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EDITORIAL

This issue of the Journal of the Serbian
Chemical Society was chosen by the members
of the Presidency of the Society and of the Edi-
torial Board from Serbia to mark the retire-
ment of Dragutin M. Drazi¢ as Editor-in-Chief
of the Journal.

Dragutin Drazi¢ succeeded Slobodan V. §
Ribnikar, who was Editor-in-Chief for 10 years,
among others in the 77-year old history of the
Journal and who introduced many improve-
ments in editing and editing policy, including
editing in English since 1985.

Dragutin Drazi¢ was Editor-in Chief for
more than 20 years. In addition to his immense
impact as a scientist and university teacher to
the field of Electrochemistry and Physical Che-
mistry and to the understanding of the impor-
tance of chemistry and of the natural science
in general (see J. Serb. Chem Soc. 66 (2001)
731), his great effort in the editing of the Journal resulted in its pivotal position in
the world of scientific journals in Serbia. With no intention to repeat Dragutin Dra-
Zi¢’s great contribution to the development of contemporary chemical minds in the
former Yugoslavia, and lately in Serbia (see J. Serb. Chem. Soc. 72 (2007) 1), we si-
mply say: THANK YOU! Saying this, we are aware that we express the gratitude of
the chemistry community not only in Serbia, but also worldwide, where the name
Dragutin Drazi¢ is recognized.

The papers in this issue were prepared by the authors from Serbia who aided
Dragutin Drazi¢, JSCS Honorary Editor, in his editing efforts, by submitting their
manuscripts, through sub-editing and revision of the submitted manuscripts, or some
other way, to establish a journal with the reputation which Journal of the Serbian
Chemical Society holds today on the international scene.

Branislav Z. Nikoli¢ Bogdan Solaja
Editor-in-Chief President of the Serbian Chemical Society
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Radical reactions of xanthates: annulation of
the cyclopentene ring
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1Faculty of Chemistry, University of Belgrade, Studentski trg 16, P. O. Box 158, 11000 Belgrade,
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Abstract: Homoallylic radicals, generated from the corresponding xanthates, react
with terminal alkynes to give cyclopentene derivatives in moderate yields.

Keywords: radicals, annulation, cyclopentene, xanthates, alkynes.

In the rich armamentarium of synthetic free radical reactions, the xanthate
based methodology occupies a prominent place.l An especially useful feature of
the radical chemistry of xanthates is the ability of stabilized radicals to add ef-
ficiently to non-activated alkenes —a possibility which has given rise to hume-
rous synthetic applications of this method. However, to the best of our know-
ledge, no examples are known of reactions of xanthate derived radicals with al-
kynes, although this latter class of compounds should, at least theoretically, be
good acceptor partner for group-transfer radical additions.2 As represented in
Scheme 1, radical addition to an alkyne should produce a vinyl radical 1 — a reac-
tive species capable of abstracting the xanthate group from the radical precursor,
thus propagating the chain reaction.

To test this possibility, a mixture of xanthate 2 and propargyl acetate was
submitted to the "standard" conditions for a radical addition. Indeed, the expected
product 3 was formed under both photolytic and thermal initiation; however, the
yield was low (17 %) and the conversion incomplete (Scheme 2). Attempts to op-
timize the reaction conditions did not meet with success. Thus, a synthetically
useful xanthate radical addition to alkynes appeared not to be feasible.

Two mechanistic steps could be responsible for this failure: the addition step
or the group transfer step. Unable to envisage any reasons hampering the addition
step, we believed that it may be a too high reactivity of the intermediary vinyl ra-
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dical 1, which leads to side reactions and stops the desired radical chain. If this
reasoning were correct, the problem could be circumvented by conferring to the
vinyl radical another role, instead of a chain carrier. For example, a vinyl radical
possessing a A°-olefinic bond could undergo the well-established, rapid 5-exo-cy-
clization; the alkyl radical thus obtained would then effect the crucial chain car-
rying step, i.e., xanthate group transfer from the radical precursor. This modified
reaction is actually a free radical annulation sequence which would produce cy-
clopentene derivatives.3 Somewhat counterintuitively, the yield of the sequential
reaction as a whole could be better than the yield of the addition step only.
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Scheme 1: The proposed mechanism of the intermolecular addition of
xanthate derived radicals to alkynes.

Ac hv, benzene, or
Eto,c” SC(S)0Et  + = e EtO,Ca
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17% (50%, calculated
on the basis of the recovered
starting xanthate)

Scheme 2. Addition reaction of a simple xanthate ester to propargyl acetate

To test the correctness of this reasoning and the feasibility of the cyclopen-
tene annulation, suitably substituted xanthate radical precursors 5 and 6, as shown
in Scheme 3, were prepared.3 Gratifyingly, when a benzene solution of 5 and
phenylacetylene was exposed to irradiation with visible light, the desired cyclo-
pentene derivative 7a was obtained in 33 % vyield (42 % yield, calculated on the
basis of recovered starting compound 5). Similarly, other combinations of xan-
thates and alkynes also gave cyclopentene derivatives 7b—g, in modest to mode-
rate yields, as represented in Scheme 4. Interestingly, with xanthate 5, the pro-
ducts 7b and 7c were obtained stereoselectively, while 7a was obtained as an
equimolar mixture of cis/trans isomers.
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Thus, the intermolecular addition of radicals generated from xanthates to al-
kynes proved to be possible, provided that the intermediary vinyl radical is trap-
ped by a rapid intramolecular reaction. The described annulation procedure may
represent a useful extension of the existing methodology.4

r
o~ Cu-powder i/\ K SC(S)OEt C(S)OEt
—_ —_— \ —_—
EtO,C-CHN, + pr Aah EtO,C acetone EtO,C A
4 71% 5 93%
EtO,C — 1. NaH, DMSO, CeHs Et0,C. ,SC(S)OEt
Et0,C 2. EtO(S)CS-SC(S)OEt EtOZCM
6 50%

Scheme 3. Preparation of the annulation precursors.

Z. ,SC(S)OEt - EtO(S)CS
Et02C></\ + =R —_—
or DLP, A Et0,C Z
5o0r6 7
Entry z R method yield (%)?
a H Ph hv 33 (42)
b H CH,0Ac hv 46
c H CH,0,CCH,CI  hv 30
d CO2Et n-Cy4Hg hv 60
e COEt CH,0AC hv 21 (27)
COEt CH,0AC A 30
f COyEt CH,0,CCH,CI hvorA 30
g CO,Et Ph hv 48 (62)
CO,Et Ph A 35 (43)

a) Yields in the parenthesis are calculated on the basis of
the recovered starting xanthate

Scheme 4. Cyclopentene annulation.

EXPERIMENTAL

General

All chromatographic separations were performed on Silica 10-18, 60A, ICN Biomedicals.
Standard techniques were used for the purification of the reagents and solvents. The NMR spectra
were recorded on a Varian Gemini 200, 1H-NMR at 200 MHz, 13C-NMR at 50 MHz, for samples
in deuterated chloroform. Chemical shifts are expressed in ppm using tetramethylsilane as the in-
ternal standard. The IR spectra were recorded on a Nicolet 6700 FT instrument, and are expressed
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in cm™L, The mass spectra were obtained on Agilent Technologies 6210 TOF LC/MS instrument
(LC, series 1200).

Intermolecular addition of radicals to alkynes: ethyl 5-acetoxy-4-(ethoxycarbonothioylthio)pent-3-enoate (3)

In a Pyrex, external water-cooled reactor, a deaerated solution of xanthate 2 (210 mg; 1 mmol)
and propargyl acetate (980 mg; 10 mmol) in benzene (1 ml) was irradiated 6 h with a 250 W xe-
nophot sun-lamp, under an argon atmosphere. The solvent was removed under reduced pressure
and the product purified by column chromatography on SiO, (eluent: 10 % ethyl acetate in petro-
leum ether) to afford 52 mg (17 %) of the title compound 3, as a light-yellow oil, and 140 mg of
recovered starting xanthate 2 (the yield of 3, calculated on the basis of the recovered 2, was 50 %).
Spectra of the mixture of isomers: IRgm: 2961, 2980, 2920, 2851, 1738, 1647, 1444, 1370, 1224,
1180, 1109 and 1038. IH-NMR (200 MHz, CDCls, § / ppm): 6.61 (dt, J; = 7.0 Hz, J, = 1.0 Hz, 1H,
major isomer); 6.47 (t, J = 7.4 Hz, 1H, minor isomer); 4.86 (s, 2H, minor isomer); 4.78 (d, J = 1.0 Hz,
2H, major isomer); 4.62 (q, J = 7.0 Hz, 2H); 4.19 (q, J = 7.2 Hz, 2H, minor isomer); 4.16 (q, J =
= 7.2 Hz, 2H, major isomer); 3.39 (d, J = 7.0 Hz, 2H, minor isomer); 3.38 (d, J = 7.0 Hz, 2H, major
isomer); 2.10 (s, 3H, major isomer); 2.07 (s, 3H, minor isomer); 1.4 (t, J = 7.0 Hz); 1.28 (t, J = 7.2 Hz,
3H, minor isomer); 1.27 (t, J = 7.2 Hz, 3H, major isomer). 33C-NMR (50 MHz, CDCls, 5 / ppm):
217.0,170.4,170.2, 139.8, 136.1, 129.3, 70.6, 70.3, 66.8, 62.0, 61.1, 35.2, 34.7, 20.8, 14.1, 13.6.

Ethyl 2-bromo-4-pentenoate (4)3°

A suspension of copper powder (50 mg; 0.78 mmol) in allyl bromide (23 g; 0.19 mol) was
heated gently to reflux. To this mixture was added dropwise over 4 h a solution of allyl bromide (3 ml)
in ethyl diazoacetate (3 g; 26 mmol). When the addition was complete, the mixture was refluxed for a
further 60 min, then filtered, concentrated and distilled under reduced pressure, to give 3.83 g (71 %)
of the title compound 4, E»; 88-90 °C; the physical data were identical to that previously reported.
S-(1-Ethoxycarbonyl-3-butenyl)-O-ethyl dithiocarbonate (5)3

A solution of 4 (18 mmol) in acetone (2 ml) was added to a suspension of potassium O-ethyl
xanthate (2.9 g; 18 mmol) in acetone (5 ml), over 10 min, with stirring under an argon atmosphere.
Upon completion of the reaction, the acetone was removed under reduced pressure and the residue
was partitioned between water and ether. The combined ethereal extract was dried over anh. so-
dium sulfate and concentrated to give 4.04 g (93 %) of the title compound 5 as a light-yellow oil.
IH-NMR (8, ppm): 5.89-5.68 (m, 1H); 5.21-5.09 (m, 2H); 4.64 (g, J = 7.0, 2H); 4.43 (t, J = 7.0 Hz,
1H); 4.21 (g, J = 7.2 Hz, 2H); 2.76-2.60 (m, 2H); 1.42 (t, J = 7.2 Hz, 3H); 1.30 (t, J = 7.0 Hz, 3H).
IRiim (v, cm™1): 3081, 2982, 1737, 1642, 1293.

S-(1,1-Bisethoxycarbonyl-3-butenyl)-O-ethyl dithiocarbonate (6)3

Sodium hydride (80 % in mineral oil) was added to a solution of diethyl allylmalonate (2.0 g;
10 mmol) in benzene (90 ml) and DMSO (10 ml), and the mixture was stirred until a clear solution
was formed. To this solution, diethyl dithiobis(thioformate) (2.66 g; 11 mmol) was added and the
reaction mixture was stirred at r.t. Upon completion of the reaction, the mixture was carefully di-
luted with water and extracted with benzene. The combined organic extract was washed with water,
dried over anh. sodium sulfate and concentrated under reduced pressure. Purification by column
chromatography (SiO,; eluent: petroleum ether/ethyl acetate 95/5) afforded 1.6 g (50 %) of the title
compound 6 as a light-yellow oil. IH-NMR (5, ppm): 5.95-5.75 (m, 1H); 5.20-5.08 (m, 2H); 4.60
(9,3 =7.1Hz, 2H); 4.24 (q, J = 7.2 Hz, 4H); 3.14-3.06 (m, 2H); 1.39 (t, J = 7.1 Hz, 3H); 1.27 (4,
J = 7.2 Hz, 6H). I3C-NMR (5, ppm): 209.2; 166.5; 131.6; 119.8; 70.0; 66.6; 62.5; 39.3; 13.8; 13.0.
IRfiim (v, cm™1): 3080, 2983, 1736, 1642, 1294, 1228, 1132.
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General procedure for the annulation reaction with photolytic initiation: diethyl 3-butyl-4-((etho-
xycarbonothioylthio)methyl)cyclopent-2-ene-1,1-dicarboxylate (7d)

In a Pyrex, external water-cooled reactor, a deaerated solution of xanthate 6 (100 mg; 0.3 mmol)
and 1-hexyne (246 mg; 3 mmol) in benzene (0.3 ml) was irradiated 3 h with a 250 W xenophot sun
lamp, under an argon atmosphere. The solvent was removed under reduced pressure and the pro-
duct purified by column chromatography on SiO, (eluent: 5 % ethyl acetate in petroleum ether) to
afford 75 mg (60 %) of the title compound 7d as a light-yellow oil. IRg;m (v, cm™1): 2959, 2931,
2871, 1732, 1645, 1462, 1367, 1232, 1112, 1050. 1H-NMR (200 MHz, CDCls) (d, ppm): 5.55 (d, J
= 1.4 Hz, 1H); 4.65 (q, J = 7.0 Hz, 2H); 4.31-4.11 (m, 4H); 3.56 (dd, J; = 13.2 Hz, J, = 3.8 Hz,
1H); 3.18-2.97 (m, 1H); 2.90 (dd, J; = 13.0 Hz, J, = 9.6 Hz, 1H); 2.72 (dd, J; = 13.8 Hz, J, = 8.0 Hz,
1H); 2.25-2.04 (m, 3H) 1.43 (t, J = 7.0 Hz, 3H); 1.36-1.21 (m, 10H); 0.92 (t, J = 7.0 Hz, 3H). 13C-NMR
(50 MHz, CDCl3) (6, ppm): 214.7 (C); 171.4 (C); 171.2 (C); 151.1 (C); 123.4 (CH); 69.9 (CHy);
64.8 (C); 61.4 (CH,); 45.2 (CH); 39.7 (CHy); 37.3 (CHy); 29.3 (CH,); 28.6 (CHy); 22.3 (CHy);
13.9 (CHs); 13,8 (CHg); 13.7 (CH3). HRMS (EI): calcd. for C19H3105S, (M+H") 403.1607; found
403.1591.

General procedure for the annulation reaction with thermal initiation: diethyl 3-((2-chloroaceto-
xy)methyl)-4-((ethoxycarbonothioylthio)methyl)cyclopent-2-ene-1,1-dicarboxylate (7f)

A deaerated solution of xanthate 6 (100 mg; 0.3 mmol) and propargyl chloroacetate (400 mg;
3 mmol) in benzene (0.3 ml) was heated to reflux under an argon atmosphere, while dilauroyl pe-
roxide (4 mg) was added every 2 h. After 5 h, the reaction was complete (TLC). The mixture was
concentrated under reduced pressure and purified by column chromatography on SiO, (eluent: 10 %
ethyl acetate in petroleum ether) to afford 43 mg (30 %) of the title compound 7f as a light-yellow
oil. IR (v, cm™1): 2982, 2938, 1731, 1446, 1367, 1235, 1163, 1048. IH-NMR (200 MHz, CDCl;)
(6, ppm): 5.80 (s, 1H); 4.84 (s, 2H); 4.62 (q, J = 7.3 Hz, 2H); 4.29-4.14 (m, 4H) 4.13 (s, 2H); 3.53
(dd, J; =13.5 Hz, J, =4.2 Hz , 1H); 3.33-3,22 (m, 2H); 3.02 (dd, J; = 13.2 Hz, J, = 9.0 Hz , 1H);
2,78 (dd, J; = 14.0 Hz, J, = 8.4 Hz , 1H); 2.31 (dd, J; = 14.0 Hz, J, = 5.1 Hz, 1H); 1.43 (t, J = 7.0 Hz,
3H); 1.26 (t, J = 7.2 Hz, 3H); 1.26 (t, J = 7.0 Hz, 3H). 13C-NMR (50 MHz, CDCl) (4, ppm): 214.3
(C); 170.5 (C); 170.3 (C); 166.8 (C); 143.9 (C); 128.6 (CH); 70.2 (CHy); 65.0 (C); 62.6 (CH,); 61.8
(CHy,); 44.1 (CH); 40.7 (CH,); 39.4 (CH,); 37.4 (CH,); 13.9 (2 x CH3); 13.7 (CH3). HRMS (EI):
calcd. for C1gH,50,S,Cl (M+H*) 453.0803; found 453.0804.

Spectral data for the other annulated compounds

Ethyl 4-((ethoxycarbonothioylthio)methyl)-3-phenylcyclopent-2-enecarboxylate (7a): IRfjjm
(v, cm1): 3057, 2957, 2924, 2854, 1730, 1646, 1445, 1215, 1112, and 1049. H-NMR (200 MHz,
CDClg) (6, ppm): 7.57-7.46 (m, 2H); 7.41 (m, 3H); 6.15-6.14 (m, 1H, isomer A); 6.09-6.07 (m, 1H,
isomer B); 4.71-4.58 (m, 2H), 4.65 (g, J = 7.0 Hz, 2H, isomer A); 4.64 (q, J = 7.0 Hz, 2H isomer
B); 3.79-3.55 (m, 3H); 2.98-2.80 (m, 1H); 2.60-2.45 (m, 1H); 2.29-2.14 (m, 1H); 1.43 (t,
J =7.0 Hz, 3H, isomer A); 1.40 (t, J = 7.2 Hz, 3H, isomer B); 1.29 (t, J = 7.2 Hz, 3H, isomer A);
1.27 (t, J = 7.0 Hz, 3H, isomer B). 13C-NMR (50 MHz, CDCls) (4, ppm): 214.0, 174.0, 147.4,
1345, 128.5, 127.9, 126.7, 126.4, 125.7, 125.5, 70.0, 69.9, 60.8, 49.4, 43.9, 40.4, 39.60, 32.5, 32.1,
14.2, 13.8, 11.4. HRMS (EI): calcd. for C1gH»303S, (M+H*) 351.1083; found 351.1083.

Ethyl 3-(acetoxymethyl)-4-((ethoxycarbonothioylthio)methyl)cyclopent-2-enecarboxylate (7b):
IRgiim (v, cm™1): 2981, 2932, 1738, 1652, 1450, 1369, 1227, 1112, and 1050. IH-NMR (200 MHz,
CDCl3) (9, ppm): 5.81 (s, 1H); 4.71 (s, 2H); 4.65 (g, J = 7.2 Hz, 2H); 4.15 (g, J = 7.2 Hz, 2H);
3.64-3.49 (m, 2H); 3.15-2.97 (m, 2H); 2.54-2.38 (m, 1H); 2.11(s, 3H); 2.10-1.97 (m, 1H); 1.43 (t,
J =7.0 Hz, 3H); 1.27 (t, J = 7.2 Hz, 3H). 13C-NMR (50 MHz, CDCls) (5, ppm): 214.7 (C); 173.8
(C); 170.7 (C); 142.8 (C); 128.6 (CH); 70.0 (CHy); 61.3 (CHy); 60.9 (CH,); 49.0 (CH); 44.3 (CH);
39.9 (CH); 32.9 (CH); 20.9 (CH3); 14.2 (CHj3); 13.8 (CHg). HRMS (EI): calcd. for Cq5H,305S,
(M+H") 347.0981; found 347.0989.
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Ethyl 3-((2-chloroacetoxy)methyl)-4-((ethoxycarbonothioylthio)methyl)cyclopent-2-enecarbo-
xylate (7¢): IRgm (v, cml): 2984, 1731, 1448, 1371, 1286, 1216, 1113, and 1050. 1H-NMR (200
MHz, CDCls) (6, ppm): 5.86 (s, 1H); 4.84 (s, 2H); 4.65 (g, J = 7.0 Hz, 2H); 4.15 (g, J = 7.1 Hz,
2H); 4.12 (s, 2H); 3.59-3.49 (m, 2H); 3.11-2.99 (m, 2H); 2.55-2.31 (m, 1H); 2.17-1.97 (m, 1H);
1.43 (t, J = 7.0 Hz, 3H); 1.26 (t, J = 7.1 Hz, 3H). 13C-NMR (50 MHz, CDCls) (J, ppm): 214.5 (C);
173.5(C); 166.9 (C); 141.8 (C); 129.4 (CH); 70.1 (CH,); 62.8 (CH,); 60.9 (CHy); 48.9 (CH); 44.2
(CH); 40.7 (CH,); 39.7 (CH,); 32.9 (CH,); 14.1 (CHs); 13.7 (CHs).

Diethyl 3-(acetoxymethyl)-4-((ethoxycarbonothioylthio)methyl)cyclopent-2-ene-1,1-dicarboxylate
(7€): IRfiim (v, cm™1): 2982, 2936, 1732, 1445, 1367, 1223, 1112, and 1047. 1H- NMR (200 MHz,
CDCly) (6, ppm): 5.87 (d, J = 1.6 Hz, 1H); 4.72 (s, 2H); 4.65 (g, J = 7.0 Hz), 4.32-4.11 (m, 4H);
3.55 (dd, J; = 13.2 Hz, J, = 4.0 Hz, 1H); 3.29-3.21 (m, 1H); 3.00 (dd, J; = 13.2 Hz, J, = 9.2 Hz, 1H);
2.78 (dd, J; = 14.0 Hz, J, = 8.4 Hz, 1H); 2.31 (dd, J; = 14.0 Hz, J, = 5.0 Hz, 1H); 2.12 (s, 3H);
1.43 (t, J = 7.0 Hz, 3H); 1.26 (t, J = 7.2 Hz, 3H); 1.25 (t, J = 7.2 Hz, 3H). 13C NMR (50 MHz,
CDCly) (4, ppm): 214.4 (C); 170.7 (C); 170.5 (C); 144.8 (C); 127.6 (CH); 70.1 (CH,); 65.0 (C);
61.8 (CH,); 61.1 (CH,); 44.1 (CH); 39.4 (CHy); 37.4 (CHy); 20.9 (CHa); 14.0 (CHs); 13.7 (CHy).
HRMS (El): calcd. for C1gH»607S,Na (M+Na*) 441.1012; found 441.0992.

Ethyl 4-((ethoxycarbonothioylthio)methyl)-3-phenylcyclopent-2-enecarboxylate (7g): Spectra
of the mixture of isomers: IR, (6, ppm): 3057, 2957, 2924, 2854, 1730, 1646, 1445, 1215, 1112,
1049. IH-NMR (200 MHz, CDCls) (d, ppm): 7.57-7.46 (m, 2H); 7.41 (m, 3H); 6.15-6.14 (m, 1H,
isomer A); 6.09-6.07 (m, 1H, isomer B); 4.71-4.58 (m, 2H), 4.65 (q, J = 7.0 Hz, 2H, isomer A);
4.64 (g, J = 7.0 Hz, 2H, isomer B); 3.79-3.55 (m, 3H); 2.98-2.80 (m, 1H); 2.60-2.45 (m, 1H);
2.29-2.14 (m, 1H); 1.43 (t, J = 7.0 Hz, 3H, isomer A); 1.40 (t, J = 7.2 Hz, 3H, isomer B); 1.29 (t, J=
= 7.2 Hz, 3H, isomer A); 1.27 (t, J = 7.0 Hz, 3H, isomer B). 13C-NMR (50 MHz, CDCls) (d, ppm):
214.0, 174.0, 147.4, 134.5 128.5, 127.9, 126.7, 126.4, 125.7, 125.5, 70.0, 69.9, 60.83, 49.4, 43.9,
40.4, 39.60, 32.5, 32.1, 14.2, 13.8, 11.4. HRMS (El): calcd. for C1gH»303S, (M+H*) 351.1083;
found 351.1083.

Acknowledgments: This research was part of the project No. 142021 supported by the Ministry of
Science of the Republic of Serbia.
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PAJJUKAJICKE PEAKIIMJE KCAHTATA: AHEJIAIIUJA
HUKJIOIIEHTEHOBOI ITPCTEHA

AHMED MOHAMED ELHESHIY, BECEJIUH MACJIAKY2 1 PAJIOMHP H. CANYNRL2

YXemujcku dpaxyaitiem, Ynusepsuitiewn y Beozpady, Ciiydeniticku Tpz 16, . ip. 158, 11000 Beozpad u
2UXTM, Llenitiap 3a xemujy, hezowesa 12, Beozpad

XoMoanmTHi pafuKajid, HaCTaJdd U3 OAroBapajyhux KcaHTaTa, pearyjy ca TepMHHAIHUM aJl-
KUHUMA U J13jy JIepuBaTe IMKIJIONEHTeHA Y YMEPEHUM MIPHHOCHMA.

(IIpumsbeno 3. jyma 2007)
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Faculty of Chemistry, University of Belgrade, Belgrade, 1999

A review article on free radical annulations: T. R. Rheault, M. P. Sibi, Synthesis (2003) 803

. D. D. Phillips, J. Am. Chem. Soc. 76 (1954) 5385.
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Abstract: Several dicyclohexylidene tetraoxanes were prepared in order to gain a
further insight into structure—activity relationship of this kind of antimalarials. The
tetraoxanes 2-5, obtained as a cis/trans mixture, showed pronounced antimalarial
activity against Plasmodium falciparum chloroquine susceptible D6, chloroquine
resistant W2 and multidrug-resistant TM91C235 (Thailand) strains. They have
better than or similar activity to the corresponding desmethyl dicyclohexylidene
derivatives. Two chimeric endoperoxides with superior antimalarial activity to the
natural product ascaridole were also synthesized.

Keywords: mixed tetraoxanes, endoperoxides, malaria, P. falciparum.
INTRODUCTION

Malaria affects more than 500 million people per annum, causing more than
one million deaths, mostly in Africa.l Infants, young children and pregnant wo-
men are particularly at risk; in fact, it has been estimated that a child dies of
malaria every 30 seconds. Furthermore, the disease has as an immeasurable nega-
tive impact, both personally and socioeconomically, on families and communities
in endemic areas. Although malaria is treatable, increased resistance of the pro-
tozoan parasite Plasmodium falciparum to standard and affordable anti-malarial
drugs, such as chloroquine (CQ), complicates the treatment of infected indivi-
duals. Peroxide antimalarials of the 1,2 4-trioxacyclohexane class (artemisinin
and its derivatives)? and drugs of the trioxolane class3 offer some new possibili-
ties for treating malaria.

Compounds of another peroxide class, the 1,2,4,5-tetraoxacyclohexanes (te-
traoxanes), although less investigated, also have been shown to have potent anti-
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malarial activity.# Subsequently, the syntheses of mixed tetraoxanes®6 enabled
the controlled preparation of a new generation of this promising class of antima-
larials.* In addition to the steroidal tetraoxanes, a significant number of dicyclo-
hexylidene tetraoxanes have been synthesized and their anti-malarial activity
evaluated both in vitro and in vivo.8.9

Monoterpene ascaridole (Scheme 1), a natural bicyclic [2.2.2] endoperoxide
with moderate antimalarial properties, was used as a model for the synthesis of a
series of diaryl substituted ascaridole-type endoperoxides, which showed higher
activity as compared to ascaridole or dihydroascaridole.l0 More recently, the
syntheses of less volatile ascaridole and dihydroascaridole derivatives have been
accomplished starting from perillyl and nopol derivatives.11

o CIJH {I3H
o.__0 =
% b) 0-0 o 0-0 o]
- =~ HyC /< —= HiC
o-0 OCH, 0-0 OH
CHa CH,
la) 3: 80%
1: 47- 85% 2: 10-35%
0-0 o
X
0-0 NHR
a) 30% H,0,/HCI; CH,CN/CH,CI,; b) methyl 4-oxocyclohexanecarboxylate, 4: R =H; 74%
CH,Cl,, H,S0,/CH,CN; c) NaOH, i-PrOH/H,0/A; d) CICO,EVELN, R,NH, 5: R = CH,CH,N(Me),, 61%

Scheme 1.

Here are reported the synthesis and results of anti-malarial screening of two
types of anti-malarial peroxides: mixed tetraoxanes, the derivatives of 12-methyl-
-7,8,15,16-tetraoxadispiro[5.2.5.2]hexadecane-3-carboxylic acid, and endopero-
xides, monoterpene ascaridole derivatives, bound to another anti-malarial phar-
macophore, 4-amino-7-chloroquinoline. In addition, the results of in vivo scre-
ening of some mixed steroidal tetraoxanes are also discussed.

RESULTS AND DISCUSSION
Chemistry

The class of dicyclohexylidene tetraoxanes (2-5) was designed with varying
substituents at the C(4") position in order to obtain further insight into the struc-
ture—activity relationship related to spiro-substituents in 1,2,4,5-tetraoxacyclo-
hexane at C(3) and C(6). Gem-dihydroperoxide 1 was prepared from 4-methylcy-
clohexanone using 30 % hydrogen peroxide and HCI as a catalyst.>8 Compound 1
was isolated in 47-85 % yield and was pure enough (Scheme 2) to be directly
used in the next step.** This gem-dihydroperoxide was coupled to 4-oxocyclohe-

*The structure of the previously evaluated dicyclohexylidene tetraoxanes was limited by a syn-
thetic constraint: only bis compounds could be obtained directly from the corresponding ketones.”
** For alternative excellent syntheses of gem-dihydroperoxides, see reference 12.



PEROXIDE ANTIMALARIALS 1183

xanecarboxylate according to a previously developed procedure®? to yield the pa-
rent mixed tetraoxane, achiral methyl 12-methyl-7,8,15,16-tetraoxadispiro[5.2.5.2]he-
xadecane-3-carboxylate (2; 10-35 %). Further transformations using the ester —
— acid — amide sequence (Scheme 2) afforded the desired amides 4 and 5 in 59 %

and 49 % yield, respectively.
@ Ascaridole

: . 6/r—coQMe . 7r—coznv|e
U a), b) Ha), b)
s

]
NH
(I
NH NH
2 =
8 < <
N Cl N Cl

a) LiOH, THF, H,0, b) CICO,EY/Et,N, CH,Cl,, N-(7-chloroquinolin-4-yl)ethane-1,2-diamine

©

ons
O,o H 1: 4'S

Scheme 2.

Ascaridole derivatives 6 and 7 synthesized earlierll were hydrolysed with
LiOH into the corresponding acids and further coupled to N-(7-chloroquinolin-4-
-yl)ethane-1,2-diamine to afford the final aminoguinoline products 8 and 9, res-
pectively (Scheme 1).

Antimalarial activity

The synthesized peroxides were screened in vitro against three Plasmodium
falciparum strains: D6 (chloroquine-susceptible), W2 (chloroquine-resistant, sus-
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ceptible to mefloquine), and TM91C235 (Thailand), a multidrug-resistant strain,
following the protocol given in the literature.®@ All the synthesized tetraoxanes
exhibited interesting antimalarial activity. In accordance with previous fin-
dings,52 the acid 3 was less active (in this particular case — practically inactive)
than the methyl ester 2 and the corresponding amides 4 and 5 against all parasite
strains. One of the current hypotheses regarding the mechanism of antimalarial
action of peroxides is that they act in the food vacuole (FV) of P. falciparum,
which has a pH around 5.5. As such, amide 5 was designed to have an N,N-di-
methylamino group, expecting that protonation of the basic nitrogen would en-
hance the flux of the compound through the FVV membrane, thereby increasing its
concentration at the desired site of action. However, the in vitro antimalarial acti-
vity data for tetraoxane 5 (Table 1) does not support this hypothesis, since amide
4 (which possesses only an acidic hydrogen at the nitrogen) and ester 2 exhibit
very similar activity (both ICsg and 1Cgg) against all the tested parasites. In ad-
dition, the activities of the dicyclohexylidene tetraoxanes presented in this paper
are better or equivalent to similar desmethyl compounds.6d.9

TABLE I. In vitro antimalarial activities of tetraoxanes 2-9 against P. falciparum D6,2 W2, and
TM91C235€ strains

c d IC50/nM |C90/nM
ompa. D6 W2 TM9IC235 D6 W2 TM91C235

2 12.9 6.1 16.0 32.0 205 575
3 206.6 131.4 300.4 506.9 487.1 1110.1
4 136 8.4 188 221 225 411
5 14.9 6.1 22,6 23.9 15.8 455
6 109.0 427 98.2 196.5 68.5 338.9
7 414 20.2 474 62.5 ND 112.7
8 101.1 58.6 99.7 156.4 140.8 221.4
9 38.3 30.4 60.6 111.6 89.7 200.7

Chloroquine 8.6 354.3 1137 10.7 653.0 166.0

Mefloquine 17.1 47 495 36.1 155 121.0

Artemisinind 9.0 6.7 13.0 12.8 115 174

ap_ falciparum African D6 clone; °P. falciparum Indochina W2 clone; °P. falciparum multidrug resistant
TM91C23 strain (Thailand); %average of greater than eight replicates

The antimalarial activity of compounds 6-9 appears to be strongly dependent
on the degree of saturation: the saturated bicyclic endoperoxides (7,9) are more
potent antimalarials relative to their unsaturated counterparts (Table 1), and both
unsaturated (6,8) and saturated (7,9) endoperoxides are 5-12 times more active
than ascaridole and dihydroascaridole themselves. These results indicate that pe-
roxide—aminoquinoline chimeras, in addition to the trioxaquines,13 might repre-
sent a promising addition to the existing antimalarial arsenal.

Finally, the results of an in vivo study on the epimeric mixed steroidal tetra-
oxanes 10 and 11 (Table I1) are presented.> The in vitro activity of the com-



PEROXIDE ANTIMALARIALS 1185

pounds differs 20- to 30-fold, with the (4"R)-epimer 10 being more active; this
structure-activity relationship qualitatively holds for other epimeric pairs at the
same carbon.® Docking calculations of 10 and 11 with hemel4 are consistent with
the observation that the proximity of the heme iron to the oxygen atom of the
tetraoxane moiety favours potent in vitro activity of both compounds. The more
potent analogues have much lower energy minimized docked structures. In addi-
tion, preliminary metabolic stability assays and metabolite identification were
performed using human and mouse liver microsomes to aid the estimation of the
first-pass metabolism of the drug candidates in relevant species (Table I1).5¢ It is
important to note that no scission of peroxide bond was observed (the tetraoxane
moiety is stable in this assay); only monohydroxylations occurred. In this as-
say,>C stable compounds were defined as having half-lives > 60 min. Both com-
pounds have similar metabolic half-lives (t1;2(mouse) = 30 min). Hence, it would
be logical that the observed difference in in vitro activity would also be seen in
the in vivo efficacy test in mice. However, the collective in vivo results presented
in Table Il are not consistent with results from the in vitro screening and with the
docking calculations: epimers 10 and 11 exert similar in vivo activity in mice,
regardless of whether they were administered orally or subcutaneously (Table II).
Furthermore, at 600 mg/kg total dose p.o. and 480 mg/kg total dose s.c. of tetra-
oxane 10, 4/5 and 5/5 mice cured were observed and the respective survival times
were 28 and 31 days. At a total dose 150 mg/kg p.o. and 120 mg/kg s.c., very si-
milar survival times were observed.

Analogous results were also seen for epimer 11. In addition, at comparable
total doses of 150 mg/kg p.o. and 120 mg/kg s.c., compounds 10 and 11 both cured
more animals orally than subcutaneously. This apparent higher bioavailability by
the oral route may have resulted from a lack of absorption due to s.c. depot for-
mation: a subcutaneous sterile pocket of oil and unabsorbed test compound was
commonly found in each animal. Alternatively, one of the hydroxylated metabo-
lites formed after oral administration may be more active than the administered
parent drug. For both compounds, 10 and 11, no toxic effects were observed at
any tested concentration or applied protocol.

To conclude, several dicyclohexylidene tetraoxanes were prepared and tested
in order to gain additional insight into the structure-activity relationship of this
structural class of antimalarials. The tetraoxanes 2-5 obtained as cis/trans mix-
tures exerted better, or similar activity, than the corresponding desmethyl dicy-
clohexylidene derivatives.6d:9 The initial work on ascaridole-related compounds!!
enabled the synthesis of two chimeric endoperoxides with superior antimalarial
activity to the natural product, ascaridole. The present results indicate that further
efforts should be put into research of peroxide—aminoquinoline chimeras as po-
tential antimalarial drug leads. Finally, the results of in vivo tests of two epimeric
tetraoxanes with a steroidal carrier indicate that subcutaneous testing using an oil
vehicle for these compounds may be unsuitable.
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EXPERIMENTAL
General remarks

For details, please see references 5a, 5b, 5c.

ESI MS spectra of the synthesized compounds were recorded on an Agilent Technologies
6210 Time-of-Flight LC/MS instrument in the positive ion mode using CH3CN/H,0 = 1/1 with
0.2 % HCOOH as the carrying solvent solution. The samples were dissolved in pure acetonitrile
(HPLC grade). The selected values were as follows: capillary voltage 4 kV; gas temperature
350 °C; drying gas 12 | min'L; nebuliser pressure 45 psig; fragmentator voltage 70 V.
1,1-Dihydroperoxy-4-methylcyclohexane (1)

4-Methylcyclohexanone (1.1 ml, 8.9 mmol) was dissolved at r.t. in a CH,Cl,/CH3CN mixture
(20 ml, 1:3 v/v), followed by addition of 30 % H,0, (10.4 ml, 0.1 mol) and a few drops of conc.
HCI. The reaction mixture was stirred for 2 h at r.t. and then quenched with saturated NaHCO3 and
CH,Cl,. The organic layer was separated, the water layer was additionally extracted with EtOAc
(3%50 ml), and the combined organic layers were dried over anhydrous MgSO, and evaporated to
dryness. The crude product (680 mg, 47 %) was used in the following step without further
purification. IR (film, cm'l): 3420s, 2935s, 2865s, 1712m, 1637w, 1554m, 1378m, 1357m, 1265m,
1200w, 1158m, 1104m, 1050m, 1017m, 980m, 910m, 861m cm™L, IR (CCl,, cm™1): 3431m, 2957s,
2930s, 2865m, 1712w, 1551s, 1454m, 1384m, 1357m, 1255s, 1222s, 1162w, 1103m, 1071m, 1012s,
980s. IH-NMR (200 MHz, CDClg, 6, ppm): 9.40-9.00 (m, 2xHOO-C(1)), 2.30-2.00 (m), 1.70-1.30
(m), 1.30-1.10 (m), 0.93 (d, H3C—C(4), J = 6.2 Hz). 13C-NMR (50 MHz, CDClg, 8, ppm): 110.73,
40.83, 31.59, 30.58, 29.03, 21.38.

Methyl 12-methyl-7,8,15,16-tetraoxadispiro[5.2.5.2]hexadecane-3-carboxylate (2)

To a cooled solution (ice bath) of dihydroperoxide 1 (1.2 g, 7.4 mmol) in CH,Cl, (20 ml),
methyl 4-oxocyclohexanecarboxylate was added and after stirring for 30 min at the same tempera-
ture, 1.66 ml of an ice-bath cooled H,SO4/CH3CN mixture (1:10, v/v) was added dropwise. After
an additional 50 min stirring, the reaction mixture was worked-up in the usual manner and purified
by SiO, column chromatography (Lobar B, LichroPrep Si 60, eluent: heptane/EtOAc = 95/5) affor-
ding 222 mg (10 %) 2.* 2: Colourless foam, softens at 57-59 °C. IR (KBr, cm™1): 3449w, 2958s,
2938m, 2860m, 1736s, 1442m, 1368m, 1329m, 1265m, 1201s, 1182m, 1133m, 1074s, 976m, 932m,
897m, 828w. 1H-NMR (200 MHz, CDCls, §, ppm): 3.68 (s, CH3;CO,—C(1)), 2.98 (bs, 2 H), 2.51-2.32
(m, 1H), 2.02-1.14 (m, 15 H), 0.93 (d, CH5—C(12), J = 6.6 Hz). 13C-NMR (50 MHz, CDCls, 4,
ppm): 175.01, 108.33, 107.22, 51.64, 41.51, 41.30, 31.61, 31.55, 31.26, 30.21, 28.86, 28.09, 24.53,
23.76, 21.30. (+)ESI-MS (m/z (%)): 304.4 (100), 284.4 (58), 244.3 (25), 164.2 (21), 159.2 (51).
Anal. calcd. for C15H,406-1/4 H,0: C 59.10, H 8.10; Found: C 59.52, H 8.72.
12-Methyl-7,8,15,16-tetraoxadispiro[5.2.5.2]hexadecane-3-carboxylic acid (3)

Methyl ester 2 (400 mg, 1.3 mmol) was hydrolyzed at 80 °C with NaOH (72.8 mg, 1.82
mmol) in an i-PrOH/H,0O mixture (12 ml, 3:1 v/v). After 15 min, the reaction mixture was cooled
and diluted with 20 ml H,O and 50 ml CH,Cl,. The water layer was acidified to pH 2 with dilute
HCI, and layers were separated. The water layer was further extracted with CH,Cl, (3x20 ml); the
combined organic layers were washed with water and brine, dried over anh. MgSO,, and evapora-
ted to dryness. Triturating with Et,O afforded 305 mg (80 %) of product. m.p. 134-137 °C. IR
(KBr, cm™): 3449m, 2948s, 2870m, 1707s, 1447m, 1324w, 1270m, 1226m, 1069m, 976m, 936m.
IH-NMR (200 MHz, CDCls, 6, ppm): 2.99 (bs, 2H), 2.60-2.31 (m, 1H), 2.03—-1.12 (m, 15 H), 0.93
(d, CH3—C(12), J = 6.2 Hz). 13C-NMR (50 MHz, CDCls, J, ppm): 180.73, 108.44, 107.19, 41.30,
41.08, 31.65, 31.61, 30.24, 24.29, 21.38. (-)ESI-MS (m/z (%)): 285.0 ([M—H]", 89), 104.9 (100).
Anal. calcd. for Cy4H,,06-1/4 H,0: C 57.52, H 7.82; Found: C 57.99, H 8.39.

*The yields varied within 10-35 %.
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General procedure for the preparation of amides

A solution of acid 3 (103 mg, 0.36 mmol) in dry CH,CI, (20 ml), with added Et3N (51 pl,
0.36 mmol) and CICO,Et (35 pl, 0.36 mmol) was stirred for 90 min at 0 °C. A given amount of
amine was added and after 30 min stirring, the reaction mixture was warmed to r.t. After 90 min it
was diluted with H,0, the layers were separated and the organic layer was washed with brine, dried
over anh. MgSO, and evaporated to dryness.
12-Methyl-7,8,15,16-tetraoxadispiro[5.2.5.2] hexadecane-3-carboxamide (4)

Acid 3 was transformed into amide 4 (75 mg, 74 %), which upon triturating with Et,O af-
forded a sample having m.p. 161-165 °C. IR (KBr, cm1): 3402s, 3210m, 2949m, 2860w, 1653s,
1441m, 1372w, 1234m, 1077m, 978w, 940w, 904w. IH-NMR (200 MHz, CD50D, 6, ppm): 3.40-3.10
(bs, 2H), 2.60—2.40 (m, 1 H), 2.10-1.20 (m, 15 H), 1.12 (d, CH3—C(12), J = 6.3 Hz). 13C-NMR (50
MHz, CD30D, 4, ppm): 180.79, 109.27, 108.36, 44.28, 32.92, 32.30, 31.61, 29.99, 29.43, 26.59,
25.69, 21.83, 9.29, 7.58. (+)ESI-MS (m/z (%)): 327.3 (18), 286.2 ([M+H]*, 15), 152.2 (28), 150.2
(90), 142.2 (25), 102.3 (32), 100.3 (55), 83.3 (100). Anal. calcd. for C14H,3NOs-2/3 H,O: C 56.55,
H 8.25, N 4.71; Found: C 56.24, H 8.59, N 5.03.
N-(2-dimethylamino-ethyl)-12-methyl-7,8,15,16-tetraoxadispiro[5.2.5.2] hexadecane-3-carboxamide (5)

Acid 3 (103 mg, 0.36 mmol) was transformed into amide 5 (79 mg, 61 %) using 10 equiva-
lents of (CH3),NCH,CH,NH, in dry CH,Cl, (25 ml). Upon triturating with Et,0, a colourless foam
was obtained, softness at 140-145 °C. IR (KBr, cm™1): 3443m, 3317s, 2946s, 2873m, 2824m,
2775m, 1649s, 15565, 1449m, 1371w, 1264w, 1220m, 1069m, 976w, 927m. 1H-NMR (200 MHz,
CDCls, d, ppm): 6.20 (bs, HN—CO), 3.40—3.30 (m, (CH3),NCH,CH,NH-CO)), 3.10 (bs, H-C(1)),
2.45-2.35 (m, (CH3),NCH,CH,NH—-CO)), 2.35-2.10 (m, (CH3),NCH,CH,NH-CO)), 1.90-1.10
(m, 15H), 0.93 (d, CH3—C(12), J = 6.2 Hz). 13C-NMR (50 MHz, CDClg, 6, ppm): 174.50, 108.39,
107.31, 57.65, 45.01, 43.99, 43.77, 36.45, 31.65, 31.57, 28.42, 24.76, 21.32. (+)ESI-MS (m/z (%)):
357.3 ([M+H]*, 100). Anal. calc. for C1gH3oN,O5 1/2 H,0O: C 59.16, H 9.10, N 7.67; Found: C
59.39, H 9.61, N 7.75.
(E)-N-{2-[(7-chloro-4-quinolinyl)amino]ethyl}-3-(4-isopropyl-2,3-dioxabicyclo[2.2.2] oct-5-en-1-
-yl)-2-propenamide (8)

Employing the above procedure, compound 6 was hydrolysed and the intermediate acid!! was
transformed into amide 8 (31 mg, 91 %), which was then triturated with Et,O. Oil. 8: 1H-NMR
(200 MHz, CDCls, 6, ppm): 8.42 (m, H-C(2"), 7.90 (m, H-C(5")), 7.83 (m, H-C(8)), 7.36 (m,
H-C(6"), 7.03 (d, 1H, J = 15.6 Hz), 6.95 (bs, NH-Ar), 6.62 (bs, NH-CO), 6.58 (d, 1H, J = 8.7
Hz), 6.49 (d, 1H, J = 8.7 Hz), 6.26 (m, H-C(3"), 6.14 (d, 1H, J = 15.6 Hz), 3.80-3.70 (m,
CONHCH,CH,NHAYr), 3.48-3.36 (m, CONHCH,CH,NHA), 2.20-1.95 (m, 4H), 1.50-1.70 (m, 1H),
1.02 (m, 6H). 13C-NMR (50 MHz, CDClg, 6, ppm): 167.53, 150.90, 150.54, 147.94, 143.44, 141.80,
135.30, 133.77, 127.36, 125.59, 123.83, 122.30, 117.00, 98.08, 80.79, 75.60, 45.43, 38.93, 32.06,
28.91, 24.54, 17.53, 17.08. (+)ESI-HRMS (m/z (%)): 428.1735 ([M+H]*, 100); calculated 428.1736.
N-{2-[(7-chloro-4-quinolinyl)amino]ethyl}-3-(4-isopropyl-2,3-dioxabicyclo[2.2.2] oct-1-yl)propanamide (9)

Employing the above procedure, compound 7 was hydrolysed and the intermediate acid!! was
transformed into amide 9 (32 mg, 85 %), which was then triturated with Et,0. Oil. 9: 1H-NMR
(200 MHz, CDCls, 6, ppm): 8.45 (m, H-C(2"), 7.88 (m, H-C(5)), 7.78 (m, H-C(8)), 7.33 (m,
H-C(6")), 6.65 (bs, NH-Ar), 6.45 (bs, NH-CO), 6.24 (m, H-C(3)), 3.69-3.65 (m,
CONHCH,CH,NHAYr), 3.39-3.37 (m, CONHCH,CH,NHAY), 2.31-2.28 (t, 2H, J = 9.0 Hz), 1.94-1.88
(m, 4H), 1.84-1.78 (m, 2H), 1.67-1.57 (m, 5H), 0.86 (d, 6H, J = 7.0 Hz). 13C-NMR (50 MHz,
CDCls, d, ppm): 175.56, 151.80, 150.15, 148.93, 134.91, 128.24, 125.43, 122.07, 117.26, 98.17,
79.70, 76.08, 45.61, 38.79, 34.15, 33.23, 30.25, 28.87, 25.68, 16.85. (+)ESI-HRMS (m/z (%)):
432.2050 ([M+H]*, 100); calculated 432.2048.
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In vitro antimalarial activity

The in vitro antimalarial drug susceptibility screen was a modification of the procedures first
published by Desjardins et al.,1> with modifications developed by Milhous et al.,16 with the details
given in ref. 4c.

In vivo antimalarial activity

The P. berghei mouse efficacy tests were conducted using a modified version of the Thomp-
son test. On day 0, each mouse was inoculated intraperitoneally with 0.1 ml, 1.0x108 P. berghei
P-line infected red blood cells from donor mice. The test drugs at 10, 20, and 80 mg/kg were sus-
pended or dissolved in sesame oil and administered s.c. beginning on day 3 post-infection. Drug
administrations were performed twice per day at 12 hours intervals for 3 days. The dose levels are
given in Table Il. Cure was defined as survival until day 31 post-treatment. Untreated control mice
typically died on day 7—-9 post-infection.
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Abstract: The rate constants for the reaction of twenty-two N-(substituted phenyl-
methylene)-m- and -p-aminobenzoic acids with diazodiphenylmethane were deter-
mined in absolute ethanol at 30 °C. The effects of substituents on the reactivity of
the investigated compounds were interpreted by correlation of the rate constants
with LFER equations. The results of quantum mechanical calculations of the mole-
cular structure together with experimental results gave a better insight into the ef-
fects of structure on the transmission of electronic effects of the substituents. New o
constants for substituted benzylideneamino group were calculated.

Keywords: rate constants; substituent and structural effects; geometry optimization.

INTRODUCTION

It has been reported that N-benzylidenealdimines are important intermediates
for the synthesis of a number of pharmacologically active compounds.1=4 Nume-
rous former investigations of the molecular structures of N-benzylideneanili-
nes®9 showed that substituents in the aniline and benzylidene moiety largely in-
fluence the deflection of the angles &y or 6c by their electronic and/or steric ef-
fects, and, therefore, determine the conformation of the corresponding molecules
(Fig. 1, the torsion angle around the C=N double bond is labeled as &p).

The aim of the present study was to investigate the effects of substituents at
the benzylidene ring on the reactivity of the carboxylic group in N-(substituted
phenylmethylene)-m- and -p-aminobenzoic acids with diazodiphenylmethane (DDM).
It is a continuation of the investigation of the effects of substituents on the 13C-NMR
chemical shifts of the same acids.10
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—! coon Fig. 1. Structure of N-(substituted phenylmethy-
Py lene)-m- and -p-aminobenzoic acids with the
4 descriptors of their geometry.

EXPERIMENTAL

All of the N-(substituted phenylmethylene)-m- and -p-aminobenzoic acids were synthesized
by heating equimolar amounts of the corresponding m- or p-aminobenzoic acids and the correspon-
ding substituted aldehydes in appropriate solvents.l0 As an example: 1.37 g (0.01 mol) p-amino-
benzoic acid and 1.06 g (0.01 mol) benzaldehyde were refluxed in 10 ml absolute ethanol for two
hours. After crystallization, the crude product was filtered and recrystallized from absolute ethanol.
The structure and purity of the obtained compounds were controlled by melting points, elemental
analysis, TH- and 13C-NMR spectroscopy, which were in agreement with literature data.

Diazodiphenylmethane was prepared by the Smith and Howard method.1? A stock solution of
ca. 0.06 mol dm™3 was stored in a refrigerator and diluted immediately before use. Kinetic measure-
ments of the reaction rate in absolute ethanol were performed by the spectroscopic method of Ro-
berts and coworkers,2 using a Shimadzu 160A UV spectrophotometer. Optical density measu-
rements were performed at 525 nm with 1-cm cells at 30+0.05 °C. Three determinations were made
for each acid and in every case the individual second order or pseudo-first-order rate constants
agreed within 3 % of the mean. All regression analyses in this work were performed with the Mi-
crosoft Excel® program package.

Method of calculation

The MNDO-PM3 method has proved to be highly reliable for investigating the molecular
properties of molecules, ions314 and zwitterions.1> The MOPAC program package, Version 7.01,
was used. The initial structures of the compounds were generated by PC MODEL, version 4.0,16
which involves an MMX force fieldl” and were saved as MOPAC input files for MNDO-PM3 semi-
empirical calculations.1819 The geometries of all molecular species, corresponding to the energy
minima in vacuum, were optimized by the PM3 method. As the conformers may have different
stabilities in vacuum and in the condensed state, the conformational space was also systematically
searched for local energy minima, starting from various conformations differing from the most
stable one. The simulation of the polar medium, with full geometry optimization, was performed
using the COSMO facility in MOPAC.20

RESULTS AND DISCUSSION

The reaction of carboxylic acids with DDM has been used by numerous au-
thors for quantitative structure—reactivity studies.21-23 The mechanism of this re-
action, suggested by Roberts and later proved,12.24 involves proton transfer from
the acids to DDM in the rate-determining step.

The values of second-order rate constants for the reaction of N-(substituted phe-
nylmethylene)-m- and -p-aminobenzoic acids with DDM in absolute ethanol at 30 °C
are given in Table I, together with corresponding omp substituent constants.2°
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TABLE I. The second-order rate constants, k,, for the reaction of N-(substituted phenylmethylene)-m-
and -p-aminobenzoic acids with DDM at 30 °C in absolute ethanol

) k, / dm®mol™min?
Substituent 2

X) N-(Substitut_ed pheny.lmet.hylene)-m- N-(Substitu@ed pheny_lmet'hylene)-p- Omip
-aminobenzoic acids -aminobenzoic acids

H 1.086 0.386 0
p-N(CHs), 0.945 0.284 -0.83
p-OCHj3 1.045 0.354 -0.27
p-CH3 1.063 0.387 -0.17
p-Br 1.151 0.455 0.23
p-Cl 1.135 0.442 0.23
p-NO, 1.282 0.571 0.78
p-CN 1.228 0.520 0.66
m-CHs 1.078 0.384 -0.07
m-OCHjs 1.130 0.425 0.12
m-Cl 1.160 0.470 0.37

For quantitative assessment of the substituent effects on the rate constants,
the simple Hammett Equation was used:

log ka2 = log ko + pomip 1)
where p is a reaction constant reflecting the sensitivity of the rate constants to
substituents effects and ko is the rate constant of the parent (unsubstituted) com-

pound of the series. The following correlation parameters were obtained using the
data from Table | for N-(substituted phenylmethylene)-m-aminobenzoic acids:

log ko = 0.039 + 0.079 om/p 2
(r=0.995; s=0.004; n=11)
while the corresponding correlation for N-(substituted phenylmethylene)-p-ami-
nobenzoic acids is:
log kp = —0.396 + 0.184 om/p (3)
(r=0.993; s=0.009; n=11)
where r is the correlation coefficient, s the standard deviation and n the number
of data included in the correlation.

The low values of the reaction constant p for both series of acids indicate a
significant attenuation effect of the imino group diminishing the transmission of
electronic effects of the substituents through that group. The lower value of p for
N-(substituted phenylmethylene)-m-aminobenzoic acids leads to the conclusion that
the rate constants of these acids are significantly less sensitive to the substituent
effects than is the case of N-(substituted phenylmethylene)-p-aminobenzoic acids.

Applying the Taft dual substituent—parameter Equation (DSP) in the form:

log k2 = log ko + p1ov+ proRr (4)
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the overall substituent effect is separated into inductive, o1, and resonance, or or
og, contribution. This approach gives the following results for N-(substituted phe-
nylmethylene)-m-aminobenzoic acids:

log ko = 0.04 + 0.0850) + 0.0740R (5)
(r=0.992; s=0.015; n=18)
log ko = 0.04 + 0.0850) + 0.040 o (6)

(r=0.992;s=0.014; n=18)
and for N-(substituted phenylmethylene)-p-aminobenzoic acids:

log kp = —0.40 + 0.1980 + 0.1750R ©)
(r = 0.992; s = 0.015; n = 8)
log kp = —0.41 + 0.1986; + 0.093 &% (8)

(r=0.993;5s=0.013; n=18)

In these correlations only acids with substituents in the para position at the phe-
nylmethylene ring were included and o), or and o were taken from the literature.2>

The relative contribution of inductive and resonance substituent effects were
guantitatively estimated by calculating the parameter A as the ratio of pr and py,
giving values of Am = prm/pim = 0.872 and 244, = pg/pim = 0.471 for N—(substi-
tuted phenylmethylene)-m-aminobenzoic acids, and Ap = prp/pip = 0.884 and 1j =
= pgp/pm = 0.470 for N-(substituted phenylmethylene)-p-aminobenzoic acids. It
is evident that the contribution of the resonance substituent effect is less signi-
ficant compared to the inductive one. The lower values of parameters A* calcula-
ted from correlations (6) and (8) indicate that the contribution of direct conjuga-
tion (w,m-conjugation) of the substituent, and carboxylic group as the reaction ce-
ntre, across the investigated molecules, was attenuated because of inadequate
molecular geometry for this type of conjugation. A more important resonance in-
teraction all the way through the molecules of N-(substituted phenylmethylene)-p-
-aminobenzoic acids, than that in the molecules of N-(substituted phenylmethyle-
ne)-m-aminobenzoic acids, could have been expected, but the values of the para-
meters A show that the differences between the two series of acids are negligible.
This obvious leveling effect could be explained by the relatively high electrone-
gativity of the nitrogen atom, causing a considerable localization of the n-electrons.

There are two experimental facts which could be inferred from Table I and
Egs. (1)—(8). The rate constants for the m-carboxy series are 2.2—3.2 times higher
than those for the p-carboxy series. On the other hand, the better transmission of
the variation in the electronic effects in the p-carboxy series results in the higher
value of the reaction constant p. In the m-carboxy series, the absence of direct
conjugation with the reaction centre, together with the facts established in a for-
mer study10 about an electron deficiency at the azomethine carbon and, conse-
guently, a limited transmission of the variation in the electron acceptor effect,
causes the lower value of the constant p.
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Specific electronic interactions within the N-(substituted phenylmethylene)-m-
and -p-aminobenzoic acid molecules found in both a previous1® and the present
study, prompted us to calculate the om and o substituent constants for the substi-
tuted benzylideneamino groups, which have not been previously reported. The
kinetic data from Table | were used for the calculation of these new o(exp)
constants on the basis of the Hammett Equation, given by Eq. (1) in the form log ko =
=log ko + pa (for log kg = 0.039 and p = 0.937), for benzoic acids for the same
reaction conditions.12

All op(exp) constants (Table I1) of p-substituted benzylideneamino groups
are negative, which means that these groups, according to their electronic effects,
are electron-donating. This indicates that the n,m-conjugation in the aniline part
of N-(substituted phenylmethylene)-p-aminobenzoic acids is the dominant effect,
because of the electron-accepting carboxylic group. Electronic effects of substi-
tuents from the benzylidene part influence only an increase or decrease of this
conjugation. The n,z-conjugation in the aniline part of N-(substituted phenylme-
thylene)-m-aminobenzoic acids has a weaker effect in comparison to that in the
previous p-series of acids, as reflected in the om(exp) values of the corresponding
substituted benzylideneamino groups (Table I1). The electronic effect is negative
for electron-donating and positive for electron-accepting substituents. On the ba-
sis of the calculated values of the ¢ constants for p- and m-substituted benzylide-
neamino groups, two opposite effects could be identified. One is the electronic
effect of the substituents in the benzylidene ring and the other is electronic conju-
gation interactions in the aniline part of the molecule. Generally, it can be said
that the balance of these two effects produces the overall effect of these groups
on the reactivity of the investigated acids.

TABLE II. The substituent constants, o(exp), of m- and p-substituted benzylideneamino groups

Substituent (X) om(exp) op(exp)
H -0.003 -0.4782
p-N(CHs), -0.068 -0.639
p-OCHjs -0.022 -0.533
p-CH3 -0.014 -0.492
p-Br 0.024 -0.406
p-Cl 0.017 -0.397
p-NO, 0.074 -0.312
p-CN 0.054 -0.345
m-CHjs -0.006 -0.490
m-OCHjs 0.015 -0.444
m-Cl 0.027 -0.391

aV/alue: —0.552°

In order to get rationalized the transmission of electronic substituent effects
in the investigated acids we searched for a method to determine their geometry,
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and as the result semi-empirical calculations were performed using the MOPAC
program package. Full optimization of the molecular geometry of the investiga-
ted acids was performed by the MNDO-PM3 method.18:19 As major descriptors
of their geometry, the following structural elements were selected (see Fig. 1): a)
Z/E isomerization about the C=N double bond; b) rotation of the carboxylic
group by a certain degree about the Ccarhonyl—Cphenyl bond; c) rotation of the hy-
droxyl group around the C—0O bond, d) the torsional angle C(2")—C(1)—N-C(7),
marked as 6y; e) torsional angle C(1)—N—C(7)—-C(1), marked as 8p; f) torsional
angle N—C(7)—C(1)—C(2), marked as 8¢ for the molecular structures with a mini-
mum potential energy.

The calculated energies of the two possible Z/E geometrical isomers for both
series of acids are very similar, indicating that an appropriate equilibrium of iso-
mers of acids may exist in solution. It was assumed that a corresponding contri-
bution of the isomers conforms to the statistical Boltzman distribution, thus the
weighted average values of the molecular energies and corresponding angles were
calculated. It was assumed that the inductive effect should not be markedly af-
fected by conformational variations of the molecule. The opposite is true for the
resonance effect, which is strongly dependent on the conformational arrange-
ment. The resonance effect is proportional to cos? of the corresponding torsional
angle between the reaction centre and the substituent. Following this procedure
and multiplying or substituent constants2® with the corresponding calculated va-
lues of the angle in the form cos26 = cos26y c0s26p cos20c, anew resonance con-
stants orcos2d for the m- and p-substituted benzylideneamino groups were ob-
tained. Finally, the omp(calcd.) constants of these groups for both series of acids
were obtained according to the formula ompp(calcd.) = o + ORC0s26, the calcu-
lated values of which are given in Tables Il and IV. Examples of the most stable
conformers of N-(substituted phenylmethylene)-m- and -p-aminobenzoic acids are
shown in Figs. 2 and 3, respectively.

TABLE llI. The values of angles 6y, 6p and 8¢ of N-(substituted phenylmethylene)-m-aminoben-
zoic acids and opy(caled.) constants of substituted benzylideneamino groups

Substituent ON b Oc om(calcd.)
H 64.157 0.349 35.253 0.035
p-N(CHs), 62.296 0.566 30.061 -0.024
p-OCHjs 62.869 0.740 31.534 0.015
p-CHj3 63.774 0.371 34.144 0.031
p-Br 63.732 0.321 38.125 0.062
p-Cl 62.143 0.501 34.559 0.059
p-NO, 61.838 0.439 40.400 0.101
p-CN 62.792 0.333 38.838 0.092
m-CHjs 64.661 0.417 36.240 0.030
m-OCHjs 63.426 0.466 38.235 0.050

m-Cl 62.889 0.354 35.938 0.069
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TABLE 1V. The values of angles 6y, 6p and 8¢ of N-(substituted phenylmethylene)-p-aminoben-
zoic acids and op(calcd.) constants of substituted benzylideneamino groups

Substituent On 6p Oc op(caled.)
H 66.917 0.353 36.577 -0.402
p-N(CHz), 65.910 0.563 31.579 -1.012
p-OCH3 65.941 0.754 32.623 -0.455
p-CHs 66.252 0.375 34.075 -0.429
p-Br 66.916 0.327 38.669 -0.342
p-Cl 66.300 0.419 35.636 -0.348
p-NO, 64.303 0.292 41.033 -0.247
p-CN 64.799 0.550 39.373 -0.272
m-CHs 67.429 0.705 34.816 -0.420
m-OCHs 68.356 0.547 39.956 -0.372
m-Cl 67.504 0.391 36.550 -0.325

Fig. 2. Structure of the most stable conformer  Fig. 3. Structure of the most stable conformer of
of N—(phenylmethylene)-m-aminobenzoic acid N-(phenylmethylene)—p—-aminobenzoic acid
calculated by the MNDO-PM3 method. calculated by the MNDO-PM3 method.

The results from Tables 1l and 1V indicate a large out of plane deviation of
the aniline ring, while the deviation of benzylidene ring has a lower value, but the
deviations are significant for both series of acids. Regularity can be observed for
the values of the angles fc, i.e., for electron-donor substituents, these values are
lower and for electron-acceptors higher for higher values of the substituent con-
stant. This is in agreement with a previous study,10 as a good correlation was ob-
tained with o) for electron-acceptor and with the electrophilic substituent constant
o, for electron donors. These results show that electron-donor substituents indu-
ce planarity of the benzylidene part of the molecules, while electron-acceptors
cause a deviation from planarity. Therefore, only the inductive part of their sub-
stituent effect is transmitted to the reaction center. Since no regularity in the va-
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riation of the values of angle dN were observed, this probably means that com-
plex electronic effects involving both m,7- and n,m-conjugation in aniline part in-
fluence the values of the angle 6.

Intercorrelation of the experimental op(exp) values (Table 1) and the
calculated om(calcd.) (Table II) for N-(substituted phenylmethylene)-m-amino-
benzoic acids gave the following result:

om(exp) =-0.004 + 1.072omy(caled.) 9
(r=0.999; s =0.004; n = 11)
having the y-axis interception close to zero.
Also, intercorrelation of the op(exp) (Table 11) and op(calcd.) (Table IV) va-
lues for N-(substituted phenylmethylene)-p-aminobenzoic acids gives the follo-
wing correlation:

op(exp) = —0.034 + 1.099op(calcd.) (10)
(r=0.996; s = 0.004; n = 11)

where om/p(exp) (Table I1) are the values of the substituent constants calculated
on the basis of experimental data and omyp (calcd.) (Tables II1 and 1V) are data
calculated according to the optimization of molecular geometry. It can be seen,
on the basis of the correlation results, that the modeling of the geometry of the
investigated molecules by quantum mechanical calculation is a reliable method
for an estimation of their structure.

CONCLUSIONS

The excellent Hammett correlations obtained with omyp substituent constants
(Egs. (2) and (3)) and low values of the reaction constants indicate a moderate
transmission of electronic effects through the whole system of the investigated acids.
The separation of the electronic substituent effect into a resonance and inductive
part by the Taft equation shows a smaller contribution of resonance interaction.
As a consequence, when electron-donating substituents are present in the benzy-
lidene ring, there is a substantial decrease of the angle 8¢ and, consequently, the
molecules tend to attain a planar conformation. Thus, a better transmission of the
resonance substituent electronic effects through the molecules is achieved.

The above correlations and the results of a previous studyl0 show that the
effects of substituents on the variations of the angles #y and 0¢ are a significant
feature of the geometry of the investigated molecules. Therefore, it can be conclu-
ded that the conformation of the molecules is determined by a balance of n,r-con-
jugation in the aniline part of the molecule and inductive and resonance effects of
substituents in the benzylidene ring. Consequently, the carboxylic group in the
para position causes the values of the angles &y and 6¢ to have slightly higher
values than when that group is in the meta position. This is corroborated by a ma-
thematical (quantum-mechanical) optimization of the structure of the investigated
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molecules, whereby the changes of the values of the angle follow the above-stated
principles. Also, the higher values of the rate constants for the N-(substituted
phenylmethylene)-m-aminobenzoic acids indicate a stronger conjugation in the
series of N-(substituted phenylmethylene)-p-aminobenzoic acids, due to the bet-
ter electron donating power of the benzylideneamino groups, thus decreasing the
acidity of these acids.

It should be pointed out that the excellent intercorrelation of the experimen-
tally determined and calculated o values for the substituted benzylideneamino
groups verify the credibility of both approaches.

U3BOJ

E®EKTHU CVIICTUTYEHATA U CTPYKTYPE HA KMHETHUKY PEAKIIUJE
N-(CYIICTUTYUCAHUX)-m- 1 -p-AMUHOBEH30EBUX KNCEJIMHA
CA JTUA3O0JUOEHNIIMETAHOM

BPATUCIJIAB XK. JOBAHOBI/ITll, AJIEKCAHJIAP 1. MAPI/IHKOBI/I"ﬁl, YEJBKO BUTHHK? 1 UBAH O. JYPAHITR?

YKaitiedpa sa opzancky xemujy, Texroaouiko—meiianypuixu paxyaidieid, Ynusepauidieii y Beozpaoy, Kaprezujesa 4,
ii. iip. 3503, Beozpad u 2Xemujaxu (axyaitiein, Ynusepauiiein y Beozpady, Citiydenigicku wuipz 1216, 11001 Beozpad

KoHcrante 6p3una peakuuja usmely nsanecer e N-(cyncruryucane heHHIMETHICH)-M- 1
-p-aMHHOOEH30eBe KHCENMHEe U Aua3onudeHHIMeTaHa onpeheHe cy y amncoiyTHOM eTaHOoNIy Ha
30 °C. Edexrn cyncTuTyeHaTa Ha pEaKTHUBHOCT HCIMUTUBAHUX jEAUCHA CYy HHTEPIPETHPAHU KO-
penanujomM peakuMoHHX KoHcTaHTH nmomohy LFER jemnaunna. PesynraTu KBaHTHO-MEXaHHYKHX
padyHama MOJICKYJICKE CTPYKTYpPE 3aje/IHO ca eKCIIEPUMEHTAIHUM pe3yaTratuMa omoryhunm cy 6o0-
Jbe pa3yMeBame yTHUIlaja CTPYKType Ha IPEHOC eJeKTPOHCKHUX edekara cymncTuTyeHara. M3paudy-
HaTe Cy HOBE o KOHCTaHTE 3a CyICTUTYHCaHe OCH3MWINICHAMUHO TPyIIe.

(Mpumsbero 26. anpuina 2007)
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Abstract: The protolytic equilibria of 13 4-aryl-2,4-dioxobutanoic acids (ADKSs)
were spectrophotometrically studied in aqueous solutions in the pH range 1-9 at
25+1°C and an ionic strength of 0.1 mol I'? (NaCl), with the exception of the
4-OH-derivative which was also potentiometrically studied in the pH range 7-10 at
25+1 °C and an ionic strength of 0.1 mol It (NaCl). In solution, the compounds
simultaneously exist in one diketo and two enolic forms; therefore, the determined
acidity constants (pKy; 1.87-2.29, pK,, 6.63-8.13 and pK,3(4-OH-) 9.52) represent
system macro constants. The *H-NMR spectrum of the parent compound (4-phenyl-
-2,4-dioxobutanoic acid) (25 °C, pD 5.0) proved the existence of all tautomeric forms.
Using the extended Hammett relation, the determined pK, values were correlated
with literature o values. The predicted pK, values were in fair accordance with the
experimentally observed ones. Molecular, monoanionic and dianionic forms of the
parent compound were optimized by the semi-empirical molecular orbital PM6 me-
thod using the implicit water solvation model (COSMO). The obtained geometries
were used to explain the quality of the LFER models.

Keywords: acidity constants, 4-aryl-2,4-dioxobutanoic acids (ADK), linear free
energy relationship (LFER).

INTRODUCTION
4-Aryl-2,4-dioxobutanoic acid (Ar-C(O)-CH»-C(0O)-COOH) (ADK) deriva-
tives exert widespread biological activities.l The targeting of HIV-1 integrase
(IN), the enzyme responsible for the integration of viral DNA in the host ge-
nome, is among the most important ones.2~4 Appropriate structural modifications
on the phenyl ring were used to assess the different types of biological activity

* Corresponding author. E-mail: bdrakuli@chem.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712201V
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(manuscript in preparation). Part of current studies on the physicochemical pro-
filing of these compounds is presented in this manuscript, which describes the
protolytic equilibria of 13 alkyl-, alkoxy-, hydroxy-, nitro- and halo-phenyl sub-
stituted derivatives (limited set) in aqueous solutions in the pH range 1-10 (Table I).
The reported compounds (1-13) are inactive or exert low activity and are inten-
ded to be used to develop a model for a larger set incorporating active congeners.
Acidity constants of the studied compounds in aqueous solutions have hitherto not
been reported. The only reported pKj values (pKa1 3.68-4.14 and pKg2 9.52-11.13,
substances 1-3, 7-10 and 13 (Table 1)) were potentiometrically determined in an
ethanol-water (3:1, v/v) mixture.> As reported by others,6-8 these compounds
simultaneously exist in two enolic forms (conformationally locked by the pseu-
do-ring) and one diketo form, having two rotatable bonds responsible for the con-
formational flexibility (Scheme 1).

TABLE I. Concentration equilibrium constants (pRaia) in aqueous solution of ADKs with the
wavelengths used for the spectrophotometric determinations (1 = 0.1 mol I'1 (NaCl); t = 25+1 °C)

Comp. R- pPKa1 Alnm pKa2 Alnm PKa3
1 H- 2.06+0.03 314.0 7.56+0.02 328.5 -
2 4-Me- 2.22+0.05 319.0 7.99+0.02 329.3 -
3 4-Et— 2.2840.02 319.9 7.83£0.05 326.8 -
4 4-i-Pr- 2.29+0.05 319.9 7.851£0.02 329.3 -
5 4-tert-Bu— 2.21+0.03 321.6 7.77+0.06 331.9 -
6 3,4-di-Me-  2.09+0.04 321.6 7.92+0.04 326.8 -
7 4-F— 2.06+0.05 314.8 7.50+0.03 325.9 -
8 4-Cl- 2.09+0.04 316.5 7.30+0.03 334.4 -
9 4-Br- 2.06+0.03 318.2 7.53£0.03 333.6 -
10 4-NO,— 1.87+0.06 328.5 6.63+0.02 324.2 -
11 3-OH- 2.18+0.04 314.0 7.45+0.04 332.7 -
12 4-OH- 2.29+0.05 331.9 7.73+0.018 - 9.54+0.072
13 4-MeO- 2.28+0.03 316.5 8.13+0.03 326.8 -
@potentiometrically determined values
0 OH 9 9 oH 9
_ OH OH A OH
o) 0o o

Scheme 1. The diketo (I1) and two enolic (I and I11) forms of 4-phenyl-2,4-dioxobutanoic acid (1).

Aim of this work was to study the protolytic equilibria of a set of 13 ADKs.
The determined acidity constants within the studied set are useful to develop a
model in which more active and significantly less soluble congeners will be in-
corporated.
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EXPERIMENTAL

Apparatus and reagents

All used chemicals were of analytical reagent grade, purchased from Aldrich, Fluka, or
Merck, and were used without further purification. The deuterated compounds had, at least, 99.5 %
deuterium.

Melting points were determined in open capillary tubes on a Biichi apparatus and are uncor-
rected. The infrared spectra (IR) were recorded on an FT Perkin-Elmer 1725X spectrometer, (KBr
disc). The 1H- and 13C-NMR spectra were recorded in DMSO-dg on a Varian Gemini 200 spectro-
meter at 200/50 MHz. Tetramethylsilane (TMS) was used as the internal standard for the 1H-NMR
spectra. The residual solventsignal of DMSO-dg was used as the internal standard at 39.70 ppm for
13C-NMR calibration. The mass spectra (ESI-MS) were recorded on a ThermoQuest Navigator.

The 1H- and 13C-NMR spectra of compound 1 were recorded in deuterated acetate buffer (ct°t =
=0.1mol I'Y, pD 5.0 (pD = pHmeasured + 0-4)219) on Bruker Avance spectrometer at 500/125 MHz. The
IH-NMR spectrum was referenced to the HOD peak at 4.70 ppm as the internal standard; the TSP
(3-(trimethylsilyl)-1-propanesulfonic acid-dg sodium salt) was not added to avoid interactions
between the salt and the sample. The pH measurements in deuterated solutions were performed
using a Corning pH-meter 120 with a Corning Ag/AgCI microelectrode (KCI solution). For deter-
mination of acidity constants, a GBC Cintra 6 spectrophotometer with 1 cm silica cells and a PHM240
pH-meter (Radiometer) with a combined GK2401B electrode (Radiometer) were used. The titra-
tions were performed with a TTT-60 titrator with an ABU-12 autoburette (Radiometer).

Synthesis of compounds 1-13

Examined compounds (1-13) were synthesized using a previously described procedure. !l
Compounds were obtained by addition of equimolar amounts of aryl ketones and diethyl oxalate
(0.05 mol*) to a twofold molar quantity of sodium methoxide (Scheme 2), obtained by dissolution of
sodium in dry methanol (2.3 g (0.1 mol) Na in 40 ml), mixed overnight and poured into ice-cold water.

o 0 oH
_~ 0 O 1)2eq. MeONa/MeOH = = OH
R Ted om 2HO R 0
3) HCI

Scheme 2. Synthesis of the examined compounds, R— = 1) H—; 2) 4-Me—; 3) 4-Et-; 4) 4-i-Pr—;
5) 4-tert-Bu—; 6) 3,4-di-Me—; 7) 4-F—; 8) 4-Cl—; 9) 4-Br—; 10) 4-NO,—; 11) 3-OH-; 12) 4-OH—; 13) 4-MeO-.

After 3—-4 hours of vigorous stirring at room temperature, the reaction mixture was filtered
into water that had been acidified with conc. hydrochloric acid to pH 2-3. The obtained precipitate
was collected by filtration and washed with ice-cold water. The filtrates were concentrated under
reduced pressure to remove MeOH. Additional amounts of the compounds were harvested from the
in this way obtained solutions. The crude products were crystallized from an appropriate solvent.
Characterization of synthesized compounds 1-13 was performed by melting points, IR, 1H- and
13C- NMR spectroscopy, and ESI-MS (Electrospray lonization Mass Spectrometry).
Characterization of compounds 1-13

The NMR integrals belonging to the diketo tautomers are not reported for the H-NMR spec-
tra. In the “aromatic” region, the overlaps of low intensity peaks of the diketo form with signifi-
cantly stronger ones from the enol form were observed. The overlap of the enol aromatic peaks (main-
ly) was also observed. Thus, for some signals, full multiplicities are not reported and, as a conse-

*Compounds 5 and 7 were prepared starting with 0.025 mol of substituted acetophenones and
equivalents of other reagents.
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quence, some peak integrals (overlapped) have fractional values. The ESI-MS spectra were recor-
ded in the negative mode.

4-Phenyl-2,4-dioxobutanoic acid (1): m.p. 143-144 °C*, decomposition; pale yellow powder
(7.90 g, 80 %, ACOE/PhH); C1oHgO4; My, 192.17; MS: M* 191 (100 %); 119 (60 %). IR v (cmL):
1720; 1625; 1276; 1244. *H-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 10.91 (b); 8.08 (d, J = = 7.02 Hz,
2H); 7.95 (d, J = 9.54 Hz); distinct maxima 7.76, 7.72, 7.69 (triplet-like overlapped peaks, J; » =
=7.20 Hz, J;3 = 7.30 Hz, “1.04 H”); distinct maxima 7.63, 7.59, 7.56 (triplet-like overlapped
peaks, J; » = 7.58 Hz, J 3= 7.02 Hz, “2.19 H”); 7.48 (d, J = 7.30 Hz); 7.15 (s, 1H); 4.65 (s). 13C-
NMR (50 MHz, 29 °C, DMSO-dg) ¢ 195.71; 192.04; 190.85; 170.70; 163.58; 161.89; 134.99;
134.22; 129.44; 129.26; 128.85; 128.21; 98.22; 49.46.

4-(4-Methylphenyl)-2,4-dioxobutanoic acid (2): m.p. 141-142 °C, light yellow crystals (6.30
g, 61 %, ACOEt/PhMe); C11H1004; My, 206.19; M* 205 (100 %) 133 (62 %). IR v (cm'1): 3520;
1603; 1290; 1248; 1142; 700. IH-NMR (200 MHz, 29 °C, DMSO-dg) 7.96 (d, J = 8.08 Hz, 2H); 7.91
(d, J=8.11 Hz); 7.38 (d, J = 8.07 Hz, 2H); 4.57 (s); 2.56 (5); 2.41 (s, 3H). 13C-NMR (50 MHz, 29 °C,
DMSO0-dg) 6 190.61; 170.00, 163.42; 145.03; 132.21; 129. 94; 128.21; 97.87; 21.40.

4-(4-Ethylphenyl)-2,4-dioxobutanoic acid (3): m.p. 101-102 °C, light yellow crystals (7.30 g,
66 %, ACOEt/PhMe); C1,H1504; My, 220.22; M* 219 (100 %) 147 (82 %) IR v (cm™1): 3523; 1700;
1607; 1290; 1247. 1H-NMR (200 MHz, 29 °C, DMSO-dg) J 7.84 (b, overlapped with aromatic sig-
nals); 7.96 (d, J = 8.42 Hz, 2H); 7.89 (d, J = 8.70 Hz); 7.40 (d, J = 8.14 Hz, 2H); 7.25 (d, J = 8.70 Hz);
7.11(s, 1H); 4.58 (s); 2.70 (q, J1 3 = 15.16 Hz, J; » = 7.58 Hz, 2H); 1.22 (t, J = = 7.58 Hz, 3H). 13C-
NMR (50 MHz, 29 °C, DMSO-dg) ¢ 190.91; 170.22; 163.65; 151.15; 162.63; 129.08; 128.86;
128.62; 128.44; 98.05; 28.63; 15.28.

4-(4-i-Propylphenyl)-2,4-dioxobutanoic acid (4): m.p. 96-97 °C, light yellow crystals (4.1 g,
35 %**, PhMe); C13H1404; My, 234.25; M* 233 (100 %) 161 (71 %); IR v (cm'): 3503; 1702;
1606; 1293; 1249. TH-NMR (200 MHz, 29 °C, DMSO-dg) J 8.77 (b); 8.01 (d, 2H, J = 8.43 Hz); 7.93
(d, J = 8.14 Hz); 7.61 (d, J = 7.30 Hz); 7.44 (d, 2H, J = 8.42 Hz); 2.99 (sp, J» = 6.92 Hz, Jy 3 =
=13.84 Hz, J1 4 = 20.44 Hz, 1H); 1.23 (d, J = 6.73 Hz, 6H). 1*C-NMR (50 MHz, 29 °C, DMSO-dp)
6 190.66; 170.29; 163.55; 155.50; 132.71; 129.03; 128.43; 127.37; 127.10; 97.97; 33.84; 23.66.

4-(4-tert-Butylphenyl)-2,4-dioxobutanoic acid (5): m.p. 124-125 °C, pale yellow powder
(4.60 g, 75 %, PhMe); C14H1604; My, 248;27; M* 247 (100 %); 175 (46 %); IR v (cm™1): 3537.0;
1706.0; 1610.0; 1297.0; 1249.0. 1H-NMR (200 MHz, 29 °C, DMSO-dg) J 8.01 (d, J = 8.71 Hz,
2H); 7.92 (d, J = 8.42 Hz); 7.60 (d, J = 8.43 Hz, 2H); 7.09 (s, 1H); 4.55 (s); 1.32 (s, 9H). 13C-NMR
(50 MHz, 29 °C, DMSO-dg) 6 190.64; 170.27; 163.53; 157.71; 132.29; 128.75; 128.17; 128.28;
97.98; 35.22; 30.98.

4-(3,4-Dimethylphenyl)-2,4-dioxobutanoic acid (6): m.p. 175-177 °C, decomposition; white
powder (6.30 g, 57 %, PhMe); M, 220.22, C1,H1,04; M* 219 (100 %); 147 (64.3 %); IR v (cm™1):
1705; 1612; 1261. *H-NMR (200 MHz, 29 °C, DMSO-dg) J 7.77 (s, 1H); 7.71 (d, J = 7.86 Hz, 1H);
7.28 (d, J = 7.86 Hz, 1H); 6.64 (b); 4.40 (b). 13C-NMR (50 MHz, 29 °C, DMSO-dg) J 164.42;
142.81; 137.34; 133.28; 130.30; 128.70; 97.93; 19.84; 19.55.

4-(4-Fluorophenyl)-2,4-dioxobutanoic acid (7): m.p. 145-147 °C, decomposition; white need-
les (crystalline) (3.60 g, 69 %, ACOEt/PhMe); My, 210.16, C1gH;FO,4; M* 209 (100 %), 137 (33.1 %);
IR v (cm™): 3522; 1631; 1601; 1240. IH-NMR (200 MHz, 29 °C, DMSO-dg) § 8.17 (dd, J = 8.71
Hz, 2H); 7.41 (t, J = 8.70 Hz, 2H); 7.11 (s, 1H); 4.58 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) J
189.93; 169.69; 168.38; 163.44; 131.72; 131.41; 131.21; 116.74; 116.30; 98.20; 49.33.

* At 143-144 °C the compound turns to a dark red color. This product melts at 155-156 °C. In the
literature the latter temperature is reported as the melting point (Ref. 11 from the main text and
Tetrahedron 60 (2004) 6479).

** Hydrolysis of the Et-ester described in main text is insufficiently efficient for compound 4.



PROTOLYTIC EQUILIBRIA OF 2,4-DIOXOBUTANOIC ACIDS 1205

4-(4-Chlorophenyl)-2,4-dioxobutanoic acid (8): m.p. 164-165 °C, decomposition; white crys-
tals (8.30 g, 73 %, AcOEt/PhMe); M,, 226.61, C1oH;ClO,; M* 225 (100 %), 153 (51.7 %); IR v
(cm™1): 3504; 1630; 1591; 1323; 1286; 1241; 1142. TH-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 8.08
(d, J=8.70 Hz, 2H); 8.01 (d, J = 8.70 Hz); 7.63 (d, J = 8.69 Hz, 2H); 7.57 (d, J = = 8.90 Hz); 7.10 (s,
1H); 4.59 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) § 189.50; 170.44; 163.61; 163.63; 139.22;
133.68; 131.43; 130.66; 130.02; 129.50; 129.50; 129.28; 129.00; 98.20; 49.37.

4-(4-Bromophenyl)-2,4-dioxobutanoic acid (9): m.p. 163-164 °C, decomposition; white pow-
der (3.95 g, 58 %, PhMe); M,, 271.06, C1gH;BrO,4; M* 271 (100 %), 269 (82 %), 199 (8.8 %), 197
(8.7 %); IR v (cm™1): 3534; 1622; 1588; 1291; 1241. 1H-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 7.94
(d, 3 =8.70 Hz, 2H); 7.72 (d, J = 8.70 Hz, 2H); 7.01 (s); 4.53 (5). 13C-NMR (50 MHz, 29 °C, DMSO-
dg) 0 189.13; 171.05; 163.44; 134.11; 132.43; 130.07; 128.34; 98.18.

4-(4-Nitrophenyl)-2,4-dioxobutanoic acid (10): m.p. 158-160 °C, light orange-red powder
(9.50 g, 80 %, ACOH/PhMe); C1oH;NOg; M, 237.17; M* 236 (100 %) 164 (60 %); IR v (cm™):
3492; 1707; 1603; 1528; 1349; 1288; 1239. 'H-NMR (200 MHz, 29 °C, DMSO-dg) J 8.40-8.12
(m, “5.7 H”), within distinct strong doublet 8.32 (J = 6.70 Hz). Other observable peaks at: 8.38,
8.37, 8.35, 8.27, 8.26, 8.21, 8.20, 8.19, 8.18, 8.15; 7.125 (s, 1H); 4.67 (5). 13C-NMR (50 MHz, 29 °C,
DMSO-dg) ¢ 186.86; 172.31; 166.17; 163.26; 152.00; 150.37; 140.10; 130.99; 130.19; 129.48;
124.31; 124.021; 98.88.

4-(3-Hydroxyphenyl)-2,4-dioxobutanoic acid (11): m.p. 175 °C, light dull-orange powder
(5.60 g, 54 %, AcOEt); C1oHgOs; My, 208.17; M* 207 (100 %) 135 (24.6 %); IR v (cm™L): 3390;
1628; 1580; 1283; 1199. *H-NMR (200 MHz, 29 °C, DMSO-dg) 6 8.97 (b); 7.47 (d, J = 7.65 Hz, 1H);
7.39 (s, b, “1.38 H”); 7.33 (doublet-like, J = 7.88 Hz, “0.9 H”); 7.07 (d (peak broadening), J =
=8.11 Hz, 1H); 6.99 (s, 1H); 4.48 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) § 195.93; 191.98;
190.81; 170.27; 163.53; 158.25; 137. 54; 136.32; 130.59; 130.33; 121.56; 119.88; 119.14; 114.71;
114.15; 98.22; 49.46.

4-(4-Hydroxyphenyl)-2,4-dioxobutanoic acid (12): m.p. 202-204 °C, dark yellow-orange pow-
der (4.6 g, 44 %, water); C1oHgOs; M,, 208.17; M* 207 (100 %), 135 (10.4 %); IR v (cm'1): 3233;
1723; 1604; 1270; 1226. 1H-NMR (200 MHz, 29 °C, DMSO-dg) 6 14.10 (b, 1H); 10.74 (b, 1H);
7.99 (d, J =8.71 Hz, 2H); 7.86 (d, J = 8.71 Hz); 7.05 (s, 1H); 6.93 (d, J = 8.71 Hz, 2H) broadening
in peak basis; 4.47 (s). 13C-NMR (50 MHz, 29 °C, DMSO-dg) 6 190.79; 168.34; 163.70; 163.62;
131.085; 126.06; 116.19; 97.75.

4-(4-Methoxyphenyl)-2,4-dioxobutanoic acid (13): m.p. 158-159 °C, decomposition; yellow
powder (7.80 g, 70 %, AcOEt/PhH); M, 222.19, C1,H1¢0s; M* 221 (100 %), 149 (70.9 %); IR v
(cm1): 3468; 1688; 1602; 1295; 1261; 1180. IH-NMR (200 MHz, 29 °C, DMSO-dg) ¢ 8.06 (d, J =
=8.70 Hz, 2H); 7.11 and 7.07 doublet overlapped with singlet, “3.3 H"; 4.54 (s); 3.89 (s, 3H). 13C-NMR
(50 MHz, 29 °C, DMSO-dg) ¢ 190.66; 168.94; 164.46; 163.73; 131.25; 130.76; 127.57; 114.79;
114.42; 97.91; 55.96; 49.15.
Determination of acidity constants

The acidity constants were spectrophotometrically determined (except for pKy, and pK,3 of
compound 12, which were potentiometrically determined) at t = 25+1 °C and constant ionic strength
0.1 mol I (NaCl). Stock solutions of compounds 1-13 were prepared in ethanol (¢ = 1.0x102 mol I,
except for 5 where ¢ = 0.5x102 mol I due to its lower solubility). Working solutions (¢ = 1.0x10™
mol I for all but 5, c5 = 0.5x10 mol I1) were prepared in deionized water (the ethanol concen-
tration was up to 1 %, vol) in the pH ranges 1.1-3.5 for pK,; and 5.9-9.1 for pKj, determination.
HCI solutions were used for pH 1.1-3.5, phosphate buffers for pH 5.9-8.0 (c'! = 0.01 mol I'Y),
carbonate buffers for pH 8.1-9.1 (c'! = 0.01 mol I'Y). The UV-Vis spectra of compounds 1-13 in
their monoanionic form (HA") were recorded in acetate buffer (¢t = 0.01 mol I'1, pH 5.5%). The

*For 4-NO,— derivative (10) the acetate buffer pH 4.5 was used.
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measured pH values were converted to pcy according to the relation:12 pcy = —log [H30*] = pH — A,
where A is the correction factor (A = 0.08) determined by potentiometric titration of a standard HCI
solution with a standard NaOH solution at 25+1 °C and ionic strength 0.1 mol I"? (NaCl). For solu-
tions with pH < 2, the pcy values were calculated according to the concentration of the standard
HCI solution.

The spectra were recorded over the 220-500 nm range at a scanning speed of 500 nm min1
against the corresponding blank. For pK, determination, the absorbances were measured at the
wavelength of the absorption maximum or at the wavelength of the maximal differences in absor-
bances. Three sets of experiments were performed.

For the potentiometric determination of pK,, and pK,3 of the compound 12, 20.00 ml aliquots
of the stock solution of 12 (c1, = 9.9198x10™ mol I'1) in 0.1 mol I'* NaCl were titrated with 0.020 ml
increments of the standard NaOH solution (¢ = 0.1298 mol I'1) until the pH 10 was attained. The
values of pK,, and pK,3 were found according to the formation function n (the mean number of
protons bound to the base (12)), with the data from three times repeated experiments. The for-
mation function was calculated according to equation:13

32 —[H30]-[OH™]
C12

n=

@

where ¢y, is the concentration of 12, [H30*] is calculated from pcy, and [OH™] is the concentration
of NaOH in the solution.

LFER calculations

Linear regressions were obtained using the BILIN program.14 The coefficients following the
terms in Eqgs. (5-10) are twofold standard deviations. The statistical parameters are reported as
follows: n — number of observations; r — correlation coefficient; F — Fischer test, Q2 — leave one out
cross-validation; spress — Standard deviation of Q.

Geometry optimization

The reported conformations of the molecular, monoanionic and dianionic forms of 1 (Figs. 5a-5c,
respectively) were obtained by the semi-empirical MO PM6 method® with implicit water solva-
tion (COSMO) (Keywords: EF, PM6, GNORM = 0.01, PRECISE, EPS = 78.4, RSOLV = 1.000,
DISEX = 3.000, NSPA = 92) using the MOPAC 2007 package.!%? The VegaZZ 2.1.0 was used as
the graphical user interface (GUI).16

RESULTS AND DISCUSSION

The examined set (compounds 1-13), comprised mainly of 4-substituted de-
rivatives (1-5, 7-10, 12, 13) and alkyl-, halo-, hydroxy-, alkoxy- and nitro-phe-
nyl substituents, can be considered as sufficient for the derivation of a linear free
energy relationship. Compounds 6 (3,4-di-Me-) and 11 (3-OH-) were included
because the majority of the so far reported biologically active ADK derivatives
have alkyl- or oxygen-containing substituents in position 3 of the phenyl ring. In
this way, the model could be tested for further expansion. Using the extended
Hammett correlation, the determined pK, values were correlated with literature
substitutent constants!’ (o and om; or and o; Table 1).

ADKSs in aqueous solution, in the studied pH range, act as diprotic acids,
with the exception of compound 12, which showed dissociation of carboxyl, a-hy-
droxyl, and 4-OH-phenyl groups. As mentioned before, ADKSs in solution under-
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go keto-enol tautomerization. The NMR spectra (Fig. 1), recorded in agueous so-
lution (pD 5.0), proved the existence of the diketo and both enolic forms, thus the
acidity constants represent system macro constants.

TABLE 1. Structures, experimentally determined pK, values of the studied compounds (1-13) and
the used substituent constants

(@] OH
= OH
R
I (o]
Comp. R- PKa1 op Om OR oy
1 H- 2.06 0 0 0 0
2 4-Me- 2.22 -0.14 0 -0.109 -0.039
3 4-Et— 2.28 -0.32*1) 0 -0.10% -0.057)
4 4-j-Pr- 2.29 -0.28*2) 0 -0.12% -0.067)
5 4-tert-Bu- 2.21 -0.20 0 -0.13 -0.079
6 3,4-di-Me— 2.09 -0.14 -0.07 - -
7 4-F- 2.06 0.213 0 -0.459 0.62
8 4-Cl- 2.09 0.23 0 -0.23 0.52
9 4-Br- 2.06 0.23 0 -0.2510) 0.50
10 4-NO,~ 1.87 0.78 0 0.27 0.641D
11 3-OH- 2.18 0 0.029 -0.06 0.18
12 4-OH- 2.29 -0.37 0 -0.4312) 0.239
13 4-MeO- 2.28 -0.27 0 -0.61 0.27
Comp. R- pKao op Om OR oy
1 H- 7.56 0 0 0 0
2 4-Me- 7.99 -0.14 0 -0.14 -0.04
3 4-Et- 7.83 -0.13% 0 -0.109 -0.057
4 4-j-Pr- 7.85 -0.13% 0 -0.129 -0.067
5 4-tert-Bu- 7.72 -0.15% 0 -0.159 -0.079
6 3,4-di-Me— 7.92 -0.14 -0.06% - -
7 4-F- 7.50 0.219 0 -0.459 0.62
8 4-Cl- 7.30 0.28%) 0 -0.23 0.52
9 4-Br- 7.53 0.15*2) 0 -0.30% 0.44
10 4-NO,~ 6.63 0.78 0 0.15 0.6410
11 3-OH- 7.45 0 0.12 -0.06 0.18
12 4-OH- 7.73 - - - -
13 4-MeO- 8.13 -0.27 0 -0.61 0.27

*op *ok; 1) J. Org. Chem. 23 (1958) 1215; 2) J. Am. Chem. Soc. 80 (1958) 4979; 3) Summ. Sci Techn., Ser.
Gen. Ques. Org. Chem. p. 163 (1979); 4) Chem. Scripta 9 (1976) 200; 5) J. Am. Chem. Soc. 90 (1968) 1757; 6) Can.
J. Chem. 46 (1968) 2929; 7) J. Am. Chem. Soc. 100 (1978) 7765; 8) J. Org. Chem. 29 (1964) 1222; 9) Can. J.
Chem. 61 (1983) 2376; 10) Prog. Phys. Org. Chem. 13 (1981) 119; 11) Prog. Phys. Org. Chem. 10 (1973) 81;
12) J. Am. Chem. Soc. 85 (1963) 3146; The other o, and oy, valuesare taken from J. Org. Chem. 23 (1958) 420;
The other og and oy values are taken from J. Am. Chem. Soc. 94 (1972) 9113

As the differences in the acidities of the carboxyl and a-hydroxyl groups are
sufficiently high (Table I), the pKy1 and pKj» of the diprotic acids could be sepa-
rately determined. The values of pKy» and pKa3 of compound 12 are too close to
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be determined spectrophotometrically, thus they were potentiometrically determi-
ned. Briefly, as this will be reported separately, the 4-OH-phenyl group dissocia-
tes at a lower pH than the a-hydroxyl group. The formed phenolate ion is tauto-
merically equilibrated via a quiynoid structure and transfers the negative charge to
the former aroyl oxygen. The negative charge on the “aroyl” oxygen, in turn, sta-
bilizes the a-hydroxyl oxygen; this results in the higher pK, value of the a-hydroxyl.

O OH
= OH
H O
\
OH O R
S OH
H O
\ |

7.5 740 785 720 775 770 TS5 760 755 750 745

Fig. 1. 1D 1H-NMR spectrum of compound 1 (region 7.4-8.0 ppm)* at pD 5.0 and t = 25 °C in D,0.

For the spectrophotometric determination of the acidity constants, two trans-
formed forms of the classical spectrophotometric equation® were applied:

_ kB Aa
A= Aq,n —Ka 0] (2)
A= AAZ' _Kiag[H?)O-k](AHA —-A) @)

where Ay,a, AHA-, Aa2-, and A represent the absorbances of the molecular
(H2A), monoanionic (HA-) and dianionic (A27) forms of the ADKs and their
mixture at specified wavelengths, respectively. Egs. 2 and 3 gave linear depen-
dences when the spectrum of only one “pure” form (HA™) was required for the
determination of K31 and Kgo. The absorption spectra used for the determination
of the acidity constants of compound 1, as a representative, are shown in Fig. 2a
and 2c. The values of K1 and Ko were calculated by linear regression analysis
from the slope of the corresponding lines (Fig. 2b and 2d).

*As the singlet of —-CH,— protons from the diketo form, present at 4.50 ppm, is signifycantly
weaker, just the region with the signals from the two enolic forms is shown.
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Fig. 2. a) Absorption spectra of compound 1, used for the determination of K4 in solutions of dif-
ferent acidity, the pH values are indicated on the figure; b) spectrophotometric determination
of K1 according to Eq. 2; ¢; = 1.0176x10-4 mol I'; 4 = 314.0 nm; c) absorption spectra of
compound 1 used for the determination of K, in solutions of different acidity, the pH
values are indicated on the figure; d) spectrophotometric determination of K,
according to Eq. 3; ¢, = 1.0021x10"4 mol I'1; 1= 328.5 nm.

As mentioned previously, Ky and Ky3 for the 4-OH-derivative (12) were
determined potentiometrically according to the formation function. In the pH
interval where the HoA~, HA2~ and A3~ forms are present, the formation func-
tion gave the following linear dependence:13

[HsO0*FP(2-n) _, [H30"](n-1)
o a2 =

Ka2 (PKg2 7.7340.01) and Kz (pKaz 9.52+0.07) were determined from the

slope and the intercept of the corresponding line from three times repeated expe-
riments (Fig. 3).

Considering the obtained pKj values (Table I), the distribution of the species

at some physiologically important pH values can be calculated. As the pKj1 of all

the studied compounds lies within the interval 1.87-2.29, at pH 1.5, 30 to 70 %

K +Ka2Ka3 (4)
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of the ADKs (depending on the specific pKa1 value) are present in the HoA form
(H3A for compound 12). The pKg2 values of compounds 1-11 and 13 lie within
the 6.63-8.13 range, thus at pH 7.4, 15 to 85 % of these compounds (depending
on the specific pKyo value) is present in the HA~ form, and at pH 9, most of
ADKs 1-11 and 13 are completely deprotonated (A2~ form). The situation for
compound 12 is slightly more complicated with HoA~ and HAZ~ being the domi-
nant species in the pH range 6.7-8.6 and HA2~ and A3~ in the pH range 8.6-10.5.
Representative distribution diagrams for compounds 1 and 12 are shown in Figs.
4a and 4b, respectively.

8.0x10™

32 4.0x10™
om
z
2.0x10™
0.0
. ) \ \ . Fig. 3. Potentiometric determination of
0.0 10x10°  20x10°  30x10°  40x10° Kgo and Kyz for compound 12 accor-
[H,0IA-1)7 ding to Eq. (4), ¢1» = 9.9198x10* mol I'1,
1.0 1.0
a) ~HA A Ax b)
o2
0.8 0.8 -
£ 06 £ osp pK., oK pK.
@ i » a3
g 5 / 2\ /
s 2
04 04 2 2
HA ,le
02 0.2 -
R = M O'00 2 4 6 8 10 12 14
pH
Fig. 4. Distribution diagrams: a) compound 1 and b) compound 12.
LFER

The determined acidity constants (pKs1 and pKg2) were correlated with lite-
rature substituent constants in order to build a linear model of the Hammett type.
Correlation of the determined pKjapvalues with the o and o substituent cons-
tants has moderate statistics:
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PKa1 = —0.382 (20.070) op + 1.622 (+1.080) o + 2.151 (+0.022) (5)
(n=13;r=0.969; s = 0.034; F = 76.069; Q2 = 0.916; Spress = 0.040)

The constant term in Eq. (5) is far for the experimentally obtained pKy1 of
the unsubstituted compound 1. Exclusion of the parent compound (1) results in a
statistically better correlation.

PKa1 = —0.381 (+0.037) o + 1.694 (£0.570) oy + 2.159 (x0.012)  (6)
(n=12; r = 0.992; s = 0.018; F = 280.480; Q2 = 0.960; Spress = 0.029)

Factorization of the influences of the substituent on resonance and inductive
ones does not allow the inclusion of the disubstituted derivative (6):

pKa1 =-0.380 (£0.180) or — 0.392 (£0.140) o) + 2.174 (£0.055) @)
(n=12;r=0.925; s = 0.055; F = 26.574; Q2 = 0.771; Spress = 0.069)

Again, exclusion of the parent compound (1) results in a statistically better
correlation:

PKa1 = —0.333 (+0.130) og — 0.423 (0.980) oy + 2.202 (+0.043)  (8)
(n=11; r = 0.968; s = 0.037; F = 59.605; Q2 = 0.891; Spress = 0.049)

Even the terms in Egs. (7) and (8) are not standardized; the inductive term
has a somewhat higher weight. In the pH range 1-5, the diketo form is present in
a significantly lower amount compared to the enolic form | in the existing tauto-
meric mixture (Scheme 1) (this is clearly seen in the NMR spectra, exemplified
by the TH-NMR spectrum of the parent compound (1) at pD = 5.0, Fig. 1). There-
fore, resonance transmission of the substituent effects to the carboxylic group
could be expected to be dominant. However, the optimized structures of the eno-
late molecular and monoanionic forms with the implicit water solvation model
(COSMO) clearly show that the carboxyl group of the molecular form and the
carboxylate anion of the monoanionic form of the compounds is torsionally dis-
torted from the rest of the molecule, as exemplified on the parent compound (1)
(Figs. 5a and 5b). Accordingly, the higher weight of the inductive effect repro-
duces the real situation in water, which was used as the medium in the present
study of protolytic equilibria.

Correlation of the determined pKa2 values with the op and om substituent
constants has much better statistics than the corresponding equation describing
PKa1 (Eq. (9)):

PKa2 = -1.319 (20.220) op — 1.706 (+1.600) o, + 7.677 (£0.062) 9)
(n=12;r=0.977; s =0.094; F = 93.574; Q2 = 0.927; Spress = 0.118)

The 4-OH-substituted derivative could not be included in Egs. (9) and (10);
the explanation is offered above. Exclusion of the 4-tert-Bu- derivative (5) gives
a superior correlation (r = 0.985, F = 128.15, Q2 = 0.931). For this, no explana-
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tion can be offered. Factorization of the influences of the substituent on reso-
nance and inductive ones, with exclusion of the disubstituted derivative (6), gave
a good correlation:

PKa2 = —1.416 (0.290) og — 1.168 (+0.220) oy + 7.591 (+0.086)  (10)
(n=11; r=0.983; s = 0.083; F = 114.494; Q2 = 0.949; Spress = 0.102)

b)

Fig. 5. The molecular, monoanionic and dianionic
enol (Scheme 1, structure 1) optimized by the MO
semi-empirical PM6 method and implicit water sol-
vation (COSMO) using MOPAC 2007.1° Ball and
stick presentation: white spheres — hydrogen, gray
c) spheres — carbon and dark gray spheres — oxygen.

Additional exclusion of the 4-tert-Bu- derivative (5) gave the best of the in
this article reported correlations (r = 0.993, F = 264.285, Q2 = 0.977).

At this stage, obvious question arises: Why the Hammett correlations of
pKaz2 (Egs. (9) and (10)) are statistically significantly better than corresponding
ones correlating pKa1? The optimized structures!® of the molecular, monoanionic
and dianionic forms of the compounds (exemplified by the parent compound (1),
Figs. 5a-5c) offer the probable explanation. The molecular form of enol | (Sche-
me 1) has an almost perfect coplanar > C(O)-CH=C(OH)- (keto-enol) moiety,
stabilized by an intramolecular H-bond. In the parent compound, the > C=0..H-O-
distance is 1.71 A, with a H-bond energy of —0.2997 kcal mol-L. The aryl group
is twisted from the plain of the keto-enol moiety by 37.61°, while the carboxyl
group is twisted by 101.70°. In the monoanionic form, a similar distortion of the
carboxylic group exists (91.25° for the parent compound (1)), i.e., the carboxylic
group is almost perpendicular to the plane of the keto-enol moiety. Transmission
of the resonance effect is efficiently suppressed in this manner. Accordingly, the
inferior statistics of Egs. (5)—(8) in respect to Egs. (9) and (10) could be reason-
ably explained. On the other hand, in the monoanionic form, the aryl group is
twisted in respect to the keto-enol moiety by a minor amount (7.83° for the pa-
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rent compound (1)), i.e., the aryl ring is almost coplanar with the keto-enol moi-
ety, therefore transmission of resonance and inductive effects is very efficient and
could be described by the extended correlation of the Hammett type. As a note, in
the dianionic form (exemplified by the parent compound (1), Fig. 5¢) the keto-
enol moiety is again coplanar, but the aroyl keto and ionized vinyl hydroxyl are
in the Z configuration with respect to each other, because of the repulsion bet-
ween the charge on the enolate anion and the lone pair of the aroyl keto group.
Time scales of the rotation around the aroyl keto-vinyl =CH- and the deproto-
nation of the —OH group should be examined in the future.

The values of pK, predicted from Egs. (5)-(10) are given in Table Ill and
shown in Fig. 6. The substituent constants were taken from different sources and
the main criterion was to choose those derived from the ionization of carboxylic
acids or solvolysis of the corresponding derivatives. To the best of our know-
ledge, a set of substituents constants derived from compounds having an enoliza-
ble interface between a phenyl ring and the reaction center (carboxylic group in
the present case) has not been reported in the literature. For compounds 3 and 4,
op values were used in Egs. (5) and (6). This could be an indication that hyper-
conjugation of 4-Et- (3) and 4-i-Pr- (4) substituents could influence the overall
structures of these molecules, which is possible, particularly considering the tau-
tomeric form 111 (Scheme 1). The or of compounds 2, 7, 8, and 13 (m-electron
delocalization) are derived from the benzoic acid ionization model, while the
others are m-electron delocalizations derived from 13C-NMR shifts.

TABLE 1. Experimentally obtained (pK,; and pKy,) and predicted acidity constant values
Predicted pKyy Predicted pKy,

comp. R e EiG) Ea ) Ea() Ea® "% Eq(9) Eq.(0)
1 H- 2.06 2.15 *a 2.17 * 7.56 7.68 7.59
2 4-Me—- 2.22 2.20 2.21 2.23 2.25 7.99 7.86 7.84
3 4-Et- 2.28 2.27 2.28 2.23 2.26 7.83 7.85 7.79
4 4-i-Pr— 2.29 2.26 2.27 2.24 2.27 7.85 7.85 7.83
5 4-tert-Bu— 2.21 2.23 2.24 2.25 2.28 7.72 7.87 7.88
6 3,4-di-Me- 2.09 2.09 2.09 * * 7.92 7.96 a

7 4-F- 2.06 2.07 2.08 2.10 2.09 7.50 7.40 7.50
8 4-Cl- 2.09 2.06 2.07 2.06 2.06 7.30 7.31 7.31
9 4-Br- 2.06 2.06 2.07 2.07 2.07 7.53 7.48 7.50
10 4-NO,— 1.87 1.85 1.86 1.87 1.88 6.63 6.65 6.63
11 3-OH- 2.18 2.18 2.19 2.13 2.15 7.45 7.47 7.47
12 4-OH- 2.29 2.29 2.30 2.25 2.25 7.73 * *

13 4-MeO- 2.28 2.25 2.26 2.30 2.29 8.13 8.03 8.14
@0mitted from equation derivation
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Fig. 6. Experimentally obtained vs. calculated pK, values for compounds 1-13. Graph a)
corresponds to Eq. (5), graph b) to Eq. (6), graph c) to Eq. (7), graph d) to Eq. (8),

graph e) to Eq. (9) and graph f) to Eq. (10).

The selection of the substituent constants could roughly indicate possible dif-
ferences between the amounts of all three possible tautomeric forms in aqueous
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solution for the molecular or ionized forms of every studied compound, as well
as differences in the mode of their solvation. This account offers rationale for the
magnitudes of the experimentally obtained pKj, values, which have been discus-
sed in the presented correlations. These partially “empirically” derived models by
the classical LFER approach could be extended to a larger set of congeners.
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N3BOJI

JINTHEAPHE KOPEJIAITMJE CJIOBOAHE EHEPTUIJE (LFER) ITPOTOJIUTUYKNX
PABHOTEXA 4-APWJI-2,4-JUOKCOBYTAHCKHNX KUCEJIMHA
Y BOJEHUM PACTBOPMMA

TATJAHA ). BEPERY, BPAHKO J. IPAKYJINRZ, MIRE F. ZLOHS3, JOBAHA P. TIELIEJbY,
I'OPJJAHA B. MOMOBUA* 1 UBAH 0. JYPAHWR?

YXemujcku paryaimieims, Yrnusepauisiem y beozpady, Citiydeniticku imipz 12—16, 11000 Beozpad, 2Lenimiap 3a
xXemujy — MHcitiuitiyit 3a xemujy, ilexHoA02ujy u meitianypzujy, Yrueepauitieii y beozpaoy, hezowesa 12,
11000 Beozpao, *The School of Pharmacy, University of London, 29/39 Brunswick Square, London
WCIN 1AX, United Kingdom u *®apmayeyiticku axyaiieis, Ynusepauitieini y Beozpady,
Bojsooe Ciuietie 450, 11000 Beozpao

Iporonutnuke paBHOTexe 13 jenumera n3 kinace 4-apui-2,4-IMOKCOOYTAHCKHUX KHCEIHMHA
(AIK) criekTpoh)OTOMETPHjCKH Cy IMpoyuYaBaHe y BOJACHUM pacTBopuma y pH uuteppany 1-9 npu
temmepatypu 25+1 °C u jonckoj jaunan pactsopa 0.1 mol I'1 (NaCl), ca usyserkom 4-OH-nepusa-
Ta KOjH je IpoydaBaH M IOTEHIUOMeTpHjcku y PH unTepBany 7-10 mpu uctum ycnoBuma. Kako
AJIK y BoZIeHOM pacTBOpY MOUIEKY KETO-€HOIHO] TAYTOMEPHUJU M HCTOBPEMEHO TIOCTOj€ Y AUKETO
U 1Ba eHonHa obnuka, To oxpehene kucenuncke koucrante (pKy 1.87-2.29, pKy, 6.63-8.13 u
pKa3(4-OH-) 9.52) mpeacrasibajy Makpo koHcrante 3a nati cucreM. "H-NMR crnexrap ocHoBHe
cyncranie (4-¢pennn-2,4-nuokcobyrancka kucenuna) (25 °C, pD 5.0) norephyje npucycTBo cBHX
TayTOMEpHHX oOinka. YmorpeboM mnpommpene XameroBe kopenauuje, oapehene pK, Bpennoctu
KOpEJHCaHe Cy ca JINTepaTypHuM ¢ BpeaHoctuma. Ipensubhene pK, BpemHocTr 106po ce ciiaxy ca
EKCTIIEPHUMEHTAIHO No0ujeHnM. MoJeKyckd, MOHOAHjJOHCKH M AWAHjOHCKH OOJIMIIM OCHOBHE CYTI-
CTaHIIe Cy ONTUMH30BAaHN CEMHEMITHPHjCKOM MOJEKyJIcKo—opOuTanHom PM6 meTonom ca mMrnim-
LUTHUM MoJienioM cosBaranuje y Boau (COSMO). lobujeHe reomerpuje cy ynorpebibere 3a o0ja-
mmene kpanurera LFER monena.

(Mpumibeno 29. maja 2007)

REFERENCES

V. O0.Koz’minykh, E. N. Koz’minykh, Russ. Pharm. Chem. J. 38 (2004) 67

2. J. S. Wai, M. S. Egbertson, L. S. Payne, T. E. Fisher, M. W. Embrey, L. O. Tran, J. Y. Mela-
med, H. M. Langford, J. P. Guare Jr., L. Zhuang, V. E. Grey, J. P. Vacca, M. K. Holloway, A.
M. Naylor-Olsen, D. J. Hazuda, P. J. Felock, A. L. Wolfe, K. A. Stillmock, W. A. Schleif, L.
J. Gabryelski, S. D. Young, J. Med. Chem. 43 (2000) 4923

3. R. Di Santo, R. Costi, A. Roux, M. Artico, A. Lavecchia, L. Marinelli, E. Novellino, L. Palmi-
sano, M. Andreotti, R. Amici, C. M. Galluzzo, L. Nencioni, A. T. Palamara, Y. Pommier, C.
Marchand, J. Med. Chem. 49 (2006) 1939

4. R. Dayam, N. Neamati, Bioorg. Med. Chem. 12 (2004) 6371

=



1216 VERBIC et al.

5. Yu. S. Andreichikov, R. F. Saraeva, Yu. A. Nalimova, S. P. Tendryakova, N. I. Lebedev, Zh.
Org. Khim. 14 (1978) 371
6. L. Brecker, M. Pogorevc, H. Griengl, W. Steiner, T. Kappe, D. W. Ribbons, New J. Chem. 23
(1999) 437
7. M. Sechi, A. Bacchi, M. Carcelli, C. Compari, E. Duce, E. Fisicaro, D. Rogolino, P. Gates, M.
Derudas, L. Q. Al-Mawsawi, N. Neamati, J. Med. Chem. 49 (2006) 4248
8. M. Huang, W. G. Richards, G. H. Grant, J. Phys. Chem. A 109 (2005) 5198
9. K. Popov, H. Ronkkémaki, L. H. J. Lajunen, Pure Appl. Chem. 78 (2006) 663
10. P. K. Glasoe, F. A. Long, J. Phys. Chem. 64 (1960) 188
11. O. A. Sof’ina, N. M. Igidov, E. N. Koz’minykh, N. N. Trapeznikova, Yu. S. Kasatkina, V. O.
Koz’minykh, Russ. J. Org. Chem. 37 (2001) 1017
12. L. B. Pfendt, D. M. Sladi¢, T. J. Janji¢, G. V. Popovi¢, Analyst 115 (1990) 383A
13. H. Rossoti, The Study of lonic Equilibria, Longman Ltd., New York, 1978, p. 28
14. H. Kubiniyi, J. Med. Chem. 20 (1977) 629; BILIN program, BASF A.G. (1998)
(http://www.kubinyi.de/bilin.zip)
15. a) J. J. P. Stewart, J. Mol. Mod. 13 (2007) 1173; b) J. J. P. Stewart, J. Comput. Aid. Mol. Des.
4(1990) 1
16. A. Pedretti, L. Villa, G. Vistoli, J. Comput. Aid. Mol. Des. 18 (2004) 167; VegaZZ 2.1.0
(http://www.ddl.unimi.it)
17. C. Hansch, A. Leo, D. Hoekman, Exploring QSAR. Hydrophobic, Electronic and Steric
Constants. ACS Professional Reference Book, American Chemical Society, Washington, DC, 1995
18. A. Albert, E. P. Serjeant, The Determination of lonization Constants, 2"d Ed., Chapman and
Hall, London, 1971, p. 44
19. B.J. Drakuli¢, I. O. Jurani¢, unpublished results.



Journal of
the Serbian
Chemical Society

wwaw. shd. org.yu JSCSi@tmf bg.ac.yvu » www.shd.org vu/JSCS

J. Serb. Chem. Soc. 72 (12) 1217-1227 (2007) UDC 547.595+66.093.1+66.061:531.61
JSCS-3654 Original scientific paper

A linear solvation energy relationship study for the reactivity of
2-substituted cyclohex-1-enecarboxylic and 2-substituted
benzoic acids with diazodiphenylmethane
in aprotic and protic solvents

JASMINA B. NIKOLIC*# and GORDANA S. USCUMLIC#

Department of Organic Chemistry, Faculty of Technology and Metallurgy, University of Belgrade,
Karnegijeva 4, P. O. Box 3505, 11120 Belgrade, Serbia

(Received 17 July 2007)

Abstract: The rate constants for the reaction of 2-substituted cyclohex-1-enecarbo-
xylic acids and the corresponding 2-substituted benzoic acids with diazodiphenyl-
methane were determined in various aprotic solvents at 30 °C. In order to explain
the kinetic results through solvent effects, the second order rate constants of the
reaction of the examined acids were correlated using the Kamlet-Taft solvatochro-
mic equation. The correlations of the kinetic data were carried out by means of mul-
tiple linear regression analysis and the solvent effects on the reaction rates were
analyzed in terms of the contributions of the initial and transition state. The signs of
the equation coefficients support the proposed reaction mechanism. The quantita-
tive relationship between the molecular structure and the chemical reactivity is dis-
cussed, as well as the effect of geometry on the reactivity of the examined molecules.

Keywords: carboxylic acids, linear solvation energy relationship, diazodiphenylme-
thane, aprotic solvents, protic solvents.

INTRODUCTION

Related to the study of the influence of the solvent on the reactivityl=3 of
organic molecules, previous work is extended in this paper towards the reactivity
of e, f-unsaturated carboxylic acids in their reaction with diazodiphenylmethane
(DDM) in various aprotic and protic solvents. In a previous study, the reactivity
of 2-substituted cyclohex-1-enecarboxylic acids with DDM in various alcohols
was investigated.1 The rate data for these acids were correlated with the simple
and extended Hammett equations. The results showed that linear free energy rela-
tionships (LFER) are applicable to the kinetic data for the 2-substituted cyclohex-
-1-enylcarboxylic acid system. In a recent paper,2 hydroxylic solvent effects were
examined on the reaction of «,/~unsaturated carboxylic acids with DDM by means

* Corresponding author. E-mail: jasmina@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712217N
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of the linear solvation energy relationship (LSER) concept, developed by Kamlet
et al.4 The correlation equations obtained by stepwise regression for all the exa-
mined acids showed that the most successful approach, which aids the hydroxylic
solvent effects in the reaction to be understood, lies in the separate correlations of
the kinetic data with the hydrogen bond donating (HBD) and the hydrogen bond
accepting (HBA) ability of the solvent. Multiple linear regression analysis (MLRA)
is very useful in separating and quantifying such interactions of the examined
reactivity. The first comprehensive application of multiple linear regression ana-
lysis to kinetic phenomena was that of Koppel and Palm,> who listed regression
constants for the simple Koppel-Palm equation, for various processes. Aslan et
al.6 showed that correlation analysis of second-order rate constants for the reac-
tion of benzoic acid with DDM in hydroxylic solvents did not give satisfactory
results with the Koppel-Palm model.> They came to the conclusion that the pos-
sibility of Koppel-Palm analysis of data related to protic solvents depends on the
fitting of data in a regression with the main lines being determined by a much
larger number of aprotic solvents. To the best of our knowledge, the influence of
aprotic solvents on the reactivity of carboxylic acids with DDM by the Kamlet-Taft
treatment has not been systematically presented before, except for benzoic acid.”

This paper demonstrates how the linear solvation energy relationship method
can be used to explain and present multiple interacting effects of the solvent on
the reactivity of 2-substituted cyclohex-1-enecarboxylic and 2-substituted ben-
zoic acids in their reaction with DDM and the influence of the substituents of dif-
ferent nature at the C-2 position for the reactions in a given solvent set.

RESULTS AND DISCUSSION

The second order rate constants for the reaction of various 2-substituted cy-
clohex-1-enecarboxylic acids and 2-substituted benzoic acids with DDM in ele-
ven aprotic solvents at 30 °C were determined. In order to explain the kinetic re-
sults through solvent effects, the second order rate constants of the examined
acids in aprotic solvents, together with the previously determined second-order
rate constants for the same acids in hydroxylic solvents,12 were correlated using
the total solvatochromic equation, of the form:

logk=Ag+sz*+aa+bf @

where « and g are solvatochromic parameters, s, a and b are solvatochromic
coefficients, and Ag is the regression value of the examined solute property in the
reference solvent, cyclohexane.

In Eg. (1), 7* is an index of the solvent dipolarity/polarizability, which is a
measure of the ability of a solvent to stabilize a charge or a dipole by its own die-
lectric effect. The #* scale was selected to run from 0.00 for cyclohexanone to
1.00 for dimethyl sulphoxide.
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The o parameter represents the scale of solvent hydrogen bond donor (HBD)
acidity and has a range from 0.00 for non-HBD solvents (e.g. n-hexane,
cyclohexane) to 1.00 for methanol. It describes the ability of a solvent to donate a
proton, or accept an electron pair in a solvent-to-solute hydrogen bond. The g pa-
rameter represents the scale of solvent hydrogen bond acceptor (HBA) basicity,
in other words, the ability of a solvent to donate an electron pair, or accept a pro-
ton in a solvent-to-solute hydrogen bond. The £ scale runs from 0.00 for non-HBA
solvents (e.g. n-hexane) to about 1.00 for hexamethylphosphoric acid triamide.

The obtained second-order rate constants for the examined cyclohex-1-ene-
carboxylic and benzoic acids in eleven aprotic solvents, together with the previ-
ously determined rate constants for the same acids in the hydroxylic solvents, are
given in Tables I and II.

TABLE I. Reaction rate constants for the reaction of 2-substituted cyclohex-1-enecarboxylic acids
with diazodiphenylmethane at 30 °C in various solvents

k / dm3 mol-tmin-!

Cyclohex- 2-Methylcy- 2-Ethylcy- 2-Chlorocy- 2-Bromocy- 2-lodocyclo-

Solvent -1-enecar- clohex-1-ene- clohex-1-ene- clohex-1-ene- clohex-1-ene- hex-1-ene-
boxylic ~ carboxylic carboxylic carboxylic  carboxylic carboxylic
acid acid acid acid acid acid
Methyl acetate 0.032 0.093 0.095 0.563 0.614 0.642
Cyclohexanone 0.020 0.044 0.099 0.531 0.583 0.603
Diethyl ketone 0.053 0.064 0.110 0.583 0.634 0.653
Carbon 0.329 0.359 0.256 0.795 1.006 1.036
tetrachloride
Ethyl acetate 0.025 0.058 0.082 0.501 0.574 0.606
Cyclopentanone 0.025 0.053 0.108 0.569 0.614 0.658
Dioxane 0.065 0.077 0.046 0.554 0.646 0.684
Acetone 0.048 0.106 0.116 0.680 0.831 0.891
Methanol 0.817 0.567 0.583 2.244 2321 2.614
Ethanol 0.417 0.264 0.278 1.130 1.279 1.470
Dimethyl 0.008 0.013 0.060 0.198 0.210 0.230
sulfoxide
Tetrahydrofuran 0.019 0.027 0.055 0.179 0.191 0.204
Acetonitrile 0.318 0.420 0.347 1.580 1.623 1.782
Ethylene glycol 1.962 1.631 1.649 5.222 5.169 5.738

The obtained results show that the rate constants increase with increasing
solvent polarity. Comparison of the values of the reaction constants in protic and
aprotic solvents indicates that the examined reaction is slower in aprotic solvents,
which is in accordance with the proposed reaction mechanism.8-11 The mecha-
nism of this reaction in both protic and aprotic solvents was found to involve the
same rate-determining step: proton transfer from the carboxylic acid to DDM,
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forming a diphenylmethanediazonium carboxylate ion pair, which rapidly reacts
to give esters, or ethers in the case of hydroxylic solvents:

Ph,CN, + RCOOH — Ph,CHN,"0,CR

TABLE Il. Reaction rate constants for the reaction of 2-substituted benzoic acids with diazodiphe-
nylmethane at 30 °C in various solvents

k / dm3 mol'! min!

Solvent . _ .. 2-Methyl- 2-Ethylben- 2-Chloro- 2-Bromoben- 2-lodo-
Benzoic acid . L0 .. o .
benzoic acid zoic acid benzoic acid zoic acid benzoic acid

Methyl acetate 0.260 0.124 0.130 1.543 1.620 1.720
Cyclohexanone 0.220 0.129 0.138 1.393 1.510 1.580
Diethyl ketone 0.265 0.157 0.160 1.510 1.690 1.760
Carbon 0.638 0.389 0.496 1.200 1.380 1.412
tetrachloride

Ethyl acetate 0.180 0.094 0.106 1.479 1.480 1.590
Cyclopentanone 0.293 0.145 0.154 1.530 1.620 1.780
Dioxane 0.058 0.035 0.048 0.750 0.758 0.813
Acetone 0.350 0.152 0.170 2.087 2.440 2.680
Methanol 2.470 1.860 2.526 12.71 13.75 15.22
Ethanol 0.995 0.933 0.986 4.388 5.627 5.960
Dimethyl 0.141 0.079 0.072 0.512 0.522 0.586
sulfoxide

Tetrahydrofuran 0.105 0.060 0.062 0.454 0.464 0.482
Acetonitrile 3.730 1.590 1.654 5.852 6.023 6.759
Ethylene glycol 4.020 2.590 2.680 10.69 11.08 11.84

The previous investigations of the reactivity of «,f-unsaturated carboxylic
acids with DDM in various solventsl—3 established that the characteristics of a
solvent on the reaction rate should be given in terms of the following solvent pro-
perties: (i) the behaviour of a solvent as a dielectric, facilitating the separation of
opposite charges in the transition state; (ii) the ability of a solvent to donate a
proton in a solvent-to-solute hydrogen bond and thus stabilize the carboxylate an-
ion in the transition state; (iii) the ability of a solvent to donate an electron pair
and thereby stabilize the initial carboxylic acid, through a hydrogen bond bet-
ween the carboxylic proton and the solvent electron pair. The parameter z* is an
appropriate measure of the first property, while the second and the third proper-
ties are governed by the effects of the solvent acidity and basicity, expressed
quantitatively by the parameters «and g, respectively.

Solvent — reactivity relationship

In order to explain the obtained kinetic results through solvent dipolari-
ty/polarizability and basicity or acidity, the rate constants of the examined acids
were correlated with the solvent properties using the total solvatochromic Equa-
tion (1). The solvent parameters12 are given in Table III.
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TABLE lIl. Solvent parameters

Solvent pad a it

Methyl acetate 0.60 0.00 0.42
Cyclohexanone 0.76 0.00 0.53
Diethyl ketone 0.72 0.00 0.45
Carbon tetrachloride 0.28 0.00 0.00
Ethyl acetate 0.55 0.00 0.45
Cyclopentanone 0.76 0.00 0.52
Dioxane 0.55 0.00 0.37
Acetone 0.72 0.08 0.48
Methanol 0.60 0.93 0.62
Ethanol 0.54 0.83 0.77
Dimethyl sulfoxide 1.00 0.00 0.76
Tetrahydrofuran 0.58 0.00 0.55
Acetonitrile 0.85 0.19 0.31
Ethylene glycol 0.92 0.90 0.52

The correlation of the kinetic data was performed by means of multiple li-
near regression analysis. It was found that the rate constants in the applied set of
fourteen solvents show satisfactory correlation with the z*,« and g solvent pa-
rameters together in the same equation. The obtained correlation results are given
in Table IV.

TABLE V. The result of the correlation of the kinetic data with Eq. (1)

Acid A s a? b? RP sd® F94 Ne
Cyclohex-1-enecarboxylic -0.58 0.38£0.20 2.07+0.09 -2.48+0.21 0.990 0.11 168 14
acid

2-Methylcyclohex-1-ene-  -0.49 0.52+0.16 1.66+0.07 -2.35+0.17 0.989. 0.09 162 14
carboxylic acid

2-Ethylcyclohex-1-ene- -0.93 0.87+0.21 1.24+0.10 -1.51+0.22 0972 0.12 58 14
carboxylic acid

2-Chlorocyclohex-1-ene-  -0.18 0.75+0.21 1.07+£0.10 -1.424+0.22 0.960 0.12 39 14
carboxylic acid

2-Bromocyclohex-1-ene-  -0.05 0.64+0.22 1.04+0.10 -1.42+0.23 0.954 0.13 20 14
carboxylic acid

2-lodocyclohex-1-ene- -0.05 0.65+0.22 1.07+£0.10 -1.40+0.23 0.957 0.13 36 14
carboxylic acid

Benzoic acid -0.64 1.34+0.47 1.51+0.22 -1.98+0.49 0915 0.26 17 14
2-Methylbenzoic acid -0.83 1.05+0.44 1.64+0.20 -1.75+0.46 0.932 0.25 22 14
2-Ethylbenzoic acid -0.71 0.92+0.29 1.81+0.13 -1.79+0.31 0.973 0.10 75 14
2-Chlorobenzoic acid 0.15 0.93+0.19 1.28+0.09 -1.33+0.20 0.978 0.10 75 14
2-Bromobenzoic acid 0.29 0.83+0.19 1.28+0.09 -1.25+0.20 0976 0.11 70 14
2-lodobenzoic acid 0.20 0.89+0.19 1.31+0.09 -1.27+0.21 0977 0.11 71 14

aCalculated solvatochromic coefficient; Pcorrelation coefficient; °standard deviation of the estimate; 9Fisher's
test; ®enumber of the points used in the calculations
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From the results presented in Table IV, the general conclusion can be reach-
ed that the solvent effects influence the carboxylic acid-DDM reaction by two
opposite contributions. The opposite signs of the electrophilic and the nucleophi-
lic parameters are, as expected, in accordance with the described mechanism of
the reaction. The positive signs of the s and a coefficients prove that the classical
solvation and HBD effects increase the reaction rate, supporting the formation of
the transition state, and the negative sign of the b coefficient indicates that HBA
effects decrease the reaction rate and stabilize the state before the reaction be-
gins. From the values of regression coefficients, the contribution of each para-
meter to reactivity, on a percentage basis, was calculated and is listed in Table V.

TABLE V. The percentage contributions of Kamlet-Taft's solvatochromic parameters to the reactivity

Acid ™ % al % Bl %
Cyclohex-1-enecarboxylic acid 8 42 50
2-Methylcyclohex-1-enecarboxylic acid 11 37 52
2-Ethylcyclohex-1-enecarboxylic acid 24 34 42
2-Chlorocyclohex-1-enecarboxylic acid 23 33 44
2-Bromocyclohex-1-enecarboxylic acid 21 34 46
2-lodocyclohex-1-enecarboxylic acid 21 34 45
Benzoic acid 28 31 41
2-Methylbenzoic acid 24 37 39
2-Ethylbenzoic acid 20 40 40
2-Chlorobenzoic acid 26 36 38
2-Bromobenzoic acid 25 38 37
2-lodobenzoic acid 26 38 36

From these results, it can be noticed that the non-specific interactions (z*)
are less pronounced than the specific ones («,f) in both carboxylic acid systems.
However, the specific interactions have more influence on the cyclohexenyl than
on the benzoic system. This probably means that the carboxyl group of the cyclo-
hexenyl acids is more susceptible to the proton-donor and proton-acceptor sol-
vent effects than the carboxyl group of the benzoic acids.

In order to obtain a complete view of the solvent interactions with the mole-
cules of the examined carboxylic acids, the solvent effects are expressed quanti-
tatively for every acid and refer separately to the reactants and the transition state
in Table VI.

Higher reaction rates and a more pronounced effect of the HBD solvation and
non-specific interactions (polarity/polarizability) can be noticed for halogen-sub-
stituted acids in both systems. As the negative inductive effect of the halogen at
C-2 stabilizes the carboxylic anion, it supports the transition state, thus accele-
rating the reaction.



REACTIVITY OF 2-SUBSTITUTED BENZOIC ACIDS 1223

TABLE VI. The solvent effects

HBA solvation Sum of HBD solvation

Acid B1% (o_c/ %) apd non-specific
interactions (7* / %)
Cyclohex-1-enecarboxylic acid 50 50
2-Methylcyclohex-1-enecarboxylic acid 52 48
2-Ethylcyclohex-1-enecarboxylic acid 42 58
2-Chlorocyclohex-1-enecarboxylic acid 44 56
2-Bromocyclohex-1-enecarboxylic acid 46 54
2-lodocyclohex-1-enecarboxylic acid 45 55
Benzoic acid 41 59
2-Methylbenzoic acid 39 61
2-Ethylbenzoic acid 40 60
2-Chlorobenzoic acid 38 62
2-Bromobenzoic acid 37 63
2-lodobenzoic acid 36 64

The results presented here show that the proton-acceptor solvent effects are
somewhat more pronounced in the ground state for cyclohex-1-enecarboxylic
acid and its 2-substituted derivatives than for benzoic acids, supporting the fact
that the reaction rates are higher for benzoic acids. For the benzoic acid type, the
dominant solvent effects are the proton-donor and non-specific interactions, cha-
racteristic for the transition state. This fact is likely to be a consequence of the
degree of conjugation of the carboxylic group of the benzoic acids with the ring,
in other words, the charge distribution in the carboxylic group, because of con-
jugation, makes the anion more stable and therefore the reaction faster. However,
the more general conclusion arising from these results is that substituents at the
C-2 position in both types of carboxylic acid have a secondary influence on the
reaction with DDM and do not seem to cause steric hindrance between the reac-
tants and the solvent. The principal influences on the reaction rate are apparently
the solvent properties and the general form of the carboxylic acid molecule.

Structure — reactivity relationship

Taking into account the results presented in this work, it can be concluded
that the solvation differences of the examined acids in their reaction with DDM
derive from the structural differences between the cyclohex-1-enecarboxylic and
benzoic acids. Such a conclusion can be drawn from the minimal energy mole-
cular conformations. The geometric layout of the benzoic and cyclohex-1-ene-
carboxylic acids corresponding to the energy minima in solution were obtained
using semi-empirical MNDO-PM3 energy calculations, as reported previouslyl3
and are shown in Figs. 1 and 2.
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In the molecule of benzoic acid, the carboxylic group is almost planar with
the ring (Fig. 1), which is the cause of the conjugation of the carbonyl group of
the carboxylic group and the benzene ring. In the case of cyclohex-1-enecarbo-
xylic acid (Fig. 2), the carboxylic group is 142° twisted out of the plane of the
double bond and is of the opposite orientation compared to benzoic acid. The
double bond of cyclohex-1-enecarboxylic acid is much closer to the carboxylic
group, which can have consequently an interaction between the carboxylic proton
and the m-electrons of the double bond. This is hardly possible for benzoic acid
because the position of its carboxylic group is quite different.

I” b
6.6 Dey .14 oop 142.0 Dey 16.62 oop

Fig. 1. The most stable conformation of Fig. 2. The most stable conformation of cyclohex-1-
benzoic acid. enecarboxylic acid.

Additional evidence of the solvent effect on the structure—reactivity relation-
ship in the reaction of 2-subsituted cyclohex-1-enecarboxylic and 2-subsitututed
benzoic acids with DDM was also obtained by the correlation of the log k values
for the examined acids with the Hammett Equation (2):14

log k = log ko + pop 2

where p is the reaction constant, reflecting the sensitivity of log k to substituent
effects. The substituent constant 0'p15 is a measure of the electronic effects of a
substituent. The results of the correlations are given in Tables VII and VIII.

The difference in the transmission of substituent effects through the benzene
ring and the double bond in the cyclohexene ring were ascribed to the different po-
larizability of the double bonds of the examined compounds and the different sol-
vent effects on the transmission of the substituent proximity effect at the C-2 position.

The poor correlation coefficients for the Hammett equations related to 2-sub-
stituted cyclohex-1-enecarboxylic acids, particularly in aprotic solvents, indicate
that the cyclohex-1-enecarboxylic acid system is more sensitive to solvent effects
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than the benzoic acid system, for which the Hammett equations have rather high,

reliable correlation coefficients.

TABLE VII. Hammett reaction constants and correlation parameters for 2-substituted cyclohex-1-ene-

carboxylic acids

Solvent Voa rb sdc nd
Methyl acetate 2.38 0.799 0.37 6
Cyclohexanone 2.77 0.798 0.43 6
Diethyl ketone 2.49 0.883 0.27 6
Carbon tetrachloride 1.33 0.920 0.12 6
Ethyl acetate 2.66 0.820 0.38 6
Cyclopentanone 2.68 0.805 0.41 6
Dioxane 2.80 0.934 0.22 6
Acetone 2.48 0.834 0.34 6
Methanol 1.66 0.975 0.08 6
Ethanol 1.81 0.974 0.09 6
Dimethyl sulfoxide 2.64 0.756 0.47 6
Tetrahydrofuran 2.03 0.819 0.29 6
Acetonitrile 1.78 0.902 0.17 6
Ethylene glycol 1.40 0.964 0.08 6

3Reaction constant; Pcorrelation coefficient; Cstandard deviation of the estimate; 9number of the points used in

the calculations

TABLE VIII. Hammett reaction constants and correlation parameters for 2-substituted benzoic acids

Solvent V2 rb sd° nd
Methyl acetate 2.97 0.985 0.10 6
Cyclohexanone 2.84 0.977 0.13 6
Diethyl ketone 2.75 0.977 0.12 6
Carbon tetrachloride 1.28 0.977 0.06 6
Ethyl acetate 3.20 0.979 0.14 6
Cyclopentanone 2.79 0.983 0.10 6
Dioxane 3.50 0.964 0.20 6
Acetone 3.14 0.982 0.12 6
Methanol 2.22 0.949 0.15 6
Ethanol 2.04 0.936 0.16 6
Dimethyl sulfoxide 2.28 0.984 0.08 6
Tetrahydrofuran 2.38 0.973 0.09 6
Acetonitrile 1.50 0.973 0.07 6
Ethylene glycol 1.68 0.984 0.06 6

3Reaction constant; Pcorrelation coefficient; Cstandard deviation of the estimate; 9number of the points used in

the calculations
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Based on the results presented in this paper and previously reported results
for more than fifty carboxylic acids, it can be concluded that the solvatochromic
concept of Kamlet and Taft is applicable to the kinetic data for the reaction of
different carboxylic acids with DDM in various solvents. This means that this
model gives a correct interpretation of the solvating effects on the carboxylic
group in various solvents. The solvation models for 2-substituted cyclohex-1-en-
ecarboxylic and 2-substituted benzoic acids are suggested. The results show that
the 2-substituted cyclohex-1-enecarboxylic acid system is more sensitive to
aprotic solvent effects than the 2-substituted benzoic acid system.

EXPERIMENTAL

Cyclohex-1-enecarboxylic, 2-methylcyclohex-1-enecarboxylic, 2-ethylcyclo-hex-1-enecarbo-
xylic, 2-chlorocyclohex-1-enecarboxylic, 2-bromocyclohex-1-enecarboxylic and 2-iodo-cyclohex-
1-enecarboxylic acids were prepared by the method of Wheeler and Lerner,1 from the corres-
ponding cyclohexanone cyanohydrine which was dehydrated to cyanocyclohexene. The nitrile was
hydrolyzed with phosphoric acid to the corresponding cyclohex-1-enecarboxylic acid. Benzoic, 2-me-
thylbenzoic, 2-ethylbenzoic, 2-chlorobenzoic, 2-bromobenzoic and 2-iodobenzoic acids were com-
mercial products (Fluka, Germany).

The chemical structure and purity of the obtained compounds were confirmed by melting or
boiling points, as well as TH-NMR, FTIR and UV spectroscopy.

Diazodiphenylmethane was prepared by the method of Smith et al.1” and stock solutions were
stored in a refrigerator and diluted before use. Solvents were purified as described in previous pa-
pers.818 All the solvents used in the kinetic studies were of analytical grade. Rate constants for the
reaction of examined acids with DDM were determined as reported previously, by the spectrosco-
pic method of Roberts and co-workers,® using a Shimadzu UV-1700 spectrophotometer. Optical
density measurements were performed at 525 nm with 1 ¢cm cells at 30+0.05 °C. The second order
rate constants for all acids were obtained by dividing the pseudo-first order rate constants by the
acid concentration (the concentration of acid was 0.06 mol dm™ and of DDM 0.006 mol dm3).
Three to five rate constant determinations were made for each acid in every case and, in particular,
the second-order rate constants agreed within 3 % of the mean value. The correlation analyses were
performed using Origin and Microsoft Excel computer software. The goodness of fit was discussed
using the correlation coefficient (R), standard deviation (s) and the Fisher's value (F).

Acknowledgement. The authors acknowledge the financial support of the Ministry of Science of the
Republic of Serbia (Project 142063).
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IMPOYYABAKE PEAKTUBHOCTU 2-CYIICTUTYUCAHUX [TUKJIOXEKC-1-
-EHKAPBOKCUJIHUX 1 2-CYIICTUTYUCAHNX BEH30EBUX KNCEJIMHA
Y AITPOTUYHUM U ITPOTUYHUM PACTBAPAUYNMA IIOMORY JIMHEAPHE
KOPEJIAITMJE COJIBATALIMOHUX EHEPTMJA

JACMHMHA b. HUKOJINh u TOPJAHA C. YITRYMJIMh

Kaitiedpa 3a opzancky xemujy, Texnoaowxomemianypuru gaxyaitiein, Yrnueepauitiei y beozpaoy,
ii. tp. 3503, Kaprezujesa 4, 11120 Beozpao

Koncranre Op3mHE 33 peaxkuujy 2-CyNCTHTYHCAHUX NUKJIOXEKC-1-eHKapOOKCHIHUX M OAro-
Bapajyhux 2-cyrncTutyrcanux 6EH30€BHX KUCENHHA ca A1a30qu()eHUIMETAHOM Cy Onpelene y Huzy
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Pa3IMYUTHX anpOTHYHUX pactBapauya Ha temneparypu on 30 °C. Jla Ou c€ KHHETHYKH PE3yJNTaTn
o6jacHmm moMOohy egexara pacTsapada, 100ujeHe KOHCTAHTe Op3uHe peakluje Ipyror pena cy KO-
penucane Kamier—-TadpTOBOM cOIBATOXPOMHOM jenHaunHOM. KOpenanuje KMHETHYKMX mojaraka
Cy no6ujeHe moMOhy METO/IE BUINIECTPYKE JIMHEAPHE PErPECHOHE AHAIM3E U EPEKTH pacTBapaya cy
10ce0HO aHATM3UPAHN Y OTHOCY HA OCHOBHO M IPEJAa3HO CTame. APUTMETHYKH 3HALM HCIPe]] KOe-
¢urMjenara coaBaTOXpOMHHX IapaMeTapa pacTBapaya OJroBapajy HpeTIOCTaBJbeHOM MEXAHHU3MY
ncnutrBaHe peakuuje. Takohe je mpOyyaBaH KBAHTUTATHBHHU OIHOC MOJIEKYJICKE CTPYKTYpPE U peaK-
THBHOCTH, K80 1 €(heKaT reOMETpHje MOJIEKYJIA HCIIMTHBAHUX jeIMbEHA HA IbUXOBY PEAKTUBHOCT.
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Abstract: Substituent effects on the IR stretching frequencies and 1H-NMR chemi-
cal shifts of the pyridone NH group in 4- and 6-disubstituted alkyl and aryl 3-cya-
no-2-pyridones were investigated. The bands most sensitive to substituent effects
from the broad and multiple IR NH band for each compound were selected by a
computer calculation. The selected values of the IR frequencies and the determined
IH-NMR chemical shifts were subjected to LFER analysis, by correlations with the
Hamett opypand Swain-Lupton F and R substituent constants.

Keywords: substituted 2-pyridones, LFER analysis, NH bond, IR and 1H-NMR spectra.

INTRODUCTION

In a recent paper,! an investigation of the spectral characteristics of the title
compounds was reported. The effects of substituents in the 4 and 6 positions of
the 2-pyridone nucleus on CN, CO, ring and 5H functions were estimated there,
by applying the LFER principles. At that time, it was not possible to report on the
effect of substituents on the NH bond, due to the well known controversy of the
broad multiple NH band in the IR spectra, which is otherwise the most interesting
functional group in 2-pyridones. In the present paper, for the same three series of
compounds from the previous work, of the general formulae shown in Scheme 1,
the data on the NH IR stretching frequencies and the IH-NMR chemical shifts
were subjected to correlation analysis using the LFER principles, with the inten-
tion of gaining information concerning the transmission of substituent effects to
the NH bond. It was believed that this is important because of the known po-
tential biological activity of substituted pyridones.! It is reasonable to expect, due
to the presence of the CONH group in the pyridone molecule and the similarity

* Presented partly at the 15™ Lakeland Heterocyclic Symposium, Grasmere, May 10-14, 2001.
** Corresponding author. E-mail: milica@tmf.bg.ac.yu

# Serbian Chemical Society member.

doi: 10.2298/JSC0712229M
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of this group to the peptide bond in proteins, that the interactions of 2-pyridone
derivatives with natural substrates would occur via the hydrogen bond formation
between the two complementary functions.

X

1 2 3

Compd. Substituent Compd. Substituent Compd. Substituent
la Me 2a p-OCHj; 3a p-OCHg
1b Et 2b H 3b H
1c n-Pr 2c p-Br 3c p-Br
1d i-Pr 2d p-Cl ad p-Cl
le n-Bu 2e m-NO, 3e m-NO,
1f i-Bu 2f p-NO, 3f p-NO,
19 t-Bu

Scheme 1. General structures of the investigated 4,6-disubstituted-3-cyano-2-pyridones.

In the first investigation of the IR spectra of the NH bond in 2-pyridones,2
the main peak in the solid state was assigned at 3100 cm~! and at 2850 cm™1 in
solution. In both forms, broad multiple bands were observed with well resolved
subsidiary peaks. Later, it was claimed3 that 2-pyridones exist as hydrogen bon-
ded spiral dimers both in the solid state and in concentrated solutions, with the
NH peaks very broad and strong with many maxima in the region 3200-2800 cm1.
It was also observed that some free wn frequencies were found at ca. 3400 cm~1
in dilute CCly solutions and in the gas phase at 3448 cm~1.4 Recently, the IR
spectra of the 2-pyridone NH bond were used to study 2-pyridone/2-hydroxy-
pyridine tautomerism in the context of water clusters in supersonic jets,%° and as
analogues for biological systems,5.7 or for comparison in a theoretical study of
the same phenomenon.8 In all these studies, broad multiple NH bands were ob-
served, and the main peak was estimated as above. However, it should be pointed
out that all these studies refer to unsubstituted 2-pyridone.

EXPERIMENTAL

All substances, the spectral characteristics of which are presented in the present paper and were
used for correlations with the LFER parameters, were synthesized by literature methods or by ana-
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logy to those, sometimes by modified procedures. Some of these were new compounds, fully chara-
cterized by IR, NMR, MS and UV spectroscopy, and were reported in previous communications.®-11

The LFER equations and substituent constants employed for the calculations were taken from
the standard texts on the subject.1213

A computer calculation based on Fortran 77 was devised and used for the selection of IR
frequencies of investigated alkyl and aryl 2-pyridones with the highest sensitivity to substituent
effects. Experimental values of frequencies with well-defined peaks from the broad multiple NH
band were used. In a stepwise elimination procedure, in the predetermined range of regression co-
efficients 0.970-0.999, corresponding alkyl and aryl IR frequencies for each investigated com-
pound were obtained. These are given in Tables | and Il and were subjected to regression analysis,
and the corresponding statistical parameters are presented in Egs. (1), (2), (4), (5) and (8).

TABLE L. IR stretching frequencies and TH-NMR chemical shifts for the NH bond in 4-alkyl-6-me-
thyl-3-cyano-2-pyridones

Compd. Substituent wy (KBr) / cm? OnH (DMSO-dg) / ppm
la Me 2996 12.24
1b Et 2982 12.40
1c n-Pr 2957
1d i-Pr 2975 12.26
le n-Bu 2986
1f i-Bu 2963
1g t-Bu 3019 11.53

The instruments used in the investigation were as follows: the IR spectra were recorded on
Perkin-Elmer FTIR 1725x and Bomem MB 100 FTIR spectrophotometer. *H-NMR spectra were
determined in DMSO-dg on a Varian—-Gemini 200 MHz spectrometer using TMS as the internal
standard.

TABLE II. IR stretching frequencies and H-NMR chemical shifts for the NH bond in 4(6)-aryl-
-6(4)-methyl-3-cyano-2-pyridones (KBr)

Compd. Substituent wih (KB /em? &y (DMSO-dg) / ppm

4-Aryl substitution

2a p-OCHj 3134

2b H 3054 12.61

2c p-Br 3020

2d p-Cl 3013

2e m-NO, 2899

2f p-NO, 2897 12.75
6-Aryl substitution

3a p-OCH3 3131 12.48

3b H 3066 12.55

3c p-Br 3018 12.60

3d p-Cl 3019 12.62

3e m-NO, 2928 12.80

3f p-NO, 2898
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RESULTS AND DISCUSSION

No attempt to resolve the broad multiple NH band in the IR spectra of sub-
stituted 2-pyridone, not even for 2-pyridone itself, were found in the literature. In
all literature references, the IR NH absorption is described as a broad band of
peaks of approximately the same intensity, but usually one is singled out, being
called the main peak at 3100 cm~1,2 the bonded NH frequency (the middle-band
or peak absorption) at 2700 cm~1,3 or a bound NH stretch as a sharp band at
3140 cm~L1.7 It has been stated that 2-pyridone in the solid state, in KBr and
Nujol mull, exists exclusively in the oxo-form.2:3 In a fairly recent Japanese data-
base, absorption of 2-pyridone in the IR region 3119-2880 cm~1 was also assign-
ned to its oxo-form.

In the present investigation, the IR spectra of 4,6-disubstituted-3-cyano-2-py-
ridones were recorded in the form of KBr pellets on two instruments with very
good resolution and the corresponding spectra from both were practically the
same. The spectra of the three series of 4,6-disubstituted-3-cyano-2-pyridone shown
in Scheme 1 have a broad band in the IR region 3200-2300 cm~1, but the ab-
sorption bands which vary with the substituent, and presumably indicate substi-
tuent effects on the NH bond, were in a more narrow region 3150-2750 cm™1L.
The absorption frequencies outside of this region are few and more or less con-
stant, therefore not sensitive to substituent effects. Peaks in the region 3100-
-3000 cm™1 did not show appreciable substituent effects, as the corresponding
correlation coefficients with the Hammett opm constant were extremely low, which
was also true for the region 2850-2750 cm~1. Therefore, it was decided to select
by a computer calculation, absorption bands in the mid-region 3140-2880 cm™1,
which gave the best fit to the Hammett equation with op/m constants as a standard
test for the existence of an LFER relationship. This method was applied to both
alkyl and aryl substituted 3-cyano-2-pyridones. The selected frequencies are pre-
sented in the Tables | and Il and were used in the calculations presented in the
following section. These values expectedly give the best correlations with both 2
and 3 parameter equations.

There was not sufficient data available for correlations of the 1H-NMR chemi-
cal shifts, due to the insolubility of the investigated compounds in CDCl3 and DMSO-dg.
Also, some of the compounds did not show visible peaks in the range of the NH
bond, probably due to the inadequate sensitivity of the employed instruments.

4-Alkyl-6-methyl-3-cyano-2-pyridones (compounds 1a—f)
The IR stretching frequencies of the alkyl substituted series (Table 1) selec-

ted in the above described manner were correlated with Hammett oy constants
and the result is presented in Eq. (1).

WH = (<772.61471.02) 0 + (2863.37+12.03) 1)
R=0.976,s=4.97,n=7, F = 100.6
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Except for the relatively high standard error, the correlation is fairly good,
considering the weak electronic effects of the alkyl groups. Similar result was
obtained by use of the Swain-Lupton parameters, Eq. (2):

wH = (-884.87.18 £102.70)F + (-742.18 £ 72.18)R + (2868.45+11.34) (2)

R=0.984,s=447,n=7,F=63.4

Only four compounds from the alkyl series were sufficiently soluble in
DMSO-dg for the TH-NMR spectra to be recorded but had sufficiently different
and well-defined chemical shifts for the NH group. The corresponding correla-
tion is presented in Eq. (3):

ONH = (16.07+3.47) o + (14.81+0.58) 3)
R=0.956,s=0.14,n=4,F=214

It is interesting to note that neither of the above correlations required correc-
tion with the steric parameters. Actually, the inclusion of these parameters gave
inferior results, which is opposed to that observed in a previous study.l

The obtained high standard deviations in the correlations of IR spectra could
perhaps be explained by interference with the IR absorption in the same region of me-
thyl and methylene groups and also the aromatic C—H stretching absorption from
the 5H C—H bond. These disturbances are probably not very strong but are not con-
stant and, except for the aromatic 5H, could cause dispersion of the data points.
4(6)-Substituted aryl-6(4) methyl-3-cyano-2-pyridones (compounds 2a-f and 3a-f)

In the previous investigation! on the correlation analysis on the same series
of compounds as here, the effects from aryl substituents in positions 4 and 6 of
the 3-cyano-2-pyridones on the CN, CO, ring and 5H groups was studied
separately. In treating the broad multiple peak IR band in the same manner as for
alkyl substituted compounds la-g, it appeared that the equation which gives the
best fit to Hammett omp values could include all 12 compounds from 2a-f and
3a—f series. The corresponding correlation is given in Eq. (4):

Vg = (-219.14£6.59)0 y + (3067.00 + 3.06) (4)

R=0.995,s=8.45n=12 F=11048
Except for the high standard deviations, the correlation according to Eq. (4)
is satisfactory, but the correlation for both 2a—f and 3a—f series with F and R pa-
rameters is slightly less good considering the standard deviation (Eg. (5)):

vaRy = (~204.90£14.47)F +(~3219.45+12.88)R + (3066.48+7.33)  (5)
R=0.994,s=8.87,n=12, F = 403.65
For the aryl substituted compounds, due to insolubility in DMSO-dg, only

seven data on the chemical shifts of the NH bond from series 2a—f and 3a-f are
available, but these gave a very good correlation as can be seen in Eqg. (6):
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S = (0.277 £0.04) 5y + (12.56 £0.02) (6)
R=0.961,5s=0.03,n=7,F=59.9
The correlation with F and R was also good (Eg. (7)):

54 = (0.245+0.04)F +(0.305+ 0.05)R + (12.57+0.02) @)
R=0977,s=003,n=7,F=415

Good fit in the two last correlations, Egs. (6) and (7), shows that the 1H-NMR
chemical shifts for the N-H bond, although the corresponding peaks are some-
what broad, are quite distinctive and seemingly free from any interferences.

The good correlations with the 1H-NMR spectral data, led to the idea to
check the validity of the method employed for selecting the IR bands most sen-
sitive to the effect of substituents. Therefore, the values of the IR stretching fre-
quencies and the available 1H-NMR data were intercorrelated and the obtained
correlation is presented in Eq. (8):

Onp = (-0.00131+0.0001)vNH +(15.69+0.54) (8)
R=0.957,s=0.04,n=7, F =54.68

Considering that the determination of the IH-NMR chemical shifts is much
more precise than that of the IR stretching frequencies, particularly because of
the broad multiple NH band, this fairly good intercorrelation proves that the se-
lection of the IR NH stretching frequencies for use in the correlations presented
in this paper was justified.

It was taken for granted that 2-pyridone in the solid state is in the oxo-form
and, on the basis of crystallographic data, mostly as a dimer. Hence, the IR spec-
tra in KBr were treated accordingly. In solution, a tautomeric equilibrium exists,2:3
which has been extensively investigated.4 It was recently confirmed that 2-pyri-
done in the gaseous phase also exists as a dimer of both tautomeric forms,
2Py-2HP, resulting from a double proton transfer.> However, the IR spectrum of
3-nitro-2-pyridone in KBr published in a Japanese databasel4 was declared as
belonging to 3-nitro-2-hydroxypyridine, and had a distinctive hydroxy absorption
band at 3432 cm~1. In the same database, as mentioned previously, the unsubsti-
tuted 2-pyridone is presented as being exclusively in the oxo-form. This example
shows that electronic effects drastically influence the existence of tautomeric
forms, even in the solid state. This effect is particularly strong in the above-men-
tioned 3-nitro-2-pyridone,14 because the electron attracting nitro group in this com-
pound is directly attached to the pyridone nucleus, as opposed to the compounds
investigated in this paper, where the phenyl group is interpolated between the
substituent and the pyridone ring, weakening the strong-electron accepting effects.

In the light of these data, it is also possible that the high standard errors in
the presented calculations, in addition to resulting from the large numerical diffe-
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rence between the two correlated values, omp and the IR stretching frequencies,
could also be due to some contribution of the 2-hydroxypyridine, which might
also be the reason for the dispersion of the values of IR stretching frequencies of
the nitro-substituted derivatives and the high standard deviations. It is possible
that strong electron-attracting groups in the p- and o-position of the phenyl ring
weaken the NH bond and facilitate a proton transfer to the carbonyl oxygen.

CONCLUSION

This paper presents the results of an LFER analysis of substituent effects on
the IR stretching frequencies of the NH group and 1H-NMR chemical shifts for
three series of 4,6-disubstituted-3-cyano-2-pyridones. It was established that satis-
factory correlations could be obtained with simple Hammett type parameters. Cor-
relations with the Swain-Lupton constants yielded equations of similar precision.

It appears that electronic effects of both alkyl and aryl substituents conside-
rably influence the spectral characteristics of the NH bond. It was not necessary
to include steric parameters in the calculations to improve the correlations, as
was previously necessary.! This is probably due to better transmission of substi-
tuent effects to the NH bond via the direct conjugation from the substituted phe-
nyl group in position 4 and the negligibly small steric interaction of the substi-
tuent in position 6 with the practically linear N—H group. The substituent effects are
therefore stronger and less affected by non-planarity of the pyridone nucleus and
steric hindrance as was the case for CN, CO and 5H in a previous investigation.1

The importance of a better knowledge of the effects of substituents on the
NH bond, particularly in a view of the potential use of substituted 2-pyridones as
therapeutic agents and DNA base mimics should be stressed.

Acknowledgments. The authors acknowledge the financial support of the Ministry of Science of the

Republic of Serbia (projects: TR-6719B, 142063, 142052B, 142000/053). We are grateful to Mr.
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U3BO/J

KOPEJIALIMOHA AHAJIU3A IR Y *H-NMR CIIEKTPAJIHUX IIOJJATAKA 3A NH BE3Y V
AJIKWJI U APUJI 4,6-JUCYIICTUTYUCAHUM 3-LIMJAHO-2-ITMPUJJOHNMA

MUWJIMLA MI/ILUI/I"B—BYKOBI/I"HI, CJIOBOJAHKA JOBAHOBI/I"HZ, JAVIIAH MI/IJI/IHI,
JANOS CSANADI® 1 JIEJAH BOKOBWUR*
1Texmmoumo—mezﬂaﬂypumu ¢haxyaitieiti, Ynusep3auitieii y beozpady, Kaprezujesa 4, Beozpao, 2Tanenuxa a.o.,
Hncimuiniym, Baimajuusiu Opys 6.6., Beozpad, *Tpupoono—maiiemaiiuyicu axyaitiei, Yuusepauitieini y Hosom
Cady, Hoeu Cad u*Xemujcku paxyaitieii, Ynusepauifieii y Beozpady, Beozpad

Y pany je pasmatpan yTuiaj cyncraryenara Ha IR ¢ppexsenmuje u "H-NMR xemujcka mome-
pama 3a mupunoncky NH rpyny y 4- v 6-IMCYNCTUTYUCAHUM QIKWI U apuil 3-1[1jaHo-2-TTHPH-
JoHUMa KopuuihemeM MPUHIKIIA JIHHEapHe Kopenanuje cioboqHe eHeprije. 3a u3padyHaBama Cy
npuMerbeHe XamMeToBe 0y, KOHCTaHTe Kao u Swain—-Lupton koncrante cyncruryenara F u R. Pas-
BHjeH je KoMmjyTepcku MeTox 3a m30op IR NH Tpaka HajoceT/bUBHjUX HA YTHIIA] CYIICTUTYCHATA.

(ITpumiseno 8. oxrodpa 2007)
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Abstract: Twenty three crude oils from the Serbian part of the Pannonian Basin (14
from the VVojvodina Province and 9 from the Drmno Depression) were investigated,
aimed at an evaluation of oil-oil maturity correlation parameters based on the dis-
tribution and abundance of saturated biomarkers and alkylarene constituents. Factor
and cluster analyses were used for this purpose. Factor analyses using varimax rota-
tion were first run separately, i.e., of maturity parameters based on the abundance of
(a) n-alkanes and isoprenoids, (b) steranes and triterpanes, (c) alkylnaphthalenes,
and (d) alkylphenanthrenes. These analyses yielded 9 important “maturity factors”.
Eight of them, showing higher than 30 % of variance, were further involved in an-
other factor analysis, as well as in cluster analysis using the Ward method. In this
way, all maturity parameters based on saturated biomarkers and alkylarenes were
evaluated and ranged, considering the fact that the observed factors represented
their linear combinations. The results showed that in the correlation of crude oils
from the Serbian part of the Pannonian Basin, the most important were maturity
parameters based on isomerization reactions involving one methyl group in thermo-
dynamically less stable a-methylnaphthalenes, ethylnaphthalenes, dimethylnaph-
thalenes and methylphenanthrenes, and their change into more stable isomers with
the methyl group in the S-position in the aromatic ring. Processes constituting high
loadings factor 2 and factor 3 parameters were also defined. Hierarchy between the
“factors” and parameters were controlled, and approved, by cluster analysis using
the Ward method. Finally, the investigated crude oils were correlated by factor and
cluster analyses, using all the important “maturity factors”. Differences in maturity
were observed between the Vojvodina and Drmno Depression crude oils, as well as
between oils originating from South Banat, North Banat and the Velebit oil field
(Vojvodina locality).

Keywords: crude oils, SE Pannonian Basin, saturated biomarkers, alkylarenes, ma-
turity, factor and cluster analyses.
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INTRODUCTION

Due to the advancement of instrumental methods, such as gas chromatogra-
phy (GC), gas chromatography—mass spectrometry (GC-MS), and recently GC-
—-MS-MS, very small (ppm) amounts of crude oil components were identified.
On the other hand, biosphere — geosphere transformation processes of a large
number of petroleum constituents were explained. Evidently, in addition to ori-
gin, the chemical composition of crude oils and thus their physical and physico-
chemical properties depended on the depositional environment, length of migra-
tion path, thermal maturation, microbiological degradation, water washing, and
lithology, temperature and pressure of the source and reservoir rocks.12

From the point of view of exploration studies, crude oil thermal maturation
may be considered as one of the most important geochemical effects. Maturation
processes involve cracking, isomerization and aromatization reactions, as well as
alkylation and dealkylation of aromatic rings. They commence in the source rocks;
continue during migration and in the reservoir rocks. During a long geological
time, they have been affected by heat, pressure and mineral catalysts,3 which
resulted in the formation of thermodynamically more stable structural and stereo-
chemical isomers or smaller molecules, as well as in transformation of saturated
into aromatic hydrocarbons. The degree of maturity is most often estimated on
the basis of parameters calculated from the distribution and abundance of satu-
rated5-8 and aromatic hydrocarbons,9-16 i.e., compounds which generally consti-
tute 95-98 % of crude oils.

Isomerization processes at chiral centers or in rings were used in maturity
estimation more often compared to cracking reactions, aromatization or alkyl-
ation—dealkylation processes.2 Parameters based on these processes also served
for corresponding correlations with vitrinite reflectance and depth of source rocks,
as well as with the maximal expulsion temperature of hydrocarbons. Moreover,
they also help in obtaining a better evaluation of reservoir potentials and
contribute to reducing the number of dry boreholes.17-20

A great number of different maturity parameters were hitherto proposed.
However, practically all of them were shown to perhaps depend on several of the
above-mentioned factors. Moreover, equilibria of a number of isomerization re-
actions, e.g., moretanes — hopanes; 22R — 22S hopanes; 14a(H)17(H) —
— 145(H)174(H) steranes; 20R — 20S steranes, are attained before the end of
catagenetic changes of organic matter of the source rock. Therefore, reliable eva-
luation of maturity parameters and their applicability in oil-oil and oil-source
rock correlations required the simultaneous critical consideration of all known
maturity parameters.2.16

In this paper, the applicability of almost all the hitherto known maturity pa-
rameters, based on the distribution and abundance of saturated and aromatic hy-
drocarbons, was investigated using as an example 23 crude oil samples origin-
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nating from the Serbian part of the Pannonian Basin (14 from Vojvodina loca-
lities and 9 from the Drmno Depression). For this purpose, different advanced
multivariate statistical methods'821-27 \were available. A new statistical ap-
proach was chosen, based on factor and cluster analyses. The investigated oils
were finally correlated according to maturity, using simultaneously all statisti-
cally selected crude oil maturity parameters.

EXPERIMENTAL

The most important oil and gas deposits in Serbia were discovered in the Banat Depression
(south—eastern part of the Pannonian Basin). The major part of the Banat Depression is located on
the territory of VVojvodina (north of the Sava and Danube rivers), while its smaller, southern part, is
situated in the vicinity of the city of PoZarevac (south of the Sava and Danube), forming the
separate, smaller, Drmno Depression (Fig. 1).

FIELD LIST:
1. Kikinda 7. Boka
2. Kikinda Varo§ 8. Jermenovei
3. Mokrin-south 9. Velika Greda-south
/&Kikinda 4. Elemir 10. Velebit
5. Karadordevo  11. Sirakovo
6. Itebej 12. Bradarac -Maljurevac

Hungary

eredng

W

Southeastern part
of the Fig. 1. Serbian Part of the

PANNONIAN BASIN | pannonian Basin with the lo-
calities of oil fields indicated.

The Banat Depression, with a surface of approximately 13,500 km2, is located in the south—east-
ern part of the Pannonian Basin. Twenty-three samples of crude oils from twelve Banat Depression
oil fields were investigated in this study, 14 samples originating from localities in VVojvodina, and 9
samples from Drmno Depression localities. The crude oil samples originated from reservoir rocks
located at depths of 752-2572 m. All Drmno depression crude oils were found in reservoir rocks of
Miocene age, and the crude oils from the Vojvodina localities in reservoir rocks of Paleozoic,
Mesozoic, Miocene and Pliocene ages. The stratigraphy of the Drmno Depression has previously
been studied in detail and the source rocks of the corresponding crude oils were identified.28-34
Crude oils from boreholes Bradarac—Maljurevac 2 and 4 originated from Red Formations. By seis-
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mic investigation, a large fault was discovered between these two boreholes (2 and 4). The bore-
holes Sirakovo 1, 2 and 18 are located in one zone, i.e., in a deeper, faulty zone, whereas the bore-
holes Sirakovo 19 and 20 are situated in another, shallower zone of the Ottnangian—Carpathian se-
diments. Badenian oil deposits were found at depths of 1804-1808 and 1985-1989 m.29.30.35 De-
tailed stratigraphic relationships between the Vojvodina Banat Depression crude oils have hitherto
not been determined. The locations of their source rocks are still unknown.

The list of the investigated samples, including data on depths, temperature, lithology and age
of the corresponding reservoir rocks, is given in Table I. The locations of the corresponding oil
fields are shown in Fig. 1.

TABLE I. The investigated crude oil samples with the corresponding basic geological characteristics

Sample Oil field Borehole Depth, m :ﬁi;ﬁlgg Lithology Age
V1 Kikinda 23 1196-1200 105.0 Sandstone Pliocene
V2 Kikinda 49 1730-1781 - Sand Pliocene
V3 Kikinda-Varo$ 3 1897-1942 108.0 Shale Paleozoic
V4 Velebit 87 753-759 61.4 Sand Pliocene
V5 Velebit 98 752-758 - Sand Pliocene
V6 Velebit 120 756-758 - Sand Miocene

2 V7  Mokrin-south 8 2040-2047 116.0 Conglomerate Miocene
8 V8  Mokrin-south 11 2040-2045 117.0 Sandstone Miocene
% V9 Jermenovci 1 896-899 61.7 Marly sandstone  Miocene
> V10 Boka 37/2  1196-1206 76.9 Sandstone, Miocene

limestone
V11 Karadordevo 10 2557-2572 139.2 Sandstone Mesozoic
V12 Itebej 8 2190-2198 126.6 Aleurolite Mesozoic
V13 Elemir 19 1657-1668 99.0 Sandstone Miocene
V14 Velika Greda- 20 1006-1010 60.4 Large-grain sand-  Miocene
south stone, conglomerate

PO1 Sirakovo 1 1778-1782 101.9 Sandstone, aleuro-  Miocene
lite, breccia, con- (Ottnangian—
glomerate —Carpathian)

o PO2 Sirakovo 2 1701-1704 98.0 Sandstone, aleu- Miocene
§ rolite, breccia, con- (Ottnangian—
% glomerate —Carpathian)
ﬁ PO3 Sirakovo 18 1544-1548 92.2 Sandstone, marl-  Miocene
Q stone, aleurolite, (Ottnangian—
5 limestone —Carpathian)
Z PO4 Sirakovo 19 1429-1436 85.8 Sandstone, marl-  Miocene
E stone, aleurolite, (Ottnangian—
o limestone —Carpathian)
PO5 Sirakovo 20 1440-1444 87.8 Sandstone, marl-  Miocene

stone, aleurolite,

limestone

(Ottnangian—
—Carpathian)
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TABLE I. Continued

Sample Oil field Borehole Depth, m tRe?;;T/S(I:r Lithology Age
PO6 Bradarac—-Ma- 2 2302-2307 121.9 Crystalline rock  Miocene (Red

O ljurevac Formations)

§ PO7 Bradarac-Ma- 4 2156-2170 116.0 Marlstone, sand- Miocene (Red

E.':J ljurevac stone, breccia, con- Formations)

N glomerate

8 PO8 Bradarac—-Ma- 5 1985-1989 107.0 Sandstone, aleuro-  Miocene

5 ljurevac lite, breccia, con-  (Baden)

Z glomerate

E PO9 Bradarac—-Ma- 10 1804-1808 99.0 Sandstone, aleuro-  Miocene

o ljurevac lite, breccia, con-  (Baden)

glomerate

The separation and purification of the saturated and aromatic fractions of the crude oils, as
well as the GC and GC-MS techniques, which were used for analyses of n-alkanes, isoprenoids,
steranes, terpanes, and individual alkylarenes, were explained in detail in previous papers.34:36.37

Based on the distribution and abundance of saturated biomarkers and alkylarenes, numerous
maturity parameters were calculated. The values of these parameters observed for the examined
Banat Depression crude oils are shown in Tables Il and I1I.

RESULTS AND DISCUSSION

Factor analyses using varimax rotation (program SPSS 11.5 for Windows)21,23,25
of the maturity parameters based on the abundance of (a) n-alkanes and iso-
prenoids, (b) steranes and triterpanes, (c) alkylnaphthalenes, and finally (d) alkyl-
phenanthrenes were first run separately.

Factor analysis of n-alkane and isoprenoid maturity parameters

The factor analysis of maturity parameters calculated on the basis of the dis-
tribution and abundance of n-alkanes and isoprenoids (Table Il) resulted in two
statistically important “maturity factors”:

Fla|kanes+isoprenoid5 = 095CP| + 090CP| 1 + 076Phyt/n-c18 + 037Pr/n-C17 -

— 0.09Pr/Phyt — 0.02Z0dd(n-C»1 — n-Caz)/Zeven(n-C12 — n-Csq)

and

F2a|kanes+isoprenoids = 09220dd(n-C21 - n'C33)/Zeven(n'C12 - n'CZQ) + 089Pr/n'C17 +
+ 0.57Phyt/n-C,5 — 0.55Pr/Phyt + 0.19CPI 1 — 0.03CPI

characterized by variances of 40.50 % and 38.56 %, respectively. As the cited
formulae show, the first factor was defined by high loadings (> 0.70) of the
parameters CPI and CPI 1, which represented the ratios of the odd vs. the even
n-alkane homologues (in the C14—C35 and C15—-C17 ranges, respectively), and the
phytane/n-Cqg ratio. “Maturity factor” 2 was determined by high loadings
(> 0.80) of the ratio of higher odd members (n-C21-n-C33) vs. lower even mem-
bers (n-C12—n-Cyq) of n-alkane homologous series, and the pristane/n-C17 ratio.
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Parameter Pr/Phyt was found to have no importance as a maturity indicator, a
fact which could have been expected, since it has often been shown that this ra-
tio, in addition to maturation, significantly depends on depositional environment
and origin.2:38 Moreover, it was shown earlier, with Drmno Depression crude
oils only, that this ratio may be used as a maturity parameter only for oils gene-
rated during the early stage of catagenesis.39-43 Due to categorization into Factor
1, parameters CPI, CPI 1 and Phyt/n-C1g may be supposed to be more reliable as
maturity indicators for the Banat Depression crude oils, compared to parameters
>o0dd(n-Cy1 — n-Cg3)/Zeven(n-C12 — n-Cop) and Pr/n-Cq7, which, based on high
loadings, defined Factor 2. Such a presumption is corroborated by the fact that in
“maturity Factor” 2, the loadings value of the Pr/Phyt ratio was significantly higher
than in Factor 1 (0.57 vs. 0.09), indicating that Factor 2 involved alkane pa-
rameters which, in addition to maturation, significantly depend on the depositi-
onal environment and origin. A better applicability of Phyt/n-C1g parameters
compared to the analogous Pr/n-C17 in maturity estimation of crude oils and se-
diments from the Serbian part of the Pannonian Basin was already observed in
earlier investigations.4344 This observation may be explained by the fact that
most of these samples have a relatively high content of pristane, due to genetic
factors and depositional environment effects, a fact which certainly limits the
application of the Pr/n-C17 ratio as a maturity indicator.

Factor analysis of sterane and terpane maturity parameters

Factor analysis of maturity parameters calculated based on the distribution
and abundance of sterane and terpane biomarkers (Table Il) resulted in two sta-
tistically important “maturity factors”:

Flsteranes+terpanes = 092C29TS/C29H + 077C31(S)/((S)+(R)) + 073C27dla/(dla+8tel’) +
+0.69C900(S)(edS)+ae(R)) — 0.51C9M/CagH + 0.39C0 SAR)(BAR)+acdR)) +
+0.38Ts/Ts+Tm + 0.30C3oM/C3oH

and

Fasteranes+terpanes=—0.86C30M/C3oH + 0.78C9 BAR)/(BAR)+aa(R)) +
+ 0.72Ts/(Ts+Tm) + 0.61Cog9aa(S)/(aa(S)+aa(R)) + 0.53Cy7dia/(dia+ster) —
—0.20C99M/CogH + 0.14C5gTs/CogH — 0.08C31(S)/((S)+(R))

characterized by variances of 38.54 % and 32.38 %, respectively.

High loadings (> 0.65) in the first “maturity factor” were observed for para-
meters based on isomerization reactions on chiral carbon atoms in the side chains
of Cog sterane and C3; hopane (20R — 20S; 22R — 22S), as well as for ratios of
typical geoisomers, Co7 diasterane and CpgTs, and the corresponding precursors
of Cy7 regular sterane or Cog hopane. The second factor was determined, with
high loadings values (> |0.70|), by parameters based on higher energy demanding
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isomerizations in rings (ao. — SBCog-steranes and Czgfia-moretanes — Csgaff-ho-
panes) and the Ts/(Ts+Tm) ratio. Separation of the related parameters CogTs/CogH
and Ts/(Ts + Tm) into different factors confirmed that the difference in stability of
Ts and Tm (3.8 kJ mol-1) is higher than in the case of CogTs and Cyg-hopane.4°
Consequently, the transformation Tm — Ts requires more energy, a fact which
explains the finding of the Ts/(Ts+Tm) ratio in Factor 2. The ratio of Cogaa-ste-
rane S- vs. R-isomers, in addition to significant loadings in Factor 1, showed a
certain degree of significance in Factor 2 as well (loadings of 0.61), confirming a
well-known geochemical fact that isomerization reactions in sterane biomarkers
side chains, as higher energy demanding, occur during advanced catagenesis,
compared to analogous terpane maturation transformations.1%.16.46 Formulae
Fisteranes+terpanes @Nd Fosteranes+terpanes Show that the Cog-moretane vs. Cog-ho-
pane ratio has no critical value for a significant loading of 0.60 or 0.70 in either
of the two factors. This is not surprising, due to the fact that earlier it was shown
that the Cog-terpane content in crude oils significantly depends on origin as well,
and that it is considerably higher in crude oils originating from calcareous deposits.4”

Factor analysis of alkylnaphthalene maturity parameters

The factor analysis of diarene maturity parameters (Table I11) resulted in two
statistically important “maturity factors”:

—0.64a/DN 1+ 0.63DNR 1+ 0.29TNR 1 + 0.07TNR 2
and

F2alkylnaphthalenes = 0.94TNR 2 + 0.84TNR 1 + 0.56DNR 1 — 0.52//DN 1 +
0.44DNXx + 0.42MNR + 0.38TNy + 0.16ENR — 0.04TNR 3

characterized by variances of 49.12 % and 30.28 %, respectively. Factor 1 was
determined by high loadings of maturity parameters based on isomerization of
thermodynamically less stable methyl- (MN), dimethyl- (DMN), trimethyl- (TMN)
and ethylnaphthalenes (EN) with alkyl groups in the a-position into the corre-
sponding thermodynamically more stable S-isomers. Specifically, parameters MNR,
DNx, TNR 3, TNy and ENR, characterized by the highest loadings in the more
significant “maturity factor”, comprise isomerization of just one aromatic ring al-
kyl substituent (a-MN — S-MN; aa-DMN — a-DMN; ofa-TMN — aff-TMN;
a-EN — S-EN). Parameters o/ /DN 1 and DNR 1, also conforming with the load-
ings limit of 0.60 in Factor 1, though with less significance compared to the
above mentioned parameters, comprise isomerization of two methyl groups on
the naphthalene ring (ca-DMN — S5-DMN), a change requiring more energy.
Consequently, it is not surprising that the loadings values of o/ /DN 1 and DNR 1
parameters are close to the significance limit value in Factor 2 as well. Factor 2 is
determined by the parameters TNR 1 and TNR 2, also based on isomerization of
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two methyl groups (efo-TMN — BBS-TMN). However, in this case the thermo-
dynamically most stable Bgg-isomer, i.e., 2,3,6-TMN, the formation of which
requires the most energy, is also involved.

Factor analysis of alkylphenanthrene maturity parameters

The factor analysis of the phenanthrene maturity parameters (Table I11) re-
sulted in three statistically important “maturity factors”:

Fla|ky|phenanthrenes = 096MP| 1 + 095MPR 1 + 092MP| 3 + 047MTR +

+ 0.20MDR + 0.15DMPI 1 + 0.06DMPI 2 + 0.05PAI 1
F2a|ky|phenanthrenes = —090PA| 1 + 088MDR + 075MTR - 048DMPI 1 +

+ 0.35MPI 3 + 0.24MPR 1 - 0.20MPI 1 + 0.11DMPI 2

and

F3alkylphenanthrenes = 0.93DMPI 2 + 0.73DMPI 1 — 0.23MTR + 0.14MPI 1 -
—0.08MDR + 0.07MPI 3 + 0.07MPR 1 — 0.05PAI 1

characterized by variances of 37.22 %, 32.38 % and 18.62 %, respectively. The
most important triarene “maturity factor” was defined by the MPI 1, MPR 1 and
MPI 3 ratios, based on the isomerization of one methyl group in the thermody-
namically less stable a-methylphenanthrenes (1-MP and 9-MP), into the corres-
ponding more stable isomers with the methyl group in the g-position (2-MP and
3-MP). Factor 2 was determined by high loadings of the MTR and MDR para-
meters, based on dealkylation reactions of trimethyl- (TMP) and dimethylphen-
anthrene (DMP) into the corresponding methylphenanthrenes (MP), as well as
the PAI 1 ratio, based on the alkylation—dealkylation transformation phenan-
threne (P) S methylphenanthrenes (MP). In a number of investigations, it was
shown that dealkylation processes requiring more energy occurred at more ad-
vanced thermal maturity, compared to the isomerizations a-MP — -MP.5.11,36,37,46,48
Hence, generally, factor analysis of maturity parameters calculated on the basis
of the distribution of different types of petroleum hydrocarbons clearly indicates
the energy changes required for individual maturation processes.

In the last, Factor 3, high loadings values were observed with dimethylphe-
nanthrene indexes DMPI 1 and DMPI 2, also defined by isomerizations (a — /)
in dimethylphenanthrene molecules. The low percent of variance (18.62 %) in
this case was not surprising, considering the fact that the corresponding para-
meters involved a large number of isomers of different stability (see Appendix),
which co-eluted during the GC and GC-MS analyses.

Re-evaluation of all extracted ““maturity factors™

All “maturity factors” observed in individual factor analyses showing higher
than 30 % of variance (i.e., all factors extracted from separate analyses, except
F3alkylphenanthrenes), Were involved in another factor analysis, and also in cluster
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analysis using the Ward method (Table IV, Fig. 2). In this way, all maturity
parameters based on saturated biomarkers and alkylarenes were re-evaluated,
considering the fact that the observed “maturity factors” represented their linear
combinations. For this purpose, a loadings value of |0.70| was taken as the sig-
nificance limit, aimed at a more reliable consideration of “maturity factors”.

TABLE IV. Results of the final factor analysis of “maturity factors” based on saturated biomarkers
and alkylarenes maturity parameters

Varimax rotated component matrix

Factor (% of variance)

Variables

1(29.07) 2 (26.80) 3(22.86)
F1alkanes+isoprenoids -0.32 -0.10 0.83
F2alkanes+isoprenoids -0.65 -0.31 -0.37
F1steranes+terpanes 0.10 0.90 -0.06
Fasteranes+terpanes 0.29 0.03 0.89
F1alkyinaphtalenes 0.92 -0.02 0.03
F2alkyinaphtalenes 0.03 0.88 -0.20
F1alkylphenanthrenes 0.92 0.08 -0.14
F2alkylphenanthrenes 0.09 0.67 0.36

The most important Factor 1 in the final factor analysis was defined by the
F1alkylnaphthalenes and Fialkylphenanthrenes factors (loadings > 0.90), which repre-
sented linear combinations of parameters based on isomerization of one alkyl
group from the a- into S-positions in the aromatic rings of MN, EN, DMN, TMN
and MP (Table IV). Factor 2 was determined by high loadings of factor
F1steranes+terpanes, Pased on isomerization reactions in the aliphatic chains of sa-
turated biomarkers, and transformations of steranes into diasteranes and Cyg-ho-
pane into CpgTs, and factor Foalkyinaphtalenes: based on the isomerization of two
methyl groups « — fin the rings of trimethylnaphthalenes, including the most
stable ggp-isomer, 2,3,6-TMN. In the last significant factor, Factor 3, high load-
ings were observed with Fiajkanes+isoprenoids @d Fasteranes+terpanes, Which inclu-
des the ratio of odd vs. even n-alkanes, the parameter Phyt/n-C1g, as well as pa-
rameters based on transformations in the rings of polycyclic saturated biomarkers
(steranes and terpanes), and Tm — Ts (Table 1V). The presumption derived from
individual factor analysis of n-alkane and isoprenoid maturity ratios that para-
meters determining the factor Faaikanes+isoprenoids Were not reliable maturity in-
dicators was in this way corroborated, since the mentioned factor showed rela-
tively low maximal loadings value (—0.65) compared with other “maturity
factors” (Table IV). Also, the relatively low maximal loadings value observed for
factor Faaikylphenanthrenes (0.67), defined by alkylation—dealkylation methylphen-
anthrene processes, compared to other “maturity factors”, was not surprising,
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since it was often suggested that during catagenesis alkylation reactions occur
first on the phenanthrene ring and only later, in the stage of the “oil window”, the
reaction changes direction into the reverse dealkylation process. Application of
dealkylation phenanthrene parameters as maturity indicators is, therefore, limited
only to crude oils characterized by higher degrees of thermal maturity,>11,36,46
which is in agreement with their smaller significance in the factor analysis.

Hierarchy within the observed factors/parameters was additionally checked
by cluster analysis using the Ward method (Fig. 2).

Hierarchical cluster analysis

Dendrogram uzing Ward method

Eescaled distance cluster combine

Case 0 5 10 15 20 25

Label Num +--------- Fommmm oo o mmm oo e tommmmmme +

F alkyphenanthrenes
Fy alkylnaphthalenes

8

3
Plsteranesﬂerpanes 3 :’—|
PZ alllnaphthalenes 3

7

4

1

lalkylphenanthrenes
2steranesterpanes
lalkanesHsoprenoids

]

PZ alkanesHsoprenoids

Fig. 2. Dendrogram from cluster analysis using the Ward method of “maturity factors” based on
maturity parameters of saturated biomarkers and alkylarenes.

Two groups of “maturity factors” clearly separated in the dendrogram, which
are shown in Fig. 2. The first group is composed of “maturity factors” which,
showing high loadings values, defined Factors 1 and 2 in the collective factor
analysis (Table 1V). “maturity factors” which showed significant loadings values
in Factor 3 of the collective factor analysis (Table 1V), formed the second group.
The “maturity factor” Faaikanes+isoprenoids Joined the latter group as a special
member, confirming that the parameters Pr/n-Cq7 and Xodd(n-C;—n-Cs3)/
/Zeven(n-C12—n-Coq) which define it, are less important in the estimation of the
maturity of Banat depression crude oils. Fig. 2 also shows that the factors in the
first group are divided into two subgroups, which completely correspond with
high loadings “maturity factors” in Factor 1 and 2 from the collective factor ana-
lysis (Table 1V). Finally, the distance of the “maturity factor” Faajkyiphenanthrenes
based on dealkylation reactions of TMP, DMP and MP, from factors
Fisteranes+terpanes @Nd Falkylnaphthalenes (Fig. 2) is in concordance with the lower
loadings value of this “maturity factor” in Factor 2 in the collective factor ana-
lysis (Table 1V). These observations indicate the full agreement of the results of
factor and cluster analyses of “maturity factors” and confirmed the maturity pa-
rameters based on the isomerization of one methyl group from a- into g-positions
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in naphthalene and phenanthrene aromatic rings to be most reliable in the in-
vestigation of the thermal maturity of crude oils originating from the Serbian part

of the Pannonian Basin.

Correlation of the investigated oils based on maturity parameters

The investigated crude oils were classified according to maturity, using for
this purpose factor and cluster analyses, and taking into consideration, simulta-
neously, all eight “maturity factors” from the individual factor analyses showing
variances higher than 30 %, i.e, all parameters calculated on the basis of the dis-
tribution and abundance of constituting saturated and aromatic hydrocarbons (Fig. 3).

a)
P2
o
2 POle
V&
1 POSSE POE|VT
F2 pOgo POg" o1l V4 6
0 PO7Y V1245 "y
WVio o'b
vip V13 W5

b) Hierarchical cluster analysis
Dendrogram using Ward method

Eescaled distance cluster combine

25

Fig. 3. Correlation of investigated oils
according to maturity using factor (a)
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and cluster (b) analyses of all
“maturity factors”.
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Based on factor analysis, a 3D diagram was constructed, the axes of which
represent three factors derived from collective factor analysis (Fig. 3; Table V).
In Fig. 3, three groups of oils are clearly distinguished: the first composed of
samples from the Drmno Depression (PO1-PO8); the second composed of sam-
ples from the localities Jermenovci (V9), Boka (V10), and one single crude oil
from the Drmno Depression (PO9); the third included all the other investigated
Vojvodina crude oils. Within the last (third) group, the crude oils V4-V6, from
the Velebit locality, are somewhat separated.

The observed categorization showed the Drmno Depression crude oils to dif-
fer from the Vojvodina crude oils not only according to their genetic type, but al-
so according to their thermal maturity. Moreover, in this way, the presumption is
confirmed that South Banat crude oils, in the first place the oils from Jermenovci
and Boka, differ from North Banat and Backa crude 0ils.40.49 The exceptional
close relation of sample PO9 from the Drmno Depression with the South Banat
crude oils (Fig. 3a) indicates a certain connection of the samples originating from
these two localities, a fact also observed in geological investigations (A. Kosti¢,
personal communication). The finding of the Velebit crude oils in a separate sub-
group is also in agreement with up-to-date geological and geochemical investiga-
tions, which, on the one hand, suggested homogeneity of this oil field, and, on
the other, differences from North Banat crude oils.?>**%

The investigated oils were also classified by Ward cluster analysis (Fig. 3b)
using all eight “maturity factors”, i.e., all constituting parameters. The results ob-
served were in full accordance with the results obtained by factor analysis (Fig. 3a):
the Drmno Depression crude oils PO1-PO8 were clearly separated, the exception
being the sample PO9. Furthermore, within the “large” second dendrogram branch,
a group of oils was observed composed of sample PO9 and South Banat oils Jer-
menovci and Boka (V9 and V10). A slight separation of Velebit oils was also ob-
served. Hence, factor and cluster analyses were in full agreement in both the eva-
luation of maturity parameters, as well as in the maturity classification of the
crude oils.

CONCLUSIONS

Crude oil maturity parameters based on the distribution and abundance of sa-
turated biomarkers and alkyl arenes were evaluated using a novel approach in
factor and cluster analyses. For this purpose, 23 samples of crude oils originating
from the Serbian part of the Pannonian Basin were investigated. Furthermore, the
investigated crude oils (from localities in Vojvodina and the Drmno Depression)
were correlated by simultaneous consideration of a large number of selected
“maturity” parameters.

The results of factor and cluster analyses suggested that parameters based on
the isomerization of one alkyl group from a- into S-positions on the aromatic ring
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of methylnaphthalenes, ethylnaphthalenes, dimethylnaphthalenes, trimethylnaph-
thalenes and methylphenanthrenes, were the most important parameters in matu-
rity investigations of Banat Depression crude oils. They were followed by ma-
turation indexes based on the isomerization on chiral centers (R — S) in the side
chains of polycyclic saturated sterane and terpane biomarkers, as well as ratios
based on the isomerization of two methyl groups from a- into S-positions on the
aromatic ring of trimethylnaphthalenes. The last statistically important factor was
defined by ratios based on isomerization in the rings of polycyclic sterane and
terpane alkanes and parameters CPI, CPI 1 and Phyt/n-C4g, calculated from the
distribution and abundance of n-alkanes and isoprenoids.

The factor and cluster analyses indicated a limited applicability of indexes
based on P, MP, DMP and TMP alkylation-dealkylation transformations, Pr/Phyt,
and Pr/n-C47 parameters, and ratios of higher odd vs. even n-alkane members, in
the maturity evaluation of crude oils from the Serbian part of the Pannonian Basin.

In individual factor analyses of parameters calculated on the basis of the dis-
tribution of individual types of saturated and aromatic hydrocarbons, good agre-
ement was observed between the distribution of the parameters among the fac-
tors, and the energy necessary for the corresponding maturation changes.

Correlation of crude oils based on the simultaneous consideration of a large
number of selected “maturity” parameters showed the Vojvodina and Drmno De-
pression crude oils to differ not only according to genetic type, but also according
to thermal maturity.

According to maturity, three groups of samples were distinguished among
the Vojvodina crude oils: North Banat localities, the Velebit oil field, and South
Banat locality. Furthermore, certain similarities were observed in the thermal ma-
turity of South Banat (Jermenovci and Boka) and Drmno Depression (Bradarac—-Ma-
ljurevac) crude oils. Both conclusions are in agreement with presumptions based
on geological investigations.
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Research Fund of the Republic of Serbia.

APPENDIX

MNR = 2-MN/1-MN?®

ENR = 2-EN/1-EN10

DNR 1 = (2,6- + 2,7-DMN)/1,5-DMN?10

ol fON 1= (1,4- + 1,5- + 1,8 + 2,3-DMN)/(2,6- + 2,7-DMN)5!
DNXx = (1,3- + 1,6-DMN)/(1,4- + 1,5-DMN)*3:52

TNR 1 =2,3,6-TMN/(1,3,5- + 1,4,6-TMN)13

TNR 2 =(1,3,7- + 2,3,6-TMN)/(1,3,5- + 1,3,6- + 1,4,6-TMN)3
TNR 3 =1,3,6-TMN/1,2,5-TMN12

TNy = (1,3,6- + 1,3,7-TMN)/(1,3,5- + 1,4,6-TMN)*3:52

MPI 1 = 1,5(2- + 3-MP)/(P+1- + 9-MP)?
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MPI 3 = (2- + 3-MP)/(1- + 9-MP)11

MPR 1= 2-MP/1-MP10

DMPI 1 = 4(2,6- + 2,7- + 3,5- + 3,6-DMP + 1- + 2- + 9-EP)/(P+1,3- + 1,6- + 1,7- + 2,5- +
+2,9-+2,10- + 3,9- + 3,10-DMP)®

DMPI 2 = (2,6 + 2,7- + 3,5-DMP)/(1,3- + 1,6- + 2,5- + 2,9- + 2,10- + 3,9- + 3,10-DMP)10

PAI 1 = (1- + 2- + 3- + 9-MP)/P>4

MDR = SMP/ZDMP*3:52

MTR = SMP/STMP43:52

MN - Methylnaphthalene; EN — ethylnaphthalene; DMN - dimethylnaphthalene; TMN - tri-
methylnaphthalene; P — phenanthrene; MP — methylphenanthrene; DMP — dimethylphenanthrene;
EP — ethylphenanthrene.

NU3BOJ

EBAJIVAIIUJA MATYPAITUOHUX ITAPAMETAPA 3ACHOBAHUX HA 3ACMREHUM U
APOMATHUYHUM YTJbOBOJOHUIIMMA V KOPEJIAIININ HAGTA-HADTA
(JYTOMCTOYHU JEO ITAHOHCKOI' BACEHA, CPBUJA)

KCEHUJA CTOJAHOBURY2, BPAHUMUP JOBAHUNREBH RS, JIPATOMUP BUTOPOBHR??, YULIA GOLOVKO?,
GALINA PEVNEVA* u ANATOLY GOLOVKO*

*Meduyuncku paxyaitieinn Ynusepsuiueina y beozpady, Buwezpaocka 26, 11000 Beozpao, 2UXTM — Lenitap 3a
xemujy, Hhezowesa 12, 11000 Beozpad, 3 Xemujcxu pakyaiiei Yrnusepsuisieiia y Beozpady, Citiydeniicku iuip? 1216,
11000 Beozpad u *Institute of Petroleum Chemistry, 3, Academichesky Ave., 634055 Tomsk, Russia

VY oBoM paxmy je, IPIMEHOM HOBOT NPHUCTyNAa y (PaKTOPCKOj M KJIACTEPCKO] aHAIM3H, €Ba-
JIyHpaH 3Hayaj MaTypalMOHHX MapaMerapa 3aCHOBaHHX Ha pAcIoJeNd U OOWIHOCTH 3aculieHHMX
Omomapkepa W ajJKuiapeHa y Kopenanuju HadpTa-Hadra Ha mpuMepy 23 y30pka cHpoBE HaTe u3
nena ITanonckor Oacena y Cpouju (14 ca nokamurera y BojBomuuu u 9 u3 menpecuje JpMHO).
dakTopcke aHanu3e Cy, y3 MPUMEHy varimax poTaumje, Hajmpe H3BOjeHe MoceGHO ca MaTypa-
LHOHKM MapaMeTpUMa M3pauyHaTHM W3 PAcrojese U OOMIHOCTH (&) N-aJikaHa W W30MPEHOUAHHUX
ampatnyHuX ankaHa, (0) cTepana u Tputepnana, (B) ankwiHadraneHa u (r) ajdkmieHaHTpeHa.
OBe ananuse pesynTupaie cy ca 9 3HadajHUX “MaryparuoHux ¢akropa”’. OcaMm o BHUX, KOjH CY
nmoka3uBaiy npoueHat Bapujauuje Behu o 30 %, ykibydeHH Cy y HOBY (DaKTOPCKY H KIACTEPCKY
ananmsy, y3 npumeny Ward meroze. Ha Taj Ha4uH Cy CBH MaTypalMOHH [apaMeTPH 3aCHOBAHH Ha
pacniogenu u oOuiIHOCTH 3acuMheHHX OMOMapKepa M ajKWiIapeHa OWIM NPOLECHEHH M PAHTHUPaHU,
nMajyhu y Buly unmeHHI Ja (axTopu NpencTBabajy BUXOBe JHHeapHe komOuHanuje. Pesynraru
Cy TOKasaIu Ja cy 3a kopenaunujy Hadru u3 nena Ilanonckor Gacena y CpOuju Haj3HauajaHUjU
MaTypalMoHH TapaMeTpy 3aCHOBaHH Ha W30MEPU3ALMjU je[HE AJKWI-TPYIe U3 0- Y TEepMOJMHA-
MHUYKH CTaOWJIHHUjE f-TIONIOXKAje Ha apOMATHYHOM NPCTEHY MeTWIHA(TaleHa, eTHiHadTaleHa, Iu-
MetwiHadTaneHa, TpuMeTriHadTaneHa u MetiwidenanTpeHa. Takohe, oapehenu cy napamerpu/Tu-
MOBU MaTypalHOHUX peakKlija Koju Cy y Benukoj mepu neduuucamu dakrope 2 u 3. Penocnen u
cariacHocT u3Mely ¢akropa, 0nHOCHO IapaMerapa, IpOBEpeHa je U NOTBpleHa KIIACTEPCKOM aHa-
nu3oM y3 npumeny Ward merone. KoHayHo, MCIIHTHBAaHH y30pLM CHpOBE HadTe Cy KOpENIHCaHd
nomohy axropcke U knactepcke aHanmse, KopucTehu cse 3HauajHe “Marypanuone daxrope”. Pas-
JIIKE y CTENeHYy TepMHUYKE 3peJIOCTH youeHe cy kako m3Mmely y3opaka w3 BojBoamne u nempecuje
IpmHo, Tako u u3mel)y y3opaka n3 Bojeoaune koju moTuuy M3 JeXKHUIITA jy)KHOT baHaTa, ceBepHOT
Banara u HadtHOT nosba Benebut.

(Mpumsbero 10. maja 2007)
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Abstract: a-Glucosidase from S. cerevisiae was covalently immobilized onto Sepa-
beads EC-EA by the glutaraldehyde method. An analysis of the variables control-
ling the immobilization process is first presented and it is shown that the highest
coupling of a-glucosidase occurred within 24 h. Also, a loading of 30 mg/g support
proved to be effective, resulting in a rather high activity of around 45 U g™ with a
satisfactory degree of enzyme fixed. Both free and immobilized enzymes were then
characterized by determining the activity profile as a function of pH, temperature
and thermal stability. The obtained immobilized preparation showed the same opti-
mum pH, but a higher optimum temperature compared with the soluble one. In ad-
dition, the immobilized enzyme treated at 45 °C for 1 h still retained an activity of
around 20 %, whereas the free enzyme completely lost its original activity under
this condition. In conclusion, the developed immobilization procedure is quite sim-
ple, easily reproducible and provides a promising solution for the application of
immobilized a-glucosidase.

Keywords: maltase, Sepabeads EC-EA, immobilization, stabilization.
INTRODUCTION

a-Glucosidase (EC 3.2.1.20) catalyzes not only the hydrolysis of a-glucosi-
de linkages, but also the transglucosylation of a-glucosyl residues to various glu-
cosyl co-substrates, resulting in the synthesis of new oligosaccharides, besides
digestion, lysosomal catabolism of glycoconjugates and glycoprotein synthesis.
Pompe disease is a genetic fetal muscle disorder caused by a deficiency of acid
a-glucosidase, which results in glycogen accumulation in multiple tissues, with
cardiac and muscular tissues being most seriously affected. One way of treating
the disease is to employ a-glucosidase, i.e., enzyme therapy.12
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The yeast Saccharomyces cerevisiae synthesizes a maltose inducible and
glucose repressible a-glucosidase or maltase. This intracellular enzyme is a mo-
nomer of 63,000 Da and has been purified to homogeneity and characterized.3

The concept of immobilizing proteins and enzymes to insoluble supports has
been the subject of considerable research for over 30 years and, consequently,
many different methodologies and a vast range of applications have been sug-
gested. The aims often included such factors as: the reuse or better use of enzy-
mes, especially if they are scarce or expensive, better quality products as there
should be little enzyme in the product requiring inactivation or downstream puri-
fication, the production of biosensors, flow-through analytical devices, or the de-
velopment of continuous manufacturing processes. Although large tonnages of
immobilized enzymes are employed industrially, for example in the production
of various syrups from starch,4 and several smaller-scale industrial applications,
the introduction of such biocatalysts has been disappointingly slow.

It is well known that multipoint attachment may promote an increased rigi-
dity in immobilized enzymes.> This rigidity makes them more resistant to small
conformational changes induced by heat, organic solvents, denaturing agents, etc.
Multipoint attachment was mainly involved to explain the observed stabilization
of randomly prepared derivatives and was considered less in developing strate-
gies to obtain optimally stabilized immobilized systems.6

For the industrial application of enzymes acting on water-soluble substrates,
such as carbohydrates, an effective immobilization method is required to facili-
tate the continuous processing and reuse of the biocatalyst.”:8 In this context, the
employment of available carriers for covalent immobilization of enzymes is of
great interest. Sepabeads EC is a polymethacrylate-based carrier for enzyme im-
mobilization.9 Sepabeads EC-EA is an aminated support having ethylenediamine
groups with a high reactive group density. Compared with other acrylic poly-
mers, Sepabeads EC-EA possess a high mechanical stability and do not swell in
water. In addition, the polymer is non-toxic, non-immunogenic and non-antige-
nic. Furthermore, the raw materials applied for the production of these supports
are included in the EU list of resins allowed for the processing of food stuffs.10

In this work, a-glucosidase from Saccharomyces cerevisiae was immobili-
zed on Sepabeads EC-EA and the conditions for immobilization and characteri-
zation of the immobilized enzyme were studied in detail. The first aim was to de-
termine the optimal immobilization conditions, such as enzyme-support contact
time and initial enzyme amount in the attachment solution, with respect to
enzyme loading, catalytic activity and coupling yields (enzyme and activity). A
comparative study between free and immobilized enzymes was then undertaken
in terms of pH, temperature and thermal stability.
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EXPERIMENTAL
Material

a-Glucosidase, isolated from baker’s yeast by a slightly modified, previously published pro-
cedure,11 showed a single band on SDS-gel electrophoresis, with an approx. molecular weight of
63 kDa. Its specific activity was 80 U mg™! proteins and the Ky, for 4-nitrophenyl a-D-glucopyra-
noside was 0.2 mM. All other chemicals were from Merck, Germany. Sepabeads EC-EA was Kin-
dly provided by Resindion S. R. L. (Mitsubishi Chemical Corporation, Milan, Italy). p-Nitrophenyl
a-D-glucopyranoside (a-pNpG) was purchased from Fluka Chemie AG. All other reagents and
solvents were of the highest available purity and used as purchased from Sigma.

Standard activity assay

The activity of soluble and immobilized a-glucosidase preparations were determined using
sucrose as the substrate. The activity of soluble enzyme was measured at a substrate concentration
of 10 % (w/v) sucrose in 50 mM sodium phosphate buffer, pH 7.0 at 25 °C. One unit of enzyme
activity was defined as 1 pmol glucose produced per minute under the above reaction conditions.
Glucose was determined by the dinitrosalicylic acid reagent.12

Immobilization of a-glucosidase

The immobilization procedure consisted of two main steps: glutaraldehyde activation of the
polymer and enzyme coupling to the polymer. Glutaraldehyde reacts with the amino groups of
Sepabeads EC-EA, and the amino groups of the enzyme are then coupled to the carrier via the free
carbonyl groups of the dialdehyde bound to the supports. Activation of polymer was performed by
incubation of the polymer with 2.5 % (w/v) glutaraldehyde solution buffered at pH 7 (sodium
phosphate buffer, 100 mM) for two hours at room temperature in the dark with occasional stirring.
Subsequently, the polymer was incubated overnight with different amounts of enzyme (from 5 to
50 mg/g dry polymer) in sodium phosphate buffer, pH 7.0 at 4 °C. After binding, any unbound
enzyme was removed by washing several times with 1 M NaCl in 50 mM sodium phosphate buffer
pH 7.0 and with buffer alone (the washing solutions were combined and stored for activity and
determination of proteins) and stored at 4 °C in 50 mM sodium phosphate buffer pH 7.0 until use.

Time-course of immobilization

A total of 0.5 g of support was suspended in 50 ml of enzyme solution (protein concentration
1 mg mI1) in sodium phosphate pH 7.0, 50 mM at 25 °C. Periodically, samples of the supernatants
were withdrawn and analyzed for enzyme activity.

Determination of proteins

Soluble protein was determined by the Bradford method,13 using bovine serum albumin as the
protein standard.

Effects of pH and temperature on a-glucosidase activity

The effect of temperature on the specific activity of the immobilized and soluble preparations
was determined by incubation of the biocatalysts at a temperature ranging from 25 to 90 °C with
10 % (w/v) sucrose in 50 mM sodium phosphate buffer pH 7.0. The specific activity at 30 °C for
the soluble and 40 °C for the immobilized form was arbitrarily set as 100 % relative activity.

The optimal pH was determined with 10 % (w/v) sucrose in 50 mM sodium citrate phosphate
buffer of pH values varying from 3 to 9 at 25 °C. The specific activity value obtained at pH 6 for
the soluble and 7 for immobilized form was taken as 100 % relative activity.

Enzyme inactivation experiments

Enzyme preparations (soluble and immobilized preparations) were incubated at pH 7.0 and
45 °C. Periodically, samples were withdrawn and their remaining activities were assayed as des-
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cribed above. The residual activity of a-glucosidase was expressed as the percentage of the initial
activity for a given incubation time.

Kinetic deactivation model

Thermal deactivation kinetics of free and immobilized enzymes was studied based on a single
step, first-order deactivation mechanism, having the final state of the enzyme, E4, with or without
residual activity:

aE—¥SE, 1)
where E and Ey are the initial and final state of the enzyme, respectively; k is the first-order de-
activation rate coefficient; « is the ratio of the specific activity of the E and E4 enzyme states. This
mechanism leads to a model, where the residual enzyme activity at time t can be determined from
the following equation:

At) = Ae ™t + A, @)
A(t) = (100 - a)e ™ + o 3)
In the proposed kinetic model, the adjustable parameters are the rate coefficient, k, and the

residual activity of the enzyme, «, which were determined by the least-squares fit to the experi-
mental data using MAT-LAB software.

RESULTS AND DISCUSSION

For this immobilization study, a commercially available polymer, Sepabeads
EC-EA was employed. The particle diameter, specific pore volumes and other
parameters for the employed polymer are presented in Table I.

TABLE I. Physicochemical characteristics of Sepabeads EC-EA

Functional Particle size Pore diameter

Active group group density  range Densll_tly peak pH stability range
mmol glwet  pm gm nm
Sephabeads ey ondiamino 0.6 150-300  >1.1 >30 0-14
EC-EA y ' '

Time-course of a-glucosidase immobilization on Sepabeads EC-EA

The influence of the duration of the coupling was analyzed by measuring the
activity of enzyme in the supernatant at various times, as described in the experi-
mental section. The kinetic plot of enzyme coupling is presented in Fig. 1. It
seems that during the first 20 h of coupling, around 25 % of the amount of initial
enzyme was immobilized. After this initial phase, the rate of enzyme immobili-
zation decreased and gradually ceased after about 24 h. After 20 h, only an addi-
tion 10 % of the initial enzyme activity was immobilized. Thus, an enzyme-sup-
port contact time of 24 h was considered to be optimal for the immobilization of
a-glucosidase on Sepabeads EC-EA under the employed conditions (pH 7.0, 25 °C).

Effects of the amount of enzyme on the enzyme loading and activity coupling yield

An attempt was made to achieve the binding of high levels of enzyme with a
high retention of hydrolytic activity. The influence of the amount of a-glucosi-
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dase in the attachment solution in the range of 2.5-100 mg of enzyme per gram
of dry support was studied. In each experiment, 0.05 g of support particles was
immersed in a certain volume of enzyme solution. The aim was to determine an
efficient relationship between the enzyme and the support. The results are pre-
sented in Fig. 2.
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Time, h Fig. 2. Effects of the initial amount of a-gluco-
Fig. 1. Kinetics of a-glucosidase immobiliza- sidase in the attachment solution on the
tion on Sepabeads EC-EA at 25 °C and pH 7.0. enzyme coupling yield.

It is apparent from Fig. 2 that the enzyme loading on Sephabeads EC-EA
initially increased rapidly with increasing amount of a-glucosidase but leveled
off at about 70 mg/g. The enzyme coupling yield was in the range of 70-100 %.
However, it is apparent from Fig. 3 that the activity yield is inversely related to
the amount of enzyme bound. For example, increasing the a-glucosidase loading
from 2.5 to 72 mg/g support resulted in a decrease in the activity yield from 96.9
to 13.11 %, possibly due to the close packing of the enzyme on the support surfa-
ce, which could limit access of the substrate to the enzyme, required for the hy-
drolysis reaction. It is generally acknowledged that the catalytic efficiency of im-
mobilization processes decreases when the enzyme loading exceeds a certain va-
lue and an optimum activity should be selected.14.1> The loading of 30 mg/g sup-
port seems to be most appropriate for use, resulting in an activity yield of 30 %
with satisfactory degree of bound enzyme. The present activity of the immobili-
zed enzyme was higher than in a previously published study, where the immobi-
lized a-glucosidase had an activity ranging from 44.8-80.7 U g1, depending of
characteristics of the macroporous support.16

Dependence of the catalytic activity on pH and temperature

Both the soluble and immobilized form of a-glucosidase were the most ac-
tive in the pH range 6-7 (Fig. 4). After immobilization, the optimal pH did not
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change when compared with the pH profile of the soluble enzyme; the presented
results are very similar to those previously published.1’
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Fig. 3. Effect of enzyme loading on the activity of  Fig. 4. Dependence of the relative activity of
the biocatalysts and the activity coupling yield. soluble and immobilized on Sephabeads
The symbols represent the activity of the EC-EA a-glucosidase from S. cerevisiae
immobilized a-glucosidase (o) and on pH (temperature 25 °C, 10 % (w/v)
the activity coupling yield (m). sucrose as substrate).

Temperature dependencies of the activities of the two forms of a-glucosi-
dase, soluble and immobilized, are presented in Fig. 5. It appears that the optimal
reaction temperature shifted from 30 °C for soluble a~glucosidase to almost 40 °C

for the immobilized enzyme, suggesting a significantly better thermal stability of
the immobilized enzyme.
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Effect of immobilization on the thermal stability of the enzyme

An important consideration when evaluating an immobilized enzyme system
is the reported enzyme deactivation. Moreover, for the design and operation of an
enzyme reactor, a proper kinetic deactivation model and kinetic parameters are
required. Therefore, the thermal stability of the immobilized enzyme was studied
at 45 °C in an aqueous medium (50 mM sodium phosphate buffer, pH 7.0) and
compared with that of the free enzyme.

The kinetic deactivation profiles at 45 °C for the free and immobilized en-
zyme are presented in Fig. 6. In order to interpret and analyze the obtained expe-
rimental results, the model based on a single step, first-order degradation kinetics
was fitted to the deactivation curves (Eq. 3). The points on the graph are experi-
mental data and the solid lines represent the best fits of the predictions of the
theoretical model. The results show that immobilization of the enzyme on Sepa-
beads EC-EA offers a high degree of thermoprotection. For example, immobi-
lized enzyme treated at 45 °C for 1 h still retained activity of around 20 %, whe-
reas the free enzyme lost its original activity completely under this condition.
This fact is of real significance in commercial applications.

100
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©
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Fig. 6. Thermal deactivation of free (®)
0+ and immobilized enzyme (m) at 45 °C. The
lines represent the best fits of the single

T ¥ T 1

L U T u T
0 40 80 120 160 200 step, first-order kinetic deactivation model.
Time, min The initial activities were taken as 100 %.

It also seems that first order enzyme degradation Kkinetics fits the
experimental data well for both soluble and immobilized enzymes, suggesting
that the biocatalysts lose their activity in only one step at the tested temperature.
The best-fit values of the deactivation rate constant, k, half life, t1/», and the
residual activity of the final state enzyme, «, are listed in Table II. It appears that
the free enzyme is more thermostable than the immobilized one, deduced from
the k and t1,» values. However, immobilization enabled the enzyme to attain a fi-
nal state, Eq, with a significant residual activity, while the final state of the free
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enzyme was completely deactivated (= 0). Thus, the shape of the curve obtain-
ed for the immobilized enzyme showed that, after a first phase of rapid inacti-
vation, the residual activity of the immobilized enzyme reached a defined pla-
teau, yielding a stable enzyme form with a residual activity of around 20.56 %
(= 20.56 %), indicating an improvement in the thermal stability of the enzyme
upon immobilization.

TABLE II. Best-fit parameters of the first-order kinetic model (Eq. 3)

Biocatalyst t/°C k/mint A a(Ay) ty/o / Min
Free enzyme 45 0.075 100 0 9.24
Immobilized enzyme 0.260 79.08 20.56 3.79
CONCLUSION

To summarize, although Sepabeads EC-EA is known to be a good support
for enzyme immobilization, its potential for a-glucosidase immobilization has
not been fully explored. In the present study, the conditions for immobilization of
a-glucosidase, the time course of immobilization and the amount of added enzy-
me were optimized. To prevent enzyme inactivation, an approach is presented for
the stable covalent immobilization of a-glucosidase from S. cerevisiae on an
amino-containing support (Sepabeads EC-EA) with a high retention of activity.
The immobilized enzyme showed greater thermostability than the soluble one;
after incubation of the enzymes at 45 °C for 1 h, the soluble form showed no ac-
tivity but the immobilized enzyme retained a residual activity of around 20.56 %.
Further work is in progress on the application of immobilized o-glucosidase for
the continuous synthesis of various physiologically active compounds.
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JOBUJAKBE U ITPOYYABABE UMOBWIIM3ALIAIE a-TJTYKO3UIA3E 13 ITEKAPCKOI"
KBACIIA Saccharomyces cerevisiae

KHALED S. O. H. AHMED?, HEHAJI 5. MIUIOCABWR?, MUAJIULIA M. [IOTIOBUA?Y,
PAJIUBOIE M. TTPOTAHOBIRL 30PUIIA JI. KHEXXEBUES® 1 PATKO.M.JAHKOB!
YXemujcku paxyaitiedss, Ynusepsuiieii y Beozpady, Ciliydeniticku ipz 12—16, 11000 Beozpad, *Lenitiap 3a xemujy,
HHciuuiniyia 3a xemujy, iiexHoaozujy u meiianypzujy, lhezowesa 12, 11001 Beozpao u 3TexH0ﬂomlco—MeLT4aﬂypumu
pakyaitieii, Yuusepauitieiti y beozpaoy, Kaprezujesa 4, 11000 beozpao

Manrasa u3 S. cerevisiae je koBajgeHTHO MoOMIHM30BaHa Ha Sepabeads EC-EA HakoH akTH-
Ballyje HOocaya pacTBOPOM TilyTapanaexuna. VcnutuBameM KHHETHKE UMOOHIM3alMje YTBpheHo je
na ce 25 % ensuma umoOmu3yje HakoH 24 yaca. MimoOuiamn3oBaHa o-riiyko3ugaza uma uctu pH
ONTUMYM Ka0 ¥ PACTBOPHHU €H3HM, JIOK j€ ONTHMAaJHA TEMIIepaTypa 3a aKTHBHOCT MMOOHIM30BaHOT
em3uma ysehana 3a 10 °C y mopehemy ca pactBoprmMm ensumoM. Kama ce ymopenme 3aoctane
AKTUBHOCTH PAacTBOPHE M MMOOHJIN30BaHEe (GopMe @-TiIyKo3ujaase, HakOH MHKyOauuje og 1 h Ha
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°C pacTBOpHH €H3UM He TOKa3yje aKTUBHOCT JOK MMoOmiu3oBana (opma 3aapxasa oko 20 %

NOYEeTHE aKTHBHOCTU. MoOWIM30BaHa (hopMa eH3uma 3aapxasa 20 % modyeTHe aKTHBHOCTU YaK U
nocie 3 h unky6anuje Ha 45 °C.
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Interactions of the anti-tumor sesquiterpene
hydroquinone avarol with DNA in vitro
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Abstract: Changes in electrophoresis pattern after interaction of supercoiled plasmid
pBR322 DNA with avarol was studied at a micromolar concentration of reactants
under mild reaction conditions. Interactions of avarol with linear high-molecular
CT-DNA at millimolar concentrations were analyzed by electrophoresis and UV
spectrophotometry. It was observed that avarol is capable of quenching ethidium
bromide fluorescence in DNA bands. An increase in the absorbance of DNA was
detected. The results indicate the binding of avarol to DNA and/or modification of
nucleotide bases.

Keywords: avarol, hydroquinone, anti-tumor activity, pBR322 DNA, calf thymus DNA.

INTRODUCTION

DNA is the presumed intracellular target for a variety of quite structurally
diverse low molecular weight ligands. A number of DNA-reactive synthetic and
natural products or their derivatives have chemical, biological and medical signi-
ficance as potential artificial gene regulators or clinically important chemothera-
peutic agents. Low molecular weight ligands recognize and interact with DNA in
different ways, including 1) DNA strand cleavage, 2) non-covalent association
with the minor groove of DNA, 3) intercalation between DNA base pairs, 4) al-
kylation of a component nucleotide and 5) a combination of various effects.!
Avarol is a marine sesquiterpenoid hydroquinone, isolated from the marine spon-
ge Dysidea avara.2 It was shown that avarol (Fig. 1) and the corresponding qui-
none avarone possess interesting activities towards DNA in vivo.3—¢ The aim of
this study was to investigate the interactions of avarol with DNA in vitro. The
possibility of avarol to induce DNA cleavage was measured by determining the
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ability of the hydroquinone to transform the naturally occurring, covalently clo-
sed circular supercoiled form of plasmid pBR322 DNA to the open circular, re-
laxed form. The efficiency of the interaction of avarol with plasmid DNA was
monitored by agarose gel electrophoresis experiments. Furthermore, the possibi-
lity of avarol of intercalating DNA molecules was investigated by UV spectral
measurements of calf thymus DNA in presence of avarol. The obtained results
might shed light on the mechanism of the anti-tumor activity of avarol.

HO

OH

Fig. 1. Structure of avarol.

EXPERIMENTAL
Chemicals

Avarol was isolated from the sponge Dysidea avara, collected in the Bay of Kotor (Monte-
negro), as previously described.2 Plasmid pBR322 from Escherichia coli RRI (containing more
than 80 % supercoiled DNA) was purchased from Sigma—Aldrich, USA. Calf thymus DNA (lyo-
philized, highly polymerized) was obtained from Serva, Heidelberg. Agarose was purchased from
Pharmacia-Biotech (GE Healthcare). All buffer solutions were prepared in deionized water and
filtered through 0.2 pm filters (Nalgene, USA).

Interaction of avarol with plasmid pBR322

Avarol was dissolved in DMSO (0.01g ml-1). Plasmid DNA (0.5 pg) was mixed with various
amounts of avarol, so that the final concentrations of avarol were 10 uM, 20 uM and 30 pM, in 20
pl of the reaction mixture containing TAE buffer pH 8.24 (40 mM Tris-acetate, 1 mM EDTA, pH
8.0), or in 20 pl of the reaction mixture containing bicarbonate buffer (40 mM, pH 8.4). The con-
tents were immediately analyzed by electrophoresis or incubated for 2 h at 37 °C with vortexing
from time to time. The reaction was terminated by adding 5 pl of loading buffer (0.25 % bromo-
phenol blue, 0.25 % xylene cyanol FF and 30 % glycerol in water). The samples were subjected to
electrophoresis on 1 % agarose gel prepared in TAE buffer. The electrophoresis was performed at a
constant voltage (80 V) for about 1.5 h (until bromophenol blue had passed through 75 % of the
gel) in TAE buffer. After electrophoresis, the gel was stained for 30 min by soaking in an aqueous
ethidium bromide solution (2 pl of 10 % (w/v) ethidium bromide in 40 ml of water). The gel was
then destained for 5 min by keeping it in sterile distilled water. The stained gel was illuminated
under a UV transilluminator Vilber—Lourmat (France) at 312 nm and photographed with a Pana-
sonic DMC-LZ5 Lumix Digital Camera.
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Interaction of avarol with calf thymus DNA

Calf thymus DNA (CT-DNA) was dissolved in 20 mM Tris-HCI pH 7.5/20 mM NaCl
overnight at 4 °C. DNA concentration was adjusted with buffer to 5 mg ml-1. This stock solution
was stored at 4 °C and was stable for several days. A solution of calf thymus DNA in water gave a
ratio of UV absorbance at 260 and 280 nm, Aygg/Asgg OF 1.89-2.01, indicating that DNA was
sufficiently free of protein. The concentration of DNA was measured by measuring the absorbance
of DNA-containing solution at 260 nm. One optical unit corresponds to 50 pg ml- of double stran-
ded DNA (based on the known molar absorption coefficient value of 6600 M-lecm™).7 2.5 pl of
stock solution of CT-DNA in 497.5 pl of TAE or bicarbonate buffer were incubated at 37 °C for 2 h,
vortexing from time to time, with 10, 20 and 30 pl of an ethanolic solution of avarol (175 mg mI1),
corresponding to final avarol concentrations of 11, 22 and 33 mM, respectively). Subsequently, the
samples were cooled to 4 °C and centrifuged at 12000 rpm. 400 pl of the supernatant were used for
measurements of absorbance on a UV Cintra 40 UV/Visible spectrometer. 10 pl of the supernatants
were analyzed by electrophoresis on a 1 % agarose gel as described above.

RESULTS AND DISCUSSION

It was previously shown that incubation of pBR322 DNA with avarol caused
a conversion of fully supercoiled DNA to nicked, circular molecules only in an
oxygen atmosphere.3 In this work pBR322 was incubated with avarol in air
(milder reaction conditions). The electrophoresis pattern of the interaction of dif-
ferent concentrations of avarol with plasmid pBR322 DNA is shown in Fig. 2.
No effects were observed immediately upon addition of avarol to the plasmid,
regardless of the concentrations of avarol, as shown in Fig. 2A, lanes 1-4. After
2 h of reaction at 37 °C, no relaxation of supercoiled DNA was detected (Fig. 2A,
B). These results differ from the previous ones obtained in an oxygen atmosphere
but are in accordance with those obtained in nitrogen atmosphere.3 It is likely
that the amount of oxygen in air is insufficient for the process of DNA nicking by
oxygen radicals to be detected. Some hydroquinone antioxidants also did not
show damage to DNA unless the generation of semiquinone and hydroxyl radi-
cals was additionally stimulated.8 However, a dose-dependent quenching of the
fluorescence of ethidium bromide was observed, as shown in Fig. 2B, lanes 1-4.
The intensity of the bands diminished with increasing amount of avarol, indi-
cating changes in the DNA molecules. This capability of avarol to interfere with
the intercalation of ethidium bromide in supercoiled DNA was more pronounced
in the bicarbonate than in the TAE buffer system (Fig. 2C).

Analysis of interaction of avarol with linear, high-molecular calf thymus DNA
(CT-DNA) resulted in almost complete quenching of fluorescence in both buffer
systems (Fig. 3). The nature of the observed DNA damage by avarol was investi-
gated by DNA absorbance measurements. The absorption spectrum of CT-DNA
was recorded in the absence and presence of increasing amounts of avarol. Ty-
pical sets of absorption spectra obtained in TAE and in bicarbonate buffers are
shown in Fig. 4. An increasing quantity of avarol induced a hypochromic effect.
The effect was again more pronounced in bicarbonate buffer. This hypochro-
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mism can be ascribed to intercalative binding of avarol to the DNA helix.® Since
avarol has only one planar ring, this type of binding should be weak, but the bin-
ding could be enhanced by positioning the sesquiterpene part of the molecule in the
minor groove. Another possible cause of hypochromism could be modification of
guanine and thymine residues, as was shown previously for some hydroquinones.10

I I 12 3 4

12 3 4 M 12 34 1 2 3 4
Fig. 3. Agarose gel electro-
A B C phoresis of CT-DNA in
Fig. 2. Agarose gel electrophoresis of pBR322 after treatment with TAE and in bicarbonate
0, 10, 20 and 30 uM of avarol (lanes 1, 2, 3, 4, respectively) at the buffer without avarol (lanes
beginning of the reaction — Panel A, and after 2 h at 37 °C — panel 1 and 3, respectively) and

B. Panel C — Lanes 1 and 3 are pBR322 in TAE and bicarbonate after treatment with
buffer, respectively, without avarol; lanes 2 and 4 are pBR322 10 mM avarol in TAE and
after treatment with 10 mM avarol in TAE and bicarbonate in bicarbonate buffer (lanes
buffer, respectively. M — marker DNA. 2 and 4, respectively).
A A -
15 sh N
\.\'/l '\_
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Fig. 4. Absorption spectra of CT-DNA in the absence (=) and presence of 11 (==), 22 (), and
33 mM (-+=) avarol. The absorption measurements were performed in
TAE (panel A) and bicarbonate buffer (panel B).
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CONCLUSIONS

Taken together, these results suggest that avarol possesses some DNA-dama-
ging activity in vitro. The absence of changes in the electrophoresis pattern of
circular plasmid DNA revealed that micromolar concentrations of the reactants
under mild reaction conditions did not induce a relaxation of the supercoiled mo-
lecule. However, a quenching of the fluorescence of the ethidium bromide-DNA
complex was observed. Interaction of avarol with linear high-molecular CT-DNA
at millimolar concentrations gave, in addition to quenching the electrophoresis
bands, an increase in the absorbance of DNA. The obtained results suggest that
the mechanism of interaction of avarol with DNA under these reaction conditions
in vitro may be similar, regardless of the source of DNA. These interactions
could include binding to DNA as well as damage to nucleotide bases. These ef-
fects could be responsible for the pronounced anti-tumor activity of avarol.

Acknowledgements. The authors are grateful to the Ministry of Science of the Republic of Serbia
for financial support (Grant 142026).

NU3BOJ

MHTEPAKIIMJE AHTUTYMOPCKOI' CECKBUTEPIIEHCKOTI'
XNAPOXMHOHA ABAPOJIA CA DNA IN VITRO

MMPOCJIABA BYJIH/ITIl, CPBAH TYCDEFI,II/ITll, 30PAH BYJ‘{I/Ile, MHUPOCJIAB J. TAIIR! 1 JAYIIAH C.HA,Z[I/ITI2
YYUXTM, Lenitiap 3a xemujy, Beozpao u?Xemujciu dpaxyaitiei, Yuusepauitieini y beozpady, Beozpad

[IpoyuaBane cy npomene enektpodoperckor nonamama DNA mocie mHTEpaknmja cynepxe-
JIUKOUAATHOT Mia3Muia PBR322 ¢ aBaposioM mpu MUKPOMOJIAPHUM KOHIICHTpAIMjaMa peaKkTaHaTa
oz OaruM peakIyoHUM yciioBuMa. MHTepakiyje aBaponia ca JIMHEApHOM BHCOKOMOJEKYJICKOM
CT-DNA npu MUIMMONApHUM KOHIIGHTpalMjaMa aHaiu3upane cy enekrpodopesom n UV crek-
TpodoTomMeTprjoM. YOUEHO je Jia je aBapoN y cTamy Jia racu (QIyopecleHnnjy eTuanjyM-opomMuna
y Tpakama koje motuuay ox DNA. JlerekroBan je mopact ancopbanuuje DNA. Pesynratu ykasyjy
Ha Be3uBarbe aBapoHa 32 DNA n/uin Mmonudukanujy HyKIeoTHaHuX 0asa.

(TMTpumubeno 6. asrycra 2007)
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Chemical modification of the lectin of the marine coral
Gerardia savaglia by marine quinone avarone
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Abstract: The quinone avarone, isolated from the marine sponge Dysidea avara,
possesses the ability to chemically modify proteins. In this work, modification of
lectin isolated from the coral Gerardia savaglia by avarone was examined. The te-
chniques used for studying the modification were: SDS PAGE, isoelectric focusing
and hemagglutination testing. The results of the SDS PAGE indicate dimerization
of the protein. A shift of the pl toward lower value occurs upon modification. The
change of the hemagglutination activity of the protein confirms that chemical modi-
fication of G. savaglia lectin by avarone changes its ability to interact with the
membrane of erythrocytes.

Keywords: avarone, quinone, Gerardia savaglia lectin, covalent modification.
INTRODUCTION

Lectins are (glyco)proteins of plant or animal origin possessing an ability to
specifically bind carbohydrate moieties. Such properties make them useful tools
for the isolation and characterization of polysaccharides and glucoconjugates,.2
as well as in biomedical research.3-> Marine organisms are rich sources of lec-
tins.6.7 One of them, Gerardia savaglia lectin (GSL), was isolated from Adriatic
sea coral and partially characterized.8 This mannose specific lectin showed he-
magglutinating activity toward human and some animal red blood cells, moderate
mitogenic activity and a feature to bind glycoproteins present in the nuclei from
CV-1 monkey kidney cells. A sesquiterpenoid hydroquinone avarol was isolated
from the Mediterranean sponge Dysidea avara and oxidized to quinone avarone.910

In this work, the ability of avarone to chemically modify proteins, previously
examined in case of some enzymes,1112 was tested. The significance of this stu-
dy lies especially in the fact that modification of a marine lectin by a compound

# Serbian Chemical Society member.
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from the marine environment has been investigated, so that the results might give
insight into marine ecological relations.

The chemical modification of GSL by avarone was studied by hemagglutina-
tion testing, SDS PAGE and isoelectric focusing.

EXPERIMENTAL

Avarol was isolated from the extract of the sponge Dysidea avara, collected in the Bay of
Kotor (Montenegro) and oxidized to avarone with silver oxide.10

Gerardia savaglia lectin was isolated from crude coral extract in a pure form by affinity and
gel chromatography.8 The activity of the isolated lectin was examined by hemagglutination testing.13

Modification of Gerardia savaglia lectin was performed in 20 % EtOH. The final volume was
3.75 ml and the final concentrations of the lectin and avarone were 1 mg/ml and 0.5 mg/ml, res-
pectively. The pH value of the mixture was adjusted to 8.5 with NaHCO3. The reaction was
performed at r.t. for 48 h with stirring. Subsequently, the mixture was centrifuged at 14000 rpm and
the pellet was washed three times with ethanol. The pellet was then resuspended in 50 mM acetate
buffer, pH 5.5 and prepared for hemagglutination testing, SDS PAGE and isoelectrofocusing.

Hemagglutination testing was performed on sheep erythrocytes.13

SDS PAGE was performed under reducing conditions. The molecular masses of the denatured
protein samples were determined on 10 % polyacrylamide gel using molecular markers of 14.4 kD,
18 kD, 29 kD, 45 kD and 66 kD.14

Isoelectrofocusing was performed on 7.5 % polyacrylamide gel under non-reducing conditi-
ons with an ampholite range from 3—10 and a calibration pl kit.1>

RESULTS AND DISCUSSION

After mixing avarone and the lectin solution, a change of color of the reac-
tion mixture from light yellow to violet and pellet formation were visible after
approximately 24 h.

The protein modification was examined by SDS PAGE. Reaction of avarone
and Gerardia savaglia lectin gave a visible band at 30 kD (Fig. 1), which
suggests dimerization of the protein (molecular mass of the monomer is 14.8
kD). Isolelectricfocusing showed four bands at pH values 8.7, 8.5, 8.3 and 7.3,
indicating a shift of the pl value of the protein to lower pl values upon modifica-
tion (Fig. 2). These results suggest that the side chains of basic amino acids, such
as lysine amino groups, are involved in the reaction of the protein and the quinone.

The specific hemagglutinating activity of the resuspended pellet towards
sheep erythrocytes was about 10-fold lower (160 hemagglutination units (HU)/mg
protein) than the activity of the unmodified lectin (1706 HU/mg), which confirms
the involvement of the same amino acid residues in the protein polymerization
and interaction with the membrane of the erythrocytes. The identity of the modi-
fied residues remains to be determined. At present, there is no conclusive evi-
dence whether the modification occurs in the binding site or in other regions
resulting in a conformational change and concomitant decrease in activity.
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Fig. 2. Isoelectrofocusing gel. I: Unmodified G.
Fig. 1. SDS PAGE electrophoregram. I: savaglia lectin. 1I: Modified G. savaglia lectin.
Unmaodified G. savaglia lectin. 1l: Modified G.  I11I: pl calibration kit markers. For clarity, only
savaglia lectin. I1l: Molecular weight markers. the region in which modified bands occur is shown.

CONCLUSIONS

The results presented in this work lead to the conclusion that avarone could
chemically modify Gerardia savaglia lectin and that this modification altered its
characteristics and biological activity.

The biological functions of lectins, especially those isolated from marine or-
ganisms, are still not completely understood. Marine lectins are involved in cell
recognition and aggregation and in the process of the elimination of foreign or-
ganisms.16.17 Although additional evidence is necessary, the obtained results
could indicate covalent modification of the lectins as a possible manner of action
in these processes, essential for the survival of these sedentary organisms. On the
other hand, since compounds similar to avarone are present in algae,18:19 inges-
tion of these algae could impair the interactions in which lectins are involved in
the coral, so that a toxic effect to the animal could occur.

Acknowledgement. This work was partially supported by the Ministry of Science of the Republic of
Serbia (Project No. 142026).
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N3BOJ

XEMMNJICKE MOJN®UKAITUIE JIEKTTHA MOPCKOI' KOPAJIA Gerardia savaglia
MOPCKMM XMHOHOM ABAPOHOM

UBAHA IIAJUR?, 30PAH BYJUNR?Y, MUPOCJIABA BYJUIRZ, IPEHA HOBAKOBUR?,
JIYIIAH CJIAAR! 1 MUPOCJIAB J. TALLITRL

1Xemujcrcu akyaiuein, Yrnusep3auitein y beozpady, Cinyoeniticku wipz 16, ii. tip. 158, 11001 Beozpao u
2UXTM — Llenitiap 3a xemujy, Fhezowesa 12, ii. ip. 473, 11001 Beozpao

ABapoH, XHHOH H30JI0BaH U3 Mopckor cynhepa Dysidea avara, mocemyje criocoOHOCT aa Xe-

MHjCKH MOAH(UKyje MpoTerHEe. Y OBOM pady MCIHUTHBAHA jeé MOAU(HKALKja JEKTHHA H30JI0BAHOT
u3 kopana Gerardia savaglia aBapoHom. TexHuke 3a npaheme xemujcke Moaudukanuje ouie cy:
SDS PAGE, u3oenektpuuHo (GoKycupame U XeMmarityThHauuoHu TecT. Pesynratu SDS PAGE
ynyhyjy Ha numepusanujy npoteuna. Jlonasu no momepama pl Bpesnoctu mporemHa. [Ipomena
XeMarTyTHHaLOHe akTHBHOCTH G. Savaglia jexTuHa aBapOHOM yTHIAJNa je Ha HEroBy CIOCO0-
HOCT MHTEpaKIHje ca MeMOPaHOM €pPUTPOLIHTA.
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Quantitative analysis of sesquiterpene lactone cnicin in seven
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using 1H-NMR spectroscopy
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Abstract: TH-NMR spectroscopy was applied for the quantitative analysis of cnicin,
a bioactive germacranolide type sesquiterpene lactone, in the aerial parts of seven
wild-growing Centaurea species collected in Serbia and Montenegro. The analysis
was performed by comparison of the integral of the one-proton signal of cnicin (H-13,
65.75) with that of the two-proton singlet (66.98) of 2,6-bis(1,1-dimethylethyl)-4-me-
thylphenol (BHT), used as the internal standard. Cnicin, within the concentration
range 1.06-6.12 mg/g, calculated per weight of the fresh plant material was detec-
ted in six species, the exception being C. salonitana. This method allows the rapid
and simple quantification of cnicin without any pre-purification step.

Keywords: 'H-NMR, Centaurea, cnicin, BHT.

INTRODUCTION

Centaurea, the largest genus of the family Compositae (Asteraceae), is re-
presented with about 40 species in Serbia and Montenegro and has been the sub-
ject of many chemical investigations, which have led to the isolation of various
types of compounds, such as sesquiterpene lactones,1=> acetylenes,>~7 flavono-
ids®8 and lignans.3—> Many of the Centaurea species are known for their anti-dia-
betic, anti-diarrhetic, anti-rheumatic, anti-inflammatory, cholagog, choleretic, di-
gestive, stomachic, diuretic, emenagogue, astringent, hypotensive, anti-pyretic,
cytotoxic and antibacterial effects, and are used single or mixed.%-11

One of the first biologically active compounds to be isolated from the genus
Centaurea was cnicin (C, Fig. 1), a sesquiterpene lactone of the germacranolide

* Corresponding author. E-mail: vtesevic@chem.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712275T
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type, known for a long time (since 1837) as the main “bitter” ingredient in bles-
sed thistle, Cnicus benedictus.1213 Cnicin has been reported as a constituent of
several species of the Centaurea genus,14 such as C. diffusa (0.81 %),15 C. squar-
rosa (0.8 %),16 C. affinis (0.46 %),3 C. stoebe (0.45 %),17 C. derventana (0.2 %),1
C. nicaensis (0.19 %),18 C. bruguierana (0.16 %)% and C. calcitrapa (0.06 %).20
Cnicin could be found in the glandular epithelial trichomes of the leaves and, to a
lesser extent, the shoots of knapweeds and it finds its way into the soil via
leaching or litter.21 This compound has broad effects on other taxa (allelopathic
effect). Various bioassays of cnicin revealed antibiotic, antifungal, phytotoxic,
and anti-herbivore properties.1422.23 Additionally, it has been shown to be auto-to-
xic to knapweeds themselves.21 Spotted (C. maculata), diffuse (C. diffusa) and
Russian knapweeds (C. repens) all produce cnicin at fairly high levels.24 Cnicin
is used as a bitter tonic and the bitterness value is approximately 1,500.2° The
bitterness of these compounds stimulates digestive activity, including the flow of
saliva and secretion of gastric juice, which leads to improved appetite and digestion.

OH

OH

OH

Fig. 1. Structure of cnicin (C) and BHT (IS).

Hitherto, various methods for the analysis of sesquiterpene lactones (SLs) in
complex mixtures have been reported.26 Most of them involve chromatographic
techniques, such as GC and HPLC, or a combination of these with spectrometric
methods, such as GC-MS, HPLC-MS and/or NMR. Since SLs are not volatile
compounds and many of them are thermolabile, HPLC seems to be more suitable
than GC. However, the lack of a specific and strong absorbing UV chromophore
in SLs makes sensitivity a problem when conventional HPLC-UV detection is
used. The chromatographic analysis usually requires tedious clean-up procedures,
evaluation of suitable elution conditions, preparation of calibration curves for
quantifications, and in some cases derivatization in order to enhance sensitivity
and to remove compounds which interfere with the detection of the analyte.

Representing the method of choice in structure determination of natural pro-
ducts, NMR spectroscopy is mainly used qualitatively, although is generally ac-
cepted as a quantitative tool. The decisive advantage of NMR spectroscopy for
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guantitative analysis over chromatographic methods is due to the fact that the
preparation of the sample is much simpler. Nowadays, due to the enhanced sen-
sitivity and introduction of the new pulse sequences, NMR spectroscopy (especi-
ally ITH-NMR) is becoming a routine quantitative method in natural products la-
boratories. There are numerous examples of the application of quantitative 1H-NMR
in the analysis of different natural products, such as cannabinoids from Cannabis
sativa,2’ terpene trilactones in Ginkgo biloba,28:2° ephedrine alkaloids, the com-
position of Ephedra species,3931 camptothecin derivatives in Nothapodytes foe-
tida32 and parthenolide in feverfew products33 and in the aerial parts of Tanace-
tum larvatum.34

In this paper, a survey of the cnicin content in seven wild-growing Centau-
rea species from Serbia and Montenegro measured using 1H-NMR spectroscopy
is reported.

EXPERIMENTAL
Plant material
The studied species and collection data are listed in Table I.

TABLE I. The studied Centaurea species, collection data and the average content of cnicin in the
aerial parts (estimated recovery of cnicin: 95.51+2.2 %)

Species Collection data® Content, mg/g fresh plant £S.D.

C. affinis Friv. Vlasina lake, SE Serbia, July 2001 6.12+0.15
(CAf06072001)

C. arenaria Bieb. ex Willd.  New Belgrade, Serbia, June 2001 1.06+0.06
(CAr18062001)

C. cuneifolia S. S. Progorelica, C. Serbia, June 2001 2.08+0.15
(Ccul1062001)

C. glaberima Tausch. Kotor, Montenegro, June 2003 5.48+0.21
(Cgl29062003)

C. splendens L. Mt. Orjen, Montenegro, June 2001 4.12+0.03
(CSpl3062001)

C. stoebe L. Si¢evo, SE Serbia, September 1998 2.61+0.06

(CSt391998)

C. salonitana Vis. NiSevac, SE Serbia, July 2001 Not detected

(CS18072001)

a\/oucher specimens deposited at the Herbarium, Faculty of Biology, University of Belgrade — Herbarium Code BEOU
Sample preparation

An aliquot (1 g) of fresh aerial parts of the studied Centaurea species (cut into small pieces)
was ultrasonicated, after addition of 1 ml (2.4 mg/ml) of BHT (IS, Fig. 1), with 25 ml of Et,O at
room temperature for 30 min. The extraction was repeated three times. The combined extracts were
filtered and evaporated to dryness in vacuo. The residues were dissolved in 1 ml of CDCl3 (99.9 %)
and used for TH-NMR measurements. All results are based on triplicate measurements.
Recovery test of cnicin

A standard solution containing 1.87 mg of cnicin in Et,0 (1 ml) was spiked onto 1 g of filter
paper disks (5891 white, Schleicher & Schuell GmbH, Kassel, Germany) cut into circles of ca. 1.0 cm
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diameter, placed in an extraction vessel and dried at room temperature for 24 h. The NMR samples
were prepared using the same procedures as above. The sample preparation and NMR measure-
ments were carried out in triplicate.

IH-NMR analysis

[ | | | [ o | '
7.0 8.0 5.0 4.0 3.0 2.0 1.0 0.0

ppm {(f1)

ppm {f1)

Fig. 2. TH-NMR spectra (200 MHz) in CDCl5 of: cnicin + internal standard from the recovery
experiment (A) and extract from C. affinis + internal standard (B). IS: the signal of H-3/5 from
internal standard (BHT) and C: the signal of H-13 from cnicin.



ANALYSIS OF SESQUITERPENE LACTONE CNICIN 1279

The IH-NMR (200 MHz) spectra (in CDCIl3) were recorded using a Varian GEMINI 2000
spectrometer. For each sample, 100 scans were recorded with the following parameters: 0.187 Hz/point;
spectral width, 3005.5 Hz; pulse width, 20 ps; relaxation delay, 4 s. For quantitative analysis, peak
area was used and the start and end points of the integration of each peak were selected manually.
The quantitative results were based on the integrals of the one-proton signal of cnicin (H-13, §5.75),
not overlapped with other signals (see Fig. 2), and the two-proton singlet (5 6.98) of 2,6-bis(1,1-di-
methylethyl)-4-methylphenol (BHT), used as the internal standard (I and lg, respectively), using
the following equation:

Cnicin (mg/g) = (IcxMcxGg)/[(1s/2) xMgxG]
where Mc and Mg are the molar masses of cnicin and the standard, respectively, while G and Gg
are the weighed masses of the sample (g) and standard (mg), respectively.
RESULTS AND DISCUSSION

The results of the quantification of cnicin in the studied Centaurea species
are given in Table I. The content of cnicin in six of them varied within the range
1.06-6.12 mg/g of fresh plant material, whereas cnicin was not detected in C.
salonitana. It was demonstrated that using an appropriate choice of experimental
conditions, 1H-NMR spectroscopy is a suitable tool for the quantitative determi-
nation of cnicin in crude extracts. The results obtained by the TH-NMR method
were found to be sufficiently accurate, with a standard deviation of between 0.03
and 0.21. The application of the IH-NMR method enabled the quantification of
cnicin in a much shorter time than that required by the conventional chromato-
graphic methods. C. affinis, C. glaberima and C. splendens, with a content of cni-
cin in the range of about 4-6 mg/g could be regarded as new sources of this va-
luable compound.

Acknowledgments. This research was supported by grant from the Ministry of Science of Serbia
(Project No. 142053).

U3BO/J

KBAHTUTATUBHA AHAJIM3A CECKBUTEPIIEHCKOT JIAKTOHA KHUITUHA V CEJAM
CAMOHUKJINX BUJbHUX BPCTA POJIA Centaurea, KOJE PACTY Y CPBUIU U LIPHOJ
I'OPU, KOPULTREHEM H-NMR

BEJIE TELHEBI/ITll, CJIOBOJIAH MI/IHOCABII:EBI/ITll, BJIATKA BAJCZ, TIEBA JAHAT]KOBI/ITIS,
WPUC BOPBEBIR?, MUJIKA JAZIPAHUH? u MIBAH BYYKOBUR?
YXemujcku paxyaitieisi, Ynusepsuitieii y Beozpady, CiliyOeniticku @ipz 12—16, 11000 Beozpad, >Mncuiliyiti 3a xemujy,
TexHoa0zujy u meimianypzujy, bezowesa 12, 11000 beozpad, SBuoowiku daiyaiieimi, Yrusepauitiei y Beozpady,

Citiyoeniicku ifipz 12—16, 11000 Beozpad u *@akyailieili seiliepunapcke meduyune, Yrusepauitieid y beozpady,
Byaesap Ocaobobersa 18, 11000 Beozpao
IH-NMR cnextpoMerpuja je NpUMer-eHa 3a KBAHTHTATHBHY AHAIN3Y KHULUHA, GHOAKTHBHOT
CECKBUTEPIICHCKOT JIAKTOHA T'€PMaKpPaHOJIUIAHOT THIIA, Y HAJ3eMHOM JENy CejaM CaMOHHUKIIUX OH-
JpHEUX BpcTa pona Centaurea cakymbenux y Cpouju u Lproj ['opu. Ananmusa je u3BpIIeHa mope-
hemeM HHTerpaa curuaia jeqsor nporona kaununa (H-13, 65.75) ca cuHIIeTOM KOju MOTHYE O/
nBa mnporoHa (& 6.98) wHrepHOr cranmapaa, 2,6-6uc(l,1l-mumernnernn)-4-merundpenona (BXT).
KHu1iuH je merekToBaH y cBUM BpcTama, ocuM y C. salonitana, y koHueHTpaiujama y orcery of
1,06 no 6,12 mg/g, pauyHaTo Ha Macy cBexer OwJpHOr Marepujaina. OBaj metox omoryhasa 6p3y u
JjEeMHOCTaBHY KBaHTH(HKAIW]jy KHHUIMHA Oe3 IPEeTXOJHOT NpednihaBama.
(MTpumsseno 2. mapta 2007)
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Abstract: The crystal and molecular structures of four tetrahedral structurally simi-
lar [Co(aamp),X,] complexes (aamp = 4-acetyl-3-amino-5-methylpyrazole, X = Cl,

Br, I and NCS) were determined by X-ray diffraction analysis and are discussed in
detail. It was found that the different capacity of the ligand X (NCS vs. ClI, Br, |) for
the formation of non-bonding contacts influence the mode of molecular association
in the solid state. The complexes were characterized by UV-Vis spectroscopy. The
first step of the thermal decomposition of the compounds was checked and is dis-
cussed in the view of the IR spectrum of the intermediate isolated from [Co(aamp),Br,]

by the quasi-isothermal technique.

Keywords: Cobalt(ll) complexes, 4-acetyl-3-amino-5-methylpyrazole, crystal struc-
ture, electronic spectra, quasi-isothermal TA.

INTRODUCTION

Our interest in complexes with pyrazole based ligands has lasted more than a
decade, due to their attractive physicochemical characteristics. Many pyrazole
derivatives and their transition metal complexes exhibit biological activity, e.g.,
derivatives of 3-aminopyrazole show anti-protozoal and cytotoxic activity.l So-
me of them are involved in enzymatic reactions.2~4 Other 3-aminopyrazole deri-
vatives may be used as anti-tumor agents via their inhibitory activity on cyclin-de-
pendent kinase.5~7 In order to gain a better understanding of the conditions af-
fecting the formation of complexes, it was intended to obtain compounds in the
form of single crystals with a tailored structure, by changing the experimental

* Corresponding author. E-mail: vule@ih.ns.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712281L
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conditions step by step. For instance, at small pyrazole molecules, the type and
position of the substituents, the solvent or the temperature of the reaction mix-
ture, as well as the central atoms and their corresponding anions were chan-
ged.8-11 With the title ligand, 4-acetyl-3-amino-5-methylpyrazole, compoun-
ds,1213 including the title compounds,14:15 have already been prepared. How-
ever, more than ten years ago there was no the possibility to determine the crystal
structure of the microcrystalline title compounds. Also, the determination of their
thermal decomposition was limited by the sensitivity of the available thermo-
balances. Now, with up-to-date equipment, it is possible to refine earlier results.
Thus, in this paper, the crystal and molecular structure of [Co(aamp)2X2] com-
plexes (aamp = 4-acetyl-3-amino-5-methylpyrazole, X = CI, Br, | and NCS) are
reported. The discussion includes an analysis of the different potentials of X and
aamp for intermolecular interactions and how they affect the association of the
molecules in the solid state. On the basis of new thermal measurements, the in-
terpretation of the first decomposition step of the compounds is also revised.

EXPERIMENTAL

Single crystals suitable for X-ray structure determination were obtained with the synthetic
procedure described earlier,4 but using more dilute solutions. Some of the physico-chemical chara-
cteristics of these compounds have been described previously.1* In the following text the com-
pounds [Co(aamp),X,] with X = CI, Br, I and NCS are marked as 1, 2, 3 and 4, respectively.

The electronic spectra for 2x10-3-3x10-3 mol dm methanolic solutions of the complexes
were recorded on a Secomam spectrophotometer (Anthelie 2, advanced, for the spectral range 220—
—900 nm) and on an FTIR instrument (NEXUS 670 FTIR, for the range 900-1400 nm).

Conductivity measurements in 1x10-3 mol dm3 methanolic solutions of the complexes, after
mild heating to complete dissolution, were performed on a digital conductivity meter, Jenway 4010.

Thermal measurements were performed using a TA Instruments SDT Q600 thermogravime-
tric analyzer, at a heating rate of 20 K min'! in a dynamic air atmosphere (100 cm3 min't). About 3 mg
of the sample was placed in an alumina sample holder. As the reference for the DSC measurements,
an identical empty alumina pan was used. For the isolation of the intermediate of the bromide com-
pound, the SWI (quasi-isothermal®) mode was applied.

Crystal structure determination

The data were collected on a Bruker AXS SMART diffractometer, using MoKao. radiation.
The crystal structure was solved by direct methods using SIR92 softwarel” and refined using the
Oxford Crystals suite.18 All non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were positioned geometrically at the calculated positions and allowed to ride on their parent atoms.
The geometrical analysis was performed using PLATON.2® The basic crystallographic data and
structure refinement parameters are summarized in Table I.

A full list of the crystal data and refinement of 1-4 is deposited at the Cambridge Crys-
tallographic Data Centre, CCDC, numbers: 655847, 655849, 655848 and 655850, respectively.
They can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/datarequest/cif; by post: Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; by fax: +44-1223-336-033 or by e-mail: deposit@ccdc.camac.uk.
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TABLE I. Selected crystallographic data and structure refinement parameters for 1-4

1 2 3 4
Empirical formula C;,H;gCl,CoNgO, C15H1gBr,CoNgO, CqoH1gC0INgO,  Ci4H18C0ONGO,S,
Formula weight 408.15 497.06 591.06 453.41
Temperature, K 293 293 293 293
Wavelength, A 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Triclinic Monoclinic
Space group C2/c C2/c P-1 Pc
alA 18.785(2) 19.023(1) 8.1680(5) 9.1209 (17)
b/A 8.498(1) 8.7846(6) 10.9704(7) 7.7106 (15)
c/A 13.952(2) 13.998(1) 11.0852(7) 14.183 (3)
al’ 90 90 97.793(1) 90
Bl° 131.156(2) 131.697(2) 98.213(1) 100.800 (8)
yl° 90 90 108.925(1) 90
Volume, A3 1677 1746 912 980
z 4 4 2 2
D,/ mgm3 1.617 1.890 2.152 1.537
F(000) 836 980 562 466
6 range, ° 3.9-30.0 2.7-34.4 1.9-30.0 2.3-30.0
Reflections 11174 5659 12085 3142
collected
Independent 2423 3249 5277 2968
reflections
Nret. [1 > 20(1)] 1741 2267 4273 2679
Npar. 105 141 208 244
GOF (F?) 1.00 0.87 0.93 0.93
R [I > 24(1)] 0.0673 0.0324 0.0378 0.037
wR (all data) 0.1673 0.0685 0.0971 0.093

RESULTS AND DISCUSSION
Molecular and crystal structures

In all four complexes, the aamp ligand is bound to the metal through the N2
nitrogen of the pyrazole ring as a neutral monodentate ligand. The pair of X an-
ions completes the distorted tetrahedral coordination, with the ambidentate NCS
bound to Co(ll) in 4 through the N atom. In the crystal structure of 1 and 2,
Co(Il) resides on a twofold rotation axis. The perspective view of the complexes
2 and 4, together with the atom numbering scheme are shown in Figs. 1 and 2.
Selected bond angles and bond distances are given in Tables Il and 111. Com-
parison with the related structuresl2? reveals no unexpected differences in the
metric parameters of the title compounds. In complexes 1-3, the anion ligands
participate in hydrogen bonds with one of the amino hydrogens, while the other
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amino hydrogen is weakly bound to the acetyl-O. Both hydrogen bonds are intra-
molecular, which indicates that X plays no significant role in the association of
the molecules in the crystal structure. The dotted lines in Figs. 1 and 2 depict the
weak intramolecular hydrogen bonds. In 4, only one aamp ligand shows a similar
spatial relation with X, with the amine hydrogen atoms involved in weak hydro-
gen bonds with the acetyl-O and the thiocyanato-N (Fig. 2, Table V). In the same
complex, the second pyrazole ligand exists in its other tautomeric form, i.e., as
4-acetyl-5-amino-3-methylpyrazole. To the best of our knowledge, this is the first
example of the isolation of the specified tautomer of this ligand. The difference is
visualized in Fig. 3, where part of 4 is overlaid compound 2.

S1

Fig. 2. Molecular structure and atom numbering scheme of [Co(aamp),(NCS),].
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TABLE II. Selected bond distances (A) for 1-4
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1 2 3 4
N1-N2 1.374(5) 1.386(3) 1.381(5)/1.376(5)  1.376(6)/1.392(6)
N2-C3 1.338(7) 1.348(4) 1.344(5)/1.343(5)  1.332(6)/1.352(6)
N1-C5 1.320(7) 1.326(5) 1.331(5)/1.340(5)  1.327(6)/1.341(6)
c3-c4 1.417(7) 1.420(4) 1.417(5)/1.441(5)  1.442(6)/1.421(6)
c4-C5 1.393(7) 1.406(4) 1.408(5)/1.389(6)  1.399(6)/1.412(6)
C3-N3 1.360(6) 1.346(3) 1.355(6)/1.342(5)  1.357(6)/1.343(6)
c4—Cl1 1.449(8) 1.443(4) 1.450(5)/1.445(5)  1.446(6)/1.445(6)
C5-C6 1.495(7) 1.484(4) 1.479(6)/1.489(6)  1.495(7)/1.494(6)
c1-c2 1.501(9) 1.502(5) 1.508(7)/1.502(6)  1.520(7)/1.515(6)
c1-o1 1.239(5) 1.240(3) 1.236(5)/1.238(5)  1.230(7)/1.249(6)
Co-N2 2.006(4) 2.002(3) 2.005(3)/2.004(3)  2.000(4)/2.007(4)
Co—X 2.247(2) 2.3840(5) 2.5964(6)/2.5682(6) 1.959(5)/1.950(4)

TABLE IIl. Bond angles (°) subtended at Co(ll). Symmetry codes: i =1-X,y, -1/2-z;ii=2-X, Y,
32—z

1 2
Cl2-Col-N2. 117.1(1) Bri-Col-N2 _ 109.98(6)
Cl2-Col-CI2I 108.3(6) Br1-Col-Brlil 105.67(2)
CI2-Co1-N2i 108.5(1) Brl-Col-N2i 116.77(7)
CI2i-Co1-N2 108.5(1) Br1" -Col-N2 116.77(7)
N2-Col-N2i 97.4(2) N2-Col-N2it 98.1(1)
CI2i-Co1-N2I 117.1(1) Br1'-Co1-N2ii 109.98(6)

3 4
11-Col-12 111.04(2) N2-Col-N1a 104.7(2)
11-Col-N2 111.5(1) N2-Col-N4 109.6(2)
11-Col-N2a 110.3(1) N2-Col-N4a 108.6(2)
12-Co1-N2 108.54(9) Nla-Col-N4 115.7(2)
12-Col-N2a 112.2(1) Nla-Col-Nda 110.5(2)
N2-Col-N2a 103.0(1) N4-Col-N4a 107.6(2)

TABLE IV. Geometry of intermolecular hydrogen bonds. Symmetry codes: i = 1/2+x,1/2-y,1/2+z;
ii = 1/2+x,3/2—y,1/2+z; iii = 2-X,2-y,2-z; iv = 1-X,1-y,1-7; v = X, =1-y,1/2+z

Compound D-H---A H--A (A) D-H--A (9
1 N1-H11.-01! 1.85 176
2 N1-H6.--O1ii 1.94 176
3 Nla-H11.-01ii 1.80 169
N1-H22-- O1alV 1.86 166
4 N1-H111--01Y 1.81 154

The chemical similarity of compounds 1-3 reflects itself not only in the si-
milar molecular structure of the three complexes (Table II), but also in their si-
milar mode of molecular association in the crystal structure. The common motif
responsible for the association of the molecules in the solid state is the N-H---O
hydrogen bond formed between N1 of one molecule and the acetyl-O from the
neighboring molecule. The geometrical parameters relevant for these interactions
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are given in Table 1V. This hydrogen bond leads to the formation of molecular
chains (see Fig. 4). As Fig. 4 depicts, two neighboring molecules are connected
by a pair of N-H:--O hydrogen bonds. In the crystal structures of complexes 1-3,
the closest Co(ll)--Co(ll) distances are 9.02, 9.00 and 8.1 A, respectively. In 4,
the Co(ll) atoms are placed closer, at a distance of 7.63 A. The arrangement of
the molecular chains into the crystal structure in 1-3 is governed by weak van der
Waals forces. For the sake of clarity, the hydrogen atoms which are not involved
in hydrogen bonds are omitted in Fig. 4. The association of the molecules in 4 in
the solid state (Fig. 5) also involves the N—H--O hydrogen bond of the same type
as in 1-3. However, in contrast to compounds 1-3, only one of the pyrazole li-
gands, the one with the similar spatial relation towards X, is involved in such an
interaction. The other aamp ligand is oriented so that the acetyl-O is placed at a
distance 3.03 A from the S atom of the neighboring molecule. This is 0.29 A
closer than a sum of the van der Waals radius of the S and O atoms.20 This can
be an indication for an interaction between these atoms. The role of S:--O contact
in the association of molecules is less investigated. However, recent results re-
veal its role in intermolecular interactions.2l In the crystal structure of 4, this
contact leads to the association of two molecular chains (Fig. 5).

Fig. 3. Overlay of [Co(aamp),(NCS),]
(dark) and [Co(aamp),Br;] (grey) show-
ing (left) the different orientation of the
NH, groups (depicted as balls). Methyl
hydrogens are excluded for clarity.

. =

Fig. 4. Perspective view of the chain structure in [Co(aamp),Br,].
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Fig. 5. Part of the crystal structure of [Co(aamp),(NCS),] showing the formation of the
molecular chain driven by the hydrogen bonds and association of two chains
(depicted in black and grey) governed by S---O interactions.

Conductometric and electronic spectral data

Due to the low solubility of the compounds in cold methanol, the solutions
had to be mildly heated for a short time before running the UV-Vis spectra. Du-
ring dissolution, the initially turquoise solutions became pink, and remained stab-
le for days. This change of color suggests a change in the configuration from te-
trahedral to octahedral, by inclusion of solvent molecules in the Co(ll) coordina-
tion sphere, accompanied by the partial or complete substitution of the X ligands
with solvent molecules (Table V). Namely, as can be seen from the molar con-
ductometric data, the most stable in this respect is the NCS complex, the Ay of
which is below the range for electrolytes of the 1:1 type (80-115 S cm2 mol-1),
while the least stable is 1, the Ap of which is close to that for 2:1 electrolytes
(160-220 S cm2 mol~1).22

TABLE V. Conductometric (4)) and UV-Vis (1max) Spectral data of the complexes in MeOH.
sh — Shoulder, bp — broad peak

Complex Ay /S cm?mol ™ Amax | nm(e / dm3 mol-t cm'1)
[Co@amp),Cly] 111 241(12300), 282(10900), 482(6), 523(8), ~650sh(1), ~1010bp(2)
[Co(aamp),Br,] 125 241(11700), 282(11400), 522(9), 647(2), ~1030 bp(3)
[Co(aamp),l,] 157 < 231, 282(9500), 518(8), ~667sh(L), 930-1030, bp(9)
[Co(@amp),(NCS),] 50 240(11800), 282(10600), 488(21), 520(28),

620sh(5), ~910(2), 1048(5)
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The electronic spectra of the complexes in methanol (Table V) display seve-
ral types of characteristic absorption bands. Generally, the two highest energy
absorptions of the complexes are similar to those of the ligand itself [(Amax, NM,
240 (¢, dm3 mol~1 cm~1, 6280) and 283 (5600)23]. These bands are well defined
and are due to intraligand transitions. Since n(ligand) — Co(ll) electron transfers
are also expected in this range (=280 nm),24 the only slightly changed appea-
rance and Amax position of the band at 282 nm if compared to that of the ligand
are the consequence of their weak intensity. In addition, the minor shifts in Amax
of both bands in the spectra of the complexes with respect to those of the ligand
suggest a very loose covalency between the pyrazole ligand and Co(l1).

No separate CT bands, due to X and Co(ll) electron transfer were observed
which, considering also the conductivity data, can be proof of their partial sub-
stitution by solvent molecule in coordination with Co(ll). The pink color of all
the complexes in methanol and the recorded spectra for d—d interactions suggest
a pseudo-octahedral geometry. For this type of high-spin d’ complexes, three
basic electron transitions occur at the levels 4Tog «— 4T1g (1), *Azg < 4T1g (1)
and 4T1g (P) < #T1g (13).2° A typical shape of a d—d band around v3 consists of
a low energy shoulder and a weak, high energy absorption, as a consequence of,
probably, spin—orbital coupling. The first absorption band located in the near IR
range is very weak and in certain complexes rather broad (in 3 100 nm), sugges-
ting an apparent degeneracy of this level. The other transitions due presumably to
trigonal distortion, which are located in the UV range, are probably either mas-
ked by strong intraligand transitions or positioned out of the available range.
Hence, as can be seen from the data of the spectra of most complexes, only two
separate bands (11 and 13) are observed, which can be explained in the following
way. First, 4Azg < 4T14 (1) is a two-electron transition?® and, therefore, relati-
vely weak in intensity. Second, » and 13 are very close, which does not permit a
precise determination of the weaker one, .

Thermal analysis

Simultaneous TG-DSC curves were recorded only up to 620 K, i.e., only to
obtain the first decomposition step. Namely, in a previous paper,1® the thermal
decomposition was described in detail. The sample masses used for the TA mea-
surements in 1996 were about 100 mg and the heating rate was 10 K min-1. All
compounds showed a continuous decomposition, with a clearly separated first
step. With the new up-to-date equipment, it seemed promising to isolate an inter-
mediate and to characterize more closely the processes that might be involved in
the decomposition. The TG curves are presented in Fig. 6.

The thermal stability increases in the following order 4 <3 <2 ~ 1, as was
found in a previous study.1> However, at a higher heating rate and with a signi-
ficantly lower sample mass, the thermal decomposition showed a completely
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different pattern, with a much smaller mass decrease in the first step. In the case
of 2, the TG change at 560 K dropped almost to zero (see Fig. 6). The use of the
quasi-isothermal (SWI) measurement mode allowed the preparation of an inter-
mediate (Fig. 7). The mass loss corresponds to the departure of a molecule with a
relative molar mass of about 39, which is much less than one HBr molecule, as
was presumed earlier.15 The FTIR spectrum of the intermediate, compared to that
of the original compound is presented in Fig. 8. As can be seen, the most obvious
feature of the spectra refers to demethylation of the complex (different CHg stre-
tches in the range of 3000-2850 cm™1, the absence of a strong CH3 asymmetric
def. + pyrazole skeleton stretch at 1492 cm~1 and that at 960 cm™! related to C-C
stretch + CH3 rock®). The different bands in the 3450-2850 cm~1 range may also
refer to the loss of an amine group. A very intensive CO stretch at 1624 cm™1 in
the spectrum of the intermediate is still present, but shifted to a lower frequency
(1600 cm™1). This means that the departure of the acetyl group is excluded. Thus,
the most probable decomposition mechanism may include the departure of both
CH;- and NH-groups. Obtained under the same conditions from 3, the departing
fragments have equal relative molar masses suggesting a similar decomposition
pattern. However, the much higher mass loss (M, = 45) for the chloride complex
suggests a different decomposition route. This supposition is also supported by
the different shape of the DTG curve of 1. In the case of 4, there is no way to
explain the decomposition since it was not possible to isolate any intermediate.
To suggest a probable decomposition mechanism, measurements using coupled
TA-MS or TA-IR instruments would be necessary.26.27
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Fig. 6. The first TG-step of the decomposition of 1-4.
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Fig. 7. SWI curve of 2 (—) compared with the corresponding TG (==) curve at a heating rate of 10 K minL.
The DSC curves (Fig. 9) of the complexes for the first decomposition step
give different molar enthalpy changes, ranging from 36 kJ mol-1 (3) to 25 kJ mol-1
for (2). As these values show no regularity, they cannot be used for interpretation
of the processes. The peak temperatures for 1-4 are 582.8, 582.5, 570.2 and
524.7 K, respectively. No melting of the compounds during the first decomposi-

tion step was observed. The blue color of 2 changed to deep (almost black) blue
for its intermediate.
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Fig. 8. FTIR spectrum of 2 and the corresponding spectrum of the intermediate at 425 K.
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Fig. 9. DSC curves of complexes 1-4.
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N3BOJ

KOMIUIEKCH ITPEJTASHUX METAJIA CA JIMTAHAVMA 3ACHOBAHUM HA TTMPA3O0JIY.
JEO 27. CTPYKTYPHA U TEPMUYKA KAPAKTEPU3AITUJA KOBAJIT (I1)
XAJIOTEHUJIHUX U IICEY JOXAJIOTEHUJIHNX KOMIIJIEKCA
CA 4-AIIETUJI-3-AMHUHO-5-METWJIITMPA30JIOM

BYKAJIMH M. JIEOBALLY, 30PAH JI. TOMURZ, KATALIN MESZAROS SZECSENYIY,
JbUJBAHA C. JOBAHOBIR! 1 MIIAH JI. JOKCOBUR3

Ylewapiwinan 3a xemujy, [Ipupoono—maitiemativyixu gaxyaiieid, Ynueepauiieii y Hosom Caoy, Tpz JI. O6paoosutia 3,
21000 Hosu Cao, Zl/lucmwﬁylﬁ 3a HyKaeapre Hayke "Bunua", Jlabopaimiopuja 3a iwieopujcky Gusuxy u guuxy
KkonOenaosare maitiepuje, . iip. 522, 11001 Beozpad u SMpupoono—mailiemaiuku paxyaitie,
Ynueepauiteii y Kpazyjesuy, P. [lomanosuha 12, 34000 Kpazyjesay,

Judpakimjom X-3paka ca MOHOKpHUCTaia ofpeheHe Cy KPUCTalIHE M MOJEKYJICKE CTPYKType
YeTUPH BPJIO CIIMYHA TeTpaenapcka komiuiekca kobanra (11) omurre popmysie [Co(aamp),X,] (aamp =
= 4-anerun-3-amuHo-5-metunnupazoi, X = Cl, Br, I, NCS). VtBplheHo je na pasnuke y cBojcTBIMA
ajoHckux suranaga (NCS y oxnunocy Ha Cl, Br u |) yrudy Ha HauWH rpynucama MOJIEKysa y
yBpcTOM cramy. Komiuiekcu cy okapakrepucann UV—-VIiS crieKTpoCKONHjoM U METOaMa TepPMHU-
YKe aHaIu3e, y3 HHTEPIPETALHjy IPBOT CTYba TEPMHUYKOL pa3iarama.

(IIpumsbeno 2. arycra 2007)
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Abstract: Three new binuclear Co(ll) mixed-ligand complexes with N,N’,N",N""-tetra-
kis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (tpmc) and mono- or dicar-
boxylate ligands were prepared and some of their physical properties were determi-
ned. The general formulas: [Co,(HCOO),tpmc](ClO,),-4H,0, [Coy(CH3COO),tpmc](CIO,),
and [Coy(tpht)tpmc](ClOy),-4H,0 (tphtH, = terephthalic acid) were proposed on
the basis of elemental analyses (C,H,N) and molar conductivity. UV/Vis absorption
and IR spectra, magnetic and CV measurements were used to study their geometries
and properties. For the monocarboxylate complexes, an exo coordination of Co(ll)
with four nitrogens from tpmc and bis-bidentate bonded HCOO=/CH3COO™ in the
trans position is assumed. Tpmc adopts the chair conformation. For the dicarboxy-
late complex, it is supposed that a terephthalate dianion, as well as methylene chains
from cyclam bridge two Co(ll) atoms, while tpmc is in the boat conformation. The
complexes were stable against chemical and electrochemical oxidation of Co(ll) to
Co(I1l). The data are compared with those for the previously published Cu(ll) com-
plexes containing the corresponding ligands and mutual similarities or differences
were considered. Finally, some antibacterial activity of the complexes was found.

Keywords: Co(Il) mixed-ligand complexes, N,N’,N",N""-tetrakis(2-pyridylmethyl)-
-1,4,8,11-tetraazacyclotetradecane, acetate, formate, terephthalate.

INTRODUCTION

Magnetic interactions between paramagnetic ions in bi- or polynuclear com-
plexes containing bridged ligands have been the subject of numerous investiga-
tions, in order to obtain information for the design of inorganic—organic materials
and active sites in functional biological substances.12 A large number of mono-,
bi- and tetranuclear mixed-ligand complexes containing pendant macrocycle
N,N',N" N"-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (tpmc) (Fig. 1)3
and one or two additional ligands of various type have hitherto been described.
Most of them were Cu(Il) and some of them Co(ll) complexes.3~16 In bi- and te-

* Corresponding author. E-mail: gordanav@chem.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712295V
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tranuclear complexes, depending on the number, sort and size of the donor atoms
of the additional ligands, the central metal atom and the reaction conditions, dif-
ferent modes of macrocyclic conformations were found (Scheme 1). The macro-
cyclic ligand adopts a boat conformation when the additional ligand is bonded in
a bridged manner (Schemes 1a and 1d) and a chair conformation when two other
ligands are independently bonded in the trans position (Schemes 1b and 1c). The
latter situation was observed in the case of voluminous additional ligands or if an
excess of this ligand was added during preparation. The majority of Co(ll) com-
plexes with tpmc were stable against oxidation by air oxygen and toward hydro-
lysis.#=6 This unexpected property is ascribed to the hydrophobic environment
formed by macrocycle around the metal ion. However, by chemical oxidation of
p-carbonato or p-a-aminoisobutyrato binuclear Co(I1)tpmc complexes using HoOo,
mixed-valence Co(2)/Co(3) complexes were formed.>6

Fig. 1. Structure of the octaazama-
crocyclic ligand tpmc.

A carboxylate group as a bridged ligand is present in several metalloenzy-
mes. Due to the various coordination modes of mono- or polycarboxylato ligands
and, consequently, the diversity of the possible geometries, the study of magnetic
interactions in such complexes is very attractive. In a series of octahedral Co(ll)
complexes with the general formula [Coy(u-CH3CO2)Zo(u-A)]*, (Z = N,N',N"-tri-
methyl-1,4,7-triazacyclononane; A = OH™, CI", Br') weak antiferromagnetic in-
teractions were found due to three factors: (1) smaller orbital contribution to the
overall magnetic moment, (2) intermolecular antiferromagnetic and/or (3) intra-
molecular magnetic coupling between the Co(ll) ions.1?

In last two decades, complexes with mono- or dicarboxylato ligands, both
aliphatic and aromatic, were intensively studied. In binuclear Co(ll) complexes
of the general formula [Co(Y)tpmc]3*, HY = glycine, (S)-alanine, (S)-a-amino-
butyric acid, a-aminoisobutyric acid, f-aminoisobutyric acid, f-aminobutyric acid
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and (S)-phenylalanine, the aminocarboxylate anions are coordinated through the
COO™ group.>6.14 The results of electronic spectroscopy, as well as magnetic
measurements, corresponded to high-spin, pentacoordinated Co(ll) complexes with
a square pyramidal geometry. The IR spectroscopic data suggested that in the
case of all the complexes both oxygen atoms of the carboxylato groups parti-
cipate in the coordination. The value Av decrease in the row (S)-alanine >
> glycine > p-aminobutyric acid > a-aminoisobutyric acid > f-aminoisobutyric
acid > (S)-a-aminobutyric acid, indicating the diminution of the bond strength in
the same order. For the complex with (S)-phenylalanine, it was supposed that
hexa-coordination and bis(bidentate)-bridged coordination occured.
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Scheme 1. Simplified coordination modes found in: a), b) c) dinuclear complexes, M = Co(ll) and
Cu(ll); d) tetranuclear complexes, M = Cu(ll) with aliphatic/aromatic carboxylates (A).

In addition, Co(ll) or Cu(ll) tpmc complexes with dicarboxylates (oxalate, ma-
lonate and the dianion of bicyclo[2.2.1]-hept-5-en-endo-2,3-cis-dicarboxylate) were
also described.”® According to X-ray analysis, in the [Co(ox)tpmc](ClO4)2-3H20
complex, the geometry of 4N and 20 ligators around both Co(ll) centres was dis-
torted octahedral.8 The oxalate dianion is bonded asymmetrically: two O atoms
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from different carboxylic groups are coordinated to two different Co(ll) ions; the
third oxygen is simultaneously bonded to both Co ions and the last remained un-
coordinated. The v(C=0) band at 1670 cm~1 observed in the IR spectrum of the
complex confirmed that one O atom remained uncoordinated. The electronic spec-
trum is consistent with octahedral high-spin Co(ll) complexes. The variation of
the Mefr Values from 0.78-4.66 pg/Co in the temperature range 4.2-292 K sug-
gests the existence of weak antiferromagnetic interactions.

On the contrary, the absence of a free carbonyl group band in the IR spec-
trum of [Coz(mal)tpmc](ClOg4)2 (mal = the dianion of malonic acid) suggests that
all O atoms of the carboxylate ligand are included in the coordination.® The
UV/Vis spectrum of [Cop(u-L)tpmc](ClO4)2-CH3CNY (L= the dianion of the
above-mentioned bicyclic ligand) is typical for high-spin Co(ll) complexes of
low symmetry. Based on IR and UV/Vis spectroscopic data, it was concluded
that in a series of bi- or tetranuclear Cu(ll) tpmc complexes with mono- (HCOO™,
CH3COO~, CgH5COO™) or dicarboxylato (hydrogenphthalate, isophthalate and
terephthalate) bridged ligand, with the CuN4O chromophore, all the carboxylate
oxygen atoms participated in coordination.19-12 Preliminary X-ray analysis of
[Cugipht(tpmc)2](ClO4)g (ipht = the isophthalate dianion) confirmed that the aro-
matic carboxylato ligand connected two [Cu(tpmc)]2* units, engaging both COO~
groups (Fig. 2).11 The complex [Cupx(HCOO)tpmc][Cuy(CH3COO)tpmc](Cl04)g-6H0
contained two different binuclear cations in the same crystal lattice.15 Based on
X-ray analysis, u-O,0’ coordination of formate/acetate anions were found. In the
complexes [Cox(baib)(CgH5CO0)3]* and [Coz(bhmp)(CgHsCO0),]* (baib = 1,3-
-bis[(2-dimethylaminoethyl)iminomethyl]benzene, bhmp = 2,6-bis[bis(2-hydro-
xyethyl)aminomethyl]-4-methylphenol), containing the p-bonded CgH5COO™ li-
gand, weak antiferromagnetic interactions were observed.18.19 In the complex
[Cua(tpht)(bpy)2(H20)2](ClO4)2 (bpy = 2,2'-bipyridine), strong antiferromagne-
tic interactions of an intermolecular nature are found.20 A series of binuclear
complexes of the general formula [Cox(tpht)A’4](ClOg4); A’ = phen, bpy and
substituted bpy, with bridged terephthalate was also published.2! In the coordi-
nation polymer [{Coz(u-tpht)2(u-OH)2(phen)2}n] (phen = phenanthroline), the tri-
mer unit contains two carboxylate and two hydroxo bridges.22 X-ray structural
analysis confirmed that the geometry around Co(l) is square planar, while it is
square pyramidal around Co(ll) and Co(lll). In the interval 300-41 K, ferromag-
netic, but in the range 41-4 K, antiferromagnetic types of interactions were found.

Substituents on the phenyl group of aromatic dicarboxylato ligands could
influence the intensity of the magnetic interactions in polynuclear complexes. For
instance, in the series of the complexes [Coy(tcpht)(A)4]2*, (tcpht = tetrachloro-
phthalate; A = phen, 5-nitro—phen or bpy), magnetic measurements were studied
in the interval 77-300 K.23 Antiferromagnetic spin-interchanges were found bet-
ween the Co(ll) ions. It is considered that they could be a result of the influence
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of the phthalate group and/or the chloro substituents on it. Namely, the four ClI
atoms with their negative inductive effect caused a decrease of electronic density
in the bridge and thus of the strength of the electron—electron interactions, low-
ering the energetic level of the bridged orbitals and thus increasing the difference
in energy between the orbitals of the metal and the bridge. The final effect was
delocalization of the metal orbitals towards the O atom from the bridge and a
decrease of the antiferromagnetic interactions.

=

/ L
Fig. 2. Structure of the complex cation [Cu,ipht(tpmc),]®*.

EXPERIMENTAL
Synthesis

The ligand N,N’,N’*,N’”’-tetrakis-(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (tpmc)
and Co(Cl0,),-6H,0 were prepared according to described procedures.2* Piperidine terephthalate
was isolated by the reaction of the total neutralization of terephthalic acid with piperidine.2> This fa-
cilitates the solubility of the obtained salt and thus the coordination of terephthalate. The other che-
micals used were commercial products of p.a. grade of purity and were used without further purification.
CAUTIONI! Perchlorate salts of metal complexes with organic ligands are potentially explosive and
should be handled with extreme caution!

[Co,(HCOO),tpmc] (ClO,4),-4H,0 (1): To a solution of Co(ClOg4),:6H,0 (50 mg ; 0.137 mmol)
in 2.0 cm? of CH30H, a solution of HCOONa (7 mg ; 0.103 mmol) in 0.2 cm3 H,0 and 2 drops of
conc. HCOOH were added. The reaction mixture was stirred and refluxed for 1 h on a water bath
(= 70 °C), followed by the addition of a tpmc (38 mg; 0.067 mmol) suspension in 3 cm3 of CH3OH.
The reaction was prolonged for a further 1.5 h and then the mixture was concentrated by heating at
70 °C to about 1/2 of its initial volume, covered with parafilm and left at room temperature until
crystals deposited. The deep purple microcrystals were separated by suction, washed properly with se-
veral portions of cold CH3OH and dried in a desiccator above silica gel. Yield: 48 mg (70 %). Anal.
Calcd. for Co,C3gH5401¢NgCly: C, 41.43; H, 5.22; N, 10.74. Found: C, 41.46; H, 4.89; N, 10.77.
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[Co,(CH3CO0),tpmc](ClO,), (2): Co(CH3COO0),-4H,0 (34.5 mg; 0.112 mmol) was dissol-
ved in 3.5 cm? of the mixture CH3OH/H,0 (6:1; v/v) and a suspension of tpmc (38 mg; 0.067 mmol)
in 3.0 cm3 of CH;0H was added. The purple reaction mixture was stirred at room temperature for
1h. When 0.5 cm? of a saturated aqueous solution of NaClO, was added, deep purple crystals ap-
peared. The stirring was continued for the following 2 h. The further procedure was the same as for
complex 1. Yield: 52 mg (77 %). Anal. Calcd. for Co,C3gH5001oNgCly: C, 45.66; H, 5.04; N, 11.20.
Found: C, 45.41; H, 5.14; N, 10.91.

[Co,(tpht)tpmc] (ClO4),-4H,0 (3): A suspension of tpme (38 mg, 0.067 mmol) in 3.0 cm?® of
CH3OH was mixed with a solution of Co(CIO,),-6H,0 (50 mg, 0.137 mmol) in 3.0 cm? of CH;0H.
The deep purple reaction mixture was stirred at room temperature for 1 h, and then a solution of
piperidine terephthalate (34 mg, 0.105 mmol) in 4 cm?3 of CH3OH was added and the stirring pro-
longed for the following 2 h. The further procedure was the same as for complexes 1 and 2. Yield:
60 mg (79 %). Anal. Calcd. for CoyCyoHsg016NgCly: C, 44.77; H, 5.10; N, 9.95. Found C, 45.02; H,
5.09; N, 9.87.

All three complexes were stable up to 250 °C (check with hot plate equipped with micro-
scope). Some of the physical properties of the complexes are presented in Table I.

TABLE I. Values of molar electrical conductivity (type of electrolyte) in CH3CN and solubility data
of the complexes

Cmpd.  Ap/Scm2mollat25°C Solubility
1 276%(1:2) CH;CN, DMF, CH3;0H, H,0
2 2173(1:2) CH3CN, H,0, sparingly in DMF, CH30H, C,HsOH, DMSO
3 - CH3CN/H,0 (1:1, v/v), sparingly in DMF, CH3CN,

DMSO, insoluble in CH30H, H,O
3 _iterature ranges: 120160 S mol™* cm? and 220-300 S mol cm? for 1:1 and 1:2 type of electrolytes, respectively?

Methods and applied instruments

Elemental analysis (C, H, N) was performed by standard micromethods in the Centre for
Instrumental Analysis of the Faculty of Chemistry, University of Belgrade.

The UV/Vis spectra of complexes (1x10°3 mol dm3) 1 and 2 were recorded in CH3CN and of
complex 3 in a CH3CN/H,0 (1:1, v/v) mixture using a GBC UV/Vis 911 A spectrophotometer.

The IR spectra (KBr disk technique) were recorded on Perkin—Elmer FTIR 31725X spec-
trophotometer in the range 400-4000 cm'2.

The molar conductivity of complexes 1 and 2 (see Table 1) was determined in CH3CN so-
lution (1x103 mol dm3) at 25+2 °C with a Hanna Instruments HI 8820N conductometer. Complex
3 was not sufficiently soluble in common solvents and hence its conductivity was not determined.

Magnetic measurements were performed at room temperature (25+2 °C) on a magnetic balan-
ce, MSB-MKI, Sherwood Scientific Ltd., England. The data are corrected for diamagnetic suscepti-
bilities using the Pascal's constants.28

Cyclic voltammetry (CV)

The electrochemical measurements were performed at room temperature (20+2 °C) using a
Metrohm 797 apparatus in a standard three-electrode cell: Pt as the auxiliary electrode, standard
Ag/AgCI as the reference and a glassy carbon electrode as the working one. The concentration of
the solutions was =~ 5x104 mol dm-3. The measurements were performed on 30 cm3 of the complex
solution in CH3CN (complexes 1 and 2) and in a mixture CH3CN-H,0 (1:1, v/v) (complex 3). The
scan rate was 50 mV s, in the potential interval from —1.0 to 1.0 V. Oxygen was removed from
the system by bubbling N,.
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Biological activity

The biological activity of the simple Co(ll) salt, solvent, ligands and the complexes was preli-
minary tested by the diffusion method through an agar plate. Nutrition, agar (powder) Tripton
. Torlak”’, was prepared by mixing agar (23.5 g) in water (100 cmd) and, after 15 min, careful
heating up to boiling until the agar had completely dissolved. After sterilization for 15 min in an
autoclave at 120 °C, the nutrition was poured into Petri plates and inoculated with microorganisms
from a physiological solution. The paper disks (1 cm in diameter) were previously sterilized using a
UV lamp. The complexes were tested against the following strains of microorganisms: Bacillus
subtilis, Escherichia coli ATCC 25923, Bacillus cereus, Pseudomonas aeruginosa and Aspergillus
niger. 60 pl (concentration of ~ 5x104 mol dm-3) of the complex solution or one crystal of the
complex (if it was sparingly soluble) were put on the paper discs. The Petri plates were left for 48
hours thermostated at 28 °C and then the diameters of the inhibition zone were measured if
microbiological activity was detected.

RESULTS AND DISCUSSION

The type and yields of the complexes described in this paper depended on
the various factors: temperature, rate and the order of the added reactants, sol-
vent, pH values on which mono-/dicarboxylic acid is neutralized and pH value of
the reaction mixture. Co(ll) perchlorate in the presence of tpmc always forms the
very stable violet u-OH™ binuclear complex [Cox(OH)tpmc](ClO4)3 as a by-pro-
duct. In a more basic medium, the formation of this product is favoured, while in
more acidic medium the carboxylate ligand is protonated causing a decrease in its
donor properties. However, the optimal conditions favoured the formation of the
complexes 1 and 2 in good yield. In addition, aromatic carboxylic acids have a
tendency to form polymeric Co(ll) complexes, especially at elevated tempera-
tures. Therefore, the synthesis with terephthalate was performed at room temperature.

The isolated complexes were microcrystalline compounds, of purple or dark
purple colour. Their solubility in common solvents is given in Table I. The re-
sults of elemental analysis suggested binuclear complexes in all cases. The values
of the molar conductivities for complexes 1 and 2 (Table I) corresponded to a 1:2
type of electrolyte.26 The absorption maxima and intensities of peaks in the Vis
spectra of the complexes 1-6 (Table 11)27 were similar and corresponded to d—d
transitions in high-spin Co(ll) complexes of low symmetry.28 The ¢ values for
complex 2 containing CH3COO™ are larger than those for the complex 1 con-
taining HCOO™ (Table II). This is in accordance with the enhanced asymmetry in
complex 2, due to the stronger steric repulsion between tpmc pyridyl groups and
the CH3 groups of the acetate, than with the H from the formate ions in complex
1. CT bands in the UV spectra of all the complexes were in the range 240-280
nm (& = 6000-7100 dm3 mol~1 cm™1). Interpretation of the electronic spectra of
Co(Il) complexes is usually complicated and the magnetic measurements are
additional criterions for the assumption of the coordination geometry, although
the variety of the possible magnetic interactions could be problematic.2°

The values of pef/Co at room temperature were in the range 4.57-5.08 up,
which confirmed the high-spin state of the cobalt(ll) and weak magnetic inter-
actions. Similar values were found earlier for some familiar complexes (Table I1).
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TABLE II. Vis spectral data and magnetic moment values of the synthesized and relevant described
complexes

Complex Maxima and shoglderf (sf? Hefs per Co, Ug
Amax / NM (& / dm®mol™cm™) (25 °C)
[Coy(HCOO),tpmc](Cl0,4),-4H,0 (1) 448(56); 521(67); 552(63)° 4.57
[Co,(CH3CO0),tpmc](Cl0,), (2) 480(60)sh; 504(70)sh; 527(73)P 5.01
[Co,(CgH5CO0),tpmc](Cl0,),-3H,0? (6) 479(66)sh; 516(75)¢ 481
[Co,(pht)tpmc](ClO,),2H,02 (4) 487(74)sh; 523(86)° 474
[Coy(ipht)tpmc](ClOy),-4H,02 (5) 485(89)sh; 508(94)° 5.01
[Co,(tpht)tpmc](ClO4),-4H,0 (3) 485(100)sh; 508(106)d 5.08

3L iterature data?’. Solvents used: "CH3CN; °DMF; 9mixture CH3CN-H,0 (1:1; v/v)

In the IR spectra of complexes 1-3, some common characteristic bands were
observed: at 3590-3220 cm~1 broad and strong, arising from v(O-H) of the
crystal H,O molecules in the complexes; at =~ 1610 cm~1 strong, sharp, assigned
to the valence skeletal vibrations of the pyridine ring; at =~ 1100 cm~1 broad, the
strongest band, and at =~ 630 cm~1 medium, sharp, due to the v(ClOz) and
3(ClOz) of uncoordinated ClOgz, respectively.30 The positions of the bands due
to asymmetrical (vz) and symmetrical (vs) skeletal vibrations of carboxylic groups
in the spectra of complexes and their corresponding alkaline salts are presented in
Table 111, together with the Av values (equal to v4—vs). Contrary to aliphatic p-ami-
nocarboxylato Co(Il)tpmc complexes,*> for which the positions of v, and vs are
shifted to lower frequencies upon coordination and, consequently, the Av values
in the spectra of the complexes are higher than those for the corresponding salts,
for all complexes (1-6), vs is shifted towards higher frequencies and considerably
lower Av values were observed. This is ascribed to coordination number 5 for the
first type and 6 for the latter complexes. In the new complexes (1-3), the Av va-
lues were lower than those of the related alkaline salts were. The shift of v4(OCO)
towards lower and vs(OCQO) towards higher frequencies compared with the cor-
responding alkaline salts could be the consequence of the participation of the
COO™ group in coordination through both oxygen atoms or due to the participa-
tion of the uncoordinated carboxylic O atom in hydrogen bond formation. In the
complexes, hydrogen bond formation is slightly more difficult than in the al-
kaline salts, due to steric protection originating from the macrocyclic and carbo-
xylate ligand. For complexes 1 and 3, containing crystal H>O, there is an en-
hanced possibility for hydrogen bond formation. The results suggest that the
mono-/dicarboxylato ligands are bonded as chelates, while in complexes 4-6 as
chelates and bridges.2” The Av values of the complexes decrease with the strength
of the Co(11)-O bonds, in the order: z-formate (121 cm=1) > z-benzoate (113 cm™1) >
> p-acetate (99 cm~1) or w-phthalate (120 cm—1) > g-isophthalate (113 cm™1) >
> u-terephthalate (106 cm™1), respectively. Moreover, the strength of this bond
parallels the strength of the monocarboxylic acids (Table 1V) in complexes 1-3.



Co(ll) MACROCYCLIC COMPLEXES WITH CARBOXYLATES 1303

However, when aromatic dicarboxylates are coordinated, besides their pH values,
the mutual interactions between carboxylic groups (inductive, resonance, steric
effects and the chelate ring size), as well as the hard-soft relations29.31 of the li-
gands and metallic centres have a large influence. Finally, the rest of the mole-
cule also contributes to overall geometry and deviations of some bond distances.
The methyl group in the hard base CH3COO™ with its (+)-inductive effect makes
it softer than HCOO™. On a contrary, the phenyl group in CgH5COQO™ has a weak
(-)-inductive effect, but a positive resonance effect, being a harder base than
acetate and softer than formate. In Co(I1)/Cu(ll)-tpmc complexes, the central atoms
are chelate bonded with hard bases, N atoms from the pendant ligand, which
increases their hardness. The Co(ll)-O strength is also a result of a type of in-
ductive effect, the position of the COO™ group at the aromatic ring and the mode
of carboxylate bonding. The COOH group has a (-)- while COO™ a (+)-inductive
effect. A coordinated COO~ group has a (-)-inductive effect which decreases
dramatically with distance. Thus, when two coordinated COO~ are 1,2-positio-
ned, the ligand is harder than in the case of 1,3- or 1,4-positioned ones, causing a
stronger Co(I1)-O bond. Some simplified carboxylate coordination modes are pre-
sented in Schemes 3b—3g. In addition, asymmetrical modes are possible, causing
distortion of the octahedral and non-equal Co(I1)-O bonds in the same molecule.
This is obvious for complex 3, the IR spectra of which distinguished themselves
from those of the other complexes in exhibiting multiple v and v¢ COO™ bands.

TABLE llI. Position of the bands of the asymmetric (v,), and symmetric (vg) stretching vibrations

of the carboxylic group and values of Av (v—v¢) in the IR spectra of the alkaline salts of the
carboxylic acids and the related complexes (s = strong; m = medium intensity)

Cmpd. vyl cml vs/ cm? Av/cm?
HCOONa 1567s 1366m 201
[Co,(HCOO),tpmc] (C10,),-4H,0 (1) 15655 1445m 120
CH3;COONa 1578s 1414m 164
[Co,(CH3CO0),tpmc](Cl0,), (2) 1549s 1450m 99
Na,tpht 1561, 1400m 161
[Co,(tpht)tpmc](ClO4),-4H,0 (3) 1550s 1444m

1509s 1403m

15292 14242 106
K,pht? 1563s 1384m 179
[Co,(pht)tpmc](ClO4)2-2H,0 (4) 1544s 1423m 121
Nayipht? 1564s 1395m 169
[Co,(ipht)tpmc](ClO4),-4H,0 (5) 1538s 1425m 113
CgHsCOONaP 1580s 1413m 167
[Co,(CgH5CO0),tpmc](Cl0,),-3H,0 (6) 1533s 1420m 113

8calculated as the average value of two bands; bdata taken from the literature2”
All three complexes are stable to oxidation in the open atmosphere, both in

the solid state and in solution. This was confirmed by their time independent Vis
spectra recorded after bubbling O, through solutions of the complexes.
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TABLE V. pK, values of the aliphatic and aromatic mono-/dicarboxylic acids

pK Values Formic acid Acetic acid Benzoic acid Phthalic acid Isophthalic  Terephthalic

acid acid
pK1 3.75 4.75 4.19 2.91 2.30 3.45
pK, - - - 5.13 4.66 4.45

The electrochemical behaviour of complexes 1-3 was studied in the poten-
tial range from 1 to —1 V (scan speed of 50 mV s1). The CV diagrams of the
compounds were practically the same as that of the supporting electrolyte, confir-
ming their great electrochemical stability under the studied conditions. The peaks
remained unchanged on repeated cycling, as well as on holding the potential at — 1
and 1 V. Such properties give the possibility of the application of these com-
plexes as catalysts.

It is known that HCOOH, CH3COOH, CgHsCOOH, and their salts are pre-
servatives in the alimentary industry, while benzenedicarboxylic acids are poi-
sons for microorganisms. Preliminary testing of the microbiological activity of
the new complexes, together with familiar Co(ll)tpmc complexes recently des-
cribed,27 against some Gram(+) and Gram(-)-bacteria and mould was performed
in order to check if their activity is modified on coordination. Data for both tests
described in the Experimental are presented in Table V. The solvent (CH3CN),
tpmc, the previously tested Co(ClO4)2-6H50, the alkaline salts of pht, ipht and
tpht, and the complexes 4) and 5 were inactive. Complexes 1-3 and 6 exhibited
antimicrobial activity towards particular strains, and CgHsCOOH in all studied
cases. Complexes 1, 2 and 6 gave positive result only when applied in the solid
state, providing for their high concentration on dissolution in the nutrition agar.
The activity of complexes 1 and 2 is not ascribed to the carboxylato ligands
themselves, as their concentration in the applied crystals was too small. The same
is supposed for complex 6, as the concentration of benzoate produced by its dis-
sociation in the used aliquot is negligible. In spite of the fact that the tpht ligand
was inactive, complex 3 containing this ligand was active.

Based on all the afore said, the most probable coordination geometry of the
complex cations of 1 and 2 is presented in Scheme 2 (as already proposed for the
benzoate analogue) and for the complex cation of 3 in Schemes 3g or 3f. The
geometry in Scheme 3f has enhanced strain due to the longer Co---Co distance
and, thus, much weaker Co(I1)-O bonds.

When Co(Il) and Cu(ll)tpmc related complexes with: HCOO~, CH3COO™,
CgH5COO, dianions of: pht, ipht or tpht11.27 ligands are mutually compared, it
can be concluded that in no case was the same composition obtained. This is the re-
sult of specific properties of these metal ions (different electronic configurations,
size of the ionic diameter, tendency to form 5- or 6-coordinated species, etc.), as
well as the changed experimental conditions which were necessary to apply in
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each case. With one HCOO™ or CH3COO™ ligand, Cu(ll)tpmc formed five-coor-
dinated bridged binuclear complexes, but in the case of Co(ll) bis(bidentate), six-co-
ordination of two such ligands was favoured. For [Cop(pht)tpmc]2*, pht was p-bon-
ded (Schemes 3b or 3c), while in the corresponding Cu(ll) complex, Hpht~ was a
bridged ligand, engaging only one COO~ group. Co(ll) formed binuclear com-
plexes with ipht (Scheme 3d or 3e) and tpht (Scheme 3g and less probable 3f)
when tpmc was present. On the contrary, Cu(ll) complexes with the same ligands
were tetranuclear ones in which four metallic centres were bridged with one di-
carboxylate (Scheme 1d). These conclusions were supported by X-ray analyses
of Cu(Il)tpmc complexes with ipht2— and recently with CgH5CO0~.11,32

TABLE V. Results of the antimicrobial activity of the tested complexes, ligands and solvents

Cmpd.

B. subtilis B. cereus E. coli P. aeruginosa A. niger

Gram(+) bacteria Gram(-) bacteria mould

Crystal of [Co,(HCOO),tpmc](ClO,),-4H,0 (1) - ++ + Not tested -
Crystal of [Co,(CH3COO0),tpmc](ClOy); (2) - +++ - Not tested -
CsH5COOH + + + + +
[COz(CGH5COO)2tme](C|O4)2'3H20a (6) - + +++ + +
KHpht - - - - -
Kopht - - - - -
[Coz(pht)tpmc](ClO4),-2H,0% (4) - - - - -
Hoipht - - - - -
[Cos(ipht)tpmc](ClO,4),-4H,02 (5) - - - - -
H,tpht - - - Not tested -
Crystal of [Co,(tpht)tpmc](ClO,),-4H,0 (3) - +++ + Not tested -
Tpmc - - - - -
CH3CN — — — — —

@Described complexe527; (+) antimicrobial activity with a diameter of the inhibition zone up to 10 mm; (++) an-
timicrobial activity with a diameter of the inhibition zone up to 30 mm, (+++) antimicrobial activity with a dia-
meter of the inhibition zone larger than 30 mm; (=) antimicrobial activity was not detected

2+

Scheme 2. Simplified structure of the
complex cations of the complexes 1
(R=H)and 2 (R = CHj).
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Scheme 3. Exo coordination in the dinuclear
bridged Co(ll) tpmc complex cations (boat
conformation) (a); the proposed bridged co-
ordination modes of: pht in [Co,(pht)tpmc]2*
(b or ¢);Z7 of ipht in [Co(ipht)tpmc]%* (d or
e);27 and tpht in the newly synthesized
[Coy(tpht)tpmc]2* (3) (f) or more probable (g).

CONCLUSIONS

Three novel Co(ll) complexes with pendant octaazamacrocyclic ligand
N,N’,N" ,N""-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (tpmc) and
mono- (HCOO~/CH3COQO™) or dicarboxylate ligands (terephthalate dianion) were
prepared, characterized by some physical properties and valuable methods and
techniques (elemental analyses, molar electrical conductivity, spectroscopic data,
magnetic measurements, cyclic voltammetry), and compared with the already de-
scribed Co(I)/Cu(ll) analogues. All complexes were binuclear and cationic. For
Co(INtpmc complexes containing two HCOO/CH3COO™ ligands, bis(bidentate)
coordination of the additional ligands in the trans position for each metal and the
chair conformation of tpmc is predicted, while for the multidonor terephthalate
dianion p-0,0,0',0' coordination is supposed.
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N3BOJ

BUCOKOCIIMHCKH Co(Il) KOMIIJIEKCU CA IIEHAAHTHUM
OKTAA3AMAKPOILIMKIJIOM U KAPBOKCHJIATUMA

. BYUKOBUHRL, C. B. TAHACKOBURZ, 3. M. MUOJIPATOBUR! 1 B. CTAHUR!

1Xemu/'ctcu ¢haxyaitieiti, Ynusep3auitieii y Beozpady, u. iap. 158, 11001 Beozpao u Z(Dapmaueymcxu chaxyaitein,
Yuusepsuitieiti y Feozpady, Bojsoode Citieiie 450, 11000 Beozpao

Jlobujena cy tpu HoBa aunykiaeapua Co(ll) memosuro-muranana komruiexca ca N,N’,N”,N""-
-rerpakuc(2-nmupuannmernin)-1,4,8,11-rerpaasanukinorerpagekadom (tpmc) ¥ MOHO- WM JHUKap-
OokcunaTo nuranauMma u oapehena cy Heka muxoBad ¢usmuka cBojcTBa. Ommte Qopmye:
[Co,(HCOO),tpmc](ClO,4),-4H,0, [Co,(CH3COO0),tpmc](ClO,), u [Coy(tpht)tpmc](ClO,), 4H,0
(tphtH, = TepedranHa kucennHa) npeanoxkeHe cy Ha ocHoBY pesynrara anaiuse (C,H,N) u mepema
MonapHe enekTpuuHe nposoasbuBoctd. UV/Vis u IR crexkrpu, maraerHa u CV mepema xopumihe-
Ha Cy 3a IpOydYaBame reOMETpUje U 0COOMHA OBHUX jeIHI-CHA. 3 MOHOKApPOOKCHIIATHE KOMITIIEKCE
npemiokeHa je exo koopauuanuja Co(ll) ca werupu asoroBa aroma tpmc-a u Guc-OHaEHTATHO
Besanum HCOO /CH3COO ) y trans monosxkajy. Tpmc 3aysuma koudopmanujy cronuie. Ilper-
MOCTaBJbCHO je Ja TepedTaJaTHH JUAHjOH, KA0 M METHJICHCKE rpyre HUKIaMa mpemolnhyjy aBa
aroma Co(ll), a tpmc je y kondpopmauuju nahe. Kommiekcu cy CTaGHIHH HpeMa XEMHjCKOj H
enekrpoxemujckoj okcumarmju Co(ll) y Co(lll). Iomauu cy ynopehenu ca panuje 00jaBIbEHUM
Cu(ll) komrutekcuMa Koju cajipke oarosapajyhe nuranje u pasmarpade cy Mehycobue cianunocTr
u pasnuke. Haj3az, yrBpleHa je n3BecHa aHTUMHUKPOOHA aKTUBHOCT KOMILIEKCA.

(IIpumibeHo 24. cenremGpa 2007)
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Abstract: The thermal degradation of cetyltrimethylammonium bromide (CTMAB)
inside the mesoporous SBA-3 was studied under non-isothermal conditions. There
are two distinct and complex kinetic processes which partly overlap, each consis-
ting of one dominant and three minor individual processes. The two dominant pro-
cesses can be described by the Sestak—Berggren model. The main decomposition
step (the first dominant process) involves the overcoming of weak interactions
between CTMAB and the silica network and proceeds with a lower E, value (1162
kJ moll) than the second dominant process (153+5 kJ mol™), which can be ex-
plained by the size reduction of the pore openings due to the contraction of the
SBA-3 unit cell caused by the removal of CTMAB.

Keywords: NPK method, non-isothermal kinetics, open-framework, SBA-3, cetyl-
trimethylammonium bromide (CTMAB).

INTRODUCTION

Microporous inorganic solids having pore diameters less than 2 nm and me-
soporous inorganic solids with pore diameters ranging from 2 to 50 nm are of
great industrial importance since they exhibit unique catalytic and sorption pro-
perties. This is mainly caused by their large internal surface area.

Microporous solids are generally prepared under hydrothermal conditions
using different amines and/or quaternary amine salts which play a crucial struc-
ture-directing role.l Mesoporous materials are usually obtained by a liquid-crys-
tal template mechanism (LCT) using mostly alkyltrimethylammonium surfact-
ants. In the LCT mechanism, the inorganic phase occupies the continuous water
(solvent) region to create inorganic walls between ordered surfactant micelles.2

* Corresponding author. E-mail: stojakovic@tmf.bg.ac.yu
doi: 10.2298/JSC0712309S
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The as-synthesized mesoporous solid contains more than 50 % organic material
by weight and is in effect an organic-inorganic composite.

An efficient removal of the organic component from the as-synthesized solid
in order to access the internal free space is an important step in the final pre-
paration of the porous materials. Recently, kinetic studies of the removal of cetyl-
trimethylammonium bromide (CTMAB) from MCM-41 and MCM-48 siliceous
materials have been reported.34 Both solids belong to the type having cubic me-
sostructured frameworks. It was found that the activation energy for the removal of
CTMAB species from MCM-41 is rather high, having a value of 166+8.2 kJ mol-1.3
The removal of CTMAB from MCM-48 proceeds with an even higher activation
energy (178+8.5 kJ mol-1).4

In this study, the thermal removal of CTMAB from SBA-3 solid was exa-
mined. The latter is mesoporous silica having a pore size ranging from 2.2 to 2.5
nm.5 In contrast to the syntheses of MCM-41 and MCM-48, which are performed
in alkaline conditions, the preparation of SBA-3 proceeds in a strongly acidic
solution below the isoelectric point of silica. During the polymerization process,
the protons bound to silica species are eliminated, leaving the inorganic phase of
the SBA-3 product electrically neutral. In contrast, the MCM materials obtained
under alkaline conditions have a negatively charged silica network.6 As the SBA-3
network is electrically neutral, it is to be expected that the main factor in the
removal of CTMAB from SBA-3 would involve the overcoming of the frame-
work-surfactant non-bonded interactions.

The kinetics of the thermal removal (decomposition) of CTMAB has been
studied by the non-parametric kinetics (NPK) method of Serra et al.”~9 The NPK
method has been applied in recent years for the kinetic analysis of thermal de-
gradation in a variety of chemical systems, e.g., bis-urethanes,10 transition metal
carboxylates,11 alkaline metal phosphatesl2 and glutamates,!3 alkaline metal and
alkaline-earth metal benzoates,13 and a 3-D zincophosphate containing occluded
ammonium species.14

EXPERIMENTAL
Synthesis

Cetyltrimethylammonium bromide (CTMAB, Aldrich) and tetraethyl orthosilicate (TEQOS,
Aldrich, 98 wt. %) were used as the surfactant and the silica source, respectively. The following
molar composition of reactants was used: SiO,:4.9HCI:0.24CTMAB:147H,0. The CTMAB was
dissolved in dilute hydrochloric acid (~ 1.8 mol dm) and then TEOS was added. The resulting
mixture was stirred for about 2 h at room temperature and then aged without stirring for the next 72 h.
The resultant white solid (SBA-3) was washed with deionized water and dried at 60 °C overnight.
The mesostructure of SBA-3° was confirmed by the powder X-ray diffraction method [three
diffractions at 260 = 2.7, 4.7 and 5.3° are evident in the XRD pattern (recorded using CuKa
radiation)]. The scanning electron micrograph (Fig. 1) reveals particles with a shape resembling
interconnected snail shells.
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Fig. 1. SEM microphotograph of the
as-synthesized SBA-3.

Instrumentation

The thermal decomposition measurements were performed using a SDT Q-600 simultaneous
DSC-TGA instrument (TA Instruments). The samples (mass approx. 10 mg) were heated in a stan-
dard 90 pl alumina sample pan. All experiments were carried out under dynamic air at a flow rate
of 0.1 dm2 min-L. Non-isothermal measurements were conducted at heating rates of 3, 6, 9, 12, and
16 K min™.. Five experiments were performed at each heating rate.

RESULTS AND DISCUSSION

The TG and DTG curves for SBA-3 in the 300-1050 K range are shown in
Fig. 2. The profiles of TG-DTA curves do not significantly differ from those of
the MCM materials.346 There are three main weight losses, two of them being
sharp and distinct. The first loss (40 %) occurs in the 470-593 K range and it is
centered at 519 K. The second weight loss (7.5 %, centered at 620 K) occurs in
the 593-665 K range. The third loss (8.5 %) is rather diffuse-looking since it pro-
ceeds over a broad temperature range (670-950 K). The overall mass loss am-
ounts to about 56 %, which is in accordance with the C,H,N-analysis of SBA-3.
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Fig. 2. TG/DTG curves for SBA-3
(TG: solid line; DTG: dotted line).
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The first and second weight losses correspond to the decomposition of the
surfactant, whereas the third loss can be attributed to the oxidative removal of re-
sidual carbonaceous species and the condensation of the remaining silanol groups.34.6

Kinetics of CTMAB decomposition during the thermal treatment of SBA-3

The decomposition of CTMAB during thermal treatment of SBA-3 was stu-
died in an oxidative atmosphere under non-isothermal conditions. The measure-
ments were performed at five different heating rates (8): 3, 6, 9, 12 and 16 K min~1,
The degrees of conversion, a, vs. the absolute temperature, T, thermogravimetry
curves are shown in Fig. 3 and the corresponding reaction rates are shown in Fig. 4.
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Fig. 3. Experimental curves for the decomposition of CTMAB in SBA-3 at different
heating rates (from left to right: 3, 6, 9, 12 and 16 °C min‘1). The rectangles
show the submatrices selected for the NPK analysis.

0.0

The kinetics of the decomposition of CTMAB were examined by the NPK
method.”~9:15 This method for the analysis of non-isothermal thermogravimetry
data is based on the usual assumption that the reaction rate can be expressed as
the product of two independent functions, f(«) and h(T), where () accounts for
the kinetic model while h(T) is a temperature-dependent function, usually the Ar-
rhenius equation:

h(T) =k = A exp(—E4/RT)
The reaction rates, da/dt, measured from several experiments at different

heating rates, can be expressed as a three-dimensional surface determined by the
temperature and the degree of conversion. This surface can be organized as an (nxm)
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matrix A, in which the rows correspond to different degrees of conversion, from
oy to oy, while the columns correspond to different temperatures, from Ty to Tp,.

doddt /min”

R e B s e R B e o e B B
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fig. 4. Experimental reaction rates vs. the degree of conversion for the decomposition of
CTMAB in SBA-3 at different heating rates (from bottom to top: 3, 6, 9, 12 and 16 °C min-1).

The reaction rate, i.e., the matrix A, can be expressed as the product of two
vectors:
A=fhT
where
fT=[f(en) f(e2) f(as)-f(an)]
hT = ["(T1) h(T2) h(T3)--h(Tm)]

In the next step of the NPK method, the matrix A is decomposed in order to
obtain the vectors f and h. This is done by the mathematical procedure known as
the singular value decomposition (SVD). From the vectors f and h, plots of f(«)
against « and of h(T) against T are readily available and the nature of the fun-
ctions f(«) and h(T) can be examined. This is a model-free method since it yields
the temperature dependence of the reaction rate without having to make any prior
assumptions about the kinetic model.

In actual practice, it is not possible to experimentally obtain all the elements
of the matrix A for a sufficient range of alpha values and temperatures. There-
fore, the o vs. T curves are divided into partly overlapping submatrices. SVD is
then applied to each submatrix; if g submatrices were formed, the SVD on each
of them will yield q matrices Uj and Vj as well as g singular value vectors s;,
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respectively. Finally, from the vectors u; and v; of the individual matrices U; and
Vi, the continuous vectors u and v can be obtained.8:16:17 The results contained in
the vector u are proportional to the function of conversion, f(«), and those in the
vector v are proportional to the function of temperature, h(T).

Fig. 4 confirms the observation stated in referring to Fig. 2, namely that the
decomposition of CTMAB occurs in two distinct and fairly well separated main
processes. The first one (process 1) takes place approximately in the « range of
0.0-0.78, and the second one (process I1) in the o range 0.67-0.9; there is a par-
tial overlap of the two processes in the o region 0.67-0.78. The third mass loss
(very broad) visible in Fig. 2 lies in the a region ranging from about 0.86 to 1 and
it partly overlaps with process 1. The NPK analysis was performed separately for
process | and process Il in the appropriate « regions. The third process could not
be kinetically analyzed due to the large breadth of its temperature range.

Process |

The NPK treatment of the thermogravimetry data yielded 8 submatrices in
the alpha range 0.1-0.68 and the temperature range of 493-572 K (Fig. 3); a total
of 32 different alpha values and 28 different temperatures were used for the
construction of the 8 submatrices. After SVD had been applied on each subma-
trix, the resulting s;j vectors contained in all 8 cases one dominant value and three
smaller values. In particular, for the first six submatrices, the dominant value in
each individual sj accounts for more than 96 % of the sum of the values of this
vector, whereas the other three values amount to approximately 2 %, 1 %, and
0.1 %, respectively. For the seventh and eighth submatrix, the dominant value ac-
counts for about 93 %, and the other three for 5.4, 1.4, and 0.2 %, respectively.
This indicates that in the 493-572 K temperature range there is one dominant
kinetic process (process I-1), accompanied by three minor processes (processes 1-2,
I-3 and 1-4).

Further Kkinetic analysis of process | was performed only for the dominant
process I-1. The remaining three minor processes were not examined for the fol-
lowing reason. When more than one Kkinetic process is present, the individual ve-
ctors u for each process are in effect some linear combination of the correspon-
ding true “kinetic vectors”.18 In the same manner, the individual vectors v are
also the result of a linear combination. These linear combinations can be broken
down only if the kinetic model for each of the processes is known. If these mo-
dels are not known, it seems meaningful to analyze vectors u and v only for the
process which is markedly predominant (provided one exists). Namely, in such
circumstances one can reasonably assume that the vectors u and v of the domi-
nant process should not differ significantly from the “kinetic vectors”, whereas
the corresponding vectors of the minor processes will be heavily influenced by
the linear combination.



THERMAL DEGRADATION OF CETYLTRIMETHYLAMMONIUM BROMIDE 1315

The kinetic analysis for the process I-1 proceeded as follows. From the
vectors u; and vj of the individual matrices U;j and V; the continuous vectors for
the process I-1, ug and vq, were compiled. Fig. 5 shows the plot of the f(«) values
from the vector uy vs. a. The o scale in Fig. 5 was obtained by rescaling the
experimental « range (0.0-0.78) which fully encompasses process | into an «
range of 0.0-1.0. The f(a) values were examined against various known kinetic
models, but the vector u; could not be satisfactorily fitted in most of them (R? of
the fits being invariably < 0.9). Only the Sestak—-Berggren model® yielded accep-
table fits, the best fit (Fig. 5) being obtained with the two parameter Sestak—Berg-
gren Eq. (1). The obtained parameters are m = —0.157 £ 0.006 and n = 1.98 = 0.03,
with R2 = 0.997.

1.0
09+
0.8 4
0.7
06
(o)
05
0.4 4
0.3 4
0.2

0.1

20 +—r—F—-"+--T-—-"T""—"T""T"—"T"T"T"T"T—"T
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&

Fig 5. A plot of f(«) [normalized within (0,1)] vs. the rescaled degree of conversion for the process
1-1: dark squares are the experimental points, while the line is the fit obtained by Eq. (2).

f(a) = a™(1 - a)" 1)
f(o) = 0 0-157(1 — ¢))1.98 )
It is worth noticing that the resulting Eq. (2) is a valid kinetic expression in

the sense that it fulfils two boundary conditions2® which a function must satisfy
in order to consistently represent a given kinetic model. The two conditions are:

lim g(a)=0
a—0

and
limg(a)=w
a—l

where g(a) is the integrated form of f(«).
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The plot of the In [h(T)] values from the compiled vector vy vs. 1/T is shown
in Fig. 6. The slope of the straight line (R = 0.997) gives the activation energy as
E, = 116+2 kJ mol~L. From the intercept, the value of (5.6+2)x1012 min1 is ob-
tained and it essentially represents the Arrhenius pre-exponential constant A, so-
mewhat modified by constants arising from scaling.16

10007 iK™

Fig. 6. An Arrhenius plot of In [h(T)] vs. 1/T for the process I-1: the squares are the
experimental points and the straight line is the best fit.

The relatively low E, value for the process I-1 reflects the fact that a major
factor influencing the removal of CTMAB from siliceous networks is the strength
of the CTMAB-framework interactions. The framework—surfactant interactions in
SBA-3 are not very strong since the inorganic framework is electrically neutral.

The obtained E, value for process I-1 can be compared with the E; values of
166 and 178 kJ mol~found for the thermal removal of CTMAB from MCM-41
and MCM-48 materials, respectively.3.4 It is not surprising that these two values
are higher than the E, value obtained for SBA-3 since the mesoporous network of
the MCM materials is based on stronger cooperative electrostatic interactions
between negatively charged oligomeric silicate species and positively charged
CTMA* ions.2 The relatively weak intermolecular-type interactions in the SBA-3
framework allow CTMAB to be removed more easily than from MCM materials
and this is essentially reflected in the corresponding activation energies.

Process Il

The NPK treatment of the thermogravimetry data yielded 6 submatrices in
the alpha range of 0.73-0.86 and the temperature range of 593-648 K (Fig. 3); a
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total of 25 different alpha values and 24 different temperatures were used for the
construction of 6 submatrices. After SVD had been applied on each submatrix,
the resulting s; vectors contained in all 6 cases one dominant value and three
smaller values. In particular, for the first four submatrices the dominant value in
each individual sj accounts for more than 92 % of the sum of values of this vec-
tor, whereas the other three values amount to approximately 4, 2.5 and 0.2 %,
respectively. For the fifth and sixth submatrix, the dominant value accounts for
about 84 % and the other three for 11, 4 and 0.9 %, respectively. This indicates
that there is one major Kinetic process (process I1-1), together with three minor
processes (processes 11-2, 11-3 and 11-4) in the 588-648 K temperature range.

For the same reason as given for process I, further kinetic analysis of process Il
was performed only for process 11-1, in an analogous manner as for process I-1.

The plot of the f(«) values from the vector uj vs. a is shown in Fig. 7. The «
scale in Fig. 7 was obtained by rescaling the experimental a range of 0.66-0.9
(which essentially encompasses the entire process 1) into an « range of 0.0-1.0.
The f(a) values for process 1l-1 could be satisfactorily fitted only with the em-
pirical three-parameter Sestak-Berggren Eq. (3); which gives a fit having R2 =
=0.994, with the parameters m = -116%0.9, n = 55£0.4 and p = 116+0.8.

f(a)=a"(l-a)"(-Inl-a))” (3)

0.8 4
f(e,)
0.6
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Fig 7. A plot of f(a) [normalized within (0,1)] vs. the rescaled degree of conversion for the process
11-1: dark squares are the experimental points and the line is the fit obtained by Eqg. (1).

The plot of the In[h(T)] values from the compiled vector v1 vs. 1/T is shown
in Fig. 8. The slope of the straight line (R = 0.989) gives the activation energy as
E, = 1535 kJ mol~L. From the intercept, the Arrhenius pre-exponential constant
A is found to be (2.3+2)x1013 min—1,
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The finding that the E, of the process I1-1 is higher than that for the process I-1
could be explained by the fact that the removal of CTMAB from SBA-3 causes a
significant contraction of the unit cell of the remaining siliceous material (a con-
traction of approx. 18 %).6 After the bulk of the CTMAB has been decomposed
by the first process, the ensuing contraction of the unit cell renders the removal
of the remaining parts of surfactant more difficult due to the reduced size of the
pore openings.

2.5+

2.0+
1.5 4
1.0 4
0.5 4
0.0+

054

— . -
154 156 158 160 162 164 166 168 170 172
10007 K"
Fig. 8. An Arrhenius plot of In [h(T)] vs. L/T for the process 1l-1: the squares are
the experimental points and the straight line is the best fit.

CONCLUSIONS

The removal of CTMAB from mesostructured SBA-3 was studied under
non-isothermal conditions. There are two distinct and complex kinetic processes
which partly overlap, each consisting of one dominant and three minor individual
processes. Both the dominant processes can be described by the Sestak—Berggren
model. The main decomposition step (the first dominant process) proceeds with a
rather low E, value for this type of system, due to weak intermolecular-type in-
teractions between CTMAB and the silica network. The second decomposition
step (the second dominant process) has a higher E; value than the first one, in-
dicating that it is primarily controlled by the size of the pore openings.

The non-parametric kinetics method proved helpful in the separate analyzes
of the partly overlapping processes.
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N3BOJ

KNMHETHUYKO N3YYABAE TEPMUUYKOI" PA3JIATABA
HETMJITPUMETUJIAMOHNIYM-BPOMUIA YHYTAP
ME3OITOPO3HOI" MOJIEKYJICKOI' CUTA SBA-3

'BOPBE CTOJAKOBWR?Y, HEBEHKA PATRY, MAJA MRAK? n VENCESLAV KAUCIC3

YTexnonowo—meiianypuiku axyaiieid, Ynusepauitieii y Beozpady, 11000 Beozpad, Cp6uja, 2Jozef Stefan In-
stitute, Jamova 39, 1000 Ljubljana u ®National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia

V3y4aBaHO je TEPMUUKO pasiiarame I10J] HEH30TEPMCKUM YCIOBMMA LETHITPUMETHIAMOHH-
jym-6pomuna (CTMAB) ynyTap me3zonoposHor SBA-3. Tlocroje /1Ba pa3roBeTHa U CIIOXKEHA KHHE-
THYKa [POIeca KOjU ce AEIUMHYHO MpeKianajy, Ipyu 4eMy ce o0a cacToje of 110 jeAHOTr MpeoBa-
hyjyher u Tpu cnopenna nHnuBHayangHa npoueca. [[Ba npeosialyjyha mporeca Mory ce omucaTH
nomohy Illectrak—beprpenoBor Mozena. Y IJIaBHOM CTYIibY pasnarama (y npBoM mnpeosnalhyjyhem
nporiecy) OuBajy HaasnagaHe ciabe uaTepakuuje m3mely CTMAB u peuieTke CHIHIH]YM-IH-
OKCHJIa, ¥ Taj CTyMam ce oIBHja y3 Mamy Bpeanoct £, (11622 kJ mol™). Jipyrom npeosmahyjyhem
npomecy oxrosapa Beha Bpemmoct E, (1535 k] mol™) mero mpsom mpomecy, mro ce mMoxe oGja-
CHHTH CMamCHEM BEIHYMHE OTBOpPA Mopa yciel KoHTpakiuje jeaunnude henuje SBA-3 nzaspane
YKIIAbabheM [EeTHITPIMETHIAMOHI]yM-0poMHIa.

(Mpumsbero 12. jyna 2007)
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Relating Estrada index with spectral radius
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Abstract: The Estrada index EE is a recently proposed molecular structure-descrip-
tor, used in the modeling of certain features of the 3D structure of organic mole-
cules, in particular of the degree of folding of proteins and other long-chain biopo-
lymers. The Estrada index is computed from the spectrum of the molecular graph.
Therefore, finding its relation with the spectral radius r (= the greatest graph eigen-
value) is of interest, especially because the structure-dependency of r is relatively
well understood. In this work, the basic characteristics of the relation between EE
and r, which turned out to be much more complicated than initially anticipated, was
determined.

Keywords: molecular graph, Estrada index, spectral radius, graph spectrum.

INTRODUCTION

The Cuban-Spanish scholar Ernesto Estrada designed in the year 2000 a new
structure descriptor,! capable of representing certain features of the 3D structure
of organic molecules, especially those of biochemical importance. Eventually,
this structure descriptor was named the Estrada index, and is usually denoted by
EE. It could be shown2:3 that the EE is particularly suitable for characterizing the
degree of folding of proteins and similar long-chain biopolymers. More recently,
several other applications of the Estrada index were reported,4~7 which are, how-
ever, of lesser chemical relevance.

As the Estrada index is, in a relatively simple manner, computed from the
spectrum of the corresponding molecular graph, efforts have been made to use
the powerful mathematical apparatus of graph spectral theory8 for determining
the dependence of the EE on molecular structure. The hitherto obtained results
are available in the literature.9-12

* Corresponding author. E-mail: gutman@kg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712321G
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Let A1, 4p,..., 4n be the eigenvalues of the molecular graph G (which in
biochemical applications1—3 may possess weighted edges).8:13 These eigenvalues
form the spectrum of G and will be labeled as 41> Ay > -+ > Aj,.

The greatest graph eigenvalue A1 has the property 41 > |4/, k = 2,3,...,n, and
is therefore referred to as the spectral radius of the graph G. In what follows, 11 is
denoted by r.

The spectral radius has been much investigated in graph spectral theory8.14
and its dependence on the structure of the underlying graph is relatively well
understood. This, in particular, applies to molecular graphs.1516

The Estrada index is defined as:1-7.9-12

n n
EE = Y ek + Y ek D)
k=1 k=2
Thus EE is equal to the sum of terms of the form eX, where x = J,
k=1,2,...,n, of which the greatest is e'. Therefore it is plausible to expect that
there is a relation (or, at least, a correlation) between the Estrada index and the
spectral radius. However, this relation is not simple, as seen from the example
shown in Fig. 1. The fact that the data points in Fig. 1 are grouped on several (al-
most) horizontal lines indicates that, in addition to the spectral radius, EE de-
pends in a lesser manner on structural factors other than r.
In the subsequent section we elaborate an approach aimed at revealing the
fine details of the structure-dependence of the EE is elaborated.

29 -
EE
28 . .
27
2% 4 * Fig. 1. The Estrada index (EE) of
10-vertex trees, plotted versus the
231 o spectral radius (r). There is an ap-
o .t parent (curvilinear) correlation bet-
ween the data points. However, nu-
23 " R merous data points lie on almost
Losh" horizontal lines, indicating that fac-
2 g ;
o smeas tors other than r also influence the
21 4 -t value of EE. In the case of ben-
: : - - ; ; zenoid and acyclic molecules, the

18 20 22 24 26 28 30 main among these “less important”
factors have been identified.10:11

A POWER-SERIES-EXPANSION APPROACH
Formula (1) can be rewritten as:

n
EE=e") ek~T
k=1
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and then, in view of the arguments outlined in the preceding section, it may be
expect that the “less important™ structurg| details influencing the value of the Es-
trada index are contained in the term Y e ~'. Expanding e/« ~"into a power

series, one obtains: k=1
o0
EE=e" ) F, )
h=0
where
n -nh b (—ph-i )
Fh=z(/1k "y OO rh=im;
k=1 N j=o0 j'(h—j)!
with M; denoting the j-th spectral moment:
oy
Mj=2 24y
k=1

The structure dependences of the first few spectral moments of molecular
graphs are known.17-24 For instance:

Mg =n; M1 =0; My =2m; M3 = 6t

where n, m, and t stand, respectively, for the number of vertices, edges, and
triangles. For benzenoid molecules, M4 = 18m — 12n, whereas for acyclic mole-
cular graphs, Mg = 2Zg - 2n + 2, where Zg is the Zagreb index, the sum of the
squares of the vertex degrees.17.25-27 |t is worth noting that for alternant hydro-
carbons (e.g., for acyclic and benzenoid systems), M; = 0 whenever j is odd.

In view of this, the summation on the right-hand side of (2) is truncated,
arriving at a series of approximate expressions for the Estrada index, viz.

2p
EE(p)=e" > F,, p=12,... (3)
h=0

If so, then EE(p) will depend on the spectral radius r and on the first 2p
spectral moments (of which many are equal to zero).

It was previously shown that in the case of alkanes, EE(2) is a monotonically
increasing function of the variable r and it was concluded that alkanes with ma-
ximal EE value will be those possessing maximal spectral radius.12 The latter
alkanes were earlier characterized by Simi¢ and T03i¢,16 who established that
these correspond to the so-called Volkmann trees.28.29 In a study?? it was (erro-
neously) assumed that EE ~ EE(2). To obtain the correct conclusion (concer-
ning Volkmann trees), it was sufficient that there is a positive correlation bet-
ween EE and EE(2). That this is indeed the case can be seen from Fig. 2.

Numerical testing revealed that for the first few values of p, in particular for
p = 2, the approximation EE ~ EE(p)is highly inaccurate and should not have
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been used. In the subsequent section, this matter is clarified and it is also shown
that for any value of p, p > 2, there is a reasonably good, yet non-linear, correla-
tion between EE and EE(p).

29 o
EE
28
27 4
2 *
254 -
24 - L *
23 T .b'.-
T Lo
e
22 ..5'-"-
1 - Fig. 2. The Estrada indexes (EE) of
&l 10-vertex trees, plotted versus the

0 100 200 300 400 500 600 700 800 900 approximate formula EE(2), cf. Eq.
(3). The correlation coefficient is

EE(z) equal to 0.993.

NUMERICAL WORK

The accuracy of the approximation EE ~ EE(p) was tested for the first few va-
lues of the parameter p. Some characteristic results of this kind, pertaining to tre-
es with 8, 10 and 12 vertices (23, 106 and 551 trees, respectively) are given in Table 1.
TABLE |. Average relative errors (ARE) and maximal observed errors (MRE) in % of the

approximations EE ~ EE(p), p=1,2,...,7, for 8-, 10- and 12-vertex trees. Recall that there are 23,
106, and 551 such trees, respectively.

p 8 10 12
ARE MRE ARE MRE ARE MRE

1 739.36 1426.1 886.83 2327.2 935.76 5092.9
2 617.94 1545.1 792.43 2969.7 1004.33 3506.9
3 281.47 1006.5 387.25 2391.5 475.01 4824.5
4 81.84 410.6 122.53 1245.3 56.42 3044.4
5 16.56 110.2 27.55 430.6 36.90 1287.2
6 2.47 20.7 4.46 104.3 6.67 382.2
7 0.28 2.9 0.63 18.6 0.97 83.5

The data in Table I clearly show that the approximation EE ~ EE(p) is highly
inaccurate and that only for very large values of p, say p > 5, are some more-or-
less satisfactory results obtained. In other words, the expressions EE(p) cannot be
used for approximating the Estrada index. This is the bad news.
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The good news is that the quantities EE and EE(p) are reasonably well cor-
related. The correlation between EE and EE(2) is essentially linear, as can be
seen from Fig. 2. For greater values of the parameter p, the correlation becomes
pronouncedly curvilinear. Two typical examples are shown in Figs. 3 and 4.

3.50E+011 4
38 4

EE * 3.00E+011 - EEx >
36 4
. 2.50E+011 4
34 4
o 2.00E+011 p
32 i
o 1.50E+011 -
304 . )
1.00E+011 i
284 -
5.00E+010 - /
264
EE(4) — EE(4)
24
l‘) 2(‘)[) 41')0 Ell]l) B‘)O 1 O‘DO 1 2‘00 l!_) ZlI)D 460 ELI)D BK‘JD 1 li]D 1 ZIDD
@) (b)

Fig. 3. (a) The Estrada index (EE) of 12-vertex trees, plotted versus the approximate formula
EE(4). (b) Linearization of the correlation is achieved by plotting EEX vs. EE(4),
for x = 7.3; the correlation coefficient is 0.995.

38 % 2.00E+012
5 "
g EE
b 1.50E+012
34
J -
42 . 1.00E+012
rd
30 o’
/ 5.00E+011 .
28 - /
26
EE(7) 0.00E+000 4 EE(7)
24 T T T T T T T T T T
20 20 40 50 60 o) 2 20 % 5 60 70
(@) (b)

Fig. 4. Same data as in Fig. 3 for p = 7 and x = 7.8; correlation coefficient = 0.9995.

The curvature of the EE-EE(p) correlation is best eliminated by plotting EEX
versus EE(p), for some appropriately chosen value of x. This value depends both
on p and on the sample for which it is determined. For instance, for the sample
consisting of 10-vertex trees and for p = 7, x has the value 5.6, in which case, the
correlation coefficient for EEX vs. EE(p) is as high as 0.9997. Two further exam-
ples are given in Figs. 3 and 4.

CONCLUSIONS

The expressions EE(p), given by Eq. (3), provide unacceptably inaccurate
approximations for the Estrada index. Only for large values of the parameter p
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(namely, for p > 5) does the approximation EE ~ EE(p) have an average error be-
low 10 %. However, for such large values of p the usage of the formula EE(p)
would be impractical and inferior to the direct (exact) calculation of EE from its
definition.

On the other hand, for any p > 2, a reasonably good correlation exists bet-
ween the Estrada index and EE(p). This correlation is curvilinear, except for p = 2
when it is linear (see Fig. 2). Thus, the Estrada index is (in a statistical sense) a
monotonically increasing function of the expressions EE(p), p=2,3,..... As a
consequence, if EE(p) is a monotonically increasing function of some variable
(say, of the spectral radius r, as in the case of trees and p = 2), then is (in a sta-
tistical sense) also the Estrada index.

In summary: the present analysis confirms the validity of the conclusion
drawn in a previous work12 that the n-vertex Volkmann tree2829 has the greatest
Estrada index among all n-vertex chemical trees. More generally: our analysis
implies that it is justified to use EE(2) and EE(3) in the study of the structure de-
pendence of the Estrada index. In other words — the structural features on which
EE(2) and EE(3) depend (i.e., on which the first few spectral moments depend,
which all are known17-24) are to a great extent those on which the Estrada index
depends. Therefore the employment of the expressions EE(2) and EE(3) enables
the finer details of the structure dependency of the Estrada index to be resolved.
This task has already been accomplished for benzenoid molecules!O (using EE(3))
and alkanes1:12 (using EE(2)), and now it can be achieved for any other class of
molecules for which there is a chemical interest.

N3BOJ
BE3A ECTPAJIVHOI' MTHIEKCA U CIIEKTPAJIHOI' PAINIYCA

WBAH I'YTMAH?Y, CJIABKO PAJIEHKOBURY, BOPUC ®VPTYJIAL, TOUFIK MANSOUR? 1 MATTHIAS SCHORK3

YIpupoono—waitiemaitiuuiu axyaitieins Ynusepsuiteiia y Kpazyjesyy, Cpouja, 2Department of Mathematics,
University of Haifa, 31905 Haifa, Israel u 3Camillo-Sitte-Weg 25, 60488 Frankfurt, Germany

Ectpanun unnexc EE je jenaH HEAABHO NPEUIOKEHU MOJIEKYJICKH CTPYKTYPHHU IECKPHIITOD,
KOjH je NPUMEHEH NPH MOJENUpamky NW3BECHUX TPOAMMEH3HOHAIHUX CTPYKTYPHHMX KapaKTepHC-
THKa OPTaHCKHMX MOJIEKYJIa, HAPOYUTO CTEIIeHa CaBHjara IPOTEHHA U JPYTUX OMONOJIMMEpa Jyrad-
Kor yaHua. Ectpanun nHIeKc ce u3pauyHaBa M3 CIeKTpa MoJjeKyJckor rpada. 306or Tora je ox UH-
Tepeca HaJlaxeme peranuje uamehy EE U criekpaiHor panujyca I (= Hajsehe concTBeHe BpeqHOC-
tH). OBO THUM IIp€ IITO je 3aBUCHOCT I' OJ] MOJICKYJICKE CTPYKTYpPE PEIaTUBHO I00pPO HCTpaxeHa. Y
paxy cy oxmpeheHe ocHOBHE KapakTepucTuke penanuje usmely EE u I, Koja ce Mmokaszaja MHOTO
CIJIOXKEHHJOM HETO LITO €€ MPETIOCTABIbAIIO.

(IIpumsbeno 3. jyma 2007)
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Are the program packages for molecular structure
calculations really black boxes?

ANA MRAKOVIC, MILICA DRVENDZIJA, ALEKSANDRA SAMOLOV,
MILENA PETKOVIC* and MILJENKO PERIC*
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Abstract: In this communication it is shown that the widely held opinion that com-
pact program packages for quantum—mechanical calculations of molecular structure
can safely be used as black boxes is completely wrong. In order to illustrate this, the
results of computations of equilibrium bond lengths, vibrational frequencies and
dissociation energies for all homonuclear diatomic molecules involving the atoms
from the first two rows of the Periodic Table, performed using the Gaussian pro-
gram package are presented. It is demonstrated that the sensible use of the program
requires a solid knowledge of quantum chemistry.

Keywords: mlecular structure calculations, Gaussian, dssociation energy.

INTRODUCTION

Some thirty years ago, when the senior author of this paper began working in
the field of quantum chemistry and his coworkers were not yet born, no compact
program packages for performing molecular structure calculations were avaiable.
More precisely, several scientists had developed their own algorithms for solving
approximately the electronic Schrédinger equation but even for the members of
their working groups the use of these programs was impossible without deep
knowledge of quantum chemistry, group theory, linear algebra and related topics.
As a rule, any step beyond the computation of equilibrium geometries, vertical
electronic spectra and potential energy surfaces (e.g., consideration of nuclear
dynamics, spin-orbit or non-adiabatic couplings) was connected with the ne-
cessity of inventing new methods and writing by oneself the corresponding com-
puter programs. In the meantime considerable progress has been achieved and
now several complete program packages for molecular structure calculations,
such as Gaussian, MOLPRO, MOLCAS and TURBOMOL, developed by a num-
ber of experts in quantum chemistry, can be provided and, thanks to the corres-
ponding more or less detailed manuals, employed by a broad class of users. A

# Serbian Chemical Society member.
* Corresponding author. E-mail: peric@ffh.bg.ac.yu
doi: 10.2298/JSC0712329M
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consequence of this development is that nowadays many chemists, without pro-
found knowledge of quantum mechanics, can (or at least believe they are able to)
carry out quantum—chemical computations to support or explain their experimen-
tal results. The goal of the present study is to show that the “blind” use of these
program packages and uncritical belief in the reliability of the results produced
by them can be very dangerous.

COMPUTATION OF STRUCTURE PARAMETERS FOR DIATOMIC HOMONUCLEAR
MOLECULES INVOLVING THE ATOMS FROM THE FIRST AND SECOND ROW OF
THE PERIODIC TABLE, BY MEANS OF THE GAUSSIAN PROGRAM PACKAGE

The primary goal of the present study was not to achieve the best possible
numerical results obtainable with the Gaussian program packagel but instead to
discuss the results of typical results and their accuracy. Presented here are the
equilibrium bond lengths, harmonic vibrational frequencies and the dissociation
energies for all homonuclar diatomic (neutral) molecules involving the atoms
from the first two rows of the Periodic Table, obtained by means of the restricted
Hartree—Fock (RHF) formalism, density functional theory (DFT) and, in the case
of the Hy molecule, using the configuration interaction (CI) approach. The ato.
mic orbital (AO) basis 6—311+G(d,p) and the B3LYP functional were employed.
The results are presented in Table I. They are compared with the corresponding
experimental findings taken from Ref. 2.

TABLE 1. Equilibrium bond lengths (r.), harmonic vibrational frequencies (w) and dissociation
energies ( D8 ) for homonuclear diatomic molecules involving the atoms from the first two rows of
the Periodic Table, obtained by means of the Gaussian program package (RHF, DFT) and derived
from experimental data (exp.).2 The symbol “~* means that the experimental or theoretical result is
missing — the latter because the energy of the isolated atoms was not computed to be higher than

that of the molecule and/or the potential curve did not converge to a constant value at the dissoci-
ation limit (actually at the internuclear distance of 20 A).

DY/ eV
. ) 0 5
Molecule GS El. conf. Method re/A  @/cml DjleV
Eat_EmoI
RHF 0.735 4595 10.80 3.340
H, 5§ (1og)? DFT  0.744 4421 7.400 4,500

exp. 0.741 4401 4.478 4.478
RHF 3.368 13 - -

He, 1%} (1og¢)?(loy)? DFT  4.668 9.0 - -
exp. 29702 -  0.00090°  0.0090?
RHF 2785 337 - 0.15
Li, 13y [He, J(204)2 DFT 2705 343 1.67 0.88
exp. 2673 351 1.04 1.04
RHF 1810 921 - -
Be, 13f  [HeJ204)2(20,)2 DFT 2491 285 0.17 0.17
exp. - - - -
RHF  1.639 942 - 0.80
B, 33 [Be, |17, )2 DFT 1616 1002 2.52 2.52

exp. 1590 1051 3.00 3.00
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TABLE I. Continued

: 0 D3 /eV
Molecule  GS El. conf. Method re/A @/cml DgleV
at — EmoI
RHF 1245 1907 - 0.29
C, B [Be, J(17, ) DFT 1252 1868  10.0 4.98
exp. 1242 1854  6.21 6.21
RHF 1245 1907 - 0.29
C, D) [Be, J1r, )4 DFT 1252 1868 10.0 4.98
exp. 1242 1854  6.21 6.21

RHF 1071 2735 3210 4.830
N, Iy [Be, J17,)4 (304)2 DFT  1.096 2445  18.02 9.600
exp.  1.098 2359  9.759 9.759

[Be,Jim)4(Bog)?  RHF 1152 2005 2043 0.980

0, 355 ) DFT  1.206 1634  10.19 5.09
(Arg) exp. 1208 1580  5.115 5.12
[Be, ), )4 (3074)? RHF 1329 1225 - -
Fy D) ) DFT 1409 9820 5230 1.32
(d7g) exp. 1412 9166  1.602 1.60
4 2 RHF 33 28 - -
Ne, 1% [Bea i )? 3o DFT 31 39 - -
4 2 ’
(17¢)*Boy) exp. 3.1 14 0.00202®  0.00202°

aDerived from electron scattering experiments; “uncertain results

Before going into the qualitative analysis of the results shown in Table I,
some trends should be noted. The equilibrium bond lengths are generally quite
reasonably computed by both the HF and DFT approach, with the DFT results
being superior in most cases. In the case of the noble-gas molecules He; and Ney,
as well as for Bey, the reliability of both the theoretical and experimental results
is questionable. The same trends are found for the harmonic vibrational frequent-
cies, except in the case of Hp, B2, No, O, and Fo, for which the HF results are
inaccurate. The dissociation energies were computed in two different ways: a) as
the energy difference between the dissociation limit of the molecular potential
energy curve and the zeroth vibrational level and b) as the difference between the
energy of the isolated atoms in their ground states and that of the molecule in its
equilibrium geometry, corrected by the zero-point vibrational energy. The first
set of results is generally in very bad agreement with the experimental data in
both the HF and DFT calculations. The HF results obtained by applying the se-
cond approach are again poor (they are close to those generated in the HF calcu-
lations employing saturated AO basis sets3), while their DFT counterparts are
(except for Co and F») in reasonable agreement with the experimental values.

INTERPRETATION OF THE RESULTS OF COMPUTATIONS
Correlation energy error

As seen by inspection of Table I, the most serious computation errors for the
molecules considered in the present study concern their dissociation energies. In this
and the following subsection, explanations of the reasons for this are given.4:°
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The HF energy of the ground electronic state of N at its equilibrium geo-
metry is computed to be —2965.19 eV. This value is very close to the HF limit
(i.e., to the HF energy obtained using an infinitely large basis set) of —2965.62 eV
and simultaneously 99.5 % of the exact non-relativistic energy, —2980.58 eV. For
the SCF energy of a nitrogen atom, a value of —1480.10 is obtained; the HF limit
is —1480.22, and the exact energy —1485.39 eV. Thus, the energy of the atom is
calculated with a relative error of only 0.35 %. In spite of this, the HF dissocia-
tion energy obtained as E(2N) — E(N5y), 5.00 eV (or 4.83 eV if the energy of the
zeroth vibrational level is taken into account) is only about 50 % of the experi-
mental value (Egis = 9.90 eV). The problem is namely that the experiments give
information not about the total energies but about the energy differences and the
latter are unfortunately only a very small part (say 1 %) of the total energy. Thus,
an error of 1 % in the total energy can cause a huge error (say 50 %) in the ener-
gy difference actually measured. Moreover, if the dissociation energy is defined
as the energy difference between the dissociation limit of the potential energy
curve and its minimum, the HF value becomes as large as 32.10 eV!

The reasons for such an inaccuracy of the computed dissociation energies lie
in the nature of the HF approach. First, this method assumes the total electronic
wave function as an (anti-symmetric) product of individual one-electron wave
functions (spin-orbitals) and as such it is not capable of taking properly into ac-
count the correlation of electronic motions; the real mutual interaction of indi-
vidual electrons is simulated by an interaction of one particular electron with the
mean field produced by all the other ones. This approximation works well as long
as the electrons are far away from one another. However, when two electrons
build a molecular orbital (MO), i.e., when they form a chemical bond, they are
found close to each other and the HF philosophy, which allows them to be arbi-
trarily close to each other, becomes unrealistic. The quantitative measure of this
effect is the “dynamical correlation error”, being of different magnitude for diffe-
rent atoms and molecules, but also for different electronic states of the same mo-
lecular or atomic system. The electronic configuration of the nitrogen molecule at
its equilibrium geometry represents a “closed shell” system (see Table 1); the
ground state of the nitrogen atom is, on the other hand, 1s2 2s2 2p3 (4Sgp), i.e.,
two nitrogen atoms involve six open shells. This means that the dissociation of
N> into two N atoms is characterized by the breaking of three bonds and this
causes extremely different correlation errors when calculating these systems in
the framework of the HF approach.

Another, usually even more serious, drawback of the HF method is a con-
sequence of representing the electronic wave function by a Slater determinant
corresponding to a particular electronic configuration. The closed-shell Slater de-
terminant, reasonably approximating the electronic wave function not far from
the equilibrium geometry, is totally inadequate for describing two open-shell
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nitrogen atoms in their ground states. The closed-shell determinant employed
leads thus into a “wrong” (much higher energy) dissociation channel.

The DFT energy at the equilibrium geometry of N> is computed to be
—2981.12, i.e., —2980.97 eV, with the zero-point vibrational energy correction.
Thus the calculation error is only 0.01 %. For the energy of an isolated nitrogen
atom the applied DFT approach gives —1485.68 eV (error of 0.02 %). A cones-
guence of this improved accuracy, when compared with the HF treatment, is the
dissociation energy E(2N) — E(N2) = 9.75 (9.60) eV, which is in close agreement
with the experimental value. The high accuracy of the DFT results in this case is
a consequence of the fact that this method properly accounts for the correlation
of the electronic motions. Note that the DFT results for absolute energies are in
the present case slightly below the exact results; this may occur because the DFT
(as opposed to the HF method) is not a completely variational approach. How-
ever, if the dissociation energy is computed as the difference between the asy-
mptotic energy of the potential curve for N> and its minimum, the wrong value of
18.17 (18.02) eV is obtained. This means that the DFT method does not eliminate
the “non-dynamical correlation error”.

Dissociation of the hydrogen molecule

In this subsection, the problem of non-dynamic correlation is discussed on the
example of the hydrogen molecule. The non-relativistic electronic Hamiltonian (in-
volving also the nuclear repulsion term) for the hydrogen molecules can be writ-
ten in the form (atomic units, me=1, e=1, =1, are used throughout this paper):

H=h1+h2+h12+L @
rAB
where

S DV S O
2 N
2 Mo a2
1

h12 —_— .
P

The nuclei are denoted by A and B and the electrons by 1 and 2. hy and h»
are one-electron operators, while hy is a two-electron operator. The Hamiltonian
partitioned in such a form is adjusted to molecular orbital approaches, such as HF
(and also DFT in its practical applications). For the discussion to follow, one can
restrict oneself to the use of the minimal basis of AOs for the representation of
the MOs; thus it is assumed that:
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1 —
Wrm(s/ﬁfss)=%,
WZ \/m(A )EO_

where ¥ and ¥ are the MOs, sp and sg the 1s AOs centered on the nuclei A
and B, respectively, and

®3)

u?

SE<5A|SA>EISZSBdf (4)

is the overlap integral. According to the Pauli principle, the two electrons of the
hydrogen molecule can be distributed in six ways among the MOs oy and oy,
resulting in six approximate total electronic functions in form of the Slater deter-
minants:

" Z 3((3 ng((;)) =0,0o, 2= [a(l)ﬂ(Z) pDa(2)]=1'3;,
1 [o,e® oa®] 1 L
q)z = ﬁ O'ga(Z) O'ua(Z) - ﬁ[ag (l)O'u (2) -0, (1)O'g (Z)h(l)a(Z) = Eu (M s _1)Y
1 Gga(l) o, pQ) 1
5= 2 c,a(2) c,B(2) - ﬁ[o—g Oa®o,(2)B(2) -0, LYo, (Z)a(Z)], o
V2 0,8(2) o,a(2) NP ! u 9
s = % Z;Z((;)) Z/f((;)) = %[ﬂg Vo, (2) -0, Mo, 2)BMAR) =* =: (M, =-1),
—i O—Ua(l) Uuﬂ(l) _ e
D, 2lo.a@) o.52) =0,0o,2)—= [a(l)ﬁ(Z) p0a(2)]=2 s

o and [ represent the spin Elgen functions of individual electrons. As in-
dicated in Eq. (5), the Slater determinants ®1, @5, @5 and ®g are automatically
Eigen functions of the total orbital and spin angular momenta; @', and @', are
not, but these are their linear combinations,

1 1 1 -
D, == (O3 +',) =—[o Vo, (2) -0, W0, (2)]—[a(1)/3(2)+/3(1)a(2)]z Z; (M =0),

f

D, = I(q’ -0, = [cr Mo, (2)+0,W)o, (2)] [a(l)ﬁ(Z) ADa(2)]=

In the vicinity of its equilibrium geometry, the ground electronic state of the
hydrogen molecule is approximately described by the wave function @1, corres-
ponding to the doubly populated lower-energy MO, oy. Since the Hamiltonian
does not involve the spin coordinates, the energy of this state is given by:

(6)
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(E))= (@, H|®,) = (o, o, (2|, +h, +hy, +é‘0'g Mo, (2)) = 2h, + 3, +é, ©)
where
h, = (o, |0, @) = (o, (2)|,| o, (), @
g =(0,00, 2|0, | o, Moy (2)).
The lowest-lying excited state is 1323 , corresponding to the wave functions
®1, Oy and s, Its energy is:

<E2,3,5>=<®2‘H‘®2>=<®3‘H‘®3>=<®5‘H‘®5>
= %(ag Vo, () -0, Vo, (2)h, +h, +hy, + rl o, (0o, (2) -0,V (2) )
=h, +h, +J, - K, +i,

rAB
with
h, = (o, Qn|o, @) = (o, (2)]h,|o, (),
Jg =(0,00, (2 |n,| oy W0, (2)) = 4, (10)
Ky,

<9 >=K

The second excited state is 112+ with the energy'

12

(E,)=(@,|H|®,)= <a Vo, (2 +0, Mo, ), +h, +hy + = \a Vo, (2)+0,W)o,(2)
. (12)
=hy+h, +J, + Ky +—,

rAB

and, finally, the third excited state corresponds to @, and has the energy'

(Bo) = (@ [H| @) = (0, W, )]y +h, +hyy +—= \o— Vo, (2)) = 2h, +3, +T (12)
AB
where Jyy is defined analogously to Jgg.
In order to estimate the energy of the states in question in the dissociation
limit (r,z — o0),the energy formulae (7), (9), (11) and (12) are now presented in
terms of the AOs. Itis first found that:

= (o3l 10) = 575 (5200 #5050+ 52 0) = 1 (s i), (39
with
han = (54 (1[N, |34 (1)) = (35 (1) |0, | S5 (11)) = Mg, 14)
e = (x ()N, |86 (12))



1336 MRAKOVIC et al.

and u taking the values 1 and 2. In the same way one obtains:
1

h, = <O'u (ﬂ)‘h#‘o'u (/1)> :E(hAA —Nye),
1
Jgg ZW[‘]AA + ‘]AB +2KAB +4(ABHAA)]’
. (15)
\]uu :W[\] AA +‘]AB +2KAB —4(ABHAA)]1
1
Jgu =m[‘]AA +‘]AB _ZKAB]’
1
Kgu ZW[‘]AA_‘]AB]'

In Eq. (15), the notation:
Jan = (54084 (2)|n1,[54 (D54 (2)) = (55 V)55 (2)|Nyy |85 (D55 (2)) = g,
Jag = <SA s (2) ‘hlz‘ sa(Dsg (2)> =Jga, (16)
Kpe = (52 (1)S5 (2|0, |5s ()54(2)) = Ky,
(AB|AA) = (5, ()55 (2)|hy, |5, (D34 (2)) = (AB[BB)

is introduced.

At I, — 0, all the S, hag, Jag, Kag and (AB||BB) tend to zero, whereas
Jan takes the value denoted by J , ; consequently hg and hy become equal to the
energy of an isolated hydrogen atom, Ey, and J,J,,,d,, Ky, = I /2.

Thus the dissociation limits of the energy formulae (7), (9), (11) and (12) are:

. 1., e
E,) =2EH+EJAAEH11(129),

<
§E2,3,5> =2E, =E"(°%)), (17)

E,)” =2E, +J; =E”('Z)),

© l . 0 +
<E6> =2E, +E‘JAA = Hes(lzg)-

It can be seen that at r,; — oo, the two states of the same spin and spatial
symmetry, 123, have the same energy, in contrast to the situation around the
equilibrium geometry, where they are clearly separated from each other. There-
fore, at very large internuclear distances, the interaction of these two species can-
not be neglected. Thus, in order to obtain the correct dissociation channels for the
states of 12; symmetry one has to apply the configuration interaction approach,
i.e., to solve the system of equations:
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A CAN LSl CARR™
<(D6‘H‘(D1>w <(D6‘H‘(De>w_Ew C; Hys He —ENCy

where
0 o0 1 0
(@, [H|@g)" = (35, ) =2 95 (19)

One obtains:
E/('Zy) =H;; —Hj =2E,,

o I+ o © w© (20)
E;(Z,)=Hj+Hg=2E, +J.

Therefore, in the dissociation limit, the lower state of ‘X" symmetry runs
into the same dissociation channel as the Z* species, while the 2! Z+ states
dissociates into the same products as the 112 state.

Let us inspect the form of the apprOX|mate wave functions for the two 12*
species considered. The spatial parts of the functions ©, and @ are

@ 0,00,0)= 50, S)[A(l)sB(Z)+s>B(1)sA(2)+s,t(1)st(2)+saa)sB(Z)]oc%B+L11.0n, 21)
o0 0,0, = ﬁ[—stmss(z) =5y (1)5,(2) + 5, (05, (2) + 55 ()5 ()] o< ¥y + ¥,
where

Wyp = N[5, (155 (2) + 55 (05, (2)] 22)

Wiy = N[5, (D)3, (2) +55 (D5, ()]
Thus, both of these wave functions correspond to the dissociation scheme
according to which the dissociation into the ions (H* + H™) is equally probable as

that into neutral atoms (H + H), with the consequence that the energy of the
dissociation channel is:
o » 1 1
E*(®,) = E*(®,) :—[(EH +E,)+(E, +E, )|=E, +2E @)

The wave functions corresponding to the asymptotic energies E;* (@ ) and
Ex(Z! o) are:

I N 1 _
Yz = ﬁ(cbl D) ﬁ[st(l)s3(2)+s5(1)st(2)] f[a(l)ﬁ(Z) ADa(2)) 24)
¥y () :%«Dl + ) ‘T[ A5, (2) +55Ds, (2)] [a(l)ﬂ(Z) ADa(2)]

The first of the wave functions (24) describes the dissociation of Hy into H + H,
and the second one corresponds to the dissociation into the higher-energy chan-
nel involving H* and H™ ions.
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Thus, it can be concluded that the configuration interaction treatment (or
some alternative approach which accounts for both the dynamic and non-dy-
namic correlation energy) is inevitable for the correct dissociative behavior of the
ground electronic state of Ho to be obtained. In other words, the one-determinant
approaches, such as HF or DFT, unavoidably lead to erroneous dissociation ener-
gy if it is computed as the difference between the asymptotic (r,; — o) energy
and the energy at the equilibrium geometry (see Fig. 1).

E/EY
-04
- 0.6+
L5
~-0.8-
- -
Ct
egz.
Fig.1. Potential energy curves for
the H, molecule computed by
means of the HF, DFT and CI
method and the exact potential

v T T Y energy curve as obtained by
2 4 6 8 10 12 R/pohr Kolos and Wolniewicz.

Towards larger molecules

In the two preceding subsections, some of the problems which arise by using
compact program packages, such as Gaussian, for the calculation of molecular
structure parameters were pointed out. There, as examples, only very small mole-
cules built up of very light atoms and only the molecular (in majority of cases
closed-shell) ground electronic states were considered as examples. When hand-
ling larger systems and/or excited electronic states, a number of additional pro-
blems have to be solved. Several of them will now be mentioned.

A typical quantum—mechanical task is to find the equilibrium geometry and
the corresponding structure parameters of a large molecule (i.e., a molecule com-
posed of many atoms).The first problem which is encountered is the choice of the
initial molecular geometry at which the calculation should commence. Theoreti-
cally, an ab initio quantum—mechanical approach does not require any infor-
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mation about the molecule considered except of the number of its electrons and
the number, the charges (and possibly masses) of its nuclei. However, in praxis
some initial geometry has to be given. The program packages being considered
normally incorporate some subroutines, such as e.g., MOLDEN, which more or
less automatically guess a reasonable initial geometry, but all the problems can-
not be solved in this way. A molecule of say 100 atoms has a potential energy
surface depending on 294 nuclear coordinates. It is to be expected that such a po-
tential surface has a large number of local minima and the optimization of the
molecular geometry is usually technically completed when one of these minima
is attained. The local minimum which is found is to a great extent prejudiced by
the choice of the initial geometry, i.e., there is usually no guarantee that the glo-
bal minimum of the potential surface, i.e., the real equilibrium geometry, has
been obtained. Another question is the physical/chemical meaning of local mini-
ma and the global minimum of a many-dimensional potential surface; how to in-
terpret the results if there are several minima separated by very high or extremely
low potential barriers?

Another difficult problem is the choice of the optimal approach and technical
parameters (e.g., AO bases, one-electron based functions in post-HF calculations,
DFT functionals) for the system considered. As already mentioned, the HF and
DFT approaches are usually not appropriate for calculating excited electronic sta-
tes and the employment of methods accounting for the electron correlation more
properly (Configuration Interaction, Coupled Cluster) is often not feasible for
large molecules. Reliable computation of some structure parameters, such as
hyperfine coupling constants, requires the use of special (typically compact) AO
based functions; on the other hand, in the handling of negative ions and parti-
cularly a Rydberg electronic state, a standard AO basis must be augmented by se-
veral diffuse basis functions. By the choice of the method and the corresponding
technical parameters, a fine balance between the desired accuracy of the final re-
sults and the computational requirements has to be achieved.

Special care is necessary when interpreting the obtained numbers. We men-
tion only several questions which have to be answered: Does the computed pro-
perty depend on the choice of the coordinate system (such as, e.g., the dipole
moment of an ion or the components of the hyperfine tensor)? Do the results
depend on the choice of the subgroup of the actual point group of the molecule,
employed in calculations? Why the components of a spatially degenerate electro-
nic state of a linear molecule are sometimes computed to have different energy?
Are the computed harmonic vibrational frequencies reliable? The answer to the
last question necessitates knowledge of the manner in which the program com-
putes them — by use of the second derivatives of the energy at equilibrium,
energy gradients or in some other way. What is the reason for obtaining different
values for two components of the bending vibrations in a spatially degenerate
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electronic stale of a linear molecule? Which results are physically/chemically
justified and not simply artifacts?

CONCLUSIONS

The general conclusion which follows from the preceding analysis is that the
employment of the available compact program packages for calculating mole-
cular structure parameters and particularly the interpretation of results of such
calculations requires a profound knowledge of chemistry, quantum mechanics,
molecular dynamics and related topics. Although written by the experts in the
field and accompanied with detailed manuals, these programs are by no means
easy to handle. In order to obtain reliable results and to understand them, the user
is often forced to obtain insight into the structure of the programs and underlying
guantum-chemical methods, which cannot be learnt solely by studying the ins-
tructions for their use.
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support (Project No. 142055).

U3BO/J

JA JIN CY [TPOI'PAMCKU ITAKETHU 3A PAUYHARE CTPYKTYPE MOJIEKVYJIA
3AUCTA “IIPHE KYTUJE™?

AHA MPAKOBWR, MUJIMIIA JIPBEHIIMIA, AJJEKCAHZAPA CAMOJIOB,
MMJIEHA IIETKOBWH u MUJBEHKO ITEPU'R

Dakyaitieiti 3a puauuky xemujy, Ynusepauiiein y bozpaoy, i. up. 137, 11000 Beozpao

VY 0BOM pajy 1oOKa3yjeMo 1 je IMPOKO PacHpOoCTPaEHO MHIIBEHE 1a €& KOMIAKTHH IIPO-
IPaMCKH [aKeTH 32 KBAHTHOMEXaHHYKO pPauyHambe CTPYKTYpe MOJIEKyJia MOry Ge30pHIKHO KOpHC-
TUTHU Ka0 “IpHE KyTHje” MOTIYHO morpentHo. Jla 6McMo To MIIyCTpoBaiH, IPHKa3yjeMo pe3yiraTe
padyHama JyXKMHE Be3a, BHOpAaMOHMX (pPEKBEHIMja M CHEpruja IUCOIMjaIlije 3a CBE
XOMOHYKJIEapHE JBOATOMCKE MOJIEKyJe KOjU yKJbYdyjy aTroMe u3 IpBe JBe nepuoze IlepuonHor
cuctema, nodujeHe momohy mporpamckor makera Gaussian. ITokasaHo je ga pasyMHO Kopuinheme
Iporpama IpeTrnocTaBba COJUIHO T03HABAKE KBAHTHE XEMUjE.

(Tpumsbeno 26. cenrembpa 2007)
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Total n-electron energy and Laplacian energy:
How far the analogy goes?
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Abstract: The Laplacian energy LE is a newly introduced molecular-graph-based
analog of the total mn-electron energy E. It is shown that LE and E have a similar
structure-dependency only when molecules of different sizes are compared, when a
good linear correlation between them exists. Within classes of isomers, LE and E
are either not correlated at all or (as in the case of acyclic systems) are inversely
proportional. The acyclic graphs and molecular graphs having the greatest and smal-
lest LE values (determined in this work) differ significantly from those (previously
known) having the greatest and smallest E values.

Keywords: Laplacian energy, graph energy, total n-electron energy.

INTRODUCTION

The total n-electron energy E, as calculated within the Hickel molecular
orbital (HMO) model, is one of the most thoroughly studied quantum-chemical
characteristics of large polycyclic conjugated molecules. Details on the theory
and applications of E can be found in the literaturel-3 and in the references cited
therein. It was recognized a long time ago that the various m-electron descriptors
of the HMO model, including E, can be calculated from the eigenvalues A1, 4o,
..., An Of the underlying molecular graph.4° In particular, in the case of alternant
hydrocarbons:

n
E= zl | 2 | 1)

1=
where, as usual, 1,245 E is expressed in the units of the HMO carbon—carbon

resonance integral f5.

Formula (1) served as a maotivation for the definition of the so-called graph
energy. Namely, whereas within the HMO model E is meaningful only in the ca-
se of a restricted class of molecular graphs,® the right-hand side of (1) is a well-de-
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fined quantity for all graphs. In view of this, the energy of a graph (also denoted
by E) is defined as the sum of the absolute values of all eigenvalues of this graph,
and this definition extends to all graphs. This seemingly insignificant change in
the interpretation of Eq. (1) resulted in a great expansion of research in this area
and has advanced the theory of total n-electron energy greatly; for details see the
reviews:6 and some of the most recent publications dealing with graph energy.”-14

By Eq. (1), the graph energy is defined in terms of the graph eigenvalues 41,
22, ..., 2n. Recall that these are just the eigenvalues of the adjacency matrix.1° In
graph spectral theory, the eigenvalues of several other matrices have been stu-
died, of which the Laplacian matrix attracted the greatest attention in both ma-
thematics® and chemistry.16-21 In view of this, a Laplacian analog of E has re-
cently been conceived,22 defined as:

n
LE=Y
i=1l

where [, Ho, ..., Un are the Laplacian eigenvalues, m is the number of edges and
n the number of vertices of the underlying graph. At the first glance, the forms of
the right-hand sides of Egs. (1) and (2) are different. However, both are special
cases of the general expression:

2m

My ——— 2)
n

n
i —X
i=1

where X is the average value of the eigenvalues X1, Xy, ..., Xn. Indeed,1718 1 =0
whereas = 2m/n.

Both in the first paper22 on the Laplacian energy and in two consecutive pa-
pers23.24 jt could be shown that several mathematical properties of LE are fully
analogous (or even identical) to properties of E. However, with regard to some
other properties, LE and E differ significantly. Hitherto, no detailed numerical
testing of the relation between LE and E has been reported. The aim of this work
is to contribute towards filling this gap.

RELATION BETWEEN ENERGY AND LAPLACIAN ENERGY IN
BENZENOID AND ACYCLIC SYSTEMS

It is known that the main parameters determining the value of the total n-ele-
ctron energy E are n (= the number of carbon atoms, i.e., the number of vertices
of the molecular graph) and m (= the number of carbon—carbon bonds, i.e., the
number of edges of the molecular graph).12:25.26 |n order to test if, in the case of
molecular graphs, the same parameters also influence the value of the Laplacian
energy, E and LE have been correlated for benzenoid molecules (Fig. 1) and acy-
clic systems (Fig. 2). In Fig. 1, the standard set126 of 106 Kekuléan benzenoids
from the book2’ is employed. Figure 2 shows the correlation between E and LE
for the set consisting of all n-vertex trees with n between 2 and 14, for which
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no = 0. Here ng stands for the number of zero eigenvalues, which in the HMO
model are equal to the number of non-bonding molecular orbitals. The choice
no = 0 was made because earlier studies28-30 revealed that the energy of trees is
significantly influenced by the value of ng, whereas LE was found to be practi-

cally independent of this value.
60
E 4 -
50 4 -
40 4 L4
304

204 .

10 4

prrl

104

LE

Fig. 1. The Laplacian energy (LE)
of Kekuléan benzenoid molecules
versus the respective total n-elec-
tron energy (E). The data set is ta-
ken from the book?” and consists
of 106 benzenoids of various sizes.
The regression line reads LE =
=(1.043+0.002)E — (0.42+0.08) and
the correlation coefficient is 0.9998.
For details, see the text.

Fig. 2. The Laplacian energy (LE)
of trees without zero eigenvalues
(ng = 0) versus the respective E va-
lue. The data set consists of all 253
such systems with n vertices,
2 < n < 14. Recall that from the
requirement ng =0 follows that n
must be even.15 The regression line
reads LE = (1.14+0.02)E — (0.0£0.3)
and the correlation coefficient is
0.969. For details, see the text.

From Figs. 1 and 2, it can be seen that a very good linear correlation exists
between LE and E, which means that the gross part of both the total n-electron
energy and the Laplacian energy are determined by the parameters n and m. Fur-
thermore, both LE and E depend on n and m in essentially the same way. As the
(n,m)-dependence of E is well understood,12:31 it may be said that the (n,m)-de-

pendence of the Laplacian energy is also known.
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RELATION BETWEEN ENERGY AND LAPLACIAN ENERGY IN SETS OF ISOMERS

Many graph-based molecular structure descriptors have the property that
their value is mainly determined by the parameters n and m. In order to envisage
the finer details of their structure-dependence, the standard procedure is to exa-
mine their behavior within sets of molecular graphs with equal n and m, i.e.,
within sets of isomers.

In Figs. 1 and 2, isomers correspond to points that lie very near to each
other. In Fig. 1, the spread of these points cannot be seen at all, implying that in
the case of benzenoid molecules, structural details other than n and m have a very
small influence on the values of E and LE. In the case of acyclic systems, this
influence is somewhat stronger and the deviation of the data-points from the re-
gression line is easily recognized.

Various sets of benzenoid isomers were examined and in all cases it was
found that their Laplacian energies and total n-electron energies are completely
unrelated. A characteristic example is shown in Fig. 3.

37.80
E
37.75 .
37.70
. 1
3765
- ' * » .
37,60 2 : s Fig. 3. The Laplacian energy ver-
x sus the total w-electron energy for
* the set of all 36 (isomeric) catacon-
37.55 ' T T : . . . densed benzenoids with 6 hexa-
%1362 63 364 65 66 BT B8 gons all having the formula CogH1g.
LE There is no correlation.

The fact that in the case of trees an inverse correlation between LE and E
exists has already seen from Fig. 2. In Fig. 2, the group of near-lying data-points
corresponds to a fixed value of n and, since for trees m =n-1, also to a fixed
value of m. Note that all trees with odd number of vertices have the property ng >0,
and therefore for all acyclic systems shown in Fig. 2, the parameter n is even.

A detailed examination showed that for acyclic isomers with a fixed value of
no, the (LE,E) data-points are linearly correlated. A characteristic example is shown
in Fig. 4.

The finding that the slopes of the (LE,E) regression lines are negative is re-
markable and (for the authors of this paper) was fully unexpected. It implies that
within sets of acyclic isomers, the structural factors which increase the total n-ele-
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ctron energy decrease the Laplacian energy, and vice versa. It has been known
for a long time32.33 that the extent of branching is the main such structural factor
which decreases E. As a consequence of this, the more branched an acyclic sys-
tem is, the greater will be its Laplacian energy. Thus, as far as the effect of bran-
ching is concerned, E and LE exhibit a different and opposite structure-depen-
dence. Further consequences of this finding are outlined in the subsequent section.

14.2
E .
14.0 .
L]
13.8
136 Fig. 4. The Laplacian energy ver-
2 oo sus E for the set consisting of all
1+ o 10-vertex trees without zero eigen-
1324 * values (a total of 15); these graphs
< pertain to (isomeric) acyclic conju-
13.04 e gated hydrocarbons with formula
128 CqoH12- As a kind of surprise, there
is a decreasing linear correlation
1264 . between LE and E, implying that
e . 17 1s 19 1o | 121 acyclic isomers with large E have

small LE and vice versa. The cor-
LE relation coefficient is —0.980.

TREES AND CHEMICAL TREES WITH GREATEST AND
SMALLEST LAPLACIAN ENERGY
In graph theory, a connected acyclic graph is called a “tree”. A “chemical tree”
is a tree in which no vertex has degree greater than 4. A “path” is a tree in which
no vertex has degree greater than 2. A “star” is a tree in which all but one of the
vertices are of degree 1. An n-vertex path and an n-vertex star will be denoted by
Pn and Sy, respectively, see Fig. 5.
It is known34 that among all n-vertex trees, P,, and Sy, have, respectively, the
greatest and smallest energy, that is:

E(Pn) < E(Tn) <E(Sn) ©)

where Ty, is any n-vertex tree different from P, and Sp,.

It was found now (by means of a computer-aided systematic search of all
trees with n up to 17) that a relation opposite to (3) holds for the Laplacian
energy, viz.:

LE(Pp) > LE(Ty) > LE(Sy) 4)

In view of the Relations (3) and (4), one arrives at:

Rule 1. Among the n-vertex trees, the star S, has the greatest Laplacian ener-
gy. In contrast with this, the star has the smallest energy.34 Rule 1 holds for all
n >4, and in a trivial manner also for n=1,2,3.
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Rule 2. Among the n-vertex trees, the path Py has the smallest Laplacian
energy. In contrast with this, the path has the greatest energy.34 Rule 2 holds for
all n >4, and in a trivial manner also forn =1,2,3.

——s—2—o—+—

Sn R
{ % é} 12 n-2
So‘b n( ) Fig. 5. Trees with extreme Laplacian energy;
a+b+2=n for details, see the text.

The trees with the second-maximal, third-maximal, and fourth-maximal La-
placian energy have also been determined. Let DS, be a “double star” with
a+b+2 vertices, depicted in Fig. 5. Then one obtains:

Rule 3. If n is even, n >4, then among the n-vertex trees, the double star
DSa p with parameters a = (n—2)/2, b = (n—2)/2 has the second-greatest Laplacian
energy. If n is odd, n >5, then among the n-vertex trees, the double star DS, p
with parameters a = (n—1)/2, b = (n—3)/2 has the second-greatest Laplacian energy.

Rule 4. If n is even, n >6, then among the n-vertex trees, the double star
DSa b with parameters a = n/2, b = (n—4)/2 has the third-greatest Laplacian ener-
gy. If nis odd, n >7, then among the n-vertex trees, the double star DS, b with
parameters a = (n+1)/2, b = (n—5)/2 has the third-greatest Laplacian energy.

Rule 5. If n is even, n >8, then among the n-vertex trees, the double star
DSa b With parameters a = (n+2)/2, b = (n—6)/2 has the fourth-greatest Laplacian
energy. If n is odd, n >9, then among the n-vertex trees, the double star DS, p,
with parameters a = (n+3)/2, b = (n—7)/2 has the fourth-greatest Laplacian energy.

Note that the trees described in Rules 3-5 are different from those with the
second-minimal, third-minimal, and fourth-minimal energy.34 On the other hand,
the tree with the second-minimal Laplacian energy coincides with the tree with
the second-maximal energy:

Rule 6. Among the n-vertex trees, the graph P,(2), the structure of which is
depicted in Fig. 5, has the second-smallest Laplacian energy. In contrast with
this, the same tree has the second-greatest energy.34 Rule 6 holds for n > 13.

The trees specified in Rules 2 and 6 are molecular graphs. Therefore, these
rules also automatically determine the chemical trees with the minimal and se-
cond-minimal Laplacian energy. A search for chemical trees with maximal La-
placian energy lead to another unexpected finding:
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Rule 7. Among the n-vertex chemical trees, the trees the structure of which is
depicted in Fig. 6 have the greatest Laplacian energy. Rule 7 holds for all k > 2,
that is for n >6 if n = 3k, for n > 7 if n = 3k+1 and for n > 8 if n = 3k+2.

11111 1111 11111
R '_I | 1 1 11 1 Fig 6. Chemical trees with the grea-

test Laplacian energy; for details,
ﬂ=3k n:3|(+1 n=3k+2 see the text.

One should note that the chemical trees shown in Fig.6 with the maximal-La-
placian-energy are different from those having minimal energy.3>

CONCLUDING REMARKS

The results outlined in the preceding sections reveal some quite unusual fea-
tures of the relation between the Laplacian energy LE and the total w-electron
energy (or graph energy) E. Whereas both LE and E have the same (n,m)-depen-
dence (as seen from the good linear correlations shown in Figs. 1 and 2), this
analogy breaks down when classes of isomers are considered, having equal (n,m).
Then the correlation between LE and E may be completely lost (cf. Fig. 3) or an
inverse correlation is found (cf. Fig. 4). In the case of trees, this inverse behavior
of LE and E is best manifested in Rules 1 and 2 (and also in Rule 6). However,
such an inverse analogy between LE and E is not generally obeyed, as seen in
Rules 3, 4, 5, and 7.

In summary, the Laplacian energy and the total n-electron energy were found
to be only weakly related. In other words: the analogy between LE and E does
not go very far. This implies that the Laplacian energy depends on molecular
structure in a manner that is different, but not completely different, from the (now-
adays well understoodl:2) structure-dependence of the total m-electron energy.
Elucidation of the details of these differences remains a task for the future.

U3BOJ

VKVIIHA n-EJIEKTPOHCKA EHEPTMJA U JIAIIJNTACOBA EHEPIT'MJA:
JOKIJIE UJE AHAJIOTUJA?

CJIABKO PAJIEHKOBWH n UBAH T'YTMAH
IpupooHo-maitiemaitiuuku axyaitieiti Yrnueepauitieitia y Kpazyjesyy

JlammnacoBa enepruja LE je HenaBHO yBeleH, Ha MOJIEKYJICKOM rpady 3aCHOBaH, aHAJIOT YKYTI-
HE T-eTeKTPOHCKe eHepruje E. Y pamy je mokazano na LE u E umajy cnumaHe ocoOMHE camo Kaja ce
ynopelyjy MosiekynM pa3iIMuUTHX BEJIMYUHA, Kaja Mehy mHMa 1moctoju no0pa JimHeapHa Kopea-
uuja. YHyTap Kinaca uzomepa, LE v E win yoruiTe HUCY KOPEIUpaHu Wi ¢y (Kao WITO je ciiy4aj
KOJ| alIMKJIMYHUX CHCTEMa) HHBEP3HO MPOMOPLUHOHATHN. AIUKINYHH 'PadOBH U MOJIEKYJICKH Ipa-
¢oBu ca Hajeelium U HajMamuM LE BpeaHoctiMma (oxpeheHr y 0BOM pajy) OUTHO ce pasiuKyjy of
(panuje mo3HATHX) alMKIMYHUX IpadoBa ca HajsehuM U HajMambuM E BpEIHOCTUMA.
(Mpumsseno 23. jymaa 2007)
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Thermally induced conversion of Mg2+ cation exchanged LTA,
FAU, GIS and SOD zeolites: syntheses and characterization
of y~cordierite, a new Mg,Al4SisO1g polymorph
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Abstract: The thermal behaviours of fully Mg2* cation exchanged LTA, FAU (X
and Y species), GIS and SOD zeolites were investigated in the temperature range
from ambient to 1400 °C. The initial zeolite frameworks collapsed into amorphous
intermediate substances after air heating between 800-850 °C. Prolonged annealing
of these products above 850 °C induced recrystallization into sapphirine-like phases
(Mg-LTA and Mg-FAU, zeolites) and p-cordierite (Mg-FAU, and Mg-GIS zeo-
lites) phases. These phases were unstable during further temperature/time treatment
and between 1000-1100 °C they polymorphously transformed into j-cordierite, a
new Mg,Al,SisO1g polymorph. y~Cordierite was formed as a transformation pro-
duct from the investigated zeolite precursors, except for the Mg-SOD zeolite.
Structurally the j-cordierite phase is a modulated, Mg-stuffed derivative of cristo-
balite with the approximate composition Mg,Al4SisO4g, which precedes the appea-
rance of a-cordierite. The orthorhombic unit cell dimensions calculated from X-ray
powder diffraction pattern are: a = 16.387(7) A, b = 8.835(4) A, ¢ = 7.853(3) A.
y-Cordierite has a narrow range of temperature stability (1100-1200 °C) and during
prolonged temperature/time treatment, it is polymorphously transformed to the a-cor-
dierite phase.

Keywords: Mg2* cation exchanged zeolites, thermal conversion, j-cordierite new
polymorph, phase stability.

INTRODUCTION

Due to a wide range of suitable dielectric and thermomechanical properties,
earth-alkaline aluminosilicate-based ceramics have attracted a great deal of atten-
tion in recent years as alternative substrate materials to the conventionally used
corundum (a-alumina). Of ceramic compounds such as: celsian and hexacelsian
(BaAl>SipOg), anorthite (CaAl»SioOg), Sr—feldspar (SrAlSioOg) and a-cordierite
(Mg2AI4Sis01g), the last offers the best combination of all these properties.1.2

* Corresponding author. E-mail: edondur@ffh.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712351D
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The crystal structure3 of high-temperature a-cordierite form is characterized
by hexagonal symmetry and a disordered distribution of Al and Si cations in a
tetrahedral framework.# This form is metastable and under prolonged tempera-
ture/time annealing treatment, it is polymorphously transformed into the ordered
orthorhombic B-cordierite form.6-8 The a-cordierite phase is conventionally pre-
pared by melting the appropriate oxides and quenching to form a glass of the de-
sired composition. The glass is subsequently crystallized in a-cordierite by con-
trolled heat treatment. However, this process is usually preceded by primary
crystallization of the g-cordierite phase, which is the third MgoAl4SisO1g poly-
morph in the three-component phase MgO-Al,03-SiOs (MAS) system.® The
u-cordierite phase is a metastable Mg-stuffed derivativel© of the f-quartz struc-
ture,11.12 which would be topotactically transformed into the a-cordierite phase
by prolonged heating, Fig. 1.

Si0:

Mul +
Si02
En + +Crd
Si0:
A +Crd
Mga2AliSisOn
MgSiOs T,
En+Fo
35:59' AlSiz0ta
- M&JIJ
MgB04 Crd+ Fo + Spl o
Crd + Spr
+Cm
MgaAl10Sk0: . . .
AR Fig. 1. Constitutional data for MgO-
Per + Spl + Fo -Al,03-Si0, (MAS) ternary phase sys-
Spl ¢ Spr+Cm tem.® Abbreviations: Crd — cordierite;
A 2 9 MgAOs 80 %0 A}%}g Spl — spinel, Spr — sapphirine; Mul — mu-
o 2 . . .
Mol % lite; En — enstatite; Fo — forsterite.

Due to the growing interest for the syntheses of a-cordierite, several public-
cations13-16 and patents,17:18 dealing with the zeolite conversion route firstly
proposed by Breck,19 appeared recently. By this method of synthesis, which in-
clude the thermal conversion of cation exchanged zeolites, all the above-mentio-
ned compounds were also prepared.20-23 Moreover, several new aluminosilicate pha-
ses, such as: Ag-carnegieite,24 j-eucryptite,25-27 s-eucryptite,28 CsAISiO4~ANA2S
and KAISiOs—ANA30 were synthesized. Therefore, the discussed zeolite conver-
sion route could be considered as a powerful method for the investigation of alu-
minosilicate phase systems.

The work presented here is a continuation of previous2122 studies on ther-
mally induced phase conversions of sodium LTA, FAU, GIS, SOD3! and other syn-
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thetic zeolites, exchanged with alkaline earth elements. In this study, interest was
focused on the titled zeolites, synthesis conditions and preliminary characteriza-
tion of a new MgoAl4SisO1g phase, hitherto unrecognised in the other experiments.

EXPERIMENTAL

The initial sodium zeolites LTA (Si/Al = 1.00) and FAU (13X specie; Si/Al = 1.34 and SK-40
specie; Si/Al = 2.40; X and Y species, respectively) were manufactured by Union Carbide Co.,
whereas GIS (P specie; Si/Al = 1.38) and SOD (Si/Al = 1.00) zeolites were self-prepared. Near
fully cation exchanged Mg2* forms of these zeolites were obtained after several successive exchan-
ges from aqueous 0.5 M solutions of MgSOy4-H,0.

The chemical composition of the samples was analysed by atomic absorption spectrophoto-
metry, using a Perkin EImer 380 instrument.

The prepared Mg?* cation exchanged forms of LTA, FAU, GIS and SOD zeolites were air-heat-
ed in a Carbolite CTF 15/75 electric furnace using a programmed temperature/time regime in the
range from 700-1400 °C for 1-6 hours. Thermally induced structural conversions of the Mg2*
cation exchanged zeolites were followed on the calcined samples by the X-ray powder diffraction
(XRPD) technique, after cooling to room temperature.

The XRPD patterns were obtained on a Phillips, PW-1710 automated diffractometer, using a
Cu tube operated at 40 kV and 35 mA. The instrument was equipped with a diffracted beam curved
graphite monochromator and a Xe-filled proportional counter. Diffraction data were collected in
the 26 angle range 4-70°, counting for 0.25 and 2.50 seconds at 0.02 steps. A fixed 1° divergence
and 0.1 mm receiving slits were used. The trial and error indexing program Dicvol32 and a program
for the refinement of the cell dimensions Lsucrip33 were used.

Investigations of the crystal morphology of the synthesized phases were performed by scan-
ning electron microscopy (SEM), using a Jeol 840A instrument. The investigated samples were
gold sputtered in a JFC 1100 ion sputter.

RESULTS

The results of the chemical analyses of the Mg2* cation exchanged zeolites are
presented in Table I. It is evident from the results that near complete Mg2* — 2Na*
exchange was achieved for LTA, GIS and SOD zeolites, whereas for the species
of FAU zeolite, the cation exchange was incomplete.

TABLE I. Chemical analyses of the initial Mg?* cation exchanged zeolites: LTA, FAU, GIS and
SOD, used as precursors for thermal conversion

Initial zeolite Si/Al Ratios Chemical analyses
Mg-LTA 1.00 (0.988Mg0-0.012Na,0)-Al,05-2.00Si0,
Mg-FAUx, 1.34 (0.976MgO0-0.024Na,0)-Al,05-2.48Si0,
Mg-FAUy) 2.40 (0.970Mg0-0.030Na,0)-Al,05-4.80Si0,
Mg-GISp) 1.38 (0.991Mg0-0.009Na,0)-Al,043:2.76Si0,
Mg-SOD 1.00 (0.994Mg0-0.006Na,0):Al,043:2.00Si0,

The phase transformations of so-prepared zeolite precursors as a function of
temperature are presented in Figs. 2—6. The thermally induced conversion pro-
cesses could be summarized as follows: The aluminosilicate frameworks of the
initial Mg?2* cation exchanged zeolites (Figs. 2-6, curves a), became unstable
with increasing temperature and commenced to collapse between 700-850 °C,
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when intermediate amorphous products were formed, (Figs. 2-6, curves b). Fur-
ther annealing at about 900 °C led to the recrystallization of the amorphous pro-
ducts into Mg-aluminosilicates: sapphirine-like compounds (Figs. 2 and 3, curves
c) and g-cordierite (Figs. 4 and 5, curves c). These Mg-aluminosilicate phases
were unstable during the prolonged temperature/time heat treatment and at about
1100 °C they recrystallized by complex polymorphic transformation processes to
the same new phase, named j-cordierite (Figs. 2-5, curves d). The behaviour of
the Mg-SOD zeolite precursor (Fig. 6, curve a—e) was an exception, with the fi-
nal conversion leading to a spinel phase and amorphous silica (Fig. 6, curve e).

| [counts]
5 W 0 W
I[counts]
0 A0 240 W

Ap 00
o0 "
W g deere®]

42.09

Fig. 2. XRPD Patterns of the phases synthesized Fig. 3. XRPD Patterns of the phases synthesized
in the process of thermally induced conversion of in the process of thermally induced conversion

Mg?2* cation exchanged LTA zeolite: a) initial of Mg?* cation exchanged FAU (specie X)
Mg-LTA zeolite (specie A, Si/Al = 1.00), 25 °C;  zeolite: a) initial Mg-FAU , zeolite (Si/Al =
b) amorphous intermediate substance, 800 °C, = 1.24), 25 °C; b) amorphous intermediate sub-
1 h; c) sapphirine-like phase, 1030 °C, 2 h; stance, 820 °C, 1 h; c) sapphirine-like phase,
d) y-cordierite, 1A phase, 1100 °C, 4 h; 1030 °C, 3 h; d) j-cordieriteray(x) phase, 1100 °C,
e) a-cordierite, T phase, 1350 °C, 2 h. 1h; e) a-cordieriteray(x) phase, 1350 °C, 2 h.
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Fig. 4. XRPD Patterns of the phases synthesized Fig. 5. XRPD Patterns of the phases synthesized
in the process of thermally induced conversion  in the process of thermally induced conversion
of Mg?* cation exchanged FAU (specie Y) zeo- of Mg?* cation exchanged GIS (specie P) zeolite:
lite: a) initial Mg—-FAU v, zeolite (Si/Al = 2.40), a) initial Mg-GISp) zeolite (Si/Al = 1.38), 25 °C;
25 °C; b) amorphous intermediate substance,  b) amorphous intermediate substance, 820 °C, 1 h;
850 °C, 1 h; c) p-cordieriterayy) phase, 1000 °C, c) p-cordieriteg s phase, 900 °C, 1 h;
1 h; d) y-cordieriteray(y) phase, 1150 °C, 3 h; d) j~cordieriteg,g phase, 1100 °C, 3 h;
e) a-cordieritepay(y) phase, 1350 °C, 2 h. e) a-cordieritegs phase, 1350 °C, 2 h.
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Fig. 6. XRPD Patterns of phases synthesized in
the process of thermally induced conversion of

7 B

£ 2 Mg?2* cation exchanged SOD zeolite: a) initial
3 ; Mg-SOD zeolite (Si/Al = 1.00), 25 °C; b) amor-
= 5 phous intermediate substance and low crystalli-

& zed spinel, 850 °C, 1 h; c¢) amorphous interme-
« diate substance and low crystallized spinel, 1000 °C,
1 h; d) well crystallized spinel and amorphous sub-
stance, 1200 °C, 2 h; e) excellently crystallized
spinel and amorphous substance, 1350 °C, 2 h.

o *g:w't'-"
A 25 g pfdes
An example of the XRPD patterns for the novel j-cordierite phase synthesi-
zed from Mg-GIS zeolite precursor is presented in Table 11, whereas the unit cell
dimensions are given in Table Ill. This newly synthesized Mg-aluminosilicate
phase has a narrow interval of temperature stability (around 100-150 °C, Fig.7a
and 7b), after which prolonged heating induced its conversion to a-cordierite
(Figs. 2-5, curves e, and Fig. 8b) in all cases investigated. The final products
synthesized at around 1350 °C, except for the quantitatively dominant o-cordi-
erite phase, contained some traces of spinel, mullite and quartz phases.

TABLE Il. XRPD Data for y-cordieriteg sy polymorph synthesized by thermal decomposition of
Mg-GISp) zeolite at 1100 °C for 4 hours

Mg, % h k | dons / A deatc / A
100 4 0 0 41013 4.0968
1 2 1 2 3.2846 3.2866
3 3 0 2 3.1928 3.1882
3 3 1 2 3.0020 2.9989
4 2 0 - 3.0039

1 2 3 0 2.7742 2.7714
1 4 1 2 2.6969 2.6992
2 6 0 1 2.5808 25796
13 0 1 3 25122 2.5097
5 3 3 1 2.4606 2.4616
2 0 3 2 2.3560 2.3559
3 3 4 0 2.0484 2.0477
8 0 0 - 2.0484

1 1 1 4 1.9029 1.9034
2 3 3 - 1.9029

1 3 3 3 1.8417 1.8419
1 4 0 4 1.7704 1.7704
3 1 3 4 1.6258 1.6254
2 9 3 0 1.5491 1.5487
1 7 4 2 1.4864 1.4869
3 0 6 1 1.4471 1.4473
4 1 5 - 1.4467

5 7 2 4 1.4232 1.4239
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TABLE III. Unit cell dimensions of y-cordieritegs(py phase and some cristobalite stuffed derivatives

Compound alA b/A c/A al® ple yl°

yCordieritegisp) 16.387(7)  8.835(4)  7.853(3) 90.00 90.00 90.00
Ag-Carnegieite? 5.023(3)  5.074(3) 16.982(9)  98.30 81.62 119.20
Carnegieite?” 10.261(1) 14.030(2) 5.1566(6)  90.00 90.00 90.00
»Eucryptite?8 8.299(1) 5.0365(8)  8.263(1) 90.00 107.42 90.00

Due to the complexity of the system and the overlapping of the synthesized
phases, the results of temperature/time transformation (TTT) processes are pre-
sented schematically in Figs. 7a and 7b. An analysis of the XRPD, SEM and TTT
results, lead to the conclusion that the a-cordierite phase was obtained by differ-
rent and complex transformation routes, whereas the j-cordierite phase always
proceeded to a-cordierite.
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Fig. 7. A time-temperature-transformation (TTT) diagram for the cordierite polymorphs synthesi-
zed in the process of the thermally induced conversion of synthetic: a) Mg-LTA (Si/Al = 1.00) and
Mg-FAU x) (SI/Al = 1.24) zeolites; b) Mg-FAUy,) (Si/Al = 2.40) and Mg-GISp) (SiI/Al = 1.38) zeolites.

~ L d

Fig. 8. Selected characteristic SEM morphologies of cordierite polymorphs synthesized in the pro-
cess of thermally induced conversion of Mg-GISp) zeolite: a) y-cordieriteg sy phase morphology
(rounded grains), 1100 °C, 3 h; b) a-cordieritegs(p phase morphology (hexagonal crystals), 1350 °C, 2 h.
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DISCUSSION

The results obtained from the thermal investigation of Mg2* cation exchan-
ged zeolites confirmed the known transformation route to more densely packed
structures via an amorphous?2 intermediary substance. Unlike the direct conver-
sion of zeolite,34:35 the amorphous synthesis route could be roughly divided into
three different stages.

The initial step of the transformation correspond to changes in the frame-
works of the Mg?2* cation exchanged zeolites, which occurs in the temperature
range between ambient and temperatures where their collapse commences. These
changes are generally connected with dehydration processes on the zeolite frame-
works. All the investigated initial Mg2* cation exchanged zeolites (Figs. 2-6,
curves a) passed through this stage before the collapse of their frameworks.

Immediately after the collapse of their frameworks, the second step of the
transformations commences. This is characterized by the formation of amorphous
substances which retain such properties during the following 100-150 °C tempe-
rature rise (Figs. 2-5, curves b). The amorphous matter obtained after the col-
lapse of the Mg-GIS zeolite is an exception, having amorphous characteristics in
the range between 450-850 °C. Here it is important to emphasize that the so-
prepared intermediate substances are dimensionally probably nanostructured,22
i.e., they consist of the relicts of different tetrahedral secondary building units,31
which were the elements of the preceding zeolite frameworks. Although we do
not have direct experimental evidence for the structural evolution of these amor-
phous matters in the above-mentioned temperature ranges, this could be deduced
by comparing the initial zeolite structures with framework topologies with phases
which recrystallized from the amorphous substances during prolonged heating.
Moreover, it seems that the amorphous substances formed from the investigated
Mg-zeolites as precursors possess some preferred characteristics not observed in
the corresponding glasses obtained by classical melting/devitrification routes. As
a proof for the validity of this assumption, the syntheses of Ag—carnegieite,24
y-eucryptite2526 and kaliophilite,30 a new aluminosilicates prepared only by dis-
cussed method, can be cited. Another argument for the structural evolution of the
amorphous intermediate substances lies in the particular segregation at the end of
second stage, resulting in the recrystallization of the two-phase mixture. Such
examples were observed earlier for Li-LTA,2° Cs-LTA29 and Ca-LTA?2 zeolite
precursors, i.e., their thermal conversions. Recently published results on BaAl,Si,0Og36
and NaAlSiO437 amorphous precursors prepared from LTA zeolites by the dis-
cussed route, confirmed the pest assumptions concerning its special characteristics.

The recrystallization of the intermediate amorphous substance simultane-
ously indicates the processes connected to the final step of the thermally induced
conversion of the zeolites. This stage is mostly characterized by the crystalli-
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zation of newly formed phase(s) and its polymorphous transformation to a more
stable phase, because of prolonged heating. However, during this step of the
transformations, characterized by high temperature/time conditions, solid state
reactions are probable and phase formation processes could not be excluded.

In the case of Mg2* cation exchanged zeolite precursors, the final step com-
mences with the recrystallization of the intermediate amorphous substances into
sapphirine-like (Figs. 2 and 3, curves ¢) and g-cordierite phases (Figs.4 and 5,
curves ¢), respectively. It is easily to conclude from Table | and Figs.7a and 7b,
that the recrystallization of the intermediate amorphous substance is dependent
on the Si/Al ratio. When this ratios is closer to unity (Mg—-LTA,; zeolite A and
Mg-FAU; zeolite X) the TTT processes proceeded in the formation of a sap-
phirine-like (Fig. 7a) phase whereas the siliceous samples (Mg—FAU; zeolite Y
and Mg-GIS; zeolite P) gave the u-cordierite phase (Fig. 7b). The extension “like”
is used due to the confusion concerning the sapphirine composition and its struc-
tural relation3® to spinel, clinopyroxene and a-cordierite phases. Sapphirine is
ideally Mg4AlgSioO5, i.e., clearly different from the stoichiometry of a-cordi-
erite, but these phases are neighbours in the MAS phase system, separated by a
common border (Fig. 1). Therefore, it seems probably that the sapphirine-like
phases obtained in the present experiments have compositions closer to a-cordi-
erite than to sapphirine. The polymorphous inversion between sapphirine-like
and o-cordierite phases over an intermediate y~cordierite phase was observed for
the first time, confirming also their compositional similarities.

The initial crystallization of p-cordierite from siliceous amorphous substan-
ces originating from Mg-FAU v) and Mg-GISp) zeolites is not surprising. It has
been known for a long time that z-cordierite precedes the crystallization of the
a-cordierite phase in the MAS system, especially in the case of preheated glas-
ses™™*?. The fact that metastable z-cordierite is the first crystallization product is
in keeping with many such transformations. Metastable phases generally nucleate
more readily than the equilibrium product, a fact that has been confirmed in
many investigations of the MAS system.3%-43 However, the present results ob-
tained for Mg—-FAU(yy and Mg-GISp) zeolite shows that the polymorphous
transformation w-cordierite — a-cordierite has an alternative route via the inter-
mediate j-cordierite phase according to scheme (1):

p-cordierite — j~cordierite — a-cordierite (D)

which was recognized for the first time in this study.

The synthesized sapphirine-like and g-cordierite phase are unstable during
prolonged heating. Therefore, at appropriate temperatures, these phases will po-
lymorphously transform into the same phase, namely j-cordierite, as discussed
previously (Figs. 2-5, curves d and Figs. 7a and 7b). The XRPD pattern for y-cor-
dierite, Table II, could not be identified within the Mg-aluminosilicate phases
deposited in the JCPDS file. However, the observed j-cordierite patterns are si-
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milar to low-cristobalite (file card No. 39-1425). The powder patterns of the syn-
thesized j~cordierites (Fig. 9, curves a—d) are also very similar to carnegieite,44.4
reucryptite?6 and Ag-carnegieite?4 (Fig. 9, curves e—g) patterns. Structurally
these phases belong to the stuffed10:46 derivatives of cristobalite. These were ob-
tained by the same zeolite preparation route, as was the j-cordierite phase. More-
over, the temperature induced structural inversions known for silica polymor-
phs10.46 have counterpart behaviours in the case of silica stuffed derivative pairs
such as: j~eucryptite — S-eucryptite,2526 g-eucryptite — S-eucryptite2’ and low-
-carnegieite — nepheline — high-carnegieite.44-48 According to this discussion
and the reconstructive polymorphous inversion observed in z-cordierite — j-cor-
dierite in the cases of Mg-FAU(vy) and Mg-GISp) zeolite, it is believed that the
synthesized j-cordierite is structurally a Mg-stuffed derivative of cristobalite.
The minor differences in the calculated unit cell dimensions of the synthesized
y-cordierites suggest their probable non-stoichiometric composition inherited
from parent zeolite, i.e., sapphirine or z-cordierite phases. From the crystalloche-
mical aspect, the j-cordierite phase is in terms of stoichiometry very similar to
Mg»Al4SisO1g, i.e., a-cordierite. According to preceding discussion, it is obvi-
ous that the jycordierite phase is situated in the MAS phase diagram, Fig. 1, in
the field of a-cordierite in the border regions towards the sapphirine and tridy-
mite/cristobalite (Mg-stuffed aluminosilicate derivatives) regions, due to their
complex conversion relationships. Thus, the composition of j-cordierite corres-
ponds closely to those known for u-cordieritel2.13 and o-cordierite phases. Fi-
nally, it should be emphasized that the results presented for the j~cordierite phase
are rather preliminary. Due to the strong susceptibility to modulation of its crys-
tal lattice, the XRPD structure determinations as well as other investigations on
pure j~cordierite are in progress and will be published separately.

Fig. 9. XRPD Patterns of various cristobalite stuf-

“"A“\..___& fed derivative phases synthesized by the ther-

r-.‘50~!
‘E% ~— - r;g mally induced conversion route: a) y-cordieri-
§ Fons s We teg A phase, 1100 °C, 4 h; b) y-cordieriteray(x)
= o e ~/d  phase, 1100 °C, 1 h; c) y-cordieriteray(y) phase,
s ——/e¢  1150°C, 3 h; d) y-cordieritegs phase, 1100 °C, 3 h;
‘Z" m:“‘i*;\w,; b e) low-carnegieite phase;*® f) y-eucryptite pha-
Breesy 0 @0 2 se;28 g) Ag—carnegieite phase.24

The synthesized j-cordierite phases are characterized by a narrow tempera-
ture/time stability range (Figs. 7a and 7b). With further annealing, the metastable
y-cordierite phases polymorphously convert, by reconstructive transformation, to
more stable a-cordierite phases (Figs. 2-5, curves e and Fig. 8). Their frame-
works are characterized by Si/Al disorder, which was tested by measuring the
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A28 distortion indices#? and 27 Si-MAS-NMR spectroscopy8, the results of which
will also be published separately.

CONCLUSIONS

The employment of the XRPD and SEM techniques, enabled the time/tem-
perature induced structural changes and complex solid state conversion of differ-
rent Mg2+ cation exchanged zeolites, i.e., LTA, FAU, GIS and SOD structural
types, to be followed. Detailed phase analysis revealed very complex conversion
processes (polymorphous transformations and reactions in the solid state), which
finally led to the formation of a-cordierite phases. All the investigated Mg-zeo-
lite transformation processes were characterized by the formation of the same,
structurally metastable Mg-stuffed derivative of cristobalite, with the approxi-
mate composition MgoAl4SisO1g. Due to its close polymorphous relationships
with the known cristobalite structure and the - and a-cordierite phases, the re-
cognized Mg-stuffed derivative phase is named y-cordierite.
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U3BOJ

TEPMAJIHO UHJIYKOBAHA KOHBEP3MJA Mg2* KATJOHCKHU U3MEEHHX 3EOJIUTA
THUIIA LTA, FAU, GIS 1 SOD; CUHTE3A 1 KAPAKTEPU3ALIMJA
»KOPJIMIEPUTA HOBOT Mg,Al,Sis0;4 TTOJTIMOPDA

PAJIOBAH TUMUTPUIEBUA! u BEPA JIOH/YP?

LPyoapcro—zeonowu paxyaitieis, Kaiiedpa 3a kpucimianozpagujy, Ynusepauitieii y Beozpady, Bywuna 7, 11000
Beozpad u *Pakyailieili 3a pusuuxy xemujy, Yuusepsuitieiii y beozpady, Axademciu Tpz 16, 11000 Beozpad

Tepmanso HHayKoBaHa hasHa KoHBep3uja Mg2™ KaTjoHCKH M3MEeHIX (OPMH CHHTETHUKIX
seonura tuna: LTA, FAU (X u Y dopma), GIS u SOD, ucnurtrBana je y TeMiepaTypHOM HHTEp-
Bary ox 25-1400 °C. Ilona3He 3e01HTCKE ATyMOCHIHMKAaTHE Mpexe cradmwine cy mo oko 700 °C,
KaJa 3alovYHui-e BUXOBO pylIiewke y aMopdHy cyncTaniy. OBaj mponec 3aspuieH je usmehy 800 u
850 °C. IIpoxy»xxeHo 3arpeBame oBHX npoaykara u3Han 850 °C, MHAyKyje peKpUCTaTH3aLHjy aMo-
pdrux nponyxara y dasy ciuuny caupuny (Mg-LTA u MG-FAU x) 3eonuth) u g-kopaujeput
(Mg—FAU(Y) u Mg-GIS 3eonutr). Pexpucranucane (ase cy HeCTaOMIIHE Yy TOKY IPOIY>KEHOT
TperMaHa Temieparypa/speme, u u3mely 1000 u 1100 °C, mosnasu 10 BUXOBE CTPYKTYpHE TpaHC-
¢dopmanuje y y-KOpAWjepHT, HOBH Kopaujeputcku moimumopd. Ca CTpyKTypHOr acmekra Y-
KOPIMjEpHT IPEICTaBIba MOMYICHN AepUBATHB KprcTobaiuTa npubmmkaor cacraBa Mg,Al4SisOqg
3a koju je n3 RO-nudpakiuoHnx Mepema oapelieHa pombuuna jenuamnuna henuja: a = 16.387(7) A,
b =8.835(4) A, ¢ = 7.853(3) A. y-Kopaujepur uma y3an oncer Temneparype crabumsocty (1100—
—1200°C) u y mpoIy:KEHOM TpETMaHy TeMIlepaTypa/BpeMe CTPYKTYPHO ce TpaHChopMHIIe Y
O-KOPIMjepHT, y CBUM HCIUTHUBAHUM ciydajeBuMa ocuM MQ-SOD 3eonwnta, kKama ce Kao Kpajmbu
MIPOJYKT TpaHChOpManuje 100Hja OKCH CIIMHEL.

(Tpumsbeno 26. cenrembpa 2007)
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A consideration of the correct calculation of thermodynamic
parameters of adsorption
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Abstract: The Langmuir and Freundlich isotherm equations have been widely used
for interpreting various adsorption processes. There are, however, many serious
mistakes in the literature in determination or calculation of thermodynamic para-
meters, especially in the determination of the change in the free energy of ad-
sorption using Langmuir, Freundlich and Henry constants. Many authors used these
constants for the determination of AG expressed instead of dimensionless in some
concentration units (for example: I mol™2, 1 g1, ml mg1, etc.).

Keywords: adsorption, thermodynamic parameters, correct calculation.

INTRODUCTION

Sorption occurring at a liquid or gaseous phase/solid surface interface plays
an important role in many processes.1:2 The sorption is a general term that com-
prises adsorption processes which occur at a solid/solution interface, as well as
those in which a solute (molecule or ion) penetrates the bulk of a sorbent phase.
The sorption of solutes by a solid phase is based on forces acting between the sor-
bent and the sorbate. These forces can be classified as van der Waals, Coulomb
and Lewis acid—base interactions and range over many orders of magnitude.

The sorption of various ions or molecules plays a significant role in a wide
variety of natural, synthetic, inorganic, biological, and technological processes,
and is also of major theoretical interest. There are many studies of adsorption
from solution by various solid adsorbents.

Different adsorption mechanisms may be found by studying the dependence
of adsorption on various variables (pH, concentration of solutes, ionic strengths,
and the type and topology of surfaces), and by interpreting the parameters of the
determined adsorption isotherms. Also, thermodynamic parameters of adsorption
from solutions provide a great deal of information concerning the type and me-
chanism of the adsorption process.

* E-mail: smiloni@vin.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712363M
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The correct calculation of thermodynamic parameters, especially the change of
the free energy of adsorption at a solid/liquid interface is the subject of this paper.

ADSORPTION ISOTHERM EQUATIONS AND THERMODYNAMIC PARAMETERS

There are several types of adsorption from solutions isotherms.3 Langmuir
and Freundlich isotherms are the most commonly used models, since they can be
applied to a wide range of adsorbate concentrations. The general form of the Lan-
gmuir4 equation for adsorption from solution is:

KLCe
Qe = Omax 1+ KL Co 1)
where ge is the amount of adsorbate adsorbed on the adsorbent at equilibrium
(mol g~1), gmax is the maximum adsorption capacity corresponding to a complete
monolayer coverage on the adsorbent surface (mol g~1), K|_is the Langmuir con-
stant (dm3 mol~1), and c, is the concentration of adsorbate at equilibrium (mol dm=3).
The values of gmax and Ki_ can be evaluated from the slope and the intercept of
the linear form of the Langmuir equation:
B2, D @
e OdmaxKL  Omax

The Freundlich® equation is a semi-empirical one employed to describe

heterogeneous systems:

ge = Krcd/" €)

where Kg is the Freundlich constant (dm3 g~1) and 1/n is the heterogeneity factor.
The value of Kg and n can be evaluated from the intercept of the slope of the
linear form of the Freundlich equation:

Inge = InKg + (1/n) Ince 4)
The free energy change, AG, of adsorption is given by:
AG = -RTInK (5)

where R is the universal gas constant (8.314 J mol~1 K1), T is the temperature
(K), and K is the equilibrium constant.

It is well known that the unit for AG is J mol~1. Since the unit for the term
RT is also J mol~1, the equilibrium constant K in Eq. (5) must be dimensionless.

Very often, the calculation of the free energy change of adsorption applying
Eqg. (5), as found in the literature, is erroneous. Namely, many authors when
calculating AG use numerical values for K given in various units (I mol=%, I g1,
ml mg~1, etc.). As a consequence, the calculated values for the free energy
change and the entropy change, AS, of adsorption are incorrect. In order to obtain
a correct value of AG, the K value in Eq. (5) must be dimensionless.

If adsorption was investigated from an aqueous solution and if K is given in
dm3 mol~1, then K can be easily recalculated as dimensionless by multiplying it
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by 55.5 (number of moles of water per liter of solution). Accordingly, the correct
AG value can be obtained from:
AG = -RT In (55.5K) (6)
The term 55.5K (dm3 mol~1 mol dm=3) is dimensionless. In the case when K
is given in dm3 g1, similar to above, K can be easily recalculated to become
dimensionless by multiplying it by 1000 (1 dm3 = 1000 ml (or g, since the solu-
tion density is ~ 1 g mlI-1)).
SOME RECENT LITERATURE DATA AND DISCUSSION

Some examples of erroneous calculations of AG and AS values of various
adsorption processes found in the literature are given below.

Recently, Gardea—Torresdey and co-workers presented a detailed thermody-
namic and isotherm study of the biosorption of Cd(Il), Cr(lIl), and Cr(VI) by
saltbush (Atriplex conescens) biomass.6 In the Conclusions, the authors wrote,
“The Gibbs free energy values show that, though the biosorption was spon-
taneous for Cr(111) and Cd(ll), the adsorption of Cr(l11) was privileged compared
to that of Cd(ll), and that the biosorption of Cr(\VI) was non-spontaneous.” The
authors came to such an erroneous conclusion on the basis of the values of AG
calculated using Eqg. (5). The biosorption equilibrium constants, K, for the bin-
ding data of Cd(ll), Cr(l11), and Cr(V1) by saltbush leaves biomass were calcula-
ted either from the intercept of the Khan and Singh plot’ (In (qe/Ce) Versus e,
Fig. 3 in Ref. 6) or from the slope of the ge versus ce curve (Eg. [6], and Fig. 4 in
Ref. 6). The calculated K values, in both cases, are expressed in | g~1. The cal-
culated K. values are presented in Table | (Table 2 in Ref. 6). Accordingly, the
values of AG (calculated using Eq. [5]) and K. (expressed in | g~1), given in Ta-
ble I are incorrect.

TABLE I. Thermodynamic parameters for biosorption of Cd(ll), Cr(Ill) and Cr(VI) on saltbush
biomass at 24+2 °C8

Metal Khan and Singh e Versus c, plot
Ke/lgt AG / k) molt Ke/lgt AG / k) molt
Cd(ln 1.334 -0.7121 1.380 -0.7957
Cr(111) 3.934 -3.3837 13.522 -6.4340
Cr(VI) 0.095 5.8075 0.251 3.4160

By multiplying these K. values by 1000, dimensionless K. values were
obtained (Table I1) and these values were used to recalculate the AG values,
according to AG = —RT In 1000K¢, also given in Table II. It is evident from the
Table Il that the recalculated AG values are negative for all investigated metal
ions. This indicates that the sorption of Cd(ll), Cr(l1l) and Cr(VI) on saltbush
biomass is a spontaneous process.

Similarly, erroneous calculations of AG and AS values of various ions/mole-
cules on various sorbents were published recently.8-17 As a consequence of such
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incorrect calculations, many erroneous conclusions, very often contradictory to
the experimentally obtained results, were drawn.

TABLE II. The recalculated K. and AG values for the biosorption of Cd(Il), Cr(lI1) and Cr(VI) on
saltbush biomass at 24+2 °C

Metal Khan and Singh Qe Versus c, plot

Kc AG / kI molt Kc AG / kI molt
Cd(ln 1334 -17.77 1380 -17.85
Cr(i1n) 3934 —-20.44 13522 —-23.49
Cr(V1) 95 -11.24 251 13.64

In addition to these incorrect calculations, there are many erroneous metho-
dical approaches in a large number of papers devoted to adsorption from solutions.

It is well known that the adsorption of metal ions is strongly dependent on
the solution pH. Also, during the adsorption experiment there is a change in pH.
For one adsorption isotherm, the solution pH should be constant. Also, the equili-
brium solution pH, instead of initial one, should be given. The same is valid for
adsorbate concentrations. Very often, some authors erroneously present the ad-
sorbed amount of ions as a function of the initial instead of the equilibrium ion
concentration. It is known that polyvalent metal ions hydrolyze in aqueous solu-
tions. The degree of hydrolysis of a metal ion is affected by its type and concen-
tration, solution pH, and temperature. Depending on these parameters, various
hydrolytic species can exist in aqueous solutions. Very often, the authors neglect
this phenomenon.

CONCLUSIONS

Several examples of various adsorption processes taken from the literature
were examined. As shown, the calculated AG and AS values reported in these pa-
pers are incorrect. A correct calculation of the named thermodynamic parameters
is suggested. Also, some serious mistakes made during adsorption experiments or
interpretations of the obtained data are given. This paper can help all researchers
working in the adsorption area, and especially those who may not be familiar
with the subject.

Acknowledgement: The author is grateful to the Ministry of Science of the Republic of Serbia for
financial support ( Project No. 142004).

U3BOJ

HEKA PA3MATPAIbA O ITIPABWJIHOM U3PAUYHABAKY TEPMOJIMHAMUYKUX
TTAPAMETAPA ITPOLIECA AJICOPITLIJE

CJIOBOJIAH K. MUJIOBbUH
Hnciuimiyi 3a Hykaeapre nayke “Bunya”, ii. ip. 522, 11001 Beozpao

JlearmupoBa 1 @pojHUINXOBA AICOPIIIOHA H30TE€pMa IUPOKO Ce KOPHCTE 3a MHTEpIpeTa-
LUjy pa3IHYuTUX aJCOPIIHOHMUX mporeca. MehyTuM, mocroje MHOTEe 030MIBHE TPELIKE y JIUTepa-
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TYpH IPH OApehHBamby WK H3padyHaBaby TEPMOANHAMHUYKHX TapaMeTapa, HapOuHTO IPH U3pady-
HaBamy MPOMEHe CI000IHE SHEepTHje aCcopILuje U3 BpenHocTH JIeHrMmynpoBux, OpojHIIHXOBUX
1 XeHpHjeBUX KOHCTaHTH. MHOIM ayTOpH KOpUCTe OpojuyaHe BPEIHOCTH OBHX KOHCTAaHTH, 3a
u3pauyHaBame AG, H3paeHe Y HEKMM KOHIEHTPAHIHOHNM jexumnnama (mmp. y: | mol™, I g%, ml
mg, uTa.) yMecTo Kao 6e3MMMEH3HOHE BeTHUMHE.

(Mpumsbero 9. okrobGpa 2007)
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Abstract: The effect of temperature on the electrodeposition of copper at overpoten-
tials belonging to the plateau of the limiting diffusion current density and higher
was examined by the determination of the average current efficiency of hydrogen
evolution and by scanning electron microscopic (SEM) analysis of the morphology
of the formed copper deposits. Increasing the temperature of the solution led to a
shift of both the beginning and the end of the plateau of the limiting diffusion cur-
rent density towards lower electrodeposition overpotentials. Also, higher tempera-
tures led to the formation of morphological forms of copper deposits characteristic
for electrodeposition of copper at some higher overpotentials. The unexpected trend
in the development of copper structures electrodeposited at an overpotential of 800 mV
is discussed in terms of the effect of temperature on the viscosity and surface ten-
sion of the electroplating solution.

Keywords: electrodeposition, copper, hydrogen evolution, temperature, viscosity,
surface tension.

INTRODUCTION

The open and porous structures of copper deposits with extremely high sur-
face areas suitable for used as electrodes in electrochemical devices, such as fuel
cells and chemical sensors, can be obtained by both galvanostaticl and potentio-
static2 processes of electrodeposition. These copper structures obtained in the po-
tentiostatic regime are denoted as honeycomb-like ones34 and the phenomeno-
logy of their formation has been described in detail in the literature.> The main
characteristics of this type of structure are holes or craters formed primarily due to
the attachment hydrogen bubbles with agglomerates of copper grains between them.3—6

The critical conditions which must be fulfilled in order to obtain honey-
comb-like copper structures were also determined.2 It was shown that these stru-

#Serbian Chemical Society member.
* Corresponding author. E-mail: kosta@tmf.bg.ac.yu
doi: 10.2298/JSC0712369N
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ctures can be formed by electrodeposition from solutions with lower concentra-
tions of Cu(ll) ions (0.15 M CuSQO4 and even less in 0.50 M H»SQ4) at over-
potentials outside the plateau of the limiting diffusion current density, (potential
at which hydrogen evolution was vigorous enough to change the hydrodynamic
conditions in the near-electrode layer). The quantity of evolved hydrogen leading
to a change of hydrodynamic conditions corresponds to an average current effici-
ency of hydrogen evolution of 10.0 %. The critical conditions were determined by
the examination of the effect of different concentrations of copper(ll) ions and
overpotentials of electrodeposition on the processes of copper electrodeposition.2:3

The possibility of practical application of the honeycomb-like structure re-
quires the knowledge of the effect of all parameters of electrolysis which can be
of the significance for the formation of this type of structure. Except the concen-
tration of copper(ll) ions and the overpotential of the electrodeposition, electroly-
sis parameters of significance for the formation of honeycomb-like copper struc-
tures are primarily the temperature of electrolysis and the concentration of the
supporting electrolyte (H»SO4). The aim of this study was to examine the effect
of temperature on the electrodeposition of copper at high overpotentials.

EXPERIMENTAL

Copper was potentiostatically deposited from 0.15 M CuSO,4 + 0.50 M H,SOy, in an open cell
and at temperatures of 14.0+0.5, 35.0+0.5 and 50.0+0.5 °C. Doubly distilled water and analytical
grade chemicals were used for the preparation of the solutions for the electrodeposition of copper.
The reference and counter electrodes were of pure copper.

Copper electrodeposition onto cylindrical copper cathodes were performed at overpotentials
of 550, 650 and 800 mV. The cathodes were prepared in the following way: the cylindrical copper
electrodes were first covered with a thin copper film by a 2 min electrodeposition at an appropriate
overpotential using the same copper plating solution which was later used for electrodeposition at
the desired overpotential. The overpotentials at which copper was electrodeposited for 2 min were:
250, 200 and 125 mV at temperatures of 14.0+0.5, 35.0+0.5 and 50.0+0.5 °C, respectively. This
manner of preparation of the copper cathodes was applied in order to obtain a uniform copper
surface before electrodeposition at the desired overpotentials.

SEM Microphotographs corresponding to morphologies of copper deposits electrodeposited
with a quantity of the electricity of 10.0 mA h cm were obtained with a model JEOL T20 scan-
ning electron microscope (SEM).

The procedure for the determination of the average current efficiency of hydrogen evolution
has already been given.23

The viscosity of 0.15 M CuSO, in 0.50 M H,SOy, at the given temperatures was determined
using an Ostwald viscometer, while the surface tension of the same electroplating solution at the
examined temperatures was determined by the drop-weight method.

RESULTS AND DISCUSSION

The polarization curves for the electrodeposition of copper from 0.15 M
CuSQy4 in 0.50 M H»SQ4 at temperatures of 14.0+0.5, 35.0+0.5 and 50.0+0.5 °C
are given in Fig. 1. The way of the determination of the length of the plateau of
the limiting diffusion current density is also shown in Fig. 1. It can be seen from
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Fig. 1 that increasing the temperature leads to an increase of the limiting diffu-
sion current density, as well as to a shift of both the beginning and the end of the
plateau of the limiting diffusion current density towards lower electrodeposition
overpotentials. This can be explained in the following manner:

In the well-known Nernst limiting current density equation:

jL = nFDcg/6 )

where nF is the number of Faradays per mole of consumed ions, cg is concen-
tration of Cu(ll) ions, D is the diffusion coefficient and ¢ the thickness of the
diffusion layer, a change of the temperature of the solution affects both D and o.
Changes of these variables are affected by the well-known fact concerning the
change of the viscosity of a solution’ with changing temperature.

¥ N 1 1 N ¥

100 | —0— 14.0 °C; 265 - 750 mV o
—0—35.0 °C; 215 - 600 mV
——50.0 °C; 190 - 550 mV

80

-2

g 60 §
[&]
< .
£ i :
~ .
'~ 40 + \ .
~
. —— _,-\__(\,A‘f/ 1
N , / ' ]
e i et | Fig. 1. Polarization curves for the
e . .
7 -[A ’ electrodeposition of copper from
0 . : T y T g T 0.15 M CuSO, in 0.50 M H,SO, at
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n/ mV and 50.0+0.5 °C.

On the other hand, it is a well known fact that the critical overpotential for
the initiation of dendritic growth, 7, is given by Eq. (2):

4
m = bglog =k @
Jo
being close to the beginning of the limiting diffusion current density plateau.8
Furthermore, it is known that the equation of a general polarization curve for
sufficiently large overpotentials is given by Eqg. (3):9

Cof
= )
1+ 0°¢C
L
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and
f. =10(n/0¢) (4)

In the above Equations, j, jo and j_ are the current density, exchange current
density and limiting diffusion current density, respectively, b is the cathodic
Tafel slope and 7 is the overpotential.

The cathodic current density and the overpotential are taken as positive va-
lues for the sake of simplicity. Assuming that the ohmic drop0 can be neglected
for the deposition from 0.15 M CuSQOg4 in 0.50 M H2SOy4, the values of jo can be
estimated as follows. If

j=0.5j_ (5)
Equation (3) can be re-written in the form:
=7 L (6)
cl/2

where f¢ 12 corresponds to the overpotential 71/, measured for j = 0.5j..

Using the data from the diagrams presented in Fig. 1 and Egs. (2) and (4-6),
the critical overpotentials for the initiation of dendritic growth, 7, are calculated
and presented in Table I. The values of the overpotentials corresponding to the
beginning of the limiting diffusion current density plateau, 7y p are also presented
in Table 1. Although both values of overpotentials are estimated values, they il-
lustrate well in a qualitative way the change with increasing temperature.

TABLE I. The values of the calculated critical overpotentials of dendritic growth initiation, 7, and
the estimated values of the overpotentials corresponding to the beginning of the plateau of the li-
miting diffusion current density, 7, p,, as a function of the temperature of electrodeposition

Temperature, °C 71 calculated / MV T7b,p,estimated [ mVv
14.0+0.5 205 265
35.0+0.5 185 215
50.0+0.5 177 190

It is clear from Fig. 1 that an overpotential of 550 mV belongs to the plateau
of the limiting diffusion current density at all analyzed temperatures. An over-
potential of 650 mV belongs to the plateau of the limiting diffusion current den-
sity only at a temperature of 14.0+£0.5 °C. This overpotential is about 50 mV out-
side the plateau at a temperature of 35.0+0.5 °C and about 100 mV outside at a
temperature of 50.0+0.5 °C. Finally, an overpotential of 800 mV is outside the
plateau of the limiting diffusion current density at all temperatures.

The dependences of the overall currents of electrodeposition and the volu-
mes of evolved hydrogen on electrodeposition time are shown in Fig. 2, from
which increasing electrodeposition currents with increasing temperature can be
observed at all overpotentials. At an overpotential of 550 mV, hydrogen evolu-
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tion was detected only at a temperature of 50.0 °C when several hydrogen bub-
bles were registered by visual observation. Unfortunately, this hydrogen evolu-
tion was below the sensitivity of measurement technique. On the other hand, at
overpotentials of 650 and 800 mV, hydrogen evolution was detected at all tempe-
ratures. Increasing the temperature increased the quantity of evolved hydrogen and
decreased the time required for the solution to become supersaturated (Figs. 2b and 2c).
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The average current efficiencies for hydrogen evolution reaction, 7,y,(H>) at
overpotentials of 650 and 800 mV, derived from the diagrams shown in Figs. 2b
and 2c, respectively, are plotted as functions of the quantity of electricity, Q, in
Fig. 3. These values are also summarized in Table 11, which also includes the va-
lues of the average current efficiencies of a hydrogen evolution of 0.0 % obtained
at an overpotential of 550 mV. It can be clearly seen from Fig. 3 and Table Il that
the electrodeposition processes at overpotentials of 650 and 800 mV are accom-
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panied by increases of the average current efficiencies of hydrogen evolution
with increasing temperature, causing a shift of the end of the limiting diffusion
current density plateau toward lower values of the overpotential. This is due to
the increased rate of hydrogen evolution with increasing temperature. In totality,
three groups of the average current efficiencies of hydrogen evolution are of sig-
nificance in the investigation of the effect of temperature on the electrodeposition
of copper at high overpotentials.
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Fig. 3. The dependences of the average current efficiencies for the hydrogen evolution reaction on
the quantity of used electricity, for copper electrodeposition from 0.15 M CuSO, in 0.50 M H,SO4
at different temperatures and overpotentials of 650 mV and 800 mV.

TABLE Il. The values of the average current efficiencies of hydrogen evolution, 7,,(H,), in the
dependence on the temperature of electrodeposition at different overpotentials

Temperature, °C Nav(to) 1 %
550 mv 650 mV 800 mV
14.0+£0.5 0 1.6 11.1
35.0+£0.5 0 2.2 14.2
50.0+£0.5 0 3.7 18.6

The first group is characterized by electrodeposition of copper at an over-
potential of 550 mV, (potential at which there is no hydrogen evolution or hy-
drogen evolution was below the sensitivity of the measurement technique).

The second group is characterized by processes of electrodeposition at an
overpotential of 650 mV (potential at which the average current efficiencies of
hydrogen evolution were below the critical value of the average current effici-
ency of hydrogen evolution of 10.0 %, leading to a change of the hydrodynamic
conditions in the near-electrode layer).
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Finally, the third group includes electrodeposition processes at 800 mV,
which are accompanied by an average current efficiency of hydrogen evolution
above the critical value of 10.0 % required for a change of hydrodynamic condi-
tions in the near-electrode layer. The quantities of evolved hydrogen correspon-
ding to the average current efficiencies of hydrogen evolution above 10.0 % are
only one of the ways to change the hydrodynamic conditions in the near-elec-
trode layer. For example, a change of the hydrodynamic conditions can be reali-
zed under imposed magnetic fields (magnetohydrodynamic effects).11-14

The morphologies of the copper deposits electrodeposited at an overpotential
of 550 mV are shown in Fig. 4. The copper deposit obtained at a temperature of
14.0 °C had a cauliflower-like structure (Fig. 4a). Spherical diffusion zones in-
side the linear diffusion layer of the macroelectrode were formed around the cau-
liflower particles (Fig. 4b). The copper deposit obtained at a temperature of 35.0 °C
was a mixture of cauliflower-like (Fig. 4c) and dendritic forms (Fig. 4d). A mix-
ture of cauliflower-like and dendritic forms was also obtained by electrodepo-
sition at a temperature of 50.0 °C (Figs. 4e and 4f).

The size of the cauliflower-like particles did not change with increasing tem-
perature, but the size of the sub-particles constituting the cauliflower-like forms
decreased with increasing temperature of electrodeposition. The decrease of the size
of sub-particles with increasing temperature can be explained by the well-known
dependence of the nucleation rate on temperature,1® which was derived by Vol-
mer and Weber.16

The morphologies of the copper deposits obtained at an overpotential of 650 mV
are shown in Fig. 5, from which the strong effect of temperature on the electro-
deposition of copper at an overpotential of 650 mV can immediately be clearly
seen. Very branched copper dendrites were formed during electrodeposition at a
temperature of 14.0 °C (Fig. 5a). They were constructed of corncob-like elements
(Fig. 5b). This is in accordance with the position of an overpotential of 650 mV
in the limiting diffusion current density plateau. Dendritic forms were obtained
during electrodeposition at a temperature of 35.0 °C (Fig. 5¢) but holes, the ori-
gin of which was attached hydrogen bubbles, were also formed (the part in the
circle in Fig. 5d). The increased hydrogen evolution at a temperature of 50.0 °C
compared to that at 35.0 °C led to a change of the shape of the copper dendrites,
which become similar to cauliflower-like forms (Fig. 5e) or, probably, degenera-
ted dendrites were formed. Also, the holes formed due to the attachment of hy-
drogen bubbles can be observed in this copper deposit (Fig. 5f). These facts were
unexpected because the current efficiency of the hydrogen evolution reaction was
lower than 10.0 %, but it can be explained by the findings of Vogt and Balzer.1?
They showed that the bubble coverage of an electrode surface increased with
temperature more than linearly. In addition, Krenz18 observed an increase in bub-
ble coverage of about 50 % as the temperature was raised from 25 to 50 °C.
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Fig. 4. Morphologies of copper deposits electrodeposited at an overpotential of 550 mV at
temperatures of: a) and b) 14.0+0.5, ¢) and d) 35.0+0.5 and e) and f) 50.0+0.5 °C.

The morphologies of the copper deposits electrodeposited at an overpotential
of 800 mV are shown in Fig. 6, from which the strong effect of evolved hydrogen
on the morphologies of copper deposits is visible. Very porous structures, holes
formed due to the attachment hydrogen bubbles, cauliflower-like forms and the
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absence of dendritic forms were the main characteristics of copper deposits ob-
tained at this overpotential. A decreased number of holes per mm? surface area of
the copper electrodes and the increased diameter of the holes with increasing tem-
perature can be observed from Fig. 6. Also, the portion of the copper structure
consisting of dispersed agglomerates of copper grains, among which irregular chan-
nels were formed, increased with increasing temperature of the solution.

Fig. 5. Morphologies of copper deposits electrodeposited at an overpotential of 650 mV at
temperatures of: a) and b) 14.0+0.5, ¢) and d) 35.0+0.5 and e) and f) 50.0+0.5 °C.
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Fig. 6. Morphologies of copper deposits elec-
trodeposited at an overpotential of 800 mV at
temperatures of: a) 14.0+0.5, b) 35.0+0.5 and
c) 50.0+0.5 °C.

Firstly, it is necessary to note that the decrease of the number of holes per
mm?2 surface area of the copper electrode with intensification of hydrogen evolu-
tion was very surprising. It is opposed to our recently published results?2=4 when
it was shown that intensification of hydrogen evolution reaction leads to an in-
crease of the number of holes. Thus, the unexpected development of the copper
structures with intensification of the hydrogen evolution reaction clearly high-
lights the necessity to take into consideration the effect of temperature on some
properties of electroplating solution, as well as the already mentioned increased
bubble coverage with the increasing temperature. The properties of an electrolyte
of importance in metal electrodeposition processes which are affected by a chan-
ge of temperature are the viscosity” and surface tension of the electrolyte.1?

The values of the viscosity and surface tension of a copper solution contain-
ing 0.15 M CuSOy4 in 0.50 M H»S0O4 at the examined temperatures are given in
Table I11. As expected, both the viscosity and the surface tension of this solution
decrease with increasing temperature. The decrease of the surface tension of the
solution lowers the break-off diameter of hydrogen bubbles from the electrode
surface,1” while the decreased viscosity of the solution probably facilitates the
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transport of the detached hydrogen bubbles through the interior of the deposit,
thus forming a channel structure through it. A typical channel structure formed at
an overpotential of 800 mV at a temperature of 50.0 °C is shown in Fig. 7a, while
the top view of this deposit shows that very disperse cauliflower-like agglome-
rates of copper grains were surrounded by irregular channels (Fig. 7b).

TABLE Il1. The values of the viscosity, v, and surface tension, y, of a copper solution containing
0.15 M CuSOy, in 0.50 M H,SO, at different temperatures

Temperature, °C v/ 108 m2s1 y1Jlm2
14.0+0.5 117 103.2
35.0+0.5 0.832 82.0
50.0+£0.5 0.637 71.8

Hence, increasing the temperature led to a redistribution of evolved hydro-
gen from those creating a honeycomb-like structure (holes formed due to the
attachment hydrogen bubbles with cauliflower-like agglomerates of copper grains
between them) to those making a copper structure with the dominant presence of
cauliflower-like forms and irregular channels between them. This increase of the
portion of channel structure to the overall structure of the deposit in relation to
the portion of holes to the overall structure is probably due to changes of the pro-
perties of the electroplating solution, caused by the dependences of the viscosity
and surface tension of solution on temperature. As result of this, the formation of
holes becomes less possible and hence large holes appear only due to the edge
effect, as can be clearly seen from Fig. 6¢. It is obvious that the probability of the
formation of the nucleus of such a structure decreases with lowering of the break-
off diameter of the bubbles.

Fig. 7. Morphologies of copper deposits electrodeposited at an overpotential of
800 mV at a temperature of 50.0+0.5 °C.

Also, it is necessary to note that increasing the temperature led to the forma-
tion of morphological forms of copper deposits characteristic for electrodeposi-
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tion at higher overpotentials, probably because of the increase of bubble coverage
with increasing temperature. The effect of temperature was opposite to those ob-
served with increasing the concentration of copper(ll) ions,2 when increasing con-
centration of Cu(ll) ions led to a formation of morphological forms of copper de-
posits characteristic for electrodeposition at lower overpotentials.2

From the point of view of the formation of copper structures suitable for ele-
ctrodes in electrochemical devices, such as fuel cells and sensors, this means that in-
creasing the temperature has a negative effect on the formation of such structures.

CONCLUSIONS

Electrodeposition of copper from 0.15 M CuSQyg4 in 0.50 M H»SO4 at over-
potentials belonging to the limiting diffusion current density and at higher ones
was analyzed. The average current efficiencies of hydrogen evolution were deter-
mined at electrodeposition overpotentials of 550, 650 and 800 mV, and at tempe-
ratures of 14.0+0.5, 35.0+0.5 and 50.0+0.5 °C. The morphologies of the copper
deposits obtained under the same electrodeposition conditions were examined by
the scanning electron microscopy (SEM) technique.

Increasing the temperature led to an increase of the average current efficien-
cies of hydrogen evolution during electrodeposition of copper at overpotentials of
650 and 800 mV.

The morphological forms of the copper deposits obtained at overpotentials
of 550 and 650 mV became similar to those obtained at some higher overpoten-
tials. A very interesting and unexpected case was observed during copper ele-
ctrodeposition at 800 mV. The intensification of the hydrogen evolution reaction
caused by increasing temperature, opposite to expectation, led to a decrease of
the number of holes per mm2 surface area of the copper electrode. This decrease
of the number of holes is ascribed to the effect of the temperature on both the
viscosity and surface tension of the solution. The increase of a temperature led to
a redistribution of evolved hydrogen from those creating holes to those favoring
the formation of channel structures through the interior of the deposit.

Acknowledgement. The work was supported by the Ministry of Science of the Republic of
Serbia under the research project: “Deposition of ultrafine powders of metals and alloys and nano-
structured surfaces by electrochemical techniques” (Project No. 142032G).

N3BOJ

YTULAJ TEMITEPATYPE HA EJIEKTPOXEMUNICKO TAJIOXEE
JUCIIEP3HUX TAJIOI'A BAKPA

HEBOJILA JI. HUKOJINRY, JbYBHULIA J. [TABJIOBURY, MUOMMUP . [TABJIOBIR! 1 KOHCTAHTHH U. TTONIOBY2

YUXTM — Leniiap 3a eaexiipoxemujy, Ynusepsuitieii y Beozpady, Bezouesa 12, 11000 Beozpad u
2TexHOAoumo—Meu_A.aﬂypumu ¢haxyaitieiti, YHusep3uitieiti y beozpaody, Kapuezujesa 4, 11000 Beozpao

YTHnaj Temmneparype Ha €JIeKTPOXEMH]CKO TaJokKeme O0akpa Ha MPEeHaNeToCTHMa Koje MpH-
najajy miaTouMa rpaHuuHe Judy3uoHe IyCTHHE CTpYje, Kao M Ha BHIIMM MPEHAIETOCTHMA j& UC-
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MUTaH oIpehuBameM cpelmber HCKopuInhema CTpyje peakiuje n3Bajara BOJOHHKA M aHAIU30M
Mopdororyja Tanora 6akpa TEXHHKOM CKeHHpajyhe enexTpoHcke Mukpockomuje. [loBehame Tem-
nepatype pacTBopa JOBEIO je [0 NoMeparba U MoYeTKa U Kpaja Iiiatoa rpaHnyHe audy3uoHe ryc-
THHE CTpyje Ka HIKUM IpeHaneroctuma. Takole, nosehame Temmeparype noseio je no ¢opmu-
pama Mopdomomkux Gopmu Tamora 6akpa KapaKTepUCTUYHHUX 32 EICKTPOXEMH]CKO TAIOKCHE Ha
HEKUM BHILIUM IpeHaneroctiMa. HeouekuBaHHU TPEH[ y pa3BOjy CTpyKTypa Oakpa N00HjeHHX Ha
npenaneroctu ox 800 MV je 610 AUCKYTOBAaH HA OCHOBY yTHI[aja TEMIEPATYPEe HA BUCKO3HOCT U
MOBPIIMHCKU HAIIOH PacTBOPA 3a €IEKTPOXEMH]CKO TaJIokKemhe Oakpa.
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Abstract: One of the most important factors in corrosion prevention by protective
coatings is the loss of coating adhesion under environmental influence. In this
work, the adhesion of epoxy cataphoretic coatings was examined on steel and steel
modified by Zn—Fe and Zn—Co alloys. The dry and wet adhesions of epoxy primers
were measured by the direct pull-off standardized procedure, as well as indirectly
by the NMP test. The corrosion stability of the coated samples was investigated by
electrochemical impedance spectroscopy. It was shown that under dry testing con-
ditions all the samples exhibited very good adhesion. However, different trends of
adhesion loss of different protective systems during exposure to a corrosive agent
(3 % NaCl solution) were observed. The lowest adhesion values were obtained for
epoxy coating on the steel substrate. The change in adhesion of the epoxy coating
on steel modified by Zn-Co alloy during immersion in 3 % NaCl solution for 24
days was the smallest of all the investigated samples. Electrochemical impedance
measurements in 3 % NaCl solution confirmed the good protective properties of
this protective system, i.e., greater values of pore resistance were obtained.

Keywords: adhesion, Zn—Fe alloy, Zn—Co alloy, epoxy coating, electrochemical im-
pedance spectroscopy.

INTRODUCTION

The most important properties of a protective coating are the anticorrosive
action and the adhesion to the substrate.1=4 Thus, the determination of adhesion
is often used when characterizing protective properties of organic coatings on a
metal substrate. In principle, paint adhesion can be improved by providing a sub-
strate with a pre-treatment layer, followed by the application of a corrosion-inhi-
biting primer and a topcoat paint. One of the frequently used steel pre-treatments
is electrochemical deposition of Zn alloys,>8 especially in the automotive indus-
try, because of the increased requirements for coatings with longer service life, as
well as being good replacements of toxic cadmium coatings.®

* Corresponding author. E-mail: jela@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712383B
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In this work, different methods were used to determine if and to what extent
the adhesion of epoxy coatings depends on the modification of a steel substrate
with zinc alloys. In addition, the results of the various methods (pull-off test, NMP
test and EIS) were compared to determine whether they showed the same tendency.

EXPERIMENTAL
Electrodeposition of Zn alloys

The steel panels (40 mmx40 mmx0.25 mm employed for the adhesion pull-off measurements
and 14 mmx14 mmx0.25 mm for the NMP test) were pretreated by mechanical cleaning (polishing
successively with emery papers of the following grades: 280, 360, 800 and 1000) and then de-
greased in a saturated solution of sodium hydroxide in ethanol, pickled with a 1:1 hydrochloric acid
solution for 30 s and finally rinsed with distilled water.

Zn-Fe Alloys were deposited galvanostatically at 4.0 A dm on a steel panel at 25 °C from an
alkaline bath: 0.09 mol dm ZnSQ,, 0.01 mol dm FeSO,, 0.01 mol dm-3 ascorbic acid, ~ 0.2 mol dm-3
triethanolamine, 30 g dm3 Na,SO, and 80 g dm™ NaOH (pH = 14).1° Zn—Co Alloys were deposi-
ted galvanostatically at 5.0 A dm=2 on a steel panel from a chloride bath!! at 25 °C: 80 g dm
ZnCl,, 16 g dm3 CoCl,-6H,0, 25 g dm3 H3BO5 and 210 g dm™ KCI.

The employed electrolytes were prepared using p.a. chemicals (Merck, Aldrich, and Fluka)
and double distilled water. The thickness of the Zn alloys was 10 um.

Surface roughness

The surface roughness of the steel surface, Zn—-Fe and Zn—Co alloys, as substrates for the
deposition of an epoxy coating, was determined by a TR-200 handheld roughness tester.
Electrodeposition of epoxy coatings

Epoxy (pigmented) coatings were electrodeposited from an epoxy resin emulsion modified by
amine and isocyanate on steel and a steel surface previously modified by Zn-Fe and Zn—Co alloy,
using the constant voltage method (CATOLAC emulsion 543.052, produced by PPG). The resin
concentration in the electrodeposition bath was a 10 wt. % solid dispersion in water at pH 5.7; the
temperature was 26 °C and the applied voltage was 250 V.12 After coating for 3 min, the coatings
were rinsed with distilled water and cured at 180 °C for 30 min. The film thickness, determined by
a Fischer Dualscope-Mpor, was 17+1 pum.

Adhesion measurements

The adhesion strength of the epoxy coatings on the metal substrates was determined by two
methods: by the direct pull-off standardized procedure and by determining the NMPRT (N-methyl-
pyrrolidone retention time).

Pull-off test

The adhesion strength of the epoxy coatings on steel and steel modified by Zn-Fe and Zn-Co
alloys was determined by an Erichsen Adhesionmaster 513 MC/525 MC. The adhesion measure-
ments were performed prior to exposure to 3 % NaCl solution (“dry” adhesion), as well as at cer-
tain time intervals during exposure to a 3 % NaCl solution at room temperature for a period of 24
days (“wet” adhesion).

For each type of protective system, five samples were tested and the average value of these
measurements was taken. For all measurements only the ones with adhesive failure were taken into
account.

NMP Test

The employed N-methylpyrrolidone (NMP) was of p.a. purity. In the NMP delamination test3
panels of 2 cm? area were immersed in NMP at 60 °C. The paint always delaminated from the
edges inwards. The time when the paint had completely delaminated was recorded. The experiment
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was performed five times per panel and the average value was calculated as the NMPRT (NMP
retention time, or the time for the paint film to delaminate completely from the substrate) for a
particular primer—-metal combination. Each panel was always treated in a fresh solvent.
Electrochemical impedance spectroscopy (EIS)

For the a.c. impedance measurements, the coated samples were exposed to 3 % NaCl in
distilled water for 24 days. A three-electrode cell arrangement was employed for the experiments.
The working electrode was a coated sample situated in a special Teflon holder. The counter elec-
trode was a platinum mesh with a surface area considerably greater than that of the working elec-
trode. The reference electrode was a saturated calomel electrode (SCE). The a.c. impedance data
were obtained at the open-circuit potential using a PAR 273 potentiostat and PAR 5301 lock-in am-
plifier. The impedance measurements were performed over a frequency range of 100 kHz to 10 mHz
using a 5 mV amplitude sinusoidal voltage. The impedance spectra were analyzed using a suitable
fitting procedure.14

RESULTS AND DISCUSSION
Adhesion measurements

Adhesion is based on the chemical and physical forces between the top side
of the metal substrate and the under side of the paint which covers the metal
surface. To understand more about the forces between these two phases, i.e., the
metal substrate and the paint film, these forces should be measured. Two dif-
ferent adhesion tests were applied in order to gain some insight as to what kind of
substrate would provide the best adhesion and for a more fundamental reason, to
show how a surface roughness along with the surface wetability affect the adhe-
sion as well as the corrosion resistance of protective systems.

NMP Test

NMP is a highly polar solvent and it is capable of forming strong hydrogen
bonds, allowing it to rapidly diffuse into organic coating and causing extensive
swelling.13 Due to the swelling, shear stresses are imposed at the metal/coating
interface. These shear stresses are, in most cases, relaxed by delamination of the
coating. Thus longer the time until delamination, the better is the adhesion. The
time for the paint film to delaminate completely and intact from the substrate,
defined as NMP retention time (NMPRT), was recorded.

NMP Adhesion tests were performed initially before exposure to 3 % NaCl,
i.e., on the dry films, and the results are presented in Table 1.

The highest NMP retention time (NMPRT) was obtained for the epoxy coa-
ting on steel modified by Zn—Co alloy. For epoxy coating on steel modified by
Zn-Fe alloy, the delamination time was slightly shorter. These results point to
higher initial adhesions of the epoxy coating on steel modified by Zn alloys as
compared to the bare steel substrate.

Pull-off measurements

Wet adhesion, or the adhesion of a coating which is exposed to moisture,
water or a corrosive agent, is very important because in the presence of moisture
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the conditions can be simulated which occur in practical conditions.# For this
reason, it is important to also know the adhesion strengths of protective systems
which are exposed to a corrosive media.

TABLE I. NMPRT Values for epoxy coatings on steel and steel modified by Zn-Fe and Zn-Co
alloys before exposure to 3 % NaCl

Substrate NMPRT / min
Steel 3.0
Steel + Zn—Fe alloy 4.7
Steel + Zn—Co alloy 6.3

The pull-off results of the change of adhesion strength with time of immer-
sion in NaCl solution for epoxy coatings on different substrates are shown in Fig. 1.

A general trend of decreasing adhesion strength with increasing exposure
time was observed for all samples. The best performance was obtained for the
epoxy coatings on steel modified by Zn-Co alloy, throughout the whole investi-
gated time. The lowest values for both dry and wet adhesion were obtained for
the epoxy coating on the steel substrate. Initially, during the first few days, the
values of the adhesion strengths for epoxy coating on steel modified by Zn—Fe and
Zn—-Co alloy were very similar. However, after about 7 days, the adhesion strength
of the epoxy coating on steel modified by Zn—Fe alloy drops sharply, whereas that
of the epoxy coating on steel modified by Zn—Co alloy decreases only slowly, in-
dicating a more stable protective system during exposure to a corrosive agent.

5.0 —————
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\ Fig. 1. The pull-off strength for epoxy
) ) ) ) G 1 coatings on steel and steel modified by
0 5 10 15 20 25 Zn-Co and Zn-Fe alloys during expo-

r/d sure to 3 % NaCl solution.

2

Pull off strength, N mm™

The reductions of adhesion after one day of exposure to the corrosive agent
and after the whole investigated time period are shown in Table Il. Of all the
protective systems investigated in this work, the smallest reduction of adhesion
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was obtained for the epoxy coating on steel modified by Zn—Co alloy. After one
day of exposure, the reduction of adhesion was very similar for epoxy coatings
on both Zn alloys, but after 24 days of exposure to 3 % NaCl, the reduction of
adhesion for epoxy coating on Zn-Co alloy was significantly lower (40 %) as
compared to Zn—Fe alloy (60 %).

TABLE I1. Dry and wet adhesion (in N mm™) and percentage of adhesion reduction after one day
and 24 days of exposure to 3 % NaCl

Substrate
Steel Steel + Zn-Fe alloy Steel + Zn—Co alloy
Dry adhesion 1.9 45 4.6
Wet adhesion one day 1.6 4.2 4.3
24 days 0.45 1.8 2.8
Adhesion reduction  one day 15.8 6.7 6.5
24 days 76.3 60 40

The obtained initial values of adhesion strength (dry adhesion, Table II)
compare very well with the results obtained using the NMP test (Table I), where
it was also shown that the lowest adhesion was obtained for the epoxy coating on
the steel substrate.

Surface roughness and wetability

Theoretically, for optimal adhesion, it would be important for the polymer
solution to fully penetrate into the pores of the surface layer. Penetration of the
polymer solution into the pores on a rough surface, i.e., surface wetability by the
polymer solution, depends on the contact angle and the shape of the pores. If
these are favorable, which means greater surface roughness and smaller contact
angle, i.e., better wetability, a significant penetration may occur at equilibrium.

The values of surface roughness, Ry, on the steel substrate and the steel
modified by electrochemically deposited Zn—-Co and Zn-Fe alloys are given in
Table Ill. Contact angle, ¢, between the polymer solution and the different sub-
strates was determined by the drop test and the results are also given in Table IlI.

TABLE I1I. The values of surface roughness, R,, and contact angle, ¢, for epoxy coatings on steel
and steel modified by Zn-Co and Zn—Fe alloys

Substrate
Steel Steel + Zn—Fe alloy Steel + Zn—Co alloy
Ra/ pm 0.250 1.77 0.913
ol° 45 10 Complete

The high value of surface roughness for the steel modified by Zn—Co alloy
and the complete wetability by the epoxy emulsion could explain the good initial
adhesion of this protective system. On the other hand, the large contact angle on
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the steel surface, indicating the poor wetability of this substrate, together with the
smallest surface roughness result in poor bonding of the epoxy emulsion with the
steel surface and, as a consequence, the smallest adhesion was obtained for this
protective system (Tables I and 11, Fig. 1). A higher value of R, but also a larger
@, results in almost the same value of dry adhesion (Table I1).

The better adhesion of the epoxy coating on steel modified by Zn alloys com-
pared to the same epoxy coating on steel can be explained as follows. Namely, it
is well known the metal surfaces are generally covered with oxides and contain
some hydrated polar groups, which is favorable in respect to bonding to an orga-
nic coating. In order to wet the surface and bond to the metallic substrate, polar
primers require an oxide layer. It is well known that hot-dip galvanized steel, i.e.,
Zn coatings, and Zn alloy coatings form zinc oxide and zinc hydroxide on their
surfaces immediately after galvanizing. The results shown in Fig. 1 and Tables |
and Il indicate that bonds between the epoxy coating used in this work and zinc
oxide and/or zinc hydroxide are stronger than the ones formed with iron oxides,
which normally cover a steel surface.

Electrochemical properties

The Nyquist plots for the impedance of the epoxy coatings electrodeposited
on steel and steel modified by Zn—-Co and Zn-Fe alloys on the first day (after 2
hours) and after 8 days of exposure to 3 % NaCl are shown in Figs. 2 and 3, res-
pectively. It can be seen from Figs. 2 and 3 that the epoxy coating on steel
modified by Zn—Co alloy has larger values of the pore resistance than the epoxy
coating on steel and steel modified by Zn-Fe alloy.

809 A steel + Zn-Co alloy PO N N
1 ® steel +Zn-Fealloy a # 4a .
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NE R A A‘
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Fig. 2. Nyquist plots for epoxy coatings on steel and steel modified by
Zn—Co and Zn-Fe alloys, on the first day of exposure to 3 % NaCl.

A general equivalent electrical circuit model for the behavior of polymer-coa-
ted metal in corrosive environments was used (Fig. 4),1516 where R, is the ele-
ctrolyte resistance, Rp is the coating pore resistance, C is the coating capaci-
tance, Rt is the charge transfer resistance and CPE is a constant phase element,
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which represents all the frequency-dependent electrochemical phenomena, name-
ly the double-layer capacitance and diffusion processes. The fitting of experi-
mental data obtained using the procedure elaborated by Boukampl4 enabled the
determination of the pore resistance, Rp for the films formed on steel and steel
modified by Zn alloys. The values of pore resistance for different protective sys-
tems, as a function of time of exposure to 3 % NaCl, are given in Table IV.
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Fig. 3. Nyquist plots for epoxy coatings on steel and steel modified by Zn-Co and Zn-Fe alloys,
after 8 days of exposure to 3 % NaCl.

Ro
CPE

Rp

Fig. 4. Equivalent electrical circuit of a poly-

Rat mer-coated metal.

It can be seen that the values of the pore resistance for the epoxy coating on
steel modified by Zn—Co alloy are larger compared to the epoxy coating on steel
and steel modified by Zn—Fe alloy, indicating again the good corrosion stability
of this protective system. This result is in good agreement with the adhesion mea-
surements (Fig. 1, Tables I and II), where it was shown that this protective sys-
tem had the highest adhesion values.

The smaller values of the pore resistance for the epoxy coating on Zn—Fe al-
loy as compared to the epoxy coating on Zn—Co alloy can be explained by local
heating of the Zn—Fe cathode during the deposition of the epoxy coating, which
could cause cratering of the epoxy coating. Namely, it is well known that a zinc
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and zinc alloy-plated cathode attain higher temperatures during deposition as com-
pared to a steel cathode, with a tendency for some erratic temperature variation,
caused by local film ruptures (cratering).1” Such a local heating of the cathode
during the deposition process causes the formation of different structure of elec-
trodeposited epoxy coating on zinc and zinc alloy-plated cathode as compared to
the steel substrate, where local heating is significantly lower.17.18 The results of
Schoffl9.20 indicate that there is a greater tendency to crater over Zn-Fe alloy
than over galvanized steel, Zn—Ni alloy and steel.

TABLE IV. The values of pore resistance, Rp, for epoxy coatings on steel and steel modified by
Zn—-Fe and Zn—-Co alloy, during exposure to 3 % NaCl

Ry / Q cm?
Substrate -
1% day After 8 days After 24 days
Steel 4365 316 250
Steel + Zn—Fe alloy 7586 562 282
Steel + Zn—Co alloy 13183 891 350

Another reason for the smaller values of the pore resistance for the epoxy coa-
ting on Zn-Fe alloy is blistering, since in the case of organic coatings on Zn-Fe
alloys the presence of blisters is possible.2! In the case of the investigated epoxy
coating on Zn-Fe alloy, blisters were visible after about one week of exposure to
3 % NacCl. It was shown that the corrosion products in the protective system Zn—Fe
alloy/organic coating consist of Fe304,21 which probably lift the organic coating
from the substrate and cause blister formation underneath. The more porous an
organic coating is, the more easily will an electrolyte penetrate it, thus reaching
the metal substrate below, i.e., Zn—Fe alloy. Consequently, corrosion process will
occur sooner and adhesion of the epoxy coating to the alloy substrate will be
weakened. For this reason, a sharp decrease in the adhesion of the epoxy coating
on Zn-Fe alloy occurs after 7 days of exposure to 3 % NaCl solution (Fig. 1).

The third reason of increased corrosion stability of epoxy coating on steel mo-
dified by Zn—Co alloy as compared to epoxy coating on steel modified by Zn-Fe
alloy is the greater corrosion stability of Co as compared to Fe. Namely, the cor-
rosion rate of pure Co in sea water is ten times slower then corrosion rate of pure
Fe under the same conditions.22 Since the amount of both Co and Fe in the alloys
was ~ 1.2 wt. %,23 the amount of Co and Fe in the alloy is not the determining fac-
tor of the corrosion stability of an alloy, but rather the stability of the element itself.

All these results indicate a greater corrosion stability of the protective system
based on the epoxy coating on steel modified by Zn—Co alloy.

CONCLUSIONS

Using EIS, pull-off adhesion measurements and the NMP test, the corrosion
stability of an epoxy coating on steel and steel modified by electrodeposited Zn-Co
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and Zn-Fe alloys were monitored during exposure to 3 % NaCl. It was shown
that the substrate has a large influence on the corrosion resistance and adhesion
strength of the protective systems based on an epoxy coating. The increased ad-
hesion strength and higher values of the pore resistance for the epoxy coating on
steel modified by Zn—-Co alloy compared to the epoxy coating on steel and steel
modified by Zn—Fe alloy indicate its higher corrosion stability.

The Zn-Co deposit on steel increased both the dry and wet adhesion strength
of the epoxy coating. The overall increase in wet adhesion for this sample was
maintained throughout the whole investigated time period.

The EIS results correlate well with the adhesion values obtained with both
the pull-off and NMP test. The largest values of pore resistance were obtained for
the epoxy coating on steel modified by Zn—-Co alloy, then for the epoxy coating
on steel modified by Zn-Fe alloy and the lowest values for the epoxy coating on
steel. The adhesion strength decreased in the same manner.

Acknowledgement. This research was financed by the Ministry of Science of the Republic of Ser-
bia, contract No. 142061.

U3BOJ
AIIXE3UJA ETIOKCUJJHUX KATA®OPETCKUX ITPEBJIAKA HA JIETYPAMA LIMUHKA

JEJIEHA B. BAJAT!, BECHA b. MUIIIKOBUh-CTAHKOBHR? 1 JPATYTHH M. I[PA)KI/I"h2

YTexnonowko—memianypuiku paxyaimie, Ynusepauiiei y Beozpady, i. ip. 3503, 11120 Beozpad u
2UXTM—Llenimiap 3a eaexilipoxemujy, ii. ip. 815, Beozpad

Jenan on HajBaxHHjUX (aKTOpa y 3aLITUTH O] KOPO3Uje OPraHCKHUM IIpeBllakama je ryOuTak
a/Ixe3uje OPraHCKHX IMIPeBiaKa MO yTUIIAjeM KOPO3HOHE cpearHe. Y OBOM pajiy NpoydyaBaHa je aj-
Xe3Uja CHOKCHIHUX KaTaOpETCKUX IMpEBJaKa Ha YCIHMKY M YEIHKY MOAM(DUKOBAHOM Jerypama
Zn-Fe u Zn-Co. UcnutuBane cy T3B. cyBa U MOKpa anxesuja crangapaaum pull-off nocrynkom,
kxao u NMP tectom. Kopo3nona cTabmIIHOCT CBHX y30paka je HCIUTHBaHA CIIEKTPOCKOIH]OM eJIeK-
Tpoxemujcke uMienannyje. CBU y30pIu cy UMail A0OpY MOYETHY aaxes3ujy, MehyTHUM TOKOM Je-
noBama koposuonor arerca (3 % NaCl) mpomeHa anxesuje ce 3HAYajHO Pa3IUKOBAIA KOJ[ Pa3jinyH-
THX 3aLITUTHHX cucTeMa. HajMmarme BpelHOCTH ajxesuje Cy NOOHjeHe y CIydajy ermoKCHIHE mpe-
BJIaKE Ha YCIHKY. YKYIHO CMambehe aJxe3dje TOKOM 24 JaHa HUCIIMTHBAaKkA j¢ HajMame 3a CHoK-
CHJHY IpEBJaKy Ha 4esinKy mMoaudukosaHom Zn—Co snerypom. Hajehe BpeaHOCTH OTHOPHOCTH Y
ropama ernoKCHIHE HPeBJIaKe TOKOM LEJIOKYITHOT HCITUTHBAHOT [IEPUO/ia JeI0Baka KOPO3UOHOT ar-
€Hca KOJI TpeBllake Ha YesnKy MoaudukoBanoMm Zn—Co JerypoM Takohe ykasyjy Ha BETHKY CTa-
OWJIHOCT OBOT 3aLUTHTHOT CHCTEMA.

(IIpumibeHo 22. janyapa 2007)
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Abstract: The characteristics of a ternary oxide coating, on titanium, which con-
sisted of TiO,, RuO, and IrO, in the molar ratio 0.6:0.3:0.1, calculated on the metal
atom, were investigated for potential application for cathodic protection in a seawa-
ter environment. The oxide coatings on titanium were prepared by the sol-gel pro-
cedure from a mixture of inorganic oxide sols, which were obtained by forced hy-
drolysis of metal chlorides. The morphology of the coating was examined by scan-
ning electron microscopy. The electrochemical properties of activated titanium ano-
des were investigated by cyclic voltammetry and polarization measurements in a
H,SO,4- and NaCl-containing electrolyte, as well as in seawater sampled on the Ad-
riatic coast in Tivat, Montenegro. The anode stability during operation in seawater
was investigated by the galvanostatic accelerated corrosion stability test. The mor-
phology and electrochemical characteristics of the ternary coating are compared to
that of a sol-gel-prepared binary TiggRug 40, coating. The activity of the ternary
coating was similar to that of the binary TiggRug 40, coating in the investigated
solutions. However, the stability in seawater is found to be considerably greater for
the ternary coating.

Keywords: ruthenium-oxide-based coatings, sol-gel procedure, iridium oxide, ca-
thodic protection, stability.

INTRODUCTION

Due to the good activity of RuO»-based anodes for the chlorine evolution
and oxygen reaction,1=3 they are commercially widely applied in cathodic pro-
tection processes.4

The most often employed electrochemical protecting systems for steel con-
structions sunk in seawater include organic protective coatings and cathodic pro-
tection.>6 Although protection by sacrificial anodes is also an aspect of cathodic
protection, the concept of impressed-current technology relates to the cathodic
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polarization of the species requiring protection, which are coupled to an anode
over an appropriate power source. The protecting procedure by impressed current
is one of most efficient since it allows highly automated control of the protection
process. Also, it is desirable for the anode material to show high activity for the
reactions which occur during protection in a given corrosion medium. In addi-
tion, cathodic protection process in seawater should also provide protection aga-
inst overgrowth by biomaterials, which is realized by the use of anodes posses-
sing a good activity for the chlorine evolution reaction.

Activated titanium anodes are commercially available for application in the
cathodic protection of steel constructions in seawater, soil and concrete, as well
as pipelines exposed to an aggressive environment.4 Recently, investigations have
considered alternative applications of ruthenium oxide in corrosion protect-
tion.”~10 Darowicki and Janicki® improved the properties of a carbon/polyethy-
lene/vinyl acetate composite material as an anode in cathodic protection by the
addition of ruthenium oxide. The improvement was related to the increase in ac-
tivity for the oxygen evolution reaction. Shibli et al.9 increased the erosion
stability of Al and Al-Zn sacrificial anodes and their anticorrosion characteristics
in NaCl solution by activation of the surface with ruthenium oxide.

In addition to the commercially available activated titanium anodes named
LIDA® and LIDA TSATM 4 platinized titanium anodes (protection of ship hulls),11
as well as Pb—Ag, Al-Zn and Fe-Si alloys (protection of offshore docks) are used
for cathodic protection in seawater.12-14 However, Ti/Pt anodes are expensive,
while anodes made of alloys are of very limited service life due to side reactions
of alloy dissolution. Anodes coated with RuO2 also undergo degradation due to
the electrochemical oxidation of Ru species. Since the products of oxidation are
soluble, the anode coating is gradually enriched in insulating TiO2, which leads
to passivation of the anode surface. The anode activity for the oxygen evolution
reaction, however, appears to play a key role in the process of anode degrada-
tion.15-20 It is known that activated titanium anodes containing iridium oxide are
more stable against passivation in the electrolysis of NaCl solutions than a binary
RuO,-TiO5 coating.16:21-24 This is due to the slower corrosion rate of IrO, with
respect to RuO», especially when a considerable portion of the current is related
to the oxygen evolution reaction.25 For this reason, activated titanium anodes,
commercially available for cathodic protection purposes, contain iridium oxide in
small amounts, in addition to ruthenium and titanium oxide. It is to be mentioned
that previous studies8.19.26 postulated the higher activity for the chlorine and
oxygen evolution reaction, as well as stability to passivation of Tig gRug 40> coa-
tings on titanium prepared by the sol-gel procedure, when compared to the coa-
ting prepared by the usual thermal decomposition of metal chlorides.}17 This ef-
fect was mostly due to the larger real surface area of the sol-gel prepared coating.

The aim of this work was to investigate the activity and stability of a ternary
Tig gRug.3lrg 102 coating on titanium, prepared by the sol-gel procedure, under
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the conditions of the chlorine and oxygen evolution. The anode characteristics
were investigated in NaCl and HoSOy4 solutions as well as in seawater, and com-
pared to the characteristics of a binary Tig gRug 40> coating.

EXPERIMENTAL
Coating Preparation

Colloidal monodispersions of ruthenium, iridium and titanium oxide were obtained by the
forced hydrolysis of metal chlorides in boiling 0.27 mol dm-3 HCI.27 The dispersions of RuO,, IrO,
and TiO, (oxide sols) were formed during 46, 20 and 10 h (ageing times), respectively. These dis-
tinct ageing times were chosen to prepare the sols since coatings with the best electrochemical pro-
perties were formed from them.18 The prepared oxide sols were mixed to form ternary or binary
dispersions for the preparation of a coating with the desired composition of TiggRug 3lrg 10, or
TiggRUp 40,. The dispersions were painted over Ti plates (1 cmx1 cmx0.89 mm), previously sand-
-blasted, degreased in saturated NaOH/ethanol solution and etched in hot 20 mass% HCI for 20
min. The coatings were applied in two layers, each converted into the gel phase at 90 °C and annea-
led at 450 °C, the first layer for 10 min and the second for 20 min, which developed the crystal
structure of the oxide and provided good coating adhesion. The total coating mass was 1.0 mg cm2
(calculated to the overall oxide).

Coating morphology

The microscopic appearance of the prepared coatings was examined before and after an
accelerated stability test (AST) by scanning electron microscopy (SEM), using a JEOL microscope,
model JSM-T20 (U,, = 20 kV).

Basic electrochemical properties

The capacitive behavior of the prepared anodes was investigated by cyclic voltammetry in
1.0 mol dm H,SO,, 0.50 mol dm NaCl and in mixtures of these two solutions, at room tem-
perature and a sweep rate of 20 mV s, A Pt plate electrode was used as the counter electrode,
while the reference electrode was a SCE, and all potentials are referred to the SCE scale.

The polarization characteristics of the prepared oxide coatings, in the solutions used in the
cyclic voltammetry measurements and additionally in seawater sampled in the harbor of Tivat,
Montenegro, were registered by anodic linear sweep voltammetry at a scan rate of 0.50 mV s1. The
electrochemical cell was the same as that used in the cyclic voltammetry measurements.

Anode stability

The stability of the prepared anodes was investigated in seawater by AST at a current density
of 0.60 A cm and a temperature of 16 °C. The end of anode service life was seen as a sudden in-
crease in potential, which is a measure of the anode stability to passivation under the given conditions.

RESULTS AND DISCUSSION

SEM microphotographs of the TiggRug 3lrp.102 and Tig gRug.40> coatings
prepared by the sol-gel procedure on titanium are shown in Fig. 1. The surfaces
of the coating appear like “cracked mud” consisting of islands separated by cracks,
with a uniform crack width independent of the coating composition. The island
border zone appears brighter than the bulk of islands, which is usually assigned
to edge segregation of titanium oxide.17.28 This effect is more pronounced for
Tig gRuUg.40> than for TiggRug 3lrg.102 coating, which indicates more uniform
composition (less pronounced TiO» edge segregation) of the ternary coating. How-
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ever, the main difference in microscopic appearance between the binary and
ternary coating should be addressed to the ubiquitous presence of sub-micron-si-
zed spherical grains in the Tig gRug 3lrg 102 coating (Fig. 1a), which occupy pre-
ferentially the hills of the coating (the coating is apparently not of uniform micro-
thickness; the microphotograph in Fig. 1a was taken with a 45° incidence angle).
The origin of grains could be assigned to the formation of a separate iridium oxi-
de phase within the ternary coating, since the composition is the single qualita-

Fig. 1. SEM Microphotographs of the surface of sol-gel prepared: (a) Tig gRug 3lrg.10, and
(b) Tig gRug 40, coatings on titanium.

Cyclic voltammograms of the prepared anodes, registered in HoSOg4, HoSO4/NaCl
and NaCl electrolyte are shown in Fig. 2. The voltammetric curves are of the
characteristic shape for RuO,-based electrodes,117:18:29 which demonstrates the
almost pure capacitive behavior of the anodes within the potential region of elec-
trolyte stability.30 A broad reversible peak appears around the potential of 0.60 V
in the proton-containing solutions (Figs. 2A and 2B), which is assigned to the so-
lid state surface redox transition (SSSRT) of Ru with participation of pro-
tons.29:30 The injection/ejection of protons involved in the following SSSRT29 is
seen at potentials below 0.10 V, which causes a pseudocapacitive energy storage
(PCES) behavior of the coating in the potential region below 0.10 V (Figs. 2A
and 2B). However, both capacitive features SSSRT and PCES are considerably
suppressed in pure NaCl electrolyte (Fig. 2C), due to the lack of protons.

The capacitive behavior for the ternary and binary coating in the proton-con-
taining electrolytes were similar (Figs. 2A and 2B). However, the voltammetric
currents were lower in NaCl electrolyte for the ternary coating (Fig. 2C), due to
the lower pseudocapacitive ability of IrO, with respect to Ru0O,.1:30,31

The voltammogram in H»SO4 solution of the binary coating is more tilted
due to a higher ohmic resistance (Fig. 2A). This could be caused by the more
pronounced non-uniform composition of the binary coating, as seen in Fig. 1. The
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coating parts with TiO, segregation (island edges) are regions with poor conduc-
tivity, since TiO, is known for its semi-conductive or insulating properties.1 Through
these regions, the current is carried preferentially by ions which fill the pores of
the regions, making the total coating resistance dependent on the electrolyte re-
sistance. As can be seen in Fig. 2B, the voltammograms are less tilted in HoSO4/NaCl
solution, due to the higher ion concentration and, consequently, lower resistance.

Fig. 2. Cyclic voltammograms of sol-

i
; / -gel prepared Ti/TipgRug3lrp 10, and
5 I S— TilTiggRug 40, anodes registered in
emmT ——TirTi, Ru, Ir, O, 1.0 mol dm=3 H,S04 (A), 1.0 mol dm-3

- T Ry, O, H,SO, + 0.50 mol dm NaCl (B) and
0.00 0.40 0.80 120 0.50 mol dm= NaCl (C) at room tem-
ElVgy perature and sweep rate of 20 mV s,

An increase in the anodic currents is seen in the voltammograms registered
in Cl™-containing electrolytes at potentials more positive than 1.15 V (Figs. 2B
and 2C), which corresponds to the onset of the chlorine evolution reaction (CER).
The increase is followed by the appearance of a cathodic counterpart, assigned to
the desorption of chlorine species,32 at potentials increasing with increasing chlo-
ride concentration. The counterpart is more pronounced for the ternary coating.
Since the CER commences on the ternary coating at even more positive potential
than on the binary one, the more pronounced counterpart could be assigned to the
larger surface area of the ternary coating available for chloride oxidation. It is
known that IrO2-containing coatings are more porous than those in which this
oxide is not present.2! Note that the larger surface area of the ternary coating is
not visible in the capacitive region due to its already mentioned lower pseudoca-
pacitive ability with respect to the binary coating.

The polarization curves registered in different solutions and in seawater for the
Ti/TiggRug 3lrp.102 anode are shown in Fig. 3, while those of the Ti/TiggRug 402
anode are presented in Fig. 4.

The currents of oxygen evolution were registered at the most positive poten-
tials in HoSO4 solution (curve 1, Figs. 3 and 4). The Tafel slopes are close to



1398 PANIC and NIKOLIC

60 mV, which is the usual value for this type of anodes.33:34 When chloride ions
were introduced into the H»SO4 solution, the Tafel plot for the chlorine evolution
reaction was registered in the region of lower potentials (curve 2, Figs. 3 and 4).
The slopes for both the ternary and binary coating are close to 35 mV, indicating
the high activity of oxide coatings for this reaction.35 The slope in NaCl solution
(curve 3) was almost doubled when compared to the H,SO4/NaCl solution. This
is the consequence of the different reaction mechanisms. In acid chloride solu-
tion, protons are involved in the oxidation of the active sites, which makes the
sites suitable for the adsorption of chlorine species.36 The chlorine evolution re-
action in such circumstances occurs at a lower overvoltage compared to the case
in NaCl electrolyte.

1304 10 1.0MHSO, 1304 10 1.0MH,SO,
20 1.0MH,SO, +0.50 M NaCl & 20 10MH,SO0,+050MNaCl
1 34 0.50MNaCl { 324 0.50M NaCl o
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" 2 y {
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= DDO3 > 1.10 4
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Fig. 3. Polarization curves for a Ti/Tig gRug 3lrg10,  Fig. 4. Polarization curves for a Ti/Tig gRug 402
anode registered in different solutions anode registered in different solutions
and in seawater. and in sea water.

The values of the current densities at potentials near the middle of the Tafel
region, as registered in different solutions (Figs. 3 and 4), are given in Table I.
Almost two times higher values were obtained for the binary coating in proton-con-
taining solutions, while similar values for the binary and ternary coating were re-
gistered in NaCl solution and in seawater.

These results can be interpreted from two points of view: one is the depen-
dence of the current on the real surface area and the other is the destruction rate
of the oxide. It has already been mentioned in the discussion of the voltammetry
results that the ternary coating should be more porous and of larger real surface
area than the binary one. This makes the ternary coating more active at low
overvoltages, as seen in Figs. 2B and 2C. It is seen also in the polarization curves
from Figs. 3 and 4 that the currents were higher for the ternary coating up to
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1.05 Vscg and even up to 1.08 Vscg in HoSO4/NaCl solution. However, evolved
gas fills the coating pores at high overvoltages, which causes a reduction in the
charge transfer availability of the coating surface. Since the ternary coating was
more active at low overvoltage and particularly because of its more porous struc-
ture, the reduction in charge transfer availability should be more pronounced for
the ternary than for binary coating. Also, this reduction is more evident in the so-
lution favorable for oxygen evolution, due to the lower solubility of oxygen in
comparison to chlorine.

TABLE |. Current densities at given potentials registered for Ti/TiggRug3lrg10, and TilTipgRug 402
anode in different solutions

Solution E/Vscg —— 1/mA cm 2
TI/T|0I6RU0I3|r0.102 TI/T|0I6RU0I3|r0.102

1.0 mol dm=3 H,S0, 1.23 2.30 4.45

1.0 mol dm™3 H,S0, + 0.50 mol dm3 NaCl 1.13 1.73 3.02

0.50 mol dm NaCl 1.10 1.86 2.00

Seawater 1.10 2.46 2.56

At higher overvoltages appreciable partial currents of the electrochemical
dissolution of active oxide are to be expected.19.22,23 |t js known that the destruc-
tion rate and, consequently, the partial currents of dissolution in anodic polariza-
tion are lower for IrO, when compared to those of Ru05.22.23 This was regis-
tered as lower overall current densities at high overvoltages (Figs. 3 and 4).

The good activity of the prepared anodes in seawater is important for their
application in cathodic protection. The AST results for both the ternary and bi-
nary coating are shown in Fig. 5 as the time dependence of the anode potential at
a constant current density. Since IrO» is more stable during the simultaneous evo-
lution of oxygen and chlorine, the durability of the ternary coating is longer than
that of the binary coating.

2r — | TirTi, Ru, O,
10 |
8+
>8 6
G
Sl TirTiy Rug I, O,
Fig. 5. Time dependences of the po-
tential of a Ti/TiggRug3lrg 10, and
0 TilTiggRuUg 40, anode during the ac-

0 ' 5 ' 10 ' 15 ' 20 celerated stability test in seawater at a
biesr I current density of 0.60 A cm2.
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A tentative explanation for considerably larger stability of the ternary coa-
ting could be as follows. The reactions of RuO, dissolution and oxygen evolution
precede in parallel.1® The mechanism for RuO, dissolution could be:

RuO, + HoO — RuO>—OH + H* + e~ @
RuO,—OH =RuO3 + H* + e~ 2
RuO3 + HoO ==RuO3-OH + H* + ¢~ 3
RuO3—OH = RuOg4+ H* + e~ 4)

while for oxygen evolution reaction proposed mechanism!® suggests that steps
(3) and (4) should be replaced by:

2RuO3 =2Ru07 + 02 %)

The steps (1) and (2) are the same for the two reactions, with the formation
of RuO,—OH, step (1), as the rate-determining step. The species in the sub-
sequent steps (3)—(5) decompose giving either oxygen or RuQy, which is soluble
in acid solutions. However, when IrO is present in the coating, oxygen evolution
occurs mainly at the 1rO, active sites. This hinders the decomposition reactions
on the RuO3 active sites and considerably extends the service life of the coating.

The effect of selective coating dissolution can be seen on SEM microphoto-
graphs given in Fig. 6, which illustrates the typical appearance of the ternary and
binary coating after AST. Fig. 6a illustrates the appearance of the ternary coating
along the hills at which the segregation if IrO, was seen on the freshly prepared
coating (Fig. 1a). Complete depletion of the active material can be seen in the val-
leys of the coating, while it is retained to a great extent on the hills. This supports
the conclusion that IrO, grains suppress the corrosion of the active material,
while RuO»-rich regions corrode faster. On the other hand, the binary coating
corrodes uniformly, with depleted regions appearing from place to place.

' ST AR 7Y

@ (b)
Fig. 6. SEM Microphotographs of the surface of sol-gel prepared: a) TiggRug 3lrg.1O, and
b) Tig gRug 40O, coatings on titanium taken after the accelerated corrosion stability test.
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CONCLUSIONS

The properties of sol-gel prepared ternary TiggRug 3lrg.1O2 and binary
Tig.gRug.40> coatings on titanium with respect to their possible application for
cathodic protection in seawater environments were investigated by scanning elec-
tron microscopy, cyclic voltammetry, polarization measurements and accelerated
stability test in HoSO4 and NaCl solutions as well as in seawater.

The microscopic appearance of the ternary coating indicates segregation of
IrO5 in the sub-micron grains in the region of the hills in the coating.

Cyclic voltammetry investigations showed similar capacitive behavior of the
ternary and binary coating, while the ternary coating seemed to be more active
for chlorine evolution.

The polarization characteristics of the prepared coatings indicated similar ac-
tivity of the ternary and binary coating in H2SQOg4, HpSO4/NaCl and NaCl solu-
tions, while the partial currents related to the dissolution of the active material of
the ternary coating was less pronounced than in the case of the binary coating at
high overvoltages.

The results of an accelerated stability test of the prepared coatings showed
that the ternary coating was considerably more stable during exploitation in
seawater than the binary one, which is the consequence of the greater stability of
IrO2 under vigorous oxygen and chlorine evolution in comparison to RuO,. This
fact makes the ternary coating a better candidate as the anode in real applications.

Acknowledgement. This work was financially supported by the Ministry of science of the Republic
of Serbia, Contract No. 142061B.

U3BOJ

AKTHBHA OKCHJIHA TIPEBJIAKA HA TUTAHY JOBHUJEHA COJI-T'EJI IOCTYIIKOM
KAO AHOJIA 3A KATOJHY 3ALITUTY Y MOPCKOJ BOU

BJIAJUMUP TTAHWR! n BPAHUCIIAB HUKOJINR?

YUXTM — Lenitiap 3a eaexitipoxemujy, oezowesa 12, ii. iip. 815, 11000 Beozpad u >Texnonoutko—meiianypuik
paxyainei, Kapnezujesa 4, ti.ip. 35-03, 11122 Beozpao

KapakrepucTrke TpojHEe OKCHIHE MPEeBIaKe Ha THTaHy, Koja ce cactoju ox Ti0,, RuO, u Ir0O,
y monckoM oxHocy 0.6:0.3:0.1 pauynaTo Ha aTOM MeTalla, ICIIUTUBAHE CY Ca UJbEM TTOTCHIIH]aTHEe
HPUMEHE 3a KaTOJHY 3aIlTUTY Y MOPCKOj Boau. OKcuiHA NpeBiIaka Ha TUTaHy (OPMHpaHa je coi-rei
MIOCTYTIKOM 3 CMelle HEOPraHCKUX OKCHIHHX COJIOBA, KOjHU Cy N0OHjeHN (GOpCHPaHOM XHUAPOIIH-
30M xJopuja merana. Mopdoioryja npeBiake je HCIUTHBaHA CKeHHPajyhoM elneKTpOHCKOM MH-
KPOCKOITHjOM, JIOK CY €JIEKTPOXEMH]jCKa CBOjCTBAa aKTUBHPAHUX THTAHKUX aHOJA UCIIUTUBAHA METO-
JOM LUKIMYHE BOJTAMETPHje WM IONApH3alHOHUM Mepemuma y pactBopuma HpSO4, NaCl u y
pCaHUM yCIIOBHMa, Y MOPCKOj BOIH y30pKoBaHOj u3 JaapaHckor mopa (Tusar, I{pua Iopa). Cra-
OMJIHOCT aHOZAE TOKOM paja y MOPCKO] BOAW HCIUTHBAHA je TaJIBAHOCTATCKH, YOP3aHUM TECTOM
crabuHoctu. Jlobujene npesnake ynopehene cy ca asojuoM Tig gRuUg 4O, mpeBnakom, y morney
Mopdororuje u eneKTpPOXeMHUCKHX KapakTeprcTuka. [loka3aHo je ma Cy TpojHa M JBOjHA IpeBIaKa
CIIMYHE aKTHBHOCTH y WCIUTHBAHUM pacTBopuMa. MehyTuM, y MOPCKOj BOIHM CTaOMIHOCT TPOjHE
IIpeBJIaKe je 3HaTHO Beha.

(Mpumsseno 24. jyna 2007)
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Abstract: Three different forms of Ag/TiO, composite layers, which have whisker-,
dot- and island-like distribution of silver were obtained on a mechanically polished
titanium surface by adjusting the conditions of silver deposition from an aqueous
AgNO3 solution. The deposit morphology was the result of both the program of
electrode polarization and the template action of the simultaneously formed TiO,
layer. The catalytic activity of the composite layers toward the oxygen reduction
reaction was studied in aqueous 0.1 M NaOH solutions and found to be a function
of both the surface loading of silver and the type of silver distribution within the
Ag/TiO, composite layers. The reaction path of oxygen reduction on the composite
layers was found to be always a 4e” one, characteristic otherwise of polycrystalline
silver electrodes.

Keywords: metal/oxide composite electrocatalysts, oxygen reduction reaction, rota-
ting disc electrode, silver electrodeposition, titanium dioxide film.

INTRODUCTION

Heterogeneous systems consisting of small metal particles dispersed on elec-
tronic conductor, semiconductor and ionic conductor supports, display a number
of interesting properties of both fundamental and applicative significance. By
dispersing catalytically active metal over a high-surface-area support, its utiliza-
tion may be enhanced simply based on the increase of the real surface area on
which an electrochemical process, otherwise heterogeneous in nature, occurs.
Metal-semiconductor heterogeneous systems are of significant interest in optics,
electrophysics, catalysis, etc.1 On going to nano-dispersions, quite new effects,
characteristic of individual atoms, may also be experienced. For instance, Ng et
al.2 investigated the particular electrochemical behaviour of nano-dispersed sil-
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# Serbian Chemical Society member.
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ver on carbon black, manifested as both a cathodic shift of the equilibrium po-
tential and an aggravated anodic dissolution.

Polycrystalline silver shows a high catalytic effectiveness in electrochemical
oxygen reduction in alkaline solutions.3 Mclintyre et al.4 evidenced a four-elec-
tron reduction mechanism of oxygen reduction on all silver crystallographic pla-
nes in alkaline solutions. Following this knowledge, Hacker et al.> and Yang et
al.6.7 investigated the oxygen reduction reaction in alkaline solutions using na-
no-dispersed silver supported by carbon nano-fibres® and carbon black.6:7 Chate-
net et al. compared the catalytic effectiveness of carbon-supported silver8 and bi-
metallic silver-platinum?® catalysts with that of pure bulk platinum. Carbon suppor-
ted silver was proposed to replace carbon supported platinum as the cathode mate-
rial in fuel cells, metal—-air batteries!O and electrolysers for chlorine production.11

High surface area is not a unique benefit of supported metal catalysts in elec-
trocatalysis. Another one may be the so-called strong metal-support interaction
(SMSI), which enhances the catalytic effectiveness of a catalytically active metal.
This effect was observed in systems of noble metals supported by reducible VIII
group metal oxides, primarily TiO,.12-19

The metal oxide films were synthesized preferably by thermal decomposi-
tion of thermodegradable compounds of titanium and catalytically active metals.
Beer,20 for instance, applied a RuO, coating on a Ti surface by thermal decom-
position of RuCls. Haruta et al.16-18,21 evidenced high catalytic effectiveness of
a nano-Au/TiOo composite catalyst for CO oxidation at low temperatures, al-
though each of the components alone is catalytically ineffective. This finding was
given as an example of the SMSI effect. These authors prepared the catalyst by
precipitation of Au(lI1)-hydroxide onto TiO2 powder, with the subsequent reduc-
tion of the Au hydroxide by heating in a hydrogen atmosphere. Burrows et al.,22
Kuhn et al.,23 Kalinovski et al.24 and Erenberg et al.2> synthesized RuO,-TiO5
and RuO2-TiOo—1rO2 layers on a Ti surface, known as effective composite cata-
lysts in the oxidation of chloride. Some papers describe electrochemical proce-
dures to deposit catalytically active metal on titanium. For instance, Vukovi¢ et
al.26-28 deposited noble metals and their alloys on a titanium surface galvano-
statically and obtained very developed deposits. Mentus2® deposited a Pt/TiO> la-
yer potentiodynamically and outlined the template action of TiO,. Emery et al.30
studied the Kkinetics of cathodically induced nucleation of copper on nickel and
tantalum surfaces.

Proceeding from the fact that bulk silver34 and silver dispersed on a carbon
support>-8 are effective catalysts for the reduction of oxygen in alkaline solutions
and that the electrochemical deposition of metals on a titanium surface provides
highly developed surfaces, 2629 an electrochemically formed Ag/TiO, composite
was selected for detailed study. In continuation of a previous study of this com-
posite formed by a definite program of potentiodynamic polarization,3! and bear-
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ing in mind the possible template action of a TiO, layer,29 an attempt was made
to enlarge the possibilities to control both the morphology and the catalytic ef-
fectiveness of electrochemically formed layers, by expanding the modes of silver
deposition. In both deaerated and oxygen-saturated aqueous 0.1 M NaOH solu-
tion, the electrochemical behaviour of the obtained Ag/TiO, composite layers
was examined and compared to that of a bulk polycrystalline silver electrode.

EXPERIMENTAL

The electrochemical cell was a double-walled thermostated glass cell, with the electrodes and
gas inlet tube immersed through tight, machined orifices on the plastic top cover. The working
electrode support was a rod of titanium 3 mm in diameter, pressed into a PTFE insulating cylinder,
being the detachable part of a rotating electrode. The reference electrode was a commercial Beck-
man saturated calomel electrode (SCE). The counter electrode was a platinum foil. The reference
electrode was separated from the bulk electrolyte by a Luggin capillary filled with the investigated
electrolyte.

The solutions were made from Merck or Aldrich p.a. chemicals and redistilled water, which
were either deaerated by an argon stream or oxygen-saturated by flowing gaseous oxygen. The
purity of the gases was 99.999 vol. %.

The dc measurements were performed using a PAR Model 273 Potentiostat/Galvanostat. The
rotation speed of the working electrode was controlled by a Beckman rotating electrode device. The
electrolyte temperature was always kept at 25 °C.

To prepare the working electrode for electrochemical investigations, the exposed, disk-shaped
Ti surface was dry-cleaned with emery paper No. 1200, and plated with silver from a dilute
aqueous x M AgNO3 + 0.1 M KCIO, solution, either at a constant potential of —0.4 V vs. SCE, or
by potentiodynamic cycling. Simultaneously, a TiO, layer was grown either spontaneously, by
corrosion32 or because of potentiodynamic polarization.

The microphotographs of the composite Ag/TiO, layers were taken by scanning electron mi-
croscope, Jeol JSM-840A.

RESULTS AND DISCUSSION

Cyclic voltammetry of freshly polished titanium in agueous AgNO3 solutions and
the modes of formation Ag/TiO, composite layers

As a valve metal, under usual conditions, titanium is covered by a spontane-
ously formed semi-conductive oxide layer, which permits electrochemical re-
duction reactions33 and suppresses oxidation ones.34 If formed by anodic oxida-
tion, the thickness of the oxide layer is closely related to the final anodic po-
tential.32 Electrochemical deposition of any metal on a titanium surface is always
influenced by either the spontaneous or electrochemical formation of TiO5, dimi-
nishing the adherence or directing the sites of preferential electrodeposition.29 In
order to test the conditions of silver deposition from the solution 1.76x1072 M
AgNO3 in 0.1 M KCIOy4 as supporting electrolyte, cyclic voltammograms of a
freshly polished titanium electrode were recorded in this solution. The potential
interval used, i.e., between —0.4 and 0.8 V, as shown in Fig. 1, covers the range
of cathodic deposition and anodic dissolution. The first scan reflects both silver
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nuclei formation and growth of a TiO2 layer. Since TiO» formation was comple-
ted within the first anodic sweep, usually not more than three polarization cycles
were required to achieve voltammograms of reproducible shape. The voltammo-
grams in Fig. 1 indicate that the reversible potential of a silver electrode in this
solution is 0.35 V vs. SCE. Bearing in mind that TiO, does not permit anodic
processes on its surface, the pronounced current of anodic dissolution shown in
Fig. 1 evidences that most of the deposited silver is in electronic contact with the
titanium support. Good contact, providing for both good anodic dissolution and
reproducible voltammograms, may be achieved if the starting potential is as close
as possible to the open circuit potential of metallic titanium, which is below -1 V
in neutral aqueous solutions. Such a negative starting potential may enable silver
nuclei to form on almost bare metal surface. Higher starting potentials cause an
instantaneous growth of TiOo, the thickness of which is closely correlated to the
highest value of the anodic potential.3132 The study of Emery et al.30 illustrates
the consequences of the formation of such an oxide interlayer. These authors stu-
died copper deposition on tantalum, starting the potentiodynamic polarization
from the anodic side of the potential interval they studied. In such a manner, they
formed an oxide layer prior to the commencement of electrocrystallisation of
copper. In the case of the formation of this oxide layer, copper was easily depo-
sited cathodically and accumulated in each polarization cycle, however, the
anodic dissolution was almost completely blocked. In addition, Poroshkov et al.l
reported a significant asymmetry between the current consumptions for the ca-
thodic and anodic processes, in favour of the cathodic process, during silver de-
position and dissolution on an anodised Ti surface.

The first type of Ag/TiO2 deposit, labelled in this study as composite layer
type |, presented in Fig. 2, was prepared by immersing a freshly polished tita-
nium surface in solution 1.7x1072 M AgNO3 + 0.1 M KCIOy, and instantane-
ously subjecting it to a constant potential of —0.4 V vs. SCE. According to the
voltammograms in Fig. 1, this potential corresponds to the limiting diffusion cur-
rent of silver deposition from an unstirred solution. However, this potential al-
lows the instantaneous formation of a TiO» film, about 1 nm thick. It is reason-
able to expect that various imperfections caused by mechanical polishing and
chemical impurities result in non-uniformity in the thickness of the layer in its
initial stage of development, whereby nucleation of silver is favoured at the sites
covered with a thinner TiO» layer. This causes a non-uniform surface coverage,
i.e., favoured sites of silver crystals development or, in other words, a template
effect of the TiO, layer. During 30 s of silver deposition, the current increased
almost linearly from 0 up to 1.4 mA cm~2. According to the Faraday law, it is
easy to calculate that the number of coulombs consumed in this procedure gene-
rates a surface loading by silver of 24 pg cm=2. After this constant potential treat-
ment, one potentiodynamic sweep in the same solution was performed with a ver-
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tex anodic potential of 0.3 V, in order to thicken the TiO, layer on the silver-free
fraction of the titanium surface. The vertex anodic potential was limited in this
case to 0.3 V, since, as Fig. 1 shows, at higher potentials anodic dissolution of the
deposit may occur.

E/Vvs. SCE
Q ) 1
41 [
II
|
[
21 |'
o ﬂ
< 0 —
£ B A
2 .
4

Fig. 1. The cyclovoltammograms of a
Ti electrode in 1.76x102 M AgNO; +

ol g X A o

0.1 M KCIO, recorded between —0.4

and 0.8 V at a scan rate of 50 mV s’1,

with E; =-0.4V and E, =0.8 V, and
E3=E; =-0.4 Vvs. SCE.

Fig. 2. The SEM microphotograph of a titanium surface
with silver cathodically deposited at a constant
potential of —0.4 V vs. SCE during 30 s

(AQ/TIO,, type I).

An SEM photograph of the Ag/TiO, surface with potentiostatically deposi-
ted silver is shown in Fig. 2. Since the back-scattered electron mode was used,
the parts of surface rich in the heavier element, in this case Ag, appear high-
lighted. Along the surface, a number of randomly distributed silver dots, as well
as cotton-like flecks composed of numerous branched silver nano-whiskers may
be observed.

The type Il composite layer was obtained when a freshly polished Ti elec-
trode in a more dilute 1.74x10~3 M AgNO3 + 0.1 M KCIOQy4 solution, was subjec-
ted to the potentiodynamic polarization program shown in Fig. 3. In this case,
compared to Fig. 1, the polarization program emphasizes both the potential of ca-
thodic deposition and that of anodic dissolution. However, the average time of
deposition was longer than the average time of dissolution. Based on the voltam-
metric curves shown in Fig. 1, the working electrode type Il was prepared star-
ting the polarization sweep at -1 V vs. SCE, and sweeping the potential within
the limits —0.8 and 0.5 V at a rate of 50 mV s71

The vertex cathodic potential of —0.4 V vs. SCE in the program shown in
Fig. 3 corresponds, according to Fig. 1, to silver deposition under diffusion limi-
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tation, when, as Fig. 2 shows, silver is able to deposit in the form of branched
whiskers. However, at vertex anodic potentials of the potentiodynamic sweeps,
(0.5 V), massive anodic dissolution occurs, whereby whiskers are primarily re-
moved. However, under potentiodynamic conditions at the chosen vertex anodic
potential, anodic dissolution is incomplete and each polarization cycle leaves a
new portion of silver. As a result, a rather regular, dot-like, silver deposit imbed-
ded in the TiO2 layer appears. The mean diameter may be regulated by the num-
ber of polarization cycles. The deposit formed after 8 polarization cycles is shown
in Fig. 4. For this type of layer, the surface loading by silver may be determined
from the distribution density and mean diameter of silver dots by assuming that
they are hemispherical in shape.3 For further comparison with other types of
composite layer types, a layer with a silver loading of 6 pg cm~2 was used.

0.6+
0.4+
0.2+

0.0+

-0.2 1

E/Vvs. SCE

-0.4 1
-0.6 -

-0.84 Fig. 3. The program of potentiody-
namic polarization by which the
Ag/TiO, deposit shown in Fig. 4 was
obtained.

20 0 20 40 60 80 100 120 140 160 180
time /s

Fig. 4. The SEM microphotograph of
a titanium surface upon potentiodyna-
mic deposition of silver, using 8 cy-
cles within the potential limits —0.4
and 0.5 V, at a scan rate 50 mV s1
(Ag/TIO,, type II).
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If the polarization program shown in Fig. 5 is applied to a freshly polished
titanium surface in 1.74x1072 AgNO3 + 0.1 M KCIQy4, with vertex anodic poten-
tials of at least 0.8 V, which provides for almost complete anodic dissolution of
silver in each polarization cycle, a new type of deposit appears, labelled as com-
posite layer type Ill. During each anodic sweep of the polarization cycle, accor-
ding to Fig. 1, the whiskers grown above the TiO» layer during cathodic polari-
zation are subjected to complete anodic dissolution. However, a part of the silver,
most probably that screened by the TiO, layer growing during anodic polariza-
tion, remains protected from anodic dissolution and serves as the sites on which
further cathodic deposition is favoured. This explanation is in accordance with
the literature,2 when a notable resistance towards anodic dissolution was reported
for silver particles of nanometer dimensions on a graphite support. The SEM pic-
ture of the resulting Ag/TiO2 composite surface is shown in Fig. 6. The silver is
placed within randomly distributed micron-sized regions, visible as highlighted
areas, integrated in the TiO2 layer. The silver-rich islands are distributed relati-
vely uniformly over the whole titanium surface and occupy about 50 % of the
surface. Using a higher magnification, silver agglomerates approx. 50-150 nm in
diameter may be distinguished within these silver-rich regions. The composite la-
yer produced by the above described potentiodynamic procedure appears to be
very adherent; namely, it cannot be striped by strong rubbing with filter paper.
This is expectable, since during each polarization cycle when the potentials exce-
eds 0.4 V, the exposed part of silver deposit, namely that not captured by TiO», is
removed by anodic dissolution.

2.04
1.5
1.0

0.54

E/Vvs. SCE

0.04

-0.54

-1.04

Fig. 5. The potential-time program
used for the synthesis of the Ag/TiO,
t/s layer shown in Fig. 6.

0 200 400 600 800 1000

The cyclic voltammograms of the Ag/TiO, composite layers in
deaerated alkaline solutions

In alkaline solutions under anodic polarization, silver does not dissolve anodi-
cally but undergoes surface oxidation.35-37 The redox processes in Ag/Ag,0—AgO
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systems in alkaline solutions present the fundamentals of silver—zinc alkaline bat-
teries. Numerous papers published previously3°>—41 were dedicated to the investi-
gation of electrochemically induced changes on a silver surface in alkaline solu-
tions. Oxidation was found to be a multi-stage process. In the region of surface
oxidation, the two main anodic peaks, between 0 and 0.8 V vs. SCE correspond
to the formation of Ag>O and AgO, respectively, the first of which displays a
fine structure. The majority of authors agree that the pre-peak which arises at
about 0.1 V vs. SCE and precedes the formation of AgoO may be attributed to a
phase transformation of adsorbed OH™ into an AgOH layer. The other two peaks,
situated between 0.2 V and 0.4 V vs. SCE, are due to the formation of compact
and porous AgoO layer, respectively.4041 Much more cathodic, between —0.5
and —0.8 V vs. SCE, at a substantially expanded current scale, a pair of peaks,
which were attributed to the adsorption/desorption of OH~ ions42 can be discer-
ned. The presence of adsorbed OH™ ions was recently confirmed by XPS,43:44
Raman spectroscopy#® and by electron diffraction.46

x2S, Bg8, = Lpm : Fig. 6. SEM Microphotographs of
w o & AgITiO, (type 1) surface.

To estimate the fraction of silver within the Ag/TiO, composite layer, which
may be transformed into oxides, a titanium electrode covered by a Ag/TiO, layer
in perchlorate solution was rinsed with distilled water, transferred into a 0.1 M
NaOH solution, and then voltammograms were recorded in the potential range
—1.0 to 0.9 V. These voltammograms are presented in Figs. 7 and 8, together with
the voltammograms of a bulk polycrystalline silver electrode, which had been
abraded in the same manner as the titanium one, supporting the Ag/TiO> layer.

The voltammogram of bulk polycrystalline silver (the second polarization
cycle is presented) displays two well-known main anodic peaks. The second one
of these two oxidation peaks, if a slow polarization rate is used, may be comple-
tely separated from the current of oxygen evolution.38:42 However, in the present
case these processes are somewhat merged. For this reason, the cathodic peaks
appear to be more representative to estimate the charge consumed for the forma-
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tion of surface oxides. In Fig. 7, for polycrystalline silver, the surface of the hi-
gher cathodic peak corresponds to a surface charge density of 129 mC cm2,
which, assuming Ago0 reduction corresponds to a further coverage by silver of
144 pg cm~2. Other authors found that a charge of 130 mC cm~2 might be con-
sumed for oxide formation,20 which is very similar to the value found here. To
estimate the thickness of a silver surface layer, expressed as the number of ato-
mic layers, which participates in oxide formation, the number of atoms within
one atomic layer has to be known. Horswell et al.46 reported that the number of
silver atoms per square centimeter for low-index planes of an Ag monocrystal
amounts on average to 101, The above-mentioned value of 129 mC cm~2 corres-
ponds to roughly 8x1017 silver atoms per square centimetre of geometric surface
area. Thus, taking into account a roughness factor of between 1 and 3 for poly-
crystalline silver abraded with emery paper and bearing in mind the average
number of atoms in one surface atomic layer,48 it is reasonable to assume that se-
veral hundreds of atomic layers on the surface of a bulk silver electrode partici-
pate in metal oxide conversion reactions.
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1 Fig. 8. The voltammograms of Ag/TiO, com-
i posite type 11 (full line) and type 111 (dash-dot-
-16L : ted line), and the voltammogram of a bulk

Fig 7. The voltammogram of an Ag/TiO, type | silver electrode in argon-purged 0.1 M NaOH,
layer (full line) and the voltammogram (second at a scan rate 20 mV s'L, The unit of current
scan) of bulk polycrystalline Ag (dotted line), density axis is 4.0, 0.4 and 1.0 mA cm™2, for
recorded in 0.1 M NaOH between —1.6 and 0.9V the bulk silver, composite layer type Il and
vs. SCE,at a scan rate 20 mV s, composite layer type Il1, respectively.
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For Ag/TiOy, type | layer, in Fig. 7, the surface area of the cathodic peak is
about 5.4 times lower than that of an activated bulk silver electrode, and cor-
responds to a surface loading by silver of 25.7 ug cm=2. Bearing in mind that a
loading by silver of 24 ug cm~2was calculated on the basis of the electricity con-
sumed for the synthesis of this composite layer, it may be concluded that, within
experimental error, the silver involved in the surface of an Ag/TiO, type | com-
posite layer may be converted completely into oxide.

For Ag/TiO, type Il and 11 layer, in Fig. 8, the charge density which corres-
ponds to oxide reduction amounts to 4.9 and 3 mC cm~2, respectively. The value
4.9 mC cm~2 corresponds to 5.4 pg cm—2, which is reasonably close to the 6 pg cm=2
calculated based on the SEM picture (Fig. 4, top). Returning to the Ag/TiO elec-
trode type 111, the value of 3 mC cm~2 for the main reduction peak corresponds to
a silver loading of 3.4 ug cm~2. This value is also far lower than that (130 mC cm~2)
consumed to oxidize the bulk silver surface and, therefore, it may be assumed
that this is the silver loading responsible for the catalytic activity of this layer.

The voltammograms of the Ag/TiO, composite layers in
oxygen-saturated alkaline solutions

Bulk polycrystalline platinum, carbon-supported platinum#7 and platinum al-
loys#8:49 display admirable catalytic activity towards the oxygen reduction reac-
tion, ORR, in both acidic and alkaline solutions and thus present the unavoidable
candidate for practical application in low temperature fuel cells. Many years ago,
Tarasevich et al.3 published that in alkaline solutions only, silver displays a cata-
lytic activity for the ORR comparable to that of platinum. Based on this know-
ledge, some authors recently investigated the possibility of developing a carbon-sup-
ported silver catalyst for oxygen reduction in alkaline solutions.>™9 The present
study follows this trend using another type of supporting material, namely titania
covered titanium, and a different electrochemical procedure of synthesis.

The voltammograms of the ORR on an Ag/TiO, rotating disc in 0.1 M NaOH
oxygen-saturated solutions are presented in Fig. 9. According to Figs. 7 and 8, in
the voltage region given in Fig. 9, the silver surface is free of silver oxide.
However, in a part of this voltage region, namely that between —0.8 and 0.0 V,
according to observations by very sensitive methods,#2-4° the silver is covered
by adsorbed OH™ ions. The voltammograms in Fig. 9 indicate that the ORR
proceeds easily on the composite surfaces under investigation and attains
diffusion limitation over a large voltage interval. Mentus3! published that the ORR
also proceeds on anodic TiO» alone. However, in comparison to even extensively ac-
tivated TiO,%0 a much lower overvoltage is required to run the ORR on Ag/TiO»
than on pure TiO». It is thus certain that silver plays the main role in the ace-
leration of the ORR on Ag/TiO, composite layers.

The voltammograms from Fig. 9 were transformed into Tafel plots, which
are shown in Fig. 10. The correction for the diffusion current consisted in the fac-
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tor ji/(ji—j), where jj is the limiting diffusion current.8.° For the sake of com-
parison, the Tafel curves for the ORR on the surface of activated bulk polycrys-
talline silver is also presented.
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Fig. 9. The voltammograms of the oxy-
gen reduction on various Ag/TiO, com-
posite deposits on a rotating Ti disc
electrode in oxygen saturated 0.1 M
NaOH solutions, at a common rotation
rate of 10 rps.

Fig. 10. Tafel plot of oxygen reduction
on various Ag/TiO, composite depo-
sits and bulk polycrystalline silver in
oxygen-saturated aqueous 0.1 M NaOH
solutions.

The Tafel slopes in Fig. 10 range between the lowest one of 100 mV for acti-
vated bulk silver (which is very similar to the slope found by Blizanac®! for an
Ag(100) surface in 0.1 M KOH) to the highest 200 mV per decade for the type Il
composite Ag/TiO» surface for higher current densities, cds. Assuming the rate con-
trolling step is O, + e~ = O3, the expected Tafel slope should amount to —60 mV
per decade and such a slope was observed with platinum and some other noble
metals in the low current density range.®2 However, usually a transition in slope
from —60 to —120 mV per decade was observed on going from the low current
density (Icd) towards the high current density (hcd) region. This transition was
explained in terms of a transition from Temkin to Langmuir conditions caused by
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a drop to zero in the surface coverage of adsorbed oxygen,®2 not in change in the
nature of the rate determining step. Regarding silver, from both a previous®! and
this study, it seems that the low current density range of oxygen reduction, like
that observed with a platinum electrode, is completely absent. A feature connec-
ted to the ORR on an Ag/TiO, surface is the larger Tafel slope in comparison to
bulk silver. Thus, it seems that Ag/TiO, displays generally an averaged beha-
viour between that of pure silver and that of pure TiO,. The same behaviour was
evidenced elsewhere in the case of a Pt/TiO catalyst, for low metal loadings.®3

In alkaline solutions, the oxygen reduction reaction proceeds on different
electrode materials usually as a direct, 4e~ reaction or as an indirect, 2e™ reac-
tion,>8 whereby the latter one is accompanied and detectable by peroxide ion li-
beration from the electrode surface. A rotating disc—ring electrode presents a po-
werful tool to distinguish easily between these two reaction paths. Using the ring—disc
method, Blizanac®! evidenced that the oxygen reduction reaction for compact
monocrystalline silver electrodes in alkaline solutions always proceeds through a
4e~ path. To prove the possible reaction path on the various Ag/TiO, composite
layers, the results of rotating disc experiments were analysed using current—po-
tential plots recorded at various rotation rates.

For a diffusion limited electrochemical reaction on rotating disc electrode,
the current density follows the linear dependence on the square root of the rota-
tion frequency, as predicted by the Levich equation:

ji =0.62nFD?3,Y6,Y2¢ 1)
This may be written in its shorter form:
ji =Ba!? (1°)

where v presents the kinematic viscosity, i.e., the viscosity divided by
density, and w is the angular rotation frequency (@ = 2xf, where f is the rotation
frequency). The kinematic viscosities of the dilute perchlorate solutions used here
are very close to that of water and thus may be taken to amount to 0.01 cm2 s~1,
The disc current density of any mixed activation—diffusion controlled process, at
a fixed potential, follows the Koutecky—Levich (K-L) plot:54

I . @
i e Bwl/2
The meaning of B is visible from Egs. (1) and (1°), while j;1 is the intercept
on the ordinate at infinite rotation frequency.
For dilute, oxygen-saturated solutions, B depends exclusively on the number
of electrons, n, consumed per one oxygen molecule and for n = 4 amounts to
0.432 mA cm~2 s1/2 while for n = 2, it is 0.216 mA cm2 s1/2,
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The K-L slopes obtained for the studied composites are compared to that for
a monocrystalline Ag(100) surface®! in Fig. 11. In all cases observed in this stu-
dy, as Fig. 11 shows, the K-L slopes were very close to that found with Ag(100)
monocrystalline surface, which definitely corresponds to a 4e- reaction path.5!
This is an expected result, since both Ag5! and TiO,,%0 support a 4e~ path in
alkaline solutions.
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The value of the current density at a common overvoltage may be used as a
measure of catalytic activity. For a fixed potential of —0.3 V vs. SCE, from Fig. 10,
the current readings are 0.079, 0.50, 2.0 and 8.9 mA cm—2, for composites with a
silver loading 6.0, 3.4, 24 ug cm~2, and activated bulk silver, respectively. The
increase in catalytic activity follows generally the loading by silver. However,
the inversion, appearing in the range of the lowest loadings, indicates also the
influence of the mode of surface preparation. Namely better activity was obser-
ved with the composite layer in which a better degree of integration of silver into
TiO, was achieved (Fig. 6 vs. Fig. 4). This inversion may be taken as evidence of
a synergistic effect in the observed system.

It would be more exact to correlate the catalytic effectiveness to the number
of surface silver atoms (i.e., the real silver surface area), being a more funda-
mental parameter of catalysis than surface loading. However, to date, there is no
reliable method for the determination of the real surface area of a silver electrode,
such as that developed for platinum based on hydrogen electrosorption,’ or that
developed for gold based on oxygen electrosorption.>> Namely, the amount of
OH~ ions adsorbed on a silver surface in the potential range —0.8 to —0.5 V vs.
SCE44-46 does not achieve a plateau, characteristic of monolayer formation46
and, with further anodic polarization, passes rather continuously into oxide for-
mation, while the oxide formation itself is multilayer in nature.39-41
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The fair catalytic activity of the Ag/TiO» layer at relatively small surface lo-
adings of only 3.4-6 and 24 ng cm~2 may be the result of some combined effects
connected to the dispersed structure of the silver deposit. Recently, several au-
thors reported on the importance of disorder of the surface atoms or atom clusters
as being essential for catalytic activity.56-58 Namely, a surface layer often con-
sists of atoms and clusters in metastable states, which are difficult to generate in
a reproducible manner.5758 This concept of metastable surfaces may be interrela-
ted to surface reconstructions.59:60 Using both the thickness of anodic surface
oxides and the dependence of voltammograms on the type of electrode pre-treat-
ment (Figs. 7 and 8), as a measure of surface metastability, silver may be clas-
sified to metals the surface of which is easily transferred into metastable states.
The developed morphology of silver within the Ag/TiO, composite layer allows
a great number of disordered surface atoms, as well as a pronounced synergy.

CONCLUSIONS

Proceeding from the fact that a thin TiO» film, if formed on a Ti surface
simultaneously with the cathodic formation of metal nuclei, may template metal
nuclei distribution, the forms Ag/TiO2 deposits obtained either by potentiostatic
or potentiodynamic polarization of a freshly polished titanium surface in dilute
aqueous solutions of silver nitrate were investigated. The SEM micrographs in-
dicate that branchy silver whiskers crossing the TiO2 layer were obtained by po-
tentiostatic deposition, while dot-like and island-like silver deposits integrated in
the TiO2 layer were obtained by potentiodynamic polarization. By comparing the
cyclic voltammograms of composite Ag/TiO» electrodes to a bulk Ag electrode
in deaerated 0.1 M NaOH solution, it was concluded that all the silver in an
Ag/TiO, layer could be converted to oxide. Consequently, cyclic voltammetry
was used for coulometric determination of the surface loading by silver. The sur-
face loading, determined in such a way, corresponded well to the one determined
by other methods used, based either on the current consumption during poten-
tiostatic deposition, or on SEM analysis.

The catalytic activity of Ag/TiO, layers toward oxygen reduction reaction
was investigated in oxygen saturated alkaline 0.1 M NaOH. Fair electrocatalytic
activity was evidenced for very small loadings of silver of the order 1076 g cm=2,
As expected, the catalytic activity increases with increasing silver loading. A re-
gistered deviation of this rule evidenced the role of silver integration into TiO».

By the Koutecky-Levich analysis, a 4e~ reaction path of oxygen reduction,
characteristic of bulk silver in alkaline solutions, was confirmed for all the stu-
died Ag/TiO, composite layers.
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N3BOJ

MNOAEIIABAKBE MOP®OJIOI'NIE N EJIEKTPOKATAJIMTUYKNX CBOJCTABA
EJIEKTPOXEMUJCKU ®OPMUPAHOI" KOMITIO3UTHOT CJIOJA Ag/TiO,
HA TIOBPHIMHU TUTAHA

C. B. MEHTYCY, 1. BOLLIKOBWR?, J. M. TJELLYWRZ, B. TPYIMR? 1 )K. BOTJAHOB®

Y@axyaitiein 3a usuuiy xemujy, Ynusepauitiei y Beozpady, Citiyoeniicku Tpz 16, 11000 Beozpad, 2Yuusepauitiein y
Toozopuuu, Meiiaaypuko—itiexnoaowku gpaxyaitieiti, 81000 [Toozopuya, Lipna I'opa u
SUncimuimyi 3a nyxaeapre nayxe " Burua", 11001 Beozpad

VY BozmenoMm pactBopy AgNO3, moznemasajyhu ycinoBe n3aBajama cpedpa Ha MOBPLUIMHH MeXa-
HHUYKY TOJIMPAHOT THTaHa, 100UjeHe Cy Tpu pasinuuure Gopme komnosutHor cinoja Ag/TiO,, y ko-
juMa Jiero3uT cpebpa nMa oOJIMK WININIA, Tadaka U ocTpBIa. Mopdoioryja genosura je pesynirar
mporpama mnosapusanuje eiaekrtpoge u ycMmepasajyher (temruiathor) nejcrsa cioja TiO, koju ce
¢dopmupa mapanenHo ca u3ziBajambeM cpebpa. Karanutuuka akTHBHOCT KOMITO3UTHHUX JACIO3UTA
nmpemMa penyKLHji KHCEeOHHKa HCUTUBaHa je y BogeHoM pactBopy 0,1 M NaOH. IToka3ano je na
OHa 3aBHCH OJ] KOJIMYMHE U TUIIa QUCTpUbyIHje cpedpa yHyTap cioja Ag/TiO,. HezaucHo ox dop-
M€ KOMITO3UTA, PEaKLHMOHH IyT PeayKIHUje KHCCOHHKA je YeTBOPOCICKTPOHCKH, HHAYE KapaKTepHC-
THYaH 32 HOJIMKPUCTAIIHO Cpedpo y alKalHOM PacTBODPY.

(Mpumsseno 14. maja 2007)
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Abstract: The electrochemical oxidation of methanol, 2-propanol, and their mixtu-
res was investigated on a Pt/C thin film electrode in acid solution. It was confirmed
that the oxidation of 2-propanol commences at less positive potentials than that of
methanol and exhibits significantly higher oxidation current densities at low poten-
tials. When both methanol and 2-propanol were present in the solution, the onset of
the oxidation current was the same as for the oxidation of pure 2-propanol. Alth-
ough both alcohols inhibit the oxidation reaction of each other to a certain extent,
steady-state polarization measurements showed that their mixture provides higher
current densities than single alcohols over the entire potential region from the hy-
drogen region to oxide formation on the Pt surface. This implies that the addition of
2-propanol into the fuel may extend the operational range of direct methanol fuel cells.

Keywords: electrochemical oxidation, 2-propanol, methanol, platinum supported
catalyst, fuel cell.

INTRODUCTION

Solid polymer electrolyte fuel cells (SPEFC) which use directly alcohols as
the fuel are promising power sources for portable electronic devices. Methanol has
been considered as the best choice because it is readily available at low cost and
has a high energy density. However, the kinetics of the methanol oxidation is slow
and leads to high anodic overpotentials.l=# This essential drawback of direct
methanol fuel cells (DMFC) induced extensive investigations of the electro-oxi-
dation of other alcohols. Ethanol is an attractive alternative® because it is non-to-
xic and can be produced from biomass. Although the cleavage of a C—C bond is
necessary to achieve complete oxidation of ethanol, the oxidation commences at
less positive potentials than methanol oxidation,5. yielding acetate and CO as the
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adsorbates® and acetaldehyde, acetic acid, and CO; as the main products.® The
oxidation of C3 alcohols on Pt was also examined. It was revealed that the ad-
sorbed intermediates and products depend on the position of the OH group in the
molecule. Thus, during the oxidation of 1-propanol, adsorbates with one (e.g.,
linearly bonded CO), two, and three C atoms were found and propionic acid and
CO, were detected as the main products.19.11 Oxidation of 2-propanol produced
acetone and CO», but no adsorbed CO was found and all adsorbates retained
three C-atoms.10:12.13 When the onset potentials for oxidation of different alco-
hols were compared, the performance of 2-propanol was superior to that of me-
thanol,” ethanol”:14 and 1-propanol.10 Also, several researchers conducted paral-
lel studies on direct alcohol fuel cells with 2-propanol as the fuel (DPFC) and
DMFC. Wang et al.1° reported that a DPFC operating at 190 °C with either 1- or
2-propanol showed a much worse performance than a DMFC. However, recent
studies which were performed at 25 to 90 °C concurred that the performance of
the DPFC using 2-propanol was substantially higher than that of a DMFC at cur-
rent densities lower than 100-200 mA cm~2, while the DMFC was better at hi-
gher current densities.16-19 Considering these facts, in this study an attempt was
made to combine the good characteristics of both alcohols. The results of the ele-
ctrochemical oxidation of mixtures of methanol and 2-propanol on carbon sup-
ported Pt nanoparticles are reported here.

EXPERIMENTAL

The catalyst used in the experiments was platinum supported on XC-72R high-area carbon
(Pt/C). Platinum was deposited on the support by a modified ethylene glycol method. The details of
the preparation were given elsewhere.20 The Pt loading of the catalyst was 16.6 mass %.

The catalyst was applied to a gold substrate (5 mm diam.) in the form of a thin film.2! Two
milligrams of Pt/C was mixed with 1.0 ml of water and 50 pl of Nafion solution (5 mass %,
Aldrich). The suspension was agitated in an ultrasonic bath for 60 min and 12.5 pul of it was placed
on the gold electrode using a micro-pipette and left to dry over night. The amount of Pt on the
electrode was 4.15 pg.

A standard glass cell was used with a Pt wire spiral as the counter electrode and a saturated
calomel electrode as the reference electrode. All the potentials reported in this paper are expressed
on the scale of the reversible hydrogen electrode (RHE). The electrolyte contained 0.1 M H,SO, as
the supporting electrolyte and various concentrations of methanol and 2-propanol. All solutions
were prepared with high purity water (Millipore, 18 MQ cm resistivity) and p.a. grade chemicals
(Merck). The electrolyte was deaerated with high purity N,. The cell was thermostated at 30.0 °C.
A Pine RDE4 Potentiostat and a Philips PM 8143 X-Y recorder were used in all experiments.

After immersing a Pt/C electrode in the supporting electrolyte, the potential was cycled bet-
ween the H, and O, evolution regions at a rate of 50 mV s1 until a steady-state voltammogram was
obtained. Then in the positive-going sweep, the potential was held at 0.1 V vs. RHE, the alcohols
were added into the electrolyte and sweep was continued at 50 mV s'1. After attaining a steady-sta-
te curve for the oxidation of alcohol, the potential was again held at 0.1 V vs. RHE and a polari-
zation curve was recorded at a slow sweep of 1 mV s,

The real surface areas of the Pt electrocatalysts were determined using the hydrogen adsorp-
tion/desorption charge from the steady-state cyclic voltammograms in the supporting electrolyte
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and assuming a charge of 210 uC cm2 for a monolayer hydrogen adsorption. The anodic part of the
voltammograms corresponding to hydrogen desorption was integrated and the double-layer char-
ging current was subtracted. The average of fifteen experiments resulted in a specific surface area
of 84.6+8.2 m? g1, which is the equivalent of a particle diameter of 3.3+0.3 nm (assuming that they
were ideal spheres). Current densities for the oxidation of the alcohols were calculated per surface
area determined for this particular thin film.

RESULTS AND DISCUSSION

The cyclic voltammogram of the Pt/C electrocatalyst, given in Fig. 1a, shows
the usual characteristics of a Pt surface, except that current peaks for the adsorp-
tion/desorption of hydrogen are not as sharp and well-resolved as on a smooth Pt
electrode. The hydrogen region is followed by a double layer charging current,
adsorption of oxygen-containing species and their reduction.

The potentiodynamic polarization curves of the oxidation of 0.1 M metha-
nol, 0.01 M 2-propanol, and their mixture are presented in Fig. 1b, while the
same curves but with 0.1 M 2-propanol are presented in Fig. 1¢c. Methanol oxi-
dation shows familiar features, i.e., the onset of the reaction requires the com-
plete desorption of adsorbed hydrogen atoms and the adsorption of OH particles,
but the reaction slows down when the formation of Pt oxide commences. On the
contrary, the oxidation of 2-propanol commences at the surface which is partially
covered with adsorbed hydrogen and has no OH particles attached on it. The dif-
ference in the onset potentials of the oxidation of methanol and 2-propanol is ca-
used by the different reaction mechanisms. Methanol adsorbs on the Pt surface
dissociatively, COgqs develops, and the oxidation reaction cannot begin until OH
species are formed, either on Pt or on some other atoms in a case of a bi-metal
catalyst (e.g., Pt-Ru).173 During the adsorption of 2-propanol, not one C-C bond
is broken and there are no strongly adsorbed intermediates, such as COj,qs.10:13
This implies that OH species are not necessary for the reaction, which was pro-
ven by experiments in which modification of the Pt surface by Ru did not in-
fluence the onset potential of 2-propanol oxidation.11

When both methanol and 2-propanol were present in the electrolyte, the oxi-
dation current appeared at approximately the same potential as in the electrolyte
containing only 2-propanol (Figs. 1b and 1c). It should be noted that the onset
potential of the oxidation of the mixture is the same regardless of which alcohol
was added first to the electrolyte. In the potential region before the maximum of
the 2-propanol oxidation rate, the mixture with 0.01 M 2-propanol (Fig. 1b) exhi-
bits slightly lower current densities than the solution containing only 2-propanol at
the same concentration, while in the mixture containing 0.1 M 2-propanol (Fig. 1c),
the current densities practically overlap with those obtained with the solution con-
taining only 0.1 M 2-propanol. Oxidation of the first mixture shows that COg4qs
originating from methanol adsorption slightly hinders the adsorption of 2-propa-
nol, which is consistent with a coverage by CO,qs of about 0.2.22 It seems that
the oxidation of methanol is suppressed until the oxidation of 2-propanol reaches
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its maximum, especially when the concentration of 2-propanol in the mixture was
0.1 M (Fig. 1c). This is probably due to adsorption of large 2-propanol molecu-
les, which delays the adsorption of OH species necessary for the oxidation of
CO4gs generated by the dissociation of methanol molecules.
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At the potentials more positive than 0.7 V, the oxidation current densities of
the mixtures trace the methanol oxidation curve when the concentration of 2-pro-
panol was low (Fig. 1b). At the high concentration of 2-propanol in the mixture
(Fig. 1c), the potential of the maximum is shifted by about 30 mV with respect to
pure methanol and the current densities are higher after the maximum, indicating
a hindrance of the formation of Pt oxide in the presence of 2-propanol.

The applicability of the mixture of the alcohols as the fuel in a fuel cell was
estimated from the steady-state polarization curves recorded at 1 mV s~1. Since
DMFCs with a Pt—-Ru alloy as the anode electrocatalyst are the only direct alco-
hol fuel cells already in use, the oxidation of methanol and 2-propanol on the
Pt/C electrocatalyst was compared with the oxidation of methanol on PtRu/C ele-
ctrocatalysts (data taken from Ref. 23). All the currents are expressed as mass
activities, i.e., the current per mass of metal or alloy. The Tafel plots in Fig. 2
show the remarkably better performance of both pure 2-propanol and the mix-
tures, compared to methanol, at potentials up to about 0.6 V. At higher potentials,
pure methanol and the mixtures are superior to 2-propanol. Therefore, only a
mixture of methanol and 2-propanol can deliver a significant anodic current over
the entire potential range from 0.2 t0 0.8 V.
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Fig.2. Polarization curves for the oxidation of 0.1 M methanol at Pt/C and PtRu/C catalysts,
oxidation of 0.1 M 2-propanol and the oxidation of the mixtures of 0.1 M methanol with 0.1
and 0.01 M 2-propanol at a Pt/C catalyst. Supporting electrolyte 0.1 M H,SOy,
temperature 30 °C, scan rate 1 mV s,

CONCLUSIONS

Investigation of the simultaneous oxidation of methanol and 2-propanol on a
Pt/C electrocatalyst showed that 2-propanol exhibits significantly higher oxida-
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tion current densities than methanol at low potentials, despite the fact that 2-pro-
panol oxidizes incompletely, yielding acetone as the main product and only two
electrons per molecule. When both alcohols are present in the electrolyte, metha-
nol slightly suppresses the oxidation of 2-propanol, but only if the mixture con-
tains a low concentration of 2-propanol. On the other hand, a high concentration
of 2-propanol in the mixture delays OH adsorption and shifts the methanol oxida-
tion towards more positive potentials. Although both alcohols inhibits the oxida-
tion reaction of each other to a certain extent, steady-state polarization curves re-
corded at a slow sweep rate clearly showed that their mixture provides higher
current densities than the single alcohols over the entire potential region from the
hydrogen region to oxide formation on the Pt surface.

The results imply that a direct alcohol fuel cell operating with a mixture of
methanol and 2-propanol should give higher voltages than a DMFC with a Pt-Ru
anode. According to literature,16-18 when pure 2-propanol was used as the fuel (DPFC),
a rapid drop at high current densities was observed. With a mixture of methanol
and 2-propanol, this failure should be overcome because methanol can take on the
anodic reaction. This statement requires verification under fuel cell conditions.
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CMEIIA METAHOJIA 1 2-TTPOITAHOJIA KAO ITOTEHHMJAJIHO TOPUBO Y T'OPBUM
CIIPETOBHUMA CA AJIKOXOJIOM

C. Jb. TOJKOBURY, A. B. TPUTIKOBHR? u P. M. CTEBAHOBHR?

Yexnonowko-meimanypuru daxyaitieis, Kaprezujesa 4, 11000 Beozpao u
2UXTM — Leniuap 3a eaexiupoxemujy, thezowesa 12, 11000 beozpao

HcnTuBaHa je eleKTpOXeMHjCKa OKCHIAlMja METaHOa, 2-MPOaHoia i BbUXOBUX CMeIla Ha
tankoM ¢uiamy Pt/C karanuzaropa y kucenoj cpeautu. [ToTBpheHo je na okcuaauuja 2-mpomnaHona
MOYHME HAa Marbe MIO3UTHBHUM MOTEHIMjAIIMa HEr0 OKCHALMja METaHoJa U Ja Jaje 3HaTHO Behe
I'YCTHHE CTpYyja NPH HIKHM HOTeHIujanuMma. Kajga cy u MeTaHo! M 2-HPONaHoJ NPUCYTHH y pac-
TBOpY, CTPyja OKCHAAIMje Ce MOjaBJbyje Ha UCTOM MOTEHIHjaly Kao y CIy4ajy 4MUCTOr 2-mporia-
Hoa. Maja 06a ankoxojia MHXUOUPAjy OKCHIALMjy OHOT JPYroTr y W3BECHOj MEpPH, CTallMOHapMa
Mepema Cy MoKasajia Jia BhUXoBa cMelna aaje Behe IycTHHE CTpyja of HOjeJUHAYHUX aIKOXoJa y
1eJ10j 00JIacTH MOTEHLHjaNa oJf BOJOHWYHE 00JacTH nma 1o GopMupama OKcuaa Ha miaTuHd. To
yKasyje Jia ce pajHH OIIcer FOPHBOTI CIIpera ca MeTaHoJIOM MOjKe IToBehaTH JoaTKoM 2-IponaHoia
y TOPHBO.

(Mpumsseno 30. maja 2007)

REFERENCES

1. T.D.Jarvi, E. M. Stuve, in Electrocatalysis, J. Lipkowski, P. N. Ross Eds., Wiley, New York,
1998, p. 75
2. S. Wasmus, A. Kiiver, J. Electroanal. Chem. 461 (1999) 14



10.

©ooND AW

ELECTRO-OXIDATION OF ALCOHOL MIXTURE 1425

T. lwasita, Electrochim. Acta 47 (2002) 3663

A. V. Tripkovi¢, S. Lj. Gojkovi¢, K. Dj. Popovi¢, J. D. Lovi¢, J. Serb. Chem. Soc. 71 (2006) 1333
S. Song, P. Tsiakaras, Appl. Catal. B 63 (2006) 187

C. Lamy, E. M. Belgsir, J.—M. Léger, J. Appl. Electrochem. 31 (2001) 799

C.—G. Lee, M. Umeda, I. Uchida, J. Power Sources 160 (2006) 78

M. H. Shao, R. R. Adzic, Electrochim. Acta 50 (2005) 2415

G. A. Camara, T. Iwasita, J. Electroanal. Chem. 578 (2005) 315

E. Pastor, S. Wasmus, T. lwasita, M. C. Arévalo, S. Gonzales, A. J. Arvia, J. Electroanal.
Chem. 350 (1993) 97

. |. de A. Rodrigues, J. P. de Souza, E. Pastor, F. C. Nart, Langmuir 13 (1997) 6829
12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23.

S.—G. Sun, Y. Lin, Electrochim. Acta 44 (1998) 1153

E. Pastor, S. Gonzales, A. J. Arvia, J. Electroanal. Chem. 395 (1995) 233

S. S. Gupta, J. Datta, J. Chem. Sci. 117 (2005) 337

J. Wang, S. Wasmus, R. F. Savinell, J. Electrochem. Soc. 142 (1995) 4218

Z. Qi, M. Hollett, A. Attia, A. Kaufman, Electrochem. Solid-State Lett. 5 (2002) A129
Z. Qi, A. Kaufman, J. Power Sources 112 (2002) 121

D. Cao, S. H. Bergens, J. Power Sources 124 (2003) 12

T. Kobayashi, J. Otomo, C. Wen, H. Takahashi, J. Power Sources 124 (2003) 34

B. M. Babi¢, Lj. M. Vracar, V. Radmilovi¢, N. V. Krstaji¢, Electrochim. Acta 51 (2006) 3820
T. J. Schmidt, H. A. Gasteiger, R. J. Behm, Electrochem. Commun. 1 (1999) 1

S. Park, Y. Xie, M. J. Weaver, Langmuir 18 (2002) 5792

S. Lj. Gojkovi¢, T. R.Vidakovi¢, D. R. Burovi¢, Electrochim. Acta 48 (2003) 3607.






Journal of
the Serbian
Chemical Society

'l.ll..‘\ll', vu JSCS@tmf bg.ac.vu » www.shd.org vu/JSCS

REGEGEY

J. Serb. Chem. Soc. 72 (12) 1427-1436 (2007) UDC 544.6:615.33:541.135.5-034.21+541.135
JSCS-3674 Original scientific paper

A study of the electrochemical activity of some macrolide
antibiotics on a gold electrode in a neutral electrolyte

M. L. AVRAMOV IVICY* S, D. PETROVIC23* and D. Z. MIJIN?#

LICTM - Institute of Electrochemistry, University of Belgrade, Njego3eva 12, Belgrade
2Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, Belgrade
and 3Hemofarm Group, Pharmaceutical and Chemical Industry, Vr3ac, Serbia

(Received 8 October 2007)

Abstract: The aim of the present study is to present the different reactivity of azi-
thromycin and clarithromycin (pure and commercial) at a gold electrode in neutral
electrolyte using cyclic linear sweep voltammetry under the same experimental
conditions. A gold electrode was successfully used for the electrochemical qualita-
tive and quantitative determination of azithromycin dihydrate and azithromycin from
capsules (Hemomycin®) and for the separation of azithromycin from one of the ex-
cipients, lactose monohydrate. The good catalytically activity of the gold electrode
was employed only for the qualitative electrochemical determination of pure clari-
thromycin by appearance of one cathodic and four anodic reactions, which enabled
structural changes in this molecule during electrochemical reactions to be studied.
Commercial clarithromycin, Clathrocyn® was qualitative determined by one repro-
ducible anodic reaction. The activity of one of the excipients, Avicel, observed as a
cathodic peak at different potential from the cathodic peak obtained with pure clari-
thromicin was used for the determination of its presence in Clathrocyn® tablets.
FTIR Analysis showed the apparent changes in structure of pure clarithromycin, as
well as in the molecule of clarithromycin in Clathrocyn® tablets. HPLC Analysis
showed a significant decrease in the concentration of azithromycin, Hemomycin®
clarithromycin and Clathrocyn® after the electrochemical reactions.

Keywords: azithromycin, clarithromycin, gold electrode, cyclic voltammetry.

INTRODUCTION

Macrolide antibiotics are active on both gram-positive and, to a lesser extent,
on gram-negative microorganisms. They exert their antimicrobial action by bin-
ding to the bacterial 50S ribosomal subunit and inhibiting ribosomal assembly
and protein synthesis. Erythromycin is a natural compound metabolized by a strain
of Streptomyces erythreus. As a broad-spectrum antibiotic, it has proved inva-
luable for the treatment of bacterial infections in patients with S-lactam hypersen-
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sitivity. From this parent macrolide, several derivatives have been synthesized.
Beckmann rearrangement of the 9-oxime followed by reduction and methylation
gives azithromycin, which shows good activity against gram-negative bacteria,
including Haemophilus influenzae. If the 6-hydroxy group is methylated, clari-
thromycin is obtained, which has an improved pharmacokinetic profile compared
to the parent molecule. Azithromycin has a methylated nitrogen atom at position
number nine on the macrolide lactone ring, and clarithromycin has a methyloxyl
substitution at position number six of the macrolide ring (Fig. 1). These modify-
cations affect the biological potency of the molecules, with azithromycin having
a stronger affinity for ribosome and affecting equally the 50S ribosomal assem-
bly and protein elongation.12 Clarithromycin also affects both processes but at a
concentration 10 times higher than that of azithromycin, and erythromycin inhi-

bits translation much more efficiently than the ribosomal assembly.2
O, cE,

CH,

Fig. 1. Chemical structures of azithro-
darithromycin mycin, erythromycin and clarithromycin.

Azithromycin and clarithromycin present several clinical advantages over
erythromycin, including better oral bioavailability, enhanced spectrum activity,
higher tissue concentrations and improved tolerability.3 Clarithromycin is widely
used for the eradication of Helicobacter pylori, which causes gastritis and gastric
ulcers.# Oral clarithromycin is used in combination with amoxicilin and lansopra-
zole or omeprazole (triple therapy) for the treatment of Helicobacter pylori infec-
tions and duodenal ulcers.5~7 Quantitative methods using high performance li-
quid chromatography (HPLC) procedures for the analysis of azithromycin and
clarithromycin have been widely applied.8-11 Electrochemical methods for azi-
thromycin determination are promising, being the cheaper and faster. Studies on
the electrochemical oxidation and determination of azithromycin on glassy car-
bon and modified glassy carbon electrodes have been frequently published in the
last few years. Hitherto, voltammetric determinations of azithromycin, including
its determination in pharmaceutical dosage forms have been published.1213 In
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the above-mentioned publications, the electrode material was usually glassy car-
bon, graphite and carbon paste or multi wall carbon nanotubes.

The aim of the present study is to present the different reactivity of azithro-
mycin and clarithromycin (pure and commercial) in order to develop an electro-
chemical method for their qualitative and quantitative determination, as well as to
separate or determine them in the presence of some excipient compounds in cap-
sule (tablets) form. The macrolide antibiotics were examined at a gold electrode
in neutral electrolyte using cyclic linear sweep voltammetry under the same ex-
perimental conditions. HPLC and FTIR spectroscopy were used for the analysis
of the bulk electrolyte after the electrochemical reactions.

EXPERIMENTAL

Azithromycin dihydrate and clarithromycin, kindly provided by Hemofarm (Vr8ac, Serbia),
were examined separately as pure substances, without further purification, in one set of electroche-
mical experiments. A comparative study was performed with capsulated azithromycin, marketed by
Hemofarm as Hemomycin®, which except azithromycin contains the excipients: sodium lauryl sul-
fate, magnesium stearate, lactose monohydrate and corn starch. A comparative study was also per-
formed with clarithromycin in tablet form, marketed by Hemofarm as Clathrocyn®, which in addi-
tion to pure clarithromycin contains the excipients: magnesium stearate, corn starch, Povidon 490,
Avicel P401 and Prosolv SMC 90. The pure macrolide antibiotics and the content of the tablets
(capsules) were added directly into the electrolytes in the concentrations given in detail in the Fig.
captions. Before each measurement the electrolytes were purged with nitrogen for 20 minutes.

The NaHCOj3 used for the supporting electrolyte was of analytical grade (Merck). The solu-
tions were prepared with 18 MQ water. Standard equipment and a three electrode electrochemical
cell were used for the cyclic voltammetry measurements, as previously described in detail.14-18
Polycrystalline gold (surface area 0.500 cm?2), which served as the working electrode, was polished
with diamond paste and cleaned with a mixture of 18 MQ water and sulfuric acid. A platinum wire
was used as the counter electrode and a saturated calomel electrode (SCE) as the reference elec-
trode. All the potentials are given vs. SCE. The electrode surface was controlled by cyclic voltam-
metry before each experiment. Prior to the control of the electrode surface and before the addition
of the macrolide antibiotics, the electrolyte was purged with nitrogen. All the experiments were
performed at room temperature.

The pH of the electrolyte was measured using a PHM 93 reference pH meter, Radiometer,
Copenhagen.

The characteristics of the HPLC instrument are as follows: HPLC Instrument GBC, pump LC
1120, UV VIS detector LC 1205, manual injector RHEODYNE 7725i, column Asahipak ODP-50
(250 mmx4 mm), stationary phase L21 (USP-a rigid, spherical styrene—divinyl benzene copolymer,
5 um), mobile phase 0.002 M diammonium hydrogen phosphate, propanol-2, acetonitrile (pH 9.5,
flow rate 1.0 cm3 min1), wave length 215 nm.

The IR spectra were obtained using a FTIR BOMEM MB 100 Hartmann Braun FTIR spectro-
meter. The samples were analyzed in the form of KBr pellets after removal of the liquid under high
vacuum at low temperature.

RESULTS AND DISCUSSION

A polycrystalline gold electrode was selected as the optimal working electro-
de for the examination of pharmaceutical compounds because it is completely de-
fined with an always reproducible cyclic voltammogram and consequently, all
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the electrochemical reactions at this electrode can be attributed only to the stu-
died molecule. In order to avoid the influence of organic molecules (with direct
oxidation/reduction ability or adsorption ability at a gold electrode) arising from
a solvent or a part of a buffer solution in the electrolyte and to obtain only the
reactions of the pharmaceutical compounds, 0.05 M NaHCO3 was selected as the
supporting electrolyte.

Cyclic voltammetry investigations of pure azithromycine showed that the
oxidative peak of pure azithromycin at 0.6 V in 0.05 M NaHCO3 at a scan rate of
50 mV s~1is a linear function of the concentration:14

ipa (MA cm~2) = 0.023 (+0.0043) + 0.110 (+0.0099) ¢ (mg cm™3), r =0.9921 (1)
Cyclic voltammograms presented in Fig. 2 show that for every investigated
azithromycin dihydrate concentration only one very clear, wide and reproducible

anodic peak was obtained in the concentration range 0.235-0.588 mg cm™3. It is
to be mentioned that that there is no cathodic activity of azithromycin.

'y
0,16
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Fig. 2. Anodic part of the cyclic voltammogram of an Au electrode in 0.05 M NaHCO3 () and with
the addition of 0.235, 0.353, 0.471 and 0.588 mg cm3 pure azithromycin dihydrate (full line); the
lowest concentration is assigned by one arrow andthe highest with four arrows. Sweep rate 50 mV s,

The anodic part of the cyclic voltammograms obtained with azithromycin in
capsule form, Hemomycin®, is presented in Fig. 3, from which it is obvious that
two peaks appeared. The peak at 0.6 V, which is the oxidative peak of pure azi-
thromycin is already observed in Fig. 2, but second peak at 0.4 V is the oxidative
peak of the one excipient, lactose monohydrate. Sodium lauryl sulfate, magne-
sium stearate and corn starch are electrochemically totally inactive under the ap-
plied experimental conditions.14 Using the anodic behavior of azithromycin in
capsule, Hemomycin®, shown in Fig 3, an electrochemical method for the sepa-
ration of azithromycin from lactose monohydrate at a gold electrode surface was
developed. From the reproducible anodic peak at 0.4 V, lactose monohydrate is
always recognized in the tested contents of capsule, which is important for the
additional control of the contents of Hemomycin® capsules using a non time con-
suming and simple electrochemical method.
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Fig. 3. Anodic part of the cyclic voltammogram of an Au electrode in 0.05 M NaHCOj3 () and with
addition of 0.235, 0.353, 0.471 and 0.588 mg cm3 of Hemomycin® from capsules (full line), the
lowest concentration is assigned by one arrow and highest with four arrows. Sweep rate 50 mV s,

Each of the investigate concentrations of Hemomycin® gave a reproducible
anodic oxidation peak and a linearity of the anodic peak current vs. concentration
was obtained, as in the case of pure azithromycin. The linearity of the anodic
peak current vs. concentration was obtained for lactose monohydrate in the in-
vestigated range of concentrations presented in Fig. 3, which opens the possibility
for the development of a method for the quantitative detection of this compound.

HPLC Analysis of the bulk of electrolyte confirmed the data obtained by
analysis of the peak current values concerning the correlation with the investigate
concentrations for azithromycin and Hemomycin®.

Azithromycin has a methylated nitrogen atom at position nine on the macro-
lide lactone ring and clarithromycin has a methyloxyl substitution at position six
of the macrolide ring (Fig. 1), which suggests possible different electrochemical
activities of this two compounds.

The anodic part of the cyclic voltammogram of pure clarithromycin is pre-
sented in Fig. 4, from which it can be seen that in the anodic direction, a small,
wide and reproducible anodic peak appears at —0.58 V.

Two reproducible anodic peaks were also observed at 0.10 V and at 0.33 V.
In the region of AuO formation, a minor reproducible increase of the oxide peaks
is seen. In this region the apparent activity of azithromycin (Fig. 2) can be used
for its qualitative and quantitative determination. At —0.58 V in the anodic direc-
tion, azithromycin is not active and at 0.10 V and at 0.33 V, just a small increase
of anodic currents is obvious, but there are no peaks (Fig. 2).

In Fig. 5 it is shown that a reproducible cathodic peak was obtained with
clarithromycin at —0.61 V. However, with clarithromycin none of the observed
peaks are proportional to the concentration of the antibiotic in the range of 0.110-
-0.625 mg cm~3, which is in accordance with the conclusion that four reproduci-
ble anodic peaks and one cathodic peak only qualitatively determine clarithromycin.15

In order to get insight in the structural changes in the clarithromycin mole-
cule during electrochemical reactions, electrochemical studies combined with the
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analysis of the bulk electrolyte after the electrochemical reactions by FTIR spec-
troscopy and HPLC were performed.
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Fig. 4. Anodic part of the cyclic voltammogram of an Au electrode in 0.05 M NaHCO3 () and
with the addition of 0.32 mg cm3 of pure clarithromycin, (full line). Sweep rate 50 mV s1,
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Fig. 5. Cathodic part of the cyclic voltammogram of an Au electrode in 0.05 M NaHCO3 () and
with the addition of 0.32 mg cm3 of pure clarithromycin, (full line). Sweep rate 50 mV s1,

The FTIR spectrum of pure clarithromycin and clarithromycin mixed with car-
bonates, both before the electrochemical experiment, served as reference for the
further analysis. The observed changes in the molecule of clarithromycin were
tracked with these data. The potential was held at selected values corresponding
to all the observed current peaks (at —0.58 V, 0.10 V, 0.33 V and —0.61 V) for 4,
8 and 10 h and two samples of the electrolyte were analyzed by FTIR spectro-
scopy and HPLC. Significant changes in the molecular structure of clarithromy-
cin were observed when the potential had been held at the potential of the ca-
thodic peak observed in Fig. 5 (<0.61 V) for 4 h,15 8 and 10 h.

The FTIR spectrum reveals two obvious changes after holding the potential:
the disappearance of the 1730 cm™ peak corresponding to the carbonyl group vi-
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bration of the lactone, and an intense reduction of the 1170 cm™ peak, probably
corresponding to the C-O vibration in the lactone, which implies changes in the
ester bond of the lactone. The disappearance of the carbonyl band at 1690 cm™
indicates a change in this group also. No absorptions were recorded in the 1000—
-1100 cm™ range, which could be the result of changes in the ether and acetal
bonds.1®> When the potential was held at the cathodic peak potential observed in
Fig. 5 (-0.61 V) for 8 and 10 h, the FTIR spectrum showed the same changes.

The FTIR analysis did not reveal clear changes in the molecule structure
after 4 and 10 h of holding the potential at 0.10V and at 0.33 V, except a minor
reduction of the bands in the 2000-1100 cm™ region.

Cyclic voltammogram investigation of clarithromycin in tablets, Clathro-
cyn®, indicated a different behavior from the pure antibiotic and that observed
activities can be attributed to the excipient Prosolv, as an anodic peak at 0.33 V
and to the excipient Avicel, as a cathodic peak at —0.90 V, which could be im-
portant for the electrochemical control of theirs contents in Clathrocyn®,16 al-
though a concentration dependency of commercial clarithromycin and Avicel was
not observed.

The anodic part of the cyclic voltammogram of Clathrocyn® as presented in
Fig. 6, shows only one reproducible and characteristic, sharp anodic peak in the
potential region from 0.60 V to 0.80 V in the range of concentrations 0.110-
-0.725 mg cm3.
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Fig. 6. Anodic part of the cyclic voltammogram of an Au electrode in 0.05 M NaHCO5 () and
with addition of 0.56 mg cm3 of Clathrocyn® (full line). Sweep rate: 50 mV s,

In order to investigate the structural changes in the clarithromycin molecule in
Clathrocyn® tablets caused by electrochemical processes, electrochemical studies
combined with the analysis of the bulk electrolyte after the electrochemical re-
actions by Fourier transform infrared spectroscopy and high performance liquid
chromatography were performed, similar to the investigation of pure clarithromycin.16

The FTIR spectrum of the bulk electrolyte after cycling the potential, in the
range presented in Fig. 6 for 8 h shows: the disappearance of the peak at 1730 cm1
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(carbonyl group of lactone) and the very small peak at 1170 cm~1 (C(O)-O-C
vibrations of the lactone), indicating the disappearance of the lactone structure.
Also, the reduction of intensity of the vibration band at 1695 cm~1 indicates
changes of the carbonyl group at position 9 of the clarithromycin molecule in
Clathrocyn® tablets. The same changes in the clarithromycin molecule in Cla-
throcyn® tablets were observed under the experimental conditions previously pu-
blished.16 As in the case of pure clarithromycin, this FTIR data combined with
cyclic voltammetry can be helpful in the qualitative detection of the examined
commercial clarithromycin.

HPLC Analysis of the bulk of electrolyte (the potential was held for 4 h at
the 0.10 V and 0.70 V) showed a significant decrease (40 %) of the concentration
of clarithromycin, both pure and commercial, as a consequence of the electroche-
mical reactions which had occurred.

Erithromycin was chosen as the macrolide antibiotic for the subject of the
present studies because today it is the most safe antimicrobes drug and it was
162nd of the top 300 prescribed drugs in the year 2005 (which includes different
drugs, for example, drugs for neoplastic action (20) (FDA)),1® while azithromy-
cin was 176t in the year 2005.20 Cyclic voltammetry, HPLC and FTIR results
with erithromycin suggest electrochemical activity similar to clarithromycin.20

CONCLUSIONS

In a conclusion, it should be pointed out that clarithromycin investigated
under the same experimental conditions as azithromycin showed quite different
behavior, which is attributed to the fact that azithromycin has a methylated nitro-
gen atom at position number nine on the macrolide lactone ring while clarithro-
mycin has a methyloxyl substitution at position number six of the macrolide ring.
It was shown that a gold electrode can be successfully employed for the qua-
litative and quantitative electrochemical determination of azithromycin dihydrate
and azithromycin from capsules (Hemomycin®) and for the separation of azithro-
mycin from lactose monohydrate. Lactose monohydrate can also be quanti-
tatively determined.

The good catalytic activity of a gold electrode can be employed only for the
qualitative electrochemical determination of pure clarithromycin by the appea-
rance of the one cathodic and four anodic reactions, which enables structural
changes in this molecule during electrochemical reactions to be studied. FTIR
analysis showed significant structural changes in the clarithromycin molecule,
i.e., changes in the ester bond of the lactone and changes in the ether and acetal
bonds. Clarithromycin in tablets, Clathrocyn®, is defined by one reproducible
anodic peak and the activity of the excipient Avicel was used for the determi-
nation of its presence in Clathrocyn® tablets. FTIR analysis showed changes in
the structure of the molecule indicating the disappearance of the lactone moiety
and changes of carbonyl group at position 9. HPLC Analysis of the bulk elec-
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trolyte showed a significant decrease in the concentration of all the examined
macrolide antibiotics, as a consequence of the electrochemical reactions which
had occurred.
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NU3BOJ

IMPOYYABAIE EJIEKTPOXEMUIJCKE AKTUBHOCTU HEKIIX MAKPOJIMIHNUX
AHTUBHNOTUKA HA EJIEKTPOAU OJ] 3JIATA YV HEVTPAJIHOM EJIEKTPOJINTY

M. JI. ABPAMOB UBWRY, C. /1. IETPOBURZS i J1. )K. MAJUH?

YUXTM — Lenitiap 3a eaexiipoxemujy, Ibezowesa 12, beozpao, ZTexHO/lomrco—MeIZm/lypmxu akyaitieid,
Kapnezujesa 4, Beozpao u 3Xemodmpm zpyiia, Papmayeyiticka u xemujcka uHoycitipuja, Bpuay

VY pamy cy mpuKazaHH pe3yNTaTH HCIHTHBAA €IEKTPOXEMHjCKE aKTUBHOCTH a3UTPOMMIIIHA
U KJIAPUTPOMHULIMHA (YUCTE CYNCTAaHLE ¥ KOMEPLHjATHOT (hapMarieyTCKOr POon3Bo/ia) Ha eNeKTpo-
ou of 31ara 'y HeyTpanHoMm enekrponuty. HPLC u FTIR crnexktpockonuja cy kopuirheHe 3a aHa-
JIM3y eJICKTPOJINTA TI0CIIE eNeKTpoXeMHujcke peakuuje. [TokasaHo je 1a 1oj UCTUM eKCHepUMEeHTa-
HUM YCIIOBUMA a3UTPOMHUIIMH U KJIAPUTPOMHLMH HCIO0JbaBa]y MOTIIYHO PA3JIMYUTO EIEKTPOXEMH]-
CKO TIOHAIIAIE YCIOBJBEHO Pa3IHKaMa y CTPYKTYPH MaKpOIUAHOT IpcTeHa. MakcHMaliHa Bpen-
HOCT BHCHHE jeIHOT CTPYjHOT BpXa OKCHIAIMje YUCTOT a3UTPOMHUIIMHA U a3UTPOMHUIIMHA y KaIl-
cymn Xemommumaa® na 0,6 V y 0,05 M NaHCO3 mipir 50 mV s je nuueapna ¢yHKImja KOHIEH-
Tpaumje y oncery 0,235-0,588 mg cm™ wro je omMoryhumio pasBhjame METOIE 3a HEroBO KBAIH-
TaTHMBHO U KBaHTHTATHBHO opehuBame. PasBujeHa je u MeToa 3a cenapanujy U KBaHTUTATHBHO
onpehuBame eKCIMNUEHTa, MOHOXHIpATa jakTto3e. KBanuTaTuBHO je oapeheH yucT KiIapuTpoMu-
IUH JETEKIHjOM PEeNPOAYKTUBHE YETHPH AaHOJHE M jeIHe KaTOJHE peaknuje JOK je KIapHTPOMH-
muH y Tabietn, Clathrocyn®, xeamuraTisHO onpeljeH jelHOM peTpOIYKTHBHOM aHOTHOM PEaKITH-
jom. FTIR anamu3a je mokasajia youJpHBE IIPOMEHE Y CTPYKTYPU MOJICKYJa KIapuTpoMHUIiHa. Ta-
kobe Cy youeHe U CTpYKTypHE NPOMEHE IOciIe UCIMTHBAbA KIapUTpoMHLMHA y Tabnetu Kiarpo-
maa®. HPLC amanmsa je ykasana Ha 3HAaYajHO CMAmCHC KOHLUEHTPAIMja a3MTPOMUIMHA, XeMo-
muuHa®, krapurpomuuHa 1 Knarpomnna® y enexrponury nocie enekTpoXeMHjCKEX peakiiuja.

(TMpumsbero 8. okTobGpa 2007)
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Abstract: Although many cubic equations of state coupled with van der Waals-one
fluid mixing rules including temperature dependent interaction parameters are suf-
ficient for representing phase equilibria and excess properties (excess molar enthal-
py HE, excess molar volume VE, etc.), difficulties appear in the correlation and pre-
diction of thermodynamic properties of complex mixtures at various temperature
and pressure ranges. Great progress has been made by a new approach based on
CEOS/GE models. This paper reviews the last six-year of progress achieved in mo-
delling of the volumetric properties for complex binary and ternary systems of non-ele-
ctrolytes by the CEOS and CEOS/GE approaches. In addition, the vdW1 and TCBT
models were used to estimate the excess molar volume VE of ternary systems me-
thanol + chloroform + benzene and 1-propanol + chloroform + benzene, as well as
the corresponding binaries methanol + chloroform, chloroform + benzene, 1-propa-
nol + chloroform and 1-propanol + benzene at 288.15-313.15 K and atmospheric
pressure. Also, prediction of VE for both ternaries by empirical models (Radojkovié,
Kohler, Jackob—Fitzner, Colinet, Tsao—Smith, Toop, Scatchard, Rastogi) was performed.

Keywords: correlation, prediction, volumetric properties, cubic EOS mixing rules,
empirical models, non-electrolyte multicomponent systems.
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1. INTRODUCTION

CEOS and CEOS/GE models are widely applied for the representation of va-
pour—liquid equilibria, VLE, liquid-liquid equilibria, LLE, and other thermody-
namic properties of mixtures required for synthesis, design of chemical plants,
optimization and development of chemical, gas processing, petrochemical and
other industries. Since the first van der Waals-one fluid mixing rule was intro-
duced, continuous effort has been made on the development of new mixing rules.
Recently, great advancement was achieved by using GE mixing rules incorpo-
rated into CEOS equations.

The interest was focused on experimental measurements and thermodynamic
modelling of mixtures containing various groups of organic compounds: alco-
hols, aromatics and alkyl chlorides, since they exhibit varying molecular inter-
actions, resulting in specific deviations from ideal behaviour. In addition, these
mixtures are important from a practical point of view, due to their diverse indus-
trial applications and presence in main pollution generating industries and pro-
cesses, causing air, water and soil contamination. Alcohols and aromatics are
widely employed in a variety of industrial and consumer applications, such as
perfumes, cosmetics, paint, varnish, drugs, fuel, explosives, fats, waxes, resin,
plastics, rubber, detergents, DDT, etc. Chloroform is applied as a solvent in va-
rious industries, e.g., in the extraction of penicillin and other antibiotics in the
pharmaceutical industry, for pesticides, fats, oils, rubber, alkaloids, waxes, etc. In
a mixture with alcohol or benzene, chloroform is widely used as an eluting sys-
tem, such as, for medical purposes, in radiopharmacy, in chemical reactions, etc.;
also, chloroform and benzene are very often contained in the wastewater of dif-
ferent industries as pollutants having cancerous features.

One part of the present work is a review of experimental investigations of
the volumetric properties of binary and ternary systems, performed at atom-
spheric pressure using Anton Paar digital vibrating U-tube densimeters: DMA
5512 and DMA 5000,3-8 with a precision £1x107° g cm~3 and £1x1076 g cm=3,
respectively. In both cases, the samples were prepared by weight using mass
balances having a precision +1x10~4 g. The experimental accuracy achieved by
the DMA 55 densimeter was better than +3x10~> g cm~3, while the uncertainty
in the density measured by the DMA 5000 densimeter was about +1x107° g cm=3
and the average uncertainty in the excess molar volume was estimated to be
+3x1073 cm3 mol—L.

The other goal of this work was to provide a review of the obtained results in
recent investigations performed by the CEOS and CEOS/GE models on the eva-
luation of the volumetric properties of binary and ternary mixtures.2-5.8-13 Also,
for the ternary systems methanol + chloroform + benzene and 1-propanol + chlo-
roform + benzene results of the prediction and correlation of VE values obtained
by these models are presented, bearing in mind that previously®’ only experi-
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mental data were published. In addition, the prediction of VE values for both ter-
naries was performed by frequently employed empirical models. Recently, pu-
blished papers were connected to some advances in describing phase equilibria
and excess properties using CEOS/GE models.%~13

2. EVALUATION OF VOLUMETRIC PROPERTIES

2.1. Testing of CEOS and CEOS/GE models

The ability of composition dependent CEOS (vdW1)14 and CEOS/GE mix-
ing rules (Gupta—Rasmunsen—Fredenslund GRF® which incorporates the NRTL
equation6 as the GE model) to correlate the VE of non-electrolyte binary mixtu-
res was investigated.9 Very complex systems of diverse structure and complexity
were selected: monocyclic ether + n-alkane, + 1-alcohol, + cyclohexane, + tolu-
ene. A relatively large number of data points (562) over the entire composition
range and in the temperature interval 288.15-308.15 K were covered. The com-
plexity of the chosen systems is characterized by their non-ideal behaviour, exhi-
biting an asymmetric shape of the VE — composition relationship having very
small or large excess volumes, etc. The mentioned data base allowed an analysis
of several aspects of the properties of the mixtures: the increase/decrease in the
number of the carbon atom chain of the alkane or alcohol series; in addition, di-
verse structures and complexity of the molecular interactions in the liquid mix-
tures were examined, which accounted for their ability to affect the VE—compo-
sition behaviour. The influence of the applied mixing rule (CEOS or CEOS/GE),
as well as the influence of the incorporated temperature dependent interaction
parameters, on the correlation of the VE data was tested.3—>:8

The results of the investigation® lead to the following conclusions: (a) cor-
relation of the data at a single isotherm can be successfully performed using the
vdW1 or GRF models with no-temperature dependent parameters of the NRTL
equation; (b) however, for the correlation in a temperature range, the obtained
results indicate that incorporation of a more flexible mixing rule, which includes
all temperature dependent interaction parameters, should be used.

Critical examination of the applicability of the cubic equations of state (CEOS)
mixing rules to the representation of VE data for systems containing dicyclic
ethers with alkanes, alcohols and cyclohexanelO represents a continuation of our
effort expended in analyzing VE data for mixtures of monocyclic ethers with va-
rious substances reported previously.9 Twenty four highly non-ideal mixtures,
consisting of 593 data points, were included. Sixteen binaries at 298.15 K and
eight systems in the temperature range 288.15-308.15 K were analysed. The VE-
—composition dependence for the binaries with dicyclic ethers, mentioned above,
were correlated by the Peng—Robinson-Stryjek—Vera cubic equation of state
(PRSV CEOS)," coupled with two different classes of mixing rules: (a) the com-
position dependent van der Waals (vdW1) one-fluid models!4 and (b) two types of
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the excess free energy mixing rules (CEOS/GE), the general form based on GRF,1°
as well as the mixing rule of Twu—Coon-Bluck-Tilton (TCBT).18 Both rules were
used with NRTL equation as the GE model.

According to the obtained results, the following evidence were provided: (i)
for the correlation of isothermal VE data at 298.15 K using the CEOS mixing
rules for the systems of dicyclic ethers with alcohols and cyclohexane, the use of
temperature dependent parameters was not necessary; in addition, it was shown
that the correlation of VE data from a single isotherm can be successfully perfor-
med using the GRF model with no temperature dependent parameters in the
NRTL equation; (ii) for correlation of VE data of dicyclic ethers with alkanes in
the temperature range 288.15-308.15 K, it was found that the use of the new
TCBT model with no temperature dependent parameters was adequate. Alterna-
tively, the GRF mixing rule with all temperature dependent parameters worked
satisfactorily.

2.2. Binary systems

In this part of research,! the effort was directed toward the investigation of
the excess molar volume (VE) of the non-ideal behaviour of two binary mixtures
containing alcohol and acetonitrile. The systems methanol + acetonitrile and
ethanol + acetonitrile were treated. The density measurements for these systems
were performed at 298.15 K and used for the determination of VE over the entire
composition range. During mixing with acetonitrile, which contains a proton ac-
ceptor group, a part of the alcohol will tend to dissociate and form other kinds of
hydrogen bonds within the molecules. The nature of the mixture was investigated
over the composition range. The composition dependence of mixtures was fitted
by the Redlich-Kister (RK) polynomial equation.1® It was shown that the VE
values for both systems are small and that they rise with increasing length of the
alkyl chain in the alcohol.

The excess molar volume for the methanol + acetonitrile system is negative
over the entire composition range, tending to be skewed toward mixtures rich in
acetonitrile. This could be a consequence of the association between the nitrile
group and the proton of the methanol hydroxyl group, outweighing the effect of
dissociation of the alcohol molecules.

The VE vs. composition curve for the system with ethanol has a S-shaped
form; the VE values are positive in the region of low alcohol concentration, and
negative for mole fractions of ethanol higher than 0.35.

The TCBT model was used in an attempt to extend its applicability to the
correlation of experimentally obtained VE data, 11 as described in a previous
paper (for the acetonitrile + methanol and acetonitrile + ethanol systems).1 For
the system acetonitrile + methanol, the best results of correlation were obtained
by employing the TCBT-2, TCBT-3 and TCBT-5 models, having three, four and
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five parameters, respectively. It was shown that improvement of the results by
using TCBT-3 and TCBT-5 models was not achieved, comparing to those obtain-
ed by the TCBT-2 model. The acetonitrile + ethanol system exhibits S-shaped
dependence of VE on composition. It was shown that the models TCBT-2 and
TCBT-3 gave similar results. In addition, the results of the correlation showed
that a constant value for the parameter ¢;j = 0.3 should be used.

In conclusion, it can be noticed that, the TCBT models with binary interac-
tion parameters of the vdw fluid gave exceptionally good results for the invest-
tigated systems at 298.15 K.

The increased interest in the determination of excess molar volumes was the
encouragement to continue work9-11 on the improvement of the correlation of
VE. Experimental VE data, calculated from density measurements of the systems
methanol + benzene, ethanol + benzene, methanol + chlorobenzene and ethanol +
chlorobenzene, at the temperatures 288.15, 293.15, 298.15, 303.15, 308.15 and
313.15 K were presented.3 The data of the above-mentioned binaries, measured
over the entire composition range at the specified temperatures were fitted to the
RK equation, with the optimal number of adjustable parameters used according
to the F-test.20 It was observed that, in all cases, VE increased with increasing
temperature. The shape of the VE—composition relationship can be explained qua-
litatively on the basis of the following opposite effects, predominant in a certain
mole fraction region:21.22 (a) positive values (in the alcohol lower region) are at-
tributed to rupture or stretch of the hydrogen bonding of self-associated molecu-
les of alcohol; (b) negative values are thought to be due to unlike specific inter-
actions; (c) the geometric fitting of benzene or chlorobenzene into the remaining
alcohol structure makes this effect negative to VE. The magnitude and sign of VE
are a consequence of the contributions occurring in the investigated mixtures.

Correlation of the VE data was performed using the PRSV CEOS coupled
with the vdw1 and CEOS/GE mixing rules introduced by Twu et al.18 (TCBT).
The NRTL equation was used as the GE model. Modelling of the binary VE data
was performed based on two approaches: (a) the temperature independent and (b)
temperature dependent vdW1 and TCBT mixing rules. Correlation of the VE data
by temperature independent PRSV CEOS models showed the following: (i) for
the methanol + benzene system, the three parameter TCBT-3 model was supe-
rior; (ii) for the ethanol + benzene system, VE correlation with the two and three
parameter TCBT models gave better results than the vdW1-3 model; (iii) in the
case of the methanol + chlorobenzene system, except for the best TCBT-3 model,
all models gave errors which increased with increasing temperature. In addition,
the vdW1-3 model can be treated as very satisfactory; (iv) for the ethanol + chlo-
robenzene system, the vdW1-3 and TCBT models functioned quite similar.
Correlation of the VE data by the temperature dependent PRSV CEOS models
gave higher errors for the systems with benzene compared to those with chloro-
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benzene, because of the S-shaped VE curves and the considerably lower values of
this property. In addition, it could be observed that the three parameter models
for both kinds of systems gave better results.

Additional results, related to experimental volumetric determination and
thermodynamic modelling based on some CEOS mixing rules for the correlation
and prediction of VE data and the limiting partial excess molar volumes (Vi )
were also presented.4 The aim of that investigation was to extend our previous
work concerned with the measurements of VE of methanol + chlorobenzene and
ethanol + chlorobenzene3 to mixtures of some other alcohols, namely 1-propanol,
1-butanol, 2-butanol, 2-methyl-2-propanol, or 1-pentanol, with chlorobenzene, at
six temperatures, i.e., 288.15, 293.15, 298.15, 303.15, 308.15 and 313.15 K.
Also, density measurements for the 2-methyl-2-propanol + chlorobenzene system
were performed at temperatures 303.15, 308.15, 313.15, 318.15 and 323.15 K,
since the melting point of 2-methyl-2-propanol is about 298.15 K. All the invest-
tigated systems (except 2-methyl-2-propanol + chlorobenzene system) exhibit S-
shaped VE—composition relationship (in the temperature range of interest for the
present work); the system 2-methyl-2-propanol + chlorobenzene exhibited positive
VE values over the entire composition range at each isotherm. Excess molar
volumes of the investigated binaries were fitted using the RK equation.

The dependence of VE on both composition and temperature, for the mixtu-
res studied, can be explained qualitatively as a balance between opposite effects.4
In addition to aspects of the molecular interactions, mentioned above, the ob-
tained results were theoretically discussed in terms of the chain length of the
alcohols, degree of branching in the chain and relative position of the alkyl and
OH group in the alcohol. As a consequence of increasing temperature, in general,
hydrogen bonding becomes weaker; the molecular interaction energy is lower,
leading to an increase of the distance between the molecules, causing the volume
to increase. The _rgiylts of this work show that an order of limiting partial excess
molar volume (Vi ) was established; for example at 298.15 K the following or-

. — Ex
der was recognised: for V1~ —ethanol < 1-propanol < 1-butanol ~ 1-pentanol,
whereas for V3~ — ethanol > 1-propanol > 1-butanol > 1-pentanol. In addition,
the influence of temperature variation on \7!E * was described and discussed. In
addition, the following order of increase of \71E°O and \75OO for mixtures with
branched alcohols was noted: primary < secondary < tertiary alcohols.

As mentioned previously,4 thermodynamic modelling of the experimental
VE data was performed by the PRSV CEOS coupled with two types of mixing
rules, vdW1 and TCBT. In both mixing rules, the parameters were used as tem-
perature independent and as temperature dependent ones.

It was shown that for all treated cases, except for the 2-methyl-2-propanol +
+ chlorobenzene system, which exhibited positive VE values, the form of the
VE—composition relationship was S-shaped.# Modelling of the experimental VE
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data by the mentioned thermodynamic method was applied to each binary system
separately and corresponding instructions on the best approach for treating parti-
cular data sets was proposed.4

2.3. Ternary systems

Excess molar volume data of the ternary system ethanol + 2-butanone + ben-
zene at 298.15 K, which were not available in the literature, were investtigated.?
In addition, the corresponding binary VE measurements? were compared to the
data of other authors reported earlier.23-27 The binary data were fitted to the RK
equation, while for the ternary VE data, the Nagata and Tamura expression (NT)28
was employed.

The VE data of all three binaries were correlated by the vdw and TCBT mi-
xing rules coupled with the PRSV CEOS. For all systems, the best results were
obtained by the three-parameter TCBT-3 model, except for the case of the etha-
nol + 2-butanone mixture, where the vdW1-3 model gave very good results. Pre-
diction and correlation of the ternary VE data were performed using the corres-
ponding binary parameters. Inspection of the ternary predictions indicates that
the use of the vdW1-1 and vdW1-2 models gave fair results, whereas those at-
tained by the vdwW1-3 model were very good. Ternary correlation by the TCBT
mixing rules, which included a ternary contribution in the NRTL equation, could
be estimated as acceptable and mutually very similar.

A systematic study of the excess molar volume for binaries and ternary
systems of non-electrolytes was performed.® In this work, the densities for the
ternary system ethanol + chloroform + benzene and the two corresponding bina-
ries ethanol + chloroform and chloroform + benzene were measured. All these
measurements were obtained at the temperatures 288.15, 293.15, 298.15, 303.15,
308.15 and 313.15 K. The related VE data were obtained from the measured den-
sities. As already was mentioned,3 thermodynamic investigations of alcohol + aro-
matic systems are of great importance due to their broad industrial application, as
well as because of the complex molecular interactions present in these mixtures.
Also the influence of the third component, chloroform, on the interaction bet-
ween the alcohol and aromatic hydrocarbon in the ternary system was studied.>
The VE of the binary mixtures were fitted by the RK equation and the ternary
data with the NT equation, while the Radojkovi¢ et al.29 equation was used for
the prediction of the ternary data. Correlation of the binary data was performed
by the PRSV CEOS using selected mixing rules: (a) the composition dependent
vdW1 and (b) the TCBT mixing rules. Prediction of VE of the ternary system was
performed by the same vdW1 and TCBT models. For the correlation of the ter-
nary VE data, only the TCBT mixing rules were employed. Inspection of the bi-
nary VE data for ethanol + chloroform shows that the VE—composition relation-
ship exhibits S-shape curves; also, an increase of VE with increasing temperature
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(from 288.15 to 313.15 K) was found. For the system chloroform + benzene, po-
sitive values of VE were observed over the entire composition range. The highest
values were obtained at 288.15 K.

Factors influencing the behaviour of the excess molar volume have already
been discussed in the literature for the binary systems ethanol + benzene3 and
ethanol + chloroform.30 Particularly, in the case of the chloroform + benzene
system, some influences can be mentioned as an explanation of the VE—compo-
sition behaviour, for example: (a) the difference between van der Waals volu-
mes3! of the constituents, (b) the formation of a weak complex between benzene
and chloroform32:33 and (c) the presence of steric hindrance effects in the mix-
ture. The behaviour of the VE—composition relationship of the ternary system etha-
nol + chloroform + benzene, in the given temperature range, was discussed in de-
tail.> The influence of various factors affecting molecular interactions in the mix-
ture was analysed. It was observed that the highest interactions of the compo-
nents were obtained when the composition was slightly shifted to a mixture rich
in ethanol.

Modelling of the binary VE data was performed for each isotherm separately
over the whole temperature range. The results obtained employing the tempera-
ture independent PRSV CEOS models indicate that the three parameter models
(vdwW1-3 and TCBT-3), for both binaries were the best.

For the prediction of ternary VE data at the investigated temperatures, the
binary interaction parameters of the CEOS models, generated from binary data,
were used. The obtained results show that the predictions corresponding to the
vdW1-2, vdW1-3 and TCBT-2 models are qualitatively acceptable and approxi-
mate to those obtained by the Radojkovi¢ et al.29 equation. Correlation of the
ternary VE data was performed only by the TCBT model, which included a ter-
nary contribution parameter in the NRTL equation. Fitting of these data could be
regarded as fair and similar.

A continual effort to investigate the volumetric properties of binary and
ternary mixtures containing different types of organic solvents frequently used in
various industries was described.® Thermodynamic investigation of alcohols, chlo-
roform and aromatics, either pure or in mixtures, is of considerable interest due
to the complex molecular interactions present in these mixtures. Densities for the
ternary system methanol + chloroform + benzene and for the binary system me-
thanol + chloroform at 288.15, 293.15, 298.15, 303.15, 308.15 and 313.15 K and
atmospheric pressure were measured.5 From these measurements, the VE data
were calculated. The binary VE data were fitted using the RK equation, while the
NT equation was used for the ternary data. The root-mean-square deviation (RMSD)
between the experimental binary data from those computed using the RK equa-
tion were 0.0028x1076 m3 mol~1 to 0.0034x10~® m3 mol~1, whereas for the
ternary system, it was in the range: 0.0035x10~8 m3 mol~1 to 0.0040x10~6 m3 mol~1,



CEOS, CEOS/GE AND EMPIRICAL MODELS OF MIXTURES 1445

A further contribution to previous research of the volumetric properties of
binary and ternary mixtures containing various alcohols, chloroform and benzene
was of primary interest.” The density of the ternary system 1-propanol + chloro-
form + benzene, and the binaries 1-propanol + chloroform and 1-propanol + ben-
zene at the temperatures of 288.15, 293.15, 298.15, 303.15, 308.15 and 313.15 K
and atmospheric pressure were measured and used for the calculation of VE data.
The fitting equations for the correlation of binary and ternary VE data used in the
previously discussed work® were also employed here. The RMSD of the experi-
mental data from those calculated from the fitting models lay in the ranges: for
the 1-propanol + chloroform system, 0.0036 to 0.0038x10~¢ m3 mol~1; for the
system 1-propanol + benzene, 0.0033 to 0.0044x10~6 m3 mol~1, whereas the RMSD
for the ternary system was in the range 0.0039 to 0.0045x10~6 m3 mol~1.

The density of the ternary mixture 1-butanol + chloroform + benzene and the
binaries 1-butanol + chloroform and 1-butanol + benzene were measured at Six
temperatures in the interval 288.15-313.15 K.8 The corresponding VE values
were calculated from these density measurements and fitted by the polynomial
equations: (a) of the RK equation for the binary systems and (b) of the NT equa-
tion for the ternary system. Ternary prediction was performed by the equation of
Radojkovi¢ et al.29 The dependence of VE on composition for the system 1-bu-
tanol + chloroform at 288.15, 293.15, 298.15, 303.15, 308.15 and 313.15 K ex-
hibits a S-shaped curve, with a positive maximum and negative minimum values
of VE. It was remarked that these values increase with increasing temperature.
The VE-composition relationships for the system 1-butanol + benzene show
positive values that increase with increasing temperature. A qualitative
explanation of the VE—composition relationship could be given on the basis of the
opposite contributions, predominating in certain mole fraction regions.8 The
magnitude and sign of VE have been interpreted as resulting from the balance
between these effects.

For the investigated ternary system, positive VE were obtained over most of
the composition field, except in the region in the vicinity to 1-butanol in binary
mixture with chloroform, where the sign was negative. Maximum VE values ap-
pear close to the binary chloroform + benzene border, suggesting that the unpa-
cking effect, which is a result of complex formation of chloroform + benzene,
and the disruptive effect on the self- associated molecules of 1-butanol are more
dominant. In addition, an increase of the maximum values of VE with increasing
temperature was remarked, bringing about a diminishing of the negative VE re-
gion. Also, the excess molar volume maximum is located approximately near the
centre of the triangular diagram.

VE Data were used to test the CEOS and CEOS/GE models for their correla-
tive and predictive abilities.® For the correlation of the binary data, PRSV CEOS
coupled with temperature independent and temperature dependent mixing rules,
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the composition dependent vdW1 and the TCBT models, were used. Correlation
of the ternary VE data was performed by employing the TCBT model, whereas
for ternary prediction the vdw1 and TCBT models were used.

3. SIMULTANEOUS CORRELATION OF VLE, HE AND CE

Considering the fact that phase equilibria: vapour-liquid (VLE), liquid-li-
quid (LLE), gas solubility and excess properties: excess molar enthalpies (HE),
excess heat capacity (CE), excess molar volume (VE), etc., of liquid systems are
of great importance for the design and operation of industrial processes, as well
as the fundamental necessity for a better understanding of molecular interactions
in fluid systems from the thermodynamic point of view, simultaneous correlation
of two (VLE + HE, VLE + c§ and HE + c§) and three properties (VLE + HE +
CE) was carried out.12 For this purpose, the correspondlng data of diethers (1,4-di-
oxane and 1,3-dioxolane) with n-alkanes (heptane, octane, nonane and decane)
were selected.

VLE and excess properties (HE and cE) for diether + n-alkane systems were
simultaneously correlated,13 employing the CEOS incorporating the activity co-
efficient model (CEOS/GE). The approach of Kohler,34 already used,35-37 in the
form of an empirical equation of the polynomial form, was applied12 for the si-
multaneous correlation of the data of the above-mentioned systems. All the coef-
ficients in the expression for the temperature dependent polynomial parameters
were generated from the corresponding fits of VLE + HE, VLE + CE and HE +
+ c§ or VLE + HE + cf data.

The calculation results obtained by the Kohler polynomial model were com-
pared with those corresponding to the previously applied CEOS/GE models
(MHV1 and MHV2).13

The main results of the investigation on the simultaneous correlation of di-
verse thermodynamic properties by the Kohler polynomial equation (VLE + HE,
VLE + cE and HE + cE) for the systems investigated gave very successful re-
sults, as was the case with the CEOS/GE models. However, the correlation of
three properties (VLE + HE + CE) showed that the Kohler model was more sui-
table than the CEOS/GE models.

Finally, it can be concluded that the simultaneous correlation of three ther-
modynamic properties should be further investigated because of its importance
from the theoretical and practical points of view.

4. MODELLING OF TERNARIES ALCOHOLS + CHLOROFORM + BENZENE
4.1. Correlation and prediction of VE by the vdw1 and TCBT models
The general two-parameter cubic equation of state (CEOS) has the form:
RT a(T)

PV b W sub)(v rwb)

)
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where P, T, V, and R denote pressure, temperature, molar volume and gas con-
stant, respectively; the CEOS dependent constants u and w for the Peng-Ro-
binson-Stryjek-Vera (PRSV) equationl’ applied here are: u=1-+2 and w=1++2.
For the pure substance, the energy a; and co-volumen b; parameters are determi-
ned as:

12
a(T) = 0.457235@[“ mi (L= TP @)
ci
bj =0.077796 RTgi ?)
ci
m; = Koj +kg; 1+ \/ﬁ)(o-7_Tri) (4)
Koj = 0.378893+1.4897153; — 0.171384802 + 0.0196554° (5)

where Tgj and Pg;j are the critical temperature and critical pressure of component
i, respectively, T,j denotes the reduced temperature, T/Tgj, aj is the acentric fac-
tor, and kyj represents the pure substance adjustable parameter.1?

For the determination of the a and b parameters of a mixture, two different
types of mixing rules are used: vdW1 and TCBT.

The vdW1 mixing rulel4 is given by the following equations:

a:ZZj:Xin(aiaj)‘/z[l_kij"‘Iij(xi_Xj)] (6)
b= szixj(bibj f - mij) ()

where kij, lij and mjj are the binary interaction parameters.

The TCBT mixing rulel8 developed for no reference pressure conditions
relates the excess molar Gibbs energy, GE, with the excess molar Gibbs energy
based on the van der Waals reference fluid (vdW), G5, , as:

E E *
=S (2-2,)=nf| Yot B | -
RT RT Vi -1 b

1 {a_*ln(v*+wJ_ ade In (vaw +w]} (8)

w-u|b V +u ) by, Vg tu
where G, is calculated for the PRSV CEQS and V* = V/b = Z/b* denotes the
reduced liquid volume at the P and T of the mixture. The compressibility factors
Z and Zqy are calculated from Eqg. (1) expressed in the Z form. Bearing in mind
that V* does not have an explicit solution, an iterative technique is required for

the calculation.
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The parameters aygw and bygy are determined using Egs. (6) and (7), while
the reduced parameters a”, b", a;,, and h;,, are obtained from the following
equations:

a" =Pa/R*T? b" =Pb/RT 9)
In this paper, the NRTL equation was used as the GE model:
oy, T (10)
RT <" > xGy
For a binary mixture, the following equations are incorporated
G, =exp (_aizflz) G, = exp(—a12121) (11)

7, =(91, =) /RT =49, /RT 7, =(9, —9,,)/RT = 49,, /RT
and for a ternary mixture:

. ZXkAgijk
T, =Ty FILS U
RT
Ag12 and Agp; are the binary energy parameters and Agjjk is the ternary
contribution.

For the temperature range, temperature dependent parameters are used in the
following manner:

(12)

Y =Y, +Y,T (13)

where Y = kij, lij, mjj, Ag12 and Agp;. The models used here for all calculations
were obtained by applying sets of the corresponding equations as listed in the
footnotes of the Tables I-1V. In order to obtain the model parameters or coeffici-
ents, the Marquardt optimisation technique38 was used for the minimization of
the objective function given by the equation:

0 (VE —vEY
oF =1y Yoo T | i (14)
Nz Vexp i

The results of the VE calculation were assessed by the RMSD, defined by the
equation:

o= (é(v;m V) / njﬂz (15)

and the percentage average absolute deviation PD(VE):

100 & Vo, — Ve
PD(VE)ZTZ

exp cal
i=1

: (16)
(Vexp )max
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In the present paper, modelling of the previously obtained experimental VE
data®7 for two ternary systems: methanol + chloroform + benzene and 1-pro-
panol + chloroform + benzene and their binary constituents: methanol + chloro-
form, chloroform + benzene, 1-propanol + chloroform and 1-propanol + benzene,
was performed by the PRSV CEQS, coupled with two types of mixing rules:
vdW1 and TCBT mixing rules. According to the previously established proce-
dure, the parameters in both mixing rules were employed as: (i) temperature in-
dependent (correlation at each temperature) or (ii) temperature dependent (corre-
lation in the temperature range). The values of the model parameters, PD(VE) and
corresponding RMSD for each temperature separately, as well as in temperature
range, are given in Tables | and Il for the binary systems and in Tables Ill and IV
for the ternary systems.

TABLE 1. Correlation of the VE data by the temperature independent PRSVY CEOS models for the
investigated binary systems at the temperatures 288.15 to 313.15 K and atmospheric pressure

ki L M Agi2 1 Agyy  PD(VE) ox10°
ij.1 ij.1 i1 J mol! Jmol! %  m3moll
Methanol (1) + Chloroform (2)
T=288.15K
vdW1-22  0.009327 -0.015852 10.54 0.01946
vdW1-3? -0.038847 -0.007914 —0.023699 9.85 0.01836
TCBT-2¢ 0.217463-10* -0.756278-10% 10.94 0.02069
TCBT-3¢ 0.100778 0.521710-10* 0.127565-104 2.01  0.00402
T=293.15K
vdW1-2 0.022390 -0.013519 11.00 0.02005
vdW1-3 —0.039467 —0.009997 —0.024002 9.89 0.01815
TCBT-2 0.207827-104 —-0.726828-103 11.10 0.02067
TCBT-3 0.107533 0.534685-104 0.134597-104 2.13  0.00433
T=208.15K
vdW1-2 0.035134 -0.011080 11.59 0.02093
vdW1-3 -0.039430 —0.011948 —0.024231 9.93 0.01795
TCBT-2 0.193950-104 —0.665477-103 11.31 0.02092
TCBT-3 0.109918 0.531074-104 0.131166-10*4 1.52 0.00308
T=303.15K
vdW1-2 0.048135 -0.008427 12.45 0.02212
vdW1-3 -0.039532 -0.139192 -0.024516 9.99 0.01770
TCBT-2 0.184834-10* -0.633676-10° 11.50 0.02078
TCBT-3 0.116340 0.544517-10* 0.135931-10* 3.34 0.00704
T=308.15K
vdW1-2 0.061420 -0.005532 13.55 0.02371
vdW1-3 —0.040293 —0.016039 —0.024954 10.12 0.01737
TCBT-2 0.175258-104 —0.595395.10% 11.70 0.02048

TCBT-3 0.120553 0.543282:10* 0.137033-10* 1.86 0.00372
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TABLE I. Continued.
K " M Ag12,1 Agyy  PD(VE) ox10°
ij.1 ij1 ij.1 J molL Jmol-t %  m3moll
T=313.15K
vdW1-2 0.073170 -0.002752 14.95 0.02563
vdW1-3 -0.040648 -0.017897 -0.025352 10.29 0.01704
TCBT-2 0.163854-10* -0.541875-10% 12.00 0.02036
TCBT-3 0.121939 0.536275-104 0.130523-104 1.87 0.00364
T =288.15-313.15 K
vdW1-2 0.021634 -0.013486 12.94 0.0238
vdW1-3 -0.003207 -0.009216 —0.017999 10.61 0.0194
TCBT-2 0.163364-10* -0.454764-108 25.34 0.0516
TCBT-3 -0.079651 0.260148-10* -0.332486-104 12.31 0.0227
Chloroform (1) + Benzene (2)
T=288.15K
vdW1-2 -0.064033 -0.017573 349 0.0076
vdW1-3 -0.008514 -0.004581 —0.008628 2.74  0.0060
TCBT-2 0.147247-103  0.751000-10° 1.39  0.0039
TCBT-3 -0.009258 -0.208918-104 0.260580-10* 1.25  0.0032
T=293.15K
vdW1-2 —0.057860 -0.016649 3.65 0.0076
vdW1-3 -0.007256 -0.004148 -0.008197 2.98 0.0062
TCBT-2 0.135332:10% 0.771195.10° 1.46 0.0038
TCBT-3 0.086805 0.241585-104  0.126727-104 1.38  0.0032
T=298.15 K
vdW1-2 -0.052200 -0.015754 381 0.0074
vdW1-3 -0.007308 —0.003688 —0.007991 321 0.0063
TCBT-2 0.123980-10% 0.791928-10° 1.56  0.0037
TCBT-3 -0.010119 —-0.223158-104 0.277009-104 1.41  0.0031
T=303.15K
vdW1-2 —-0.047203 -0.014929 3.98 0.0073
vdW1-3 -0.006771 -0.003315 —0.007689 345 0.0063
TCBT-2 0.112960-103 0.811204-10° 1.67  0.0036
TCBT-3 0.093752 0.250866-104  0.130924-104 1.48  0.0032
T=308.15K
vdW1-2 -0.042161 -0.014053 422  0.0073
vdW1-3 —0.006426 —-0.002946 —-0.007429 3.76  0.0065
TCBT-2 0.103211-10% 0.834117-10° 1.89  0.0037
TCBT-3 0.107109 0.277853-104  0.153623-104 1.49  0.0028
T=313.15
vdW1-2 -0.038595 -0.013418 455  0.0086
vdW1-3 -0.005877 -0.002714 -0.007144 413  0.0069
TCBT-2 0.936483-102 0.852738-10° 2.27  0.0043
TCBT-3 0.110792 0.281775-104  0.155558-104 1.57  0.0029
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TABLE I. Continued.
K " M Ag12,1 Agyy  PD(VE) ox10°
ij.1 ij1 ij.1 J molL Jmol-t %  m3moll
T =288.15-313.15 K
vdW1-2 -0.043300 -0.014259 3.93 0.0078
vdW1-3 —0.039939 -0.001267 —0.013681 371 0.0072
TCBT-2 —0.173424-10% 0.310596-10° 11.27 0.0235
TCBT-3 -0.023914 0.664817-10% -0.124516.10* 3.36  0.0067
1-Propanol (1) + Chloroform (2)
T=288.15K
vdW1-2 0.174217 0.024898 438 0.01036
vdW1-3 0.129286 -0.014223 0.017524 3.05 0.00702
TCBT-2 -0.218026-10 0.360541.10* 8.01 0.01908
TCBT-3 -0.054472 0.509984-104 -0.429655-104 2.19  0.00587
T=293.15K
vdW1-2 0.173022 0.025272 487 0.01113
vdW1-3 -0.225282 -0.126330 —0.033387 1.97 0.00471
TCBT-2 -0.219034-10* 0.359501-10* 8.69 0.01969
TCBT-3 -0.069108 0.326820-106 -0.216475-10% 2.67 0.00721
T=298.15 K
vdW1-2 0.171632 0.025609 555 0.01186
vdW1-3 —0.223173 -0.122970 —0.034729 1.91 0.00431
TCBT-2 -0.221130-104 0.361135-10* 9.32  0.01985
TCBT-3 -0.067705 0.126275-108 -0.218022-10* 2.96 0.00708
T=303.15K
vdW1-2 0.170105 0.025914 6.40 0.01274
vdW1-3 —0.220424 -0.119406 —0.036028 1.81  0.00402
TCBT-2 -0.219890-10 0.356070-10% 10.13 0.02085
TCBT-3 -0.065541 0.304066-10% -0.221137-10* 3.47 0.00722
T=2308.15 K
vdW1-2 0.168101 0.026105 7.48 0.01370
vdW1-3 -0.215685 -0.115100 —0.037099 1.73  0.00375
TCBT-2 -0.224538-10* 0.363529-10* 10.59 0.01972
TCBT-3 -0.066717 0.302224-10% -0.220774-10* 4.14 0.00782
T=313.15K
vdW1-2 0.166654 0.026414 7.42 0.01484
vdW1-3 —0.212065 -0.111441 -0.038326 151 0.00366
TCBT-2 -0.225261-104 0.362813-10* 9.53  0.01992
TCBT-3 -0.072421 0.126495-108 -0.220248-10* 4.21 0.00844
T =288.15-313.15 K
vdW1-2 0.148321 0.021650 16.33  0.0325
vdW1-3 0.083043 -0.025685 0.010283 5.30 0.0107
TCBT-2 -0.220178-104 0.356811.10* 15.05 0.0315
TCBT-3 -0.057814 0.529087-104 -0.443514.10* 5.31 0.0111
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TABLE I. Continued.
K " M Ag12,1 Agyy  PD(VE) ox10°
ij1 ij1 ij1 Jmolt J molt %  m3moll
1-Propanol (1) + Benzene (2)
T=288.15K
vdW1-2 0.099354 0.008781 6.56  0.00943
vdW1-3 -0.087552 -0.043591 -0.017779 3.11 0.00432
TCBT-2 -0.330450-10% 0.116520-10* 3.64 0.00528
TCBT-3 -0.007406 -0.103855-10* 0.171633-104  3.47 0.00512
T=293.15K
vdW1-2 0.102011 0.009528 6.74 0.01071
vdW1-3 -0.082157 -0.041959 -0.017690 3.15  0.00499
TCBT-2 -0.412421-10% 0.123388.10* 3.63 0.00594
TCBT-3 -0.010342 -0.145386-10* 0.214933-104 3.46  0.00559
T=298.15K
vdW1-2 0.105052 0.010371 6.37 0.01109
vdW1-3 -0.079083 -0.040908 -0.017906 2.32  0.00447
TCBT-2 -0.491062-10% 0.130171.10% 2.69 0.00542
TCBT-3 -0.005818 -0.106759-10* 0.178137-104 2.59  0.00502
T=303.15K
vdW1-2 0.106924 0.011029 6.91 0.01345
vdW1-3 -0.063084 -0.036901 -0.016220 2.94 0.00610
TCBT-2 -0.558168-10% 0.135830-104 3.13  0.00696
TCBT-3 -0.008956 -0.145230-10* 0.216459-10* 2.83  0.00623
T=308.15K
vdW1-2 0.108334 0.011612 6.98 0.01508
vdW1-3 -0.059628 -0.035631 -0.016339 2.95 0.00689
TCBT-2 -0.605775-10% 0.139267-104 3.06 0.00793
TCBT-3 -0.008339 -0.147150-10* 0.219964-10* 2.73  0.00676
T=313.15K
vdW1-2 0.111750 0.012629 6.67 0.01631
vdW1-3 -0.058310 -0.035148 -0.016750 2.97 0.00744
TCBT-2 -0.708732-10% 0.149942.10% 3.12 0.00816
TCBT-3 -0.012342 -0.192761-10* 0.271223-104 2.75 0.00709
T =288.15-313.15 K
vdW1-2 0.085992 0.007330 12.42  0.0212
vdW1-3 0.043469 -0.013948 0.000395 408 0.0079
TCBT-2 -0.441345.10% 0.122594.104 20.85 0.0356
TCBT-3 -0.044303 0.241384.10* -0.273162-10* 6.13  0.0113
3Egs. (1)-(7), (13), Iy = 0; PEgs. (1)-(7), (13); °Egs. (1)~(11), (13), ky = lj= m;= 0; a;;= 0.3 (found by trial and

error and set to 0.3 in all cases); 9Egs. (1)-(11), (13); lj=m;=0; ¢;;=0.3.
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Analysing the results obtained for the system methanol + chloroform by the
temperature-independent PRSV CEOS models at each temperature, it is evident
that only the three parameter TCBT-3 model worked very well, having errors
near or below 2 %, while the results obtained by the two parameter vdW1-2 and
TCBT-2 models and three parameter vdW1-3 model are unacceptable. The evi-
dent superiority of the TCBT-3 model in comparison with the TCBT-2 model,
which is unable to fit the shape of the VE—xy curve is illustrated in Fig. 1a. Over
the entire range of temperature, the correlating results attained by all the tempe-
rature independent (Table 1) or temperature dependent (Table Il) models are un-
satisfactory.

0.04 T T T v T E 0.20 ' T T T T
— RK equation
~~~~~~ TCBT-2
2SN e TCBT-3 313.15K
0.00 & vy A . . ~— RK equation
X S - S vdWI-2
X o104 f. T W3 4
_o0044 U\ o '.;".,-"\
o) - 313.15K ) "5 a
g SN v St &
= ooa! . g E N = X '
m )\ @ N\
N )\ . A B
‘o 0124 b /8 4 é; N \ -
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28815K N\ N 288.15 K it ' i
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————— TCBT-3 N
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Fig. 1. Correlation of VE data at 288.15 and 313.15 K by the vdwW1 and TCBT models for the
binary systems: a) methanol (1) + chloroform (2), b) 1-propanol (1) + chloroform (2). The various
types of lines are reported in the legend.

TABLE II. Correlation of the VE data by the temperature dependent PRSV CEOS models for the
investigated binary systems at the temperature range 288.15-313.15 K and atmospheric pressure

Ag1z1 /I mol™ PD(VE) ox106

Agyp1 /I molt

kij’l' kij’2 Iij'l’ Iij,Z mij'l' mij'2 Ang,Z /J mol_lK_lAglzvz /J mol'lK'l % I’T'\3 mOl_l
Methanol (1) + Chloroform (2)
vdw1-22 -0.329138 -0.093779 12.40 0.0224
0.001237 0.000280
vdw1-3® -0.201810 0.086387 —0.036700 10.02 0.0178

0.000540 -0.000330 0.000041
TCBT-2¢ 0.234574-10%
-4.24111
TCRT.3¢"0-028209 0.539437-10*

0.209787-10%

-0.336333-10* 20.75
0.160156-104
-0.804127-10° 12.82
0.507668-103

0.0425

0.0267
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TABLE II. Continued.

Agip1/Jmolt  Aggpq/Imol™ PD(VE) ox100
Agi22 1 I MK Agyp o/ Imol?K? % m®mol™
Chloroform (1) + Benzene (2)

ki kij2 Lz lij2 Mz Mijo2

vdW1-2 -0.222941 -0.042765 3.93 0.0075
0.000576 0.000091
vdW1-3 0.002189 -0.029164 —0.018467 3.38  0.0064
—-0.000030 0.000085 0.000035
TCBT-2 0.757263-10% -0.458710-10° 1.72  0.0039
-2.12153 0.419412-103
TCBT-3 0.001067 0.840710-103 -0.476777-10° 1.76  0.0039
—2.26987 0.427966-103
1-Propanol (1) + Chloroform (2)
vdW1-2 0.256907 6.02 0.0125
-0.000287
vdW1-3 5.297000 1.487200 0.849304 489 0.0104
40.17777 -0.005164 -0.002861
TCBT-2 -0.626817-103 0.169979-104 9.94  0.0196
-5.39751 6.59297
TCBT-3-0.071912 —-0.935801-103  -0.462837-10* 5.04 0.0109
0.384292-10% 8.09348
1-Propanol (1) + Benzene (2)
-0.002183 -0.028480
vaw1-2 0.000359 0.000130 6.74  0.0130
—0.258366 —0.103036 —0.006209
vawl-3 0.000626 0.000214 —0.000036 2.96 00133
0.168836-10% 0.210817-10%
TCBT-2 7 43558 3.87951 3.89 0.0073
0.946773-103 0.903744-103
TCBT-3 -0.002192 & 64250 203577 3.98 0.0075

3Eqs. (1)~(7), (13), ljj = 0; PEgs. (1)~(7), (13); °Egs. (1)-(11), (13), kij = lij = mjj = 0; g = 0.3; 9Eqs. (1)~(11),
(13), lij= mijj= 0; ;= 0.3

For the system chloroform + benzene, it can be observed that when the cor-
relation of the VE data was performed at each temperature, the percentage devia-
tions of the CEOS and CEOS/GE models were somewhat higher when the tempe-
rature was higher. The two parameter vdW1-2 and TCBT-2 models worked very
similar to the three parameter vdW1-3 and TCBT-3 models, respectively, with
slightly higher errors. In the temperature range, except for TCBT-2, the applied
CEOS and CEOS/GE models gave relatively good results. It is evident from Ta-
ble 11 that a significant improvement was achieved when the temperature de-
pendent parameters were introduced only in the TCBT-2 model and partly in the
TCBT-3 model, while for the vdW1 models, the errors were slightly better.

For the 1-propanol + chloroform system, it is noticeable that with increasing
temperature, the errors incresed as well, except for the vdwW1-3 model which be-
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comes dominant at higher temperatures. The two parameter vdW1-2 and TCBT-2
models are not suitable at higher temperatures for the correlation of the VE data
for this system. A comparison between the experimental results (RK equation)
and the correlating results obtained by the vdW1 and TCBT models at 288.15
and 313.15 K is shown in Fig. 1b. At 288.15 K, the VE—x; curve obtained by the
TCBT-2 model cannot satisfactorily describe the S-shape of the experimental
values, especially in the extremities, while the TCBT-3 model is more successful.
At 313.15 K, the dominance of the vdW1-3 over the vdW1-2 model is evident. In
the range of temperature, three parameter models worked better than the two pa-
rameter models, but also unsatisfactorily, irrespective of whether temperature de-
pendent parameters were used or not.

When the correlation of the VE data was performed for 1-propanol + benzene
system, at each temperature, relatively similar result around 3 % was obtained
with vdW1-3, and both TCBT models, while two parameter vdW1-2 model gave
some higher errors. In the temperature range, two parameter temperature inde-
pendent vdW1-2 and TCBT-2 models worked considerably poorer than three pa-
rameter vdW1-3 and TCBT-3 models. Also, it is evident from Table Il that consi-
derable improvement was achieved by introducing temperature dependence in
vdW1-2 and TCBT-2 models.

Prediction of VE for the ternary systems methanol (1) + chloroform (2) + ben-
zene (3) and 1-propanol (1) + chloroform (2) + benzene (3) at each temperature
over the entire temperature range was performed using the CEOS and CEOS/GE
models, with the binary interaction parameters of these models generated from
appropriate binary data. From Table Il it is evident that, for both systems, the
applied CEOS/GE models are not suitable for this type of thermodynamic model-
ling. Much better, but still not acceptable results, were obtained by the vdW1-3
model, while only the simplest vdW1-2 model in the case of the 1-propanol (1) +
chloroform (2) + benzene (3) system achieved good results. Correlation of
ternary VE data for these systems was performed using TCBT models adding the
ternary contribution in the interaction parameters. Comparing the results obtained
by the TCBT-2 and TCBT-3 models for both systems, it is evident that the
TCBT-3 model worked slightly better at each temperature and in the temperature
interval.

TABLE IlI. Prediction of VE by the PRSV CEOS models for the investigated ternary systems

vdw1-22 vdw1-3P TCBT-2¢ TCBT-3¢
T/K PD(VE) ox10° PD(VE) ox108 PD(VE) ox10° PD(VE)  ox106
% m® mol* % m® mol* % m® mol* % m® mol*

Methanol (1) + Chloroform (2) + Benzene (3)
288.15 1226  0.02609  14.49  0.03149 HV9Y 0.2618 HV 0.3111
29315 1319 0.02685 1525  0.03178 HV 0.2597 73.91 0.1600
298.15 1434 0.02825 16.06  0.03227 HV 0.2515 HV 0.3504
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vdw1-22 vdW1-3P TCBT-2¢ TCBT-3¢
T/K  PD(VE) ox10° PD(VE) ox105 PD(VE) ox106 PD(VE) ox10°
% m*mol™* % m?® mol™ % m®mol™ % m?® mol™
Methanol (1) + Chloroform (2) + Benzene (3)

303.15 15.73  0.03027 17.01  0.03309 HV 0.2483 9140  0.1881

308.15 17.36  0.03290 17.79  0.03376 HV 0.2441 HV 0.2223

313.15 18.72  0.03494 1854  0.03446 HV 0.2388 HV 0.2437

288.15-  15.88 0.0316  15.28  0.0305 - - 16.95  0.0341
-313.15¢

288.15-  15.22 0.0300 16.58  0.0329 56.89  0.01148 HV 1.0254
-313.15f

1-Propanol (1) + Chloroform (2) + Benzene (3)

288.15 3.49  0.00928 18.37 0.05128  HV9Y 0.4008  92.68  0.2534

293.15 401  0.01043 23.35 0.06609 HV 0.4096  81.99  0.2215

298.15 443  0.01156 24.87  0.06925 HV 0.4215  76.88  0.2089

303.15 479  0.01268 24.23  0.06860 HV 0.4270 HV 0.3916

308.15 544  0.01441 2372  0.06851 HV 0.4474 HV 0.4244

313.15 585  0.01590 2335 0.06925 HV 0.4565 HV 0.5184

288.15— 9.06 0.0252 5.35 0.0150  25.72  0.0758  52.84  0.1464
—313.15¢

288.15— 471 0.0127 1599  0.0555 87.83 0.2196 7170  0.1979
313.15

%Egs. (1)~(7), (13), ljj = 0; *Egs. (1)~(7), (13); °Egs. (1)-(11), (13), kjj = ljj = mjj = 0; ajj = 0.3; “Egs. (1)—(11),
(13), lij = mjj= 0; aj;= 0.3; eprediction of VE using temperature independent binary parameters; fprediction of
VE using temperature dependent binary parameters; 9High value

TABLE IV. Correlation of VE by the PRSV CEOS models for the investigated ternary systems

AQppz/Imolt  Agyz/Imolt  Aggp /I molt PD(VE) / o¢ ox10°
AQizp/Imoll  Agyg /Imoll  Agsyq /I molt (V5 7% m3 mol-1
Methanol (1) + Chloroform (2) + Benzene (3)
T=288.15K
TCRT.28 -0.216001-10* 0.331983-10* -0.895245.10° 3.00 0.00757
0.330521-10° -0.305165-10°  -0.685207-10°
TcpT.gh 018158410 -0.486347-10°  -0.175874.10° 173 0.00423
-0.220503-10* 0.246196-10* -0.112493-10*
T=293.15K
TeBT.p  ~020494310°  0.22320210°  -0.415594.10° 2.89 0.00722
0.143604-10* -0.227332-.10°  -0.698775-10°
TCBT-3 0.371297-10* 0.269915-10* -0.518535-10* 1.61 0.00384
0.235339-10* 0.185877-10* -0.169579-10*
T=298.15K
TCBT-2 -0.191181-10* 0.152833-10* 0.178648-10° 2.87 0.00707
-0.396537-10° -0.187830-10*  -0.715393-10°
TCBT.3 -0.548621-10* 0.127889-10° -0.217509-10* 157 0.00345

0.500719-10*

-0.510516-10*

0.353247-10*
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Ag1o3 /I mol? Agp13/Imolt  Agspp /I moll PD(VE) / %4 ox108
Agy32/ I molt AQy31 /J molt AQ3pq /I molt (V%) 7% m3 mol-!
Methanol (1) + Chloroform (2) + Benzene (3)
T=303.15K
TCBT.2 -0.181260.1%4 0.153214.10“4 0.245954-1035 3.00 0.00719
0.120825-10 -0.214668-10 -0.737614-10
TCBT-3 —0.690601-1(;4 —0.164110~1(;4 0.694574~10j 1.57 0.00340
0.800038-10 0.787850-10 0.234458-10
T=308.15K
TCBT-2 —0.170755-1%4 0.146794-10“4 0.362709-1035 3.17 0.00746
0.177365-10 -0.221035-10 -0.757075-10
TCBT-3 —0.7335231%4 —0.152677-1034 0.729489~10j 1.85 0.00397
0.543242.10 0.690292-10 0.315206-10
T=313.15K
TCBT-2 —0.159713.1%4 0.200236-1044 —0.227257~1of3 3.52 0.00793
0.130813-10 -0.271314-10 -0.785854-10
tceT3 O 865464-1(334 —0.146771-1({‘ 0.931429-101‘ 1.84 0.00399
0.131091-10 0.218790-10 0.433321-10
T =288.15-313.15 K¢
TCBT.3 —0.643200~10i —0.416194-101 0.925400-101‘ 454 0.0110
-0.147793-10 -0.508707-10 0.831354-10
T =288.15-313.15 K¢
TCBT.2 -0.102981.1914 -0.112302-101‘ 0.108598-1045 6.91 0.0159
0.237608-10 -0.150594-10 -0.687462-10
TCBT-3 —0.297640-10j O.860895~10§ 0.112204.10‘5‘ 4.45 0.0110
-0.156207-10 0.112204-10 0.942530-10
1-Propanol (1) + Chloroform (2) + Benzene (3)
T=288.15K
TCBT-2 0.228110-1043 -0.404970.1914 —O.805761~10j 3.09 0.00947
-0.144128-10 0.402080-10 -0.151393-10
TCBT-3 —0.537758-101 0.564205-102 —0.694120-10‘3‘ 1.78 0.00496
-0.414362-10 0.626995-10 -0.575803-10
T=293.15K
TCBT-2 0.2203401043 —0.361646-1({‘ —0.949869-102 3.05 0.00926
-0.182405-10 0.406272-10 -0.102617-10
TCBT-3 0.821370-1044 0.758260-102 —0.500333~1oj 1.43 0.00414
-0.233635-10 0.735235-10 -0.193503-10
T=298.15
TCBT-2 0.226181-10* -0.379604-10°  —0.952405-10° 3.04 0.00943
-0.153375-10° 0.408361-10* -0.323087-10*
TCBT.3 0.838612-10* -0.305674-10* 0.357589-10* 1.70 0.00489

-0.638441-10*

0.745891-10*

-0.170838-10*
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TABLE V. Continued.

AQppz/Imolt  Agyz/Imoll  Aggp /I molt ox106

PD(VE) / %
Ag13p/J molt Agog /I molt  Agayq /J molt V7% mol-1
1-Propanol (1) + Chloroform (2) + Benzene (3)
T=303.15K
TCBT.2 0.229285-10* -0.396769-10* -0.859157-10° 2.85 0.00909
-0.265356-10° 0.420063-10* -0.121934-10°
TcpT.3 0-52486510°  -031191310"  0.53320710° 1.69 0.00485
0.111767-10° -0.376340-10* 0.832227-10*
T=308.15K
TCBT-2 0.233657-10* -0.393679-10°  -0.983846-10° 2.93 0.00924
-0.202952-10° 0.420418-10* -0.907649-10*
TCBT-3 -0.552509-10* 0.304273-10* 0.519002-10* 1.71 0.00515
0.116962-10° -0.402050-10* 0.887191-10*
T=313.15K
TCBT-2 0.236775-10* -0.385129-10°  -0.830860-10° 2.84 0.00937
-0.277245-10° 0.395861-10* 0.861178-10?
TCBT.3 -0.631254-10* 0.126667-10° -0.832791-10* 1.80 0.00557
0.989397-10* -0.115236-10° 0.965200-10*
T =288.15-313.15 K¢
TepT  029553310°  -0306031-10"  -0.101354-10° 12.26 0.0344
0.276140-10* 0.246993-10* -0.537722-10*
TcpT.3 ~051695310°  082328610°  -0561513.10° 2.57 0.0077
-0.495301-10* 0.836822-10* -0.692308-10°
T =288.15-313.15 K¢
TepT.p  024486310°  -0.461499.10°  -0.12529710° 3.65 0.0107
0.589126-10° 0.458958-10* 0.940416-10°
TCBT-3 0.928149-10* 0.523491-10* -0.197974-10* 2.88 0.0085
0.145152-10* -0.450387-10* 0.568441-10°

aEgs. (1)-(13), kij = lij = mjj = 0, ojj = 0.3; bEgs. (1)-(13), lij = mjj = 0, &jj=0.3; Ccorrelation of VE using
prediction results obtained with temperature independent binary parameters; Ycorrelation of VE using prediction
results obtained with temperature dependent binary parameters

4.2. Prediction of VE by empirical models

An attractive alternative to the CEOS and CEOS/GE models is the prediction
of VE for multicomponent systems performed by empirical equations existing in
the literature.

Frequently used expressions for these models are as follows:

i) The Radojkovi¢ et al. model2°

V1§3 zvls +V1§ +V2§ 17)

in which the binary contributions VijE are determined directly using the ternary
mole fractions;
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i) The Kohler model34
2 2 2
VlES :(X1+X2) VlE(Xf’X;)""(Xi"'Xa) Vlg(vaxg)""(xz +X3) Vzg(xg’xe?) (18)
Kohler’s equation is symmetric, treating all binaries identically. The mole

fractions in binary contributions are x* =1—-x = x /(xi + xj) ;
iii) The Jacob-Fitzner model3°

Vigs = X% [ (% 4%,/ 2) (%, + %,/ 2) [Vig (6 3) +
306 /[ (% + %, 1 2) (% + %, 1 2) [Vi5 (0, %5) + (19)
+ %% /[ (% + %1 2) (% + %,/ 2) [Vi5 (6, %)
where x =1-x7 = (1+x - X;)/2;
iv) The Colinet model40
[3/(1-%) VE( 1)+ %/ (1) [V E (L%, %) +
V5, =05 +[x3/(1—)(1)]VE(xl,1—x1)+[xl/(1—><3)]VE(1—X3,x3)+ (20)
#1061 (1-%) VE O L-3) 4 % /(1-%) VEQL-%,%,)
v) The Tsao—Smith model4!
V1§3 = [Xz /(1_ Xl):lvlg (ch, X;) + [Xa /(l_ Xi)]vleE, (ch, Xg) + (1_ Xl)V2§ (X;, Xg) (21)
Bearing in mind that this model is asymmetric, the binary contributions are
evaluated in following manner:
a) x’ =x, and x? =1-x’ for binaries 1-2 and 1-3, and x; =1-x{ =X, /(X, +X;)
for binary 2-3 (option a in Table V)
b) X =x, and x{ =1—x’ for binaries 2-1 and 2-3, and x{ =1—x5 = X /(X +X;)
for binary 1-3 (option b in Table V)
€) X =X, and x¢ =1-x’ for binaries 3-1 and 3-2, and x{ =1-x; = X, /(X +X,)

for binary 1-2 (option ¢ in Table V)
vi) The Toop model42

Vi = [/ (1%) Vs 06 ) +[ 6 /(L) [Vis 0, 56) + (L%, )" Vi (%5, 6) - (22)

in which the binary mole fractions are computed as in the Tsao—Smith model (Eq. (21)).
vii) The Scatchard model43

Vigs = [ %, 1 (1=%) Va5 (X6, %5) +[ % /(1= ) V45 (X5 %5) + V5 (%5, %, ) (23)

where X and xj? were computed as in the case of the Tsao-Smith model (Eq. (21)).
viii) The Rastogi model44

Vlss:0'5[(X1+X2)V15(X1a’X;)+(X1+X3)V1§(X1a’Xe?)"‘(xz+X3)V2§(X;1X§)] (24)
where X =1-x§ =X /(% +X;).



1460 DJORDJEVIC et al.

TABLE V. Prediction of the VE data by the empirical models for the investigated ternary systems

%108 / m3 mol!
Methanol (1) + Chloroform (2) +Benzene (3)

T/K

Model
288.15 293.15 298.15 303.15 308.15 313.15
Radojkovié¢ 0.0336 0.0340 0.0344 0.0350 0.0358 0.0363
Kohler 0.0309 0.0310 0.0312 0.0315 0.0320 0.0320
Jacob-Fitzner 0.0336 0.0340 0.0344 0.0350 0.0358 0.0363
Colinet 0.0294 0.0294 0.0296 0.0300 0.0305 0.0304
Tsao—-Smith? 0.0078 0.0077 0.0078 0.0080 0.0083 0.0092
Tsao-Smith? 0.0318 0.0329 0.0339 0.0352 0.0365 0.0372
Tsao-Smith® 0.0516 0.0517 0.0519 0.0520 0.0520 0.0518
Toop? 0.0254 0.0242 0.0231 0.0219 0.0208 0.0194
Toopb 0.0311 0.0324 0.0338 0.0355 0.0375 0.0391
Toop® 0.0350 0.0354 0.0360 0.0366 0.0376 0.0379
Scatchard? 0.0256 0.0245 0.0234 0.0222 0.0211 0.0198
Scatchard? 0.0315 0.0328 0.0343 0.0362 0.0384 0.0402
Scatchard® 0.0373 0.0378 0.0385 0.0393 0.0405 0.0409
Rastogi 0.0528 0.0516 0.0506 0.0498 0.0493 0.0486

1-Propanol (1) + Chloroform (2) + Benzene (3)

Radojkovié¢ 0.0302 0.0304 0.0312 0.0319 0.0326 0.0339
Kohler 0.0304 0.0303 0.0308 0.0310 0.0310 0.0321
Jacob-Fitzner ~ 0.0302 0.0304 0.0312 0.0319 0.0326 0.0339
Colinet 0.0274 0.0275 0.0280 0.0282 0.0285 0.0294
Tsao-Smith? 0.0348 0.0349 0.0347 0.0350 0.0349 0.0354
Tsao-SmithP 0.0424 0.0417 0.0414 0.0408 0.0395 0.0394
Tsao-Smith® 0.0538 0.0524 0.0515 0.0501 0.0484 0.0476
Toop? 0.0159 0.0165 0.0171 0.0181 0.0187 0.0201
Toopb 0.0491 0.0501 0.0514 0.0526 0.0536 0.0554
Toop® 0.0409 0.0413 0.0424 0.0431 0.0437 0.0453
Scatchard? 0.0158 0.0163 0.0166 0.0176 0.0180 0.0192
Scatchard? 0.0531 0.0540 0.0555 0.0567 0.0580 0.0598
Scatchard® 0.0399 0.0408 0.0422 0.0433 0.0444 0.0465
Rastogi 0.0581 0.0585 0.0595 0.0610 0.0633 0.0660

a\Methanol or 1-propanol is the asymmetric components; “chloroform is the asymmetric component; Sbenzene is
the asymmetric component

As can be seen from Table V, the best results of VE predictions for the sys-
tem methanol + chloroform + benzene were obtained with the a-type Tsao—Smith
Equation. This a-type asymmetric model assumes that component shown as first
in the numbering (methanol) is the asymmetric component. This type is the most
adequate, giving the best agreement with the experimental data for this system. In
addition, two other asymmetric expressions, the a-type Toop and the a-type Sca-
tchard Equation, produced lower RMSD and could be recommended. The Radoj-
kovi¢, Kohler, Jacob-Fitzner, Colinet, b-type Tsao—-Smith, b-type Toop and b-ty-
pe Scatchard function satisfactorily, while the other models present clearly higher
deviations and can not be recommended.
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The best agreement with experimental VE data for the system 1-propanol +
+ chloroform + benzene, as shown in Table V, was achieved by the asymmetric
models: the a-type of Scatchard and the a-type of Toop, having in both cases
1-propanol as the asymmetric component. Satisfactory results were obtained us-
ing the symmetric models of Radojkovi¢, Kohler, Jacob—Fitzner and Colinet. All
other asymmetric equations worked very poorly, whereas the worst predictions
were obtained with the symmetric Rastogi model. It can be concluded that for
both studied ternary systems, the majority of the examined predictive models
gave adequate predictions of VE from the data of their binary sub-systems.

Comparison of the results achieved by the empirical models and the CEOS
and CEOS/GE models leads to the following remarks: for the methanol + chloro-
form + benzene system, the results obtained by both CEOS models (vdW1-2 and
vdW1-3) are of the same quality compared with those attained by the majority of
the empirical models (an exception is the a-type Tsao—Smith model). For the 1-pro-
panol + chloroform + benzene system, the vdW1-2 model worked signifycantly
better than the vdW1-3 one and all empirical models. The applied CEOS/GE mo-
dels, as it was already mentioned, are not suitable for this type of estimations for
the ternary systems examined here.

5. CONCLUSION

In the last decades, powerful thermodynamic models (GE, CEQS, poly-
nomials, etc.) have been developed. Firstly, the achievement was mainly directed
to the correlation, prediction, cross prediction and simultaneous fitting of VLE,
LLE, HE, CE, etc. However, until the employment of CEOS/GE models, which
are no longer limited to non-polar systems, the range of applicability could not be
extended to very complex mixtures with polar components over wide ranges of
pressure and temperature, including the critical region. This rapid progress was
imposed by a specific behaviour of GE on the CEOS model through its additional
flexible mixing rules. The accurate results of the CEOS/GE models, such as the
TCBT-3 model, used in correlating and predicting VE for diverse, strongly non-ide-
al systems over a large range of temperature, are very promising. In addition, the
range of their applicability could be extended to other thermodynamic properties
(HE, CE, etc.) and, as the most important, to mixtures which hitherto could not
be successfully represented by CEOS. Based on the results of this study, it can be
concluded that the CEOS/GE mixing rules have an advantage over the vdw1-one
fluid mixing rules for almost all the here investigated binary and ternary systems
and in some cases the improvement was quite significant. The results obtained
using the TCBT model with an insignificant change of parameters, generated from
an individual isotherm, support the opinion that the influence of temperature on
the CEOS/GE parameters is reduced, enabling extrapolation over wider ranges of
temperature. A number of the examined empirical models, especially some of the
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asymmetric ones, such as Tsao—-Smith, Toop and Scathhard, allowed adequate
prediction of VE of ternary mixtures from the data of binary subsystems. How-
ever, the reliability that most of the empirical polynomials employed exhibited sug-
gests that no unigque equation can represent the diverse types of complex systems.

Acknowledgement. This work was supported by a grant from the Research Fund of Ministry of Sci-
ence of Serbia and the Faculty of Technology and Metallurgy, University of Belgrade (project No.
142064).

U3BOJ

MO/IEJIOBABE BOJIVMETPUJCKNX CBOJCTABA BUHAPHUX 1 TEPHEPHUX CMEIIIA
[IOMOTRY CEQS, CEOS/GE 1 EMIIMPUICKUX MOJIEJIA

FOJAH 1. BOPBEBWR, CJIOBOJIAH I1. LIEPBAHOBW'HR, UBOHA P. PAJIOBWA,
AJIEKCAHJAP XK. TACUHh U MUPJAHA Jb. KWJEBUAHWH

Texnoaowxo—metmianypuxu paxyaiiein, Yrnueepauitieii y beozpaoy, Kapnezujesa 4, 11000 Beozpao

HNako cy npaBuiia Meliama 0a3ipaHa Ha KyOHHUM jelHaurHaMa crama u van der Waals-jenan
Gbayun npaBuily Mellama, Koja YKIbYdyjy TEMIIEpaTypHO 3aBHCHE MapaMerpe, JOBOJbHA 3a Mpopa-
YyH PaBHOTEKE HAPa—TEUHOCT U JOIYHCKHX CBOjcTaBa (HomyHcka MonapHa exrammuja HE, qomys-
cka MonapHa 3anpemuna VE, nty.), mpobiemMu HacTajy mpu KOpeiHcamy ¥ MpeACKa3HBaEby TEpPMO-
JMHAMUYKHX CBOjCTaBa CIOXKEHUX CMEIla Y Pa3IMYMTUM MHTEpBaIMMa TEMIIEpaType U IMPUTUCKA.
BeuKH HANPENaK je ocTBapeH mpucTyrnoM Gasupanom na CEOS/GE monenuma. Osaj pax mpen-
CTaBjba Mperiie]l JONPHHOCA y MOCIEAHUX LIECT FOAMHA Hallle UCTPAXHUBAYKEe TPYIE Y MOZIEIO-
Bamby BOJIYMCTPHUJCKUX CBOjCTaBA CJIOKCHHX OMHAPHHX M TEPHEPHHUX CHCTEMa HEEIEKTPOJIHTA IO-
mohy CEOS u CEOS/GF npucryna. IToce6uo, vAW1 1 TCBT Mozeny cy IpHMemeHH 3a H3pady-
HaBame VE mojaraka TepHepHIX crcTeMa MeTaHON + xopodopM + GeHser u 1-mpomaHon + xiio-
podopm + GenseH, kao u oaroBapajyhux OMHApHUX cCUCTEMa METaHOI + xyopodopM, Xiopodopm +
+ OenseH, 1-mpomanon + xmopodopm u 1-nponanon + OeHseH y uHTepBasy Temneparype 288.15—
-313.15 K u Ha atMocdepckoM nputucky. Takolje, H3BpiieHo je u npeackasusame VE monaraka 3a
oba TepHepHa cucrema emnupujckum Mmozenuma (Radojkovi¢, Kohler, Jackob-Fitzner, Colinet,
Tsao—-Smith, Toop, Scatchard u Rastogi).

(ITpumsseno 15. asrycra 2007)
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Abstract: The applicability of differently modified glassy carbon (GC) electrodes
for direct or indirect determinations of various physiologically active compounds
(insecticides and pharmaceuticals) in different formulations and some real samples
was investigated. Samples of selected insecticides from the group of neonicotinoids
with nitroguanidine (thiamethoxam and imidacloprid), cyanoimine (acetamiprid) and
nitromethilene (nitenpyram) fragments, prepared in an appropriate manner, were
determined by voltammetry on bare and surface-modified GC electrodes, while in the
case of pharmaceuticals such as Trodon and Akineton, the chloride anion titration
was followed using bare GC and phosphorus doped (P-GC) electrodes. The P-GC
was also used to monitor the chloride content in the photocatalytic degradation of
the (4-chloro-2-methylphenoxy)acetic acid herbicide. It was found that apart from
the nature of the electrode material, the analyte and supporting electrolyte, as well
as the pretreatment of the electrode surface essentially influences the applicability
of the employed sensors.

Keywords: bismuth film electrode, tetradecane film electrode, phosphorus-doped
glassy carbon, insecticides, pharmaceuticals, electroanalytical determinations.

INTRODUCTION

Of various electrode materials, glassy carbon (GC) is particularly useful be-
cause of its high electrical conductivity, impermeability to gases, high chemical
resistance, reasonable mechanical and dimensional stability and widest potential
range of all carbonaceous electrodes.? Although GC serves as a very good elec-
trode material, many attempts have been made to improve its electrochemical
properties by chemical modification. Surface modification comprises several me-
thodologies, including 1) the addition of a variety of molecular catalysts and me-
diators to the electrode surface by adsorption, 2) covalent bonding of electroac-
tive catalysts, 3) entrapment of metals within an affixed polymer film and 4) va-

* Corresponding author. E-mail: gaal@ih.ns.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712465G
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por or electrodeposition of metals directly onto the electrode.1.2 It is well known
that GC is a convenient material for surface modification with metals, e.g., mer-
cury3 and bismuth.4 Although bulk bismuth electrodes were used in ampero-
metric titration several decades ago, this electrode has recently experienced its
renaissance in voltammetric determinations.6 Namely, apart from bulk bismuth
electrodes, use is often made of its film, primarily aimed at replacing toxic Hg
film.”.8 Such films have been used in different types of anodic stripping analysis
for trace level determination of a wide assortment of metal ions.”~11 On the other
hand, the application of bismuth and bismuth film electrodes (BiFES) have been
much less studied for the determination of organic compounds.12:13

Another approach, yielding homogeneously modified materials, involves the
introduction of heteroatoms in the carbon precursor.2:14-16 Such a homogeneous
modification of GC is highly desirable because of the expectation that an elec-
trode modified at the atomic level would exhibit efficient catalysis, high stability,
and comparatively simple renewability. Hitherto, a number of elements have been
used for GC doping, e.g., nitrogen,2 chlorine,14 fluorine,14 platinum,? lithium,15
boron,16 phosphorus,16 etc.

It is generally accepted that the microstructure of the carbon material, clean-
liness of the electrode surface and surface functional groups are important deter-
minants of electrode reactivity and suitability for surface modification. It is also
known that bare solid electrodes suffer from memory effects and, due to the in-
ability to achieve surface renewal, surface regeneration is frequently required.1.17
The strategies for surface renewal include polishing,18 electrochemical active-
tion,17.19 ultrasonic activation,20 laser activation,?! etc.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) on bare or
differently modified GC electrodes have proved to be suitable for the sensitive and
selective determination of many pharmaceutical?22-24 and pesticide compounds.25-27

The aim of this work was to study the possibility of applying various GC-ba-
sed electrodes, i.e., two bare GC samples from different manufacturers, surface
modified GC (bismuth film, BiFE, and tetradecan film, C14FE) and bulk-mo-
dified GC with phosphorus as dopant (P-GC) for direct or indirect determina-
tions of various physiologically active compounds (insecticides and pharmaceuti-
cals) in different formulations and some real samples.

EXPERIMENTAL
Reagents and solutions

All chemicals used were of the analytical reagent grade. The reference standards were: niten-
pyram (C11H15CIN4O,), pestanal, purity 99.9 %, and (4-chloro-2-methylphenoxy)acetic acid, MCPA
(CyHoClO3) (Riedel-de-Haén, Germany), purity 98.8 %, thiamethoxam (CgH1oCIN5O3S), acetami-
prid (C19H11CIN,) and imidacloprid (CgH1oCIN5O,) pestanals (Syngenta, Switzerland), purity
>99.7 %. The applied commercial formulation of acetamiprid was Volley (Nippon Soda, Japan).
Primary stock solutions were prepared by dissolving each reference standard in doubly distilled wa-
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ter or in buffer solutions at a concentration of 0.50 mg cm=3. The contents of chloride were determi-
ned in the following pharmaceutical preparations: biperiden hydrochloride (C,1H3oCINO) in Aki-
neton tablets (Lek, Slovenia) and tramadol hydrochloride (C1gH26CINO,) in Trodon capsules (He-
mofarm, Serbia). Britton-Robinson buffer solutions were prepared from a 0.04 mol dm3 stock so-
lution of phosphoric (Merck, Germany), boric (Merck), and acetic (Merck) acids by adding 0.2 mol dm?3
sodium hydroxide (Merck) to the required pH.

Apparatus

Voltammetric measurements were performed on an Easyscan 5000 (Amel, Italy) instrument
furnished with a software package for pulse techniques. The stand included a three-electrode sys-
tem, a Radiometer saturated calomel electrode (SCE), a platinum ring auxiliary electrode and a GC
(Sigri Electrographit, HTT 2400 °C, Sigri-GC and Amel, Amel-GC, HTT not stated), BiFE or C-14FE
as working electrode.

The surface morphology of the bare GC and bismuth films was studied on a JEOL JSM-6460LV
scanning electron microscope (SEM, Japan Electron Optics Laboratory, Japan). Energy dispersive
spectroscopic (EDS) microanalysis was performed using an INCA microanalysis system (Oxford
Instruments, United Kingdom).

The course of indirect controlled-current potentiometric titrations was monitored using P-GC
and standard Sigri-GC electrodes. Both GC electrodes were in the form of rods (& 3 mm) and were
mounted in Teflon holders. The P-GC was prepared by carbonizing a phenol-formaldehyde resin,
containing 1 % w/w phosphorus added in the form of (NH,4),HPO,, at 1000 °C.28

The microcomputer-aided?? potentiometric (1 = 1 pA) titrations were performed using a nega-
tively polarized indicator electrode coupled to a Radiometer SCE via a double-junction salt bridge
(JGC(-)|SCE(+)]). Comparative argentometric potentiometric titrations were performed with the aid
of a silver wire electrode connected via a suitable SCE and an appropriate resistor, to ensure the
zero-current regime. The titrant was added continuously by a Radiometer ABU 80 automatic piston
burette at an optimum rate of 0.25 cm? min-L,

Comparative high-performance liquid chromatography (HPLC) measurements were perfor-
med on an Agilent 1100 series liquid chromatograph (Agilent Technologies Inc., USA) using a
Zorbax Eclipse XDB-C18 (4.6 mmx250 mm, 3.5 um) column and a diode-array detector (DAD)
for insecticide determination and a Shimadzu Class LC-10 chromatographic system with a Shi-
madzu, Japan UV/Vis, SPD-10A detector at 272 nm for Trodon analysis, according to the manu-
facturer's procedure.

All pH measurements were made on a digital pH meter (Radiometer, Netherlands) using a
combined glass electrode (Metrohm, Switzerland).

Voltammetric investigations

The GC electrode, was polished with alumina powder (Buechler, USA) of different particle
size (0.5 and 0.3 pm) suspended in doubly distilled water, using finally 0.3 pm grade on a polishing
cloth, to attain a mirror fine finish. Afterwards, the GC electrode was washed in an ultrasonic bath
with doubly distilled water to remove any residual polishing material. To attain a better func-
tioning, the electrode was pretreated by ex situ potential cycling (10 cycles) with amplitude in the
0.4 to —1.9 V (vs. SCE) before each measurement. This was carried out in an aqueous solution of
the same supporting electrolyte as in voltammetric experiments. In the case of the deposition of a
bismuth film, the plating procedure was carried out ex situ in a still solution consisting of 0.02 M
Bi(NO3)3, 1 M HCI and 0.5 M KBr10 at —0.25 V for 60 s.26 Subsequently, the BiFE was rinsed
slightly with 1 M HCI. Before film deposition, the polished GC electrode was activated by in situ
potential cycling in the plating solution from —0.40 to —1.2 V. To remove the film, a potential of
0.20 V was applied. The tetradecane film electrode was prepared by placing two drops of alkane
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solution in hexane on a polished, ethanol-washed and dried Sigri-GC. The film was dried by
manual rotation of the electrode. In all cases, the insecticides in the model systems and commercial
formulations were measured in 10.0 cm? solution in the presence of Britton-Robinson buffer solu-
tion, after recording the baseline. For the real samples, the overall volume was 2.00 cm3. All data
were taken at ambient temperature.
Zero-current and controlled-current potentiometric titrations

An aliquot of the titrated solution was diluted with 5.00 cm?3 of doubly distilled water and the
mixture was titrated with standard silver nitrate solution. The indicator electrode was P-GC or
Sigri-GC. The titration end-point was determined using a computer program?? for finding the in-
tersection of the straight lines before and after the equivalence point in chloride determination. The
procedure was the same in the zero-current regime with a silver indicator electrode. The titration
end-point was determined using the mentioned computer program?® for finding the maximum of
the first derivative of the titration curves. In all cases the results were corrected for the blank (107
mol dm3 solution of potassium nitrate). The procedures for comparative methods were as recom-
mended by the manufacturer.

RESULTS AND DISCUSSION
Glassy carbon and surface-modified glassy carbon electrodes in insecticide analysis

As the nitroguanidine (imidacloprid and thiamethoxam), nitromethylene (ni-
tenpyram) and cyanoimine (acetamiprid) neonicotinoid insecticides have func-
tional groups reducible in a fairly negative potential range (from —0.5 to —2.0 V),
ex situ potential cycling of the working electrode was employed to expand the
potential window. It appeared that the electrochemically pretreated electrode had
an about 150 mV more negative potential of hydrogen evolution than the poli-
shed electrode and the residual current was significantly higher in the case of the
polished surface. The voltammograms recorded in the neonicotinoid model solu-
tions with an ex situ pretreated electrode showed a two times more reproducible
response (RSD between 2.5 and 3.1 %) than a wet-polished working electrode.
The shape of obtained voltammograms was strongly dependent on pH, which can
be explained by the significant role played by protons in the complex reduction
mechanisms.30 Since the Sigri-GC and Amel-GC electrodes had different resi-
dual currents in the range where the reduction peaks were observed, it appeared
that the nature of the GC substrate influenced significantly the determination. By
comparing the reduction signals of acetamiprid obtained with Amel-GC (Fig. 1A)
and Sigri-GC (Fig. 1B), it can bee seen that the latter was two times more inten-
sive, hence this electrode was used in its determination as the active component
in the commercial formulation Volley by the standard addition method (Fig. 1C).
The obtained results are in agreement with those of the manufacturer's declara-
tion and the HPLC/DAD method. The advantage of the voltammetric method lies
in the simplicity of the sample preparation and the speed of the determination of
neonicotinoids (imidacloprid, thiamethoxam, nitenpyram and acetamiprid), al-
though in a higher concentration range (from about 30 to 500 pug cm=3).
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Fig. 1. Cyclic voltammograms of acet-
amiprid obtained with Amel-GC (A) and
Sigri-GC (B) electrodes in Britton—-Robin-
son buffer model solution pH 3.0 at a scan
rate of: 1) 100 mV s and 2) 500 mV s?
and cyclic voltammograms of its commer-
cial formulation Volley obtained by Sigri-GC
(C) at pH 3.0 and 500 mV s1; the voltam-
mograms recorded after standard addition
of acetamiprid. The inset shows the corres-
ponding calibration curve.

With the aim of improving the sensitivity and reproducibility of the determi-
nation, two different films, BiFE and C-14FE, were tested in the cathodic vol-
tammetric analysis of thiamethoxam. In the case of an ex situ cathodic applica-
tion, the BIiFE should be removed from the plating solution, and, very often, im-
mersed in a neutral or basic solution, which may passivate its surface. This ope-
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ration yields a different distribution of the bismuth crystals, which certainly in-
fluences the nature of the sensing surface. In the present case, washing in 1 M HCI
appeared to be a suitable procedure for the removal of the bismuth bromide
complex without affecting the sensitivity of the surface. EDS analysis of the
BiFE surface showed that, apart from 60 % of carbon and 20 % of bismuth, there
was a significant amount of bromide, which was not observed after washing. Af-
ter such a pretreatment, the electrode was subjected to electrochemical activation
by potential cycling in the potential range from —0.40 V to —1.6 V in the suppor-
ting electrolyte. A comparison of the BIiFE surfaces before and after potential
cycling reveals a rearrangement of bismuth crystals (Fig. 2).

Fig. 2. SEM Morphology of the freshly electrodeposited (A, B) and electrochemically-conditioned
BiFE (C, D) taken at two magnifications.

The cyclic volammograms obtained in the conditioning procedure also showed
surface stabilization and a significant decrease of the background current after
the first cycle (Fig. 3A), which is of a peculiar shape.26 The electrode prepared in
this manner, in combination with the highly sensitive DPV method under optimi-
zed conditions, appeared to be convenient for the determination of thiamethoxam
in maize26 and potato (Fig. 3B) samples.

In contrast to the BIFE, with the C-14FE potential cycling did not facilitate
film adsorption. This may be explained by the fact that electrochemical condi-
tioning yields a more hydrophilic GC electrode surface compared to the surface
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prepared only by polishing. With n-alkane films, the hydrophobic interaction of
the surface and the compound may favor film adsorption. A comparison of the
cyclic voltammograms for thiamethoxam reduction on a C-14FE (Fig. 4, curve 1)
and a bare Sigri-GC electrode (Fig. 4, curve 2) shows that the former electrode is
advantageous over the latter one. Namely, the corresponding reduction peak is
better defined and more symmetric, and the peak current is by 1.2 times higher.
The application of the stripping step at 1.0 VV and 60 s yielded an increase of the
signal by 2.5 times, even at a thiamethoxam concentration of 0.08 mg cm3.
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Fig. 3. Electrochemical conditioning of the
: . . . __ BIFE surface by cyclic voltammetry (A)
-0.6 -08 -1.0 -1.2 and the DPV determination of thiametho-
E(v/SCE) xam on BiFE (B).
-150
2
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0
50 -~~~ Figure 4 Cyclic voltammograms of thia-
05 0.0 -0.5 -1.0 -1.5 -2.0 methoxam obtained on a C-14FE (1) and a

E(v/SCE) bare Sigri-GC electrode (2).
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On the basis of the above, it can be concluded that the different types of GC
electrodes differed in their applicability for the determination of organic com-
pounds with functional groups reducible in a fairly negative potential range. Fur-
thermore, the above films in combination with a stripping step in the case of C-14FE
and a pulse technique for BiFE lowered the limit of determination and improved
the reproducibility.

Bulk-modified glassy carbon electrode in pharmaceutical analysis

In a previous study, it was shown that doping of GC with phosphorus yield-
ed significant changes in the surface properties of the material in comparison to
the undoped one and the Sigri-GC electrode. This material was applied as the
sensor in the potentiometric argentometric controlled-current titrations of halides
and compared with the performance of the Sigri-GC and Ag-wire electrodes. Ge-
nerally, the P-GC electrode appeared to be suitable for the determination of ha-
lides in model systems, and also for the indirect determination of the active com-
ponent of pharmaceutical preparations containing chlorine and bromine.2428 As
can be seen from Fig. 5A, the shape of the curves recorded in the titration of chlo-
ride from Trodon capsules (curves 1 and 3) and the model solution of chloride
(curves 2 and 4) was favorable in the case of using a P-GC electrode. Similar
results were also obtained in the titration of chloride from Akineton tablets.

The experiments showed that the potentiometric response depended on the
mode of polarization and nature of the analyte and supporting electrolyte. In ad-
dition, electrochemical conditioning of the P-GC surface also played an impor-
tant role. Namely, it was observed that a negative polarization (1.0 V vs. SCE un-
til the residual current decayed to about 5 pA) of GC in a 10~ mol dm~3 potas-
sium nitrate solution had a favorable effect on the shape of the titration curve.
The starting potential of such an electrode was much more negative than in the
case when the same electrode was pretreated by polishing. Such a treatment pro-
bably resulted in the reduction of oxygen functional groups, thus making the sur-
face more sensitive to silver ions. This conditioning procedure was most favora-
ble for functionalization of a P-GC electrode. It should be noticed that the nega-
tive polarization in situ did not result in any satisfactory results. Furthermore, the
presence of acetate buffer (pH 4.5) in the model system improved the reprodu-
cibility even by three times (RSD 0.6 %). It can be supposed that similar buffer
additives in the medicaments can have the same effect.

As can be seen from Fig. 5B, the method developed for the indirect determi-
nation of different pharmaceuticals was also applicable for monitoring of the chlo-
ride concentration during the photocatalytic degradation of the herbicide MCPA
in the presence of TiO, catalyst. The obtained results are in agreement with lite-
rature data.3! The advantage of a P-GC electrode over a silver electrode lies in
the possibility of measuring 100 times lower concentrations of chloride, which is
especially important with those systems where the solubility of the parent com-
pound itself is low.



DETERMINATION OF INSECTICIDES AND PHARMACEUTICALS 1473

A
3001 1 2
2001
100+
S
£ oo
[T
s
4 1005
-2001
-300-
OCH,
! ; Hel
-400 1 CHN(CH,),
-500
0.0 05  viemd) 10 15
300
| Fig. 5. Zero-current [Ag|SCE], (I = 0)
20 (1,2) and controlled-current [P-GC(-)|
100 |ISCE(+)], (I = 1 pA) potentiometric ti-
tration curves (3,4) of 4.65 mg of trama-
o dol hydrochloride in Trodon capsules (A)
z and controlled-current [P-GC(-)|SCE(+)],
g 100 (I =1 pA) potentiometric titration cur-
& ves of chloride with 1x10"2 mol dm-3
2001 Cl_ AgNO3 obtained in the monitoring of
@\ fe the photocatalytic degradation of 2.7
-300 | OCHzG mol m3 MCPA in the presence of O,/TiO,
CH, OH (B) in the following UV irradiation
e > intervals: 1) 0; 2) 10; 3) 30; 4) 60; 5)
) ' V (e 120 and 6) 180 min.

As can be seen from the above examples, various GC-based electrodes are
applicable for the determination of different compounds. These methods do not
require tedious pretreatment and involve a limited pre-separation procedure,
which, consequently, reduces the cost of the analysis.
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N3BOJ

OIPEBUBAE PASHUX MHCEKTULUAA U PAPMAILEYTCKHX ITPOU3BOJIA IIPUMEHOM
PA3JIMYUTO MOANPHUKOBAHUX EJIEKTPOJIA OJ] CTAKJIACTOI" YI'JbBEHHUKA

FERENC F. GAALL2 VALERIA J. GUZSVANY! 11 JIVKA J. BJEJIULIAY

Ylpupoono—waitiemaitiuvuxu paxyaiiei, deiapitiman 3a xemujy, Tpz JI. O6padosutia 3, 21000 Hosu Cad u
2Bojsobarcka akademuja Hayka u ymeiminociu, ynascia 37, 21000 Hosu Cad

Hcnurana je MoryhHOCT mpUMeHE Pa3NUYUTO MOAM(UKOBAHUX €IEKTpoAa Ha 0a3u cTakia-
CTOT' YIJbCHUKA 33 JIUPEKTHO WM MHIUPEKTHO onpehuBame (U3UOJOIIKM aKTUBHHUX jEIHIbCH-A
(MHCeKTHIMAA U JIEKOBA) Y Pa3INYMTHM THIOBHMA y3opaka. OnabpaHu MHCEKTHLHIN U3 TPyIe
HCOHHKOTHHOH/A Ca HUTPOTYaHHIMHCKAM (THAMETOKCaM W HMHIAKJIONPHL), [HjaHOUMHHCKUM
(aueTaMuIIpuI) U HUTPOMETHICHCKUM (HHTEHNHpaM) GparMeHTOM Cy OApehHBaHU BONTAMETpPH]-
CKHM TIPUMEHOM €JICKTpOJa Ha 6a3u CTaK/IacTOr YIJbCHHKa, Koje cy Ouie ca ¥ 0e3 HMOBPLIMHCKE
moaubuKalyje, 0K je y ciydajy JekoBa (TPOJOH U aKHMHETOH) THUTPAILja XJIOPUIHOT aHjoHa mpa-
hena enexrposama oj craknacror yribeHuka (GC) u enexrpogama ponosanum docdopom (P-GC).
P-GC enektpona je Takohe mpumermeHa 3a mnpaheme caipkaja xyopuaa y (OTOKATATUTHYKO]
nerpagandju xepoununa (4-xnop-2-merwinpenokcu)cupherne xucenune. Haleno je ma mopexn
NPHUPOJIC EJCKTPOIHOr Marepujajia, aHaJMTa W OCHOBHOI EJCKTPOJHTA INPUIIPEMa EJICKTPOIHE
MOBPILIHHE T0CEOHO YTHYE Ha IIPUMEHJBHBOCT KOPHIINEHNX CEH30pa.

(Mpumsseno 31. jymaa 2007)
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Abstract: The stability of the herbicide clopyralid (3,6-dichloro-2-pyridinecarboxy-
lic acid) was studied under different experimental conditions of pH, illumination
and initial substrate concentration. It was found that in the pH interval from 1.0 to
9.0 in the presence/absence of daylight, clopyralid solutions were stable for at least
a period of two months. The kinetics of the photocatalytic degradation of clopyralid
in aqueous suspensions of TiO, (Degussa P25) under UV and visible light, as well
as of direct photolysis using the same radiation sources, were also investigated. It
was found that the rate of photocatalytic degradation in the presence of UV light
was more than five times higher compared to direct photolysis, whereas in the pre-
sence of visible light, the corresponding rates of photocatalytic/photolytic degrada-
tion were much lower (more than 15 times). The reaction in the investigation con-
centration range is zero-order with respect to the degradation of the clopyralid pyri-
dine moiety, with a reaction rate of 3.4x106 mol dm= min'l and an adsorption
coefficient of the substrate of 2.5x10% dm® molL.

Keywords: clopyralid, photocatalytic degradation, TiO, Degussa P25, photolysis,
water treatment.

INTRODUCTION

Clopyralid (3,6-dichloro-2-pyridinecarboxylic acid, CAS No. 1702-17-6,
CgH3CIoNOy, M, = 192.00 g mol-1) is a systemic herbicide from the chemical
class of pyridine compounds, i.e., pesticides of picolinic acid. It was registered by
the U. S. Environmental Protection Agency (EPA) for the control of weeds and
woody plants in lawns, turf, pastures, rights-of-way and various crops, such as
wheat, barley and oats. This substance is absorbed by the leaves and the roots of
the weed and moves rapidly through the plant. It affects plant cell respiration and
growth. The acidic form of clopyralid! and especially three clopyralid salts, i.e.,
triethylamine, triisopropylamine and monoethanolamine, are very soluble in wa-
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ter and very mobile in soil, thus having the potential to leach to ground water and
contaminate surface water.2 Clopyralid is formulated in the form of concentrated
solutions. In Serbia it is commercially available as Lontrel 100, Pikogal, Piralid
100 and Hemoklop 100-SL, which contain 100 g dm=3 of clopyralid. It is also
sold in combination with other herbicides, such as triclopyr, (4-chloro-2-methyl-
phenoxy)acetic acid (MCPA) and (2,4-dichlorophenoxy)acetic acid (2,4-D).3 Clo-
pyralid is by its structure and mode of action similar to the herbicide picloram.3
Efficiency is certainly a very important characteristic of pesticides but their
degradability is equally, if not more, important because of their potential to con-
taminate water courses. For this reason, special attention has recently been paid
to the degradation of pesticides as a means of water decontamination. A promi-
sing way to perform the mineralization of this type of substance is the application
of an advanced oxidation process (AOP). Heterogeneous photocatalysis with tita-
nium dioxide as a semiconductor is one of the most popular treatment techno-
logies for eliminating a number of pesticides from water based on AOPs, as can
be seen from the large amount of information available in the literature.4-10 Con-
tinuing on previously initiated investigations of the kinetics and mechanism of
photocatalytic degradation of compounds which in their structures contain chlori-
nated pyridine moiety, such as 3-amino-2-chloropyridine and 2-amino-5-chloro-
pyridinel1-13 as model compounds for pyridine containing pesticides, the aim of
this work was to study the kinetics of the photocatalytic degradation of the her-
bicide clopyralid from the mentioned group of compounds. The Kkinetics of pho-
tocatalytic degradation under UV light was compared to that of direct photolysis,
as well as to the kinetics under visible irradiation in the presence and absence of
TiO». The effect of the initial concentration of pesticide was also investigated.

EXPERIMENTAL
Chemicals and solutions

All chemicals used in the investigation were of reagent grade and were used without further
purification. Clopyralid, 99.4 %, PESTANAL®, analytical standard, was purchased from Riedel-de Haén.
Britton—Robinson (BR) buffers were prepared using hydrochloric acid, 35 %, p.a., and phosphoric
acid, 85 %, p.a., both purchased from Lachema, Neratovice; acetic acid, 99.5 %, p.a., from Polskie
Odczynniki Chemiczne S. A., Gliwice; boric acid, 99.8 %, p. a., from Kemika, Zagreb; while sodi-
um hydroxide, p.a., was purchased from ZorkaPharm, Sabac. All solutions were made using doubly
distilled water. Acetonitrile, 99.8 % (J. T. Baker, Deventer) was used as a component of the mobile
phase for HPLC analyses.

Stock solutions with 1.0 and 3.0 mol m3 of clopyralid were prepared and protected from the
sunlight. For the investigations of the influence of pH on the kinetics of photodegradation,
0.10 mol m3 solutions of clopyralid were prepared by measuring 5.00 cm3 of 1.0 mol m™ stock
solution into 50.00 cm3 volumetric flasks. Then, 25.0 cm3 of BR buffer of appropriate pH were
added to each flask and the solutions were made up to mark with doubly distilled water. For the
investigation of the effect of the initial clopyralid concentration, stock solutions were further dilu-
ted to prepare lower concentration solutions. Standard solutions for the construction of the calibra-
tion curves (3.1x103-5.0x10"2 mol m™3) for spectrophotometric and HPLC determinations were
prepared by measuring the necessary volumes of stock solutions into 10.00 cm3 volumetric flasks.
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Degussa P25 TiO, (75 % anatase and 25 % rutile form, 50+15 m2 g1, about 20 nm, non-po-
rous) was used as the photocatalyst.

Photodegradation procedure

For the investigation of the stability of clopyralid solutions at various pH values, experiments
were performed at 2512 °C, either exposed to daylight or in the dark during the spring months of 2007.

The photocatalytic reaction was carried out in a cell (sample volume 20.0 cm3, continuously
flushed with O,) made of Pyrex glass, with a plain window on which the light beam was focused,
equipped with a magnetic stirring bar and a water circulating jacket. Aqueous suspensions of TiO,
Degussa P25, containing 1.0 mol m™ herbicide (except for the study of the effect of initial substrate
concentration), were sonicated for 15 min before illumination, to make the particles of the photoca-
talyst uniform. The thus obtained suspension was thermostated at 40+1 °C in a stream of O, and
then irradiated. Irradiation in the UV range was performed using a 125-W medium-pressure mer-
cury lamp (Philips, HPL-N, emission bands in the UV region at 304, 314, 335 and 366 nm, with
maximum emission at 366 nm), with an appropriate concave mirror. Irradiation in the visible range
was performed using a 50-W halogen lamp (Philips) and a 400-nm cut-off filter. During irradiation,
the mixture was stirred at a constant speed. All the experiments in the presence of photocatalyst
were carried out using 2 mg cm TiO,.

Direct photolysis experiments were performed under the same conditions, but without catalyst
addition.

Analytical procedure

For the spectrophotometric determination of the effect of pH on the stability of the clopyralid
solutions under daylight and in the dark, 5.00 cm? aliquots of the samples were taken and diluted to
10.00 cm® with doubly distilled water. For the blank, 2.0 cm3 aliquots of BR buffer of the
appropriate pH value were taken and diluted to 10.00 cm3 with doubly distilled water.

For the spectrophotometric monitoring of the degradation of the substrate, aliquots of 0.50 cm3
of the reaction mixture were taken at regular time intervals, then 5.0 cm3 of 0.1 mol dm=3 HCI were
added, and the solution diluted to 10.00 cm3 with doubly distilled water. The suspensions contain-
ing the photocatalyst were filtered through Millipore (Milex-GV, 0.22 um) membrane filters and
the spectra were recorded in the wavelength region from 200 to 400 nm on a Secomam Anthelie
Advanced 2 spectrophotometer in 1 cm quartz cells. The kinetics of the degradation of the pyridine
moiety was monitored at 225 nm.

For the HPLC determinations, the samples were prepared in the same way as for the spectro-
photometric measurements. After that, 20 pl of the sample were injected and analyzed on an Agi-
lent Technologies 1100 Series liquid chromatograph, with a UV/VIS DAD set at 225 nm and with
an Eclyps XDB-C18 column (150 mmx4.6 mm, particle size 5 um). The mobile phase (flow rate
1.0 cm3 min1) was a mixture of acetonitrile and water acidified with 0.1 % phosphoric acid (3:7,
v/v). For the 3D HPLC measurements of the potentially formed intermediates, 1.00 cm3 aliquots of
the reaction mixture were taken at regular time intervals without subsequent dilution.

RESULTS AND DISCUSSION

Since it was to be expected that the degradation of clopyralid would be ac-
companied by changes in pH, because of both the disappearance of clopyralid
(pK 2.0)1 and the formation of hydrochloric acid and, presumably, nitrate/ammo-
nium (due to the presence of chlorine and nitrogen in the molecule), it was also
necessary to investigate the effect of pH on the spectral pattern (Fig. 1). As can
be seen, in the investigated pH range, certain changes in the shape of the spec-
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trum occurred, and a spectrum with a well defined maximum at 225 nm was
obtained at pH 1.0. Hence, this pH value was adjusted in the spectrophotometric
monitoring of the kinetics of clopyralid photodegradation.

e ——pH1.0

-------- pH 3.0
pH 5.0
------------ pH 7.0

08+
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0.0 . , .
200 250 300
A/ nm

Fig. 1. The influence of pH on the shape of the absorption spectra of
a 5x1072 mol m3 clopyralid solution.

To investigate the stability of clopyralid solution (0.10 mol m~3) experiments
were performed in the presence and absence of daylight in the pH interval 1.0-9.0
during the spring months of 2007. On the basis of the obtained results, it can be
concluded that in none of the cases did degradation of the substrate occur in the
period of two months, which indicates its stability under the given experimental
conditions. This is an indicator of the even greater importance of studying the ef-
ficiency of the process of the photocatalytic degradation of clopyralid.

As can be seen from Fig. 1, the optimal wavelength for monitoring the kine-
tic of the photocatalytic degradation of clopyralid by the HPLC method was
225 nm. It was found that the peak with a retention time (t;) at 3.2 min, corres-
ponding to clopyralid, had disappeared completely after 240 minutes of illumina-
tion, indicating that in this period complete degradation of the parent compound
had occurred (Fig. 2, curve 2). On the basis of these measurements, it was found
that the reaction is of zero-order with ky = 4.61x10-6 mol dm=3 min=1 (linear re-
gression coefficient, r = 0.997). The kinetic curve obtained by the spectrophoto-
metric monitoring of the photocatalytic degradation of clopyralid is shown in
Fig. 2 (curve 1). The difference in the presented kinetic curves, i.e., the lower rate
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of degradation of clopyralid obtained by spectrophotometric monitoring (ks =
=4.11x1078 mol dm=3 min~1; r = 0.998), suggests the presence of intermediates
with a pyridine moiety, which absorbs at the same wavelength as the substrate.
The small difference in the Kinetic curves indicates a low concentration of the
intermediates.

0.8 1
® .
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Fig. 2. Kinetics of the photocatalytic degradation of clopyralid (1.0 mol m™3) in the presence of TiO,
(2 mg cm™3) under UV light: (1) spectrophotometry (A4 = 225 nm); (2); HPLC (A = 225 nm).

Since the concentration of intermediates during photodegradation was low,
3D chromatograms were recorded for aliquots of the reaction mixture without di-
lution. A 3D chromatogram taken after 180 min of irradiation is presented in
Fig. 3, from which the presence of intermediates is visible. Similar chromato-
grams were also obtained for shorter irradiation times. On the basis of the spectra
of the intermediates it can be supposed with great certainty that pyridine deriva-
tives are in question. The formation of such a small number of these intermedi-
ates at low concentrations is a good indicator of the efficiency of the heteroge-
neous photocatalysis in the destruction of clopyralid.

To explore the photocatalytic activity of TiO» in the UV light region (Fig. 4,
curve 4), the kinetics of degradation of clopyralid under UV light was compared
to that under visible light (Fig. 4, curve 2). It can be said that the rate of clopyra-
lid degradation in the former case was about 30 times higher (Table I).

To investigate the photodegradation efficiency of the catalyst, experiments
were also performed under conditions of direct photolysis without TiO2 using ar-
tificial UV radiation (Fig. 4, curve 3) and visible (Fig. 4, curve 1) light. The re-
sults of these experiments show that in this case too, clopyralid degradation oc-
curred under UV irradiation, although at a significantly lower rate, i.e., about five
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times slower compared to photocatalytic degradation (Table I). Under the condi-
tions of visible light, photolysis of the substrate was much slower. Therefore, the
slower processes observed in both cases indicate that direct photolysis does not
play a significant role in the overall photocatalytic degradation.

Fig. 3. The 3D chromatogram obtained after 180 min of photocatalytic degradation of clopyralid
(1.0 mol m=3) in the presence of TiO, (2 mg cm-3) under UV light.

0.8 ~
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0.4
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0.0 e
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Time / min
Fig. 4. Kinetic curves for the degradation of the pyridine moiety of clopyralid (1.0 mol m-3) moni-
tored by spectrophotometry: (1) direct photolysis, visible light; (2) TiO, (2 mg cm™3), visible light;
(3) direct photolysis, UV light; (4) TiO, (2 mg cm™3), UV light. Insert represents the profiles of the
UV spectrum during the photocatalytic degradation of clopyralid in the presence of TiO, under UV light.
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TABLE I. Effect of various light sources on the degradation rate, R, of the pyridine moiety of clopyralid®

Rx10° / mol dm™3 min!

Mercury lamp Halogen lamp
TiO, Degussa P25 3.760 0.13
Direct photolysis 0.68 0.04

8Degradation rate calculated for time period of 600 min, except b240 min

On comparing the obtained results with those obtained in a study of the effi-
ciency of the photocatalytic degradation of mecopropl4 under visible light, it can
be concluded that the efficiency of clopyralid degradation is significantly lower.
Namely, the efficiency of photocatalytic degradation of mecoprop under visible
light was practically the same as in the direct photolysis by UV light, whereas
with clopyralid, as already mentioned, the difference is very large (about five ti-
mes, Fig. 4, curves 2 and 3). This confirms the supposition that the efficiency of
TiOy as a photocatalyst under artificial visible light depends to a great extent of
the type of substrate.1®

The effect of the initial substrate concentration on the reaction kinetics was
investigated in the concentration range 0.5-3.0 mol m=3 (Fig. 5). It was found
that the substrate concentration decreased linearly with irradiation time, i.e., the
reaction was of zero-order (Table Il), which is in agreement with the Langmuir—Hin-
shelwood (L—H) kinetic model.16.17 Since the rate of photodegradation in the ir-
radiated suspensions could be satisfactorily described by formal zero-order kine-
tics (the linear correlation coefficients varied in the range of 0.997-0.999, Table II),
the kinetic behavior of clopyralid was subsequently characterized by the initial
decomposition rates obtained by linear regression fits (by the least squares me-
thod with simple weighting) to the curves c(substrate) vs. t(irradiation). The slo-
pes of these plots were used to calculate the k, values (the apparent zero-order
reaction rate constant). It is worthy of mention that a significant deviation from
linearity was found only for high conversions (>80 %).

On the basis of the L—H kinetic modell7 transformed to Eq. (1):

0693 0.5c
kK K

where k; is the reaction rate constant and K is the equilibrium adsorption constant
of the substrate, a linear dependence (r = 0.986) of the half-life, ty/», against the
initial substrate concentration, presented in the insert of Fig. 5, is obtained. The
value for k; determined from the line slope was 3.4x10-6 mol dm=3 min~1 and
for K from the intercept 2.5x104 dm3 molL1,

By comparing the results obtained for the photocatalytic degradation of clo-
pyralid with those of the degradation of 3-amino-2-chloropyridine and 2-amino-
-5-chloropyridine, 1113 as model compounds for pyridine-containing pesticides,

)

b=
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it can be concluded that there is a significant difference between them. Namely,
the rate of photocatalytic degradation of the pyridine moiety of clopyralid is about
two times slower. This difference in the degradation rate is probably a conse-
guence of the different substituents on the pyridine moiety, which influence the
kinetics of photocatalytic degradation.

A
104 400
/ //
0.8 - /
o e 10 15 20 25 30
o ¢,/ mmol dm®
=
13)
0.4 - ~.
\\\4
0.2 \
0.0 M i, S
0 100 200 300 400 500 600 700 800

Time / min

Fig. 5. Effect of the initial clopyralid concentration on its degradation in the presence of TiO,
(2 mg cm™3) under UV light: (1) 0.5; (2) 1.0; (3) 1.5; (4) 3.0. The inset represents
the plot of t;/, against the initial clopyralid concentration.

TABLE II. Effect of the initial concentration, cq, of clopyralid on the rate of photocatalytic degra-
dation of the pyridine moiety with UV light

Co / mol m3 kax108 / mol dm-3 min-1a r ty/o / min
0.5 3.04 0.999 78.6
1.0 411 0.998 120
15 2.55 0.997 282
3.0 3.21 0.999 436

3apparent zero-order rate constant
CONCLUSION

In the presence/absence of daylight at pH 1.0-9.0, clopyralid is stable for at
least two months. The rate of photocatalytic degradation of clopyralid under UV
light is about 30 times higher than that under visible light. A comparison of the
results of the photocatalytic degradation of clopyralid in the presence of TiO»
with those of direct photolysis obtained under the same irradiation with UV light
shows that the substrate decomposition by direct photolysis is considerably slo-
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wer (about five times). It was also found that the kinetics of the degradation of
the parent substrate are of zero-order, with ky=4.61x10"6 mol dm=3 min~1
(r =0.997). In the investigated concentration range, the reaction is of zero-order
with respect to the degradation of the pyridine moiety clopyralid, with a reaction
rate constant of 3.4x10~6 mol dm=3 min~1 and adsorption coefficient of the sub-
strate of 2.5x104 dm3 mol~1.

Acknowledgments. The authors acknowledge the financial support of the European Community al-
located by the European Agency for Reconstruction through the Ministry of International Econo-
mic Relations within the Neighboring Program Hungary—Serbia (Action entitled: Regional Water
Resources Investigations in the Scope of Sustainable Development, Grant No. 04SER02/01/009)
and the Ministry of Science of the Republic of Serbia (Project No. ON142029).

N3BOJ
OOTOKATAJIMTUYKO YKIIABALE XEPBUITUJIA KIIOIIMPAJIMJIA 3 BOAE

BUBAHA ®. ABPAMOBHRY, BECHA B. AHJIEPJTYX?, TAHWEJIA B. IIOJWR! u FERENC F. GAAL?2

HIpupoono—maitiemaitiuuxu akyaitiein, leiaapiinan 3a xemujy, Tpz . Obpaoosuha 3, 21000 Hosu Cao u
zBojsob'chxa akademuja Hayka u ymeitinociuu, Jynascka 37, 21000 Hosu Cao

Hcnurana je crabuiHOCT XepOuimaa kionupanuaa (3,6-auxiop-2-nupuanHKapOOKCHITHA KH-
CeJIMHa) TPU Pa3IMYUTAM CKCIICPUMEHTAIHUM ycioBuMa. IIpu npoydaBawy yruuaja pH y uxTep-
Baiay on 1,0 mo 9,0 y mpucycTBY M OICYCTBY IOHEBHE CBETIIOCTH HaljeHO je &ma je pacTtBop
KJIONMHUpanuia cTabMIaH HajMame y Mepuoay Of JBa Mecena. Mcnurana je u kuHeTHka (oTOKaTa-
JIMTHYKE Pasrpajibe KIOomMpainaa y BojeHuM cycrensujama TiO, (Degussa P25) y3 o3paunBarbe
UV u BuubnBOM cBeTiiomhy, kao U qUpeKTHe (GoToM3e IMPUMEHOM MCTHX M3BOpa 3padema. Ha-
heno je ma je 6p3uHa orokaTamMTHUKE pasrpamme y npucyctsy UV cBemIocTH IpeKo IeT myTa
Beha y nopelemy ca quUpeKTHOM (OTOIN30M, Kao U 1a je IPUMEHOM BHJJBUBOT 3payckha Op3uHa
pasrpaame y o6a ciydaja 3HaTHO Hka (mpexo 15 myTa). [Ipu HCOUTHBaKY yTHIA]ja TOYETHE KOH-
LEHTpalyje KIonupaniia Ha Op3uny GoTopasrpaimbe MUPUANHCKOT IPCTEeHa, Hal)eHo je 1a je peak-
HHja HyJITOr pena ca KoHcTanToMm 6psmue ox 3,4x10% mol dm3 minl u koepuumjenrom an-
copnmje cyncrpara 2,5x10* dm3 mol-L,

(Mpumsbero 20. jyaa 2007)
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Abstract: The contents of five metals (Cu, Mn, Fe, Cd, and Pb) in several red and
white wines originating from different regions of Serbia were determined by flame
and graphite furnace atomic absorption spectrometry. The data were processed us-
ing chemometric techniques. Principal component and factor analysis were applied
in order to highlight the relations between the elements and, after data reduction,
three main factors controlling variability were identified. Application of hierarchical
cluster analysis to the studied wines indicated differentiation of the samples belonging
to different origins. No discrimination between red and white wines was found.

Keywords: principal component analysis, factor analysis, cluster analysis, metals,
wines, classification.

INTRODUCTION

A number of articles have been published involving the analysis of metals in
wines.1~15 The interest of studying minor and trace metals in wines is due to
their potential toxicity, some undesired phenomena (precipitation, etc.) which can
arise, and the use of mineral profiles to determine the authenticity of wines.# Due
to the fact that grape pressing and the skin maceration time can substantially af-
fect the final concentrations of minerals in wine, quantification of some typical
elements can help in the improvement of the manufacturing process. Since metals
are not metabolized during the vinification and storage, they can be considered as
good indicators for the identification of the origin of a wine. The most frequently
analyzed metals are: K, Na, Fe, Zn, Rb, Ca, Mg, Mn, Cu, Cr, Co, Sb, Cs, Br, Al,
Ba, As, Li and Ag.6‘9 However, by selecting some elements as key features, it is
possible to use a far smaller number of variables to classify wines.10-15

Recently, chemometric analysis has received increasing attention in the ana-
lysis of wines.8-22 A variety of multivariate methods based on diverse chemical

* Corresponding author. E-mail:snsn@sezampro.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0712487R
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data were reported: principal component analysis (PCA), cluster analysis (CA)
and discriminate analysis of the data from FAAS/FAES analysis,812 proton and
13C shifts measurements,19 GC-MS,20 ICP-OES,11 ICP-MS9.14 and SNIF-NMR
results.18.21 Furthermore, there were also reported PCA and CA from TXRF ana-
lysis,13 K-nearest neighbors cluster analysis, canonical analysis, and soft inde-
pendent modeling of class analogy (SIMCA) in GC and AAS analyses,5822 PCA
and Kohonen artificial neural network (ANN) using SNIF-NMR and IRMS,>18
three-layer ANN using ICP-OES,11 two-layer ANN using FAAS!2 and correla-
tion between NIRS and AAS data by partial least squares regression (PLSR).

The objective of this study was to investigate the correlation among common
trace metals in selected wine samples and to explore the possibility of wine clas-
sification by applying chemometrics.

EXPERIMENTAL

The samples of wines commonly found on the Serbian market: 1 — Kosovski cabernet (red),
2 — Kosovski riesling (white), 3 — Rubin burgundac (red), 4 — Rubin riesling (white), 5 — DZervin
(red), 6 — DZervin riesling (white), 7 — Cabernet sauvignon (red) and 8 — Italian riesling (white),
were supplied bottled. The origin of the grapes is as follows: southern Serbia (1 and 2), central
Serbia (3 and 4), eastern Serbia (5 and 6) and northern Serbia (7 and 8).

A flame atomic absorption spectrometer (Perkin Elmer model 3100) was employed for the
determination of Cu, Mn, and Fe, while Cd and Pb were determined by a graphite furnace atomic
absorption spectrometer (Perkin EImer model 4100zI). Analytical reagent grade chemicals, Merck
standards (Darmstadt, Germany) and Milli-Q water were used. The metal concentrations were cal-
culated using the standard addition method. The analytical procedures, described in detail else-
where, 2325 allowed the determination of the selected elements with no matrix effect of organic
compounds. None of the wine samples analyzed in this work exceeded the EU’s current limit value
for heavy metals content of 100 ppm by weight.

The statistical analyses were performed by means of the Minitab 13.0 software package
(Minitab Inc., USA).

RESULTS AND DISCUSSION

Multivariate analysis of wine was assessed without taking into account fac-
tors such as the type of wine. Some of the elements might be arise from the treat-
ment (i.e., Cu from the Bordeaux mixture), which will not be meaningful in the
statistical evaluation unless the particular treatment is only used in one region. A
data matrix was formed with 8 wine samples and 5 variables, the concentration of
the several minor and trace metals. The average concentrations, standard devia-
tions, minimum and maximum values of metals in the studied wines are presen-
ted in Table I. It can be seen that the examined metals are present in the fol-
lowing order of concentrations: Fe > Mn > Cu > Pb > Cd. The correlation matrix
of the data on the minor and trace metals are given in Table Il. The pairs Cu—Fe
(0.786), Cd-Pb (0.696), and Mn-Pb (0.453) show the highest positive correla-
tions. No significant correlations are observed between the other variables.

Principal component analysis (PCA) is a well-established multivariate tech-
nigue in which data reduction is performed by transforming the data into ortho-
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gonal components which are linear combinations of the original variables. The
application of PCA to the data matrix of the wine analysis revealed that a total of
three PCs accounted for 94 % of the total variance (Fig. 1).

TABLE I. Average content (mg I'1, except for Cd ug I'Y) of minor and trace metals in the examined
wine samples

Metal Mean value Standard deviation, SD ~ Minimum value Maximun value
Cu 0.58 0.78 0.09 2.30
Mn 1.61 1.02 0.40 3.65
Fe 4,55 2.78 1.93 10.7
Cd 12.0 3.62 8.60 17.7
Pb 0.14 0.05 0.10 0.23
TABLE II. Correlation coefficients for the total samples (Pearson correlation)
Cu Mn Fe Cd
0.081
Mn 0.8792
Fe 0.786 0.172
0.0642 0.7452
cd -0.168 -0.107 0.045
0.7502 0.8402 0.9332
Ph -0.053 0.453 -0.094 0.696
0.9212 0.3672 0.8602 0.1252

&The significance level (P value)

Fig. 2 shows that Cd and Pb load highly into the first component whereas Cu
and Fe are high in the second. A different behavior is noticed for Mn, for which
both components are significant. The loading plot is related to the variables and
shows their association with respect to the models. In this case, discrimination

between the minor metals (Cu, Fe) and trace metals (Cd, Pb) is obvious.
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Fig. 1. Eigen analysis of the correlation matrix.
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In order to identify interrelated variables and make easier the visualization,
the data were compressed to a few dimensions using factor analysis (FA). The
number of significant factors was selected on the basis of the Kaiser criterion (ei-
genvalue > 1).26 Three significant factors were extracted and varimax orthogonal
rotation (Table 111) enabled a better visualization of the latent structure of the
database. Factor 1 has a high loading of Cu and Fe, while Pb and Cd contribute to
Factor 2. Mn dominantly contributes to Factor 3. It can be supposed that Factor 1
is related to the influence of the wine making process on minor metals, while
Factor 2 can be related to trace metal pollution. However, the fate of Mn in wines
is defined by Factor 3, which indicates a different input of Mn.

TABLE IlI. Varimax rotated factor loadings

Variable Factor 1 Factor 2 Factor 3
Cu 0.964 -0.099 0.011
Mn 0.075 0.035 0.997
Fe 0.916 0.031 0.103
Cd -0.033 0.975 -0.137
Pb -0.051 0.833 0.427

The provenance and authenticity of wines can be recognized on the basis of
typical mineral and trace elements patterns by means of chemometric methods.
The Cu and Fe content of wines originate from the grapes. It has been reported
that up to 90 % of the Cu and up to 70 % of the Fe initially present in grape juice
is eliminated during fermentation, mainly by yeast assimilation.2’ However, an
excessive content of Cu and Fe in wines is the result of careless contact of wine,
after fermentation and during aging or processing, with steel or Cu alloy surfaces.
The wines containing an excess of 0.5 mg I-1 Cu or 10 mg I-1 Fe my be suscep-
tible to clouding or sedimentation as well as flavor deterioration by the strong ca-
talytic and oxidative properties of these cations. As wines with a Pb content of
above 100 pg I-1 are considered to have been polluted by the material during the
wine making process or storage,1” for most of the studied wines a proximity to a
busy road or a city was implied. In spite of Cd being generally associated to oil
or fossil fuel combustion, the high value for Pb reveals that traffic exhaust gases
were a more relevant source of Cd. The levels of Mn are of special interest, the
great differences in the concentration for this metal in wines can be an indicator
for the geographical classification of the samples.10-12,15

A hierarchical cluster analysis of the standardized variables using the Ward
method28 as an amalgamation rule and the squared Euclidean distance as a mea-
sure of the proximity between the samples was carried out. The dendrogram pre-
senting the clustering of wines is shown in Fig. 3. A good separation of the DZer-
vin wines from the Rubin ones and that originating from other regions was found,
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while, on the other hand, the grouping of the Kosovo wines was not satisfactory.
However, there seems to be no discernible differences among white and red wines.

Similarity
9.0
27 |
64 _|
100 ——
3 4 2 8 1 5 6 7
Samples

Fig. 3. Dendrogram of cluster analysis of wines.
CONCLUSION

The application of flame atomic absorption spectroscopy and graphite furna-
ce atomic absorption spectrometry in conjunction with multivariate statistics gave
good results in the characterization of wines. Principal component analysis redu-
ced the dimensionality of the descriptor space to a total of three PCs. A differen-
tiation between trace metals was obtained by means of factor analysis. Cadmium
and Pb load highly into the first component, whereas Cu and Fe are high in the
second. A different behavior was noticed for Mn, for which both components are
significant. Hierarchical cluster analysis applied to study the results of the analy-
sis of metals in wines seems to discriminate between samples belonging to diffe-
rent origins.

U3BO/J

METOJIE MYJITUBAPMJAHTHE BU3YAJIU3ALIUIE ITOJJATAKA BA3MPAHE HA
EJJEMEHTAJIHOJ AHAJI31U BUHA ATOMCKOM
AIICOPIINIMOHOM CIIEKTPOMETPUIOM

CJIABULIA PAXURY, BYPO YOKELIAZ I CHEXXAHA CPEMAL?

Yncimuity 3a ananuiiuuiy xemujy, Papmaveyiicku pakyaiieidi, Ynusepauiieii y Beozpady, i. iip. 146,
11211 Beozpad u >Hncinuitiyi 3a Hykaeapre Hayie “Bunua”, . iip. 522, 11522 Beozpad

ITpuMeHOM MeTo/a IIIaMEHE aTOMCKE allCOPIILIOHE CIIEKTPOMETpPH]jE, Kao M aTOMCKE arcopii-
LHOHE CIIEKTPOMETPHje ca eJICKTPOTEPMATHOM aTOMHU3aLMjoM, oxpehuBaH je caipikaj IeT MeTaia
(Cu, Mn, Fe, Cd u Pb) y y3opimma HEKOJIMKO LPBEHHX M OENUX BHHA, U3 PATUYUTUX PErHoOHA
Cpb6uje. Pesynratu cy obpahuBann xeMoMeTpHjckuM MeToJama. [IpuMerseHa je aHann3a riaBHHX



1492 RAZIC, COKESA and SREMAC

KOMITOHEHTH, Kao U (pakTopcka aHalu3a, y LBy pa3jallmbaBama ofHOca n3Mely ernemenara. Ha-
KOH peAyKIHje moAaTaka HICHTU(HKOBAHA Cy TPH IMIaBHA (pakTopa KOjU yTHUYY Ha BapHjaOMIIHOCT.
Kractepcka aHannsa y3opaka BHHA HarjiaiaBa Ju(epeHLHjalijy y3opaka pas3induTor Mopekia
aJIM He U pa3jBajambe u3Mel)y npBeHuX U Oenx BHHA.
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Abstract: The results of an investigation of the influence of the synthesis procedure,
number of pseudo generations and degree of branching of hydroxy-functional ali-
phatic hyperbranched polyesters (AHBP) on the values of limiting viscosity num-
ber, [#], hydrodynamic radius, R,, molar mass and polydispersity index, Q, are pre-
sented in this paper. Two series of AHBP, synthesized from 2,2-bis(hydroxyme-
thyl)propionic acid and di-trimethylolpropane using a pseudo-one-step and a one-step
procedure were investigated. The obtained results show that the values of [#] and R,
for all examined samples are the highest in a 0.7 mass % solution of LiCl in N,N-di-
methylacetamide (LiCI/DMAC), which indicates that this solvent is the best from
the investigated ones. The values of [5] in N-methyl-2-pyrrolidinone (NMP) increa-
sed up to the sixth pseudo generation, after which a slight decrease occurred as the
consequence of the presence of side-reaction products, formed during the synthesis.
The appearance of these side-reaction products was also confirmed from the charac-
teristic GPC chromatograms. For the samples of AHBP synthesized using the pseu-
do-one-step procedure, a good linear dependence between log [#] and log M,, was
obtained up to the fifth pseudo generation, when LiCI/DMAc, NMP and DMAc
were used as solvents. The values of the “shrinking” factor, g’, were calculated for
all investigated AHBPs.

Keywords: aliphatic hyperbranched polyesters, dilute solutions, limiting viscosity
number, GPC.

INTRODUCTION

The scientific importance of dendritic polymers, i.e., dendrimers (ideally
branched) and hyperbranched polymers (non-ideally branched) has been proved
over the last two decades through the significant number of publications.l The
results obtained during investigation of the structure and properties of these spe-
cific polymers have made great contribution to their growing fields of applica-
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tion.2 Dendritic polymers are often used in solution and therefore special atten-
tion has been devoted to the research of their behaviour in dilute and concentra-
ted solutions.3~12 It was shown that these polymers have lower limiting viscosity
number, [#], values than the analogue linear polymers of the same molar mass
and chemical composition, due to the presence of highly branched macromolecu-
les. In addition, the logarithm of the limiting viscosity number of linear polymers
increases linearly with increasing logarithm of molar mass, while for dendrimers
a maximum is usually observed in this relationship.3—> Beside experimental
work, there are also different simulation methods which predict this behaviour of
dendrimers in dilute solutions.6 This specific behaviour of dendrimers in dilute
solutions can be explained by the fact that their hydrodynamic radius linearly in-
creases with increasing number of generation, n, while their molar mass grows as
according to 2" (the factor “2” comes from the assumed dendrimer functionality).

Concerning the dependence between log [#] and log M for hyperbranched
polymers, different results can be found in the literature. Fréchet et al. suggested
that [n] always increases with the molar mass but slower than for linear poly-
mers.” However, the dependence log [#] = f (log M) of poly(amidoamine) hyper-
branched polymers was shown to have the same trend as for dendrimers.8 Publi-
shed simulations of the behaviour of hyperbranched polymers in solution predict
the presence of a maximum in the dependence between log [#] and log M, but
this maximum comes at a higher number of generations than for the equivalent
dendrimers and it disappears when the degree of branching is lower than 0.3.9.10
On the other hand, for several hyperbranched polymers, this maximum was not
observed.19.11

In this study, the influence of the synthesis procedure (pseudo-one-step and
one-step), number of pseudo generations and degree of branching of hydroxy-func-
tional aliphatic hyperbranched polyesters (AHBP) synthesized from 2,2-bis(hy-
droxymethyl)propionic acid (bis-MPA) and di-trimethylolpropane (DiTMP) on
the limiting viscosity number, dimensions of the macromolecules in solution, Ry
molar mass and polydispersity index, Q, was investigated. The obtained results
are compared with appropriate experimental results presented in the literature.

EXPERIMENTAL
Materials

Two series of hydroxy-functional aliphatic hyperbranched polyesters were synthesized via an
acid-catalyzed polyesterification reaction starting from bis-MPA (Aldrich), as the AB, monomer,
and DITMP (Fluka Chemika), as the tetrafunctional core molecule,l" methanesulphonic acid (Al-
drich) was used as the catalyst. Samples of series | of the second (AHBP-2I), third (AHBP-3I),
fourth (AHBP-41), fifth (AHBP-5I), sixth (AHBP-61), eighth (AHBP-8I) and tenth (AHBP-10I) pse-
udo generation were synthesized using a pseudo-one-step procedure. On the other hand, samples of
series Il of the fourth (AHBP-41l), sixth (AHBP-611) and eighth (AHBP-8I11) pseudo generation
were synthesized using a one-step procedure. In this work, three commercially available AHBPs
(Boltorn®) of the second (BH-2), third (BH-3) and fourth (BH-4) pseudo generation were also in-
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vestigated. These AHBP were supplied by Perstorp (Specialty Chemicals AB, Sweden). According
to the supplier’s data, the commercial AHBPs were synthesized via a pseudo-one-step procedure
from bis-MPA as monomer and a tetrafunctional ethoxylated pentaerythrytol (PP50) core. All other
chemicals were obtained from Aldrich and used as received, without further purification.

Characterization

3C-NMR spectra of the samples were recorded on a Bruker (250 MHz) NMR spectrometer at
room temperature using deuterated dimethylsulfoxide (DMSO-dg) as the solvent. The degree of
branching (DB) was calculated from the values obtained by integration of the appropriate peaks,
corresponding to the dendritic, linear and terminal units and using the equation developed by Fréchet:13

DB =(ny +n;)/(n, +n_+n;) (1)

where np, ny and n_represent the number of dendritic, terminal and linear units, respectively.

Vapour pressure osmometry (VPO) of the synthesized and commercial samples was perfor-
med using a Knauer vapour pressure osmometer. The measurements were realised in N,N-dimethy|-
formamide as the solvent at 90 °C. Benzil was used for the calibration.

Determination of the molar mass distribution of the AHBPs was performed by the GPC te-
chnique using a Spectra-Physics chromatograph equipped with Rheodyne universal injector and
Spectra-Physics differential refractometer as detector. The separation was achieved across a set of
two gel columns (MZGPC columns) with porosities of 1000 A. Tetrahydrofuran (THF) was used as
the eluent at a nominal flow rate of 1.0 cm3 minL. The quantity of injected polymer was 100 pl (¢ =
~20 g I'Y) and the measurements were performed at 25 °C. The molar mass characteristics of the
polymers were calculated from a polystyrene calibration curve, constructed with narrow molar
mass distribution polystyrene standards (Polymer Standards Service), using Chrom Gate 3.1.4 soft-
ware (Knauer).

The viscosity measurements of dilute solutions of the AHBPs in different solvents were
performed in an Ubbelohde capillary viscometer (Schott, capillary sizes O, and 1) using an auto-
matic timer (Schott AVS 300), at 25+0.1 °C. The limiting viscosity number and Huggins constant,
ky, of the samples were determined graphically by extrapolation of the #gp/c values (determined at
five different concentrations) to infinite dilution using the Huggins equation.4

Seven samples of self-synthesized and Boltorn® hyperbranched polyesters (AHBP-31, AHBP-41,
AHBP-61, AHBP-81, AHBP-10Il, BH-3 and BH-4) were fractionated using the precipitation frac-
tionation method!5 from a solvent/non-solvent (acetone/n-hexane) mixture to obtain three fractions
of each sample. All obtained fractions were dried in a vacuum oven to remove the volatile materials.

RESULTS AND DISCUSSION

For all AHBP samples investigated in this work, the value of the number
average molar mass was determined using vapour pressure osmometry, (Mp)vpo,
while the DB value was calculated according to Fréchet.13 These values together
with theoretical number of pseudo generation, nyeqr, and theoretical molar mass,
Miheor, are listed in Table 1.

From the parameters listed in Table I, it can be seen that the molar mass,
(Mp)vpo, increased only up to the sixth pseudo generation and simultaneously
was much lower than the theoretical value. The reason for this specific behaviour
is the occurrence of side reactions during the synthesis of these polyesters.th The
extent of undesired reactions increased with increasing generation number. For
all the investigated AHBPs, the values of the degree of branching slightly de-
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creased with increasing theoretical number of pseudo generations. Moreover, for
the samples of the second series AHBP-4ll, AHBP-611 and AHBP-8II, the DB
values were lower than for the corresponding samples of the first series,
indicating a slight influence of the synthesis procedure on the degree of branching.

TABLE I. Values of the theoretical number of pseudo generation, nyeor, theoretical molar mass,
Minheor, NUMber average molar mass determined by VPO, (M,)vpo and degree of branching, DB, of
the investigated AHBPs

Sample Ntheor Miheor /g molt— (Mp)vpo? / g molt DB

AHBP-2I 2 1642 - 0.472
AHBP-3I 3 3498 2027 0.45%
AHBP-4| 4 7210 2819 0.442
AHBP-5I 5 14634 3044 0.452
AHBP-61 6 29482 3575 0.432
AHBP-8I 8 118570 3571 0.432
AHBP-10I 10 474922 3552 0.428
AHBP-411 4 7210 5415 0.428
AHBP-611 6 29482 - 0.432
AHBP-8lI 8 118570 3284 0.372
BH-2 2 1747 1343 0.43b
BH-3 3 3604 3081 0.42b
BH-4 4 7316 2716 0.40P

aResults for (M,)ypo. and DB are presented in Ref. 1h; Pdata of Luciani et al.1®

Limiting viscosity number and hydrodynamic radius of the AHBP in different solvents

Since the polyesters investigated in this work had a large number of free OH
groups, it is reasonable to expect that the macromolecules of AHBP in solution,
similar to poly(vinyl alcohol), would connect with each other through the hydro-
gen bridges and form aggregates. Investigation of the properties of macromolecu-
les in solution becomes much more difficult when spontaneous aggregate forma-
tion occurs. Zagar et al.17 reported that samples of AHBP thermally pre-treated
for 20 min at 140 °C do not form aggregates at room temperature in a 0.7 mass %
solution of LiBr in N,N-dimethylacetamide (LiBr/DMAC) and in a mixture of te-
trahydrofuran (THF) and CH3OH (90:10 by volume) and that these solvents are
therefore suitable for the investigation of the properties AHBPs in solution.
Instead, LiBr/DMAC, a 0.7 mass % solution of LiCl in DMAc (LiClI/DMAC) was
used for the determination of [5] in this work. In addition to this solvent, visco-
sity measurements were also performed in N-methyl-2-pyrrolidone (NMP), N,N-di-
methylacetamide (DMAc), THF and in a mixture THF/CH30H (90:10 by volume).

As examples of the determination of [], the dependences of 5sp/c vs. ¢ for
different AHBP of series | in NMP and for the sample AHBP-8I in the employed
solvents are presented in Figs. 1a and 1b, respectively. Since a linear relationship
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was obtained between #gp/c and ¢ in all the employed solvents, it can be conclu-
ded that no aggregation occurred in the investigated concentration range or that
the shear stress which developed in the capillary of the viscosimeter was high
enough to lead to the rupture of the intermolecular hydrogen bonds present in the
aggregates formed in the static solution.
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Fig 1. Dependence of #gp/c versus ¢ for a) different AHBPs in NMP and
b) for the sample AHBP-8I in different solvents, at 25 °C.

The values of [#] were determined for all the examined AHBPs in the men-
tioned solvents at 25 °C and they are listed in Table II. It should be mentioned
that the samples of AHBP were not thermally pre-treated prior to the viscosity
measurements.

The dependence of the [5] values for the AHBPs from series | in LiCI/DMAc
vs. [#] of the same samples in NMP is presented in Fig. 2. As all the experimen-
tally determined points fall on one linear plot, it can be concluded that value of
[#] in LICI/DMACc and NMP for these AHBPs is independent of the number of
pseudo generation, i.e., of the molar mass. This indicates that AHBP samples
were dissolved on the molecular level under applied experimental conditions and
without thermal pre-treatment, i.e., aggregation did not occur.

The value of [#], as well as the value of the slope from the linear dependence
nsplC = f(c), presented in Fig. 1b, represent a measure of the solvent quality for the
investigated polymer. According to these criteria, LICI/DMAC is the best of the
investigated solvents for AHBP, while the other solvents are ordered as follows:

[7lLicuomac > [7Inmp > [7lomAc > [77]THF/ICHz0H > [7]THF (2)
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TABLE II. Values of the limiting viscosity number, [], of the AHBPs determined in different
solvents at 25 °C

Sample [U]Li%l/D_l\{lAc [77]£\IM_II [U]%M_Alc [U]THFs/Cl:ilgOH [77]3TH_Fl
cm3g cm3g cm3g cm3g cmdg
AHBP-2I 6.8 6.2 6.4 - 4.0
AHBP-3I 7.9 7.1 6.5 - 4.8
AHBP-4| 9.9 8.0 7.0 6.4 5.6
AHBP-5I 10.8 8.7 7.8 6.4 54
AHBP-6I 11.0 8.9 8.3 6.5 59
AHBP-8I 10.2 8.3 8.6 6.6 5.8
AHBP-101 10.0 8.3 8.2 6.4 -
AHBP-4l11 - 8.0 - - -
AHBP-6l1 - 9.2 - - -
AHBP-8II - 9.3 - - -
BH-2 7.0 6.0 6.1 - -
BH-3 9.2 7.4 - 55 -
BH-4 10.7 8.6 - 6.7 49

In good agreement with this order of solvents is also the solubility para-
meter, J, 103 (J m=3)0-5, which for AHBP have the value of 23.0 for LiCI/DMAc,
while the solubility parameters for NMP, DMAc, THF/CH30H and THF are
23.1, 22.6, 19.7 and 18.6, respectively.18 The improvement of the solubility of AHBP
in the mixture LICI/DMACc in comparison to pure DMACc is due to the influence
of the Li* ions on the rupture, not only of intermolecular, but also intramolecular
hydrogen bonds in the AHBP macromolecules, which further leads to the increa-
se of their volume in solution and, consequently, to the increase of their [5] value.

From the slope of the linear dependence of #g/c vs. ¢ for all investigated
AHBPs in different solvents, the values of the Huggins constants, ky, were deter-
mined. For the samples of the series | in LiCI/DMACc value of ky is 0.65+0.15, in
NMP 0.80+0.20, in DMAc 1.0£0.3 and in THF/CH30H 0.75+0.05. For AHBP of
series Il in NMP the value of ky is 0.85+0.15. For the commercial AHBP, ky is
0.55+0.05 in LiCI/DMACc and 0.80£0.02 in NMP and in the mixture THF/CH30H.

The determined values of ky are different and therefore it is possible to use
them for the calculation of [#] from the Huggins equation by determination of the
specific viscosity, #sp, for only one concentration of the solution, but only for the
mentioned AHBP samples. For most linear polymers in good solvents, the value
of ky is 0.3-0.4 and is independent of the chemical composition of the polymer.
Values of ky for the examined AHBPs in various solvents are different from the
values for linear polymers due to the specific molecular structure of the AHBPs
and presence of a large number of end groups.

The dependence of [#] for AHBP in NMP vs. the theoretical number of pseu-
do generations is presented in Fig. 3. According to these results, an increase of
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[#] up to the sixth pseudo generation can be observed for the samples of series I,
after which the values of [#] slightly decrease. A similar observation was made
for the AHBP of series Il, while for the commercial samples, [#] continuously in-
creased, since these samples were examined only from the second up to the fourth
pseudo generation. This specific shape of the dependence presented in Fig. 3 for
the samples of series I and 1l is not a consequence of the increase of the macro-
molecular packing density with increasing pseudo generation, as is predicted by
different simulation methods of the behaviour of hyperbranched polymers in so-
lution.9:10 The break in the increase of the [;] value after the sixth pseudo gene-
ration in this case occurs due to the presence of side reaction products in these
polymers, which prevent a further increase of the molar mass.1n Samples of the
series Il have somewhat higher values of [#] in NMP than the AHBPs from series
I. This is probably a consequence of the slightly lower values of the degree of
branching (Table I) and, therefore, higher amounts of linear branches present in
the macromolecules of these samples, which further leads to an increase in [#].
On comparing the [#] values obtained in THF/CH30OH for AHBPs from the fourth
up to the tenth pseudo generation, it can be observed that [#] is practically con-
stant, i.e., it does not depend on the molar mass. These results indicate that
THF/CH30H is a poor solvent, probably due to the fact that these AHBP were
not thermally pre-treated, as was the case in other studies.17:19
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Fig. 2. Correlation of the limiting viscosity Fig. 3. Dependence of [#] for the AHBPs
numbers determined for AHBP of the series | determined in NMP vs. the theoretical number
in LiICI/DMAc and in NMP. of pseudo generations.

The dependences of log [#] vs. log My, for AHBPs of series | from the second
up to the sixth pseudo generation in LiCI/DMAc and NMP are presented in Fig. 4.
The values of the weight average molar mass of the AHBPs were calculated from
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the values of the polydispersity index, Q = (Mw/Mp)gpc, determined by the GPC
technique (Table V) and the corresponding values of the number average molar
mass, (Mp)vpo, determined from VPO measurements (Table I). Using the Kuhn—
—-Mark-Houwink-Sakurada (KMHS) equation ([»#] = K, M@) and the dependen-
ces presented in Fig. 4, the values of the exponent a and constant K,, for the in-
vestigated AHBPs in NMP and LiClI/DMACc were determined and given in Table 111,
in which are also given the corresponding values for the same samples in DMAc.
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Fig. 4. Dependence of log [#] vs. log M,,
. . . . T . for the AHBPs of series |, obtained
34 3.6 3.8 4.0 using the values of [#] determined in
log M, NMP and LiCI/DMAc as solvents.

TABLE I11. Values of the exponent a and constant K, determined from the KMHS equation in
different solvents at 25 °C for the investigated AHBPS

LiCI/DMAc NMP DMAc
Sample group
a K, a K, a K,
Series | 0.40 0.30 0.28 0.72 0.25 144

The results presented in Fig. 4 clearly show that there is a good linear rela-
tionship between log [#] and log My, up to the fifth pseudo generation and that
for this region of molar masses, the parameters K, and a can be used for the
determination of molar mass by viscosimetry for samples synthesized in the same
manner as the AHBP of series I. It has been already stated elsewhere that for
branched polymers, a linear log [#]-log M relationship is only obtained for very
narrow molar mass ranges.20 The exponent a from the KMHS equation is also a
measure of the solvent quality for some linear polymers. In good solvents, the
value of a is usually between 0.60 and 0.85, while a < 0.50 is typical only for
poor solvents.20 The obtained values of the exponent a (Table 111) are all lower
than 0.50, which is a characteristic only for highly branched polymers in good
solvents. The values of the exponent a increases with solvent quality. However,
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the division of the solvents for hyperbranched polymers into good and poor ac-
cording to the a values is not yet possible.

Hydrodynamic radius of macromolecules in solution, Ry is connected with
[#] and the molar mass, M, through the Einstein equation:

R, = (0.3[7IMz 1N ;1)Y/3 ©)

where Na is Avogadro’s number. By introducing the determined values of [#]
(Table 11) and molar mass (My)rear, (Table V) into Eqg. (3), the values of R, for
the investigated AHBPs in four different solvents were calculated and given in
Table IV. From the results given in Table 1V, it can be seen that the value of R,
of AHBPs depends on the solvent quality in the same manner as for linear poly-
mers. However, due to the specific molecular structure of AHBPs this dependen-
ce is not as strong as for linear polymers. As was expected, the largest dimen-
sions of these hyperbranched polyesters were obtained in LiCI/DMAc. The small
values of R, of AHBPs in solution, the large number of functional groups and,
simultaneously, the low viscosity of their solutions provide the successful ap-
plication of AHBPs for the production of special coatings, ink for the printers or
drug carriers.21

TABLE V. Values of the hydrodynamic radius, R, for the investigated AHBPs in LiCI/DMACc,
NMP, DMAc and THF/CH3OH at 25 °C

Sample (Rpiiciomac/ nm (R,)nmp / nm (Rpomac/ M (R,)THr/cHzoH / NM
AHBP-2I 1.3 1.3 1.3 /
AHBP-3I 1.6 15 15 /
AHBP-4| 2.0 1.9 1.8 1.8
AHBP-5I 2.3 2.2 2.0 1.9
AHBP-6I 2.4 2.3 2.2 2.0
AHBP-8I 2.3 2.2 2.2 2.0
AHBP-101 2.2 2.0 2.0 1.9
AHBP-4l11 - 2.4 - -
AHBP-8II - 2.2 - -
BH-2 1.3 1.2 1.2 -
BH-3 2.1 1.9 - 1.7
BH-4 2.3 2.2 - 2.0

GPC Measurements

The determination of the molar mass distribution of the investigated AHBPs
and three fractions of the sample AHBP-61 was performed by the GPC technique
in the manner described in the Experimental. Linear polystyrene standards were
employed for the calibration of the instrument, since adequate AHBP standards
are not available. As branched macromolecules have a much lower hydrodyna-
mic radius than the corresponding linear macromolecules of the same molar mass,
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the obtained values of M,y and M, can not be consider as correct. Therefore, the
GPC chromatograms of the investigated AHBPs were used only for a comparison
of the shape of their traces and to calculate the values of the polydispersity index,
Q, as well as for the calculation of (My)real-

As illustrations, the GPC chromatograms of the AHBPs of series | and the
commercial samples are presented in Fig. 5a and 5b, respectively. From the ob-
tained GPC results for all investigated AHBP, as well as for the three fractions of
the sample AHBP-6I, the values of the molar masses (My)cpc and (Mp)gpc and
the polydispersity index Q were calculated and are given in Table V.
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Fig. 5. GPC chromatograms of AHBPs a) synthesized by the pseudo-one-step procedure
(samples of series 1) and b) commercial AHBPs.

TABLE V. Values of the molar masses (My,)gpc and (Mp)gpc, polydispersity index, Q, (My)real
and limiting viscosity number of the fractions determined in NMP, [5]g, of the investigated hyper-
branched polyesters and selected fractions

Sample (Mw)gpc/gmol? — (Mp)gpc/gmol™  Q  (My)rear/ gmol™  [y]g/cm? g
AHBP-2I 1041 749 1.39 - -
AHBP-3I 1655 1008 1.64 3324 -
AHBP-41 2238 1172 1.91 5384 -
AHBP-5I 2688 1213 2.22 6758 -
AHBP-6I 2993 1287 2.33 8330 -
F1 5581 2260 2.47 - 10.4
F2 3832 1973 1.94 - 8.7
F3 1080 771 1.40 - 6.5
AHBP-8I 2994 1348 2.22 7928 -
AHBP-10I 2111 1155 1.83 6500 -
AHBP-4lI 2475 1189 2.08 11263 -
AHBP-6II 2912 1179 2.47 - -
AHBP-8II 2674 1148 2.33 7652 -
BH-2 1120 782 1.43 1920 -
BH-3 2227 1147 1.94 5977 -

BH-4 3454 1242 2.78 7550 -
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The results presented in Fig. 5 and Table V show that the GPC traces, i.e.,
the molar mass distributions of the AHBPSs, become broader with increasing theo-
retical number of generations, i.e., up to the sixth pseudo generation. Only for the
sample AHBP-21 was a symmetrical GPC profile obtained, while for the samples
of higher generation number, a broad tail on the low molar mass side of the dis-
tribution can be observed. This specific shape of the GPC traces is a consequence
of side reactions responsible for the formation of small molar mass AHBP mole-
cules, the portion of which increases with increasing pseudo generation, during
the main polycondensation reaction.l" The GPC chromatograms of the AHBPs
synthesized by the one-step procedure have a similar profile as those synthesized
by the pseudo-one-step procedure, but they also have slightly higher values of Q.
This is in good agreement with the results presented by Hult et al., who showed
that the slow monomer addition method (pseudo-one-step procedure for the syn-
thesis) could reduce the polydispersity of hyperbranched polyesters.1a

As it was expected, the molar mass averages determined by GPC using li-
near polystyrene standards for calibration are lower than the theoretical values
and results obtained by VPO (Table I). The number average molar masses ob-
tained by GPC and VPO measurements for the AHBP of series | are plotted in
Fig. 6. It can be observed that a relatively good linear correlation between (Mp)cpc
and (Mp)vpo for the samples from the third up to the eighth pseudo generation
was obtained, which indicates that the ratio (Mn)gpc/(Mn)vpo does not change
with increasing molar mass. Assuming that determined values of Q are real, the
values of the real weight average molar mass of the examined AHBPS, (My)real.
were calculated using the equation:

(Mw)real = Q (Mn)vpo (4)

The co-calculated values of (My)real are also given in Table V. These values
were used for the determination of the calibration diagram log [#]-log M and for the
calculation of the “shrinking” factor, g’, of the branched AHBP macromolecules.

Most of the self-synthesized samples were fractionated using the precipita-
tion fractionation method to obtain three fractions in order to investigate in which
manner the degree of branching changes with molar mass within one sample. Ac-
cording to the obtained values of the limiting viscosity number, [#]r, (Table V), it
was concluded that fractionation was successful. However, when the GPC me-
thod was used to re-fractionate the AHBP fractions, different results were obtain-
ed. As an illustration, the GPC traces of AHBP-61 and three fractions obtained by
precipitation fractionation method are presented in Fig. 7. The corresponding va-
lues of (Mw)gpc, (Mn)gpc and Q are given in Table V. From these results it can
be observed that polydispersity increased from the third up to the first fraction,
i.e., that the molar mass distribution becomes broader with increasing degree of
polymerization. However, the fact that value of Q for the first fraction is higher
than for the parent sample indicates that fractionation under described experi-



1504 VUKOVIC, LECHNER and JOVANOVIC

mental conditions was not efficient. Therefore, the values of the degree of bran-
ching for the fractions of an AHBP cannot be accepted as correct and, cones-
quently, they are not presented in this work.
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Fig. 6. Correlation of the number average Fig. 7. GPC chromatograms of AHBP-61 and three
molar mass obtained from GPC and VPO fractions obtained by the precipitation
measurements for the AHBPs of series I. fractionation method.

Using the results obtained by the GPC technique, the values of the “shrin-
king” factor, g’, of the macromolecular coils of the examined AHBPs in relation
to linear polymers of corresponding molar masses were calculated:

g’ = [7lusp/[7]L (5)

where [#]ysp and [#]L represent the limiting viscosity numbers of the given hy-
perbranched polymer and its linear analogue, respectively. The calculation of
shrinking factor was performed using the fact that the product of the limiting vis-
cosity number and molar mass at a certain elution volume is always the same and
independent of the polymer type.22 Therefore, it can be written:

[7]lHBPMHBP = [7]LML (6)

where Mygp and My are the molar masses of the hyperbranched polyesters and
the linear polymers (polystyrene) used for the calibration, respectively. From the
Eq. (6), it follows that g’ can be calculated as M| /Mygp. The values of M| were
calculated by determination of the retention time which corresponds to the posi-
tion of the peak in the GPC traces of different AHBPs. Then these retention times
were used to determine the molar masses of the corresponding polystyrene from
the calibration curve. On the other hand, for Mygp, the weight average molar mass
(Mw)real Was used (Table V). The determined values of g’ for the AHBPs are lis-
ted in Table VI. As can be seen, the values of g’ for all the AHBPs are between
0.27 and 0.57. Similar results were obtained for other hyperbranched polymers.23
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TABLE VI. Values of the “shrinking” factor, g’, for the investigated AHBPs

Sample g’ Sample g’
AHBP-2I 0.44 AHBP-10I 0.27
AHBP-3I 0.45 AHBP-8II 0.30
AHBP-4I 0.35 BH-2 0.57
AHBP-5I 0.34 BH-3 0.29
AHBP-6I 0.31 BH-4 0.31
AHBP-8I 0.32

CONCLUSIONS

The results obtained in this study show that of the tested ones, the best sol-
vent for the examined AHBPs is 0.7 mass % solution of LiCl in DMAc. In N-me-
thyl-2-pyrrolidone, the values of [#] increase up to the sixth pseudo generation.
The slight decrease of [5] for samples of a higher pseudo generation is the cones-
guence of the occurrence of side reactions during the synthesis of investigated
AHBPs, which hindered a further increase of the molar mass. The values of [#]
for the AHBPs synthesized by the one-step procedure were slightly higher than
those of the corresponding samples synthesized by the pseudo-one-step proce-
dure, indicating a slight influence of the synthesis procedure on the behaviour of
AHBPs in dilute solutions. The calculated values of the exponent a from the
KMHS equation for the samples of series | in different solvents are lower than
0.50, because of the highly branched structure of these polymers. The values of
the “shrinking” factor of the examined AHBPs are similar to those presented in
the literature for other hyperbranched polymers.

N3BOJ

CBOJCTBA AJIMOATCKUX XUITEPPA3STPAHATHUX ITOJIMECTAPA
Y PA3BJIAXKEHUM PACTBOPUMA

JACHA BYKOBWR!, MANFRED D. LECHNER! u CJIOBOJJAH JOBAHOBUR?

Lnstitute for Chemistry, University of Osnabrueck, BarbarastraRe 7, 49069 Osnabrueck, Germany u
2Texnoaowko—meitianypuiku gpaxyaitieiti, YHusep3auitieiti y beozpaody, Kapuezujesa 4, 11120 beozpao

VY 0BOM pany Cy NMpHKa3aHU pPe3yiTaTH HOOHjeHH HCTIMTHUBAKEM YTHIaja IPOLEAype 3a CHH-
Te3y, Opoja mceylorenepanyje U CTENeHa IpaHama XUAPOKCH-(PYHKIHOHATHUX anu(arcKux Xu-
neppasrpanarux nonuecrapa (AHBP) Ha BpenHOCT rpaHHYHOr BUCKO3UTETHOT Gpoja, [#], xuapo-
AMHaMMYKOr panujycd, R,, Momapue mace n MHjekca nonumucrnepsnoctd, Q. Menmrane cy nse
cepuje AHBP, cunrerncane ox 2,2-6uc(XHIPOKCUMETHII)IPONUOHCKE KUCEIHHE U JU-TPUMETHII-
onmpornana kopuinhemeM “pseudo-one-step” u “one-step” npouenype. Jobujenu pe3yiratu moka-
3yjy na cy spemsoctn [57] 1 R, 3a cBe mcnmtane y3opke Hajsehe y 0.7 % pactopy LiCl y N,N-mm-
mermaneramuay (LICI/DMAC), mro ykasyje na je ox kopuutheHux oBaj pacTBapay HajooJbH. Bpe-
nuoctu [7] y N-metwn-2-upomunony (NMP) pacty 1o niecre nceynoreHepanuje, HAKOH Yera Jo-
J1a3u 710 Oraror omnajama Kao MOCIeAula NPUCYCTBA NMPOJyKaTa CHOPEIHUX PeaKlhja HACTAIUX Y
TOKy cuHTe3e. IlojaBa mpoJyKaTa CHOpeJHUX peakiuja je Takolhe morBpheHa Ha OCHOBY KapakTe-
puctuanor obiuka GPC xpomarorpama. 3a y3opke AHBP cunteruncane “pseudo-one-step” mpoite-
nypoM mobujena je mobpa nuueapHa 3aBucHoct usmely log [#] u log M, mo mere nceymorenepa-
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uuje, kaga cy kao pacreapaun kopumthenu LiICI/DMAc, NMP u DMAC. BpeanocTu cTeneHna KoH-
TpaKL{je MAKPOMOJIEKYJICKOT KIIYIIKa, §’, cy U3padyHare 3a cBe ucnurane y3opke AHBP.
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Abstract: The free radical copolymerisation of itaconic anhydride and methyl me-
thacrylate in solution was studied at 60 °C. The copolymer composition was deter-
mined by TH-NMR spectroscopy and the obtained monomer reactivity ratios were
calculated, riya=1.35+0.11; rypa =0.22+0.22 (by the Fineman-Ross method)
and rjta = 1.27£0.38; ryma = 0.10+0.05 (by the Mayo-Lewis method). The syn-
thesised copolymers were modified by reaction with di-n-butyl amine. The copoly-
mer composition after amidation was determined by elemental analysis via the ni-
trogen content. Amidation of the anhydride units in the copolymers with di-n-butyl
amine resulted in complete conversion to itaconamic acid.

Keywords: copolymerisation, itaconic anhydride, methyl methacrylate, amidation,
itaconamic acid.

INTRODUCTION

Copolymers containing both hydrophilic and hydrophobic segments (amphi-
philic polymers) are drawing considerable attention because of their possible use
in biological systems. N-Substituted itaconamic acids are strongly amphiphilic
molecules. Homopolymers and copolymers obtained from such monomers may
have wide applications. Various copolymer compositions can produce a very lar-
ge number of different arrangements, producing materials of varying chemical
and physical properties. Thus, the hydrophilicity of copolymers can be modified
by changing the amount of incorporated itaconamic acid. Also, the alkyl side
chain in these polymers can be varied, resulting in polymers with different side
chain length, thus controlling the hydrophobicity.12 However, poly(N-substituted
itaconamic acid)s are difficult to obtain by direct polymerisation of their mono-
mers and the preparation of itaconamic acids, by reaction of itaconic anhydride
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with amines, can be complicated.3—> Thus, the isomerisation of itaconic anhyd-
ride to citraconic anhydride occurs in the presence of amine. The rate of isomeri-
sation depends on the amine base strength and solvent medium, with strong bases
in a polar solvent resulting in a much faster isomerisation than weak bases in a
non-polar solvent.4 Also, the isolation and purification of the produced itacon-
amic acids can be difficult, particularly if they do not crystallise.

Another convenient way of obtaining amphiphilic polymers is to functiona-
lise polymers and copolymers. The modification of poly(itaconic anhydride) or
its copolymers by different reactions (alcoholysis, hydrolysis, amidation) seems
not to have been investigated extensively.6-8 In the experiments presented in this
paper, copolymers of itaconic anhydride and methyl methacrylate were modified
by amidation with di-n-butyl amine. Hitherto, there have been no data reported
on the amidation of such copolymers.

EXPERIMENTAL
Materials

Commercially available reagent grade chemicals were used for all the experimental work. Ita-
conic acid was supplied by Aldrich and used as received. Acetyl chloride and di-n-butyl amine
(both obtained from Aldrich) were purified by distillation.

a,0”-Azobisisobutyronitrile (AIBN) was supplied by Aldrich and recrystallised from methanol.

Solvents used for the isolation, purification, reprecipitation and modification of the copoly-
mers were dried over molecular sieves in order to minimise the hydrolysis of itaconic anhydride
units in the copolymers.

Monomer and polymer preparation

Itaconic anhydride (ITA) was prepared by dehydrating itaconic acid with acetyl chloride fol-
lowing an improved previously reported procedure.? The crude itaconic anhydride was purified by
several recrystallisations from chloroform. Anhydrous conditions were observed to minimise the
hydrolysis of the anhydride to acid. White crystals with a melting point of 68—70 °C were obtained
and the structure confirmed by IH-NMR and IR spectroscopy.

Methyl methacrylate (MMA) was washed with 10 % NaOH aqueous solution to remove inhi-
bitor, washed with water to neutral, dried over calcium hydride and vacuum distilled.

Copolymers of itaconic anhydride and methyl methacrylate were prepared by the solution
copolymerisation technique using AIBN as the initiator. A 100 ml three-necked flask equipped with
a magnetic stirrer and condenser protected from moisture was used for the copolymerisations. The
solution copolymerisations were performed under a nitrogen atmosphere using 2-butanone as the
solvent. The desired amounts of itaconic anhydride and methyl methacrylate were dissolved in 2-bu-
tanone together with AIBN (0.25 mol %) in a three-necked flask. Nitrogen was bubbled for 15
minutes at room temperature through the solution before starting the polymerisation, while during
the polymerisation the nitrogen stream was directed over the top of the condenser. A preheated wa-
ter bath was employed to commence the polymerisations. The copolymerisations were performed at
60 °C for different times, depending on the composition of the monomer feed (Table I). The co-
polymers were precipitated in a ten-fold amount of methanol, redissolved in 2-butanone and repre-
cipitated twice in anhydrous diethyl ether. The copolymers were dried under vacuum at room tem-
perature to remove the residual volatiles.
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Amidation of the copolymers

A 50 ml three-necked flask, equipped with a magnetic stirrer, dropping funnel and condenser,
protected from moisture, was used for the amidation reaction. A solution of freshly distilled di-n-bu-
tyl amine (1 g) in chloroform (10 ml) was added dropwise over 90 minutes to a well-stirred solu-
tion of a copolymer (0.2 g) in chloroform (15 ml) at 0 °C. The di-n-butyl amine was always in large
excess to insure that the amidation went to completion. The reaction mixture was vigorously stirred
for one day at room temperature. Only the copolymer from the feed composition of 2 mol % itaco-
nic anhydride dissolved immediately in chloroform. The solubility of the copolymers in chloroform
decreased with increasing amount of itaconic anhydride in the monomer feed. As the amidation re-
action progressed, the copolymers dissolved, finally resulting in a colourless solution. The modified
copolymers were precipitated in diethyl ether, dissolved in chloroform, reprecipitated into petro-
leum ether, and dried under vacuum to constant mass. White powdery polymers were obtained.

TABLE I. Preparation of ITA-MMA copolymers

Monomer feed, mol % ITA Polymerisation time, min Yield, wt %
2 45 3.14
6 50 2.48
11 60 1.85
20 105 1.62
30 240 2.27
40 360 6.41

Copolymer characterisation

The copolymers were characterised by TH-NMR spectrometry on a Varian GEMINI 200 in-
strument (200 MHz) using TMS as the internal standard and deuterochloroform and deuteroacetone
as solvents for the modified and unmodified copolymers, respectively. Infrared spectra were obtain-
ed using a BOMEM, MB-Series FTIR spectrometer. The samples were recorded in KBr pellets.
Elemental analysis measurements were performed using a Vario 11l CHNOS Elemental Analyzer,
Elemental Analysen Systeme GmbH, to determine the nitrogen content in the copolymers.

The molar masses of the amidated copolymer samples were measured by gel permeation chro-
matography, GPC, at 30 °C using a Waters 1500 Series instrument fitted with four analytical co-
lumns and an RI detector. Chloroform was used as the mobile phase at a flow rate of 1 ml min,
The columns were calibrated with narrow molar mass poly(methyl methacrylate) standards and the
chromatograms were processed with Waters Breeze software. The molar masses of the unamidated
copolymers and homopoly(itaconic anhydride) could not be measured by GPC due to lack of so-
lubility in chloroform.

RESULTS AND DISCUSSION

Copolymers of itaconic anhydride and methyl methacrylate were obtained by
free radical copolymerisation in 2-butanone using AIBN as initiator. The copoly-
mer composition was determined by 1H-NMR spectroscopy. The ratio of the sig-
nals at 3.65 ppm (associated with the hydrogen from the methylene group in the
anhydride ring) and 3.57 ppm (associated with the hydrogen from the methyl es-
ter group from methyl methacrylate) gave the copolymer composition. As these
two peaks overlapped, they were deconvoluted using the PeakFit V.4 computer
program. The determined copolymer compositions are given in Table I, from
which it can be seen that the content if anhydride moieties was enriched in the
copolymers with regard to the feed composition.
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The monomer reactivity ratios for the copolymerisation of itaconic anhydri-
de and methyl methacrylate determined by the Fineman and Ross method!0 are
Nta = 1.35£0.11 and rpyma = 0.22+0.22 and those calculated by the Mayo-Le-
wis method?® are ria = 1.27+0.38 and ryma = 0.10+0.05.

The free radical copolymerisation of itaconic anhydride—methyl methacryla-
te was previously reported by Cowie and co-workers,12 who prepared copoly-
mers by bulk copolymerisation at 70 °C. The values of the monomer reactivity
ratios reported in this investigation, calculated by the Mayo-Lewis method, were
NTa = 0.99£0.40 and rypma = 0.18£0.07. The monomer reactivity ratios for this
system suggested that the copolymers were essentially statistical with little ten-
dency towards alternation or the formation of long sequences of either type of monomer.

TABLE Il. Composition of the prepared copolymers of methyl methacrylate and itaconic anhydride

mol % ITA in the monomer feed mol % ITA in the copoymer
2 12.86
6 23.59
11 42.47
20 47.29
30 59.86
40 66.47

A comparison of the results of Cowie and co-workers with the data obtained
in this study is shown in Fig. 1, from which it can be seen that the agreement bet-
ween the two sets of results is good considering the present copolymers were pre-
pared in solution at 60 °C, whereas those of Cowie et al. were prepared in bulk at
70 °C. Obviously, the polymerisation conditions did not play a great role in de-
termining the polymer compositions.
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The copolymers of itaconic anhydride and methyl methacrylate were modi-
fied by amidation with di-n-butyl amine. The reaction between an amine and the
itaconic anhydride units would be expected to yield two possible isomers (Scheme 1).
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H, H; 1
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éCH:; —C N_C4Hg
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Scheme 1. The reaction between di-n-butyl amine and an
itaconic anhydride moiety in ITA-MMA copolymers.

It has been reported?3 that ring opening in the reaction of itaconic anhydride
monomer and amines gives only the product with structure 1, although Galanti
and co-workers presented evidence that trace quantities of isomer 2 are also pro-
duced.14 The presence of small amounts of conjugated amide isomers was also
reported by Hartford and co-workers.15 Accordingly, a similar yield ratio of the
two isomers obtained as the result of the amidation of itaconic anhydride units in
the copolymers of ITA-MMA could be expected.

The IR spectra of the unmodified copolymers show carbonyl absorptions of
the anhydride group at 1856 (vsym) and 1785 cm1 (vasym)- These peaks are cha-
racteristic of cyclic anhydride indicating that the polymerisation did not disrupt
the itaconic anhydride moieties. The peak of the ester at 1733 cm™1 originates from
methyl methacrylate. A comparison of the IR spectra of the modified with the un-
modified copolymers (Fig. 2), shows the absence of the peaks characteristic of
the anhydride group, and the appearance of absorption of the carbonyl amide
group at 1634 cm1, which suggests that the amidation reaction went to completion.16

1H-NMR Spectroscopy confirmed the results of the IR analysis. The 1H-NMR
spectra of the ITA-MMA copolymer with 30 mol % of ITA in the monomer feed
before and after amidation are shown in Fig. 3. Differences can be seen in the
presence of peaks at 3.65 ppm (the hydrogen from the methylene group in the an-
hydride ring) and 3.59 ppm (the hydrogens from the methyl ester group from me-
thyl methacrylate). The peak at 3.65 ppm disappeared after reaction with di-n-bu-
tyl amine, indicating that the amidation went to completion.
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Fig. 2. IR Spectra of copolymer ITA-MMA with  Fig. 3. IH-NMR Spectra of copolymer ITA-MMA
6 mol % of ITA in the monomer feed before with 30 mol % of ITA in the monomer feed be-
and after modification with di-n-butyl amine. fore and after the reaction with di-n-butyl amine.

The compositions of the copolymers after modification by amidation with
di-n-butyl amine were determined by elemental analysis via the nitrogen content
in the copolymer. The molar percent of itaconamic acid in the obtained copoly-
mers are given in Table Il. It can be seen again that the amidation went to com-
pletion, which is in agreement with the results of 1H-NMR and IR spectroscopy,
and that the percent of amidation does not depend on the copolymer composition.
A comparison of the copolymer compositions before and after modification is
shown in Fig. 4.

The molar masses of the prepared copolymers after amidation were measu-
red by GPC. The number average molar masses are plotted against the mol % of
itaconic anhydride in Fig. 5, together with the polydispersity index.

As can be seen from Fig. 5, both the molar mass and the polydispersity of
the resulting polymer decreased with increasing amount of itaconic acid in the
monomer feed. Both facts could be consistent with the occurrence of chain trans-
fer to monomer or additive in the monomer mixture. As the concentration of sol-
vent was approximately constant in all polymerisations, one plausible explana-
tion is that as well as being a comonomer, the itaconic anhydride could be a
transfer agent (the chain transfer to methyl meythacrylate being very lowl?). It is
well known that the chain transfer to monomer constant in the radical polymeri-
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sation of di-n-alkyl itaconates is relatively high and two orders of magnitude hi-
gher than that of methyl methacrylate because of the presence of allylic hydro-
gens in the basic structure of itaconic acid-based monomers.18

100 2.5
0o ITA-MMA copolymers o ' ' '
O amidated ITA-MMA copolymers
]
‘s 80 25
]
2 o 20
£ v o i
o .
S E 60- B 5 20 g
o 3 -3
g8 E 15 8,
=2 Q Pas -
69 = = 3
<2 Y o |= 3
B ¥ 10 F
w £ 1.0
= Q
= 20 - 5
° a o}
£ {0
0 : L . L : L 0.5
0 S 0 10 20 30
0 10 20 30 40 50 mol % of IA in the monomer feed
mot % of ITA in the monomer feed Fig. 5. Number average molar mass (o) and
Fig. 4. Comparison of the compositions of ITA-  polydispersity (o) of the prepared copolymers
MMA copolymers before and as a function of the mol % itaconic acid
after amidation. in the monomer feed.

CONCLUSIONS

Copolymers of itaconic anhydride and methyl methacrylate were synthesised
in solution at 60 °C. The determined monomer reactivity ratios are rita =
=1.35+0.11; ryma = 0.2240.22 (by the Fineman—Ross method) and rjta = 1.27+
10.38; riyma = 0.10£0.05 (by the Mayo—Lewis method). The reactivity ratios are
in agreement with literature values!2 for the copolymerisation of these monomers
in bulk at 70 °C.

Chain transfer to itaconic anhydride occurred during the radical copolymeri-
sations, limiting the molar masses of the polymers obtained from monomer feeds
containing larger amounts of itaconic anhydride.

Amidation of the anhydride units in the copolymer with di-n-butyl amine
gave itaconamic acid with complete conversion (confirmed by H-NMR and IR
spectroscopy and nitrogen analysis). The percent of amidation did not depend on
the copolymer composition.

This method of modification of itaconic anhydride moieties in copolymers
offers a convenient method of obtaining itaconamic acid-containing polymers
without the difficulties generally experienced in the preparation of itaconamic
acid monomers and in their direct polymerisation.

Acknowledgement. This investigation was financed by the Ministry of Science of Serbia
through project No.142023.



1514 MILOVANOVIC et al.

N3BOJ

CHUHTE3A 1 MOJANDOUKAIINIA KOIIOJIMMEPA AHXUAPUJIA HTAKOHCKE
KHUCEJIMHE U METUJI-METAKPUJIATA

MWJIOLI B. MUJIOBAHOBURY, CHEXAHA C. TPUGYHOBURZ, LYNNE KATSIKAS® u IBAHKA T. IOTIOBUR®
lI/Ich_Amﬁym 30 Xemujy, exHoA0Zujy u meitarypujy, Yuusepauitein y beozpaoy, hezowesa 12, Beozpao,
2 Xemujcru (paxyaitieins, Yuusepauitieini y Beozpady, Ciiydeniticku iipz 12—16, beozpad u
3Texl-tmom}co—memuﬂypumu paryaitiei, Ynusepsuitiein y beozpady, Kapnezujesa 4, Beozpao

HcnutuBana je pagnKaiHa KOMoJIuMepr3alyja aHXHAPHIa HTAKOHCKE KHCEIMHE U METHII-Me-
TakpunaTa y pacteopy Ha 60 °C. Cacras konomumepa oapehen je TH-NMR criexrpockonujom u u3-
padyHaTH Cy OJHOCH PEakTHBHOCTH MOHOMepa, Mira = 1.35+0.11; rypwma = 0.22+0.22 (metomom
®ajuman—Poc) u r7p = 1.27%0.38; ryma = 0.10£0.05 (Metomom Mejo—JIyuc). CHHTETH30BaHH KO-
MONIMMEPH ¢y MOIM(UKOBAHU PEAKIHjOM ca IUOYTHI-aMHHOM. HakoH amMupaaryje cacTaB KOIOJH-
Mepa ofpeljeH je eneMeHTaIHOM aHaJIM30M Ha OCHOBY Cajpikaja a30Ta. AMHIALN]OM aHXHIPHIHUX
jeAuHMIA Y KOMoJMMeprMa AUOyTUII-aMHHOM HAcTajle Cy KOMOHOMEpHE je[IMHHIC UTAaKOHAMHYHE
KHCEJIMHE.

(TMTpumsbero 2. asrycra 2007)
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The influence of antioxidant and post-synthetic treatment on the
properties of biodegradable poly(butylene succinate)s
modified with poly(propylene oxide)

DRAGANA PEPIC#, MARIJA RADOICIC, MARIJA S. NIKOLIC# and JASNA DJONLAGIC*#
Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000 Belgrade, Serbia
(Received 31 July 2007)

Abstract: Novel poly(ester—ether)s based on poly(butylene succinate) (PBS) as the
hard segments and 30 mass % of poly(propylene oxide) (PPO) as the soft segments
were synthesized with varying amount of the antioxidant (N,N'-diphenyl-p-phenyI-
enediamine, DPPD). The influences of the addition of DPPD and the impact of
post-synthetic treatment by precipitation on the molecular structure, thermal and
physical properties, as well as on the storage stability of the biodegradable aliphatic
copolyesters, were investigated. The structure and composition of the copolymers
were determined by means of 1H-NMR spectroscopy. The molecular weight and
polydispersity of the poly(ester—ether)s were evaluated from solution viscosity and
GPC measurements. The thermal properties and stability were evaluated, respect-
tively, by means of DSC and non-isothermal thermogravimetry in an inert nitrogen
atmosphere. The biodegradability potential of the polymers was studied in hydro-
Iytic and enzymatic degradation tests with Candida cylindracea lipase by monito-
ring the weight loss of polymer films after incubation. The weight losses of the
samples increased with time and were in the range from 1 to 5 mass % after 4
weeks. GPC analysis confirmed that there were changes in the molecular weight of
the copolyesters during both hydrolytic and enzymatic degradation tests, leading to
the conclusion that the degradation mechanism of poly(butylene succinate)s modi-
fied with PPO occurred through surface erosion and bulk degradation.

Keywords: poly(ester—ether), poly(butylene succinate), poly(propylene oxide), bio-
degradable, antioxidant, enzymatic degradation.

INTRODUCTION

Due to their low cost, easy processing and resistance to degradation under
environmental conditions, the use of synthetic polymeric materials has been gro-
wing progressively in the past few decades. However, environmental concerns
about the waste resulting from these materials, especially those from short-term
applications, has become the centre of attention in the last decade. Replacement
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of the currently used bioresistant polymeric materials with biodegradable poly-
mers is one of the solutions for global waste problems.1.2 Only a few types of
synthetic polymers can be considered as potential biodegradable materials, main-
ly ones with hydrolysable groups incorporated into the polymeric chain.34 Ali-
phatic polyesters, with hydrolysable ester units within the polymeric chain are
recognised as one of the most promising polymers for the development of ecolo-
gically friendly materials.>6 Intense interest in these polymers as degradable
thermoplastic exists also for medical application, where there is a need for mate-
rials which will be eliminated after time-limited applications, for example in
surgery and in formulations for controlled drug release.”~® The development of
aliphatic polyesters as biodegradable materials has advanced to such a high level
that some polymers belonging to this class have already found commercial appli-
cation, such as poly(glycolic acid) (PGA), poly(L-lactic acid) (PLLA), poly(&-ca-
prolactone) (PLC) and different poly(hydroxyalkanoates).

The properties of aliphatic polyesters in terms of time-tunable degradability
and mechanical properties can be further developed, usually by copolymeriza-
tion, in order to fulfil different application demands. For some applications, ela-
stomeric materials are more suitable than relatively hard ones, such as aliphatic
crystalline polyesters. Biodegradable thermoset elastomers were synthesized
from a star copolymers of &caprolactone and D,L-lactide and also from copoly-
mers of poly(ethylene oxide) and citric acid.10.11 All these formulations involve
crosslinking during the final stage of thermoset preparation. One of the deve-
loped ways to obtain thermoplastic elastomers without chemical crosslinking is
copolymerization with flexible polyethers.12.13 In addition to altered mechanical
properties, copolymerization with polyethers has the advantage of introducing
hydrophilic groups, which render the so-obtained polymers more susceptible to
biodegradation. Among different polyethers, poly(ethylene oxide), PEO, and
poly(tetramethylene oxide), PTMO, were used to modify the properties of not
only aliphatic, but also of aliphatic/aromatic polyesters. For example, PEO was
used as the soft segments in a number of cases, i.e., in combination with poly-
(lactic acid), poly(butylene terephthalate), poly(butylene succinate) and poly(e-ca-
prolactone).14-19 The less hydrophilic PTMO was also used as a constituent part
of the soft segments in copolymerization with aromatic and aromatic/aliphatic
polyesters.20—22 In previous studies, it was shown that poly(butylene succinate),
PBS, modified with flexible PEO segments has better biodegradability properties
compared to PBS modified with PTMO, due to the increased hydrophilicity of
the former.16 However, the oxidative instability of poly(ester-ether)s with PEO
is also much more pronounced in comparison to poly(ester—ether)s with PTMO.
There has been a report on aliphatic polyesters with poly(propylene oxide) as a
building part of the soft segments in biodegradable aliphatic copolyesters.23 This
study showed that the investigated poly(ester—ether)s with PPO had in some ins-
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tances even better biodegradability profiles compared to the corresponding ones
with PEO.

The main disadvantage of segmented polymers with polyethers as soft seg-
ments is their long-term instability under environmental conditions. The oxida-
tive reactions of the ether bonds via a free-radical mechanism lead to chain sci-
ssion and can be thermo-, photo- or y-radiation initiated. Thus, some attempts to
improve the oxidative instability during storage of polymers with PEO included
the use of the antioxidant vitamin E as well as commercially available hindered
phenols.24 Hindered amines, such as N,N'-diphenyl-p-phenylenediamine, are also
used as radical scavengers where oxidative reactions are expected to occur, such
as in the rubber processing and in biomedical applications.25:26

In this work poly(ester—ether)s with PPO in the soft segments and poly(bu-
tylene succinate) as the hard segments were synthesized and their properties
including biodegradability compared to those previous prepared copolymers ba-
sed on PBS but with PEO or PTMO as the soft segments. Poly(propylene oxide),
with a methyl group as a side-group in the repeating units, is a logical extension
of our previous studies. The influence of the amount of antioxidant, N,N'-diphe-
nyl-p-phenylenediamine, DPPD, on the long-term stability and overall properties,
including biodegradability, was investigated. Since the stability of the polymers,
as well as biodegradability depends on the form in which the polymers are stored,
the influence of post-synthetic treatment through precipitation was also evaluated.

EXPERIMENTAL
Materials

Dimethyl succinate (Alfa AESAR, GC > 98 %) was used as received. a,w-Hydroxyl termina-
ted poly(propylene oxide), PPO, with a molecular weight of 1200 g mol, (Fluka) was used as ob-
tained. 1,4-Butanediol (MERCK) was purified by vacuum distillation. Titanium-tetrabutoxide,
Ti(OBu),4, (Aldrich) was used as a solution in dry n-butanol (1:9 v/v). The antioxidant N,N’-diphe-
nyl-p-phenylendiamine, DPPD, (Bayer) was used as received. Candida cylindracea lipase was
purchased from Sigma.

Synthesis of the polyesters

The aliphatic poly(ester—ether)s, PBSPPOs, were synthesized by a two step transesterification
reaction in the bulk, starting from dimethyl succinate, 1,4-butanediol and 30 mass % of «, »w-hydro-
xyl-terminated poly(propylene oxide) (PPO, M, = 1200 g mol1). The diol component was used in a
15 mol % excess over the dimethyl ester. A series of PBSPPOs without antioxidant and with 0.5
and 1 mass % of DPPD as the antioxidant were synthesized. As an example, the synthesis of a po-
ly(ester—ether) without stabilizer, PBSPPO-0, is described. A three-necked laboratory reactor equip-
ped with a condenser, nitrogen inlet tube, magnetic stirrer and thermometer was charged with 40.88 g
(0.28 mol) of dimethyl succinate, 18.24 g (0.152 mol) of poly(propylene oxide) and 27.36 g
(0.304 mol) of 1,4-butanediol. The reaction mixture was purged with nitrogen and the reaction was
started by the introduction of 0.075 g (0.221 mmol) of Ti(OBu),, as catalyst. The reaction mixture
was heated quickly to 150 °C and then gradually (1 °C min1) to the final reaction temperature of
220 °C. The methanol formed during the first stage was distilled off. The second phase of reaction
was carried out with a second portion of catalyst (0.221 mmol), under vacuum (p = 0.5 mm Hg).
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For the different composition of the reaction mixture and applied vacuum, different reaction times
from 24 to 54 h were required in order to obtain polymers of high molecular weight. After comple-
tion of the reaction, the poly(ester—ether) was cooled in the reactor to room temperature under ni-
trogen. One portion of the poly(ester—ether) was precipitated from chloroform into methanol
(PBSPPO-0-P) and dried under vacuum, while the rest was stored and used further without pre-
cipitation (PBSPPO-0). All the other polyesters were synthesized in the manner described above.
The other two PBSPPOs in the series were synthesized with 0.5 mass % (PBSPPO-0.5) and 1 mass %
(PBSPPO-1) of DPPD. The numbers in the abbreviations of poly(ester—ether)s indicate the mass per-
cent of antioxidant, while for the precipitated samples, the letter P is used at the end of the abbreviation.

Characterization of the polyesters

IH-NMR spectra were recorded in CDCl5 solution with tetramethylsilane as the reference
standard using a Varian-GEMINI-200 (200 MHz) instrument. The YH-NMR spectra of these poly-
mers showed characteristic peaks: protons from the succinic acid appear at 6 = 2.63 ppm, protons
from the methylene group in the poly(propylene oxide) which were attached to the ether group at 6 =
= 3.52-3.62 ppm, and central and terminal protons from the 1,4-butanediol at § = 1.64-1.77 ppm
and &= 4.09-4.12 ppm, respectively. Protons from the methylene group in poly(propylene oxide)
which were attached to the ester group appear at 6 = 4.09-4.30 ppm, and in the same region a
signal from the terminal methylene protons in 1,4-butanediol appears. Protons from methylene
group of the poly(propylene oxide) appear at 6 = 3.41-3.45 ppm and the signal of the protons from
the methyl group of the poly(propylene oxide) appear at 6 = 1.15-1.25 ppm. The compositions of
the polyesters were calculated from the relative intensities of the peaks characteristics for the suc-
cinic acid residue and for the protons from the side methyl groups of the poly(propylene oxide).

The viscosities of solutions of the polymers in chloroform were measured at 25 °C using an
Ubbelohde viscometer. The intrinsic viscosity, [7], was calculated from these measurements.

Gel permeation chromatography (GPC) was performed using a Waters 2414 instrument at 30 °C,
with four Styrogel columns and a refractive index detector. The columns cover a range of molar
masses from 2500 g mol! to 1 million g mol1. Calibration was performed with poly(methyl me-
thacrylate) standards. Chloroform was used as the eluent at a flow rate of 1 ml min-1. The copoly-
esters were injected onto the column as 10 mg mi- solutions with a 200 pl loop. The number-ave-
rage (M,) and weight-average molecular weights (M,,) and polydispersity indexes were evaluated
from these measurements using Waters Breeze software.

Differential scanning calorimetry (DSC) was performed using a TA Instruments SDT Q600
analyser under a nitrogen atmosphere in the temperature range from 30 to 160 °C at a heating and
cooling rate of 10 °C min-L. The polyester samples were scanned from 30 to 160 °C, then cooled to
30 °C and heated again to 160 °C. The melting temperatures were determined from the initial scan
as the temperature of the maximum of the main endothermic peak in the DSC curves.

The TA Instruments SDT Q600 was also used for thermogravimetry. Non-isothermal experi-
ments were performed in the temperature range 30-500 °C at a heating rate of 10 °C min'l. The
thermal stability of the poly(ester—ether)s was studied under a dynamic atmosphere of nitrogen (the
flow rate was 100 cm3 min'1).

The moisture uptake of the poly(ester—ether)s was measured as the increase in the mass of po-
lymer films, which were placed in a chamber above a saturated solution of K,SO,, giving a relative
humidity of 97 %, for 7 days at room temperature.

Enzymatic and hydrolytic degradation tests were performed on poly(ester—ether)s films. The
polymer films were obtained by hot pressing at 20 °C above the melting temperature. In addition,
the films were stored at ambient temperature for at least three weeks before characterization in
order to attain equilibrium crystallinity. The films (10x40 mm? and about 150 pm thick) were in-
cubated in a phosphate buffer solution (pH =~ 7.00) (hydrolytic degradation) or with 2 mg mlI? Ii-
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pase from Candida cylindracea (enzymatic degradation) in an incubator at 37 °C. The enzymatic
and hydrolytic degradation tests of the poly(ester—ether)s films were run in duplicate. Every 7 days,
the enzyme solution was replaced with a freshly prepared one. The films were removed either from
the enzymatic or buffer solution after selected time intervals, washed with distilled water, and dried
under vacuum at room temperature to constant weight. The extent of biodegradation was quantified
as the percent weight loss of the polymeric films.

The surfaces of the samples were observed using an optical microscope “Carl Zeiss Jena” in
reflected light before and after hydrolytic and enzymatic degradation, without any further mecha-
nical treatment.

RESULTS AND DISCUSSION
Synthesis and stabilisation of poly(ester—ether)s

Aliphatic poly(ester—ether)s with poly(propylene oxide) as the soft segments
and poly(butylene succinate) as the hard segments were synthesised with varied
amount of the antioxidant N,N’-diphenyl-p-phenylenediamine (DPPD). In addi-
tion to the influence of the different amounts of antioxidant, the influence of
post-synthetic treatment of the obtained polymers on the properties of the poly-
(ester—ether)s was also investigated.

All poly(ester—ether)s in the series with varying amount of DPPD and con-
stant amount of the soft segments (5.5 mol % or 30 mass %) were synthesised ac-
cording to the well-established transesterification reaction procedure for obtain-
ing polyesters of high molecular weight.16 Starting from dimethylsuccinate, 1,4-bu-
tanediol and poly(propylene oxide) (M, = 1200 g mol-1) and using a Ti(OBu)4 as
the catalyst, oligomeric chains were produced in the first phase of reaction under
atmospheric pressure and nitrogen atmosphere. Thereafter, a vacuum was applied
in order to produce chain extension and to obtain polymers of high molecular
weight with the addition of the antioxidant DPPD. Longer reaction times for the
second phase of the reaction, i.e., polycondensation, were required compared to
those for the homopolyester, PBS.17 These results are in agreement with the fact
that the reaction rate decreases due to the higher transesterification activation
energy of dimethyl succinate and PPO compared to dimethyl succinate with 1,4-bu-
tanediol 27,28

The structure and composition of the synthesized poly(ester—ether)s were
confirmed by TH-NMR spectroscopy (Fig. 1). Using the intensity ratio of the me-
thylene protons peak from the succinic acid residue (signal a in Fig. 1) and the
methyl protons peak from the side group in the poly(propylene oxide) units (sig-
nal g in Fig. 1), the mol and mass fraction of soft segments in the polymer chain
were determined. As can be seen from the results presented in Table I in all ca-
ses, good agreement with the theoretical composition based on the feed compo-
sition was achieved. Thus, the presence of the antioxidant did not influence the
composition of the synthesised poly(ester—ether)s. Secondly, in all three cases,
the composition of the polymer chains was not altered through precipitation,
indicating that the formation of the polymers during the course of the synthesis
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was uniform, and that there was no preferential incorporation of either diol units;
thus finally random copolymers were obtained.
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Fig. 1. TH-NMR spectrum of the poly(ester—ether) PBSPPO-0 in CDCls.
TABLE I. Composition of poly(ester—ether)s determined from the 1H-NMR spectra

Mass fraction of soft segments Mole fraction of soft segments
Polymer mass % mol % Ly

Theoretical Experimental Theoretical Experimental
PBSPPO-0 29.6 5.9 17.0
PBSPPO-0-P 29.3 5.4 18.4
PBSPPO-0.5 30 29.3 55 5.2 19.1
PBSPPO-0.5-P 29.2 5.2 19.3
PBSPPO-1 29.7 6.0 16.7
PBSPPO-1-P 29.8 6.2 16.2

Under the assumption that the length of the soft segment is one, and taking
into account the fact that the copolymers are random, the average length of the
hard poly(butylene succinate) segments was calculated from the mole fraction of
PBS in the copolymer, using the formula:
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1
1-XpBs

The values are included in Table 1. In previous studies on the biodegradebi-
lity of poly(ester—ether)s with PTMO as the soft segments, it was shown that
there is an optimal hard segment length for promoting catalytic action of Candida
cylindracea lipase,22 which was also used in the present work. The compositions
of the PBSPPOs in this study were designed to obtain poly(ester—ether)s with
hard segments of 17 to 18 PBS units, in order to have the optimal catalytic action
of the chosen enzyme. As can be seen from the data in Table I, the average se-
guence length of the PBS hard segments was between 16 and 19, depending on
the molar fraction of the soft PPO segments, which varied from 5.5 to 6.2 mol %.

The results of characterisation in terms of the size of polymeric chain, i.e.,
intrinsic viscosities and molecular weights obtained in GPC analysis, are summa-
rised in Table Il. The values of intrinsic viscosities of the synthesized copolyes-
ters were from 78.9 to 101.5 cm3 g—1. With increasing content of the antioxidant,
the molecular weights of the synthesised poly(ester—ether) increased. While for
the lower content of DPPD (0.5 %), only a moderate increase was observed, for
the higher content of DPPD (1 %), the increase in molecular weight was much
more pronounced. It can be concluded that some thermal degradation reactions
occurred during the synthesis, although, under the chosen reaction conditions
(vacuum at 220 °C), appreciable degradation of the polymers is not to be expec-
ted. These thermal degradation reactions could be efficiently prevented by the
use of DPPD.

TABLE II. Intrinsic viscosity, molecular weights and molecular weight distribution of the synthe-
sized poly(ester—ether)s

Ly 1

Polymer [712/cm3gl [#]®/cm3gl M.P/10%gmolt  M,P/10%gmolt M,/MP°
PBSPPO-0 78.9 74.9 2.72 5.16 1.90
PBSPPO-0-P 82.6 13.8 0.49 0.92 1.88
PBSPPO-0.5 79.6 68.1 2.71 461 1.70
PBSPPO-0.5-P 84.2 77.1 2.69 4.67 1.74
PBSPPO-1 875 81.5 3.34 6.28 1.88
PBSPPO-1-P 1015 94.0 3.17 5.72 1.81

aDetermined for the as-prepared samples; Pdetermined after 8 months of aging at room temperature

In this study, it was shown that relatively high-molecular weight poly(ester—
—ether)s based on PPO could be synthesized using a highly effective catalyst, i.e.,
tetra-n-butyl-titanate, and the molecular weight increased with increasing content
of antioxidant, as well as by precipitation leading to the elimination of low-mole-
cular weight fractions. All the synthesized copolymers exhibited macromolecular
behaviour and were suitable for the preparation of elastomeric, flexible and tough
films by the melt-press method.
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As can be seen from the values of the intrinsic viscosities after 8 months of
aging, the poly(ester—ether)s are prone to degradation under ambient conditions,
as shown in previous studies.17.22 This can also be seen from GPC measurements
which were made after 8 months of aging. This is especially the case for
PBSPPO-0-P, which was precipitated after the synthesis. Probably, the reason is
in addition to the absence of antioxidant, the morphology of the sample, which
was in the form of a powder with a high surface to volume ratio. The results ob-
tained for the samples with DPPD show that the oxidative degradation could be
suppressed, although not completely prevented, even with the highest employed
amount of DPPD. For complete prevention of the oxidative degradation of poly-
(ester—ether)s, higher quantities than 1 mass % of DPPD are recommended.

Thermal properties of the poly(ester-ether)s

The thermal properties of poly(ester—ether)s were characterized by DSC ana-
lysis in terms of melting temperatures and enthalpies of melting. Poly(butylene
succinate) homopolymer is a crystalline polyester with a melting temperature of
115-117 °C. The main disadvantage of the copolymers of this polyester is that
the melting temperatures are usually decreased to below 100 °C. The composi-
tion of the poly(ester—ether) was chosen to be such as to obtain polymers with a
melting temperature above 100 °C, which is important from the technical point of
view. The melting temperatures of all the synthesized poly(ester—ether)s were in
temperature region from 104 to 109 °C, irrespective of the presence of a heat sta-
biliser or post-synthetic treatment (Fig. 2 and Table II).

a) PBSPPO-1-P b)

PBSPPO-1-P PBSPPO-1 % /e
GO PBSPPO-0.5-p °
i . Y e S . \‘\,\
AN . S _
PBSPPO-0.5-P .,-’;-, N, RN 3 PB.S_P_]?Q‘O'S \ T e
Ry AN e B Y e lus
G| PBSPPO-0.S = T N PBSPPO-0-P ™. .
=S SR
© LT T N PBSPPO-( "~ ~,
PBSPPO-0-P SN e N
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t/°C 1 °C

Fig. 2. DSC thermograms of the poly(ester—ether)s obtained in the initial heating scan (a) and
subsequent cooling (b); heating and cooling rate 10 °C min-1, nitrogen atmosphere.
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TABLE 1. Thermal properties of the poly(ester—ether)s

Polymer Tm/°C AHp/dgl Tou/°C AHp/Jgl To/°C X2/% Xpps?/ %
PBSPPO-0 108.5 56.8 107.9 48.4 658 514 731
PBSPPO-0-P 109.5 60.3 109.2 51.7 68.9  54.6 77.2
PBSPPO-0.5 106.5 54.2 105.6 48.9 67.8  49.0 67.2
PBSPPO-0.5-P 106.7 55.2 106.0 53.9 65.3  49.9 68.9
PBSPPO-1 108.7 55.8 108.1 46.0 678 505 719
PBSPPO-1-P 104.8 45.9 104.7 41.2 640 415 58.6

@Determined as the ratio of the apparent to theoretically calculated enthalpy of melting for perfectly crystalline
PBS; bdegree of crystallinity of PBS, calculated using the experimentally determined mass fraction of PBS in
the poly(ester—ether)s

The presence of the antioxidant and the thus obtained differences in the mo-
lecular weights of the samples did not have a significant influence on the melting
temperatures. The post-synthetic treatment by precipitation, in which smaller mo-
lecular weight fractions were removed, also did not have a great impact on the
melting temperatures, except in the case of the polyester with the highest content
of DPPD. As the largest difference in the values of the intrinsic viscosities before
and after precipitation was observed in the case of this poly(ester—ether), the dif-
ferences in the melting temperatures can be ascribed to changes in the molecular
weight and polydispersity between the treated and untreated sample.

Similar tendencies as those in the case of melting temperatures were obser-
ved for the enthalpies of melting, AHy, and, consequently, the total degrees of
crystallinity, X.. The enthalpies of melting were used to calculate the total degrees
of crystallinity as the ratio of the observed enthalpy to that theoretically calcula-
ted on the basis of the group contribution method,2° of perfectly crystalline PBS
(AH% = 110.5 Jg1). The total degree of crystallinity of the poly(ester—ether)s
was in the range from 41.5 to 54.6 %.

For the untreated samples obtained with different amount of DPPD, the dif-
ferences in the degree of crystallinity were just a few percent, which were in the
range of experimental error of the determination of the degree of crystallinity by
the DSC method. For the samples which were precipitated, the degree of
crystallinity decreased following the trend of increasing molecular weight in the
series. Except for the sample with the highest content of DPPD, the degree of
crystallinity of the other samples rose slightly after precipitation. As the lower
molecular weight fractions were removed, the sample with a narrower molecular
weight distribution forms a more uniform and perfect crystal structure with fewer
defect, which can disturb crystalline growth and overall degree of crystallinity. In
addition, all the investigated samples showed a single endothermic peak on heat-
ing, which is an indication of the perfection of the crystallite size distribution.
The biggest change in the degree of crystallinity due to the post-synthetic treat-
ment and in the opposite direction from the other PBSPPOs was observed for the
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sample with 1 mass % of DPPD. The reason for the decrease of almost 10 % in
the degree of crystallinity after precipitation for this sample is probably due to
the high molecular weight of the precipitated sample, as judged from the value of
the intrinsic viscosity. The enthalpies of melting for this sample remained very
low also in the second DSC run, which indicates retarded crystallisation, proba-
bly due to the increased viscosity of this sample because of its high molecular
weight. All the poly(ester—ether)s exhibited a total degree of crystallinity which
were greatly reduced compared to usually observed values for pure PBS determi-
ned by DSC, which is around 80 %.17:22 Since biodegradability depends strongly
on the degree of crystallinity, as shown in a number of studies, the obtained poly-
(ester—ether)s should have improved biodegradability properties compared to PBS,
while still maintaining optimal thermal properties.

The degree of crystallinity relative to the mass fraction of hard crystallisable
PBS segments, Xcpgs, Were in the range 58.6 to 77.2, which means that only 59
to 77 weight % of the PBS segments in the poly(ester—ether)s crystallized. From
the values of Xcppgs, it is clear that the presence of the soft polyether segments
disturbs the crystal growth of hard PBS segments. However, the presence of poly-
ether in polymeric chains does not affect the rate of crystallisation compared to
pure PBS. The supercooling (AT = Ty — T¢), the difference between the melting
and crystallisation temperature, which is an indicator of the rate of crystallisation,
was around 40+2 °C, which is close to the value for pure PBS, which has a AT,
value of 38 °C and is considered to be a fast crystallising polymer.

Thermal stability of the poly(ester-ether)s

From the processing and application standpoint, as well as from the interest
in chemical recycling, it is important to evaluate thermal stability of new poly-
meric materials. The poly(ester—ether)s were investigated by non-isothermal ther-
mogravimetry (TG) in order to determine their thermal stability and degradation
behaviour. All the poly(ester—ether)s showed a single peak in the differential
thermogravimetry (DTG) curves, indicating that there is no difference in the me-
chanism of the degradation between the poly(ester—ether)s obtained in the pre-
sence of different contents of DPPD or between the samples which had under-
gone post-synthetic treatment by precipitation.

The temperatures at which the poly(ester—ether)s had lost 5 % of their initial
mass, which is considered as the beginning of degradation, and the temperatures
at the maximum degradation rate, as well as the residual mass at 450 °C are sum-
marised in Table V. As can be seen from the data presented in Table IV, there is
slight difference in the thermal stability between polymers obtained in the pre-
sence of DPPD and without antioxidant, the later being more stable.

The only exception is the sample obtained with highest amount of DPPD and
without any post-synthetic treatment. There were no differences observed in the
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mass remaining at the end of degradation, showing that the differences observed
could not be ascribed to the presence of the volatile DPPD, which was present in
such a low content. Overall, the observed unexpected differences between poly-
(ester—ether)s obtained under different conditions could not be explained with the
present available set of data. However, the differences between the samples are
so small that the whole series can be compared with other polyesters intended for
the same application. Poly(ester—ether)s based on PPO exhibit improved stability
compared to almost all well known hydroxyalkanoic acid based polyesters, in-
vestigated in similar TG experiments.30 The thermal stability of the poly(ester—
ether)s modified with PPO is comparable to the most stable poly(hydroxylalka-
noate)s, poly(s-valerolactone) and poly(e-caprolactone).

TABLE IV. Tsy, T4" and residual mass at 450 °C obtained by thermogravimetry

Polymer Tso / °C T/ °C Residue at 450 °C, mass %
PBSPPO-0 349.6 400.8 4.2
PBSPPO-0-P 349.9 401.4 25
PBSPPO-0.5 3275 385.3 1.9
PBSPPO-0.5-P 328.3 382.6 35
PBSPPO-1 349.5 401.0 45
PBSPPO-1-P 336.6 384.1 2.4

Biodegradability tests

Hydrolytic degradation of the poly(ester—ether)s in phosphate buffer solution
and in the presence of the lipase from Candida cylindracea on polymer films was
followed by mass loss during degradation and changes in the molecular weight
by GPC analysis, as well as by optical microscopy of the surface of the degraded
and non-degraded samples. All samples were included in the study except for
PBSPPO-0-P, which was to fragile due to oxidation that films of sufficient strength
could not be obtained.

Among all other factors which can affect biodegradability through scission
of hydrolysable bonds within a polymeric chain, hydrophilicity is the one which
can greatly influence the rate and extent of degradation. With the introduction of
polyether soft segments, the hydrophilicity of so obtained poly(ester—ether) is in-
creased, and as shown in a number of studies, the biodegradability is thus impro-
ved.21 Moisture-uptake tests were performed on the novel poly(ester—ether)s syn-
thesized within the framework of this study in order to investigate the influence
of the presence of the aromatic antioxidant, as well as the influence of post-syn-
thetic treatment on the hydrophilicity of the obtained copolymers. The results ob-
tained for moisture uptake of polymeric films after 7 days of incubation in an
atmosphere of relative humidity 97 % are presented in the Fig. 3.

It is obvious that with increasing content of the aromatic, hydrophobic DPPD,
the absorption of moisture was decreased for both the precipitated and unpreci-
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pitated samples. A possible explanation is that the presence of the aromatic
antioxidant renders the surface of the samples more hydrophobic, which results
in a decreased moisture uptake with increasing content of DPPD. It is also appa-
rent that the samples obtained from the poly(ester—ether)s which were precipita-
ted absorbed more water than the untreated ones when the poly(ester—ether)s were
synthesized in the presence of DPPD. Some of the DPPD was obviously lost du-
ring the precipitation procedure which resulted in the observed difference bet-
ween the precipitated and unprecipitated samples. Compared to the poly(ester—
—ether)s containing poly(ethylene oxide) soft segments of comparable molecular
weight to that of the PPO employed in this study, the presently investigated poly—
(ester—ether)s were less hydrophilic and the differences within the series were
smaller. Thus, the biodegradability cannot be mainly determined by the slightly in-
creased hydrophilicity compared to PBS found in some of previous studies.16:21
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films incubated in a 97 % humidity atmosphere.

The weight losses of the poly(ester—ether)s based on PPO in the hydrolytic
tests increased with time and were from 1 to 5 mass % after 28 days. A mild ca-
talytic activity of the lipase from Candida cylindracea was confirmed since in all
cases the weight losses in the tests conducted with the enzyme were slightly hi-
gher than those observed in the tests performed in buffer solution without the en-
zyme. The weight losses of the poly(ester—ether) samples with different contents
of antioxidant incubated in the enzyme buffer solution for 28 days are presented
in Fig. 4. The highest weight losses are observed for the poly(ester—ether) obtain-
ed without the addition of the antioxidant, which is in agreement with the asses-
sment of the hydrophilicity obtained in the moisture-uptake tests. Nevertheless,
all samples showed similar rates of weight loss within the investigated timefra-
me, which were much higher compared to poly(butylene succinate) investigated
in a similar manner in previous studies.16:17.22 The same explanation which con-
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nects the increased degradability of poly(ester—ether)s compared to PBS homo-
polyester of increased flexibility and decreased crystallinity for the copolymer
also holds in this case. Since the degrees of crystallinity were similar for all sam-
ples and the hydrophilicity was not greatly affected by the presence of the hydro-
phobic DPPD, the degradation rates were, as expected, of a similar magnitude.

Weight
loss/ % 27

2

0"% Fig. 4. Weight losses in the en-
Uy zymatic degradation tests of the
o™ K s poly(ester—ether)s with different
contents of DPPD.

The precipitated and unprecipitated samples were also compared for the
poly(ester—ether)s obtained in the presence of the antioxidant DPPD (Fig. 5).
While the post-synthetic treatment did not have any influence on the degradabi-
lity of the samples with the lower content of DPPD, the poly(ester—ether) obtain-
ed with 1 % of DPPD exhibited a greatly reduced susceptibility toward degrada-
tion after precipitation, and was the least degradable sample of all the ones in-
vestigated. As can be seen from the values of the intrinsic viscosity, this sample
showed the highest relative increase in molecular weight after precipitation. It
can be concluded that in this case the biodegradability depended strongly on the
molecular weight, since the degradability was greatly reduced after the lower
molecular weight fractions had been removed.

The results obtained in GPC measurement before and after hydrolytic and
enzymatic degradation tests on the samples incubated for 28 days show that the
enzymatic degradation proceeds via bulk degradation of the polymeric films,
since a decrease in molecular weight was observed after the degradation experi-
ments (Fig. 6). This was not the case, however, when the weight losses were
small, as in the case of PBSPPO-1-P, where no change in molecular weight was
observed (Fig. 6b).

The structure of the surface of poly(ester—ether)s films was inspected by
optical microscope before and after degradation. In all the samples, a spherulite
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structure was clearly visible. The poly(ester—ether) with the highest amount of
DPPD appeared to have spherulites of the smallest size of all the samples. There
was no change in the structure observed for the precipitated samples in compari-
son to the unprecipitated ones. Upon incubation in buffer solution with or with-
out the addition of the lipase, no visible cracks or holes were detected. Although
the degradation proceeds via bulk degradation the extent of weight loss in the
investigated timeframe was so small that no observable erosion could be detec-
ted. Representative images of the surface of the polymeric films before and after
hydrolytic and enzymatic degradation are presented in Fig. 7.

Weight
loss/ %

- a)
1.2+ [Iblank EZZZ hydrolitic [ enzymatic
104 — — 7

= 7 /

= 064 | 7 7
0.4 4

/ 7
0.2 1 7
7 7

PBSPPO-0 PBSPPO-0.5 PBSPPO-1

\

Fig. 5. Weight losses in the en-
zymatic degradation tests of un-
precipitated and precipitated poly-
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a b c
Fig. 7. Surface appearance of the poly(ester—ether) PBSPPO-0 before (a) and
after hydrolytic (b) and enzymatic (c) degradation for 28 days.
CONCLUSIONS

High molecular weight poly(ether—ester)s based on poly(butylene succinate)
as the hard segments and poly(propylene oxide) as the soft segments were suc-
cessfully synthesized by a catalysed transesterification reaction in the melt. The
number average molecular weights, My, of the copolyesters in the series were
above 27000 g mol-1, while the polydispersity index, M\,/My, was in the range
1.7 to 1.8. The molecular weights of synthesized copolyesters increased both in
the presence of antioxidant (N,N'-diphenyl-p-phenylenediamine, DPPD) as well as
by precipitation of the polymers. The oxidative degradation of poly(ester—ether)s
based on PPO could be suppressed, although not completely prevented, even with
highest amount of added antioxidant DPPD. For complete prevention of the oxida-
tive degradation of the copolyesters, higher quantities of DPPD are recommended.

The melting temperatures of the poly(ether—ester)s based on PPO were lower
than that of PBS but above 100 °C, which is important for their possible applica-
tion. The copolymers exhibited macromolecular behaviour and were suitable for
the preparation of flexible and tough films by the melt-press method. The total
degree of crystallinity of the poly(ether—ester)s was in the range of 41 to 55 %,
i.e., lower than the degree of crystallinity of the homopolyester (PBS). The de-
gree of crystallinity calculated with respect to the weight fraction of PBS seg-
ments (Xcpgs) in the poly(ether—ester)s indicated a decreasing tendency of crys-
tallization of the hard segments with increasing molecular weight of the synthe-
sized copolyesters.

Incubation in a buffer solution for 4 weeks resulted in mass losses from 1 to
5 %, depending on the content of antioxidant and post-synthetic treatment. Enzy-
matic degradation in the presence of lipase from Candida cylindracea was slight-
ly increased compared to hydrolytic degradation. The enzymatic degradation show-
ed that the introduction of the soft PPO segments into the polymer chains increa-
sed the degradability compared to PBS, showing the dependence of the amount
of degradation on the chain structure, i.e., molecular weight and hydrophilicity.
GPC Analysis confirmed that there were changes in the molecular weight of the
copolyesters during both hydrolytic and enzymatic degradation tests, leading to
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the conclusion that the degradation mechanism of the poly(ester—ether)s based on
PPO occurs through surface erosion and bulk degradation.

High molecular weight poly(ester—ether)s based on PBS and hydrophilic poly-
(propylene oxide) show promise as biodegradable elastomers, having satisfactory
thermal and mechanical properties and simultaneously good biodegradability.
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U3BO/J

YTULAJ AHTUOKCUOAAHCA 1 HAUMHA U3IBAJABA TIOJIMMEPA HA
CBOJCTBA BUOJAETPAJJABMJIHUX TTOJIU(BYTWJIEH CYKIIMHATA)
MOJNP®UKOBAHNX ITOJIN(ITPOITMJIEHOKCUIOM)

JIPATAHA TIEITUh, MAPUJA PAJIOVUYNHR, MAPUJA C. HUKOJIN'h nu JACHA HBOHJIATUh
Texnoaowxo—metmianypuxu paxyaiiein, Yrnueepauitiei y beozpaoy, Kapnezujesa 4, 11000 Beozpao

V OKBHpY OBOT pajia CHHTETHCAHU Cy HOBH monu(ectap—eTpu) Ha 6asu nomu(0yTHIIeH CyKIH-
nara) (PBS) kao tBpaux cermenara u 30 macenux % nonu(npommwieHokcuna) (PPO) yrpahenux y
Meke cermeHre, 6e3 u y mpucyctBy antuokcuianca N,N'-mudenui-p-dpenunennunamuna (DPPD).
V3y4aBao ce ytuuaj antuokcroganca DPPD kao v HaunHa u3/Bajama MojuMepa, OAHOCHO IpeTa-
JIO)KaBara Ha CTPYKTYPY U BEJIMYMHY MOJICKYJIa, TepMUUKa U (hH3MUKa CBOjCTBA Ka0 U Ha cTabMII-
HoCT OuozerpanabmiHux anudarckux xonoauecrapa. CTpyKTypa M cacTaB KOHOJIMECTapa Cy Ipo-
sepern 'H-NMR criexrpockomnujoM. Bemiunsa MoneKyia i pacriofieNia BETHIMHA MOJIEKYJIa CHHTE-
THCaHuX nonu(ecrap—erapa) Cy oapeheHH BUCKO3UMETpHjoM pasbiiaxkeHux pactBopa 1 GPC anamu-
30M. TepMuuKa CBOjCTBAa M TepMHUKa CTaOWIHOCT moju(ectap—erapa) cy aHanusupana DSC u He-
H30TEPMCKOM TEPMOIPaBUMETPHjOM y HHEPTHO] atMocepu asota. buoserpajabuiiHn OTEHIMjal
MOJIMMeEpa je M3ydaBaH y OIVieMa XHIPOJIOTHYKE M CH3UMCKE Jerpajaluje y NpucyCTBY JHIase
Candida cylindracea nparehu npomene y Macu mojiuMepHuXx GpuiMoBa TOKOM HHKYOGarwje. I'yGuim
Cy paciy ca BpeMeHOM U nociie 4 Heznesbe cy Ounn y omncery ox 1 no 5 macenux %. GPC ananusa je
HOTBPAMIA Ja IIOCTOje IPOMEHE Yy MOJIApHOj MacH y30paKka U y OIVIeMMa XUAPOIUTHIKE U CH3UM-
CKe Jierpajialiije Ha OCHOBY Yera ce MOXKe 3aKJby4UTH Ja ce MEeXaHH3aM Jerpajanuje rnonu(ecrap—era-
pa) Ha 6a3u PPO onBuja Kpo3 epo3ujy MOBPIINHE U ACTPAJALjy Y MacH.

(Mpumsseno 31. jymaa 2007)
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