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Selective desulfonylation in D-xylofuranose 3,5-disulfonates
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A method for the preparation of D-xylofuranose derivatives with a free terminal
(C5) alcohol function was developed, starting from monocyclohexylidene-3,5-disulfo-
nyl- or 5-O-sulfonyl-3-O-methyl ester. The regioselective displacement of the C5
sulfonyl ester function with acetate ion in dimethylsulfoxide afforded the corresponding
5-O-acetyl-1,2-O-cyclohexylidene-3-O-sulfonyl or 5-O-acetyl-3-O-methyl-� -D-xylo-
furanose. These esters could be readily hydrolysed into the desired 1,2,3-trisubstituted
xylofuranose.

Keywords: D-xylofuranose, sulfonyl ester, nucleophilic substitution, desulfonylation.

INTRODUCTION

For the preparation of D-xylofuranuronic acid, xylofuranose derivatives with free
terminal (C5) hydroxyl function were needed for oxidation. The easily accessible
1,2-O-cyclohexylidene-3,5-di-O-sulfonyl-� -D-xylofuranose was seen as a convenient
starting material.

Examples of the selective sulfonylation of hydroxyl groups in carbohydrates are
numerous. The selective regeneration of the alcohol function from disulfonates (poly-
sulfonates) seems to be a more complicated task.

In this paper, we report on the two step, high yield preparation of 1,2,3-tri-
substituted � -D-xylofuranose. The method consists in the regioselective displacement
of the 5-sulfonylester group in 3,5-di-O-sulfonyl esters of 1,2-O-cyclohexylide-
ne-� -D-xylofuranose with the acetate ion in dimethylsulfoxide. Subsequent hydrolysis
of the 5-O-acetyl group is readily achieved with sodium hydroxide in methanol, giving
high yields of the desired products, Scheme 1.

RESULTS AND DISCUSSION

Sulfonates are labile and undergo substitution or elimination reactions very eas-
ily. Direct methods for the conversion of sulfonates to alcohols (regeniration of the
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hydroxyl group), including reduction with sodium amalgam,1 hydrogenolysis on
nickel,2 reduction with sodium in ammonia,3 or the action of metal magnesium in
methanol4 are either too complicated for preparative work or are not appropriate for
selective desulfonylation. Direct action of hydroxide ions on 3,5-disulfonyl esters of
1,2-alkylidene-� -D-xylofuranose, particulary, is known to effect 3,5-anhydro ring clo-
sure5 by an intramolecular nucleophilic C3� C5 attack.

On the other hand, highly regioselective substitution of primary 5-O-sulfonyl group
in 3,5-disulfonyl esters of 1,2-O-cyclohexylidene-� -D-xylofuranose with anionic nucleo-
philes (halogenes) was proven earlier in our laboratory,6 pointing to the considerable differ-
ence in reactivity between a primary and a secondary sulfonyl ester group.

The method for the selective desulfonylation in xylofuranose-3,5-disulfonates
was based on experimental observations in the preparation of the 5-O-acetyl-3-O-me-
thyl derivative 1a. Namely, it was found that when acetate ions are present in
nonstoichiometric large amounts in dimethylsulfoxide, they quantitatively displace the
primary sulfonyl ester group in 1a in a short time on boiling the reaction mixture
(Scheme 1). Simple workup of the reaction mixture gave 5-O-acetyl derivative 2a in a
high isolated yield.

On applying the same rigorous experimental conditions to 3,5-disulfonyl esters 1
b,c, an unexpected outcome of the reaction was registered: the 3,5-disulfonyl esters 1
b,c gave exclusively the 5-O-acetyl-3-O-sulfonates 2 b,c. Analysis of the reaction mix-
ture by TLC revealed that no 3,5-diacetate, 5-sulfonyl-3-O-acetate, nor 3,5-anhydro
ring was formed, pointing to the high selectivity of the action of the acetate ion. It seems
that key to the high reaction rate of the nucleophilic substitution, and the unespectedly
short reaction times, lies in the ability of dimethylsulfoxide to solvate cationic species,
which leads to the more nucleophilic acetate anion.7

On the other side, the high regioselectivity in the displacement of the primary
sulfonyl group in the xylofuranose disulfonyl derivatives 1 b,c could be understood in
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line with the well known evidence relating to the inability of an anionic nucleophile to ef-
fect the displacement of certain secondary leaving groups attached to a furanose ring.8

The resulting acetyl derivatives 2a,b,c are easily and selectively hydrolyzed in
sodium hydroxide-methanol system at room temperature. On hydrolysis, they gave the
3-O-methyl derivative 3a, or the 3-O-sulfonyl ester derivatives 3 b,c, suitable for oxida-
tion at their terminal C5 position.

The starting 5-O-sulfonyl-3-O-methyl derivative 1a was prepared by selective
C5 sulfonylation, followed by C3 methylation with MeI/silver(I) oxide, while the
sulfonyl esters 1b,c are prepared from 1,2-O-cyclohexylidene-� -D-xylofuranose under
the standard sulfonylation procedure (sulfonyl halide in pyridine).

EXPERIMENTAL

General methods

Melting points were determined on a Büchi SMP 50 apparatus and are not corrected. IR spec-
tra were recorded on a Perkin-Elmer model 577 spectrometer. NMR spectra were taken on a Bruker
AC250E apparatus in CDCl3, using Me4Si as an internal standard. The chemical shifts (� ) are ex-
pressed in ppm (s, d, t and m denote, respectively, singlet, dublet, triplet and multiplet form of the sig-
nal). The assignmats of the signals in the 1H-NMR spectra are given after the description of the syn-
thesis, while the assignments of the signals in the 13C-NMR spectra are given in Table I. Mass spectra
were recorded with a Finingen MAT311A spectrometer, the first number in the referring spectra de-
notes the m/z value, while the numbers in parenthesis correspond to the abundance of the mass peaks.
Optical rotations were measured on an automatic polarimeter Polamat A (Karl Zeiss, Jena). TLC was
performed on Silica gel alufolien (Merck 5333), with benzene–ethyl acetate 4:1 as mobile phase.
Visualisation of the spots was achieved by spraying with 50 % sulphuric acid and subsequent heating
to 150 ºC. All organic extracts were dried with anhydrous sodium sulphate.

5-O-Benzenesulfonyl-1,2-cyclohexylidene-3-O-methyl-�-D-xylofuranose (1a)

5-O-Benzenesulfonyl-1,2-cyclohexylidene-3-� -D-xylofuranose (10.0 g, 27.7 mmol) and silver(I)
oxide (30 g, 129.3 mmol) were refluxed in iodomethane (100 mL) for 20 h. After cooling to room temper-
ature, chloroform (200 mL) was added to the reaction mixture upon which an insoluble material sepa-
rated. Evaporation of the solvent under vacuo left a crude product, which on crystallysation from metha-
nol gave crystalline 1a, m.p. 111 ºC (10.34 g, 97 %), � D

20 = –24.42 (c 1.0, CHCl3).

For C18H24O7S, found: C 56.48, H 6.52, calculated: C 56.24, H 6.29.

Mass spectra: 384(M+, 11), 341(14), 267(7), 233(40), 150(31), 55(31)
1H-NMR: 1.32–1.73, m, 10H, from cyclohexylidene; 3.31, s, 3H, methyl; 3.73, d, 1H, H-3,

J3,4 = 3.1; 4.13, dd, 1H, H-5a, J5a,4 = 5.8, J5a,5b = 9.4; 4.30, dd, 1H, H-5b, J5b,4 = 5.9; 4.36, m, 1H, H-4;
4.53, d, 1H, H-2, J1,2 = 3.7; 5.83, d, 1H, H-1; 7.52–7.98, group of signals, 5H, aromatic.

5-O-acetyl-1,2-O-cyclohexylidene-3-O-methyl-�-D-xylofuranose (2a)

5-O-Benzenesulfonyl-1,2-O-cyclohexylidene-3-O-methyl-� -D-xylofuranose (1.15 g, 3 mmol),
anhydrous sodium acetate (2.4 g, 29 mmol) and dimethylsulfoxide were mixed together in a 50 mL
round-bottom, long neck reaction flask, and heated with an open flame and boiled for 10–15 s. After cool-
ing to room temperature, the semi-solid reaction mixture was extracted with benzene–petroleum ether 1:1
(5� 20 mL). The combined extracts were washed with concentrated aqueous sodium chloride (2� 10 mL),
dried, and decolourised with active carbon. Evaporation of solvent in vacuo and distillation at 150 ºC/0.02
mm Hg gave pure 2a as an oil (800 mg, 92.7 %).
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TABLE I.
13

C-NMR spectral parameters of compounds 1-3 (� in ppm)

No. C1 C2 C3 C4 C5 3’, 4’, 5’ 2’, 6’ C1’ Aromatic C=O Me

1a 104.51 80.53 83.37 77.11 67.14 23.30, 23.61, 24.57 35.47, 36.21 112.44 127.70, 129.07, 133.71, 135.45 Cq 57.54

2a 104.75 80.94 84.34 77.97 62.42 23.51, 23.81, 24.81 35.65, 36.36 112.41 170.84 20.86
57.86

2b 104.24 82.52 81.66 76.21 60.61 23.24, 23.58, 24.55 35.44, 36.01 113.51 127.70, 129.35, 134.22, 135.56 Cq 170.04 20.45

2c 104.22 82.51 81.43 76.21 60.70 23.21, 23.56, 24.53 35.43, 36.00 113.07 127.72, 129.90, 132.49 Cq, 145.38 Cq 170.00 20.61
21.67

3a 104.42 81.13 85.28 79.90 60.59 23.43, 23.73, 24.73 35.65, 36.30 112.27 57.67

3b 104.16 82.82 81.93 79.25 59.50 23.39, 23.7, 24.68 35.67, 36.15 113.31 127.82, 129.51, 134.44, 135.54 Cq

3c 104.06 82.73 81.62 79.18 59.42 23.28, 23.61, 24.58 35.58, 36.05 113.0 127.75, 130.01, 132.3 Cq, 145.58 Cq 21.56



For C14H22O6, found: C 58.97, H 7.64, calculated: C 58.73, H 7.75.

Mass spectra: 286(M+, 79), 255(12.5), 244(100), 170(36), 151(49).
1H-NMR: 1.3–1.7, m, 10H, from cyclohexylidene; 2.08, s, 3H, acetyl methyl group; 3.39, s,

3H, methoxy methyl group; 3.74, d, 1H, H-3, J3,4 = 3.1; 4.19, dd, 1H, H-5a, J5a,5b =12.6, J4,5a=8.5;
4.32–4.40, m, 2H, H-5b and H-4; 4.56, d, 1H, H-2, J1,2 = 3.8; 5.92, d, 1H, H-1.

5-O-Acetyl-3-O-benzenesulfonyl-1,2-O-cyclohexylidene-�-D-xylofuranose (2b)

3,5-di-O-Benzenesulfonyl-1,2-O-cyclohexylidene-� -D-xylofuranose (2.0 g, 3.92 mmol), anhy-
drous sodium acetate (4.0 g, 48.8 mmol) and dimethylsulfoxide (10 mL) were mixed together in a 50 mL
round-bottom, long neck reaction flask and heated with an open flame and boiled for 10–15 s. On cooling,
the reaction mixture formed a semi-solid mass, which was extracted with benzene–petroleum ether 1:1
(5� 20 mL). The combined extracts were washed with concentrated aqueous sodium chloride (3� 10 mL),
dried, and the solvent evaporated. The remaining oil solidified on standing, and after crystallisation from
methanol–ethyl acetate gave 2b, m.p. 111–112 ºC (1.52 g, 94 %). � D

20 = –27.31 (c 0.997, CHCl3).

For C19H24O8S, found: C 55.22, H 5.58, calculated: C 55.32, H 5.86.

Mass spectra: 412(M+, 65.1), 328(15.4), 371(85.9), 240(21.6), 150(81.7).
1H-NMR: 1.33–1.72, m, 10H, from cyclohexylidene; 1.96, s, 3H, methyl; 4.03, dd, 1H, H-5a,

J5a,5b = 11.65, J5a,4 = 5.8; 4.15, dd, 1H, H-5b, J5b,4 = 6.7; 4.41, m, 1H, J3,4 = 2.9; 4.70, d, 1H, H-2, J1,2
= 3.7; 4.91, d, 1H, H-3; 5.94, d, 1H, H-1; 7.54–7.98, 5H, aromatic.

5-O-Acetyl-1,2-O-cyclohexylidene-3-O-tosyl-�-D-xylofuranose9 (2c)

1,2-O-cyclohexylidene-3,5-di-O-tosyl-� -D-xylofuranose10 (2.0 g, 3.71 mmol), anhydrous so-
dium acetate (4.0 g, 48.8 mmol) and dimethyl sulfoxide (10 mL) were mixed together in a 50 mL
round-bottom, long neck reaction flask and heated with an open flame and boiled for 10–15 s. On cooling,
the reaction mixture formaed a semisolid mass, which after the described workup and crystallisation from
methanol–ethyl acetate 9:1, gave 2c, m.p. 136–138 ºC (1.37 g, 87 %), � D

20 = –27.17 (c 0.91, CHCl3).

Mass spectra: 426(M+, 65.1), 397(21.5), 382(71.2), 254(35.8), 169(54.8), 139(74.4).
1H-NMR: 1.31–1.72, m, 10H, from cyclohexylidene; 1.96, s, 3H, acetyl methyl group; 2

methyl group; 4.04, dd, 1H, H-5a, J5a,5b = 11.6, J5a,4 = 5.7; 4.15, dd, 1H, H-5b, J5b,4 = 6.7; 4.41, m,
1H, H-4, J3,4 = 2.9; 4.70, d, 1H, H-2, J1,2 = 3.7; 4.88, d, 1H, H-3; 5.94, d, 1H, H-1; 7.37 and 7.81, 2d,
4H, aromatic.

1,2-O-Cyclohexylidene-3-O-methyl-�-D-xylofuranose (3a)

The 5-O-acetyl-1,2-O-cyclohexylidene-3-O-methyl derivative 2a (750 mg, 2.6 mmol) was
added to sodium hydroxide (0.5 g) dissolved in methanol (5 mL), and left at room temperature. The
end of reaction was established after 30 min (vide TLC). The reaction mixture was concentrated in an
evaporator and chloroform (50 mL) added. The chloroform solution was washed with concentrated
sodium chloride, dried and decolourised with active carbon. Evaporation of chloroform left 3a as an
oil (560 mg, 88 %). Analysis vide TLC revealed a single spot.

Mass spectra: 244(M+, 30.12), 202(52.3), 139(36.5), 100(15.07), 55(39.17).
1H-NMR: 1.33–1.74, m, 10H, from cyclohexylidene; 2.38, bs, 1H, OH; 3.43, s, 3H, methyl;

3.82, d, 1H, H-3, J3,4 = 3.0; 3.85–3.96, m, 2H, 5-CH2, J5a,5b = 11.9, J5a,4 = 7.3, J5b,4 = 5.2; 4.27, m, 1H,
H-4; 4.58, d, 1H, H-2, J1,2 = 3.7; 5.95, d, 1H, H-1.

3-O-Benzenesulfonyl-1,2-O-cyclohexylidene-�-D-xylofuranose (3b)

The 5-O-acetyl-3-O-benzenesulfonyl derivative 2b (4.12 g, 10 mmol) was added to a solution
of sodium hydroxide (0.5 g) in mixture of methanol (80 mL) and water (20 mL) and left stirring at
room temperature. After 10 min all the solid had dissolved and TLC revealed the end of reaction after
30 min. The reaction mixture was concentrated to approximately 15 mL, and chloroform (100 mL)
added. Washing the chloroform layer with concentrated sodium chloride, drying and evaporation of
the chloroform left 3b as a colourless oil (3.40 g, 92 %), pure according to TLC.
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Mass spectra: 370(M+, 3.12), 327(2.8), 285(1.5), 139(4.19), 98(44.9), 69(39.2).
1H-NMR: 1.2–1.9, m, 10H, from cyclohexylidene; 2.32, t, 1H, 5-OH, JOH,5-CH2 = 6.3; 3.60, m,

1H, H-5a, J5a,5b = 11.8, J4,5a = 6.1; 3.77, m, 1H, H-5b, J4,5b = 6.6; 4.33, td, 1H, H-4, J3,4 = 2.5; 4.56, d,
1H, H-2, J1,2 = 3.7; 4.92, d, 1H, H-3; 5.89, d, 1H, H-1; 7.53–7.99, m, 5H, aromatic.

1,2-O-Cyclohexylidene-3-O-tosyl-�-D-xylofuranose11 (3c)

5-O-Acetyl-1,2-O-cyclohexylidene-3-O-tosyl-� -D-xylofuranose (2c) (4.26 g) was added to a
solution of sodium hydroxide (0.5 g) in methanol (100 mL) and left stirring at room temperature.
Thin-layer chromatography showed the complete disapearance of the starting material and the for-
mation of a more polar product. The reaction mixture was then concentrated to about 20 mL and chlo-
roform (100 mL) added. The chloroform solution was washed with concentrated sodium chloride (3
� 15 mL), decolourised with active carbon, dried and evaporated to leave an oil which crystallysed on
standing. Recrystallisation from di-iso-propyl ehter– petrolether gave 3c, m.p. 87 ºC (3.17 g, 83 %).
� D

20 = –7.22 (c 0.97, CHCl3).

For C18H24O7S, found: C 56.40, H 6.13, S 8.23, calculated: C 56.23, H 6.29, S 8.33.

Mass spectra: 384(M+, 100), 343(78.9), 267(14), 155(57), 139(84).
1H-NMR: 1.27–1.8, m, 10H, from cyclohexylidene; 2.01, t, 1H, 5-OH, JH5,OH = 6.5; 2.48, s,

3H, CH3; 3.65, m, 1H, H-5a, J5a,5b = 11.9, J5a,4 = 6.4; 3.80, m, 1H, H-5b, J5b,4 = 6.4; 4.36, td, 1H, H-4,
J3,4 = 2.8; 4.59, d, 1H, H-2, J1,2 = 3.7; 4.92, d, 1H, H-3; 5.91, d, 1H, H-1.

Acknowledgment: Authors are indebted to Professor M. Popsavin for recording the NMR spec-
tra and valuable discussion.
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SELEKTIVNO DESULFONOVAWE 3,5-DISULFONATA D-KSILOFURANOZE

PAVLE A. HAYI]* i NADA S. VUKOJEVI]

Institut za hemiju, Prirodno-matemati~ki fakultet, Univerzitet u Novom Sadu, Trg D. Obradovi}a 3,

21000 Novi Sad

Razra|ena je metoda za dobijawe derivata D-ksilofuranoze sa slobodnom termi-

nalnom (C5) alkoholnom grupom. Postupak polazi od lako dostupnih 3,5-disulfonil

estara monocikloheksiliden-D-ksilofuranoze i sastoji se u selektivnoj supstituciji

5-sulfonilestarske grupe acetilnom grupom. Selektivna supstitucija se vr{i ace-

tatnim jonom iz natrijum-acetata u dimetilsulfoksidu, pri ~emu nastaju odgovaraju}i

5-acetati. Ovi se lako hidrolizuju natrijum-hidroksidom u sistemu metanol–voda

daju}i visoke prinose 1,2,3-trisupstituisanih derivata D-ksilofuranoze.

(Primqeno 4. decembra 2000)
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The results of an investigation of crude oils originating from the Sirakovo and
Bradarac-Maljurevac localities (southern part of the Pannonian Basin) are reported in this
paper. The aim was to estimate the organic geochemical similarity of the crude oils from the
Drmno (Kostolac) depression oil fields. The nine selected samples originated from reservoir
rocks of various depths. Reliable source and organic geochemical maturation parameters
served as the basis for the correlation studies. The similar origin of the investigated Drmno
depression crude oils was corroborated, characterized by a significant participation of terres-
trial precursor biomass. They were shown to be of relatively low maturity and to have been
formed during the earlier stages of the diagenet- ic-catagenetic sequence of processes lead-
ing to the formation of crude oils, most probably in source rocks of Tertiary age, correspond-
ing to vitrinite reflectances between Ro = 0.70 % and Ro = 0.80 %. The crude oils from
Bradarac-Maljurevac seemed to be somewhat less homogeneous with respect to organic
geochemical parameters compared to Sirakovo crude oils.

Keywords: crude oils, Drmno (Kostolac) depression, correlation parameters, source,
maturation, age.

INTRODUCTION

The most recent organic geochemical investigations of Drmno (Kostolac) de-
pression crude oils (the southern part of the Pannonian Basin, Yugoslavia) were aimed
at correlating them with the crude oils from the Banat and North Ba~ka depressions.
Thus, for example, based on a number of bulk and specific correlation parameters, the
Drmno depression crude oils were shown to have a different origin compared to crude
oils from three oil fields of the Banat depression and one field from the North Ba~ka de-
pression.1 The differences between the Drmno depression crude oils and the crude oils
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from the most important Banat depression oil fields Kikinda and Mokrin were corrobo-
rated on the basis of detailed gas chromatographic-mass spectrometric analysis of the
corresponding sterane and terpane fractions.2 Dissimilarities in the type of precursor
organic material of the mentioned crude oils were also confirmed by carbon isotope
analysis.3 The Drmno depression crude oils are characterized by more negative
� 13CPDB values compared to Banat depression crude oils, i.e., they contain a smaller
amount of the heavier 13C isotope. Lastly, a higher participation of terrestrial material
in the precursor organic biomass of the crude oils from the Drmno depression was sug-
gested compared to the Banat and North Ba~ka depression crude oils.4

Hence, the different origin of the Drmno depression crude oils compared to most
other Yugoslav crude oils has been repeatedly emphasized. Nevertheless, sporadically,
certain genetic resemblances were indicated between the Drmno depression crude oils
and some crude oils from South Banat oil fields.4

On the other hand, concerning the Drmno depression oil fields and the corre-
sponding crude oils themselves, one question, certainly of great interest for further ex-
ploration of this geological formation, has never been explicitly raised. This is the ques-
tion of the organic geochemical similarity of the Drmno depression crude oils. Namely,
it has never been clearly suggested that their origins and geological histories are quite
the same. On the contrary, a certain heterogeneity in these crude oils was suspected.1

In order to contribute to the solution of this important problem, nine samples of
Drmno depression crude oils, originating from Sirakovo and Bradarac-Maljurevac lo-
calities, were investigated. The samples were selected to represent reservoir rocks of di-
verse depths. To investigate the organic geochemical relationship of these crude oils, re-
liable source and maturation correlation parameters were used.

EXPERIMENTAL

Geological setting and samples

Drmno depression crude oils from Sirakovo (5 samples) and Bradarac-Maljurevac (4 sam-
ples) localities were investigated. A list of analyzed crude oils, including the basic geological data, is
presented in Table I.

The geological column of the Drmno depression is characterized by the following litho-
stratigraphic units:5,6

1. Prebadenian units, which belong to highly heterogeneous clastic sediments. Within Prebade-
nian, “red formations”, characterized by mixed subaquatic to continental development and varying litho-
facies (predominantly marls, shales-sandstones, and sandstones) were found at depths of 2200–1900 m.

2. Ottnangian-Carpathian sediments (Upper Prebadenian), which in fact do represent the main
object in the investigation of hydrocarbon deposits. These sediments belong to marine and brackish
lake sediments with very complex lithological heterogeneity (predominantly sandstones and siltsto-
nes). They are situated at depths of 1700 to 1900 m (oil fields area) and 3250 to 3800 m (depocentre).

3. Badenian sediments, which belong to marine sediments formed during the Mediterranean
development. The maximum depth of the Badenian in the depocentre (Drmno) may be 3250 m, and
the maximum thickness is 1250 m. These sediments (sandstones, clayey sandstones, sandy claystones
and clayey limestones) are characterized by frequent grain size changes, both laterally and vertically.
The Drmno depression was formed either by the collapse of the basement along meridional faults at dif-
ferent periods and of different intensity, or by step-like sinking of the terrain along the faults. Faulting
took place during and after the formation of Neogene deposits.
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TABLE I. Geological data on the reservoirs of the sampled and analyzed oils

No. Sample (Well) Depth interval (m) Age Lithology

1 Sir-1 1782–1778 Ottnangian-Carpathian Sandstone, aleurolite,
breccia conglomerate

2 Sir-2 1704–1701 Ottnangian-Carpathian Sandstone, aleurolite,
breccia conglomerate

3 Sir-18 1548–1544 Ottnangian-Carpathian Sandstone, marlstone,
aleurolite, limestone

4 Sir-19 1436–1429 Ottnangian-Carpathian Sandstone, marlstone,
aleurolite, limestone

5 Sir-20 1444–1440 Ottnangian-Carpathian Sandstone, marlstone,
aleurolite, limestone

6 Bra-Malj-2 2307–2302 Ottnangian-Carpathian
(partly “Red formation”) Crystalline rock

7 Bra-Malj-4 2170–2156 Prebadenian (“Red
formation”)

Marlstone, sandstone,
breccia conglomerate

8 Bra-Malj-5 1989–1985 Badenian Marlstone, sandstone,
breccia conglomerate

9 Bra-Malj-10 1808–1804 Badenian Sandstone, aleurolite,
breccia conglomerate

Crude oil samples from boreholes Bra-Malj-2 and 4 (Table I) originated from “red formations”
(Miocene) of the Prebadenian units. A large fault was discovered between these two boreholes during
seismic investigation.

The boreholes Sirakovo-1,2 and 18 were located in one zone, i.e., in the deeper, faulty zone,
whereas the boreholes Sirakovo-19 and 20 were situated in another, shallower zone of the Ottnan-
gian-Carpathian sediments (Upper Prebadenian).

Badednian oil deposits Bradarac-Maljurevac were found at depths of 1808-1804 m (Bra- Malj-10)
and 1989-1985 m (Bra-Malj-5).

Analytical methods

Bulk correlation parameters, such as API density, contents of sulphur and asphaltenes, and group
composition (proportion of alkanes, aromatics and NSO-compounds), were determined by standard or-
ganic geochemical methods, described elsewhere.1,7

The carbon isotope composition, � 13CPDB, of the aromatic fractions was determined using a mass
spectrometer Delta Plus, Thermo Quest, Finnigan MAT, coupled with an Elemental Analyzer, Carlo Erba,
NC 2500. Helium was used as a carrier gas (flow rate 120 cm3/min).

n-Alkanes and the isoprenoid aliphatic alkanes pristane and phytane, as constituents of the satu-
rated hydrocarbon fractions, were analyzed by gas chromatography (GC) using a Varian 3300 gas
chromatograph (FID) fitted with a capillary column coated with BP-1. Hydrogen was used as the carrier
gas at 1 cm3/min flow rate.

Polycyclic alkanes of sterane and triterpane types were analyzed by gas chromatography with
mass selective detector (GC-MSD), using the single ion monitoring (SIM) method. Steranes were identi-
fied from m/z 217 and triterpanes from m/z 191 fragmentograms. A Hewlett Packard 5890, Series II gas
chromatograph was used fitted with a capillary column coated with HP-5MS and helium as a carrier gas
(flow rate 1 cm3/min), coupled to a Hewlett-Packard 5972 MSD operated at 70 eV.

RESULTS AND DISCUSSION

Bulk correlation parameters

The rationale for using crude oil bulk parameters in correlation studies was de-
scribed elsewhere.4 The observed bulk correlation parameters are shown in Table II.
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TABLE II. Bulk parameters of the analyzed oil samples

No. Sample APIº Sulphur
%

Asphaltenes
%

Alkanes
%

Aromatics
%

NSO-com-
pounds %

� 13CPDB of
aromatics ‰

1 Sir-1 46.71 0.21 0.04 59.5 3.4 37.1 –28.0

2 Sir-2 52.13 0.18 0.4 56.2 4.2 39.1 –28.0

3 Sir-18 46.86 0.19 0.4 70.3 7.7 21.5 –27.9

4 Sir-19 46.64 0.34 1.6 50.5 13.8 33.7 –28.0

5 Sir-20 46.13 0.32 0.1 56.5 4.4 38.9 –27.8

6 Bra-Malj-2 45.93 0.34 1.0 66.7 3.1 29.2 –28.0

7 Bra-Malj-4 37.92 0.35 0.2 59.9 10.9 29.0 –28.2

8 Bra-Malj-5 37.92 0.42 0.1 65.8 5.3 28.7 –27.9

9 Bra-Malj-10 41.52 0.19 0.3 61.1 11.1 27.3 –26.4

API densities of the nine investigated crude oils were apparently distributed in a
relatively wide range (37.92–52.13º, Table II). Crude oils from Bradarac-Maljurevac
seem to be somewhat heavier than Sirakovo oils. However, all these values were within
the limits typical of light, paraffinic crude oils. This characteristic is generally consid-
ered as one of the first indications of substantial participation of terrestrial precursor
material in the generation of an oil.8,9

The content of sulphur, a source parameter, was found to be relatively uniform
(0.18–0.42 %, Table II). Since crude oils containing higher amounts of sulphur origi-
nated from higher saline marine environments, based on the observed values presented
in Table II, such a characteristic could not be attributed to either of the nine crude oil
samples investigated.

The observed contents of asphaltenes were not uniform (0.04–1.6 %, Table II).
This relatively wide range might indicate a possible organic geochemical non-uni-
formity of the investigated crude oils, the amount of asphaltenes in crude oils generally
depending on the length of migration and the degree of maturation.8,9

The group composition of all the examined oils was characterized by a domi-
nance of the alkane fraction (over 50 %), and a noticeably low proportion of aromatics
(3.1–13.8 %, Table II). The observed group compositions conformed with the API den-
sities, i.e., they corresponded to the indicated light crude oils type.

Eight out of the nine analyzed aromatic fractions had almost identical carbon iso-
tope composition, � 13CPDB (–27.8 to –28.2 ‰, Table II). The observed differences be-
tween these eight oils may be considered negligible, the experimental error of the used
method being 0.2 ‰. Only the sample Bra-Malj-10 showed a less negative value of this
parameter (– 26.4 ‰, Table II). The carbon isotope composition of any crude oil or its
components depends mainly on its origin. Crude oils originating from precursor bio-
mass with a higher participation of terrestrial material contain a higher proportion of the
lighter isotope 12C, resulting in more negative � 13CPDB values.10 Bitumens from ma-
ture ancient sediments and crude oils of dominantly terrestrial origin have 2–4 ‰ more
negative values compared to bitumens and crude oils of marine origin.8 Moreover, this
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parameter is only slightly affected by the maturation processes, since the lighter carbon
isotope, 12C, forms weaker bonds compared with the heavier 13C isotope.9 Biodeg-
radation, which presumably has affected the sample Bra-Malj-10 and which could have
influenced the whole oil isotope ratio � 13CPDB,11,12 should be excluded from consider-
ation in this case, since aromatic fractions, known as relatively resistant towards micro-
biological decomposition,13 were the investigated substrates.

Specific correlation parameters

Specific correlation parameters were based on GC analyses of the saturated hy-
drocarbons (n-alkanes and the isoprenoid aliphatic alkanes pristane and phytane), and
GC-MSD analyses of the polycyclic alkanes (steranes, m/z 217; triterpanes, m/z 191).

The parameters calculated from gas chromatograms are shown in Table III.

TABLE III. Alkane molecular parameters of the analyzed oil samples

No. Sample Most abundant n-alkane CPI Pr/Phyt Pr/n-C17 Phyt/n-C18

1 Sir-1 C19 1.03 1.18 0.43 0.32

2 Sir-2 C19 1.03 1.85 0.39 0.17

3 Sir-18 C19 1.03 1.85 0.48 0.21

4 Sir-19 C21 1.03 1.40 0.43 0.26

5 Sir-20 C21 1.04 1.25 0.47 0.32

6 Bra-Malj-2 C21 1.03 2.20 0.52 0.21

7 Bra-Malj-4 C25 1.06 1.17 1.00 0.66

8 Bra-Malj-5 C21 1.02 1.33 0.40 0.23

9 Bra-Malj-10 C23 1.07 1.00 2.37 2.37

According to data shown in Table III, the investigated crude oils seem to be gener-
ally similar. Namely, all the chromatograms were characterized by the most abundant
n-alkane located within the odd C19–C25 carbon number range, by CPI values somewhat
higher than1 (CPI=1.02–1.07), andbypristanedominatingoverphytane (with the single
exception of the sample Bra-Malj-10, which contained equal amounts of pristane and
phytane, Pr/Phyt = 1.00, Table III). These three parameters corroborated the above - men-
tioned statement that terrestrial type precursor biomass participated considerably in the
generationof thecrudeoils fromtheSirakovoandBradarac-Maljurevac localities, a char-
acteristic of Drmno depression crude oils revealed in earlier studies as well.1–4

Based on the Pr/n-C17 and Phyt/n-C18 parameters, most of the examined crude
oils were not exposed to biodegradation (values below one, Table III). According to
these parameters, again, the sample Bra-Malj-10 was the exception, the isoprenoid al-
kanes pristane and phytane being more abundant in this sample, compared to the corre-
sponding n-alkanes C17 and C18, respectively (Pr/n-C17 = 2.37; Phyt/n-C18 = 2.37, Ta-
ble III), data suggesting minor biodegradation.9 The Bra-Malj-4 sample also demon-
strated somewhat higher values of these parameters compared to the other investigated
crude oils (Pr/n-C17 =1.00; Phyt/n-C18 = 0.66, Table III).
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As the observed bulk correlation parameters (Table II) and alkane correlation pa-
rameters (Table III) were relatively uniform (with the single clear exception of the sam-
ple Bra-Malj-10), similar fragmentograms of the polycyclic alkanes, i.e., triterpanes
and steranes, were also anticipated. However, surprisingly, the evidence obtained from
the GC-MSD analyses was ambiguous. Fragmentograms typical of the analyzed oils
are shown in Fig. 1. The calculated GC-MSD molecular source and maturation parame-
ters are shown in Tables IV and V.
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Fig. 1. Fragmentograms of triterpanes (m/z 191) and steranes (m/z 217) in Sir-18 (a), Bra-Malj-2 (b) and
Bra-Malj-4 (c) alkane fractions, typical of all the investigated crude oils. a –

C27-18� (H)-22,29,30-trisnorneohopane (Ts); b – C27-17� (H)-22,29,30-trisnorhopane (Tm); c –
C30-17� (H),21� (H) hopane; d – C30-17� (H),21� (H) moretane; e – C31-17� (H),21� (H) homohopanes

(22S and 22R); O – oleanane; G – gammacerane; 1 – C27-13� (H),17� (H) diasterane (20S); 2 –
C27-14� (H),17� (H) sterane (20R); 3 – C28-14� (H),17� (H) sterane (20R); 4 – C29-14� (H),17� (H)

sterane (20S); 5 – C29-14� (H),17� (H) sterane (20R); 6 – C29-14� (H),17� (H) sterane (20R).
(Detailed identification of the corresponding peaks was discussed in our previous papers).2,3



Firstly, in all m/z 217 mass chromatograms, the distribution of peaks originating from
regular C27–C29 �� R steranes was almost identical (C29>C27>C28, Fig. 1; Table IV). This
observation does not refer to the sample Bra-Malj-10, its corresponding distribution being
somewhat different: the proportion of C29 being by far the highest and the abundance of
C28 being higher than that of C27. Hence, this reliable source correlation parameter gave
one more proof of the similar or identical type of precursor biomass of all the investigated
Drmno depression crude oils, except for the oil Bra-Malj-10.

TABLE IV. GC-MSD molecular source parameters of the analyzed oil samples

No. Sample
�� R steranes

O/C30 hopane � 100 G/C30 hopane � 100
% C27 % C28 % C29

1 Sir-1 35.1 19.1 45.8 7.4 6.7

2 Sir-2 33.0 20.4 46.6 7.6 5.9

3 Sir-18 32.7 18.4 48.9 5.7 15.4

4 Sir-19 36.1 19.6 44.3 6.8 16.2

5 Sir-20 34.5 19.5 46.0 6.0 16.5

6 Bra-Malj-2 32.8 26.6 40.6 12.8 10.3

7 Bra-Malj-4 37.0 16.5 46.5 1.9 18.8

8 Bra-Malj-5 33.0 18.2 48.9 5.7 21.1

9 Bra-Malj-10 20.0 28.2 51.8 3.0 9.8

O–oleanane; G–gammacerane.

However, the fragmentograms m/z 191, shown as examples in Fig. 1, as well as
the calculated parameters O/C30 hopane � 100 and G/C30 hopane � 100 from Table IV,
indicated different concentrations of oleanane and gammacerane in the crude oils.
These pentacyclic triterpanes are considered to be reliable indicators either of the conti-
nental origin (oleanane), or proof of marine evaporite and/or higher salinity media ori-
gin (gammacerane).8,9,14 The observed differences were particularly noticeable with
the Bradarac-Maljurevac locality crude oils. Nevertheless, generally, the latter evi-
dence does not contradict the conclusion on the predominantly continental origin of the
investigated crude oils, all samples containing oleanane at least in small concentrations.

The values of some of the maturation parameters shown in Table Vmight also ex-
plain the non-uniformity in the distribution and abundance of triterpanes and steranes in
the nine crude oils (Fig. 1). This refers in the first place to the parameters Ts/Ts+Tm and
C27 dia/dia+ster (parameters 1 and 6, Table V). According to these parameters, the sam-
ple Bra-Malj-10 was once more unique, being characterized by much lower values. The
observed differences might suggest differences in the thermal maturities of the oils.
However, in contrast, the uniform values of the parameters 2–5 (Table V) indicate al-
most the same phase in the isomerization of triterpanes (moretane � hopane, and 22R

� 22S) and steranes (�� � �� , and 20R � 20S), typical of maturation processes.
Hence, it could be suggested that the differences in parameters 1 and 6 do not result
from maturation processes, but rather from some other effects. For example, it is well
known that isomerization processes Tm � Ts (17� (H)-22,29,30-trisnorhopane �
18� (H)-22,29,30-trisnorneohopane), as well as the isomerization of regular steranes
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into diasteranes, are chiefly influenced by mineral catalysts of silicate type (acidic sites
on clays), being constituents of source rocks.15,16

TABLE V. GC-MSD molecular maturation parameters of the analyzed oil samples

No. Sample Ts/Ts+Tm
22S/22S +
22R C31
hopanes

Moretane/Ho-
pane C30

�� /�� +
�� C29
steranes

20S/20S +
20R C29
steranes

C27 dia/dia
+ ster

1 Sir-1 0.47 0.59 0.12 0.57 0.48 0.21

2 Sir-2 0.49 0.61 0.13 0.56 0.54 0.62

3 Sir-18 0.46 0.61 0.11 0.56 0.46 0.19

4 Sir-19 0.40 0.60 0.13 0.60 0.50 0.22

5 Sir-20 0.41 0.61 0.11 0.58 0.47 0.19

6 Bra-Malj-2 0.54 0.62 0.11 0.63 0.55 0.59

7 Bra-Malj-4 0.24 0.61 0.13 0.39 0.44 0.04

8 Bra-Malj-5 0.43 0.60 0.11 0.59 0.48 0.20

9 Bra-Malj-10 0.10 0.60 0.11 0.57 0.45 0.13

Equilibrium values / 0.57–0.62 0.05–0.10–0.15 0.67–0.71 0.52–0.55 /

Parameter 1 2 3 4 5 6

Ts – 18� (H)-22,29,30-trisnorneohopane; Tm – 17� (H)-22,29,30-trisnorhopane; Dia – C27 diasterane
�� (20S); Ster – C27 sterane �� (20R)

Comparison of the parameters 2–5 from Table V with the known values charac-
teristic of source rock bitumens and crude oils of high maturity, i.e., equilibrium values
corresponding to the related isomerization reactions (their ranges are also shown in Ta-
ble V),17 may serve as a basis for the estimation of the maturity degrees of the investi-
gated samples, i.e., their position in the diagenetic-catagenetic sequence of the pro-
cesses leading to petroleum formation.

The values of parameter 22S/22S+22R (C31 hopanes) fitted into the equilibrium
range of 0.57–0.62, suggesting that the equilibrium 22R ==22S (parameter 2, Table V)
has already been attained in the investigated oils. However, it is known that this equilib-
rium in the isomerization reactions of polycyclic alkanes is established relatively
quickly, already in the early oil-generative stages, and that subsequent maturation pro-
cesses have no further influence on the 22S/22S+22R ratio. In most cases this stage is
characterized by vitrinite reflectances Ro = <0.60 %.17,18 Therefore, based on this pa-
rameter, it is not possible to precisely define the position of the oil samples in the
diagenetic-catagenetic sequence of processes leading to petroleum formation.

It is known that structural changes of moretane into hopane (17� (H), 21� (H) �
17� (H), 21� (H)) lead to changes in the moretane/hopane (C30) ratio from the “initial”
0.80 to even 0.05.19 However, in addition to heat and geological time the isomerization
reactions moretane� hopane are influenced by source input and depositional environ-
ment as well.17,20 Hence, in many source rock bitumens and crude oils of high maturity
considerably higher values of this ratio were observed (0.10–0.15, and also up to 0.30).
This means that the values of this parameter observed for the crude oils investigated do
not exclude that the equilibrium �� == �� (moretane ==hopane)hasbeenestablished, i.e.,
they might be the result of “later” stages in the sequence of reactions leading to crude
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oil formation. However, they do not serve as an explicit proof for such a statement,
since similar to the isomerization reactions 22R � 22S, i.e., to the establishment of the
22R ==22S equilibrium, the equilibrium �� == �� is also established in the earlier stage
(vitrinite reflectance Ro = 0.70 %).17

Sterane maturation parameters (parameters 4 and 5, Table V) may contribute to
answering the question of the stage in which the Drmno depression crude oils were
formed. Almost all the values of these parameters were found to be lower than those
quoted in the literature as typical for the corresponding equilibria.15 Equilibria 20R ==
20S and �� == �� (steranes) are established in the stage known as the “oil generation
peak” (Ro = 0.80 % to 0.90 %).17 The values observed in this paper indicate that the ex-
amined crude oils had not reached this phase. Hence, based on the maturation parame-
ters 2–5 (Table V), the Drmno depression crude oils seem to have been formed in earlier
phases of the diagenetic-catagenetic sequence of the petroleum formation processes,
i.e., those corresponding to vitrinite reflectances between Ro = 0.70 % (terpanes’equi-
libria) and Ro = 0.80 % (initial stages of sterane equilibria).

Maturation parameters 3 and 5 from Table Vmight also contribute to an indication of
the age of the source rocks of the investigated oils. Namely, it was shown earlier that the
isomerization reactionsmoretane � hopane(parameter3,TableV)and20R� 20S (param-
eter 5, Table V), in addition to heat, necessarily depended on geological time as well.21 In-
vestigations of a great number of crude oil samples have shown that samples originating
from source rocks of the pre-Tertiary age had moretane/hopane parameter values lower
than0.10, and thoseofparameter20S/20S+20RC29 steraneshigher than0.50.Parameters3
and 5 from Table V, compared to boundary values, classified the examined Drmno depres-
sion crude oils into the group of oils originating from source rocks of Tertiary age.

Based on all observed group and specific correlation parameters (Tables II-V),
the investigated crude oils from the Drmno depression seem to be relatively similar ac-
cording to their origin and maturation degrees. Naturally, the similarity was not abso-
lute with every examined parameter, but the most important ones indicated the same or
similar precursor biomass for all the investigated samples (API, sulphur, alkanes and
� 13CPDB, Table II; CPI and Pr/Phyt, Table III; regular steranes distribution and the pres-
ence of oleanane, Table IV), as well as similar maturity degrees, i.e., originating from
the same phase of the diagenetic-catagenetic sequence of processes leading to crude oil
formation (parameters 2–5, Table V). Moreover, the examined crude oils from the
Drmno depression may be supposed to have originated from Tertiary source rocks (pa-
rameters 3 and 5, Table V). According to certain parameters (� 13CPDB, Table II; par-
tially Pr/Phyt, Pr/n-C17, Phyt/n-C18, Table III; regular steranes distribution, Table IV;
parameters 1 and 6, Table V), the sample Bra-Malj-10, originating from the Bra-
darac-Maljurevac locality, differed from the other examined samples. Generally, the
crude oils from this locality are characterized by a somewhat lower level of organic
geochemical uniformity compared with crude oils from the Sirakovo locality.

Conclusions concerning the organic geochemical similarity of Drmno depres-
sion crude oils may be illustrated by comparing the values of the most important source
and maturation correlation parameters from Tables IV and V with the corresponding
parameters observed for crude oils from the major oil fields of the Banat and North
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Ba~ka depressions, as well as crude oils from the West Drava, East Drava, Sava, and
Slavonija-Srem depressions.1,22 According to source correlation parameters (Fig. 2),
the investigated crude oils from the Drmno depression obviously differ from other
crude oils from the southern parts of the Pannonian Basin. The triangular diagram also
demonstrates the remarkable difference of the Bra-Malj-10 sample from the whole
group of Drmno depression crude oils, and, to a certain degree, the diversity of the sam-
ple Bra-Malj-2 as well, corroborating the general statement concerning the crude oils
from the Bradarac-Maljurevac locality and their geological setting. On the other hand,
the maturation parameters calculated for the Drmno depression crude oils were similar
to those of the Banat and North Ba~ka depression crude oils, but their maturation de-
grees were shown to be considerably higher compared to those of the West Drava, East
Drava, Sava and Slavonija-Srem depression crude oils.

CONCLUSIONS

Based on source correlation parameters (primarily CPI, Pr/Phyt, distribution of
regular steranes), the investigated crude oils from the Drmno depression were once
more shown to be of similar origin, characterized by significant participation of terres-
trial precursor biomass.

Based on terpane and sterane maturation correlation parameters, the investigated
samples were shown to be of relatively low maturity and to have been formed during
the earlier stages of the diagenetic-catagenetic sequence of processes leading to petro-
leum formation, corresponding to vitrinite reflectances of the source rocks between Ro
= 0.70 % (terpanes’ equilibria) and Ro = 0.80 % (initial phases of sterane equilibria).

306 JOVAN^I]EVI] et al.

Fig. 2. Distribution of regular C27–C29 �� R steranes in the Drmno depression (group I; �), the
Banat and North Ba~ka depressions’ (groups II;�), and the West Drava, East Drava, Sava and

Slavonija-Srem depressions’ (group III; �) crude oils.



Terpane and sterane correlation parameters, substantially influenced by geologi-
cal time in addition to the influence of heat, suggested that the crude oils from the
Drmno depression should be classified into the group of oils originating from source
rocks of Tertiary age.

In spite of several common characteristics which were clearly observed with all
the investigated crude oil samples, ideal organic geochemical uniformity of this group
of oils cannot be suggested. Namely, according to some important correlation parame-
ters (carbon isotope composition of the aromatic fraction, abundance of n-alkanes,
distribution of regular steranes, ratio of some hopane isomers and ratio of diasteranes
vs. steranes), the sample Bra-Malj-10 was found to be remarkably different from the
other investigated crude oil samples. Generally, the crude oils from the Brada-
rac-Maljurevac locality were characterized by a somewhat lower level of organic geo-
chemical uniformity than the crude oils from the Sirakovo locality.

Finally, based on the distribution of regular steranes, the origin of the Drmno de-
pression crude oils seems to be different from the origin of the Banat and North Ba~ka
depression crude oils, and also from the West Drava, East Drava, Sava and Sla-
vonija-Srem depression crude oils. Consequently, the Drmno depression crude oils
may be distinguished as a distinct crude oil genetic type among the crude oils from the
southern part of the Pannonian Basin. On the other hand, their maturation parameters
were similar to those of the Banat and North Ba~ka depression crude oils. In contrast,
their maturity degrees were shown to be considerably higher compared to those of the
West Drava, East Drava, Sava and Slavonija-Srem depression crude oils.
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ORGANSKO-GEOHEMIJSKA KORELACIJA NEKIH NAFTI DEPRESIJE DRMNO

(JU@NI DEO PANONSKOG BASENA, JUGOSLAVIJA)
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U ovom radu ispitivani su uzorci sirovih nafti depresije Drmno (Kostolac) sa

lokaliteta Sirakovo i Bradarac-Maqurevac. Ciq rada bio je da se proceni organ-

sko-geohemijska ujedna~enost nafti naftnih poqa depresije Drmno. Izabrani su

uzorci koji poti~u iz rezervoarskih stena sa razli~itih dubina i u wima su odre|eni

grupni i specifi~ni izvorni i maturacioni organsko-geohemijski parametri. Potvr-

|eno je da ispitivani uzorci depresije Drmno imaju sli~no poreklo koje karakteri{e

ve}i udeo terestrijalne prekursorske biomase. Ispitivane nafte su ne{to ni`eg
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stepena maturisanosti i nastale su u ranijim fazama dijagenetsko-katagenetske se-

kvencije formirawa nafte kojima odgovaraju vrednosti refleksije vitrinita izme|u

Ro = 0,70 % i Ro = 0,80 %. Najverovatinije su nastale u izvornim stenama tercijarne

starosti. Nafte sa lokaliteta Bradarac-Maqurevac karakteri{e ne{to ni`i nivo

organsko-geohemijske homogenosti nego nafte sa lokaliteta Sirakovo.

(Primqeno 8. januara 2001)
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The goal of this work was to study the possibility of the occurrence of radi-
cal-type lipid peroxidation of the lipid constituents on biomembranes, in compressed
monolayers, having lipoidal benzophenone photosensitizers incorporated. The triplets
of the photosensitizer abstract allylic and doubly-allylic hydrogen atoms from anti-
conjugated moities of the lipid molecules. The results simultaneously confirmed the oc-
currence of H-abstraction (and so the initiation of the peroxidizing chain mechanism),
and the absence of the formation of lipid peroxides. The reason lies in "cage effect": the
highly restricted spacial area of compressed lipid monolayers limits the mobility of the
created radicals (lipid radicals and ketyl radicals) and leads to their recombination, thus
preventing the propagation step of the chain mechanism. With certain reservations it
may be concluded that these results have a clear implication on real biomembranes: the
structure of which is one of the main factors preventing the spread of the chain reaction,
and the formation of lipid peroxides.

Keywords: free radicals, lipid peroxidation, photosensitizers, benzophenone, monola-
yers.

INTRODUCTION

Due to the enormous importance of biomembranes for the functioning of cells
and tissues, lipid peroxidation studies have always attracted a lot of attention. Accord-
ing to a broader definition, the phenomenon of lipid peroxidation implies the oxidative
destruction of polyunsaturated lipids,1 which as a consequence leads to the production
of numerous pathological effects. The primary consequences include lipo-protein and
protein-protein crosslinking,2 which may cause changes in the structure of enzymes
and their activities.3 The more specific consequences include: damage on subcellular
organelles (such as the swelling of mitochondria; fast ribosomes leaking from the
endoplasmtic reticulum; hemolysis of erythrocites), inhibition of proteins synthesis by
peroxidation nus-products (such as malonaldehyde), and the inhibition of DNA and
RNA synthesis in the liver and lungs, as a result of acrolein action.4 On a macro-level,
lipid peroxidation effects are included in number of widely spread diseases, from ath-
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erosclerosis5 to carcinogenesis.6 Moreover, lipid peroxidation has been seen as "a com-
mon pathogenetic mechanism".7

Lipid peroxidation can be initiated photolitically through two different mecha-
nisms. Aphotosensitizer in its excited state may transfer energy to ground state oxygen
to produce reactive singlet oxygen (1O2), which in turn attacks lipids to generate perox-
ide species via a non-radical pathway (Type II). Alternatively, direct reaction between a
photosensitizer and lipid may occur to generate reactive lipid free radicals (Type I).8,9

The presence of polyunsaturated hydrophobic moieties in lipid constituents of biologi-
cal membranes renders them particularly vulnerable to peroxidative degradation.9 This
vulnerability may be ascribed largely to the presence of double bonds in the hydrocar-
bon moieties, and the adjacent allylic and doubly-allylic sites from which hydrogen ab-
straction may be facilitated10,11 (Fig. 1). While unsaturated sites may be directly at-
tacked by singlet oxygen to produce lipid peroxides (Type II), more extensive damage
occurs via the free-radical mechanism (Type I). The extent of such chain degradation
depends on the concentration, packing and other parameters of the lipid environment.

The Type II sensitized-reaction has been very widely studied and is relatively
well understood. On the other hand, kinetic data of the radical-chain mechanism (Type
I) are to a large extent absent.

While the chain peroxidation effects have been studied extensively via autoox-
idation,12 quantitative characterization of the degradation requires controlled initiation
of H-abstraction from the allylic and doubly-allylic sites. Several radiation chemical
studies carried out using .OH or O2–. radicals as the H-abstraction agents suffered from
non-selectivity as to the site of attack in the complex environments.13–15 On the other
hand, the use of benzophenone (BZP), already well known as a very efficient initiator of
polymerization processes in which it reacts as a typical Type I photosensitizer,16,17 per-
mits very selective abstraction from allylic and doubly-allylic sites by its triplet excited
state (3BZP)18 and so appeared to be a promising approach for further quantitative
chain peroxidation studies.

There are two possible approaches to the study of the mechanisms of photosensi-
tized peroxidation in biological membranes. The first one implies conducting experi-
ments in vivo. The large number of related variables appears to be a very limiting factor
for such approach. The second one includes experiments on membrane models, with
increasing degree of molecular organization (micelles, compressed monolayers, vesi-
cles), providing better control of the chain process inside. The latter approach was used
in our previous studies.18–20 The choice of benzophenone as the sensitizer is based on
the well known organic photochemistry reaction, H-abstraction by longer-lived triplet
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Fig. 1. Doubly-allylic (circled) and allylic
(squared) hydrogen atoms in a typical
anticonjugated structure of lipid hydro-
phobic moieties.



states of aromatic ketones.21 To obtain basic data, significantly lacking, of the influence
of the surrounding molecular organization, a series of BZP interactions with unsatu-
rated lipoidal fatty acids was performed in benzene solution.18 Then the same reaction
was studied in micelles of sodium dodecyl sulphate (SDS),20 and linoleic acid (LA)19

to observe the influence of structure and molecular organization, by comparing the two
sets of kinetic data from the two media. This report is a step forward, since it describes
BZP-sensitized peroxidation in compressed lipid monolayers at the air-water interface,
representing a more organized medium, even more imitative and similar to real
biomembranes.

MATERIALS AND METHODS

Synthesis of benzophenone derivatives

Benzophenone-4-heptyl-4-undecanoic acid (BHUA) was synthesized according to the proce-
dure described in a former report.20 The second BZP-derivative, diphenyl-1-o-hexadecyl-2-o-(ben-
zophenone-4-heptyl-4'-pentanoil)-sn-glycero-3-phosphate (DBP), was synthesized using a proce-
dure described for the synthesis of very similar compounds.22,23 The structures of BZP, BHUA and
DBP are shown in Fig. 2.

The lipid used to create the monolayers, 1,2-dilinoleoyl-phosphatidyl-choline (1,2-DLPC)
was purchased from Avanty Polar Lipids (Birmingham, AL).

Photolysis experiments on monolayers

The photolysis experiments on the lipid monolayers with incorporated BZP-derivatives as
photosensitizers were performed using a specially constructed, self-made experimental set-up.

A teflon trough 15 cm � 54 cm � 3 mm (depth) was filled with water. An immovable rod was
fixed parallel to the longer edge of the trough. The rod served as a support for two parallel teflon barri-
ers 2–2.5 mm immersed in the water subphase. The two barriers, parallel to the shorter edge of the
trough, glide along the rode and, on approaching each other, compress the lipid monolayer already
created on the water surface. The compression speed of the monolayers, in the range of 0.016– 1.6
cm/min, was controlled by a four-phase Airpax stepper motor model K82954-MS (North American
Phillips Controls Corp.). To prevent heating during operation the motor was cooled by water flowing
through a copper tubing coiled around its cylindrical surface. A little box with the scales of a Cahn
2000 Electrobalance was fixed at the top of the experimental set-up. On the left arm of the scales, a ni-
chrome wire was attached, with a 0.95 cm square filter paper plate at the end. The paper plate was im-
mersed 1–2 mm into the water subphase, straight into the center of the trough. It served to register the
changes in the surface pressure resulting from the monolayer compression. The right arm was fixed to
the Cahn Electrobalance which transforms the stretching of the balance arms (caused by the surface
pressure changes) into millivolts, mV. A calibration was performed prior to the experiments. The
electrobalance is connected to a Hewlett Packard chart recorder, model 745A.

After creation of the lipid (1,2-DLPC) monolayer and the start of the compression, the surface
pressure changes were registered on a chart. In this manner typical � -� isotherms were recorded, with
the Y-axis (� ) giving the values of the surface pressure in mN/m, and the X-axis (� ) expressing the
values of the molecular packing in (Å)2/molecule. The � values were easily calculated, knowing the
exact valume and the concentration of the 1,2-DLPC solution (used for the monolayer creation), as
well as the trough dimensions.

The monolayers samples were mixtures of the lipid (1,2-DLPC) and the photosensitizer
(BHUA, DBP). The lipid/sensitizer ratios used in the experiments were 4:1 and 6:1. Usually, aliquots
of 5 – 50 � 10-6 dm-3 were used with an approximate total (lipid + sensitizer) concentration of 1.5
mmol dm-3.
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Low pressure filament mercury lamps (manufactured by the Southern New England Ultravio-
let Co., Hamden, CONN.) with phosphor coatings were used in the photolysis experiments. The
lamps were packed into two separated sets, fixed about 15 cm above the water on a solid adjustable
rack bearer. Each lamp housing contained 10 individually water-jacketed lamps, spaced 3.7 cm apart
and in a position spanning beyond the entire monolayer area (each set covering approximately half of
the area). To prevent the lamps heating (which can destroy the film), distilled water was circulated via

tygon tubing coiled around the lamps. This provided an internal temperature control of ���� ºC. Be-
fore the photolysis experiments, the lamps were turned on and thermostated for about 10 min. The
emission, directed towards the film, was blocked until the start of the experiments.

Since measurement of surface pressure is highly temperature dependent,24,25 the entire trough
and the lamp apparaturs was placed on a solid rectangular block haused inside a 92 cm � 69 cm � 61
cm plexiglass glove box. Since some experiments needed a particular atmosphere inside the plexi-
glass box (N2, O2, air), gas channels for the box interior were provided.

Post-photolysis procedure

At the end of the photolysis, the monolayers were aspirated by Pasteur pipette using a strong
vacuum, into an especially designated cylindrical flask. A few cm3 of the water phase was usually as-
pirated too, despite the efforts to dimenish the quantity. The collected water phase was then evapo-
rated under vacuum in a small round-bottom flask. 1 cm3 of CH3CN was then added to dissolve the
post-photolytical monolayer products. The solution was then analyzed by HPLC. The water
subphase was also analyzed by this procedure periodically, to detect an eventual (undesirable) pres-
ence of post-photolytical monolayer products. About 30 % of the post-photolytical monolayer prod-
ucts were lost during the procedure from aspiration to HPLC analysis (estimated by a standard com-
parative method).

HPLC detection

A � -bondapak C-18 column 8 mm � 10 cm (especially designed to work under high pressures)
and a 90 % aq. MeOH as the mobile phase were used for HPLC analysis (Waters Associates, Milford,
MA) of the postphotolytical monolayer products, by analogy with report of Crawford and cowork-
ers.26 The total concentration was in the 10-5 mol dm-3 range. The peroxides were detected at 234 nm,
at the maximal absorption (Amax.) of the created dienes structures.27 The photosensitizers were de-
tected in the 250–270 nm range.

RESULTS AND DISCUSSION

The triplet benzophenone chromophore, 3BZP, reacts with olefinic structures via
two competing mechanisms28:

The first mechanism represents H-abstraction of the allylic, Hall., and doubly al-
lylic, Hdbl.all., hydrogen atoms by 3BZP with the consequential formation of two radi-
cals: BZP ketyl-radical (.BZPH), and the lipid radical ( ). According to the sec-
ond mechanism (2), BZP does not diminish as a chemical species (as it does by the first
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mechanism): its triplet being physically quenched by the olefinic double bonds. Even-
tually, additional mechanisms are also included, depending on the employed medium:
BZP interaction with solvent molecules in homogeneous solution,29 the recombination
of the created radical pairs in micelles.30

In an earlier report,18 the fraction of the quenching events leading to ketyl-radical
(.BZPH) generation, Fk, by H-abstraction from a series of olefinic compounds with in-
creasing number of double bonds (unsaturated fatty acids and the two triglycerides): kH
= Fk � kr, was calculated. kH is the rate constant for H-abstraction, and kr is the rate con-
stant for the overall reactivity of 3BZP toward the olefinic compounds. The calculated
Fk values ranged from 0.36 (oleic acid) to 0.85 (arachidonic acid). If was very impor-
tant to obtain these basic data, since only the related mechanism (1) – lipid radicals cre-
ation – is of relevance for the chain peroxidizing mechanism. In an other paper,19 the
behaviour of the created radical pairs (BZPH – lipid radicals) was studied in a very
stericially restricted medium that mimics more closely real biomembranes. The use of
BZPand its synthesized derivative, benzophenone-4-heptyl-4'-pentanoic acid (BHPA),
as the photosensitizers in linoleic acid micelles (where LAplays the role of the lipid and
of the medium simultaneously) resulted in Fk values of 0.41 (BZP) and 0.58 (BHPA).
The somewhat higher Fk value found for BHPA was explained by the better alignment
of the BZP-chromophore towards the main potential targets (Hall and Hdbl.all atoms)
caused by the better incorporation of the BHPA hydrophobic “tail”. Furthermore, the
study of BZP and BHPA interaction with LA in sodium dodecyl sulphate (SDS) mi-
celles suggested a crucial role of the micellar “cage” in controlling the behaviour of the
created radical pairs. They mostly undergo recombination inside the “cage”, and only a
small fraction (7–14 %) escapes to the surrounding aqueous phase.20 These escaped
lipid radicals are the only ones relevant for the peroxidation process, since they undergo
the propagation step in the presence of O2. The very small fraction (calculated in rela-
tion to initial number of radicals) suggested the significance of the “cage effect” on the
efficiency of the whole process, and needed further supporting evidence. For this rea-
son, a photolysis study using compressed lipid monolayers (with photosensitizers in-
corporated inside) emerged as a logical continuation of the previous work, since the
molecular organization is even more spatially restricted and comparable to real
biomembranes.

For these studies, 1,2-dilinoleoyl phosphatidylcholine (1,2-DLPC) was used as the
lipid substrate spread in a monolayer at the air-water interface. The two choosen BZP-se-
nsitizers were benzophenone-4-heptyl-4'-undecanoic acid (BHUA), and diphenyl-1-o-he-
xadecyl-2-o-(benzophenone-4-heptyl-4'-pentanoil)-sn-glycero-3-phosphate (DBP).
The choice of the lipid and the sensitizers was not accidental. 1,2-DLPC is naturally present
in certain types of biomembranes. The two double bonds located in the two hydrophobic
“branches” (the two LAchromophores) should permit high reactivity with the incorporated
photosensitizers,primarilybyH-abstraction.Ontheotherhand,BHUAandespeciallyDBP
(which is a lipoidal benzophenone – Fig. 2) should permit a more suitable incorporation in-
side the1,2-DLPCmonolayer,and thebestpossiblealignmentof theBZP-chromophore to-
wards the main H-abstraction targets: the two doubly-allylic and 4 allylic H-atoms. The as-
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sumed optimal position of the BZP-chromophore inside the compressed 1,2-DLPC
monolayer is shown in Fig. 3.

The idea of incorporating a sensitized chormophore into a lipid (“lipoidal
chromophore”) used for monolayers studies has already been exploited. Bohorquez
and Patterson31 used lipoidal pyrene for the study of monolayers by following the
excimer fluorescence of the probe. Or, more recently and more relevant to this report,
Maziere and coworkers32 used diphenylhexatriene (DPH)-labeled lipids as a potential
tool for studying lipid peroxidation in monolayer films; DPH was previously known as
a fluorescent probe for monitoring lipoprotein peroxidation.33 However, whereas DPH
fluorescence served as a probe to follow lipid peroxidation started by another agent,32

DBP used in this report itself initiates the peroxidation process.

However, before starting the photolysis experiments on the monolayers, it was
necessary to consider “the blank” in solution: LAwas used as the lipid substrate in solu-
tion and micelles,18-20 not 1,2-DLPC itself. LAand 1,2-DLPC are not significantly dif-
ferent (1,2-DLPCmay be represented as two LA “branches” plus a polar phosphate
head – Fig. 3). Still, the presence of the polar head (totally irrelevant for the perox-
idation process) might cause (especially in the monolayer “cage”) additional steric re-

314 MARKOVI]

Fig. 2. Structure of benzophenone
(top), as well as its synthesized de-
rivatives: BHUA (middle), with hy-
drocarbon “tails”, and DBP (bot-
tom), representing actually a lipid
with an incorporated benzophenone
chromophore.



strictions for the initiation of the process. The 1,2-DLPC peroxidation with BHUA as
the sensitizer was performed in benzene with continuous photolysis. The result is
shown in Fig. 4. The left part of the picture represents the HPLC chromatogram before
photolysis (the photosensitizer peak only). The right part represents the HPLC chro-
matogram after two minutes of UV-irradiation: two peroxides peaks, and the pho-
tosensitizer peak in the middle can be seen, with the same absorption scale (to make
comparison easier). The two peroxides peaks probably indicate incomplete perox-
idation, otherwise only one peak is to be expected. The yield of BHUA photolysis has
been calculated, based on chromatograms obtained for several irradiation periods. The
calculated value of 0.1 is about 5 times smaller compared to the Fk value for the
BZP-LA reaction in benzene. The difference is expected and can be attributed not only
to the differences between the sensitizers (BZP and BHUA) and the substrates (LA and
1,2-DLPC), but to the presence of oxygen too: oxygen was depleted in the first (BZP +
LA) case, but it is essential in the second (BHUA + 1,2-DLPC) for the production of
peroxides. The rate constant for 3BZP quenching with O2 is very high, 2.3 �	� 9 dm3

mol–1 s–1,34 and this is the main reason for the very low BHUA photolysis (i.e.,
H-abstraction) yield. The choice of the UV-lamps with insignificant emission under
300 nm (Amax 
 350 nm – not shown) assured the prevention of the destruction of the
formed peroxides, with Amax at 234 nm.27 The same lamps were used in the monolayer
photolysis experiments.
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Since the photosensitized peroxidation of 1,2-DLPC with BHUA is evidently
possible (Fig. 4), the implication of the possibility of its occurrence in the compressed
monolayers must be considered next: if the 1,2-DLPC peroxides do not appear in the
HPLC chromatogram (under the same separation and detection conditions as those in
Fig. 4) the reason could be, (1) in the prevention or at least significant suppression of
initiation caused by steric limitations in the compressed monolayer “cage”, or, (2) in the
recombination of the formed radical pairs due to the “cage effect”, logically expected to
be even more pronounced, compared to SDS and LA micelles.

The photolysis experiments were performed with lipid (1,2-DLPC)/photosensitizers
(BHUA, DBP) ratios of 4:1 and 6:1, over a broad range of surface (� ) pressures (5–30
mN/m), and for various irradiation periods (1–10 min). The ratios were not accidentally
choosen.With the tworatios, themonolayersdemonstratedcomplete stabilitybefore irradi-
ation over the whole � -range. This was necessary as a “blank” to be able to attribute the ap-
pearance of eventual (photolitically induced) changes to the lipid-sensitizer reaction itself,
and toexcludeanyother factors.Furthermore, the relationships (4:1and6:1)prevented trip-
let self-quenching (or “fusion”), already detected in solution,35 and so reasonably expected
in the compressed monolayer “cages”. The experiments were performed in a N2 atmo-
sphere (when the initiation step was in particular to be studied), and in O2 or air atmosphere
(when the accent was on the observance of eventual formation of lipid peroxides).
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Fig. 4. (a) HPLC chromatogram, representing 1.26 mmol dm–3 1,2-DLPC with 0.1 mmol dm–3

BHUA in benzene, before photolysis; (b) HPLC chromatogram of the same material, after two min-
utes of UV-irradiation, at the same absorption scale (for easier comparison); (c) Spectra of the sepa-

rated compounds: (______) and (--------), 1,2-DLPC peroxides; (……..), BHUA.



Indirect evidence for the (lipid/sensitizer) reaction is obtained from Fig. 5, which
shows ��� isotherms of a (1,2-DLPC + BHUA, 4:1) monolayers, (a) before, and (b) after
photolysis for 10 min. The isotherm itself has a shape typical for olefinic compounds,
where the presence of double bonds prevents sharp (phase) changes during monolayer
compression. A simple visual comparison of the isotherms given in Fig. 5(a,b) shows an
increaseof the surfacepressureduring thephotolysis, performedat aconstant � value (the
compressing teflon barriers were in a fixed position). However, more solid evidence for
the occurrence of the lipid / sensitizer reaction is given in Fig. 6, which shows the decrease
of the BHUAconcentration in a (1,2-DLPC + BHUA, 6:1) monolayer during photolysis.
The BHUAphotolysis yield, calculated on the basis of an actinometer,19 was 0.59, which
is very close to the Fk value for BZP-LA interaction in benzene.18 This is reliable evi-
dence for 3BHUA H-abstraction from 1,2-DLPC, since there are no other types of inter-
action between BHUA and 1,2-DLPC in the monolayers (and in a general sense) which
would diminish the BHUAconcentration (Fig. 6), i.e., which would lead to its disappear-
ance as a chemical species. Physical quenching by the 1,2-DLPC double bonds does not
transform 3BHUA into the corresponding ketyl-radical.

So, not surprisingly, the HPLC chromatogram recorded after photolysis (not shown)
did not show traces of 1,2-DLPC peroxides. This was to be expected, based on results ob-
tained in LAand SDS micelles.19,20 The effect of radical pairs recombination is even more
pronouced in the “cage” of the 1,2-DLPC compressed monolayer: the “escape event” is
even less probable. Certainly, this last statement does not exclude, in an absolute sense, the
possibility of lipid peroxide production in the investigated monolayers.

Certainly, it must not be forgotten that the detection of peroxides is limited by the
HPLC conditions established for the “blank” (BHUAplus 1,2-DLPC, in benzene). So,
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the photolysis. The � -values (y-axes) are expressed in mN/m, and the � -values (x-axes) show
square angstroms, (Å)2, per molecule.



a limited peroxides production cannot be excluded as a possibility. To quantitatively es-
tablish the HPLC detection limit, the following procedure was employed. 1,2-DLPC
peroxides were sythesized in benzene with BHUA, as for the “blank”. After evapora-
tion of benzene, CHCl3 was added, and the peroxides concentration adjusted to be 1.3
mmol dm–3 (the concentration used for the formation of the monolayers). Aliquots of
this solution, in the 5–50� 10–3 cm3 range, were spread over the water, thus forming sur-
face, a set of monolayers containing known concentrations of peroxides. Then the
post-photolytical procedure (described in the Materials and Methods) was applied. This
time 1,2-DLPC peroxides were detected by HPLC. The chromatograms (not shown)
contained only one peak, with a retention time close to the first peak in the chro-
matogram shown in Fig. 4.

The integrated peaks areas were used as the X-axis values. The second (Y-axis) set
of data came from the same (5–50 � 10–3 cm3) aliquots. The CHCl3 was evaporated and
the peroxides were then dissolved in 1 cm3 CH3CN (the same amount of the same solvent
as was used for the final dissolution of the post- photolytical monolayer material - see the
procedure in Materials and Methods). The samples absorbances were then measured on a
UV-VIS spectrophotometer at 234 nm (theAmax value) to get the Y-axis values (it must be
emphasized that at this wavelength the measured values reflect mostly the absorbance of
the peroxides, and the absorbance of the unoxidized 1,2-DLPC molecules contributing
only to a negligible amount).

The calibration plot is given in Fig. 7. From the smallest, but still detectable peak on
the HPLC chromatogram (the lower detection limit), and the integrated area value, the
corresponding absorbance was determined, and the concentration of the 1,2-DLPC per-
oxides calculated. This value was then expressed in %, calculated on the basis of the
known concentration of the unoxidized 1,2-DLPC. The final result of 1–3 % defines the
detection limit. If the post-photolytical peroxides concentration does not exceed 1–3 % of
the total lipid (1,2-DLPC) monolayer material, they will not be detected under the given
HPLC conditions. This small percentage value is very strong evidence in support of the
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Fig. 6. Kinetics of BHUA reduction in
a (1,2-DLPC + BHUA, 6:1) mono-
layers. The opened squares indicate
the actinometer (BHUA in EtOH); S
– HPLC integrated area of the BHUA
peaks at 270 nm.



basic conclusion concerning the importance of the influence of the “cage” effect on the
inhibition of the peroxidation process. It is reasonable to further conclude that the percent-
age of the photolitically induced 1,2-DLPC peroxides in the monolayers is probably less
than 1 %: the presence of 1–3 % lipid peroxides in freshly isolated or synthesized
unoxidized lipid material is considered normal, due to autooxidation.

Finally, additional proof in support of the absence of a significant extent of
peroxidation in compressed lipid monolayers came from experiments performed at
constant � -pressures. This time the photolitically induced change was expressed in
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Fig. 7. Calibration diagram to de-
termine the minimum detectable
1,2-DLPC peroxides concentra-
tion under the chosen HPLC con-
ditions.

Fig. 8. Plots of temporal changes of molecular packing in (1,2-DLPC + DBP, 6:1) monolayers dur-
ing photolysis (expressed in square angstroms per molecule), performed at various surface

pressures.



terms of the number of square angstroms (Å)2 per molecule. The calculation of these
values was based on the knowledge of all the necessary data: the area encompassed by
the compressing teflon barriers, the concentrations as well as the volumes of the
aliquots used for the formation of the monolayers. The log plots representing temporal
changes in the molecular packing of the (1,2-DLPC + DBP, 6:1) monolayers during
photolysis are shown in Fig. 8, for three different � -pressures.

Two clear facts may be seen from the plots. First, the 3DBP –1,2-DLPC reaction
is of pseudo-first order, reflecting the significantly smaller concentration of triplet
sensitizer, compared to the lipid concentration: the reaction rate is dependent on the dy-
namics of the disappearance of the triplets only. Second, the calculated anti-log values
(derived from the Y-axis in Fig. 8), giving the range of the molecular packing change
during photolysis, do not exceed 5 (Å)2/molecule, for all the experimental � -pressures
(5, 10, 15, 20, and 25 mN/m). For the lipid/senzitizer ratio of 6:1 used in the experi-
ments, the maximum range change was about 30 (Å)2/molecule. This last number is
clear and additional proof of the absence of significant peroxidation in 1,2-DLPC com-
pressed monolayers. Otherwise, the number would be much higher.

CONCLUSIONS

1. Production of peroxides in monolayers of 1,2-DLPC with the incorporated
lipoidal photosensitizers was not detected up to 1–3 %, based on the total amount of
lipid used for the formation of the monolayers. The result was obtained from experi-
ments performed at different surface pressures. The reason is not because the photo-
chemical reaction inside the monolayers does not occur; a clear decrease of the
photosensitizer concentration with increasing irradiation time was found. Hence,
H-abstraction inside the 1,2-DLPC monolayers (by 3BHUA and 3DBP) certainly oc-
curs, but 1,2-DLPC peroxides were not formed because the radical pairs predominantly
recombine inside the “cage” of compressed monolayers, in which their mobility is ex-
tremely limited. Additional proof for this statement lies in the proportionally small
change of square angstroms per molecule in the investigated monolayers. The change
would certainly be bigger if the lipid peroxidation chain reaction occurred to a signifi-
cant extent.

2. Although compressed monolayers are only artificial models for biomembra-
nes, the basic conclusion concerning the possibility of the occurrence of lipid peroxi-
dation inside monolayers can be applied to biomembranes, with certain reservations. At
least one of the factors which prevents the propagation of the lipid peroxidation chain
mechanism inside biomembranes is their structure. It clearly appears that biome-
mbranes, in the case of radical pair events, have some kind of self-protection mecha-
nism on at least one part of the total peroxidation content. Certainly, this does not ex-
clude the action of other factors preventing propagation of the chain mechanism (such
as anitoxidants).

320 MARKOVI]



ABBREVIATIONS

BZP – benzophenone

BHUA – benzophenone-4-heptyl-4'-undecanoic acid

DBP – diphenyl-1-o-hexadecyl-2-o-(benzophenone-4-heptyl-4'-pentanoil)-sn-glycero-3-phosphate

1,2-DLPC – 1,2-dilinoleoyl-phosphatidyl-choline

BHPA – benzophenone-4-heptyl-4’-pentanoic acid

SDS – sodium dodecyl sulphate

LA – linoleic acid

I Z V O D

FOTOLIZA INKORPORISANIH DERIVATA BENZOFENONA U SABIJENIM
MONOMOLEKULSKIM SLOJEVIMA LIPIDA

DEJAN Z. MARKOVI]

Tehnolo{ki fakultet, 16000 Leskovac

Ciq rada je prou~avawe mogu}nosti odigravawa lipidne peroksidacije slo-
bodno-radikalskog tipa na lipidnim konstituentima biomembrana, u sabijenim mo-
nomolekulskim slojevima, sa inkorporisanim lipoidalnim fotosenzibilizatorima
benzofenonskog tipa. Wihovi tripleti apstrakuju alilne i dvostruko-alilne atome
vodonika iz antikowugovanih celina lipidnih molekula. Rezultati istovremeno
potvr|uju odigravawe apstrakcije vodonikovih atoma (i prema tome inicijaciju lan-
~anog mehanizma peroksidacije) i odsustvo formirawa lipidnih peroksida. Razlog je
u “efektu kaveza”: ograni~eni prostor sabijenih lipidnih monomolekulskih slojeva
ograni~ava pokretqivost stvorenih radikala (lipidni i ketil-radikali) i vodi do
wihove rekombinacije, spre~avaju}i propagacioni korak lan~anog mehanizma. Sa
izvesnom aproksimacijom mo`e se zakqu~iti da ovi rezultati imaju jasnu impli-
kaciju na realne biomembrane: sama wihova struktura je jedan od glavnih faktora za
spre~avawe lan~ane reakcije i formirawe lipidnih peroksida.

(Primqeno 4. jula 2000)
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Many pathological conditions are accompanied with changes in the concentration of
the total IgG or some of its fraction. For this reason there is great interest in the production of
reagents specific for IgG. In this paper, the binding characteristics of two new murine
monoclonal antibodies (MoAb), assigned MoAb 15 and MoAb 22, are reported. These
MoAbs were produced by hybridoma technology. By performing ELISAs and Western
blots analyzes, it was demonstrated that both MoAbs interact specifically with human IgG.
Cross reactivity with other sera proteins was not observed. In order to precisely localize the
epitopes recognized by MoAb 15 and MoAb 22, the Western blots interactions of these
MoAbs with electrophoreticaly separated IgG-fragments, obtained by the action of pro-
teolytic enzymes (papain, pepsin, trypsin), were analyzed. According to the results of these
experiments, both MoAbs interacted with epitopes in the C� 3 domain. The affinity con-
stants, calculated from Scatchard plots of binding of MoAb 15 and MoAb 22 to human IgG,
were Ka15 = 1.71� 106 M-1 and Ka22 = 2.15� 109 M-1. According to all these findings, MoAb
15 and MoAb 22 could be used in standard immunochemical techniques. However, the ex-
periments showed that both MoAbs had bad immunoprecipitating properties. In solid phase
techniques (ELISAs, Western blot, dot-blot, etc.), their application gave excellent results
that highly recommended them for use in these types of analyzes.

Keywords: human IgG, affinity constant, murine monoclonal antibodies, immuno-
chemical technique.

INTRODUCTION

Hybridoma technology, designed by G. Kohler and C. Milstain in 1975,1 is the
oldest way to produce monoclonal antibodies (MoAb) with the desired binding charac-
teristics. This protocol enabled the production of, theoretically, unlimited variety source
of homogenous amounts of MoAbs with “predefined” characteristics of binding (affin-
ity and specificity). In spite of the development of new technologies based on methods
of genetic engineering,2 this procedure is still widely used.
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After the appearance of hybridoma technology, MoAbs became the “reagents of
choice” in research and diagnostic. The application of MoAbs made standard procedures
more specific and more sensitive.3 However, each application of MoAbs required its de-
tailed characterization as a guarantee for the validity of the obtained results. So, expression
“to produce MoAb-reagents” meant to obtain a MoAb and to fully characterize it.

Our goal was the production of MoAbs specific for human IgG (hIgG). Interest in
the production of reagents specific for IgG can be explained by the fact that many
pathological conditions are accompanied by changes in the concentration of the total
IgG or some of its fractions.4

In this paper, investigations on the binding characteristics of two new murine
MoAbs produced by hybridoma technology, assigned MoAb 15 and MoAb 22, are
described. The investigations showed that they reacted specifically with hIgG, a fact
that could make them usefull, primarily as diagnostic tools.

EXPERIMENTAL

Determination of affinity of MoAb 15 and MoAb 22 for hIgG by competitive ELISA

Affinity constants (Ka) of MoAb 15 and MoAb 22 were calculated, according to Scatchard ana-
lyze, from the results obtained by competitive ELISA. In this experiment, a constant amount (1 � g/ml
i.e.,� 6.4 nM) of MoAb labeled by biotin (MoAb-B) was incubated in the presence of different concen-
trations of hIgG for 2 h at 25 ºC. Determination of the concentrations of free MoAb (F) in these samples
were based on binding to hIgG adsorbed on microtitar plate, while the concentrations of MoAb 15 and
MoAb 22 bound to hIgG in solution (B) were equal to the differences between the total MoAb concen-
tration and F.

For determination of F15 and F22, hIgG was adsorbed on microtitar plates from hIgG/PBS so-
lution at concentrations of 0.5 � g/ml and 1 � g/ml, respectively (50 � l/well, at 4 ºC, over night). A so-
lution of 1 % BSA(Sigma)/PBS was used for saturation (200 � l/well, 2 h, at room temperature), prep-
aration of samples and dilution of streptavidin-peroxidase (ICN) (50 � l/well, 1 h, 25 ºC). Before each
step, following saturation, the plates were washed with 0.05 % Tween 20 (Sigma)/PBS (4� 200
� l/well) and PBS (1 ���� � l/well). OPD (Sigma) (50 � l/well) was used as substrate and its transfor-
mation by streptavidin-peroxidase was stopped by adding 2 M H2SO4 (50 � l/well). The amount of
MoAb-B bound to hIgG adsorbed on the plates was proportional to the absorbance read at 492 nm.

Fragmentation of hIgG by:

a) papain

Fragmentation of hIgG by papain was performed in 0.1 M Na-phosphate buffer, pH 6.5, in the
presence of 50 mM Cys (Merck) and 1 mM EDTA(Fluka). The final ratio of masses of hIgG and papain
(Gibco BRL) (mhIgG : mpapain) was 100 : 1. The digestive mixture was incubated at 37 ºC for � 16 h.
The reaction was stopped by adding a solution of iodacetamide to a final concentration of 75 mM.

b) pepsin

Fragmentation of hIgG by pepsin was performed in 0.1 M acetic buffer, pH 3.5, at 37 ºC. The
ratio of the amount of hIgG and pepsin (Sigma) in the digestion mixture was mhIgG : mpepsin = 100 : 1.
The reaction was stopped in intervals of 1 h by raising the pH to 9.

c) trypsin

Fragmentation of the isolated Fc portion of hIgG (hFc) by trypsin was performed in 10 mM
Tris / 0.1 M NaCl, pH 7.8, at 40 ºC for � 1 h. Before the addition of trypsin, the pH of the hFc solution
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was lowered to 2.5 by adding 2 M HCl. The solution was incubated for � 5 min and the pH was re-
turned to 7.8 by adding 1 M Tris. The ratio of hFc and trypsin in the reaction mixture was mhFc :
mtrypsin = 100 : 2.

RESULTS AND DISCUSSION

Murine hybridoma 15 and 22, which secreted MoAb 15 and MoAb 22, respec-
tively, were obtained by fusion of murine mieloma cells SP/02 mIL-6 and spleen cells
of BALB/c mouse immunized with hIgG. Preliminary tests, performed with super-
natant of clones 15 and 22, indicated that MoAb 15 and MoAb 22 interacted with hIgG.
Further investigations, performed with MoAb 15 and MoAb 22 isolated from appropri-
ate ascitic fluids, confirmed this observation.

Affinity of MoAb 15 and MoAb 22 for hIgG

The affinity of MoAb for its Ag is one of the most important properties determin-
ing its usefulness.5 The affinities of MoAb 15 (Ka15) and MoAb 22 (Ka22) for hIgG
were determined by competitive ELISA. In these experiments, the binding of MoAb 15
and MoAb 22 (both at constant concentration, 1 � g/ml) to hIgG adsorbed on microtitar
plate were inhibited by incubation with different amounts of hIgG. The obtained results
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Fig. 1. Scatchard plots (B/F = f(B))

for the binding of MoAb 15 a) and

MoAb 22 b) to hIgG; B – concen-

tration of MoAb bound to hIgG, F

– concentration of free MoAb.



were transformed according to the Scatchard equation and the value of Ka was deter-
mined from Scatchard plot (Fig. 1). Ka values of MoAb 15 and MoAb 22 for hIgG are:
Ka15 = 1.71 � 106 M–1 and Ka22 = 2.15 � 109 M–1, respectively.

According to its affinity for hIgG, MoAb 22 might be used, after coupling to an
inert matrix, for the isolation of hIgG by affinity chromatography, ELISA, Western blot,
dot-blot, immunofluorescence and in different forms of immunoprecipitation.5 How-
ever, MoAb 22, despite of high affinity, had bad immunoprecipitation characteristics
and did not precipitate hIgG either in solution or in agarose gel. Steric hindrances or
functional monovalency6 that would prevent the formation of an immunoprecipitation
lattice could be the explanations of this phenomenon.

The Ka15 value of MoAb 15 implied that it could be used in tests such as ELISA
and Western blot, too.5 However, it also showed bad immunoprecipitation properties,
most probably, because of its low affinity for hIgG.

Localization of the epitopees recognized by MoAb 15 and MoAb 22

Western blot analyzes of electrophoreticaly separated human sera proteins,
showed that both MoAbs reacted with the heavy � chain of human immunoglobulins
(Fig. 2). According to the results of these experiments, the reactivity of MoAb 15 and
MoAb 22 with other, “non-IgG”, sera proteins could also be excluded. The non-existe-
nce of cross-reactivity is very important if these MoAbs are to be used for the quantifi-
cation of hIgG.

The determination of the concentration of hIgG is usually performed by different
types of ELISAs. We showed that both MoAbs could be used successively in these as-
says. Using MoAb 15 or MoAb 22, less than 1 � g/ml of hIgG could be detected by
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Fig. 2. SDS-PAGE in 4 – 15 % PAAG a) and Western blot analyzes of 1 – human sera, 2 – hIgG, 3 –
hIgG reduced with � -mercaptoethanol, 4 – hIgA reduced with � -mercaptoethanol 5 – hIgM reduced

with � -mercaptoethanol; blots were developed in presence of MoAb 22 (b) and MoAb 15 (c).



ELISA. The low value of the additivity index (AI)7 for MoAb 15 and MoAb 22, AI15,22
= 6.22, indicated that these MoAbs, because of steric hindrance for the simultaneous
binding on hIgG, could not be used in sandwich ELISA which is more specific than oth-
ers types of ELISAs. In “sandwich” ELISA they could be used in combination with
MoAbs that recognize epitopes located far from those of MoAb 15 and MoAb 22. For
example, they could be used with MoAb 44 (specific form human � chain) for the deter-
mination of the concentration of IgG� molecules.

In order to localize the epitopes recognized by MoAb 15 and MoAb 22 more pre-
cisely, the interactions of these MoAbs with fragments of hIgG, obtained by the action
of papain, trypsin and pepsin, were analyzed.

The main products of papain digestion of hIgG were fragments of equal molecu-
lar size (� 50 kDa), Fab and Fc.8 They could be separated by affinity chromatography
on protein A.9 The fragments obtained by papain digestion were analyzed by Western
blot. According to the bands on blots of sample eluted from protein A, which appeared
in the presence of both MoAbs (Fig. 3), it was concluded that the epitopes recognized
by MoAb 15 and MoAb 22 were located in the Fc portion of hIgG.

It is well known that peptic digestion of hIgG yields (Fab)2 (� 100 kDa) and pFc’
as the main products. Beside these fragments, numerous intermediate products and
peptides resulting from the enzymatic degradation of C� 2 occur in the digestion mix-
ture10 (Fig. 4a). Four major bands appeared on blots developed in the presence of
MoAb 15 (Fig. 4b) or MoAb 22 (Fig. 4a), after electrophoretical separation of the hIgG
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Fig. 3. SDS-PAGE (7.5 % PAAG) of hIgG fragments obtained by the action of papain (c) and
Western blot analyses of the interaction of MoAb 15 (a) and MoAb 22 (b) with them; samples: 1 –
digestive mixture of hIgG resulting from the action of papain, 2 – fraction of the digestive mixture

of hIgG resulting from the action of papain which did not interact with protein A, 3 – fraction of di-
gestive mixture of hIgG resulting from the action of papain which was eluted from protein A by 0.1

M citric buffer, pH 3.5.



fragments obtained by the action of pepsin. These bands, assigned according to corre-
sponding molecular weights, were: “� 100 kDa”, “� 50 kDa”, “� 25 kDa” and “� 15
kDa”. The positions of molecular weights markers in the polyacrylamide gel (PAAG)
indicated that, in this system, resolution of protein with “higher” (>100 kDa) molecular
weight was not correct (Fig. 4a). So, it is possible that “� 100 kDa” bands on blots were
the result of interaction of MoAb 15 or MoAb 22 with intact hIgG or its intermediates
that possesed a partially degraded Fc portion. Regarding the fact that the major cleavage
site of pepsin is in the lower hinge region, below interchain disulphide bonds,10 the ap-
pearance of “� 50 kDa” in the PAAG was unexpected. It is possible that this band was
the result of stochastic formation of disulphide bonds between free Cys residues of frag-
ments produced by the action of pepsin. Interactions with proteins of band “� 25 kDa”
(C� 2-C� 3) confirmed our finding that epitopes recognized by MoAb 15 and MoAb 22
were located in the Fc portion of hIgG.

Interactions of MoAb 15 and MoAb 22 with peptic bands of lower molecular
weight indicated that epitopes recognized by these MoAbs could be located in the C� 3
domain of the human � chain. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot analyzes of fragments resulting from tryptic digestion of the hFc por-
tion of Ig confirmed this hypothesis. HFc were obtained by papain digestion of hIgG,
isolated by affinity chromatography on protein Aand exposed to low pH (pH� 2.5). Ex-
posure to low pH rendered the region between C� 2 and C� 3 domains transiently
susceptibile to trypsin upon return to neutral pH, allowing the splitting of Fc to those
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Fig. 4. SDS-PAGE (10 % PAAG) of hIgG fragmentized with pepsin (a) and Western blot analyzes
of the interactions of MoAb 15 (b) and MoAb 22 (c) with the obtained fragments; samples: pepsin
at concentration used for digestion (1), intact hIgG (2), mixtures of hIgG fragments obtained by the

action of pepsin for 1 h (3), 2 h (4), 3 h (5), 4 h (6), 6 h (7) and 8 h (8).



two domains.11 After SDS-PAGE of tryptic digestion mixture, there were 3 bands in
PAAG: � 25 kDa, � 17 kDa and � 12.5 kDa (Fig. 5a). Western blot analyzes showed
that both MoAbs reacted with the “� 25 kDa” band (unseparated between C� 2-C� 3) and
the band of the lowest molecular weight (Fig. 5b, c) which, according to literature data,
represents the C� 3 domains.12

Precise localization of epitopes recognized by a MoAb could be useful data in
functional studies, inhibition studies or in designing experiments that require simulta-
neous use of more MoAbs.

CONCLUSION

MoAb 15 and MoAb 22, obtained by hybridoma technology, were specific for
hIgG. They specifically interacted with epitopes localized in the C� 3 domain of the hu-
man � chain. The affinity of the interaction of MoAb 22 was high (Ka22 = 2.15� 109

M–1), while MoAb 15 bound hIgG with low affinity (Ka15 = 1.71� 106 M–1). Accord-
ing to our results, MoAb 15 and MoAb 22 did not precipitate hIgG either in solution or
in agarose gel. This inability to form precipitating complexes with hIgG reduce their
applicability. Otherwise, both MoAbs, when used independently, demonstrated excel-
lent properties in common diagnostic tests such as ELISA, blots, etc. However, in these
assays advantage could be given to MoAb 22 because of its greater affinity that allows
the detection of hIgG at lower concentrations.
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Fig. 5. SDS-PAGE (15 % PAAG) of hFc fragments obtained by the action of trypsin (c) and West-
ern blots analyzes of the interaction of MoAb 15 (b) and MoAb 22 (a) with these fragments; 1 –

hFc fragmentized by trypsin, 2 – hFc exposed to low pH.



I Z V O D

DVA NOVA MI[JA MONOKLONSKA ANTITELA DOBIJENA PROTIV HUMANOG

IgG-a

MARIJANA PETRI]EVI]1, ALEKSANDRA INI]1, RATKO M. JANKOV2 i QIQANA

DIMITRIJEVI]1

1Institut za imunologiju i virusologiju "Torlak", Vojvode Stepe 458, 11221 Beograd i 2Hemijski

fakultet, Studentski trg 16, 11000 Beograd

Mnoga patolo{ka stawa su povezana sa promenama koncentracije ukupnog IgG-a

ili neke od wegovih frakcija. To je razlog velikog interesovawa za produkciju

reagenasa specifi~nih za IgG. Mi smo u ovom radu opisali karakteristike vezivawa

dva nova mi{ja monoklonska antitela (MoAt), ozna~ena kao MoAt 15 i MoAt 22. Ova

MoAt su dobijena hibridomskom tehnologijom. Koriste}i ELISA-e i Western blot ana-

lize, pokazali smo da oba MoAt specifi~no reaguju sa humanim IgG-om. Ukr{tena

reaktivnost sa drugim serumskim proteinima nije uo~ena. Da bi smo precizno loci-

rali epitope koje prepoznaju MoAt 15 i MoAt 22, Western blot-om smo analizirali

interakcije ovih MoAt sa elektroforetski razdvojenim fragmentima IgG-a dobijenih

dejstvom proteoliti~kih enzima (papain, pepsin, tripsin). Prema rezultatima ovih

eksperimenata oba MoAt interreaguju sa epitopima u C� 3 domenu. Konstante afi-

niteta, izra~unate sa Ska~ardovih dijagrama vezivawa MoAt 15 i MoAt 22 za humani IgG
su Ka15 = 1.71 � 106 M–1 i Ka22 = 2.15 � 109 M–1. Na osnovu svih ovih ~iwenica, MoAt 15 i

MoAt 22 bi se mogla koristiti u standardnim imunohemijskim tehnikama. Me|utim,

na{i eksperimenti su pokazali da oba MoAt imaju lo{e imunoprecipitacione oso-

bine. Sa druge strane, u tehnikama na ~vrstoj fazi (ELISA-e, Western blot, dot-blot, itd.)

wihova primena je dala odli~ne rezultate {to ih preporu~uje za upotrebu u ovom tipu

analiza.

(Primqeno 24. novembra 2000)
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Synthesis and characterization of a novel (glycinato-N,O)
yttrium(III) complex
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A novel yttrium(III) complex with glycine has been synthesized starting from
tris(ethanedioato-O,O)yttrium(III) by the substitution of the acetylacetonato chelate lig-
ands with glycine. The reaction product was purified by ion-exchange chromatography
and characterized on the basis of infrared spectroscopy. The structure of the product was
tentatively established as tris(glycinato-N,O)yttrium(III) dihydrate.

Keywords: yttrium(III) complexes; glycinato-N,O chelates, IR spectroscopy.

INTRODUCTION

Coordination chemistry of tris(aminocarboxylato-N,O) complexes of trivalent tran-
sition metals has continually been in focus for many decades.1 A number of complexes of
the general formula �MIII(aa)3� (where aa = bidentate aminocarboxylato-N,O chelate) have
been prepared, characterized by a variety of physical methods, and studied using chemical,
kinetic, thermodynamic, photochemical and computational techniques.2

However, it is still possible to find gaps in the chemistry of �M(aa)3� complexes
across the periodic table of elements. A notable example is the scarcity of data on
lanthanide complexes with aminocarboxylato-N,O bidentate chelate rings. In this work
an attempt to prepare a complex of a tris(bidentate) type of yttrium(III) with glycine is
described. Yttrium chelates have attracted much attention lately due to their potential
application as tumour-targeting contrast agents in magnetic resonance imaging,3–5 and
as luminescent bio-markers,6 let alone their significance in basic coordination7 and
organometallic8 chemistry. From this study we expect to gain some further insight into
the nature of metal–ligand interaction between coordinated carboxylato oxygen (as a
supposedly anisotropic � ligator9) and Y(III). It will eventually provide a basis for the
parametrization of a molecular mechanics force field for amino(poly)carboxylate com-
plexes of lanthanides, which is one of our long-term goals.
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EXPERIMENTAL

Tris(ethanedioato-O,O)yttrium(III) trihydrate was prepared according to the procedure of
Sands et al.10

Tris(glycinato-N,O)yttrium(III) dihydrate. In 100 mL of ethanol (60 %) 6 g of tris(etha-
nedioato-O,O)yttrium(III) trihydrate was dissolved, and the solution was heated up to the boiling
point in order to initiate the hydrolysis of the acetylacetonato complex. The solution was then cooled
to ambient temperature and mixed with a previously prepared aqueous solution of glycine (4.6 g in 50
mL of water). The pH of the mixture was then adjusted to 5–6 and maintained at 30 ºC under constant
stirring for a period of 12 hours. After subsequent removal of the solvent under reduced pressure, a
yellowish-white precipitate was obtained, which was filtered off, washed with abs. ethanol, and dried
at ambient temperature. In this way 3.6 g of a water-soluble solid was obtained. The solid was dis-
solved in a minimal amount of water and passed in turn through cationic and anionic Dowex
ion-exchange columns eluted with water. The resultant solution was concentrated in a vacuum-eva-
porator and left overnight to crystallize. Anal.: Found: C, 20.63 %, H, 4.7 %, N, 12.55 %; calculated
for �Y(Gly)3 � � 2H2O: C, 20.7 %, H, 5.43 %, N, 12.10 %.

Infrared spectra of reactants and the reaction product were measured on a Perkin-Elmer FTIR
172 instrument using the KBr pellet technique.

RESULTS AND DISCUSSION

The experimental procedure was conducted in an attempt to substitute acetyla-
cetonato with glycinato ligands. Namely, the tris(ethanedioato-O,O) complexes of yt-
trium(III) as well as of other trivalent lanthanides are known to undergo facile hydrolysis
in aqueous media yielding mixed hydroxo and ethanedioato species.11 In the presence of
excess glycine these hydrolysis products are expected to form chelate (glycinato-N,O)
species. At pH 5–6 glycine is present predominantely in the zwitterionic form. Therefore,
it can be easily coordinated to Y(III) via the carboxylate oxygen causing the ammonium
to deprotonate (by elimination of H2O molecule from Y(III)-hydroxo species). The latter
step is favoured by the chelate effect of glycine.

A strong support for the proposed overall course of the substitution reactions
stems from the fact that the same product was obtained using a range of different mole
ratios of tris(ethanedioato-O,O)yttrium(III) to glycine. Even with glycine as the limit-
ing reagent the identical product was obtained after removal of unreacted tris(etha-
nedioato O,O)yittrium(III).

The solid-state infrared spectrum of the glycinato complex of yttrium(III) in the
region 2000–400 cm–1 is presented in Table I together with the assigned spectrum of
crystalline glycine.12 The differences in the positions of the infrared absorption max-
ima between the free glycine (zwitterion) and its yttrium(III) complex are small but
consistent with our proposed structure of the complex having bidentately coordinated
(glycinato-N,O) ligands. The characteristic features pertain to the vibrations associated
with the COO group. They are indicated in bold in Table I. Thus, � a(COO) is shifted to a
higher frequency (from 1616 to 1636 cm–1) and the � s(COO) to a lower frequency
(from 1413 to 1400 cm–1); both wagging and rocking COO vibrations are shifted to
higher frequencies (Table I) indicating a metal–oxygen coordination.13

Since our synthesis and ion-exchange chromatography yielded only one pure
substance, we were not able at this stage to identify the geometrical configuration of the
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product in terms of fac and mer isomerism characteristic for �M(Gly-N,O)3� species. In
addition, our results do not exclude a possibility of the augmentation of the coordination
sphere14 with one of the H2O molecules assumed to be lattice water. However, in either
case it is highly unlikely that the glycinato ligands are not bidentately coordinated.
Furhter structural investigations along these lines are in progress.

TABLE I. The observed infrared frequencies (cm
-1

) for the crystalline glycine, and glycinato Y(III)

complex, with tentative assignments

Glycine �Y(Gly)3� Assignment

1630 shoulder

1616 1632 COO- asym. stretching

1507 1500

1468 -

1445 1440 CH2 bending

1413 1400 COO- sym. stretching

1333 1332 CH2 wagging

- 1300

1132 NH3
+ rocking

1123 NH2 rocking

1111 NH3
+ rocking

1100 NH2 rocking

1033 1040 CN stretching

911 927 CH2 rocking

893 893 CC stretching

699 700 COO- bending

609 620 COO- wagging

502 520 COO- rocking

435

419 421
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Supstitucijom koordinovanog acetilacetonata glicinom u tris-bidentatno

koordinovanom itrijum(III) kompleksu dobijen je nov glicinski kompleks itrjuma(III),
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koji je posle pre~i{}avawa jonoizmewiva~kom hromatografijom okarakterisan na

osnovu infracrvenih spektara. Na osnovu karakteristi~nih pomerawa infracrvenih

traka za karboksilatni fragment predlo`ena je tris(glicinato-N,O) struktura za

ovu supstancu.

(Primqeno 20. novembra 2000, revidirano 7. februara 2001)
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Three cordierite-type gels were prepared from an aqueous solution of Mg(NO3)2, a
boehmite sol and silica sols of very small particle sizes. The effect of varying the silica parti-
cle size on the crystallization and densification behaviour was studied. Phase development
was examined by thermal analysis and X-ray diffraction, while the densification behaviour
was characterized by measuring the linear shrinkage of pellets. The activation energy of
densification by viscous flow was determined using the Franckel model for non-isothermal
conditions and a constant heating rate. The results show that spinel crystallizes from the
colloidal gels prior to cristobalite, and their reaction gives � -cordierite, which is specific for
three-phase gels. Decreasing the silica particles size lowers the cristobalite crystallization
temperature and the � -cordierite formation temperature. The activation energy of densi-
fication by viscous flow is lower and the densification more efficient, the smaller the silica
particles are.

Keywords: cordierite, sol-gel, densification, crystallization, activation energy of densi-
fication.

INTRODUCTION

Cordierite (Mg2Al4Si5O18) as a ceramic material has a wide range of uses and
applications stemming from its important properties of low thermal expansion and di-
electric constant coupled with high chemical and thermal stability. Preparing dense cor-
dierite ceramics has long been a problem because of the narrow sintering range near the
incongruent melting point of the cordierite. Addition of a sintering aid1,2 resulted in a
decrease of the cordierite crystallization temperature and an increase of the density of
the final product. On the other hand, these aids cause an increase in the thermal expan-
sion coefficient and dielectric constant. The preparation of a homogeneous and fine
cordierite powder that can be sintered without the addition of a sintering aid is, there-
fore, considered to be highly desirable.3–6
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The sol-gel procedure has enabled the production of ceramic materials of high
purity and with superior properties at lower temperatures than conventional meth-
ods.7–9 Since alkoxide-derived powders offer potential for remarkable reductions in the
crystallization temperatures, alkoxide methods have usually been applied to the prepa-
ration of cordierite powders.10–19

However, in multicomponent systems, such as cordierite ceramics, the difference
in the hydrolysis rates of each alkoxide causes inhomogeneity in the resultant oxides.
Moreover, gel-derived compacts often show the commencement of crystallization be-
fore complete densification, leaving large pores unremoved. This problem is most fre-
quently encountered in the densification of multicomponent silica-containing gels that
undergo viscous sintering. Since the densification rate is orders of magnitude faster
when material transport occurs by viscous flow rather than by atomic diffusion, it is
very difficult to remove the remaing pores after the commencement of crystallization.
Therefore, in order to obtain dense sinter bodies it is important that the kinetics of vis-
cous sintering are substantially faster than those of crystallization.

Recently, it has been reported that the heterogeneous distribution of the elements in
the powders promotes densification in the sintering of some kinds of multicomponent
systems. Colloidal processing14,15,17,20–22 is considered an effective method for produc-
ing such controlled heterogeneity on a nanometer scale. A heterogeneous distribution of
each element promotes the sintering of bodies by the genesis of a liquid phase of a lower
melting temperature than that of a single phase.

Studies on the sol-gel synthesis of cordierite have confirmed that from colloidal,
three-phase gels crystallization of spinel and cristobalite (or quarz) occurred, which re-
act forming � -cordierite. In this case, there is a wide temperature range in which
densification without crystallization of the silica-containing component occurs. This
means that full densification without crystallization can be reached by an appropriate
choice of temperature and time.

The aims of this work were (1) to examine the crystallization and densification
behaviour of colloidal cordierite-type gels, synthesized from an aqueous solution of
Mg(NO3)2, a boehmite sol and silica sols of very small particle sizes and (2) to deter-
mine the influence of the silica particle size on the densification and crystallization be-
haviour of these gels.

EXPERIMENTAL

Three colloidal cordierite-type gels were prepared starting from silica sols of different particle
size, a boehmite sol and an aqueous solution of Mg(NO3)2

.6H2O.

The silica sols were obtained by the ion exchange method.23 The characteristics of the silica
sols are given in Table I.

The specific surface area of the solid phase was determined by the potentiometric titration
method24 – measuring the amount of OH- ions adsorbed by the solid phase at pH 4–9. The mean parti-
cle diameter was calculated from the value of the specific surface area.

The boehmite sol (AlOOH) was obtained by peptization of freshly prepared Al(OH)3, with ni-
tric acid, under reflux.25 It contained 2.2 mass % pseudoboehmite particles in an aqueous medium,
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stabilized at pH 3.8. The specific surface area of the solid phase, determined by the BET method, was
267 m2/g.

TABLE I. Characteristics of the silica sols

Silica sol S5.5 S7.5 S9.5

Solid phase content/mass % 4.5 3.3 3.9

pH 9.3 9.8 9.2

Sp/m2 g-1 490 367 284

dav/nm 5.5 7.5 9.5

All three gels were synthesized in the following way: stoichiometric proportion of the
boehmite sol and the silica sol were mixed and stirred for 2 h. Then, an saturated aqueous solution of
Mg(NO3)2

.6H2O was added and the stirring continued for another two hours. The obtained
multicomponent colloidal dispersion was coprecipitated and gelated by the addition of saturated
aqueous solution of ammonium carbonate, which increased the pH to � 9. The obtained gels were
dried at 40 ºC for two days and then for 24 h at 110 ºC.

The relative linear shrinkage of the gel compacts was measured using a E.LEITZ thermo-
microscope, at a heating rate of 10 ºC/min, up to 1300 ºC. The gels were pressed using a hand press, at
about 20 MPa, into a compact with dimensions 3� 3� 3 mm.

The phase transformations occurring in the gels during heating were determined by DSC
(NETZSCH Model 404) at heating rate of 10 ºC/min. The experiments were carried out in an air at-
mosphere, using Al2O3 as a reference. The sample mass was 50� 0.5 mg.

The phase composition of powders obtained by gels calcination at 900, 1000, 1100, 1200 and
1250 ºC for 2 h were determined using a SIEMENS D500 diffractometer with CuK� radiation in the
2� angle range from 5 to 60º or to 80º, with a 0.02 step.

RESULTS AND DISCUSSION

The results of differential scanning calorimetry for the synthesized gels are given
in Fig. 1.

Two broad endothermal peaks in the temperature ranges from 20 ºC to 220 ºC and
from 220 ºC to 500 ºC are noticeable on these curves. The second endothermal peak
was formed from three overlapping individual peaks. The first endothermal peak corre-
sponds to the desorption of physically bound water, while the second endothermal peak
is ascribed to dehydroxylation, ammonia and CO2 release, and decomposition of ni-
trates. At higher temperatures, two exothermal peaks are noticeable: a broad peak in the
temperature range of about 900 ºC to about 1100 ºC and the other, relatively sharp peak,
about 1190 ºC. As can be seen from Fig. 1, this peak is shifted towards higher tempera-
tures with increasing size of the silica particles in the sol used for the gel synthesis. Ac-
cording to literature data,14,15,17,20,21 it can be assumed that the first exothermal peak in
the temperature range from 900 ºC to 1100 ºC, corresponds to the crystallization of ei-
ther spinel, MgAl2O4, or cristobalite, or both. The second exothermal peak, at about
1190 ºC, corresponds to the formation of � -cordierite, resulting from the reaction of
spinel with cristobalite. In order to determine the nature of the processes or reactions
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corresponding to the mentioned exothermal peaks, the gels were calcined at 900, 1000,
1100, 1200 and 1250 ºC, and the phase composition of powders obtained in this way
were detrmined. The diffractograms of the powders obtained by calcination of the G7.5
gel at 900, 1000, 1100, 1200 and 1250 ºC are presented in Fig. 2.

In the diffractogram of the powder obtained by gel calcination at 900 ºC, weak
and diffusive peaks, corresponding to spinel, are noticeable. At 1000 ºC, these peaks are
slightly sharper and intense. Two other peaks at d = 0.315 nm and d = 0.250 nm, corre-
sponding to cristobalite, are detectable, although the most intense peak for cristobalite
at d = 0.409 nm was not detectable on this diffractogram. This peak is visible in the
diffractogram of the powder obtained by gel calcination at 1100 ºC, together with the
above mentioned peaks corresponding to cristobalite. The peaks corresponding to
spinel become sharper and more intense. In the diffractogram of the powder obtained
by gel calcination at 1200 ºC, peaks of low intensity, corresponding to � -cordierite, are
noticeable. The peaks corresponding to cristobalite and spinel are sharp and intense. At
1250 ºC, the peaks for spinel and cristobalite are less intense than the ones at 1200 ºC,
while the peaks of � -cordierite are sharp and intense. According to these results, it is ev-
ident that the first exothermal peak on the DSC gel curves corresponds to crystallization
of spinel and cristobalite, while the second peak corresponds to the formation of � -cor-
dierite by the reaction between spinel and cristobalite. As previous investigations have
shown,26 formation of � -cordierite by the reaction between spinel and cristobalite is a
diffusion controlled process, proceeding with a constant number of nuclei and an aver-
age activation energy Ea = 1242 � 66 kJ/mol.

The diffractograms of the powders obtained by calcination of the G5.5 and G9.5
gels at 900, 1000, 1100, 1200 and 1250 ºC differ from the corresponding diffractograms
of the powders obtained by calcination fo the G7.5 gel only in the intensity of individual
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Fig. 1. DSC curves for the G5.5 (a), G7.5 (b) and G9.5 (c) gels (the numbers indicating the size of
the SiO2 particles in the sol used for the synthesis).



peaks. The diffractograms of the powders obtained by calcination of the G5.5, G7.5 and
G.9.5 gels at 900 ºC and at 1100 ºC are presented in Fig. 3 and 4, respectively.

As can be seen from Figs. 3 and 4, there is no significant difference in the intensity of
thepeakscorresponding to spinel, at the same temperature fordifferentpowders.The inten-
sity of the peaks corresponding to cristobalite decreases with increasing size of the silica
particles in the sol used for the synthesis. This indicates that the temperature of the
cristobalite crystallization decreases with decreasing size of the silica particles, but that the
silica particle size has no effect on the spinel crystallization temperature. Considering also
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Fig. 2. Diffractograms of the powders obtained by calcination of the G7.5 gel at 900 ºC (a), 1000 ºC
(b), 1100 ºC (c), 1200 ºC (d) and 1250 ºC (e) (S – spinel, C – cristobalite, K – � -cordierite).

Fig. 3. Diffractograms of the powders obtained by calcination of the G5.5 (a), G7.5 (b) and G9.5 (c)

gels at 900 ºC.



the results of differential scanning calorimetry, it can be concluded that decreasing the size
of the silica particles leads to a lowering of the cristobalite crystallization temperature, and
consequently, a decrease of the � -cordierite formation temperature.

The curves of the relative linear shrinkage during heating of the G5.5, G7.5 and
G9.5 gels are shown in Fig. 5. It can be noticed that intense shrinkage occurs in the tem-
perature range of 800–1000 ºC, ending at 1050 ºC.

Also from Fig. 5, it can be seen that the shrinkage increases with decreasing size
of the silica particles, i.e., densification of the gels prepared from sols of the smaller par-
ticle size is more efficient.

The activation energy of the sintering by viscous flow can be calculated using the
Franckel model for non-isothermal conditions at a constant heating rate:27

� L/L0 = (� RT/2rA � E) exp (–E/RT)

where: � L/L0 – the relative linear shrinkage, � – the interfacial energy, T – the tem-
perature, r – the particle size, A – a coefficient, � – the heating rate, E – the activa-
tion energy and R – the gas constant. The dependence log (� L/L0T2) on 1/T is linear,
with a slope equal –0.43 E/R.

The dependancies of log (� L/L0T2) on 1/T for the G5.5, G7.5 and G9.5 gels com-
pact are shown in Fig. 6. The activation energies of densification by viscous flow were
determined from the slope of these plots.

The value of the activation energy for densification by viscous flow decreases
with a decreasing in size of the silica particles, which is evident from the following re-
sults: for the G9.5 gel – E = 218 � 12 kJ/mol, for the G7.5 gel – E = 200 � 9 kJ/mol and
for the G5.5 gel – E = 178 � 14 kJ/mol.
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gels at 1100 ºC.



The results of the X-ray analysis show that spinel is the first to crystallize from the
three-phase gels at about 900 ºC, followed by cristobalite, crystallizing at temperatures
between 1000 and 1100 ºC. In this temperature range, shrinkage of the compacted gels
was completed (Fig. 5). It is evident that densification was not affected by the crystalli-
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Fig. 5. Relative linear shrinkage during heating of the G5.5, G7.5 and G9.5 gel compacts.

Fig. 6. Dependence log (� L/L0T2) on 1/T for the G5.5, G7.5 and G9.5 gels.



zation of spinel, i.e., intense shrinkage of the calcinated gel compact continues irrespec-
tive of spinel crystallization. In the temperature range 1000–1100 ºC, both completion
of shrinkage and the onset of cristobalite crystallization occur. The temperature of
cristobalite crystallization decreases with decreasing in size of the silica particles. Due
to the decrease of the cristobalite crystallization temperature, the temperature of � -cor-
dierite formation by the reaction between spinel and cristobalite also decreases with a
decreasing size of the silica particles. The size of the silica particles has a great influence
on densification because the activation energy of densification by viscous flow de-
creases with decreasing particle size.

CONCLUSION

Three colloidal cordierite-type gels were prepared from a boehmite sol, an aque-
ous solution of Mg(NO3)2 and silica sols of very small particle size. Despite the fact that
the size of the silica particles is very small, spinel and cristobalite crystallizing from the
gels react with each other forming � -cordierite, which is specific for three-phase cordi-
erite gels. However, decreasing the size of the silica particles leads to a decrease of the
cristobalite crystallization temperature and, consequently, to a decrease of the � -cordi-
erite formation temperature. The size of the silica particles has a great influence on
densification because the activation energy of densification by viscous flow decreases
with decreasing particle size.
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DENZIFIKACIJA I KRISTALIZACIJA KOLOIDNIH GELOVA KORDIJERITNOG
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Pripremqena su tri gela kordijeritnog sastava polaze}i od vodenog rastvora

Mg(NO3)2, bemit sola i solova SiO2, veoma malih veli~ina ~estica. Varirana je

veli~ina ~estica sola SiO2 da bi se ispitao uticaj veli~ine ~estica sola SiO2 na

denzifikaciju i kristalizaciju gelova. Diferencijalno skeniraju}om kalorime-

trijom i rendgenskom analizom utvr|ene su promene koje se odigravaju pri toplotnoj

obradi gelova, dok je denzifikacija ispitivana merewem linearnog skupqawa kompa-

kta gelova. Energija aktivacije denzifikacije viskoznim tokom je odre|ena prime-

nom Frenkelovog modela za neizotermske uslove sa konstantnom brzinom zagrevawa.

Rezultati pokazuju da iz koloidnih gelova kordijeritnog sastava prvo kristali{e

spinel, zatim kristobalit, koji reaguju i daju � -kordijerit, {to je karakteristi~no za

trofazne gelove. Sa smawewem veli~ine ~estica SiO2 sni`ava se temperatura kri-

stalizacije kristobalita, {to dovodi do sni`ewa temperature formirawa � -ko-

rdijerita. Energija aktivacije denzifikacije viskoznim tokom je mawa, a denzi-

fikacija efektivnija {to su ~estice SiO2 mawe.

(Primqeno 26. oktobra 2000, revidirano 31. januara 2001)
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Underpotential deposition of cadmium onto Cu(111) and
Cu(110) from chloride containing solutions
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Underpotential deposition (UPD) of Cd onto the (111) and (110) faces of copper
in chloride containing electrolyte has been investigated by cyclic voltammetry and the
potentiostatic pulse technique. It was shown that the UPD of Cd onto the (111) face of
copper is characterized by two pairs of peaks, one pair corresponding to the formation of
the ( 19� 19)R23.4º structure of Cd and the other one, taking place close to the revers-
ible potential of Cd deposition, corresponding to the alloying of Cu with Cd. Deposition
of ( 19� 19)R23.4º structure of Cd was found to take place by the mechanism of re-
placement of the adsorbed structure of chloride, without chloride desorption (the chlo-
ride stays adsorbed on top of the Cd layer). Similar behaviour was found for the (110)
face of copper, with more pronounced alloying which provokes an irreversible change
of the original (110) surface of copper.

Keywords: Cu(111), Cu(110), ( 19� 19)R23.4º structure of Cd, alloying.

INTRODUCTION

Although underpotential deposition (UPD) of different metals onto Ag, Pt and
Au single crystal surfaces has been widely investigated,1 a limited number of funda-
mental studies of UPD has been performed onto Cu single crystal surfaces,2–6 all of
them examining the UPD of lead. On the other hand, chloride adsorption onto copper
single crystals has been extensively examined by cyclic voltammetry, ex situ LEED and
AES techniques,7–11 as well as in situ by the STM technique.12–14 In the papers of
Brisard et al.5,6 it was shown that the presence of chloride ions in the supporting electro-
lyte (0.01 M HClO4) has a strong effect on the potential region where deposition/strip-
ping of a Pb monolayer occurs, as well as on the reversibility of this reaction.

UPD of cadmium onto Cu(111) has been the subject of only two papers. Ge and
Gewirth15 investigated the UPD of Cd onto Cu(111) in perchlorate medium by AFM
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and cyclic voltammetry. They found that UPD of Cd takes place in the potential region
between 0.0 V and – 0.2 V vs. SHE and that Cd forms (4� 4) stucture with atomic spac-
ing 0.343 nm, while overpotential deposition (OPD) of Cd commences at about – 0.4 V
vs. SHE with the resulting crystalline structure being Cd(0001) hcp.

Stuhlmann et al.16 investigated UPD of Cd onto Cu(111) in pure chloride con-
taining solution (0.01 M HCl with addition of 0.0001 M or 0.001 M CdCl2) by cyclic
voltammetry and UHV based spectroscopies. By LEED, they detected an UPD layer of
Cd of the structure ( 19� 19)R23.4º with a coverage of 9/19 monolayers (� = 0.474)
with respect to Cu(111) and a Cd–Cd distance within the layer of 0.371 nm, which is
much larger than in bulk Cd but close to that of CdCl2 (0.384 nm), suggesting that the
adsorbed chloride may stabilize the structure. According to their low energy scattering
spectrum, a Cd layer is sandwiched between a Cl layer and the Cu substrate. They also
detected the ( 3� 3)R30º structure at more positive potentials than the potential of Cd
UPD, which was ascribed to the layer of adsorbed chloride atoms. The authors claim
that Cl is completely discharged on the clean Cu(111) surface as well as on the Cd cov-
ered surface and that the adsorbed Cl does not contribute to the charge transfer during
the formation of the Cd layer.

In this paper an attempt was made to investigate the UPD of Cd onto Cu(111) and
Cu(110) in pure chloride solution of higher concentrations of cadmium ions. It was
shown that on the (111) face of copper this process is characterized by two pairs of sharp
peaks, one taking place at the potential of chloride adsorption/desorption and the other
one at a potential close to the reversible potential of bulk deposition of Cd. On the (110)
face of copper, the UPD of Cd is characterized by three pairs of peaks.

EXPERIMENTAL

All experiments were carried out in a two-compartment electrochemical cell at 25 � 1 ºC in an
atmosphere of purified nitrogen. The single crystal electrodes (d = 2.54 cm) were sealed in epoxy
resin (resin EPON 828 + hardener TETA) in such a way that only the (111), or (110) disc surface was
exposed to the solution. The surface area of the electrode exposed to the electrolyte was 5.05 cm2. The
counter electrode was a platinum sheet which was placed parallel to the working electrode. The refer-
ence electrode was a saturated calomel electrode (SCE), or Cd wire (99.999 %) immersed in the solu-
tion of Cd2+ ions, which was placed in a separate compartment and connected to the working com-
partment by means of a Luggin capillary. The potential values are referenced to SCE or to the
Cd2+/Cd electrode. All solutions were made from supra pure (99.999 %) chemicals (Aldrich) and
EASY pure UV water (Barnstead).

Copper single cyrstals (Monocrystals Comp.) were mechanically polished on fine grade em-
ery papers (1200, 2400 and 4000) with subsequent polishing on polishing clothes impregnated with a
suspension of polishing alumina with particles dimension of 1 � m, 0.3 � m and 0.05 � m. After chemi-
cal polishing, the copper single crystals were electrochemically polished in a solution of 85 % phos-
phoric acid at a constant voltage of 1.7 V (vs. Pt counter electrode) until the current density dropped to
a value of about 18 mA cm-2. The electrode was then thoroughly rinsed with pure water (Barnstead -
EASY pure UV) and transferred to the electrochemical cell.

Cyclic voltammetry experiments were performed using a universal programmer PAR M-175,
a potentiostat PAR M-173 and an X–Y recorder (Houston Instrument 2000R). Potentiostatic j–t tran-
sients were recorded on a digital oscilloscope (Nicolet 4094 A) and transferred to the X–Y recorder.
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RESULTS

To avoid IR drop effects, a solution of 0.1 M NaCl + 0.001 M HCl, of pH 3 was
used as the supporting electrolyte in all measurements. Two concentrations of CdCl2
were investigated. In the case of the low concentration (0.005 M), CdCl2 was added to a
solution of 0.1 M NaCl + 0.001 M HCl after the voltammogram of Cu(111) has been re-
corded in the supporting electrolyte. In this case the potential was referenced to SCE.
For the high concentration of CdCl2 (0.1 M), the solution was made as a mixture of 0.1
M NaCl + 0.001 M HCl + 0.1 CdCl2, Cd wire (99.999 %) was used as the reference
electrode and, accordingly, the potential was referenced to the reversible potential of Cd
in 0.1 M CdCl2 solution (Cd2+/Cd). In this solution, the potential of the Cd wire was
–0.704 V vs. SCE.

(111) Face of copper

Cyclic voltammograms of Cu(111) recorded in the supporting electrolyte at three
different sweep rates are shown in Fig. 1a. As can be seen a sharp anodic peak appears
on all three voltammograms, indicating chloride ions adsorption, while in the cathodic
going direction one shoulder and one broad peak represent the desorption of chloride
ions and the hydrogen evolution reaction.7–14 These voltammograms are in good
agreement with the results of other authors. 7–14

After addition of 0.005 M CdCl2 to the supporting electrolyte, the volta-
mmogram shown in Fig. 1b (full line) was obtained. Well defined sharp peaks (1c and
1a) of the UPD of Cd onto Cu(111) at about –500 mV vs. SCE appear on the
voltammogram. At a sweep rate of 100 mV s–1, these peaks look like a single
voltammetric peak, but they are actually composed of two peaks, as was shown for high
CdCl2 concentration.
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Fig. 1. (a) Cyclic voltammograms recorded at different sweep rates (marked in the figure in mV s-1) onto
the (111) face of copper in a solution of 0.1 M Na Cl + 0.001 M HCl. (b) Cyclic voltammograms re-

corded at sweep rate of 100 mV s-1 onto the (111) copper in a solution of 0.1 M NaCl + 0.001 M HCl
(dotted line) and in a solution of 0.1 M Na Cl + 0.001 M HCl + 0.005 M CdCl2



The fine structure of these peaks can only be detected at sweep rates lower than 20
mV s–1. Cyclic voltammograms recorded in a solution of 0.1 M CdCl2 + 0.1 M NaCl +
0.001 M HCl at a sweep rate of 10 mV s–1 (a) and 1 mV s–1 (b), shown in Fig. 2, clearly
indicates the presence of two peaks in the cathodic branch of the voltammogram, most
probably corresponding to two processes taking place simultaneously. The charge un-
der the cathodic (as well as under the anodic) peak recorded at a sweep rate of 10 mVs–1

amounts to about 220 � C cm–2.
By using a computer program (PeakFit) for fitting experimentally recorded

voltammograms it is possible to obtain much better insight into the processes taking
place under the cathodic (1c) and anodic (1a) peaks. The results of such analysis are
shown in Fig. 3. As can be seen in Fig. 3a, the best fitting of the cathodic peak was ob-
tained with three peaks, two of them being very sharp, while the best fitting of the an-
odic peak is obtained using two sharp peaks (Fig. 3b). Hence, neither the cathodic nor
the anodic peak is a simple voltammetric peak, indicating the simultaneous occurrence
of two or more processes.

In the presence of 0.005 M CdCl2 in the supporting elecrolyte, the peak of hydrogen
evolution is suppressed and at about –720 mV vs. SCE another pair of peaks appears on the
voltammogram, as can be seen in Fig. 4a. Because of the commencement of bulk Cd depo-
sition, these peaks cannot be resolved at sweep rates higher than 5 mV s–1, but they are
clearlyseenon thevoltammogramrecordedat1mVs–1 (seeFig.4a). It is interesting tonote
that the charges under the anodic and cathodic part of this voltammogram amounts to about
500 � C cm–2 and 560 � C cm–2, respectively, which are higher than the charge needed for a
Cd monolayer deposition (Qmon = 412 � C cm–2).
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Fig. 2. Cyclic voltammograms recorded at a sweep rate of 10 mV s-1 (a) and 1 mV s-1 (b) onto the (111)
face of copper in a solution of 0.1 M NaCl + 0.001 M HCl + 0.1 M CdCl2.



In the solution containing a much higher concentration of CdCl2 (0.1 M), the
peaks appearing at potential close to the reversible potential of Cd deposition are much
bigger at the same sweep rate of 1 mV s–1, as can be seen in Fig. 4b. As in the previous
case, these peaks can only be detected at sweep rates lower than 5 mV s–1. Since in this
case a Cd wire was used as the reference electrode, it can be seen that a second cathodic
UPD peak (2c) appears at a potential of about 5 mVvs. Cd2+/Cd, while the OPD process
(peak 3c) starts immediately after reaching the reversible potential of Cd deposition.
The anodic peak of bulk dissolution of Cd (3a), appearing at about 2 mV vs. Cd2+/Cd, is
very sharp, while the second anodic UPD peak (peak 2a – corresponding to the dissolu-
tion of Cd deposited under the cathodic peak 2c) appears at about 25 mV vs. Cd2+/Cd.
Hence, it is obvious that just before the commencement of the OPD of Cd, the appear-
ance of a second pair of UPD peaks (2c and 2a) characterizes the process of UPD of Cd
onto Cu(111). In this case the anodic and cathodic charge under the voltammogram are
also higher than the charge needed for the deposition of a Cd monolayer, amounting to
591 � C cm–2 and 1500 � C cm–2, respectively.
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Fig. 3. Results of the deconvolution of
the experimentally recorded cathodic
(a) and anodic (b) peak recorded on
the (111) face of copper at a sweep
rate of 10 mV s-1 in a solution of 0.1 M
NaCl + 0.001 M HCl + 0.1 M CdCl2.
The experimental points are presented
by squares (jm – E dependence), the
fitted curve is presented by the full line
on the same dependence, while the
deconvoluted peaks are marked with
a, b and c and presented by jd – E de-
pendence.



Since the second UPD peak can be detected only at sweep rates lower than 5 mV s–1

and this peak cannot be resolved from the increase in the cathodic current correspond-
ing to the OPD of Cd at a sweep rate of 10 mV s–1, a holding experiment at the com-
mencement of this process (potential of Eh = 0 mV vs. Cd2+/Cd) was performed (at the
potential of 0 mV vs. Cd2+/Cd, the cathodic current density recorded at 10 mV s–1 just
starts to increase and there is no corresponding anodic peak on the voltammogram re-
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Fig. 4. Cyclic voltammograms recorded at a sweep rate of 10 mV s-1 onto the (111) face of copper in
a solution of 0.1 M NaCl + 0.001 M HCl + 0.005 M CdCl2 (a) and 0.1 M NaCl + 0.001 M HCl +

0.01 M CdCl2 (b) .

Fig. 5. (a) Anodic voltammograms recorded at a sweep rate of 10 mV s-1 after holding the (111) face of
copper at a potential of Eh = 0 mV vs. Cd2+/Cd for different times (marked in the Figure in minutes) in a

solution of 0.1 M NaCl + 0.001 M HCl + 0.1 M CdCl2. (b) Corresponding � q – th
1/2 dependences.



corded by repetitive cycling – see voltammogram marked with 0 in Fig. 5a). The results
of such an experiment are shown in Fig. 5. As can be seen in Fig. 5a, the shape of the
voltammogram changes with holding time, i.e., anodic peaks recorded in the potential
region between 0 mV and 100 mV vs. Cd2+/Cd, as well as a small peak appearing at a
potential of about 325 mV vs. Cd2+/Cd, increase with time of holding the elctrode at Eh
= 0 mV vs. Cd2+/Cd. The linear � q – th1/2 dependence shown in Fig. 5b indicates the oc-
currence of solid state diffusion and alloying of Cu with Cd.17–21

The results of potentiostatic pulse experiments, performed in the potential region
positive to peak 2c are shown in Fig. 6. As can be seen, cathodic and anodic j–t tran-
sients typical for UPD are obtained.22 By integration of the charge under the cathodic
j–t transients, the Qm – E dependence, shown in Fig 7a is obtained. Assuming that the
charge recorded in the potential region between 400 mV and 300 mV vs. Cd2+/Cd cor-
responds to the double layer charge, it is possible to correct the measured charge (Qm)
for the double layer charge (Qdl) in order to obtain the charge needed for the UPD pro-
cess (QUPD). As can be seen on the QUPD – E curve a sharp increase in charge (from 5
� C cm–2 to 180 � C cm–2) is recorded in the potential region between 280 mV and 240
mV vs. Cd2+/Cd. As can be seen in Fig. 7b, an almost identical QUPD – E dependence is
obtained by integration of anodic j–t transients.

(110) Face of copper

As in the case of Cu(111), the fine structure of the UPD process can only be detected
at sweep rates lower than 20 mV s–1. The voltammograms recorded in a solution of 0.1 M
CdCl2 + 0.1 M NaCl + 0.001 M HCl at a sweep rate of 5 mV s–1 (a) and 10 mV s–1 (b) are
shown in Fig. 8. As can be seen, the cathodic and anodic parts of the voltammograms differ
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Fig. 6. Catodic potentiostatic j–t transients recorded onto the (1110 face of copper in a solution of 0.1 M
NaCl + 0.001 M HCl + 0.1 M CdCl2 by pulsing from Ein =400 mV vs. Cd2+/Cd to the following poten-
tials (given in mV vs. Cd2+/Cd): 1.300; 2.260; 3.220; 4.200; 5.150; 6.100; 7.50. (b) Anodic j–t transients

recorded by pulsing back to Ein.



significantly in the potential region of the first pair of peaks (1c, 1c’ and 1a, 1a’). It is interest-
ing to note that the anodic and cathodic charges recorded for peaks 1 and 2 amount to 520
� C cm–2 and 694 � C cm–2, respectively, indicating that more than a monolayer of Cd had
already been deposited at the potential of 100 mV vs. Cd2+/Cd. Hence, peak 3c can be as-
cribed to the process of surface alloying of Cu with Cd.

To confirm this statement, a holding experiment was performed at the potential of
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Fig. 7. (a) Q–E dependences obtained by the integration of the cathodic j–t transients shown in Fig. 6. (b)
Cathodic (full line – �) and anodic (dashed line – �) QUPD – E dependences obtained by integration of

the cathodic and anodic j–t transients shown in Fig. 6.

Fig. 8. Cyclic voltammograms recorded at a sweep rate of 5 mV s-1 (a) and 10 mV s-1 (b) onto the (110)
face of copper in a solution of 0.1 M NaCl + 0.001 M HCl + 0.01 M CdCl2 .



20 mV vs. Cd2+/Cd. The obtained results are shown in Fig. 9. As can be seen almost all
the anodic peaks increase with holding time (Fig. 9a). A linear � q – th1/2 dependence
shown in Fig. 9b indicates, as in the case of Cu (111), the occurrence of solid state diffu-
sion and alloying of Cu with Cd.17–21
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Fig. 9. (a) Anodic voltammograms recorded at a sweep rate of 10 mV s-1 after holding the (110) face of
copper at a potential of Eh = 20 mV vs. Cd2+/Cd for different times (marked in the Figure in minutes) in

a solution of 0.1 M NaCl + 0.001 M HCl + 0.1 M CdCl2. (b) Corresponding � q – th
1/2 dependences.

Fig. 10. Cyclic voltammograms recorded at a
sweep rate of 10 mV s-1 onto the (110) face of
copper in a solution of 0.1 M NaCl + 0.001 M
HCl + 0.1 M CdCl2 before (full line) and after
alloying of Cu(110) with Cd (dotted line).



The voltammograms recorded in a solution of 0.1 M CdCl2 + 0.1 M NaCl + 0.001
M HCl at a sweep rate of 10 mV s–1 before (full line) and after performing the holding
experiment (dotted line) are shown in Fig. 10. As can be seen the (110) face of copper is
irreversible changed after alloying with Cd.

DISCUSSION

(111) Face of copper

Since there is only one paper concerning Cd UPD in chloride containing solu-
tion,16 our results can only be compared with the results presented in this paper. Ac-
cording to the results of Stuhlmann et al.16 UPD of Cd is chracterized by the presence of
only one peak of a complex nature, recorded in the potential region between – 0.8 V and
– 0.85 V vs. saturated sulphate electrode (SSE) (for CdCl2 concentration of 0.001 M),
while the cyclic voltammogram of the same process in a solution of 0.0001 M CdCl2 is
characterized by one spike at about – 0.82 V vs. SSE and a broad peak situated between
– 0.82 V and – 0.90 V vs. SSE (Figs. 1 and 2 of Ref. 16). It is quite interesting that for a
solution of 0.0001 M CdCl2 the XPS intensity for Cd starts to increase sharply at about
– 0.85 V vs. SSE, in the region of the broad peak on the voltammogram (Fig. 2 of Ref.
16), while the intensity for Cl also slightly increasses in the potential region between
– 0.85 V and – 1.15 V vs. SSE. Although the authors did not explain this voltammo-
gram, it seems that the spike appearing at the potential of about – 0.82 V vs. SSE is not
connected with the process of Cd UPD and might be the consequence of a phase trans-
formation of ordered ( 3� 3)R30º chloride structure into a randomly adsorbed layer
of chloride as the first step in the process of UPD of Cd, since it is hard to believe that the
formation of some ordered structure (such as structure ( 19� 19)R23.4º found for
Cd) can start with a spike, which is characteristic of a phase transformation process,
on the cyclic voltammograms. It is also interesting to note that, although ordered
( 3� 3)R30º chloride structure has been evidenced by LEED and STM on Cu(111)
in pure chloride solution,7–14 the voltammogram of its formation is not characterized
by the presence of a spike neither in the cathodic nor anodic region.7–14 Under the
second, broad peak, (Fig. 1c of Ref. 16), on commencement of UPD of Cd the ran-
domly adsorbed chloride layer is replaced with ordered Cd structure
( 19� 19)R23.4º, while the chlorides do not desorb but remain adsorbed on top of the
Cd layer. According to the change of XPS intensity with potential for chloride (slight
increase in the potential region between – 0.85 V and –1.15 V vs. SSE) it seems that
during the formation of the ( 19� 19)R23.4º structure of Cd, additional chloride ions
adsorbs on top of the Cd layer.

Concerning the appearance of peak 1 there is relatively good agreement between the
results presented in our paper with those published by Stuhlmann et al..16 It can be seen that
at low16 and high (our paper) concentration of cadmium ions this peak is composed of at
least two peaks, indicating the simultaneous occurrence of two processes. Taking into ac-
count the charge under this peak and QUPD–E dependence (Fig. 7), it is obvious that the Cd
structure detected by Stuhlmann et al.16 is formed and that the desorption of the complete
ordered ( 3� 3)R30º chloride structure does not occur. The contribution of chloride
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desorption is very small and can be attributed to a phase transformation of this ordered
structure intoa randomlyadsorbedone,while thecorrespondingpeakshouldbepeaka, ob-
tainedby thedeconvolutionofpeak1c andpresented inFig.3a.By transformingpeaka into
a � – E dependence and fitting this dependence by Frumkin adsorption isotherm, the inter-
action factor fa =–6.64 � 0.42 isobtained, indicatingstrongattractionbetween theadsorbed
atoms, as is to be expected for an ordered 2D structure (in this case ( 3� 3)R30º chloride
structure). Once this structure is transformed into randomly adsrobed chloride, cadmium
starts to replace chloride atoms forming the ( 19� 19)R23.4º structure of Cd, the process
being characterized by peak b (Fig. 3a), while the chloride remains adsorbed on top of this
Cd structure. By fitting peak b in the same way as peak a, the interaction factor fb = – 3.76 �
0.07 is obtained, again indicating strong attraction between the adsorbed atoms. It is inter-
esting to note that different results are obtained by the deconvolution of the anodic peak 1a,
as can be seen in Fig. 3b. The best fit of the experimentally recorded peak 1a are obtained by
two peaks, a and b. Again, by fitting these peaks with Frumkin adsorption isotherm, the in-
teraction factor fa = – 6.61 � 0.43 (in this case the phase transformation of the randomly ad-
sorbed chloride layer into the ( 3� 3)R30º chloride structure) and fb = – 4.41 � 0.18,
desorption of the ( 19� 19)R23.4º structure of Cd. As can be seen, the values of the anodic
andcathodic fa parametersarealmost identical,while the fbparametersdiffer,which ismost
probably the consequence of the different number of peaks resulting from the decon-
volution procedure. The additional peak c obtained by deconvolution of the experimentally
recorded cathodic peak (Fig. 4a) might represent a contribution of the hydrogen evolution
reaction, which is assumed to occur during desorption of chloride anions.7–14

The main difference between our results and results of Stuhlmann et al.16 is the
appearance of a second pair of peaks, 2c and 2a, close to the reversible potential of Cd
deposition, as seen in Fig. 4. Although there is an indication of the appearance of a sec-
ond pair of peaks in the paper of Stuhlmann et al.16 (Fig. 2 of Ref. 16), the authors paid
no attention to these peaks. As can be seen in Fig. 4, with increasing concentration of
cadmium ions these peaks become sharper and the charge under the peaks increases. It
is also important to note that the process taking place under these peaks is slow and
these peaks can be detected only at very low sweep rates (< 5 mV s–1). Since the corre-
sponding anodic charge for the whole voltammogram exceeds the charge (about 500
� C cm–2 for 0.005 M CdCl2 and 591 � C cm–2 0.1 M CdCl2) needed for the deposition
of a Cd monolayer (Qmon = 412 � C cm–2), it is obvious that these peaks represent the
process of alloying of Cu with Cd. This is confirmed by the results presented in Fig. 5.
The linear � q – th1/2 dependence shown in Fig. 5b is typical for solid state diffusion and
alloying of Cu with Cd.17–21

(110) Face of copper

The results obtained on the (110) face of copper cannot be compared to any other
results, since there are no data in the literature about UPD of Cd onto this surface. From
the voltammograms shown in Fig. 8 it seems that an ordered, open structure Cd layer is
adsorbed under peaks 1c’ and 1c and desorbed under peaks 1a’ and 1a. Again, as in the
case of the (111) face of copper, these peaks are significantly different (dashed line in
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Fig. 8b). This difference is most probably the consequence of the same factors as were
assumed for the (111) face of copper. The sharp peaks 2c and 2a might represent phase
transformation of this open structure into a monolayer of Cd, but the charge under the
voltammogram recorded at the cathodic potential limit of 100 mV vs. Cd2+/Cd (dashed
line in Fig. 8a) is significantly higher than that needed for a full monolayer of Cd. Such a
behaviour could be the consequence of two processes: alloying of Cu with Cd might
commence already at the potential of these two peaks, or a significant amount of addi-
tional chloride ions is adsorbed on top of the Cd monolayer. This statement needs to be
confirmed by additional holding experiments performed at the potential of peak 2c.
This is going to be the subject of further investigations. Alloying of Cu with Cd is con-
firmed for the peak 3c in Fig. 9 by the well defined linear dependence � q – th1/2, typical
for solid state diffusion and alloying.17–21 For a more open surface, as is the (110) face
compared to the (111) face, more pronounced alloying might be expected, as is the case,
since the original (110) surface is destroyed after alloying of Cu with Cd (Fig. 10).

CONCLUSIONS

Considering the presented results, it can be concluded that in chloride containing
electrolyte UPD of Cd onto the (111) face of copper is characterized by two pairs of
peaks, one pair corresponding to the formation of the ( 19� 19)R23.4º structure of Cd
and the other one, taking place close to the reversible potential of Cd deposition, corre-
sponding to alloying of Cu with Cd. Deposition of the ( 19� 19)R23.4º structure of Cd
occurs by replacement of the adsorbed structure of chloride, without chloride desorp-
tion (the chloride stays adsorbed on top of the Cd layer). Asimilar behaviour was found
for the (110) face of cooper, with more pronounced alloying which provokes irrevers-
ible changes of the original (110) surface of copper.

I Z V O D

TALO@EWE KADMIJUMA IZ RASTVORA HLORIDA NA Cu(111) I Cu(110) PRI

POTENCICALIMA POZITIVNIJIM OD RAVNOTE@NOG

V. D. JOVI] i B. M. JOVI]

Dreksel Univerzitet, Filadelfija, Pensilvanija 19104, SAD

Metodama cikli~ne voltametrije i potenciostatskog pulsa ispitivan je pro-

ces talo`ewa kadmijuma iz rastvora hlorida na monokristalima bakra orijentacija

(111) i (110) pri potencijalima pozitivnijim od ravnote`nog. Pokazano je da se na

oba monokristala prvo formira ure|ena, ali ne gusto pakovana struktura adsor-

bovanog kadmijuma. Na osnovu koli~ine naelektrisawa ispod cikli~nog voltamo-

grama i potenciostatskih j–t odgovora ustanovqeno je da se na Cu(111) formira

struktura tipa ( 19� 19)R23.4º, koja je detektovana u radu Stuhlmann et al.
16 pomo}u

LEED tehnike i da se ova struktura talo`i na taj na~in {to se sloj adsorbovanih

hlorida istiskuje sa povr{ine Cu(111). Pri tome se hloridi ne desorbuju, ve} ostaju

adsorbovani na sloju adsorbovanog kadmijuma. Pri negativnijim potencijalima, blizu

ravnote`nog potencijala talo`ewa kadmijuma, na oba monokristala dolazi do legi-

356 JOVI] and JOVI]



rawa bakra sa kadmijumom, pri ~emu je ovaj proces izra`eniji na Cu(110) i izaziva

trajnu deformaciju originalne povr{ine monokristala bakra.

(Primqeno 26. decembra 2000)
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