, cadmium and nickel are 
carcinogenic and cause huge desolation in society which allows us to speak of them as of 
toxic elements. 
Toxic properties of Pb [1] 
Lead is a soft, grey metal, dissolving in concentrated, hot nitric and sulphuric acids and in 
acetic acid in the presence of oxygen. It does not dissolve in water. Lead is resistant to 
corrosion because in humid air produces a layer of hydroxide and carbonate covering its 
surface. It is a very toxic element. Lead is absorbed through skin and breathing passages 
[2]. In living organisms it reacts with proteins’ thiol groups (-SH) and impedes the 
incorporation of iron into prosthetic groups of many enzymes and blocking their synthesis. 
Lead damages central and circumferential nervous systems, being more dangerous for 
younger organisms.  Concentrations of lead in blood as low as 0.2 ppm are dangerous for 
the nervous system [3]. Lead significantly shortens life expectancy and probably is one of 
the causes of higher death rate due to the heart illnesses. The symptoms of lead poisoning 
include excessive excitability, aggression, headaches, insomnia, memory weakening, loss 
of interest, psychic and mental perturbations. People employed in the production of lead, 
lead containing batteries, pipes, bullets, alloys, paints and inhabiting the areas near to the 
highways (up to 0.3 km from the highway) are particularly vulnerable to the poisoning. On 
average, combustion of 1 litre of gasoline causes the emission of 0.4 to 0.7 g of Pb into the 
atmosphere. In total, in the northern hemisphere 350000 tons of Pb are emitted from the 
combustion of gasoline and soils near the highways contain on average from 1000 to 6000 
ppm of Pb. There is a correlation between the concentration of Pb in air, soil and water and 
the level of industrialization of the area. The atmospheric pollution propagates over the 
whole eco-system of Earth. That is why mostly lead-free gasoline is used. The yield of 
plants is reduced due to the action of lead in the following way [4]: coniferous trees by 



75%, peas by 68%, carrots by 62%, lettuce by 52%. Fuel tanks in airplanes are a subject to 
corrosion caused by microorganisms because the aviation fuel does not contain tetraethyl 
lead. A conclusion can be drawn that lead is toxic also for the microorganisms. Beside that, 
lead poisoning causes the increase of Ca concentration and decrease of Mg concentration in 
an organism. The deficit of magnesium promotes more severe lead poisoning and the 
excess of calcium slightly inhibits the poisoning. Oversupply of Mg can be used to reduce 
the toxicity of lead and simplify its removal from the organism. Mg2+ ions also reduce the 
hemolysis caused by Pb. Drinking water rich with calcium carbonate can act as a certain 
protection for the organism. Investigations have shown that the use of these waters reduces 
the deposits of lead in the skeleton by 50%. It is also possible to cure the lead poisoning 
and remove this metal from the organism by the use of a substance dissolving lead 
compounds but this kind of treatment is very dangerous and about 2/3 of children with 
brain damages undergoing that treatment dies. 
Experimental 
Turbidimetric method, based on the synthesis of water soluble colloidal lead silicate, was 
used to investigate systems containing sodium water glasses (produced by Eka-Chemicals, 
Sweden) marked with numbers from 1 to 7 and Pb(NO3)2. Industrial, concentrated solutions 
were studied. Table 1 presents the composition of studied water glasses. 
 
Table 1. Composition of studied water glasses 

Water glass Na2O concentration 
[% w/w] 

SiO2 concentration 
[% w/w] 

Silicate modulus 
Mk 

1 9.2 29.1 3.264 
2 9.6 12.0 12.112 
3 9.1 29.0 3.289 
4 9.8 31.0 3.264 
5 7.0 22.0 3.243 
6 7.0 27.2 3.302 
7 8.5 28.1 3.412 

 
The method of investigation [5,6] 
Turbidimetric method is based on the formation of water soluble, colloidal silicate of the 
studied salt as a result of reaction of soluble silicate forms with a studied salt of a given 
element and measurement of the intensity of radiation scattered by the formed silicate. The 
ability of a silicate of a studied salt to form and the character of changes of scattered 
radiation intensity depend on the molecular composition of the silicate and silicate 
modulus. Huge influence on the course of reaction has the presence of impurities i.e. alien 
ions. 
Description of conducted measurements 
Into 99.7 cm3 of distilled water 0.3 cm3 of water glass was added. The mixture was stirred 
for 2 minutes by a magnetic stirrer. Into such solution, after 15 minutes, 33.2 cm3 of the 
solution of studied salt (8 mmol/dm3 concentration) was introduced while being strongly 
stirred during 30 seconds. Then the measurement dish was quickly filled with the prepared 
mixture and the measurements at 455 nm wavelength radiation scattering were carried out. 
Laboratory turbidimeter Hach 2100 AN was used to measure the changes of turbidity of the 
mixture. Operating parameters: wavelengths 0 nm, 455 nm, 500 nm, 50 nm, 810 nm, 860 



nm; recording time 60 minutes; dish volume 30 ml; sample temperature about 30oC; 
accuracy: 5% of the readout. 
Discussion of the results 
The course of dependence, presented in Figures 1a and 1b, describing changes of turbidity 
in time in the sodium water glass – Pb(NO3)2 system, shows that turbidity of studied 
systems increases in time. These so called “turbidity curves” form incrementing functions. 
It shows that in the function of time, the concentration of colloidal lead silicate increases. 
Analysis of the experimental results indicates that the presence of lead ions has significant 
influence on the behavior of silicates regardless of their molecular composition. The values 
of turbidity fall into range from 299 to 608 NTU. Highest turbidity value after 60 minutes 
was observed for the water glass No. 5, lowest value – 392 NTU for water glass No. 4. The 
changes of turbidity during 60 minutes for studied water glasses are as follows: glass No. 1 
– 81 NTU, glass No. 2 – 154 NTU, glass No. 3 – 123 NTU, glass No. 4 – 93 NTU, glass 
No. 5 – 86 NTU, glass No. 6 – 79 NTU, glass No. 7 – 68 NTU, glass No. 8 – 107 NTU.  

 
Fig. 1a. 

 

 
 

Fig. 1b. 
 

 



Biggest changes were observed for glass No. 2 and smallest for glass No. 7. 
Taking into account the analysis of concentration of particular elements in industrial 
silicates [5] we can see that water glasses No. 2, 3, and 4 distinguish themselves from the 
others with the concentration of Al, Fe and Ti. These ions, introduced into water glasses 
during production have influence on the water glass behavior, parallel to the influence of 
Pb salt. It confirms earlier hypotheses that the properties of silicate solutions depend on the 
technology of their production [7]. In the earlier work it was postulated that the behaviour 
of the silicate is not only influenced by the cations but also by anions of the salt [8]. Basing 
on this finding and considering the concentrations of particular anions in the studied 
silicates [5] we can see that the sample No. 2 has much higher than the others concentration 
of Cl- ions, which probably explains biggest changes of turbidity in time. On the other 
hand, water glass No. 7, exhibiting lowest value of turbidity changes has highest 
concentration of SO4

2- ions, compared to other samples. 
Relative sizes of colloidal lead silicates’ particles were calculated using a spreadsheet [9]. It 
was prepared basing on the tabular data, formulas and approximations published in a series 
of “Theoretical investigations on the light scattering of colloidal spheres” articles in “The 
Journal of Chemical Physics” by W. Heller, H.J. Bhatnagar and M. Nagakaki. 
Numerical values were calculated basing on the refraction coefficient values and are 
presented in Table 2. 
 
Table 2. Calculated values of lead silicate particles, their average radii and the values of 
refraction coefficients. 

Water glass Relative size  
of the particle 

Average radius of 
the particle [Ǻ] 

Refraction 
coefficient 

1 23.0 10733 - 22513 0.9543 
2 23.0 10741 - 22725 0.9549 
3 23.0 10733 - 22513 0.9549 
4 23.0 10609 - 22449 0.9515 
5 23.2 10975 - 23022 0.9674 
6 23.0 10779 - 22610 0.9584 
7 23.0 10779 - 22610 0.9584 

 
Results of the calculations allow us to conclude that the relative sizes of colloidal lead 
silicate particles are identical, with the exception of water glass No. 5. Similar finding 
relates to the average radius of silicate particles. Thus we can conclude that Pb2+ ions react 
with the same silicate forms nevertheless the different molecular composition of their 
solutions. 
Conclusions and recapitulation 
− Addition of Pb(NO3)2 into the water glass causes the formation of colloidal lead 

silicates.  
− Course of turbidity curves for the water glass – lead (II) nitrate depends on the type of 

silicate and the concentration of alien ions introduced into the water glass during its 
production. 

− Relative sizes of colloidal silicate particles and their sizes are comparable which means 
that Pb2+ ions react with the same type of silicate anions, regardless of the water glass 
type. 



For the subject of these investigations, which are systems containing alkali metal silicates, 
being untypical systems, creating many problems, both theoretical and experimental, every 
new information arising from the studies is a significant contribution for the description of 
the chemistry of silicate water solutions. Presented works, being a fragment of more 
complex studies on the structure and properties of water glasses is a significant supplement 
for the investigations of the influence of salts on the behaviour of silicates. Conducted 
studies were pioneer ones, the systems containing water glasses and Pb2+ salts did not 
attract any attention in literature nor in experimental works. 
 
References 
[1] N. W. Skinder, Chemia a ochrona środowiska, WSiP, Warszawa 1995 
[2] T. Dutkiewicz, Chemia toksykologiczna, PZWL, Warszawa 1974 
[3] G. R. Taylor, Księga przeznaczenia, PZWL, Warszawa 1975 
[4] A. Hodera, A. Mrozikiewicz, Uboczne działanie leków, PZWL, Warszawa 1982 
[5] W. Koźlak, Annals Pol. Chem. Soc., 3 (2004) 252 
[6] W. Koźlak, Chemik, 6 (2006) 337 
[7] W. Koźlak, Pol. J. Appl. Chem., 27 (2005) 227 
[8] W. Koźlak, Chemik, in press. 
[9] M. Paczuski, E. Kukowska, T. Miaśkiewicz, T. Wiśniewski, Spreadsheet, Warsaw 
University of Technology, Płock 2001 
 
 

 
 
 

 
 
 



MANGANESE(II) SILANETHIOLATES WITH CHALATING 
HETEROCYCLIC BASES – EXAMINATION OF THEIR INFLUECNCE 

ON PROPERTIES OF NATURAL RUBBER VULCANIZATES ‡ 

Anna Kropidłowska1*, Aleksandra Makocka2, Maciej Miąskowski2,  
Józef T. Haponiuk2  and Michał Stankowski2 

Gdańsk University of Technology, Chemical Faculty, 1Inorganic Chemistry Department 
2Department of Polymer Technology, G. Narutowicza Str. 11/12, 80-952 Gdańsk.  

 
* [Corresponding author. Tel.: +48 58 3472592;  fax: +48 58 3472694;  E-mail address: 

anna@urethan.chem.pg.gda.pl  (Anna Kropidłowska)] 
 

‡ Dedicated to Barbara Becker PhD, D.Sc. for her invaluable inspiration and counsel 
 
Introduction 

Rubber elastomers are still one of the most frequently used materials on a 
volume basis in industrial and commercial life. They are broadly integrated into today’s 
lifestyle and make a major, irreplaceable contribution to virtually all product areas. 
Natural rubber is usually vulcanized with sulfur to improve resilience and elasticity [1]. 
Vulcanization greatly improved the durability and utility of rubber from the 1830s on. 
The successful development of this process is closely associated with development of 
the new and efficient additives (accelerating and activating agents) which are 
components of, so called, vulcanization unit. In this group S-donor complexes, eg. 
dithiocarbamates [2], dithiophosphates [3] and xantates [4] play a very important role, 
since they can improve vulcanization rate. It was the reason for examinating the effect 
of heteroleptic silanethiolate complexes of manganese(II) with chelating N-donors on 
properties of natural rubber vulcanizates.  
 
Experimental 
Materials: Manganese complexes: [Mn{SSi(OBut)3}2(2,2’-bipyridine)] and 
[Mn{SSi(OBut)3}2(1,10-phenanthroline)] were prepared as reported elsewhere [5]. 
Other chemicals were obtained from commerical sources and used as received. All 
samples were obtained using a two-roll mill of 200 mm diameter and 10 mm distance 
between the rollers. The rubber was mixed (the speed of the roller was 22 rpm) with 
ingredients according to ASTM (D15-72) and with control of temperature, nip gap and 

sequenced addition of ingredients. 
Vulcanization was carried out a 
electrically heated auto controlled 
hydraulic press at 145°C and 
pressure 5 MPa. 
 
Methods:  The strain-stress 
properties were measured 
according to ASTM D-412-87 in a 
Zwick/Roell Universtal Testing 
Machine (model Z020). Test speed 
was kept at 300 mm/min. The 

Table 1. Composition of the samples 
 

Component phr 
NRa (ribbed smoked sheets) 100 
Stearic acid 3 
Stabilizer ARb 1.5 
Oil 2 
Kaolin 30 
Sulfur 1.5 
ZnO 5 
Accelerator Tc 0.6 
[Mn{SSi(OtBu)3}2(N-N)]d x 

 

Abbr.: aNR = natural rubber; bN-phenyl-β-naphthylamine; 
cN,N,N',N'-tetramethylthiuram disulfide; cN-N= phen/bipy 



hardness of the samples (°Sh A) was measured using Zwick/Roell Hardness Testing 
Machine model 3130. Elasticity was verified using Schob method on Louis Hepper 
Leipzig apparatus according to PN-71 C-04255. The density was determine using 
Radwag set coupled with WPS 510/C/2 balance. The samples were also investigated by 
FTIR Nicolet 8700, from ThermoElectron Corporation. A diamond ATR accessory 
(Specac Golden Gate) was employed for ATR FTIR experiments. A 10mm×10mm 
samples were mounted on top of ATR crystal and pressed gently by a pre-mounted 
sample clamp. ATR effect and atmospheric contributions from carbon dioxide and 
water vapor were corrected. 
 

Table 2. Samples designation and formulations. 
 

Designation Composition Complex content 
x (phr) 

Vulcanization time  
t [min] 

NR Natural rubber vulcanizate 0 t ∈ (2, 12) 
NR-I/x(t) NR with [Mn{SSi(OtBu)3}2(phen)] x ∈ (0.5, 3) t ∈ (2, 12) 
NR-II/x(t) NR with [Mn{SSi(OtBu)3}2(bipy)] x ∈ (0.5, 3) t ∈ (2, 12) 

 
Results and discussion 

Rubber processing as well as properties of thus obtained products strongly 
depend on type of polymer used. Nevertheless these features can be advantageously 
influenced by the proper ingredients of a rubber blend. Addition of coordination 
compounds is associated with either chemical or physical interactions between these 
two and usually rely on the physicochemical characteristic of the substance used as well 
as the chemical nature of rubber [6]. What more, incorporation of complex compound in 
elastomers results in a profound effect on mechanical and physical properties of the 
formed composites.  

   The [Mn{SSi(OtBu)3}2(N-N)] 
species [5] have one property in 
common –  in contrast to many 
other manganese(II) thiolates 
they are stable under normal 
conditions [7]. This enabled us 
to consider their potential 
applications and check their 
effect on properties of natural 
rubber vulcanizates. For all 
samples density, hardness, 
elasticity were determined and 
mechanical and spectral 
analysis was performed. The 
preliminary tests provided a 

premise that all examined Mn(II) complexes are well dissolved in natural rubber and 
their addition influence vulcanization time. The optimal content of the complexes I-II 
was estimated as no more than 3 phr, since greater amount of the compound made the 
vulcanizates softer and more viscous. Acceleration of rubber ageing using manganese 
compounds have been previously reported [8] therefore all tests have been repeated 
after irradiation with UV lamp as well as after 10 months and no deterioration of sample 
properties was observed.  
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Fig.  1.  Schematic structure of [Mn{SSi(OtBu)3}2(N-N)] [5] 
              (a) N-N=phen, I, (b) N-N=bipy, II. 



Addition of 
both complexes I and 
II influence the 
mechanical properties 
of the vulcanizates. 
NR-I and NR-II 
possess higher 
hardness than non-
modified NR (Table 
2). Also density of 

these samples is increased, especially for NR-I, what can suggest higher degree of the 
cross-linking. Gain of the mechanical properties is particularly well observable also in 
the case of NR-I (Fig. 2a). Stress at break for this composition vulcanized for 10 
minutes (what is the optimal vulcanization time for non-modified rubber) is nearly 2 
times greater then for NR. Interestingly it is associated with the improvement of 
samples elasticity (Fig. 2b) and elongation at break (ca. 20%) for NR-I. Addition of 
manganese(II) silanethiolate into the rubber mixture influenced also the time of the 
vulcanization. The greater the amount of the compound added - the more vulcanization 
time can be reduced (Fig. 3a). NR-I/3 samples vulcanized for 2 min. possess greater 
stress at break comparing to NR. However, since so short time is not always advisable, 
the optimal time may be estimated as ca. 6 min. These vulcanizates are also more elastic 
comparing with NR (Fig. 3b). 
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Fig.  2.  Properties of samples vulcanized for 10 min (a) stress at break (b) elasticity vs. complex content. 
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Fig.  3.  Properties of vulcanized samples (a) stress at break (b) elasticity vs. vulcanization time. 

 

Table 2. Properties of samples obtained with 8 min vulcanization time. 
 

Sample Density 
[g/cm3] 

Hardness  
[oSh A] Sample Density 

[g/cm3] 
Hardness 
[oSh A] 

NR-I 1.10 45.3 NR 1.10 45.3 
NR-I/0,5 1.13 45.5 NR-II/0,5 1.11 47.2 
NR-I/1 1.12 47.9 NR-II/1 1.11 47.5 
NR-I/1,5 1.13 47.8 NR-II/1,5 1.12 48.3 
NR-I/2 1.13 49.9 NR-II/2 1.11 48.4 
NR-I/3 1.14 48.6 NR-II/3 1.11 48.6 



 
 

According to the spectral analysis (Fig. 4) one can assume that some amount of 
water is absorbed in a blend. Wide band with maximum at about 2207 cm-1 (typical for 
ν(OH) valence vibrations) decay with the increase of measurement temperature. With 
the bigger content of the complex, as well as with the rise of temperature the relative 
intensity of the band at 1375 cm-1 is decreasing and simultaneously the intensity of the 
1391 cm-1 band increases. These are the main changes observable on the recorded 
spectra. Therefore we can assume that the compositions are stable and do not degrade, 
even when longer stored at higher temperature. 
 
Conclusions 

The modified rubber samples were prepared by sulfur vulcanization with the 
concentration of manganese complexes in the combination varying from 0.5 to 3.0 phr. 
It was necessary to define the optimal vulcanization system in order to get the 
vulcanizates of desired properties. The silanethiolate used do not act as direct 
accelerators, nevertheless they can be used as vulcanization activating agents. Addition 
of Mn silanethiolate complex (especially the one with phenanthroline as coligand) 
improves the mechanical properties (higher elongation and stress at break) and causes 
decrease of vulcanization time about  without deterioration of sample properties. 
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According to the dictionary definition a competition is an artistic, entertainment 

or sporting event with a specific procedure allowing the selection by elimination of the 
best artists, authors etc., who are usually awarded prizes. 
 
So do the subject competitions held in schools fit this definition? Subject competitions 
are indeed events, albeit of an academic nature, they have specific rules, and they allow 
the best students to be selected. The students are also awarded prizes though it is not the 
prizes themselves which they value most but the fact that winning the competition frees 
them from the obligation to sit the exam at the level in question. 
 
The importance of subject competitions in the work of schools is demonstrated by the 
fact that there is a government ruling on the subject (the Ruling of the Ministry of 
National Education and Sport of 29.01.2002 concerning the organisation and conduct of 
competitions, tournaments and contests). According to the ruling competitions can be: 
 

1) interdisciplinary competitions based on the syllabus of various subjects or 
blocks of subjects, 

2) subject competitions based on the syllabus of one subject and extending it, 
3) topical competitions based on a selected subject or subject block. 

 
The ruling also states that: 
 

1. Competitions may also be organised on the provincial or interprovincial level. 
2. Competitions on the provincial level are organised by the Chief Education 

Officer while interprovincial competitions are organised by the appropriate 
Chief Education Officers on the basis of an agreement. 

 
At the beginning of each school year detailed information on subject competitions 

can be obtained including precise rules, the theme of particular competitions, and a list 
of topics and suggested material for preparation. 
 
Having familiarised him/herself with this information the teacher acquires the material 
specified and presents it to the interested students, discussing how to use it and setting a 
joint plan of action and schedule for meetings. The teacher then begins to work with the 
students, stimulating their interest and creating a sense of anticipation in order to 
motivate them to take creative action. 

Each teacher has his/her own way of approaching this task. Usually they have a 
tried and tested procedure which guarantees that students are provided with the 
knowledge they need, while also establishing a positive model of discussion as well as 
reading, writing, note-taking, and listening. 
Below I have included a list of selected original questions in Non-organic, Organic and 



General Chemistry. They are designed for both gymnasium and secondary school 
students and differ in their form, content and the methods required for their solution. 
Each exercise is clear and transparent, and has an answer and commentary concerning 
its difficulty level and the practicality of the solution. The questions include theoretical 
and practical (laboratory) questions, and exercises requiring independent analysis rather 
than simple reproductive learning. 

 
All the proposed questions have been tested in a practical context, with students 

preparing for the Małopolska Chemistry Competition for Gymnasium Students, the 
Provincial Chemistry Competition for General Secondary School Students, and the 
School Chemistry Contest (the so-called 'Olimpiada'). 
 
Exercise 1.  
1-bromo-3-nitrobenzene can be prepared by: a) bromination of nitrobenzene or b) 
nitration of bromobenzene. Choose correct answer, and next write the chemical 
equations to explain your answer. 
 
Exercise 2.  
Sodium acetate is widely used in chemical synthesis. 
a) the laboratory production of the simplest alkane involves the reaction of sodium 

acetate with sodium hydroxide. Write a balanced equation, and next give orbitals 
diagram of the simplest alkane molecule. What geometry is expected for this 
molecule according to the VSEPR model. Comment on a dipole moment of this  
molecule, 

b) combustion of 1 mole of this alkane to yield CO2(g) and H2O(g) would produce   
890,31 kJ; calculate how much heat in kJ is evolved from the reaction of 10 dm3 of 
that alkane under the normal-state conditions, 

c) consider the electrolysis of melted sodium acetate. What are the electrode reactions? 
How many dm3 of gas (under the normal-state conditions)  - which could be 
absorbed by limewater - are liberated when 25g of sodium is deposited on the 
cathode at the same time? 

 
Exercise 3. 
Unknown organic compound belongs to hydrocarbons with ring structure and: 
- having aromatic character, 
- is one of benzene homologues, 
- reacts with chlorine under ultraviolet irradiation, 
- during reaction with diluted, strongly alkaline solution of KMnO4, the compound is 

converted into the simplest aromatic carboxylic acid and carbon dioxide. 
Identify compound using these information. 
 
 
Exercise 4. 
How could you distinguish the following four aqueous solutions of salts: sodium 
chloride, zinc chloride, aluminium chloride and manganese chloride. You can use only 
aqueous solution of sodium hydroxide and  ammonia. Describe a chemical method for 
identification of the solutions of NaCl, ZnCl2, AlCl3 and MnCl2. Write chemical 
equations. 
 
 
Exercise 5. 
Look at the structural formulas of selected amino acids:  



        
 
 
Using information below give the structural formula and name of the expected peptide: 
- firstly, aqueous solution of peptide was titrated with 0.5M NaOH, and next the same 

volume of aqueous solution of that peptide was titrated with 0.5M HCl; the volume 
of 0.5M NaOH was twice as much as the volume of 0.5M HCl, 

- elementary analysis of that peptide shows percent composition: C 41.4%, and molar 
mass is equal 261 g/mol. 

 
 
Exercise 6. 
There are three isomers of unknown hydroxycarboxylic acid I(1), I(2), I(3); each of 
them has distinct position of -OH group attached to the linear carbon chain. Information 
below should be used to provide chemical name and structural formulas of these 
isomers: 
- reaction of two molecules of isomer I(1) results in lactide formation,  
- isomer I(2), when heated with a concentrated solution of potassium hydroxide in 

ethanol, is converted to α,β-unsaturated compound, 
- under special conditions, from isomer I(3) γ- lactone is formed, 
- each isomer molecule consists of 5 carbon atoms. 
 
Exercise 7. 
The following aqueous solutions have been placed in separate test-tubes: 
 
 
 
 
 
 
 
 
Which of these solutions should be mixed to: 
- observe a reaction with gas formation? 
- observe  formation of a precipitate ( blue) 
- observe  formation of a precipitate (white, darkening under light) 
- take place the neutralization reaction 
 
Write the molecular-, ionic-, and the net ionic equations. Suggest experiments to prove 
your expectations.  
 
Exercise 8. 
Read the information below, and write an answer to the questions. 
 1. Look at the picture: 
 
 
 
 
 
 water + 

phenolphthalein 

element X oxide  

HCl NaOH Na2CO3 Cu(NO3)2 AgNO3 HNO3 



observation: the color of solution has not been changed. 
 
2. Element X reacts with H2 to give a gas with characteristic odor. 
3. Element X burns with O2 to give element X oxide. 
4. Element X oxide  reacts with substance Y. 
5. Element Z oxide reacts with water to give substance Y.  
6. Molecular mass of element Z oxide is 62u, and percent composition O 25,8%. 
7. Molecule of element Z oxide consists of 3 atoms. 

 
a) Write the names of substances X, Y, Z. 
b) Comment on acid-base behaviour of element Y oxide?  
c) Write formula of element Z oxide?  
d) Write chemical equation  for reaction: element X oxide reacts with water. 
e) Write chemical equation for reaction: element X reacts with O2. Write  name of  the  

formed oxide.    
f) Write chemical equation for the reaction: element X oxide reacts with substance Y. 
 
The questions are designed to: 
 
• test the students' ability to use solubility tables, 
• test the students' ability to apply their knowledge of the properties of d-block 

elements and their compounds (co-ordination compounds), 
• improve the students' laboratory skills, 
• give the students practice in writing reaction equations, 
• develop the students' ability to predict electrolysis products, 
• consolidate the students' knowledge of the construction of energy diagrams for 

atoms and molecules, 
• test the students' ability to interpret information concerning the energy effects of 

reactions, 
• develop the students' ability to draw conclusions from available information, 
• teach logical thinking, 
• cover the entire gymnasium syllabus for Non-organic Chemistry, 
• teach comprehension of texts, 
• require more than simple reproductive learning, 
• test the students' ability to apply their knowledge of the properties of aromatic 

hydrocarbons,  
• test the students' ability to interpret information concerning the effects of reactions, 
• develop the students' ability to select a range of information, 
• put the note in a correct order and structure the chemical facts properly.   
 
All exercises have been prepared by Authors based on different chemistry didactic 
materials for teachers and students. 
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Introduction 
Composite (hybrid) materials can be divided according to their chemical properties. 
Taking into account the type of the compound which forms the matrix of the hybrid and 
the compound which penetrates into this structure (‘guest’) hybrid materials are divided 
into three different types [1]. 
1. OI – Organic inorganic hybrid materials – The matrix is an organic compound (most 

often a conductive polymer) with which the particles of an inorganic substance 
(guest) are connected. 

2. IO – Inorganic organic hybrid materials – The matrix is built of an electroactive, 
inorganic compound while an organic part of the hybrid consist of ‘guest’ particles. 

3. Nanocomposite materials – neither organic nor inorganic form dominates in this 
structure.  

The experiments with electrode composite materials are carried out in different 
directions. One of the directions is searching for new substances to build organic layers 
or to modify the already applied compounds. The important feature of organic layers 
used in composite materials is the presence of function groups with positive and 
negative charge. It gives the possibility to create anion and cation organic layers which 
are a very important feature because of the ability to adsorb further constituents on such 
layers.  
The experiments described in this communicate concern the possibility to modify the 
organic layer formed by polyaniline. The examined modification is based on replacing 
polyaniline with co-polymer aniline-anthranilic acid or co-polymer aniline-metanilic 
acid. Dodecamolybdophosphoric acid and Prussian blue were used as inorganic 
components. Composite materials with heteropolyacid were synthesised in a multistage 
method by means of depositing successive organic and inorganic layers, (layer by layer) 
which is described in literature [2,3] 
Experimental 
The apparatus used in voltammetric measurements consisted of the potentiostat PAR 
273 and the microcomputer IBM PC with CorrWare 2.8 and CorrView 2.8 software 
(Scribner Associates Inc.).The three - electrode measurement cell was used. The 
working electrodes were disc electrodes of glassy carbon of diameter 0.3 cm and the 
surface 0.071cm2 and platinum wire of diameter 0.15 cm and the surface 0.96 cm2. The 
counter electrode was platinum mesh. The references electrode was the saturated 
calomel electrode (SCE).  
Composite layers in the research were built of organic and inorganic parts. Polyaniline 
(PANI) or copolymers aniline-anthranilic acid, aniline-metanilic acid were used as 
organic structures. They were synthesised by means of cyclic voltammetry from the 
solutions containing adequate monomers: aniline (AN), anthranilic acid (AA), metanilic 
acid (MA). Inorganic structures were built of dodecamolybdophosphoric acid 
H3PMo12O40 (PMo12) and Prussian blue Fe4III[FeII(CN)6]3.  



The synthesis of composite materials consisting of dodecamolybdophosphoric acid and 
polyanilina or copolymer aniline and antranilic acid proceeded according to the 
following procedure: 
1. Deposition of PMo12 layer by means of immersing the conductive phase of working 

electrode in the aqueous solution of H3PMo12O40 of concentration 0.002 mol/dm3 
for 10 min. 

2. Immersion of the modified surface in the solutions of aniline (or aniline and 
anthranilic acid) with 0.5 mol/dm3 H2SO4. 

3. Electropolymerisation of ultrathin layer of polymer (or copolymer) in the solution 
0.5 mol/dm3 H2SO4 within potential range from E=0.1V to E=0.85V, at v=50 mV/s, 
during 3 voltammetric cycles. 

The attempts to synthesise composite materials with copolymer of aniline and metanilic 
acid did not give positive results. 
Composite materials consisting of polyaniline or copolymer of aniline with anthranilic 
acid or metanilic acid and Prussian blue were obtained according to the following 
procedure. The synthesis was carried out during voltammetric polarisation in the 
solution of: aniline (or aniline and anthranilic acid or aniline and metanilic acid), 
Fe2(SO4)3 0.001 mol/dm3, K3Fe(CN)6 0.001 mol/dm3, H2SO4 0.5 mol/dm3, KHSO4  0.5 
mol/dm3. The process was conducted at sweep potential rate v=50mV/s within potential 
range from E=-0.1V to E=0.8V. 
Results and discussion 
Figures 1 and 2 present voltammetric curves of composite layers with 
dodecamolybdophosphoric acid. The measurements were done in supporting electrolyte 
for the successive thicker layers of the composite. Voltammetric curves for the materials 
built of phosphomolibden acid and polyaniline or co-polymer aniline-anthranilic acid 
demonstrate great similarity in the position of respective peaks and the values of peak 
currents. It is proved by the dependence ip=f(v1/2) for both layers. The slope coefficients 
of anodic lines equal 8·10-7 (layers with polyaniline) and ·10-6 (layers with co-polymer 
aniline-anthranilic acid) and catodic lines are 3·107 and 5·10-7 respectively. Copolymers 
of aniline and anthranilic acid reveal the features similar to polyaniline and they can be 
used to the synthesis of composite materials instead of PANI. 
Figures 3, 4 and 5 present voltammetric curves of composite layers with Prussian blue. 
The diagrams present the measurements done for different sweep potential rates. It 
results from the comparision of voltammetric curves in firufes 3 and 4 that in case of 
layers with co-polymer aniline-anthranilic acid, the redox system at about 0.2Vhas 
better reversibility than in case of layers with polyaniline. The slope coefficient of the 
lines on the diagram with the dependence ip=f(v1/2) for the layers with co-polymer 
aniline-anthranilic acid have the same value 0.0002. The lines are symmetric as in case 
of reversible processes. On the other hand, the difference of peak potentials is smaller 
than in case of layers with polyaniline. 
Figure 5 presents voltammetric curves of the layers with co-polymer aniline-metanilic 
acid and Prussian blue. In this case we can observe a clear worsening in the reversibility 
of electrode processes. The difference of peak potentials increases with the growth of 
sweep potential rate and the peaks themselves undergo vast extension. It is seen from 
the diagram of the dependence ip=f(v1/2) that the course of the catodic line is completely 
untypical and does not correspond with simple electrode processes. 
 
 



Conclusions 
It results from the research that co-polymer aniline-anthranilic acid can be used in 
composite materials instead of polyaniline. In connection with phosphomolibden acid it 
forms the material of properties similar to the material with polyaniline. In the materials 
with Prussian blue the presence of the same co-polymer increases the reversibility of 
electrode processes.  
On the other hand, co-polymer aniline-metanilic acid cannot be applied in the examined 
systems. In case of materials with phosphomolibden acid it was not possible to obtain 
any layers with this co-polymer.  
In composite materials with Prussian blue, copolymer of aniline and metanilic acid 
show worse properties than polyaniline, copolymer of aniline and anthranilic acid. 
Copolymers containing sulphone groups exhibit better water solubility. It can cause 
weak immobilisation of inorganic compounds in the layer. 
The further research will concern the formation of materials with the application of co-
polymer aniline-metanilic acid with other inorganic compounds. 

Figure 1. A) Voltammetric curves for the layer of composite PANI-PMo12 in dependence on the number 
of deposited layers. 
B) The dependence of the peak current on the polarisation sweep potential rate. 

Figure 2. A) Voltammetric curves for the layer of composite PANI-AA-PMo12 in dependence on the 
number of deposited layers. 
B) The dependence of the peak current on the polarisation sweep potential rate. 
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Figure 3. A) Voltammetric curves for the layer of composite PANI-Prussian blue in the solution of 
supporting electrolyte for different sweep potential rates within the range from 20 to 300mV/S. 
B) The dependence of the peak current on the polarisation sweep potential rate. 
 

Figure 4. A) Voltammetric curves for the layer of composite PANI-AA Prussian blue in the solution of 
supporting electrolyte for different sweep potential rates within the range from 20 to 300mV/S. 
B) The dependence of the peak current on the polarisation sweep potential rate. 
 

 
Figure 5. A) Voltammetric curves for the layer of composite PANI-MA Prussian blue in the solution of 
supporting electrolyte for different sweep potential rates within the range from 20 to 300mV/S. 
B) The dependence of the peak current on the polarisation sweep potential rate. 
References 
[1] Cuentas Gallegos A. K., Doctors thesis Laboratorio de Quimica del Estado Sólido Instituto de Ciencia 

de Materiales 2003r. 
[2] Kulesza P.J., Chojak M., Miecznikowski K., Lewera A., Malik M.A., Khun A., Electrochemistry 

comunications 4, 510-515 (2002) 
[3] Leventis N., Chung Y.C., J. Electrochem. Soc. Vol. 137 No 10, 3321 (1990) 



SSYYNNTTHHEESSIISS,,  SSTTRRUUCCTTUURREE  AANNDD  PPRROOPPEERRTTIIEESS  OOFF  PPOOLLYY((EETTHHEERR--
EESSTTEERR  UURREETTHHAANNEE))SS  CCRROOSSSSLLIINNKKEEDD  BBYY  VVIINNYYLL  MMOONNOOMMEERRSS  

  
KKuucciińńsskkaa--LLiippkkaa  JJuussttyynnaa,,  JJaanniikk  HHeelleennaa,,  AAddoollff  BBaallaass  

Chemical Faculty Gdansk University of Technology, Department of Polymer 
Technology 

Narutowicza Street 11/12 80-952 Gdansk 
 

II..  IInnttrroodduuccttiioonn  
Classic polyurethanes exhibit a number of advantageous properties, mainly high 

abrasion resistance, significant hardness and tensile strength. They exhibit also certain 
drawbacks during synthesis, such as limited lifetime of urethane prepolymers or low 
resistance of isocyanate groups to humidity. These disadvantages can be eliminated by 
an introduction of unsaturated bonds to polyurethane structure, what allows additional 
crosslinking via radical induced polymerization, chemically induced polymerization or 
radiation induced polymerization. 

Numerous papers on polyurethane modifications with unsaturated monomers prove 
that it is one of the best methods of improvement of these compounds’ properties 
[1,2,3]. 

There are several groups of unsaturated polyurethanes classified with respect to their 
properties and structure. The main groups are as follows: 

- unsaturated poly(esterurethane)s, 
- poly(urethane acrylate)s, 
- polyurethanes extended with low molecular weight, unsaturated diols. 
The scope of our interest are unsaturated poly(ester-ether urethane)s (PUR-U) 

synthesized from unsaturated poly(ether-ester)diol (OAEE) and crosslinked by vinyl 
monomers. OAEE were synthesized with different glycols – ethylene (GE), diethylene 
(GD) and propylene(GP) ones [Fig. 1]. Synthesis was carried out for 1 hour at 80 oC. 

 
 
 
 

II. Materials 
 Poly(ether-ester) OAEE 
 4,4’-diphenylmethane -diisocyanate (MDI) 
 Styrene (S) 
 Butyl acrylate (AB) 
 2,4,6 triallyloxy-1,3,5 triazyne (I) 
 methyl ethyl ketone peroxide (MEKPO) 
 cobalt 2-ethyl cyclohexanoate (EtHCo) 
 urethane prepolymer (QPRE) 
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Fig 1. Synthesis of poly(ether-ester urethane)s crosslinked by vinyl 
monomers 
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III. Results 
 

On the spectrum of PUR-U [Fig. 2], in the region 3250-3400 cm-1 and at 1535 cm-1 
there are stretching and deformation vibration bands characteristic for urethane groups 
and corresponding to the secondary amine. The absorption band at 1730 cm-1 originates 
from the stretching vibrations of carbonyl group present in ester and urethane units. 
Two asymmetric bands in the range 1300 – 1100 cm-1 characteristic for ester and ether 
groups originate from OAEE. The weak band at 2250 cm-1 corresponds to free NCO 
groups. Moreover, there are some additional bands at 3000 cm-1 and at about 1600 and 
1500 cm-1. They are related to the stretching vibrations of  C=C and CAr-H bonds 
suggesting the presence of aromatic ring, probably originating from MDI and styrene. 
The peaks at 1630 cm-1 correspond to the stretching vibrations of C=C group. It 
suggests that not all double bonds take part in the cross-linking copolymerization 
reaction. The spectrum exhibits also overlapping bands at 2880 cm-1 coming from 
asymmetric and symmetric stretching vibrations of -CH3 and –CH2- groups as well as 
the band at 1430 cm-1 characteristic for deformation vibrations of (C-H) group of 
aliphatic hydrocarbon chain.  

 
 

 

Fig 2. FTIR-ATR spectra of PUR-U 
 

 
Cross-linked PUR was subjected to the tensile test. It was aimed at evaluation of 

influence of the type of glycol used during polyurethane synthesis, the content of free 
NCO groups and the type of crosslinking agent on mechanical properties of obtained 
polymers. 

 PUR-U crosslinked with 2,4,6 triallyloxy-1,3,5 triazyne (I) exhibit the worst 
mechanical properties regardless of the type of glycol they had been synthesized from. 
Poly(ester-ether urethane)s crosslinked by styrene exhibit better mechanical properties 
than PUR-U crosslinked with the other used monomers. 
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Fig 3. Tensile strength of PUR-U containing different crosslinking agents  

(NCO/OH 2,0:1) 
 

Fig 4. Tensile strength of PUR-U containing different glycol  
(PUR-U crosslinked with styrene) 

 
PUR-U with propylene glycol residues in its structure occurred to be the most 

durable in the tensile test. The higher content of rigid segments makes PUR-U more 
resistant to tensile deformation. The highest tensile strength was revealed by PEEU of 
the molar ratio NCO/OH 3,0:1 

 
IV. Conclusions 

 Analysis FTIR-ATR spectra confirm the assumed structure of PUR-U 
 The increase in molar ratio NCO/OH is accompanied by an improvement in 

mechanical properties.  
 PUR-U crosslinked with styrene and possessing propylene glycol residues in its 

structure is characterized by superior tensile strength as compared to the 
remaining polyurethanes. 
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Introduction 

The acetalization reaction is a process that is widely used in organic synthesis to 
protect the carbonyl of aldehydes and ketones and for the synthesis of enantiomerically 
pure compounds that find practical application in field of carbohydrate chemistry. This 
reaction is normally acid catalysed, although the use of transition metal complex as 
Lewis acid catalysts has been occasionally reported in the literature [1].  

Our group is currently working on synthesis of polymer containing carbohydrate 
units in the main chain by polycondensation of dialdehydes with monosaccharides [2]. 
The goal of the present research was develop a catalytic process involving selective 
acetalization of methyl α-D-mannopyranoside with terephthaldehyde. This paper deals 
with the heteropolyacids dispersed in the polymer matrix which are applied as acid 
catalysts in the acetalization of methyl α-D-mannopyranoside. The advantage of this 
procedure is that it is a single step process without necessity to use hydroxyl protection 
group chemistry of sugar molecule.  

New types of heterogeneous catalysts such as conjugated polymers: polypyrrole 
(PPy) or poly(N-methylpyrrole) (PMPy) doped with heteropolacids constitute an 
especially interesting class of catalysts, because their catalytic properties can be 
precisely tuned via controlled modyfication of polymer-dopant interactions. The using 
heteropolyacids such as H5PMo10V2O40 or H4SiW12O40 have two separated active sites 
i.e. acid-base (protons) and oxidative-reductive (transition metal ions) [3].  

 
Experimental Part 
Acetalization and polyacetalization reactions 
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Scheme 1. Polycondensation of methyl α-D-mannopyranoside (1) with terephthal-
aldehyde (2), catalyzed by PPy(H5PMo10V2O40) (5), PMPy(H5PMo10V2O40) (6) 
 
The reaction between methyl α-D-mannopyranoside (1) and terephthalaldehyde (2) was 
performed for the molar ratio of the reactants 1:1, in the presence of 0.25 % (w/w) of 
the catalyst, in benzene-DMSO solution (v/v = 4:1) with azeotropic removal of water. 
After a certain time (12-40 h) the catalyst was filtered off. The solvents were evaporated 



and the residue was washed with 5 % aqueous solution of NaHCO3 or extracted from 
chloroform solution with 5 % NaHCO3. The product was dried under vacuum and 
analysed (Scheme 1). 
 
Synthesis of catalysts 
Polypyrrole and poly(N-methylpyrrole) were synthesized in an one-step polymerization 
of corresponding monomers (pyrrole or N-methylpyrrole) in presence of hydrogen 
peroxide (as an oxidative reagent) and heteropolyacid (H5PMo10V2O40 or H4SiW12O40 -
as a doping species) in acetonitrile (as a solvent) at room temperature (Scheme 2). 
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Scheme 2. Reaction of polymerization of pyrrole or N-methylpyrrole with simultaneous 
incorporation of heteropolyacids H5PMo10V2O40 or H4SiW12O40 
 
Result and discussion 
Catalysts: PPy(H5PMo10V2O40) (5), PMPy(H5PMo10V2O40) (6), PPy(H4SiW12O40) (7), 
PMPy(H4SiW12O40) (8), were obtained in one-stage polymerization of a suitable 
monomer (pyrrole or N-methylpyrrole) in the presence of (H4SiW12O40 or 
H5PMo10V2O40), which acted as the doping agent. 
Polymerization of both matrices was carried out in acetonitrile by oxidizing the 
monomer with hydrogen peroxide with simultaneous incorporation of heteropolyacids 
(H4SiW12O40 or H5PMo10V2O40) to the formed polymer.  
The composition and structure of the obtained catalysts were studied using IR 
spectroscopy and X-ray diffraction (XRD). The diffraction pattern of heteropolyacid 
H5PMo10V2O40 is shown in Fig. 1 and the diffraction pattern of polypyrrole doped with 
this acid is shown in Fig. 2. 
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Fig 1. Diffraction pattern of heteropolyacid H5PMo10V2O40 

The diffraction pattern of H5PMo10V2O40 (Fig. 1) confirms the identity of this HPA, 
which was synthesized in our laboratory, as it is not a commercial product. The 
diffraction pattern does not contain two most important peaks characteristic of pure 
MoO3 (at the angles 2θ = 25.5 ° and 2θ = 39 °). The third peak, which for pure MoO3 
occurs at 2θ = 12.5 ° is shifted. These facts prove that the sample does not contain pure 
phase of MoO3. 
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Fig. 2. Diffraction pattern of the catalyst PPy(H5PMo10V2O40) 

The diffraction pattern of polypyrrole doped with HPA (Fig. 2) does not contain peaks 
characteristic of pure heteropolyacid. It proves the incorporation of HPA into the 
polymer matrix, where it is molecularly dispersed. It excludes the possible existence of 
the heterogenous mixture of the polymer and the crystalline heteropolyacid. The 
presented diffraction pattern (Fig. 2) is typical of the polymer with a high degree of 
crystallinity , which contains crystallites of large dimensions. 

The heteropolyacids H5PMo10V2O40 and H4SiW12O40 dispersed in the 
polypyrrole or poly(N-methylpyrrole) matrixes were used in the condensation process 
methyl α-D-mannopyranoside (1) with terephthalaldehyde (2).  
It was found that the catalytic activity of heteropolyacid H5PMo10V2O40 in the poly(N-
methylpyrrole) matrix (6) is rather low and leads to the condensation product of one 
molecule of 1 and one molecule 2, with 60-80 % yield. The structure of the product was 
determined from analysis of 1H NMR spectrum (Fig. 3).  

 
Fig. 3. 1H NMR (CDCl3, 300 MHz) spectrum of compound 4 
 
The characteristic signals due to the acetal proton (5.62 ppm, Hax), anomeric proton 
(4.76, Han) and aldehyde proton (10.0 ppm) confirmed that the condensation product 
consists of monoacetal - methyl 4,6-O-(1-formyl-4-benzylidene) α-D-mannopyranoside 
(4, Scheme 1). A detailed 1H NMR analysis of 4 confirmed that the substituent at 
carbon C-4 and C-6 (in 1,3-dioxane of acetal ring) is in equtorial orientation with 
respect to the chair-shaped dioxane ring fused to a tetrahydropyran ring. There was no 
indication of the formation 2,3-O-(1-formyl-4-benzylidene) α-D-mannopyranoside 
substituent at carbon C-2 and C-3 of 1 and polymer products. It seems that the presence 



of methyl groups in the structure of the polymer matrix blocks subsequent stages of 
polycondensation.  
However, the H5PMo10V2O40/polypyrrole (5) catalyzes of the first stage the 
condensation 1 with 2 (12 h) and then after prolongated time (40 h) polycondensation 
process. In this case the macromolecules with 5-membered and 6-membered acetal 
rings have been obtained (compound 3, see Scheme 1). The evidence for polymeric 
materials in polycondensation 1 with 2 has been confirmed by 1H NMR spectrum (Fig. 
4) and ESI-MS spectra.  

 
Fig. 4. 1H NMR (CDCl3, 300 MHz) spectrum of compound 3 

 
The 1H NMR spectrum of polymer 3 consists of several sets of bands produced by 
acetal at 6.35–6.28 ppm (H-2 endo), 6.0–5.94 ppm (H-2 exo), 5.68–5.62 and 5.59–5.47 
ppm (4,6-O-terephthylidene) and 5.1-4.9 ppm due to anomeric protons. The relative 
intensities of endo-H and exo-H (in 1,3-dioxolane) were 1:1. ESI-MS analysis of the 
macromolecules suggests, that the product contains all possible terminations of linear 
macromolecules i.e.: units 1 at both ends, phenylformyl groups at both ends or group 1 
at one end and phenylformyl group at the other. 
The product of polycondensation of 4 is the polymer with well-defined structure 
(2,3:4,6). No preferential formation of cyclic diacetals of 1 involing hydroxyl groups at 
C-2, C-3, C-4 and C-6 was found in the case polyreaction catalyzed by p-TsOH.  
 
Conclusions 
Polymers doped with heteropolyacids: PPy(H5PMo10V2O40) (5) and 
PMPy(H5PMo10V2O40) (6) are active and selective catalysts of acetalization and 
polyacetalization reactions, which give 4,6-O-(1-formyl-4-benzylidene)-α-D-
mannopyranoside. Moreover, PPy(H5PMo10V2O40) at longer reaction times catalyzes 
the formation of linear macromolecules, probably with well-defined structure (2,3:4,6).  
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ABSTRACT 
Two series of new thermoplastic segmented polyurethanes (SPUs) were obtained by a 
one-step melt polymerization from 20–60 mol % poly(tetramethylene oxide) (PTMO) 
of nM  = 1000, 4,4′-diphenylmethane diisocyanate (MDI) and 2,2'-[methylenebis(1,4-
phenylenemethylenethio)]diethanol (E) or 6,6'-[methylenebis(1,4-phenylene-
methylenethio)]dihexan-1-ol (H) as new chain extenders at the NCO/OH molar ratio of 
1. We determined physicochemical, thermal and tensile properties as well as Shore A/D 
hardness of these SPUs. The SPUs containing above 20 mol % PTMO soft segments 
were elastomers with tensile strengths in the range of about 17–42 MPa. The 
nonsegmented polyurethanes based on the diol E or H and MDI are also described. 
 
INTRODUCTION 
Thermoplastic polyurethane elastomers (TPUs) are segmented block copolymers 
comprising hard and soft segments. The hard segments (composed of diisocyanates and 
short-chain diols) particularly affect the modulus, hardness and tear strength, while the 
soft segments (formed by long-chain diols, mainly polyether and polyester diols) 
control flexibility and low-temperature resistance [1-4]. TPUs, both poly(ester-
urethane)s and poly(ether-urethane)s with excellent tensile strengths are usually 
obtained from aromatic diisocyanates, mostly 4,4′-diphenylmethane diisocyanate (MDI) 
and short-aliphatic diols as chain extenders, mostly butane-1,4-diol [1,3]. In particular 
cases (to obtain TPUs with a high modulus of elasticity or a high thermomechanical 
resistance) aromatic, aliphatic-aromatic and cycloaliphatic bulky diols are employed as 
chain extenders, e.g. 2,2'-(1,4-fenylenedioxy)diethanol whether 1,4-cyclohexanediol [3]. 

The purpose of this paper was to synthesize and characterize new thermoplastic 
segmented (S) polyurethanes (PUs) based on two newly obtained aliphatic-aromatic 
chain extenders, i.e. 2,2'-[methylenebis(1,4-phenylenemethylenethio)]diethanol (E) or 
6,6'-[methylenebis(1,4-phenylenemethylenethio)]dihexan-1-ol (H), MDI and 20–
60 mol % poly(tetramethylene oxide) (PTMO) of nM  = 1000 as the soft segment. The 
nonsegmented polyurethanes (NPUs) based on the diol E or H and MDI are also 
described. 
 
EXPERIMENTAL 
Materials 
The diols E (m.p. = 77–78°C) and H (m.p. = 67–68°C) were obtained by the 
condensation reaction of (methylenedi-1,4-phenylene)dimethanethiol with 
2-chloroethanol or 6-chloroheksan-1-ol, respectively in 10% aqueous solution of 
sodium hydroxide [5]. PTMO of nM  = 1000 was purchased from BASF 
(Ludwigshafen, Germany). Before being used, the PTMO was heated at 120°C in vacuo 
for 1 h. MDI (98%) from Sigma-Aldrich (Steinheim, Germany) and dibutyltin dilaurate 
(DBTDL) from Merck-Schuchardt (Hohenbrunn, Germany) were used as received. The 



polymerization solvent, N,N-dimethylformamide (DMF), with a water content of less 
than 0.02% was purchased from Merck (Darmstadt, Germany) and used as received. 
The solvent was stored over activated 3 to 4 Å molecular sieves. 
 
Measurements 
Reduced viscosities (ηreds, dL/g) of 0.5% polymer solution in 1,1,2,2-tetrachloroethane 
(TChE) were measured in an Ubbelohde viscometer at 25°C. Thermogravimetric 
analysis (TGA) was performed on a MOM 3 427 derivatograph (Paulik, Paulik and 
Erdey, Budapest, Hungary) at the heating rate of 10 °C/min in air; measurement relative 
to Al2O3. Differential scanning calorimetry (DSC) thermograms were obtained with a 
NETZSCH 204 calorimeter at the heating rate of 10 °C/min. Glass-transition 
temperatures (Tgs) for the polymer samples were taken as the inflection point on the 
curves of the heat-capacity changes. Melting temperatures (Tms) were read at 
endothermic-peak maxima. The hardness of the SPUs was measured by the Shore A/D 
method at 23°C; values were taken after 15 s. Tensile testing was performed on a 
Zwick/Roell Z010 (Germany) tensile-testing machine according to Polish Standard PN-
81/C-89034 (EN ISO Standard 527-1:1996 and 527-2:1996) at the speed of 100 
mm/min at 23°C; the tensile test pieces 1 mm thick and 6 mm wide (for the section 
measured) were cut from the pressed sheet. Fourier transform infrared (FTIR) spectra 
were obtained with a Perkin-Elmer 1 725 X FTIR spectrophotometer using thin films or 
KBr disks. Elemental analysis was performed with a Perkin-Elmer CHN 2400 analyzer. 
 
Polymer Synthesis 
(1) NPUs (NPUE and NPUH) were prepared by the solution polymerization of an 
equimolar amount of the diol E or H and MDI (DMF, conc. ~20 wt %), which was 
carried out under dry nitrogen for 4 h at 85°C in the presence of a catalytic amount of 
DBTDL. The polymer precipitated and then washed with methanol was dried at 100°C 
in vacuo. The yield was 91-93%. 
FTIR (KBr, cm –1): 1704–1703 (bonded C=O stretching), 1528–1524 (N–H bending) 
and 3402–3390 (N-H stretching) of the urethane group; 1598–1596 (benzene ring); 
2923–2915 and 2854–2845 (asymmetric and symmetric C–H stretching of CH2, 
respectively). 
Elem. Anal. NPUE: Calcd. for C34H34N2O4S2: C, 68.18%; H, 5.72%; N, 4.70%C. 
Found: 68.00%; H, 5.64%; N, 5.00. NPUH: Calcd. for C42H50N2O4S2: C, 70.93%; H, 
7.09%; N, 3.96. Found: C, 70.70%; H, 6.97%; N, 4.20%. 
(2) SPUs were prepared by the one-step melt polymerization process from MDI, diol E 
or H and 20, 40, 50 and 60 mol % PTMO at the NCO/OH molar ratio of 1. MDI was 
added to melted and mixed dihydroxy compounds at 120°C. The reaction was carried 
out under dry nitrogen for 2.5 h at 120–140°C. 
FTIR (film, cm –1): 1733–1730 and 1708 (v.s., nonbonded and bonded C=O stretching), 
1538–1529 (N–H bending), and 3322–3306 (N–H stretching) of the urethane group; 
1224–1221 (v.s., C–O stretching of C–O–C); 1599–1598 (benzene ring); 2942–2934 
and 2862–2856 (asymmetric and symmetric C–H stretching of CH2, respectively). 
 
 
 
 
 



RESULTS AND DISCUSSION 
The new hard-segment-type thermoplastic NPUs were synthesized according to the 
scheme below by step-growth polymerization of aliphatic-aromatic diol E or H with 
MDI: 

S(CH2)nOH CH2 CH2CH2 S (CH2)n OH CH2 NCOOCN+
DBTDL

S(CH2)nO CH2 CH2CH2 S (CH2)n O C N
O

CH2 N
H

C
H

O

m
where n = 2 or 6  

 

Their chemical structures were confirmed by elemental analysis and FTIR. NPUs were 
colorless, rather brittle materials, insoluble in common organic solvents at room 
temperature. The thermal characterization of these NPUs is given in Table 2. 

The related thermoplastic SPUs were obtained by partial replacement of the diol E 
or H by 20–60 mol % PTMO. The polymerization reaction was conducted in melt at the 
NCO/OH molar ratio of 1. Table 1 gives designations, hard-segment contents and ηred 
values. The DSC and TGA data, as well as Shore A/D hardness and tensile properties of 
the SPUs, can be found in Tables 2 and 3, respectively. 

All the SPUs were colorless solids with a partially crystalline structure, as 
suggested by the presence of endotherms in the DSC thermograms. Generally, a higher 
ability to crystallize (the higher values of the heat of fusion (∆H)) was shown by the 
SPUs derived from the diol H. A relatively good microphase separation was observed 
for the SPUs with the hard-segment content up to about 46 wt % (from the diol E) and 
57 wt % (from the diol H) showed definite Tgs at temperatures –50 to –18°C (the value 
obtained for pure soft segment was –50°C). The negative definite Tgs, specific for 
elastomers, were shown by the SPUs containing the hard-segment content of up to 
about 54 wt % (from the diol E) and 57 wt % (from the diol H), i.e. obtained by using 
40-60 mol % PTMO. The characteristics of these TPUs were tensile strengths and 
elongations at break, respectively in the range of 17.1–42.0 MPa and 660–1730%. All 
the TPUs were soluble in DMF, N,N-dimethylacetamide, N-methyl-2-pyrrolidone and 
TChE at room temperature. Their temperature of 1% weight loss (T1) ranged from 285 
to 305°C. The structures of the SPUs were examined by FTIR. 
 
Tab. 1 Designations, Hard-Segment Contents and ηred Values of PUs. 
 

PU 
PTMO Content 

(mol %) 
Diol 

 
Hard-Segment Content 

(wt %) 
ηred 

(dL/g) 

NPUE   0 E                100.00 insoluble 
SPU2E 20 E 72.79 1.18 
SPU4E 40 E 53.50 1.13 
SPU5E 50 E 45.92 1.47 
SPU6E 60 E 39.37 1.06 
NPUH   0 H                100.00 0.53 
SPU2H 20 H 75.57 2.70 
SPU4H 40 H 56.84 2.52 
SPU5H 50 H 49.01 2.15 
SPU6H 60 H 42.00 1.82 



Tab. 2 Thermal Properties of PUs. 
 

DSC TGA (°C) 
Tg (°C) Tm (°C) ∆H (J/g) 

PU Ia IIa Ia Ia T1
b T10

b T50
b Tmax

c 

NPUE  73 130, 153 37.0 215 295 460 350 
SPU2E 26 28 111, 159   4.3 275 310 295 410 
SPU4E –2 –4 92   8.3 295 330 400 410 
SPU5E    –18    –15 53, 93 12.4 290 345 380 390 
SPU6E    –50    –40 67, 85 12.0 285 340 420 440 
NPUH 19 45 124 49.5 240 340 390 350 
SPU2E 11 11 109   3.5 290 320 395 400 
SPU4E    –21    –10 58, 100 25.2 305 340 395 410 
SPU5E    –34    –19 60, 98 20.4 300 340 400 400 
SPU6E    –48    –41 69, 71 17.9 305 340 390 400 

 
a I and II – first and second heating scans, respectively. 
b The temperature of 1, 10 and 50% weight loss from the thermogravimetric (TG) curve,  
   respectively. 
c The temperature of the maximum rate of weight loss from the differential TG curve. 
 
Tab. 3 Mechanical Properties of SPUs. 
 

SPU 
Hardness 

(Shore A/D) 

Modulus 
of Elasticity 

(MPa) 

Tensile 
Strength 
(MPa) 

Elongation 
at Break 

(%) 

Pressing 
Temperature 

(°C) 

SPU2E 84/49 81.9 39.1 675 170 
SPU4E 76/35 15.3 42.0 945 165 
SPU5E 73/29   9.2 30.8         1730 150 
SPU6E 66/20   2.6 17.1         1210 145 
SPU2H 79/32 19.1 41.3 835 165 
SPU4H 77/31 18.7 40.8 790 165 
SPU5H 76/30 18.5 40.2 660 165 
SPU6H 72/25   2.0 19.7 775 165 
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ABSTRACT 
Two series of thermoplastic nonsegmented polyurethanes (NPUs) containing ether or 
sulfide linkages in the main chain were synthesized from the six aliphatic-aromatic diols 
and hexane-1,6-diyl diisocyanate (HDI) at the NCO/OH(SH) molar ratio of 1 by 
solution polyaddition with dibutyltin dilaurate as a catalyst. All these diols were 
prepared by the condensation reaction of 4,4'-dihydroxybenzophenone (DHB) or 4,4'-
dimercaptobenzophenone (DMB) with 2-chloroethanol, 3-chloropropan-1-ol or 6-
chlorohexan-1-ol. The structures of all the NPUs were determined by elemental analysis 
and Fourier transform infrared. Thermal properties of the polymers were examined by 
differential scanning calorimetry and thermogravimetric analysis. Polarizing 
microscopy was carried out to examine liquid crystalline properties. Two NPUs with 
ether linkages showed liquid crystalline properties. 
 
INTRODUCTION 
Polyurethanes are mainly prepared by the polyaddition of diols and diisocyanates and 
are unique polymers with a wide range of applications. Their properties can be readily 
tailored by the variation of the components, such as monomer type, chemical 
composition and the synthesis conditions. The present work is aimed at synthesizing, 
characterizing and comparing the properties of nonsegmented polyurethanes (NPUs) 
with ether or sulfide linkages of the chain. All the NPUs were synthesized from six 
different benzophenone-derivative aliphatic-aromatic diols of the general formula (1) 
and (2) and HDI.  

(CH2)nOH C OO
O

(CH2)n OH(1)
 

n = 2   4,4'-bis(2-hydroxyethoxy)benzophenone (HEB), m.p = 174-175°C 
n = 3   4,4'-bis(3-hydroxypropoxy)benzophenone (HPB), m.p. = 163-164°C 
n = 6   4,4'-bis(6-hyroxyhexyloxy)benzophenone (HHB), m.p. = 139-140°C 

(CH2)nOH C SS
O

(CH2)n OH(2)
 

n = 2   4,4'-bis(2-hydroxyethylthio)benzophenone (HETB), m.p = 122-123°C 
n = 3   4,4'-bis(3-hydroxypropylthio)bezophenone (HPTB), m.p = 113-114°C 
n = 6   4,4'-bis(6-hydroxyhexylthio)benzophenone (HHTB), m.p = 110-111°C 
 
The NPUs derived from sulfur-containing diols (HETB, HPTB and HHTB) and HPB 
are new polymers, whereas those from diols HEB and HHB have been described in the 
literature [1,2]. The latter were found to be polymers with liquid crystalline properties. 
It seemed interesting to us to check if their sulfur analogs also possess such properties. 



  

EXPERIMENTAL 
Materials 
The diols type (1) and (2) (after recrystallization from benzene or butan-1-ol) were 
obtained from DHB and DMB by the condensation reaction with suitable 
monohalogenated alcohols in the mixture of butan-1-ol and aqueous solution of sodium 
hydroxide. Reagents, including 2-chloroethanol, 3-chloropropan-1-ol and 6-
chlorohexan-1-ol from Fluka (Buchs, Switzerland), HDI and dibutyltin dilaurate 
(DBTDL) from Merck-Schuchardt (Hohenbrunn, Germany) were used as received. The 
polymerization solvent, N,N-dimethylformamide (DMF), with water content of less than 
0.02% was purchased from Merck (Hohenbrunn, Germany) and use as received. The 
solvent was stored over activated 3 to 4 Å molecular sieves. 
 
Measurements 
Elemental analysis was performed with a Perkin-Elmer CHN 2400 analyzer. Reduced 
viscosities (ηreds, dL/g) of polymer solution in 1,1,2,2-tetrachloroethane (TChE) and 
phenol/TChE mixture with a weight ratio of 1:3 were measured in an Ubbelohde 
viscometer (Gliwice, Poland) at 25°C. Thermogravimetric analysis (TGA) was 
performed on a MOM 3427 derivatograph (Paulik, Paulik and Erday, Budapest, 
Hungary) at the heating rate of 10°C/min in air, with the measurement relative to Al2O3. 
Differential scanning calorimetry (DSC) thermograms were obtained with a NETZSCH 
204 calorimeter at the heating rate of 10°C/min in under nitrogen purge (20 mL/min). 
Glass-transition temperatures (Tgs) for the polymer samples were taken as the inflection 
point on the curves of the heat-capacity changes. Melting temperatures (Tms) were read 
at endothermic-peak maxima. Polarizing optical microscopic studies were carried out 
with Alaphote-2 (Nikon) microscope equipped with a Linkam THMS 600 heating stage. 
Fourier transform infrared (FTIR) spectra were obtained with a Perkin-Elmer 1725 X 
FTIR spectrophotometer using KBr disks.  
 
NPU Synthesis 
All the NSPUs were synthesized by the following method. A solution of diol, HDI and 
DBTDL in 20 mL of DMF was stirred at 85-90°C under dry nitrogen for 4 hours. In the 
meantime, as the viscosity of the reaction mixture increased, further solvent (5-10 mL) 
was added as the reaction proceeded. After the reaction was finished, the viscous 
mixture obtained was poured into 300 mL of cold methanol, and the precipitated 
product was filtered, washed twice with 100 mL of boiling methanol and dried at 100°C 
in vacuo up to constant weight [3]. 
 
RESULTS AND DISCUSSION 
All the NPUs containing ether and sulfide linkages were synthesized according to 
Scheme 1 by polyaddition of the aliphatic-aromatic diols: HEB, HPB, HHB, HETB, 
HPTB and HHTB, respectively, with HDI. The reaction was conducted in solution at 
the NCO/OH(SH) molar ratio of 1 in the presence of DBTDL as a catalyst. DMF was 
used as the polymerization solvent. Table 1 gives yields and ηred values for the all 
polymers. 
 
 
 
 



Table 1. Yields, ηred values and elemental analysis results of the NPUs. 
 

Analysis 
 C (%) H (%) N (%) 

 
 

Diol 

   
Yield 
(%) 

  
ηred

 

(dL/g)  Calcd. Found Calcd. Found
 

Calcd.  Found
HEB   94.6  1.28  63.82 62.74 6.43 6.30  5.95  6.04 
HPB   91.4  1.84  65.05 64.58 6.87 5.92  5.64  4.98 
HHB   91.7  1.15  68.02 67.66 7.95 7.93  4.81  4.99 

HETB   89.7  3.31  59.74 60.90 6.02 6.26  5.57  5.54 
HPTB   92.1  1.47  61.12 60.87 6.46 5.91  5.28  5.08 
HHTB   92.2  1.63  64.47 63.88 7.54 6.87  4.55  4.19 

 
The NPUs were white (with ether linkages) or yellow (with sulfide linkages) fibers 
showing high resistance to organic solvents. All the NPUs were soluble in the 
phenol/TChE mixture (with a weight ratio of 1:3) at room temperature and in DMF, 
N,N-dimethylacetamide and N-methyl-2-pyrrolidone at heating (80°C). 
The structures of the NPUs obtained were examined by FTIR and elemental analysis. 
Table 1 presents the results of the elemental analysis of all the polymers. FTIR spectra 
of all the NPUs showed following absorption: 3479–3328 cm–1, bonded N–H stretching 
of the urethane group; 2993–2928 and 2881–2856 cm–1, C–H asymmetric and 
symmetric stretching, respectively, of CH2; 1716–1680 cm–1, bonded C=O stretching of 
the urethane group; 1643–1641 cm–1, C=O stretching of the aromatic ketone;1602–1599 
cm–1, benzene ring; 1540–1534 cm–1, N–H bending of the urethane group; 852–845  
cm–1, bending of the p-disubstituted benzene ring. 
The thermal behavior of the NPUs was investigated with DSC and TGA, and the 
numerical data are given in Table 2. 
 
Table 2. Thermal properties of the NPUs. 
 

DSC TGA (°C) 
Tg (°C) Tm (°C) ∆H (J/g) 

Diol IIa Ia IIa Ia IIa T5
b T10

b T50
b Tmax

c

HEB 69 142, 159 142 37.0, 9.4 0.7 340 350 420 360 
HPB 55 107, 127  2.1, 19.9  324 340 410 350 
HHB 31 156 156 53.8 49.2 320 340 410 350 

HETB 44 119  44.3  320 340 410 360 
HPTB 55 117, 166, 186 139, 165 3.4, 31.9 2.3, 3.5 300 320 420 340 
HHTB 54  146, 167, 187 137, 165 3.0, 26.3 2.2, 2.3 310 330 420 310 

 
a I and II – first and second heating scans, respectively. 
b The temperature of 5, 10 and 50% weight loss from the thermogravimetric (TG) 
   curve, respectively. 
c The temperature of the maximum rate of weight loss from the differential TG curve. 
 
 
 
 



The NPUs showed relatively good and similar thermal stabilities. Their T10 and T50 were 
in the range of 320–350°C and 410–420°C, but the higher T10 were observed for 
polymers containing ether linkages. The Tgs of all the polymers were observed to be in 
the range of 31–69°C (from second heating scans). For polymers with ether linkages Tg 
decreased with increase in the number of methylene groups in the diol, but polymers 
with sulfide linkages showed similar Tgs. The first heating DSC scans of all the NPUs 
showed, beside glass transitions, the melting transitions (one, two or three endothermic 
peaks) at temperatures in the range of 107–159°C and 117–187°C for polymers 
containing ether and sulfide linkages, respectively. The typical DSC thermogram of the 
chosen NPU is given in Figure 1. 
The NPUs derived from sulfur-containing diols as well as HPB were polymers without 
liquid crystalline properties. This was confirmed by observation by using polarizing 
optical microscope. 
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Figure 1. DSC thermogram of the NPU from the diol HEB 
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where n = 2, 3 or 6;  X = O or S
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Scheme 1 
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INTRODUCTION 
Palladium is a metal which plays an important role in various walks of technology. 
Especially palladium is used as an effective catalyst, precursor for metallization of non-
conducting materials [1-3], etc. Moreover palladium is one of the most frequently used 
metal to study electrochemical processes of hydrogen evolution reactions [4-8]. 
Interfacial electrochemistry of palladium is widely described by Soriaga et al. in 
monograph edited by Wieckowski [9]. The palladium property was studied by 
Czerwiński at al. [10-11] by means of electrochemical quartz crystal microbalance 
method. Early studies of the deposition of palladium from solutions containing various 
concentrations of palladium chloride and hydrochloric acid in perchloric acid solution 
were made at a palladium rotating disc electrode [12-13]. It was found that the neutral 
complex PdCl2 is the electroactive species. It undergoes 2-electron irreversible 
reduction to Pd(0). The electrochemical deposition of thin palladium layers on Au 
single crystal substrates was intensively investigated by means of in situ scanning 
tunnelling microscopy and cyclic voltammetry by Kolb's [14-16] and Naohara's groups 
[17-19]. They reported that the electrochemical deposition of palladium on both 
Au(111) and Au(100) surfaces proceeds two-dimensionally. Relations between the 
surface topography, impedance spectroscopy and interface model of the electrolyte 
solution/electrodeposited Pd layer/matrix electrode were presented by Scholl and co-
workers [20]. Additionally they observed spontaneous deposition of palladium onto 
Highly Oriented Pyrolytic Graphite (HOPG) in 0.01 M HCl + 0.01 M (NH4)2PdCl4 
aqueous solution. The aim of this work is to characterize the electroreduction processes 
of Pd(II)/Pd(0) onto HOPG and polycrystalline gold electrodes and determination of 
kinetic parameters of these processes in solutions containing palladium ions in 
supporting electrolyte H2SO4 using voltammetry and impedance measurements.  
EXPERIMENTAL 
Reagents: All the electrolyte solutions were performed from analytical grade chemical reagents H2SO4 
(POCH, Gliwice), (NH4)2PdCl4 (Ventron GMBH) and triply distilled water. Supporting electrolyte was 
0.1 M H2SO4. Concentrations of the palladium complex was 0.001M. All solutions were deoxygenated by 
bubbling pure argon (99.999% - Linde Gas Division, Poland) before each measurement. The 
electrochemical measurements were carried out at temperature 25.0 ± 0.5 0C (298 ± 0.5 K). 
Electrodes: The measurements were conducted using two different working electrodes: the HOPG type 
ZYB (Advanced Ceramics Corporation, USA) and polycrystalline gold (99.99% - Mint of Poland plc, 
Warszawa). HOPG was in form of a plate 10 mm x 10 mm and 2-3 mm height. The HOPG surface was 
cleaned by sticking and detaching of a scotch tape. The polycrystalline gold electrode was prepared in 
form of a cylinder with 5.25 mm in diameter and ca. 3 mm height. The preparation method of 
polycrystalline Au surface consisted of initial polishing with SiC abrasive paper up to 2500 grain and next 
final polishing by cloth with alumina powder, cleaning in ultrasonic cleaner (5 min), rinsing with distilled 
water and drying with Ar. In the next step samples were cleaned in hot mixture of H2SO4 and K2Cr2O7 
(5 min), and subsequently cleaned in ultrasonic cleaner, rinsed with distilled water and drayed with Ar. A 
linear voltammetry with programmed polarization potential in the range 0.4 V→-0.2 V→1.5 V→0.4 V at 



a potential scan rate of 0.1 V/s was used for electrochemical activation of electrode surface in 0.1 M 
H2SO4 solution. Electrochemical activity was achieved after ca. 50 cycles. 
Apparatus: All electrochemical measurements were carried out in three-electrodes cell. The cell was 
made of a cylinder glass with flat base in which was a hole 0.35 cm in diameter determinative an exposed 
area of working electrode to 0.096 cm2. Volume of this cell was ca. 2 cm3. A specially miniature calomel 
electrode (Eurosensor, Poland) in saturated NaCl solution (SSCE) was used as reference electrode. This 
electrode was connected to the cell by means of Luggin capillary. All potentials in this paper are given 
versus this reference electrode (E0 = 0.236 V vs. NHE). A platinum foil cylinder was used as auxiliary 
(counter) electrode. Voltammetry measurements were carried out with potentiostat/galvanostat 
AUTOLAB PGSTAT30 with FRA2 module (EcoChemie, the Netherlands) which allows to measure the 
electrochemical impedance (EIS).  
RESULTS AND DISCUSSION 
In Fig. 1 there are presented voltammetric characteristics in 0.1 M H2SO4 + 0.001 M 
(NH4)2PdCl4 solution in the potential range from 0.0 V to 0.9 V for HOPG and from 
0.2 V to 0.9 V for polycrystalline gold at a potential scan rate of 0.01 V/s. In both 
figures there are presented two curves : 1 - 1st and 2 - 10th cycle of the electroreduction-
electrooxidation processes. The 10th cycle is finally, repeatable curve. 

 
Fig. 1. Voltammetric characteristics for HOPG and polycrystalline gold in aqueous solution of 0.1 M 
H2SO4 with 0.001 M (NH4)2PdCl4; (1 - 1st and 2 - 10th cycle of the electroreduction-electrooxidation 

processes, v = 0.01 V/s, ERef = SSCE) 
The voltammetric curves for both electrodes show the presence of cathodic and anodic 
peaks. The peaks B are related to the electrooxidation of deposited palladium. However 
the peaks A are connected with the electroreduction processes of Pd(II)/Pd(0). For 
HOPG on the curve 1 cathodic peak at a potential EA1 = 0.260 V and anodic peak at a 
potential EB1 = 0.660 V (∆EB1/A1 = 0.400 V) are observed. The curve 2 is characterised 
by the peaks at potentials EA2 = 0.410 V, and EB2 = 0.660 V (∆EB2/A1 = 0.250 V). For 
polycrystalline gold on the curve 1 two cathodic peaks at potentials EA11 = 0.490 V and 
EA12 = 0.410 V and one anodic peak at a potential EB1 = 0.660 V (∆EB1/A12 = 0.250 V) 
are observed. The peak EA11 is observed on the 1st voltammetric curve only. It suggests 
that the main electroreduction processes of Pd(II)/Pd(0) on the polycrystalline gold are 
preceded by formation intermetallic alloys of AuxPdy. The formation of similar alloys 
was observed by Nichols et al. during Cu electrodeposition onto monocrystalline gold 
electrode [21]. The curve 2 is characterised by the peaks at potentials EA2 = 0.430 V, 
and EB2 = 0.650 V (∆EB2/A1 = 0.220 V). A large difference between cathodic peak 
potential and anodic peak potential (∆(Epa-Epa) > 0.220 V) confirms that the reduction-
oxidation processes of Pd(II)/Pd(0) are irreversible. For both electrodes from 
voltammograms have been determinate cathodic Q(c) and anodic Q(a) charges. Charges 
for HOPG for curve 1 equal Q(c1)HOPG = - 0.62 mC, Q(a1)HOPG = 0.14 mC and for curve 2 
equal Q(c2)HOPG = - 0.83 mC, Q(a2)HOPG = 0.40 mC. Charges for polycrystalline gold for 
curve 1 equal Q(c1)Au = - 0.82 mC, Q(a1)Au = 0.59 mC and for curve 2 equal  
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Q(c2)Au = - 0.94 mC, Q(a2)Au = 0.71 mC. These differences between Q(c) and Q(a) for both 
electrodes suggest that a large part of the electrodeposited palladium atoms remains on 
the surface electrodes. Consequently these electrodes can be treated as modified 
electrodes. On the basis of separately executed voltammetric measurements the kinetic 
parameters of electroreduction processes of Pd(II)/Pd(0) in aqueous solution of 0.1 M 
H2SO4 with 0.001 M (NH4)2PdCl4 at different potential scan rates from 0.005 V/s to 
0.2 V/s were calculated. Fig. 2 shows the table with determinate values of the kinetic 
parameters: the general transfer coefficients of electrode processes αnα, the diffusion 
coefficients of the Ox form Dox, the formal potentials E0

f and the standard rate constants 
of electroreduction processes of Pd(II)/Pd(0) ks. 

 αnα Dox [cm2/s] E0
f [V] ks [cm/s] 

HOPG 0.854 ± 0.037 (9.74 ± 2.72)⋅10-6 0.508 ± 0.003 (3.19 ± 0.62)⋅10-4 
Au 0.835 ± 0.045 (8.54 ± 2.53)⋅10-6 0.511 ± 0.003 (3.23 ± 0.61)⋅10-4 

Fig. 2. Table with determinate values of kinetic parameters of the electroreduction processes of 
Pd(II)/Pd(0) in aqueous solution of 0.1 M H2SO4 with 0.001 M (NH4)2PdCl4 for HOPG and 

polycrystalline gold  
The determinate values of kinetic parameters are almost the same for both electrodes. 
We can state that electroreduction processes of Pd(II)/Pd(0) from kinetics point of view 
proceed identically both for HOPG and for polycrystalline gold electrodes. It is known 
that four-step dissociation of [PdCl4]2- complex proceeds in an aqueous solutions. The 
forming palladium compounds [Pd2+] ⇔ [PdCl+] ⇔ [PdCl2] ⇔ [PdCl3]- ⇔ [PdCl4]2- in 
these processes are in equilibrium with each other. Kibler at al. [13] calculated that the 
dominant species in 0.1 M H2SO4 + 0.001 M H2PdCl4 solution are [PdCl+] and [PdCl2]. 
Simultaneously they identified that [PdCl4]2- compounds are adsorbed on the surface of 
Au(111) and play a crucial role in electrodeposition processes of palladium. It suggests 
that electroreduction process of Pd(II)/Pd(0) is not simple and perhaps proceed with 
participation of the various of Pd chloro complexes. Reduction process of Pd(II)/Pd(0) 
can be described by the following reaction: 

[PdCln]2-n + 2e- → Pd + nCl-     (1) 
Fig. 3 shows the Nyquist and Bode diagrams of impedance spectra recorded in the 
frequency range from 10000 Hz to 0.01 Hz with 5 mV sinusoidal perturbation signal at 
cathodic peak potentials for both electrodes.  

 
 Rs [Ω*cm2] CPEdl-T CPEdl-P Rct [Ω*cm2] W1-R W1-T W1-P χ2 

HOPG 4.60 1.27·10-4 0.84 4.52·102 1778.00 55.81 0.23 0.06·10-2 
Au 3.89 1.39·10-4 0.75 1.06·103 0.92 2.91·10-5 0.27 0.38·10-2 

Fig. 3. Impedance spectra at cathodic peak potentials for HOPG and polycrystalline gold in aqueous 
solution of 0.1 M H2SO4 with 0.001 M (NH4)2PdCl4 and equivalent electrical circuit 
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The impedance data were recalculated on unit geometric area. The impedance spectra 
obtained for HOPG and polycrystalline gold are typical for quasi-reversible processes 
with reaction and diffusion control. On the Nyquist diagrams a capacitive loop at high 
frequencies is visible, which can be connected with double layer capacitance and 
reduction reaction of Pd(II) ions. Whereas a straight line visible at low frequencies can 
be associated with semi-infinite linear diffusion of depolarizer to electrode surface. The 
equivalent electrical circuit (Fig. 3) is the same for HOPG and polycrystalline gold and 
was fitted the measurements data using Zview2 software (Scribner Associates, Inc.). χ2 
values confirm a goodness of fit. The elements of this circuit can be interpreted as 
follows: RS - typical uncompensated solution resistance between working and reference 
electrodes, CPEdl - constant phase element takes into consideration frequency dispersion 
and substitutes of double layer capacitance Cdl, Rct - the charge transfer resistance of 
electroreduction processes of Pd(II)/Pd(0) occurring at the solution/surface electrode 
interface and W1 - impedance of mass transfer which is related to diffusion of Pd(II) 
ions to electrode surface. 
SUMMARY 
In this paper we present the kinetic parameters of electroreduction processes of 
Pd(II)/Pd(0), which have been obtained for the first time. From kinetics point of view 
the electroreduction processes of Pd(II)/Pd(0) proceed identically both for HOPG and 
for polycrystalline gold. The same impedance spectra for both electrodes are the 
confirmation of this phenomenon. On the basis of the obtained voltammetric 
characteristics was found that reduction-oxidation processes of Pd(II)/Pd(0) are 
irreversible onto both electrodes. On the basis of impedance measurements was found 
that charge transfer resistances of electroreduction process of Pd(II)/Pd(0) is lower for 
HOPG than for polycrystalline gold. 
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INTRODUCTION 
 
 Chelating polymer resins have attracted attention as the metal selective 
adsorbents in the field of wastewater treatment [1] as well as for the enrichment of trace 
metal ions prior to the instrumental analysis [2]. The selectivity of a chelating resin for 
metal ions is mainly attributed to the nature of the ligand immobilized on the polymer 
matrix. A very simple way of preparation of such sorbents is based on modification of 
commercial anion exchange resins with chelating reagents containing sulfonic groups or 
treatment of inert supports with a mixture of liquid anion exchanger [3] and a 
sulphonated chelating reagent. Aromatic complexing agents (ACA) containing sulfonic 
acid groups exhibit a high affinity for anion exchangers, as a consequence of their 
structure, and when retained on the ion exchange resins transform it into a selective ion 
exchanger. The selectivity depends on the character of functional analytical groups of 
the ligand. The applicability of sulpho-derivatives of aromatic organic reagents in 
separation of metal ions has been confirmed by Przeszlakowski [3], Chwastowska [4,5] 
and Brajter [6]. 
 The research presented here concerns the usefulness of the trisodium salt of 2-p-
sulphophenylazo-chromotropic acid (SPADNS) and sodium salt of 9,10-dihydroxy-
9,10-dioxo-2-antracene sulfonic acid (Alizarine Red S) (Fig. 1) in modification of the 
strongly basic anion exchanger Amberlite IRA-401S.  
 

  
 
 
 
 
 
 

Fig. 1. SPADNS and Alizarine Red S chemical structures. 
 
The modified resin was applied in the uptake and recovery of Fe(III), Cu(II), Ni(II) and 
Co(II) from 0.001 M chloride solutions as well as from their mixtures of the total 
concentration 0. 0008M.  
 
EXPERIMENTAL 
 
 The sorption research of ACA containing sulfonic acid groups on Amberlite 
IRA-401S (anion exchanger of functional —N+(CH3)3 groups with the exchange 
capacity of >1.3 meq/g and particle size 16-50 mesh) as well as Fe(III), Cu(II), Ni(II) 
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and Co(II) on the modified anion exchanger was carried out by means of static method. 
The recovery factors of the above mentioned metal ions depending on the ion exchanger 
– solution contact times and solution composition were determined from Eq. 1:  

%100% ×=
oQ

QR  (1) 

where: Q – the number of metal ions adsorbed, Qo – the initial metal ions concentration 
in the aqueous solutions. 
 
Metal ions concentration as well as those of SPADNS and Alizarine Red S were 
determined by the AAS method and spectrophotometrically, respectively. 
 
RESULTS AND DISCUSSION 
 
 Aromatic complexing agents (ACA) like SPADNS and Alizarine Red S (ARS) 
exhibit a high affinity for strongly basic anion exchangers, as a consequence of their 
aromatic structure and the presence of sulfonic acid groups. Retained on the anion 
exchange resins they transform them into chelating ion exchangers. The sorption 
mechanism of sulfo-derivative aromatic complexing agents (ACA(SO3)n 

n-) on a 
strongly basic anion exchanger in the chloride form (RCl) can be described by means of 
the following reaction: 

n RCl + ACA(SO3)n
n-

Rn(SO3)nACA + n Cl
_

 
 

As follows from the above, ACA(SO3)n 
n- forms a stable ion pair in the anion exchanger 

phase. SPADNS and ARS can also be retained on Amberlite IRA-401S by means of a 
molecular mechanism (physical adsorption). The metallic ion (Mn+) diffuses into the 
polystyrene ion exchanger beads  and forms coordinate bonds with nitrogen atoms of 
SPADNS on the anion exchanger. The 2-(p-sulphophenylazo)-1,8-dihydroxy-3,6-
naphtalenedisulfonate complex with a metal ion is shown in Fig. 2. 
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Fig. 2. Metal - 2-(p-sulphophenylazo)-1,8-dihydroxy-3,6-naphtalenedisulfonate 

complex ion [7]. 

The effect of phase contact time on sorption (Fig. 3 a-d) shows that copper(II) 
and cobalt(II) are retained almost quantitatively (%R > 90%) on Amberlite IRA-401S in 
the form of SPADNS. The recovery factors of Ni(II) from 0.001 M NiCl2 are smaller 
than those for the other metal ions in the form of SPADNS, the values do not exceed 
60%. It is caused by little affinity of SPADNS ligand for Ni(II). Data of sorption 



kinetics for Cu(II), Ni(II) and Co(II) indicate that shaking for 60 min is necessary to 
attain an equilibrium state. Iron(III) is recovered only in 70% on the modified anion 
exchanger in both forms.  
 
a)       b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                 d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Influence of phase contact time on the recovery of Cu(II) from 0.001 M CuCl2 
(a), Ni(II) from 0.001 M NiCl2 (b), Co(II) from 0.001 M CoCl2 (c), Fe(III) from 0.001 
M FeCl3 (d) on 1 g of modified Amberlite IRA-401S. 
 
 There was also studied the influence of phase contact time on Fe(III), Cu(II), 
Ni(II) and Co(II) sorption from their mixture (Fig. 3). The determined affinity series can 
be presented as follows: 

Ni(II) > Fe(III) > Cu(II) > Co(II) 
 

for the anion exchanger modified by means of ARS and 
 

Cu(II) > Fe(III) > Ni(II) > Co(II) 
 
for Amberlite IRA-401S in the form of SPADNS.  
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The ion exchange capacities calculated for Cu(II), Ni(II), for Co(II) and Fe(III) 
expressed in mmol per 1 g of the modified anion exchanger are following: 0.1355, 
0.2406, 0.0355, 0.1753 respectively when Alizarine Red S is used as the modifying 
agent and respectively 0.2410, 0.1483, 0.0864 and 0.2043 respectively for SPADNS. 
 
a)      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Influence of phase contact time on the sorption of Cu(II), Ni(II), Co(II) and 
Fe(III) from their mixture of the total concentation 0.0008 M on 1 g of the modified 
Amberlite IRA-401S in the form of : a) ARS and b) SPADNS. 
 
CONCLUSION 
 

The strongly basic anion exchanger Amberlite IRA-401S studied in this work 
can be applied in the modification process in order to obtain a new chelating resin. 
Aromatic complexing agents (ACA) like SPADNS and Alizarine Red S (ARS) 
containing sulfonic acid groups transform the commercial anion exchanger into the ion 
exchanger selective for Cu(II), Ni(II), Co(II) and Fe(III) ions. 

The modified resin can be applied in the above mentioned metal ions recovery 
from waste waters, slimes and solutions originating from used-up catalyst leaching.  
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Introduction 
The determination of Pt trace-levels in the analysis of biological objects, medical 

preparations and catalysts of chemical industry and motor-car construction becomes more 
and more actual in the last years. Platinum compounds are used for the specific 
oncological treatment. The most known platinum complexes that are used in antitumor 
treatment are cis-complexes. Despite the wide medical usage of platinum complexes, these 
substances are toxic and they are able to accumulate in the human body [1]. That is why 
the determination of its remaining content in the biological objects is considered to be a 
very actual problem, the solving of which requires the use of sensitive, selective and 
expressive methods. Investigation of Pt(IV) electrochemical activity in the presence of 
azodies and creation of new analytical forms is supposed to be the most perspective ones. 
 
Experimental 
Reagents and Solutions 

The Pt(IV) stock solution (1×10-2 M) was prepared by dissolving 0.1951g of metallic 
platinum in 100,0 ml volumetric flask in concentrated HCl та HNO3 (3:1). 

Arsenazo I (ArI) and tropeoline 0 (Tr0) stock solutions (1×10-3 M) were prepared by 
dissolving a precise amount of azodies in bi-distilled water. All reagents were of analytical 
grade and all the solutions were prepared with bi-distilled water. 

The requisite pH solutions were made with acetic and ammonia buffer solutions, 
solutions of nitric and hydrochloric acids and tris(hydroxy-metyl)-aminomethane (Tris). 
 
Apparatus 

All voltammetric curves were obtained on digital voltammetric equipment which 
combines a personal computer [2] with mercury dropping working electrode (MDE), a 
saturated calomel reference electrode and a platinum-wire counter electrode using the 
polarizing range from 0 to -2 V. The soluble oxygen from electrochemical cell was 
removed with purified argon. The pH-meter model MV 870 DIGITAL-pH-MESSGERÄT 
was used for the pH measurements.  

 
Results and Discussion 

There are disputed literary data about reducing of Pt(IV) ions on the MDE [3-5]. 
Therefore first of all we investigated voltammetric behaviour of Pt(IV) depending on pH 
solution and nature of background electrolyte. Peak (E = -1,2÷1,4 V) observed in the 
acidic medium against all examined electrolytes is beyond question. The height of this 
peak decreases with the increase of pH and as a result peak disappears at pH >6.0. In all 
literature sources it is interpreted as a peak of catalytic hydrogen evolution [3-5]. 

The character of Pt(IV) reduction within the limit of potential 0÷ - 1 V depends on 
background electrolyte and acidity of medium. Against the acetic buffer solution (рН 3,5-
6,0) reduction of Pt(IV) ions is not observed. Against Tris+HNO3+NaNO3 (µ=0,2) at 
pH>9,0 within the limit of potential – 0,20 ÷ - 0,28 V one peak appears (Fig.1). The 
current of this peak increases to pH 11,0 and remains constant to pH 12,5 (Fig.3). 



 

 
 

Fig. 1-The voltammogram of Pt(IV) ions CPt(IV)=4×10-5M on the background of 
Tris+HNO3+NaNO3; µ=0,2; υ=0,5 V/s; pH 11,5; Е0 = 0V; ∆Е = - 1V. 

 
Under voltammetric investigation of Pt(IV) ions solutions in the wide range of pH 

(1,2÷9,2) against HCl + NH4Cl та NH4OH + NH4Cl appearance of two peaks Р1 and Р2 at 
the potential ЕР1 = -0,35 ÷ -0,48 V and ЕР2 = -0,38 ÷ -0,49 V respectively is observed 
(Fig.2). The height of these peaks practically is independent of medium acidity up to pH 
7,0 and decreases sharply within the limit of pH 7,3-9,2 (fig.3). 
 

 
 

Fig. 2-The voltammogram of Pt(IV) ions CPt(IV)=4×10-5M on the background of HCl 
+ NH4Cl; µ=1,0; υ=0,5 V/s; pH 2,5; Е0 = 0V; ∆Е = - 2V. 
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Fig. 3-The current dependence of peaks Р1(1) і Р2(2) on pH against HCl + NH4Cl and 
NH4OH + NH4Cl and against Tris+HNO3+NaNO3 (3); CPt(IV)=4×10-5 M; υ=0,5 V/s; 

 
The usage of azodyes allowed to improve analytical characteristic of 

determination of many metals. In particular Tr0 was used earlier for successful 
determination of Pd(II) [6]. Unfortunately, we could not achieve it for Pt(IV), since 



 

Pt(IV)+Тр0 voltammogram is an algebraic sum of individual component 
voltammograms in the wide range of pH. 

ArI is widely used for spectrophotometric and voltammometric determination of 
a number of metals [7]. Complex compounds of Pt(IV) with ArI are not formed. It is 
confirmed by absorption spectra. However, on the chloride background in the presence 
of ArI reduction of free azodye and increase of Pt(IV) peaks is observed in the wide 
range of pH. But for all that, these peaks increase even at the minor amount of azodye 
(Fig. 4). 

 
 

Fig. 4-The voltammogram of Pt(IV) ions in the absence (1) and in the presence (2) 
of ArI; CPt(IV)=1×10-4M, CArI=4×10-6M; υ=0,5 V/s; pH 9,5; Е0 = 0V; ∆Е = - 1V. 

 
The current of peak Р1 increases lineary with Pt(IV) concentration over the 

range 4,0×10-6 M to 1,2×10-4 M. The linear equation is І=4,24×104–0,01 with r=0,9964. 
Detection limit was estimated to be 5,8×10-6 M. 

It should be noted, that in the absence of azodye at the concentration of 
platinum 4×10-5 M and рН 9,5 peaks Р1 і Р2 are not shown at all. 

With the increase of dye concentration up to amount comparable to Pt(IV) ions 
concentration current increases, then remains constant and at subsequent increase of the 
concentration of dye decreases (Table 1). 

 
Таble 1-The influence of ArI concentration on the current of peaks Р1 і Р2; 

СPt(IV)=4×10-5 М; рН 9,5. 
САrІ×105, М ІР1, mkА ІР2, mkА 

0 
0,2 
0,4 
1,0 
2,0 
4,0 

- 
0,55 
0,90 
1,41 
1,76 
1,72 

- 
0,29 
0,35 
0,38 
0,52 
0,51 

To elucidate the nature of Pt(IV) reduction current in the presence of ArI the 
influence of rate polarizing tension, ionic strength and buffer capacity were studied. 
The rate criterion was calculated for quantitative estimation the influence (Table 2). 



 

Таble 2 –The value of the rate criterion for Р1 and Р2; υ=0,2÷2,0 V/s; µ=1. 
CPt(IV),М CArI, M pH Peak lgi/lgv 

- 2,0 Р1
Р2

0,60 
1,26 

- 3,0 Р1
Р2

0,66 
1,28 

- 6,1 Р1
Р2

0,72 
1,25 

4×10-6 9,5 
Р1
Р2
Р3

0,41 
1,04 
0,72 

4×10-5

4×10-5 9,5 
Р1
Р2
Р3

0,49 
1,27 
0,81 

1,0×10-4 - 9,5 Р1
Р2

0,29 
1,66 

The increase of ionic strength causes the peaks Р1 and Р2 shift in the cathode region 
of potential and increases the current of the peaks. Such dependence is peculiar to kinetic 
processes. The kinetic nature of the process is also confirmed by the high value of the rate 
criterion. The surface activity of many organic substances causes some feature of their 
influence on the electrode processes, e.g. noticeable effect of these substances even at the 
petty concentrations. The height of the reduction peaks of Pt(IV) visibly increases under 
the adding of ArI even at the concentration in 25 times less. It is, probably, concerned 
with the presence of unshared pair of electrons (in the N, O, As atoms ), which can attach 
proton. Such protonated substances can react on the cathode by the scheme: 
2НВ→2В+Н2, where B – unprotonated molecule of azodye. It is possible, for that reason 
increase of peaks P1 and P2. On the other hand, high surface activity of organic substances 
result in inhibition of electrochemical processes by the film of adsorbed substance. This 
inhibition may be caused by the difficulty of depolarizer transmission through the barrier 
formed by adsorbed substance or the decrease of amount of adsorbed depolarizer as a 
result of its displacement by particles of the surface active substance [8]. The last effect is 
typical for electrode kinetic processes with the preceding surface reaction. 

The increase of reduction peaks of Pt(IV) in the presence of ArI can be used for 
voltammetric determination of Pt(IV). 
  
References 
[1] M. Hughes. The Inorganic Chemistry of Biological Processes.-John Wilej & Sons, 
Ltd., New York, 1981.  
[2] I. Karbovnyck, L. Dubenska, N. Poperechna, Visn. Lviv. Univ., 41 (2002) 125.  
[3] J.Heyrovsky, J.Kuta. Zaklady Polarografie.-Ceskoslov. Akademie Ved.,Praha, 1962. 
[4] T. Kryukova, S. Synyakova, Т. Aref’eva. Polyarograficheskiy analiz.- М.: 
Goskhimizdat, 1959.  
[5] Yu. Zolotov, G. Varshal, V. Ivanov. Analiticheskaya khimiya metallov platinovoy 
gruppy.-М.:KomKniga,2005.  
[6] H. Levytska, S. Tymoshuk, O. Bilyk, Annals, V.3(1) (2004) 326. 
[7] L. Dubenska, H. Levytska, N. Poperechna, Talanta, 54 (2001) 221.  
[8] A. Baranski, J. Dojlido, Z. Galus. Electroanalityczne metody wyznaczania stałych 
fizykochemicznych.-PWN, Warszawa, 1979. 



NUCLEOPHILIC CLEAVAGE OF CYCLIC SELENENAMIDES 
 

R. Lisiak, J. Palus, J. Młochowski 
Institute of Organic Chemistry, Wrocław University of Technology 

Wybrzeże Wyspiańskiego 27, 50-370 Wrocław 

 
Introduction 
  

Research into selenoheterocyclic compounds is mainly focused on new ring sys-
tem synthesis. Only a few works devoted to this problem have been published in  last 
three decades. The most important group of selenoorganic compounds are cyclic sele-
nenamides having Se-N moiety particularly benzisoselenazol-3(2H)-ones 1 known as 
biological response modifiers, reagents, catalysts,  photoconducting materials and glu-
tathion peroxydase mimetics [1-4].  

There are at least one endocyclic center able to be a target of nucleophilic attack 
in selenenamides. In case of 1,3,2-benzodiselenazoles 2 these centres are situated on 
selenium atoms, while in benzisoselenazol-3(2H)-ones on selenium and carbonyl car-
bon atoms. Moreover, side chain can bring an exocyclic function group reactive toward 
nucleophiles such as carboxyester or amide group. 

In this work we reported results of our study on the reactions of hydrolysis and 
thiolysis of benzisoselenazol-3(2H)-ones 1 and their analogues – 1,3,2-
benzodiselenazoles 2. Both hydrolysis and thiolysis proceeds on selenium atom and 
causes ring opening. Furthermore the side chain groups are unreactive under thiolysis 
conditions while hydrolysis converts them. Generally, the results depended on used sub-
strate, type of thiol, solvent and pH. 

 
Results and Discussion 
  
Thiolysis of benzisoselenazol-3(2H)-ones 1 and 1,3,2-benzodiselenazoles 2 
  

We expected that the products of thiolysis of selenenamides 1 and 2 should be 
selenosulphides 3 having Se-S moiety, which could undergo further disproportionation 
to corresponding diselenides 4 and disulphides 6 (Scheme 1). 
As the model compounds benzisoselenazol-3(2H)-ones having phenyl 1a, hydrogen 1b 
and carboxymethyl group 1c at nitrogen atom while 1,3,2-benzodiselenazoles having 
two different substituents at nitrogen: n-propyl 2f and t-butyl 2g were used.    
The results of our study on the reaction of compounds 1, 2 with various thiols depended 
on selenenamide used, type of thiol and reaction conditions. In the case of reaction 1 
with aromatic thiols resulted in formation of stable selenosulphides while aliphatic 
thiols gave unstable selenosulphides directly converted to diselenides. On the other 
hand 1,3,2-benzodiselenazoles 2 were converted to polymeric product 5 regardless of 
thiol, group R or used solvent.  

For thiolysis of 1a-c and 2f-g commercial available thiols: α-toluenethiol, thio-
phenol, 2-naphthalenethiol, thioglycolic acid, 2-mercaptoethanol and 1,2-ethanedithiol 
were used. Our studies were concentrated on the influence of substrate structure and 
reaction conditions (solvent, pH) on the reaction results. 

Reactions of 1a-c with aromatic thiols at 1:1 molar ratio in dichloromethane 
(room temperature) afforded selenosulphides 3i – 3q isolated in 40 – 71% yield. 
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Scheme 1. Thiolysis of benzisoselenazol-3(2H)-ones 1 and 1,3,2-benzodiselenazoles 2 

 
 
 
 

Z

Se

N R

Se-)n-

Se-)n-
5

RNH2  +
H+ or OH-/H2O

CONHR

Se-)2-
4

OH-/H2O
    RT

no ring-opened products

H+/H2O

Z=Se
Z=CO

1. Z=CO
2. Z=Se7

 
a R=Ph; b R=H; c R=CH2COOH; d R=CH2COOEt; e R=CH2CONH2; f R=CH2CH2CH3; g R=C(CH3)3 
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Table. Products of thiolysis 1 and 2 
Substrate 

   1 or 2                 R 
Thiol 

R1 
Solvent Products, yield [%]a 

Selenosulphide 3         Diselenide 4 or 5 
1a 
1a 
1a 
1b 
1c 
1a 
1b 
1c 
1a 
1b 
1c 
1a 
1b 
1b 
1b 
1b 
1b 
1c 
1a 
1b 
1c 
1a 
1b 
1c 
2g 
2f 

Ph 
Ph 
Ph 
H 

CH2COOH 
Ph 
H 

CH2COOH 
Ph 
H 

CH2COOH 
Ph 
H 
H 
H 
H 
H 

CH2COOH 
Ph 
H 

CH2COOH 
Ph 
H 

CH2COOH 
CH2CH2CH3 

C(CH3)3 

PhCH2 
PhCH2 
PhCH2 
PhCH2 
PhCH2 

Ph 
Ph 
Ph 

β-C10H7 
β-C10H7 
β-C10H7 

CH2COOH 
CH2COOH 
CH2COOH 
CH2COOH 
CH2COOH 
CH2COOH 
CH2COOH 
CH2CH2OH 
CH2CH2OH 
CH2CH2OH 
CH2CH2SH 
CH2CH2SH 
CH2CH2SH 

PhCH2
b 

PhCH2
b 

 
 

CH2Cl2 
1,4-dioxane 

water 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 

1,4-dioxane 
water 

HCl/water 
NaOH/water 

CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 

 
 

3i, 69 
3i, 54 
3i, 68 
3j, 40 
3k, 61 
3l, 60 

3m, 42 
3n, 68 
3o, 66 
3p, 71 
3q, 69 

- 
3r, 40 

- 
- 
- 
- 
- 
- 
- 

3s, 80 
3td, 83 
3ud, 67 

- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

4a, 86 
4b, 57 
4b, 75 

- 
4b, trace 
4b, 80 
4c, 70 
4a, 76 
4b, 81 

- 
- 
- 

4c, 75 
5c, 97 
5c, 98 

a isolated yield 
b the results the same as for other thiols 
c other products: disulphide 6 70%, amine 7 64% (as hydrochloride) 
d the structures shown at Scheme 3 
 
Most of these products were stable with the exception of 3j, 3m and 3p. The 

slow decomposition of 3j, 3m and 3p to corresponding diselenides and disulphides was 
observed after several days storage in refrigerator. Different results were achieved when 
the aliphatic thiols were used. The thiolysis was carried out under the same conditions 
as previous one but the major isolated products were diselenides 4a, 4b and 4c. In the 
case of use 1c and 2-mercaptoethanol we unexpectedly obtained a stable selenosulphide 
3s. The reaction products 1a or 1b with 1,2-ethanedithiol had a structure shown at 
Scheme 3. Both of them reveal high stability in comparison with 3j, 3m and 3p. 

To determine the solvent influence on thiolysis we selected reaction of 1b with 
thioglycolic acid because this process in dichloromethane led to mixed products. New 
reaction was carried out in 1,4-dioxane at 1:1 molar ratio and produced bis[2-
(carboxymethylcarbamoyl)phenyl] diselenide 4c in 75% isolated yield. When this reac-
tion was carried out in water no reaction progress was observed. For comparison, when 
1,3,2-benzodiselenazole 2 was treated with α-toluenethiol in 1,4-dioxane and water the 
results were the same as when dichloromethane was a solvent. 

1,2-Benzisoselenazol-3(2H)-one 1b was treated with thioglycolic acid at 1:1 mo-
lar ratio in aqueous acidic (hydrochloric acid) or basic medium (sodium hydroxide) and 
gave bis(2-carbamoylphenyl) diselenide 4b. In the presence of base the yield of dise-



lenide was 80% after 1 hour while in the acid condition the product 4b was formed only 
in trace amount. 

1,3,2-Benzodiselenazoles 2f and 2g reacted with mentioned thiols gave poly(bis-
1,2-phenylene) diselenide 5 in every reaction conditions. No selenosulphides were de-
tected and isolated. In contrast to thiolysis of benzisoselenazol-3(2H)-ones, 1,3,2-
benzodiselenazoles gave aside from corresponding diselenide and disulphide also amine 
7 (Scheme 1). Alkaline as well as acid medium caused decomposition of 2f-g to poly-
meric product 5 before thiol was added. 

 
Hydrolysis of benzisoselenazol-3(2H)-ones 1 and 1,3,2-benzodiselenazoles 2 
 

Selenenamide bond can be cleaved by thiol interaction and hydrolysis as well. 
There are at least two places susceptible to hydrolysis in benzisoselenazol-3(2H)-ones: 
Se-N and C-N amide bond. We expected that amide group, especially tertiary, is less 
sensitive to hydrolysis than selenenamide so main products should be diselenides. Alka-
line hydrolysis of 1a-f carried out at room temperature led to corresponding diselenide 
while both C-N and Se-N bonds remain resistant toward  acid hydrolysis. In the case of 
compounds 1d and 1e, where ester or primary amide group was present in side chain, 
these groups were hydrolysed and gave bis[2-(carboxymethylcarbamoyl)phenyl] dise-
lenide 4c in alkaline medium and N-carboxymethyl-1,2-benzisoselenazol-3(2H)-one 1c 
in acid medium (Scheme 2). 

In contrast to 1,2-benzisoselenazol-3(2H)-ones, 1,3,2-benzodiselenazoles were 
sensitive to acid. Both 2f and 2g were smoothly decomposed by diluted HCl to poly(bis-
1,2-phenylene) diselenide 5 and amine (or its hydrochloride) with quantitative yield. 
Similar effect of the addition 2 to aqueous sodium hydroxide was observed. 
 
Conclusions 
 

Our study confirm covalent interaction of benzisoselenazol-3(2H)-ones and their 
analogues with thiols and potentially with thiol groups of peptides (e.g. glutathione), 
enzymes etc. It can be reason of biological activity of compounds having Se-N moiety. 
The results of thiolysis were depended on used selenenamide, type of thiol and reaction 
conditions.  
Selenenamide bond is susceptible to alkaline hydrolysis and corresponding diselenides 
are the only products. Moreover 1,3,2-benzodiselenazoles can be hydrolysed by acids. 
Probably it results from low stability of examined 1,3,2-benzodiselenazoles.      
 
This work was supported by Ministry of Education and Science (Grant PBZ-Min-
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Abstract 
The hybrid silica-titania thin films, with different titania content, were prepared using 
the sol-gel technique. Their optical properties are presented. Thickness, refractive index 
and transmission spectra of the film have been measured. The titania precursor was used 
to increase the refractive index of the material. The more titania precursor for the 
synthesis has been used, the thinner layer with higher RI has been obtained. The 
SiO2−TiO2 matrix is porous and the dyes' molecules entrapped in it can interact with the 
surrounding media. Therefore, these thin films can be used as optical sensors. The 
sol-gel-derived layer has been doped with bromocresol green. The changes in 
absorption spectrum with increasing pH has been registered. 
 
Keywords: silica-titania thin film, sol-gel method, optical sensor, bromocresol green 
1. Introduction 

The sol-gel technology allows to prepare glasses and glass-like materials that 
can be doped with organic compounds. It is very easy to prepare thin films using this 
method. They are characterized by good thermal and mechanical stabilities, porosity, 
high surface area, and good optical quality. Such films deposited on silicon substrates 
can be applied as planar or strip waveguides. Waveguides can be obtained using, for 
instance, silica-titania hybrids [1]. Control of the refractive index and film thickness is 
possible by changing starting precursors, solvents and temperature of thermal treatment. 
Waveguides doped with organic molecules can be used as optical sensors. Some of their 
applications are pH [2] or humidity sensing [3] and estimating isopropyl alcohol in 
water [4]. In this work, hybrid silica-titania thin films have been obtained via sol-gel 
technique. The optical properties of the films before and after thermal treatment are 
described. The layer was used as a matrix for immobilization of bromocresol green 
molecules. The changes of absorption spectra with increasing pH are shown. 

 
2. Experimental 

The silica (tetraethoxysilane, TEOS) and titania (titanium(IV) n-butoxide, TNBT 
and titanium(IV) isopropoxide, TIPO) precursors were obtained from Alfa Aesar. All 
other compounds were purchased from POCH SA. TEOS was mixed with proper 
amount of alcohol and hydrochloric acid [5] with the molar ratio of 1:8:0.05 for 
TEOS:ethanol:HCl. The compounds have been stirred on the magnetic stirrer for 30 
minutes. Simultaneously, TNBT (or TIPO) was also mixed with alcohols (1:20:20:0.15 



for TIPO:ethanol:isopropanol:HCl) [6] but this stage was shorter because of the higher 
hydrolysis rate of titania precursor [7]. Next, both solution was mixed together and the 
stirring was continued for one hour. The molar ratio of TEOS to TNBT/TIPO was 3:1, 
2:1 or 1:1. The sol was aged for about 20 hours at room temperature. The SiO2−TiO2 
films were deposited on microscopic glass slides (for transmittance measurements) and 
silicon wafers with a silica layer (for RI measurements) [5] by a modified dip-coating 
method [8]. The plates were dried in the air at 60ºC or heat-treated in 500°C for one 
hour. Thin film doped with bromocresol green was also prepared. The dye was added to 
the sol obtained as previously described and mixed. The film was coated on the glass 
after a few hours and dried at 60ºC to avoid the decomposition of organic dye. 

The absorption spectra were recorded using a Varian Cary 2300 spectrophoto-
meter. X-ray powder diffraction diagrams were recorded with Stoe diffractometer 
equipped with a position sensitive detector (Cu Kα radiation). The thicknesses and the 
refractive indexes of the films were measured at 632.8 nm wavelength ellipsometry. 

 
3. Results and discussion 
 The sol-gel method was used to prepare transparent silica-titania thin films 
without cracks. They have good transmission properties in the visible range of the 
radiation. Figure 1 shows the absorption spectra of the films prepared with different 
titania content (with the SiO2 to TiO2 (TNBT) molar ratios of 3:1, 2:1 or 1:1). For the 
samples with more titania content, an absorption band with maximum at about 580 or 
550 nm can be well seen. The best transmission (from 330 nm) has film with molar ratio 
of 3:1 after heat treatment. Other plates have higher absorbance after annealing, espe-
cially at higher wavelengths. All layers that were only dried at 60°C, have transmittance 
above 90%. Matrix with low titania content was chosen as material for optical sensors. 
 

  

Fig. 1. Transmission spectra of thin films dried at 60°C or heat-treated at 500°C. 
 
 Sol-gel technology is relatively new method for fabricating passive devices for 
integrated optics purposes i.e. planar and strip waveguides. Propagation of a laser light 
in a waveguide can occur only when waveguiding layer has higher refractive index then 
adjacent layers (optical substrate and optical cladding), where also sufficient thickness 
for at least one optical mode excitement is needed. Defects in a waveguide structure can 
disturb the guided mode of light. Imperfections such as porosity, cracks, grain 
boundaries in polycrystalline film, refractive index inhomogeneity, or surface roughness 
can scatter light and promote optical losses. However, sol-gel technique allows 



achieving good quality films and therefore inexpensive and alternative method for 
preparing planar waveguides for integrated optics is available [9, 10]. Possibility of 
fabricating high refractive index glass at low process temperatures as well as feasibility 
of doping it with almost every material are another advantages of sol-gel technique. 
Tailoring of refractive index of sol-gel planar waveguide at desirable value is important 
for passive integrated optics. Since refractive index for silicon dioxide SiO2 is n = 1.46 
and for titanium dioxide TiO2 is n = 2.7 (both values given for a laser light wavelength 
of 632.8 nm) the composition of these two compounds allows to obtain material with 
refractive index in range from 1.46 to 2.7. 
  

  
Fig. 2. Refractive index variation of sol-gel 

layers prepared with TEOS/TNBT and 
TEOS/TIPO precursors and annealed at 600°C.

Fig. 3. Measured thickness of sol-gel layers 
prepared with two different precursors. 

 
Figure 2 shows dependence of refractive 
index on the quantity of TiO2 in final 
SiO2−TiO2 sol-gel layer. Square points 
represent layers fabricated by TEOS and 
TNBT precursors. Round points correspond 
to films prepared by TEOS and TIPO 
precursors. As can be seen, the refractive 
index for mixture 50% TiO2–50% SiO2 is 
clearly higher then for mixture 25% TiO2–
75% SiO2, which is n=2.35 and n=1.67, 
respectively. In Figure 3, thickness of four 
different layers fabricated by different 
composition of silica to titania in SiO2–
TiO2 mixture are presented. The scatter of 
the results is low, with average value of 2.4 
nm, therefore very accurate thickness 
results were obtained. 
 

 
 Low deviation of results and high homogeneity of layer thickness was achieved. 
Despite constant velocity during the withdrawing of layers, thin films which consist of 
25% TiO2 in SiO2–TiO2 mixture have higher thickness then 50% TiO2 and 50% SiO2 

 
Fig. 4. Absorption spectra of SiO2-TiO2 

film after immersing in water solution with 
different pH. The insert shows the spectra 
after exposition to gaseous ammonia and 

hydrochloric acid. 



layers possibly due to lower flow resistant for titania precursors. When precursors were 
mixed in ratio of 3:1, the thickness was about 185 nm and when the ratio was set as 1:1, 
thickness was about 134 nm. 
 The doping of SiO2−TiO2 film (with the molar ratio for TEOS:TNBT of 3:1) 
with bromocresol green resulted in yellow and transparent layer. Its colour changed to 
blue when the film was immersed in water solution with pH>5. Figure 4 shows that in 
this case, one absorption band at 435 nm decreases and other band at 620 nm appears. 
This behavior was also observed when the plate was hold in gaseous ammonia. The 
changes were fully reversible after exposition to gaseous hydrochloric acid (see insert in 
Fig. 4). When the plate was placed in the basic solutions (pH>9), the sol-gel matrix 
started to decompose, the dye was washed and the absorption intensity of the film 
decreased (line 5 in Fig. 4). 
 
4. Conclusions 
 The sol-gel method was used to obtain silica-titania thin films with good optical 
and mechanical properties. The layers have high transmittance in the visible region of 
the radiation. The addition of titania causes the increase of the refractive index (e.g. 
2.35 for film with 50% TiO2 and 50% SiO2) thus this material could be used as planar 
waveguide. The refractive index and thickness of the film depend on the TiO2 content. 
Samples with lower silica to titania molar ratio have higher refractive index and are 
thinner. The film prepared from tetraethoxysilane and titanium n-butoxide can be 
successfully used as a matrix for molecules of organic dye (bromocresol green). The 
dye can still change colour with increasing/decreasing pH, even though it is embedded 
in the sol-gel film. Waveguide obtained by the sol-gel process with molecules of pH 
indicator entrapped in the SiO2−TiO2 matrix could be used as an optical sensor. 
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Secondary school students in classes with an extended Chemistry and Biology syllabus 
usually intend to follow a career in one of the branches of Medicine (Medicine, 
Dentistry, Pharmacy etc.) or Natural Sciences (Biology and Biotechnology, Chemistry, 
Environmental Protection, Environmental Sciences etc.). Chemistry and Biology 
teachers conducting such classes (who in Poland usually also act as the class tutor) must 
therefore ask themselves two key questions: 
 

1. Will the students pass the 'matura' graduation exam (final exam) and qualify for 
a place in higher education? 

2. Do the students realise what kind of work their chosen career involves? 
 
To get a positive answer to these two questions they must on the one hand teach the 
material in the syllabus and try to develop the students' interest and skills by involving 
them in extra activities, and on the other inform the students of the advantages and 
disadvantages of the professions they would like to enter after completing their studies 
(with the help of a careers consultant/advisor). 
 
The 5th Upper Secondary School in Kraków (V LO)  tries to promote the students' 
development by encouraging them to get involved in the school Chemistry or Biology 
club, attend lessons at Jagiellonian University's workshops (organised by the Kraków 
Young People's Society of Friends of Arts and Sciences – Krakowskie Młodzieżowe 
Towarzystwo Przyjaciół Nauk i Sztuk), workshops for Chemistry Olympiad future 
participants [1], lectures organised by the school given by academic staff from 
Jagiellonian University e.g. “Bread from Air” by Dr. hab. Andrzej Kotarba, or lectures 
by foreign academics such as that given by Dr. John Oversby (University of Reading, 
UK) etc. It also tries to stimulate the students' interest and motivation by organising 
week-long field trips (science camp), usually for students of the second year of that 
school (aged 18). 
 
Organising trips for young people interested in a particular subject is by no means a new 
idea. This form of education is used to great effect by Petnica Science Center [2] for 
example. In Poland, as far as the author knows, only non-governmental organisations 
organise or have organised activities of this kind. For example, for many years the 
Polish Scouting and Guiding Association has organised science field trips (lasting 3 
weeks) some of them Chemistry-related [3].  
 
School field trips are organised by teaching staff and mainly financed by parents, which 
was also the case for the field trip described below. 
 



The theme of this year's field trip to Zakopane (south part of Poland, Tatra Mountains) 
for class IIh of the 5th LO was Ecology and Environmental Protection. The program 
guidelines (aims) for the field trip included delivery of  educational content contained in 
the syllabus for Chemistry, Biology  as well as an interdisciplinary Ecology course (so 
called ‘environmental pathway’); development of key skills such as groupwork, critical 
thinking, problem solving, decision-making, finding and processing information; and 
improvement of the image of Chemistry among students preferring Biology by showing 
them how it benefits people and the environment. Through the acquisition of critical 
thinking and skills of thoughtful decision-making students can develop active and 
responsible citizenship [4]. Education for citizenship requires awareness of the 
complexity derived from the relationships between science, technology, environment 
and society.  
 
A location for the field trip was selected which would be relevant to the subject of the 
lessons and the trip's aims. The teaching program was structured in such a way as to 
prepare the students to take part in an educational game (role play game) held on the last 
day of the trip entitled: “A Sitting of the Commune Council of Zakopane”. The game 
was structured in two parts. In the first part, students were given and shared a role-card, 
which outlines background and interests of a character they have to represent. They 
looked for the arguments to support their characters’ point of view. A second group – 
the decision-makers – had to gather information about the controversial aspects of the 
issue and prepared the questions to the presenters. The final stage of the game involved 
creating an imaginary commune council and asking it to consider an application for 
building permission and establish building criteria for a new hotel, restaurant and sports 
complex on Droga do Białego St. in the periphery of Tatra National Park [5]. The 
debate ended with a verdict expressed by the decision-makers. 
 
Suggested roles for participants in the open sitting of the Commune Council are:  

• Mayor  
• Director of the Department of Environmental Protection of the Municipal 

Council,  
• the investor,  
• a farmer,  
• a forester, a representative of Tatra National Park,  
• a local mountain guide,  
• a resident of Droga do Białego St.,  
• a shop owner,  
• a doctor, 
• an unemployed person,  
• a representative of the Employment Office etc.  

 
Necessary information was collected during field trip activities, which included: 
a) theoretical background: 
– review of multimedia presentations on water, air and soil protection and species 
preservation which the students had prepared at home, 
– discussion of basic Ecology topics: population attributes, biocenosis profile, structure 
of the ecosystem, environmental laws, Biogeography, 



– a viewing of the film “Quicksilver – Mercury” which concerns the toxicity of 
mercury, long term effect of pollution  - Minamata Disease etc. 
b) local conditions: 
– a walk to Dolina Białego valley to survey the planned location for the project 
(investment), 
– a visit to a biological sewage treatment plant (run by the SEWiK water and sewage 
company) to find out about sewage treatment methods and the potential (limitations) of 
the sewage treatment plant, 
– a meeting with Krzysztof Owczarek, the Vice-mayor of Zakopane  who is responsible 
for municipal utilities and the Head of the Department of Environmental Protection of 
the Municipal Council, 
– a visit to the Tatra National Park Museum (to find out about the history of 
conservation in the Tatra Mountains and the surrounding area) and the Tatra Museum 
(to find out about the natural features of the land and the life and work of the local 
inhabitants), 
– presentation of an alternative source of heating energy based on the example of 
Geotermia Podhalańska (an geothermal energy company). 
 
Even the daylong excursion into the mountains (Dolina Pięciu Stawów Polskich – 
1665m above sea level) had an educational purpose: not only was it intended to 
integrate the group and bring variety to the field trip by introducing a new kind of 
activity, but also to show the students the natural beauty of this potentially threatened 
environment and teach them about the regulations of the Tatra National Park. 
 
Role-playing games on social-environmental controversial issues [6] propose a 
multidisciplinary approach to real problems.  Participants of final discussion were asked 
to engage in a co-operative search for solutions, by exploring common needs and 
possible future scenarios.  
 
Zakopane also provided us with the opportunity to investigate other topics from the 
school syllabus e.g. those related to the d-block elements, which the class had recently 
covered in their lessons.  There was iron smelting and working, which has been 
practiced in Kuźnice near Zakopane since the XVIIIth century (its name is derived from 
'kuźnia', the Polish word for forge), as well as in other parts of the Tatra Mountains and 
its surrounding areas e.g. Dolina Chochołowska valley. The history of these places and 
the working conditions of local inhabitants were illustrated by pictures and authentic 
exhibits in the Tatra Museum and in the Museum of Blacksmithery in the Krupówki 
pedestrian zone. 
 
Another important element of field trips is usually research work. Although on this 
occasion it was not possible to conduct research for organisational reasons, the field trip 
staff, which included the biologist Ms Elżbieta Opozda-Zuchmańska, suggests that it 
should include: 
– testing of the cleanliness of the air using lichen scale mapping, 
– testing of the cleanliness of surface waters using biological indicators, 
– chemical analysis of water, soil and vegetation. 
Amateur environmental analysis has been growing in popularity in Poland since the 
1990s and is already supported by a considerable body of reference material [7]. 



 
As part of our attempts to answer second key question (Do the students realise what 
kind of work their chosen career involves?) the students attended a talk given by the 
extraordinary Dr. Halszka Kostrzewa of the local casualty unit (Medical Emergency 
Service) on the realities of studying medicine and the work of a doctor. Dr. Kostrzewa 
spoke about responsibility, mental resilience, empathy, the complexities of running a 
health service in a new economic environment, and various areas of the medical 
profession and the demands they place on trainee medical professionals who would like 
to specialise in them. She also took the time to answer the students' many questions. As 
a result of this meeting a number of students were able to make preliminary choices 
regarding the areas they would like to specialise in, two of them choosing Immunology 
and three Pathology (stating fear of direct contact with patients and responsibility as the 
reason for their choice). 
 
The above mentioned way of organization of science camp allowed us to use in our 
teaching and learning process such relation described in literature that:  the more  

• interfaces between various topics in one subject,          
• interfaces between various subjects,  
• references to students everyday life, 

the better results will be achieved by students.  
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Abstract: The enzyme-catalyzed acetylation of rac-2,3-O-cyclohexylidene-1-propanol 
with enol acetates has been studied as a possible route to racemate resolution. We have 
found high enantioselectivities (E ~ 200) for some enzymes but only at low substrate 
conversion (2-4%). The best enantioselectivities compatible with good activity were 
found for non-commercial Mucor racemosus and Mucor circinelloides lipases (5.4 and 
3.5 respectively). 
 
Introduction 
Glycerol derivatives containing hydroxyl group at C-2 are important substructures in 
many biologically active compounds and pharmaceuticals [1]. The majority of  
β-blockers with 3-aryloxy-2-propanol-1-amine structure consist the outstanding 
example. Chiral glycerol derivatives are regarded as convenient substrates for many 
syntheses [2]. Such building blocks are still rather expensive since their manufacturing 
requires chiral catalysts or enantiomerically pure starting materials [3-5]. Thus in recent 
years increasing interest in biotransformations as a method for pure enantiomers 
preparation is observed [6-9]. Numerous publications have appeared on resolution of 
racemic 2,3-O-substituted-1-propanols, especially 2,3-O-isopropylidene-1-propanol 
(solketal) [9-15] while 2,3-O-cyclohexylidene-1-propanol was investigated incidentally 
and low enantioselectivities were reported [16-19]. Here we describe our results on 
enzyme-catalyzed acetylation of 2,3-O-cyclohexylidene-1-propanol with enol acetates. 
Results 
We have studied enzyme-catalyzed acetylation of the substrate 1 in organic solvents 
with the aim of enantiomers resolution. Broad range of commercial, native and 
immobilized lipases, non-commercial Mucor species as well as acylase and proteinase 
were included in preliminary screening. Reactions were carried out in hydrophobic 
solvents – hexane, methylene chloride and tert-butyl methyl ether with vinyl acetate as 
acyl donor. All enzymes tested were found active and showed the same preference for 
faster acylation of (S)-enantiomer (see Scheme 1). 
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However the reaction rate varied considerably with the solvent – the highest substrate 
conversion was observed in tert-butyl methyl ether and hexane while in methylene 
chloride only immobilized lipases retained high activity (see Table1). Unfortunately the 
high activity of these enzymes is connected with lack of enantioselectivity (E ~ 1). 
 

Table 1. Activity and selectivity of enzymes with vinyl acetate as acyl donor. 
Hexane, 40°C CH2Cl2, 20°C t-BuOMe, 20°C  

Enzyme c eep E c eep E c eep E 
Lipase A 0.19 0.02 1.1 0.02 0.73 7 0.04 0.46 2.8 

Lipase AY 0.41 0.13 1.4 - - - - - - 
Lipase PS - - - 0.01 0.99 201 0.02 0.66 5.1 

Candida cylindracea Lipase 0.51 0.14 1.5 0.03 0.60 4 0.16 0.24 1.7 
Candida rugosa Lipase 0.33 0.15 1.4 0.02 0.79 9 0.06 0.31 1.9 

Porcine Pancreatic Lipase 0.09 0.21 1.6 0.02 0.89 18 0.12 0.27 1.8 
Mucor circinelloides Lipase 0.41 0.30 2.2 0.03 0.88 16 0.17 0.53 3.5 
Mucor racemosus Lipase 0.10 0.54 3.5 0.03 0.83 11 0.08 0.28 1.8 

Lipozyme RM® 0.99 0 1 0,34 0.26 2 0.73 0.09 1.4 
Lipozyme TL® 0.99 0 1 - - - - - - 

Novozyme 435® - - - 1 0 1 0.63 0.03 1.1 
Acylase 0.11 0.22 1.6 0.03 0.68 5 0.05 0.45 2.7 
Papain 0.02 0.99 202 - - - - - - 

 
Enantioselectivity ratio ca. 200 was found for lipase PS in methylene chloride and for 
papain in hexane but only at very low conversion 1-2%.  
Improvement of enantioselectivity in enzyme-catalyzed acetylation was frequently 
noted when vinyl acetate was replaced by more sterically hindered isopropenyl acetate 
as acyl donor [20]. In our case when substrate 1 was treated with isopropenyl acetate in 
hexane large decrease of activity (lower conversion) has been observed without 
significant change of enantioselectivity (see Table 2). 
 

Table 2. Activity and selectivity of enzymes with isopropenyl acetate as acyl donor. 
Hexane, 40°C CH2Cl2, 40°C  

Enzyme c eep E c eep E 
Lipase A 0.04 0.39 2.3 0.02 0.94 24 

Lipase AY 0.12 0.31 2.0 - - - 
Lipase PS - - - 0.02 0.99 202 

Candida cylindracea Lipase 0.40 0.19 1.6 0.02 0.94 33 
Candida rugosa Lipase 0.41 0.19 1.7 0.02 0.93 28 

Porcine Pancreatic Lipase 0.02 0.99 203 0.03 0.99 205 
Mucor circinelloides Lipase 0.23 0.26 1.8 0.03 0.65 4.8 
Mucor racemosus Lipase 0.05 0.53 3.3 0.02 0.99 202 

Lipozyme RM® 0.07 0.32 2.0 0.02 0.91 22 
Lipozyme TL® 0.15 0.38 2.4 - - - 

Novozyme 435® 0.98 0.01 1.3 0.06 0.09 1.2 
Acylase 0.05 0.45 2.6 0.02 0.92 25 

 
On the other hand in methylene chloride decrease of conversion was not significant 
while increase in enantioselectivity could be observed. It is noteworthy that in the 
preliminary screening the best enantioselectivities compared with good activities were 
found for non-commercial lipases from Mucor racemosus and Mucor circinelloides 
used as whole mycelium. 



Table 3. Solvent dependence of activity and selectivity of Mucor lipases. 
M. racemosus M. circinelloides Solvent 
c eep E c eep E 

Cyclohexane 0.13 0.50 3.2 0.27 0.40 2.7 
Benzene 0.12 0.49 3.1 0.13 0.53 3.5 
Toluene 0.19 0.35 2.2 0.38 0.28 2.1 

Methylene chloride 0.10 0.36 2.2 0.15 0.47 3 
Chloroform 0.08 0.54 3.5 0.22 0.47 3.1 

1,2-Dichloroethane 0.10 0.44 2.7 0.004 0.99 200 
Tetrahydrofuran 0.08 0.67 5.4 0.24 0.36 2.4 
Ethyl acetate 0.23 0.35 2.3 0.32 0.31 2.2 

Acetone 0.07 0.53 3.4 0.20 0.37 2.4 
Acetonitrile 0.05 0.49 3 0.11 0.33 2.1 

 
Therefore the activity and selectivity of these two lipases in acylation with vinyl acetate 
were determined for range of solvents varying in polarity and water miscibility (see 
Table 3). The best enantioselectivity compatible with good activity for Mucor 
racemosus was observed in tetrahydrofuran (E=5.4) while for Mucor circinelloides in 
benzene (E=3.5). 
Conclusions 
The results obtained in present study do not allow for preparative resolution of rac-2,3-
O-cyclohexylidene-1-propanol. We are of the opinion that non-commercial lipases from 
M.racemosus and M.circinelloides are good candidates for search of enantioselectivity 
improvement by decreasing reaction temperature, changing the acyl donor or usage of 
chiral solvents. Nevertheless looking for new enzymes seems to be also necessary. 
Materials and methods 
Acylase, Lipase A, Lipase AY, Lipase PS were obtained from Amano, Candida 
Cylindracea, Candida Rugosa, Porcine Pancreas Lipases from Sigma, immobilized 
preparations Lipozyme RM® (Rhizomucor miehei), Lipozyme TL® (Thermomyces 
lanuginosus), Novozyme 435® (Candida antarctica) from Novozymes, and papain from 
Fluka. Mucor racemosus and Mucor circinelloides lipases (whole mycelium) were 
kindly donated by Prof. T. Antczak from Institute of Technical Biochemistry (Technical 
University of Łódź). Rac-2,3-O-cyclohexylidene-1-propanol (1) and its acetate (2) were 
prepared in our laboratory according to the following procedures. 
Rac-2,3-O-cyclohexylidene-1-propanol (1): Glycerol (0.48 mol), cyclohexanone (0.4 
mol), 100 mL toluene and a few drops of H3PO4 were refluxed under Dean-Stark 
apparatus for 6 hours. Then the mixture was poured into 100 mL of 5% aq. Na2CO3. 
The water layer was extracted with toluene, combined extracts washed with water and 
dried over MgSO4. After solvent evaporation the crude product was distilled under 
reduced pressure (b.p. 100ºC/1.5 Tr, nD

20=1.4810, 70% yield). 1H-NMR (250 MHz, 
CDCl3), δ: 4.23 (ddt, J=6.4Hz, J=5.3Hz, J=4Hz, 1H); 4.03 (dd, J=8.2Hz, J=6.5Hz, 1H); 
3.77 (dd, J=8.1Hz, J=6.4Hz, 1H); 3.72 (dd, J=11.6Hz, J=3.8Hz, 1H); 3.58 (dd, 
J=11.6Hz, J=5.2Hz, 1H); 2.42 (s, 1H); 1.65-1.54 (m, 8H); 1.49-1.36 (m, 2H). IR (film): 
3450, 2950, 1460, 1370, 1120, 1070 cm-1. 
Rac-2,3-O-cyclohexylidene-1-propyl acetate (2): Acetic anhydride (0.036 mol) was 
added to the stirred solution of 1 (0.03 mol) and pyridine (0.042 mol) in 20 mL of dry 
methylene chloride at room temp. After 24 h the mixture was treated with 100 mL of 
5% aq. NaHSO4, and extracted with methylene chloride, washed with water and dried 
over MgSO4. Then the solvent was evaporated and the crude product was distilled under 



reduced pressure (b.p. 85ºC/0.9 Tr, nD
20=1.4634, 70% yield). 1H-NMR (250 MHz, 

CDCl3), δ: 4.34, 4.29 (2t, J=6Hz, 1H); 4.18-4.07 (m, 2H); 4.07 (dd, J=8.4Hz, J=6.5Hz); 
3.74 (dd, J=8.4Hz. J=6Hz, 1H); 2.09 (s, 3H); 1.63-1.52 (m, 8H); 1.47-1.32 (m, 2H); IR 
(CHCl3): 3000, 1760, 1380, 1240, 1110, 1050 cm-1. 
1H-NMR spectra were recorded on Bruker DPX 250 spectrometer and IR spectra on 
Shimadzu IR 408 apparatus. 
Enzyme-catalyzed reactions were carried out as follows: to 1.5 mmol racemic 1 in 5 mL 
solvent, acyl donor (1.5 or 4.5 mmol), enzyme (50 mg) were added and the mixture 
placed in thermostated shaker for 24 h. Then enzyme was filtered and the solution 
analyzed by GC using chiral stationary phase CP-Chiralsil-Dex CB (0,32mm x 0,25µm 
x 25m) with temp. program 60→195ºC at 4º/min for evaluation of conversion and 
enantiomeric excesses. The order of enantiomers elution: (R)-1 (28.8 min), (S)-1 (28.9 
min), (S)-2 (30.4 min), (R)-2 (30.6 min) was determined by separation of alcohol 1 and 
acetate 2 from enzymatic reaction and comparison of optical rotation with literature 
value [16]. 
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Abstract: The enzyme-catalyzed acetylation of rac-2,3-O-cyclohexylidene-1-propanol 
with enol acetates has been studied as a possible route to racemate resolution. We have 
found high enantioselectivities (E ~ 200) for some enzymes but only at low substrate 
conversion (2-4%). The best enantioselectivities compatible with good activity were 
found for non-commercial Mucor racemosus and Mucor circinelloides lipases (5.4 and 
3.5 respectively). 
 
Introduction 
Glycerol derivatives containing hydroxyl group at C-2 are important substructures in 
many biologically active compounds and pharmaceuticals [1]. The majority of  
β-blockers with 3-aryloxy-2-propanol-1-amine structure consist the outstanding 
example. Chiral glycerol derivatives are regarded as convenient substrates for many 
syntheses [2]. Such building blocks are still rather expensive since their manufacturing 
requires chiral catalysts or enantiomerically pure starting materials [3-5]. Thus in recent 
years increasing interest in biotransformations as a method for pure enantiomers 
preparation is observed [6-9]. Numerous publications have appeared on resolution of 
racemic 2,3-O-substituted-1-propanols, especially 2,3-O-isopropylidene-1-propanol 
(solketal) [9-15] while 2,3-O-cyclohexylidene-1-propanol was investigated incidentally 
and low enantioselectivities were reported [16-19]. Here we describe our results on 
enzyme-catalyzed acetylation of 2,3-O-cyclohexylidene-1-propanol with enol acetates. 
Results 
We have studied enzyme-catalyzed acetylation of the substrate 1 in organic solvents 
with the aim of enantiomers resolution. Broad range of commercial, native and 
immobilized lipases, non-commercial Mucor species as well as acylase and proteinase 
were included in preliminary screening. Reactions were carried out in hydrophobic 
solvents – hexane, methylene chloride and tert-butyl methyl ether with vinyl acetate as 
acyl donor. All enzymes tested were found active and showed the same preference for 
faster acylation of (S)-enantiomer (see Scheme 1). 
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However the reaction rate varied considerably with the solvent – the highest substrate 
conversion was observed in tert-butyl methyl ether and hexane while in methylene 
chloride only immobilized lipases retained high activity (see Table1). Unfortunately the 
high activity of these enzymes is connected with lack of enantioselectivity (E ~ 1). 
 

Table 1. Activity and selectivity of enzymes with vinyl acetate as acyl donor. 
Hexane, 40°C CH2Cl2, 20°C t-BuOMe, 20°C  

Enzyme c eep E c eep E c eep E 
Lipase A 0.19 0.02 1.1 0.02 0.73 7 0.04 0.46 2.8 

Lipase AY 0.41 0.13 1.4 - - - - - - 
Lipase PS - - - 0.01 0.99 201 0.02 0.66 5.1 

Candida cylindracea Lipase 0.51 0.14 1.5 0.03 0.60 4 0.16 0.24 1.7 
Candida rugosa Lipase 0.33 0.15 1.4 0.02 0.79 9 0.06 0.31 1.9 

Porcine Pancreatic Lipase 0.09 0.21 1.6 0.02 0.89 18 0.12 0.27 1.8 
Mucor circinelloides Lipase 0.41 0.30 2.2 0.03 0.88 16 0.17 0.53 3.5 
Mucor racemosus Lipase 0.10 0.54 3.5 0.03 0.83 11 0.08 0.28 1.8 

Lipozyme RM® 0.99 0 1 0,34 0.26 2 0.73 0.09 1.4 
Lipozyme TL® 0.99 0 1 - - - - - - 

Novozyme 435® - - - 1 0 1 0.63 0.03 1.1 
Acylase 0.11 0.22 1.6 0.03 0.68 5 0.05 0.45 2.7 
Papain 0.02 0.99 202 - - - - - - 

 
Enantioselectivity ratio ca. 200 was found for lipase PS in methylene chloride and for 
papain in hexane but only at very low conversion 1-2%.  
Improvement of enantioselectivity in enzyme-catalyzed acetylation was frequently 
noted when vinyl acetate was replaced by more sterically hindered isopropenyl acetate 
as acyl donor [20]. In our case when substrate 1 was treated with isopropenyl acetate in 
hexane large decrease of activity (lower conversion) has been observed without 
significant change of enantioselectivity (see Table 2). 
 

Table 2. Activity and selectivity of enzymes with isopropenyl acetate as acyl donor. 
Hexane, 40°C CH2Cl2, 40°C  

Enzyme c eep E c eep E 
Lipase A 0.04 0.39 2.3 0.02 0.94 24 

Lipase AY 0.12 0.31 2.0 - - - 
Lipase PS - - - 0.02 0.99 202 

Candida cylindracea Lipase 0.40 0.19 1.6 0.02 0.94 33 
Candida rugosa Lipase 0.41 0.19 1.7 0.02 0.93 28 

Porcine Pancreatic Lipase 0.02 0.99 203 0.03 0.99 205 
Mucor circinelloides Lipase 0.23 0.26 1.8 0.03 0.65 4.8 
Mucor racemosus Lipase 0.05 0.53 3.3 0.02 0.99 202 

Lipozyme RM® 0.07 0.32 2.0 0.02 0.91 22 
Lipozyme TL® 0.15 0.38 2.4 - - - 

Novozyme 435® 0.98 0.01 1.3 0.06 0.09 1.2 
Acylase 0.05 0.45 2.6 0.02 0.92 25 

 
On the other hand in methylene chloride decrease of conversion was not significant 
while increase in enantioselectivity could be observed. It is noteworthy that in the 
preliminary screening the best enantioselectivities compared with good activities were 
found for non-commercial lipases from Mucor racemosus and Mucor circinelloides 
used as whole mycelium. 



Table 3. Solvent dependence of activity and selectivity of Mucor lipases. 
M. racemosus M. circinelloides Solvent 
c eep E c eep E 

Cyclohexane 0.13 0.50 3.2 0.27 0.40 2.7 
Benzene 0.12 0.49 3.1 0.13 0.53 3.5 
Toluene 0.19 0.35 2.2 0.38 0.28 2.1 

Methylene chloride 0.10 0.36 2.2 0.15 0.47 3 
Chloroform 0.08 0.54 3.5 0.22 0.47 3.1 

1,2-Dichloroethane 0.10 0.44 2.7 0.004 0.99 200 
Tetrahydrofuran 0.08 0.67 5.4 0.24 0.36 2.4 
Ethyl acetate 0.23 0.35 2.3 0.32 0.31 2.2 

Acetone 0.07 0.53 3.4 0.20 0.37 2.4 
Acetonitrile 0.05 0.49 3 0.11 0.33 2.1 

 
Therefore the activity and selectivity of these two lipases in acylation with vinyl acetate 
were determined for range of solvents varying in polarity and water miscibility (see 
Table 3). The best enantioselectivity compatible with good activity for Mucor 
racemosus was observed in tetrahydrofuran (E=5.4) while for Mucor circinelloides in 
benzene (E=3.5). 
Conclusions 
The results obtained in present study do not allow for preparative resolution of rac-2,3-
O-cyclohexylidene-1-propanol. We are of the opinion that non-commercial lipases from 
M.racemosus and M.circinelloides are good candidates for search of enantioselectivity 
improvement by decreasing reaction temperature, changing the acyl donor or usage of 
chiral solvents. Nevertheless looking for new enzymes seems to be also necessary. 
Materials and methods 
Acylase, Lipase A, Lipase AY, Lipase PS were obtained from Amano, Candida 
Cylindracea, Candida Rugosa, Porcine Pancreas Lipases from Sigma, immobilized 
preparations Lipozyme RM® (Rhizomucor miehei), Lipozyme TL® (Thermomyces 
lanuginosus), Novozyme 435® (Candida antarctica) from Novozymes, and papain from 
Fluka. Mucor racemosus and Mucor circinelloides lipases (whole mycelium) were 
kindly donated by Prof. T. Antczak from Institute of Technical Biochemistry (Technical 
University of Łódź). Rac-2,3-O-cyclohexylidene-1-propanol (1) and its acetate (2) were 
prepared in our laboratory according to the following procedures. 
Rac-2,3-O-cyclohexylidene-1-propanol (1): Glycerol (0.48 mol), cyclohexanone (0.4 
mol), 100 mL toluene and a few drops of H3PO4 were refluxed under Dean-Stark 
apparatus for 6 hours. Then the mixture was poured into 100 mL of 5% aq. Na2CO3. 
The water layer was extracted with toluene, combined extracts washed with water and 
dried over MgSO4. After solvent evaporation the crude product was distilled under 
reduced pressure (b.p. 100ºC/1.5 Tr, nD

20=1.4810, 70% yield). 1H-NMR (250 MHz, 
CDCl3), δ: 4.23 (ddt, J=6.4Hz, J=5.3Hz, J=4Hz, 1H); 4.03 (dd, J=8.2Hz, J=6.5Hz, 1H); 
3.77 (dd, J=8.1Hz, J=6.4Hz, 1H); 3.72 (dd, J=11.6Hz, J=3.8Hz, 1H); 3.58 (dd, 
J=11.6Hz, J=5.2Hz, 1H); 2.42 (s, 1H); 1.65-1.54 (m, 8H); 1.49-1.36 (m, 2H). IR (film): 
3450, 2950, 1460, 1370, 1120, 1070 cm-1. 
Rac-2,3-O-cyclohexylidene-1-propyl acetate (2): Acetic anhydride (0.036 mol) was 
added to the stirred solution of 1 (0.03 mol) and pyridine (0.042 mol) in 20 mL of dry 
methylene chloride at room temp. After 24 h the mixture was treated with 100 mL of 
5% aq. NaHSO4, and extracted with methylene chloride, washed with water and dried 
over MgSO4. Then the solvent was evaporated and the crude product was distilled under 



reduced pressure (b.p. 85ºC/0.9 Tr, nD
20=1.4634, 70% yield). 1H-NMR (250 MHz, 

CDCl3), δ: 4.34, 4.29 (2t, J=6Hz, 1H); 4.18-4.07 (m, 2H); 4.07 (dd, J=8.4Hz, J=6.5Hz); 
3.74 (dd, J=8.4Hz. J=6Hz, 1H); 2.09 (s, 3H); 1.63-1.52 (m, 8H); 1.47-1.32 (m, 2H); IR 
(CHCl3): 3000, 1760, 1380, 1240, 1110, 1050 cm-1. 
1H-NMR spectra were recorded on Bruker DPX 250 spectrometer and IR spectra on 
Shimadzu IR 408 apparatus. 
Enzyme-catalyzed reactions were carried out as follows: to 1.5 mmol racemic 1 in 5 mL 
solvent, acyl donor (1.5 or 4.5 mmol), enzyme (50 mg) were added and the mixture 
placed in thermostated shaker for 24 h. Then enzyme was filtered and the solution 
analyzed by GC using chiral stationary phase CP-Chiralsil-Dex CB (0,32mm x 0,25µm 
x 25m) with temp. program 60→195ºC at 4º/min for evaluation of conversion and 
enantiomeric excesses. The order of enantiomers elution: (R)-1 (28.8 min), (S)-1 (28.9 
min), (S)-2 (30.4 min), (R)-2 (30.6 min) was determined by separation of alcohol 1 and 
acetate 2 from enzymatic reaction and comparison of optical rotation with literature 
value [16]. 
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Introduction 
Antibiotics are present in communal and hospital sewages, superficial waters and in 
ground soil or sediments of rivers and lakes [1, 2]. The presence of antibiotics in 
environment causes the bacterium  resistance  on these drugs [3].  
Pharmaceutical substances are difficult to removals from sewages by the methods like 
biodegradation, coagulation, filtration or adsorption [4]. At present develops advanced 
oxygenations processes (AOP) rely on generating highreactive hydroxyl radicals during 
irradiations of solutions. Photocatalytic processes relying on irradiation of solutions 
with suspension of semi-conductor TiO2 former were investigated  under side of 
possibilities of  their application to removing of antibiotics from sewages [5].  
The aim of this work was examining of influence the metals ions: Fe3+, Cu2+, Mg2+ and 
Ca2+ on photocatalytic degradation rate constant of tetracycline and estimation of 
changes in content of total organic carbon  (TOC) in course of investigated process. 
 
Materials and methods 
Degradation of tetracycline was carried out by irradiation of water solutions of initial 
concentration 0.1 mmol/l or solutions with ions of metals with UV radiation about 
wavelength of 366 nm and intensities of 8.76 . 10-9 E/s cm2. To preparing of solutions of 
metals ions were used of chlorides of iron, copper, magnesium and calcium (products of 
POCH laboratories).  
Exactly 0.25g TiO2 P-25 was added to 100 ml of every solution. Product of  Degussa 
consisted of 80% anatase and 20% rutile had diameter of 21 nm  and of specific surface 
of 50 m2/g were used. During irradiations the solutions were stirred and after definite 
time were centrifuged  (30 minutes and 4000 rotations). Final concentration of 
tetracycline with method of HPLC (L-7100 pump and UV detector of  Merck) was 
determined. The BDS Hypersil C18 column of 15 cm length and 2.1 mm diameter and 5 
µm granulation were used.  
To estimate the photocatalytic degradation rate constants  of tetracycline,  the 
relationship log C/C0 from time of duration of photocatalytic process were defined. 
Content of total organic carbon was investigated  by automatic analyser of carbon  
Shimadzu 5000A.  
 
Results 
Figures 1-3 show relationship C/C0 of tetracycline in the course of photocatalytic 
process. The constants of rate are given in table 1. The relationship TOC/TOCo vs. time 
of duration of photocatalytic process in solution of tetracycline and solution with ions of 
iron is introduced  in figure 4 and comparison the changes of TOC/TOCO and C/C0 for 
solution of tetracycline in fig. 5. 
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Fig.1. Tetracycline relationship of C/Co vs. time of duration of photocatalytic process  
in 0.1 mmol/l solution (♦) and in presence of Fe3+ (■); molar ratio of tetracycline and 
Fe3+ is equal 1. 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

0 10 20 30 40 50 60 70 80 90

time [min]

C
/C

o

Fig.2. Tetracycline relationship C/Co vs. time of duration of photocatalytic process  in 
0.1 mmol/l solution (♦) and in presence of Cu2+ (■); molar ratio of tetracycline and Cu2+ 
is equal 1. 
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Fig.3. Tetracycline relationship C/Co vs time of duration of photocatalytic process  in 
0.1 mmol/l solution (♦) and in presence of Ca2+ (■) and Mg2+ (▲); molar ratio of 
tetracycline and metal ions is equal 1. 
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Fig.4. TOC/TOCo relationship vs time of duration of photocatalytic degradation of 
tetracycline in 0.1 mmol/l  solution (♦) in presence of Fe3+ (■); molar ratio of 
tetracycline and Fe3+ is equal 1. 
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Fig.5. Comparison of the relationship C/Co (♦) and TOC/TOCo (■) vs time of duration 
of photocatalytic degradation of tetracycline in 0.1 mmol/l solution. 
 
 
Table 1. Rate constants of tetracycline photocatalytic degradation   
Initial 
concentration 
of tetracycline 
[mmol/l] 

 
Metal  
ions 

 
 
pH  

 
Molar ratio 
antibiotic/metal 
ions 

 
 
Rate constant  
[ s-1 ] 

  -      6.78                -                 9.14 .  10 -4    
Fe3+      3.39                1   1.40 .   10-3    
Cu2+       6.12                1   1.88 .   10-4      
Ca2+       6.75                1   9.01 .   10-4     

 
 
              0.1               

Mg2+      6.80                1    8.77 .  10-4       
 
Discussion 
The estimated rate constants of tetracycline photocatalytic degradation  in water 
solutions testify that only presence of iron ions causes in their enlargement. Ions of this 
metal create sparingly soluble complexes with this antibiotic and perhaps this effect can 
be a cause of decreasing of tertacycline concentration in the first stage of reaction, what 
shown in figure 1. Degradation of this complex during irradiations can cause the 
increase of TOC/TOCO shown in fig. 4, what should however induce augmentation of 
value C/Co for solution of tetracycline with ions of iron (fig. 1). Appears probable that 
follows desorption the products of  tetracycline degradation with metal from 
photocatalyst surface  what can entail the observed increase of content of organic 
carbon in the first stage of reaction.  
Mineralisation of tetracycline is process to slowly than process of its degradation what 
shown in figure 5 and more quickly runs in solutions with ions of iron than without 



them (fig. 4). Decrease of tetracycline degradation in solutions with copper ions is 
caused with settling of metallic copper and poisonning of semi-conductor surface [5], 
what appears in course of  relationship C/Co vs time in duration of photocatalytic 
process shown in fig. 2.  
Ions of calcium and magnesium imperceptibly  influence in rate of  tetracycline 
photocatalytic degradation what became  presented in fig. 3 and in table 1.  
 
Conclusions 
Ions of iron accelerate the photocatalytic process of degradation and mineralisation of 
tetracycline in water solutions.  
Ions of copper moderate the photocatalytic process of tetracycline degradation in water 
solutions.  
Ions of calcium and magnesium do not influence in essential manner on rate of 
tetracycline degradation in water solutions.  
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Teaching the humanities students chemistry, including archaeology, has never been 
more necessary. There are several reasons for that, the most important is that the 
archaeology becomes the interdisciplinary science which is connected with variety of 
instruments taken from  natural mathematical sciences. Mathematics with statistical 
elements, geology, biology, especially botany and zoology, as well as physics and 
chemistry are irreplaceable sciences necessary in doing archaeological research. The 
last mentioned ones are very important for archaeologists because they provide them 
plenty of modern physical-chemical methods, without which doing archaeological 
research seems to be unfeasible. Another important cause for teaching chemistry is 
restoration of archaeological monuments. Conservator works, which are currently 
carried out on historical legacy, to a large extent are based on chemical knowledge, 
which is first and foremost practical not only theoretical.  
 Consequently, it is not only important but also essential to include elements of 
chemistry in didactical process of teaching prospective archaeology students. The 
purpose of such education is not only to indicate analytical opportunities of various 
chemistry disciplines, but also systematizing chemical knowledge possessed by students 
and steering it on practical use while conservation works are being carried out.  
 Passing on knowledge connected with experience in creating and carrying out 
didactical classes in ‘Conservation of Archaeological Monuments’ is the essence of this 
research. Organizing such classes was preceded by an opinion pool performed in group 
of archaeologists. The first purpose of the pool was to characterize demand for 
particular elements of chemical knowledge which is necessary for restoration works. 
The second aim was to make an attempt to assess level of chemical knowledge 
possessed by students of archaeology. Gathered information, knowledge of current 
conservation works and analytical trends in archaeological researches were the basis for 
creating ‘Conservation of Archaeological Monuments’ laboratory classes curriculum. 
Further probing students’ knowledge and skills was the reason for such form of 
conducting classes. Form of 30 lessons is opened, which means that students of all 
academic years may attend them, and lecturer has possibility of observing and 
modifying the applied methods of teaching. 
  Adjusting basic elements of chemistry to conservation processes of various 
archaeological monuments was the basis for selecting the chemical material and 

 



knowledge for passing on during laboratory exercises [1]. As a result, teaching is 
divided on several blocks and the level of difficulty increases (table 1). The first block is 
preliminary for students, they have chance to familiarize with subject matter of classes 
and principles of work in a chemical laboratory. Knowing such rules guarantees safety 
of students and apparatus in the laboratory. In the second block, which working title is 
‘Organics’, conservator works are conducted on monuments of organic origin. They 
were adapted to human needs, inter alia - tools and decorations of bones, anglers, wood, 
leather and textiles. The third block, named ‘Inorganics’, is devoted to conserving 
archaeological monuments made of mineral origin materials as ceramics, glass, and 
metal. The last, fourth, block named ‘Complex Materials’ deals with materials mixed of 
two different substances.  
 
Table 1. Block division of ‘Conservation of Archaeological Monuments’ classes. 

 

-1- -2- -3- -4- 
Expectations 

B
lo

ck
 

W
or

ki
ng

 
na

m
e 

 
 
The scope of conservation 
works 

 
Knowledge - concepts 

 
Skills 

I 

In
tro

du
ct

io
n 

 
Preliminary activities: 
-Health and safety-at-work   
legislation 
-Basic apparatus 
-Basic chemical 
calculations 
-Documentation of 
conservation works  
 

 
 
 

Solution, percentage 
concentration, solubility, 

solution density 

-Using laboratory 
glassware, basic chemical 
apparatus 
- calculation of 
concentration 
-preparing solution of 
specific concentration, 
with keeping proper 
sequence 

II 

O
rg

an
ic

s 

 
Conservation of 
monuments made of: 
-bones and anglers 
-wood 
-leather and fabric 

 
Polymers, acrylic resins, 
saccharose,  polyethylene 

glycols, vegetable and 
animal fats 

-Preparing polymeric 
solutions on the base of 
non-aqueous solvent 
-preparing of ‘deironing’ 
baths for leathers 

III 

In
or

ga
ni

cs
 

 
 
Conservation of 
monuments made of: 
-ceramics 
-glass 
-metals 

 
 
 

Extraction,  acid-base 
indicator, metals corrosion, 

corrosion inhibitor, 
electrolysis, noble metals 

-Testing reaction of 
solution, 
 -determining of chloride 
content 
-Preparation of 
electrolytic purification of 
metals: selection of 
electrodes, electrolyte and 
conditions of current 
-Preparation of corrosion 
inhibitor solutions 

IV 

C
om

pl
ex

 
M

at
er

ia
ls

 

 
Conservation of 
monuments made of 
complex material, for 
example iron knives with 
wooden handle, leather 
belts with bronze fastener 

 
 
 

All concepts from 
 blocks I-III 

 
Ability of conserving 
various mixtures of 
different materials, as 
iron-wood, iron-wood-
leather, leather-iron 
(bronze)  

 



 Such division of teaching according to material criteria is convenient for 
students because of raising expectations, level of knowledge and skills during the 
course. Skills gained in initial blocks of education are essential in the further ones. A 
shift of this sequence would extract the need of immediate learning by students all 
chemical procedures used for monuments conservation.    

On the basis of such exercises division and teaching chemistry curriculum (for 
general as well as profiled and technical high-schools – basic educational level. 
Admission nr DKOS-4015-33/02) [2] the most important educational contents were 
chosen. The most important element taken into consideration while contents were 
selected, was that the classes can not be only chemistry oriented. Lessons should pass 
on the knowledge on practical use of chemistry elements in restoring works. 
‘Conservation of Archaeological Monuments’ should not be based only on passing on 
concrete didactic contents. It should also shape proper conservator’s attitudes on 
grounds of students’ chemical knowledge. 

Creation of syllabus was worked out as a broadening of block-division of 
lessons. Here, suitable teaching material was selected; moreover, a list of abilities and 
skills which students should possess during the course was prepared (see table 1, 
column 4). 

The main goal of the first block is to pass on the chemical laboratory safety 
principles and practices. In the middle of participating the classes, learners gain skills of 
using basic laboratory glass and apparatus. They get to know rules of working with 
chemical reagents and order their knowledge of solutions, solubility, also of preparing 
solutions with specific concentration and their dilution. Next, students realize exercises 
from the block two and they do their first works on organic material. Protection of such 
monuments is usually based on preparing a thin coating (layer) which does not react 
with ground. And here, some elements of  knowledge about polymers come out. They 
are not widely discussed during the elementary and high-school teaching curriculum; 
however, they are crucial for correct carrying on conservation works [3]. Conservation 
of bones as well as anglers, wood, and leathers requires substantial knowledge from 
students. They should know what polymers are and what are their properties and 
applications. It relates to not only the natural polymers (which are frequently used for 
conservation), but first and foremost to the polymers which were created by people and 
have a role in increasing durability of monuments, make protective coating and glues. 
Teaching such difficult thing requires using many simplifications, loose analogies to 
everyday life (as paints, lacquers, cosmetic products). Another chemical process of great 
importance, being used in conservation works is extraction. Fundamental purpose of the 
process is removing ions of iron and chlorine from objects (water extraction). Removing 
of iron  from aqueous solution takes place by complexing by various complexing agents  
(as acids: citric, tartaric or EDTA). Making use of such chemical compounds and this 
method were not discussed during the earlier chemistry schooling. For this reason, it 
seems to be valuable to refer to the knowledge from school of reactions in water 
solution (methods of detecting and removing water from particular ions, inter alia iron 
and chlorides). Chloride ions, which are very destructive for metal monuments, have to 
be necessarily removed. A typical process, which is applied to restoring works is 
electrolytic ions removing. Even when the basic knowledge of metals, processes of 
oxidation-reduction, nobility of silver and gold, higher copper chemical resistance are 
well-known to students, they are not acquainted with essence of electrolysis and it is 
more difficult for them to understand. Here again, simplifications and portraying of 

 



some similarities to well-known electrochemical processes, as charging batteries and 
accumulators are very helpful. Another very important element of chemistry, which is 
irreplaceable in restoring works, is ability of using pH-scale. Testing reaction of 
solutions during conducting conservation works is indispensable. Knowledge of pH-
value, in which metals, leather and wood should be stored, as well as ability of making 
measurements of acid-base indicator, is necessary for archaeology students. In restoring 
processes carried out on metals, great chemical knowledge is being used. Starting with 
information about metal’s origin, its receiving from ores, knowledge of its properties 
and behaviour during its exploitation, its occurring in earth layers (corrosion), through 
processes of chemical purifying exploited metal monuments, and finishing on their 
stabilisation (using corrosion inhibitors). However, restoring of complex archaeological 
monuments (see block IV) includes all knowledge and skills which had been developed 
during classes in previous blocks. Conservation of such monuments requires from 
students familiarity of applied methods and chemical-restoration procedures. 
 In the lessons, students are taught not only particular elements of chemistry 
which is used in restoring works. The major goal was skilful joining of chemical 
knowledge basics with restoration works rules that are imposed by proper restaurateurs-
conservational practice and range of law legislations. However, this was not the only 
advantage of participating the classes, other important pieces of information were about 
physicochemical methods applied as research tools in archaeology. What can not be 
passed over, is making use by archaeologists of studies on radioactivity and its input 
into research on age of find, as well as various spectroscopic methods of testing 
composition, origin, and technology of monuments production. To such methods belong 
X-ray methods (XRF – X-ray fluorescence), spectroscopic examinations in Infrared 
Spectroscopy, and many other analytical techniques.  

Summing up, the creation of school curriculum of laboratory classes on 
‘Conservation of Archaeological Monuments’ was based on two assumptions. 
Firstly, students of archaeology have acquired substantial knowledge from previous 
stages of teaching (determined on the basis of curriculum analysis [2]). Secondly, it 
is necessary for students to gain knowledge and new skills in chemistry branches 
which were omitted in the humanities curriculum (basic teaching of subject), i.e. 
electrochemistry, polymers, analytical separation processes (extraction, 
complexometry). In the future, this task will be executed in two stages: within the 
confines of chosen monographic lecture and laboratory classes. Owning to 
possibility of choosing both forms of classes, various theories will have to be 
passed on during laboratory exercises. Complete success will be guaranteed if both 
forms of classes are obligatory. 
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1. At the turn of XVIII c. 

At the turn of XVIII c. three towns of the Polish Territory could be considered 
university centres: Cracow (Kraków), Wilno (now Vilnius in Lithuania) and Lwów 
(now Lviv in Ukraine). From 1783, lectures in chemistry were given in Kraków 
university (called „the Crown Main School”) in Polish by a physician, Jan Jaśkiewicz 
(1749-1809) and later by Franciszek Scheidt (1759-1807); in Wilno such lectures were 
presented from 1784 by an Italian, Joseph Sartoris in Latin. These scholars also 
organised small laboratories for their own studies. In 1772 the southern part of Poland 
was annexed by Austria, and Lwów became the capital of an Austrian province called 
Galicia. Here, the Austrian authorities opened a German university at which Joseph 
Markovičs (1755-1795), a Hungarian of Croatian origin, gave chemistry lectures in 
German. He conducted certain experimental studies on explosives and analysed crude 
oil from the nearby Carpatian sources.

Kraków and Wilno remained  within the borders of the Polish state until 1795, 
when Poland as a whole lost the independence. The Austrian authorities tried to limit 
the activity of the old Kraków University, but chemistry lectures in Polish continued 
with minor interruptions. Although Wilno was incorporated into Russian Empire, the 
local University did not cease to be a Polish school. From 1797, chemistry was taught 
there in Polish by Jędrzej (Andrew) Śniadecki (1768-1838) and his student Ignacy 
Fonberg (1801-1891). Śniadecki was the author of the fist Polish chemistry handbook 
in 1800, re-edited in enlarged form in 1806 and 1816. Together with Fonberg he 
developed the laboratory inherited from Sartoris. 

2. Teaching of chemistry in Warsaw in XIX century 
After the Vienna Congress in 1815 Warsaw became the capital of the Congress 

Polish Kingdom under Russian domination. The emperor of Russia Alexander I, as the 
king of Poland opened in 1816 the Royal University of Warsaw, were chemistry was 
taught by Adam Kitajewski (1789-1837). The Technical University also began to be 
organised in 1826 in Warsaw, but both these  schools and the Wilno University have 
been closed by the Tsarist authorities in 1832 as a repression for November anti-
Russian Uprising. 

  Twenty five years were in the Kingdom only primary and secondary Polish 
schools. In 1857 a Medico-Chirurgical Academy has been opened and in 1862 a Polish 
university named „the Warsaw Main School” that was active for seven years till 1869. 
Chemistry was lectured by Jakub Natanson (1832-1884), alumnus of Dorpat 
University. After 1869 the Russian authorities repressed any scientific movement in 
the Polish Kingdom (named then a Vistula District) and destroyed there all Polish 
centres of science. The Russian Emperor University of Warsaw was then opened. In 
1898 the Russian Technical University was also opened in Warsaw.  

Although the Russian authorities forbade the organisation of Polish societies, in 
1875 certain Polish entrepreneurs as count Ludwik Krasiński, the owner of pyrite mine 



 

in Spain and an asphalt plant in Italy, as well as certain scientists, including Jakub 
Natanson, were able to constitute a Warsaw Division of the Russian „Society for 
Promoting the Development of the Russian Commerce and Industry” which enjoyed 
the right to hold debates in Polish. The aim of the Division was to promote Polish 
businessmen. It organised lectures on different practical chemical topics held twice a 
month for twenty years. In 1875 the members of Warsaw Division organised a 
Museum of Industry and Agriculture, whose aims far surpassed those of a normal 
museum. To this Museum chemical laboratory was founded on a base of the small 
private laboratory of  Napoleon Millicer (1842-1905). . In 1882, the Museum moved to 
a new building, where five rooms were assigned to the chemical laboratory. It 
conducted analyses for the Polish entrepreneurs and farmers, but also instructed young 
people about the methods of chemical analysis. Here, many future Polish professors 
and scientists took their first steps in chemical analysis. They included Marya 
Skłodowska (later Mme Curie), who later, in Paris, applied the methods learned in this 
laboratory to analyse the pitchblende and in 1898 to separate the salts of the first 
radioactive elements: polonium and radium. Polish scientists have also organised in 
Warsaw a clandestine Polish university which held lectures, including chemistry, in 
ever-changing places, hence its name — the „Flying University”. After 1905, it became 
a private „Society of Scientific Courses" with laboratories attached, including a 
laboratory of colloidal chemistry and a radioactivity laboratory cared by Mme Curie 
from Paris. 

4. The Jagiellonian University in Kraków and the liquefying of air 
As it was mentioned above, lectures in chemistry were given at Kraków University 

in Polish almost without interruptions. For a certain period, the chair of chemistry was 
combined with the chair of pharmacy. An analysis of local water sources and those of 
Carpathian mineral waters remained one of the main aims of the University chemical 
laboratory. The most important achievement of the chemical and physical laboratories 
at Jagiellonian University during nineteen century was the liquefying of air 
components in a static phase, achieved in 1883. At the very beginning of this year, 
Zygmunt Wróblewski (1845-1888),  professor of physics at Jagiellonian University, 
returned from Paris, where he had been working for some length of time with Louis 
Paul Cailletet. Cailletet managed to liquefy air, but in a dynamic phase, only as a mist. 
Karol Olszewski (1846-1915), professor of chemistry in Kraków, proposed 
collaboration in attempts to liquefy oxygen and nitrogen. Olszewski was acquainted 
with the problem of liquefying certain gasses, as he demonstrated it during his lectures. 
He was  as well  a handy designer and maker of new instruments. He proposed and 
performed such modifications of the device brought from Paris, so that he could use 
the ethylene liquefied at reduced pressure as the cooling agent. In this way, achieved 
the temperature  -136°C, lower than the critical temperature of oxygen. In February 
1883, both scientists observed for the first time in the history of science the meniscus 
of the liquid oxygen and nitrogen, for the first time air was liquefied in a static phase.  

 After this joint success Olszewski continued to introduce new improvements, 
which permitted him to dispose with greater amounts of liquid gases. He thus could 
use liquid oxygen as a more effective cooling agent. He subsequently obtained a 
temperature of -213°C that enabled him to see hydrogen liquefied, but as a mist. 
Within ten years, Olszewski liquefied all gases known at that time, with the exception 
of helium and hydrogen, and solidified many of them. In 1894 he liquefied and 
solidified argon, sent him by W. Ramsay.  At the turn of nineteenth century, the lowest 



 

temperatures in the world were obtained in the Kraków laboratory, and liquefying 
laboratory devices constructed there were considered to be the best in the world and 
used in several European laboratories. 

 
5. Lwów Universities, and the Petroleum and Nitrogen Industry 

The strongest university centre on Polish lands in the nineteenth century, and 
specially in its last decade, was Lwów. During the whole century, the local university 
remained active with slight intervals, and in 1877 the Technical School opened in 
1844, became a Technical University. Up to 1872 at these universities chemistry was 
taught in German, and then in Polish. Beginning from 1872, the head of the laboratory 
was the eminent Polish organic chemist, Bronisław Radziszewski (1838-1914),  who 
suggested that see flora and fauna formed the origin of the crude oil. As mentioned 
above, the Borysław-Drohobycz region, not far from Lwów was rich in crude oil, and 
many local chemists were interested in processing. In 1853, Ignacy Łukasiewicz, an 
alumnus of the Kraków and Vienna universities, working as a dispensing chemist in a 
large pharmacy of Piotr Mikolasch in Lwów, distilled the oil and extracted kerosene. 
In march 1853, a kerosene lamp, the first in the history of the world technology was lit 
in Lwów,  in  the window of the Mikolasch pharmacy. On the night of 31 July the 
same year, a patient underwent surgery in the light of kerosene lamps used in the 
Lwów hospital. During the next year Łukasiewicz built the first petroleum shaft, an in 
1856 — the petroleum refinery first in the world, in Ulaszowice near Jasło, preceding 
the first American refinery Oil Creek by five years. 

  In the Technical School (Technical University), instructions focused more on 
technological problems and petroleum processing. In  1872-1880 the topic of lectures 
of Herman Günsberg was the petroleum and mineral wax industry as well as the 
production of lighting gas. In 1886 was inaugurated at the Technical University an 
Experimental Station for the Petroleum Industry, where petroleum of different origin 
and the best processing methods could be studied. It was directed by Bronisław 
Pawlewski (1852-1917) and from 1891 by Roman Załodziecki. After World War I, 
when Lwów became a part of independent Poland, from 1922 the world known 
specialist, Stanisław Pilat (1881-1941) presented lectures on „The Technology of 
Petroleum and Mineral Wax”. In 1924, he organised a new chair at the Chemical 
Faculty, dealing with  „The Technology  of Paraffin Oil and Gas Industry”.  

Another member of he Chemistry Faculty staff of the Lwów Technical University, 
who played an important role in the development of the Polish fertilizer and nitrogen 
industry, was Ignacy Mościcki (1867-1946), from 1912 the head of the chair of the 
Chemical Physics and Technical Electrochemistry. During World War I, he 
constructed a factory of cyanic compounds in Borki near Jaworzno, where his 
invention of the circulating electric arc was applied. In 1922, leading a staff of Polish 
engineers directed by him returned to full production a great plant of massive synthetic 
ammonia, nitric acid and nitrogen fertilizers in Chorzów. In 1916, Mościcki organised 
in wartime in  Lwów the METAN society to promote the Polish chemical industry. In 
1922-26 this society was transferred to Warsaw, where it exists up to this day as the 
„Ignacy Mościcki’s Institute of Industrial Chemistry”.  

6. Other universities in the united Poland (1919-1939) 
The regaining of the independence and the unification of the Polish territories after 

World War I created new needs and opportunities for Polish scientists. In 1915, a 
Polish University and Technical University were established in Warsaw. In Warsaw 



 

Technical University, problems of sugar industry were studied by Kazimierz 
Smoleński. Wojciech Świętosławski developed the purification of organic substances 
by azeotropic methods. 

Different branches of chemistry were developed in the newly opened University in 
Poznań and in the renowned University in Wilno. 

 
Teaching of chemistry in Poland 1783 - 1939 
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Abstract 

[Ca(NH3)6](ClO4)2 has two solid phase between 95 and 295 K. The phase 
transition temperature at = 123.3 K (on heating) and at = 122.0 K (on cooling) 
was determined by means of differential scanning calorimetry (DSC), by extrapolating 
the T  and T  vs. rate of sample heating and cooling to the scanning rate value of 0 
K·min
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-1, respectively. Room-temperature phase of this compound was analysed by 
means of X-ray powder diffraction. Heksaaminacalcium chlorate (VII) crystallizes in 
the cubic system (Fm3 m space group) with cell parameter: a = 11.685 Å and four 
molecules per unit cell. Fourier transform middle infrared (FT-MIR) spectra were 
measured in the temperature range of 20–290 K. One can observe appearing of a new 
band in the wavenumber range of 3100-3200 cm-1 at the vicinity of TC. This suggests 
that during the phase transition crystal structure change take place. 
 
 
Introduction 

Many hexaminametal(II) chlorates (e.g. Ni, Mg, Co, Cd) were investigated up to 
now [1-4]. All of them posses very interesting polymorphism. It was quite interesting to 
extend such investigations also for  such complexes of metals from the second group of 
the periodic table. It was also interesting to compare results obtained for  
[Ca(NH3)6](ClO4)2 with previously studied [Mg(NH3)6](ClO4)2 compound . It was 
thought interesting to see whether a compound of the same type, but with different 
cation [Ca(NH3)6](ClO4)2 will possess a structure at room temperature and a phase 
situation  similar to that of the magnesium compounds just mentioned.  
 
 
Experimental 

The examined compound was obtained from tetraaquacalcium chlorate(VII). The 
tetraaquacalcium chlorate(VII) complex placed in a quartz vessel and put in a glass 
tube, through which dry gaseous ammonia was blown, and the tube was placed in an 
oven, according to the method proposed by Smith and Koch [5]. First the tube was 
heated for several days up to about 400 K until all the water from[Ca(H2O)4](ClO4)2 
was lost and and heksaamine complex was composed. Then, after cooling the tube to 
room temperature, the obtained compound was put into a desiccator for several hours in 
order to get rid of ammonia excess. 

The X-ray powder diffraction (XRPD) data, at the room temperature, were 
collected on a Philips X’Pert (PW1710) powder diffractometer, using graphite 
monochromatized   CuKα radiation in the 2θ range of 5 to 80o, and scan step 0.02o. 

 



The DSC measurements at 95-295 K were performed with a Perkin-Elmer PYRIS 
1 DSC apparatus. The sample was placed in an aluminum vessel of mass ca. 12.70 mg 
and closed by compressing. Another empty aluminum vessel was used as a reference 
holder. Two characteristic temperatures of the DSC peaks obtained on heating and on 
cooling the sample were computed: temperature of the peak maximum (Tpeak) and 
temperature calculated from a slope of the left-hand side of the peak (Tonset). These two 
temperatures differed by 2–4 K, what depended on the scanning rate of heating or 
cooling. The enthalpy change (∆H) was calculated by numerical integration of the DSC 
curve under the anomaly peak after a linear background arbitrary subtraction. The 
entropy change (∆S) was calculated using the formula ∆S = ∆H/Tc. For sharp peaks the 
values were calculated to a high accuracy (4 %), whereas for the diffuse peak they were 
estimations only. Other experimental details were the same as those published in our 
previous paper [6]. 

Fourier transform middle-infrared absorption measurements (FT-MIR) were 
performed using a Bruker EQUINOX-55 spectrometer. The temperature measurements 
of FT-MIR spectra at the frequency range 4000-500 cm-1 were carried out for the title 
compound for powdered sample mixed with Nujol and drifted on KBr pellet. In order to 
obtain the FT-MIR spectra at temperature range of 20–290 K a helium cryostats with 
controlled cooling rate and temperature stabilization within 0.2 K was used. The 
temperature of the “cold finger” was measured with an accuracy of ± 1 K, but the 
sample temperature could have been several Kelvin higher.  
 
 
Results and discussion 
 Compound identification 

Before the measurements were taken, the composition of the compound being 
studied was determined based on its calcium and ammonia content by titration using 
EDTA and HCl, respectively. Chemical analysis confirmed the presence of 
[Ca(NH3)6](ClO4)2. The average contents of calcium and NH3 were found to be equal to 
the theoretical values within the error limit of ca. 1 % and 3%, respectively. In order to 
identify the synthesized compound further, the X-ray powder diffraction (XRPD) 
measurement was performed. The diffraction pattern obtained at room temperature can 
be indexed in regular system, space group No. 225 = Fm3 m = , with lattice 
parameter a = 11.685 Å and four formula units in the unit cell. Therefore, the results of 
X-ray diffraction are very similar to those obtained earlier for [Ni(NH

5
hO

3)6](ClO4)2 and 
especially [Mg(NH3)6](ClO4)2 [2, 7]. Additionally, the FT-RS and FT-MIR spectra, 
certified the purity of the investigated substance. Assignments of the bands of all spectra 
are with good agreement with literature data [8]. 
 
 
DSC examinations 

The DSC measurements were performed both on heating and cooling a sample 
with a mass equal to 12.70 mg at constant rates of: 10, 20, 30 and 40 K·min-1. Fig. 1 
shows the temperature dependencies of the heat flow (DSC curves) obtained while 
heating (upper curve) and while cooling (lower curve) of the [Ca(NH3)6](ClO4)2 sample 
at the scanning rate of 20 K·min-1. One anomaly on each of these DSC curves was 
registered at = 123.3 K (on heating) and at = 122.0 K (on cooling). h
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Fig. 1. DSC curves registered on heating and cooling of [Ca(NH3)6](ClO4)2 sample at a 
rate of   20 K·min-1 in the temperature range of 95 – 295 K 

 
The presence of ca. 1.3 K hysteresis of the phase transition temperature at TC and the 
heat flow anomaly sharpness suggest that the detected phase transition is a first-order 
one. The thermodynamic parameters of the detected phase transition are presented in 
Table 1.  
   
Table 1. Thermodynamic parameters of the phase transitions of [Ca(NH3)6](ClO4)2
 

Parameters Tc [K] ∆H ± ∆δH 
[kJ/mol] 

∆S ± ∆δS 
[kJ/mol] 

heating 123.3 ± 0.1 1.95 ± 0.22 15.8 ± 0.3 

cooling 122.0 ± 0.1 1.79 ± 0.22 14.7 ± 0.3 

 
 
 Infrared absorption spectra vs. temperature examinations 

The FT-MIR spectra were recorded during cooling of the sample at temperatures 
ranging from 290 to 20 K. Appearing of two new bands at the vicinity of 3200 cm-1 and 
3100 cm-1, respectively, can be noticed  in the spectra in the region of the phase 
transition at  = 123.3 K. Fig. 2. presents temperature dependencies of these two 
peaks positions. The appearing of these new bands suggests that the crystal symmetry is 
reduced.  
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Fig. 2 . Temperature dependences of bands position in 3000–3400 cm-1 wavenumber 
range.  
 

Concluding, at room temperature [Ca(NH3)6](ClO4)2 has a structure of cubic 
symmetry (space group: Fm3 m No. 225) with four molecules in the unit cell and lattice 
parameter a = 11.685 Å. The crystal structure consist of octahedral [Ca(NH3)6]2+ cations 
and tetrahedral ClO4

- anions. [Ca(NH3)6](ClO4)2 is isostructural with the earlier studied 
[Mg(NH3)6](ClO4)2. The examined compound has one solid phase transition between 95 
and 295 K at = 123.3 K (on heating). Appearing of two new bands in TF-MIR 
spectra at the vicinity of 3200 cm

h
CT

-1 and 3100 cm-1, respectively, suggests that during 
phase transition crystal structure changes.  
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Full-time chemistry courses at Jagiellonian University's Faculty of Chemistry currently 
take the form of uniform Masters courses. In the first two years of the course the 
students must attend a compulsory block of timetabled hours in core subjects and their 
selected majors; in the third year they choose a course profile from one of the available 
specialisation options; and in the fourth year they choose a group with a particular study 
profile within which they will prepare their Masters dissertation. They choose their 
specialisation courses on the basis of their selected study profile in consultation with the 
group in which they will be preparing their dissertation [1]. 
 
For the study profile “Physical Chemistry and Spectroscopy” students must attend  
lectures on “Phase Transitions in a Solid Body” (among others). These lectures are 
particularly important for students who would like to write a Masters dissertation in the 
Phase Transition Research Group in the fifth year. The option of writing a dissertation 
in this group and therefore enrolling in this course is also open to students of related 
subjects e.g. Biophysics, Environmental Protection, Material Engineering, as well as 
PhD students from Jagiellonian University and other institutions (AGH University of 
Science and Technology, Cracow University of Technology). 
 
The course focuses on various methods of analysing phase transitions such as: 
 

• adiabatic calorimetry,  
• differential scanning calorimetry, 
• Raman spectroscopy, 
• IR spectroscopy, 
• quasielastic neutron scattering, 
• nuclear magnetic resonance,  
• electron paramagnetic resonance,  
• Mössbauer spectroscopy. 

 
The students are expected to possess basic knowledge of these methods. For example, 
from the field of oscillation spectroscopy students should know the harmonic and 
anharmonic oscillator models and their mathematical descriptions and be able to analyse 
infrared spectrums on the basis of their shape and band arrangement. Due to the limited 
time available (30 teaching hours) only a brief recapping of these elementary topics is 
possible. New material introduced in lectures on infrared spectroscopy includes the 
concepts of correlation functions and correlation time and the form of graphs of 
reorientation correlation functions. 
 
Students often have difficulty understanding the content of lectures (especially those 
studying non-chemistry subjects) due to a lack of basic knowledge. The considerable 



differences in ability levels and the limited time available for recapping means that the 
material covered in the course is often considered too difficult or incomprehensible. 
 
A questionnaire was conducted amongst course participants to gauge the students' 
knowledge of the topics in question and their opinions concerning their difficulty level 
and the level of detail of their presentation. The questionnaire below concerns topics 
associated with calorimetric methods for analysing phase transitions. It should be 
emphasised that calorimetric methods are among the most important research methods 
for analysing phase transitions in solid bodies, which is why they and the basic physics 
and chemistry they involve were dealt with in some detail during the course. 
 
 

Topic 
Previous 

knowledge 
of topic  

Degree of 
difficulty 
of topic  

 
Presentation

of topic 
 

1. System types and parameters 2.56 1.33 1.78 
2. Basic thermodynamic functions 2.33 1.67 1.78 
3. Principles of thermodynamics 2.11 2.00 1.89 
4. Relationships between thermodynamic 
functions 1.89 2.33 1.56 

5. The concept of molar heat capacity and its 
various types 2.22 1.89 1.78 

6. Gibbs' phase rule 2.22 1.78 1.78 
7. Forms of graphs for phase transitions 
described using various thermodynamic 
functions 

1.56 3.00 2.00 

8. Classification of phase transitions 
according to Ehrenfest 1.22 3.00 2.22 

9. Types of polymorphism (enantiotropy, 
monotropy) 1.56 2.22 2.00 

10. The contribution of various effects to 
specific heat 1.22 3.22 2.22 

11. The concept of the phonon 1.56 2.56 2.00 
12. Landau classification of phase transitions 1.33 3.33 2.22 
13. The order parameter and its relationship 
to temperature 1.56 3.44 2.11 

14. Pseudomorphism 1.33 2.56 2.11 
15. Adiabatic calorimetry – the method 1.89 2.33 1.89 
16. Adiabatic calorimetry – application 1.67 2.33 2.22 
17. Scanning calorimetry – the method  1.67 2.89 2.33 
 

Previous knowledge of topics:  
1 – unknown 
2 – known, recapping required 
3 – known, recapping not required 
 



Degree of difficulty of topics: 
1 – very easy 
2 – easy 
3 – moderately difficult 
4 – difficult 
5 – very difficult 
 
Presentation of topics:  
1 – too detailed  
2 – appropriate for the difficulty level  
3 – insufficiently detailed 
 

The results of the questionnaire showed that the students believed recapping to be 
necessary for all the topics except “System Types and Parameters”, which is introduced 
in secondary schools in classes with an extended chemistry profile. Many of the 
students rated the other topics as 'known, recapping required' (12 topics) or 'unknown' 
(4 topics). The way the students rated the difficulty level of the topics presented was 
also indicative of the state of their knowledge: out of the 13 topics rated 'known, 
recapping required' 8 were rated as being easy or very easy and 4 as being of medium 
difficulty. This demonstrates that the students are aware that they have shortcomings 
even in elementary topics. It should also be noted that, as was previously mentioned, 
detailed recapping of calorimetry topics was considered by the students to be necessary 
in view of the difficulty level of the topic, while in the case of topics rated 'unknown' by 
most students there were requests for even wider discussion. 
 
In response to this clear lack of knowledge the Department of Chemical Education of 
Jagiellonian University in co-operation with the Phase Transition Research Group is 
preparing a multimedia programme to help students cope with the material covered in 
the course in question. The content of the programme has been divided into sections 
describing the various research methods presented during lectures. Each section is also 
divided into two subsections entitled: 
 

• “What you should already know” – material which the students should be 
familiar with before attending lectures, 

• The Lecture – material introduced in lectures, presented using various 
multimedia techniques. 

 
The programme can therefore be used by students to prepare for lectures, which it is 
hoped will allow them to gain a better understanding of new material [2]. Of course an 
educational aid of this kind does not free the lecturer completely from the need to recap 
elementary material, but it should improve the productivity of lectures and allow more 
time to be spent on new or particularly challenging material. 
 
Up till now because of the wide range of research methods introduced during the course 
students have had to make use of a large number of reference works. Also, because of 
the advanced level of the lectures the information they require is often contained in 
specialised monographic publications which can be extremely hard to find. Collecting 



all the material in this single source will therefore allow the students much better access 
to the knowledge they need. The multimedia format of the programme also has many 
features designed to motivate the students to work independently and learn more 
effectively, using various forms of communication and illustrating topics via animation, 
films and moving models complete with audio commentary [3]. 
 
As well as the multimedia programme, which is designed for independent study, 
multimedia lectures are also being prepared. There are also plans to develop laboratory 
exercises, the instructions and required preparation for which will be included in the 
programme, as well as multimedia tests allowing students to assess their own progress 
and therefore better prepare themselves for exams or credit requirements. 
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Preconcentration and separation methods are widely used in the analysis of trace 

ions prior to their determination by atomic spectrometry. 
Co-precipitation is one of the most efficient separation methods for trace heavy 

metals ions. The main requirement for this technique is that collector should separate 
easily from matrix solution. This can be done by filtering, centrifuging and washing the 
precipitate. 
The principle of co-precipitation is based on the precipitation of the analyte ions using 
inorganic or organic collectors. This technique has been widely applied in 
preconcentration procedure for determining trace heavy metals in water samples. 
As co-precipitation collectors are used, for example: manganese dioxide [1-5], 
aluminum [6], cerium [7], gallium [8] or indium [9] hydroxide. As for organic carriers, 
the following have been used: copper diethyldithiocarbamate [10], sodium 
diethyldithiocarbamate [11, 12]. 
In the present study, La-2,2’-bipirydyl-bengal rose was used as co-precipitant in order 
to determine the traces of Cd, Cu, Pb, and Zn in various water samples by FAAS. 
 
 
EXPERIMENTAL  
 
Reagents and apparatus 
 
  All solvents and reagents were of analytical reagent-grade. Water was purified 
with an Elix 3 system (Millipore, USA). 

Flame atomic absorption spectrometer (SOLAAR M6 TJA Solutions) was used 
for the determination of the analyte ions aqueous solutions. Analytical lines: Cd (228.8 
nm), Co (240.6 nm), Cu (324.8nm), Ni (232.0 nm), Pb (217.0 nm), Zn (213.9 nm), 
measuring pipette 200-1000 µL, 1-5 mL, 1-10 mL, LW-8 water bath (SWL Bytom), N-
1570 pH - meter (Mera-Elwro, Wrocław) with a glass ESAgP-309 electrode, centrifuge 
MPW-350. 
 
 
Preconcentration procedure 
 
 0,5 mg of lanthanum was added to the solution which contained a mixture of Cd, 
Cu, Pb, and Zn, then 2 mL of 2,2’-bipirydyl and erythrosine solution with concentration 
of 0,01 mol/L were added, then pH was determined due to appropriate buffer and the 
sample was completed with deionizated water up to constant volume (50, 100 or 200 
mL). The obtained samples were heated on the water bath for 20 min. in the temperature 
of 60 ºC. Deposits formed under these conditions were centrifuged, the solution was 
decanted and the deposit of ion-association complexes was digested in 1 mL of 
ammonia solution with concentration 1+1 and it was completed with deionizated water 
up to the volume of 10 mL. The obtained solutions were analysed by means of FAAS 
method, using the worked out programme of simultaneous determining Cd, Cu, Ni, and 
Zn, and taking into account correcting standards containing reagents’ matrix.  



Water samples were preconcentrated from volume of 200 mL after filtration through 
paper filter. 
 
RESULTS AND DISCUSSION 
 
Optimization of the method 
 
 In order to optimize conditions for simultaneous preconcentration of Cd, Co, Cu, 
Ni, Pb, and Zn, the influence of such factors as pH, the molar ratio of 2,2’-bipirydyl to 
the bengal rose, the time and the temperature of deposit heating, the way of digesting of 
the ion-association complexes, and the sample volume on the recovery of the analytes 
was examined. The La-2,2’-bipirydyl-bengal rose ionic associate precipitates in 
acidified media. Influence of pH in the range of 2÷7 was examined. In the pH range of 
3÷4,5 the analytes recoveries were of 95÷100 % range. At pH higher than 5.0, the 
precipitate does not form. pH=4 was chosen as an optimum value and it was applied in 
further studies. The amount of chelating agent and the dye necessary for 
preconcentrating appropriate metals, using the developed method, was tested by 
analysing the molar ratio of the reagents mentioned above. The molar ratio 1:1 turned 
out to be optimum for the tested system. Considering the effect of time and temperature 
on precipitating deposits, there is no clear influence of these factors on the 
determination results. Because of separating deposit through centrifuging, the deposit 
should undergo the process of ageing in the increased temperature, what makes its 
decantation easier.  
The effect of sample volume on the recovery of the analytes was investigated, using 
different volumes (from 50 to 500 mL). The results of the recovery studies are given in 
Figure 1.  
 

Fig. 1. Effect of sample volume on the recovery of trace 
elements studied
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Basing on the obtained results, it was found that the analytes might be preconcentrated 
with a satisfactory recovery from volume of 300 mL, excluding Pb, which had a 
recovery of 80 % from this volume. Using volume of 500 mL, satisfactory result was 
obtained only for Zn. 
The results of the recovery studies, detection limit and sensitivity are given in Table 1 
and 2. 



 
Table 1. Analytical characteristics of the F-AAS method 
 

 Cd Co Cu Ni Pb Zn 

Concentration 
range [mg·L-1] 

0.05-
0.50 

0.10-
0.50 

0.50-
5.00 

0.25-
2.50 

0.50-
2.50 

0.50-
5.00 

R 0.995 0.9926 0.9994 0.9994 0.9988 0.9978

LOD [mg·L-1] 0.0022 0.0012 0.0041 0.0016 0.0012 0.0094

Sensitive 
[mg·L-1] 0.0717 0.0192 0.0261 0.0180 0.0098 0.0690

 
LOD –detection limit, calculated as three times the standard deviation (3σ) 
 
Table 2. Results of multi-elemental analysis F-AAS method after preconcentration 

using carrier. Sample volume: 200 mL, final volume: 10 mL. Added 2 µg Cd 
and Co, 10 µg Pb and Ni, 20 µg Cu and Zn; n = 10 

 
 Cd Co Cu Ni Pb Zn 
Determined 
[µg] 

1.99 2.01 19.62 9.83 9.70 19.50 

Recovery 
% 

100 100 98 98 97 97 

RSD [%] 1.47 2.14 1.17 1.11 1.61 1.04 
µ95=⎯X±t·s 1,47±0,025 2,01±0,036 19,62±0,19 9,83±0,09 9,70±0,13 19,50±0,17
 
 
APPLICATION 
 
Co-precipitation method with La-2,2’-bipirydyl-bengal rose was applied to tap water 
from Katowice, snow water from an allotment garden in Katowice and river water 
(Rawa). Cd, Cu, Pb, and Zn were determined in the investigated samples.  
The results are given in Table 3. 
 
 
Table 3. Results of determining Cd, Cu, Ni using F-AAS after preconcentration of 

waters (n = 8), p = 95 % 
 

Added [µg/200 mL] Measured [µg/200 mL] Samples 
Cd Cu Pb Zn Cd Cu Pb Zn 

tap 
water 0.50 4.00 1.00 - 0,69±0.03 8,95±0.13 0.99±0.07 9.44±0.89 

snow 0.50 4.00 1.00 - 0,84±0.04 13.99±0.26 0.98±0.11 14.78±0.37
Rawa 
river - - - - 1.73±0.09 18.44±0.52 9.15±0.83 32.28±1.05

 
Co-precipitation with La-2,2’-bipirydyl-bengal rose has been successfully applied to the 
determination of trace amounts of Cd, Co, Cu, Ni, Pb, and Zn in water samples, with 
acceptable accuracy and precision. Recovery percentages of the analytes amount to 
more than 90%. The proposed method is inexpensive and fast.  
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Introduction 
Curricula of chemistry thought at university level do not refer enough to 

authentic questions which inflame students and which they may meet in the professional 
life. On the contrary in Context - Based Learning (CBL) teachers choose real-life 
situations to show the application of chemistry. This rise motivation and enthusiasm of 
our students and provides a starting point of development for chemical concepts and 
competencies. Teaching chemistry within an applied context is gaining in popularity in 
many countries [1-4].  There is a vast number of possible contexts which can be used in 
chemistry teaching and learning process: environmental, industrial, forensic, analytical, 
and pharmaceutical.  

CBL is included in wider conception called Problem Based Learning (PBL), 
which also takes into account that problems are encountered before all relevant 
knowledge has been acquired.  Many studies have argued that problem – based learning 
makes students more engaged in learning because they feel they are empowered to have 
an impact on the outcome of the investigation. PBL offers students an obvious answer 
to the questions ‘why do we need to learn this?’ and ‘what does what I am doing in 
school have to do with anything in the real world?’[5]. 

PBL (and CBL)  in analytical chemistry is not a new concept e.g. in the 1960s, 
Herbert Laitinen (USA) began focusing undergraduate analytical chemistry curriculum 
development on problem solving [6]. Recently, Simon Belt (UK) has developed 
problem solving case studies for students of  analytical chemistry courses [7]. 

The problem 

The course of Analytical Chemistry (Part Two – Instrumental Analysis) at 
Jagiellonian University, Faculty of Chemistry consists of 10 different exercises. Each of 
them concerns different analytical instrumental problem. The goal of one of these 
exercises is to acquaint students with basics of the electro analytical techniques and 
detection of titration equivalence point. 

Usually this kind of exercise ’brings no smile on students’ faces‘ as they do not 
understand that in the simplicity and straightforward form of this kind of experiments 
lies the essential knowledge and practical skills needed to become a good chemist. In 
order to change that approach some innovation to the course should  be introduced. 
 



New approach 

The quality of teachers’ work can be always verified by the students’ progress in 
understanding and solving given problems. Such approach involves constant research 
on new methods of  teaching targeted at the maximization of this effect. These can be 
accomplished by formal, metrological, organisational or technical efforts. 
Unquestionably, one of the most vital elements of such work is usage of very widely 
understood students stimulating techniques, far from didactical conservatism, cognitive 
eclecticism or tiresome scholasticism. 

Undoubtedly the simplest way of achieving this goal is to introduce the concept 
of solving a real-live scientific problems into academic courses. These problems must 
be characterized by probability so to induce genuine student involvement in planning its 
solving. 

Exercise project 

The new exercise plan consists of five stages, all described bellow and depicted 
on Fig.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
At the begging of the exercise students receive a letter and a bottle of iodine 

tincture form a pharmacist for testing. In this letter they are asked to check the 
concentration of iodine in iodine tincture and juxtapose their results with provide 
current norm. 

 At the second stage students are asked to plan experiments. Firstly they need to 
check the available equipment in the laboratory which involves recognising different 
analytical instruments. Than, basing on their theoretical knowledge, they decide which 
techniques and tools should be used. 

Receipt of a letter Experiment 
planning 

Analytical 
instruments 
preparation 

Performance 
of measurements 

Answer-letter 
preparation 

Analytical report 
preparation 

Fig. 1. Plan of the new approach 



 After that decision all automatic and semiautomatic devices must be checked in 
order to make any accident impossible and ensure that the operational principles are 
fully understood by all. Moreover, at this stage, students performing an exercise are 
asked to build a simple electrochemical devices based on electrical shames (Fig.2) from 
provided: 

- battery (1); 
- volt-meter (2); 
- amperometer (3); 
- electrodes (4); 
- potentiometer; 
- some cables with connectors. 

The idea is similar to that of building Lego® constructions. From this elements 
more than three different devices can be assembled. 
 
 
 
 
 
  
 
 
 
 
 
  
 
 The next stage consists of performing exercise itself and collecting the vital data. 
That requires not only students’ focused attention but also keep teacher alert as some 
small accidents may occur at this moment. Moreover it is important to ensure that all of 
the gain, printed or written information is properly labelled and described in the lab-
book, so that no chaos is introduced and it is easer, for students, to write a proper and 
comprehensible analytical reports at home. 

 As a final stage students must write two documents. One of them is typical 
analytical report similar to the ones they are very familiar with (e.g. they came across it 
during inorganic chemistry or physical chemistry laboratories) and therefore it is a very 
common task. The second document is a letter. It should be an answer for the question 
given at the begging of the experiment. Because for most of the students it is a novelty, 
it intrigues them and gives opportunity to “show off”.  

Advantages and few disadvantages 

Advantages: 
- work conditions and tasks similar to real life problems; 
- possibility of soft skills development; 
- growth of (even poor) students attendance and interest during exercise; 
- increase of cooperation within the student group; 
- decrease of routine in teachers work. 

Fig. 2. An example an electrical shames 

A 

V  1 
2 

3

4 



Disadvantages: 
- problems caused by performing different teaching method than cook-book chemistry; 
- uncertainty that students dislike very much; 
- poor communicational skills could be frustrating in putting everything together in the 

process of solving such problems.  

Conclusions 
 Example of „Teaching and learning in context” described above is a verified in 
practice way to activate a group of students in order to solve not a trivial problem. This 
activity engages students’ ingeniousness, withdraws an excess of often abused didactics 
and employs elements of  intellectual games. 

The task given to the students is a mundane analytical chemistry problem 
consisting of  instrumental measurement of concentration of iodine in pharmaceutical 
product such as iodine tincture. Methods used for solving given problem and ways of 
analysing collected data depends in great manner on student’ choice. That concerns for 
example students independence in constructing simple sets for electrochemical 
measurements based only on shames. 

Not so typical, but nevertheless, very efficient element of this task is the need for 
students to write an answer to the letter given at the beginning of the classes. This, is a 
real life letter written by a pharmacist, owner of a drug store. The answer letter 
produced by students verifies their communication skills - formulating direct answers 
and proper conclusions about performed experiments and collected analytical data. 

The above mentioned example is one of many that can be found when attending 
university courses such as the Analytical Chemistry (Part Two - Instrumental Analysis) 
at the Jagiellonian University, for instance: a coin composition analysis to prove its 
authenticity (ASA), soil composition analysis in order to detect pollution (ASA), drugs 
quality check (TLC) etc. 
 In one word all this effort is for students, to make links between different subject 
areas, do develop higher order thinking skills and so called key skills (team working, 
decision making, problem solving, communication, presentation  etc.) and to strengthen 
self-directed learning. 
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Abstract 
 

The studies of the course of reaction of N3-substituted amidrazones with pyridine  
2,3-dicarboxylic anhydrid demonstrated the influence of amidrazone substituents on the 
direction of the reaction. 
 
Introduction 
 

The amidrazones can be regarded as the reaction products of acidic thioamides with 
hydrazine and its derivatives. These compounds have basic character, which is attributed to 
the amide nitrogen atom [1]. Nitrogen atoms of amidrazone group are the potential site attack 
of the electrophilic agents. 

In case of N3-substituted amidrazones, N1 and then N3 nitrogen atoms are most 
susceptible for attack of electrophilic agents. At the same time carbon-nitrogen bonds are 
polarized and makes amidrazone carbon atom low electron density center. Such configuration 
enables those atoms for the reactions with nucleophilic agents. 

Hindered synthesis, apparent in low yields and side reactions, is the major limitation of 
amidrazone use [2]. 

Most frequently amidrazones are used as substrates to synthesis of heterocyclic systems 
derivatives: five-membered [3, 4], six-membered [4, 5], seven-membered [6], and condensed 
systems [7]. 

Reactions carried out on N3-substituted amidrazones as free bases with: ammonium 
isothiocyanate [8], aliphatic and aromatic isothiocyanates [9, 10], N-arylsulfonyl-  
and iminodithiocarbonate acid dimethyl esters [11], acethylen dicarboxylic acid dimethyl 
ester [12], acids and chlorides [13] lead to formation of 1,2,4-triazole system derivatives.  
In those researches, the authors demonstrated the formation of by products from amidrazone 
decomposition. This decomposition depends on both reaction conditions and substituents  
on N1 and N3 nitrogen atoms. In reaction of amidrazone and ammonium isothiocyanate e.g., 
there was proved the influence of amidrazone substituents on direction of the reaction: 

• phenyl substituents – lead to formation thiosemicarbazide system, which cyclizated  
in butanol to 1,2,4-triazole-5-thiol derivatives; 

• substituent of basic character – the reaction occurred with 3,5-di-(2-pyridyl)-4-phenyl-
1,2,4-triazole formation (which was formed from amidrazone decomposition). 

There were noted also the reactions of amidrazones with organic acids, where the 
influence of the environment on their course was remarkable. In the presence of acetic acid 
the reaction occurred in two directions. Aside from 3-(2-pyridyl)-4-phenyl-5-methyl-1,2,4-
triazole, 2,3,5,6-tetrazine derivative was obtained as a product of amidrazone decomposition. 
The reaction of amidrazones with maleic anhydride lead to formation of Z 3-(2,4-diaryl-1,2,4-
triazolo) propenoic acid [14]. The reaction occurred in one direction, in anhydrous diethyl 



ether, in room temperature. The influence of amidrazone substituents was not observed. 
The paper presents the reaction of N3-phenyl-(2-picolin)-amidrazone 1 and  

N3-(2-pyridil)-2-picolin amidrazone 2 with pyridine 2,3-dicarboxylic anhydride 3.  
The reaction was carried out in anhydrous ether at the room temperature. 
The structures of obtained compounds were confirmed by elementary and spectral analysis.  
In the IR spectra of compound 4 characteristic absorption bands for the C=O group in the 
range 1703 cm-l were observed. 
In the 1H NMR spectrum for compound 4 occurs wide signal of the protons of carboxyl group 
in the range 13.1 ppm. The signals in the range 7.0-8.8 ppm were attributed to aromatic 
protons. 
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Experimental part. 
 

Melting points were measured on a Boetius apparatus and are given uncorrected  
in Table 1. 1H NMR spectra were recorded on a Tesla BS 567A (300 MHz) apparatus  
in D6-DMSO with TMS as an external standard. IR spectra were recorded on a Specord  
IR- 75 spectrometer. Results of elemental analysis for C, H, N by microanalysis method were 
in accordance with the calculated values: ±0.7% for C, 0.75% for N and 0.9% for H. 

 

Synthesis of 3,4-diaryl-5-(3-carboxy-2-pyridyl)-1,2,4triazole 4. 

Amidrazone 1 (0,01 mole) was dissolved in 30cm3 anhydrous diethyl ether. 0,01mole  
of pyridine 2,3-dicarboxylic anhydride 3 was added. The mixture was then left in room 
temperature for one week. The precipitated solid was then filtered and washed with diethyl 
ether and purified by crystallization from methanoI. The product 4, with melting point  
at 250-252°C, was obtained with 48% yield (1,6g). 
 
Spectral analysis: 
IR (KBr, cm-1): 2970 arom, 1703 C=O 
lH NMR (D6-DMSO -, δ ppm): 13.1 (s, lH, COOH), 7.0-8.8 (m, 12H, ar) 
 

Filtrate after separation of 4 was evaporated under pressure and solid residue was then 
extracted with absolute ethanol. After concentration of extract pyridine 2,4-dicarboxylic acid 
(of melting point at 174°C) precipitated 
 
Synthesis of 3,4,5-triarylo-1 ,2,4-triazole 5. 
 

Amidrazone 2 (0,01 mole) was dissolved in 30cm3 anhydrous diethyl ether. 0,01 mole  
of pyridine-2,3-dicarboxylic anhydride 3 was added. The mixture was left in room 
temperature for one week. The precipitated solid was then filtered, washed with diethyl ether 
and mixed with 10cm3 of 10% water solution of potassium hydrocarbonate. Solid, insoluble  
in solution of potassium hydrocarbonate, was filtered. 
The product compound 5, with melting point at 198-200°C, was obtained with  
49% yield (1,5g). 
 
Spectral analysis: 
IR (KBr, cm-1): 3054 arom, 1616 C=N 
1H NMR (D6-DMSO, δ ppm): 7.2-9.2(m, 12H, ar) 
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Introduction 
 
The concentrations of nitrogen and phosphorus compounds are well known to play a 

key role in determining the ecological status of aquatic system [1-5]. The present paper 
is concerned with time series analysis of nutrient compounds concentrations in the Odra 
River. This analysis has been increasing on examining the ratio in which these elements 
occur. The main aim of this study is to analyze trends in nutrient variables and their 
seasonal variations in Odra River. All analyses were performed using the computer 
software Statistica 6.1. 
 
 
Data sets 
 

Nutrient variables used in the study were obtained at the measuring point in 
Szczecin between 1996 and 1999. The data were collected every over week by the 
National Inspection Board for Environmental Protection in Szczecin. Total Kjeldahl 
nitrogen (NKj), nitrate (N-NO3), nitrite (N-NO2), total-nitrogen (N), total- phosphorus 
(P) and orto-phosphate (PO4) concentrations were investigated in detail. From these 
measurements NKj/N, N-NO3/N, N-NO2/N, P-PO4/P fractions and of N/P, N-NO3/P-PO4 
ratios were calculated.  N/P and N-NO3/P-PO4 ratios were calculated using values based 
on mass. Figure 1 and 2 show plots of analyzed variables over time. All variables are 
characterized by strong seasonal fluctuations. From Fig.2 can be seen that total Kjeldahl 
nitrogen and nitrate fractions in total nitrate changed from 14 to 85 %, whereas N-
NO2/N fractions are less then 2 %. Percentages of orto-phosphate in total phosphorus 
varied from 5 to 60 %. Large seasonal variations in N/P and N-NO3/P-PO4 ratios are 
observed as well (4.5 – 57 and 2.5-322 respectively).  
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Fig.1. Nutrient concentrations in Odra River in the years 1996-1999 
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Fig. 2. NKj/N, N-NO3/N, N-NO2/N, P-PO4/P fractions and of N/P, N-NO3/P-PO4 ratios  
 

 
Results and discussion 
 

Spearman’s rank correlation coefficient is used to detect monotonic trends in 
analyzed variables with time. It is a useful tool for exploratory data analysis in 
environmental investigation [6].  

The Spearman rank correlation coefficient is a nonparametric technique for 
evaluating correlation between two independent variables. Because the technique 
operates on ranks of the data it is relatively insensitive to outliers and there is no 
requirement that the data be collected over regularly spaced intervals. It is calculated 
according to the following equation: 
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where di is difference between ranks for each xi, yi data pair and n is the number of data 
pairs.   

Correlations are termed ‘significant’ when correlation coefficients indicate p<0.05; 
where p is the probability that any random sample of uncorrelated experimental data 
points would yield an experimental correlation coefficient as large as or larger than the 
observed value of r. Results of correlation analysis are summarized in Table 1.  
 
Table 1. Values of Spearman’s correlation coefficients  

 
Variable rs p-value Ratio rs  p-value 
NKj -0.3095 0.0014 N-NO3/N 0.0548 0.5807 
N-NO3 -0.0821 0.4075 N-NO2/N 0.0867 0.3817 
N-NO2 -0.1602 0.1042 NKj/N -0.0571 0.5647 
N -0.2285 0.0196 P-PO4/P -0.0954 0.3355 
PO4 -0.1177 0.2340 N/P -0.0586 0.5544 
P -0.1808 0.0663 N-NO3/P-PO4 -0.0092 0.9258 



The significant negative trends were found only for total nitrogen and total 
Kjeldahl nitrogen. The strength of correlation was not very strong ⎜r⎜< 0.31. The 
relative decrease in total Kjeldahl nitrogen is larger then the decrease in total-nitrogen. 

The monthly means, standard deviations, ranges and median values for all 
variables were computed in order to establish seasonality. Data for N/P ratio are shown 
in table 2 as their represents.  
 
 
Table 2.  Monthly means, standard deviations, ranges and median values for N/P ratio 
 

Month Minimum Maksimum Mean St. dev. Median 
1 15.7 35.2 23.7 7.4 20.2 
2 16.8 41.4 25.3 9.4 22.1 
3 15.1 57.1 27.9 13.4 20.6 
4 11.4 25.2 18.2 4.5 17.8 
5 9.0 21.6 13.3 4.2 11.4 
6 5.6 14.7 9.0 2.9 8.7 
7 5.8 12.5 8.5 2.3 8.1 
8 4.5 7.9 6.1 1.1 6.0 
9 4.5 15.3 9.7 3.9 8.7 

10 8.1 15.1 12.4 2.4 12.7 
11 9.8 25.1 16.4 5.8 13.8 
12 13.0 25.4 19.3 4.1 18.7 

 
 

During the dormant season (October to March) there is a wider range of N/P 
ratios, than during the growing season (April to September). Mean N/P ratios are higher 
than the corresponding median N/P ratios, which demonstrated that the ratios are 
skewed towards lower values, with a few high N/P ratios producing higher mean values 
(see Table 2). 

Seasonal differences in monthly means for all variables are shown in Fig.3. A 
strong seasonality was found for nitrate, total nitrate and orto-phosphate concentrations. 
A maximum for orto-phosphate and phosphate occurred in summer months with peak 
maximum in August. In contrast during late summer total nitrogen and nitrate reach 
their minimum. Nitrate is a predominant form of nitrogen in winter. In summer most of 
dissolved nitrogen in the water is present as an organically bound form, as total Kjeldahl 
nitrogen. Orto – phosphate fraction in total phosphorus reaches its minimum in April. 

  During the dormant season monthly mean N/P and N-NO3/P-PO4 ratios reach as 
high as 57 and 111 respectively. A recurring minimum for these ratios occurred in 
September.   

Detailed examination of N/P ratios has indicated conditions of potential 
phosphorus limitation for algal and other plant growth in Odra River, with period of 
nitrogen limitation, particularly in August. 
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Fig.3. Seasonal variation of monthly means of nutrient concentrations and their ratios 
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INVESTIGATIONS OF THE KINETICS OF THERMAL 
DECOMPOSITION OF MAGNESIUM HYDROXIDE CARBONATE 
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The investigations of thermal decomposition of magnesium hydroxide carbonate 

are part of the studies of oxy-salts. The hydroxide carbonates represent an important 
group of salts.  In literature there is little data on the subject of the thermal 
decomposition hydroxide carbonates of metals. There is nothing on the subject of the 
kinetics of thermal decomposition of magnesium hydroxide carbonate. 

The thermal decomposition of magnesium hydroxide carbonate 
3MgCO3

.Mg(OH)2
.mH2O was shown in [1] and was studied by S. Hiroynki and 

coworkers [2]. The thermal instability of this is the result of the laminar structures of its 
crystals. Hydroxyl bonds are formed in hydrated oxy-salts. Hiroynki suggested the 
exothermic process from the beginning of the DTA curves may be associated with 
magnesia crystallization, magnesia – CO2 reaction, of magnesite crystallization process.  

The authors of this paper studied the thermal decomposition of magnesium 
hydroxide carbonate under dynamic conditions in static air atmosphere, in the 
temperature range of 20 – 600oC at a heating rate of 4 – 10 K/min, with derivatograph 
MOM-PC. The sample mass was 20 mg.  The samples were initially heated in a dryer at 
a temperature of about 250oC to constant mass. The final product of drying used in 
thermal decomposition had the formula 3MgCO3

.Mg(OH)2
.2H2O. The TG – curve at a 

heating rate - 8 K/min is shown in Fig.1. The DTA and DTG – curves at the same 
heating rate are presented in Fig.2. 
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Fig.1 Thermal decomposition of magnesium hydroxide carbonate – 8 K/min 

 
 
The thermal analysis curves of magnesium hydroxide carbonate (Fig.1 and 2) 

show that decomposition reaction is undoubtedly complex, involving several stages. 



The removal of water under experimental conditions occurs in two steps, similar as the 
removal of carbon dioxide).  
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Fig.2. DTA and DTG curves for decomposition of magnesium hydroxide carbonate 

(heating rate -8 K/min) 
 
 
On the basis of this study, we find that the following reactions occur in the course 

of the thermal decomposition of 3MgCO3
.Mg(OH)2

.2H2O: 
 

 3MgCO3
.Mg(OH)2

.2H2O  3MgCO3
.Mg(OH)2

.H2O + H2O 
 3MgCO3

.Mg(OH)2
.H2O  3MgCO3

.MgO + 2H2O 
 3MgCO3

.MgO  4 MgO + 3CO2 (in two overlapping steps) 
 
The values of characteristics parameters of decomposition processes are 

presented in Table 1. 
 
Table 1. Characteristic parameters of decomposition steps of 3MgCO3

.Mg(OH)2
.2H2O 

 
Stage Heating rate 

[K.min-1] 
Trange[oC] DTA peak temperature 

Tp[oC] 
4 297 – 367 351 
6 285 – 378 364 
8 287 – 378 369 

I 

10 295 – 383 374 
4 367 -  463 427 
6 378 – 453 415 
8 380 – 430 416 

II 

10 385 – 455 418 
4 480 - 526 502 
6 475 - 533 516 
8 447 - 539 517 

III 

10 450 - 546 522 
 



The rate of the reaction - dα/dt under non-isothermal conditions has been 
expressed by the relation 

 

)(feA)(f)T(k
dt
d RT

E
 

ααα
⋅⋅=⋅=

−
 

 
 

where: α is the fraction reacted, t- time [min], k(T) is the constant rate as a function of 
absolute temperature T [K], f(α) is the conversion function dependent on the 
mechanism of the reaction, A is the preexponential factor [min-1], E is the apparent 
activation energy [kJ/mol] and R is the gas constant [kJ/(mol⋅K)]. The general form of 
function f(α) is f(α) = (1- α)n, where n is the reaction order [3]. 

The kinetics parameters – the apparent activation energy E, preexponential 
factor A and the reaction order were obtained from the thermal characteristic of DTA 
peaks by Kissinger’s method [4] and from the mass losses – temperature dependence 
observed in the TG-curves by Coats-Redfern’s method [5, 6]. Fig.3 presents the 
dependence of fraction reacted on the temperature in the particular stages of 
decomposition at a heating rate of 8 K/min. 

 
 

0

0,2

0,4

0,6

0,8

1

250 300 350 400 450 500 550

Temperature [oC]

Fr
ac

tio
n 

re
ac

te
d

Stage I Stage IIIStage II

 
Fig.3. Dependence of transformation degree on a temperature for particular stages of 

decomposition of 3MgCO3
.Mg(OH)2

.2H2O (at heating rate 8 K/min) 
 
 

The water molecules in this compound are bonding with the various strengths. 
The first molecule of water is removed at temperatures from 297 to 383oC depending on 
the heating rate; with the maximum temperature Tp of DTA peak equals 351 – 374oC. 
The apparent activation energy of this step obtained by Kissinger’s method is 
121kJ/mol. The next two water molecules are removed in the second step 
simultaneously, at 367 – 455oC. In this instance the DTA peak is not acute and 
calculating the activation energy by Kissinger’s method is difficult. The substitute 
kinetics parameters at this stage of decomposition were calculated from α(T) 



dependencies using Coats-Redfern’s method and were equal: the apparent activation 
energy E = 238 kJ/mol and the preexponential factor lnA = 38.1 for the reaction order 
equals 1. The form of function f(α) is f (α) = (1-α) 

The DTA peak for the stage of carbon dioxide removal is not sharp-pointed.  
The DTG-curves results show that CO2 evolution from 3MgCO3

.MgO consists of two 
overlapping steps. The shape of the second part of DTG peak can be indicative of the 
reversibility of reaction in this stage. The substitute kinetics parameters of the stage of 
carbon dioxide evolution calculated by using Coats-Redfern’s method were: E - 310 
kJ/mol and lnA = 46.9 for the reaction order equals 1.  
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 The preliminary researches on the synthesis of disazo pigments with the use of 
microwave irradiation (mw) in water as a medium of conversion, where aromatic 
diamines as diazo components were used, allowed us to obtain these products only with 
the very low yields [1]. 
 In our researches we were interested in a possibility of synthesis of the azo 
pigments [I] with the use of microwave irradiation mv in organic solvents. 

 
 

where Dw – diamine moiety 
 

 
 

Results of researches on synthesis of diazo pigments (I) by means of microwave 
irradiation in organic solvents and their mixtures with water, and with the use of 
aromatic diamines as diazo components, are presented in the present work. As the diazo 
components (Dw) the following compounds were used,: 

NHCONHNH2 NH2 CH2NH2

Cl

NH2

Cl

NH2

OMe

NH2

MeO
NHCONH2 NH2

4,4'-diaminediphenylurea (II) 4,4'-diamine-2,2'-dichlorodiphenylmethane (III)

dianisidine (IV) 4,4'-diaminediphenylbenzamide (V)  
2-naphthol was applied as the coupling component. For our investigations we 

used the following organic solvents: N,N-dimethylformamide (DMF), N-
methylpyrrolidone (NMP) and formamide (FM) as well as their 1:1 v/v mixtures with 
water. 
 The synthesis of pigments was carried out in described earlier manner [1-3], by 
means of microwave irradiation of frequency of 2.45 GHz and wavelength of 12.3 cm 
[4] (power 130 and 250W). Pigments obtained by means of a “classic” method, i.e. the 
method of diazotization and coupling reaction in water, were used as model pigments. 
 The spectrophotometric researches of pigments were carried out using solutions 
in DMF by means of the Perkin Elmer Lambda 40 spectrophotometer. A static analysis 
was done by means of the Microcal ORIGIN v.6.0 (Microcal Software, Inc.). 

OH OH

(I)

Dw



 Results of the introduced researches are presented in a Table 1 and 2. 
 
Table 1. Yields of reactions of obtained disazo pigments in pure solvents. 
 
 Power [W] 130 250 
Amine Medium t [min] 1 2 3 1 

DMF 25.7 14.6 20.5 20.0 
14.7 13.3 12.1 9.5 

 
(II) NMP 

FM 

 
 
 30.1 29.0 26.2 22.0 

DMF 31.4 26.3 20.7 31.5 
NMP 44.9 36.7 34.1 33.3 

 
(III) 

FM 35.0 36.2 37.0 33.3 
DMF 17.3 16.0 10.1 11.5 
NPM 19.2 18.5 23.6 12.6 

 
(IV) 

FM 13.2 11.8 14.1 8.6 
DMF 35.5 29.1 28.9 26.2 
NMP 23.0 24.6 25.1 16.6 

 
(V) 
 FM 

 
 
Yield 

24.8 23.1 23.8 19.3 
 
Table 2. Increase of the yield of reaction of obtained disazo pigments (∆ W) in mixtures 

of H2O/solvent (1:1 v/v). 
 
 Power [W] 130 250 
Amine 50% H2O t [min] 1 2 3 1 

DMF 11.3 27.0 13.2 3.0 
NMP 23.2 26.4 28.0 10.1 

 
(II) 

FM 14.3 17.9 26.9 22.5 
DMF 16.2 24.5 28.9 20.7 
NMP 9.9 13.2 29.5 16.9 

 
(III) 

FM -9.0 -6.2 -2.3 -5.7 
DMF --- --- --- --- 
NMP --- --- --- --- 

 
(IV) 

FM --- --- --- --- 
DMF 7.4 17.1 16.4 3.7 
NMP 15.1 14.0 14.6 21.3 

 
(V) 

FM 

 
 
 
 
 
Yield 

8.6 11.5 14.7 12.7 
 

An application of water as a medium [3] led to obtaining of contaminated 
products of not really high yields. Under such conditions, the reaction proceeds locally, 
within a wet part of the reactionary mixture. Thanks to the use of organic solvents the 
partial solubility of both substrates and reaction products is possible, while the 
application of their mixtures with water results in increase of polarity and it influences 
on the reaction yield (Table 2). 
 The pigments investigated by us can occur both in hydrazone (H) and azo (A) 
forms [5,6]. The hydrazone form H occurs in the form of dimers of the “sandwich” or 
“head-to-tail” type of shifted bato- or hypsochromic absorption bands in relation to 
unaggregated hydrazone form (Figure 1). 



 A compatibility parameter Φ, being a ratio of a surface area ∆S and oscillator 
strenght under the absorption curve of pigment obtained by means of the Sklas “classic” 
method, determines differences resulting from aggregation of pigments or from 
existence of an [A↔H] equilibrium. The accepted compatibility criterions are the same 
as those described earlier [2]. 
 Most of the investigated pigments is obtained in a form similar to those obtained 
by means of the “classic” method (Φ≥0.9) or with the average compatibility 
(Φ=0.7÷0.9). The low compatibility exists in the case of pigments, which are 
derivatives of (IV) in DMF and FM as well as pigments, derivatives of (II) in 50% 
NMP. 
 An analysis of composition of the A and H isomers was carried out for a range 
of absorption of A (420-430 nm) and in the case of the H form (in a form of monomer 
and two dimmers) – in the range > 460 nm. The composition of mixture and equilibrium 
of forms [A↔H] depends mostly on the type of the used amine. The (V) derivatives 
contain the most of the A form (60-70%) and the (II-IV) derivatives contain only 30-
40% of the A form. 

Reactions carried out in 50% water solutions of solvents result in increase of the 
H form in the mixture and this fact has an essential influence on increase of a light 
fastness of pigments. 

The changes of ratio of monomer to dimer in the H form were investigated by 
means of a deconvolution method (Figure 1). The analysis of composition was carried 
out for the range > 460 nm. The results are presented in Table 3 and 4. 
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Figure 1. Example of deconvolution procedure of absorption spectrum (derivative of 

the (II) diamine) determined by means of analysis of the II derivative. 
 
Table 3. The content of azo-isomer in the [A↔H] mixture. 

Amine (II) (III) (IV) (V) 
*) 0.23 0.38 --- 0.66 
DMF 0.23 0.49 --- 0.71 
NMP 0.32 0.46 --- 0.53 
FM 0.23 0.34 --- 0.68 

50% H2O/(DMF, NMP, FM) 
DMF 0.25 0.35 --- 0.58 
NMP 0.17 0.34 --- 0.59 
FM 0.18 0.36 --- 0.59 



*) The “classic” method of synthesis (model); analytical wavelengths [derivative of 
amine and nm]: (II) - 429, 462, 497, 558; (III) - 433, 488, 521; (IV) - 522, 588 and 
(V) - 427, 494, 520 

 
Table 4. The content of unassociated hydrazo form in the [monomer↔dimer] mixture. 

Amine (II) (III) (IV) (V) 
*) 0.45 0.86 0.40 0.68 
DMF 0.72 0.90 0.46 0.54 
NMP 0.72 0.90 0.18 0.63 
FM 0.38 0.90 0.25 0.73 

50% H2O/(DMF, NMP, FM) 
DMF 0.78 0.88 --- 0.70 
NMP 0.64 0.90 --- 0.69 
FM 0.64 0.90 --- 0.69 

(Description – Table 3.) 
 

 It was proved that pigments, which are derivatives of (II) and (IV) are the most 
aggregated (dominance of dimer) while derivatives of (III) and (IV) (65-85% of 
monomer) are the least aggregated pigments. In this case, it results in a high colouristic 
efficiency in application of pigments. 
 The aggregation ability of pigments results from their spatial structure. Both 
forms – the A form and the more probable H form [5,7] are not planar. It is evidenced 
thanks to calculations carried out by the AM1 method. Aromatic diamines, which 
structure influence on a shape of pigment molecules, play a basic role in this case. 
 
Conclusions 
 Analysis of the obtained results leads to conclusions, which are similar as in the 
case of the described earlier syntheses [2]. The application of 50% mixtures of DMF, 
NMP and FM with water has beneficial influence on the yield of the reaction. It allows 
to get the increase of the yield up to 25%. The type of the applied organic solvent or its 
mixture with water determines the azo-hydrazo equilibrium. The aggregation of 
pigment molecules depends mainly on the type of diamine used for synthesis and, in the 
lower degree, on polarity of the applied solvent. 
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INTRODUCTION 

 
 Pyridinium derivatives of nucleosides are interesting objects of spectral, 
photophysical and photochemical research [1]. Pyridinium salt derived from 2',3', 5'-tri-
O-acetylinosine, when irradiated with UV-light ( λ>300nm) undergoes transformation 
to 2',3', 5'-tri-O-acetyl-luminarosine- the strongly fluorescing nucleoside, being 
characterized with the long-wave absorption (λ A

max= 425 nm) and the intensive 
fluorescence  (λ F

max= 528 nm) [2,3]. Because of its large chemical and photochemical 
stability and very profitable absorption-emission properties [4], 2',3', 5'-tri-O-acetyl-
luminarosine and analogues can serve as fluorescent probes in biological system [5]. 
Luminarosine can also be used to fluorescent marking of oligonucleotides in the 
automatic synthesis on the solid support. But there is certain difficulty because of the 
high susceptibility of this nucleoside to spontaneous anomerisation leading in the final 
result to the mixture of oligonucleotides containing λ and β anomers of  luminarosine 
[6].Good alternative for luminarosine, as the fluorescent mark of DNA, can be its 
acyclonucleoside analogues, which don’t undergo the anomerisation reaction. The 
attempt of the synthesis of such analogue, according to procedures worked out 
previously, basing on the photochemical transformation of the suitable N-(purin-6-yl)-
pyridinium chloride is presented in this paper.  

 
RESULTS AND DISCUSSION 

 
1) Synthesis of the N[(9-tert-butoxycarbonylmethyl)purin-6-yl]pyridinium chloride (2). 

Scheme 1 
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In the nucleophic substitution of compound (1) - 6-chloro-9-(tert-butoxy-
carbonylmethyl)purine, according to the  well-known procedure, consisting on the 
treatment of the chloroderivative of purine or nucleoside with the pyridine at 60oC 
during 2-5 hours, pyridium salt (2) has been obtained  with 20% yield (Scheme 1). 



The product 2 has UV spectrum characteristic for pyridinium salts (Fig.1) with two 
maximum of the absorption at λ=272nm and λ=295 nm.  
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Figure 1. The spectrum of the absorption of compound 2. 

 
2) Synthesis of 9-N-(tert-butoxycarbonylmethyl)luminarine (4). 
 The obtained pyridinium salt (2) has been exposed to photochemical reaction in 
aqueous solution. 

Scheme 2 
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In the first step of reaction, deoxidized aqueous solution of the N-[(9-tert-

butoxycarbonylmethyl)purin-6-yl]pyridinium chloride (2) was subjected to irradiation 
with near UV light (λ> 300 nm) using the reactor equipped with dip mercuric lamp  
TQ -150 Original Hanau stocked with the cylindrical pyrex filter. The course of the 
reaction was followed spectrophotometrically (Fig. 2A). The disappearance of  
pyridinium salt and the formation of the product with maximum of the absorption at 
λ=242 nm was noted. The analysis of irradiated solution (Fig. 2B and 2C) showed the 
formation of the desirable intermediate product 3 in the synthesis of the acyclic 
derivative of luminarosine.  

In the second step of reaction the aqueous solution of the compound 3 was 
alkalized to pH~7,5, 1,5 eq. of N-(9-methylpurin-6-yl)pyridium chloride (5) was added 
as the photosensitizer and mixture was exposed to sunlight in aerobic conditions. 
Based on analyses of the solution after the irradiation (Fig. 3B and 3C) and 
spectrophotometrical data (Fig. 3A) it was  found that under this conditions of 
irradiation the compound 3 has been transformed into 9-N-(tert-
butoxycarbonylmethyl)luminarine (4). The yield of the photochemical reaction was 
18%. In order to isolate the product the aqueous solution of the compound 4 was 
extracted by CHCl3. Obtained product 4 shows band of absorption in the visible range 
with λmax = 426 nm characteristic for luminarosine.  
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Figure 2. (A) Changes in the absorption spectra during the irradiation of deoxidized aqueous solution of 
the compound 1, (B) the HPLC analysis  of the solution after the irradiation and (C) the absorption 
spectrum of compound 3. 
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Figure 3. (A) Changes in the absorption spectra during the irradiation of aqueous solution of the 
compound 3, (B) the HPLC analysis  of the solution after the irradiation and (C) the absorption spectrum 
of compound 4. 



Structure of the compound was confirmed by H-NMR, ESI-MS and UV-VIS. 
 

N

NHN

N

O(H3C)3C

O

N

O

H

H

H

H

H

H H

1 2

3

4

5

6

77

8

 
 

ESI MS m/z 328 (M+H+), calculated m/z 327,13 for C16H17N5O3 

UV-VIS λmax (H2O) 264 nm, 426 nm 
1H NMR (CDCl3), δ 1,48 (s, 9, H-8) 4,28 (d, J=6,0 Hz, 2, H-7), 7,62 (t, J=6,0 Hz, 1,  
H-1), 8,08 (m, J=7,0 Hz, 1, H-4), 8,26 (s, 1, H-2), 8,42 (m, J=7,6 Hz, 1, H-5), 9,10 (d, 
J=8,0 Hz, 1, H-6), 10,17 (d, J=6,6 Hz, 1, H-3) 
 
 

CONCLUSION 
 
 The received new acyclic derivative of luminarosine - 9-N-(tert-
butoxycarbonylmethyl)luminarine (4) after suitable modification of ester part can 
replace  luminarosine and be used to the marking of any sequence of oligonucleotides  
on 3′ or 5′ end. 
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Chalcones, considered as the precursors of flavonoids and isoflavonoids, are abundant 
in edible plants, and have also been shown to display a diverse array of pharmacological 
activities [1,2]. The oxygenated chalcones such as licochalcone A, have previously been 
described as a moderate potent antibacterial compounds with activity against Gram-
positive bacteria. Additionaly, enhanced selectivity and potency in the biological 
properties of chalcone with basic amino functions has been reported [3]. 
 
INTRODUCTION 
 
The aim of this investigation is to procure (E)-4-aminoalkylthiochalcones 1-10, from 
(E)-4-chalconethiole in the hope of obtaining new derivatives, which might show 
biological activity as antimicrobial and antifungal agents. 

 

C

O

CH
CH S (CH2)n R

1 R= piperazine  n= 4     4 R= piperazine  n= 10   7 R= 4-methylpiperidine  n= 4 
2 R= piperazine  n= 5     5 R= piperidine  n= 4      8 R= 4-methylpiperidine  n= 6
3 R= piperazine  n= 6     6 R= piperidine  n= 6      9 R= morpholine  n= 4
                                                                              10 R= morpholine  n= 6  

 
(E)-4-chalconethiol was alkylated with dibromoalkanes (1,4-dibromobutane, 1,5-
dibromopentane, 1,6-dibromohexane and 1,10-dibromodecane) at room temperature  in 
DMF in  the presence of triethylamine as a base. The obtained (E)-4-
bromoalkylthiochalcones were reacted with 0.002 mole of morpholine, piperidine, 4-
methylpiperidine or piperazine in 10 ml of DMF in the presence of 0.002 molar 
equivalents of triethylamine.  
 
RESULTS 
 
On the basis of low-resolution EI mass spectra, as well as B2/E linked-scan spectra the 
principal mass fragmentation routes of compounds 1-10 were interpreted as shown in 
Scheme 1 and Table 1. In all compounds studied the radical-site-induced α-cleavages of 
the Csp3-Csp3 bond next to the heteroatom of the substituents proceed with the formation 
of the even-electron ions b, corresponding to the base peak in the mass spectra. For 
these compounds the elimination of •C15H11OS-(CH2)n-1 radical as the first step of the 
fragmentation is predominant. In this type of cleavage the positive charge of the ions b 



is stabilized on the nitrogen atom of the piperazinemethylene 1-4, piperidinomethylene 
5, 6, 4-methylpiperidinomethylene 7, 8, or morpholinomethylene 9, 10 species. It ought 
to be pointed out that the annular nitrogen atom has extremly high ability to 
quaternization and charge acceptance. According to the B2/E linked scan spectra, the 
fragment ion b [CH2=NC4H8X]+ is also formed from the even-electron fragment ion d 
via elimination of an olefin molecule by inductive cleavage. Decomposition of the 
molecular ions of 1-10 proceeds also by charge-site-initiated inductive cleavage of the 
S-Csp3 bond, providing even-electron ions c, observed in EI-MS spectra of the 
compounds studied.  

 
TABLE 1. Selected mass spectral data (m/z and peak intensity in %) for 1 – 10. 

m/z,  % Relative abundance  Ion 

1 2 3 4 5 6 7 8 9 10 

 

a 

m/z380 

17.8 

m/z394 

11.5 

m/z408 

13.8 

m/z464

18.1 

m/z379

11.2 

m/z407

6.8 

m/z393

15.5 

m/z421 

8.5 

m/z381 

9.1 

m/z409

12.6 

 

b 

m/z141 

11.0 

m/z155 

62.1 

m/z169 

13.6 

m/z225

1.7 

m/z140

13.1 

m/z168

13.2 

m/z154

16.8 

m/z182 

15.3 

m/z142 

18.1 

m/z170

20.2 

 

c 

m/z99 

100 

m/z99 

100 

m/z99 

100 

m/z99 

100 

m/z98 

100 

m/z98 

100 

m/z112

100 

m/z112 

100 

m/z100 

100 

m/z100

100 

 

d 

m/z239 

3.9 

m/z239 

4.6 

m/z239 

2.3 

m/z239

2.8 

m/z239

2.5 

m/z239

1.3 

m/z239

2.8 

m/z239 

1.3 

m/z239 

2.9 

m/z239

2.0 

 

e 

m/z105 

17.4 

m/z105 

31.9 

m/z105 

18.4 

m/z105

20.9 

m/z105

9.2 

m/z105

5.7 

m/z105

9.9 

m/z105 

5.9 

m/z105 

8.8 

m/z105

7.5 

 

C

O

CH=CH S  (CH2)   
n

M  + . a

(CH2)   +
n N X C O+

[m/z 105]

+ .

C15H11OS-
.

( 1 - 10 ) *

** Transition checked by B  /E spectra of compounds 1, 5, 7  and 9.
* Transition checked by B/E spectra of compounds 1-10.

2

N X CH2   
+
N X

ion c

ion b
C

O

CH=CH S

ion d

+

**

** **
α

SCHEME 1. Fragmentation of the molecular ions of 1-10.  
 



For all compounds tested the ion d (m/z 239) with a small relative abundance in the 
range 1.3-4.6% was observed. The ion e (m/z 105) [C7H5O]+ is much abundant for 1-4 
(17.4 – 31.8% r.a.), whereas for 5-10 it is low abundant (5.7-9.9% r.a.). The abundance 
of the remaining ions in the spectra of amine derivatives of chalcone is lower than 3.2%. 

Assignments of the 1H NMR and 13C NMR resonances of these compounds were 
deduced on the basis of signal multiplicities, and by the concerted application of the 
two-dimensional NMR technique (HETCOR).  
The 1H and 13C NMR data for 1-10 were nearly identical in the aromatic region of the 
spectra. The spectra of these compounds showed the two dublets at δ 7.48-7.50 ppm and 
δ 7.77-7.78 ppm (J= 15.6 Hz) integrating for one proton, assigned to the H-α and H-β 
protons, respectively. For 1-10 the 1H NMR spectra showed the triplet at 2.22-2.89 ppm 
integrating for two protons ascribed to CH2-N< protons and correlating in the HETCOR 
spectra with the carbon signal at 57.21-59.68 ppm. In the 1H and 13C NMR spectra of 1-
4 characteristic signals of piperazine ring at ~2.40 and ~2.90 ppm (45.9 and 54.0 ppm, 
respectively) were observed. The presence of a dublet assigned to protons from the 
methyl group in the range of 1.02-1.03 ppm in the 1H NMR spectra of 7, 8 proves the 
occurrence of the 4-methylpiperidine ring in the molecules of these compounds. The 1H 
NMR spectra of 9 and 10 in the range of 3.71-3.72 and 2.43-2.40   ppm showed two 
triplets of O<CH2 and N<CH2 protons of morpholine ring, correlating in the HETCOR 
spectra with the carbon signal at ~66.9 and ~53.8 ppm, respectively.  

The potential antimicrobial activity of compounds 1-10 was estimated in vitro by 
determining the MIC (Table 2) against a wide spectrum of microorganisms: 
Staphylococcus aureus 209P FDA, Escherichia coli PZH 026 B6, Candida albicans 
PCM 1409 PZH, Streptococcus faecalis ATCC 8040, Bacillus subtilis ATCC 1633, 
Klebsiella pneumoniae 231, Pseudomonas aeruginosa SP1, Aspergillus fumigatus C1, 
and Microsporum gypseum K1.  
 
TABLE 2. Antimicrobial activity of  tested compounds. 
 

Minimum inhibitory concentration (MIC)a µM Compd. 
S. aureus E. faecalis B. subtilis C. albicans M. gypseum

1 26 26 263 - 263 
2 25 253 25 <253 190 
3 24 24 245 <245 184 
4 - - - - 215 
5 26 264 26 - 264 
6 24 24 24 <246 <246 
7 24 244 244 - 191 
8 23 23 18 <237 <237 
9 - - - - 197 
10 - - - - <244 

a MIC - the minimum inhibitory concentration it is the lowest value of concentration of  
the investigated compound which brakes the evolution of the microorganism. 

 
The most pronounced antibacterial properties were found in the series of (E)-4-
piperazinoalkylthiochalcones 1-3, (E)-4-piperidinoalkylthiochalcones 5, 6 and (E)-4-(4-
methyl)piperidinoalkylthiochalcones 7, 8. The bacteriostatic effects of 1-3 and 5-8 were 



shown by MICs of 18 to 264 µM for all Gram-positive bacteria tested, including S. 
aureus, E. faecalis and B. subtilis. However, they were not effective for Gram- negative 
bacteria tested. The data shown in Table 2 suggest that the piperidinoalkylthio, 4-
methylpiperidinoalkylthio or piperazinoalkyltio, group at position 4 of the B ring of 
chalcone was essential for the activity, and that the length of alkyl chain influences the 
antimicrobial activity. The best activity is connected with the presence of five carbon 
atoms in alkyl chain. The antifungal studies show that 2, 3, 6 and 8 were active against 
the yeasts Candida albicans nor against the filamentous fungi Asperillus fumigatus. In 
contrast, the most sensitive species was Microsporum gypseum, growth of which was 
inhibited by concentrations 184-264  µM of 1-10. 
 
EXPERIMENTAL 
 
The 1H NMR and 13C NMR spectra were recorded at room temperature on a Varian 
Mercury spectrometer operating at 75.46 MHz for 13C and 300.07 MHz for 1H. The 
spectra were measured in CDCl3. The HETCOR spectra were acquired with 2048 data 
points in the F2 dimension and 256 increments in the F1 dimension.  
The low-resolution mass spectra were recorded on an AMD 402 two-sector mass 
spectrometer (AMD Intectra, Germany) of B/E geometry. Metastable ions were 
recorded on the same instrument using linked scans (B/E, B2/E). The compounds were 
introduced into the mass spectrometer using a direct insertion probe in the EI mode (70 
eV) with an accelerating voltage 8 kV, a source temperature of 200°C and an inlet 
temperature of 70-150°C. 
General synthesis of (E)-4-aminoalkylthiochalcones 1-10. 
To a solution of a given (E)-4-bromoalkylthiochalcone (0.001 mol) in 10 mL DMF, the 
following compounds: triethylamine (0.28 ml,  0.002 mol) and piperazine (0.172 g, 
0.002 mol), piperidine (0.19 ml, 0.002 mol), 4-methylpiperidine (0.24 ml, 0.002 mol) or 
morpholine (0.17 ml, 0.002 mol) were added dropwise and the mixture was stirred for 3 
days at room temperature. The solvent was evaporated to a syrop, which was added 
dropwise to cold water. The crystalline precipitate was isolated by filtration and the 
precipitated solid was purified by column chromatography.  The isolated crude product 
was recrystallized from chloroform-ethanol 1:1. 
Microbiology : Determination of minimum inhibitory concentration  ( MIC ) 
Compounds were dissolved using DMSO (Serva); concentration was 1000 µg/ml. The 
MIC values of the compounds were determined, with reference to standard 
microorganisms, by introducing 1ml of the corresponding solutions at various  
concentrations into a series of tubes (each 12x100 mm), then 0.1 ml of a standarized 
1:1000 diluted suspension of a microorganism was added. The MIC values were 
determined after 18 h of incubation at 37°C. In each assay the bacterial culture sterility 
and standard bacteria growth were controlled. Sabouraud dextrise broth (Difco) was 
used as a test medium for fungi; MIC values were determined after 3-7 days of 
incubation at 25°C.  
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Abstract 

The study was performed on the active carbon obtained from the coke coal from the 
Jas-Mos colliery, which was subjected to nitrogen enrichment in a reaction with a 
mixture of air and ammonia. The process of ammoxidation was performed at the stage 
of a precursor, carbonisate and active carbon. The carbon was activated at 700ºC by 
KOH. The amount of nitrogen built into the carbon structure was found to depend on 
the ammoxidation temperature and the stage of carbon processing at which the 
ammoxidation was performed. It was shown that ammoxidation at different stages of 
carbon processing leads to obtaining products of different physico-chemical properties. 

 
1. Introduction 

Low cost of production, rich resources and significant chemical resistance make 
active carbon a much desired and demanded product. Active carbon is applied in many 
branches of industry and in new technologies developed to protect the natural 
environment. Recently much attention has been devoted to active carbon modified by 
introduction of all kinds of heteroatoms on their surface. Particularly interesting seems 
the active carbon enriched in nitrogen. Because of its specific physico-chemical 
properties such as the ion-exchange ability or strongly nucleophilic character it has been 
applied as adsorbents removing impurities from liquid and gas phase substances [1], as 
catalysts or catalyst supports, as electrode materials for electrochemical capacitors [2]. 

One of the possible processes leading to active carbon enrichment in nitrogen is 
ammoxidation [3]. It is a simultaneous oxidation and nitrogenation of active carbon 
leading to significant changes in its chemical structure that can be enhanced or reduced 
according to the temperature conditions of further treatment. The surface oxygen and 
nitrogen groups formed as a result of ammoxidation can, on further pyrolysis, evolve 
into the species strongly attached to the parent carbon structures or can be eliminated, 
which considerably changes the acid-base character of the material.  

The aim of the study was to determine and compare the physico-chemical 
properties of carbon modified by ammoxidation at the stage precursor, carbonisate and 
active carbon. 

 
2. Experimental 

The material to be studied was the coking coal from the Jas-Mos colliery 
characterised in Table 1. The refined initial coal (S) of the grain size ≤ 0.2mm was 
demineralised by the Radmacher method [4]. 

 
 Table 1. Elemental composition of the raw and demineralised coal (wt.%) 

Sample  Ad Cdaf Hdaf Ndaf Sdaf Odaf* 
S 2.5 89.6 4.6 1.4 0.3 4.1 
D 0.2 90.7 4.5 1.4 0.4 3.0 

* by difference  



A portion of the demineralised coal (D) was subjected to ammoxidation. This 
process was conducted at 300 (N1) and 350ºC (N2) for 5 hours, by a mixture of 
ammonia and air at the ratio of 1:3. The products of ammoxidation (DN1 and DN2) 
together with the remaining part of the demineralised coal were subjected to 
carbonisation at 700ºC in argon atmosphere for 1 hour. The carbonisate obtained (DK) 
was divided into two parts: one of them was subjected to ammoxidation under the same 
conditions as at the stage of the precursor, while the other was first subjected to 
activation. The process of activation was performed at 700ºC, in argon atmosphere with 
KOH as an activiser. The carbonisate was mixed with the earlier ground KOH at the 
weight ratio of 1:4 and subjected to the thermal treatment for 45 minutes. The active 
carbon obtained (DKA) was then ammoxidised, in the same conditions as the precursor 
and carbonisate. The other carbonisates: DN1K, DN2K, DKN1, DKN2 were also 
subjected to activation.  

The active carbon samples obtained were subjected to the studies aimed at 
determination of their porous structure (by the low-temperature nitrogen sorption 
method), chemical composition (elemental analysis), the content of the surface oxygen 
groups [5] and sorption capability (adsorption value of iodine) [6]. 
 
3. Results and discussion 

According to the data collected in Table 2, the process of ammoxidation results in a 
significant increase in the content of nitrogen in the carbon material, which is a 
consequence of nitrogen building in the carbon structure. 
 
 Table 2. The elemental composition of the samples obtained (wt.%) 

Sample  Ad Cdaf Hdaf Ndaf Sdaf Odaf* 
DN1 0.2 80.3 3.1 8.3 0.4 7.9 
DN2 0.2 80.4 3.2 8.0 0.4 8.0 

DN1K 0.2 90.0 1.6 5.1 0.2 3.1 
DN2K 0.1 88.6 1.9 4.8 0.2 4.5 

DN1KA 0.4 91.4 0.6 1.6 0.0 6.4 
DN2KA 0.3 91.0 0.6 1.3 0.0 7.2 

DK 0.4 94.1 1.8 1.2 0.3 2.6 
DKN1 0.3 90.9 1.8 3.1 0.3 3.9 
DKN2 0.3 89.7 1.6 3.9 0.3 4.5 

DKN1A 0.5 91.0 0.7 1.0 0.0 7.3 
DKN2A 0.7 91.1 0.6 1.3 0.0 7.0 

DKA 0.7 91.3 0.6 0.6 0.0 7.5 
DKAN1 0.4 87.6 0.6 5.2 0.0 6.6 
DKAN2 0.3 85.4 0.7 7.2 0.0 6.7 

* by difference  
 
The greatest amount of nitrogen was built in the material in the process of 

ammoxidation of the demineralised coal (D), which testifies to its greatest reactivity 
with respect to the other samples. Much less nitrogen was introduced in the material 
when the ammoxidation was performed on the carbonisate (DK) and active carbon 
(DKA). It is a result of changes in the coal structure taking place on carbonisation and 
activation and hindering the nitrogen inclusion. The process of ammoxidation leads to a 



decrease in the content of carbon, which the most pronounced when ammoxidation is 
applied at the stage of precursor. When ammoxidation is realised at the stage of 
precursor and carbonisate the content of oxygen increases, which is a result of oxidation 
in a reaction with a mixture of ammonium and air. However the decrease in the content 
of oxygen observed after ammoxidation of the active carbon is probably a result of 
nitrogen having been built into the coal structure via the oxygen groups. A considerable 
amount of nitrogen groups introduced on ammoxidation undergoes decomposition on 
carbonisation and activation, which indicates a low thermal stability of the built in 
nitrogen groups and their low resistance to alkalia. 

Porous structures of the active carbon samples obtained were characterised on the 
basis of measurements of low-temperature nitrogen sorption. The results are given in 
Table 3. 

 
 Table 3. Structural parameters of the active carbon samples obtained. 

Sample 
Total 

surface area 
[m2/g] 

Micropore 
area  

[m2/g] 

Total 
pore 

volume 
[cm3/g] 

Micropore 
volume 
[cm3/g] 

Average 
pore 

diameter 
[nm] 

DN1KA 2021 1995 0.98 0.94 1.93 
DN2KA 2342 2307 1.13 1.08 1.94 
DKN1A 1661 1629 0.81 0.76 1.97 
DKN2A 1701 1668 0.84 0.78 1.97 

DKA 1615 1586 0.79 0.75 1.96 
DKAN1 1398 1372 0.68 0.64 1.96 
DKAN2 1372 1344 0.67 0.63 1.97 

 
Activation of nitrogen enriched carbon leads to microporous active carbon 

characterised by a much more developed surface area. The results have also shown a 
two-way effect of ammoxidation on the porous structure of active carbon. 
Ammoxidation of the precursor and carbonisate increases their reactivity favouring 
much better development of the porous structure, while ammoxidation of the active 
carbon leads to a deterioration of its porous structure. The best structural parameters of 
the active carbon can be obtained subjecting the material to the modifying processes in 
the sequence ammoxidation, carbonisation and activation.  

In order to establish the acidic-basic properties of the active carbon samples 
obtained they were subjected to determination of the content of the surface oxygen 
functional groups. The results are given in Table 4.  
The majority of the samples have acidic character of the surface, the exceptions are the 
samples ammoxidised after activation (DKAN) whose surface is acidic-basic. The 
greatest number of acidic groups and hence the lowest number of basic ones was found 
in the samples modified at the stage of precursor (DNKA). The number of the surface 
oxygen groups was also shown to be temperature dependent. The samples modified at 
350ºC contain a greater number of acidic groups than those ammoxidised at 300ºC. 

Table 4 presents also the adsorption value of iodine. The highest number was 
determined for the carbon samples ammoxidised at the stage of precursor (DNKA), 
characterised also by the largest surface area (Table 3). The lowest iodine adsorption 
numbers were found for the samples ammoxidised after activation (DKAN), showing 



the smallest surface area. These results point to a correlation between the surface area of 
an active carbon sample and its sorption abilities. 

 
Table 4. The content of the surface oxygen functional groups (mmol/g) and the 

adsorption value iodine (mg/g) obtained for the active carbon samples studied. 

Sample  Acidic gropus 
[mmol/g] 

Basic gropus 
[mmol/g] 

Adsorption value 
of iodine [mg/g] 

DN1KA 1.42 0.60 1863 
DN2KA 1.56 0.58 1974 
DKN1A 1.28 0.62 1669 
DKN2A 1.41 0.57 1675 

DKA 1.34 0.69 1672 
DKAN1 0.86 0.99 1527 
DKAN2 1.02 0.94 1410 

 
4. Conclusions 

The results obtained have shown that it is possible to obtain from coking coal a 
large gamut of active carbon samples characterised by different physico-chemical 
properties by applying the processes of ammoxidation, carbonisation and KOH 
activation. Depending on the sequence of the above mentioned processes the active 
carbon samples have a more or less acidic character of the surface and different sorptive 
properties towards substances of the molecules size close to 1nm. The development of 
the surface area significantly depends on the conditions and course of ammoxidation. 
The samples ammoxidised at the stage of demineralised coal (DNKA) have much 
greater surface area than those to which nitrogen has not been introduced (DKA). 
Ammoxidation performed after the activation of carbon (DKAN) causes a decrease in 
the surface area. 
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Abstract:  
Alkylation of the CH3 group of toluene was modeled at the B3LYP/6-311++G** level. 
In presence of Na2, the model basic catalyst, the CH3 group is more active for the Na/H 
exchange than the aromatic H atoms and the reaction barrier equals ca. 35 kcal/mol. The 
PhCH2Na molecule formed is next alkylated by ethane and, after 30 kcal/mol barrier is 
overcome, PhC3H6Na is formed. Finally, the Na/H exchange between PhC3H6Na and 
toluene proceeds through 18 kcal/mol barrier and ca. 10 kcal/mol is released. This study 
has confirmed the basic alkylation scheme proposed by Pines et al. over 50 years ago. 
 
Introduction 
 Alkylation reactions are known since discovery of the Friedel Crafts reaction in 1877 
[1]. Alkylation is carried out in presence of both acidic and basic catalysts [2]. 
Alkylation of alkyloaromatic compounds depends strongly on acid-base properties of a 
catalyst. The acidic catalysts direct the alkylation toward aromatic ring substitution, in 
agreement to Friedel Crafts mechanism [1], whereas superbasic catalysts, such as 
MgO/Kα-Al2O3-K, favour elongation or branching of the side chain [3, 4]. The alkylation 
over superbasic catalysts has been also utilized in industrial technologies [5, 6].  
 The aim of this study is to understand why alkylation of toluene by ethane over a 
superbasic catalyst results in the side chain elongation. Such a reaction is assumed to 
proceed according to the scheme proposed by Pines et al. [3]. In this paper we consider 
the following steps of the reaction: 

(i) Toluene adsorption on a catalyst. 
(ii) Formation of PhCH2Na: PhCH3+BNa = PhCH2Na+ BH, B - base, Ph- phenyl. 
(iii) Ethene insertion: PhCH2Na+H2C=CH2 =  PhCH2CH2CH2Na. 
(iv) Na/H exchange: PhCH2CH2CH2Na+PhCH3 =  PhCH2CH2CH3 + PhCH2Na. 
(v) Desorption of propylbenzene. 

In the modeling performed, the Na2 molecule was used as a model of the superbasic 
catalyst. To our best knowledge, the alkyloaromatics alkylation over superbasic 
catalysts has not been modeled by using quantum chemical calculations, so far.  
 
Calculations 
The calculation were performed at the B3LYP/6-311++G** level as implemented in the 
Gaussian 03 program [7]. For each minimum energy structure all harmonic frequencies 
were positive, whereas for each transition states one imaginary frequency, 
corresponding to the reaction coordinate was detected. The TSs were found by applying 
the QST3 method [8]. For all TSs, the intrinsic reaction coordinate (IRC) routine [9] 
was additionaly applied. The Gibbs free energies were also found [10]. It was assumed 
that the singlet state configuration is preserved throughout all reaction steps. 
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Results and Discussion 
 Toluene adsorption on a catalyst: The preliminary step of the alkylation reaction is 
adsorption of the reagent diffunding from bulk into the catalyst surface. Here, the 
catalyst is approximated by the Na2 molecule. Thus, the adsorption is here equivalent to 
the formation of the  toluene… Na2 complex  (R1, Fig. 1). At the B3LYP/6-311++G** 
level, such a process is barrierless and the complex formation is endoergic with Gibbs 
free energy (∆ G298) equal to ca. 3. kcal/mol.  
Formation of the PhCH2Na molecule: According to Pines et al. [3], PhCH2Na is formed 
by the Na atom exchange with a BNa molecule, where B is a base: 
 PhCH3 + BNa  =  PhCH2Na+ BH 
In this study it was assumed that the exchange occurs at the catalyst surface, i.e. the 
toluene H atom is replaced by the Na atom and the hydrogen is moved into the surface, 
and the NaH molecule is formed: 
 PhCH3 + Na2  =  PhCH2Na+ NaH 
Because there are four possible sodium toluenates: substituted at o-, m-, p-, and CH3 
positions, it was first checked that the PhCH2Na molecule more stable than the other 
three isomers by at least 7. kcal/mol Next, transition states for each of the Na/H 
exchange reactions were found and followed by the IRC. The barrier for the exchange 
towards PhCH2Na was found to be ca 36 kcal/mol and to be smaller than the 
corresponding barriers towards o-, m-, and p- sodium toluenates by ca. 20 kcal/mol. 
Thus the PhCH2Na molecule is not only more stable than the other sodium toluenates, 
but the barrier towards this compound is significantly smaller than towards the other 
isomers.  
 Ethene insertion: The next reaction step is the chain elongation that is ethene 
insertion into the C-Na bond. Two paths of such a reaction were studied: reaction of 
ethene with (i) the PhCH2Na...HNa complex, and (ii) the PhCH2Na molecule (after the 
PhCH2Na...HNa system was dissociated): 
 (i) PhCH2Na...HNa + H2C=CH2  =  PhCH2CH2CH2Na...HNa 
 (ii) PhCH2Na + H2C=CH2  =  PhCH2CH2CH2Na 
 The reaction barrier is equal to 30 and 15 kcal/mol for reaction (i) and (ii), 
respectively (Fig. 2). However, the reaction (ii) to occur requires 30 kcal/mol to be 
supplied first, to dissociate the PhCH2Na...HNa complex (Fig. 2). For the two reaction 
paths, the IRC reaction profiles confirmed that the TSs found corresponds to the 
appropriate reactions. 
 The Na/H exchange and desorption: The following step of the basic alkylation of 
toluene is the Na/H exchange yielding propylbenzene. Again, two reaction paths were 
considered: (i) the Na/H exchange between sodium propylene benzenate and toluene, 
and (ii) the Na/H exchange between sodium propylene benzenate and the NaH 
molecule: 
 As for the PhCH2Na...HNa complex, in the (i) reaction product, PhC3H6Na...HNa, 
the hydrogen atom of the NaH molecule is close to the intramolecular Na-H distance 
and the sodium atom of the NaH molecule interacts with the aromatic π-electron system 
stabilizing additionally the system (P2a, Fig. 1). On the other hand, the sodium 
propylene benzenate exhibits the side chain configuration allowing for the Na atom 
intramolecular interaction with the π-electron system (P2a, Fig. 1).   
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Fig 1. The B3LYP/6-311++G** optimized geometries of reactants, TSs, and products:  
(i) PhCH3...Na2= PhCH2Na...NaH; (R1↔TS1↔P1) 
(ii) PhCH2Na...NaH+C2H2 = PhCH2CH2CH2Na...NaH; (R2a↔TS2a↔P2a) 
(iii) PhCH2Na+C2H2 = PhCH2CH2CH2Na; (R2b↔TS2b↔P2b) 
(iv) PhCH2CH2CH2Na+PhCH3=PhCH2CH2CH2+PhCH3Na; (R3a↔TS3a↔P3a) 
(v) (v) PhCH2CH2CH2Na+NaH = PhCH2CH2CH3 + Na2; (R3b↔TS3b↔P3b) 

 
 In the first reaction, postulated by Pines et al [3], desired propylbenzene is produced 
and PhCH2Na is regenerated. In this case, the reaction barrier is equal to 18 kcal/mol 
and the reaction products are more stable than the reactants by ca. 9. kcal/mol (Fig. 2). 
 In the second reaction path, the hydrogen atom deposited at the surface, here the 
NaH molecule, returns to the organic molecule and metallic surface, here Na2, is 
regenerated. Then the molecule is desorbed from the surface: the PhCH2CH2CH3...Na2 
system dissociates. In such a case, more than 25 kcal/mol must be supplied to the 
system to overcome the reaction barrier (Fig. 1), and the product is more stable than the 
reactant complex by ca. 20 kcal/mol (Fig. 1).  

(i) PhCH2CH2CH2Na  + PhCH3  = PhCH2CH2CH3…PhCH2Na 
(ii) (ii) PhCH2CH2CH2Na...HNa = PhCH2CH2CH3...Na2 

Finally, the PhC3H7...Na2 complex dissociation requires only ca. 3. kcal/mol to be 
supplied to the system. 
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Fig. 2. The energetic scheme of the alkylation of toluene by ethane in presence of Na2 
molecule, as a basic catalyst, modeled at the B3LYP/6-311++G** level. R – all the 
reactants, P – products after dissociation of Na2 molecule, the other symbols as in Fig. 
1. 
 
Conclusions 
 Alkylation of the methyl group of toluene over a model superbasic catalyst, the Na2 
molecule, was modeled at the B3LYP/6-311++G** level assuming that the singlet state 
configuration is preserved throughout all reaction steps. It was found that: 
- In presence of the basic catalyst, Na2, the PhCH2Na formation is preferred more than 
the formation of the isomeric o-, m-, and p- toluenates. 
- The ethene insertion into the C-Na bond occurs seemingly easier for the free 
PhCH2Na molecule, a matter of 15 kcal/mole, yet in fact this requires additional 30 
kcal/mol to dissociate the PhCH2Na…HNa complex that has been formed in the 
previous step. Thus probably, the insertion to form PhCH2CH2CH2Na proceeds for the 
PhCH2Na…HNa reactant and goes trough 30 kcal/mol barrier. 
- The reaction ends by the Na/H exchange between PhC3H7Na and toluene, and 
requires the 18 kcal/mol barrier to be overcome. 
 The study confirmed accuracy of the basic alkylation scheme over 50 years ago [3]. 
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Introduction: 

The calcium ion plays a key role in many biological processes. It is decisive for 
the control of metabolism, muscle contraction and blood clotting in living bodies[1]. 
Hydration of Ca2+ ion affects a biological activity of many biochemically important 
polyelectrolytes (e.g. dextran and heparin). Thus our attention is focused on a hydration 
of calcium ion in water and water-alcohols mixtures.  
MD simulation is an effective tool to investigate the structural and dynamical properties 
of such systems, especially if the experimental methods are not decisive[2]. 
 
Potentials and details of the simulation: 

The effective potential of ion-ion and ion-solvent molecule interactions may be 
represented by the following form: 
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where rij denotes distance between interacting sites. Qij terms represent the Coulomb 
interactions, which are defined by the ion charges and the partial charges of three sites 
of the PHH[3] methanol and BJH[4] water molecules. Parameters Aij, Bij and Cij, which 
have no physical meaning, describe the non-Coulomb part of the potential energy. 
Interaction between Ca2+ and methanol molecule were represented by the recently 
derived effective potential [2] while for Ca2+ and water molecule by potential derived 
by Probst et al.[5]. The effective potentials reported by Marx et al.[6] and by Hawlicka 
et al.[7] respectively, were used for Cl--methanol and Cl--water molecules interactions. 
The ion-ion interactions were described by the effective potential elaborated by Probst 
et al.[5] and Dietz et al.[8]. All the potential parameters are given in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Table 1. Parameters Qij, Aij, Bij and Cij  for interactions of ion-solvent and ion-ion. 
i 
 

α 
 

Qiα
[kJ Ǻ mol-1] 

Aiα
[kJ Ǻn mol-1]

Biα 
[kJ mol-1]

Ciα 
[Ǻ-1]

n
 

Reference 
 

Ca OW -1832.6 -1572.6 2.5970 × 105 3.4900 2 5 
Ca HW 916.28 626.39 1.2022 × 105 6.7900 2 5 
Ca OM -1667.3  -1372.6 2.5970 × 105 3.4900 2 2 
Ca HM 972.58 933.29 8.3273 × 102 0.9600 2 2 
Ca Me 694.70 -474.93 5.1660 × 104 2.7930 2 2 
Cl OW 916.28 9.3400 1.1749 × 105 2.6727 2 7 
Cl HW -458.14 -68.270 9.0290 × 104 4.5420 2 7 
Cl OM 833.61 127.00 1.4529 × 105 3.1999 2 6 
Cl HM -486.27 -193.37 2.5086 × 104 3.3082 2 6 
Cl Me -347.34 6.7657 5.9250 × 105 3.2984 2 6 
Ca Ca 5557.6  -15198 2.6010 × 106 4.4870 6 2 
Cl Cl 1389.4  -28672 9.1704 × 105 3.3863 6 8 
Ca Cl 2778.8  -353.01 3.6608 × 105 3.0100 2 5 
 

Two MD simulations were performed for standard NVE ensemble at 298K. The 
concentration of CaCl2 was equal 0.52 and 0.50 M for mixtures containing 5 and 10 
mol% of methanol in water, respectively. Thus the periodic cubes contained 400 solvent 
molecules, 4 cations and 8 anions. Their lengths were calculated from experimental 
densities at 298 K. Initial configurations were obtained by random placement of 
particles in the cubic box. Ewald summation was applied for Coulomb interactions, and 
the shifted force potential method was used for all non-Coulomb ones. The simulation 
time step was 0.25 fs. After about 5 ps of equilibration, simulations of systems were 
extended up to 150 ps. Velocities and coordinates of all sites were collected in 1 fs 
intervals for half of the total time and in 10 fs intervals for the rest of simulation. In both 
simulations the stability of the potential energy was better than 0.1%. 
 
Results and discussion: 

The nearest surrounding of the ions in methanol-water mixtures is described by 
5 radial distribution functions (OM, OW, HM, HW, Me). The  Ca2+O and Cl-O radial 
distribution function are depicted in Fig. 1 and 2, respectively. As seen from Fig.1 the 
Ca2+OM and Ca2+OW radial distribution function for methanol and water, respectively 
are completely different. The Ca2+OW function exhibits a sharp peak at (0.240 ± 0.002) 
nm. Its position is the same in both systems, 5 and 10 mol% of methanol in water and is 
very close to that in aqueous CaCl2 solution (0.237 ± 0.002) nm. For all systems the 
heights of these maxima are comparable. As seen from Fig. 1. the maximum for Ca2+OM 
is not observed. This means that the methanol molecules do not enter the calcium ion 
coordination shell. 

The Cl-OM radial distribution function shows a sharp peak at (0.320 ± 0.002) nm. 
This distance is shorter than in methanolic CaCl2 solution (0.327 ± 0.002) nm[2]. The 
height of Cl-OM function in methanol-water CaCl2 solution is almost three times as high 
as in the case of methanolic CaCl2. As seen from Fig. 2. the Cl-OW radial distribution 
function is worse pronounced. This maximum, located at about (0.320 ± 0.002) nm is 
significantly lower than in the case of Cl-OM function in spite of much higher 

 



concentration of water than methanol. That leads to the conclusion that methanol 
molecules in the Cl- coordination shell are more fixed as compared with water ones. 
This is probably due to the hindered rotation. 

The first coordination shell of calcium ion consists of 9 or 10 (nW=9.7) water 
molecules but it does not contain methanol molecules. The first coordination shell of the 
chloride ion is completely different. Even in very diluted solution of methanol (5 mol%) 
the coordination shell of Cl- contains a few (nM=1.6) methanol molecules and about 6 
water molecules. As the amount of methanol increases the number of methanol 
molecules in the Cl- coordination shell doubles (nM=3.0) whereas the number of water 
molecules decreases to about 4÷5 (nW=4.4).  
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Fig. 1. Ca2+O radial distribution function for methanol (solid) and water (dashed) in 5 

mol% methanol in water CaCl2 solution. 
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Fig. 2. Cl-O radial distribution function for methanol (solid) and water (dashed) in 5 

mol% methanol in water CaCl2 solution. 
 
In order to investigate the hydrogen bonds network numbers and lifetime of the 

H-bonds were computed separately for whole system and for the ion coordination 
shells. A geometric criterion of the H-bond was used. That defines the distance between 

 



oxygens of the nearest neighbours ROO, the distance between the hydrogen and oxygen 
of the H-bond acceptor ROH, and the angle φ between the OH intramolecular bond of the 
H-donor and the line connecting the oxygens [9]. 

In the simulated systems the number of H-bonds per one solvent molecule is 
independent of methanol concentration and is equal <nHB>M=2 and <nHB>W=3 for 
methanol and water, respectively. In calcium hydration shell the significant decrease of 
<nHB> is observed. These values are 1.1 and 1.9 for 5 and 10 mol%, respectively. For 
the chloride ion coordination shell H-bond numbers are slightly lower than for the 
whole solutions. These results <nHB>M=1.7 and <nHB>W=2.4, for methanol and water, 
respectively are closer to the average HB-numbers, as compared with the results 
obtained for cation.  

The average lifetime of H-bonds is equal (0.518 ± 0.002) ps and (0.412 ± 0.002) 
ps for 5 and 10 mol%, respectively. The calcium ion field probably hinderes a rotation 
of water molecules causing a slight elongation of the H-bond lifetime. The lifetime of 
H-bonds in the chloride ion coordination shell is either comparable (for 5 mol%) or 
slightly shorter (for 10 mol%) than for whole system. Our results show that the addition 
of CaCl2 stabilizes the hydrogen bonds network in methanol-water mixtures [9] and this 
effect is more observable in the case of 5 mol% solution.  
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 The studies were carried out with ternary Co(II) – Imid – L-(α)-Amac systems 
(where Imid = imidazole; Amac = amino acid, 1,3-diazole). In the initial material cobalt 
and imidazole are found in a polymeric, tetrahedral complex [Co(imid)2]n. Volumetric 
and pH-metric investigations indicated that the systems under discussion  in aqueous 
solutions, at temperature close to 0 °C, are capable of activation and reversible uptake 
of molecular oxygen. The “active” compounds, examples of synthetic oxygen carriers, 
contain two chelated amino acid molecules and one imidazole molecule in axial 
position. The sixth coordination site in the oxygenated species may be occupied by 
dioxygen which replaces the water molecule from the oxygen-free species [1,2]. These 
systems give rise to much more efficient and reversible dioxygen carriers than the one 
forming in simple ternary mixtures of a Co(II) salt, amino acid and imidazole [3,6]. 
 Although their spectroscopic properties are already well known, the equilibrium 
constants KO2 of the reversible oxygenation were only roughly calculated (estimated) 
under the assumption that the free cobalt concentration may be neglected as almost the 
whole metal occurs either in the oxygen-free “active” complex or in the oxygen adduct 
[3]. The latter assumption is justified mainly at large excess of the amino acid but 
generally the more correct value of  KO2 may be obtained only when regarding all the 
equilibria found in the solution. The calculations presented here where made for L-(α)-
alanine by taking into consideration the known protonation and complexation equilibria 
under inert atmosphere and similar conditions [4,5].  
 

Simplified method of KO2 determination 
 

According to the stoichiometry of the reversible dioxygen uptake [2,3], we can 
write the following equilibrium: 
 
 CoII(Himid)Amac2H2O + O2  [CoIII(Himid)Amac2]2O2

2- + 2 H2O (1) 
  “active” complex O2 adduct 

The simplified mass balance for cobalt makes it possible to find the free concentration 
of the “active” complex as the total concentration: 
 
CCo = [Co] + [other complexes] + [“active” form] + 2CAdduct ≈ [“active” form] + 2CAdduct

 (2) 
 
by assuming that free concentrations of the other complexes with alanine and imidazole 
as well the free concentration of the metal may be neglected. The term “other 



complexes” comprises the simple, consecutive species and also the second heteroligand 
complex of MLL’ type, found in a corresponding solution under inert atmosphere [4,5].  
Hence, after rearrangement: 
 AdductCoform active CC 2][ −=  (3) 

and finally, the oxygenation constant: 
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The equilibrium concentration of dioxygen, [O2], was calculated on the basis of the 
known oxygen solubility in water under the defined conditions. 
 

Determination of KO2 on the basis of the full mass balance 
 

The mass balance equations for the metal, Co, amino acid, L, and imidazole, L’, 
lead to the non-linear equation system: 
 
f1 ([Co], [L], [L’]) = 0 
f2 ([Co], [L], [L’]) = 0 (5) 
f3 ([Co], [L], [L’]) = 0 

where: 
 
f1 = CCo – Y[Co] – [Co](β1 [L] + β2 [L]2 + β3 [L]3) – [Co](β1im [L’] + β2im [L’]2 + β3im 

[L’]3 + β4im [L’]4 + β5im [L’]5) – β111 [Co][L][L’]  – β121 [Co][L]2[L’] – 2 CO2 
 
f2 = CL – Y1[L] – [Co](β1 [L] + 2β2 [L]2 + 3β3 [L]3) – β111 [Co][L][L’] – 2β121 

[Co][L]2[L’] – 4 CO2 
 

f3 = CL’ – Y2[L’] – [Co](β1im [L’] + 2β2im [L’]2 + 3β3im [L’]3 + 4β4im [L’]4 + 5β5im [L’]5) – 
β111 [Co][L][L’] – β121 [Co][L]2[L’] – 2 CO2 

 
The total concentrations and formation constants: 

CCo – total concentration of cobalt,   
CL – total concentration of ligand A, alanine, 
CL’ – total concentration of ligand B, imidazole, 
CO2 – total concentration of bound oxygen (also of the dimeric oxygen adduct), 
β1, β2, β3 – overall stability constants of binary Co(II)-alanine complexes 
β1im, β2im, β3im, β4im, β5im –  overall stability constants of binary Co(II)-imidazole 

complexes 
β111, β121 – summary stability constants of Co(II)-alanine-imidazole ternary complexes 
 
The share of the hydrolyzed aquo-ion and the protonated forms of both the ligands was 
denoted by: 
 
Y = 1 + (1/KOH[H]) 



Y1 = 1 + β1H[H] + β2H[H]2

Y2 = 1 + β1Him[H] 

where: 

KOH – hydrolysis constant of Co(II)aq

β1H, β2H – summary protonation constants of alanine 
β1Him – protonation constant of imidazole N3 
 
The equation system was solved numerically against [Co], [L] and [L’] by our own 
program based on the Newton procedure [7] and also by Mathcad 13 (Mathsoft 
Engineering&Education, Inc.).  
 

Results and discussion 
 

The measurements were carried out at the constant amounts of cobalt and 
imidazole (according to the experimental requirements) – 0.3 / 0.6 mmole at the sample 
volume of 30 cm3. Hence, the total concentration of cobalt equaled 0.01 mol dm-3. On 
the other hand, the excess of amino acid was variable.  
 
Table 1 Results of numerical calculations in the cobalt(II) – L-α-alanine – imidazole – 

O2 system. Temp. ~0  °C, I = 0.5 (KNO3). Concentrations in mol dm-3. 
 

Mmole ratio 
 Co : Amac : 

Imid 

 
[Co], [Amac], 

[Himid], log KO2 
 

Newton 
procedure Mathcad 13 Simplified

method  

0.3 : 0.375 : 0.3 

[Co] 
[Amac] 
[Himid] 

log KO2 

1.224·10-3 

4.884·10-7 

1.678·10-3 

16.920 

1.224·10-3 

4.884·10-7 

1.678·10-3 

16.920 

 
 
 

5.030 

0.3 : 0.5 : 0.3 

[Co] 
[Amac] 
[Himid] 

log KO2 

5.714·10-4 

3.743·10-5 

1.188·10-3 

10.455 

5.713·10-4 

3.744·10-5 

1.188·10-3 

10.455 

 
 
 

5.669 

0.3 : 0.6 : 0.3 

[Co] 
[Amac] 
[Himid] 

log KO2 

6.701·10-5

3.272·10-4 

7.893·10-4 

8.954 

6.701·10-5

3.272·10-4 

7.893·10-4 

8.954 

 
 
 

6.301 

0.3 : 0.75 : 0.3 

[Co] 
[Amac] 
[Himid] 

log KO2 

1.570·10-6

1.588·10-3 

2.689·10-4 

10.441 

1.570·10-6

1.588·10-3 

2.689·10-4 

10.441 

 
 
 

7.460 



As it follows from Table 1 the solutions of equation system (5), obtained by both 
numerical methods, were positive and almost identical at Amac : Co ratio from 1.25 : 1 
up to 2.5 : 1. The free concentrations of cobalt decrease with the rising excess of amino 
acid. At the same time there is also an observable rise in free Amac concentrations and a 
relatively lower decrease in [Himid]. The log KO2 values were distinctly different than 
the values resulting from the simplified method. Particularly at the lower amounts of 
Ala the differences reached many orders of magnitude. This effect may be explained by 
a relatively low degree of complexation under such conditions and also by the observed 
incomplete solubility of the [Co(imid)2]n polymer at deficiency of the amino acid. 

At the Amac : Co ratio not much less than 2 : 1 and higher, the log KO2 based on 
full mass balance was similar to the one obtained by simplified calculations. The best 
consistence could be found at stoichiometric ratio 2 : 1 – the difference was only in two 
orders of magnitude. Such a difference is quite justifiable if the simplified balance does 
not take into account any other complex species in the solution except of the “active” 
complex and the complex equilibria are treated as entirely shifted towards formation of 
the oxygen dimer. 

 
Conclusions 

 
 The approximate value of log KO2 reported up to now for L-α-alanine, obtained 
at excess of the amino acid, amounted to 6.95 [3], which is a number comparable with 
our results shown in Table 1 for Amac : Co = 2 : 1 and 2.5 : 1. Thus, the higher values 
resulting from the full mass balance calculations may be evidently attributed to an 
essential share of other species, not active in the dioxygen uptake. Moreover, as the only 
accessible formation constants used in the mass balance referred to a higher temperature 
(25 °C), the final log KO2 is rather an approximation of the exact value that could be 
found by applying the proper formation constants (determined at ~0 °C). Nevertheless, 
the method based on a full mass balance, described herein, seems to be a general 
method also for other mixed systems derived from the [Co(imid)2]n polymer, involving 
all the accepted equilbria present in the inert solution.  
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Abstract 
     The synthesis of isotopomer of L-DOPA selectively labeled with deuterium, i. e., [2-
2H]-L-DOPA, is reported. This compound was obtained in two step synthesis. In the 
first step by enzymatic introduction of deuterium into 2 position [2-2H]-L-tyrosine was 
afforded. In next step [2-2H]-L-tyrosine was converted to L-DOPA by enzymatic 
hydroxylation catalyzed by enzyme tyrosinase (EC 1.14.18.1) from mushrooms 
Neurospora crassa. 
 
Introduction 
     L-DOPA (3’,4’-dihydroxy-L-phenylalanine) plays a significant role in many 
metabolic processes [1-4]. It is precursor of biogenic amine dopamine, DA, a important 
neurotransmitter in the nervous system of mammals [5-7]. In the living cells L-DOPA is 
produced by enzymatic hydroxylation of L-tyrosine, L-Tyr, catalyzed by tyrosinase EC 
1.14.18.1). Subsequently dopamine is formed in brain as a result of decarboxylation of 
L-DOPA catalyzed by enzyme Aromatic L-Amino Acid Decarboxylase (EC 4.1.1.28), 
[8-10], Scheme 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     From the many years L-DOPA as a drug drew attention among biologists and 
medical doctors and researchers as a disorders in enzymatic decarboxylation of L-
DOPA responsible for production of dopamine lead to disturbances of the brain 
functions and subsequently to many pathologies including also Parkinson disease [11-
14]. 
     The mechanisms of enzymatic hydroxylation of L-Tyr and decarboxylation of L-
DOPA are not clear up to now, so it would be interesting to investigate this problem 
using kinetic isotope effect method, KIE. Determination of numerical values of KIE for 
these two reactions depicted in Scheme 1 allows to characterize the active complexes 
formed in transition step determining rate of reaction, find the bonds involved in 
formation of transition state, and elucidate other mechanism details [15]. For KIE 

EC 4.1.1.28EC 1.14.18.1

Scheme 1. Enzymatic conversion L-tyrosine into dopamine via L-DOPA
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studies specifically labeled isotopomers of L-Tyr, L-DOPA and DA are needed. In this 
paper, a synthesis of specifically labeled with deuterium compounds [2-2H]-L-DOPA is 
presented. 
 
Result and discussion  
     The chosen synthetic path for obtain of [2-2H]-L-DOPA consists of two steps, 
Scheme 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the first step the deuterium label was introduced into 2-position by enzymatic 
isotopic exchange between fully deuteriated incubation medium and L-Tyr catalyzed by 
enzyme tryptophanase (EC 4.1.99.1) from E. coli. In some conditions this enzyme 
causes labilization of hydrogen attached to α-carbon of many native L-amino acids and 
facilitates the H/D exchange with heavy water [16,17]. In the next step deuteriated [2-
2H]-L-DOPA was afforded by enzymatic hydroxylation of intermediate [2-2H]-L-Tyr 
using enzyme tyrosinase (EC 1.14.18.1) isolated from mushrooms Neurospora crassa 
[18,19].  
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Scheme 2. Enzymatic synthesis of [2-2H]-L-DOPA
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     In the final step some precautions have been taken because tyrosinase immediately 
mediates the oxidation of L-DOPA to dopaquinone. Addition of ascorbic acid to 
incubation medium allows to reduce dopaquinone back to L-DOPA, and to afford a 
good yield in this step [20], Scheme 3. The degree and position of deuterium 
incorporation into L-Tyr and L-DOPA were determined by means of 1H NMR spectra. 
 
Experimental 
1. Synthesis of [2-2H]-L-tyrosine, 1. A sample of 22.8 mg (0.126 mmol) of L-tyrosine 

was dissolved in 42.0 ml of fully deuteriated 0.05 M K2DPO4 buffer (pD 8.3), and 
next 1.1 mg of pyridoxal phosphate, PLP, and 300 U of enzyme tryptophanase from 
E. coli (EC 4.1.99.1) were added. The reaction mixture was incubated for 7 day in 
room temperature. After incubation the enzyme was removed by centrifugation, and 
the mixture was loaded on the chromatographic column (10 x 100 mm) filled with 
Amberlite IR-120 (H+). First, the buffer salts were washed out with distilled water, 
and in next step 1 was eluted with 0.3 M NH3(aq) and collected as 6 ml fractions. 
The fractions containing 1 were pooled and evaporated to dryness under reduced 
pressure. As a result 22.4 mg sample of 1 was obtained (98% yield). 1H NMR 
analysis shown that the incorporation of deuterium at the α-C of 1 proceeds with 
nearly 100% yield. The purity of product was checked by TLC (silica gel; 
acetonitril: water = 4:1). 

2. Synthesis of [2-2H]-L-DOPA, 2. A sample of 10 mg (0.055 mmol) of [2-2H]-L-
tyrosine was dissolved in 10 ml of 0.1 M K2HPO4 buffer adjusted to pH 6.8 with  
solid ascorbic acid. To this solution 5000 U of enzyme tyrosinase from Neurospora 
crassa (EC 1.14.18.1) were added. This mixture was incubated for 24 h in room 
temperature. After incubation the enzyme was removed by centrifugation, and the 
residual solution was loaded on the chromatographic column (10 x 100 mm) filled 
with Al2O3 (chromatography active Brockmann, POCh Gliwice) equilibrated to pH 
6.1 with 0.5 M ammonium acetate [3]. First, the unreacted 1 was washed out with 
0.5 M ammonium acetate (pH 6.1), and in next step 2 was eluted with 0.5 M acetic 
acid and collected as 6 ml fractions. The presence of 2 in each fraction was checked 
with potassium iodide (KIO3). Fractions containing 2 were pooled, acidified with 
conc. HCl to pH 1, and evaporated to dryness under reduced pressure. The residue 
was dissolved in 2 ml of water and once again loaded on the same column as above 
early washed with water. The residual ammonium acetate was washed out with 
water and product 2 was eluted with 0.5 M acetic acid. Fractions containing 2 were 
combined and evaporated under reduced pressure, and next evaporated to dryness 
under vacuum leaving 3.4 mg of 2 (yield 31%). Purity was checked by TLC as 
above. 

 
Acknowledgements 
This work was supported by grant BST-112123 
 
References 
[1]  L. Stryer, Biochemistry,  Freemann, 3thr Edition, New, York,1988. 
[2]  S. H. Pomerantz, J. Biol. Chem., 228 (1963) 2351 
[3]  S. H. Pomerantz, Biochem. Biophys. Res. Comm., 16 (1964) 188 
[4]  S. H. Pomerantz, M. C. Warner, J. Biol. Chem., 242 (1967) 5308 
[5]  M. M. Wick, G. Fitzgerald,  Chem. Biol. Interactions, 38 (1981) 99 



[6]   R. T. Premont, R. R. Gainetdinov, M. G. Caron, Proc. Natl. Acad. Sci., 98 (2001)  
       9474 
[7]   A. Nieoullon,  A. Coquerel, Curr. Opin. Neurol., 16 Suppl 2 (2003) 3 
[8]   W. Lovenberg, H. Weissbach, S. Udenfriend, J. Biol. Chem., 237 (1962) 89 
[9]   C. Borri-Voltattorni, A. Minelli, P. Vecchini, A. Fiori, C. Turano, Eur. J. Biochem., 
       93 (1979) 181  
[10] T. L. Sourkes, Methods in enzymology, Academic Press, New York, 147 (1987)  
       170 
[11] P. Bjurling, Y. Watanabe, S. Oka, T. Nagasawa, H. Yamada, B. Långström, Acta  
        Chem. Scand., 44 (1990) 183 
[12] R. Ceravolo, D. Volterrani, G. Gambaccini, S. Bernardini, C. Rossi, C. Logi, G.   
       Tognoni, G. Manca, G. Mariani, U. Bonuccelli, L. Murri, Neural. Transm., 111 
       (2004) 1065  
[13] J. Li, M. Zhu, A.B. Manning-Bog, D.A. Di Monte, A.L. Fink, FASEB J., 18 (2004) 
       962  
[14] K. J. Lindner, P. Hartvig, J. Tedroff, A. Ljungström, P. Bjurling, B. Långström,  
       J. Pharmaceut. Biomed. Anal., 13 (1995) 361 
[15] F. Cook, Enzyme mechanism from isotope effects, CRS Press, Boca Raton, Fl,  
        USA, 1991. 
[16] K. D. Schnackerz, E. E. Snell, J. Biol. Chem., 258 (1983) 4839 
[17] Y. Kawata, S. Tani, M. Sato, Y. Katsube, M. Tokushige, FEBS, 284 (1991) 270 
[18] H. Claus, H. Decker, Syst. Appl. Microbiol., 29 (2006) 3 
[19] V. J. Hearing, T. M. Ekel, Biochem. J., 157 (1976) 549 
[20] R. Ros, J. N. Rodríguez- López, F. García-Cánovas, Biochem. J., 259 (1993) 309 
 
 
 
 



ENZYMATIC SYNTHESIS OF ISOTOPOMERS OF TYRAMINE 
LABELED WITH DEUTERIUM AND tritium 

Edyta Panufnik, Marianna Kańska* 
 

Department of Chemistry, University of Warsaw, Pasteur 1 Str., 02-093 Warsaw 

 

Summary 
The combined chemical and enzymatic methods of synthesis of five isotopomers of L-tyrosine, L-Tyr, 
and their derivatives, i.e., corresponding isotopomers of tyramine, TA, labeled with deuterium and 
tritium have been reported. Two step synthesis consists with introduction of deuterium or tritium label 
into intermediate L-Tyr using isotope exchange followed by enzymatic decarboxylation using enzyme 
tyrosine decarboxylase (EC 4.1.1.25). This way five isotopomers of L-tyrosine, i.e. [2-2H]-L-, [2-3H]-
L-,[2-2H/3H]-L-, [3’,5’-2H2]-L-,[3’,5’-3H2]-L-Tyr, and six isotopomers of tyramine i. e., [1S-2H]-, [1S-
3H]-, [1S-2H/3H]-, [3’,5’-2H2]-, [3’,5’-3H2]-, [2’,6’-2H2]-tyramine were obtained. 
Introduction 
Tyramine, TA, a biogenic amine, found in plant cells and mammalian tissues and fluids, play an 
important role in very metabolic processes. It is one of the neurotransmitters  in central nervous 
systems in human1-3 and a substrate for enzymatic hydroxylation to other important neurotransmitter 
i.e., dopamine [4,5]  As a intermediate tyramine is responsible for generating the melanin in human 
and for browning fruits and vegetables.4,5 In the living cells tyramine is produced by enzymatic 
decarboxylation of L-tyrosine, L-Tyr, catalyzed by enzyme tyrosine decarboxylase (EC 4.1.1.25)6, Fig. 
1. 
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EC 4.1.1.25
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EC 1.14.18.1
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Fig.1. Enzymatic conversion of L-tyrosine into tyramine and dopamine 

Despite many literature data the mechanisms of two above depicted reactions are not completely 
understood. It would be interesting to study these decarboxylation and hydroxylation reactions using 
isotope effects methods. 7-10 Determination of  numerical values for solvent isotope effects, SIE,  and 
kinetic isotope effects, KIE, will be useful for distinguishing between the alternative intrinsic details, 
allows find the bonds involved in formation of active complex etc. For this kind of investigation the 
specifically labeled isotopomers  of L-Tyr and TA are needed. In this paper the combined chemical 
and enzymatic methods of synthesis of ring and side chain labeled with deuterium and tritium five 
isotopomers of L-Tyr and six isotopomers of TA are described. 
 
Result and discussion  
      For synthesis of labeled in 2-position of side chain L-Tyr, a substrate to obtaining a corresponding 
isotopomers of tyramine, we modified some methods early described.11-17 The synthetic path depicted 
in Fig. 2 consists of using subsequently two enzymes; first of them, i.e., tryptophanase (EC. 4.1.99.1) 
introduces the label (deuterium or tritium into 2-position of L-Tyr, second one, i.e., tyrosine 



decarboxylase (EC 4.1.1.25) is catalyzing the carboxylation of labeled L-Tyr to TA. In the course of 
decarboxylation of L-Tyr a solvent proton replaces the carboxyl group with retention of 
configuration.18, 19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Enzymatic synthesis of compounds of L-tyrosine and tyramine labeled with deuterium 
and tritium at side chain 

 
Therefore, the obtained by enzymatic decarboxylation of isotopomers of L-Tyr (2, 3 and 4) the labeled 
isotopomers of TA (5, 6 and 7) retain the label (deuterium or tritium) at configuration S., Fig. 3. 
 
 
 
 
 
 
 
 
               α- amino acid                                                                     [1S-H]-α-amine 
 
Fig. 3. Retention of configuration in the course of enzymatic decarboxylation of α-amino acids 
The deuterium, labeled [3’,5’-2H2]-TA, 9, was synthesized in two different ways. The first one consists 
with two steps, Fig 4.   
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. The combined chemical and enzymatic conversion of L-Try into [3’,5’-2H2]-TA. 
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    In the first one using H/D isotope exchange method between heavy water and L-tyrosine a 
intermediate [3’,5’-2H2]-L-Tyr⋅DCl, 8, was achieved. In the acid catalyzed conditions the exchange 
between D2O an L-Tyr, 1, introduces deuterium exclusively into orto position16 (respectively to  ring 
hydroxyl group) in tyrosine yielding above mentioned isotopomer 8 . To avoid isotopic dilution the 
exchange was carried out in fully deuteriated medium (D2O/DCl). The second step consists with 
enzymatic decarboxylation of deuteriated L-tyrosine, 8, to desired product, 9, catalyzed by enzyme 
tyrosine decarboxylase (EC 4.1.1.25) from Streptococcus faecalis.  The same manner the commercial 
[2’,6’-2H2]-L-Tyr was decarboxylized to [2’,6’-2H2]-TA, 10 isotopomer.13 The position and degree of 
incorporation of deuterium into aromatic ring of L-tyrosine and tyramine were determined using 1H 
NMR spectra. 
    In the second direct synthetic route deuteriated [3’,5’-2H2]-TA⋅DCl, 11, as well as, tritiated [3’,5’-
3H2]-TA, 12, were obtained in the course of acid catalyzed isotopic exchange20 carried out between 
deuteriated or tritiated water and unlabeled tyramine, Fig. 5. In this case, as mentioned above, the 
deuterium is incorporated exclusively in 3 and 5 ring position of tyramine. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Acid catalyzed hydrogen exchange between tyramine and D2O or HTO 
Experimental 
Materials 
      Tritiated water was purchased from ICN Pharmaceutical Inc, Irvine Ca, USA. Deuteriated water 
(99.9 % deuterium), solutions of 37% DCl/D2O,  83% D3PO4/D2O, and 30% KOD/D2O needed for 
preparation of fully deuteriated phosphate buffer were obtained from Polatom (Poland). Deuteriated 
[2’,6’-2H2]-L-tyrosine was from Sigma. Scintillation cocktail was purchased from Rotiszint 
(Germany). TLC plates (DC Plastikfolien Aluminiumoxid 60 F256, neutral, type E), and Kieselgel 60 
were from Merck. The enzymes: tryptophanase (EC 4.1.99.1) from E. coli and tyrosine decarboxylase 
(EC 4.1.1.25) from Steptococcus faecalis, and coenzyme  pyridoxal 5-phosphate, PLP, were purchased 
from Sigma. L-Tyrosine and tyramine hydrochlorides, and other chemicals, needed for the enzymatic 
synthesis and control experiments, were obtained from Sigma.  
Methods 
     The proton NMR spectra were recorded in DMSO-d6 or D2O using TMS as internal standard on 
Varian 200 MHz Unity-Plus spectrometer. The radioactivity of all samples was determined using 
liquid scintillation technique on automatic counter LISA  LSC PW470 (Germany). 
Synthesis 
1. Synthesis of [2-2H]-L-tyrosine, 2. In incubation vial containing 42 ml of heavy water (99,8% atom 

D) were dissolved in turn: 27.3 mg (0.126 mmol) of L-tyrosine hydrochloride, 1, 371 mg (2.13 
mmol) of K2HPO4, and 1.1 mg (4.5 µmol) of PLP. This reaction medium was adjusted to pH 8.3 
with solid KH2PO4, and about 1 U of enzyme tryptophanase isolated from E. coli (EC 4.1.99.1) 
was added. This reaction mixture was incubated for 7 days in room temperature. The exchange 
was quenched by immersing the vial in hot water for a few minutes. The precipitated proteins 
were separated by centrifugation, and the supernatant was loaded onto the column (Amberlite 120, 
H+; 10×100 mm) and 2 was eluted with 0.3 M NH3(aq). The presence of tyrosine in each eluted 
fraction was checked by TLC (silica gel, eluent: methanol - 25% NH3(aq); v/v, visualization by 
ninhydrine). The fractions containing 2 were combined and solvent was evaporated under reduced 
pressure at 50oC. The precipitated crystals was washed with ethanol and ethyl ether, and dried 
under vacuum. As a result 22.2 mg (0.123 mmol) of 2 was obtained (97% yield). The 1H NMR 

(3',5'- 2H2]-TA, 9
         or
(3',5'- 3H2]-TA, 11

o

D2O / DCl  or  HTO / HCl

         100  C, 24 h

D/T

HO
NH2

D/T

HO
NH2.HCl

tyramine.HCl



spectrum shown near 100% incorporation of deuterium into 2-position of 2. 1H NMR (200 MHz, 
DMSO-d6): δ 3.03 (1H, β-H, d, 14.4 Hz), 3.18 (1H, β-H, d, 14.4 Hz), 6.89 (2H, ArH, d, 8.7 Hz), 
7.18 (2H, ArH, d, 8.7 Hz). Signal from α-proton i.e., δ 3.93 (1H, α-H, dd, 5,7 Hz) disappeared. 

2. Synthesis of [2-3H]-L-tyrosine, 3. To 2.8 ml of 0.05 M potassium phosphate buffer (pH 8.3) was 
added in turn; 0.2 ml of tritiated water (total radioactivity of 55.6 GBq), 11.7 mg (54 µmol) of L-
tyrosine hydrochloride, 1, 1 µl of PLP, and 0.5 U of enzyme tryptophanase. The reaction mixture 
was incubated for 5 days at 30oC. The reaction was quenched by adding 40 µl of conc. HCl. 
Tritiated water was removed by lyophilisation, and a residue dissolved in small amount of water 
was loaded onto a column (Amberlite IR 120, H+, 10×100 mm). The column was washed with 
water to remove the buffer salts and a rest of tritium from labile positions of tyrosine up to the 
moment when radioactivity of eluted fraction was close to background. Next, 3 was eluted with 
0.3 M NH3(aq) and collected as 5 ml fractions. From each fraction the 10 µl sample was taken for 
radioactivity assay. The fractions containing 3 were combined and treated as  described in point 1. 
As a result a 9.5 mg  (52.5 µmol) of 3 with total radioactivity of 1.94 MBq was obtained (97% 
radiochemical yield, specific activity – 3.7×107 Bq/mmol). 

3. Synthesis of doubly labeled [2-2H/3H]-L-tyrosine, 4. A 4.3 mg (19.8 µmol) sample of L-tyrosine, 
1, was dissolved in 1.5 ml of fully deuteriated phosphate buffer (pD 8.3) prepared with 83% 
D3PO4/D2O,. 30% KOD/D2O and heavy water. To this solution were added in turn: 0.26 U of 
enzyme tryptophanase, 1 µmol PLP in D2O, 10 µl of mercaptoethanol, and 0.3 ml of tritiated 
water with total radioactivity 58 GBq. The reaction mixture was incubated at 30oC for 7 days with 
constant stirring. The reaction was quenched by adding 40 µl of conc. HCl. The procedure of 
separation and purification of 4 was the same as described in points 1 and 2. As a result a 3.4 mg 
(18.8 µmol) sample of 4 with total radioactivity of 7.8 ×105 Bq was obtained (94% radiochemical 
yield, specific activity - 4.15×107 Bq/mmol). 

4. Synthesis of [1S-2H]-tyramine, 5. To incubation vial containing 5 ml of 0.1 M phosphate buffer 
were added: 3.5 mg (19.3 µmol) sample of early obtained 2, 1 µmol of PLP, and 1 mg (12.5 U) of 
enzyme tyrosine decarboxylase (EC 4.1.1.25) from Streptococcus faecalis. The reaction mixture 
was thermostated for 1 hour at 37oC. Next, the post reaction mixture was loaded onto the Kieselgel 
60 (10×100) column and eluted with solution: methanol: 25% NH3(aq), (20:1, v/v), and collected as 
1.5 ml fractions. The presence of tyramine in each eluted fractions was checked by TLC as 
described in point 1. The fractions containing tyramine were combined and evaporated under 
reduced pressure at 50oC. As a result 2.1 mg (15.3 µmol) sample of 5 was obtained with 80% 
chemical yield. 

5.  Synthesis of [1S-3H]-tyramine, 6. Decarboxylation of  3.5 mg sample of [1-3H]-L-tyrosine, 3, 
(obtained as described in point 2) with total radioactivity 7.1×105 Bq was preceded the same 
manner as in the case of deuteriated one (see point 4). The presence of labeled compounds in 
eluted fractions was checked by radioassays as described in point 2. The fractions containing 6 
were combined and evaporated under reduced pressure. The purity of product was checked by 
TLC as above. As a result 1.6 mg (11.6 µmol) sample of 6 with  total radioactivity of 4.25 ×105 
Bq was obtained (60% radiochemical yield, specific activity of 3,66×107 Bq/mmol). 

6. Synthesis of doubly labeled [1S-2H/3H]-tyramine, 7. The synthesis of this isotopomer of tyramine 
was carried out as described in point 5. In decarboxylation procedure all sample of 4  (3,4 mg, 
total radioactivity of 7.8×105 Bq) was used. A.1.7 mg (12.5 µmol) sample of 7 was obtained with 
total radioactivity of 5.15×105 Bq (66% radiochemical yield, specific activity 4.1×107 Bq/mmol). 

7. Synthesis of deuteriated [3’,5’-2H2]-L-tyrosine·DCl, 8. A sample of 200 mg of L-tyrosine 
hydrochloride, 1, was dissolved  in 6 ml of 2 M deuteriochloric acid (5 ml of D2O + 1 ml conc. 
DCl/D2O) and placed in glass ampoule. The ampoule was connected to vacuum apparatus, its 
contains frozen with liquid nitrogen, degassed under vacuum, and sealed. The ampoule was heated 
at 100oC for 24 h. Next, ampoule was cooled to room temperature, opened, and water with 
deuteriochloric acid were removed by lyophilisation under vacuum. As a result 197 mg of 8 was 
obtained (97% yield). The analysis of 1H NMR spectrum (DMSO-d6, TMS, 200 MHz Unity plus 
spectrometer) shown near 100% deuterium incorporation into 3’ and 5’ position of 8. 1H NMR -: δ 
3.03 (1H, β-H, d, 14.4 Hz), 3.18 (1H, β-H, d, 14.4 Hz), 3,93 (1H, α-H, dd, 5,7 Hz), 7.18 (2H, ArH, 



d, 8.7 Hz). Signal from 3’ and 5’ of ring protons, i.e., δ 6.89 (2H, ArH, d, 8.7 Hz) disappeared. 
Purity of product checked by TLC shown negligible amount of impurities (silica gel, 
methanol:25%NH3(aq), 20:1, v/v; visualization by ninhydrine). So, this crude product was taken for 
further enzymatic decarboxylation without purification.  

8. Synthesis of [3’,5’-2H2]-tyramine, 9. To incubation vial containing 6 ml of 0.1 M phosphate buffer 
were added: 4.7 mg (19.3 µmol) of deuteriated L-Tyr·DCl, 8 , early obtained, 1 µmol of PLP and 
12.5 U of enzyme tyrosine decarboxylase (EC 4.1.1.25) from Steptococcus feacalis. The 
incubation mixture was thermostated for 1 h at 37oC. Next, reaction mixture was loaded onto the 
Kiesegel (E. Merck) column (10x100 mm) and eluted with solution methanol:25% NH3(aq), 20:1, 
v/v. The eluent was collected as 1.5 fractions. The presence of tyrosine and tyramine in each 
fraction was tested as above by TLC.  The fractions contained 9 were combined, evaporated under 
reduced pressure at 50oC, and finally under vacuum. As a result 2.1 mg (15.3 µmol) of 9 was 
obtained with 80% yield. 1H NMR (200 MHz, D2O): δ 2.91 (2H, β-2H, t, 37 Hz), 3.23 (2H, α-2H, 
t, 37 Hz), 7.20 (2H, ArH, d, 20 Hz). Signal from 3’ and 5’ of ring-protons, i.e., δ 6.89 (2H, ArH, d, 
21 Hz) disappeared. 

9. Synthesis of [2’,6’-2H2]-tyramine, 10. This deuteriated isotopomer of tyramine was obtained by 
decarboxylation of commercial [2’,6’-2H2]-L-tyrosine the same manner as described in point 8. 
For decarboxylation 3,5 mg (19.3 µmol) substrate were taken and as a result 2.1 mg (15.3 µmol) 
of  10 was obtained with 80% yield. 

10.  Synthesis of [3’,5’-2H2]-tyramine deuteriochloride 11. The isotopic H/D exchange between heavy 
water and tyramine was carried out similarly as described for synthesis of 8. A sample of 201 mg 
of tyramine hydrochloride dissolved  in 6 ml of 2 M deuteriochloric acid  was heated at 130oC for 
24 h. The further procedure was the same as in case of 8 (point 7). As a result 198 mg of 11 was 
isolated (near 99% yield). The 1H NMR spectrum prove as in the of decarboxylation described in 
point 8 that incorporation of deuterium take also place exclusively in 3’ and 5’ ring position of 
tyramine. 

11. Synthesis of [3’,5’-3H2]-tyramine,12. Tritiated isotopomer 12 was obtained similarly as deuteriated 
one, i.e., 11. To glass ampoule were added in turn: 200 mg (1.15 mmol) tyramine hydrochloride, 
0.9 ml of water, 0.2 ml of conc. HCl, and 100 µl of tritiated water with total radioactivity 11.1 
GBq. The ampoule was sealed under vacuum as in point 1a and heated at 130oC for 24 h. After 
opening the tritiated water was removed by lyophilisation, and residue was dissolved in small 
amout of water (1-2 ml) and loaded on column (10x100 mm) filled with Dowex WX-50 (H+). The 
residual tritiated water and tritium with labile position of –NH2 group were washed out with 
distilled water up to moment where radioactivity of eluent was close to background. Tritiated 
product, 12, was eluted with 0.5 M NH3(aq) and collected as 6 ml fractions. From each fraction 100 
µl sample was taken for radioactivity assay on liquid scintillation counter. Fractions contained 12 
were combined, evaporated under reduced pressure, and finally under vacuum. As a result 160 mg 
(0.92 mmol) of 12 was obtained (yield 74%) with total radioactivity 6.4×107 Bq (sp. activity – 
6.9×107 Bq/mmol). The purity of product was verified by TLC. 
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1. Introduction 
The location of Słowiński National Park (SNP) in the vicinity of big lakes and The Baltic 
Sea affects hydrological relations in the investigated woodland ecosystems in a significant 
way. Variations of the levels of ground waters in the examined soils show seasonal 
variability. Their level is mainly affected by precipitation as well as variations of water 
levels in adjacent lakes and The Baltic Sea. Seasonal variability of biogenic substances in 
the examined ground waters is influenced by the kind of soil as well as the type of 
woodland community [2]. The purpose of the work was to get to know and compare the 
dynamics of nitrogen and phosphorus compounds in ground waters of two different 
woodland communities.    
 
2. Study area 
The dynamics of ground waters in the area of SNP was examined in two different 
woodland communities in the years 2003-2005:  Vaccinio uliginosi – Betuletum 
pubescentis (allotment I) covering proper podsol on mineral peat soil and Empetro nigri – 
Pinetum Cladonietosum  (allotment II) on proper podsol. The examined woodland areas 
appear in the northern part of  Gardnieńsko-Łebska Lowland combined with Słupska Plain 
and belong to the Protection District of Smołdziński Las. In the north they border Łebska 
Sandbar while in the south, with the zone of low peat-bogs they adjoin morainal height  
(Fig. 1) with quite a high, variable level of ground waters.  

 
Fig. 1. Geomorphological picture of the Gardno-Łaba lowland: a - basal moraines, b - moraine 
upland, c - outwash plains, d - late-glacial eolic forms, e - holocenic eolic forms, f - forms on the 
organogenic and mineral accumulation in bottoms of valleys, urtals and depressions, 
□- Allotment I,  ■-Allotment II. 
3. Material and methods 



In the period of three vegetation seasons, every 6 weeks on average, there were collected 
samples of ground waters from two small wells. The scope of research comprised 
examination of the content of nitrogen and phosphorus, pH reaction and dynamics of the 
level of ground waters (table 1).  
 
Table 1.  Methodology of determination according to [1]. 

Determination Methodology of determination 
General nitrogen T-N Kiejdahel’s method1, after mineralization in the 

mixture of H2SO4 and H2O2. 
Ammonia nitrogen N-NH4 spectrophotometricaly2 (with  Nessler’s reagent). 
Nitrate nitrogen N-NO3 spectrophotometricaly2 (with sodium salicylate). 
General phosphorus  T-P spectrophotometricaly2 (molybdate method, with 

ascorbic acid as reducing agent), after mineralization 
in the mixture of H2SO4 and H2O2.  

Phosphate 
phosphorus 

P-PO4 spectrophotometricaly2 (molybdate method, with 
ascorbic acid as reducing agent) 

Reaction pH potentiometricaly3. 
1 Parnas-Wagner apparatus 
2 Shimadzu spectrophotometer (UV-VIS 1202)  
3glass electrode: Eurosensor ESAgP-341W No 38 
 
4. Results 
In the examined woodland ecosystems the annual rhythm of level variations of ground 
waters was similar (Fig. 2). In the same periods there were observed minimums and 
maximums of the tables of ground waters. In the period of early spring the levels of ground 
waters were quite high due to spring thaws of snow cover as well as to poor consumption 
of water by plant roots in the early period of vegetation. 
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Fig. 2. Level changes of ground waters with regard to precipitation. 
 
In all examined vegetation seasons there were observed higher amplitudes of variations of 
the water table of ground waters on allotment II (by 12 % on average).  
The differences in the dynamics of ground waters on the allotments under investigation are 
the result of the differences in their soil profiles. Somewhat lower amplitudes (Table 2.) of 
ground water variations in the case of allotment I are the result of the presence of peat 
layer lying at the depth of about 80 cm in the soil profile of that allotment. 
 
 
Table  2. Level variations of ground waters in the years 2003-2005. 
 2003 2004 2005 



min max ampl. min max ampl. min max ampl. 
Allotment I -98 -53 45 -93 -21 72 -103 -51 52 
Allotment II -119 -72 47 -121 -31 90 -118 -38 80 

 
The presence of peat profitably affects the retention of water due to strong absorption 
properties. Besides, it constitutes a rich source of biogenic compounds that are washed out 
from the organic layer by ground waters in the course of frequent washing and get into the 
solution. Thanks to the presence of peat in the genetic profile, the ground waters of 
allotment I are richer in nitrogen compounds by 35,65 % on average and phosphorus 
compounds by 26,61 % on average in relation to the ground waters on allotment II. The T-
N and T-P dynamics in the examined ground waters is shown by the following diagrams 
(Fig. 3 and Fig. 4).  
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Fig. 3. Average monthly changes                               Fig. 4. Average monthly changes of general   
of general nitrogen content (T-N)                               phosphorus content (T-P) in the examined   
in the examined ground waters.                                  ground  waters. 
 
Changes of mineral forms of nitrogen and phosphorus are inseparably connected with the 
changes of T-N and T-P. In the beginning period of vegetation season in the examined 
ground waters there was observed a decline of N-NH4 and N-NO3 contents caused by an 
intensive intake of mineral forms of nitrogen by plants. 
In subsequent months there was observed a further decrease of ammonia form content and 
a gradual increase of nitrate nitrogen content that resulted from oxidation of ammonia form 
into nitrate form (Figs. 5 and 6) and, also, from ongoing processes of mineralization 
providing significantly bigger amounts of N-NO3.    
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Fig. 5. Average monthly changes                                 Fig. 6. Average monthly changes nitrate                         
ammonia nitrogen content (N-NH4)                              nitrogen content (N-NO3) in the examined 
in the examined ground waters.                                    ground waters.                                    
 
Also, the content of phosphate phosphorus in the examined ground waters undergoes 
significant changes. The loss of P-PO4 in spring and summer months is the result of 
increased demand of plants for biogenic compounds while the increase of its content in the 



period of autumn results from a poorer intake by plant roots as well as from ongoing 
processes of mineralization and precipitation (Fig. 7).           
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Fig. 7. Average monthly changes                                Fig. 8. Average monthly changes 
phosphate phosphorus content (P-PO4)                       of reaction of the examined ground waters. 
in the examined ground waters.                                 
 
In the course of vegetation season there was observed a change in reaction of the examined 
ground waters (Fig. 8). In spring months there appeared an increase of acidity in ground 
waters connected with an intensive intake of basic cations by plants. The increase of pH 
value in summer and autumn may be explained on the grounds of intensive precipitation 
washing out basic cations into ground waters from higher levels of genetic soil profiles. 
The  average values of pH during the period of three examined years remain on the level of 
6,38 (allotment I), with standard deviation of Sx=0,34 and coefficient of variation of       
Cv = 5,33 % and  6,45 (allotment II), Sx=0,52, Cv=8,05 %. 
5. Conclusions 
- the content of nitrogen and phosphorus compounds in ground waters is strictly connected 
with constitution of the soil profile as well as with the flora growing in that area.   
- ground waters of allotment I are richer in nitrogen compounds by 35,65 % on average 
and phosphorus compounds by 26,61 % on average in relation to ground waters of 
allotment II; 
- significantly higher amplitudes of level variations of ground waters exist in the case of 
allotment II (proper podsol); 
- the biggest contents of T-N, T-P, N-NH4 i P-PO4 in the examined ground waters appear 
in spring and autumn, being accumulated as a result of ongoing processes of 
mineralization, while minimal values in summer months are caused by an intensive intake 
by plants;  
- ground waters under investigation show a weak acid reaction. Average values of pH in 
the course of years under analysis remain on the level of 6,38 (allotment I) and 6,45 
(allotment II). 
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Introduction 
  
 Research of the last twenty years have shown that selenaheterocyclic compounds 
are active immunostimulants, inhibitors of enzymes, antioxidants, anti-inflammatory, 
antitumor, antiviral and antimicrobial agents [1-5]. These findings started new trend in 
biology of selenoorganic compounds which are designed as drugs, mimetics and 
inhibitors of enzymes, immunomodifiers.  
  In this work we present two convenient methods of synthesis of C5-substituted 
analogues of benzisoselenazol-3(2H)-ones and results of biological studies carried out 
in vitro on three model viruses: HSV-1 (Herpes simplex virus type 1), EMCV 
(Encephalomyocarditis virus), VSV (Vesicular stomatitis virus).  

 
Results and Discussion 
  
Synthesis 
 
 The general strategies for synthesis of C5-substituted benzisoselenazol-3(2H)-
ones 9, presented in scheme 1, are based on the conversion of C5-substituted 
2-chlorobenzoic acids 1, 5 or 2-aminobenzoic acids 7 into C5-substituted 
2-(chloroseleno)benzoyl chlorides 8 and finally on the tandem selenenylation-acylation 
of primary amines with this reagents.  
 

Synthesis of 5-nitro- and 5-(methylsulfonyl)-2,2’-diselenobisbenzoic acids 4a, 4b 
Initially, acid chlorides 1, 5 were converted to the tert-butyl esters 2, 6 using 
2-methylpropene in dry tetrahydrofuran in the presence of catalytic amounts of sulfuric 
acid. Before the next step, methylthio group of compound 6 was oxidized to 
methylsulfonyl group 2b with hydrogen peroxide in the presence of sodium tungstate 
dihydrate as catalyst. In the next step, the chlorine atom in esters 2a and 2b were 
substituted with diselenide group in the reaction with freshly prepared dilithium 
diselenide in dry tetrahydrofuran and C5-substituted 2,2’-diselenobis(tert-butyl 
benzoates)  3a, 3b were obtained. Acid hydrolysis of esters 3a and 3b with 
methanesulfonic acid as hydrolyzing agent gave C5-substituted 2,2’-diselenobis-
benzoic acids 4a, 4b. 
 

Synthesis of 5-methyl- and 5-chloro-2,2’-diselenobisbenzoic acids 4c, 4d 
C5-substituted anthranilic acids 7c, 7d were diazotized and diazonium salts reacting 
with dilithium diselenide gave C5-substituted 2,2’-diselenobisbenzoic acids 4c, 4d. 
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 Table 1. Yield of C5-substituted benzisoselenazol-3(2H)-ones 9. 

           R2 

R1 H Me Pr t-Bu c.hexyl Ph 4-Cl-Ph 2-Py 5-Cl-2-Py N(Ph)2 

NO2 82 % 86 % 85 % 81 % 82 % 81 % 83 % 82 % 70 % 57 % 
SO2CH3 83 % 84 % 82 % 86 % 82 % 83 % 92 % 71 % 88 % 46 % 

CH3 82 % 70 % 75 % 81 % 77 % 77 % 80 % 77 % 59 % 45 % 
Cl 70 % 79 % 76 % 78 % 79 % 62 % 73 % 68 % 76 % 48 % 

 
 

Scheme 1 Synthesis of C5-substituted benzisoselenazol-3(2H)-ones. 
 



Synthesis of C5-substituted benzisoselenazol-3(2H)-ones 9a-d 
Acids 4a-d were easily converted to 2-(chloroseleno)benzoyl chlorides 8a-d with 
thionyl chloride, used in excess, in the presence of catalytic amounts of 
dimethylformamide. The reaction of dichlorides 8a-d with ammonia, aliphatic or 
aromatic primary amines in dry dichloromethane produced corresponding 5-nitro-, 
5-methylsulfonyl-, 5-methyl- and 5-chlorobenzisoselenazol-3(2H)-ones 9a-d. Since in 
the reaction hydrochloric acid was eliminated aliphatic amines were used in threefold 
excess or triethylamine was applied as a base in case of aromatic amines and 
cyclohexylamine. The structures of forty new compounds were confirmed by 1H-NMR 
and IR spectra and elemental analysis. 
 
 Based on the reactions of dichlorides 8a-d with primary amines we suppose that 
they can be convenient reagents for tandem selenenylation-acylation of primary amides, 
amino acids or other compounds, like these having active methylene groups, similarly 
as in case of 2-(chloroseleno)benzoyl chloride. 
 
Antiviral activity 
 
 The compounds at various concentrations (1-1000 µg/ml) were incubated with 
following viruses: HSV-1 (herpes simplex virus type 1, Herpesviridae, enveloped 
virus), EMCV (encephalomyocarditis virus, Picornaviridae, non-enveloped virus) and 
VSV (vesicular stomatitis virus, Rhabdoviridae, enveloped virus). Viruses EMCV and 
VSV were used at the dose of 105 TCID50/ml, HSV-1 at the dose of 104 TCID50/ml. 
After 1 h incubation at room temperature, the virus titer was measured in human cell 
line A549 and minimal inhibitory concentration (MIC) was determined. 
 In the parallel experiment the cytotoxicity of compounds was determined in 
human lung adenocarcinoma cell line A549 (ATCC 185). The test was performed in  
96-well microplates. The cells were treated with various doses of the compounds and 
cultivated for 48 h at 37 °C in the atmosphere of 5% CO2 in air. Then the cultures were 
examined under microscope. The minimal concentration, which was toxic to 
approximately 50% of the cells was taken as TCCD50 (tissue culture cytotoxic dose). 
Results are summarized in tables 2 and 3.  
 
Table 2. Antiviral activity of C5-substituted benzisoselenazol-3(2H)-ones 9. 
Substituents MIC for HSV-1 MIC for EMCV 

                  R1 
 R2 CH3 CH3SO2 NO2 Cl H CH3 CH3SO2 NO2 Cl H 

H 2 20 6 4 8 6 60 80 10 4 
Me 1 2 4 2 8 6 20 40 6 4 
Pr 1 1 4 2 6 6 20 8 6 6 

t-Bu 2 6 4 2 6 4 20 40 4 4 
cyclohexyl 80 4 40 40 6 >1000 >1000 >1000 >1000 8 

Ph 4 4 6 4 8 40 >1000 >1000 >1000 10 
4-Cl-Ph 20 8 4 80 4 >1000 >1000 >1000 >1000 6 

2-Py 4 40 >1000 >1000 4 >1000 >1000 >1000 >1000 >1000 
5-Cl-2-Py 1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 

N(Ph)2 8 4 40 6 - >1000 >1000 >1000 >1000 - 
MIC – minimal inhibitory concentration (µg/ml) 
 



 C5-substituted benzisoselenazol-3(2H)-ones appeared to be very active against 
HSV-1. In most cases their anti-HSV-1 activity was higher than activity of 
benzisoselenazol-3(2H)-ones non-substituted in C5 position. Loss of activity observed 
for compounds having 5-chloro-2-pyridyl group substituted on nitrogen atom probably 
was due to their low bioavailability connected with low solubility in medium used for 
cultivation.  
 Contrary to highly active benzisoselenazol-3(2H)-ones, their C5-substituted 
analogues were found less active against EMCV. Anti-EMCV activity was observed 
only for alkyl derivatives, whereas analogues with aryl or cyclohexyl N-substituents 
were inactive.  
 All compounds were completely inactive against VSV (MIC>1000 µg/ml). 
 

Table 3. Cytotoxicity of C5-substituted benzisoselenazol- 
3(2H)-ones 9. 

Substituents TCCD50 (µg/ml) 
                  R1 
 R2 CH3 CH3SO2 NO2 Cl H 

H 2,5 49 15,5 2,0 3,0 
Me 2,0 14,5 4,5 2,5 2,5 
 Pr 5,0 7,5 5,5 3,5 3,5 

t-Bu 3,5 4,5 62 2,0 6,0 
cyclohexyl 156 7,5 58,5 14,5 3,0 

Ph 61 34 14,5 91 12 
4-Cl-Ph 78 73 10 >156 14,5 

2-Py >156 6,0 >156 >156 117 
5-Cl-2-Py >156 >156 18 >156 100 

N(Ph)2 >78 6,0 36,5 3,0 -  

 
Cytotoxicity of tested compounds 
was observed in a broad range, from 
highly (2-5 µg/ml) to weakly toxic 
(>156 µg/ml).  
Chemotherapeutic indexes, defined 
as MIC/CYT, for antivirals against 
HSV-1 in most cases were lower 
than 1, which means that virus 
inhibiting concentration was lower 
than concentration causing 
cytotoxicity. Whereas, only few 
compounds exhibiting anti-EMCV 
activity had indexes below 1.  
 

 
Conclusions 
 
 General strategies for synthesis of C5-substituted benzisoselenazol-3(2H)-ones 
have been elaborated. Forty new C5-substituted analogues of benzisoselenazol-3(2H)-
ones have been designed and synthesized using these methods. All compounds have 
been tested against selected viruses as potential antiviral agents. Biological studies have 
demonstrated that discussed compounds exhibit high level of anti-HSV-1 (1-80 µg/ml) 
and anti-EMCV (4-80 µg/ml for alkyl derivatives) activity; however, they are 
completely inactive against VSV. 
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Abstract: 
The material studied was the Polish brown coal from the Konin colliery and gas-coking 
coal from the Sośnica colliery. These coals were used to obtain active carbon samples  
subjected to nitrogen enrichment in a reaction with urea at 350ºC in oxidising 
atmosphere, performed at the stage of carbonisates obtained at 500-700ºC, or at the 
stage of active carbons obtained from particular carbonisates. The samples were 
activated at 800ºC by KOH in argon atmosphere. Irrespective of the type of the initial 
coal, the process composed of the stages: carbonisation → activation → reaction with 
urea was found to be an effective procedure for producing nitrogen enriched active 
carbon samples. The microporous active carbon samples were characterised by well-
developed surface area and high content of nitrogen. 
 
 
1. Introduction 

Recently, much attention has been given to the nitrogen enriched active carbons. 
The introduction of nitrogen into the carbonaceous materials structure by ammonia and 
amines [1] have been known and used for many years, whereas a relatively new method 
is the introduction of nitrogen into the carbon structure by the reaction with urea.  

This paper is a continuation of our earlier studies [2], and its main aim is 
determination of the effect of the coalification degree of the initial coal on the chemical 
structure and composition of active carbons enriched in nitrogen in the reaction with 
urea in oxidising conditions under atmospheric pressure. 
 
 
2. Experimental 

The material studied was the brown coal from the Konin colliery (B) and the gas-
coke coal from the Sośnica colliery (S), characterised in Table 1. The demineralised 
coal was subjected to carbonisation at 500-700ºC in argon atmosphere. The carbonisates 
obtained were divided into two parts – one of them was activated by KOH at the weight 
ratio of coal/KOH of 1:4, at 800ºC, in argon atmosphere. The activates were further 
subjected to the reaction with urea at the weight ratio of coal/urea of 1:1, at 350ºC, in 
the air flow of 100ml/min. The other part of the carbonisates was at first reacted with 
urea and then activated with KOH. All the samples obtained as a result of these 
processes were subjected to further examinations in order to determine their chemical 
structure and composition. Their elemental analysis was made and their surface area 
was established by the BET method. Porous structure parameters were determined by 
nitrogen adsorption-desorption in -196ºC (ASAP 2010, manufactured by Micrometrics 
Instrument Corp. (USA)). Micropore volume and micropore area were calculated using 
t-plot method. 



 
Table 1.  Characteristic of demineralised coals [wt. %] 

* by difference 
 
3. Results and discussion 

As follows from the data characterising the carbonisates obtained, (Table 2), an 
increase in the carbonisation temperature leads to an increase in the content of carbon 
and a decrease in the oxygen content with respect to those in the initial coal, irrespective 
of the type of the initial coal (Table 1). Nitrogen content in carbonates does not change 
with increasing temperature of carbonisation which points to thermal stability of 
nitrogen-containing functional groups present in the structure of coal starting material. 
 
Table 2.  Characteristic of carbonisates [wt.%] 

* by difference 
Reaction of the carbonisates with urea in the oxidising conditions permits an 

introduction of considerable amounts of nitrogen in their structure (Table 3). All the 
samples obtained are characterised by a decreased content of carbon and increased 
content of oxygen with respect to those in the initial carbonisates, which is a 
consequence of the reaction conditions. 

A comparison of the data obtained for particular carbonisates obtained at different 
temperatures from the coal of both types has shown that the greatest amount of nitrogen 
has built into the carbonisates obtained at 500ºC (BK5M, SK5M) less to those obtained 
at 600ºC (BK6M, SK6M) and the least to those obtained at 700ºC (BK7M, SK7M). 
Moreover, analysis of the data in Tables 2 and 3 has indicated that when the 
carbonisates react with urea the amount of the nitrogen built into the carbon structure 
depends on the amount of oxygen in the initial sample. 

The activation of the nitrogen-enriched carbonisates by KOH leads to an increase in 
the content of carbon and a decrease in the contents of the other elements in all active 
carbon samples such obtained relative to those in the samples before the activation. A 
drastic decrease in the content of nitrogen as a result of the activation of the nitrogen-
enriched carbonisates is probably related to a low resistance of the nitrogen groups to 
the high temperature of the activation (800ºC). The activation of the carbonisates (Table 
2) results in an increase in the content of carbon and a significant decrease in the 
contents of hydrogen and sulphur (Table 4). Also the content of nitrogen is decreased as 
a consequence of a low resistance of nitrogen groups to the activating agent (KOH). As 
to the content of oxygen calculated from the difference, only the activation of the 
carbonisates obtained from brown coal at 500 and 600ºC leads to its decrease. In all 
other samples the content of oxygen increases as a result of activation, and the greatest 
increase occurs as a result of activation of the carbonisates obtained at 700ºC. 

COAL Wa Ad Vdaf Cdaf Hdaf Ndaf Sdaf Odaf* 
B 0.0 0.2 50.2 62.3 5.4 0.6 1.4 30.3 
S 0.0 0.8 31.8 82.6 2.9 1.3 1.0 12.2 

COAL Ad Cdaf Hdaf Ndaf Sdaf Odaf* 
BK5 1.9 81.9 3.2 1.0 1.4 12.5 
BK6 1.9 85.1 2.4 1.0 1.3 10.2 
BK7 2.2 92.1 1.6 0.9 1.9   3.5 
SK5 1.3 88.1 3.8 1.5 0.7   5.9 
SK6 1.5 90.1 2.7 1.5 0.7   5.0 
SK7 1.7 93.7 1.7 1.3 0.7   2.6 



 
Table 3.  Elemental analysis of nitrogen-enriched carbonisates and the active carbon samples 

obtained from them [wt.%] 

* by difference 
The reaction of the active carbon with urea brings about a decrease in the content of 

carbon in all samples and to a significant increase in the content of nitrogen. It should 
be mentioned that much less nitrogen can be introduced into the active carbon obtained 
from the brown coal from Konin (Table 4) than to the carbonisate obtained from this 
coal (Table 3). For the coal from Sośnica the situation is different: more nitrogen is built 
into the activate than to the carbonisate. The reaction of active carbons with urea leads 
to the differences in the content of oxygen depending on the type of coal from which the 
active carbon was obtained. According to the data from Table 4, the reaction of urea 
with the activate obtained from the brown coal from Konin leads to an increase in the 
content of oxygen in the nitrogen-enriched active carbon, while it leads to a decrease in 
the content of oxygen in the activate from the Sośnica coal. Analysis of the Table 4 data 
also reveals that the amount of nitrogen built into the active carbon depends on the 
content of oxygen in the initial sample. 
 
Table 4.  Results of the elemental analysis of the active carbon samples and nitrogen-enriched 

active carbon samples (in reaction with urea) [wt.%] 

* by difference 
Structural investigation (Table 5) has shown that both types of coal from Konin and 

Sośnica can be used to obtain in the process of activation with KOH microporous active 

COAL Ad Cdaf Hdaf Ndaf Sdaf Odaf* 
BK5M 2.0 62.6 2.5 8.4 0.7 25.8 

BK5MA 2.0 84.9 1.3 2.0 0.7 11.1 
BK6M 3.9 73.9 2.1 6.3 0.6 17.1 

BK6MA 1.0 93.5 0.4 0.6 0.1   5.4 
BK7M 2.9 81.3 2.0 5.4 1.5   9.8 

BK7MA 3.5 93.7 0.3 0.7 0.1   5.2 
SK5M 0.7 82.6 3.3 6.4 0.6   7.1 

SK5MA 0.9 91.7 0.5 1.0 0.3   6.5 
SK6M 1.5 85.6 2.6 6.1 0.4   5.3 

SK6MA 0.6 91.2 0.4 0.4 0.1   7.9 
SK7M 1.3 88.3 1.6 4.9 0.4   4.8 

SK7MA 0.0 92.7 0.3 0.2 0.2   6.6 

COAL Ad Cdaf Hdaf Ndaf Sdaf Odaf* 
BK5A 0.9 94.3 0.3 0.4 0.5   4.5 

BK5AM 1.5 87.9 0.5 4.8 0.2   6.6 
BK6A 0.9 94.4 0.2 0.3 0.3   4.8 

BK6AM 1.3 86.1 0.6 5.4 0.2   7.7 
BK7A 1.0 94.0 0.2 0.2 0.4   5.2 

BK7AM 0.5 86.6 0.6 5.6 0.2   7.0 
SK5A 0.7 93.0 0.4 0.1 0.2   6.3 

SK5AM 0.8 85.1 0.6 8.6 0.3   5.4 
SK6A 0.7 93.3 0.3 0.1 0.2   6.1 

SK6AM 0.5 85.6 0.6 8.4 0.1   5.3 
SK7A 0.4 94.3 0.5 0.0 0.2   5.0 

SK7AM 0.0 89.6 0.5 5.2 0.1   4.6 



carbons of well-developed surface area. For both types of coal, the lower the 
temperature of carbonisate production the greater the surface area of the active carbon 
obtained. Further reaction of the active carbon samples with urea leads to a decrease in 
their surface area. 

Activation of the nitrogen-enriched carbonisates also leads to microporous active 
carbons but has a different effect on the surface area of the activates obtained from 
different types of coal. For the coal from Konin the activation of nitrogen-enriched 
carbonisates obtained at 500 and 600ºC gives the active carbons of the surface area 
smaller than that of the carbonisates not subjected to the reaction with urea. On the other 
hand, the activation of nitrogen-enriched carbonisate obtained at 700ºC gives the 
microporous active carbon samples of much more developed surface area than the 
activation of carbonisates not enriched in nitrogen. For the activation of nitrogen-
enriched carbonisates from Sośnica coal the analogous relations are the opposite. 
 
Table 5.  Surface area and pore volume of the active carbon samples and nitrogen-enriched 

active carbon samples obtained  

 
4. Conclusions 

The above discussed results have shown that irrespective of the type of coal the 
most effective procedure leading to nitrogen-enriched active carbon is that applied in 
the following sequence of processes carbonisation → activation → reaction with urea. 
The final products are the active carbon samples of well-developed surface area and 
enriched in nitrogen. 
 
Literature: 
[1] K. Jurewicz, K. Babeł, A. Ziółkowski, H. Wachowska, Journal of Physics and 
Chemistry of Solids, 65 (2004) 269 
[2] R. Pietrzak, H. Wachowska, P. Nowicki, Energy & Fuels, 20 (2006) 1275 

Surface area BET [m2/g] Pore volume [cm3/g] COAL 
Total surface area Micropore area Total pore volume Micropore volume 

BK5A 3268 2915 1.86 1.52 
BK6A 3122 2835 1.72 1.44 
BK7A 2530 2446 1.24 1.15 

BK5AM 3042 2739 1.72 1.42 
BK6AM 2838 2613 1.54 1.32 
BK7AM 2209 2135 1.08 1.00 
BK5MA 2593 1582 1.80 0.92 
BK6MA 1876 1274 1.26 0.75 
BK7MA 3201 2913 1.73 1.44 
SK5A 2932 2916 1.39 1.36 
SK6A 2902 2876 1.51 1.45 
SK7A 2126 2115 1.02 1.00 

SK5AM 2322 2296 1.19 1.15 
SK6AM 2448 2426 1.16 1.13 
SK7AM 1787 1777 0.85 0.84 
SK5MA 3195 3137 1.76 1.66 
SK6MA 3013 2976 1.55 1.48 
SK7MA 1937 1922 0.93 0.91 
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Porous polymers used in different chromatographic techniques as column packings  
differ in their chemical and porous structures. The chemical structure of porous 
polymers depends upon the chemical structure of the monomers used, whereas the 
porous structure is mainly dependent on the copolymerization conditions. The most 
popular are macroporous copolymers of styrene cross-linked with divinylbenzene (ST-
DVB).Their surfaces are hydrophobic and in consequence have poor contact with most 
of mobile phases. Considering this fact it is crucial to incorporate polar functional 
groups into polymer skeleton. It can be done by employing monomers of more polar 
character.  
In this work synthesis of a new aromatic tetrafunctional methacrylate monomer 4,4’-
di(2-hydroxy-3-methacryloyloxypropoxy)benzophenone and its application in the 
synthesis of porous microspheres is presented. This new monomer was copolymerized 
with divinylbenzene using suspensiom-emulsion polymerization. The mixture of 
toluene and decane-1-ol was used as a pore-forming agent providing material of 
different porosities. 
Preparation of 4,4’-di(2,3-epoxypropoxy)benzophenone (BEP-EP) 
In a 500 cm3 round bottomed three-necked flask equipped with a mechanical stirrer, an 
azeotropic head and a radiator, 0.1 mole of 4,4’-dihydroxybenzophenone (21.4g) was 
placed together with sodium acetate (0.134g), 1 mole (92.5g) of 2-
(chloromethyl)oxirane (92.5g + 56g were placed into an azeotropic head), and 10 ml p-
xylene. Meanwhille, 11 g of NaOH was put into a mortar and grinded. The obtained 
powder was mixed with 25 ml of p-xylene in a beaker and added to the reactor in 
portions. This process was exothermic. The content of the flask was maintained at 
boiling. After adding all the mixture (NaOH + p-xylene) to the flask, the reaction was 
continued for 1 hour. During the reaction  a yellow compound was formed. When the 
reaction was over, the content of the flask was placed into the dropper, and the organic 
layer was distilled at low pressure (1.6kPa) in order to remove the excess of 2-
(chloromethyl)oxirane. The epoxide derivative of benzophenone was crystallized from 
p-xylene. The yield of the obtained product was about 88.5 %; its epoxide number was 
close to the theoretical value.  
Preparation of  4,4’-di(2-hydroxy-3-methacryloyloxypropoxy)benzophenone 
(BEP-DM) 
The reaction between the epoxide groups of 4,4’-di(2,3-epoxypropoxy)benzophenone 
and the carboxylic ones of  2-methacrylic acid went on at  80-100 oC.  The synthesis 
was carried out in a 500 cm3 round bottomed flask equipped with a thermometer, a 
mechanical stirrer and a heater. In such a flask 0.5 mole (163g) of BEP-EP, 1 mole 
(86.09g) of  2-methacrylic acid, 2g of TEBA (a catalyst), and 0.02g hydroquinone 
(polymerization inhibitor) were added. The progress of the reaction was controlled by 



determination of the acidic number. The acidic number determines the amount of KOH 
milligrams used to neutralize the free acids contained in 1g of substance. The reaction 
was considered to be over when the acidic number was below 5. Its rate is higher when 
carried out at higher temperatures but a considerable exothermic effect can result in 
losing control of the reaction and appearing of some products of darker colour. 
Chemical structure of the new monomer was confirmed by spectroscopic methods. 
Copolymerization 
Copolymerization with DVB was performed in the aqueous medium. In a typical 
experiment, 150 mL of redistilled water and 1.4 g of bis(2-ethylhexyl)sulfosuccinate 
sodium salt (surfactant) were stirred for 1 h at 80oC in a three-necked flask fitted with a 
stirrer, a water condenser, and a thermometer. Then the solution containing10 g of 
BEP-DM and 3 g of DVB, 0.18 g of α,α’-azoisobisbutyronitrile(initiator), and the 
mixture of pore-forming diluents (toluene and decan-1-ol) were added while stirring to 
the aqueous medium. Copolymerization was performed for 18 h at 80oC. The obtained 
copolymers in the form of porous microspheres were washed with distilled water, 
filtered off, dried and extracted in a Soxhlet apparatus. Uniform particles (5-15µm) 
used in further studies were isolated by sedimentation.  
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Fig.1 The scheme of synthesis and chemical structure of the compound used for 

copolymerization  



Characterization of Porous Structure 
Such parameters as specific surface areas, pore volumes, pore size distributions, and 
average pore diameters were determined by the method of nitrogen adsorption on the 
surface of the studied stationary phases in a dry state. The specific surface areas were 
calculated by the BET method, assuming that the area of a single nitrogen molecule is 
16.2 Å2. These determinations were made using an adsorption analyzer ASAP 2405 
(Micrometrics Inc., USA). The measurements of the surface properties of the 
copolymers were preceded by activation of the samples at 200oC for 2 h. The beads 
were also examined using an atomic force microscope (AFM), AFM Nanoscope III 
(Digital Instruments, USA) operating in the contact mode (Fig.2). From this micrograph 
one can see that microspheres of obtained copolymer are characterized by a regular 
porous structure. 

 
Fig.2 Contact-mode AFM imagines for BEP-DVB copolymer 
 
In a swollen state the beads were characterized by the inverse exclusion 
chromatography (EC) technique introduced by Halász and Martin [1]. Table I contains 
information about the porous structure of copolymer 
 
Table I. Parameters of the porous structure of the studied copolymer obtained from BET 
and EC methods 
 

 
Method 

Specific 
surface 

area(m2/g) 

 
Pore volume   

(cm3/g) 

Contribution of 
micropores   

(cm3/g) 

Most 
probable 

pore 
diameter (Å) 

Swelling 
propensity  
(SP factor)

BET 
 

EC 

108 
 
- 

0.380 
 

0.607 

0 
 

0.047 

400 
 

20/520 

- 
 

0.70 
 



The data given in Table I show, that dependently of the method used the pore volumes 
of the copolymer are not the same. Differences in their structures are also visible when 
volume of micropores and the most probable pore diameters are compared. In the 
swollen state contribution of micropores exceeds 7 %, while dry polymer doesn’t reveal 
any micropores. The most probable pore diameters are also different. Changes of its 
porous structure in comparison to that of dry copolymer are caused by interactions of its 
net with THF. This good solvent  swells the polymeric net. In consequence, some 
micropores become detectable. In a dry copolymer, micropores are not accessible for 
the nitrogen molecule, because their diameters are smaller than that of the nitrogen 
molecule. Materials used as packings in HPLC should have homogeneous mezo- or 
macroporous structure with minimum contribution of micropores which are responsible 
for site effects. Site effects, in consequence, lead to peak tailing. In porous structure of 
polymeric packing some micropores appear after swelling which was caused by contact 
with good solvents. The results from inverse exclusion chromatography, in which 
tetrahydrofuran was used as mobile phase, resemble the situation in real HPLC column. 
To investigate swelling behavior of these copolymers more precisely, the swellability 
coefficients in acetone, methanol, THF, dichloromethane and 1,4-dioxane were studied.  
The swellability coefficient, B, was determined using the centrifugation method  
According to Tuncel [2] B can be expressed as: 
 

%100x
V

VV
B

d

ds −=  

where:  Vs -  the volume of the copolymer after swelling,  
   Vd  - the volume of the dry copolymer 
 
Obtained results are summarized in Table II. 
 
Table II Copolymer’s swelling studies 
 

Swellability coefficient, B (%) 
  acetone       methanol          THF          dichloromethane        1,4-dioxane 
 
    10                   6                    15                      8                           10 

 
Relatively small contribution of micropores in the internal structure of the copolymer 
and its small  swellability coefficient cause that this material is interesting from 
chromatographic point of view. Results obtained from inverse exclusion 
chromatography suggest that 4,4’-di(2-hydroxy-3-methacryloyloxypropoxy) 
benzophenone – divinylbenzene porous microspheres can be applied in HPLC. To 
obtain column packings of better efficiencies, some work focused on optimization of 
their synthesis will be made. 
 
References: 
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Poly(aspartic acid) (PAA), which is a product of aspartic acid thermal 
polymerization, and its copolymers are biodegradable polyaminoacids which have 
found a wide application in different branches of industry. So far those polymers are 
used in e.g. household chemistry, cosmetics and food industry [1]. Non-toxicity and 
biocompatibility of poly(aspartic acid) and its copolymers enable their use in such areas 
like biomaterial engineering and pharmacy. Both polymers and products of their 
decomposition in human body are non-toxic, cause no inflammatory states or other 
immunological reactions. 

All the so far known methods of obtaining those polymers take a long time 
(from few to a dozen hours) and need a catalyst like phosphoric acid or p-
toluenesulphonic acid [2]. The use of catalyst eliminates a number of applications in 
pharmacy and biomaterial engineering. Recently, an original method of copolymers 
synthesis under microwave irradiation has been developed in the Department of 
Chemistry and Technology of Polymers at the Cracow University of Technology [3]. 
The use of microwave technique greatly reduces the reaction time and increases its 
yield. The most important advantage of this method is elimination of catalyst, so there is 
no need to separate it from final product.  

The copolymerization of aspartic acid was performed to obtain new 
biocompatible polymers for biomedical applications. For instance, copolymerization of 
aspartic acid with long-chain amines yields thermoplastic polymer, thanks to internal 
plastification effect. Moreover, there is a possibility to obtain an amphiphylic 
copolymer by linking hydrophobic hydrocarbon chain from amine to hydrophilic chain 
of PAA. 

One has performed copolymerization of aspartic acid (AA) with octadecylamine 
(ODA) [4], lysine hydrochloride (Lys), aminocaproic acid (AC) [5] and lactic acid 
(LA). Reactions went according to schema: 
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The obtained copolymers consist of cyclic imide’s units formed during the 
polymerization of aspartic acid, combined with linear fragments of amines or amino- 
and hydroxyacids. 

 
Experimental part. 

 
Copolymerization has been carried out in a microwave reactor “Milestone”, 

which has maximum power 1000 W and is equipped with magnetic stirrer and 
azeotropic column, in solvent (propylene carbonate), without catalyst. Depending on 
monomers used in copolymerization, process parameters were programmed: total 
reaction time, temperature, power of microwave irradiation and number of cycles 
needed to complete the synthesis. 

In an experiment proper amount of monomers and solvent were added to the 
flask. The reaction was carried out until exudation of water was observed. After the 
reaction was completed, the obtained product was precipitated with methanol. In table 
below synthesis parameters of different copolymers are shown. 
 

Copolymer Molar ratio 
Temperature 

 [0C] 
Time  
[min] 

Power 
 [W] 

Yield 
 [%] 

AA/LA 1:1,38 125-200 52 200-300 26 
AA/AC 3:1 130-230 38 300-400 55 

AA/ODA 2,33 :1 176-230 41 380-440 66 
AA/Lys 5,67 :1 176-226 42 380-440 68 

 
 In dependence of kind and composition of the used monomer, copolymers with 
different properties were obtained. All of them were powders with colours from bright 
yellow (with ODA) to bronze (with AC). They were insoluble in water, however soluble 
in DMF and DMSO, like poly(aspartic acid). Hydrolysis with the use of 25% NaOH 
causes “decomposition” of cyclic rings and an increase of soluble in water linear 
copolymers. For comparison, analogical reactions with use of 3 weight % H3PO4 as a 
catalysts have an increased yield for about 30%. 
 
Results and Discussion 
 
 IR and H1 NMR analyses of all obtained copolymers showed that they consist of 
cyclic imide units connected with linear fragments from amines or acids. It permits to 
suppose that the priority has a reaction of polymerisation of aspartic acid to cyclic imide 
and then linear fragments from other monomers are built in. 

 

Fig.1. 
IR spectra of pure 
PAA, AA/ODA and 
AA/AC copolymers 

PAA 

AA/ODA 

AA/AC 



 

 Thermograwimetric analysis (TG) of obtained copolymers confirms this 
assumption. It is known that cyclic poly(aspartic acid) (PSI) is thermally stable up to 
340 0C. Insertion of linear fragments from –CH2-CH2- bonds of aliphatic segments of 
used monomers into polymer chain cause a decrease of copolymer thermal stability. 
 
Table 2. Thermal stability of aspartic acid copolymers. 
Polymer PAA AA/Lys AA/AC AA/ODA  AA/LA 
Initial temperature of degradation 
[0C] 

340 300 280 250 200 

 
It can be seen that an increase of molar share of e.g. ODA from 10 mol % to 30 

mol % cause a decrease of copolymer thermal stability from 250 0C to 215 0C. 
 
 
Degradation of aspartic acid copolymers. 
  

PAA and its copolymers as biodegradable polymers undergo degradation during 
hydrolysis or by enzymes action. Hydrolytic degradations tests, which are one of the 
criterions for applicability of polymers in biomaterial engineering, were carried out. 
Change of pH of copolymers solutions in physiological salt (0,9 % water solution of 
NaCl), at temperature of 37 0C during 30 days was tested. 
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Fig. 2. Degradation curves 
 
 

The most intensive degradation of PAA and its copolymers was found in first 24 
hours. Moreover FT IR analyses showed that after 60 days poly(aspartic acid) degrades 
cyclic dimer. It was also observed that as a result of hydrolysis, soluble in water linear 
polymer goes to the solution and PAA with cyclic structure remains in precipitate. 
Analysis of degradation products confirmed literature reports that during hydrolysis PSI 
degrade into non-toxic aminoacids. 
 
 



 

Conclusions 
 

1. Application of the microwave irradiation permits shortening of the reaction time 
of copolymerization of aspartic acid with octadecylamine, lysine 
monohydrochloride, aminocaproic acid and lactic acid from a dozen hours to ca. 
1 hour and enables to carry out the reaction without catalyst. 

2. IR and H1 NMR analyses confirmed that copolymers consist of cyclic and linear 
forms; with an increase of amine’s molar ratio there are more linear fragments in 
copolymer, which causes a decrease of its thermal stability. 

3. Degradation of copolymers was less intensive than for pure PAA. 
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Introduction  
The water reservoir at Goczałkowice has been exploited for 50 years. The main task of 
this dam reservoir is damming up of water for the purpose of water supplies of 
inhabitants of the Upper Silesia agglomeration. It is also the storage reservoir and it 
takes in the excess of water  in periods of the flood threat. The studies of inflowing 
water indicate decrease of concentration of biogens. The observed over blooming of 
algae could be a result of the presence of large quantity of medium substances and 
nutrients in bottom sediments [1].  
Substances, such as humic substances containing nitrogen, phosphorus and other 
compounds easily assimilable by the flora [2], are present in bottom sediments. These 
substances can be a medium for the water flora and they can cause blooming of algae in 
spite of the decrease of the concentration of biogens in waters flowing in the reservoir.  
Therefore, the problem of the research of the eutrophication reasons is actual and 
important. This investigation can provide in the future to finding of the efficient method 
of the counteraction blooming of algae. 
One of the possible explanation of the phenomenon observed in Goczałkowice dam 
reservoir is participation of humic substances in blooming of algae and humification 
processes having the influence on the oxygenic and anaerobic microflora.  
Thereby the studies of humification processes of bottom sediments collected from 
various points of Goczałkowice dam were conducted.  
Materials and methods 
Sludge samples for studies were collected by workers of the (GPW) according to Polish 
standards from four places of Goczałkowice reservoir (Fig 1)[3].  
 

 
Fig. 1 The Goczałkowice reservoir with marked points of sampling. 
Sediment bottom samples number (1) originated from the place situated at the river 
mouth Small Vistula from the coastal region (littoral) zone (Fig 1). Sediment bottom 



samples number (2) and (3) were collected from place situated in coastal region 
(littoral) distant from the river mouth (Fig 1). Sediment bottom samples number (4) 
were collected from the deepest zone of the reservoir Goczałkowice called the profundal 
(Fig. 1). 
Humic acid were extracted from sludge samples according to the method described 
before [4]. Electron paramagnetic resonance (EPR) spectra were obtained with Bruker 
EMX EPR spectrometer operating at X-band frequency at room temperature. The EPR 
was applied for both quantitative (free radicals concentration) and qualitative (g factor) 
analysis of humic acid extracted from sediment bottom at four place of Goczałkowice 
dam.  Comparison of signal intensity of the main functional groups of humic acid was 
conducted by means of 1H NMR techniques. The 1H NMR spectra were obtained after 
dissolving 5 mg of humic acid in 0.3 M solution of NaOD in D2O. All measurements 
were obtained with BRUKER 400 Ultra Shield spectrometer at room temperature. By 
integrating the field of a suitable range of chemical shifts the percentage of respective 
hydrogen was determined. The ratio of respective atoms was next calculated i.e. the 
integration field of the suitable range of chemical shifts was divided by the integration 
field of all signals on the spectra.                                                                                                          
To determine the elementary composition changes in the extracted humic acid the 
percentage content of carbon, hydrogen, nitrogen and sulphur was determined by means 
of Series II CHNO/S 2400 PERKIN ELMER elementary analyser. Percentage 
concentration of oxygen was calculated by subtraction of the percentage content of 
carbon, hydrogen, nitrogen and sulphur from 100. 
Results and discussion 
Sediments bottom samples collected from various places of Goczałkowice reservoir 
differed with the consistency and percentage content of humic acids (Table 1). 
The sediment bottom sampled from place (3) was sandy (Fig. 1). However the samples 
collected from places (1), (2), and (4)  had consistency of silt which is characteristic for 
Goczałkowice dam which is eutrophic reservoir dam (the fertile reservoir with a lot of 
biogens). 
 
Table 1. Percentage content of humic acid in sediment bottom and theirs colour  

Nr 
próbki 

Mass of humic acid 
extracted from 80g 
sediment bottom[g]  

Percentage content of 
humic acid [%] 

Colour of humic acid

1 1,91±0,39  2,39 dark brown 
2 2,32±0,58  2,90 light brown 
3 0,36±0,33  0,45 light brown 
4 0,10±0,03  0,12 dark brown 

The EPR spectroscopy results show that the humic acids extracted from sediment 
bottom taken from Goczałkowice dam reservoir have low free radical concentration 
(Table 2) [5]. 
The highest free radical concentration was obtained for humic acid extracted from 
sediment bottom (1) (Table 2). These sediments were characterized also with the 
relatively large content humic acid (Table 1).  
It should be noticed that sediment collected from place (1) of dam reservoir is located in 
littoral zone (Fig.1). In this zone of Goczałkowice reservoir the greater content of humic 
acid than in another region occurs [6]. Moreover, the sediment bottom (1) were taken 
from the place situated at the river mouth Small Vistula what can also influence greater 



content of humic acid and highest value of  free radical concentration in the extracted 
humic acid (Table 2).  
 
Table 2. The free radical concentration and g-factor obtained for humic acid extracted 
from sediment bottom from Goczałkowice reservoir. 

It is noteworthy, that to the river Small Vistula the raw and cleaned sewage is pipe 
away. The continuous inflow of sewage in this place can influence the course of 
humification process of bottom sediments [4,7]. The humic acid extracted from 
sediment bottom (2) and (3) are characterized with the considerably lower concentration 
of free radicals, although these sediments were also sampled from the coastal part of the 
reservoir (Fig 1). The percentage content of extracted humic acid is highest in the case 
of sediment bottom (2) and (1) (Table 1) what was expected because of location in 
coastal region (littoral) of the eutrophic reservoir [6]. However the distance of the place 
(2) from the river mouth Small Vistula, and the distance from the inflow of sewage, 
causes that humic acids extracted from sediment (2) have lower free radical 
concentration. This means that degree of humification of sediment bottom (2) is higher 
than sediment collected at the river mouth Small Vistula (1). The other situation can be 
observed for humic acid extracted from sediment bottom (3). The content of humic acid 
in sediment derived from this place is low (0.45%). Moreover the free radical 
concentration in the extracted humic acid is very low (1.79 * 1016). It should be noticed 
that samples of sediment bottom (3) differ significantly from the other samples (1,2,4). 
Sediment bottom (3) was sandy what can evidence that the sample were collected from 
shallow region of reservoir where  the humification processes proceed marginally. 
The sediment bottom (4) was collected from profundal zone which is the dipper region 
of the Goczałkowice dam reservoir (Fig.1). The percentage content of humic acid in this  
sediment (4) is also relatively low (0,12%). It is probably caused by decrease of 
dissolved oxygen along with deep of eutrophic dam and low activity of microorganism 
what organic matter transformation makes difficult [6]. It is difficult to explain why the 
free radical concentration of humic acid extracted from sediment bottom (4) is higher 
than free radical concentration of humic acid extracted from sediment bottom (2) from 
litoral zone.  
Aromatisation of humic acid gives information about the course of humification process 
and age of sediment bottom [4,6-10]. The higher aromatisation of humic acid extracted 
from sediment indicates that humification process have been taken place longer and the 
sediment bottom is older [4,6-10]. 
In order to determine the aromatisation of humic acid extracted from sediment bottom 
the g-factor (Table 2) and the H/C atomic ratio were determine (Table 3). Moreover 
comparison of signal intensity of the aliphatic (HAli) and aromatic protons (HAr) of 
humic acid was conducted by means of 1H NMR techniques (Table 3). 
 
 

Sample Free radical concentration 
10 16 

g-factor 

1 6,19  ± 0,66 2,0028 ± 0,0001 
2 3,01  ± 0,12 2,0028 ± 0,0001 
3 1,79  ± 0,81 2,0028 ± 0,0001 
4 4,90  ± 1,28 2,0030 ± 0,0001 



Table 3. The H/C atomic ratio and percentage content of aromatic (HAr) and aliphatic 
protons (HAli) of humic acid extracted from sediment bottom. 

Sample Atomic ratio H/C HAr [%] HAli [%] 
1 1,68 ± 0,27 10,5 55,8 
2 1,76 ± 0,06 9,05 67,8 
3 2,67 ± 1,29 3,4 69,0 
4 1,46 ± 0,17 5,9 75,8 

The values of g-factor of humic acid (Table 2) are very low when comparing with the 
usually obtained for semiqinone radicals [9] but there are typical for humic acid 
extracted from sediment bottom [10].Such low g-factor values indicate the high 
aromatisation of humic acid extracted from sediment bottom. This fact is confirm also 
by the H/C atomic ratio and high percentage content of aromatic protons (HAr) in humic 
acid extracted from sediment bottom. Percentage content of aromatic protons (HAr) in 
humic acid extracted from sewage sludge [9], which one considered strongly 
aromatized, amount to 6,91 % while for humic acid extracted from sediment bottom 
(Table 3) the percentage content of aromatic protons (HAr) amount as much as 10,5%. 
One may say that humic acid extracted from sediment bottom collected from 
Goczałkowice dam reservoir are high aromatised what would evidence the large age of 
sediments. 
Conclusion  
The spectroscopic and analytical studies of humic acid extracted  from sediment bottom 
collected from Goczałkowice dam reservoir show that humic acid are high aromatised 
although the free radlical concentration is low. This fact indicate the large age of 
sediments.  
It was observed that Small Vistula river influences significantly on properties of 
sediment bottom. However, the depth from what the samples were collected and region 
of dam reservoir causes differences in properties of extracted humic acid.  
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Introduction 
  
 The chemistry and reactivity of the isoindolinone ring system are currently an 
area of interest for many research groups due to its biological activity. It has been 
recognized that N-substituted isoindolinones and their 3-substituted derivatives possess 
anxiolytic activity and are of interest as sedatives, hypnotics and muscle relaxants [1], 
including the anxiolytic [2] and the anxiolytic/anticonvulsant [3]. It was found that 
N-substituted isoindolinones (11) are constituents of antihypertensive [4], antiphlogistic 
[5] and analgesic [6] medicinal drugs and are substrates in the synthesis of different 
medicines [7] and natural products [8]. Other bioactive isoindolinones include the 5-HT 
antagonists [9] and the non-nucleosidic HIV-reverse transcriptase inhibitors [10]. 
 In this article we report results of our studies on the synthesis of 
2-(chloromethyl)benzoyl chloride (3) and its reactions with primary aliphatic and 
aromatic amines, CH-acids and S-nucleophiles.   
 
Results and Discussion 
 
Synthesis of 2-(chloromethyl)benzoyl chloride (3)  
 
 2-(chloromethyl)benzoyl chloride (3) plays an important role in synthesis of 
many different organic compounds. In this work, we present alternative method for 
earlier known synthesis of this compound.  
 Our method is based on the reaction of 3H-isobenzofuran-1-one (1) with 
dichlorotriphenylphosphine (2) obtained from triphenylphosphine chlorinated with dry, 
gaseous chlorine in dry dichloromethane as shown in scheme 1. This reaction was 
carried out under cooling in the ice/salt bath until all substrate reacted. When the 
reaction was completed, dichloromethane was evaporated in vacuo and the reaction has 
been continued in the microwave (400 W) for 5 minutes. 2-(chloromethyl)benzoyl 
chloride (3) was distilled off in vacuo from the residue as colourless oil. 
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Scheme 1. Synthesis of 2-(chloromethyl)benzoyl chloride (3) 

 
 



Reaction of 2-(chloromethyl)benzoyl chloride (3) with N-nucleophiles  
 
 2-(chloromethyl)benzoyl chloride (3) can act as bis-electrophile with one 
electrophilic center localized on the carbonyl atom and the second localized on the 
carbon. Both of these centers can compete toward nucleophile such as for example 
amine nitrogen, and finally give N-substituted isoindolinones (11).  
 When a water solution of ammonia was a reagent, 2-(hydroxymethyl)benzoic 
acid (4) and benzisoindolone (5) were produced. The compound 5 was obtained as 
a sole product, when vigorously stirred, cooled on ice/salt bath solution of 
2-(chloromethyl)benzoyl chloride (3) in dry dichloromethane was saturated by dry, 
gaseous ammonia over 30 min. 
Isoindolin-1-one (6) was obtained by heating of 2-(chloromethyl)benzoyl chloride (3) in 
ethanol followed by treatment with aqueous ammonia (scheme 2).  
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Scheme 2. Reaction of 2-(chloromethyl)benzoyl chloride (3) with ammonia 

 
 The reaction of dichloride (3) with methylamine gave 2-methylisoindolin-1-one 
(7) as shown in scheme 3, while the similar reaction with aniline in the presence of 
triethylamine led to 2-(chloromethyl)-N-phenylbenzamide (8). In the next step 
compound 8 treated with DBU gave stable N-phenylisoindolin-1-one (9) as final 
product. 

N

O

CH3

Cl

Cl

O

3

+ H2N-CH3 (gas)
CH2Cl2, -150C, 3h

7      74%  
Scheme 3. Reaction of 2-(chloromethyl)benzoyl chloride (3) with methylamine 

 
 One observed, that aniline in the reaction with 2-(chloromethyl)benzoyl chloride 
(3) in excess aniline, pyridine or in attendance DBU gives mixtures of many unstable 
products. 



Only two-step, one-pot reaction 2-(chloromethyl)benzoyl chloride (3) with aniline  in 
the presence of triethylamine and then DBU gave N-phenylisoindolin-1-one (9) in 
a high yield (scheme 4). 
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Scheme 4. Reaction of 2-(chloromethyl)benzoyl chloride (3) with aniline 

 
This method, having a general synthetic value, was applied for synthesis of several 
different N-substituted benzisoindolinones (11) as shown in scheme 5. 
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Scheme 5. Reaction of 2-(chloromethyl)benzoyl chloride (3) with amines (10) 

 
 When dichloride (3) was treated with 
5-chloropyridin-2-amine, 2-(5-chloropyridin-2-yl)iso-
indolin-1-one (11) R=2-(5-Cl-C5H3N) and compound 
(12) (39%)  were isolated on the silica gel column. 
 The urea, thiourea, ethane-1,2-diamine and 
acetamide in the reaction with 2-(chloromethyl)-
benzoyl chloride (3)  give only complex mixtures of 
unstable products. 
 

Figure 1. 
 
Reaction of 2-(chloromethyl)benzoyl chloride (3) with CH-acids (13) 
 
 The compounds 13, having methylene group activated by two electron-
withdrawing substituents easily underwent acylation, and mono substituted 
2-(chloromethyl)benzoyl chlorides (14), presented in scheme 6, were formed. The 
compounds 14 in the presence of bases such as Et3N, DBU, K2CO3, NaH and 
LDA/CH2Cl2 did not undergo intramolecular alkylation. When compound 14 was 
treated with LDA in THF, n-butyl 2-(chloromethyl)benzoate was produced. 
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Scheme 6. Reaction of 2-(chloromethyl)benzoyl chloride (3) with CH-acids (13) 
 
Reaction of 2-(chloromethyl)benzoyl chloride (3) with S-nucleophiles 
 
 Benzo[c]tiophen-1-(3H)-one (16) was obtained by the treatment of 
2-(chloromethyl)benzoyl chloride (3) with ethanethioamide, but the reaction of the same 
dichloride (3) with ethane-1,2-dithiol gave eight-membered macrocycle 17 (scheme 7). 
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Scheme 7. Reaction of 2-(chloromethyl)benzoyl chloride (3) with S-nucleophiles 

 
Biological tests 
 
 All N-substituted isoindolin-1-ones have been tested against selected viruses 
(HSV-1, EMCV, VSV) as control compounds for highly active group of 
benzisoselenazol-3(2H)-ones, same way as previously reported [11]. We hypothesized 
that antiviral activity of selenoorganic compounds was related to the presence of 
selenium. Thus, we designed compounds in which selenium has been replaced by 
methylene group and tested them in the same conditions as selenic compounds. As we 
suppose, isoindolin-1-ones didn’t exhibit any antiviral activity what confirmed our 
hypothesis. 
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Biochemistry as a fairly new field of science gradually clears its way in the school 
curricula. It follows the path of other natural sciences which slowly and gradually 
spread to primary and high schools. At the present moment a significant part of the 
advanced chemistry courses involves elements of static biochemistry, and biology 
courses include elements of dynamic biochemistry. This fact may be confirmed by the 
following fragment of the current curriculum [1] 
 
BIOLOGY 

• Main nutrients (proteins, sugars, fats) 
• Essential amino acids 
• Vitamins, microelements and their sources 
• Protein transcription and biosynthesis 
• Photosynthesis 
• Saving and realisation of genetic information (DNA) 
• Enzymes and reactions occurring in cells 

 
CHEMISTRY 

• Amino acids 
• Peptides and proteins 
• Simple and complex fats 
• Basic sugars and nucleic acids – occurrence, properties and importance in the 

lives of men 
 
One should assume that the new faculties in educating students (biotechnology, 
biochemistry, biophysics) will expect former pupils to be able to take in certain contents 
and will soon force the change of teaching model and biochemistry will become a 
separate subject. In this situation a question rises: who will be qualified to teach this 
subject? One group will definitely consist in the graduates of the biochemical faculties, 
however, they will lack the didactic preparation. The other group will be formed by the 
graduates of the chemical faculties; these in turn will lack suitable factual knowledge. 
The students of chemistry do have basic biochemistry course, but it does not account for 
the needs of the schools. On the other hand, the students of environmental protection, 
who often become chemistry teachers, do not have those issues included in their 
curriculum. In order to prepare the future teachers to meet the challenge, for many years 
now courses in biochemistry have their permanent and established position at the 
postgraduate studies for chemistry teachers offered at the Faculty of Chemistry of the 
Jagiellonian University. A modified syllabus for these courses [2] was presented at the 
convention of the Polish Chemical Society. Another challenge for the Department of 
Didactics was to design a similar course for full-time university students who want to 
gain teaching qualifications. Here another question arises: why this course should be 
different from the one designed for post-graduate students? The answer to this question 



is the number of hours. Post-graduate studies allot only 16 hours for biochemistry 
classes, and for full-time students a 30-hour course is organized. The course includes 
lectures and classes. The issues raised during the lectures are as follows: 
 

1. Elements of the history of biochemistry – Polish contribution in the development 
of this field (the lecture discusses the lives of biochemists, but the main focus is 
on the factual issues connected with their studies) 

2. Selected issues from cytology 
3. Biological role of hydrocarbons 
4. Isoprene lipids 
5. Fats 
6. Amino acids 
7. Peptides and proteins 
8. Nucleic acids 
9. Protein biosynthesis process 
10. Sugars and photosynthesis process 

 
As mentioned before, the issues discussed in the lectures are accompanied by 
supplementary classes during which the students are given the opportunity to contact 
many simple experiments on their own. The experiments are selected so as they can be 
repeated in an average school laboratory. The classes comprise of three thematic parts: 
sugars, amino acids and proteins, and fats and other compounds.  
 
SUGARS 
Among natural organic compounds sugars definitely take the lead in the plant world in 
terms of numbers. The cellulose cell walls constitute the main ingredient of the plant 
biomass. Corn grains and tubers of many plants act as a deposit for starch, basic storage 
polysaccharide. In the animal world the main storage polysaccharide is glycogen whose 
large quantities are deposited in the liver and muscles. Sugars with simpler structures 
(simple sugars, disaccharides) exist mainly in the dissolved form and are the indirect or 
end products of certain metabolic pathways. Among simple sugars the most important 
ones are pentoses and hexoses. 
During the classes the students conduct experiments which help to distinguish sugars 
from other substances and to identify specific sugars. Here are exemplary experiments: 

1. Molisch’s test 
2. Bial’s test 
3. Selivanov’s test 
4. Fehling’s test 
5. Barfoed’s test 
6. Anthrone reaction 
7. Obtaining osazone crystals 

 
ANALYSIS OF AMINO ACIDS AND PROTEINS 
Amino acids are compounds usually associated with proteins. It is true but only for 
around twenty amino acids called protein amino acids. The scientists isolated from the 
living organisms a significantly greater number of these compounds: the number of 
known natural amino acids amounts to several hundreds. During the classes we deal 
only with protein amino acids.  



Experiments connected with these issues: 
1. Ninhydrin reaction 
2. Van Slyke’s reaction 
3. Reaction of amino acids and formaldehyde 
4. Detecting sulphur amino acids 
5. Detecting tryptophan 
6. Detecting histidine 
7. Detecting  aromatic amino acids 
8. Detecting proteins 
9. Precipitation of poorly soluble proteinates 
10. Showing the catalytic activity of catalase 
11. Showing the catalytic activity of salivary amylase 

 
FAT ANALYSIS 
Due to their hydrophobe character fats are practically insoluble in water, however, they 
dissolve easily in so-called fat solvents, e.g. chloroform. This makes it difficult to 
analyse fats from biological material, because usually not only fats are extracted but 
also other fatty substances such as steroids (cholesterol).  
Experiments: 

1. Acid value determination in fats 
2. Demonstration of the presence of unsaturated fatty acids in vegetable oils 
3. Detecting cholesterol 

 
In the 2005/06 academic year a course on the basis of this syllabus was conducted for 
the first time. The course ended with a mark and the requirements included positive 
partial marks for each of the following tasks: 

 
1. laboratory test – e.g. in the test-tubes there are the following substance: 

fructose, glicyn, glucose, maltose, ribose, saccharose, tryptophan,  tyrosine,  
water. 
On the basis of the known samples identify the substances.. 
 

2. written essay – e.g. “Mucopolysaccharides – aloes’s secret weapon” 
 
3. written test on the issues discussed during the lectures and classes. 

 
Sample tasks 
During the course students completed questionnaires which allow us to assess it. The 
answers will enable its modification especially in order to: 

 
1. eliminate few issues that are familiar from other courses (e.g. physicochemical 

properties of sugars) 
 

      2.  elaborate on the issues that were discussed rather cursorily due to the limited 
time  

 
 



 Modifications of didactic courses and introducing new courses have become 
common at the Faculty of Chemistry of the Jagiellonian University. Introduction of the 
above course in biochemistry is a sign of the Department of Didactics joining this trend. 
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SYNTHESIS AND PHYSICOCHEMICAL PROPERTIES OF NEW N-1 
o-(m- and p-) BROMOBENZYL SUBSTITUTED DERIVATIVES OF 5-

METHYLENEAMINOALKYLOCYTOSINE 
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      There has been increasing interest for many years in 5-substituted or/and 1,5-
substituted cytosines as antiviral and anticancer agents.[1],[2],[3] 
     In view of above in this work presents a series of new compound having a structure 
of this type, wherein the cyclic amine is attached via methylene bridge to 5 position of 
cytosine (1-5). New derivatives having an ortho- (metha- and para-)bromobenzyl 
substituent at N-1 position of cytosine (6-17) are also presented. 
     The structures of compounds 1-5 and 6-17 are shown below: 

Scheme 1 
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1 CH2 O - 7 CH2 O -m 13 CH2 CHCH3 -m 

2 CH2 CH2 - 8 CH2 O -p 14 CH2 CHCH3 -p 

3 CH2 CHCH3 - 9 CH2 CH2 -o 15 CHCH3 CH2 -o 

4 CHCH3 CH2 - 10 CH2 CH2 -m 16 CHCH3 CH2 -m 

5 CH2 - - 11 CH2 CH2 -p 17 CHCH3 CH2 -p 

6 CH2 O -o 12 CH2 CHCH3 -o     

     Compounds 1-5 were synthesised via the Mannich reaction because it is known that 
other pyrimidines like uracil and 2-thiouracil under the Mannich reaction conditions 
give 5-substituted products.[4],[5] 
However it is also known that the Mannich reaction of cytosine conducted in the 
conditions different than those described in this work (formalin, room temperature, THF 
as a solvent) give quite different products namely 1N,4N-substituted cytosines.[6] 
     The reaction for obtaining compounds 1-5 is presented as follows: 

Scheme 2 
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     This reaction was conducted in boiling ethanol solutions and usually carried out for 
3,5-4 hours. The solids of 1-5 were isolated by precipitation and then they were purified 
by crystallisation from methanol. Yield of the product were in the order of 39-65%. 
     Compounds 6-17 were synthesised as follows: 

Scheme 3 

N

N
H

NH2

O

N

Y

X
+

CH2Br

Br

1,4 mmol KOH

MeOH

N

N

NH2

O

N

Y

X

H2C

Br
0,95 mmol 1,4 mmol

 
     Fortunately this reaction was highly regioselective and no others products appeared, 
what was verified by TLC (CHCl3:CH3OH 5:1/SiO2) and then by NMR methods. 
However it is known this simple alkylation method often suffers from the disadvantage 
that the ambient nature of the amide system leads to both O- and N-alkylation, and these 
O- and N-substituted derivatives of cytosine are difficult to separate [7]. 
     Compounds 6-17 were synthesised by alkylation of appropriate 1-4 with o-(m- or p-) 
bromobenzyl bromide at room temperature in 20 ml of methanol in the presence of 1, 4 
mmol of KOH. Reactions were carried out for 24 hours. After the reaction completion a 
half of the MeOH was evaporated and the water was added until the whole solid was 
precipitated. The solid was collected and washed with boiling ethyl ether. The 
compounds obtained were chromatographically pure (TLC) without further 
crystallisation what was checked by elemental analyses. Yields of the products (6-17) 
were in the order of 55-90%. 
     All compounds were characterised on the basis of spectral studies (1H NMR, 13C 
NMR and IR). Compounds 1-5 are low soluble in most of organic solvents, the only 
compounds 1, 3 and 4 are sufficiently soluble in DMSO-d6 for recording their 1H NMR 
spectra in this solvent. These spectra are valuable because they confirm that the 1N and 
4N atoms are not substituted by exhibition of two broad signals at 7,10ppm and 10,41 
ppm assigned to the 4NH2 and 1NH protons. The 1H NMR spectra (DMSO-d6) of 6-17 
show only one broad signal in the range of 7.11-7.69 ppm assigned to the 4NH2 protons. 
For compounds 1-5 the 1H NMR and 13C NMR spectra were also recorded in TFA-d 
solutions. These 1H NMR spectra show a characteristic singlet in the range 8,44-8,46 
ppm assigned to the proton in 6 position in cytosine ring, but there are no signals of the 
proton in 5 position. 
The signals of the same assignment (7.57-7.94 ppm) appear in the 1H NMR spectra of 
compounds 6-17 but they are downfield shifted because of the solvent (DMSO-d6). All 
signals in 1H and 13C NMR were confirmed by comparison with the spectra calculated 
using ACD/HNMR predictor and ACD/CNMR predictor The spectra of all possible 
tautomers of compounds 1-17 were calculated and the tautomers in Scheme 1 are those 
giving the best fit with the calculated one. 
     The IR spectra of 1-17 (KBr disks) reveal two strong bands in the region 3670-3120 
cm-1 which may be assigned to νas(NH2) and νs(NH2). In the 1682-1617 cm-1 range the 
intense bands of amine group scissoring vibrations α (NH2) are observed adjacent to the 
carbonyl band stretching vibrations ν (C=O). 
     Characteristic spectral data for 1-17 are presented in Table 1 and in Table 2. 
The 13C NMR signals of aromatic carbons are omitted 
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Table 1. The most important data from 1H NMR spectra of compounds 1-17 
 
No 1H NMR (δ, ppm) 
1 DMSO:morpholine-2.31-3.56 (8H); cytosineH6-7.26 (s,1H), NH2 6.27 (br,2H), 

NH 10.46 (br,1H); N-CH2-C5 3.15 (s,2H). 
1 TFA:morpholine-3.58-4.40(8H); cytosineH6-8.46(s,1H); N-CH2-C5 4.66 (s,2H). 
2 DMSO:piperidine-1.48-2.49 (10H); cytosineH6-7.22 (s,1H), NH2 7.10 (br,2H), 

NH 10.33 (br,1H); N-CH2-C5 3.12 (s,2H). 
2 TFA:piperidine-1.89-3.85(10H); cytosineH6-8.44(s,1H); N-CH2-C5 4.51 (s,2H). 
3 TFA:pyrrolidine-2.29-3.98(8H); cytosineH6-8.44 (s,2H); N-CH2-C5 4.62 (s,2H). 
4 DMSO:4-Mepiperidine-1.11-2.77(9H); CH3 0.88(d,3H), cytosineH6-7.23 (s,1H), 

NH2 7.07 (br,2H), NH 10.41 (br,1H), N-CH2-C5 3.14 (s,2H). 
4 TFA:4-Mepiperidine-1.59-3.85 (9H), CH3 1.10 (d,2H); cytosineH6 8.44 (s,1H);

N-CH2-C5 4.51 (s,2H). 
5 TFA:3-Mepiperidine-1.16-3.83 (9H), CH3 1.09 (d,3H); cytosineH6- 8.44 (s,2H);

N-CH2-C5 4.51 (s,2H). 
6 
 

DMSO:Morpholine-2.93(m,4H),3.73(m,4H);cytosineH6-7.94(s,1H),4NH2 7.57 
(br,);N-CH2-C5 3.39(s,2H );1N-CH2-Ar 4.94(s,2H); Ar-H 7.05-7.68 

7 DMSO:Morpholine-2.65(m,4H),3.65(m,4H);cytosineH6-7.90(s,1H),4NH2 
7.69(br,);N-CH2-C5 3.50(s,2H);1N-CH2-Ar 4.87(s,2H); Ar-H 7.29-7.49 

8 DMSO:Morpholine-2.51(m,4H),3.55(m,4H);cytosineH6-7.67(s,1H),4NH2 
7.69(br,);N-CH2-C5 3.15(s,2H );1N-CH2-Ar 4.81(s,2H); Ar-H 7.21-7.54 

9 DMSO:piperidine-1.39(m,2H),1.49(m,4H),2.30(m,4H );cytosineH6-7.58(s,1H); 
4NH2 7.18(br);N-CH2-C5 3.15(s,2H);1N-CH2-Ar 4.88(s,2H); Ar-H 6.90-7.66 

10 DMSO:piperidine-1.39(m,2H),1.48(m,4H),2.29(m,4H );cytosineH6-7.68(s,1H); 
4NH2 7.12(br);N-CH2-C5 3.15(s,2H);1N-CH2-Ar 4.83(s,2H); Ar-H 7.28-7.48 

11 DMSO:piperidine-1.39(m,2H),1.49(m,4H),2.30(m,4H );cytosineH6-7.69(s,1H); 
4NH2 7.20(br);N-CH2-C5 3.15(s,2H);1N-CH2-Ar 4.83(s,2H); Ar-H 7.22-7.55 

12 DMSO:4-MePiperidine-0.88(d,CH3),1.11(m,2H),1.34(m,1H),1.59(m,2H),1.84 
(m,2H)2.83(m,2H);cytosineH6-7.59(s,1H); 4NH2 7.20(br);N-CH2-C5 3.18(s,2H); 
1N-CH2-Ar 4.88(s,2H); Ar-H 6.91-7.66 

13 DMSO:4-MePiperidine-0.88(d,CH3),1.11(m,2H),1.34(m,1H),1.59(m,2H),1.84 
(m,2H)2.81(m,2H);cytosineH6-7.71(s,1H); 4NH2 7.13(br);N-CH2-C5 3.19(s,2H); 
1N-CH2-Ar 4.84(s,2H); Ar-H 7.26-7.49 

14 DMSO:4-MePiperidine-0.89(d,CH3),1.11(m,2H),1.32(m,1H),1.59(m,2H),1.82 
(m,2H)2.78(m,2H);cytosineH6-7.65(s,1H); 4NH2 7.11(br);N-CH2-C5 3.15(s,2H); 
1N-CH2-Ar 4.82(s,2H); Ar-H 7.22-7.55 

15 DMSO:3-MePiperidine-0.83(d,CH3),1.41-1.79(m,7H),2.74(m,2H);cyt.H6-7.57(s, 
1H); 4NH2 7.11(br);N-CH2-C5 3.15(s,2H); 1N-CH2-Ar 4.82(s,2H); Ar-H 7.22-7.55

16 DMSO:3-MePiperidine-0.83(d,CH3),1.41-1.82(m,7H),2.72(m,2H);cyt.H6-7.69(s, 
1H); 4NH2 7.11(br);N-CH2-C5 3.16(s,2H); 1N-CH2-Ar 4.85(s,2H); Ar-H 7.24-7.49

17 DMSO:3-MePiperidine-0.81(d,CH3),1.38-1.82(m,7H),2.74(m,2H);cyt.H6-7.64(s, 
1H); 4NH2 7.11(br);N-CH2-C5 3.13(s,2H); 1N-CH2-Ar 4.81(s,2H); Ar-H 7.21-7.54
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Table 2. The most important chemical shifts in 13C NMR of compounds 1-17 
No 13C NMR (δ, ppm) 
1 TFA:morpholine-63.8 (C2,6 ), 51.9 (C3,5); cytosine- 94.4(C5), 148.1 (C2), 152.7 

(C6), 159.9 (C4); N-CH2-C5- 51.8. 
2 TFA:piperidine- 20.6 (C4), 22.9 (C3,5), 54.1 (C 2,6); cytosine-95.2 (C5), 148.2 

(C2), 152.5 (C6), 159.9 (C4); N-CH2-C5 51.5. 
3 TFA:pyrrolidine-22.1 (C3,4), 54.9 (C 2,5); cytosine- 96.8 (C5), 148.5 (2), 151.6 

(C6), 159.6 (C4); N-CH2-C5 49.2. 
4 TFA:4-Mepiperidine-28.5 (C4), 30.9 (C3,5), 53.9 (C2,6), 19.1 (CH3); cytosine-

95.3 (C5), 148.1 (C2), 152.5 (C6), 159.9 (C4); N-CH2-C5 51.3. 
5 TFA:3-Mepiperidine- 22.7 (C5), 29.5 (C3), 30.0 (C4), 53.4 (C6), 59.6 (C2), 16.7 

(CH3); cytosine- 95.5 (C5), 148.2 (C2), 152.6 (C6), 160.4 (C4); N-CH2-C5 51.6 
6 DMSO:Morpholine-53.3(C2,6),64.3(C3,5); cytosine- 101.5(C5),144.0(C6),153.9 

(C2),163.8(C4); N-CH2-C5 52.2; 1N-CH2-Ar 51.2 
7 DMSO:Morpholine-54.5(C2,6),65.1(C3,5); cytosine- 99.8(C5),147.5(C6),154.2 

(C2),164.1(C4); N-CH2-C5 51.8; 1N-CH2-Ar 50.9 
8 DMSO:Morpholine-55.9(C2,6),66.1(C3,5); cytosine- 100.7(C5),144.9(C6),155.3 

(C2),165.2(C4); N-CH2-C5 52.5; 1N-CH2-Ar 50.7 
9 DMSO:Piperidine-23.9(C4),25.6(C3,5),56.6(C2,6); cytosine- 101.5(C5),144.7 

(C6),155.3(C2),165.5(C4), N-CH2-C5 53.3; 1N-CH2-Ar 51.9 
10 DMSO:Piperidine-23.9(C4),25.5(C3,5),56.5(C2,6); cytosine- 101.5(C5),144.5 

(C6),155.3(C2),165.4(C4), N-CH2-C5 53.2; 1N-CH2-Ar 50.7 
11 DMSO:Piperidine-23.3(C4),25.6(C3,5),56.6(C2,6); cytosine- 101.5(C5),144.9 

(C6),154.9(C2),164.9(C4), N-CH2-C5 52.4; 1N-CH2-Ar 50.9 
12 DMSO:4-MePiperidine-30.2(C4),33.8(C3,5),56.1(C2,6),21,7(CH3); cytosine- 

101.5(C5),144.8 (C6),155.2(C2),165.4(C4), N-CH2-C5 52.5; 1N-CH2-Ar 51.9 
13 DMSO:4-MePiperidine-30.1(C4),33.7(C3,5),56.1(C2,6),21,7(CH3); cytosine- 

101.6(C5),144.7 (C6),155.5(C2),165.5(C4), N-CH2-C5 52.5; 1N-CH2-Ar 50.8 
14 DMSO:4-MePiperidine-30.3(C4),33.9(C3,5),56.2(C2,6),21,8(CH3); cytosine- 

101.5(C5),144.4 (C6),155.3(C2),165.3(C4), N-CH2-C5 52.7; 1N-CH2-Ar 50.7 
15 DMSO:3-MePiperid.-24.9(C5),30.6(C3),32.4(C4),52.3(C6),60.5(C2),19.5(CH3); 

cyt.-101.5(C5),144.7(C6),155.3(C2),165.5(C4),N-CH2-C5 52.8;1N-CH2-Ar 51.8 
16 DMSO:3-MePiperid.-24.9(C5),30.7(C3),32.5(C4),52.3(C6),60.4(C2),19.5(CH3); 

cyt. 101.1(C5),144.5 (C6),155.4(C2),165.4(C4), N-CH2-C5 52.8; 1N-CH2-Ar 50.7 
17 DMSO:3-MePiperid.-24.9(C5),30.7(C3),32.5(C4),52.3(C6),60.5(C2),19.5 (CH3); 

cyt. 101.5(C5),144.5 (C6),155.4(C2),165.4(C4), N-CH2-C5 52.8; 1N-CH2-Ar 50.7 
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THE USE OF ESI MS METHODS FOR 
DIFFERENTIATION OF ISOMERIC o- (m- AND p-)  

BROMOBENZYL SUBSTITUTED DERIVATIVES OF 5-
METHYLENEAMINOALKYLCYTOSINE 
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     This work reports the electrospray ionization (ESI) mass spectrometric behaviour of 
compound 1-12. 

N

N

NH2

N

Y

X

O

Br

 
1-12 

1:X=CH2, Y=O, o-Br; 2:X=CH2, Y=O, m-Br; 3:X=CH2, Y=O, p-Br, 4:X=CH2, 
Y=CH2, o-Br; 5:X=CH2, Y=CH2, m-Br; 6:X=CH2, Y=CH2, p-Br; 7:X=CH2, 
Y=CHCH3, o-Br; 8:X=CH2, Y=CHCH3, m-Br; 9:X=CH2, Y=CHCH3, p-Br; 
10:X=CHCH3, Y=CH2,o-Br; 11:X=CHCH3, Y=CH2, m-Br; 12:X=CHCH3, Y=CH2, p-
Br.  
     The study was undertaken to check if it is possible to differentiate the isomeric 1N-
ortho-(metha- or para-)bromobenzyl substituted derivatives of 5-methylene-
aminoalkylcytosine using the ESI MS method. This method has been rarely used for 
this purpose. The compounds investigated are not described in literature (but presented 
in the Section 2-“Organic and Bioorganic Chemistry”) and may have important 
pharmaceutical properties, because the compounds of this class show a wide spectrum 
of antiviral and anticancer activity.  
     The ESI mass spectra of 1-12 were recorded in methanol solutions and cone voltages 
(CV) from 30 V through 60 V to 90 V. For the present study the positive ion mode was 
chosen. 
The increase in CV causes the ions fragmentation/dissociation. The mass spectra 
recorded at higher values of CV show the daughter ions formed as a result of covalent 
bonds cleavages, but the ESI MS method does not allow tracing the detailed 
fragmentation pathways of particular fragment ions.  
The plausible structures of the fragment ions formed in these processes are shown on 
Scheme 1. The elemental compositions of these ions were confirmed by checking of 
their isotopic compositions. (The elemental compositions and relatives abundances of 
the most important ions are shown in Table 1 where the low abundant ions are omitted). 
The ESI mass spectra of 1-12 show that with increasing CV the abundances of 
molecular ions [M+H]+decrease; at the cone voltage 90V they are mostly low abundant, 
but ions [M+Na]+ were present in higher CV. This indicates that Na+ ions stabilize the 
structure of molecules of compounds 1-12 under the ESI MS conditions. 



Ions a and b are formed by the rupture of the Csp3-N bonds. The fragment ion a is 
present even at CV 30 V; which means that the bond between CH2 and N in the cyclic 
amine is very week. The formation of ion c besides the cleavage of the C-N bond, needs 
also the exchange of the “acidic” hydrogen in the NH2 group to the sodium atom; 
probably ion c is a daughter ion of ion a. 
Ion d is formed by ejection of a neutral molecule of NH=C=O. The simplest way to 
formation of this ion is the ejection of this molecule from ion c, but there is no 
experimental proof for this process. It is worth of attention that this kind of ejection is 
very characteristic of cytosine and other pyrimidine bases under the EIMS condition 
and it is called “the retro Diels-Alder reaction”. 
 

Scheme 1 
The most abundant fragment ions formed under ESI MS conditions 

(It is obvious that for each ion a number of plausible, resonance structures can be drawn 
reflecting charge and radical delocalization) 
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     Differentiation of the isomers of the studied compounds is based on a comparison of 
the ratios of the relative abundances of ions a or b to those of [M+Na]+. These chosen 
ions appeared the most useful for this purpose. The ratios of the relative abundances of 
ions a or b to that of [M+Na]+ ions of particular isomers are presented in Table 2. As 
we can see in this table the differences between these ratios are significant which allows 
distinction of particular isomers of the compounds studied. It should be also mentioned 
that the differentiation is possible for CV from 30 V (the most convenient value of cone 
voltage) through 60 V to 90V. 
     In the series of compounds 1-3 it is possible to differentiate the position of Br 
according to the following sequences: 

[a] +

[M + Na] +

[a] +

[M + Na] +
[a] +

[M + Na] +
ortho > >metha para CV  30V, 60V and 90V

[b] +

[M + Na] +

[b] +

[M + Na] +
[b] +

[M + Na] +
ortho > >metha para CV  60V and 90Vand

 



     In the series of 4-6 it is possible to differentiate the position of the Br according to 
the following sequences: 

[a] +

[M + Na] +

[a] +

[M + Na] +
[a] +

[M + Na] +
ortho < <metha para CV  30V, 60V and 90V

 
[b] +

[M + Na] +

[b] +

[M + Na] +
[b] +

[M + Na] +
ortho < <metha para CV  60V and 90Vand

 
     In the series of compounds 7-9 the values of these ratios also allow a differentiation 
of the isomers, as presented below: 

[a] +

[M + Na] +

[a] +

[M + Na] +
[a] +

[M + Na] +
ortho > >metha para CV  30V, 60V and 90V

[b] +

[M + Na] +

[b] +

[M + Na] +
[b] +

[M + Na] +
ortho > >metha para CV  60V and 90Vand

 
     And for compounds 10-12: 
 

[a] +

[M + Na] +

[a] +

[M + Na] +
[a] +

[M + Na] +
ortho > >metha para CV  30V, 60V and 90V

[b] +

[M + Na] +

[b] +

[M + Na] +
[b] +

[M + Na] +
ortho > >metha para CV  60V and 90Vand

 
    The electrospray ionisation mass spectra were performed using a Waters/Micromass 
(Manchester, UK) ZQ mass spectrometer. 
 
Table 1. The relative abundances of the most important ions in %, in cone voltage 30, 
60 and 90V for compounds 1-12 

Compound 
/Rel.abundance 

Compound 
/Rel.Abundance 

Cone 
voltage 

[V] 

 
Ion 

1 2 3 

Cone 
voltage 

[V] 

 
Ion 

 4 5 6 

 
30 

[M+H] + 
[M+Na]+ 

a 
 

58 
24 
15 

100 
24 
7 

97 
61 
14 

30 [M+H]+ 
[M+Na]+ 

a 
 

100 
95 
15 

100 
35 
9 

100 
12 
14 

 
60 

[M+H] + 
[M+Na]+ 

a 
b 
c 
d 

76 
3 
62 
100 

- 
3 

100 
71 
69 
30 
3 
4 

15 
100 
12 
21 
3 
4 

60 [M+H]+ 
[M+Na]+ 

a 
b 
c 
d 

20 
100 
15 
21 
3 
9 

46 
100 
21 
41 
3 
3 

100 
12 
39 
51 
- 
- 

 
90 
 

[M+H] + 
[M+Na]+ 

a 
b 
c 
d 

3 
3 
9 

100 
- 
- 

6 
20 
52 
100 
5 
9 

3 
45 
6 

100 
21 
56 

90 
 

[M+H] + 
[M+Na]+ 

a 
b 
c 
d 

- 
41 
9 

100 
24 
65 

- 
20 
12 
100 
9 
22 

- 
3 
5 

100 
- 
- 

 



Table 1.Continuation 
Compound 

/Rel.abundance [%] 
Compound 

/Rel.abundance [%] 
Cone 

voltage 
[V] 

 
Ion 

7 8 9 

Cone 
voltage 

[V] 

 
Ion 

 10 11 12 

 
30 

[M+H] + 
[M+Na]+ 

a 
 

100 
57 
12 

100 
48 
7 

36 
35 
3 

 
30 

[M+H] + 
[M+Na]+ 

a 
 

100 
37 
15 

46 
26 
7 

100 
45 
10 

 
60 

[M+H] + 
[M+Na]+ 

a 
b 
c 
d 

100 
27 
43 
30 
- 
3 

100 
42 
31 
35 
3 
4 

24 
100 
6 
16 
3 
6 

 
60 

[M+H] + 
[M+Na]+ 

a 
b 
c 
d 

15 
100 
15 
38 
3 
8 

18 
100 
18 
49 
6 
8 

30 
36 
13 
100 
3 
3 

 
90 
 

[M+H] + 
[M+Na]+ 

a 
b 
c 
d 

3 
5 
17 
100 
3 
7 

3 
8 
18 
100 
3 
6 

3 
71 
5 
82 
24 
100 

 
90 

[M+H] + 
[M+Na]+ 

a 
b 
c 
d 

5 
52 
13 
100 
25 
77 

3 
25 
7 

100 
17 
32 

- 
6 
5 

100 
3 
6 

 
Table 2. The values of ratios [a]+/[M+Na]+ and [b]+/[M+Na]+ calculated from ESI MS 
spectra in cone voltages 30, 60 and 90V. 

 
No 

Cone  
voltage 

[V] 

[a]+/ 
[M+Na]+ 

[b]+/ 
[M+Na]+ 

 
No 

Cone  
voltage 

[V] 

[a]+/ 
[M+Na]+ 

[b]+/ 
[M+Na]+ 

30 0.63 - 30 0.21 - 
60 20.67 33.33 60 1.59 1.11 

1 

90 3.00 33.33 

7 

90 3.40 20.00 
30 0.29 - 30 0.15 - 
60 0.97 0.42 60 0.74 0.83 

2 

90 2.60 5.00 

8 

90 2.25 12.50 
30 0.23 - 30 0.09 - 
60 0.12 0.21 60 0.06 0.16 

3 

90 0.13 2.22 

9 

90 0.05 1.15 
30 0.16 - 30 0.41 - 
60 0.15 0.21 60 0.15 0.38 

4 

90 0.22 2.43 

10 

90 0.25 1.92 
30 0.26 - 30 0.27 - 
60 0.21 0.41 60 0.18 0.49 

5 

90 0.60 5.00 

11 

90 0.28 4.00 
30 1.17 - 30 0.30 - 
60 3.25 4.25 60 0.42 2.78 

6 

90 1.67 33.33 

12 

90 1.00 16.67 
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 Extraction to the solid phase is a method which has been promptly applied for 
initial sample preparation for analysis. Removal of usually interfering matrix compo-
nents and preconcentration of trace quantities of the analytes are the most important ap-
plication of SPE. The method has many advantages, for instance it is simple, it requires 
small solvent volumes and allows for working in an on-line system. 
Metals may be separated and preconcentrated using SPE method, directly in the form of 
cations, however considerably more often they are transformed into chelate or ionic-
association complexes. Amongst complexing agents, used for complexing of the inves-
tigated metals, the following may be named: 1,10-phenanthroline [1-4], ammonium pyr-
rolidine dithiocarbamate [5,6], 8-hydroxyquinoline [7-9], 1-(2-pyridylazo)2-naphtol 
[10], 4-(2-pyridylazo)resorcinol [11], neocuproine [12], EDTA [13] etc. 

In this paper, 1,10-phenanthroline was used as a complexing agent for simulta-
neous separation and preconcentration of Cd (II), Co (II), Cu (II) by SPE method, using 
a column with an active octyl group C8. Non-polar phase (the octyl group) requires the 
metals to be introduced on columns as non-ionogenic complexes. Therefore the ana-
lyzed metals were transformed into an ionic-association complex using 1,10-
phenanthroline and chlorate(VII) ions, and then preconcentrated on columns filled with 
octyl phase. 

 
EXPERIMENTAL 

Reagents, solutions: Standard solutions of Cd(II), Cu(II), and Co(II) having concentra-
tion of 1 mg dm–3 (Merck); octyl (C8) disposable extraction columns 3 ml (500 mg) 
(J.T. Baker); deionizated water and analytical grade reagents were used for the prepara-
tion of all the solutions. 1,10-phenanthroline solution contained 2 % of ethanol. pH of 
the solutions was adjusted with 0.1 mol dm–3 hydrochloric acid or 0.1 mol dm–3 sodium 
hydroxide solutions.  
Apparatus: BAKERBOND spe – 12G system; Spectroflame - ICP Model M (Spectro 
Analytical Instruments);  
Procedure: A 2 cm3 portion of the complexing reagent (0.01 mol dm–3 1,10-
phenanthroline and 0.1 mol dm–3 NaClO4 solutions) was added to a beaker with 50 cm3 
of the model solution containing Cd(II), Cu(II), and Co(II). Then, the pH value of the 
solutions was fixed, depending on the eluent used for elution of the adsorbed metals. 
When 10 cm3 of 2.0 mol dm–3 hydrochloric acid solution were applied (after earlier 
washing of the column with the adsorbed metals with sodium hydroxide solution having 
concentration of 0.01 mol dm–3), pH value of the solution was fixed to 4. Whereas, 
when 10 cm3 of 0.1 mol dm–3 EDTA solution with pH ≈ 12 were used as eluent, pH 
value of the final solution was fixed to 3. The sample solutions were passed through the 
columns at a flow rate of 1.5÷2.0 cm3 min–1 using a BAKERBOND spe system. Quan-
tity of Cd(II), Cu(II), and Co(II) in the obtained solution was determined by the ICP-
OES method using the program of simultaneous determination of these metals and cor-
rection standards containing the matrix (1,10-phenanthroline, NaClO4, EDTA or HCl). 



Preparation of the column for use: The columns were removed with 5 cm3 EtOH,       
10 cm3 of 4 mol dm–3 HCl, and washed with deionizated water until it was free from 
acid. 
 

RESULTS AND DISCUSSION 
It was proved experimentally that hydrochloric acid, EDTA, NaClO4 and 1,10-

phenanthroline slightly influence the simultaneous determination of Cu(II), Co(II), and 
Cd(II) by the ICP-OES method. That is why the calibration standards have contained 
reagents being a reagent matrix. The model standard curves (for the solutions containing 
the matrix reagents) are linear in the concentration range 0.1÷2.0 µg cm–3 for Cd, Co 
and 0.5÷3.0 µg cm–3 for Cu at the corresponding wavelengths: Cd – 226.50 nm, Co – 
228.62 nm and Cu – 324.75 nm. 

In order to obtain quantitative recoveries of the metal ions on the columns con-
taining C8 as a functional group, the preconcentration procedure was optimized for the 
various analytical parameters such as sample preparation, pH of the sample solution, 
amount of complexing reagent, volume of sample and eluent, flow rates of sample and 
eluent.  

The initial step of the research was selection of the elution agent for the metals 
adsorbed on octyl columns. Possibilities of application the following compounds: nitric 
acid, ethyl alcohol, chloroform, EDTA, EDTA with pH=12, NaOH with concentration 
of 0.01 mol dm–3, and hydrochloric acid were examined. Analyzing the results of these 
investigations, it was found that EDTA solution with concentration of 0.1 mol dm–3 and 
pH ≈ 12 , and hydrochloric acid solution might be used as elution agents for the studied 
metals. It was also ascertained that while using a hydrochloric acid solution as the elu-
ent, the columns containing the adsorbed metals should be washed with 0.01 mol dm–3 
NaOH solution. Application of the acid only did not yield satisfactory recoveries. 

Next, the influence of pH of the initial solution on efficiency of separation and 
preconcentration of Cu(II), Co(II), and Cd(II) on C8 columns was examined. The effect 
of pH on the separation of metal ions was studied in the range of 2÷8, keeping the other 
parameters constant. The optimum pH range for maximum recovery of each metal ion is 
shown in Figures 1 and 2. It was found that pH = 3 is optimal for group preconcentra-
tion of the studied metals when EDTA was used as eluent, and pH = 4 is optimal when 
hydrochloric acid was used as eluent.  
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Figure 1. Influence of model solution 
pH value on metal recovery, using  
0.1 mol dm–3 EDTA with pH=12 as elu-
ent. 

Figure 2. Influence of model solution pH 
value on metal recovery, using  
2 mol dm–3 HCl as eluent. 



During further investigations, the influence of hydrochloric acid concentration 
and pH value of EDTA applied on efficiency of elution of the studied metals was 
researched. The obtained results allowed to ascertain that after washing the columns 
(after the metals’ preconcentration) with NaOH solutions having concentration of  
0.01 mol dm–3, 2 mol dm–3 hydrochloric acid would allow for an effective elution of the 
adsorbed metals (Figure 3). Whereas EDTA solution with concentration of 0.1 mol dm-3 
should have pH = 12 (pH was fixed using sodium hydroxide solution with concentration 
of 0.1 mol dm–3) (Figure 4).  
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Figure 3. Influence of EDTA pH value 
as eluent on metal recovery. 

Figure 4. Influence of HCl concentration as 
eluent on metal recovery.

 
The sorption of the elements studied was examined in relation to the amounts of 

complexing agents (1,10-pheanthroline with concentration of 0.01 mol dm–3, sodium 
chlorate(VII) with concentration of 0.1 mol dm–3), which were varied from 1 to 3 cm3 of 
the solution. Therefore, 2 cm3 of the reagents was found to be optimum of all precon-
centration purposes. 

The influence of the flow rate in the range of 1.0÷3.0 cm3 min–1 on the sorption 
of metals into SPE and elution were studied. The preconcentration and elution flow rate 
was quantitative for this range and hence the range of 1.5÷2.0 cm3 min–1 was chosen for 
preconcentration and elution in the later studies. 

It was found that the method may be used for determination of the metals in the 
concentrations from 0.016 µg cm–3 to 0.1 µg cm–3 in sample solution. 
 
Table1. Results of determination of Cd(II), Co(II), and Cu(II) in the model solutions w 

by ICP-OES method, after preconcentration on C8 columns, using EDTA and 
HCl as eluent. 5 µg of the metals were introduced 
 

Eluent EDTA Eluent HCl 
Metal Recovery 

% 
RSD 

% 
µ95 = xśr ± ts 

n=6 
Recovery 

% 
RSD 

% 
µ95 = xśr ± ts 

n=6 

Cd 101.6 0.57 5.08±0.025 100.6 1.33 5.04±0.11 

Co 95.2 1.07 4.76±0.050 98.6 0.53 4.93±0.025 

Cu 98.0 1.39 4.90±0.067 95.9 2.99 4.79±0.13 

 



In the Table 1., the results of group determination of Cd(II), Co(II), and Cu(II) 
using ICP-AES method, after separation and preconcentration on C18 columns in the 
form of ionic-association complexes for the model solutions. Basing on the obtained 
results, it was found that the developed method for preconcentration of heavy metals on 
octyl columns, with 1,10-phenanthroline and chlorate(VII) ions as complexing agents 
for the studied metals, characterized itself by good precision both when hydrochloric 
acid with concentration of 2.0 mol dm–3, and EDTA with concentration of 0.1 mol dm–3 
and pH=12 were used as eluents.  

The limits of detection values (3s) are 8.4, 13.5 and 10.8 µg dm–3 for Cd(II) 
Co(II) and Cu(II) respectively, and corresponding limit of quantification (6s) values are 
16.8, 27.0 and 21.6 µg dm–3 respectively, using EDTA with pH = 12 as eluent. 
Whereas, when 2 mol dm–3 hydrochloric acid has been used as eluent, the limits of de-
tection values (3s) are 6.3, 19.2 and 9.9 µg dm–3 for Cd(II) Co(II) and Cu(II) respec-
tively, and corresponding limit of quantification (6s) values are 12.6, 38.4 and 19.8 µg 
dm–3 respectively. 

 
CONCLUSION 

Basing on the obtained results one may ascertain that the examined octyl phase 
may be used for separation and preconcentration of Cd(II), Co(II), and Cu(II) after 
transformating the metals into ionic-association complex using 1,10-phenanthroline and 
chlorate(VII) ions. It has been also found that the adsorbed metals may be alternatively 
eluted using two eluents: EDTA with concentration of 0.1 mol dm–3 and pH=12 or hy-
drochloric acid with concentration of 2.0 mol dm–3 after earlier washing the columns 
with NaOH solution having concentration of 0.01 mol dm–3. RSD values are in the 
range of 0,53÷3.0 %. The developed method may be applied successfully for separation 
and preconcentration of the metals studied. 
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Gallein, a dye of the xanthen group, is rarely used as a spectrophotometric 
reagent. It could be explained by its instability in solutions of pH above 4. At pH>4  
metal complexes are resolved because of the oxidation of the dye [1-3]. That is why 
gallein is used only for determination of small group of elements like: Bi(III), Zr(IV), 
In(III), Sn(IV) [4], Fe(III) [5], Th(IV) and La(III) [6], Mo(VI) [7] or W(VI) [8], which 
react with the dye in acid medium.  

Spectrophotometric methods based on the binary complexes with gallein are low 
sensitive. In order to increase the sensitivity and contrast of these reactions long-chain 
surface active substances were introduced to the metal complex. These substances in the 
form of ion or non-ion cause many valuable analytical effects such as: a large increase 
of colour intensity, bathochromic shift of the absorption maximum of the system as well 
as  hyperchromic effect. As three-component systems they could be useful for 
spectrophotometric determination. 

The aim of this investigation was to study the conditions governing the 
formation of the tungsten (VI) chelate with gallein in the presence of 
benzyldimethyldodecylammonium bromide as surfactant and to apply this reaction for 
spectrophotometric determination of tungsten in model samples of steel. 
 

EXPERIMENTAL 
Apparatus 

The absorbance was measured by using spectrophotometer V-530 (Jasco, Japan) 
in 1 cm cuvettes. pH measurements were performed by pH-meter CP-315 (Elmetron) 
with glass combined electrode.  

Reagents 
Tungsten (VI) solution (1 mg·mL-1) was prepared by dissolving 0,63055 g of 

tungsten trioxide (WO3) (Merck) in 6.5 mL of 2 mol·L-1 solution of sodium hydroxide. 
This solution was diluted with redistilled water in a volumetric flask to 500 mL. 
Working solutions were obtained by suitable dilution of the initial solution with 
redistilled water. 

Gallein solution (Gal) (1·10-3 mol·L-1) was obtained by dissolving 0.18215 g of 
gallein (Sigma - Aldrich Chemie Gmbh) in methanol and dilution up to 500 mL with 
methanol. 

Benzyldimethyldodecylammonium bromide solution (BDDA) (1·10-1 mol·L-1) 
was obtained by dissolving 185 mL of Sterinol (Polfa) in water and dilution up to 500 
mL. 
EDTA, NaF, concentrated HCl, HNO3 
Glycin buffer solution pH = 1,5 [9] 
Analysen-Testprobe No 95 (Deutsches Amt fűr Material- u. Warenprűfung der DDR 
Prűfdienststelle Magdeburg C1). 



Procedure 
Preparation of calibration graph by using of spectrophotometry 

From 1 to 8 mL of 5 µg·mL-1 solution of W (VI) was introduced into 25 mL 
volumetric flasks. To each sample 3 mL of 1·10-3 mol·L-1 solution of gallein (Gal),  
3 mL of 1·10-1 mol·L-1 solution of BDDA and 8 mL of glycin buffer solution pH=1.5 
were added. The samples were brought to the mark with redistilled water. Absorbance 
was measured at 589 nm, in 1 cm cells, against the reagent blank, and the calibration 
graph was plotted. 

Preparation of model samples of steel 
Analysen-Testprobe No 95 used to prepare synthetic samples of steel has the 

composition (in %): C-0,031, S-0,033, Mn-0,26, Cu-0,18, Si-<0,02, P-0,009, Cr-0,046, 
Ni-0,11. 

0.25 g of Analysen-Testprobe No 95 were quantitatively transferred into 100 mL 
beakers. To each sample 10 µg, 25 µg, 50 µg, 100 µg, 250 µg, 500 µg or 1 mg of the 
standard solution of W and 20 mL of concentrate hydrochloric acid were added. 
Samples were heated on the electric plate at temperature 200-250 ºC under cover until 
complete dissolution. Obtained solution was evaporated to dryness. To solid residue  
20 mL of redistilled water was added and sample was heated under cover for               
10 minutes. Insoluble parts were filtered off on a soft filter. pH of the filtrate was 
adjusted to 1.5, quantitative transferred into volumetric flask and filled up to the mark 
with 
3·10-2 mol·L-1 HCl. If necessary samples were diluted in volumetric flasks before 
determination. 

For determination of tungsten appropriate volume of solution was introduced 
into 25 ml volumetric flask. 1 mL of 0,5% NaF and 0.8 mL of 5·10-2 mol·L-1 EDTA 
were added and further procedure was the same as for preparation of calibration graph. 
 

RESULTS AND DISCUSSION 
 

Optimalization of conditions of determination 
Tungsten (VI) reacts with gallein (Gal) in the presence of 

benzyldimethyldodecylammonium bromide (BDDA) forming a coloured, water-soluble 
complex. The addition of BDDA into the system of tungsten - gallein in aqueous media 
changes location and intensity of the absorption band. The essential for analytical 
targets is a hyperchromic effect and a bathochromic shift (∆λ=81 nm). 

To establish the optimum conditions for the determination of tungsten with 
gallein in the presence of BDDA, the dependence of the absorbance of the pH, Gal, 
BDDA concentrations was examined. Complexation occurs in the slightly acidic 
medium with optimum pH at 1.5. In further experiments the glycin buffer pH at 1.5 was 
used. Experiments carried out at constant pH with different amounts of Gal showed that 
the minimal molar excess of Gal over W is 14. The absorbance of the complex using 
different amounts of BDDA showed that complete solubilization and clarity of solution 
is achieved when the minimal molar excess of BDDA over W is 1380. The highest 
absorbance was obtained when using the following order of reagents addition: W-Gal-
BDDA- buffer. This order was applied for further studies. Absorbance of the ternary 
system is constant after 50 minute after preparing the chelate at room temperature and 
does not change for 1.5 hours. 



Characteristic of the method 
 The calibration graph for determination of tungsten was obtained under  
the optimum conditions. The Beer’s law is obeyed over W concentration range 0.2-1.6 
µg·mL-1. Molar absorptivity at 589 nm is ε = 3.70·104 L·mol-1·cm-1. The statistical 
evaluation of the method was carried out for ten determination using 10 µg of W and 
following results were obtained: standard deviation 0.056, confidence interval 
10.07±0.04 µg W. Spectrophotometric characteristic of the method is shown in Table 1.  
 
Table 1. Spectrophotometric characteristic of the proposed method  
 

parameter value 
Molar absorptivity, ε [L·mol-1·cm-1] 
Specific absorptivity, a [mL·g-1·cm-1] 
Sandell’s sensitivity, S [µg·mL-2] 
Detection limit [µg·mL-1] 
Limit of quantification [µg·mL-1] 
Beer’s law [µg·mL-1] 
Regression equation: y=a·x + b,  
y-absorbance, x-analyte concentration [µg·mL-1], 
intercept, b 
slope, a 
correlation coeficient, r 
RSD%, n = 10 

(3.70±0.13)·104 

(0.20±0.01) 
(4.98±0.16) ·10-3 
0.02 
0.04 
0.20-1.40 
 
 
0.0054 
0.0077 
0.9996 
0.56 

 
The composition of the examined complex was established by Job’s method. It 

was found that stoichiometry of the chelate W-Gal is 2:3 in the presence of BDDA at 
the optimum conditions. 

Interferences 
 Solutions containing 0.80 µg·mL-1 of W(VI) and varying amounts of other ions 
were prepared and W(VI) content was determined according to the procedure 
developed. Concentration of the interferent that caused a deviation in absorbance ≥ ± 
5% in the estimation of W ions was considered to be causing interference. Results 
obtained are given in Table 2. 
 
Table 2. Influence of foreign ions on determination of W-Gal-BDDA 
 

weight ratio, W:X foreign ions, X 

   1:1000 and below Na+, K+, NO3
-, SO4

2-, PO4
3-, F-, NH4

+ 
   1:500 and below Mg2+, Ca2+, Zn2+, Pb2+, Ni2+, Co2+, 
   1:100 and below CH3COO- 
   1:10 and below Cd2+, citrate, EDTA 
   1:1 and below Fe3+, Bi3+, oxalate, tartrate 
   1:0,1 and below Al3+, Cr3+ 

   1:0.01 and below Sn2+, Ge4+, Sb3+, Mo6+ 



The developed method was tested by determining tungsten in model samples of 
steel. The results of analyses were collected in Table 3. 
 
Tablica 3. Results of tungsten determination in model samples of steel 

(λ = 589 nm, l = 1 cm, n = 10) 
 

No sample Content of W 
in synthetic sample [%] 

Content of W determined 
spectrophotometrically [%] 

1. 
2. 
3. 
4. 
5. 
6. 
7. 

            0,40 
            0,20 
            0,10 
            0,040 
            0,020 
            0,010 
            0,004 

          0,42     ± 0,02 
          0,19     ± 0,03 
          0,094   ± 0,007 
          0,041   ± 0,003 
          0,019   ± 0,002 
          0,010   ± 0,002 
          0,0039 ± 0,0003 

 
 Application of surface-active substance creates better conditions for the 
determination of tungsten by means of gallein. In the presence of BDDA hyperchromic 
and bathochromic effect is observed. The proposed method is simple and accurate. The 
molar absorptivity is ε = 3.70·104 L·mol-1·cm-1. Beer’s law is obeyed in the range of 
0.20 to 1.40 µg W·mL-1. The detection limit of the method is 0.04 µg W·mL-1. The 
statistical evaluation of the method have shown good reproducibility. 

The studies carried out prove that the elaborated method could be used for direct 
determination of tungsten in steel. The obtained results are satisfactory. 
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Tungsten is a refractory metallic element used principally as an alloying agent in 
steel, cast iron, and super alloys to enhance harden ability, strength, toughness, wear 
and corrosion resistance. To achieve desired metallurgical properties, tungsten is 
frequently used in combination with or added to molybdenum, chromium, niobium, 
manganese, nickel, or other alloy metals. The versatility of tungsten in enhancing a 
variety of alloy properties has ensured it a significant role in contemporary industrial 
technology, which increasingly requires materials that are serviceable under high stress, 
expanded temperature ranges, and resistant highly corrosive environments.  

Xanthen dyes like phenylfluorone and its derivatives [1-4], bromopyrogallol red 
[5-6] or gallein [7] are often used as chromogenic reagents in many spectrophotometric 
methods for determination of tungsten. The great progress in sensitivity of 
spectrophotometric methods has been done by using multicompound systems, 
especially ternary and quaternary systems in which an important role play surface-active 
substances. The addition of surfactant to the metal complex usually leads to: increase of 
sensitivity of multicompound system in comparison with dual complexes; decrease of 
the pH interval at which an analytically useful chelate is formed. This effect provides 
the increase of selectivity of the method; shorten the time required to establish 
equilibrium and enhance the stability of the coloured system. Bathochromic effect of the 
spectra position of the peak of multicompoud systems in comparison to dual complexes 
is also observed. 

The aim of this investigation was to study the conditions governing the 
formation of the tungsten (VI) chelate with bromopyrogallol red in the presence of 
benzyldimethyldodecylammonium bromide as surfactant and to use this reaction for 
spectrophotometric determination of tungsten in model samples of steel. 
 

EXPERIMENTAL 
Apparatus 

The absorbance was measured by using spectrophotometer V-530 (Jasco, Japan) 
in 1 cm cuvettes. pH measurements were performed by pH-meter CP-315 (Elmetron) 
with glass combined electrode.  

Reagents 
Tungsten (VI) solution (1 mg·mL-1) was prepared by dissolving 0,63055 g of 

tungsten trioxide (WO3) (Merck) in 6.5 mL of 2 mol·L-1 solution of sodium hydroxide. 
This solution was diluted with redistilled water in a volumetric flask to 500 mL. 
Working solutions were obtained by suitable dilution of the initial solution with 
redistilled water. 

Bromopyrogallol red solution (BPR) (1·10-3 mol·L-1) was obtained by dissolving 
0,2881 g of bromopyrogallol red (Lachema, Brno) in mixed water-methanol solution 
(1+1) and dilution up to 500 mL with solution containing methanol and water (1+1). 



Benzyldimethyldodecylammonium bromide solution (BDDA) (2·10-1 mol·L-1) 
was obtained by dissolving 370 mL of Sterinol (Polfa) in redistilled water and dilution 
up to 500 mL.  
Glycin buffer solution pH = 2.0 [8] 
Analysen-Testprobe No 95 (Deutsches Amt fűr Material-u. Warenprűfung der DDR 
Prűfdienststelle Magdeburg C1) 
EDTA, NaF, concentrated HCl, HNO3 

Procedure 
Preparation of calibration graph by using of spectrophotometry 

From 1 to 7 mL of 5µg·mL-1 solution of W (VI) were introduced into 25 mL 
volumetric flasks. To each sample 9 mL of glycin buffer solution pH=2, 0.9 mL of 
1·10-3 mol·L-1 solution of bromopyrogallol red (BPR) and 5 mL of 2·10-1 mol·L-1 
solution of BDDA were added. The samples were filled to the mark with redistilled 
water. Absorbance was measured at 589 nm, in 1 cm cells, against the reagent blank, 
and the calibration graph was plotted. 

Preparation of synthetic samples 
Analysen-Testprobe No 95 used to prepare synthetic samples has the 

composition (in %): C-0.031, S-0.033, Mn-0.26, Cu-0.18, Si-<0.02, P-0.009, Cr-0.046, 
Ni-0.11. 

0.25 g of Analysen-Testprobe No 95 were quantitatively transferred into 100 mL 
bakers. To each sample 10 µg, 25 µg, 50 µg, 100 µg, 250 µg, 500 µg or 1 mg of the 
standard solution of W and 20 mL of concentrate hydrochloric acid were added. 
Samples were heated on the electric plate at temperature 200-250 ºC under cover until 
complete dissolution. Obtained solution was evaporated to dryness. To solid residue  
20 mL redistilled water was added and sample was heated under cover for 10 minutes. 
Insoluble parts were filtered off on a soft filter. pH of the filtrate was adjusted to 2, 
quantitative transferred into volumetric flask and filled up to the mark with  
1·10-2 mol·L-1 HCl. If necessary samples were diluted before determination. 

For determination of tungsten appropriate volume of solution was introduced 
into 25 ml volumetric flask. 1 mL of 0,5% NaF and 0.8 mL of 5·10-2 mol·L-1 EDTA 
were added and further procedure was the same as for preparation of calibration graph. 
 

RESULTS AND DISCUSSION 
Optimalization of conditions of determination 

Tungsten (VI) reacts with bromopyrogallol red (BPR) in the presence of 
benzyldimethyldodecylammonium bromide (BDDA) forming a coloured, water-soluble 
complex. The addition of BDDA to the binary complex W-BPR creates better 
conditions for the determination of tungsten because of hyperchromic and bathochromic 
effects (∆λ=89 nm). 

To establish the optimum conditions for the determination of tungsten with 
bromopyrogallol red in the presence of BDDA, the dependence of the absorbance of the 
pH, BPR, BDDA concentrations was examined. Complexation occurs in the slightly 
acidic medium with optimum pH at 2. In further experiments the glycin buffer pH at 2 
was used. Experiments carried out at constant pH with different amounts of BPR 
showed that the minimal molar excess of BPR over W is 4.7. The absorbance of the 
complex using different amounts of BDDA showed that complete solubilization and 
clarity of solution is achieved when the minimal molar excess of BDDA over W is 
5256. The highest absorbance was obtained when using the following order of reagents 



addition: W-buffer-BPR-BDDA. This order was applied for further studies. Absorbance 
of the ternary system is constant after 10 minute after preparing the chelate at room 
temperature and does not change for 1.5 hours. 

Characteristic of the method 
 The calibration graph for determination of tungsten was obtained under  
the optimum conditions. The Beer’s law is obeyed over W concentration range 0.2-1.4 
µg·mL-1. Molar absorptivity at 589 nm is ε=5.60·104 L·mol-1·cm-1. The statistical 
evaluation of the method was carried out for ten determination using 10 µg W and 
following results were obtained: standard deviation 0.070, confidence interval 
10.05±0.05 µg W. Spectrophotometric characteristic of the method is shown in Table 1.  
 
Table 1. Spectrophotometric characteristic of the proposed method 
  

parameter value 
Molar absorptivity, ε [L·mol-1·cm-1] 
Specific absorptivity, a [mL·g-1·cm-1] 
Sandell’s sensitivity, S [µg·mL-2] 
Detection limit [µg·mL-1] 
Limit of quantification [µg·mL-1] 
Beer’s law [µg·mL-1] 
Regression equation: y=a·x + b, 
y-absorbance, x-analyte concentration [µg·mL-1], 
intercept, b 
slope, a 
correlation coeficient, r 
RSD%, n = 10 

(5.60±0.28)·104 

(0.30±0.01) 
(3.30±0.16) ·10-3 
0.02 
0.04 
0.20-1.40 
 
 
0.0166 
0.0111 
0.9991 
0.70 

 
Interferences 

 Solutions containing 0.60 µg·mL-1 of W(VI) and varying amounts of other ions 
were prepared and W(VI) content was determined according to the procedure 
developed. Concentration of the interferent that caused a deviation in absorbance ≥ ± 
5% in the estimation of W ions was considered to be causing interference. Results 
obtained are given in Table 2. 
 
Table 2. Influence of foreign ions on determination of W-BPR-BDDA 
 

weight ratio, W:X foreign ions, X 

   1:1000 and below Na+, K+, NO3
-, SO4

2-, PO4
3-, F-, NH4

+ 
   1:500 and below Mg2+, Ca2+, Zn2+, Pb2+, Ni2+, Co2+, 
   1:100 and below CH3COO- 
   1:10 and below Cd2+, citrate, EDTA 
   1:1 and below Fe3+, Bi3+, oxalate, tartrate 
   1:0,1 and below Al3+, Cr3+ 

   1:0.01 and below Sn2+, Ge4+, Sb3+, Mo6+ 



The composition of the examined complex was established by Job’s method.  
It was found that stoichiometry of the chelate W-BPR is 2:3 in the presence of BDDA at 
the optimum conditions. 

 
The developed method was tested by determining tungsten in model samples of 

steel. The results of analyses were collected in Table 3. 
 
Tablica 3. Results of tungsten determination in model samples of steel 

(λ = 589 nm, l = 1 cm, n = 10) 
 

Nr sample Content of W 
in synthetic sample [%] 

Content of W determined 
spectrophotometrically [%] 

1. 
2. 
3. 
4. 
5. 
6. 
7. 

              0,40 
              0,20 
              0,10 
              0,040 
              0,020 
              0,010 
              0,004 

          0,39     ± 0,02 
          0,21     ± 0,02 
          0,11     ± 0,01 
          0,041   ± 0,001 
          0,021   ± 0,003 
          0,011   ± 0,001 
          0,0038 ± 0,0003 

  The proposed spectrophotometric method for determination of tungsten by 
means of bromopyrogallol red in the presence of benzyldimethyldodecylammonium 
bromide is simple, sensitive and accurate. The addition of BDDA to the binary complex 
W-BPR creates better conditions for the determination of tungsten because of 
hyperchromic and bathochromic effects. The molar absorptivity of the studied system 
W-BPR-BDDA is ε = 5.60·104 L·mol-1·cm-1. Beer’s law is obeyed in the range of 0.20 
to 1.40 µg W·mL-1. The detection limit of the method is 0.04 µg W·mL-1. The statistical 
evaluation of the method have shown good reproducibility. 
 The studies carried out prove that the elaborated method could be used for direct 
determination of tungsten in steel. The obtained results are accurate and satisfactory. 
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Due to their commonness, availability, permanent contact with environment and 

relatively short generation time plants seem to be excellent material for studying 
consequences of environment contamination. Vast variety of species enables selection 
of organisms particularly vulnerable to specific toxins.  

For studying concentration of heavy metals and gamma radioactive isotopes in 
plant samples the species selected were especially liable to suffer such contaminants due 
to their anatomy or its nutrional way. The plant samples were collected from areas of 
various emission levels of toxic gas and dusts. Radionuclide and heavy metal 
concentrations were compared to those of surface soil samples from respective sites. 
Concentration of heavy metals and main gamma radioactive isotopes both natural and 
anthropogenic origin (post Chernobyl 137Cs) were measured using AAS and gamma 
spectrometric methods, respectively. 

 
Sample collection sites 

The material was collected late autumn 2004 at territory of Eastern Poland in 
extensive forest of similar kind of species in following sites: Zemborzyce near Lublin,  
Obojna (Puszcza Sandomierska-Wilderness), Łomnica (Poleski National Park). These 
sites represent various contamination levels.  
 

 
Fig.1 Location of sampling points. 

Point 1 was located about 5 km from 
the center of a big town - Lublin. In previous 
years a heavy industry factories were in 
operation (foundry, car factory). Nowadays 
the only working factory that may emit 
contaminations to atmosphere is heat and 
power station „Wrotków” using hard coal. 
The town is surrounded by farmlands of low 
agriculture level;  
Point 2 was located at wilderness Puszcza 
Sandomierska. This region is known as one 
of the most unpolluted in Poland but not far 
away (7 km) there are potentially dangerous 
points for environment. There is a town of 
Stalowa Wola with coal powered heat and 
power station and until 1993 sulfur strip mine 
worked in Tarnobrzeg, a town nearby. 
Surrounding farmlands are also of low level.  

Point 3 was selected in borders of Poleski National Park. Due to lack of industry 
this region seemed to be relatively clean potentially threatened only by develop of 
Bogdanka coal mine located in vicinity as well as fertilizers and herbicides used in 
agriculture.  



Collection and preparation of samples 
Samples of lichens were picked up from tree trunks at height 1-2 meters. The 

bedding was removed and lichens were air dried in laboratory. Mosses were collected in 
exposed clearings and air dried after removing of leaves and soil particles. Coniferous 
needles were collected from young pine-trees. Surface bark of older trees was removed 
with knife and after cleaning from lichens was grinded and air dried. Faded leaves of 
various trees was collected from clearings and dried. To avoid problems with collection 
of mushrooms of the same type an arboreal type fungus - polyphore (Fomes 
fomentarius) was chosen.  

 
Radioactivity measurements 

Air dried material was grinded and weighted to standard 500cm3 Marinellli 
vessel. The concentration of gamma isotopes was measured with Silena/Canberra 
spectrometer equipped with HPGe detector. Identification of isotopes and calculation of 
their concentration was made with Genie 2000 (Canberra) software.  

 
Results 

The level of radioactivity of the most important gamma isotopes in plant and soil 
samples was similar to their concentration in the samples of the same type measured in 
previous years and is much lower than values measured soon after explosion of 
Chernobyl power plant [1]. In studied samples of lichens, mosses and mushrooms the 
concentration of 137Cs was much higher than in other samples collected in the same 
sites. The highest concentration was noticed for Obojna that was in agreement with 
previous measurements [2]. 

Natural isotopes concentrations are much lower than measured for 137Cs. 
Sometimes even below detection limit of the spectrometer. An exception is 210Pb which 
beside 40K and 137Cs has greatest share in gamma radioactivity of the all samples. Such 
as for cesium the higher concentration of 210Pb was observed in lichens and mosses. For 
these samples collected in Łomnica also the concentration of natural isotopes was 
relatively high. It was probably caused by intense dusting from surrounding fields.  

 

1 - conifer needles,  2 - bark,  3 - leaves, 4 - moss, 5 - lichens,  6 - mushrooms
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Fig 2. Concentration of main gamma isotopes in plant samples  



 
Table 1. Concentration of main natural gamma isotopes in soil samples 

 
Site Zemborzyce Obojna Łomnica 

Izotope Radioactivity 
[Bq·kg-1] 

Error 
[Bq·kg-1]

Radioactivity
[Bq·kg-1] 

Error 
[Bq·kg-1]

Radioactivity 
[Bq·kg-1] 

Error 
[Bq·kg-1]

K-40 272.08 6.31 220.38 5.62 252.20 5.82 
Cs-137 0.12 0.37 3.14 0.97 6.12 0.21 
Pb-210 3.72 1.41 5.44 2.04 1.41 0.53 
Bi-212 0.86 0.51 6.07 0.56 9.53 0.48 
Pb-212 1.68 1.08 1.10 0.93 1.65 1.07 
Bi-214 1.16 0.38 1.07 0.36 1.14 0.32 
Pb-214 1.13 0.98 1.04 0.90 1.12 0.91 

 
Heavy metal concentration measurements 

Concentration of some heavy metals in the samples was measured with Spectr 
AA880 Varian spectrometer. Considering results of similar measurements in Poland one 
may state that obtained values are on the level obtained for non-polluted areas. [3,4] The 
concentration of selected heavy metals in soils ranges considerably (20-3000µg·g-1) and 
is much higher than in plants (from 0.2 to 1200 µg·g-1). The higher concentration in 
mushrooms results from their ability to cumulate zinc, copper, iron and manganese from 
soil. Slightly lower concentration of these metals may be noticed also in mosses and 
lichens. The lowest concentration of these elements was noticed in leaves and needles. 
Because similar concentration was measured in the bark samples one may state that 
there no emission of contaminating dusts nor compounds was in the last years.  

 
Table 2. Concentration of main heavy metals in plant and soil samples [µg·g-1] 

Sample Site Zn Mn Cu Cd Fe Cr Ni Pb 
 1 43.2 0.43 2.5 0.43 453 0.7 0.4 2.2 

conifer needles 2 42.2 0.8 4.8 0.68 612 2.8 0.6 11.8 
 3 35.1 1.36 3.4 0.21 438 1.2 0.4 10.6 
 1 62.7 0.43 6.5 0.53 453 2.7 1.4 14.2 

bark 2 64.3 0.8 8.8 0.66 612 3.5 1.6 18.1 
 3 46.5 1.36 7.4 0.51 438 2.2 1.4 10.6 
 1 13.3 0.46 3.78 0.21 461.4 0.61 0.3 6.08 

leaves 2 18.2 1.14 4.65 0.3 467.8 0.48 0.5 7.07 
 3 13.1 0.17 2.71 0.31 491.4 0.71 0.2 3.78 
 1 39.6 12.5 15.8 0.36 870 0.2 0.53 14.2 

moss 2 43.8 18.9 16.5 0.52 1151 4.9 2.11 22.7 
 3 22.6 6.8 4.2 0.32 387 2.35 1.34 16.8 
 1 25.3 17.6 15.4 0.14 356 2.6 3.16 40.3 

lichens 2 74.7 32 22.9 0.25 740 2.9 4.43 122.3 
 3 48.4 28.3 11.6 0.11 271 2.8 1.88 12.23 
 1 72.2 55.4 24.4 1.67 410 7.5 5.1 17.9 

mushrooms 2 124.1 78.8 67.4 2.8 1220 11.4 6.4 40.6 
 3 64.4 43.2 66.2 0.94 1108 9.8 1.3 28.5 
 1 75.2 112.4 24 22.9 2100 92.1 71.9 130.2 

soil 2 86.4 135.6 28.3 24.8 3368 96.9 83.8 179.8 
 3 63.7 11.6 23.5 22.3 1698 76.8 58.9 122.4 



 
Conclusions  

Lichens, mosses and mushrooms, accumulating in their tissues radioisotopes and 
heavy metals are very sensitive indicators of environment pollution. However, 
quantitative measurements demands consideration of many factors connected with 
biological diversity of these plants and climate fluctuation. Obtained data may inform of 
the contamination level of studied areas and warn us against hazardous situations.  
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Introduction 

We encounter a negative approach to the teaching of biochemistry from both 
students and many teachers at high schools. That leads to an effort in creating new 
didactic instruments, which should help in ameliorating the biochemistry classes of 
high schools. These didactic instruments could be educational presentations made in 
PowerPoint application aimed on high school teachers of chemistry. The simplification 
of teaching while using PowerPoint presentations consists in several aspects, as are e.g. 
simple manipulation with prepared presentations, possible distribution via the Internet, 
increased motivation of students or possibility to concretize the course of biochemical 
processes with the aid of animated pictures. 
 
Software application Microsoft PowerPoint  

The software application Microsoft PowerPoint is a part of the Microsoft Office 
package. It is an easy-to-handle tool for creation of presentations. This application 
enables to create eye-catching presentations with graphic, animations and multimedia.  
 
Advantages and disadvantages of using Microsoft PowerPoint in teaching 
Biochemistry 
 
Advantages: 
1. Easy availability of the PowerPoint software 

PowerPoint software is a part of the Microsoft Office package. 
2. Easy creation of presentations: 

The PowerPoint application is easy-to-handle and enables creating time scanty 
presentations. 

3. Inserting notes: 
The teacher can insert own didactical notes in the presentations. 

4. Easy handling with prepared presentations: 
The prepared presentations can be taken from one computer to another.  

5. Distribution via the Internet: 
The presentations can be saved on Internet pages and can be easily distributed e.g. 
via e-mails 

6. Enhancing motivation of students for teaching biochemistry: 
The presentations enable insertion of interesting biochemical pictures, video and 
sound or creating animations which dynamics should attract the viewers and make 
the teaching process more efficient. 

7. Explanation and the possibility to concretize the course of biochemical processes 
using animated pictures: 
The presentations make understanding the subject matter easier. 

 
Disadvantages: 
1. The Microsoft PowerPoint versions are not unified: 



Not all computers have installed the same version of Microsoft Office. When 
transferring a presentation from one computer to another there can occur unwanted 
changes in the presentation (e.g. some animation need not be functional, there can 
be changes in writing or colors etc.)  

2. School equipment: 
Some schools need not have available a classroom with a dataprojector 

3. Students can be overdosed with information: 
Teachers can want to use inadequate number of pictures during a lesson with the 
explanation that the students will have the presentations at home available and will 
be able to have a look at them one more time. The teacher should choose adequate 
number of pictures and not overload his/her students with excessive and mostly 
irrelevant information  

4. Possibility of using excessive information: 
Excessive use of animations routes attention of students away from the subject 
mater. Students cannot be concentrated sufficiently on the subject mater. 

 
PowerPoint presentations for teaching biochemistry 

In 2004 we started to develop on-line courses in the Moodle environment. 
Moodle (Modular Object-Oriented Dynamic Learning Environment) is a software pack 
designed for creation of educational systems and electronical courses on the Internet. 

The courses are called: „Education in biochemistry I - Metabolism“ and 
„Education in biochemistry II - The Cell and Nucleic Acids“. These two on-line 
courses were created for teaching biochemistry at the Faculty of Science, Charles 
University in Prague. 

First course is focused on teaching metabolical processes in human body. It is 
divided into twelve parts and includes six explanatory presentations (Digestion, General 
Metabolism, Metabolism of Proteins, Metabolism of Sugars, Metabolism of Lipids, 
Citric Acid Cycle and The Electron Transport Chain), two presentations with 
biochemical tests (Biochemical Tests 1-Digestion, Biochemical Tests 2-Metabolism) 
and three multiple-choice tests. 

The second course is focused on knowledge concerning the cell and nucleic 
acids. The course is divided into eleven parts and includes six explanatory presentations 
(The Cell, Nucleic Acids, The Chromosome, Replication, Transcription, Translation) 
and five presentations for verification of student’s knowledge (The Cell-Test, 
Biochemical Tests 3-Nucleic Acids and The Chromosome, Biochemical Tests 4-
Replication, Biochemical Tests 5-Transcription, Biochemical Test 6-Translation). 

Both courses are designated for students of Teaching of Chemistry at the 
Faculty of Science, Charles University in Prague and for further education of teachers. 

 These presentations contain a number of animations, which should help 
students to master important biochemical notions, reactions, cycles etc. The principle 
lies in the use of fistful of appealing pictures and schemes, which should absorb 
students and raise the efficiency of the teching process with their dynamism. 

In the process of creation PowerPoint presentations I drew from variety of 
biochemical and biological books [1, 2, 3, 4, 7, 8, 9, 12, 13, 14, 17, 18, 19, 20, 22, 24, 
27], high-school textbooks [6, 11, 15, 16, 23, 26] and encyclopedies [5, 25]. 

The Cell – Test and Biochemical tests 1-6 are also created in the form of 
PowerPoint presentations. In the construction of tests we came from the content of the 
explanatory presentations and used literature [10, 21]. We can find following types of 



test elements in the tests: assignment tasks, tasks with the choice of response (only one 
response is correct, tasks with the choice of response (possibly more correct answers) 
and tasks with brief answer. 
 

Figure 1: Elongation of Translation (from presentation „Translation“) 

 
In the figure1 there are represented animated steps of three slides (19-21) illustrating 

the elongation of translation. 
In the first step is the aminoacyl-tRNA bound to the ribosome in the A site. The second 
step is peptide bond formation between the A site amino acid and the growing peptide 
chain. The third step involves translocation. The ribosome is moved along the mRNA. 
The uncharged P site tRNA is released from the ribosome and the tRNA bearing the 
growing peptide chain moves into the P site (step 4). The next aminoacyl-tRNA is 

bound to the ribosome in the A site  
(step 5). 

 

In multiple-choice tests (test A, B and C) is allways composed of 10 or 11 test 
elements. In majority of cases these are tasks with the choice of response, in which 
student chooses from two or three alternatives, where only one alternative is correct.  
 
Summary 

Using PowerPoint presentations offers a variety of compelling opportunities, 
which could lead to better efficiency of the biochemistry teaching at high schools. 
These presentations could be an interesting tool for teachers, who could use them 
during explanation of new subject matter or in repeating the subject matter already 
explained. 

Both educational courses mentioned above are currently available at the Internet 
address http://dl.cuni.cz/ under the category „Chemické“. Courses are designated for 
students of Teaching of Chemistry at the Faculty of Science, Charles University in 
Prague and for further education of teachers.  
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SYNTHESIS OF 4-METHOXYPHENYL-3-METHOXY-4-
METHACRYLOYLPHENYLIMINE AND ITS APPLICATION FOR 

POLYMERIZATION 
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The aim of this work was to prepare a new stereoregular [1] vinyl monomer. The title 
compound appeared only once in chemical literature but the authors did not obtain it in 
the pure state and did not determine its structure and properties. In this work this 
compound was obtained in a pure form and then used for preparation of a polymer 
containing the mesogenic group attached to the backbone chain.  
The synthesis of 4-methoxyphenyl-3-methoxy-4-methacryloylphenylimine (MMMI) 
can be described by the two-step reaction shown in the diagram 
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Schiff’s base [A] was obtained by 4h refluxing of methanol solution of 30.42g vaniline 
and 24.64g(0.2mol) p-anisidine. The precipitated sediment of Schiff’s base [A] was 
filtered and crystallized with methanol. The yield of [A] was 39g (75.5%), the melting 
point 132-134o C. The second step of MMMI synthesis was the reaction of 6.46g 
(0.025mol) of [A] with 3.14g (0.03mol) newly obtained methacryloyl chloride. 
Methacryloyl chloride was added dropwise to the acetone solution of [A] at 0oC for 1h. 
The crude product was crystallized from methanol. Its melting point was 68.5-69.5oC 
measured using Boëtius apparatus while the result from the DSC analysis is 73.8 o C. 
(The yield 43%). 
MMMI was characterized by: 

a) elemental analysis (Perkin-Elmer CHN-2400) 
Its results are as follows; C calculated 70.14%, found 70.35%; H calc. 5.89%, found 
5.82%; N calc. 4.31%, found 4.35% 
b) IR analysis (Perkin-Elmer-1725)  

[A] 

MMMI 



In the IR spectrum the bands are as follows: 2973-2840 cm-1 C-H of CH3, 2841cm-1 C-
H of CH2 , 1737cm-1 C=O of alkene, 1630cm-1 C=N of imine, 1240cm-1 C-O of ester 
and 1130cm-1 O-C of –OCH3, 1626cm-1;1604cm-1 and1452cm-1 C=C in aromatic ring 
 
c) 1H-NMR analysis (Brucker-300) 
The spectrum shows the following signals:8.4 (1H of CH=N), 7.1-7.7ppm (7 aromatic 
protons), 5.8 and 6.4 ppm (2H of vinyl group), 3.9ppm (6H of OCH3) and 2.1ppm (3H 
of CH3). 
d)  13 C-NMR (Brucker-300MHz) 
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Table 1. Results of 13C- NMR analysis 
 

Chemical 
shift 
ppm 

No of 
carbon 

Group Chemical 
shift 
ppm 

No of 
carbon 

Group 

18.4 24 C aliphatic-CH3 142.4 2 ring- ester group 
55.4 8 O-CH3 ring B 144.7 14 C-N=CH 
56.0 23 O-CH3 ring A 151.8 1 Ring B-OCH3 
110.5 6 CH ring B 157.8 17 Ring A-OCH3 
114.4 16; 18 CH ring A 158.3 12 N=CH 
122.2 3 CH ring A 165.1 10 C=O 
123.0 4 CH ring B 122.8 15; 19 CH ring A 
127.5 21 =CH2 135.5 20 C(CH3)=CH2 
135.4 5 Ring-CH=N    

 
The results of these analyses confirmed the structure of MMMI. As follows from the 
studies of MMMI solubility at 25 o C (calculated to 1g of MMMI/ x ml of solvent), it is 
well soluble in methanol, (1g/3ml) ethanol (1g/5ml) and acetone (1g/2ml), poorly in 
hexane (1g/20ml), cyclohexane (1g/15ml) and toluene (1g/11). MMMI is insoluble in 
water. Thermal properties of MMMI were studied by means of differential scanning 
calorimeter (NETZSCH DSC200). The DSC plot of MMMI shows that the melting 
point occurs below 74.3oC. This is the point of the minimum of the endothermic signal. 
During the second heating in the range from 0oC to 300oC, no changes were  observed. 
Using the polarization microscope, the existence of mesophase in the narrow range of 
temperatures 68oC-74 o C was observed. 
 The next stage of this work was the free radical polymerization. Polymerization of 
MMMI solutions in the closed ampoules was carried out at 65oC in the presence of 
AIBN as an initiator . At first the influence of the solvent kind on the yield and the 
reduced viscosity of polymers was investigated. The four solvents: tetrahydrofuran 
(THF), N,N-dimethylacetamide (DMAc), ethyl methyl ketone (EMK) and N,N-
dimethylformamide (DMF) were used for polymerization. The polymerization 



conditions were as follows: volume of solvent 5cm3, quantity of monomer 1.22g 
(0.00375mol), and quantity of AIBN 0.0164g (100ppm), time of reaction 1440min. The 
obtained results are shown in Table 2. 
Table 2. Influence of solvent kind on the yield and reduced viscosity of polymers 

Sample Kind of 
solvent 

Quantity 
of solvent 

Yield  
[%] 

Reduced 
viscosity[dL/g] 

1HMB THF 5 84 0.131 
2HMB DMF 5 92 0.191 
3HMB DMAc 5 89 0.245 
4HMB EMK 5 90 insoluble 

 
From the data in Table 2 one can see that the best results were achieved when DMAc 
was used. In the case of EMK the insoluble product was obtained. That is why reduced 
viscosity was not measured. In the next experiments, the two solvents DMAc and EMK 
were chosen. Then the influence of polymerization time on the yield and reduced 
viscosity was determined. The results are summarized in Table 3. 
Table 3 Influence of reaction time on the yield and reduced viscosity of polymers 

Sample 
Time of 
reaction 

[min] 

Kind of 
solvent 

Quantity 
of solvent

[cm3] 

Yield 
[%] 

Reduced 
viscosity 

[dL/g] 
3HMB 1440 DMAc 5 89 0.245 
4HMB 1440 EMK 5 90 insoluble 
7HMB 720 DMAc 5 91 0.214 
6HMB 720 EMK 5 84 0.198 
8HMB 360 DMAc 5 87 0.239 
5HMB 360 EMK 5 72 0.156 

 
Taking into consideration the data in Table 3, DMAc was used in further investigations. 
The influence of quantity of DMAc on the yield and reduced viscosity of polymers was 
determined. Polymerization was carried out till significant density increase of ampoules 
content was achieved. The results are shown in Table 4  
Table 4. Influence of DMAc quantity on the yield and reduced viscosity of polymers 
Sample Quantity of DMAc 

[cm3] 
Polymerization 

time 
[min] 

Yield  
 

[%] 

Reduced 
viscosity 

[dL/g] 
9HMB 10 360 87 0.182 
8HMB 5 360 87 0.239 
12HMB 3.75 240 81 0.330 
11HMB 3.75 120 86 0.301 
10HMB 2.5 120 90 0.406 
13HMB 1.5 105 69 0.681 

From the data presented in Table 4, one can see that the decrease of quantity of solvent 
results in an increase of reduced viscosity It means that macromolecular weight also 
increases but the yield changes insignificantly. The polymerization time was shortened 
because the product was almost gelated. Prolonged time of polymerization led to 
gelation.In the next step the influence of AIBN quantity on polymerization was studied. 
The data of these polymerizations are presented in Table 5 



 
Table 5. Influence of AIBN quantity on the yield and reduced viscosity of polymers 

Sample Quantity of 
AIBN 
[ppm] 

Reaction 
time 
[min] 

Quantity of 
solvent 
[cm3] 

Yield 
[%] 

Reduced 
viscosity 

[dL/g] 
14HMB 50 120 2.5 51 0.490 
10HMB 100 120 2.5 88 0.406 
15HMB 200 120 2.5 91 0.282 
16HMB 225 90 4.5 77 0.950 

 
From these data one can see that 50ppm of AIBN are the most effective if the reduced 
viscosity is taken into consideration but the yield is distinctly lower than in the case of 
using 100ppm of AIBN. For this reason in the case of 16HMB sample, the quantity of 
AIBN was 75ppm per 0.00375 mol of MMMI. Polymerization of 3 times as large 
portion of polymer was carried out under the following conditions: 3.66g (0.01125 mol) 
of MMMI, 4.5 cm3 DMAc, 225ppm of AIBN, the reaction time 90 min, the temperature 
65oC. For the 16HMB polymer sample (Table 5) solubility was examined. Chloroform 
(1g/16ml), DMF (1g/24ml EMK 1g/28ml and THF (1g/36ml), acetone (1g/55ml) are 
poor solvents, the sample is insoluble in benzene, toluene, xylene, ethanol and 
methanol.  
The results of its elemental analysis are as follows: C calculated 70.19%, found 69.62%; 
H calc.5.84%, found 5.66%; N calc.4.30%, found 3.98%. 
The 1H-NMR spectrum of 16HMB shows the signals at 2.3 and 2.7ppm which confirms 
the presence of protons of –CH2- group. The spectrum did not show the signals at 5.8 
and 6.4 ppm characteristic of vinyl group protons. Thermal properties of 16HMB 
sample were tested by the use of DSC and derivatograph (Paulik-Erdey MOM) 
instruments. During the DSC measurements the 16HMB sample was heated to 250oC, 
cooled to 20oC and then heated again to 450oC. The first heating curve shows glass 
transition at 110 and 140o C, on the second heating curve there are two endothermic 
signals at 256 and 270oC and a large one at 342oC. The last signal refers to the 
destruction point but in the range from 256 to 270oC there is probably a mesophase 
which was confirmed by the polarization microscope observation. 

 
 

    
 
 
 
        
  
             MMMI            16HMB 
 
Almost regular circles with yellow orange banks can be observed under microscope at a 
temperature about 262oC Their regular shape and the fact that monomer is stereoregular 
indicate that this polymer can form disc (cholesterol mesophase) 
 
References: 
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Introduction 
According to the fact that the large number of substances 
engaged in biological processes are anions, the increasing 
interest in the research of anions as well as the processes of 
their complexation, has been noticed [1,2]. Among the anions 
which play important role in biological processes, especially 
in energy storage and transfer in living organisms, there is 
nucleotide adenosino-5'-monophosphate AMP.   
One of the groups of compounds that is considered as the 
receptors of this kind of species are cyclophane derivatives. Polyazacyclophanes are 
versatile ligands able to complex either inorganic or organic molecules or ions [3]. The 
presence of nitrogen donor atoms provides a place to bind or interact with metal cations, 
but on the other hand when we have protonated form of the ligands they are able to 
interact strongly with anions.  
The main goal of our investigation was to check the ability of the binding of AMP anion 
by the chosen receptors and the influence of the cavity size and the different side arms 
of the ligands on the stability constants of the formed complexes. The investigated 
ligands - polyazacyclophane derivatives with pyridine unit incorporated in macrocyclic 
ring possessed different size of the macrocyclic cavity as well as the different side arm 
attached to the ring. The phenyl substituents were chosen to check the possibility of 
additional binding of the investigated anion through the π-π interaction between phenyl 
ring and the aromatic moiety of the nucleotide. 
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Fig.1. The investigated receptors  
 
Experimental  
Materials 
Synthesis of receptors CyPirVal(n)A and CyPirPhal(n)A has been accomplished as 
previously described [4]. All compounds were purified and characterised by elemental 
analysis and spectroscopic measurements 



The sodium salt of AMP was from Aldrich with purity greater than 98% and was used 
without further purification. 
NaCl, used as supporting electrolyte was a POCh Gliwice product of analytical grade. 
 
EMF measurements 
The measuring equipment consists of automatic burette controlled by the computer, 
magnetic stirrer and potentiometric cell. The aquisition of the experimental data was 
used by computer program that was dedicated to the automatic burette.  
The potentiometric titration were carried out at 298 ± 1K in NaCl 0.15 mol·dm-3 
The glass electrode in water solutions was calibrated as a hydrogen-ion concentration 
probe by titration of previously standardised amounts of HCl with NaOH solution and 
determining the equivalent point by the Gran's method [5] 
In methanol-water mixture (x=0.1) the glass electrode was modified - by using the 
saturated solution of NaCl in methanol-water mixture (x=0.1) in the reference electrode 
compartment. The electrode was calibrated similarly as in water. 
The concentrations of the anion as well as investigated receptors ranged from 1×10-3 to 
5 ×10-3 mol·dm-3.  
Three titration curves were done (at least 100 experimental points) for each of the 
investigated systems 
To calculate the protonation as well as stability constants the computer program 
HYPERQUAD was used [6]. 
 
Results and discussion 
 
Due to the relative law stability of the AMP nucleotide in water solutions we decided to 
use methanol to stabilise the system. As can be noticed (Fig.2) the small addition of 
methanol to the investigated mixture stabilise the nucleotide - giving the similar results 
even after period of one month. 
 
Fig.2. Titration curves of protonated form of AMP2- at 298 K in 0.15 mol·dm-3

 NaCl in  
(a) water and  (b) MeOH-H2O solution (x=0.1).  
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The protonation constants of the AMP nucleotide were determined in water and in 
methanol-water mixture (x=0.1) - the calculated values are presented in table 1.  
 
Table 1. The calculated 
protonation constant of AMP 
at 298 K in 0.15 mol·dm-3

 
NaCl in water and MeOH-H2O 
solution (x=0.1).  

solvent log K1 log K2 
H2O 6.39±0.01 3.96±0.02 

MeOH-H2O (x=0.1) 6.93±0.01 4.10±0.01 



As could be predicted, the first as well as the second protonation constant of the 
nucleotide AMP in MeOH-H2O mixture are higher than in water, what is the typical 
trend observed after changing the solvent from water to methanol-water systems [7]. 

To check the ability of AMP nucleotide binding by cyclophane derivatives the 
protonation constants of the ligand were determined. The calculated values of the 
protonation constants determined at 298 K in 0.15 mol·dm-3

 NaCl in MeOH-H2O 
solution (x=0.1) are presented in table 2.  
  
Table 2. The protonation 
constants of the investigated 
polyazacyclophane derivatives 
complexes determined at 298 K 
in 0.15 mol·dm-3

 NaCl in 
MeOH-H2O solution (x=0.1) 
  
 

 
As can be seen from table 2 first and the second protonation constant are lower for 

the ligands that possess phenyl rings attached to the macrocyclic ring. Electron acceptor 
character of these substituents makes the withdrawal of the electrons from macrocyclic 
ring through inductive effect. Due to the spacer (-CH2- group) this effect isn’t strong, so 
the observed differences between the protonation constants values are not very large. 
Very interesting is the fact that in case of the both groups of macrocycles the highest 
values of protonation constants possess the ones that has three methylene groups 
between amide nitrogen atoms.   

In table 3 there are cumulative formation constants for the interaction of 
macrocycles (L) with the nucleotide AMP determined in 0.15 mol·dm-3

 NaCl in MeOH-
H2O solution (x=0.1). 
 
Table 3. The cumulative stability constants of AMP-L complexes determined at 298 K 

in 0.15 mol·dm-3
 NaCl in MeOH-H2O solution (x=0.1) (A=AMP2-) 

1. As can be seen from table 3, there is a trend to form more stable complexes of AMP 
nucleotide with ligands without phenyl rings attached to the macrocycle (predominant 
higher values of cumulative stability constants for CyPyrVal(n)A derivatives). Such 
results suggest that there is no additional stabilisation by participation of phenyl 
substituents in π-stacking interaction with adenine moiety. 
In table 4 there are representative stability constants for all investigated systems L-
AMP. 

 log K1 log K2 
CyPyrVal2A 6.34±0.02 5.32±0.02 
CyPyrVal3A 6.49±0.01 5.37±0.01 
CyPyrVal4A 6.45±0.01 5.13±0.02 

   
CyPyrPhal2A 5.84±0.02 4.41±0.02 
CyPyrPhal3A 6.07±0.01 5.05±0.02 
CyPyrPhal4A 5.96±0.01 4.65±0.02 

 CyPyr 
Val2A 

CyPyr 
Val3A 

CyPyr 
Val4A 

 CyPyr 
Phal2A 

CyPyr 
Phal3A 

CyPyr 
Phal4A 

L + A ⇔LAa 3,88 3,95 3,93  3,01 3,66 3,63 
L + H + A ⇔ HLA  10.68 10.89 10.87  9.92 10.42 10.37 
L + 2H +A ⇔ H2LA  16.62 17.08 17.01  15.71 16.30 16.15 
L + 3H +A ⇔ H3LA  22.06 22.53 22.26  20.87 21.47 21.15 

a charges omitted for clarity,   
the standard deviations for the calculated constants do not exceed the 0.03 value 



 
Table 4. Representative stability constants for the systems L-AMP (where A=AMP2-, 
L=macrocycle) determined at 298 K in 0.15 mol·dm-3

 NaCl 

From the analysis of the representative stability constants we can noticed that the 
highest value is observed for the equilibrium in which the double protonated ligand 
binds unprotonated nucleotide anion AMP2-. In case of this equilibrium there are not 
significant differences between the ligands with different substituents. This fact, as well 
as that predominant trend in forming more stable complexes with CyPyrVal(n)A 
derivatives suggest that there isn’t any additional binding of the investigated anion 
through π-stacking interaction. 
 
Conclusions 

The methanol-water mixture (x=0.1) due to the stabilisation of the AMP anion 
and the repeatability of the measurements, in contrast with the water solution, seems to 
be a good medium for conducting the experiments with this nucleotide  
2. Comparing the stability constants values versus the size of the macrocyclic ring we 
couldn’t observed any significant diversification, what makes us draw the conclusion 
that in case of the investigated ligands, such small differences between the macrocyclic 
cavity sizes do not have any influence on the AMP2- binding. The introduction of the 
phenyl ring as the side arm doesn't show the expected additional binding by the π-π 
stacking interactions.       
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 CyPyr 
Val2A 

CyPyr 
Val3A 

CyPyr 
Val4A 

 CyPyr 
Phal2A 

CyPyr 
Phal3A 

CyPyr 
Phal4A 

L + A ⇔LAa 3,88 3,95 3,93  3,01 3,66 3,63 
HL + A ⇔ HLA  4,34 4,40 4,42  4,08 4,35 4,41 
HL + HA ⇔ H2LA  3,39 3,66 3,63  2,94 3,30 3,26 
H2L + A ⇔ H2LA  5,00 5,22 5,43  5,46 5,18 5,54 
H2L + HA ⇔ H3LA 3,47 3,74 3,75  3,69 3,42 3,61 
HL + H2A ⇔ H3LA 4,69 5,01 4,78  4,00 4,37 4,16 

a charges omitted for clarity 
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INTRODUCTION 
 
There is a growing concern about the problem of waste elimination. Among the various 
types of methods which can be used for treating waste water, oxidation processes seem 
to be very attractive. Advanced oxidation processes (AOP) are based on the generation 
the hydroxyl radicals OH• to initiate oxidation. Frequently, the main aim of the AOP’s 
when applied to biorecalcitrant compounds is often not mineralize the compounds but 
rather to convert them to byproducts which are readily biodegradable in conventional 
biological treatment system. 
Fenton oxidative system belongs to the group of homogenous AOPs, involving a 
mixture of ferrous ion and H2O2 that generates hydroxyl radicals at room temperature 
[1]. The process is based on an electron transfer between H2O2 and Fe2+: 

              Fe2+ + H2O2 → Fe3+ + OH- + OH•                             (1) 
It is the major advantage of Fenton process that highly complicated instrumentation or 
pressurized systems are not required and reagent components are safe to handle. 

MTBE is a compound that is used in relatively large amounts as gasoline 
additive. As a results of this frequency of its detection in ground water has increased, 
and it has also become one of the leading environmental contaminants. Studies 
published concerning the presence of MTBE in environmental water report 
concentration levels that can change considerably from environmental background 
levels (in the low µg/l range) to sites affected by point sources (high mg/l levels). For 
example average MTBE concentration of 8,8 mg/l was measured at marines and areas 
used intensively for recreational boating [2,3]. One treatment approach is the use of free 
radical based processes. Several applications of advanced oxidation processes (AOPs) 
have reported promising results [4,5]. Fe2+/H2O2 system as well as Fe3+/H2O2 system 
were used for the treatment of petroleum-contaminated in soil and groundwater [6]. 

However, contaminated waters usually contain not only MTBE, but also 
substantial concentrations of inorganic anions (chloride, phosphate, carbonate, sulfate, 
nitrate). Chloride ion concentration in saline wastewater can vary from 0,1 to 100 mM. 
In this study the effect of chlorides on the degradation of MTBE using Fe2+/H2O2 and 
Fe3+/H2O2 systems were examined. 

 
MATERIALS AND METHODS  
 

Oxidation of MTBE has been conducted in dilute aqueous solution of MTBE (5 
× 10-4 M). The initial concentration of hydrogen peroxide was 7.5 ×10-3 M and ferric (or 
ferrous) ions was 1x10-3 M. Chloride concentrations were adjusted to 0.05, 0.1, and 1 M 
with NaCl and pH=2,8. 



Experiments were conducted in a well stirred and thermostated batch reactor at 
25 ± 1oC. Reactions were carried out in darkness. The reaction was started by the 
addition of H2O2. During the experiment, samples were collected after various reaction 
times and immediately quenched with 0,01M Na2S2O3. MTBE was analyzed directly on 
a gas chromatograph (Perkin Elmer Clarus 500). Hydrogen peroxide was determined 
iodometrically ([H2O2]>10-3M) or spectrofotometricaly using TiCl4 method 
([H2O2]<10-3M) [7]. UV/Visible spectra of Fe(III) and Fe(II) solutions have been 
measured with a UV-VIS Perkin Elmer Lambda 18 under various experimental 
conditions at pH=2,8. 
 
RESULTS AND DISCUSSION 
 

The presence of chloride ions in salinity wastewater can inhibit Fenton’s 
reaction through complexation or radical scavenging [8,9]. Chloride ions may undergo a 
complex reaction with ferrous and ferric ions, which impedes the Fenton reaction, 
causing hydroxyl radicals to be produced.  
Fe2+ + Cl-→ FeCl+      (2) 

Fe3+ + Cl-→ FeCl2+      (3) 

Fe3+  + 2Cl-→  FeCl2
+

    (4) 

The data presented in Figure 1 demonstrated the UV-VIS absorption spectra of 
Fe(II) and Fe(III) solutions in the absence and in the presence of chloride. 
 
 
 

 
 

 
 

 
 

 
 
 

 
Figure 1. Absorption spektra of Fe(III)  a) and Fe (II) b) solutions in the absence and in 

the presence of different concentrations of chloride. 
(Experimental conditions: Fe(II)0 = Fe(III)0=1x10-3M, pH=2,8, T=25±10C) 
 
The addition of increasing concentration of NaCl (0-1M) to solution of Fe3+ as well as 
to solution of Fe2+ ([Fe3+]=[Fe3+]= 1mM, pH=2,8) leads to increase of the absorbance 
within 300-400nm (fig.1a,b) wavelength range. The increased of the absorbance in this 
region with increasing chloride concentration reflects the formation of chlorocomplexes 
: FeCl2+ and FeCl2

+ for Fe(III) or FeCl+ for Fe(II). Distribution curve of ferrous and 
ferric species in Figure 2 show that iron(III)-chlorocomplexes (FeCl2+, FeCl2

+) represent 
the predominant Fe(III) species at [Cl-]>0,125M. In the same conditions the 
concentration of  iron(II)-chlorocomplexes (FeCl+) is lower than concentration of  Fe2+. 
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The chlorocomplexes of Fe2+ have the same reactivity as the free ferrous ions for the 
overall reaction with H2O2 [8].  

As it can be seen at Figure 3, the effect of decomposition of H2O2 by Fe(III) 
species decreased significantly when the chloride ions concentration increased in range 
0,01M-0,1M. It indicated that in contrast to ferrous complexes, the ferric complexes 
with chloride ions cannot react with hydrogen peroxide to produce hydroxyl radicals as 
effectively as their free ions.  

A comparison was made between MTBE degradation by Fe2+/ H2O2 and MTBE 
degradation by Fe3+/ H2O2 (Figure 4). The rate of MTBE degradation in the absence and 
in the presence of chloride by Fe2+/H2O2 was faster than MTBE degradation by Fe3+/ 
H2O2. However, the effectiveness of MTBE degradation in both systems was similar. In 
the absence of chloride ions, after 90 min of reaction the degradation of MTBE was 
97%-98%. In the presence of 0.05 – 0.1M of chloride ions, the effectiveness of MTBE 
degradation was 85-87%. With a 1M concentration of chloride ions the decomposition 
of MTBE after 90 min. of reaction dropped to 68% and 59% respectively for Fe2+/ H2O2 
and Fe3+/ H2O2 system. 
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Figure 2. Distribution of Fe(II) and Fe(III) species as a function of the concentration of chloride 
(computed simulation). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Decomposition of H2O2 by Fe (III).  
Experimental conditions:[Fe2+]0=1x10-3M or [Fe3+]0= 1x10-3M, [H2O2]=7,5x10-3M, pH=2,8, 
T=25± 1oC, I=0,1. 
 

The experimental results obtained in the present study demonstrated that the 
decrease the efficiency of oxidation of MTBE in both Fe2+/ H2O2 and Fe3+/ H2O2  
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process in presence of chloride ions are attributed to the formation of iron(III)-
chlorocomplexes.  

The Fenton process consists of two phases: the Fe2+/H2O2 and Fe3+/H2O2 stages. 
In our experiments, where [H2O2] > [Fe2+], the first phase of the Fe2+/H2O2 process was 
likely to be predominant (Fe3+/H2O2), since Fe2+ is rapidly oxidized. In Fe3+/H2O2 stage 
(according to Fig.1. and Fig 2.), it was found that most ferric ions formed 
chlorocomplexes reducing the rate of ferric ions to reproducing ferrous ions as shown in 
reaction 5-8. 
Fe3+ + H2O2 → Fe-OOH2+ + H+ 

Fe-OOH2+ + H2O2 → Fe(OH)(HO2)+ 

(5) 

(6) 

Fe-OOH2+→ Fe2++ HO•
2 

Fe(OH)(HO2)+ → Fe2++ HO•
2 + OH- 

(7) 

(8) 

Therefore, at this stage, the oxidation rate of MTBE decreased as the chloride ion 
concentration increased. 

 
 
 

 
 

 
 

 
 

 
 

 
 
Figure 4. Influence of the concentration of chloride on MTBE degradation by Fe2+/ H2O2 - a) or 
Fe3+/ H2O2 –b)  
Experimental conditions:[MTBE]=1x10-3mol/l, [Fe2+]0=1x10-3mol/l, [Fe3+]0=1x10-3mol/l, 
[H2O2]=7,5x10–3mol/l, pH=2,8, T = 25±1oC). 
 

In Fe3+/H2O2 process the formation of iron(III)-chlorocomplexes lead to a 
decreased of the rate of MTBE oxidation because the generation of Fe(II) was inhibited. 
It caused that in presence of chloride hydroxyl radicals were produced in lower 
concentration (in reaction 1) and the inhibition effect was more significant than for 
Fe2+/H2O2 system. 

The formation and the reactivity of Cl2
•- have a role in the inhibition of rate of 

MTBE degradation too. Therefore the mechanism of decomposition of H2O2 and 
organic matter in Fenton process  is very complicated in presence of chloride. 
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INTRODUCTION 
 

Fe2+/H2O2, commonly known as Fenton’s reagent, and Fe3+/H2O2 can be used to 
oxidize organic pollutants present in industrial wastewater. The mechanisms and 
kinetics of the decomposition of H2O2 by Fe(II) and Fe(III) in homogenous aqueous 
solution have been the subject of numerous studies [1,2]. Depending on the nature of 
the ligands, pH and solvents, different reactive species are supposed to be formed: free 
and bound hydroxyl radicals, iron complexes. Kinetic model assumes the formation of 
hydroxyl radicals by the reaction of H2O2 with ferrous ions (reaction 1 in Fig. 1) and the 
regeneration of ferrous ion from Fe(III)-hydroperoxo complexes (reaction 2 and 3 in 
Figure 1).  

 
 
 
 
 
 

                                            1 
 
 
                                 2                                    3 
  
 
 
 
 
 

 
Figure 1. Simplified reaction scheme for Fenton’s reaction at acidic pH [3]. 
 

Recently most of the studies concerning the oxidation of organic pollutants by 
Fenton’s reaction are carried out in the presence of inorganic anions [4,5,6]. They may 
be present in the solution to be treated or introduced in the solution with a reactants. 
Inorganic anions may have a significant effect on the overall reaction rates. Sulfate ions 
was found to decrease the rates of oxidation of chloro- and nitro-phenols, direct dyes, 
methyl t-butyl ether (MTBE) [5,6,7]. The possible effects of sulfate ions are 
complexation reactions with ferric and ferrous ions (reaction 4-6)  

 
Fe2+ + SO4 2-  FeSO4   (4)    

Fe3+ +  SO4 2-  FeSO4 
+   (5)    



Fe3+ +  2SO4 2-  Fe(SO4)2
-   (6) 

and scavenging of hydroxyl radicals (reactions 7). 

HSO4
- + OH  SO4

- + H20   (7) 
  
Recently, we undertook a preliminary examination of the effect of selected 

inorganic anions on the effectiveness of the Fenton advanced oxidative treatment 
(Fe2+/H2O2) of waters contaminated with methyl t-butyl ether [4,7]. With respect to 
chloride, inhibition of oxidation was clearly in evidence, whereas the addition of 
sulfates rates to a much lesser extent. The present study was undertaken in order to 
compare the influence of sulfate anions on the degradation rates of MTBE in Fe2+/H2O2 
and Fe3+/H2O2 systems.  
 
MATERIALS AND METHODS 
 

The initial concentration of MTBE was 5×10-4 M, that of hydrogen peroxide was 
7.5x10-3 M. Sulfate concentrations were adjusted to 3,3x10-2M and 6,6x10-2M with 
Na2SO4. The reactions were carried out in a batch reactor (V=0.25L). The oxidation 
experiments were performed in darkness at 25 ± 1oC. Reaction mixtures were obtained 
by taking the appropriate aliquot of MTBE stock solution, adding Fe2+(or Fe3+), and 
adjusting the pH with perchloric acid to pH = 2.8. The reaction was started by the 
addition of H2O2. During the experiment, samples were collected after various reaction 
times and immediately quenched with 20µl of 0.01N Na2S2O3. The degradation of 
MTBE was stopped after 90 min.  

Hydrogen peroxide was determined iodometrically ([H2O2]>10-3M) or 
spectrofotometricaly using TiCl4 method ([H2O2]<10-3M) [8]. MTBE were analyzed 
directly on a gas chromatograph (Perkin Elmer Clarus 500) coupled to a flame 
ionization detector (FID) (Perkin Elmer Elite Series PE).  
 
RESULTS AND DISCUSSION 
 

Fig.2 illustrates the effect of sulfate ions on the degradation of MTBE in the 
Fe2+/H2O2 and Fe3+/H2O2 systems in excess hydrogen peroxide ([Fe]:[H2O2]=1:7,5). As 
can be seen from Figure 2 the presence of sulfate ions in system influences this process 
in different way. In the case of Fe3+/H2O2 system used, distinctive inhibition of 
oxidation can be seen, whereas addition of sulfates to Fe2+/H2O2 system influence these 
rates to much smaller extend. Effectiveness of degradation change significantly too. In 
presence of  6,6x10-3M SO4

2- after 90 min. of reaction MTBE is degraded down to 3% 
of the initial concentration in Fe2+/H2O2 system whereas in Fe3+/H2O2 to 46% of the 
initial concentration.  

As previously observed Pignatello [2], the presence of sulfate ions drastically 
decreased the rate of decomposition of H2O2 by Fe(III). As shown in the data in Figure 
3, under our experimental conditions ([Fe3+]=1x10-3M, pH=2,8, I=0,2 ) concentration of 
sulfate  6,6x10-3M can lead to a 10 times reduction of kinetic constant (kobs).  

Absorption spectra of Fe(III) solutions have been measured in order to show the 
effect of sulfate concentration on the speciation of Fe(III) (Fig 4). The addition of 
sulfate to solution of Fe(III) in concentration 1x10-3M leads to an increase of 
absorbance band close to 304 nm (Fig.3) This is attributed to the formation of  iron(III) 



sulfatocomplexes: FeSO4
+ and Fe(SO4)2

-. The sulfatocomplexes of Fe2+ (FeSO4) have 
the higher reactivity as the free ferrous ions for the overall reaction with H2O2 [9,10].  
 
 
 
 

 
 
 

 
 
 
 

 
 

 
 

 
 
Figure 2. Influence of the concentration of sulfate on MTBE degradation by Fe2+/ H2O2 - A) or 
Fe3+/ H2O2 –B)  
Experimental conditions: [MTBE]=1x10-3mol/l, [Fe2+]0=1x10-3mol/l, [Fe3+]0=1x10-3mol/l, 
[H2O2]=7,5x10–3mol/l, pH=2,8, T = 25±1oC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Decomposition of H2O2 by Fe(III) and first-order rate constant in the presence 
of sulfate. (Experimental condition: [Fe3+]0=1x10-3mol/l, pH=2,8). 
 
Therefore, under the conditions used in the present study, the extend and rate of 
mineralization of MTBE was dependent on formation of Fe(III)-sulfatcomlexes. Based 
on the discussion above Fe(III)-sulfocomplexes in contrast to Fe(II)-sulfocomplexes 
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inhibit the generation of hydroxyl radicals because they are non or less reactive than 
free ferric ions to decomposition of H2O2.  

The Fenton reaction under conditions of excess peroxide, may be predominantly 
the Fe3+/H2O2 process, since Fe2+ is rapidly oxidized. However, as shown in Fig. 3a, in 
Fe2+/H2O2 system the concentration of hydroxyl radicals were enough to mineralization 
of MTBE in 97% independent on concentration of sulfate in solution. Substituting Fe2+ 
for Fe3+ (Fig.3b) caused significant decreased of rate and effectiveness of MTBE 
decomposition. This indicates that sulfates retards the reaction by complexation of Fe3+ 
at initial stage, when the ferrous ions is generated from ferric ions. Sulfates ions create 
competition between hydrogen peroxide and ferric ions leading to the inhibition of 
hydroxyl radicals generation. 
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Figure4. Absorption spectra of Fe(III) solution in the absence and in the 

presence of different concentration of sulfate (Experimental conditions: Fe(III)0=1x10-3, 
pH=2,8, , T = 25±1oC). 
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Alkylated benzenes were oxidized by oxidants, like e.g. thallium tris-(trifluoroacetate) 
[1-3]. The primary products obtained were radical cations, which reacted further to form 
dehydrodimers. A similar mechanism was postulated for oxidations of alkylated 
naphthalenes. Radical cationic species ArH·+, dimers (ArH)2

·+ and dehydrodimers (Ar-
Ar)·+ were detected in CH2Cl2 at -60 oC using ESR [4-7]. It is plausible that a radical 
cation is attracted to a neutral aromatic hydrocarbon molecule, behaving as a soft base. 
The charge of two radical cations is transferred to two protons in formation of a 
dehydrodimer. Such dehydrodimers were the main stable products, although of 
unspecified yields and selectivities [1-7]. 
Anodic oxidations require solvents, which dissociate conductive salts and dissolve non-
polar substrates, like aromatic hydrocarbons. Earlier, we employed a mixture of water 
and dipolar aprotic solvent aceton [8]. In presence of water it was difficult, to observe 
radical cations, because water, a hard base and a nucleophile, reacted with the radical 
cations [9]. 
The techniques for investigating electro-oxidations are cyclic voltammetry (CV) and a 
preparative electrolysis [4, 8-13]. The peak potentials, Ep, determined by CV are a 
measure of an energy required to promote the reaction at the electrode. Ep may be 
correlated with the calculated energy of the highest occupied molecular orbital 
(HOMO), i.e. this orbital from which an electron is removed in oxidations. 
The purpose of the present paper is to show how similar calculations may help to 
interpret results obtained by electro-oxidations of naphthalene derivatives. 
 
Experimental 
CV was performed using Auto-Lab PGST12 potentiostat (Eco-Cell, Holland), and a 
glassy carbon disc (3.0 mm dia.) working electrode. The supporting electrolyte solution 
was 0.1 M (CH3)4N(BF4) in a 1:1 (v/v) mixture of distilled water and acetone. 
Preparative electrolyses were performed galvanostatically in a cell shown at [14], and 
experimental conditions described in [8]. The working electrode was a Pt-grid of c. 27 
cm2 area, submerged in a 50 ml of electrolyzed solution [15], containing 0.1 M Na2SO4 
conductive salt in the mixed solvent. Naphthalene derivatives, acenaphthene, and 
(CH3)4N(BF4) were bought from Aldrich and Fluka. CV was conducted at room 
temperature (22 oC), while the electrolyzed solutions were cooled to c. 30 oC. GC-MS 
measurements used Hewlett-Packard instrument consisting of an HP 5890 II gas 
chromatograph with HP-SM5 capillary column and MSD 5972A mass-sensitive 
detector, and NMR spectra were measured with 400 MHz Varian instrument. 
 
Characteristics of a mixture of dimethyl-1,1'-binaphthyls (C22H18) produced by 
electrolysis of 2-methylnaphthalene.  
White solid. TLC: Rf =0.62   (SiO2, eluent: n-hexane-ethyl acetate, 4 : 1). GC-MS: 4 GC 
peaks of the relative intensity ratios: 20 : 10 : 1.5 : 1, decreasing toward longer retention 



 

times, which formed the relative ratios: 1.000 : 1.017 : 1.034 : 1.048. All 4 isomers had 
practically identical MS spectra, as shown below. 
2,2'-dimethyl-1,1'-binaphthyl 1H NMR (400 MHz, CDCl3), δ (ppm): 2.03 (s, 6H: 2-Me, 
2'-Me), 7.04 (dd, J=8.4, 1.0 Hz; 2H: H8/H8'), 7.20 (ddd, J=8.4, 6.8, 1.2 Hz; 2H: 
H7/H7'), 7.39 (ddd, J=8.2, 6.8, 1.2 Hz; 2H: H6/H6'), 7.50 (d, J=8.5 Hz; 2H: H3/H3'), 
7.88 (bt, J=8.3 Hz, 4H: H4/H4'; H5/H5') [16]. MS: m/e (relative intensity, %): 283 
(M++1, 24), 282 (M+, 100), 268 (9), 267 (40), 266 (19), 265 (33), 264 (7), 263 (13), 253 
(11), 252 (30), 239 (8), 133 (13), 132 (16), 126 (21).  
MOPAC calculated dihedral angle between naphthyl planes: 87o 4m. 
2,7'-dimethyl-1,1'-binaphthyl 1H NMR (400 MHz, CDCl3), δ (ppm): 2.11 (s, 3H: 2-Me), 
2.27 (s, 3H: 7'-Me), aromatic protons could not be resolved. 
MOPAC calculated dihedral angle between naphthyl planes: 82o 55m. 
 
Results and discussion 
The measured CV parameters of the studied compounds are presented in the Table 1, 
below. The "current function" (CF) of the fourth column is derived from the Randles-
Ševčik equation [17]: 

Ip = (2.69 x 105)n3/2AD1/2v1/2c                                               (1)                                              
where Ip is the diffusional peak current [A], n is the number of electrons transferred per 
molecule of substrate, A is the electrode surface area [cm2], D is the diffusion 
coefficient of substrate [cm2/s], v is the voltage sweep rate [V/s], and c is the 
concentration of substrate [mol/cm3]. CF is equal to: 

CF = (Ip/Acv1/2)2/3 = (4.18x103)nD1/3  = k'·n                                     (2) 
where k' is a constant for compounds having similar diffusion coefficients. CF can be  
determined experimentally, and from it n can be estimated, provided that k' is 
determined first. We have determined k', as in [8],  by calculating CF for 1,2-
benzenediol from its CV oxidation curve, where n was known to be 2 [18]. Table 1 
contains also the respective energies of HOMO orbital of the investigated compounds 
calculated by the WinMOPAC 2.0 program [19]. 
The use of solvent containing high content of water precludes observing radical ions, 
because of their high reactivity . However, the initial formation of radical cations can be 
indirectly inferred from the dependence of the measured peak potentials, Ep, on the 
energies of the HOMO orbital. The dependence is linear, and - according to the least 
squares method - is described by the following straight line: 

Ep [V] = -0.7781·EHOMO [eV] - 5.1588 V                                    (3)                                                                                                                                                                                              
which has a coefficient of correlation, r = 0.9540 (EHOMO - the energy of HOMO 
orbital). The line (3) shows that the electrical energy necessary to promote the initial 
oxidation reaction at the electrode is linearly dependent on the energy of HOMO orbital. 
According to a cited work, Ep of  1-methylnaphthalene, 1,4-dimethylnaphthalene and 
acenaphthene are, respectively, equal to: 1.58, 1.49 and 1.32 V vs. NHE, measured in 
CH2Cl2 as solvent at a gold working electrode [4]. Further, Ep, of 1-methylnaphthalene 
and 1,4-dimethylnaphthalene were measured as equal to 1.74 and 1.63 V vs. Ag/AgCl in 
CH2Cl2, respectively [5]. Those values are similar to the values measured in this paper 
on glassy carbon electrode, equal to: 1.58, 1.49 and 1.39 V vs. Ag/AgCl, respectively 
for 1-methylnaphthalene, 1,4-dimethylnaphthalene and acenaphthene (Table 1). Clearly, 
the measured values are similar despite of the different solvents and electrodes used. 
 



 

Table 1. Cyclic voltammetry and molecular orbital parameters for the compounds 
studied. 

No. Compound Ep [V] Current 
function, CF, 
eq. (2) 

n, number of 
electrons 
transferred 

EHOMO[eV] 

1 1-Methylnaphthalene* 1.58 
1.88 
2.15 

188 
** 
** 

1.8 -8.584 

2 1-Naphthalenemethanol 1.62 
1.85 

139 
177*** 

1.3 
1.7*** 

-8.778 

3 1-Naphthalenaldehyde 1.87 196 1.9 -9.046 
4 1-Acetylonaphthalene 1.80 162 1.6 -8.890 
5 2-Methylnaphthalene* 1.52 

2.00 
189 
** 

1.8 -8.633 

6 1,4-
Dimethylnaphthalene 

1.49 
1.80 

235 
216*** 

2.3 
2.2*** 

-8.456 

7 4-methyl-1-
Naphthalenealdehyde 

1.83 171 1.6 -8.917 

8 Acenaphthene**** 1.39 
1.60 
1.79 

167 
 
206*** 

1.6 
 
2.0*** 

-8.495 

9 1-Acenaphthenol**** 1.58 
1.87 

146 
136 

1.4 
1.3 

-8.733 

10 1-Acenaphthenone 1.85 208 2.0 -9.011 
11 1,2-Benzenediol***** 0.17 204 2.0 -8.796 

* - Remeasured in respect to ref. [8]. ** - Barely visible. *** - Summary value for all peaks. **** - Taken 
from ref. [20]. ***** - Experimental data according to [18]. 
 
Thus, the solvents are not as decisive, as is the energy of the HOMO orbital, i.e. radical 
cations are the probable initial electro-oxidation products. 
Further, it follows that the solvation (hydration) of the radical cations initially formed is 
a relatively slow process. If the radical cations would be hydrated immediately when 
formed, then the values of Ep should depend on the solvents used. Consequently, Ep 
values should appreciably differ between our results and those of the earlier two papers, 
but it is not the actual case. Thus, the solvation (hydration) must be a relatively slow 
process, e.g.: 

ArH·+ + H2O = ArH·+·H2O                                                 (4) 
where ArH is an aromatic hydrocarbon and ArH·+ - its radical cation [8, 21]. 
In solvents of low nucleophilicity, e.g. CH2Cl2 , at low temperatures (190-200 K), and in 
the presence of strong acids, like 5% trifluoroacetic acid, to suppress trace nucleophiles 
[4], radical cations are present as face-to-face π-dimers, observable by ESR spectra [1-
7]: 

ArH·+ + ArH = (ArH)2
·+                                                   (5) 

The π-dimers may be oxidized to a dication, which can form a dehydrodimer by σ-
coupling of nuclei: 

(ArH)2
·+ - e = (ArH)2

2+ = Ar-Ar + 2H+                                         (6) 
Dehydrodimers are oxidized easier than the monomers, and their radical cations are 
formed immediately: 

ArH·+ + Ar-Ar = ArH + Ar-Ar·+                                              (7) 
observable by ESR [7]. Alternatively, the monomeric radical cations are observed by 
ESR in case of 1,4- and 1,5-dimethylnaphthalenes, which are sterically blocked. to 
make π-dimers possible. 



 

It is further possible that hydrocarbons are present as face-to-face π-dimers in solutions, 
and are oxidized in a dimeric form: 

(ArH)2 - e = (ArH)2
·+                                                      (8) 

It may be especially true for naphthalene and 1-methylnaphthalene, which are not 
sufficiently blocked sterically to prohibit the formation of π-dimers, while the binding 
energy comes from a π-electron interaction of two face-to-face naphthalene nuclei [4].  
The above discussion may explain the ease of formation of dimethylbinaphthyls 
(DMBN) during the electro-oxidation of  2-methylnaphthalene [8]. It followed from 
GC-MS analysis that a mixture of 4 isomers of DMBN was formed. The measured 
NMR spectrum allowed to assign to the two most abundant isomers the structures of: 
2,2'-dimethyl- and 2,7'-dimethyl-1,1'- binaphthalenes, respectively, in the order of 
decreasing yield [22]. The DMBN are examples of atropoisomerism, i.e. an axial 
chirality due to the hindered rotation around the biaryl axis (σ-coupling bond) [23]. 
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Abstract 

New 4-aryl-3-(indol-2-yl)-∆2-1,2,4-triazoline-5-thiones 2 were synthesized by 
intramolecular dehydrative cyclization of 4-aryl-1-[(indol-2-yl)-
carbonyl]thiosemicarbazides 1 in alkaline medium. For 2 calculations using Hyper 
Chem7 by the MM+ force field were carried out to predict more favorable tautomeric 
form. Molecular structure proposed for 1,2,4-triazoles 2 was confirmed by X-ray 
structure analysis of 2a. 
 

The cyclodehydration of acylthiosemicarbazides in an alkaline medium affords 
3,4-disubstituted-∆2-1,2,4-triazoline-5-thiones which can exist in two tautomeric forms 
i.e. thione or thiol (Fig. 1) [1,2].  
This report tries to predict which tautomeric form seems to be more favorable for new 
synthesized 1,2,4-triazoles. To this end, analysis of IR, 1H NMR spectra and DFT 
calculations using Gaussian 98 were performed. 
The molecular structure proposed for 2 was confirmed by X-ray structure analysis of 2a. 
 

R1

N

N

NH

S

R

R1

N

N

N

SH

R  
Fig. 1. 5-Thiol/thione forms of 3,4-disubstituted-∆2-1,2,4-triazoline-5-thiol/thione 
 
EXPERIMENTAL 
 

All chemicals were purchased from Merck Co. or Lancaster and used without 
further purification. Melting points were determined in a Fischer-Johns block and are 
uncorrected. IR spectra (ν, cm-1) were recorded in KBr using a Specord IR-75 
spectrophotometer. 1H NMR spectra (δ, ppm) were recorded on a Bruker Avance 300 in 
DMSO-d6 with TMS as internal standard.  

 
4-Aryl-1-[(indol-2-yl)-carbonyl]thiosemicarbazides 1 

The compounds 1 were prepared by a previously reported procedure [2]. 
 
4-(2-Fluorophenyl)-1-[(indol-2-yl)-carbonyl]thiosemicarbazide (1a) 
C16H13FN4OS Mw: 328.365. M.p. 210–212oC. Yield: 90%. IR: 3299, 3215 (NH), 1595, 
1503, 1458, 744 (CHAr), 1664 (C=O), 1532, 1200 (C=S). 1H NMR: 7.02–7.66 m, 9H 
(4×CHAr, 5×CHindole), 9.69, 9.92, 10.62, 11.74 4s, 4H (4×NH). 



1-[(indol-2-yl)-carbonyl]-4-(4-Methylphenyl)-thiosemicarbazide (1b) 
C17H16FN4OS Mw: 324.401. M.p. 213–215oC. Yield: 92%. IR: 3284 (NH), 2956, 1578, 
1424, 810 (CHAr), 1667 (C=O), 1530, 1226 (C=S). 1H NMR: 2.28 s, 3H (CH3), 6.98–
7.66 m, 9H (4×CHAr, 5×CHindole), 9.68, 9.80, 10.51, 11.72 4s, 4H (4×NH). 
 
4-Aryl-3-(indol-2-yl)-∆2-1,2,4-triazoline-5-thione 2 

The compounds 2 were prepared by a previously reported procedure [2]. 
 
4-(2-Fluorophenyl)-3-(indol-2-yl)-∆2-1,2,4-triazoline-5-thione (2a) 
C16H11FN4S Mw: 310.350. M.p. 272–274oC. Yield: 66%. IR: 3285 (NH), 1591, 1502, 
746 (CHAr), 1300 (C=S). 1H NMR: 5.70–7.69 m, 9H (4×CHAr, 5×CHindole), 11.98, 14.36 
2s, 2H (2×NH). 
X-ray crystallography for 2a: 
Diffraction data were collected on a KUMA KM4 diffractometer (T = 293 K, CuKα: λ 
= 1.54178 Å). Up to θmax = 75.3°, 3059 reflections were collected. The data set was 
corrected for absorption effect (µ = 2.122 mm-1). Crystal structure was solved by direct 
methods (SHELXS-97 [3]) and refined by full-matrix least-squares on F2 using the 
program SHELXL-97 [4]. The non-hydrogen atoms were refined anisotropically. The H 
atoms bonded to the N atoms were located by difference Fourier synthesis, while other 
H atoms were positioned geometrically. Final discrepancy factors for I > 2σ(I) are: R1 = 
0.0527, wR2 = 0.1614.  
 
4-(4-Methylphenyl)-3-(indol-2-yl)-∆2-1,2,4-triazoline-5-thione (2b) 
C17H14N4S Mw: 306.386. M.p. 109–111oC. Yield: 69%. IR: 3287 (NH), 1500, 812 
(CHAr), 1305 (C=S). 1H NMR: 2.46 s, 3H, (CH3), 5.58–7.84 m, 9H (4×CHAr, 
5×CHindole), 11.88, 14.18 2s, 2H (2×NH). 
 
Calcuations 

For two tautomers of the compounds 2a and 2b quantum chemical calculations 
were performed. Geometry was optimized with B3LYP [5] hyrid DFT potential using 6-
31G** basis set. Calculation of IR frequences showed that obtained geometry is an 
energy minimum and allowed to determine the correction for zero point vibrational 
energy (ZPE). All of the quantum chemical calculations were accomplished by 
Gaussian 98 package [6]. 
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RESULTS AND DISCUSSION 

The synthesis of new compounds 1, 2 are illustrated in the Scheme 1.  
Indole-2-carboxylic acid hydrazide was converted to corresponding thiosemicarbazide 
derivatives 1 by condensing with the appropriate isothiocyanate in the melt for 10 h. 
Subsequently, in an attempt to prepare the corresponding 4-aryl-3-(indol-2-yl)-∆2-1,2,4-
triazoline-5-thiones 2, compounds 1 were refluxed with 2% NaOH and, after cooling, 
acidified with 3M HCl. 
The characterization of 1 and 2 is based on the elementary analysis, whose results for C, 
H, and N were within the acceptable error limits, IR and 1H NMR spectra. The 1H NMR 
spectra of the cyclic compounds 2 gave proton signal typical for C(=S)–NH group in the 
range 14.18-14.36 ppm. The predomination of thione group was observed also in IR. 
The infrared spectra of 2 showed an absorption in the region 3287-3285 cm-1 attributed 
to NH and at 1305–1300 cm-1 attributed to C=S. The molecular structure proposed for 2 
was confirmed by the X-ray crystal structure analysis of 2a. 

A perspective view of 2a, including the atomic numbering scheme, is shown in 
Fig. 2. All rings in molecule are planar. 2-Fluorophenyl ring is disordered over two 
orientations. The dihedral angle between the fluorophenyl ring and triazole-indole 
system is 83.6(3)°. 

The crystal is monoclinic, with the space group P21/c [unit cell parameters: a = 
9.024(2), b = 21.738(4), c = 7.601(2) Å β = 90.74(3)°] and 2a:H2O ratio of 1:0.5. 
Molecules form centrosymmetric dimers in which N1–H···S1 (triazole···S=C) hydrogen 
bonds are formed, Fig. 3. Moreover, the observed hydrogen bonds are: (i) N5–H···O1w 
(indole···water), (ii) O1w–H···N2 (water···triazole) and (iii) C7/10–H···F1 
(indole···fluorophenyl). 



 

 

Fig. 2. The molecular structure of 
2a hemihydrate. 2-Fluorophenyl 
fragment was found to be 
disordered with an occupation 
ratio 0.8:0.2. 

Fig. 3. The crystal structure; the view is along the 
z axis. 

 
Theoretical calculations showed that for both moleculs (2a and 2b) lower energy 

was obtained always for the thione forms, and the differences in energy between  both 
tautomers were within 9-10 kcal/mol.  
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Abstract 
 
      Deuterium solvent isotope effect in enzymatic reduction of phenylpyruvic acid to  
L-phenylolactid acid catalyzed by enzyme L-Lacic Acid Dehydrogenase (EC 1.1.1.27) 
was determined.  
 
Introduction 
 
     Enzyme L-Lacic Acid Dehydrogenase, LDH, (EC 1.1.1.27) catalyses very important 
metabolic reaction of reduction of pyruvic acid to L-lactic acid [1,3]. Under some 
condition this enzyme is also converting phenylpyruvic acid into L-phenylolacic acid, 
Fig. 1. Catalytic action of LDH is dependent from cofactor NADH (nicotinamide-
adenine dinucleotide), which is oxidized to NAD+ in the course of reaction [2,4,5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    In literature there are many reports concerning enzymatic reduction α-ketoacids to α-
hydroxyacids [2,6,7,8]. Mechanism of action of LDH was investigated using different 
methods including isotope technique also [9]. In this paper we report the kinetic data 
obtained in course of measurements of parameters in Michaelis equation.  
 

⎥⎦
⎤

⎢⎣
⎡= 1 -

v
V  S max

mK  

 
Where Km is Michaelis constant, S is concentration of substrate (S>>concentation of 
enzyme), ν is reaction rate at concentration S, Vmax

  is maximum reaction rate. These 
data are needed to calculate deuterium solvent isotope effect, SIE, in reaction depicted 
in Fig. 1. For determining SIE in reduction of phenylpyruvic acid noncompetive method 

L-phenylolactic 
         acid

phenyl pyruvic 
        acid

+     NADH +     NAD+LDH

O COOH COOHHO

Fig. 1. Reduction of phenylpyruvic acid by enzyme LDH



was chosen. The parameters in Michaelis equation i.e,. Km and Vmax, were determined 
separately for normal and deuteriated incubation medium. The progress of reduction of 
phenylpyruvic acid was determined indirectly by spectrophotometric measurements the 
decrease of absorbance of  NADH (λ = 340 nm, molar extinction coefficient for NADH, 
ε = 6.22 mM-1cm-1). The numerical values of SIE were calculated by dividing kinetics 
parameters obtained in phosphate buffer by the ones obtained in fully deuteriated buffer. 
 
Results 
 
      The kinetic data needed to calculate of Michaelis constant, Km, and maximal 
reaction rate, Vmax, were obtained from measurements of absorbace vs. time for a dozen 
independent runs of enzymatic reduction phenylpyruvic acid. The composition of 
incubation medium was the same for each run, excluding the starting concentration of 
substrate, which was changing in range between 0.032 M to 0.192 M. The typical 
dependence of decreasing of absorbance of NADH in the progress of reaction are shown 
in Fig. 2. 
 

 
 

Fig. 2. Decreasing of absorbance of NADH in the course of reaction 
 
     The constant Km and reaction rate Vmax for reduction carried out in water buffer and 
fully deuteriated one were calculated using software Enziffiter 1.05 and presented in 
Fig. 3 and listed in Table 1. 
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Fig. 3.Linewear-Burk’s plots for enzymatic reduction of phrnylpyruvic acid 

in H2O and D2O 
 
 

Solvent Vmax[mM min-1] Km [mM] 

H2O 12.378 ± 0.17 0.192 ± 0.16 

D2O 12.068 ± 0.004 0.220 ± 0.004 
 

Table 1. Average values of Vmax and Km  for enzymatic reduction of phenylpyruvic acid 
 
   Solvent isotope effects on Vmax  and Km were calculated by dividing  the data obtained 
in water buffer by those ones measured in fully deuteriated buffer. Solvent isotope 
effects, SIE, on Vmax and Vmax/Km are equal 1.026 ± 0.12 and 1.18 ± 0.14 respectively.  
The experimental errors were calculated using Student’s equation with 0.95 confidence 
level. 
 
Experimental 
 
    Each kinetic run was carried out in incubation medium of following constant 
composition: in  3,2 ml volume of 0.1 M phosphate buffer (pH 8) 2 mM of cofactor 
NADH and 271 U enzyme L-Lacic Acid Dehydrogenase (EC 1.1.1.27) were dissolved. 
The starting concentration of phenylpyruvic acid varied in the range 0.032 to 0.192 
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mM. Fully deuteriated 0.1 M phosphate buffer was prepared by dissolving in heavy 
water calculated amounts of 83% D3PO4/D2O and 30% KOD/D2O, and adjusting 
resulted buffer to pD 8 with 0.5 M solution of KOD/D2O. The decreasing of absorbance 
vs. time was registered on spectrophotometer UV-VIS at 340 nm. 
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INTRODUCTION 

 
The ability to form complexes with other molecules of suitable size and 

hydrophobicity makes the calixarenes a useful class of stationary phases. The potential 
of these macrocyclic compounds for applications in gas chromatography [1-2], capillary 
electrophoresis [3-4], solid phase extraction [5] and high-performance liquid 
chromatography [6-10] has been shown in last years. Calixarene-bonded stationary 
phases in a cone conformation are excellent in reversed-phase chromatography. 
Recently, we have reported synthesis of three calix[4]arene-bonded silica gel stationary 
phases in 1,3-alternate conformation (1,3-Alt CalixPr, 1,3-Alt CalixBn, 1,3-Alt CalixBz) 
and we have confirmed that these phases posses high selectivity toward selected 
analytes [13-14]. In this paper we described the synthesis of two novel 1,3-alternate 
25,27-bis-[p-tertbutylobenzoiloxy]-26,28-bis-[3-propyloxy]-calix[4]arene (Calix tBu) 
and 1,3-alternate 25,27-bis-[p-methoxybenzoiloxy]-26,28-bis-[3-propyloxy]-
calix[4]arene (Calix OMe) bonded silica gel stationary phases and their application to 
resolution of aromatic positional isomers, purine and pyrimidine bases as well as water 
soluble vitamins. The efficiency and selectivity comparison of these phases has been 
investigated. 

 
EXPERIMENTAL SECTION  

 
The synthesis of new calix[4]arene stationary phases is shown in Scheme 1. 

Elemental analyses of modified silica gels gave 19.86 %C, 2.04 %H (coverage density 
of the gel 0.344 mmol g-1) for Calix tBu and 18.33%C, 2.31 %H (coverage density of 
the gel 0.352 mmol g-1) for Calix OMe. Stainless steel columns (150 x 4.6 mm I.D.) 
were packed with modified calix[4]arene-silica gels according to a slurry packing 
procedure . The columns efficiency of about 30 000 plates/meter was determined with a 
commercially available test mixture.  
Chromatographic procedure: 

Liquid chromatograph HP Series 1090 (Hewlett-Packard Inc.) equipped with 
quaternary pump, autosampler, thermostated column compartment and diode-array 
detector was used.  Analytes were dissolved in MeOH/H2O (1:1 v/v) mixture at the 
concentration in range of 0.25 to 0.5 mg ml-1 and 5 µl of the solution were injected onto 
the chromatographic column. A mixture of MeOH in water or in 0.01 mol l-1 water 
solution of phosphate buffer was used as a mobile phase at flow rate of 1.0 ml min-1. 
Diode array detector was operated in single wavelength mode. All analyses were carried 
out at 30º C. 



Scheme 1. Synthesis of the 1,3-alternate Calix tBu and Calix OMe silica gel stationary phases; (a) p-
substituted benzoyl chloride, ACN, K2CO3, reflux for 24 h; (b) allyl iodide, Cs2CO3, ACN, reflux for 72 
h; (c) (CH3)2SiHCl, H2PtCl6, CHCl3, reflux for 4 h; (d) activated silica gel, pyridine, shaking for 4 days at 
room temperature. Substituents R: tert-butyl or methoxyl. 
 
RESULTS AND DISSCISSION 
 
 Both novel stationary phases exhibit strong retention power and selectivity 
toward analytes of very similar structure. A variety of aromatic positional isomers, 
representing compound with acidic, basic and neutral character, were well resolved. 
Retention capacity factors (k) and separation factors (α) of these isomers at the best, 
individually optimized, chromatographic conditions are given in Table 1. 
  
Table 1. Retention and separation factors for benzene positional isomers on Calix tBu and Calix OMe 

stationary phases. 
  Calix tBu Calix OMe 

Analytes Isomers k α k α 
para 0,05 0,09 
ortho 0,50 0,42 Hydroxypyridine A 

meta 1,35 

9,98 
2,71 

0,88 

4,60 
1,11 

para 0,32 1,06 
meta 0,90 1,14 Aminobenzhydrazide A  

ortho 1,20 

2,78 
1,35 1,92 

1,07 
1,69 

para 1,43 1,47 
meta 2,04 1,80 Hydroxybenzyl alcohol B 

ortho 2,96 

1,43 
1,45 2,20 

1,23 
1,22 

para 0,74 0,99 
meta 1,07 1,08 Aminophenol B 

ortho 1,94 

1,44 
1,82 1,61 

1,10 
1,41 

para 2,99 2,65 
meta 3,39 2,69 Nitroaniline C 

ortho 5,01 

1,13 
1,48 4,01 

1,02 
1,48 

ortho 4,08 1,18 
meta 4,45 1,26 Hydroxybenzoic acid D 

para 6,72 

1,09 
1,51 2,60 

1,06 
2,07 

ortho 0,25 1,03 
meta 2,34 3,28 Chlorobenzoic acid D 

para 2,54 

9,41 
1,08 3,47 

3,19 
1,06 

ortho 1,22 1,81 
meta 6,95 10,43 Nitrobenzoic acid E 

para 7,33 

5,71 
1,05 12,22 

5,75 
1,17 

Mobile phases: A- H2O/MeOH (9:1 v/v); B- H2O/MeOH (8:2 v/v); C- H2O/MeOH (6:4 v/v); D- 10mM 
phosphate buffer at pH 3.5/MeOH (9:1 v/v); E-10mM phosphate buffer at pH 3.5/MeOH (3:7 v/v) 
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As can be seen, compounds possessing nitro substituents in the phenyl ring have 

higher retention times in comparison to the rest of investigated analytes. This may be 
explained by π-electron transfer interaction resulting from the electron-withdrawing 
effect of the nitro groups of analytes and π-electron system of the para-substituted 
benzoiloxy groups of calixarene. The elution order of positional isomers of the 
investigated compounds on calixarene columns strongly depends on their chemical 
nature. Polar neutral, basic and weak acidic compounds (for example dinitrobenzene, 
nitroaniline and nitrophenol) were eluted on both columns in order: para < meta < 
ortho, which may be associated to guest-host interactions of the calixarene cavity and 
the analyte molecule. Only ortho -hydroxypyridine was eluted before meta isomer 
(para>ortho>meta). It can be explained by ability of ortho and para isomers of 
hydroxypyridine to exist in tautomeric form of pyridin-(1H)-one. The elution order of 
the substituted benzoic acid isomers was opposite (ortho>meta>para) and follows pKa 
values order of these acids. Capacity factor values of the most separated isomers are 
greater on Calix OMe column than on Calix tBu phase. It may be due to stronger electro 
donating properties of methoxyl substituents present in aromatic ring of calixarene 
molecules at para position. Moreover, hydrogen bond interaction between the methoxyl 
group and hydrogen-donor (OH, NH2) isomers can play additional role in the 
discrimination process.  

The chromatographic performance of Calix OMe and Calix tBu stationary 
phases was also evaluated using nucleo bases and water-soluble vitamins separation. 
Figures 2 and 3 show typical chromatograms of above-mentioned analytes.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Separation of purine and pyrimidine bases. Mobile phase: methanol-10mM phosphate buffer at 
pH= 6 (1:9 v/v), flow 1ml min-1, UV 254 nm, T=250C. 
 
Mixture of five bases was separated completely on both calixarene columns (Fig.2). 
Elution order of the analytes was the same however, solutes are a little more retained on 
Calix OMe and peaks are sharper. 
The separation of seven water-soluble vitamins (Fig.3) can be achieved in isocratic 
mode within 16 minutes.  It must be noted that such results is very difficult to achieve 
on ODS column, where retention mechanism based only on hydrophobicity of the 
analytes. 
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Figure 3. Separation of water-soluble vitamins. Mobile phase: with methanol-phosphate buffer at pH=3.5 
(10:90 v/v), flow 1ml min-1, UV 254 nm, T=250C. 
 
Better separation of vitamins was observed on Calix OMe, which exhibited stronger 
retention power and better resolution toward the analytes. Separation of vitamins C and 
B6 were not complete on Calix tBu. 
 
CONCLUSION 
 
Screening evaluation of 1,3-alternate Calix tBu and Calix OMe revealed that the new 
stationary phases are chemically stable and can be successfully used for separation of 
positional isomers of aromatic compounds. The applicability of the novel 
chromatographic columns to analysis of selected biologically vital compounds was also 
demonstrated. Investigation of surface properties of calixarene stationary phase and 
retention mechanism is in progress. 
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Introduction 

 Hafnium occurs in Zr ores in the range of 2 – 3%. Separation of these elements 
is however very difficult because of the large similarity of chemical properties and 
analytical problems, which grow up when the content of the analyte (Hf) (in relation to 
Zr) approaches to the level of 100 ppm [1]. 
 Technique of inductively coupled plasma atomic emission spectrometry is, 
beside radiometric and neutron activation analysis, one of the most often used 
techniques of hafnium determination in zirconium ores during attempts of their 
separation [2, 3].  
 The aim of our study was to settle the conditions of hafnium determination in 
various zirconium compounds by means of ICP – AES and adaptation of the method to 
the determination of this element in two phases of aqueous biphasic system (ABS) 
containing saturated solutions of salts (eg. sodium sulfate, sodium citrate (Na3Cit))  and 
aqueous solution of polyethylene glycol (PEG).  

Experimental 

Reagents and solutions 

High purity zirconium dichloride oxide octahydrate 99.9% metal basis (~ 100 
ppm Hf), hafnium dichloride oxide octahydrate 98+% were obtained from Alfa Aesar 
and used as received. Reagent grade anhydrous sodium sulphate, trisodium citrate 
dihydrate,   hydrochloric acid, sulfuric acid and “pure” zirconium dichloride oxide 
octahydrate (~ 2 % Hf), zirconium sulphate tetrahydrate (~ 2 % Hf) all from POCh 
(Gliwice, Poland) was used without further purification. “Pure” zirconium nitrate 
pentahydrate were obtained from International Enzymes Limited (Windsor, Berkshire, 
England). Polyethylene glycol 2000 (PEG 2000) was purchased from Fluka and used as 
received. Water was distilled and purified using a Millipore Elix 10 system. 

Concentrated solutions of studied metals (~ 0.15 g of metal/ml) were prepared 
and stored in 2M HCl (except of Zr(SO4)2*4H2O in 0.5M H2SO4 and Zr(NO3)4*5H2O in 
1M HNO3). The solutions were standardized by gravimetric procedure utilizing 
mandelic acid [4].  

 Apparatus 

IRIS II ADVANTAGE RAD HR (serial no 7063) Thermo Jarrell Ash (USA) 
inductively coupled plasma emission spectrometer was used. The conditions for 
determination of Hf by ICP-AES are presented in Table 1. 



Tab.1. Operation conditions for determination of Hf by ICP-AES 
 

Rf [MHz]                                                                                   27.12 
RF power [W]                                                                            1150 
Argon coolant flow rate [l/min]                                                  14 
Argon carrier pressure [PSI]                                                       32 
Integration time [s]        low WL                                                10 
                                      high WL                                                10                     
Resolution [nm]                                                               <0.005 at 200 nm 
                                                                                         <0.01   at 400 nm 
                                                                                         <0.02   at 600 nm 
Peristaltic pump flow rate [ml/min]                                          1.85 
Wavelength [nm]                                                      196.4; 227.7; 232.2; 235.1         
Low WL range [nm]                                                              175 - 275 
High WL range [nm]                                                              210 – 800 

 
Determination of Hf by flame atomic absorption spectrometry (FAAS) was 

performed using Perkin-Elmer 3300 spectrometer with hollow cathode Hf lamp 
(PHOTRON PERKIN ELMER). Following conditions were used: wavelength 286.6 
nm; slit 0.2 nm; current intensity 25 mA; flame C2H2 – N2O. 

Procedure 

Four Hf emission lines (196.4; 227.7; 232.2; 235.1 nm) of relatively high 
sensitivity and free from coincidence with emission lines of Zr were selected. Standard 
curves containing two different concentrations of matrix: 0.1 and 1% Zr in the range 0 – 
0.7 µgHf/ml and 0 – 7 µgHf/ml, respectively were prepared threefold. Thanks to proper 
processing of signal (background correction and matching of peak width) very high 
correlation coefficients (r2 ~ 0.999) were obtained. Standard additions method was 
utilized to determine hafnium in zirconium matrix at 100 ppm level (Tab. 2.). ICP – 
AES was also used for determination of hafnium in various zirconium compounds 
(ZrOCl2⋅8H2O, Zr(SO4)2⋅4H2O, Zr(NO3)4⋅5H2O) at 2 – 4% level. Standard curves 
method was employed in this case (Tab. 3.). Additionally, the effect of some substances 
utilized in aqueous biphasic systems (ABS) (polyethylene glycol (PEG), sodium sulfate, 
sodium citrate (Na3Cit)) on results of Hf determination was investigated to adapt the 
method for determination of Hf in both phases after extraction in ABS (Tab. 5.). 

Flame atomic absorption spectrometry was used as comparative method of 
Hf(IV) determination applying solutions containing 1% HF and 0.1% Al in the presence 
of 1% ZrOCl2 matrix. 

Results and Discussion 

Table 2. shows contents of hafnium in high purity zirconium dichloride oxide.     
Obtained averages for each series do not differ significantly, what has been confirmed 
by T- Student test. Therefore it is possible to calculate mean value of hafnium contents 
using results of three series (n = 15). Mean values obtained in such a way for 0.1 and 
1% Zr matrix do not differ essentially, what allows to compute average of all 30 values 
presented in Table 2.  
 



Tab.2. Contents of hafnium in high purity ZrOCl2 [ppm Hf in relation to Zr] determined 
by ICP-AES using standard additions and 0.1 or 1% Zr matrix (n = 3).  

 
 λ [nm]                   0.1% Zr matrix                                        1% Zr matrix   

 
196.423            192            187            257                   185            204            230                                      
227.716            140            135            170                   137            153            164 
227.716            150            167            171                   145            166            169                  
232.247            207            229            208                   170            187            156 
235.122            177            223            229                   177            196            233                            

 
average        173 ± 35    188 ± 48    207 ± 47          163 ± 26    181 ± 26    190 ± 47       

 
average (n=15)              189 ± 31                                              178 ± 25     

 
average (n=30)                                            184 ± 12 

 
During determination of higher contents of hafnium (Tab. 3.) a decrease of 

scatter of the results is observed in comparison with the latter determination of Hf at  
10-2% level, which does not depend on kind of zirconium salt.  
Tab.3. Contents of hafnium in zirconium compounds [% Hf in relation to Zr] 
determined by ICP – AES using standard curves for various wavelength (n = 2). 

 
 λ [nm]                     ZrOCl2⋅8H2O                    Zr(SO4)2⋅4H2O                 Zr(NO3)4⋅5H2O                 

 
196.423                    2.50      2.50                      2.65      2.66                       3.14      3.16                           
227.716                    2.49      2.50                      2.66      2.65                       3.16      3.16  
227.716                    2.50      2.51                      2.65      2.66                       3.17      3.15 
232.247                    2.49      2.49                      2.65      2.65                       3.16      3.17 
235.122                    2.49      2.50                      2.66      2.65                       3.20      3.18 

 
average (n=10)         2.50  ± 0.01                       2.65 ± 0.01                         3.17 ± 0.02 

 
Accuracy of the investigated method was verified by the addition of precise 

amounts of hafnium and it’s determination, employing ICP – AES and FAAS methods. 
The results presented in tab. 4. show that ICP – AES method is characterized by high 
accuracy and better precision than FAAS.    
 
Tab.4. Contents of hafnium in zirconium dichloride oxide [% Hf in relation to Zr] 
determined by ICP – AES and FAAS methods, n = 5. 

 
   added Hf [%]                                              found Hf [%]                      

 
                                                   ICP – AES                          FAAS 

 
      0.388                                 0.388 ± 0.005                   0.388 ± 0.035 
      1.94                                     1.98 ± 0.04                       1.87 ± 0.04 

 



The results presented in tab. 5. indicate that after taking into account proper 
corrections, ICP – AES method can be utilized for Hf determination in phases after 
extraction in ABS. Polyethylene glycol affects emission intensity (decrease of signal by 
about 30%). Presence of sodium sulfate results in slight increase and sodium citrate 
slight decrease of emission intensity. 

   
Tab.5. Effect of some substances on Hf determination in Zr matrix using ICP – AES. 

 
λ [nm]                     227.7          227.7          232.2          235.1                       

 
                                          found [% of Hf addition]                                        

n
stx

_ ⋅
±   

 
PEG 2.5%               82.2           83.0             81.8            83.8                     82.7 ± 1.4                                    
PEG 5%                   72.0           72.0             72.1            74.5                     72.7 ± 2.0 
Na2SO4 1.5%          106.5         105.2           106.4          105.2                  105.8 ± 1.1 
Na3Cit 4%                93.0           92.0             92.7            92.3                     92.5 ± 0.7 

 

Conclusions 

 The presented method permits with large accuracy and precision to determine 
the content of Hf in various compounds of zirconium (dichloride oxide, nitrate and 
sulfate) at 0.4 – 3.2% level and to estimate its content at 10-2% level (in relation to Zr).  
 The presence of polyethylene glycol causes approximately 30% decrease in the 
emission intensity, Na3Cit (4%) – approximately 7.5%, while the presence of Na2SO4 
results in  5.8 % increasing in the signal. Taking into account constant and stable 
influence of these phase components on the emission intensity, the ICP – AES method 
can be used in the direct analysis of phases from the extraction in aqueous biphasic 
systems, after prior introduction of corrections.  
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Introduction 

Recently much attention has been focused on the development of modified 
nucleosides suitable for structure – function elucidation of catalytically active nucleic 
acids [1,2]. Modification of nucleic acid enzymes (ribozymes, deoxyribozymes) by 
introduction of protein-like functionality gives a chance for enhancing their catalytic 
diversity and activity [1-5]. The incorporation of extra functional groups into nucleic 
acid enzymes may be achieved by employing suitably modified analogues of nucleoside 
5’-triphosphates in place of their natural counterparts during SELEX process [3-6], or 
by chemical synthesis of modified nucleosides and their incorporation into 
deoxyribozyme sequences by solid support oligonucleotide synthesis [5,7]. 

 
Results and discussion 
 In our studies on the structure – function relationships of deoxyribozyme “10-
23” by employing the model synthetic oligonucleotides we are interested in site specific 
incorporation of modified nucleosides bearing amino acids functionality on heterocyclic 
base moieties [8,9]. Herein, we report the results of our work on the synthesis of 
2’-deoxyuridine derivatives modified with the glycine (3a), alanine (3b), lysine (3c) and 
histidine (3d) residues at the 5 position of uracil ring. To obtain nucleosides 3a-d a 
reductive amination of 3’,5’-di-O-acetyl-5-formyl-2’-deoxyuridine (1) [10] with 
appropriate amino acid components and NaBH(OAc)3 as the reducing agent has been 
chosen (Scheme 1).  
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Scheme 1. Reductive amination of 3’,5’-di-O-acetyl-5-formyl-2’-deoxyuridine with 
amino acid methyl esters hydrochlorides and NaBH(OAc)3 as the reducing agent 
 
Recently the procedures of reductive amination of nucleosides containing aldehyde 
function have found important application in the synthesis of various nucleic acid 
conjugates [11], in the formation of direct crosslinks between oligonucleotides 
containing 5-formyl-2’-deoxyuridine and proteins [12] as well as in the synthesis of 
several 5-aminomodified nucleosides [13-16]. 



 

In our preliminary experiment performed according to the protocol of a direct 
reductive amination 3’,5’-di-O-acetyl-5-formyl-2’-deoxyuridine (1) was treated with 1.2 
molar equivalents of glycine methyl ester hydrochloride, triethylamine and 
NaBH(OAc)3, and the reaction was left at room temperature for 2 hours. The desired 
secondary amine derivative 3a was isolated in very good yield (82%) along with a small 
amount of by-product 4a (yield 8%) as a result of unwanted 1,4 reduction of 
intermediate Schiff base. When the same conditions were applied to the reaction of 
aldehyde 1 with optically pure L-alanine methyl ester the product with secondary amine 
structure 3b was also obtained in good yield (73%). However, the analysis of its 1H 
NMR spectrum indicated the presence of two singlets with 7:3 integration ratio 
belonging to H6 proton of uracil moiety (Fig 1a). The same integration ratio was 
observed for two singlets of methyl ester protons of 3b. These data suggested that 
diastereoisomeric mixture of 3b was formed probably due to the partial racemization of 
amino acid residue via tautomerization and non selective reduction of the isomerized 
Schiff base intermediate (Scheme 2) [17]. The reaction of aldehyde 1 with D,L-alanine 
methyl ester fully confirmed the above assumptions. In 1H NMR spectrum of 3b 
modified with racemic amino acid residue the integration ratio of H6 singlets was as 1:1 
(Fig. 1b). 

 

Figure 1. 1H NMR spectra of H6 and H1’ regions of 3b;  
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Scheme 2. Tautomerization of Schiff base intermediate 
 

As only modified nucleosides bearing natural L-amino acid residues were 
interesting for our further structure - function study of deoxyribozyme "10-23" and 
more detailed investigations on the reductive amination of aldehyde 1 were undertaken. 
Several experiments were performed according to the direct and indirect (stepwise) 
preparative procedures of reductive amination using free L-alanine methyl ester or its 
hydrochloride as a model amino acid component. The borohydrides with different 



 

activity: NaBH4, NaBH3CN, NaBH(OAc)3 were applied as reducing agents. The results 
of experiments are summarized in Table 1. 
 
Table 1. Reductive amination of 3’,5’-di-O-acetyl-5-formyl-2’-deoxyuridine (1) with 

hydrochloride of alanine methyl ester under various conditions 
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Reaction conditons1 Yield of products [%] 

entry Et3N reducing agent temp. 
3b (ratio of 

diastereoisomers)2 4b 5 6 

Direct reductive amination 

1 + NaBH4 rt 45 (1:0) - 20 35 

2 + NaBH4 0 oC 55 (1:0) <5 20 20 

3 + NaBH3CN rt 75 (3:1) 15 <5 <5 

4 + NaBH(OAc)3 rt 75 (7:3) 20 <5 - 

5 - NaBH4 0 oC 30 (1:0) 15 35 20 

6 - NaBH3CN rt 25 (1:0) 25 25 20 

7 - NaBH(OAc)3 rt 50 (1:0) 35 15 - 

Indirect reductive amination  

8 + NaBH4 0 oC 80 (3:2) - <5 15 

9 + NaBH3CN rt 70 (1:1) 20 <5 <5 

10 + NaBH(OAc)3 rt 75 (1:1) 20 <5 - 

11 - NaBH4 0 oC 50 (1:0) 15 10 25 

12 - NaBH3CN rt 50 (1:0) 20 <5 20 

13 - NaBH(OAc)3 rt 60 (1:0) 35 <5 - 
 

1All experiments were performed in 0.2 mmol scale with 1.2 molar excess of amino acid component over 
aldehyde 1 in anhydrous methylene chloride as a solvent. Free L-alanine methyl ester was obtained in situ 
by the treatment of its hydrochloride with equimolar amount of triethylamine. Direct reductive amination 
was carried out for 2 hr. Experiments of indirect reductive amination were performed for 1 hr of 
intermediate Schiff base formation and 30 min of reduction step. 
2 The ratio of diastereoisomers of 3b was determined on the basis of 1H NMR spectra by comparison of 
H6 and methyl ester protons integration for each isomer. 
 

Our results indicate that reductive amination of aldehyde 1 with free L-alanine 
methyl ester (formed in situ from its hydrochloride by triethylamine treatment) let to 
obtain the desired product 3b in a good yield, but with significant epimerization at α-
carbon atom of incorporated amino acid residue (Table 1, entry 3,4,8-10). In the 
experiments with free amino acid ester the non-epimerized nucleoside 3b was formed 



 

when more active NaBH4 was used under conditions of direct reductive amination 
(entry 1,2). However, in this case the competitive reduction of starting aldehyde took 
place and unwanted products 5, 6 were obtained in large amount.  

The application of hydrochloride of L-alanine methyl ester as the amine 
component in direct as well as in the stepwise reductive amination allowed to synthesize 
nucleoside 3b without change in natural chirality of amino acid residue (entry 5-7 and 
11-13). The better yields of desired 3b were obtained by indirect procedure (entry 11-
13). The indirect syntheses performed with NaBH4 or NaBH3CN resulted in more 
complicated reaction mixtures containing undesirable products of starting aldehyde 
reduction (entry 11,12). The application of milder NaBH(OAc)3 allowed us to obtain 3b 
in good yield (entry 13) accompanying with only one main by-product 4b – 5,6-
dihydrouridine derivative modified with 5-exo-methylidene group at the base moiety. It 
is worth to note that compound 4b as a novel dihydrouridine derivative may serve as an 
interesting modified nucleoside for further investigation of its bioactivity. 
 
Conclusions 

To obtain 2'-deoxyuridines bearing natural L-amino acid residues at 5-position of 
uracil by the reductive amination of 5-formylnucleoside 1 it is crucial to use 
hydrochlorides of L-amino acid methyl esters as the amine components. Additionally, 
the application of very mild NaBH(OAc)3 as the reducing agent under the conditions of 
indirect reductive amination allowed to suppress undesirable reduction of the starting 
nucleoside aldehyde.  

The conditions described above were successfully applied for the synthesis of 
2'-deoxyuridines modified with L-alanine 3b (1H NMR spectrum, Fig.1c), L-lysine 3c 
and L-histidine 3d residues for their further incorporation into model oligonucleotides 
with the sequences of deoxyribozyme "10-23".  
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INTRODUCTION 
The thiopurine antimetabolite 6-Mercaptopurine (6-MP) is an analogue of the 

purine base hypoxanthine and is indicated for remission induction and maintenance 
therapy of acute lymphatic leukemia. The active metabolites of 6-MP alter cellular 
metabolism in a number of ways, including inhibition of purine biosynthesis de novo 
and incorporation into cellular RNA and DNA [1]. 

6-MP is practically insoluble in water, it dissolves in dilute solutions of alkali 
hydroxides and hydrochloric acid. The ionization constants, pK, for anion formation is 
7.7 (in pyrimidine ring) and 11.8 (in imidazole ring) and for cation formation < 2.5 (in 
imidazole ring) [2]. The partition coefficient octanol-water, log Pow, is -0.19 [3]. 6-MP 
can exist in six tautomeric forms because of the protropic tautomerism of the imidazole 
ring and thione-thiol tautomerism of the pyrimidine ring. 6-MP in aqueous solution may 
exist in the equilibrium of tautomeric forms, but in alkaline medium is practically 
completely in anionic form (Fig. 1). 
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Figure 1. Structures of the neutral and anionic forms of 6-Mercaptopurine. 
 

 An adsorption and distribution of the drug are determined by its 
physicochemical properties e.g. its ionization and a partition coefficient between lipid 
and aqueous phases corresponding to drug lipophilicity. Non-ionized form of the drug is 
most often preferably dissolved in lipids and thus is easily transported through lipid 
membranes. 
 In recent studies about toxicity of new synthesized purine thioderivatives 
relative to Chlorella vulgaris, in which 6-MP was treated as reference compound, 
cultures were processed in culture media with pH of 6.7 – 7.0 [4, 5]. However C. 
vulgaris exhibit high resistance to pH changes of culture medium (even to 11.0). In this 
work the effect of increased pH on 6-MP toxicity was examined. 



EXPERIMENTAL 
Experiments were carried out with unicellular green alga Chlorella vulgaris, 

Beij., strain 264, Boehm and Borns 1972/1 CCALA (Czechoslovak Academy of 
Science). The cultures were conducted in 250 ml Erlenmeyer flasks with 50 ml of 
modified Kuehl-Lorenzen [6] liquid medium (enriched with 4% CO2 and 3.85 mmol/l 
HCO3

-) at 24 ± 2oC and with continuous mixing using a magnetic stirrer. The cultures 
were synchronized by light-dark cycles (12-h light and 12-h dark period). The 6-
Mercaptopurine (Sigma Aldrich) was added to algal medium as a solution in DMSO or 
0.1 mol/l NaOH to obtain the required concentration (48.0, 96.0 and 144.0 mg/l). The 
final concentration of DMSO and NaOH did not inhibit nor stimulated the growth of C. 
vulgaris. The initial pH of the liquid medium was 6.7, 7.7 or 9.0. The tested cultures 
and control cultures (without the 6-MP) were conducted in parallel. Three replicates of 
each examined concentration and six replicates of the controls were examined. A 
growth of the cultures was monitored after 24 and 48 hs by measuring 
spectrophotometrically the optical density of the cell suspension at 680 nm. Growth 
inhibition and EC50 were calculated according to ISO 8692 [7].  

The distribution coefficient, log D, which is a function of both its lipophilicity 
when non-ionized and the degree of ionization and is defined as the effective 
lipophilicity of a compound at a given pH, was calculated using eq. (1) [8]:  
                                                  log (P/D) – 1 = pK – pH                                                (1) 
where: pK = 7.72 [5], log P = 0.62 is the value calculated for neutral form of 6-MP from 
experimental values obtained with RPTLC method [9]. 

The amount (%), of 6-MP ionized form were calculated using the eq. (2) [10]: 
                                      % ionized = 100/[1 + 10(pK – pH)]                                              (2) 

Absorption spectra of the 6-MP in standard solutions of pH 5.0 – 13.0 and in 
liquid media (after the end of the cycle) were recorded between 220 and 380 nm using 
Jasco (V-530) UV VIS Spectrophotometer.  
 
RESULTS  

The calculated distribution coefficient (log D) and the percentage  of 6-MP 
ionized form in solutions of pH range 5.0 – 9.0 are presented in Table 1. The presented 
results show that effective lipophilicity of 6-MP is depended to solution pH and will 
decrease if pH and amount of ionized form increases. 
 
Table 1. The effect of pH on the physicochemical properties of 6-MP 
 
 pH 
  5.0  5.5  6.0  6.5  6.7  7.0  7.5  7.7  8.0  8.5  9.0 13.0 
% 
ionized 

 
 0.2 

 
 0.6 

  
1.9 

  
5.7 

  
8.7 

 
16.0 

 
37.6 

 
49.0 

 
65.5 

 
85.6 

 
95.0 

 
- 

 
log D 

 
 0.61 

 
 0.61 

 
0.60 

  
0.58 

 
0.57 

  
 0.53 

 
 0.40 

  
 0.32 

 
 0.15 

 
-0.24 

 
-0.69 

 
- 

 
λmax 

 
321.8 

 
- 

 
- 

 
- 

 
- 

 
319.5 

 
- 

 
- 

 
- 

 
- 

 
313.1 

 
308.6 

 
The λmax values of 6-MP standard solutions in a pH range of 5.0 – 13.0 

determined according to UV spectra calibration curves (ultraviolet spectra) are also 
presented in Table 1. The changes of UV maximum absorption and hypsochromic shift 
of λmax of about 13 nm for 6-MP solutions are related to formation of monoanionic form 
from neutral one and dianionic form from monoanionic one. 



The characteristic of C. vulgaris culture growth is presented in Table 2 as 
percentage of growth inhibition related to control culture. In the same table the λmax 
values determined for 6-MP in a culture media are presented that confirms various 
ionization state of this compound. The determined values of 6-MP toxic concentration 
related to C. vulgaris are expressed as EC50 (mg/l). These results indicate that toxicity 
of 6-MP is depended to pH of culture media. The EC50 value for culture media of pH  
9.0 was twice higher than one determined for culture media of pH 6.7.  
 
 

Table 2. EC50 values characterizing toxicity of 6-MP to C. vulgaris  
cultured in media of various pH  
 

 
Type of the culture tested 
DMSO, pH 6.7 NaOH, pH 7.7 NaOH, pH 9.0 

 

 
 
6-MP concentration 
in a culture 
(mg/l) % inhibitiona  

λmaks [nm] of 6-MP in the liquid medium 
 

  48.0 33.3     λ 321.6   4.5       λ 317.8   5.5     λ 314.4 
  96.0 49.3     λ 321.4 33.5       λ 316.4 16.2     λ 313.4 
144.0 66.2     λ 321.6 46.2       λ 316.4 45.3     λ 312.5 
 
EC50 (mg/l) 

 
88.3 

 
140.7 

 
171.7 

 
a inhibition percentage related to the control culture 

 
 
DISCUSSION 

Obtained results indicate that pH of culture media influences the toxicity of 6-
MP and the ionized forms of 6-MP were significantly less toxic for C. vulgaris. This 
phenomen may be caused by decreased lipophilicity of anionic form relative to neutral 
one. Lipophilicity is an important property affecting the bioactivity of drugs and 
increasing lipophilicity usually correlates with increasing biological activity. The 
transport rate and the amount of transported substance into the cell is positively 
correlated with a partition coefficient log P. The log P depends on  pH and degree of 
dissociation, which directly corresponds to the amount of dissociated form. Non-ionized 
and lipophilic substance is easily transported into the  cell because the cell membrane is 
a selectively permeable lipid bilayer. However, it has only a very low permeability to 
ionic molecules and thus their concentration inside the cell will be lower.  

 The other cause of decreased toxicity of dissociated 6-MP might be its impaired 
interaction with DNA. 6-MP is an antimetabolite of natural purine base and may be 
incorporated into DNA as deoxy-6-thioguanosine (S6G) instead of guanine and thus 
modify structural properties of DNA duplex.  

Bohon J. [11] and Somerville L. [12] have shown, that active metabolite S6G (in 
keto form) was incorporated into DNA. This required formation of weakened Watson-
Crick hydrogen bonds which led to S6G-C and S6G-T pairs (Fig. 2). However,  S6G-C 
is highly favoured  because of triple hydrogen-bond.  

It can be concluded, that 6-MP monoanionic form generated during N(1)-H 
dissociation at pH 7.7 and 9.0 may not combine with natural base by forming Watson-
Crick hydrogen bonds. This is a reason why this form S6G does not incorporate into 
DNA duplex and, in consequence, does not show cytotoxic activity to C. vulgaris. .   
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Figure 2. Base pair configuration for S6G-C, S6G-T and G-T and canonical G-C [11]. 
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The research project is devoted to computer modelling of the structure and electron 
properties of the Pd atoms bound to a poly(4-vinylpyridine) support. P4VP is an 
important functional polymer. The pyridine ring contains tertiary nitrogen atom which 
endows this polymer with distinct features. For instance P4VP, due to its adsorption on 
the metal surface, is a corrosion inhibitor of mild steel in HCl. The electric conductivity 
of P4VP is also of interest and causes its application in modern batteries and electric 
charge sources. 

The quantum calculations of the present work have been performed using the DFT 
method (Gaussian 98 code). The hybrid, gradient-corrected B3P86 functional for the 
exchange and correlation and the LANL2DZ basis set have been used in our 
calculations. The basis set (the Dunning-Huzinaga DZ basis plus the core potentials for 
the elements beyond the first row, see e.g. Gaussian 98 help files) has been extensively 
applied in the calculations involving transition elements. The preliminary calculations 
performed up to now include: 

(1) The DFT calculations of the 4-vinylpyridine molecule and its dimer. The 
optimisation runs resulted in full information about the structure, electronic properties, 
charge distribution, etc., for the molecules. As an example of the results, the structure of 
the 4-VP dimer is shown in Figure 1. It is worth noting that the Mulliken charge on the 
nitrogen atoms is negligible, -0.01 e. 

 

N

C

C

H

H

Fig. 1. The structure 
of the  4-VP dimer 
from the DFT 
calculations. 
The spheres show the 
positions of the C, N 
and H atoms, as 
labelled in the figure. 
The isosurfaces of the 
electron density drawn 
at ρ=0.08 e/Å are 
shown  in the figure. 

 



 
(2) The DFT calculations of one or two Pd atoms interacting with 4-VP and its 

dimer. The purpose of the calculations was to find favourable sites for the Pd binding to  
the polymer and investigate the influence of the Pd atom on the electronic properties of 
the 4-VP monomer and dimer. 

An extended series of calculations have been performed: single VP with 1 Pd atom 
at different positions, VP with 2 Pd atoms and 3 Pd atoms, VP dimer with 2 Pd atoms at 
different positions. The results (for single VP and 1 Pd atom) indicate that the 
favourable site  for the Pd binding is in the vicinity of the N atom, the binding energy is 
-1.04 eV. For the case of the Pd position above the center of the C-C bond the binding 
energy is -0.79 eV. The Mulliken charge on the Pd atom is -0.088 e and +0.073 e, 
respectively. For the case of a single VP and 2 Pd atoms, one of the Pd atoms is bound 
to the N atom and the other Pd can be bound to a C atom. The binding energy for 
different structures are: -2.24 eV, -2.32 eV, -1.86 eV, per two atoms.  

More interesting structures appear when 2 Pd atoms interact with the VP dimer. The 
structure with the Pd atoms in the vicinity of the N atoms is shown in Figure 2 A. The 
charges are -0.085 e, the binding energy is -2.07 eV per two Pd. 

 

 
 

Fig. 2A. The structure of the  4-VP dimer with 2 Pd atoms bound at the nitrogen sites 
obtained from the DFT calculations. The bond lengths are given in Å. 
The spheres show the positions of the C, N, Pd and H atoms, as labelled in the figure. 
The isosurfaces of the electron density are drawn at ρ=0.08 e/Å. 
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The structure with the Pd atoms above the centres of the C-C bonds (in the rings) is 
shown in Figure 2 B. The charges are very close to 0, the binding energy is -2.08 eV per 
two Pd, almost identical with the former structure. 

 
 

Fig. 2B. The structure of the  4-VP dimer with 2 Pd atoms placed above the centers of 
the C-C bonds. The bond lengths are given in Å. 

 
 

(3) The DFT calculations of the interaction of Pd-4VP, 2Pd-4VP, Pd-(4VP)2 
2Pd-(4VP)2 systems with additional atoms and small molecules: H, Cl, 2Cl, Cl2, 2H, H2, 
HCl, Cl+H, etc., adsorbed on the polymer units.  

The calculations indicate that the Pd atoms bound to polymer units make very 
powerful reactive sites. For all the cases the atoms and molecules added to Pd - 4 VP 
complexes migrated to the vicinity of the Pd atoms and were trapped at these centers - 
such structures have the lowest total energy. On account of a large number of the 
valence electrons the Pd atom plays a role of an electron pool. An example of the 
structure obtained as a result of optimization of Cl2 molecule added to 2Pd-(4VP)2  
complex  is given in Figure 3. The Cl2 molecule dissociates and the Cl atoms migrate 
until they are bound to the Pd atoms of the complex. The chlorine atoms have the 
charge -0.32 e, the Pd atoms become slightly positive +0.12 e. The binding energy of Cl 
atoms (with respect to a free Cl2 molecule) is very high,  -4.73 eV. The Pd-N bond is 
only slightly stretched by the presence of the Cl atom: from 2.06 Å to 2.09 Å. We found 
similar behaviour of all the atoms and molecules listed above. 
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Fig. 3. The structure of the  2Pd-(4VP)2 complex (see Fig. 2A) after addition of the Cl2 
molecule and optimization of the molecular system. The bond lengths are given in Å.  
The isosurfaces of the electron density are drawn at ρ=0.08 e/Å. 
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Introduction and methods 
An important model of catalysis is represented by the behaviour of the simplest 

molecule,  H2, dissociating at the surfaces of the transition and noble metals and their 
alloys. Subsequent migration of atomic hydrogen over the metal surface and its 
reactions with atoms or molecules adsorbed on the surface form principal parts of 
mechanism of numerous catalytic processes .  

In the present work the quantum calculations of interaction of the molecular 
hydrogen with Pd clusters have been performed. Two kinds of the calculations have 
been performed: 1) the static quantum chemistry calculations, and 2) the quantum 
molecular dynamics simulation.  

The calculations have been based on the gradient-corrected methods of the Density 
Functional Theory with the hybrid functionals B3P86, B3LYP, B3PW91. For all the 
calculations reported here the LANL2DZ double-zeta basis set was used. The 
calculations have been performed using the Gaussian 2003 code. 

 
Potential energy surface calculations 
The calculations of the potential energy surface (PES) for the hydrogen molecule 

placed over the Pd5 clusters with the planar structure of the Pd elementary cell have 
been performed (see Figure 1). It was found that the H2 molecule which is parallel to the 
metal plane dissociates (in principle without activation barrier) in contact with metal 
and its H atoms are bound to the cluster. There is a small potential barrier for rotation in 
the plane and very small barrier for rotation from horizontal to vertical position of H2 . 
The rotation barriers do not exceed 1 – 2 kcal/mol. 

Figure 1 shows the PES for the B3P86 model. The H2 molecule is parallel to the Pd 
plane with H-H bond oriented along the diagonal of the Pd-Pd bonds. The configuration 
coordinates are: dHH – the internuclear distance in the H2 molecule, and Z – the distance 
of the centre of the H-H bond to the Pd plane. The PES was sampled to the following 
ranges of the coordinates: 0 ≤ dHH ≤ 3.89Å, 0 ≤Z≤ 3.0 Å. The energy surface is plotted 
for the difference between energy of the H2Pd5 cluster and energy of the separate Pd5 
cluster and H2 molecule. The figure shows only the part of the PES for negative energy. 

The PES shows clearly the activationless dissociation process. The dissociation path 
is marked by the white line with crosses. The dissociation path is better visualized in the 
Figure 2 as a function of the dHH distance.  The adsorption energy of the H2 molecule 
with bond length 0.74 Å is about –0.6 eV. The increase of the bond length leads initially 
to a slight decrease of energy but above dHH=1.2 Å, when the H-H bond breaks, the 
energy rapidly decreases. The stable positions of the H atoms are near the edges of the 
cell, for dHH about 3.5 Å. The total energy of adsorption and dissociation of a H2 
molecule is  –1.77 eV (40.8 kcal/mol) with respect to energy of isolated H2 i Pd5. 



 

 
 
 

Fig. 1. Potential Energy Surface for H2 molecule bound to the planar Pd5 cluster 
(DFT/B3P86). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Energy of the H2-Pd5 cluster along the dissociation path of the H2 molecule. The 
calculations were performed for three hybrid functionals as marked in the figure. 

 
 
It is interesting to note that while the calculations based on the B3P86 and B3PW91 

functionals predict the activationless dissociation of H2, the B3LYP calculation results 
in a very small activation barrier, of the order of 0.01 eV. 
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Quantum Molecular Dynamics calculations 
The dynamic calculations of the H2 molecule in contact with the clusters cut from 

the (100) Pd surface have been performed using the ADMP method [1,2]. This method 
performs a classical trajectory calculation using the Atom Centered Density Matrix 
Propagation molecular dynamics model. ADMP belongs to the extended Lagrangian 
approach to molecular dynamics using Gaussian basis function and propagating the 
density matrix. The best known method of this type is Car-Parrinello (CP) molecular 
dynamics, in which the Kohn-Sham molecular orbitals, ψi, are chosen as the dynamical 
variables to represent the electronic degrees of freedom in the system.  

The simulations list: (1) two cases of H2 dissociation in contact with the planar Pd5 
cluster shown in Fig. 1. In the first case the H2 molecule was positioned directly above 
the Pd-Pd bond centre, in the second case the H2 was on top of the central Pd atom, 
initially at a distance of 1.5 Å. (2) H2 dissociation in contact with the planar Pd7 cluster 
with the structure described as two square cells joined together by the central Pd atom. 
(3) H2 dissociation in contact with the nonplanar Pd9 cluster with the structure of Pd7 
plus two Pd atoms from the subsurface layer placed below the centers of the square 
cells. In the latter cases the H2 was on top of the central Pd atom, initially at a distance 
of 1.5 Å.  

Figure 3 shows the geometry and electron density distribution of the H2 - Pd9  
system at selected times: 2.8 fs, 7.6 fs, 14.0 fs, 20.6 fs and 36.8 fs. The H-H distance d, 
which is the parameter monitoring the degree of the H2 dissociation, is given for each 
structure. 

Figure 4 shows the evolution of the energy of the systems (with respect to the 
energy of isolated H2 i Pdn ) as a function of time. The simulations were performed with 
the timestep of 0.2 fs. The lower figure shows the H2 - Pd9  system, the upper right 
figure the H2 - Pd7  system and the upper left figure H2 - Pd5  system. The system 
temperatures varied from 77 K to as much as 3000 K. The H2 - Pd7  evolution shown in 
the figure corresponds to 773 K, the remaining two cases correspond to 3000 K. 

The plots of the figure show that the typical time necessary to complete the H2 
dissociation process is about 20 fs if we define the time window from the first negative 
binding energy to the onset of the energy fluctuations around the stabilized value. 
However, the real time of the process is usually much longer (by factor of 2-3) because 
for most of the initial H2 configurations the energy is positive and we frequently 
observe the escape of the hydrogen molecule. This is due to the rotation energy barriers 
mentioned in the PES part of the calculations. The longer time window (of about 40 fs) 
was shown for H2 - Pd9  system in the upper figure. It is necessary to underline that each 
simulation course gives different energy evolution curve, mostly in the initial part but 
also in the fluctuation stage and the  20 fs value corresponds to an average.  
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Fig. 3. A series of transitory structures appearing in the course of the dissociation of H2 
in contact with Pd9 cluster. The color of the spheres marks the Pd atoms (mauve) and 
the H atoms (white). Isosurfaces of the electron density (ρ=0.08 e/Å2) are shown with 
cyan color. The time from the start of the simulation and actual H-H distance are given 
in for each figure.  
 
 

 
Fig. 4. Evolution of energy of the H2 - Pdn systems (with respect to the energy of 
isolated H2 i Pdn ) as a function of time obtained from the ADMP quantum simulations. 
The lower figure shows the H2 - Pd9  system, the upper right figure the H2 - Pd7  and the 
upper left H2 - Pd5  system. 
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The research project is devoted to computer modelling of the structure and electron 
properties of the Pd clusters on a polyaniline (PANI) support. The system is considered 
as a model of the metal catalyst on a conducting polymer support. 

PANI doped with Pd has been applied as a heterogeneous catalyst for 
hydrogenation of nitrobenzene and of the C≡C bond in hexine. Recently, the role of the 
catalyst in hydrogenation of 2-ethylantrachinone in liquid phase has been investigated 
[1]. 

Polyaniline is usually a combination of the oxidized and reduced forms. The 50 % 
combination, emeraldine, is stable in natural conditions. For the modelling purpose it is 
assumed that the periodically repeated structure is composed of four aromatic rings and 
four nitrogen atoms. 

The project applies advanced methods of quantum chemistry (the methods based on 
the density functional theory in the gradient-corrected version). The calculations have 
been performed using the Gaussian 98 code, the B3LYP hybrid correlation-exchange 
functional and the standard Lanl2DZ basis set have been selected for the calculations. 

The oxidized, reduced and mixed forms of the polyaniline rings have been taken 
into account in the calculations which included the geometrical structure optimization, 
the electron density distributions, the distribution of the partial electrostatic charges. At 
the present stage, particular attention has been paid to the interaction of PANI with Pd 
atoms and with HCl molecules. 

The parts of the project completed up to now list: 
(1) The calculations of the structure of polyaniline support. The calculations have 

been performed for the aniline monomer, dimers, trimers and tetramers (the latter either 
in the form of a single chain or two interacting dimers) with or without hydrogen atoms 
at the N sites. The calculations were analyzed in order to find the evolution of the 
structure and electronic properties of aniline unit while the number of units is increased. 
The polyaniline forms the twisted chain, the planes of the neighbouring rings are 
twisted by about 42o.  

(2) The calculations of a single Pd atom and small clusters of Pd atoms interacting 
with aniline and its dimers, trimers and tetramers. A series of the energy optimisation 
runs have been performed for the Pd/aniline systems. The purpose of the calculations 
was to find favourable sites for the Pd adsorption on the polymer. An example of the 
optimum structure of the trimer with a single Pd atom adsorbed is shown in Figure 1. 
Two favourable trapping sites with the lowest energy have been found: a) the Pd atom is 
adsorbed over the centers of the C-C bonds of the aniline rings with the distance of 2.19 
Å from the C atoms and b) the Pd atom is bound to the bridge nitrogen atom with the 
distance of 2.06 Å between Pd and N atom. The structures of the Pd sites, together with 
the electron density distributions, are given in Figure 2. 



 
 

 
 
 
Fig 2. Geometric structure of the Pd trapping sites on the polyaniline chain and the 

isosurfaces of the electron density drawn at ρ=0.08 e/Å. The interatomic distances are 
given in Å. 

Left: the Pd site at the center of the edge of the aniline ring. Right: the Pd site at the 
nitrogen atom. 

 
 
 
 

Fig. 1. The structure of 
the  aniline trimer with 
the Pd atom adsorbed 
at the central ring 
obtained from the 
calculations. 

 



Optimization of the system composed of 3 Pd atoms and aniline dimer results in the 
structure shown in Figure 3. The interatomic distances between the Pd atoms are 2.77 
and 2.76 Å and resemble the nearest neighbourhood distance 2.75 Å in the Pd crystal. 
The Pd-Pd-Pd angle is 132.64o. The first Pd atom is bound to the C atom (bond length 
2.15 Å), the second Pd with the aniline bridge N atom (bond length 2.14 Å) and the 
third one again with the C atom (bond length 2.19 Å). The Mulliken charges are 
respectively 0.055 e (Pd1),  –0.071 e (Pd2) and 0.038 e (Pd3), the total binding energy 
of the Pd atoms is –3.75 eV which makes -1.25 eV on the average.  

 

 

 

Another structure calculated for 3 Pd atoms interacting with the aniline trimer 
represents the Pd atoms positioned over the C atoms and the Pd - Pd distances  are  2.82  
Å  and  2.73 Å, total  binding energy slightly lower: -3.62 eV and very small charges on 
the Pd atoms. Optimization of the 3 Pd plus aniline trimer system with additional H 
atoms bound to the N atoms of the aniline molecule (reduced form) gives a structure 
which is more distorted with respect to the trimer without palladium than it was in the 
case of the oxidized form. The Pd - Pd distances  are  2.82  Å  and  2.78 Å, total  
binding energy is now significantly lower: -3.29 eV and the charges on the Pd atoms are 
also very small. 

The results of the calculations indicate the possibility of the Pd adsorption along the 
polyaniline chain as an almost regular array with the Pd-Pd distances very close to the 
Pd-Pd distance in the Pd crystal. We however found another stable configuration of the 
Pd polyaniline system. The optimization of two dimers results in a structure with the 
dimers bound together by the Pd atom in the N-Pd-N configuration. The Pd-N bond 

Fig. 3. The 
structure of the  
aniline dimer 
with 3 Pd atoms 
adsorbed. 

 



length is 2.01 Å for the both nitrogen atoms, the Mulliken charge on Pd is 0.13 e while 
on the N atoms is -0.40 e. The binding energy of the Pd atom is very high: -2.85 eV. 

 
(3) The next part of the project concerns the interaction of small molecules with 

polyaniline and Pd-doped polyaniline.  As a preliminary approach to this part we started 
the calculations with the optimization of a series of the structures of HCl plus aniline 
tetramer. All the structures represent predissociation state of HCl. In the first case the 
HCl molecule was placed in the vicinity of the nitrogen atom connecting the third and 
fourth aniline ring (the reduced form). After optimization the H atom becomes attached 
to the nitrogen (the bond length 1.1 Å) while the distance between the H atom and the 
Cl atom is increased to 1.84Å. The HCl binding energy is  –1.12 eV. The second case 
corresponds to the HCl molecule in the vicinity of the N atom connecting the second 
and the third ring. The N-H distance is 1.11Å, the H-Cl distance is 1.82Å, the HCl 
binding energy is –1.09 eV. Another optimization run corresponds to the geometry of 
the first case but the aniline tetramer is now in fully oxidized form. The N-H distance is 
1.11Å, the H-Cl distance is 1.82Å, the binding energy is –1.02 eV. The last case of the 
series represents the tetramer with the single N atom in oxidized form. The N-H 
distance is now 1.09Å, the H-Cl distance is 1.89Å, and the binding energy is relatively 
high –1.30 eV. 

 The calculations concerned also two HCl molecules interacting with the 50 % 
oxidized tetramer. The binding energy per two molecules is -1.99 eV. 

The calculations which include the Pd-atom bound to aniline clusters and HCl 
molecule are currently performed in our laboratory.  

 
 

[1] A. Drelinkiewicz, J. Stejskal, A. Waksmundzka, J. W. Sobczak, Synth. Met. 140 
(2004) 233. 
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The report presents the preliminary calculations of the adsorption, activation and 

dissociation of freon molecules: CCl2F2 and C2Cl2F2 on the surface of palladium 
catalysts.  

Freons represent the class of organic compounds which are very difficult to remove 
from environment. Their aggressive interaction with the atmospheric ozone layer has 
very serious consequences. The organic molecules containing halogen atoms, 
particularly chlorine, are usually toxic, carcinogenic and much effort has been directed 
towards neutralization of these compounds. Catalytic hydrodechlorination represents 
very important method of transformation of the chlorine compounds towards less 
aggressive molecules. The catalysts for this process are still investigated but it is already 
known that palladium makes the catalysts of very high activity and selectivity in the 
processes which remove the chlorine atoms from the freon molecules [1,2] 

Methodology of the Calculations 
The quantum calculations of the present work have been performed using the DFT 

method (Gaussian 98 code). The hybrid, gradient-corrected B3P86 functional for the 
exchange and correlation and the LANL2DZ basis set have been used in our 
calculations. The basis set (the Dunning-Huzinaga DZ basis plus the core potentials for 
the elements beyond the first row, see e.g. Gaussian 98 help files) has been extensively 
applied in the calculations involving transition elements. 

A series of the optimisation runs have been performed for CCl2F2 and C2Cl2F2 
molecules in contact with the metal cluster. However, we want the metal part of the 
system to simulate the (100) surface of the fcc Pd crystal, therefore the metal positions 
have been frozen during the optimization. In this way we ignore the metal surface 
relaxation but if the restraints are released, the Pd positions shift to such an extent that 
the cluster structure does not resemble the surface structure any more. The optimized 
structures of freon molecules, in most cases representing the dissociated or 
predissociated molecule, have been obtained and the isosurfaces of the electron density 
have been plotted.  

Results and Discussion 

Interaction of CCl2F2  molecule with metal clusters 
The extensive calculations have been performed for the CCl2F2 molecule in 

different orientations with respect to the Pd7 cluster. The molecule with the F atoms 
pointing down towards the metal cluster is only weakly adsorbed (this is a local energy 
minimum and the configuration is stable) but its forced reorientation to the position with 
the Cl atoms down and F atoms up leads to strong adsorption. The CCl2F2 molecule 
dissociates then to CF2 and two Cl atoms. The process proceeds without activation 
barrier. Figure 1 shows a series of structures appearing in the course of optimization. 
The electron density distribution is shown together with the geometrical structures. The 



lower right figure shows the energy evolution in the course of dissociation from CCl2F2 
to CF2 + 2 Cl.  

The CF2 radical has stretched bonds (1.39 and 1.40  Å). The C atom is placed over 
the center of the Pd-Pd bond with the C-Pd distances 1.98  and 1.97 Å. The structure, 
together with the electron density, is shown in Fig. 2 A. The binding energy of  CCl2F2  
after dissociation is –8.55 eV.  

 

 
 

Fig. 1. A series of transitory structures appearing in the course of the dissociation of 
CCl2F2 in contact with Pd cluster to CF2 + 2Cl. The color of the spheres marks the 
following atoms: Pd - mauve, C - green, F - red, Cl - yellow.   Isosurfaces of the 
electron density (ρ=0.10 e/Å2) are shown with cyan color. In the lower right part of the 
figure the plot of the energy (relative to the energy of the initial configuration) for 
consecutive configurations is shown. 
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Further (activated) dissociation of CF2 leads to a stable CF radical and isolated F 

atom. We found the transition state shown in Fig. 2 B, with energy –3.68 eV which 
should be compared with –4.62 eV  (the binding energy of the adsorbed CF2 ) and 
resulting activation energy is 0.94 eV. The energy gain in the dissociation process is 
rather large –5.55 eV. The CF group is localized between Pd atoms in the hollow site 
and the carbon atom is equidistant from the Pd atoms: 2.02, 2.04, 2.08, 2.04 Å, 
respectively.  

The final dissociation to isolated C and F atoms adsorbed on Pd cluster proceeds 
with an activation barrier and energy gain of –0.9 eV. The final structure is shown in 
Fig. 2 C. 

 

 
Fig. 2. Isosurfaces of the electron density (ρ=0.10 e/Å2, marked with light gray color): 
(A) Dissociation of the CCl2F2  molecule  in  contact  with  the  Pd7  cluster, (B) 
Transition state of the CF2   radical, (C) Dissociation and final structure of the CF 
radical in contact with the Pd7 cluster.  

C

Cl
Cl

F
F

Pd

CCl F  / Pd
dissociated state

2 2 7

C

F

F
Pd

CF  / Pd
transition state

2 7

C

F

Pd

CF / Pd
dissociated state

7

A

B

C



 
Interaction of C2Cl2F2  molecule with metal clusters 
The next series of the calculations concern the C2Cl2F2  molecule  in contact with 

the Pd7 cluster. The calculations have been performed for the C2Cl2F2 molecule parallel 
to the planar Pd cluster (Fig. 3). After energy optimisation the adsorbed molecule 
exhibits significantly stretched C-Cl bonds (1.91 and 1.97 Å) which suggest the further 
dissociation towards the isolated Cl atoms (this is verified by lower energy of the C2F2 
plus two isolated adsorbed Cl atoms). The C-C bond length is increased from 1.34 to 
1.53 Å. The C-F bonds are stretched to 1.42 and 1.44 Å. The adsorption energy with 
respect to the isolated  C2Cl2F2  and metal cluster is  –1.46 eV. The dissociation of the 
C-Cl bonds in C2Cl2F2 is expected due to the similarity with the smaller CCl2F2   
molecule. However, while in the case of the smaller molecule a simple rotation could 
start the dissociation, in the case of C2Cl2F2 one can expect a transition state with a small 
activation barrier. 

 

Fig. 3. Molecular geometry and the isosurfaces of the electron density (ρ=0.10 e/Å2, 
marked with light gray color) for the adsorbed state of the C2Cl2F2 molecule in contact 
with the Pd7 cluster.  
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Fundamental and representative methods used for determining kinetic parameters of 
thermal polymer decomposition process on the basis of thermogravimetric data were 
characterised. Assumed mathematical hypotheses, simplifications and theoretical 
conditions were discussed. Specific methods were analysed as far as application, 
limitation and difficulties in their usage are concerned. 

General thermal analyses techniques can be divided into three basic groups: 
Differential Scanning Calorymetry (DSC), Differential Thermal Analysis (DTA) and 
Thermogravimetry (TG). The last technique is used specially to evaluate thermal 
stability of polymer materials as well as it can help to obtain various valuable technical 
information. With the use of thermobalance not only dependence of sample mass loss 
on temperature with determined heating velocity can be obtained, but also one can 
determine temperature (T) or time derivative (t). Thermogravimetric analysis has a 
number of advantages especially when compared to isothermic methods.  
As the cognition of the dependence between thermal resistance and chemical 
composition of compounds used in high temperatures is essential it is important to 
determine the thermal decomposition parameters as activation energy (E), reaction order 
(n), frequency coefficient (A). 
These parameters are of vital importance for mechanism of polymer degradation 
determination [1,2] and its thermal stability [3]. 
There are a number of methods used to determine the kinetic pyrolysis parameters. They 
vary not only in the kind of data analysis and assumed hypotheses but also in the way of 
mathematical elaboration. However even the most modern methods using complicated 
calculation schemes make use of original basic theories [4-8]. 
Two basic groups of kinetic analysis methods of pyrolysis process are distinguished. 
Derivative methods are based on the dependence: 
                           dα/(1-α)n = (A/β) exp (-E/RT) dT                          (1) 
where α is the transformation degree, β heating velocity, R universal gas constant and T 
is temperature. 
Determination of initial parameters as α = 0, T = T0 (room temperature 25 oC), and 
integrating the equation (1) gives the dependence used in so called integration methods 

  ∫ −
α

αα
0

)1/(d n = A/β ∫
T

0T

dT (-E/RT) exp                       (2) 

Kissinger Method [9] 
The basic assumption made by the author is that the reaction order in most cases does 
not undergo any change during pyrolisis. As the heating temperature goes up the mass 
loss velocity increases up to the maximum value Tm. 
After inserting this value the author obtains 
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Kissinger method was next often modified and after the assumption that kinetic 
parameters are not affected by heating velocity the most commonly used equation was 
obtained [10]: 
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In this equation reaction order does not appear. The above mentioned equation allows, 
plotting ln (β/T2

m) = f (1/Tm), to calculate from the tilting angle activation energy for 
simple processes with the reaction order from 0 to 1. 
This method requires that several thermogrames are made but demands little work as far 
as calculations are concerned. Having thermogrames done for several heating velocities 
it is sufficient to determine Tm. 
The application of this method was proved for brucite, calcite, halloysite, magnesite and 
kaolinite [9], and for polymer compounds such as cellulose, starch, sizal fibres and their 
mixtures and composites [11]. 
 
Freeman and Carrol Method [1, 12] 
The starting point for consideration for the authors are the following equation (5) 
                 ∆log(dα/dT) = n∆log(1-α)-(E/2,303R)∆(1/T)                         (5) 
From equation (5) it can be concluded that the values E and n can be calculated using 
only one thermograme. The left side of (5) should be a linear function ∆log (1-α) with 
constant ∆(1/T). The slope of the linear dependence should give the reaction order and 
the cutting point the activation energy. Despite the simplicity of mathematical basis this 
method is far more complicated than Kissinger method from the applicational point of 
view. The first stage is to accept the right step value 1/T in the analysed range. The 
determination of sufficiently small value of this coefficient makes the calculations more 
exact but also makes it necessary to introduce more data. One should read the 
temperatures for the given 1/T section and next the increment value log dα/dT and log 
(1-α). This process requires a lot of work. Obtaining the linear character of the plot ∆log 
(dα/dT) = f (∆log (1-α)) in the measuring scope means that the method can be used for 
the analysed data. This method can be used for polyethylene and 
poly(tetrafluoroethylene) [1]. 
 
Coats and Redfern Method [13] 
The authors use integration method. They obtain the following equation (6) 

                              (ln (
T2
α ) = ln

E
AR
β
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E
RT2 )-

RT
E                                         (6)  

Plotting ln (
T2
α ) = f (1/T) E value can be calculated. It must be remembered that the 

equation is only true for zero reaction order, which results from the former 
simplifications. The results obtained by this method are true for low α, but they can be 
generalized for the whole of the process assuming that the reaction mechanism does not 
change during reaction duration. From the practical point of view this method is 
moderately laborious. It requires taking the α values from the thermogram and doing 
the necessary calculations for obtaining the plot. The authors use this method among 
others to investigate poly (tetrafluoroethylene) [13], poly (3-dimethyloacryloyloxyethyl) 
ammonium propanosulfate [14], obtaining the results corresponding to the results 
obtained from other calculating methods. 



Reich Method [15] 
In this method one should compare sample mass changes in sufficiently small 
temperature distances ∆T. If we choose sufficiently small temperature section ∆T then 
for all reaction orders except n = 1 can be written: 
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where ∆T = const. = (T-Ti), 
α and αi –mass loss in temperatures T and Ti respectively. 
For special cases of reaction orders one can obtain the following equations: 

For  n=1 ]TAln[
RT
E)]ln[ln(

i βα
α ∆
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And for n=0 ]TAln[
RT
E)ln( i β
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+−=−    (9) 

One can observed if this method is to give satisfactory results one should assume the 
reaction order beforehand to apply the necessary equations. Then one should note the 
adequate relations α and αi in the assumed section ∆T and plot the dependences of the 
left side of the equation (7-9 dependent on the reaction order) on inverted temperature. 
From such plot one can read activation energies values and coefficient A. When the 
reaction order is not known one can evaluate it comparing the linearity of the plots (7-
9). The method is experimentally quite laborious especially when assuming small 
section ∆T. The authors obtain satisfactory results for poli (tetrafluoroethylene) among 
others. 
Ozawa Method [16] 
The author starts with the equation (10): 
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                        (10) 

The value of the write side of the above mentioned equation was determined and shown 
in a table Doyle [17] as the function p so one can have  
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If E/RT is smaller than 20 then the value p (E/RT) can be approximated using the 
following equation [18]: 
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For the given values of change degree the left side of the equation (12) is constant not 
dependant on β. So for the assumed α, T and β are given and one can have  
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Plotting log β in the function of temperature inversion one should obtained the straight 
line the tilting of which can give activation energy value. 
The Ozawa method from the experimental point of view is very simple but requires 
thermograms made with various heating velocities. From these thermogrames one 
should only take the T values with the given change degree. However one should 
remember the assumption of the author that the activation energy does not depend on 
the heating velocity. Data obtained from a number of thermogrames makes it possible to 



obtain more exact measurement. Data obtained with the various change degrees should 
be averaged out so it is necessary to make the calculations for a number of change 
degrees. Too big results dispersion depending on the change degree can indicate that 
this method is inadequate for the measured sample. This method was used for do 
polyamide, calcium oxalate [13], starch and cellulose [11] giving the results largely 
dispersed dependent on the change degree however the average values were similar to 
those obtained from other methods. 
 
Conclusions 
The methods presented in this work give the survey of the various approaches to the 
problem of determining the kinetic parameters of pyrolisys process. In order to choose 
the most appropriate method first of all one should consider the theoretical assumptions 
and simplifications present in mathematical calculations. One should choose the right 
method for the particular polymer compounds supported by literature and choose the 
correct reference method. Next it is essential to analyse the experimental data what 
influences the time dedicated to obtaining the results. This publication should make it 
easier to choose the right method for the sample investigated. 
Generally and individual approach should be taken to each of the sample analysed and 
the method should be decided upon every single time if we deal with the comparative 
analysis. Ozawa method and modified Kissinger method assume a difficult hypothesis 
that the heating velocity does not affect the kinetic parameters values. Whereas Coats 
and Redfern calculate the activation energy values for low α, assuming the 
generalization of results for the whole of the process. Often used Reich method requires 
the beforehand assumption of reaction order and can give false results when fractional 
values of n. For the analysis of new products the Freeman - Carrol method is the safest, 
which is quite laborious but gives the certainty of getting the correct results. 
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Introduction 

Plastics have been present in the market of packaging since the twenties of the 
last century, when the foil made of regenerated cellulose named cellophane was first 
introduced [1]. The next years brought further development of plastic packaging 
including the packaging of food. 

The food packaging performs a number of important functions. The most 
obvious is protection of the packed product. The food product is protected against 
external agents, such as moisture, oxygen, dust, micro-organisms. It is also protected 
against mechanical damages and the loss of volatile components.  

The present-day development of the physics and chemistry of polymers has 
provided opportunities for producing plastics that reveal properties adapted to 
individual products. One of the most important advances in this field has been the 
development of multilayer packaging materials. These materials are made up of several 
layers adhered together, and they were designed to provide new material revealing 
properties which are required for the packed product.  

A laminate composed of polyamide and polyethylene is one of multilayer 
film packaging. 

High-pressure polyethylene LDPE is obtained by ethylene polymerisation, 
conducted under high pressure in the presence of oxygen or free-radical catalysers. It 
reveals high purity, and good transparency, flexibility and elasticity. It is permeable for 
gases such as oxygen, carbon dioxide and sulphur dioxide. It softens in the temperature 
above 80oC – 90oC, and can be easily pressure welded. It is resistant to the action of 
acids, alkalies, and organic solvents (except hydrocarbons and fats). 

Polyamides are obtained by polycondensation of amino acids or lactams. 
Their advantage is high mechanical strength, good thermal properties, flexibility and 
resistance to the action of organic solvents, alkalise and weak acids. Low barrier level 
towards steam is the reason why the polyamides are more and more frequently used in 
multi-layer laminates [2]. 

A composition of those two polymers allows producing the material that 
reveals better barrier properties towards light, steam, oxygen, and improved mechanical 
properties of the packaging. 

PA/PE laminates are most often used for vacuum packing of meat and its 
products, dairy products, smoked fish products, ready-to-serve dishes, vegetables [3]. 

Lactic acid cheese is one of dairy products which until recently was only 
packed in pergamin paper. Now the consumers have it more and more often delivered in 
vacuum packaging made of PA/PE laminate. This packaging considerably prolongs the 
storage time, but is connected with the risk of migration of packaging components into 
the packed product.  



An overview of the subject leads to the conclusion that the problem of lactic 
acid cheese - packaging interaction has been never discussed in the available literature. 
Moreover, model liquids and food simulants cannot be used in case of lactic acid cheese 
[4]. 

The cottage cheese is an untypical food product due to high number of 
ingredients composing its mass. Along with protein and water, it contains fat, lactic acid 
and lactic acid bacteria. All those components can unfavourably act on the packaging 
material. Whey, the liquid part of the cottage cheese, can penetrate between the layers 
of the laminate, which may result in the migration of low-molecular compounds used in 
the process of polymerisation or lamination [5,6,7]. 

Prolongation of lactic acid cheese storage time increases the exposure of the 
packaging to the action of bacteria and their metabolites which are present in the 
product.  

The aim of this paper was the evaluation of the influence of lactic acid solution 
on mechanical properties of the packaging material. 

 
Materials and methods 

Materials: The PA/PE laminate bags received from “Pakmar” were selected for 
investigations. 

Bags of PA/PE were filled with water solution of lactic acid prepared by volume 
in an analytical balance to pH 4,7 (according to pH of the lactic acid cheese). After 2, 4, 
7, 14, 21 days of storage at 4oC, the bags were taken out from refrigerator, washed with 
distilled water and dried at room temperature. The changes in weight (one side contact), 
tensile strength and surface morphology of PA/PE samples were tested before and after 
storage. 

 
Weight changes was determined using a Gibertini E42s electronic balance. The 

changes of lactic acid solution absorbability of polyamide/polyethylene material were 
studied by weight determination. For this purpose, squares of total area 25 cm2 were cut 
off from PA/PE bags and then weighed (ma) with accuracy to 0,0001g. Blank sample 
was a sample dried at 50±2oC (mo). The average of 5 samples was the final result of the 
investigation.  

Weight changes [%] =(ma – mo)/mo *100% 
 

Tensile strength was measured at room temperature by means of a Tensile 
Tester Type Fu 1000e. Tensile testing was performed before and after storage using 
rectangular strips of investigated polymer films (PA/PE 20mm x 150mm x 0.08mm,) in 
accordance with PN-EN ISO Standard [8]. Tensile strength was calculated as tensile 
force [N] to cross-sectional area [mm2]. The results for three specimens were averaged 
for each value determined. 

 
Microscopic observations of polymer samples surface were analyzed with 

optical microscope ALPHAPHOT-2YS2-H linked to a Nikon F90X camera. The 
surface was analyzed before and after 2, 4, 7, 14, 21 days of storage. 
 
Results 
Figure 1 shows weight changes of PA/PE samples after one-side contact with lactic acid 
solution. The weight changes of PA/PE after storage with lactic acid solution increased 



during the first 14 days. On about Day 21 the absorbability slightly decreases which 
may be caused free flow of the liquid out from between particular layers caused by the 
relaxation of the structure of the laminate. 
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Fig.1 The weight changes of polyamide/polyethylene laminates after storage with lactic acid 
solution 
 

 
The tensile strength increased after storage with lactic acid solution (Fig.2). It 

can be speculated that the penetration of lactic acid solution into the structure of the 
laminate may facilitate orientation of polymer chains, during the measurement of the 
tensile strength. 

Since Day 7, lactic acid solution could wash out low molecular compounds of 
laminate (additives, adhesives) resulted in weakness of the structure of the packaging.  
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Fig. 2 The tensile strength of polyamide/polyethylene laminates after storage with lactic acid 

solution 
 

The microscopic observation of polyamide/polyethylene samples after storage 
with lactic acid solution did not reveal very significant changes [Fig.3]. 



 

 
 

Fig.3. Microscopic observations of PA/PE  
 
Conclusions 

The obtained results revealed that the some physical properties as weight 
changes and tensile strength of packaging material made of PA/PE laminate are changed 
after the contact with lactic acid solution. Lactic acid is one of components of lactic acid 
cheese which trickles from cheese during storage. 

It is possible that liquid components of the cottage cheese penetrate into the 
structure of the laminate and may cause the migration of low-molecular compounds of 
PA/PE laminate. 
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INTRODUCTION 
Harmane (or 1-methyl-9H-pyrido[3,4-b]indole), a β-carboline derivative, belongs to the 
class of alkaloids which attract much attention because of their interesting biological 
and pharmacological properties [1]. Supposedly, those properties can be related to the 
specific structure of the β-carboline ring, which confers the ability to interact with 
various biological receptors, macromolecules or enzymes. As a consequence of the 
biological significance the complexing ability of β-carbolines has stimulated many 
experimental (particularly spectroscopic) and theoretical studies in the last years [2]. 
Results of these studies indicate that organic compounds may bind to the β-carboline 
molecule by different modes, e.g. by van der Waals forces, charge-transfer forces or 
hydrogen-bonding interactions.  
The aim of the present study was to investigate the nature of intermolecular interactions 
between harmane and acrylamide in various organic solvents. The existence of specific 
(e.g. hydrogen-bonding) interactions between the carbonyl group of acrylamide and the 
pyrrolic nitrogen atom of harmane could not be excluded. Therefore, to verify this 
possibility the absorption as well as the steady-state and time-resolved fluorescence 
measurements have been performed in protic (i.e., methanol) and aprotic medium (i.e. 
1,4-dioxane and acetonitrile). 
 
EXPERIMENTAL METHODS 
Harmane, acrylamide (AA) and organic solvents were purchased from Sigma-Aldrich 
(Poznań, Poland). All chemicals were of spectroscopic grade and were used without 
further purification. Solutions of β-carboline were prepared by setting the concentration 
at ∼ 10-5 M. In titration experiments aliquots of acrylamide stock solution were added 
directly to the sample at small steps. Absorption and fluorescence spectra were 
additionally corrected for dilution by the titrant. Absorption spectra were recorded in a 
Nicolet Evolution 300 (Thermo Electron Corporation) UV-VIS spectrophotometer. The 
steady-state fluorescence measurements were performed with a FluoroMax2 (Jobin 
Yvon Spex) spectrofluorimeter and the fluorescence lifetime measurements were 
carried out with a FL900CDT time-correlated single photon counting fluorimeter from 
Edinburgh Analytical Instruments. For all fluorescence experiments the excitation 
wavelength was set to 340 nm. Time-resolved data acquisition and analysis were 
performed as described elsewhere [3]. All measurements were performed at room 
temperature (25 ± 1°C). 
 
RESULTS AND DISCUSSION 
Titration with AA in organic solvents under study caused no significant change in 
absorption spectrum of harmane (results not shown). On the contrary, the [AA] increase 
was followed by a pronounced change of fluorescence intensity of β-carboline dissolved 



in apolar and aprotic solvents. As shown in Fig. 1, the fluorescence intensity monitored 
at the dual fluorescence maximum of harmane was progressively decreased without 
changing the shape of spectrum.  
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Figure 1. Changes in the steady-
state fluorescence spectra of 
harmane dissolved in 1,4-dioxane 
upon addition of AA. Inset shows 
results of fluorimetric titration of 
harmane performed with methanolic 
AA stock solution ( ) and with 
pure methanol ( ). Concentration of 
AA in organic solvents was varied 
from 0 M to 0.05 M. 

In contrast to 1,4-dioxane and acetonitrile, titration with AA performed in methanol did 
not accelerate significant changes in the steady-state fluorescence spectrum of harmane 
(for comparison see inset in Fig. 1), suggesting that the intermolecular interactions 
between alkaloid and quencher might operate only in aprotic solvents. Therefore, to 
obtain more information on the fluorescence quenching mechanism in 1,4-dioxane and 
acetonitrile the time-resolved measurements were performed. The time-resolved data 
were analyzed in terms of a multi-exponential decay law shown below: 

                                                       ∑ −=
=

n

i
ii ttI

1
)/exp()( τα    (1) 

were αi and τi are the preexponential factor and decay lifetime of component i, 
respectively. The goodness of fit of fluorescence curves was judged by the reduced χ2 
value. According to the results of deconvolution of experimental data, the fluorescence 
decay of harmane in pure 1,4-dioxane as well as in pure acetonitrile was best described 
by a mono-exponential function with fluorescence lifetime equal to τ0 = 2.93 ± 0.004 ns 
(χ2 = 0.998) and τ0 = 2.83 ± 0.004 ns (χ2 = 0.992), respectively. The time-resolved data 
collected for harmane plus AA have been fitted to a bi- or tri-exponential functions but 
due to the relatively high value of reduced χ2 parameter both models were immediately 
rejected and the mono-exponential fitting was considered as the best theoretical model. 
Since the increase of AA concentration was followed by the decrease in both the 
fluorescence lifetime (for comparison see Table 1) and fluorescence intensity, the 
possibility of dynamic or dynamic and static mechanism of fluorescence quenching of 
harmane by AA was taken into account. In order to estimate the value of dynamic 
quenching constant the time-resolved data were analyzed using the Stern-Volmer 
equation: 

                                           [AA]τk[AA]K
τ
τ

qD 0
0 11 +=+=   (2) 

where τ0 and τ are the fluorescence lifetimes in the absence and in the presence of AA, 
respectively. KD and kq are the Stern-Volmer quenching constant and the rate constant 
for quenching process, respectively. The plot of τ0/τ vs. [AA] was linear irrespective of 
the solvent used (Fig. 2). The calculated values of dynamic quenching constants for 1,4-



dioxane and acetonitrile were equal to 3.18 ± 0.09 M-1 and 3.20 ± 0.08 M-1, 
respectively. The corresponding bimolecular rate quenching constants were equal to 
1.09 × 109 M-1s-1 and 1.13 × 109 M-1s-1, respectively. 
 
Table 1. Fluorescence lifetimes of harmane at different AA concentrations. The time-
resolved fluorescence of harmane in 1,4-dioxane and acetonitrile was monitored at 368 
nm and 367 nm, respectively. The values in parentheses are the standard deviations of 
the lifetimes. 
 

1,4-dioxane 
 

acetonitrile 

[AA]×102 (M) τ (ns) χ2 [AA]×102 (M) τ (ns) χ2 
0.49 2.87 (±0.004) 0.998 0.51 2.79 (± 0.004) 0.993 
0.99 2.83 (± 0.004) 0.984 1.01 2.74 (± 0.003) 0.995 
1.54 2.80 (± 0.004) 1.168 1.50 2.72 (± 0.003) 1.048 
1.96 2.75 (± 0.003) 1.052 2.00 2.66 (± 0.003) 0.992 
2.53 2.72 (± 0.004) 1.270 2.97 2.59 (± 0.003) 1.108 
2.91 2.67 (± 0.003) 1.065 3.89 2.51 (± 0.004) 0.987 
4.47 2.56 (± 0.003) 1.341 4.82 2.46 (± 0.003) 0.982 

 
Figure 2. Stern-Volmer plots for 
acrylamide-quenching of harmane 
dissolved in 1,4-dioxane ( ) or 
acetonitrile ( ). Solid and open 
symbols correspond to the data 
obtained from the steady-state and 
time-resolved measurements, 
respectively. The solid lines 
represent least-squares fit to Eq. 4, 
while the dashed line represents fit 
of experimental data to Eq. 2.  
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The Stern-Volmer plots obtained from the steady-state measurements showed deviation 
from linearity. As shown in Fig. 2, the quenching curves tend towards the y-axis at 
higher concentrations of AA which might indicate presence of static component in the 
quenching mechanism. Thus, taking into account the above observations, the static 
quenching constants, KS, were estimated using two different methods based on the 
modified Stern-Volmer equations [4]: 

                                                       [AA]K
/ττ
/II

S+= 1
0
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and 

                                         [AA])(K[AA])K(
I

I
SD exp+= 10   (4) 

Direct fitting of the steady-state and time-resolved data to Eq. 3 resulted in linear plots 
with the correlation coefficient well above 0.99 and the intercept equal to unity. The Ks 
values determined from the slopes of these plots were equal to Ks = 2.73 ± 0.10 M-1 and 



Ks = 0.83 ± 0.08 M-1 for 1,4-dioxane and acetonitrile, respectively. Furthermore, the 
values of static quenching constants for 1,4-dioxane and acetonitrile calculated 
according to Eq. 4 (with KD estimated from Eq. 2) were in good agreement with those 
obtained from Eq. 3 and were equal to Ks = 2.89 ± 0.14 M-1 and Ks = 0.74 ± 0.09 M-1, 
respectively. The results of fitting the experimental data to Eq. 4 are shown in Fig. 2. 
 
CONCLUSIONS 
The present study shows that acrylamide is able to quench the fluorescence of harmane 
dissolved in 1,4-dioxane and acetonitrile by a complex mechanism. Particularly in the 
case of the former solvent, the presence of static component in the quenching 
mechanism may imply the existence of specific ground-state interactions between AA 
and alkaloid. It should be stressed that in 1,4-dioxane the radius of so-called ‘sphere of 
action’ [4] estimated from the Ks value was greater than the distance of closer approach 
between the quencher and harmane (i.e., ∼ 10 Å vs. ∼ 6 Å). In contrast, in acetonitrile 
the sphere radius and the sum of the radii of the interacting molecules are comparable 
suggesting that the fluorescence quenching occurs immediately and the formation of 
intermolecular complex is less likely. Nevertheless, assuming that the calculated static 
quenching constant, Ks, may be related to the association constant of the ground-state 
complex, it might be concluded that the strength of interaction between AA and alkaloid 
is dependent on the solvent nature and is strongly weakened by increased polarity of the 
medium. Importantly, in methanol (a polar and hydrogen-bonding solvent) there was no 
evidence of intermolecular interactions either in the ground or in the excited state. On 
the contrary, formation of the ground-state complex between β-carboline and quencher 
seems to occur in nondipolar and aprotic solvent (KS

1,4-dioxane >> KS
acetonitrile). 

Furthermore, since the solvation process strongly affects the nature of intermolecular 
interactions in the harmane / AA / organic solvent system the existence of specific (e.g. 
hydrogen-bonding) interactions between AA and β-carboline should be taken into 
account.  
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INTRODUCTION  
β-Carbolines (pyridoindoles) constitute a class of compounds of great importance in 
pharmacology and clinical chemistry. They are present in medicinal plants as well as in 
mammalian tissues and body fluids [1,2]. β-Carbolines in solution may exist in neutral, 
monoprotonated, anionic and zwitterionic forms. Furthermore, the presence of the 
pyrrolic and pyridinic sites in the heteroaromatic ring makes them a suitable ligand for 
binding various organic compounds that possess hydrogen acceptor/donor properties. In 
the current study changes in the photophysical properties of harmane (1-methyl-9H-
pyrido[3,4-b]indole, HN), a fully aromatic β-carboline alkaloid, were used for 
qualitative and quantitative determination of the intermolecular interactions which may 
occur between biological molecule and functional monomer during the synthesis of 
molecularly imprinted polymer (MIP). It should be noted that the presence of specific 
intermolecular interactions between the imprinted molecule (analyte) and the functional 
monomer(s) is frequently used to produce the MIP by the non-covalent method. 
Importantly, the type and strength of those intermolecular interactions that may develop 
during the pre-polymerisation step have a big influence on the performance of MIP as a 
selective matrix [3].  
 
EXPERIMENTAL METHODS 
Spectroscopic grade chemicals were purchased from Sigma-Aldrich (Poznań, Poland) 
and were used without further purification. Absorption spectra were recorded in a 
Nicolet Evolution 300 (Thermo Electron Corporation) UV-VIS spectrophotometer. The 
steady-state fluorescence measurements were performed with a FluoroMax2 (Jobin 
Yvon Spex) spectrofluorimeter and the fluorescence lifetime measurements were 
carried out with a FL900CDT time-correlated single photon counting fluorimeter from 
Edinburgh Analytical Instruments. Time-resolved data acquisition and analysis were 
performed using software provided by EAI. All measurements were performed at room 
temperature (25 ± 2°C). The value of the ground-state association constant was 
estimated using the Benesi-Hildebrand method. For 1:1 stoichiometry, the association 
constant for complex formation, Kb, may be calculated from the absorption data using 
the following equation:  
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                 (1) 

where A and A0 are the absorbance of the HN solution with and without MAA, 
respectively; εb and εHN denote the molar absorption coefficient of HN/MAA complex 
and free HN, respectively. 
 



RESULTS AND DISCUSSION 
Spectroscopic properties of harmane in the binary system consisting of toluene and 
methacrylic acid (MAA) mixture have been studied at the wide MAA concentration 
range using UV-VIS and fluorescence spectroscopy. In order to monitor the possible 
intermolecular interactions, the absorption and fluorescence spectra of HN have been 
recorded up to MAA concentration of about 6×10-1 M and 6 M, respectively. As can be 
seen from Fig. 1A, absorption changes observed in the system under study strongly 
depended on the functional monomer concentration. At low [MAA] (from 0 to ∼6× 10-2 
M) the absorption signal monitored at dual absorption maximum of neutral form of HN 
(N) decreased and only small red shift of absorption band was recorded. The presence 
of isosbestic points at 332 nm and 344 nm established the existence of equilibrium 
between two different forms of HN. However, with a further increase of [MAA], a 
continuous bathochromic shift of spectra and an appearance of another isosbestic point 
at 346 nm were observed suggesting the formation of new ground-state species. In both 
cases the growth of absorption shoulder at λ ≥ 350 nm was observed. Finally, at high 
[MAA] (above 3×10-1M) a shoulder above 360 nm was developed indicating 
protonation of the pyridinic nitrogen atom of HN and formation of the cationic form (C) 
of β-carboline [4]. Recalling a hydrogen donor / acceptor properties of both the HN and 
MAA molecules it might be assumed, that the absorption changes observed at λ ∼350 
nm were accelerated by the intermolecular hydrogen-bonding interactions. The profile 
of the Benesi-Hildebrand plot (Eq. 1) suggested the stepwise formation of different 
hydrogen-bonded HN/MAA complexes in the ground state. Thus, based on the above 
results, the presence of H-bonded assemblies with different stoichiometry, i.e. 1:1 and 
1:2 (or higher) should be taken into account. The estimated association constant for 1:1 
HN/MAA complex formed at low [MAA] was equal to Kb = 245 ± 51 M-1. On the other 
hand, the analysis of multiple equilibria at elevated [MAA] was complicated due to the 
strong overlapping of the H-bonded and cationic species absorption (Fig. 1B). 
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Figure 1: (A): Changes in the absorption spectrum of HN upon increasing MAA concentration. 
Inset: The Benesi-Hildebrand plot for H-bonded complexes equilibrium monitored at 350 nm. 
Concentration of functional monomer was increased from 0 M to 0.6 M as indicated by arrows. 
(B): Bands characteristic of neutral (N), H-bonded (HN/MAA) and cationic (C) form of HN in 
the MAA/ toluene solution.  
 
The steady-state fluorescence spectra of HN in MAA/toluene system were monitored at 
excitation wavelengths characteristic for the absorption of neutral and cationic form of 
HN, i.e. at 340 nm and 370 nm, respectively. Exciting at 340 nm, the fluorescence 
intensity of HN decreased with the increased [MAA] (Fig. 2A). Similar to the 



absorption spectrum, the fluorescence spectrum of HN in the presence of MAA was red 
shifted and broadened in comparison to the emission of the neutral form but, 
additionally, the lost of vibrational structure was also observed. The above results may 
suggest that the fluorescence monitored at the wavelength range between 350 nm and 
400 nm may correspond to the emission of H-bonded complexes formed both in the 
ground as well as in the excited state. Furthermore, even at relatively low [MAA], a 
structureless fluorescence band appeared near 510 nm which corresponded to the HN 
zwitterion (Z) emission [5]. It should be also noted that at the long wavelength range 
i.e., at λem > 400 nm, beside the Z emission the fluorescence of HN cation was also 
observed. Analysis of the steady-state fluorescence spectra collected at different 
excitation wavelengths indicated that the Z species developed prior to the C (for 
comparison see Figs. 2A and 2B). The above observation was in accordance with the 
time-resolved data collected in Table 1. 
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Figure 2: Changes in the fluorescence spectrum of HN upon increasing MAA concentration. 
The pre-polymerisation mixture was excited at 340 nm (A) and at 370 nm (B), respectively; 
concentrations of MAA were: 0, 0.010, 0.029, 0.059, 0.29, 0.56, 1.18, 2.36, 3.54, 4.72, 5.90 M.  
 

The appearance of Z emission clearly indicates the presence of the excited state 
proton transfer reactions in the system under study. According to the results from the 
time-resolved measurements, at [MAA] ≥ 0.1 M the fluorescence decay ascribed to 
HN/MAA* emissions monitored at 360 nm was monoexponential and was decreased 
with functional monomer concentration. On the contrary, the fluorescence decay 
monitored at 450 nm and 510 nm was a biexponential at medium [MAA] and became a 
triple-exponential at elevated [MAA]. Importantly, in the biexponential decay 
monitored at 510 nm the pre-exponentials, ai, were similar but were of different sign. 
From the comparison of decay parameters obtained at 360 nm and 510 nm it may be 
concluded that the shorter decay time (appearing as a risetime at Z emission band) may 
correspond to the emission of the ground-state H-bonded precursor of Z whereas the 
longer component with τ2 ≈ 9 ns may be associated with Z emission. The latter result is 
in good agreement with the 11 ns value measured in cyclohexane [5]. At elevated 
[MAA], when the Z and C species emit simultaneously (for comparison see Fig. 2B) a 
more complex kinetics was observed. However, since the shortest and medium lifetimes 
found in the triexponential decay at 510 nm were characterized by the pre-exponential 
factors with a similar magnitude and opposite sign they were ascribed to the complexed 
and zwitterionic form of HN. The longest decay component with lifetime τ3 was 
associated with C emission since the relative contribution of this component, f3, to the 
fluorescence decay monitored at 450 nm was increased with MAA concentration.  



Table 1: Fluorescence decay parameters for HN in MAA / toluene system (λex = 340 nm).  
λem=360 nma,d λem = 450 nmd λem = 510 nmd [MAA] 

(M) τ (ns) τ1 (ns) f1 (%)c τ2 (ns) f2 (%) τ3 (ns) f3 (%) τ1 (ns) a1 τ2 (ns) a2 τ3 (ns) a3 
0.117 2.10 2.43 77 11.49 23 ⎯ ⎯ 2.35 - 0.107 9.45 0.106 ⎯ ⎯ 
0.399 1.27 1.60 53 9.37 28 17.33 19 1.23 - 0.065 8.92 0.078 15.37 0.004 
0.561 0.89 1.32 45 9.59 32 17.87 23 1.07 - 0.058 9.06 0.071 15.00 0.007 
2.948 n.d.b 0.78 27 6.75 25 16.15 48 0.39 - 0.079 7.26 0.075 16.67 0.005 

a  the τ value recorded at [MAA] = 0 M was 2.74 ns (χ2 = 1.130); b not determined due to low fluorescence signal ; c the relative contribution of component i, fi, was 
calculated from the relationship: %)/( 1001 ×∑ == n

i iiiiif τατα ; d χ2 value for each fit was equal or lower than 1.2. 
 
CONCLUSIONS 

The results of absorption measurements performed in the above study suggest that the HN molecule is able to form hydrogen-bonded 
complexes with different stoichiometries as well as the monocation, depending on the functional monomer concentration. However, at a 
short [MAA] range, i.e. at the condition mimicking a pre-polymerisation mixture, the presence of one hydrogen-bonding equilibrium in the 
ground state is observed. The association constant for 1:1 H-bonded HN/MAA complex may be estimated basing on the spectral change of 
absorption data. At the same experimental conditions, in the S1 state a new equilibrium in the HN/MAA/toluene system is established and 
the HN zwitterion with decay lifetime of ∼9 ns is formed. The exact mechanism of the above process is not clear yet. Taking into account 
results obtained in this study it may be assumed that the Z species are formed in the excited state from the 1:1 complex which undergoes a 
double proton transfer reaction or from another ground-state precursor (most probably the 1:2 complex) through a proton transfer with one 
MAA molecule. This hypothesis may be further supported by the fact that the value of lifetime recovered for the Z form in the 
HN/MAA/toluene system reminisces the lifetime assigned for HN zwitterionic phototautomers with stoichiometry equal or higher than 1:3 
[5]. 
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Introduction 

Polymer composites modified with nanoparticles are inorganic-organic hybrid 
materials which attract great scientific and technological interest. Polymer layered-
silicate nanocomposites represent advantageous alternative to conventional composites 
due to the large surface area and high aspect ratio of the incorporated layered silicates. It 
causes improvement of physical, mechanical and thermal properties at low nanoparticle 
content. Therefore these systems are expected to replace some polymers, polymer 
blends and traditional composites in products obtained by melt processing techniques 
[1-5] and simultaneously they are promising candidates for use in other applications. 
PA6 nanocomposites were the first one used in commercial products [6] and initiated a 
great development in the field of polymeric nanocomposites in the last two decades. 
Recently we have reported on synthesis of a new class of PA6 nanocomposite blends. 
Here we present studies about morphology, x-ray analysis and thermal properties. 

 
Experimental 
Materials: Montmorillonites modified with a quaternary ammonium salt (OMMT)  
(Cloisite® 10A and Cloisite® 20A) were purchased from Southern Clay Products Inc., 
Texas, USA.   

All nanocomposite systems were obtained using a twin screw extruder from:  
• commercial grade polyamide 6 (Tarnamid T-27 MS); 
• polyurethanes (TPU) synthesized in our laboratory from poly(ethylene, butyle-

ne)adipate (PEBA) (commercial product Poles 55/20), 4,4’- methylene-
bis(phenyl isocynate) (MDI) and 1,4-butanediol; 

• appropriate montmorillonite. 
Samples for the measurements were  moulded by injection. 
 
Methods: Thermal analysis (TG) was performed using Perkin-Elmer 
Thermogravimetric Analyzer TGA Pyris 1 at a heating rate of 20°C/min under nitrogen 
flow and heating program 50–600°C. The X-ray patterns of the crystalline residues were 
recorded in a X’Pert Philips diffractometer (source radiation: CuKα1, λ = 0.1546 nm, 40 
kV, 30 mA). In the 0,5÷10° 2θ range and at scanning rate 0.25°/s. Rheology of obtained 
systems were investigated using ARES (Advanced Rheometric Expansion System),  
in the 0,1÷100 rad/s frequency range and at the temperature 235°C. Morphology was 



studied using Atomic Force Microscopy (AFM) - Digital Instruments (USA) 
NanoScope III in tapping mode (Silicon tips, model RTESP from Veeco). 
 
                                                  Table 1. Samples designation and formulations. 
 
Design. Composition Parts (wt%) Design. Composition Parts (wt%) 

PA6 PA6 100 NC-III PA6/Cloisite 20A 98/2 
NC-I PA6/Cloisite 10A 98/2 NC-IV PA6/Cloisite 20A 96/4 
NC-II PA6/Cloisite 10A 96/4 NCB-IV PA6/TPU/Cloisite 20A 96/2/2 
NCB-I PA6/TPU/Cloisite 10A 96/2/2 NCB-V PA6/TPU/Cloisite 20A 92.5/5.5/2 
NCB-II PA6/TPU/Cloisite 10A 92.5/5.5/2 NCB-VI PA6/TPU/Cloisite 20A 90.5/5.5/4 
NCB-III PA6/TPU/Cloisite 10A 90.5/5.5/4    
 

 
Results and discussion 
 

X-ray diffraction analysis was used to confirm formation of the PA6/OMMT 
nanocomposites and PA6/TPU/OMMT nanocomposite blends. The X-ray diffraction 
patterns are shown in the Figure 1.  
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Fig. 1. X-ray diffraction  patterns of OMMT (Cloisite 10A and Cloisite 20A), nanocomposites (NC)  
           and nanocomposites blends (NCB) containing 2 wt% OMMT. 

 
 

For nanocomposites containing aromatically modified Cloisite 10A exfoliated 
structure may be presumed since in the x-ray diffraction patterns (Fig. 1) there  
is no diffraction maxima of the montmorillonite present. This assumption was 
confirmed also by the TEM investigations. For the nanocomposites containing 
aliphatically modified Cloisite 20A in the x-ray diffraction patterns one can observe 
maxima at lower 2θ values. Therefore after recalculation the intergallery spacing was 
estimated as wide as about 1.5–2.0 nm and the structure of nanocomposites can be 
designated as intercalated. 

Figure 2 shows the thermogravimetric (TG) curves for the virgin PA6 and the 
nanocomposites. Polyamide 6 nanocomposites obtained using either Cloisite 10A  
or Cloisite 20A exhibit better thermal stability comparing with the virgin polyamide.  
At low nanoparticle loading improvement of the stability was observed up to 2 wt% of 
the montmorillonite.  
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Fig.  2.  TG curves for virgin PA6 and  PA6 nanocomposites with different type and loading of  OMMT. 
 
 

The structure of nanocomposites strongly influences the rheological behavior, especially 
in the low frequency range [7]. Polymer nanocomposites with 2-D layered silicates 
exhibit pronounced shear-thinning behavior. Received nanocomposites have higher 
absolute viscosity in comparison to the unmodified polyamide 6. At low shear rates 
nanocomposite blends have higher absolute viscosity, especially for NCB-VI 
nanocomposite blend. The addition of thermoplastic polyurethane and organically 
modified montmorillonite caused increase of absolute viscosity. 
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Fig.  3.  Absolute viscosity vs. frequency for virgin PA6 and  nanocomposite blends  
containing 4% organically modified montmorillonite. 

 
 
The morphology was verified using Atomic force microscopy (AFM). Micrographs 
obtained in tapping-mode are presented in figure 4. Dark regions (Fig. 4a) represent 
amorphous phase, while the bright regions are the picture of crystalline forms. Addition 
of nanoclay coused increase in rigidity, what is represented by the greater content of 
bright regions (Fig. 4b, 4c). 
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Fig.  4.  AFM micrographs for virgin PA6 (a) and  nanocomposites containing 2% (b)  

and 4% (c) of Cloisite 10A. 
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Conclusions 

Structure and properties of PA6/OMMT nanocomposites and PA6/TPU/OMMT 
nanocomposite blends were investigated using two kinds of aromatically modified and 
aliphatically modified montmorillonites. Undertaken research confirmed the formation 
of exfoliated and intercalated structures respectively. PA6/TPU blends were 
advantageously modified by the nanofiller and exhibited at the same time improvement 
in yield stress, elasticity, tensile and barrier properties. In all cases improvement of 
viscosity and thermal properties was also observed. The morphology of these systems 
was additionally confirmed by AFM surface analysis. 
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      10-Oxo-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione derivatives are characterized by 
various pharmacological actions [1-4].  
Imide (a) or anhydride (b) obtained in Diels-Alder reaction was used as a starting 
material [5]. Compounds (a) or (b) in reaction with hydrazine (80% aqueous solution) 
gave compound 1 [6]. Afterwards the compound 1 was subjected to the reaction with 
phenyl, 4-methoxyphenyl, ethyl isothiocyanate to be transformed into the corresponding 
thiourea derivatives. 4-Amino-10-oxa-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) was 
used to the reaction with ethyl chloroformate, ethyl bromoacetate and acetic anhydride. 
Obtained esters (2 and 5) were transformed into the corresponding amides.  
All final compounds were characterized by 1H  NMR spectra which corresponded with 
the proposed structures. The structure of obtained product (4) was confirmed by the X-
ray crystallography.  
A general synthesis pathway is given in Scheme 1. 
 
Experimental 
Chemistry. 
 Melting points were determined in a Kofler’s apparatus and are uncorrected. The 
1H NMR spectra were recorded on a Bruker AVANCE DMX400 spectrometer, 
operating at 400.13 MHz. The chemical shift values are expressed in ppm relative to 
TMS as an internal standard. Elemental analyses were recorded with a CHN model 
2400 Perkin-Elmer. Flash chromatography was performed on Merck silica gel 60 (200-
400 mesh) using  chloroform/methanol (19:1vol.) mixture as eluent. Analytical TLC 
was carried out on silica gel F254 (Merck) plates (0.25 mm thickness).  

The diffraction data were collected at 275 K on a KM-4 diffractomater using the 
crystal of dimensions 0.22 × 0.15 × 0.11 mm and CuKα radiation. Within the θ range of 
5.3 to 72.2°, 2445 reflections were collected. The structure was solved by direct 
methods and refined by full-matrix least-squares on F2 (programs SHELXS97 and 
SHELXL97 [7,8]). The refinement of 175  parameters converged at final R indices:     
R1 = 0.0311, wR2 = 0.0889 (for 1039 observed reflections, I > 2σ (I)) and R1 = 0.1377, 
wR2 = 0.1188 (all data), and Goof = 0.996. The extinction coefficient was 0.0032(3), 
residual electron density ∆ρ(max) = 0.20 and ∆ρ(min) = -0.18 e A-3.  
 
 4-Amino-10-oxa-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) has been synthesized as 
described previously [6]. 
(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-carbamic acid ethyl ester 
(2), (3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.0%2,6&]dec-8-en-4-ylamino)-acetic acid 
ethyl ester (5), N-acetyl-N-(3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-4-yl)-
acetamide (4). 



0.01Mole (1.8g) of the compound 1 3g of K2CO3 and 0.011 mole of ethyl 
chloroformate (1.1g) or ethyl bromoacetate (1.68g) or acetic anhydride (1.1g) in 100cm3 
acetone were refluxed for 6h. The reaction mixture was filtered and the solvent was 
removed under a reduced pressure. The residue was crystallized from ethanol. Next it 
was purified by column chromatography (silica gel) using chloroform/methanol (19:1) 
as eluent. 
2: m.p. 140-141°C. 1H NMR (CDCl3) δ (ppm): 1.22 (t, 3H, CH3); 3.1 (s, 2H, CH-C=O); 
4.15 (q, 2H, CH2); 5.17 (s, 2H, CH-O); 6.06 (s, 2H, CH=). For C11H12N2O5 (252.22) 
calculated: 52.83 % C, 4.8 % H, 11.11 % N; found: 52.92 % C, 5.16 % H, 10.72 %N. 
5: m.p. 144-145 °C. 1H NMR (CDCl3) δ (ppm): 1.22 (t, 3H, CH3); 3.02 (s, 2H, CH-
C=O); 4.15 (q, 2H, CH2); 4.16 (s, 2H, CH2); 5.17 (s, 2H, CH-O); 6.06 (s, 2H, CH=). For 
C12H14N2O5 (266.24) calculated: 54.13 % C, 5.3 % H, 10.52 % N; found: 54.26 % C, 
5.32 % H, 10.62 %N. 
4: m.p. 128°C. 1H NMR (CDCl3) δ (ppm): 1.68 (m, 2H, CH2); 1.93 (m, 2H, CH2); 2.11 
(s, 3H, CH3); 2.59 (s, 3H, CH3); 3.1 (s, 2H, CH-C=O); 4.96 (s, 2H, CH-O. For 
C12H14N2O5 (266.25) calculated: 54.13 % C, 5.30 % H, 10.52 % N; found: 54.18 % C, 
45.32 % H, 10.72 %N. 
Crystal data for (4): C12H14N2O5, M.W. = 266.25, crystal system orthorhombic, space 
group Pbca with unit cell dimensions a = 6.977(1), b = 16.658(3), c = 21.361(4) A and 
V = 2482.6(7) A-3; Z = 8, d(calc) = 1.425 g cm-3, µ = 0.952 mm-1, F(000) = 1120.  
 
(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-urea (3), 2-(3,5-dioxo-10-
oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-ylamino)-acetamide (6). 
100cm3 of a 25% aqueous ammonia solution was added to a tighly closed vessel 
containing 0.01 mole of compound 2 (2.5g) or 5 (2.6g). The reaction mixture was kept 
for one week at room temperature. The obtained products 3 or 6 were collected by 
filtration and recrystallised from ethanol – water solution (1:1). 
3: m.p. 170°C. 1H NMR (CDCl3) δ (ppm): 3.1 (s, 2H, CH-C=O); 4.20 (s, 2H, NN2); 
5.08 (s, 2H, CH-O); 6.06 (s, 2H, CH=). For C9H9N3O4 (223.18) calculated: 48.43 % C, 
4.06 % H, 18.83 % N; found: 48.72 % C, 4.16 % H, 18.72 %N. 
6: m.p. 182°C. 1H NMR (CDCl3) δ (ppm): 3.02 (s, 2H, CH-C=O); 4.16 (s, 2H, CH2);  
4.82 (s, 2H, NH2); 5.17 (s, 2H, CH-O); 6.06 (s, 2H, CH=). For C12H14N2O5 (266.24) 
calculated: 54.13 % C, 5.3 % H, 10.52 % N; found: 54.26 % C, 5.32 % H, 10.62 %N. 
1-(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.0%2,6&]dec-8-en-4-yl)-3-(phenyl)-thiourea 
(7), 1-(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.0%2,6&]dec-8-en-4-yl)-3-(4-methoxy-
phenyl)-thiourea (8), 1-(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.0%2,6&]dec-8-en-4-yl)-
3-(ethyl)-thiourea (9). 

A solution of compound 1 (0.01 mole; 1.8g)) in acetonitrile (6 cm3) was treated 
with phenyl, 4-metoxyphenyl, ethyl isothiocyanate (0.011mol) and the mixture was 
refluxed for 6h. The precipitate was filtered and then washed with ether to give 
compounds 7 - 9. Next it was purified by column chromatography (silica gel) using 
chloroform/methanol (19:1)  as eluent. 

7: m.p. 167-168°C. 1H NMR (CDCl3) δ (ppm): 3.0 (s, 2H, CH-C=O); 5.21 (s, 2H, CH-
O); 6.58 (s, 2H, CH=); 7.2-7.36 (m, 5H, CHarom.); 9.93 (s, 1H, NH); 10.34 (s, 1H, NH). 
For C15H13N3O3S (315.33) calculated: 57.13 % C, 4.16 % H, 13.33 % N; found: 57.24 
% C, 4.16 % H, 13.24 %N. 
8: m.p. 178°C. 1H NMR (CDCl3) δ (ppm): 3.83 (s, 2H, CH-C=O); 3.79 (s, 3H, OCH3); 
5.21 (s, 2H, CH-O); 6.51 (s, 2H, CH=); 6.81-7.45 (m, 5H, CHarom.); 8.31 (s, 1H, NH); 



8.5 (s, 1H, NH). For C16H15N3O4S (345.37) calculated: 55.64 % C, 4.83 % H, 12.12 % 
N; found: 55.82 % C, 4.48 % H, 12.16 %N. 
9: m.p. 165°C. 1H NMR (CDCl3) δ (ppm): 1.74 (t, 3H, CH3); 2.13 (q, 2H, CH2); 3.96  
(s, 2H, CH-C=O); 5.15 (s, 2H, CH-O); 6.56 (s, 2H, CH=). For C11H13N3O3S (267.3) 
calculated: 49.43 % C, 4.9 % H, 15.72 % N; found: 49.64 % C, 4.92 % H, 15.78 %N. 
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Fig. 1.  Perspective view of molecular structure of compound 4. Cis, exo configuration 
at the ring junction (C3–C8); the N,N-diacetyl fragment is planar with perpendicular 
orientation to the imid ring plane; the C=O bonds of acetyl groups are anti. 
 

 

 
 
Table 1. Bond lengths (Å).  
 
N(1)-N(2) 1.383(2) C(3)-C(4) 1.525(3) 
N(1)-C(1) 1.393(3) C(3)-C(8) 1.542(3) 
N(1)-C(2) 1.396(3) C(4)-C(5) 1.529(3) 
N(2)-C(10) 1.416(2) C(5)-C(6) 1.537(3) 
N(2)-C(11) 1.420(3) C(6)-C(7) 1.521(3) 
O(1)-C(1) 1.205(3) C(7)-C(8) 1.542(3) 
O(2)-C(2) 1.201(2) C(10)-C(12) 1.490(3) 
O(3)-C(4) 1.440(2) C(11)-C(13) 1.486(3) 
O(3)-C(7) 1.442(3) N(2)-N(1)-C(1) 122.5(2) 
O(4)-C(10) 1.198(2) N(2)-N(1)-C(2) 123.2(2) 
O(5)-C(11) 1.199(2) C(1)-N(1)-C(2) 114.0(2) 
C(1)-C(8) 1.489(3) C(1)-N(1)-N(2)-C(10) 93.2(2) 
C(2)-C(3) 1.508(2) C(2)-N(1)-N(2)-C(11) 90.6(2) 
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Fig.1 Photolon® represents a 
pharmaceutical composition of 
chlorin e6 (Chle6) and 
polyvinylpyrrolidone (PVP). 
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INTRODUCTION 

 
Photolon® (Fig.1) is a photosensitizer successfully used in photodynamic therapy of 

tumors (PDT) in Russia and Belarus. In this therapy the photosensitizing and tumor-
localized chemical is activated with a specific wavelength of non-ionizing 

electromagnetic radiation to produce cytotoxic species. 
These cytotoxic species are generated in the tissue by 
the triplet state of photosensitizer via two possible 
photooxidation pathways. Type I – involving radical 
intermediates and Type II – with singlet oxygen as an 
intermediate [1-3]. The main cause of photodamage of 
a living tissue is ascribed to singlet oxygen. However, 
the relative importance of these two main pathways 
continues to be a matter for experiments and 
discussion. In both cases, the most readily modified 
targets are some sulfur containing or aromatic and 
heterocyclic amino acid residues, unsaturated lipids 
and steroids [4]. 

Since proteins, next to water, are the most abundant 
constituents of cells and extracellular fluids by weight, 
the probability of their interaction with cytotoxic 
species is higher than for other biomolecules. Upon 
photosensitizer administration in the bloodstream drug 
first encounters plasma proteins. Affinity of 
photosensitizer to plasma proteins thus plays an 
important role in drug distribution and photodynamic 
outcome. 

For our studies human serum albumin (HSA) was chosen as the most abundant 
protein in human blood plasma. The present work is aimed to study the influence of 
HSA on photochemical properties of photosensitizer. 

EXPERIMENTAL 
 
Photolon® was obtained from JSC Belmedpreparaty, Minsk, Belarus, and Chle6 was 

purchased from Porphyrin Products, UK. HSA was obtained from Sigma-Aldrich. 
Transient triplet-triplet absorption spectra were recorded using a Lambda-Physik 

COMPex 201 XeCl excimer laser. Experimental details were described earlier [5]. 
Fluorescence polarization was measured on Fluoromax-2 spectrofluorimeter (Jobin 
Yvon Co., excitation 658 nm, emission 668 nm). In all measurements 1/15 M 
KH2PO4/Na2HPO4 buffer – pH: 8.6 ÷ 8.8 – was used as a solvent. 
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Fig.4 Transient difference triplet-triplet 
absorption spectra of 13.5 µM 
Photolon® (black circle) upon addition 
of 12 µM HSA (open circle) recorded 
300 ns after pulse of light. 

RESULTS AND DISCUSSION 
 

The absorption spectrum of the buffer solution of Photolon® comprises of an intense 
near-UV Soret band and four weaker Q-bands. The presence of PVP does not 
significantly influence spectral properties of Chle6 [6]. The Soret band located at 401 
nm in the absorption spectrum of buffer solution undergoes a red shift to 408 nm upon 
addition of HSA. A more prominent red shift is observed for the most intensive Q-band, 
from 655 nm to 664 nm, with 33% increase in the intensity of this band (Fig.2).
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Fig.2 Absorption spectrum of 12 µM HSA 
(dash line) and absorption spectrum of 
12 µM HSA with 13.5 µM Photolon® 
(solid line). 
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Fig.3 Fluorescence emission spectra of 
12.6 µM Chle6 (dash line) and the same 
system containing also 12 µM HSA (solid 
line). λexc=419 nm. 

 
The steady-state fluorescence spectrum of Photolon® and Chle6 exhibits less marked 

response to the addition of HSA (Fig.3). The fluorescence band undergoes a small shift 
in the presence of HSA and the fluorescence intensity decreases negligibly, indicating 
the absence of fluorescence quenching of excited singlet state of Chle6 molecule by 
constituents of the HSA backbone. The inefficient singlet state quenching is attributed 
to its short lifetime, of the order a few ns. 

The triplet excited state of Chle6 
molecule, which can be monitored by laser 
flash photolysis, absorbs intensely around 
440 nm. Upon excitation with a 350 nm 
laser pulse the triplet-triplet absorption, 
originating from the lowest excited triplet 
state of Chle6, increases, and a rapid onset 
of bleaching of the ground state absorption 
in the region of the Soret band is observed. 
For the buffer solution of Photolon®, the 
triplet – triplet absorption maximum is at 
434 nm. On addition of HSA the triplet – 
triplet absorption band maximum shifts to 
446 nm with 1.5–fold increase in the 
absorbance (Fig. 4). Flash photolysis 
studies indicate that after decay of the 
triplet state no long-lived transient species 



are present that might arise from electron transfer between the triplet and amino acids of 
HSA. 

The triplet-triplet absorption decays obey first-order kinetics with rate constants kT-T 
~ 104 ÷ 106 s-1 depending on oxygen concentration (Fig. 5, transient 1 and 3). The 
kinetic profiles of the decay of the triplet – triplet transient absorption, probed at 
436 nm, and the recovery of the bleached signal, probed at 400 nm, are presented in 
Fig. 5 and Fig.6, respectively. Temporal evolution of the transient triplet-triplet 
absorption band is correlated with evolution of the bleached band located at 400 nm. 
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Fig5. Time profiles of the absorbance 
recorded at 436 nm after laser pulse 
irradiation of 13.7 µM Photolon® at 
0.27 mM (1) and 0 mM (3) oxygen 
concentration [7] and in the presence of 
12.3 µM HSA at 0.27mM (2) and 0 mM 
(4) oxygen concentration. The initial 
value of absorbance is normalized to 
0.0346. 
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Fig6. Time profiles of the absorbance 
recorded at 400 nm after laser pulse 
irradiation of 13.7 µM Photolon® at 
0 mM oxygen concentration (3) and upon 
addition of 12.3 µM HSA at 1.27 mM (1) 
0.27mM (2) and 0 mM (4) oxygen 
concentration [7]. The initial value of 
absorbance is normalized to -0.13. 

The monoexponential decay of the triplet absorbance indicates that Chle6 could be 
complexed at a single binding site among many different subdomains of HSA which are 
capable to trap a variety of agents such as drugs, fatty acids or metabolites in the 
bloodstream. 

The triplet state of Chle6 generated in the buffer solution of Photolon® is efficiently 
quenched by molecular oxygen (as observed for Photolon® in earlier studies [6]). The 
triplet-triplet absorption lifetime (tT-T) decreases over eighty-fold on going from the 
oxygen saturated to the oxygen free solution. The estimated rate constant for oxygen 
quenching (kO2) is greater than 109 M-1*s-1 and is controlled by the diffusion of oxygen. 
In the presence of HSA the value of kO2 decreases to ~108 M-1*s-1. The Chle6 is bound 
to HSA in a form that permits dynamic quenching by molecular oxygen, but the rate of 
quenching is ten times slower than that measured for the noncomplexed photosensitizer. 
The addition of HSA causes an increase in the tT-T up to a maximum value of 180 µs 
under oxygen free conditions (Fig. 5, transient 2 and 4). In the same conditions the tT-T 
for the buffer solution of Photolon® is 40 µs. Increase in the tT-T in the presence of HSA 
indicates the Chle6 molecules get incorporated in the HSA assemblies. Such 
incorporation causes the Chle6 molecules to drift apart from oxygen molecules thereby 



causing that the triplet state is stable under oxygen free conditions, with the lifetime 
greater than 150 µs. In this term, we have observed protective effect of HSA. 

Similar effect we have observed in the studies of the interaction of Chle6 with 
hydrated electron generated by pulse radiolysis. 

The following Table 1 summarises the polarization measurements. By monitoring the 
degree of fluorescence polarization of the photosensitizer one can detect significant 
changes in its mobility, and hence conclude about interaction or binding of Chle6 
molecule with other molecules present in its vicinity. High degree of fluorescence 
polarization of photosensitizer molecule in the presence of HSA indicates the low 
mobility of the Chle6 within the binding site of HSA and suggesting that photosensitizer 
is buried deeply inside the protein where is protected against a variety of agents such as 
hydrated electron, radicals or oxygen molecules. In the presence of PVP, likewise in the 
presence of proteins but to a smaller extent, Chle6 molecules can be fixed in the 
hydrophobic cavities of the polymer. 

 

SYSTEM Chle6 Chle6/PVP Chle6/HSA Photolon® Photolon®/HSA 

P668 nm 0.042 0.119 0.344 0.076 0.326 
(669 nm) 

 

Table 1. The degrees of fluorescence polarization of 16.7 µM Chle6 and 13.6 µM 
Photolon® solutions before and after addition of 11.5 µM HSA or 72 µM (per monomer 
unit) PVP. 

 

Studies of the influence of HSA on photochemical properties of Chle6 indicate that 
photosensitizer binds to HSA and independently of the presence of polymer Chle6 
molecules are located in the same protein domain. On the basis of obtained results it can 
be also affirmed that the triplet excited states of a photosensitizer can be used as probes 
for the microenvironments experienced within the binding sites of transport proteins. 
These probes are not employed as substitutes for singlet state probes but deliver 
additional information that is not easily accessible with fluorescent probes. 
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Two polymorphic crystals (α and β) of 4-hydroxy-1-methylpiperidine betaine 
hydrochloride, HO-MPBH+·Cl- have been synthesized and their structures solved by the X-ray 
diffraction method [1]. The piperidine ring adopts a chair conformation and the hydroxy group at 
C(4) in the α-polymorph is in the axial position, while in the β-polymorph it is in the equatorial 
one. In both polymorphs the CH2COOH is in equatorial position, while the CH3 group in axial one. 
In α-HO-MPBH+·Cl- the molecules are linked by COOH···Cl and Cl···HOC(4) hydrogen bonds of 
2.988(2) and 3.158(3) Å into infinite chains antiparallel to each other. In β-HO-MPBH+·Cl- there 
are two non-equivalent chains in the unit cell, formed by β(1) and β(2) molecules, containing 
COOH···Cl and Cl···HOC(4) hydrogen bonds of lengths: 2.974(2) and 3.147(3)Å in β(1) and 
3.011(2) and 3.147(3) Å in β(2). These chains are linked by C-H···Cl and van der Waals contacts 
into polar ribbons.  

The aim of the present work is to predict the structure and vibrational FTIR spectrum of β-
HO-MPBH+·Cl- using the B3LYP/6-31G(d,p) level of theory [2-4]. The optimized structures of 
β(1) and β(2) molecules have identical energies (-1055.12865 a.u.), dipole moments (11.33 D) and 
geometries. Most of the calculated bond lengths and angles are slightly greater than those in the 
crystal.  The predicted COOH···Cl hydrogen bond distance is 2.982 Å, which is shorter than that 
found in the crystal (2.974(2)). In the optimized structure the C(4)OH group is not engaged in H-
bond (Fig. 1) 

The optimized structure of β-HO-MPBH+·Cl- is shown in Fig. 1. β-HO-MPBH+·Cl- is 
insoluble in aprotic organic solvents and its vapour pressure is very low, thus the IR spectrum was 
measured in the solid state and is shown in Fig. 2.  

 
 
 
 
 
 
The local symmetry coordinates were defined in terms of the internal valence coordinates, 

following the IUPAC recommendation [6] The force fields so determined were used to calculate the 
wavenumbers and vibrational PED (potential energy distribution) among the normal coordinates. 
PED is defined as recommended by Keresztury and Jalsovszky [7] and calculated with program 
PACK. Table lists the calculated harmonic frequencies, intensities and PED.  

The observed frequencies of the C(4)OH group are at: 3336 cm-1 (νOH) and 1200 cm-1 
(δOH), and on deuteration they shift to 2777 and 912 cm-1, respectively. In the optimized molecules 
the OH group is not engaged in H-bond and the calculated frequencies are at much higher 
wavenumbers (3738 cm-1).The broad absorption in the 2900-2400 cm-1 region (Fig. 2) arises from 
the νOH vibration of the COOH···Cl group. A similar absorption is present in the FTIR spectrum of 
1-methylpiperidine betaine hydrochloride, MPBH+·Cl- [5]. On deuteration the νOD appears at 2200-
1900 cm-1 region. The in-plane deformation bands are at 1403 cm-1 (δOH) and 942 cm-1 (δOD). The 
strong band at 1755 cm-1 arises from the νC=O vibration. 

 

N

CH3

CH2

HO
C

O

O
H

+

.Cl
4

Fig. 1.  
Structure of β-HO-MPBH+·Cl- 
 



 

 

Table. Observed and calculated (B3LYP/6-31G(d,p)) vibrational  frequencies (cm-1), absolute intensities (A, 
km/mol) and potential energy distribution (PED, %) for β-4-hydroxy-1-methylpiperidinium betaine 
hydrochloride, β-HO-MPBH·Cl 
 
 νobs νcal νscal b A Assign. PED    νobs νcal νscal b A Assign. PED  

Q1 3336s 3814 3738 24.6 νOH (100-)  Q24 1459w 1491 1461 6.5 CH2 sciss 
βMe1 
CH2 sciss 
βMe4 

(30+) 
(15+) 
(15-) 
(11-) 

Q2  3211 3147 5.2 νasCH3 (88+)      Q25 1445vw 1471 1442 33.3 CH2 sciss 
βMe1 

(44+) 
(28-) 

Q3  3166 3104 28.1 νasCH3 
νsCH3 

(72+) 
(19+) 

 Q26 1436w 1461 1432 48.8 CH2 wag 
βMe1 

(26+) 
(24+) 

Q4  3160 3097 6.6 νasCH2 
νsCH2 

(80-) 
(14+) 

 Q27 1421m 1450 1422 35.4 γCH 
δs(OHCl) 
βMe1 

(26+) 
(14+) 
(10-) 

Q5 3079a 3150 3088 16.9 νasCH2 (88-)  Q28 1403w 1439 1410 235 δOH 
(OHCl) 

(41-) 
(14+) 

Q6 3069a 3131 3069 12.0 νasCH2 (93-)  Q29 1398w 1430 1402 12.4 CH2 wag (38-) 

Q7  3119 3057 15.2 νasCH2 (95-)  Q30 1383m 1407 1380 6.6 δCH 
CH2 wag 
γCH 

(25+) 
(24-) 
(11+) 

Q8  3195 3044 16.1 νasCH2 (86-)  Q31 1360vw 1395 1367 5.1 CH2 wag 
δCH 
CH2 wag 

(31+) 
(13+) 
(11-) 

Q9 3018a 3082 3021 26.6 νsCH2 
νasCH2 

(67-) 
(12-) 

 Q32  1386 1359 1.1 CH2 twist 
CH2 wag 
CH2 twist 

(36-) 
(22+) 
(12-) 

Q10  3075 3014 19.8 νsCH2 (87+)  Q33 1340w 1357 1330 12.7 CH2 wag 
CH2 twist 

(45-) 
(11-) 

Q11 3008a 3071 3010 35.0 νsCH2 
νsCH2 

(67-) 
(11+) 

 Q34 1332w 1342 1315 5.7 CH2 wag 
CH2 twist 
γCH 

(26-) 
(11-) 
(11-) 

Q12 2985a 3059 2999 119 νsCH2 
νsCH2 
νsCH2 

(64+) 
(15-) 
(11-) 

 Q35  1320 1294 14.1 CH2 twist 
CH2 wag 
CH2 wag 

(14-) 
(12+) 
(10+) 

Q13  3057 2997 10.3 νsCH2 (77-)  Q36 1309w 1306 1280 23.9 νCO 
CH2 wag 

(33-) 
(21-) 

Q14 2974a 3037 2977 83.1 νsCH3 
νasCH3 

(73+) 
(14-) 

 Q37 1274w 1299 1273 3.5 CH2 twist 
CH2 twist 
γCH 

(30-) 
(17+) 
(11-) 

Q15 2919a 2962 2904 44.6 νCH (99+)  Q38 1253w 1268 1242 3.4 CH2 twist 
βMe3 
CH2 twist 

(18+) 
(16+) 
(13-) 

Q16 2900-
2400br 

2805 2749 1323 ν(OHCl) 
νOH 

(55+) 
(42+) 

 Q39 1200vs 1259 1234 40.3 δOH 
CH2 twist 

(20-) 
(11+) 

Q17 1755vs 1825 1789 352 νCO (78-)  Q40  1223 1199 1.4 βMe3 (41-) 

Q18  1544 1514 25.0 βMe2 
βMe4 

(54-) 
(21+) 

 Q41 1198m 1208 1184 11.6 CH2 twist 
βMe5 

(27-) 
(19-) 

Q19  1535 1505 7.2 βMe4 
CH2 sciss 

(39+) 
(19+) 

 Q42 1154w 1168 1145 5.9 βMe5 
CH2 twist 

(16+) 
(15-) 

Q20  1528 1498 2.5 CH2 sciss 
CH2 sciss 
CH2 sciss 
βMe2 

(23+) 
(20-) 
(13+) 
(11-) 

 Q43  1162 1139 3.5 CH2 rock 
ΤCO 
CH2 twist 

(13-) 
(12-) 
(10+) 

Q21 1484w 1513 1483 6.0 CH2 sciss 
CH2 sciss 

(48-) 
(35-) 

 Q44  1123 1101 51.2 νC-O 
δ ring 

(57-) 
(11+) 

Q22 1467w 1510 1480 14.0 CH2 sciss 
CH2 sciss 
βMe2 
CH2 sciss 

(48+) 
(18+) 
(15+) 
(11-) 

 Q45 1088m 1091 1069 44.9 νCC 
δs(OHCl) 
νCC 

(23+) 
(19+) 
(15-) 

Q23  1495 1466 2.4 CH2 sciss 
CH2 sciss 
CH2 sciss 

(32+) 
(27-) 
(12-) 

 Q46 1042w 1051 1031 9.8 νCC 
βMe5 
νCN 

(34-) 
(13-) 
(12+) 

Q47 1026m 1039 1019 16.1 νCC (46+)  Q65 442w 454 445 6.0 τCN 
τCN 
δCN 

(18-) 
(18-) 
(12+) 

Q48 1005w 1027 1007 16.2 CH2 rock (33-)  Q66  439 430 1.3 δCN (41-) 
(14+) 

Q49  1005 985 37.6 δ ring 
νC-O 
νCN 

(18-) 
(11-) 
(11-) 

 Q67  412 404 4.2 τCN 
τ ring 

(27+) 
(16+) 



 

 

CH2 rock (11+) 
Q50 974vw 982 963 7.2 CH2 rock 

νCN 
(18+) 
(16+) 

 Q68  352 345 0.3 τCN (83+) 
 

Q51 949w 952 933 12.3 CH2 rock 
CH2 rock 

(17-) 
(12-) 

 Q69  340 333 6.6 δCO 
δ ring 
δCN 

(51+) 
(26+) 
(11-) 

Q52 940w 940 921 4.8 νCC 
νCN 
νCO 

(23-+) 
(20+) 
(10-) 

 Q70  306 300 30.0 δ ring 
γOH 
τCN 
τCN 

(36-) 
(13+) 
(11-) 
(11-) 

Q53 907w 932 914 73.5 γ(OHCl) 
γOH 
δ(OHCl) 

(40+) 
(24-) 
(24+) 

 Q71  300 294 93.7 γOH (81+) 

Q54 883m 904 886 13.4 νCN 
νCN 
νCC 
CH2 rock 

(21+) 
(16-) 
(12-) 
(10-) 

 Q72  291 285 4.3 τ ring 
τCO 
τCN 

(39+) 
(12+) 
(11+) 

Q55 863m 875 858 10.3 νCN 
νCC 

(20-) 
(18+) 

 Q73  257 252 8.4 δCN (21+) 

Q56 832w 825 809 4.8 νCC 
νCC 
CH2 rock 
νCN 

(22+) 
(20+) 
(13-) 
(12-) 

 Q74  239 234 5.4 τ ring 
τCN 

(77+) 
(10-) 

Q57 799w 805 789 4.0 CH2 rock 
CH2 rock 
CH2 rock 
νCN 

(21-) 
(20+) 
(14+) 
(10-) 

 Q75  201 197 33.5 νOH 
ν(OHCl) 

(42+) 
(41-) 

Q58 773vw 
735w 

776 761 16.5 νCN 
τCO 
τCO 
δCN 

(17+) 
(17-) 
(13+) 
(12-) 

 Q76  192 189 7.8 δCN 
γOHCl 
γOH 
δOH 

(26-) 
(23-) 
(10-) 
(10+) 

Q59 667w 695 667 2.2 νCN 
νCN 
νCN 

(24-) 
(19-) 
(16-) 

 Q77  156 153 24.9 δ(OHCl) 
δCN 
δOH 
δCN 

(29-) 
(17-) 
(16-) 
(14+) 

Q60 648w 656 643 3.2 δCO2 
δ ring 
δCO2 

(27+) 
(17+) 
(11+) 

 Q78  99 97 3.1 γOH 
τCN 
δCN 

(42-) 
(13-) 
(11+) 

Q61 623w 587 576 10.2 δCO2 
δ ring 
τCO 
νCN 

(15+) 
(13-) 
(11+) 
(11+) 

 Q79  86 84 10.2 τ ring 
γOH 

(69-) 
(28-) 

Q62 518w 513 503 6.6 δ ring 
δCO 

(39+) 
(11-) 

 Q80  68 67 0.2 τCO 
τCO 
τCN 

(48+) 
(40+) 
(15+) 

Q63  489 480 14.2 δCO2 
τCO 
δ ring 
τCN 

(16+) 
(13+) 
(12-) 
(10-) 

 Q81  49 48 6.1 τCN 
τCO 

(61+) 
(17-) 

Q64  470 461 2.6 τ ring 
δ ring 
τCO 
δ ring 
τCN 

(17+) 
(16-) 
(16-) 
(12+) 
(12-) 

 a Band cover by the broad intense absorption due to the 
νOH vibration. Their wavenumbers were estimated from the 
second derivative spectrum; b Wavenumbers scaled by 0.98 

 
 
Inspection of the calculated and experimental data in Table shows that the differences 

between the experimental wavenumbers and calculated harmonic scaled by 0.98 factor are in the 
range between –47 and +34 cm-1. The largest  difference  is for the νOH vibration of the hydroxyl 
group at C(4) atom. In the crystal the C(4)OH group is engaged in the hydrogen bond of length 
3.147(3) Å with a neighbouring Cl- anions.     
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Fig. 2. Comparison of the spectra of β-HO-MPBH+·Cl-:  (a) FTIR spectrum in Nujol and Fluorolube 
emulsions; β-DO-MPBD+·Cl- dotted line and (b) the spectrum calculated at the B3LYP/6-31G(d,p) 
level of theory and scaled by 0.98 factor.  
 
 

The IR spectrum of β-DO-MPBD+·Cl- has been used to reexamine the question of 
vibrational assignments. PED contributions are the same for 45 normal modes. For the other 
vibrations one more or one less PED contribution is observed. A similar situation was observed for 
pyridine [8], pyridine betaine [9] and formamide [10]. 
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INTRODUCTION 

Firefighting foams, most commonly produced with fluorosurfactants, have found a wide 
application for extinguishing fires of flammable liquids such as oil, gasoline, and jet fuel 
[1,2]. Because of unique property of forming an aqueous film on the hydrocarbon surface 
they are designated by the term Aqueous Film Forming Foams AFFF [3]. AFFF blanket 
and cool the burning fuel surface, and are recognized as the most efficient substances in use 
today for fighting of fuel fires in both civilian and military situations [4]. AFFF solutions 
blended with fuels being extinguished and with the combustion products cause problems in 
treatment and disposal of wastes. Foams can interfere with the operation of oil-water 
separators and flotation units [5,6]. The extinguishing wastewater-based emulsions are very 
stable - also due to the presence of fluorosurfactants. Typical AFFF surfactant components 
comprise anionic alkyl sulfates, amphoteric fluoroalkylamide and anionic fluoroalkyl 
sulfonates. Prediction and monitoring of AFFF pollution control are not possible without 
appropriate easy analytical methods for measuring AFFF components concentration [7-9]. 
One of the most important method for measuring of total concentration of anionic 
surfactants is the two phase titration method [10,11]. The preliminary step before the 
analysis was a preconcentration of surfactants using the solvent sublation process based on 
the transport of surfactants from water phase to organic solvent phase by gas bubble [12]. 

 
EXPERIMENTAL 

The solvent sublation and two phase titration methods are dedicated to determine of total 
concentration of anionic surfactants in the environmental samples. 
The objective of the research was to examine the usefulness of these techniques for analysis 
of fluorinated and non-fluorinated anionic surfactants in AFFF fire-fighting foams. 
A pair of perfluorocarbon (Tricosafluorododecanoic Acid /C11F23CO2H/) /SIGMA/ and 
hydrocarbon (Lauric Acid Sodium Salt /C11H23CO2Na/) /FLUKA/ surfactants imitating 
composition and surface properties of AFFF were selected. The surfactant solutions and 
mixtures based on them in range of concentrations (100 to 300 mg/dm3) were prepared. 
Using the sublation and two phase titration techniques the surfactants (molar ratio 1:1) were 
isolated from the mixtures and their total concentration before and after sublation were 
measured. The procedure has been done also in the presence of oil phase imitating a real 
fuel in fire-fighting wastewater as gasoline and diesel oil in wide range of concentrations 



(100 to 1000 mg/dm3). 
For surfactants separation and their preconcentration a solvent sublation technique was 
used. The apparatus for solvent sublation consisted of 60 mm diameter and 505 mm length 
glass column, fitted at the bottom with a sintered-glass sparger, used to disperse the gas 
bubbles (Fig. 1). The column was filled with 1 dm3 of sample. To obtain high surfactants 
recovery 100 g NaCl and 5 g NaHCO3 were added to the sample. On the top of the aqueous 
phase 100 cm3 of ethyl acetate was poured. The air flow rate was kept at 1 dm3/min. 
Sublation was continued for 10 min. Then, the process was repeated with the second 
100 cm3 layer of ethyl acetate. Combined ethyl acetate solution was evaporated. The 
surfactant remained as a film residue in the flask and was dissolved in methanol and 
transferred to a 100 cm3 flask, which afterwards was filled with water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the next step, 300 cm3 conical flask was filled with 10 cm3 of sample and 25 cm3 of 
methylene blue, 20 cm3 of water and 20 cm3 of chloroform were added to the one. The 
mixture was stirred and titration of sample using cationic surfactant Hyamine 1622 was 
carried out to equalize the colour of phases. 

 
RESULTS AND CONCLUSIONS 

In Figures 2-9, the results of fluorinated and non-fluorinated anionic surfactants 
concentration in mixture are presented. All experimental results revealed that the sublation 
and two phase titration methods are suitable and useful for surfactant separation and 
determination of total concentration with reference to surfactants and surfactant mixtures 
imitating AFFF composition. With increasing surfactant and oil phase concentration the 
accuracy and precision of measurement are invariable. The comparison of concentration 
values for selected surfactants and commercial AFFF agents before and after isolation in 
next step of the tests will be investigated. The positive application results of the separation 
and analytical techniques mentioned above are expected. 

Fig. 1 Scheme of Wickebold’s sublation column: 
1 – glass column 1000 cm3; 2 –Shott’s sintered-glass sparger G1; 3 – absorption bulb 
filled with ethyl acetate 250 cm3; 4 – absorption bulb filled with active carbon 250 cm3; 
5, 6, 7 – drain valves. 
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Fig. 2. Total surfactants concentration in 
            presence of 100 mg/dm3 gasoline

Fig. 4. Total surfactants concentration in 
            presence of 500 mg/dm3 gasoline

Fig. 6. Total surfactants concentration in 
            presence of 750 mg/dm3 gasoline

Fig. 3. Total surfactants concentration in 
           presence of 100 mg/dm3 diesel oil 

Fig. 5. Total surfactants concentration in 
           presence of 500 mg/dm3 diesel oil 

Fig. 7. Total surfactants concentration in 
           presence of 750 mg/dm3 diesel oil 
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Fig. 9. Total surfactants concentration in 
           presence of 1000 mg/dm3 diesel oil 

Fig. 8. Total surfactants concentration in 
            presence of 1000 mg/dm3 gasoline
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Introduction 
 

In many processes of chemical industry suspensions of solids in liquid occur. 
Separation of solids from a liquid by the use of filtration can often be too expensive. 
Sedimentation is a one of the basic processes used for water purification, to remove settling 
particles having higher density than water. Depending on the type of suspension, settling of 
granular or flocky particles can be marked out, depending on hydraulic condition there is 
free settling or condensed settling. Free settling of spherical particles is well explained and 
the mathematical description of this process is used in practice, also in the processes of 
water purification. Mathematical model of settling of flocky particles is more complicated. 
It is related to the connections in the particle-liquid system and changing parameters such 
as mass, volume and shape of settling flocky suspensions. In order to determine the 
parameters of sedimentation of these suspensions laboratory studies are necessary. Basing 
on these studies, employing for instance a sedimentation scale, a curve of sedimentation 
can be drawn for a suspension. Many authors point out the necessity of carrying out such 
studies. In the presented work the investigations of effectiveness of the suspension removal 
from the after-rinse waters obtained from rinsing of the filtering beds in pressure filters 
working in the side filtering stations in cooling open recirculating circuits are presented. In 
the studies on sedimentation two methods were used: based on the measurement of 
turbidity and weight method. The use of a laboratory turbidimeter Hach AN2100 allowed 
measurement of the turbidity of studied after-rinse waters and its changes in time. Turbidity 
is an important indicator of the level of water pollution, allowing the evaluation of the 
concentration of particles suspended in studied sample. Turbidity measurement is based on 
the estimation of the intensity of light scattered by the sample, which is proportional to the 
concentration of scattering light substance particles. Weight method, employing the Krũss 
K100 tensiometer, was used to measure the mass of flocky suspension settling on the 
surface of measuring component, recording the increase of mass as a function of time. 
Measuring component of the shape of an inverted umbrella is attached to the scale and 
immersed in studied sample of water. Settling of impurities on the surface of measuring 
element causes the increase of its mass, recorded as a function of time. The depth of 
immersion, total time of measurement and number of measurement points is controlled. 

Sedimentation is carried out in settlers. After-rinse water is introduced at the axle of 
the settler. Sediment settles down at the bottom, where it is periodically removed along 
with a part of the liquid. Cleared water overflows the upper edge of the settler into a gutter 
and is led away for further utilization. 

 



In the presented work the after-rinse water was collected from two parallel settlers, from 
cell 1 (cleared water), cell 2 (sedimentation in the settler) and cell 3 (inflow from filters 
after rinsing). 
 
Measurements of turbidity – results 
 

Selected results of turbidity measurements for water collected from cells 1, 2 and 3 
of the settler, carried out in 60 minutes are presented in charts (Figure 1). Comparatively, 
turbidity was also measured after the time of 24 hours and longer. In Table 1 the analysis of 
the results of the sedimentation studies is presented, showing the high level of after-rinse 
waters turbidity reduction. The clear water cell (cell 1) fulfills its task collecting water of 
lowest turbidity, carried out from the settler for further utilization. 
 
Table 1. The results of studies on sedimentation – turbidity measurements 

Cell 1 Cell 2 Cell 3  
Reduction of turbidity after 60 min 30 % 43 % 47 % 
Turbidity after 24 h 10- 12 NTU 
Reduction of turbidity after 24h ca. 80% 
Turbidity after 72h < 3 NTU 
Reduction of turbidity after 72h > 90% 
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Fig. 1. Sedimentation of impurities in after-rinse water 

 
Weight method – results 
 
The mass of settling impurities in after-rinse water in 20 hours was measured. 
Measurements were carried out directly after collecting the sample from cell 2 of the settler 
(reference sample) and after 48 hours from the time of collection (Figure 2). 
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Fig. 2. Sedimentation of the impurities in after-rinse water 

a) reference sample, b) sample after 48 hours 
 
The results of sedimentation studies obtained with the use of weight method give the 
possibility to compare the after-rinse water directly after being collected from the settler 
and water after 48 hours. During the time of measurement of the mass of settling particles, 
going on for 20 hours, small bubbles of air on the lower surface of measuring element, 
escaping the reference sample, were observed. The presence of air in the sample can be 
related to the use of air during the cycle of filtration bed rinsing. Its exhaling from the 
sample of studied water can be related to the increase of temperature of water during 
measurement compared to the temperature of water collected directly from the settler. The 
increase of sample temperature causes the decrease of air solubility in water. In the weight 
method measurements, the appearance of air bubbles on measuring element gave negative 
values of sediment mass, where the mass of the measuring element, recorded by the scale at 
the beginning of the measurement was assumed as zero. This phenomenon was not 
observed in case of samples studied after 48 hours from the time of collection from the 
settler. It can indicate unfavourable for after-rinse waters purification, transport of flocky 
particles from the washed out sediment to the water surface in the settler by air exhaling 
from studied sample. 
 
Conclusions 
 

Methodology of studies on the process of sedimentation of after-rinse waters 
collected from pressure filters in the cycle of rinsing, proposed in this work, using the 
measurements of turbidity changes and mass of settling flocky particles, gives the 
possibility to formulate conclusions relating to the possibility of purifying of after-rinse 
waters with the use of sedimentation. 

Results discussed in a presented work confirm the necessity of carrying out of 
investigations on the sedimentation character of studied waters, containing impurities 
mostly in the form of flocky particles. The need to carry out such studies is pointed out by 
many authors investigating the conformity of results obtained in model studies of the 
process of sedimentation with the results obtained in real systems. 
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Abstract 
 Copper(I) carboxylates compounds with vinyltrialkylsilanes are di- or trimeric species 
with bridging carboxylates. In MS spectra the metallated fragments were detected. The 
highest signal intensity for [Cu2(RCOO)]+ and [Cu2(RCOO)2]

+ ions were noted, which 
analogues can be the metal carriers in the CVD process. The vaporization temperature of 
metallated fragments was lower for [Cu(C2F5COO)(L)] than [Cu(CF3COO)(L)] compounds. 
The [Cu(C2F5COO)(L)], L = VTMS (1), VTES (2) were useful for the metallic, bimetallic 
and mixed layers preparation. 
 
Key words: copper(I), vinyltrialkylsilane, perfluorinated carboxylates, MS, CVD 
 
Introduction 

Synthesis and characterization of copper coordination compounds as new precursors 
for Chemical Vapor Deposition (CVD) of metallic thin layers and mixed materials is an area 
of extensive research. Fabrication of metals thin films using CVD techniques is a matter of 
interest, due to its advantages coming out, among others, from kinetically controlled 
processes of deposition. The unique structural, optical and electrical properties of this metal 
resulted in its wide applications in microelectronic and optoelectronic devices [1,2,3,4], and 
components of high-temperature superconducting materials [5]. The most frequently used for 
copper CVD is the commercially available compound [Cu(hfac)(VTMS)] (copper(I) 
1,1,1,5,5,5-hexafluoro-2,4-pentadionate vinyltrimethylsilane) [6,7,8,9]. 

In the presented paper, the studies of [Cu(RCOO)(L)] (R = CF3, C2F5; L = VTMS, 
VTES, VTMOS) and the selection of compounds suitable for CVD will be reported.  
 
Experimental 
Materials 
Vinyltrimethylsilane (VTMS) (97%), vinyltriethylsilane (VTES) (97%), 
vinyltrimethoxysilane (VTMOS) (98%), copper powder (99%) and CF3COOH (99%), 
C2F5COOH (97%) were purchased from Aldrich, whereas CuCO3·Cu(OH)2·nH2O, from 
POCh (Poland) and were used as received. (C2F5COO)2Cu, (CF3COO)2Cu and sodium salts 
were prepared in similar manner as reported [10]. As solvent was used CH3CN (Aldrich; 
99.93%; dried and deoxygenated by standard methods). 
Instrumentation 
Mass spectra were detected with a Finnigan MAT 95 mass spectrometer, using EI ionization 
method in the temperature range 303–573K. IR spectra were measured with a Perkin-Elmer 
Spectrum-2000 FT–IR spectrometer, using KBr (400–4000 cm-1) and polyethylene discs 
(100–400 cm-1). Temperature-variable IR spectra were measured with a SPECAC cell (20–
250oC), at dynamic vacuum p = 10-2 mbar using the same instrument. The amount of Cu was 
determined with a Carl–Zeiss Jena AAS spectrophotometer. Thermal studies (TGA/DTA) 
were performed on SDT 2960 TA analyzer (dry N2; the heating rate – 2.5°min-1, for (1) – 
1°min-1; sample mass 12–18 mg). Gaseous products of the thermal decomposition were 
detected by a FT IR BioRad Excalibur spectrophotometer equipped with a thermal connector 



(TL = 150oC) for gases. Powder X-ray diffraction data for the residues from thermal analysis 
were obtained with a Philips X’PERT diffractometer using CuKα radiation. The deposition 
experiments were carried out using horizontal hot-wall CVD reactor as described [11]. 
Synthesis  
Syntheses were carried out using standard Schlenk technique in argon atmosphere, according 
to methods described in our earlier reports [10,12,13,14,15,16]. Yields were in the range 70-
80%. 
[Cu(C2F5COO)(VTMS)](1) EI-MS T = 489 K (m/z, RI %) ([VTMS]+ – 100, 19; 
[Cu2(C2F5COO)]+ 289, 100; [Cu2(C2F5COO)2]

+ 452, 57; [Cu3(C2F5COO)2]
+ 517, 2), IR (KBr, 

1682, 1413, 1028, 933; PE 541, 289, 243 cm-1)  
[Cu(C2F5COO)(VTES)](2) EI-MS T = 441 K (m/z, RI %) ([Cu2(C2F5COO)]+ 289, 100; 
[Cu2(C2F5COO)2]

+ 452, 78; [Cu3(C2F5COO)2]
+ 517, 3; [Cu2(C2F5COO){VTES}]+ 431, <1), 

IR (KBr, 1690, 1412, 1031, 931; PE 540, 279, 253 cm-1) 
[Cu(CF3COO)(VTMS)](3) EI-MS T = 506 K (m/z, RI %) ([VTMS]+ – 100, 26; 
[Cu2(CF3COO)]+ 239, 98; [Cu2(CF3COO)2]

+ 352, 46; [Cu2(CF3COO)2(VTMS)]+ 452, 2), IR 
(KBr, 1684, 1438, 1032, 942; PE 523, 280, 247 cm-1) 
[Cu(CF3COO)(VTES)](4) EI-MS T = 508 K (m/z, RI %) ([Cu2(CF3COO)]+ 239, 98; 
[Cu2(CF3COO)2]

+ 352, 46), IR (KBr, 1681, 1433, 1035; PE 524, 279, 247 cm-1) 
[Cu(C2F5COO)(VTMOS)](5) EI-MS T = 415 K (m/z, RI %) ([Cu2(C2F5COO)]+ 289, 
100; [Cu2(C2F5COO)2]

+ 452, 34; [Cu2(C2F5COO)(VTMOS)(C2F5)]
+ 553, ~1), IR (KBr, 1688, 

1410, 1031, 973; PE 543, 299, 227 cm-1) 
 
Results and Discussion 

The obtained compounds (1-4) were dark brown, fine-crystalline powders, stable in 
the inert atmosphere. The derivative (5) with VTMOS was the brown oil, highly air and 
moisture sensitive that depreciated it as CVD precursor. The thermal analysis data point on 
the multistage, endothermic decomposition of studied compounds with metallic copper 
formation in the range 537-548K. Unfortunately for (5) process finished at higher temperature 
– 823K. Moreover, in the case of (3) and (5) the decomposition final product was impured by 
carbon that is not promised for potential CVD precursors. Therefore the most promising 
results revealed complexes (1) and (2). 

 
Figure 1 EI-MS spectra of [Cu(CF3COO)(VTMS)](3). 
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Figure 2 Temperature dependence of the [Cu2(RCOO)]+ (289 m/e) signal intensity for (1) and (2). 

In EI-MS spectra of all synthesized compounds [Cu(RCOO)(L)] the metallated 
fragments were detected. The lack of monometallic fragments and detection of following 
multinuclear ions types: [Cu3(RCOO)2]

+, [Cu2(RCOO)2]
+, [Cu2(RCOO)]+,   

[Cu2(RCOO)2(L’)] + and [Cu2(RCOO)(L’)]+, where L’ = vinyltrialkylsilane or it fragments 
suggests di- or trimeric structure of studied compounds with bridging carboxylates (Figure 1). 
The highest signal intensity for carboxylate dicopper species [Cu2(RCOO)]+ and 
[Cu2(RCOO)2]

+ ions were noted, which analogues can be the metal carrier in the CVD 
process. The onset vaporization temperature of these metallated fragments was lower in the 
case of pentafluoropropionates [Cu(C2F5COO)(L)] 443–463K than for trifluoroacetates 
[Cu(CF3COO)(L)] 533–553K. Summarizing analysis of thermal and MS data compounds (1) 
and (2) were chosen as potential Cu CVD precursors.   
 

 
Figure 3 SEM microphotographs of cluster layers deposited using [Cu{VTES}(C2F5COO)], TV=573K, TD=773-
793K, Si(111). 

Copper thin layers (clusters or continues) were deposited on Si(111) and glass 
substrates by CVD method using [Cu(C2F5COO)(L)] (L = VTMS (1), VTES (2)) as 
precursors (Figure 3). Application of a multistage deposition of Cu films on glass surfaces 
resulted metallic membranes formation. Moreover bimetallic Ag/Cu (Figure 4) and mixed 
materials TiO2/Cu were obtained using two respective precursors in one CVD process. 



 
Figure 4 SEM microphotographs of the bimetallic Ag/Cu membrane obtained using [Cu(C2F5COO)(VTMS)] (1) 
and [Ag(EtC(CH3)2COO)(PMe3)], (TV = 220oC, TD = 440oC, p = 1,0 mbar, t = 3 h) 

 
Conclusions 

Copper(I) carboxylates compounds with vinyltrialkylsilanes [Cu(RCOO)(L)]n (R = 
CF3, C2F5; L = VTMS, VTES, VTMOS) are di- or trimeric species with bridging 
carboxylates. The [Cu(C2F5COO)(L)], L = VTMS (1), VTES (2) complexes were stable at 
room temperature in Ar atmosphere. Moreover, they are a source of species, which volatility 
was sufficient for the transport in vapours and decomposed to metallic films under mild 
thermal CVD conditions, therefore were useful for the metallic, bimetallic and mixed layers 
fabrication.  
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 Pollution of environment appears in increase of metals contents in soils, water 
and plants. Soil is a basic constituent of the natural environment and a basic link of the 
biological chain involving soil – plant – animal and the man. Heavy metals pollution is 
an important ecological problem [1-3]. 

The concentration of heavy metals in the soil solution is believed to depend on 
the equilibrium between the soil solution and solid phase, with pH playing the decisive 
role. Apart from pH, other soil properties, such as cation exchange capacity, organic 
matter content, quantity and type of clay minerals, the content of the oxides of iron, 
aluminium, and manganese, and the redox potential determine the soil’s ability to retain 
and immobilize heavy metals [4-6]. 

The fate of heavy metals in a contaminated soil is controlled by the chemical 
forms in which the metals exist in the soil, and it is essential to have an understanding 
of the metal distribution in each soil fraction. Metals are distributed throughout soil 
components and are associated with them in various ways including ion exchange, 
adsorption, precipitation, and complexation. Sequential extraction to fractionate metals 
in soils into several groups of different leachability is widely employed to determine the 
distribution of metals in different phases [6-8]. 
 The aim of this work was to identify different metals (copper, nickel, lead and 
zinc) fractions in three type of soils (sandy, arable and loamy) by the sequential 
extraction method according to the modified procedure of Tessier et al [9-12]. 
 Investigations were performed for air-dry weight of the soils samples having 
mass 1g and homogenized in a mortar. Characterization of selected properties of soils is 
presented in Table 1. 
 
Table 1. Some properties of investigated soils 

Type of soil 
Parameters  

 
Sandy soil 

 

 
Arable soil 

 
Loamy soil 

 
pH (H2O) 

 

 
6.9 

 
7.7 

 
7.9 

Organic 
matter [%] 

 
0.73 

 

 
12.18 

 
2.96 

Water 
content [%] 

 
0.1 

 
3.3 

 
1.0 

 
Cu 2.91±1.5 Cu 13.8±5.7 Cu 5.89±3.9 
Ni 12.24±7.0 Ni 28.2±14 Ni 20.52±18 
Pb 253.0±33 Pb 243.6±66 Pb 243.7±34 
Fe 2082.1±196 Fe 17597±2486 Fe 11219±1856 

Total metal 
content 

[mgMe/kg 
d.w.] 

Zn 34.9±27 Zn 218.8±25 Zn 59.56±33.7 



 A five - step sequential extraction separated the heavy metals into the following 
species: FI – exchangeable, F II – bound to carbonate, F III – bound to Fe/Mn oxides, F 
IV- bound to organic matter and F V – residuals.  

The sequential extraction of Cu, Ni, Fe, Zn and Pb from the studied soils was 
carried out on three parallel samples. Between each successive extraction, separation 
was affected by centrifuging at 10 000 rpm for 15 minutes. The supernatant was 
removed with a pipette and analyzed for metals quantity whereas the residue was 
subjected to the next extraction step. Metal concentrations in supernatants were 
determined by using Atomic Absorption Spectroscopy Method, AAS model 30 of the 
Karl Zeiss Jena Company. 
 The percent contributions of heavy metals in particular fractions in investigated 
soils were presented in Figures 1-3.  

The highest contribution of particular metal form in sandy soil was: Cu – F IV, 
 Ni – F V, Pb – F V, Fe – F V, Zn  - FII (Fig.1). 
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Fig. 1.  Percent contribution of heavy metals in particular fractions in the total metals 
content in sandy soil. 
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Fig. 2. Percent contribution of heavy metals in particular fractions in the total metals 
content in arable soil. 
 



The highest content of Cu, Pb and Fe in arable soil were in the residual fraction - 
FV, while Ni, Zn were in the organic matter fraction – FIII (Fig.2.). In loamy soil the 
same trend was observed in Cu, Pb and Fe (Fig.3). 
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Fig. 3. Percent contribution of heavy metals in particular fractions in the total metals 
content in loamy soil. 
 

In the all tree soils the highest concentration of  Pb and Fe were in the residual 
fraction. 

The metals forms occurred in fractions F I – F IV can be released to the 
environment under changeable conditions. The metals forms occurring in the residual 
fraction FV are permanently immobilized. 
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INTRODUCTION 
 

The use of high-intensity radiation, especially ultraviolet, in the process of 
polymerization and curing of various types of monomers and oligomers produced a 
quantitative increase in the range of their application in many important technological 
branches of industry during the last twenty years. It is connected with the economizing 
of both the energy and the production area, the rent ability of production and especially 
with almost 100% decrease in the emission of solvents, a very significant consideration 
for environmental protection. Urethane-acrylates, epoxy acrylates oligomers containing 
the highly reactive acrylates groups undergo in a very short time a reaction of 
polyaddition under the influence of ultraviolet irradiation. Used as typical no-solvent 
lacquer systems are used as protective coatings for metal, plastic materials, wood, and 
optical fibers as the materials in electrotechnics and lithography. 

Since a many years our investigation has been directed to the synthesis and 
checking of the application of urethane-acrylates, epoxy-acrylates as the main 
components of lacquer compositions, hardened with the ultra-violet radiation, for 
protective coatings of various materials, especially the glass fibres [1 – 4]. 

Lately, it has concentrated on the research related to the synthesis of determine the 
influence of the kind and amount of urethane-isocyanates subtracts on the properties of 
the urethane-epoxy methacrylates oligomers, before and after their hardening with the 
ultra-violet light. 
 

EXPERIMENTAL PART 
 
Materials: isophorone diisocyanate (IPDI) (Hüls AG ), polypropylene glycol (PPG) of 
an average molecular weight of 2000 (“Rokita” Brzeg Dolny), epoxy resin from Epidian 
C (Epx C) [1], methacrylic acid (MA) (Aldrich), butyl acrylates (BA) (Aldrich). 

A general scheme of preparation of the urethane-epoxy methacrylates (UEM) 
oligomers is represented by the chemical reactions. 
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Urethane-epoxy methacrylic (UEM) macromonomers were synthesized by 
condensation of epoxy methacrylic resin with urethane-isocyanate prepolymer. Epoxy 
methacrylate and urethane-isocyanate prepolymer were prepared from Epidian C and 
methacrylic acid, isophorone diisocyanate and polypropylene glycol of molecular 
weight 2000. Then the reaction was carried out until all NCO groups disappeared which 
was confirmed with spectra FTIR (no peak at 2270 cm-1). 

In order to confirm the structure of the urethane-epoxy methacrylate, epoxy 
methacrylate and urethane-isocyanate prepolymer an elemental analysis was carried out 
as well as the FTIR analysis ( spectrophotometer Perkin Elmer model 1725X; film). 

The received oligomer was mixed with active diluents in amount of 5 - 16%. 
Active solvent decreases the viscosity as desired in accordance with the expectations 
and take part in the photo polymerization process of urethane-methacrylate 
compositions. The following active diluents were applied butyl acrylate. This way, the 
composition UEM was obtained. The urethane-epoxy methacylates composition are 
presented in Table 1. 

Lacquer compositions, after the determination of their physicochemical properties, 
with addition of the photo initiator – Irgacure 651 (2,2-dimethoxy-2-phenylaceto-
phenone), were hardened with the ultra-violet radiation. They were poured out on the 
glass plates of the UEM compositions, the samples were exposed to the light of a Hg 
lamp (400 W, wavelength 320-380 nm) at a distance of 30 cm during 5 min. in non-
oxygen atmosphere. The mechanical properties of the received polymeric films were 
investigated (Table 2). 

 
 
 



Table 1. Urethane-epoxy methacrylate compositions. 
No 

UEM 
IPDI 
[g] 

PPG  
[g] 

HEM 
[g] 

Epx C 
[g] 

MA 
[g] 

BA 
[g] 

1 44.4 200.0 26 - - 13.5 

2 27.1 122.0 - 19 8.6 8.8 

3 20.0 90.3 - 19 8.6 6.9 

4 31.0 139.8 - 38 17.2 11.3 

5 22.1 99.4 - 38 17.2 8.8 

6 15.6 70.1 - 38 17.2 7.0 

7 17.7 79.7 - 57 25.8 9.0 

8 17.1 77.3 - 76 34.4 10.2 

9 10.4 47.1 - 76 34.4 8.4 

10 12.9 58.3 - 152 68.8 14.6 

11 - - - 76 34.4 22.1 

 
 
Table 2. Mechanical properties of the poly(urethane-epoxy methacrylate)s. 

Properties 
No 

PUEM  
Gel 

content 
[%] 

Hardness 
Shore’s 
[A; D*] 

Young’s 
Modulus 

[MPa] 

Breaking 
stress 
[MPa] 

Relative 
elongation at 

break [%] 

Glass 
transition 
temp. [°C] 

1 93.0 57; 12* 10.3 3.4 54.0 - 56 

2 96.2 60; 11* 3.7 0.3 7.6 - 41 

3 98.0 83; 22* 20.1 2.1 31.7 - 54 

4 99.0 86; 29* 146 9.7 28.9 - 22  

5 99.5 91; 35* 197 10.8 21.4 - 20 

6 99.6 97; 43* 470 12.5 17.7 - 55; -1 

7 99.5 98; 45* 540 15.9 11.8 - 13 

8 99.5 97; 38* 510 17.8 11.9 - 52; -1 

9 100 98; 49* 694 18.3 3.7 -52; +1 

10 100 99; 74* 870 24.9 3.5 -52; +2 

11 100 99; 78* 1880 63.2 2.8 +35 

 



RESULTS AND DISCUSSION 
 

By using isophorone diisocyanate and polypropylene glycol with molecular 
weights 2000 g/mol and epoxy methacrylate resins, the components lacquer for 
protective coatings were obtained. The structure of the synthesized molecules of 
urethane-epoxy methacylates confirms a very good agreement of the results of 
elemental analysis and the calculated contents of the atoms of N and the presence of the 
characteristic peaks of the absorption bands in the spectres in Fourier transform infrared 
spectrophotometer. Important absorption peaks observed in the urethane-epoxy 
methacrylates oligomers spectra included the peaks corresponding to the stretching 
vibration of carbonyl group at 1728 - 1700 cm-1, 3620 cm-1 stretching vibration of OH 
groups, aromatic ring stretching vibration at 3087 - 3030 cm-1, CH, CH2, CH3 stretching 
vibrations at 2930 - 2897 cm-1, stretching vibrations of the NH at 3300 and 1530cm-1, 
stretching vibrations of the C - O - C ethers and ether - urethanes at 1230 cm-1 and 1060 
cm-1, and no observed the peaks of NCO group at 2270 cm-1. 

One observed a distinct influence of the amount of the urethane-isocyanate 
component on the properties of the poly(urethane-epoxy methacrylate)s. The 
polypropylene glycol influence on the elasticity and flexibility of polymers. Addition of 
the hard segments – phenyl, urethane, ester and methacrylate groups, causes the 
hardness and mechanical resistance of the segment polymers obtained. A considerable 
content of the stiff segments results in a larger elasticity modulus, larger hardness and 
mechanical resistance. The soft segments (the propylene and ether bonds) make the 
urethane-epoxy methacrylates chain more flexible, they lengthen it until it breaks and 
they are resistant at a low temperature. The received poly(urethane-epoxy 
methacrylate)s contain 17 - 71% of soft segments, and the ratio of the flexible segments 
to the stiff ones makes that the received have a desired flexibility as well as good 
mechanical resistance and hardness. As it results the contents of gel in the hardened 
PUEM was about 93 – 100%. It means a high degree of polymerisation. As for the 
mechanical values the following ones merit a special attention: hardness 11 - 78 
(Shore’s scale D), Young’s modulus 3.7 - 1880 MPa and a large range of lengthening 
until breaking: 3 – 54 %. Results from the analysis of the thermal resistance data state 
that the initial decomposition temperature and the temperature corresponding to the 
maximum decomposition rate are within 215 – 240 oC and 345 – 370 oC. This means 
that they show a relatively good thermal durability.  

Poly(urethane-epoxy methacrylate)s coatings show the properties typical for soft, 
hard and intermediate protective coating, depending on kind and amount of urethane-
isocyantes. 
These lacquer compositions perfectly and fast hardened on the metals, glass, plastic 
materials and optical glass fibres. 
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Introduction 
 
Polypyrrole (PPy) is one of conjugated polymers whose unique electronic properties 
allow to incorporate various chemical species via the so-called doping reaction [1]. 
Therefore PPy is often applied as the support for various heterogeneous catalysts.  
Due to relatively high electronic conductivity, PPy is a particularly attractive matrix  
for redox catalysts. In the present work PPy-Pt composites have been obtained and 
characterized. Their physico-chemical and catalytic properties have been studied. 
 
Experimental methods 

Preparation of the catalysts 

In the catalysts studied metallic platinum particles have been dispersed within 
polypyrrole matrix. As the matrix, polypyrrole doped with chloride ions (PPyCl) has 
been used. This polymer has been prepared by oxidative polymerization of pyrrole 
using ammonium peroxodisuphate as the oxidizing agent and hydrochloric acid as the 
reaction medium Metallic platinum particles have been incorporated into PPyCl  
by three methods: 

A) a two-step procedure 
In this method platinum ions have been introduced into the polymer first.  
This has been achieved by polymer doping in the PtCl4 aqueous solution.  
Then the incorporated platinum ions have been reduced in the NaBH4 aqueous  
solution; 

B) by reduction of platinum ions from PtCl4 aqueous solution using NaBH4 as the 
reducing agent carried out in the presence of PPyCl; 

C) using metallic platinum aqueous sol 
In this method platinum sol has been prepared separately according to [2].  
The sol has been obtained at the temperature of 140 0C by reduction of Pt4+ ions 
originating from PtCl4 with sodium citrate in an aqueous solution. The ions 
remaining in the resulting sol have been removed by ion exchange (Amberlite  
MB-1, Aldrich has been applied). Transmission electron microscope (TEM) 
investigations have shown that the size of platinum particles present in the sol has 
been in the range of 8-10 nm.  Then into the platinum sol obtained in the described 
way PPyCl powder has been added. From such suspension water has been 
evaporated by heating during vigorous stirring. The resulting PPyCl-Pt powder has 
been additionally dried in dynamic vacuum.   
 

All the PPy-Pt composites obtained have been in the form of powders insoluble in the 
studied catalytic reaction media.    



Physico-chemical properties 
Physico-chemical properties of the catalysts have been investigated using wide angle  
X-ray diffraction (XRD).   
 
Catalytic properties 

Catalytic properties of PPy-Pt nanocomposites obtained have been investigated using 
isopropyl alcohol conversion and phenol oxidation as the test reactions. 
 
a) isopropyl alcohol conversion 
Isopropyl alcohol conversion has been carried out in the presence of the PPy-Pt systems 
obtained in order to test their redox properties [1,3]. In this popular test reaction  
the alcohol is dehydrated to propene (1) on the acidic centers of the catalyst  
and dehydrogenated to acetone (2) on the redox (at high rate) or basic (at high 
temperatures) centers of the catalyst.  
Formation of  diisopropyl ether due to intermolecular dehydration of two isopropyl 
alcohol molecules (3) proceeding on acidic (mainly Lewis type) centers has been also 
observed in the presence of some catalysts.   
 
(1) (CH3)2CHOH  →  CH3-CH=CH2 + H2O 
(2) (CH3)2CHOH  →  CH3C(O)CH3 + H2 
(3) 2 (CH3)2CHOH  →  (CH3)2CH-O-CH(CH3)2 + H2O 
 
Catalytic tests have been performed in the flow of nitrogen in the temperature range  
of 80 – 160 0C. Alcohol conversion has not exceeded 15%. Catalytic reaction products 
have been analyzed by gas chromatography.   
 
b) phenol oxidation 
Phenol can be easily oxidized using even weak oxidizing agents.  
The first stage of the reaction results in the formation of phenoxyl radical due to 
elimination of hydrogen from phenol hydroxyl group. Such radical is relatively stable 
since it is stabilized by delocalization of the single electron over the aromatic ring.   
Oxidation of phenol with hydrogen peroxide has been carried out at the temperature  
of 80 oC [4] in the presence of the most active catalysts B and C as well as without  
a catalyst.  
1H NMR spectra have been recorded using UNITY/NOVA 300 MHz (Varian) 
spectrometer. The samples have been analyzed in DMSO solutions with TMS as the 
chemical shift standard.  
 
Results and discussion 

Physico-chemical properties 
It has been established that in all the samples metallic platinum has been present. 
Metallic Pt has been visible in the XRD patterns of the composites obtained 
(characteristic reflections of various intensities at 2θ = 400 and 47,50, CuKα radiation). 
Results of  XRD studies are presented in Figures 1 and 2.  
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It should be noted that all the catalysts have contained 7 wt. % of Pt.   
 
Catalytic properties 
a) isopropyl alcohol conversion 

Based on the kinetic measurements it can be concluded that the catalysts obtained  
by methods B and C show very high and similar activity in the redox dehydrogenation 
reaction leading to acetone. These catalysts are significantly more active than the one 
prepared by method A. 
In order to compare activity in the redox reaction (dehydrogenation to acetone) of 
catalysts B and C, its absolute specific rates have been calculated for both catalysts 
(Table 1).  
 

Table 1. Absolute specific rate of the redox reaction proceeding  
in the presence of catalysts B and C 

Absolute specific rate  x109 
[mol/g·s] Catalyst 

373 K 385 K 
B 43,44 70,98 
C 24,85 54,70 

 
Table 2. Selectivity and activation energy of propene and acetone formation during   

   isopropyl alcohol conversion in the presence of studied catalysts 
Selectivity [%] 

380 K 400 K 
Activation energy 

[kJ/mol] Catalyst 
Propene Acetone Propene Acetone Propene Acetone 

A 82,11 17,89 64,71 35,29 75,08 136,07 
B 1,13 98,87 0,85 99,15 30,79 48,69 
C 1,01 98,99 0,68 99,32 18,90 43,90 
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Fig. 1. XRD patterns (CuKα radiation):      
           1. PPyCl 
           2. PPyCl-Pt composite obtained  
               by method (C) 
           3. PPy-Pt composite obtained  
               by method (B) 
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Fig. 2. XRD patterns (CuKα radiation):    
           1. PPyCl doped with platinum ions 
           2. PPyCl-Pt composite obtained  
               by method (A) 



b) phenol oxidation 

Examination of  1H NMR spectra has shown that catalytic phenol oxidation carried out 
in the presence of catalysts B and C leads to the formation of low molecular weight 
acids and aldehydes. In both cases the following products have been identified: 
formaldehyde (s, δ = 9,52 ppm), acetaldehyde (d, δ = 2,14 ppm; q, δ = 9,65 ppm)  
and acetic acid (s, δ = 1,93 ppm). The signal in the range characteristic for aldehyde 
protons (s, δ = 10,36 ppm) may also indicate the presence of glyoxal or glyoxalic acid. 
Additionally, formic acid (s, δ = 8,15 ppm) has been identified in the products  
of reaction carried out using catalyst B. No signals which could be ascribed to the 
intermediate products, such as o- and p-benzoquinone, hydroquinone, catechol, maleic 
acid, fumaric acid, muconic acid or aldehyde have been observed in the case of catalysts 
B and C. 
  
Conclusions 
1. Based on the kinetic measurements it can be concluded that the catalysts obtained by 
methods B and C show very high and similar activity in the redox isopropyl alcohol 
dehydrogenation reaction leading to acetone. These catalysts are significantly more 
active than the catalyst prepared by method A.   
Higher activity of catalyst B with respect to that of C can be explained by smaller sizes 
of Pt crystallites in catalyst B than those in catalyst C. Smaller crystallites at the same Pt 
content lead to higher specific surface area of the active phase. This results  
in the increase of the total rate of the catalytic reaction as has been also observed in the 
case of electrochemically prepared PPy-Pt samples [5, 6].    

2. Low intensities of the reflections corresponding to metallic Pt  
in the XRD pattern of sample A indicate that Pt ions incorporated into the PPyCl matrix 
have been reduced only to a small extent in this case. This may be the reason for low 
catalytic activity of this sample. Low activity of PPy-Pt systems containing ionic 
platinum acting as catalysts in methanol electrooxidation has been also observed in [6].   

3. Phenol oxidation studies show that in the presence of the catalyst containing smaller 
Pt crystallites (catalyst B) which is more active in the redox reaction (the highest 
absolute specific rate of dehydrogenation reaction) the products of deep destructive 
oxidation (formic acid) are formed to higher extent. 
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Introduction 
Experiment is a very important part of educational process in chemistry. It is a 

source of knowledge and experience and it helps students to adapt new routines and 
skills. The experiment must be as visual as possible; it is important to indicate distinct 
trends, for example precipitation, change of color, pH or conductivity of a solution. The 
experiments carried out with scientific measurement devices and along with Personal 
Computer (PC) or supported by PC can be useful in education with high impact. 
Advantages are direct visualization of a studied problem, immediate feedback, excellent 
clearness, employment of PC is attractive for students etc. In addition to that, the 
treatment of experimental data is easy, which allows students to focus on a studied 
problem. Experiment made or supported by PC also makes possible simultaneous 
theoretical and practical illustration of taught themes and leads to a better understanding 
of studied phenomena. Further important point to employ the measurement devices 
along with PC is that students of technically and technologically specialized schools 
have to master philosophy and control of these devices to be fully prepared for their 
profession or study at universities and other schools. 

Utilization of experiments supported and/or provided by PC in the Czech Republic 
is not newcomer [1, 2], nevertheless, there is a lot of obstacles complicating this 
tendency, such as dimension, weight, know-how, money. Therefore, the perfect and 
suitable “high-school device” should be designed with respect to specific conditions and 
requirements of the high school laboratories and classes and, accordingly, requirements 
for a suitable measurement device for a high school slightly differ from the needs for a 
scientific one. The device should provide relatively exact and comfortable 
measurements (perfect accuracy, sensitivity and a variety of functions are not the most 
important parameters). The attention has to be also focused on mobility, easy and 
user-friendly control (software, manipulation, simple assembling and disassembling 
etc.), easy and cheap maintenance, robustness, reasonable dimensions, possibility to 
make experiments with or without PC, modularity (ability to provide more types of 
experiments from various fields of chemistry, biology, physics with one device) etc.. 
Infraline Graphic by Pierron Education 

An instrument available at the Czech market, which is 
designed to fulfill the mentioned requirements, is Infraline Graphic 
by Pierron Education (Fig. 1). It is small and mobile device 
allowing connection of various sensors (even simultaneously) [3] 
and can operate with (through programme DidexPro by Pierron 
Education) as well as without PC. Its design allows measurement 
either in laboratory or outside the laboratory. 

Objectives 
Our contribution is focused on laboratory and demonstrational 

experiments potentially suitable for high schools and universities; 
the experiments are performed by Infraline Graphic. Particularly, 

Fig. 1  Infraline Graphic 



we have focused our attention on experiments in physical chemistry, because the 
physical chemistry is not favorite part of chemistry for most of the students in the Czech 
Republic. A reason is that some principles, concepts and definitions are rather abstract 
and complex to understand and they need supporting materials which help to visualize 
the studied problems. Therefore the experiments are important and integral part of the 
supporting materials. 

Results and discussion 
This contribution should be a summary of the two-year work with the instrument 

Infraline Graphic. It is impossible to concretize all the experiments; we show just two 
examples of our whole work. The testing of the Infraline Graphic has shown that the 
device is suitable for laboratory experiments at high schools and universities, especially 
due to its user-friendly and easy control through PC and multifunctional possibilities. 
Sensitivity and accuracy of tested sensors were acceptable and sufficient for a variety of 
experiments. Communication and operation along with PC was smooth and showed that 
experiments supported by PC can additionally improve quality of the experiment and 
simplify its treatment. It leads to better understanding of studied phenomena and 
improves and makes education more effective. 

On the basis of the preliminary testing, there was proposed, tested and evaluated a 
set of 24 laboratory and demonstrational experiments, which were divided into four 
groups according to the used sensor: 

 

Conductometry (conductometric sensor) 
Conductivity of distilled, tap and 

mineral water 
pKa of weak acid (conductometric 

measurement) 
Conductivity dependence on solution 

concentration  
Conductometric titration of a weak diprotic 

acid 
Precipitation titration of NaCl by AgNO3 

with equivalence point indication by 
measuring the solution conductivity  

Acid-base titration of acid by base with 
equivalence point indication by 

measuring the solution conductivity 
Conductivity of acids and bases aqueous 

solutions 
 

 
 
 

 

VIS Spectrometry (photometric sensor) 
Determination of unknown concentration in a sample using calibrating curve method: 

(for Ni(NO3)2, NiSO4, CoCl2, Co(NO3)2, K3[Fe(CN)6], AlluraAC red) 
 

Thermochemistry and calorimetry (temperature sensor) 
The heat capacity of a calorimeter  Dependence of released heat on the 

amount of the reactant 
The temperature of heated copper wire Heat of neutralization 

Potentiometry and pH measurements (glass electrode) 
pKa of phosphoric acid by potentiometric 

acid-base titration 
pH dependence on concentration of CO2 

in solution 
Colour-change interval for acid-base 

indicator: thymol blue 
Acid-base titration with potentiometric 

indication of equivalence point 
Colour-change interval for acid-base 

indicator: bromphenol blue 
Colour-change interval for acid-base 

indicator : methyl orange 
Colour-change interval for acid-base 

indicator : phenolphtalein 
 



Experiments with two or more sensors 
Acid-base titration of weak acid 
(simultaneous equivalence point 

indication by measurement of pH and 
conductivity of the solution)  

Acid-base titration (simultaneous 
equivalence point indication by 

measurement of pH and conductivity of 
the solution) 

The pH dependence on temperature  Mineral water – pH and conductivity 

Analysis of water (pH, conductivity, Cl-, 
NO2

-, acidity, alkalinity) 
 

The most important advantage of PC utilization is visualization. It can be 
perfectly seen during the titration, indicated with potentiometric and/or conductometric 
sensor (using the software DidexPro provided by manufacturer). In Fig. 2 is shown a 
graph, which is continuously recorded and displayed while measuring. Fig. 2 is a graph 
of acid-base titration: HCl (0.1232 mol.L-1) was titrated with 0.195 mol.L-1 NaOH 
(previously standardized with oxalic/ethanedioic acid). The solution of HCl with stirrer 
put on mixing vessel is titrated with micropipette: the NaOH titrant (0.3 ml) is added 
every 10 seconds after measured value, which provides consequent stirring. 
Potentiometric and conductometric curve are logged at once in one graph, the table of 
values is also exhibited on the screen. The equivalence point can be read right from 
these curves (the inflection point at potentimetric curve, the minimum at 
conductometric curve), or there can be worked out a first derivation, where can be read 
an exact value of equivalence point (Fig. 3). In this example the equivalence point is at 
time 240 sec for potentiometric sensor (230 sec for conductometric sensor), it means 23 
(22) addition, because the starting addition is after first 10 seconds. The volume of the 
titrant is therefore 23 x 0.3 ml = 6.9 ml (22 x 0.3 ml = 6.6 ml). With this volume we can 
get the unknown concentration of acid, which is in this example 0.1345 mol.L-1 for 
potentiometric sensor and 0.1287 mol.L-1 

for conductometric sensor (0.1316 mol.L-1 
at the average). Error 6.8 % is receivable.  
Secondly we would like to focus on VIS spectrometric sensor. Its principle and 
construction are simple [4]. Light emitting diode (LED) acts as a light source. The 
corresponding wavelength is specified by a suitable filter which absorbs remaining 
wavelengths emitted by the source. The light passes through a solution of a sample 

Fig. 2 Titration curves: potentiometric (blue) and 
conductometric (red) 

Fig. 3 Derivation of the titration curves 



where a part of light intensity is absorbed by the sample. The light which is not 
absorbed is detected by photo-sensitive diode. The sensor is cheaper than similar 
scientific devices, so there was a question, whether the sensor works. To test the sensor, 
we made a set of comparative measurements with scientific spectrometer USB-2000 
(OceanOptics, Netherlands). We observed that measured values with VIS spectrometric 
sensor are well comparable with those obtained with USB-2000 spectrometer. We 
designed a set of experiments based on determination of unknown concentration in a 
sample by calibrating curve method (for Ni(NO3)2, NiSO4, CoCl2, Co(NO3)2, 
K3[Fe(CN)6], AlluraAC red, nitrite in water). Especially, the determination of AlluraAC 
red (E-129, food-dye) concentration in sweets or drinks can be attractive for students. 
We obtained a fair calibration curve (line) with reasonable square coefficient of 
determination R2 (R2 = 0.9884) suitable for determination the unknown concentration of 
AlluraAC red in a sample by mentioned method. Similarly, another attractive 
experiment, determination of nitrite ion concentration in a sample of fresh water, was 
also successful. For the VIS spectrometry sensor is suitable for experiments 
demonstrating absorption of light by a sample and the calibrating curve method. 
Conclusion 
The device has shown to be suitable especially due to its user-friendly and easy control 
through PC and multifunctional possibilities. The principal advantage of the 
experiments practiced with the Infraline Graphic is a direct visualization of the 
experiments results on the screen of the device and/or PC and the possibility for 
immediate treatment of acquired data. The set of experiments using Pierron Infraline 
Graphic has been proposed, tested and evaluated. 22 experiments seem to be suitable for 
utilization at high schools and in early courses at universities. In the case of two 
unsuccessfully tested experiments, the sensitivity of corresponding sensor was not 
sufficient (Determination of pKa of weak acid by conductometric measurements and 
Conductometric titration of weak diprotic acid). The worksheets will be published on a 
website. The work sheets for the experiments have been designed for teachers 
(containing important notes to the experiments, calculations, possible results etc.) as 
well as for students allowing easy editing to adapt the experiment for teacher needs 
(.doc format). The proposed laboratory experiments can be easily performed in 
laboratory as well as demonstrational experiments and cover some important 
phenomena and principles of physical chemistry, in particular parts of Thermometry 
and Calorimetry, Potentiometry, VIS Spectrometry and Conductometry. 
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 The biological activities of various triazoles [1-11] and imidazoles [12-13] have 
been extensively studied. We observed from the literature that combination of two 
heterocyclic moieties can enhances these activities [14]. In continuation of our work on 
the synthesis of heterocycles of pharmaceutical interest [15-16] we report here synthesis 
and characterisation of new derivatives of 3-[(4-nitroimidazol-1-yl) methyl]-1,2,4-
triazoline-5-thione. 
The new obtained compounds can exist in two tautomeric forms: thione or thiole. 
 
 

 
 
 
Experimental 
 
Melting points were determined in a Fisher-Johns block without corrections. The 1H 
NMR spectra were recorded on a Brucker Avance 300 in DMSO-d6 with TMS as 
internal standard. TLC was performed on commercial Merck SiO2 60 F254 plates with 
chloroform-ethanol (10:1) eluent system, visualization: UV light λ 254 nm. Elemental 
analyses were performed on a Perkin-Elmer analyzer and were in the range of ± 0.4% 
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for each element analyzed (C, H, N). Chemicals were purchased from Merck Co. or 
Lancaster and used without purification. 
 
(4-nitroimidazol-1-yl) acetic acid hydrazide (I) 
Methyl (4-nitroimidazol-1-yl) acetate (0.01 mole), dry ethanol (5 cm3) and hydrazine 
hydrate (80%, 0.02 mole) were mixed and kept for 24 h in room temperature. The 
product was filtered, dried and crystallized from 95% ethanol. 
C5H7N5O3  M.w 185.14. M.p. 110-1oC. Yield 86%. 
 
Thiosemicarbazide derivatives of (4-nitroimidazol-1-yl) acetic acid (IIa-IIc)  
Hydrazide I (0.01 mole) and isothiocyanates (0.01 mole) were mixed carefully and then 
placed in a round bottom flask, and heated on oil bath at 70oC for 8 h. The reaction 
product was washed with diethyl ether in order to remove the unreacted isothiocyanate 
and then with water to remove the unreacted hydrazide. Next, the product was filtered, 
dried and crystallized from 95% ethanol. 
4-Phenyl-1-[(4-nitroimidazol-1-yl)acetyl]thiosemicarbazide (IIa) 
C12H12N6O3S Mw:320.33. M.p. 140-2oC. Yield 88%. 1H NMR (δ, d6); 4.99 (s,1H,CH2); 
6.90-7.43 (m, 5H,arom. benzene); 7.52 (s,1H,CH); 8.24 (s,1H,CH); 9.57, 9.88, 10.34 
(3s,3H,3NH). 
4-(4-Methoxyphenyl)- 1-[(4-nitroimidazol-1-yl)acetyl]thiosemicarbazide (IIb) 
C13H14N6O4S Mw:350.36. M.p. 192-4 oC. Yield 93%. 1H NMR (δ, d6); 3.75 (s, 3H,CH3); 
4.94 (s,1H,CH2); 6.88-7.40 (m, 4H,arom. benzene); 7.80 (s,1H,CH); 8.31 (s,1H,CH); 
9.56, 9.65, 10.44 (3s,3H,3NH). 
4-Benzyl-1-[(4-nitroimidazol-1-yl)acetyl]thiosemicarbazide (IIc) 
C13H14N6O3S Mw:334.36. M.p. 149-150oC. Yield 90%. 1H NMR (δ, d6); 4.78 
(s,1H,CH2); 4.91 (s,1H,CH2); 7.21-7.36 (m, 5H,arom. benzene); 7.80 (s,1H,CH); 8.30 
(s,1H,CH); 8.59, 8.61, 10.33 (3s,3H,3NH). 
 
3-[(4-Nitroimidazol-1-yl)methyl]-4-substituted-1,2,4-triazoline-5-thione (IIIa-IIIc): 
thiosemicarbazide IIa-IIc (0.01 mole) and sodium hydroxide (2%, 20 cm3) were boiled 
for 2 h. after cooling, the solution was neutrailed with diluted hydriochloric acid. The 
precipitate was filtered and then crystallized from 95% ethanol. 
3-[(4-Nitroimidazol-1-yl)methyl]-4-phenyl-1,2,4-triazoline-5-thione (IIIa) 
C12H10N6O2S Mw:302.31. M.p. 309-310oC. Yield 89%. 1H NMR (δ, d6); 5.33 
(s,1H,CH2); 7.40-7.59 (m, 5H,arom. benzene); 7.49 (s,1H,CH); 8.16 (s,1H,CH); 14.02 
(s,1H,NH).  
4-(4-Methoxyphenyl)-3-[(4-nitroimidazol-1-yl) methyl]-1,2,4-triazoline-5-thione (IIIb) 
C13H12N6O3S Mw:332.34. M.p. 148-150oC. Yield 88%. 1H NMR (δ, d6); 3.83 (s, 
3H,CH3); 4.95 (s,1H,CH2); 7.38-7.64 (m, 4H,arom. benzene); 7.76 (s,1H,CH); 7.93 
(s,1H,CH); 13.85 (s,1H,NH). 
4-Benzyl-3-[(4-nitroimidazol-1-yl) methyl]-1,2,4-triazoline-5-thione (IIIc) 
C13H12N6O2S Mw:316.34. M.p. 120-2oC . Yield 78%. 1H NMR (δ, d6); 5.35 (s,1H,CH2); 
5.57 (s,1H,CH2); 7.07-7.48 (m, 5H,arom. benzene); 7.84 (s,1H,CH); 8.19 (s,1H,CH); 
14.05 (s,1H,NH). 
 
Calculation 
Theoretical quantum chemical calculations were performed for the thiole and thione 
form of compounds IIIb and IIIc. 



The molecular geometries were optimized by semi-empirical PM3 quantum chemical 
method. Finally, B3LYP hybrid DFT potential with the 6-31G** functional base was 
used to gain the single-point electronic energies. All of the quantum chemical 
calculations were accomplished by Gaussian 98 package [17]. 
The results of calculations evidenced that the thione forms are more favourable for both 
compounds. However, the energy difference between both tautomers is significanly 
higher for compounds with the benzyl substituent IIIc(18.7 kcal/mol) then for IIIb 
(14.7 kcal/mol). 
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 The utilization of perfluoroaromatics for molecular recognition has in recent 
years been an intensely studied topic. The pentafluorobenzaldehyde (PFBA) (I) and 
tetrafluoroterephtalic aldehyde (TFTA) (II), both important starting materials for the 
above mentioned research have so far been hardly investigated. With the sole exception 
of the reduction of pentafluorobenzonitrile[1] to pentafluorobenzaldehyde (yield 64%) 
all the known methods for the synthesis of PFBA [2-9] and TFTA [10,11]  involve 
multi-step processes with low overall yields and starting from rather inaccessible raw 
materials. 

In the course of our search for alternative cheap and accessible starting materials for 
the preparation of PFBA and TFTA we were intrigued by the possible deployment of 
the pentafluorobenzene and  hexafluorobenzene for this purpose. However, given the 
electron-deficient nature of pentafluorobenzene standard formylation methods [12] are 
not plausible. Bearing in mind that Nef [13] reaction would be a straightforward 
pathway to achieve this transformation  through an SNAr reaction under mild and 
controlled conditions. The nitromethyl derivatives obtained were readily transformed 
into the corresponding aryl aldehyde I, II overall as an equivalent process of 
nucleophilic formylation in which nitromethane serves as the synthon for formyl anion.      
Hexafluorobenzene reacted readily with nitromethane in the presence of NaH in DMFA 
or DMSO at room temperature. This nitromethylation proceeded well with 
hexaflourobenzene. Nucleophilic displacement of a single fluorine atom in 
hexafluorobenzene by nitromethane affords 1,2,3,4,5-pentafluoro-6-nitromethylbenzene 
(Ia) replacement of another fluorine affords then 1,2,4,5-tetrafluoro-3,6-bis-
nitromethyl-benzene (Ib) a compounds easily undergoing the Neff reaction when treated 
with KOH and KMnO4 with good yields. The procedure represents a novel, as yet 
unpublished synthesis  (scheme 1.) of PFBA  (I) and TFTA (II). The formation of the 
by product III alsou detected during the preparation of I. 
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We investigated the reactivity of fluorine substituents in PFBA (I) towards 
nucleophiles (e.g. azide anion, 4-methylphenylthiolate anion) as well as that of carbonyl 
group in PFBA towards 2-thenylacetonitrile. The target compounds VI-X can be used 
as building blocks for novel materials with optoelectronic properties and 
supramolecular structure in solid state. 
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General procedure for the preparation of Ia and IIa   Nitromethane (300 mmol) 
in DMSO (100 mL) was dropped into the suspension of NaH (300 mmol) in 
100 mL of dry DMSO with stirring.  
a/ Ia, After the bubbling subsided, hexafluorobenzene  (100 mmol) was added; the 
mixture was stirred at r.t. 5h, 100OC 1h and 150OC 1h  and then poured into ice-
water; acidified with 6 N HCl, then extracted with ethyl acetate. The organic 



extraction was washed with water and brine and dried over anhydrous MgSO4. 
Evaporation of the solvent in vacuum gave a residue, which was separated by 
column chromatography on glass columns packed with silica gel Merck60 using 
toluene as eluant to afford Ia 49% and a small amount of IIa. 
b/ Ia and IIa After the bubbling subsided, hexafluorobenzene  (50 mmol) was 
added; the mixture was stirred at r.t. 5h, 100OC 5h and 150OC 1h  and then poured 
into ice-water; acidified with 6 N HCl, then extracted with ethyl acetate. The 
organic extraction was washed with water and brine and dried over anhydrous 
MgSO4. Evaporation of the solvent in vacuum gave a residue, which was separated 
by column chromatography on glass columns packed with silica gel Merck60 using 
toluene as eluant to afford Ia 44% and Ib 25%. 
Ia. Yellow oil (Rf=0.7 – toluene) 1H NMR (300 MHz, CDCl3) 4.50 (s, CH2) 
IIa. M.p. 149-152 °C, (Rf=0.5 – toluene) 1H NMR (300 MHz, CDCl3) 4.52 (s, CH2) 
 
 
  General procedure of the preparation of I and II: A stirred suspension of Ia or 
IIa (20 mmol) in methanol (140 mL) was cooled to -10 °C to 5 °C and then a freshly 
prepared solution of KOH (60 mmol) in methanol (200 mL) was added dropwise. 
After stirring for an additional 30 min, a solution of KMnO4 (15 mmol) and 
MgSO4 (60 mmol) in water (600 mL) was added dropwise with vigorous stirring. 
When the reaction was complete, the mixture was filtered over a thin layer of Celite. 
The filtrate was extracted with CH2Cl2 and the extract was washed with saturated 
Na2CO3, water, and brine successively and then dried over MgSO4. Removal of the 
solvent in vacuum gave a residue which was separated by column chromatography 
on glass columns packed with silica gel Merck60 using toluene as eluant to afford I 
in 64% yield b.p. 55°C/2.4 kPa and II in 60% yield as light yellow crystals m.p.132 °C 
(chloroform) lit. [10,11] 131-132 °C. 
 
 4-Azido-2,3,5,6-tetrafluorobenzaldehyde (IV). A mixture of NaN3 (60 mmol) and I 
(50 mmol) in 100 ml acetone and 40ml water was refluxed for 10 h. The mixture was 
cooled, diluted with 200 ml water and extracted by ether. The extract was dried and 
evaporated to leave 95%  IV m.p. 44-45°C. 1H NMR (300 MHz, CDCl3) 10.23 (1H, CHO) 
IR (film) νmax/cm-1: 2125 (N3). The ether solution of IV with equivalent od 
triphenylfosfine resulted quantitatively V m.p. 139-141°C. 1H NMR (300 MHz, CDCl3) 
10.07(1H, CHO), 7.28-7.36 (m,15H, HAr). 
 4-Amino-2,3,5,6-tetrafluorobenzaldehyde (VI)  Prepared by hydrolysis of V in 
THF-H2O 1:1, 20h, 65°C in 90% yield m.p. 110-111°C. lit[14] 110-111°C. 
 4-N-pyrrolo--2,3,5,6-tetrafluorobenzaldehyde (VII). Prepared by Paal-Knorr 
pyrrole synthesis [15] in 85% yield m.p. 60-61 °C. 1H NMR (300 MHz, CDCl3), 
10.31(1H, CHO), 6.47-6.42 (2H, HAr),  7.01-7.10 (2H, HAr), 19F-NMR(C6F6): -5,67 (q), -
10,30(q). 
 Preparation of VIII a IX  The synthesis of VIII were carried out using the 
MacNicol[16] reaction. The 7 eqv. of sodium 4-methylphenylthiolate  species 
generated in situ by treating the thiol with potassium hydroxide , were reacted with I in 
DMFA in various temperature producing the pentasubstituted benzenes VIII in 44% 
yield and IX in 37% yield. The moderate yield of analytically pure material VIII 
probably result from the presence of the products of lower degrees of substitution and 
the potassium hydroxide present in the potassium 4-methylbenzenethiolate  effects a 



haloform cleavage product IX.  
VIII. m.p. 119-120°C. 1H NMR (300 MHz, CDCl3) 9.75 (1H, CHO), 6.87-6.95 (m, 20H, 
HAr),  2.27 (s, 15H, CH3), 19F-NMR(C6F6): δ  = Ø 
IX  m.p. 107-110°C. 1H NMR (300 MHz, CDCl3)  6.80-7.08 (m, 21H, HAr),  2.23 (s, 15H, 
CH3), 19F-NMR(C6F6): δ  = Ø    
 Preparation of X. By heating of I with 2-thienylacetonitrile in ethanol and 2 drops 
of 50% NaOH in 64% yield, m.p. 167-169 °C, 1H NMR (300 MHz, CDCl3)  6.72-7.18 (m, 
23H, HAr), 6.41 (s, 1H, CH=C),  2.22 (s, 15H, CH3), 

Structures of target compounds I-X were proved by IR, UV, 1H NMR,  13C NMR  
and 19F NMR spectral methods, and IIb by X-ray analysis [17].   
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INTRODUCTION 
  
 Dinuclear ruthenium (III,IV) complexes, [Cl5RuORuCl5]n- (n = 4, 5), and their 
aquated derivatives, belong to the group of well – defined ruthenium dimers and 
oligomers [1- 4] where the link between the metal sites is a µ-oxo bridged ligand.             
Small structural differences between the oxidized and reduced forms, together with the 
specific contribution of the oxygen bridges to the electron transfer processes, create 
favourable conditions to the fast and reversible redox chemistry [5]. 
 In our previous paper [6] we have reported on the kinetics of the reduction of    
µ-oxo-bis[aquatetrachlororuthenate (IV)] ion with ascorbic acid in acidic solution. 
Formation of mixed oxidation state complex with a linear Ru(III)-O-Ru(IV) core and 
dehydroascorbic acid as a reaction products has been observed. 
 In this paper the kinetics and mechanism of the one-electron reduction of  µ-oxo-
bis[aquatetrachlororuthenate (IV)] with iron (II) in water-HCl solution are presented: 
 
[(H2O)Cl4Ru(IV)ORu(IV)Cl4(H2O)]2- + Fe2+ → [(H2O)Cl4Ru(III)ORu(IV)Cl4(H2O)]3- +  Fe3+ 
 
 It is generally accepted that binuclear electron transfer reactions proceed via               
a sequence of elementary steps: formation of the precursor complex, intramolecular 
electron transfer within the precursor complex, and dissociation of the successor 
complex. For outer-sphere reactions, the precursor and successor complexes are ion 
pairs or outer-sphere complexes. For inner-sphere reactions, the precursor and successor 
complexes are binuclear complexes in which a bridging ligand connects the two metal 
centers [7, 8]. 
 
EXPERIMENTAL 
 
          K4[Ru2OCl10] · H2O was prepared and analysed as described in [9]. 
[Ru2OCl8(H2O)2]2- was obtained during four hours lasting aquation process                       
of [Ru2OCl10]4- in 0.1 mol dm-3 HCl solution [2]. After this time more than 99.8% of the 
complex was in the form of [(H2O)Cl4RuORuCl4(H2O)]2-. Iron (II) perchlorate solution 
was prepared by dissolving analytical grade iron wire in an excess of previously 
deaerated perchloric acid. Iron (II) concentration was determined by titrating with 
permanganate, and excess of acid by potentiometric titration with alcali in absence                            
of oxygen. The ionic strength was adjusted by introducing suitable quantities                        



of 1.0 mol dm-3 NaCl solution into the solution to be investigated. HCl and NaCl were 
an AR grade samples and were used without further purification.     
              Kinetic measurements were performed under pseudo-first order conditions,      
with Fe(II) and hydrogen ions concentration in an excess over the ruthenium complex 
concentration. Electronic absorption spectra, as well as kinetic measurements, were 
made on Specord UV-Vis spectrophotometer. Reaction was monitored at 470 nm                 
(ε = 5120 [2]) and the observed first order rate constant, kexp, was calculated by linear 
least-squares fitting of log(At-A∞) to time t. At and A∞ are the absorbance of the solution 
at time t and after 8-10 half-lives. Each kinetic run was repeated 3 to 4 times. 
 
RESULTS AND DISCUSSION 
 
 Reaction rate measurements in a broad range of reagents concentration and pH 
revealed first order kinetics with respect to the ruthenium complex and zero order 
kinetics with respect to hydrogen ion concentration. The reaction order with respect to 
[Fe2+] dependens on reductor concentration and changes from 1 to 0 with [Fe2+] 
increase (Table 1). 
 
Table 1. Kinetic data for the reduction of [Ru2OCl8(H2O)2]2- by Fe2+ 
 
 
105[Ru2OCl8(H2O)2

2-]   
(mol dm-3) 

 

 
103[Fe2+] 

(mol dm-3) 

 
[HCl] 

(mol dm-3) 

 
[NaCl] 

(mol dm-3) 

 
102kexp 

(s-1) 

 
8.01 
8.65 
7.70 
8.65 
8.10 
8.53 
4.23 

             16.10    
             31.40 

8.18 
8.07 
8.18 
9.31 
9.81 

             11.10 
             10.90 

 
0.25 
0.50 
1.0 
2.0 
3.0 
6.0 
6.0 
6.0 
6.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.20 
0.40 
0.90 

 
— 
— 
— 
— 
— 
— 
— 
— 
— 

0.10 
0.20 
0.40 
0.80 
0.70 
0.50 
— 

 
0.563 
0.691 
1.23 
1.57 
2.07 
2.27 
2.31 
2.23 
2.26 
1.75 
2.03 
2.83 
2.96 
2.89 
2.95 
2.41 

      
ket = 2.20 x 10-2 s-1, Kf = 1.26 x 103 mol-1 dm3 
temp. = 25oC (correlation coefficient r = 0.9674) 
 
 
 



 
At a sufficient excess of the reductor concentration over the ruthenium complex,                   
the reaction display saturation kinetics [4] and a limiting rate is observed. The observed 
saturation in the reaction rate at higher reductor concentration can be interpreted by the 
mechanism involving ion pair formation between the highly and oppositely charged 
reactants, or inner-sphere complex, where two metal ions are bridged by the chloride 
ion. 
                       The kinetic data together with previous findings for the reduction reaction 
of µ-oxo-bis[aquatetrachlororuthenate (IV)] ion by ascorbic acid [6] allow to propose                            
the following reaction mechanism (all iron ions are hydrated species) : 
 
 
 
         (H2O)Cl4Ru(IV)ORu(IV)Cl4(H2O)2-  +   Fe2+          [Intermediate] 
                                 ket 
         [Intermediate]  (H2O)Cl4Ru(III)ORu(IV)Cl4(H2O)3-  +  Fe3+  
 
         where [Inermediate]  =  [(H2O)Cl4RuORuCl4(H2O)2-  ||  Fe2+] 
 
         or [(H2O)Cl4RuORuCl4(H2O)Fe] 
 
 
 
The rate law of the investigated process is given by the kinetic equation : 
 
  

              
 
 
where: ket - rate constant of electron transfer 
            Kf  - formation constant of intermediate complex 
 
 
At the pseudo-first order conditions: 
 
 
 
 
 
The equation (2) in its inverse form: 
 
 
 
 
 
 

2- 
2 (1) 

= 
  ket Kf [Fe2+] 

  kexp           1 + Kf [Fe2+] 

(2) 

 (3) 
=

    1 
            ket 

   1 
     ket Kf [Fe2+] 

    1 
            kexp 

+ 

Kf

 ket Kf [Ru2OCl8(H2O)2
2-][Fe2+] 

=
d[Ru2OCl8(H2O)   ] 

  dt         1 + Kf [Fe2+] 

2- 
2           



provides useful way of determining of ket and Kf from the intercept and slope of the 
linear plot of 1/kexp against 1/[Fe2+] (Fig. 1). 

 
 Fig. 1.  Plot of 1/kexp versus 1/[Fe2+] for the reduction reaction of [Ru2OCl8(H2O)2]2- by                             
              Fe2+ (test of eq. (3)). Reaction conditions as in Table 1. 
 
 
Kinetic data for the reduction of [Ru2OCl8(H2O)2]2- with Fe2+ in water-HCl solutions are 
presented in Table 1. 
 
The positive salt effect is not in agreement with that expected for the reaction between 
oppositely charged ions. Increase of the rate constant with NaCl concentration increase 
suggests that electron transfer process proceeds through formation of an chloride 
bridged intermediate rather than by ion pair formation. Inner sphere electron transfer 
mechanism has been suggested also for the reduction process of this complex with 
ascorbic acid [6]. 
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 ABSTRACT. A simple and direct spectrophotometric methods for 
determination of zinc are based on reaction with azo dyes: 1-(2-pyridylazo)-2-naphtol 
(PAN) and  
Chromothrop 2B in the presence benzyldimethyldodecylammonium bromide 
(BDDABr) have been developed. Optimum concentrations of PAN, Chromothrop 2B, 
BDDABr and pH ensuring maximum absorbance were defined. The effect of foreign 
ions was elucidated. The complex Zn-PAN-BDDABr shows maximum absorbance at 
597nm with the molar absorptivity value 8.55⋅104 L mol-1cm-1, and complex Zn-
Chromothrop 2B-BDDABr has maximum absorbance at 595nm with the molar 
absorptivity value 4.26⋅104 L mol-1cm-1. The Beer’s law is obeyed for zinc 
concentrations in the range 0.24-0.80 µgmL-1 for the complex Zn-Chromothrop 2B-
BDDABr and 0.36-0.80 µgmL-1 for the complex Zn-PAN-BDDABr. The method 
basing on the complex Zn-PAN-BDDABr has been applied for the determination of 
zinc in milk, milk substituting preparations, insulin and blood serum. 
            
           INTRODUCTION. The very sensitive and selectivity methods for the 
spectrophotometric determination of many metals and also zinc are based on the 
reaction with azo-dyes [1-3]. The most popular of these chromogenic reagents are  
1-(2-pyridylazo)-2-naphtol (PAN) and Chromothrop 2B. PAN belongs to group of 
pyridylazo dyes and Chromothrop 2B is example of o-hydroxyarylazo compounds. 
Metal-PAN complex does not dissolve in aqueous solution, so it is necessary to do  
a solvent extraction. This complex had been extracted with non-polar solvents such as 
chloroform or benzene, which was found to be carcinogenic. Application of surface 
active substances, which play the role of a protective colloids gives possibility to 
increase solubility of a Zn-PAN and Zn-Chromothrop 2B complexes and creates better 
conditions for determination [4-7]. The harmful organic solvents used in the extraction-
spectrophotometric methods have been eliminated. An advantage of these methods is a 
direct spectrophotometric measurement of absorbance of analysed solution.. Application 
of three component systems, and also more often use of four-component systems, 
causes the spectrophotometric methods to exhibit high sensitivity-molar absorptivity 
usually larger than 1⋅105 L mol-1cm-1and can compete with other extraction-
spectrophotometric and spectrophotometric methods [8-13]. 
             
           EXPERIMENTAL. Reagents. All the reagents were of analytical grade and 
were used without further purification. Double-distilled water was used in all 
experiments. 
Zinc stock solution (1mg mL-1) was prepared by dissolving 0.43987 g of ZnSO4⋅7H2O 
(PPH”POCh” S.A.) in water with addition of 0.5 mL of concentrated H2SO4 and 
dilution up to 100 mL. Working solutions of 10 µg mL-1 and 20 µg mL-1 were obtained 
by diluting the stock solution. 1-(2-pyridylazo)-2-naphtol (PAN) solution in methanol  



 

(1⋅10-3 mol L-1) was obtained by dissolving 0.0250 g of PAN (PPH”POCh” S.A.) in 
methanol and dilution up to 100 mL.  
Chromothrop 2B solution (1⋅10-3mol L-1) was obtained by dissolving 0.12835 g of 
Chromothrop 2B (PPH”POCh” S.A.) in water and dilution up to 250 mL. Triton X-100 
(1⋅10-2 mol L-1) was obtained by dissolving    3.2343 g of Triton X-100 (BDH) in water 
and dilution up to 500 mL. Benzyldimethyldodecylammonium bromide (BDDABr) 
solution (1⋅10-1mol L-1) was obtained by dissolving 3.8445 g of BDDABr (Fluka) in 
water and dilution up to 100 mL. Borate buffer pH=8, pH=7.6 [14]. Control of blood 
serum Cormay HP and samples of human blood serum (Medical Laboratory). Insulin 
Actrapid, Mixtard (Polfa, Tarchomin, Poland)Milk Nan 1 (Nestle) and milk substituting 
preparations Isomil (Abbot Laboratories B.V.), Nutrison (Ovita Nutricia).  
Apparatus. An Jasco (Japan) model V-530 spectrophotometer UV-VIS was used for all 
absorbance measurements with a 10 mm glass cell. An Elwro (Poland) model N-517 
pHmeter was used for pH measurements. The spectrometer ICP-OES made by Spectro 
Analytical Instruments (Germany) was used with the following parameters: 27.12 MHz, 
power 1.1 kW, nebulizer-concentric Meinhard. Mineralization was conducted in a Uni-
Clever BM-1z microwave mineralizer, Plasmotronika (Poland). 
Procedure. Zn-PAN-BDDABr: To the flask of 25 mL capacity were introduced 2mL 
of the BDDABr solution, 1.3 mL  PAN solution, 3.5 mL borate buffer (pH=7.6) and     
5-20 µg zinc. The flasks were filled up with water to the same volume. After 30 min, 
absorbance was measured at 597 nm in 10 mm cuvettes, against the blank and the 
calibration graph was plotted.  
Zn-Chromothrop 2B-BDDABr: To the flask of 25 mL capacity were introduced 2.5 mL 
of the Chromothrop 2B solution, 4 mL borate buffer (pH=8), 2-20 µg zinc and 1mL 
BDDABr solution. The flasks were filled up with water to the same volume. After       
15 min, absorbance was measured at 595 nm in 10 mm cuvettes, against the blank and 
the calibration graph was plotted. 
 
           RESULTS AND DISCUSSIN. Absorption spectrum and effect of 
surfactants. Zinc reacts with PAN forming of an orange coloured water-insoluble 
neutral chelate. The application cationic surface active agent – 
benzyldimethyldodecylammonium bromide or nonionic surfactant – Triton X-100 gives 
possibility to increase to solubility of the Zn-PAN complex and improves conditions for 
its determination.  
Figure 1 presents the absorption spectra for the zinc chelate with PAN in the presence of 
BDDABr and Triton X-100.The complexes Zn-PAN-BDDABr and Zn-PAN-BDDABr 
Tritoin X-100 show the absorption maximum at the same wavelenght   λmax=597 nm 
(curve1,2), and the ternary Zn-PAN-Triton X-100 system at 555 nm (curve 3)               
A large bathochromic effect of maximum absorption of studied system (curve 1) 
comparing with the complex Zn-PAN-Triton X-100 (curve 3, ∆λ=42 nm) was observed. 
In the presence BDDABr there is a significant hyperchromic effect. Introduction of 
Triton X-100 to Zn-PAN-BDDABr system distinctly lowers of absorbance.                   
In consideration of more intensity of absorption of complex wavelenght λ=597 nm was 
choosen. Figure 2 presents the absorption spectra for the zinc complex with 
Chromothrop 2B in the presence of surfactants. 
 
 
 
 
 



 

 
 
 

Fig.1 Absorption spectra, pH=7.6,  l=1cm  
1. Zn-PAN-BDDABr complex measured against blank λ=597nm 
2. Zn-PAN-BDDABr-Triton X-100 complex measured against blank λ=597nm 
3. Zn-PAN-Triton X-100 complex measured against blank λ=555nm 

 

 
Fig.2 Absorption spectra, pH=8,  l=1cm 

1. Zn-Chromothrop 2B complex measured against blank λ=515nm, λ=580nm 
2. Zn-Chromothrop 2B-BDDABr complex measured against blank λ= 595nm 
3. Zn-Chromothrop 2B-Triton X-100 complex measured against blank λ=519nm, λ=585nm 
4. Zn-Chromothrop 2B-BDDABr-Triton X-100 complex measured against blank λ=528nm 

  
Media and the reaction time.  The complexation occurs in a weak alkaline medium 
with the optimum at pH=7.6 for the Zn-PAN-BDDABr complex and with the optimum 
at pH=8 for the Zn-Chromothrop 2B-BDDABr complex. In both cases in further 
experiments the borate buffer of these value pH was used. Absorbance of the complexes 
is constant after 30 min (Zn-PAN-BDDABr) and 15 min (Zn-Chromothrop 2B-
BDDABr) at room temperature and remains constant for 1.5 h. Optimum concentrations 
of PAN, Chromothrop 2B, BDDABr and order of reagents addition were defined. The 
conditions required for the studied systems are given in Table 1. 
 
Table1. The conditions of determination  of the studied complexes. 

Molar excess System λ 
[nm] 

pH Time 
[min] 

Order of reagent 
addition PAN Chr.2B BDDABr 

Zn-PAN-BDDABr 597 
 

7.6 30 BDDABr-PAN-
buffer-Zn 

8 - 130 

Zn-Chr2B-BDDABr 
 

595 8.0 15 Chr.2B-buffer-Zn-
BDDABr 

- 7 31 



 

Composition of the complexes. The continuous variation method was used to establish 
the stoichiometry of the investigated complexes. This method requires the measurement 
of the absorbance or other physical quantity in the series of solutions containing 
different amounts of two reacting components, yet the total sum of their moles is kept 
constant. It was found that in the presence BDDABr, PAN and Chromothrop 2B bound 
to Zn in the molar ratio 2:1. 
Characteristic of the methods. Under the optimum conditions the calibration plot for 
zinc determination was obtained. The Beer’s law was obeyed over the Zn concentration 
range 0.36-0.80 µg mL-1 for the system with PAN in the presence BDDABr and       
0.24-0.80 µg mL-1 for the system with Chromothrop 2B with BDDABr. Molar 
absorptivity for the complex Zn-PAN-BDDABr at 597 nm is 8.55⋅104 L mol-1cm-1 and 
the correlation coefficient r=0.9998. For the complex Zn-Chromothrop 2B-BDDABr 
molar absorptivity at 595 nm is 4.26⋅104 L mol-1cm-1 and the correlation coefficient 
r=0.9967. 
Interference from coexisting ions. The studies of the effect of foreign ions on the 
determination of zinc with PAN in the presence BDDABr show that the selectivity of 
the method is rather poor. The cations Na+, NH4

+, K+, Mg2+, Ca2+ and anions Cl-, Br-, 
NO3

-, SO4
2-, PO4

3-, CH3COO- (examined in the 1000-fold molar excess over zinc) do 
not affect the determination. All cations forming complexes with PAN have an 
interfering effect. It was found that ions F-, I- may be present in 50-fold molar excess 
over Zn and Mn2+, Co2+ in 10-fold molar excess over Zn and Fe3+ 7-fold molar excess 
over Zn. Cation Pb2+ presents at the twenty times lower concentration than the Zn 
concentration and Mo2+, Ni2+, Cd2+, Cu2+ present at the ten times lower concentration 
than the Zn negatively influenced the determination results. Ions CN- and EDTA 
forming permanent complexes with zinc, interfered. Cation Al3+ also affects 
determination because hydrolyzes. 
Analytical application. The most sensitive of the elaborated methods (Zn-PAN-
BDDABr) was applied to the determination of zinc ions in blood serum samples, insulin 
samples as well as milk samples and milk substituting preparations. 
Before the determination was carried out, the samples of milk were mineralized in the 
microwave mineralized with concentrated HNO3. 
Blood serum samples were subjected to the deproteinization process. A 1+1 mixture of 
20% solutions of sulfuric and nitric acids was used [11]. It was also foundthat copper 
present in the serum was eliminated efficiently by complexation with tartrates. 
Determination of zinc. 
Milk samples and milk substituting preparations. In order to prepare the samples for 
analysis, 1 g of milk sample (NAN) and milk substituting preparations (ISOMIL, 
NUTRISON) were transferred to microwave mineralizer and mineralized using 6 mL of 
concentrated nitric acid. When mineralization was completed, the samples were 
quantitatively transferred to the flasks and volumes were made up to 25 mL with 
redistilled water. Then, to 5 mL aliqout of each sample the appropriate amount of the 
saturated NaOH solution was added to obtain pH of about 7.6. Next to 25 mL flasks the 
following reagents were added: 2 mL of BDDABr, 1.3 mL of PAN, 3.5 mL of borate 
buffer (pH=7.6)  and prepared after mineralization of the milk solution. This was filled 
to 25 mL with redistilled water. Absorbance was measured after 30 min at 597 nm, 
relative to a blank test as standard solution.  The zinc concentration was read from the 
standard curve obtained in the presence of all reagents used for the milk analysis. 
Blood serum. In order to prepare the sample for analysis 1 mL of serum (standard 
serum HP and human blood serum) was poured into a test tube and centrifuged; then     
1 mL of redistilled water and 0.5 mL of deproteinizing  mixture (1+1 20 % HNO3+20 % 



 

H2SO4 [11]) were added. After mixing, the sample was heated in boiling water for 3-
5min, cooled down and centrifuged at 3000 turns min-1.The sediment was filtered off 
and washed twice in 2 mL of redistilled water. Next to the solution an amount of 
saturated NaOH was added to final pH of 7.6. To a 25 mL flask was added: 2 mL of 
BDDABr, 1.3 mL of PAN, 3.5 mL of borate buffer (pH=7.6), prepared after 
deproteinization of the serum solution and 0.5 mL of sodium tartrate in order to mask 
copper present in the sample. This was filled to 25 mL with redistilled water. After 30 
min equilibration time the absorbance of solutions was measured at 597nm against the 
blank. 
Insulin. Samples of 1.5 mL of insulin were transferred to a 10 mL standard flasks and 
dilute the samples with redistilled water to the mark. If MIXTARD insulin samples are 
analysed, before diluting the samples acidify them with hydrochloric acid               
(1·10-1mol L-1) to obtain clear solution. In order to prepare the samples of MIXTARD 
insulin for analysis to the 5 mL of insulin solution an amount of saturated NaOH was 
added to pH 7.6. Zinc in ACTRAPID insulin was determination directly from sample. 
Than to each 25 mL flasks was added: 2mL of BDDABr, 1.3 mL of PAN, 3.5 mL of 
borate buffer (pH=7.6) and 5 mL of insulin solution. This was filled to 25 mL with 
redistilled water. Absorbance was measured after 30 min at 597 nm against a blank 
solution. 
 The all results of Zn determination in the studied samples and statistical 
evaluation of the results are given in Table 2. In order to compare the results obtained 
with the use of the elaborated method the comparative ICP-OES method was also 
applied. 
 
Table 2. Results of the determination of the content of zinc in milk samples, blood 
serum and insulin preparations by the developed method and the reference method    
ICP-OES. 

 
Sample 

 
Method 

Average result of 
determination  

[µg mL-1] 

Standard 
deviation SD 

n=3 

µ95=x±t×SD 
[µg mL-1] 

ISOMIL BDDABr-PAN-Zn 
ICP-OES 

1.871 
1.884 

0.02 
0.02 

1.871±0.08 
1.884±0.03 

NUTRISON BDDABr-PAN-Zn 
ICP-OES 

1.342 
1.363 

0.04 
0.01 

1.342±0.05 
1.363±0.01 

NAN BDDABr-PAN-Zn 
ICP-AES 

1.099 
1.130 

0.02 
0.04 

1.099±0.03 
1.130±0.05 

SERUM 
CORMAY HP 

BDDABr-PAN-Zn 
ICP-OES 

0.159 
0.169 

0.02 
0.01 

0.159±0.05 
0.169±0.04 

BLOOD 
SERUM 1 

BDDABr-PAN-Zn 
ICP-OES 

0.185 
0.188 

0.04 
0.03 

0.185±0.10 
0.188±0.08 

BLOOD 
SERUM 2 

BDDABr-PAN-Zn 
ICP-OES 

0.167 
0.178 

0.04 
0.01 

0.167±0.09 
0.178±0.04 

INSULIN 
ACTRAPID 

BDDABr-PAN-Zn 
ICP-OES 

2.760 
2.766 

0.05 
0.06 

2.760±0.13 
2.766±0.15 

INSULIN 
MIXTARD 

BDDABr-PAN-Zn 
ICP-OES 

3.645 
3.676 

0.03 
0.05 

3.645±0.09 
3.676±0.13 

           
           CONCLUSION. The developed spectrophotometric methods for determination 
of zinc by means of PAN and Chromothrop 2B in the presence of 
benzyldimethyldodecylammonium bromide consist in the direct measurement of 
absorbance of the analysed solution. Therefore determinated methods are simple, faster 
and safer compared to the know extraction-spectrophotometric methods. The harmful 



 

organic solvents used in the extraction-spectrophotometric methods have been 
eliminated. 
The application of surfactant, which acts as protective colloid, gives the possibility to 
increase the solubility of the Zn-PAN and Zn–Chromothrop 2B complexes in the 
analysed solutions and improves conditions for determination. The proposed method of 
determination of Zn in  the from of its complex with PAN and BDDABr is precise and 
sensitive. The molar absorptivity  of the complex is 8.55·104 L mol-1cm-1 and the Beer’s 
law is obeyed for zinc concentrations in the range 0.36 – 0.80 µg mL-1. The studies 
carried out prove that method based on the complex Zn-PAN-BDDABr can be used for 
the determination of zinc in blood serum, insulin and various milk samples. 
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 The silver(I) complex with 2-mercapto-1-methylimidazole (thiamazole, TMZ) of 
the formula Ag(TMZ)2NO3 has been obtained. The new compound has been identified 
by elemental analysis, derivatography, IR spectroscopy, X-ray diffraction and 
conductivity measurements. The stability constants of TMZ with Ag(I) have been 
determined by the potentiometric method. The gravimetric method of determining 2-
mercapto-1-methylimidazole has also beed worked out. 
 
 1,3- diazole derivatives have found widespread use in therapy [1-3]. Also many 
compounds with imidazole ring have found on form stable coordination compounds 
with transition metal ions, thay formation being frequently accompanied by interesting 
structural phenomena [4-9]. Thus it seemed worthwile to develop a gravimetric method 
for the determination of thiamazole, a konwn drug used for treatment of thyroid 
malfunctions, by utilizing its complexation capability of the silver(I) ion. 
 

EXPERIMENTAL 
 

 
Reagents. 2-mercapto-1-methylimidazole was purchased from Aldrich-Europe 

(Belgium). After crystallization  from double distilled water the compound melted at 
114ºC. Silver(I) nitrate (POCH, Gliwice, Poland) was determined both titrimetrically 
and gravimetrically [10,11]. 
 

 
 
 Physical measurements. Elemental composition of the complex was 
determined on a Model 240 CHN Perkin Elmer analyzer. X-ray powder patterns were 
taken on a DRON-4 (Russia) instrument equipped with a scintillation counter within the 
4-90º range of the angles on the 2θ scale. Monochromatic Cu-Kα radiation was used and 
a nickel filter. 
 Thermogravimetric measurements were run over the temperature range 20-
1000°C in the air stmosphere, under  normal pressure, on a MOM (Hungary) 
derivatograph. The IR spectra over the range 4000-250cm-1 were recorded on a Model 
4240 Beckman spectrophotometer in KBr pellets. The far-IR spectra (500-100cm-1) 
were taken on DIGILAB FTS-14 spectrophotometr. A suspension of the compound in 
acetone was applied onto the polyethylene window of the instrument. The melting 
points were measured on a Boetius apparatus. 
 Potentiometric measurements were carried out using a PHM-64 pH meter 
(Radiometer, Denmark). Ag-101 silver electrodes (Energopomiar- Gliwice) were used. 
Potentiometric measurements were taken in a water thermostat maintaining the 
temperature of 298K [3]. 
  



Synthesis. A sample of TMZ (0.05-0.1G) was dissolved in 50-100cm3 of water. 
The solution was then cooled to 5°C and, under stirring, the calculated volume of a 0.1 
M AgNO3 solution was added with a 2-5 cm3 excess of the reagent. A white precipitate 
which fell out was filtered off on a fritted glass filter G-4, washed first with a small 
volume of cold (5°C) 0.01 M HNO3 and then with double distilled water, and dried at 
105°C to constant weight. 
 

RESULTS AND DISCUSSION 
 

 To check the composition of the compound, its carbon, nitrogen, hydrogen and 
metal contents were determined. The results were as follows: calc.: C 24.1, H 3.0, N 
17.6, Ag 27.1%. Found: C 24.4, H 3.0, N 17.6, Ag 27.3%, M.p. 193°C, λM 96.1 cm2  
dm-1 mol-1. 
 Both the indexation and determination of unit cell dimensions of the complex 
were accomplished by using a DICVOL program [12]. The results of the measurements 
were pooled by using an XDATA program and further processed by a XRAYAN 
prgram [13]. The X-ray powder patterns revealed that the Ag(TMZ)2NO3 complex is 
orthorhombic with the following unit cell patterns: a(Å) 3.643 ± 0.025, b(Å) 13.326 ± 
0.041, c(Å) 3.715 ± 0.014; V (Å3) 675.27. 
 The DTA trace of the complex shows that it is stable up to 180ºC, where a small 
endothermic peak is observed probably associated with rotation of the nitrate ion. On 
the other hand, a large endothermic peak at 193ºC is due to the melting and 
simultaneous degradation of the xomplex. At 300ºC probably the decomposition of 
Ag2O (71% loss in weight) takes place. At higher temperatures a series of endothermic 
effects is noted at 330, 375, 415 and 460ºC, as well as a very strong exothermic peak at 
595ºC due to complete decomposition of the complex. 
 X-ray powder patterns reveal that over the temperature range 595-855ºC Ag2SO4 
occurs together with silver metal, whereas above 855ºC (76% loss in weight) silver is 
the sole degradation product. 
 In the IR spectra of both TMZ and its Ag(I) complex, remarkable are broad 
absorption bands (2500-3200cm-1) due to stretching vibrations of the –NH group. On 
the other hand, a band at 2470cm-1 assignable to the –SH group is weak in the spectrum 
of TMZ and is missing in the spectrum of the complex. This suggests the preponderance 
of the thiocarbonyl form over the thiol one of TMZ, as demonstrated also by a fairly 
strong 1020 cm-1 band ascribable to the vibrations of the =C=S group [14,15]. It can 
also be concluded that the complexation causes only a slight displacement (by 10-20cm-

1) of the absorption bands relative to those of the free TMZ. The spectrum of the 
complex exhibits also a 1430cm-1 band assigned to the NO3

- ion. The band at 265cm-1 
can be assigned to the vibrations of the Ag-S dative bond [16,17]. 
 To determine the stability constants of Ag(I) complexes with TMZ, the SEM 
cells were measured: (-) Ag/solution A+(B)/ 0.5m.dm-3 KNO3/solution A/Ag+. 
 Solution A of the composition: a mol.dm-3 AgNO3, (0,5-a) mol.dm-3 KNO3 was 
titrated with solution B containing X mol.dm-3 the ligand, a mol.dm-3 AgNO3 and (0,5-a) 
mol .dm-3 KNO3. To calculate the ratio of CAg+/[Ag+], the dependence: ∆E= 59.16 log 
CAg+/[Ag+] was used. The stability constants logβ1=7.69, logβ2=9.39, logβ3=12.48 were 
calculated by the Leden method, just like in the previous paper [18]. The interaction of 
soft acid (Ag+) and soft base (S), according to the HSAB theory [19], can account for 
considerable stability of the present complexes. 



 A test of  gravimetric determination of thiamazole as the complex with 
Ag(I). Six TMZ determinations were carried out according to the description given 
when the synthesis of the complex was discussed. 
 Results of the statistical treatment are as follows: x=0.0988; R=0.0011; ar=0.40; 
x+R.ar= 0.0988 ± 0.0004, where x is the arithmetic mean of the results; R is the range 
(R= xn-xl); ar is the confidence coefficient of the range for the probability level 0.95 (for 
the number of experimens n=6) [20]. The results show a high precision of the 
determinations.  
 

CONCLUSION 
 

 The paper provides information on the stability of complexes obtained in 
aqueous solution and on the composition of the complex, its properties and the way of 
fixing the cation by means of the organic ligand in stable state. A simple way of 
determining the content of TMZ in medicinal preparations is presented in the paper. 
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The sol-gel synthesis is a modern technique applied to produce a different 
materials of specific structural properties, i.e. high surface area, narrow pore size 
distribution and well-developed mesoporous structure. The high-surface area materials 
obtained hitherto by the sol-gel synthesis include: silica dioxide [1], mesoporous 
titanium oxide [2], monolithic barium tytanate gel [3] and metal fluorides with 
aluminium fluoride, zinc fluoride and magnesium fluoride among them [4,5].  

Recently, increasing interest is observed in the application of MgF2 in catalysis 
as a support of the active phase [6]. The commercial magnesium fluoride made by 
Aldrich has the surface area of only 0.4 m2/g. However the surface area of MgF2 
obtained in the reaction of magnesium carbonate with a water solution of hydrofluoric 
acid reaches 45 m2/g [7]. So far MgF2 gels were synthesized in two steps with process 
of  fluorination with gaseous HF in second stage [8,9]. In view of the above, attempts 
have been made to develop a single-stage method of MgF2 preparation that would 
ensure getting much higher surface area at the same time retaining the properties of a 
good support.  

This paper reports results on obtaining magnesium fluoride in the reaction of 
magnesium methoxide and hydrofluoric acid in methanol as a solvent, according to the 
equation below: 

Mg(OCH3)2 + 2HF → MgF2↓+ 2CH3OH 

The synthesis was performed for different molar ratios of Mg/F. The magnesium 
methanolan solution was introduced dropwise by a peristaltic pump into the solution of 
hydrofluoric acid in methanol in the nitrogen atmosphere over the time of 2h. The dense 
xerogels obtained were aged in ambient conditions, dried at 800C and calcined at  4000C 
and 5000C. The products obtained were labelled as MgF2-MeX/4 and MgF2-MeX/5, 
where Me stands for the precursor – magnesium methanolan, X is the molar ratio of 
Mg/F, and the numbers 4 and 5 refer to the temperature of calcination (400 and 5000C, 
respectively). 

Table 1 gives characterisation of the MgF2 samples obtained. The effect of the 
preparation conditions, i.e. the Mg/F molar ratio and calcination temperature, on the size 
of the surface area was tested by the low-temperature nitrogen adsorption (the surface 
area was established by the BET method, while the pore size by the BJH method from 
the desorptive branch of the isotherm). The highest surface area of 218 m2/g was found for 
the MgF2-Me2.0 sample obtained for the stoichiometric Mg/F ratio. The surface areas 
of the samples MgF2-Me2.4/4, MgF2-Me2.7/4, MgF2-Me3.0/4 and MgF2-Me3.3/4, 
decreased with increasing Mg/F molar ratio. The lowest surface area from this group of 
samples was determined for the sample MgF2-Me3.3/4 (110 m2/g). The samples 



calcined at 500oC (MgF2-Me2.4/5 i MgF2-Me3.0/5) were characterised by lower surface 
area than those calcined at 400 oC, which was explained by the sintering of fine pores. 
The magnesium fluoride sample obtained from magnesium carbonate, labelled as MgF2-
W/4 (calcined at 400oC) had the surface area of 40 m2/g but after calcination at 500oC it 
decreased to only 23 m2/g. Hence, the surface areas of the samples obtained by the sol-
gel method were much higher than that of the sample obtained from magnesium 
carbonate.  

Table 1 . Characterisation of the MgF2 samples obtained by the sol-gel method. 

SYMBOL 
 

MOLAR 
RATIO 
Mg/F 

CALCINATION 
TEMPERATURE

[0C] 

SURFACE  
AREA 
[m2/g] 

TOTAL PORE 
VOLUME 
(p/p0=0.99) 

[cm3/g] 

AVERAGE 
PORE 

RADIOUS 
(BET) 
[nm] 

MgF2-Me2.0/4 1:2.0 400 218 0.330 3.0 

MgF2-Me2.4/4 1:2.4 400 198 0.361 3.5 

MgF2-Me2.4/5 1:2.4 500 152 0.337 4.5 

MgF2-Me2.7/4 1:2.7 400 176 0.389 4.5 

MgF2-Me3.0/4 1:3.0 400 124 0.336 5.5 

MgF2-Me3.0/5 1:3.0 500 81 0.332 8.0 

MgF2-Me3.3/4 1:3.3 400 110 0.266 5.0 

MgF2-W/4 1:2.0 400 40 0.180 9.0 

MgF2-W/5 1:2.0 500 23 0.182 14.5 
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Figure 1. XRD diffraction of magnesium oxide and magnesium fluoride 

prepared by different methods. 
 



In order to determine the purity of the samples obtained by the sol-gel method, 
the samples were subjected to the XRD study for 2θ in the range 20-60, (Fig. 1.). In the 
samples calcined at 4000C trace amounts of MgO were detected. In the sample obtained 
from magnesium carbonate no MgO was found. Therefore, MgO could be a product of 
decomposition of magnesium hydroxide from hydrolyzed magnesium methoxide. 
Magnesium hydroxide could be formed during the synthesis as a result of the reagents 
contact with steam from the air. The presence of MgO was confirmed by FT-IR results 
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Figure 2. IR spectra of 

MgF2-Me3.3/4 after adsorption of pyridine.  
 

In order to get the 
information on the character of the 
surface of the MgF2 samples 
obtained, they were subjected to 
adsorption of pyridine and after 
desorption their IR spectra were 
taken at different temperatures 
from the range 25-2500C. The 
results are presented as difference 
spectra obtained after subtraction 
of the fundamental spectrum. After 
pyridine adsorption at room 
temperature the spectra revealed a 
characteristic band at 1450 cm-1, 
indicating the presence of the 
Lewis type acidic centres. As a 
result of desorption at 150oC, the 
intensity of the bands assigned to 
the adsorbed pyridine considerably 
decreased indicating the weakness 
of these centres.  

 
At the next step the possibility of use of the magnesium fluoride samples 

obtained as support of an active phase was tested. Ruthenium from RuCl3·3H2O as a 
precursor was supported on the samples in the amount of 1% wt. The systems Ru/MgF2 
were prepared using the conventional method of impregnation. The catalysts were 
activated in a mixture of 50% H2S/He and their activity was tested in the reaction of 
thiophene hydrodesulfurisation. The catalytic properties of Ru/MgF2 were compared 
with those of Ru/Al2O3 and CoMo/Al2O3 - the commercial catalyst of 
hydrodesulfurisation (Fig. 3). 

The activity of the ruthenium phase depended significantly on the type of the 
support used. The most active proved the sample Ru/MgF2-Me3.3/4, then Ru/MgF2W/4. 
These catalyst were much more active than the commercially used ones Ru/Al2O3 and 
CoMo/Al2O3.  
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Figure 3. Activity of Ru/MgF2, Ru/Al2O3 and CoMo/Al2O3 catalyst in thiophene 

hydrodesulfurisation for 1mg of metal. 
 

In conclusion, the magnesium fluoride samples obtained by the method of the sol-
gel synthesis were characterised by the surface area a few times greater than that of the 
MgF2 prepared by the conventional methods. The effect of the mode of MgF2 
preparation, in particular the Mg/F molar fraction, on the porous structure of the final 
samples was observed. The mode of MgF2 preparation also influenced the activity of 
the ruthenium phase supported. The most active in the reaction of thiophene 
hydrodesulfurisation was the catalyst Ru/MgF2-Me3.3/4, obtained for Mg/F molar ratio 
of 1:3.3. It is supposed that the high activity of this catalyst is related to the specific 
structure of ruthenium sulphide, as established earlier for the ruthenium catalysts 
supported on MgF2 obtained from magnesium carbonate [10,11].  
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During researches on synthesis of metal-complex dyes it was stated, that 

processes of azo dyes metallizing often goes with formation of mixture of dyes. This is 
clearly seen on the basis of such dyes as Acid Blue 193 (C.I. 15705) and Acid Black 
194 (C.I. 14645). These dyes are synthesized in many countries, among others in Poland 
too. 

These dyes are of great importance for the sake of their application properties, 
low cost and shades which are difficult to obtain in acid group of dyes. Despite of their 
common application and production, from the beginning of the 20th century, their 
structure are not precisely known. 

Acid Blue 193 is a chromium complex 1:2 of monoazo dyes obtained as a 
product of coupling of 1,2-diazoxynaphthalene-4-sulfonic acid with 2-naphthol. 

All above mentioned commercial products show the presence at least three 
components about different RF values and different shades. These components are 
present in all commercial products. 

For the research it was used a 
commercial product – Acid Blue 193 
(“Organica-Zachem” in Bydgoszcz). The 
process of separation of dye isomers was 
performed on preparative plates DC-
Fertigplatten Kieselgel 60. According to 
Polish Standard BN-90/6041-58 polyamide 
fabric was dyed. Dyed fabrics were 
submitted under colorimetric measurements.  

Figure 1a points on the differences in 
the course of curves testifying about differences in shades. The confirmation is a 
diagram in the CIELab system (fig. 1b) 
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Fig. 1. a) Spectrum of Acid Blue 193 (in water ▬ ) and remission spectra of three 
isomers (on polyamide fabric ∇, Ο, �….) in function of wavelength λ; b) 
colour co-ordinates of three isomers of Acid Blue 193 on the a-b plane of CIELab 1976 
system 
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Fig. 2. a) Remission spectra B, C, D forms after 
the normalization (on polyamide fabric) and b) 
differential spectrum of C and D form in relation to 
form B (∆S=∆SB - ∆Si(C,D)) 
 
 From the colorimetric analysis results that 
colour of tested components (B, C, D) depend on 
the composition of isomers mixture. By means of 
II-derivative analysis of UV-VIS spectra it can be 
stated, that each of isomers consist of, at least, 4 
components which absorption maxima should be in 

ranges: 460, 530, 578 and 624nm (maxima at 530 and 624nm are shown as inflexion 
points on absorption curves). The presence of groups about anionic character (-SO3

-) 
and anionic character of complex (which results from the charge of the central 
chromium atom) could make aggregates of tested dyes difficult for creation [2]. 
Experimental data confirm the creation of the mixture of metal-complex dyes, but as to 
their structure exist a few hypothesis applying the kind of isomerism of created 
structures. It is a possibility, for 1:2 complex, a creation of 11 spatial structures (nine 
complexes of Pfeffla-Shelly and two of Drew-Pfitznera) [1,3-6] (fig. 2). Zollinger 
proposed that could form so-called Nα and Nβ isomers [1].  
 Up till now, tautomerism [A↔H] of Acid Blue 193 was not considered as a 
factor which could have an influence on coloured and fastness properties. The latest 
literature reports take note of the role of spatial configuration in similar complexes (type 
1:2), not combining such phenomenon with the existence of dye in azo or hydrazone 
form [9]. 
 
Quantum-chemical calculations for Acid Blue 193 
 To begin with molecule of dye in azo form (A) and two hydrazone forms (H1 
and H2) was optimized. Calculations of molecule geometries in a gaseous phase are 
sufficient for many analyses, however they don’t correctly characterize the state of 
tautomeric equilibrium of dyes in solutions [7]. In our research optimization of dye 
structure was performed for molecule in gaseous phase. Taking into consideration the 
presence of water molecules causes a decrease of difference of H-A energy and it 
conducives the stronger stabilization of H form [10]. A helpful parameter is so-called 
hardness η of the molecule - a value determining a probability of existence of A or H 
form, depending on the kind of presented substituents. 

N

OH

N

OH

SO3H N

O

NH

OH

SO3H NH

OH

N

O

SO3H

A H1 H2  
  SO3H   SO3

▬  
 H αααα[°°°°] ηηηη H αααα[°°°°] ηηηη 

A -59,827 62,3 3,257 -106,952 76,2 2,921 
H1 -54,175 101,2 2,896 -103,289 32,8 2,968 
H2 -51,682 -6,4 3,167 -97,277 -49,8 2,516 

Table 1. Calculated values of heat of formation H [kcal/mol] of forms: A, H1 and H2 (in 
neutral and ionized form of dye), angles (α) of twist of aromatic rings planes and 
hardness (η) 
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 Ionization (-SO3
-) of the molecule causes that in the ground state HOMO the 

biggest changes result from the presence of electronegative substituent, -SO3
- group. In 

our research, calculations were performed for non-solvated molecules and total energies 
of obtained 1:2 complexes of dyes were compared.  
 
Table 2. Examples of calculated of heat of formation values of 1:2 complexes for 
neutral (SO3H) and ionized molecule of dye (-SO3

-) 
 

O O

SO3H

O O

SO3HNα Nβ

Cr

A1

Nα Nβ

Cr

A2  

 SO3H SO3
▬ 

A1A1 (αααααααα) -17771,6 -17470,2 
A1A2 (ααααββββ) -17772,9 -17468,8 
A2A2 (ββββββββ) -17772,9 -17467,5  

 
 The most probable form is form A1A1 – i.e. such form in which the bond is 
formed between nitrogen atoms Nα. Hydrazone forms could form only these complexes 
in which the dye exist in H1 or H2 form.  

 
 
Fig. 3. Example of spatial 
structure of complexes with 
anionic azo form of dye 
(adequately: A2A2, A1A2, 
A1A1)  
 

 
Fig. 4. Differences of heat of formation ∆H [kcal/mol] of Acid Blue 193 isomers in azo 
and hydrazone form; a) differences of component energies of monoazo dyes (it was 
marked the range of changes of metal-complex dye energy – fig. 4b), b) differences of 
energies of metal-complex dyes 1:2 after optimization by means of ZINDO1 
 

 
 Differences of energy are so 
insignificant, that in the condition of 
carrying a reaction of metallizing 
(>80ºC) it is possible the conversion 
one form to second, hence it is 
observed as a product the mixture of 
few products colour distinguishing. 
Until now, no of proposed methods of 
synthesis, despite of their significant 
diversity, don’t result in obtaining 
chromatographically pure and 
homogeneous products (as regards 
application properties). 
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Fig. 5. Example analysis of changes of angles of twist of 
naphthalene rings planes in metal-complex dye Cr (A1A1) 
 
 
 
 

 Characteristic is the spatial structure of examined dyes. In each case there are 
formed complexes in which both parts of dye (monoazo dyes) are twisted with respect 
to themselves of angle similar to about 60º (chromium atom play a role of bridging 
group), fig. 3.  

As a result of metallizing are formed isomers, in which the distribution of 
electron density is in significant extent balanced and similar to distribution of electron 
density in azo form. Not large changes in electron density on chromium atom support 
for its dominant role in complex formation. Observed position of absorption bands of a 
dye, both in water solution and on polyamide dyeings (II derivative analysis, fig. 1a), 
could be the result of existence of complex of examined dye, in azo (A1, A2) as well as 
hydrazone form (H1) (calculated values of energy indicate on that). 

The process of metallizing with chromium insignificantly influences on 
absorption bands position, it only influences on their relative intensity [11]. For the 
possible formation of complex of hydrazone form of dye (H1H1) support the fact of high 
hardness η of H1 form and its high stability in water solution, in conditions of solvation 
with solvent molecules [8]. 
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APPLICATION OF ESI-MS AND FAB-MS IN THE 

DIFFERENTIATION OF THE ISOMERIC HYDROHALIDES  

OF 1,2- AND 2,4-DIBENZYL SUBSTITUTED DERIVATIVES  

OF 2-THIOCYTOSINE 

 

ElŜbieta Wyrzykiewicz and Tomasz Pospieszny 

Faculty of Chemistry, Adam Mickiewicz University, Grunwaldzka 6, 60-780 Poznań 

 

The modified derivatives of 2-thiocytosines are of interest because of their biological 

and pharmacological activities [1-4]. Recently, we have reported on the synthesis and 

physicochemical properties of new fluorescents 2-o-(m- and p-)chloro-(bromo-) 

benzylthio-N-phenylcytosines and 6-methylcytosines [1], as well as new isomeric 

hydrohalides of 1,2- and 2,4-dibenzyl substituted derivatives of 2-thiocytosine [2]. The 

EIMS spectra of these compounds have been analyzed to check the possibility  to 

distinguish between the S- and N-1, as well as S- and N-4 disubstituted isomers of 

hydrohalides of 2-thiocytosine. As a continuation of our previous studies it seemed 

reasonable to extend our investigation to ESI and FAB mass spectra of three 1,2-o-(m- 

and p-)bromobenzyl substituted hydrobromides of 2-thiocytiosine (7-9) and six 2,4-o-

(m- and p-)nitro(chloro)benzyl substituted hydrochlorides of 2-thiocytosine (1-6). The 

choice of experimental methods was dictated by the necessity to distinguish between the 

purely mass spectrometric reaction of fragmentation and the corresponding thermally 

induced process. FAB spectra may be more advantageous for studying mass 

fragmentations of hydrohalides of disubstituted derivatives of 2-thiocytosine, because 

samples are ionized at ambient temperatures precluding thermal decomposition. The 

purpose of this investigation is the elucidation of the ESI ionization and FAB ionization 

mass fragmentation of (1-9). This investigation was also undertaken to discover whether 

it is possible to differentiate isomeric o-(m- and p-)NO2 (Br and Cl) benzyl substituted 

hydrohalides of 2-thiocytosines (1-9). These compounds were obtained and their 

structures confirmed according to the literature methods [2]. The ESI mass spectra were 

recorded on a Waters/micromass Manchester UK/ZQ mass spectrometer equipped with 

a Harvard Apparatus syringe pump. The sample solutions were prepared in methanol. 



 

The ESI source potentials were 3 kV and cone voltage 30 V. The source and 

desolvation temperatures were 120 and 300 oC, respectively. Nitrogen was used as 

nebulizing and desolvation gas. The FAB spectra were produced by LSIMS ionization 

(Cs+ ions bombardment) using 3-nitrobenzyl alcohol (NBA) as liquid matrix. These 

spectra were recorded on an AMD – Intectra GmbH – Harpstedt D-27243 Model 402 

two-sector mass spectrometer. 
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Results and conclusions.  

We found that the compounds (1-6) gave strong positive-ion ESI mass spectra but in the 

positive-ion ESI mass spectra of (7-9) only M-X+ and X+ even-electron-ions were 

observed (Table 1). 

Table 1. Relative abundances of characteristic ion peaks in the positive-ion ESI mass 

spectra of (1-9) 

Comp M+ A+    
 m/z (%) 

M-X+ B+ 

  m/z (%) 
C+      

 m/z (%) 
C+Na+    

m/z (%) 
D+ 

 m/z (%) 

1 - 398 (5) 
C18H16N5O4S 

263 (95) 
C11H11N4O2S 

285 (15) 
C11H11N4O2SNa 

125 (100) 
C4H5N3S 

2 - 398 (48) 
C18H16N5O4S 

263 (100) 
C11H11N4O2S 

285 (15) 
C11H11N4O2SNa 

- 

3 433 (8) 
C18H16N5O4SCl 

398 (100) 
C18H16N5O4S 

263 (68) 
C11H11N4O2S 

- - 

4 - 376 (100) 
C18H16N5O4SCl2 

252 (5) 
C11H11N3SCl 

- 125 (5) 
C7H6Cl 

5 - 376 (100) 
C18H16N5O4SCl2 

252 (20) 
C11H11N3SCl 

- 125 (8) 
C7H6Cl 

6 - 376 (100) 
C18H16N5O4SCl2 

252 (10) 
C11H11N3SCl 

- 125 (12) 
C7H6Cl 

7 - 466 (100) 
C18H16N3SBr2 

- - 169/171(7) 
C7H6Br 

8 - 466 (100) 
C18H16N3SBr2 

- - 169/171(8) 
C7H6Br 

9 - 466 (100) 
C18H16N3SBr2 

- - 169/171(7) 
C7H6Br 



 

In the fragmentation of the M-X+ even-electron ions of compounds (1-6) simple 

cleavages of Csp3-S bonds of o-(m- and p-)nitro(chloro)benzyl substituents gave C+ [M-

C7H5X] + ions. In the cases of the ESI fragmentation of (7-9) the positive charge is also 

stabilized on the C7H5X+H+ species. The differences in the fragmentation within two 

sets of isomeric compounds (1-3; 4-6) were expressed quantitatively by comparing the 

calculated values of the coefficient µ i.e. % rel. int. C+ / % rel. int. B+ (Table 2). The 

differences between these values may be sufficient to differentiate among the isomeric 

o-(m- and p-)nitro(chloro) substituted isomers (1-6). 

Table 2. The values of calculated coefficients µ determined for the ESI mass spectra of 

(1-6). 

Comp. 
1 2 3 4 5 6  

µ 19.00 2.08 0.68 0.05 0.20 0.10 
 

The FAB LSIMS spectra of (1-9) produced in the positive-ion mode by LSIMS 

ionization (Cs+ ions bombardment) using 3-nitrobenzyl alcohol (NBA) as liquid matrix, 

show strong fragmentation (Table 4). The relative abundances of M-X+, M-2X+, M-

C7H6
+ and C7H6X

+ fragment ions clearly differ between o-(m- and p-)nitro(chloro and 

bromo) substituted isomers. Generally speaking the main fragment ion compositions 

correspond to those formed under the ESI conditions. These diagnostic ions are 

produced by splitting of the Csp3-S bonds of o-(m- and p-)nitro(chloro and 

bromo)benzyl substituent. The differences in the fragmentation within three sets of 

isomeric compounds (1-3, 4-6, 7-9) were expressed quantitatively by comparing the 

calculated values of µ1 and µ2              (% rel. int. C7H6X
+ / % rel. int. [M-X+] and % rel. 

int. [M-C7H6X
+] / % rel. int. [M-X+]) respectively (Table 3). The differences between 

these values may be sufficient to differentiate among the isomeric o-(m- and p-

)nitro(chloro and bromo) substituted isomers. 

Table 3. The values of calculated coefficients µ1 and µ2 determined for the FAB /LSIMS 

mass spectra of (1-9). 

Comp. 
1 2 3 4 5 6 7 8 9  

µ1           1.48 1.62 0.45 0.39 0.71 0.98 0.24 0.35 0.44 
µ2   2.22 0.92 1.90 0.18 1.21 0.69 0.07 0.08 0.05 

 



 

Table 4. Relative abundances of characteristic ion peaks in the FAB /LSIMS mass 

spectra of (1-9). 

Comp [M-Cl]+  

A    
 m/z (%) 

[M-Cl-2X+H]+  
B    

 m/z (%) 

[M-Cl-
C7H6X+H]+ 

C    
 m/z (%) 

C7H5X+H]+  

D    
 m/z (%) 

NBA+1+ 

E 
 m/z (%) 

1 398 (45) 
C18H16N5O4S 

307 (9) 
C18H17N3S 

263 (100) 
C11H11N4O2S 

136 (67) 
C7H6NO2 

154 (56) 
C7H8NO3 

2 398 (536) 
C18H16N5O4S 

307 (18) 
C18H17N3S 

263 (49) 
C11H11N4O2S 

136 (86) 
C7H6NO2 

154 (100) 
C7H8NO3 

3 398 (20) 
C18H16N5O4S 

307 (27) 
C18H17N3S 

263 (88) 
C11H11N4O2S 

136 (69) 
C7H6NO2 

154 (100) 
C7H8NO3 

4 376 (100) 
C18H16N3SCl2 

307 (4) 
C18H17N3S 

252 (18) 
C11H11N3SCl 

125 (39) 
C7H6Cl 

154 (23) 
C7H8NO3 

5 376 (182) 
C18H16N3SCl2 

307 (4) 
C18H17N3S 

252 (100) 
C11H11N3SCl 

125 (59) 
C7H6Cl 

154 (56) 
C7H8NO3 

6 376 (100) 
C18H16N3SCl2 

307 (9) 
C18H17N3S 

252 (69) 
C11H11N3SCl 

125 (98) 
C7H6Cl 

154 (41) 
C7H8NO3 

7 466 (100) 
C18H16N3SBr2 

307 (23) 
C18H17N3S 

296/298 (6/7) 
C11H11N3SBr 

169/171(24/23) 
C7H6Br 

154 (76) 
C7H8NO3 

8 466 (100) 
C18H16N3SBr2 

307 (10) 
C18H17N3S 

296/298 (8/9) 
C11H11N3SBr 

169/171(35/34) 
C7H6Br 

154 (78) 
C7H8NO3 

9 466 (100) 
C18H16N3SBr2 

307 (12) 
C18H17N3S 

296/298 (5/6) 
C11H11N3SBr 

169/171(49/48) 
C7H6Br 

154 (65) 
C7H8NO3 

 

The analytical ions which have been selected from the positive-ion ESI and positive-ion 

FAB/LSIMS mass spectra of (1-9) may be useful in the mass fragmentography. 
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Derivatives of the pyromeconic acid (3-hydroxy-4H-pyran-4-one) are family of 
the ligands widely used in coordination chemistry. Among them, the importance of 
maltol (3-hydroxy-2-methyl-4H-pyran-4-one) as the most important member of this 
class of compounds must be underlined [1]. Maltol complexes with different metal ions 
possess strong biological activity and are tested as new medicines in diabetes and 
anaemia therapy as well as new radiopharmaceutical agents. In order to obtain new 
useful ligands several modifications of the hydroxypyrone system have been attempted. 
From several years, thiomaltol, ligand in which oxygen atom from the keto group is 
replaced by sulphur (see Fig. 1) is widely investigated [2]. Such mixed oxygen – 
sulphur ligands can be for example useful as efficient scavengers of lead ions, a serious 
contaminant [3].  

 
Fig.1. Molecular structures of maltol and thiomaltol. 

 
 

Ligands investigations are of crucial importance for prediction and interpretation 
of the properties of their complexes with metal ions. In this study geometries of 
tautomeric structures, equilibrium constants among them and aromaticity properties of 
the most stable tautomers are presented. Data for both, neutral and charged forms (anion 
and cation, created by deprotonation or protonation, respectively) of thiomaltol are 
included. Thiomaltol properties are compared with those reported previously for maltol 
(tautomeric equilibria [4], heteroaromaticity in the pyran rings [5], and π-electron 
delocalisation in the OCCO molecular fragment [6]). Studying the SCCO molecular 
fragment properties is very important because this group is responsible for metal ions 
binding in the studied ligand. 
 All quantum-chemical calculations have been executed at the B1LYP[7]/6-
3111++G(d,p)[8] level as implemented in the GAUSSIAN-03 package [9]. In order to 
select the most probable conformations of studied thiomaltol species their potential 
energy surfaces have been scanned and the lowest minimum has been located for every 
tautomer. These lowest energy conformations have been fully optimized and the nature 
(minimum or saddle point) of them have been checked by frequency calculations at the 



same computational level. All molecular energies have been corrected by the zero point 
energies (ZPE) of vibrational motions.  

Statistical thermodynamic treatment has been used for tautomeric equilibrium 
constans determination [10]. In this method equilibrium constant (KT) is related to the 
standard change of the Gibbs energy, ∆G0, by the following equation: ∆G0 = - RT ln KT. 
∆G0 values have been estimated by GAUSSIAN from the total partition function given 
as a product of translational, rotational and vibrational partition functions evaluated 
within the rigid motor – harmonic oscillator – ideal gas approximation.  
 HOMA (Harmonic Oscillator Model of Aromaticity) and NICS (Nuclear 
Independent Chemical Shift) indices have been employed to determine aromaticity/π-
electron delocalization properties of studied compounds. HOMA [11] is a geometry-
based index calculated on the base of bond lenghts of the potential aromatic system 
using the equation: HOMA = 1 – [α/N Σ(Ropt - Ri)2. Ropt and Ri are optimal bond 
lengths and bond lengths in the real system, respectively. Empirical factor, α, sets the 
HOMA value  equal to 0 for the Kekule structure of benzene and 1 for real benzene 
structure. N is the number of bonds in the studied system. The HOMA index was 
splitted i two parts, GEO and EN [12]. HOMA = 1 - α(Ropt – Rave)2 - α/N Σ(Rave - Ri)2 = 
1 – EN – GEO. GEO and EN are two effects that can decrease the aromaticity of the 
molecular system, namely: bond lengths alternation (GEO) and bond elongation (EN). 
The NICS index was originally defined as the negative value of the magnetic shielding 
computed at the aromatic ring center or at another point of the molecule[13]. From that 
time other NICS technics were introduced. Two of them are employed in this work. The 
NICS(1) index is the negative magnetic shielding calculated 1 Å above the ring (or 
another point) center [14] while NICS(1)zz is the out of plane component of the NICS(1) 
magnetic tensor [15]. Highly negative NICS values denote aromaticity whereas systems 
with positive values are antiaromatic.  

A lot of tautomeric structures are possible for neutral thiomaltol and its cation. 
Tautomerism cannot occur for the anion, due to the lack of labile proton (the labile 
proton of the hydroxyl group dissociates during the anion formation). In this work only 
the most stable types of tautomers (determined previously for pyromeconic acid, maltol, 
and ethylmaltol [4] and kojic acids family [16]) are considered. Their structures are 
presented in Fig. 2.  
  
Fig. 2. Studied neutral and cationic tautomers. 

 



Relative energies and equilibrium constants of neutral and protonated thiomaltol 
tautomers are collected in Table 1 (for comparison maltol data are also presented). Only 
two neutral thiomaltol tautomers (N1 and N3) are stable. In the case of N2 tautomer, 
during geometry optimization procedure, proton from the –SH group migrates toward 
exocyclic oxygen. As a result, tautomer N2 tranforms into N1. Like in maltol the N1 
structure is the most stable neutral form. The energy gap between N1 and N2 for 
thiomaltol and corresponding tautomeric equilibrium constant are similar to their maltol 
counterparts. In the case of the thiomaltol cation protonation occurs in the same place as 
for native maltol molecule (protonation on the sulphur atom of the thioketo group in 
thiomaltol and protonation of the oxygen atom of the keto group in maltol). But in 
contrary, the energy gap between the tautomer with the lowest energy, C1, and others is 
much more lower, see Table1. Because of that, C2 and C3 maltol cation tautomers are 
much less possible than the same types of tautomers in the case of thiomaltol. Tautomer 
C4 possess one imaginary frequency and all attempts to obtain a minimum have not 
given satisfactory results. 
 
Table 1. Relative Energies (kJ/mol, ZPE included) and tautomeric equilibrium constants 
(B1LYP/6-311++G(d,p) calculations). 

Maltol [4] Thiomaltol Tautomers Relative Energy KT Relative Energy KT 

Neutral molecules 
N1 ↔ N2 49.53 3.46.10–9 ----- ----- 
N1 ↔ N3 62.23 4.27.10-11 68.23 7,31.10-13 

Cations 
C1 ↔ C2 230.70 3.83 . 10-41 77.38 3.17 . 10-14 
C1 ↔ C3 310.92 3.37 . 10-55 130.08 1.17 . 10-23 
C1 ↔ C4 266.55 2.00 . 10-47 ----- ----- 

 
 Aromaticity data for thiomaltol and maltol are presented in Table 2 (heterocyclic 
pyran ring) and 3 (XCCO group). The HOMA index predicts a bit stronger aromatic 
character of thiomaltol than maltol. This is true for both, the XCCO molecular fragment 
and for the heterocyclic pyran ring. The same (except aromaticity of the cation in the 
pyran ring) is true for the NICS(1) index. In contrary, behaviour of the NICS(0) is 
different. Here, maltol structures are slightly more aromatic. In general differences 
between maltol and thiomaltol are not big and for these three indices mentioned above 
the aromaticity order determined previously for maltol and other hydroxypyrones 
(aromaticity of cation > aromaticity of neutral molecule > aromaticity of anion) is still 
valid. Different results are obtained for the NICS(1)zz. In this case the aromaticity order 
is different in every case, i.e. one aromaticity order is observed for heterocyclic ring in 
maltol, another one for heterocyclic ring in thiomaltol, etc. The reason, why the results 
provided by the NICS(1)zz method are so different than data from other indices is 
unknown so far. This problem will be studied in the future for the biggest set of 
hydroxypyrones and tiohydroxypyrones. In general, weights of GEO and EN sub-
indices calculated for thiomaltol are similar to those determined for maltol. 

Authors thank theWarsaw University Interdisciplinary Centre for Mathematical 
and Computational Modelling “ICM” for allowing us to use their computers (project 
number G17-8). 



Table 2. Aromaticity indices values for various maltol and thiomaltol species – 
heterocyclic pyran rings. 

 HOMA GEO EN NICS(0) NICS(1) NICS(1)zz 
Maltol [5] 

Neutral 0.02 0.68 0.30 -2.63 -4.58 -9.02 
Cation 0.55 0.40 0.06 -7.15 -7.84 -17.14 
Anion -0.46 0.70 0.76 -1.38 -3.81 -8.62 

Thiomaltol 
Neutral 0.27 0.50 0.23 -1.93 -4.63 -9.10 
Cation 0.62 0.26 0.12 -5.79 -7.36 -15.97 
Anion -0.03 0.46 0.57 -0.79 -3.89 -9.40 

 
Table 3. Aromaticity indices values for various maltol and thiomaltol species – XCCO 
group. (X=O maltol, X=S thiomaltol) 

 HOMA GEO EN NICS(0) NICS(1) NICS(1)zz 
Maltol [6] 

Neutral 0.05 0.55 0.40 -4.37 -3.20 -3.96 
Cation 0.45 0.07 0.48 -7.83 -3.38 -2.65 
Anion -0.40 1.12 0.28 -0.54 -2.04 -2.19 

Thiomaltol 
Neutral 0.36 0.21 0.43 -3.86 -3.90 -5.09 
Cation 0.49 0.06 0.45 -7.00 -3.88 -3.50 
Anion 0.05 0.63 0.32 0.73 -2.76 -3.78 
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The aim of this work is to bring about new evidence on possible reaction 
mechanism of NO reduction by propene over copper-cobalt oxides catalysts supported 
on an unconventional support - MgF2 [1,2]. Such systems have been studied earlier and 
have shown activity and selectivity in purification of fuel combustion products from 
nitrogen oxides [3]. We used in situ IR adsorption experiments of NO, O2 and C3H6 on 
CuO/MgF2, CoOx/MgF2 and CuO-CoOx/MgF2 catalysts.  

The Cu/MgF2 and Co/MgF2 catalysts were obtained by impregnation from 
aqueous solutions of Cu(NO3)2⋅3H2O and Co(NO3)2⋅6H2O of known concentrations 
onto MgF2 powder of 0.25-0.50 mm grain size (preheated at 400°C for 4h). The 
suspension was then evaporated until dry. Thus, all copper nitrate and cobalt nitrate was 
introduced into the microporous MgF2 particles. The CuCo/MgF2 catalysts were 
prepared by the conventional co-impregnation method from the aqueous solutions of 
Cu(NO3)2⋅3H2O and Co(NO3)2⋅6H2O, then dried in air at 120°C for 24h and then 
calcined at 400°C. 
The samples were marked with a symbol MFCu2, MFCo4, MFCu2Co4, where "2 and 4" 
stands for the content of metallic copper or cobalt in wt %, F-MgF2. 

IR spectra were taken on a spectrometer Bio-Rad, model Excalibur 3000 with 
Fourier Transform (FT-IR). The catalysts were pressed into tablets (~4 mg/cm2) under a 
pressure of 20 MPa, and placed in a vacuum cell with windows made of KRS5. The 
samples were annealed at 150°C, degassed under 10-4 Torr for 1,5 hour and then cooled 
to RT at which the spectrum was taken. Then the gases adsorbed (NO, C3H6 and O2) 
were subsequently introduced into the cell and the spectra were taken again. The results 
are presented as difference spectra obtained after subtraction of the fundamental 
spectrum. 

Adsorption of propene as the first reagent on MFCu 2 catalyst (Fig. 1a) is 
manifested as the appearance of bands in the range 1660-1633cm-1 and 1500-1345cm-1 
assigned to the C-H and C-C bonds in the adsorbed C3H6 and a band at 1605cm-1 
assigned to the adsorbed species containing C=O or COO- groups [4]. Other bands, 
characteristic of –CH3 group appear at 1463, 1442, 1365cm-1. After adsorption of 
oxygen the intensity of the bands at 1605 and 1447cm-1 increase, indicating the 
oxidation of propene to carboxyl compounds. There is also a band at 1341cm-1 assigned 
to the -CH groups of the adsorbed carboxyl groups [4,5]. Adsorption of nitrogen oxide 
on the earlier adsorbed propene and oxygen is reflected by the appearance of bands 
assigned to the gas NO – a triplet at 1905, 1875 and 1860 cm-1, to N2O adsorbed at Cu2+ 
centres – at 2195, and the bands at 1633, 1429 and 1047cm-1 assigned to nitrates III)/(V) 
adsorbed at the Cu2+ centres [6]. The intensity of the bands at 1499 and 1341cm-1, 
assigned to the Cu2+NO2 groups also increases [7]. 



 

The reversed sequence of gas introduction (Fig. 1b), i.e. the adsorption of nitrogen 
oxide as the first, leads to the appearance of bands at 2195cm-1 and in the range 1600-
1660cm-1 assigned to N2O and NO adsorbed at the Cu2+ centres [6,8]. The bands 
appearing below ~1350cm-1 correspond to the NO3- and NO2- groups adsorbed at the 
Cu2+ centres. There is also an intense band at 1447cm-1, assigned to the NO2 adsorbed 
on the surface of the catalyst [8]. 

Adsorption of O2 on the earlier adsorbed nitrogen oxide leads to an increase in the 

intensity of the signal at 1447cm-1 assigned to NO2 formed as a result of the surface 
reaction of the adsorbed NO* + O2*. 

Adsorption of propene as the first reagent on the MFCo4 catalyst (Fig. 2a) brings 
the appearance of characteristic bands assigned to acetate ions at 1610, 1581 and 
1442cm-1 [4]. Their intensity significantly increases after addition of oxygen, which 
means that propene is further oxidised to carboxyls. Adsorption of nitrogen oxide on the 
catalyst with the earlier adsorbed propene and oxygen leads to an increased intensity of 
the bands at 1695 and 1660cm-1 assigned to the interactions C-H, C-C propene and 
nitrates (III)/(V) adsorbed at Co2+ centres.  

It should be emphasised that as a result of adsorption of C3H6 on a cobalt catalyst 
the FT-IR spectra reveal the bands indicating the presence of carboxyl groups, in 
particular after oxygen has been introduced into the system. It suggests that the presence 
of cobalt ions on the catalyst surface favours the oxidation of propene. This conclusion 
is confirmed by the earlier obtained results on the high activity of the cobalt catalysts in 
the process of NO+C3H6+O2. Adsorption of C3H6 occurs as a result of the interaction of 
the surface Co2+ ions with the double bond of propene leading to breaking of this bond. 
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Fig. 1. IR spectra after adsorption a) C3H6, O2, NO and b) NO, O2, C3H6 on MFCu2 taken at 80oC. 



 

Good oxidising properties of MFCo4 are also confirmed by the presence of strong 
bands assigned to the adsorbed nitrates (the bands below 1400cm-1, particularly well 
seen when the first reagent adsorbed is nitrogen oxide, Fig. 2b). In contrast to the copper 
catalyst, the adsorption of propene on the earlier adsorbed NO and O2 does not lead to 
considerable changes in the spectrum. 

Fig. 3 presents IR results for a mixture of copper and cobalt oxides supported on 
MgF2. When propene is introduced as the first reagent on MFCu 2Co4 (Fig. 3a) the IR 
spectra show the band corresponding to the oxidised species C3H6 at 1633cm-1. This 

a) 

1000120014001600180020002200

13
37

+ NO, 15min vacuum

+ C
3
H

6
, 15min vacuum

14
42

16
60

11
92

13
77

15
81

16
95

21
95

cm-1

+ O
2
, 15min vacuum

 b) 

1000120014001600180020002200

13
5116

10

11
48

13
51

13
51

16
10

+ NO, 15min vacuum

+ C
3
H

6
, 15min vacuum

15
08

13
0214

24

16
60

16
10

cm-1

+ O
2
, 15min vacuum

 
Fig. 2. IR spectra after adsorption a) C3H6, O2, NO and b) NO, O2, C3H6 on MFCo4 taken at 80oC. 
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Fig. 3. IR spectra after adsorption a) C3H6, O2, NO and b) NO, O2, C3H6 on MFCu2Co4 taken at 80oC. 



 

band’s intensity increases after introduction of oxygen. There is also an additional band 
at 1361cm-1 corresponding to COO-. Adsorption of NO on the earlier adsorbed propene 
and oxygen gives an increased intensity of the band at 1361cm-1, which can point to a 
further oxidation of propene to carboxylic compounds. The other bands that appear are 
at 1053cm-1 – assigned to the C-O and C-C bonds and at 1157 and 1053cm-1 assigned to 
nitrates (III)/(V) adsorbed at the Cu2+ or Co2+ centres. 

The reversed sequence of the introduction of gases (Fig. 3b), with nitrogen oxide 
as the first reagent, brings the appearance of the bands assigned to NO3

- and NO2
- at 

1346 and 1300cm-1, respectively. After adsorption of O2 there is a signal at 1444cm-1 
corresponding to NO2 formed as a result of the surface reaction of NO* + O2*. After 
adsorption of propene the intensity of the bands at 1620-1550cm-1 increases, which 
indicates the oxidation of the propene adsorbed and the formation of the COO- species 
[6,8]. 

The results of the study of nitrogen oxide, propene and oxygen adsorption on the 
catalysts MFCu2, MFCo4 and MFCu2Co4 allowed us to propose a mechanism of the 
reaction NO+C3H6+O2 taking place on the copper-cobalt oxide catalyst supported on 
MgF2, Scheme 1. At the first stage of the reaction NO is adsorbed on Cu2+ ions. In the 
presence of oxygen the adsorbed nitrogen oxide is oxidised to nitrates (III) and/or 
nitrates (V). The adsorption of propene leads to a breaking up of the double bond. The 
key stage of the reaction seems to be that between the adsorbed NO2

- and NO3
- groups 

and the adsorbed hydrocarbon leading to formation of carboxyl groups, which, as a 
result of further oxidation, are transformed into CO2. 
Because the catalyst surface is capable of oxidation of the hydrocarbon owing to the 
presence of cobalt oxides, the reaction of propene oxidation being competitive to the 
reduction of NO will also take 
place on the catalyst. When the 
oxidation of propene to CO2 
dominates, the nitrates (III) and 
nitrates (V) present on the 
catalyst surface will block the 
active sites of the catalyst 
inhibiting its activity. 
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Scheme 1. Possible reaction pathways. 
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Introduction 
Electrocrystallisation is the process of electrolytic deposition of metals and 

alloys, including the phenomena occurring during incorporation of metal atoms into the 
crystal lattice of the surface of the resulting alloy. A binary alloy is a substance with 
metallic properties, consisting of two elements, at least one of which is a metal. 
Research into alloys is conducted mainly for the possibility of obtaining new materials, 
as well as for the need to predict the properties and composition of alloys. co-deposition 
of cobalt and molybdenum is the so-called induced co-deposition. The cation which 
induces the co-deposition process is cobalt. The role of hydrogen release in the 
deposition processes of such alloys as Co-Mo is also taken into consideration [1,2].  

Molybdate (VI) ions are transformed in the cathode area to the form of oxide, 
which is adsorbed onto the cathode surface: 
MoO4

2- + 2H+ → (MoO3)ads + H2O              (1) 
Subsequently, molybdenum (VI) trioxide becomes electroreduced to oxides at lower 
oxidation state: 
2(MoO3)ads + 2H+ + 2e → Mo2O5 + H2O (2) 
Mo2O5 + 2H+ + 2e → 2MoO2 + H2O (3) 
Reduction of oxides, which would lead to reduction of pure molybdenum, ceases to 
occur. Introduction of ions of another metal, in this case Co(II), to the electrolyte 
solution containing molybdate (VI) results in the following course of reaction: 
MoO2 + 4H+ + 4e → Mo + 2H2O (4) 
Ions of a metal which co-deposits with molybdenum occur in the electrolyte in the ionic 
form at lower oxidation state [Co(II)] and are invariable. The ionic radiuses of Mo and 
Co are similar and that is why atoms of metals which inhibit the process of alloy 
deposition may easily be placed within the crystal lattice of molybdenum.The properties 
of Co-Mo alloys include: high strength, good ductility, high corrosion resistance, as 
well as very good electrical conduction. This is determined by the appropriate standards 
of electrical and mechanical requirements for such materials (e.g. high temperature–
sparking) [3,4]. As was proved in the course of X-ray structure analysis, electrolytic 
coatings of the Co-Mo alloy do not have crystal structure. However, the possibility that 
a major part of the crystal component of the alloy coating is constituted by cobalt or 
solid solution of molybdenum in cobalt is not excluded [5,6,7]. Structure of the Co-Mo 
alloy deposited onto copper, graphite and glass-carbon cathodes was studied by Gomez 
E. et al [8,9,10]. They also studied the magnetic properties (magnetisation) of the 
obtained alloys in an applied magnetic field. The effects of constant magnetic field on 
electrochemical redox reactions were investigated by Bund A. et al [11]. They studied 
the following systems: Cu2+/Cu, Ni2+/Ni, [IrCl 6]

2-/[IrCl 6]
3- referring to previous 

solutions. Such alloys as Ni-Cu or Ni-Fe were also deposited electrolytically in a 



 

magnetic field (B = 0,1 T) [12,13]. The structure of these alloys and coating thickness 
were observed with the help of an AFM. 
Experimental 

The cyclic voltammetry (CV) method was employed in the study. It was used for 
analysing the kinetics of the processes of electrocrystallisation and electrooxidation of 
the Co-Mo alloy. The experiments were performed on polycrystalline golden disk 
electrodes with the area of approx. 0,1 cm2. Magnetic induction values (B) used for the 
experiments ranged from 0 to 1200 mT. Tests were performed for different directions of 
magnetic induction (B): N→S and S←N, where the direction of each was parallel to the 
surface of the working electrode (gold). The study solution consisted of: 0,1mol/dm3 
CoSO4, 0,01mol/dm3 Na2MoO4, 0,2mol/dm3 Na3C6H5O7 and 0,01mol/dm3 H2SO4. 
Electrochemical redox processes of the Co-Mo alloy were conducted within the 
potential range of (-1,5V; +0,5V) at the rate of 100mV/s. On the basis of kinetic tests 
from the obtained voltammetry diagrams it was determined that the potential at which 
Co-Mo alloys were deposited was 1250 mV (in reference to the calomel electrode). The 
alloys were deposited with and without the application of constant magnetic field for the 
time t = 1000 s. 
Results and Discussion 

The current and voltage parameters were read from the CVC curves, obtained 
using the cyclic voltammetry method: cathode current density (jk), anode current density 
(ja), cathode potential (Uk), anode potential (Ua). Example CVC curves for the reactions 
of electroreduction and electrooxidation of Co-Mo alloy, for different values of 
magnetic induction (B), are shown in Figures 1. As may be observed, the values of 
anode and cathode peaks decrease under the influence of constant magnetic field.  
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Fig. 1. CVC curves in the process of electroreduction and electrooxidation of Co-Mo 
alloy, with the application of constant magnetic field with different magnetic induction 
values B and direction N - S. 

On the basis of the analysis of current and voltage parameters, dependence 
graphs were drawn: jkB/jk0 = f(B) and jaB/ja0 = f(B), where: jkB, jaB –average cathode and 
anode current density in constant magnetic field with magnetic induction value (B), jk0, 
ja0 –average cathode and another current density without the field. The dependencies are 
presented in Figures 2 and 3. On the basis of Figures 2 and 3, conclusions were drawn 



 

that both electroreduction and electrooxidation processes are modified depending on the 
magnetic induction value (B). Figure 2 shows that changes in cathode current density 
(jk) are larger for the (S←N) direction setting of B (solid line): ∆jk ≈ 12% at B = 400 
mT, than for the (N→S) direction of B (broken line): ∆jk ≈ 5% at B = 500 mT. Figure 3 
shows that changes in anode current density (ja) are larger for the (N → S) direction 
setting of B (broken line): ∆ja ≈ 28% at B = 500 mT, than for the (S ← N) direction of B 
(solid line): ∆ja ≈ 25% at B = 700 mT. 
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magnetic field (jaB) and without the field (ja0) on the value of magnetic induction B, in 
the electrooxidation of Co-Mo alloy, with the direction of B: N - S and S –N.                                                                                                                                        
         This is consistent with the previous knowledge [11,14,15], according to which 
forces FB originating in the solution as a result of the action of constant magnetic field 
(in other words: MHD forces – magnetohydrodynamic), where: 
FB = Q+ ⋅ v ⋅ B ⋅ sin α                       (5) 



 

Q+ - positive charge of the entity (ion), 
v – velocity vector of the entity (ion), 
B – magnetic induction vector, 
α - angle between vectors B and v, 
have opposite directions in the reactions of electroreduction and electrooxidation. This 
can be observed in diagrams e.g. for the electroreduction process (Fig. 4). 

 
Fig. 4. Diagrams of the origination of force FB as a result of the action of constant 
magnetic field in the process of electroreduction of a paramagnetic positive ion, at the 
settings of magnetic induction direction B: (N → S) and (S ← N). 
         The characteristic points in the diagrams (Fig. 2 and 3) are those for B = 800 mT, 
where the direction of magnetic induction B: (N → S) and (S ← N) seems not to have 
any importance for this particular process. Below these points, the largest changes in 
current density occurred in constant magnetic field, whereas above these points the 
changes decreased. According to the Lorentz formula [14,15], the total force F 
originating as a result of action of both electric fields (FE) and magnetic fields (FB) was: 
F = FE + FB = (Q+ ⋅ E) + (Q+ ⋅ v ⋅ B ⋅ sin α)        (6) 
E – electric field intensity. 
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Non-newtonian systems make a group of drugs and auxiliary substances used in 
pharmaceutical therapy, occurring in certain forms. They have been studied, among 
others by rheological methods, recently significantly developed. At present it is 
assumed that rheology is an interdisciplinary science dealing with different aspects of 
deformation of physical bodies under the effect of external stress.  

In view of the above, in search of a complex method of assessment of 
pharmaceutical systems an attempt was undertaken to apply rheological methods, in 
particular rheometric analysis, which enables a quantitative description of physical 
properties on the basis of mathematical models 

To determine the values of the rheological parameters have been used the 
genetic algorithm.  
The activity of  the genetic algorithm begins with the creation of a random population of 
genomes, then, new populations are created by choosing the best genomes from the 
previous generation and modifying them by genetic operators: crossing and mutation, so 
that the new population, on average, has better properties.  
In the studied case, the problem of obtainment of the least differences between results 
from the rheological model and the result received in experimental way has been solved. 
Quality of fitting, (also called the target of function), has been measured by adding up 
differences the result of absolute values of  the shear stress received from the models 
and experiment in all measuring points. The estimation was negative, what meant, that 
the smaller was the target of function the nearer was model, to the experimental result. 
Investigation has done by simulating the population of models with the use of a 
computer. A single model is an equivalent of genom, while rheological parameters of 
the model are represented by genes [1-6] 
The algorithm used: 

1. Selection of population 
2.  The proper algorithm( Iteration) - consists of:  

a) An estimation of individuals in the population  
b) Creations of a new population through crossing of individuals of the 
preceding   population. The new one has to have the same size as the old one 
c)  A mutation individuals of the newly received  population  

 
Materials and methods 

Substances studied: sodium salt of carboxymethylcellulose  - Hoechst AG; 
sodium alginate  – Fluka Chemie AG. in concentration of 0,50% - 2,00%. Apparatus: 
rotational viscometer Rheotest2 – Medingen, with a system of coaxial cylinders SS1, 
aligned with a recording attachment. The shear rate was varied from 3,0s-1 to 1312s-1. 
Rheometrics Rotation Fluid Spectrometer RFS II (cone –plate) .The water solutions of 
the high-molecular compounds of the concentrations 0,50%, 1,00%, 1,50%, 2,00% were 
prepared. Further characteristic of the substances studied was made on the basis of the 
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mathematical equation described by the Szulman model. The values of the shear stress 
(τM) were calculated from the rheological equation, and then, with the use of the genetic 
algorithm, which finds local minimum of a difference (τM - τD), the rheological 
parameters of the models τy, ηp, n, m were determined. The calculations were based on 
18 types of algorithms. About 2000 iterations were proposed to each of algorithms (Tab. 
1 and 2). 
Tab.1. The example of different types of algorithms for Szulman model 
  

 
 
 
 
 
 
 
 
 
 
 
 
 

Tab.2. The example of different types of algorithms for Szulman model 
 

 
 
The mathematic equation for model analyzed 

m
1

n
n
1

n
1

)D( ⋅η+τ=τ  (eq. 1) Szulman model 
 
Discussion 

An example of comparison of different types of genetic algorithms for Szulman 
model for CMC-Na and ALG-Na  

When comparing of the algorithm XVIII, IV, V, VIII and IX for the Szulman 
model, it was stated that the best description of behaviour of  0,50% and 1,00% 

Algoritm IV V XVII XVIII 
Population 10000 10000 10000 10000 
Population cross methods  Best 

Random 
Best 
Random 

Best 
Random 

Best 
Random 

Genom cross methods One by one One by one One by one One by one 
Parents % 80 80 80 80 
Parents family 2 2 2 2 
Population member mute % 40 40 40 40 

Gen mute % 20 20 60 20 
Mute strength 2 4 2 1 
Parent alive % 20 20 20 20 

Algorithm VI VII VIII IX X 
Population 1000 5000 10000 10000 10000 
Population cross methods Best 

Random 
 Best 
Random 

Best 
Random 

 Best 
Random 

 Best 
Random 

Genom cross methods One by one One by one One by one One by one One by one 
Parents % 80 80 80 80 50 
Parents family 2 2 2 2 2 
Population member mute % 40 40 40 40 40 

Gen mute % 20 20 20 20 20 
Mute strength 2 2 6 10 10 
Parent alive % 20 20 20 20 20 
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CMC-Na has algorithm VIII and IX. For the 1,50% and 2,00% concentration of CMC-
Na the algorithm IV and XVIII is better (Tab. 3). 
It is expected that a further increase of the of mutation can only to speed up to strive for 
improvements, the algorithm attains local minimum quicker, but if the straight of 
mutation is to big, the algorithm can skip the local minimum so, it does not   necessarily 
mean that the result will be better. Large value of the strength of mutation causes 
significant fluctuation of the value of gens therefore it causes difficulty in receiving the 
best result.  
In further stage of investigations an estimation of influence of the strength of mutation 
on quality of the result obtained is proposed. 
 
 Tab.3. The values of the target function for different types of algorithms for CMC-Na 

(strength of mutation) 
 
Concentration               Algorithm     
  V IV XVIII VIII IX 
0,50% 98,09 43,19 133,92 41,83 44,54 
1,00% 4447,21 4629,15 6022,56 1156,94 86,01 
1,50% 8070,60 4978,58 4783,93 7513,155 6691,97 
2,00% 31005,32 4742,43 33825,92 22115,40 9115,34 

 
When comparing the algorithm IV, VI and VII it was showing that algorithm IV 

give a more accurate description which means that for a population containing more 
individuals an algorithm attains better results. Too few genoms stop an algorithm in 
local minimum where poor solution dominates over all population giving the worse 
result. From the other point of view too large number of population decreases the speed 
of activity of the algorithm. (Tab.4). 

 
Tab.4. The values of the target function for different types of algorithms for CMC-Na 

(population size) 
 

Concentration   Algorithm 
  IV VI VII 
0,50% 43,19 195186,20 51,43 
1,00% 4629,15 4882,01 4748,01 
1,50% 4978,58 6981,76 7950,55 
2,00% 4742,43 5738,83 5113,37 
 
From the investigations it was chose the best algorithm, consisting from many 
parameters of algorithms (Tab.5) 
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Tab. 5. The example of algorithm for 0,50% CMC-Na – Szulman model 
 
Algorithm Algorithm parameters 

Population IV 10000 
Genom cross methods IV One by one 
Parents alive % IV 20% 
Parents % X 50% 
Strength of mutation  6 
Population member mute % IV 40% 
Gen mute % XVII 60% 
 
Comparing the values of the sum of squares from differences  between theoretical shear 
stress and experimental obtained from genetic algorithms and with the using of solver 
application, it was stated that both of methods are good. It was received good 
approximation of behavior the studied fluids.  
Statistical analysis showed however, that values of rheological parameters counted with 
the use of algorithms are more repetitive (Tab. 6.) 
 
Tab.6. The value of standard deviation and coefficient of variance for 1,50% CMC-Na  

Szulman model 
      

Solver Genetic algorithm  
τy ηp τy ηp 

Standard deviation 5,70 779,13 0,004 6,08 
Coefficient of 
variance 

173,20 90,58 108,10 50,30 

 
Conclusions 

1. A comparative analysis of different kinds of genetic algorithms showed, that 
most of them describe experimental flow curve very well. This fitting is, 
however, different depending on type of algorithm, for example from the 
straight of mutation, the numbers of population, and parents alive and etc.  
It was stated that the results obtained from genetic algorithm are similar to the 
process found in nature. 

2. Assessment of the physical properties of macromolecules by the mathematical 
models is of the great importance for drug designing of certain desired physical 
and chemical as well as biopharmaceutical properties. 

3. The application of mathematical models and determination of rheological 
parameters from them, with the use of method of the genetic algorithm and 
Solver allows predicting the physical properties of the systems studied [3]. 
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The structure of the network of hydrogen bonds in alcohol is dramatically changed 

by addition of even small amount of water. A single alcohol molecule can take part in 
two hydrogen bonds, one as a donor and one as an acceptor, and therefore the bulk 
structure of alcohol is composed of isolated, linear and cyclic clusters of molecules. 
Addition of water molecules which can form up to four hydrogen bonds results in 
transformation of the hydrogen-bond structure towards global network by linking the 
alcohol clusters.  

From the knowledge of the percolation phenomena [1] it is expected that the change 
of the network character is of an abrupt type and the network becomes suddenly global 
after the water content has exceeded a threshold value.  

The change of the hydrogen-bond network has far-reaching consequences for all the 
phenomena connected with energy dissipation in the medium: the relaxation of the 
electronic excitation energy, the vibrational relaxation, the excess electron localization 
and, in general, the exothermic chemical reactions. In the global network the excess 
energy is dissipated out of a reaction site via the hydrogen bonds and the reaction is 
completed much easier than in the case of  nonlinked local clusters. The changes in the 
reaction rate caused by small changes of the  water content in alcohol are more 
profound at low temperatures. 

In the first stage of the project we performed the simulation of the rise of the global 
network by adding small amounts of the four-functional monomers (representing water 
molecules) to the system of bi-functional monomers (alcohol molecules). The 
simulations assumed the system of 64000 monomers arranged in the cubic lattice. A 
series of calculations were performed for different concentrations of four-functional 
monomers, from C=1 % to 5 %. The results indicate that the global network of 
hydrogen bonds appears when the critical concentration Co of 1.6 – 1.7 % is exceeded.  

In the second part of the project we performed quantum-chemical calculations of a 
series of the methanol clusters and mixed methanol-water clusters: 1) the clusters 
(CH3OH)n for n=2 to 6; 2) the clusters (CH3OH)n-1(H2O) for n=2 to 6; 3) selected 
clusters (CH3OH)n-2(H2O)2 ; 4) the clusters of water molecules (H2O)n for n=2 to 6. 

The calculations have been performed using the gradient-corrected version of the 
density functional theory (DFT) with the hybrid exchange – correlation functional 
B3LYP and with the DZ-type basis set. The optimization runs produced the cluster 
geometry, hydrogen – bond energy, vibrational frequencies and the electron density 
isosurfaces. 

The series of the calculations started with three bimolecular clusters: (H2O)2, 
(CH3OH)2 and (H2O)(CH3OH). The geometrical structures have been obtained as a 
result of the energy optimization runs. The hydrogen bond angle for water dimer is 
close to 180o, the angles for methanol dimer and water-methanol bond are by about 10o 
smaller. The bond lengths are almost identical for all three cases: 0.99 Ǻ for the OH 



bond in the parent molecule and 1.75 Ǻ for the other bond. The energy of the hydrogen 
bond was calculated as the difference of energy of the dimer and energy of the separated 
molecules. For  (H2O)2 dimer the hydrogen bond energy is -0.414 eV, it is slightly 
lower for (CH3OH)2 dimer: -0.384 eV. It interesting to note that the H-bond energy for 
water-methanol bond is  -0.415 eV, the same as for the water dimer. 

Figure 1 shows the hydrogen bonded n=3 clusters: (A) (H2O)3, (B) 
(H2O)2(CH3OH), (C) (H2O)1(CH3OH)2,  and (D) (CH3OH)3. The oxygen atoms in all 
the cases form nearly equilateral triangles. The length of the hydrogen bond is slightly 
shorter for the water trimer (A) , about 1.68 Ǻ, and with the increase of the number of 
methanol molecules in the cluster it gradually increases up to 1.71 Ǻ and 1.73 Ǻ. The 
binding energy of the cluster was calculated as the difference of the cluster energy 
minus the energy of the separated molecules and it was recalculated per single bond.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 1. Isosurfaces of the electron density for the following n=3 clusters: (A) (H2O)3, 
(B) (H2O)2(CH3OH), (C) (H2O)1(CH3OH)2, and (D) (CH3OH)3.  The density ρ=0.04 
e/Ǻ2. The lengths of the OH bonds (in Ǻ) and the O-H-O angles for the H-bridge are 
given in the figure. 



The binding energy for the water trimer (A) is the highest, -0.446 eV, and it is also 
slightly higher than the (H2O)2 binding energy. Exchanging water molecule by methanol 
(B) slightly lowers the average binding energy to –0.430 eV, further exchange (C) 
results in –0.413 eV and, finally, in methanol trimer the binding energy per single bond 
is –0.396 eV. We can conclude that addition of water to methanol cluster leads to 
slightly stronger hydrogen bonds. The angles O-H-O are significantly smaller for the 
trimer case (about 148o) as compared to the dimer angles between 170o and 180o. 

 
Two n=4 clusters, (H2O)4 and (CH3OH)4  are shown in Fig. 2. The oxygen atoms 

viewed from above form the square - the planar angles O-O-O are very close to 90o. 
However the figures are nonplanar: the distortion measured as the O-O-O-O angle is 
about 8.6o in the case of methanol and 9.3o in the case of water tetramer. 

 

 
Fig. 2. Isosurfaces of the electron density for the following n=4 clusters: (A) (H2O)4, 
(B) (CH3OH)4. The density ρ=0.04 e/Ǻ2. The lengths of the OH bonds (in Ǻ) and the O-
H-O angles for the H-bridge are given in the figure. 

 
Figure 3 presents examples of the larger clusters, n=5, after the structure 

optimization towards the lowest energy. The clusters are of the cyclic type, with 5 
hydrogen bonds, all of the pentagons are nonplanar. The deviation from the plane is 
relatively small in the water pentamer (A) and the methanol pentamer (B) but for the 
mixed structure (H2O)1(CH3OH)4 (C) it is easily seen that one of the methanol 
molecules is placed above the plane formed by the remaining four molecules. The 
binding energies (recalculated per single bond) are significantly higher than the 
corresponding energies for smaller clusters. The binding energy is -0.653 eV for  
(H2O)5, it is somewhat lower for the methanol pentamer: -0.581 eV and still lower for 
the mixed cluster (H2O)1(CH3OH)4, -0.531 eV.  

The calculations for larger clusters are under way but we still consider the results of 
optimizations as pilot results due to huge number of possible initial structures. For 
instance, the clusters for n=3 are final results of optimizations for 11 different initial 
structures. The number of the structures for higher n grows by an order of magnitude. 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Isosurfaces of the electron density for the following n=5 clusters: (A) (H2O)5, 
(B) (CH3OH)5,  and (C) (H2O)1(CH3OH)4.  The density ρ=0.04 e/Ǻ2. The lengths of the 
OH bonds (in Ǻ) and the O-H-O angles for the H-bridges are given in the figure. 
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