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Abstract: A trial with four maize inbred lines with the ability to have different durations of

seed germination in the course of the accelerated ageing (AA) treatment was set up.

Changes of the content of total, reduced and oxidized glutathione (expressed as monomers)

were observed in the seeds and seedlings before and after the treatment. For the first time,

changes of glutathione in whole seedlings, as well as in the rest of the seed, were analysed. It

was noticed that maize inbreds with a smaller decrease of the total glutathione but with an

increase of the oxidized form had the ability of prolonged germination. In the control seed-

lings, the amount of total glutathione was lower than in the treated ones. Maize seeds which

lost germination faster had greater losses of total glutathione with an increased content of the

oxidized form in seedlings. The ability of prolonged germination together with the possibil-

ity of glutathione synthesis in seedlings are genotypic traits.

Keywords: ageing, maize seedling, reduced and oxidised gluthatione.

INTRODUCTION

The processes of ageing have primarily been investigated in anthropo-animal organ-

isms, as they were initially observed in them. The development of new trends in agricul-

ture required ageing processes in plant organisms to be investigated, firstly in seed material

for biological (germplasm conservation) and economic reasons (production of commercial

seeds). The reason for this phenomenon lies in complex biochemical changes of the re-

serve substances of seeds, the production of toxic reactants and inhibitory substances (free

radicals, methyl jasmonates, etc.).1,2 Glutathione is synthesized in living systems as a hig-

hly important antioxidant for the maintenance of equilibrium.

The role of glutathione has been much more investigated within anthropo-animal sys-

tems,3,4 but in recent times the increase in the knowledge of its functions in plants has be-
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come more essential. The glutathione system is one of the most important non-enzymic

protective factors.4 From a biochemical point of view, it is a small, mobile molecule con-

sisting of three amino acids: glutamine, cysteine and glycine, and it is important in oxida-

tion-reduction reactions in tissues. In physiologically active tissues, reduced glutathione

(GSH) presents a reducing substrate, whereby oxidized glutathione (GSSG) is generated.

Then glutathione reductase catalyses the NADPH-dependent reduction of GSSG to

glutathione GSH by a reversible reaction. Water elimination out from a system over a se-

ries of reactions is known as the ascorbate-glutathione cycle.4 Since there is no free

ascorbate in seeds, GSH directly participates in the oxidation, by the proposed mechanism

of substitution:5,6

Propagation: �OH + GSH � GS� + H2O (1)

Termination: 2 GS�
� GSSG (2)

The GS� radical is relatively stable, while the formed GSSG is non-toxic to living sys-

tems.

Pastori and Trippi7 and Kocsy et al.8 indicated in their studies that plants with a higher

resistance to stress factors are characterized by an increased level of glutathione. Further-

more, changes in the content of the total, as well as the reduced and oxidized glutathione

were observed in aged seed.9–11 Therefore, it is important to determine the influence of

seed ageing on changes of the content of total, as well as of reduced and oxidised

glutathione in maize genotypes of different germination ability. Additionaly, changes of

the glutathione levels in seedlings retarded in growth, originating from aged seeds, should

be determined and, therefore, these are also the objectives of this investigation.

EXPERIMENTAL

The following four maize inbreds were used in the experiment: two dent inhreds (ZPPL175-L1 and ZP

PL. 188-L2) and two sweet maize inbreds (ZPPL51-L3 anD ZPPL67-L4). Maize seeds were subjected to the

AA treatment
12

at a temperature of 42 ºC and a relative air humidity of 100 %, for a duration of three, six or

nine days up to the moment when the slope of the germination curve becomes steep and the seedlings are sig-

nificantly retarded in growth. This occurred with L1 and L2 after 9 and 6 days (germination decreased from

the initial 91.5 to 46 %, i.e., 89 to 15.2 % respectively), while with the inbreds L3 and L4 it was registered after

3 days (germination decreased from the initial 28.7 to 13.7 %, i.e., 88.5 to 77 %, respectively). Further expo-

sure of the seeds to the treatment led to germination hold-up.

A further step was to determine the germination capacity according to the ISTA Rules
13

in four repli-

cates of 100 uniform seeds. The germination capacity was evaluated seven days later. All seedlings were

grouped into four replicates of 25 plants, and then the radicle, shoots and the rest of seed were fractioned.

Also, four replicates of 25 uniform seeds were formed of the treated and untreated seeds, and average weight

of a seed was determined.

The plant material was dried in a ventilation drier at 60 ºC to constant weight from which the average

weight of each fraction individually was determined and expressed per unit, i.e., seedling. Then, the plant ma-

terial was pulverised (pulveriser Fritsch IZP-119-UP11).

The content of reduced (GHS) and oxidized glutathione (GSSG) was determined according to the

method of Kok et al.14
After shaking 1 g of sample with 10 mL 0.15 % Na ascorbate solution in a shaker, the

sample was centrifuged at 20,000 g for 20 minutes, and then the supernatant was deproteinised in a water bath
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at 95 ºC for 3 min. After repeated centrifugation at 15,000 g for 15 min, the content of total glutathione in the

supernatant was analysed in the following manner: 1.5 mL 0.2 M potassium phosphate buffer (pH 8.0) and

0.2 mL 10 mM DTNB �5,5’-dithiobis(2-nitrobenzoic acid)� were added to 1.5 mL of the extract, as well as to

1.5 mL 0.02 M potassium phosphate buffer (pH 7.0). The absorbance was read at 415 nm. In the other 1.5 mL

of supernatant, 0.5 mL 0.25 M potassium phosphate buffer (pH 6.8), 0.3 mL albumin, 0.02 mL glyoxalase I

(Sigma grade IV) and 0.08 mL0.1 M methylglyoxal are added. After incubation at 30 ºC for 15 min. the con-

tent of reduced glutathione (GHS) was determined in the above described manner. GSH (Sigma Ultra 98–100

%) in the concentration range 0–0.1 �mol GSH mL–1
was used as the standard. The content of oxidized

glutathione (GSSG), calculated as the difference between the total and the reduced glutathione, was ex-

pressed as monomer.

Statistical evaluation was performed using the Student’s t-test. The control without AA treatment was

used as the reference. The minimum level of statistical significance accepted was p < 0.05.

RESULTS

Changes of the GSH and GSSG contents were observed in seeds, as well as in parts of

the seedlings originating from the seeds, before and after AA treatment.

The AA treatment lowered the level of total glutathione in the seeds (Table I). Thus,

the total glutathione in L1, L2, L3 and L4 decreased by 12 %, 20 %, 30 % and even 55 %,

compared to the control. Furthermore, the treatment resulted in an increase of the GSSG

content in seeds of L1 and L2 from 90 to 395 and from 716 to 726 nmol g–1. In contrast, the

levels of GSH and GSSG decreased significantly from 814 to 619 and from 161 to 62

nmol g–1, respectively, in L3, and from 894 to 548 and from 822 to 222 nmol g–1, respec-

tively, in L4.

TABLE I. The impact of accelerated ageing on the distribution of GSH and GSSG among seedling parts,

�nmol g–1
��

Genotype
Ageing

treatment

Seed Radicle Shoot Rest of seed

GSH GSSG � GSH GSSG � GSH GSSG � GSH GSSG �

L1

control 963 90 1053 1090 672 1762 435 1453 1888 624 401 1025

treatment 528 395 923 1312 1132 2444 664 993 1657 913 536 1449

L2

control 793 716 1509 553 2407 2960 404 1949 2353 689 191 880

treatment 474 726 1200 1196 2067 3263 378 1688 2066 805 394 1262

L3

control 814 161 975 5778 4312 10090 3384 1613 4997 2241 2994 5235

treatment 619 62 681 5019 2126 7145 3709 2273 5982 2173 3866 6039

L4

control 894 822 1716 4900 2245 7145 356 1837 2193 1589 3328 4917

treatment 548 222 770 4509 1032 5541 141 2400 2541 1730 3910 5640

p < 0.05* 18 21 37 44 86 130 43 66 108 28 72 101

*Significant differences from controls (t-tests)

It is interesting that the employed treatment provided a classification of the seedlings

into two groups. Namely, the content of total glutathione increased from 4,675 to 5,550

nmol g–1 and from 6,193 to 6,528 nmol g–1 in the whole seedlings of L1 and L2 respec-

tively (Table I). On the other hand, this content decreased in L3 and L4 from 20,322 to

19,166 nmol g–1 and from 14,255 to 13,722 nmol g–1 in the whole seedlings of L3 and L4,
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respectively. The increase in the level of total glutathione in L1 and L2 was pronounced in

the radicle (39 and 10 %) and the rest of the seed (41 and 43 %), while in L3 and L4 it was

in the shoots (20 and 16 %) and the rest of the seed (15 %).

In order to express the changes in the glutathione levels in maize seeds and seedlings

after AA treatment more clearly, the GSH:GSSG ratio was calculated (Fig. 1).

The GSH:GSSG ratio in the seeds of L1 (the genotype most resistant to the treatment

in whose seeds the ability to germinate is preserved for up to 9 days) decreased from 10.7:1

to 1.3:1 (Fig.1). There were no significant changes of this ratio in seeds of L2 (the ability to

germinate is preserved for up to 6 days in the course of accelerated ageing), i.e. the share of

GSH in relation to GSSG decreases only from 1.1:1 to 0.7:1. However, this ratio increases

in L3 and L4 (inbreds with the shortest ability to germinate, up to 3 days) from 5.1:1 to

10.3:1, and from 1.1:1 to 2.4:1, respectively.

The GSH:GSSG ratio distinguishes seedlings of L1 from seedlings of the other

inbreds (Fig. 1) - the GSH share in relation to GSSG decreases in the radicle from 1.6:1 to

1.2:1, while it increases in the shoots from 0.3:1 to 0.7:1, and shows no changes in the rest

of the seed. Significantly higher variations of this ratio were recorded for all other inbreds.

Thus, the treatment increased the GSH level in the radicle by 94 % on average, and in-

creased the GSSG level in the shoots and the rest of the seed on average by 32 and 72 %,

respectively.

DISCUSSION

The inbreds investigated under the effects of AA treatment were classified into the

following groups: more sensitive (L3 and L4), in whose seeds the level of total

glutathione decreased (Table I), in accordance with the results observed in tomatoes10

and less sensitive (L1 and L2), in which the decrease of the level of total glutathione in

the seeds was not significant, but with increased share of GSSG, similar to sunflower

seeds.11 The increase in the content of GSSG dimers in the seeds of the maize inbreds

more resistant to the treatment can indicate an interruption of further propagation of radi-

cals by the mechanism of substitution.5,6 The antioxidative capacity of glutathione

should be based on this mechanism.4,7,8

Considering numerous studies of other authors, such as Narayan et al.1, McDon-

ald,5 Torres et al.,11 Walters,15 seed ageing is foremost oxidative stress that leads to a de-

cline of germination and to the loss of viability. In constrast to seeds, where metabolic

processes are mild and slow, seedlings are an active metabolic system in which catabolic

and anabolic processes are simultaneously present. Therefore, changes of the glutathione

content in seedlings are more complex. Oxidation of the greatest part of the GSH into

GSSG in the fractions of seedlings originating from treated L1 seeds (Fig. 1) did not af-

fect changes of the GSH:GSSG ratio. It can be assumed that a lower content of total

glutathione (Table I) and a smaller range of the GSH:GSSG ratio in seeds (Fig. 1) of

other genotypes result in a lowering of the total glutathione content in the whole seed-

lings, with an increased accumulation of GSSG in the radicle and its decrease in the
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shoots and the rest of the seed in comparison with control seedlings, which is in accor-

dance with the results of De Vos et al.,9 De Paula et al.10 and Torres et al.,11 obtained

with sunflowers and tomatoes. These results were also confirmed by investigations of

Pastori and Trippi7 and Kocsy et al.,8 according to which the accumulation of total

glutathione in the radicle and shoots of maize seedlings increased after they had been

subjected to a stress factor. In the presented studies, changes of glutathione in the rest of

the seed were analysed for the first time. Based on the significant share of glutathione in

this part of seedlings, especially in inbreds more sensitive to the treatment, it seems that

the seed rest plays a significant role in the synthesis and distribution of glutathione in

7-day old maize seedlings. This was confirmed by studies of Ruegsegger and Brunold16

who determined that synthesis of GSH de novo in the 7-day period is mainly done in the

scutellum (as a maize seed fraction).

According to our results, maize inbreds with a prolongated ability to germinate (9 and

6 days of treatment of L1 and L2) are characterized by a slower decrease of the total

glutathione with an increased GSSG share, in contrast to seeds of L3 and L4, which lose

their ability to germinate after a 3-day treatment, with the greatest decrease of the total

glutathione. On the other hand, seedlings originating from treated seeds have a higher or a
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lower content of total glutathione depending on their sensitivity to the treatment. The total

glutathione in seedlings of L3 and L4, as sensitive inbreds, was lower, while the equilib-

rium was shifted towards GSSG accumulation, in contrast to seedlings of L1 and L2 where

total glutathione was higher, with the equilibrium shifted towards GSH accumulation.

Therefore, the obtained results indicate that seeds of dent maize inbreds (L1 and L2) can

preserve their ability to germinate for a longer period of time due to both the smaller loss of

total glutathione and a greater GSH synthesis de novo and/or GSSG reduction during ger-

mination and emergence, which could be bined to the rest of the seed. Seeds of sweet

maize inbreds (L3 and L4) are less capable of preserving germination, which is probably a

result of the greater loss of total glutathione during the ageing treatment. The significantly

higher share of GSSG in these seedlings indirectly indicates oxidative stress which makes

germination more difficult.

CONCLUSION

From the obtained results, it could be assumed that changes in content and form of the

glutathione redox system have a significant influence on the retention of germination abil-

ity of seeds. Firstly, the degree of sensitivity of an individual genotype (maize inbreds) to

the treatment can be caused by the decrease of total glutathione in the seeds, and, on the

other hand, by its uneven distribution and de novo synthesis in certain parts of formed

seedlings (greater glutathione content in the rest of the seed), as well as by the increased

share of GSSG within the total glutathione. These processes result in the classification of

maize genotypes into more sensitive, such as sweet maize (L3 and L4) and less sensitive,

such as dent maize (L1 and L2); furthermore, within each group, more sensitive (L2 and

L4) and less sensitive genotypes (L1 and L3) are observed. Based on the presented results,

it could be purported that the retention of germination ability, as well as the potential of

GSH synthesis de novo are genotypic traits, and as such, could be used in practice, i.e., in

selection of less sensitive genotypes, as carriers of these traits.

I Z V O D

UTICAJ UBRZANOG STAREWA NA PROMENE REDUKOVANOG I

OKSIDOVANOG GLUTATIONA U KLIJANCIMA KUKURUZA

VESNA D. DRAGI^EVI]
1
, SLOBODANKA SREDOJEVI]

1
, MIHAJLO B. SPASI]

2
i MIROSLAV M.

VRVI]
3

1
Institut za kukuruz “Zemun Poqe”, 11185 Beograd-Zemun, Slobodana Baji}a 1,

2
Institut za biolo{ka

istra`ivawa “Sini{a Stankovi}”, 11000 Beograd, 29. novembra 142 i
3
Hemijski fakultet, Univerzitet u

Beogradu, Studentski trg 16, p. pr. 158, Beograd

Postavqen je ogled sa ~etiri linije kukuruza razli~ite du`ine o~uvawa klijavosti

semena tokom tretmana ubrznog starewa. Ispitivane su promene ukupnog, kao i redukovanog

i oksidovanog glutationa (izra`eni kao monomeri) u semenu i klijancima pre i nakon

ubrzanog starewa. U istra`ivawima su prvi put analizirane promene glutationa u celim

klijancima, kao i ostatku semena. U semenu linija kukuruza koje imaju sposobnost du`eg

o~uvawa klijavosti bio je mawi gubitak ukupnog glutationa, uz pove}awe udela oksidovanog
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oblika. Kod wihovih klijanaca do{lo je do pove}awa sadr`aja ukupnog glutationa u odnosu

na kontrolne klijance. Seme kukuruza koje br`e gubi klijavost imalo je ve}e gubitke

ukupnog glutationa, uz ve}i sadr`aj oksidovanog oblika kod formiranih klijanaca. Du`ina

o~uvawa klijavosti, kao i sinteza glutationa kod klijanaca je genotipska osobina.

(Primqeno 15. aprila 2003)
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Abstract: Mixed ligand octahedral cobalt(III) complexes with the tridentate salicylal-

dehyde semi-, thiosemi- and isothiosemicarbazone and pyridine of general formula

�CoIII
(L

1-3
)(py)3�X (H2L

1
= salicylaldehyde semicarbazone, X = �C�

II
Cl3(py)�

-
, ClO

4- .

H2O, I
- .

0.5 I2; H2L
2

= salicylaldehyde thiosemicarbazone, X = �CoII
Cl3(py)�

-
,

�CoII
Br3(py)�

-
, ClO4

- .
H2O, I3

-
; H2L

3
= salicylaldehyde S-methylisothiosemicarba-

zone, X = � CoII
Br3(py) �

-
, ClO4

- .
H2O, BF4

-
) were synthesized. The tridentate coordi-

nation of all the three dianionic forms of the ligands involves the phenol oxygen,

hydrazine nitrogen and the chalcogen (O or S) in case of salicylaldehyde semi-,

thiosemicarbazone and the terminal nitrogen atom in the case of isothiosemicarbazone.

For all the complexes, a meridial octahedral arrangement is proposed, which is a conse-

quence of the planarity of the chelate ligand. The compounds were characterized by ele-

mental analysis, molar conductivity, magnetic susceptibility, IR and electronic absorp-

tion spectra. The thermal decomposition of the complexes was investigated by thermo-

gravimetry, coupled TG-MS measurements and DSC.

Keywords: mixed Co(III) complexes, salicylaldehyde semi-, thiosemi-, isothiosemicarba-

zone, pyridine.

INTRODUCTION

Due to their good complexing properties,1–4 biological activity5,6 and analyti-

cal application,7,8 semi-/thiosemi-/isothiosemicarbazides and their Schiff bases of

different denticity, as well as their metal complexes, have been subject of many

studies. Apparently, the most numerous among them are the complexes with

tridentate salicylaldehyde semi-/thiosemi-/isothiosemicarbazones. In contrast to

salicylaldehyde semi-/thiosemicarbazones, whose donor atoms are O, N, X (X=O
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or S),1–3 the third donor atom with isothiosemicarbazone derivatives is the nitro-

gen of the isothioamide group.4,9

Cobalt(III) and various tridentate ligands form mainly mixed bis(ligand) com-

plexes, whereas mixed complexes such as �Co(L)A3�
0, �Co(L)A2B�

+,�Co(L)B3�
3+

(L=diethylenetriamine, cyclohexanitroamine, bis(2-aminoethyl)-sulphide, N-(3-ami-

nopropyl)-1,3-propantriamine; A=NO2, N3, CN, Cl; B=NH3), are much rarer.10 In

our previous work,11 the crystal structure of mixed Co(III) complexes of the formula

�CoIII(L3)(py)3�X (X=�CoIICl3(py)�– . EtOH, I3
–), in which three pyridine mole-

cules are in the meridial position, was described. As a continuation of these studies,

the syntheses and some physico-chemical characteristics of some new, also mixed,

Co(III) complexes with salicylaldehyde semi- (H2L1), thiosemi- (H2L2) and S-methyli-

sothiosemicarbazone (H2L3) (Fig. 1), are presented in this work.

EXPERIMENTAL

Reagents

All chemicals used were commercially available products of analytical reagent grade, except for the

ligands salicylaldehyde semicarbazone (H2L
1
), thiosemicarbazone (H2L

2
) and S-methylisothiosemicar-

bazone (H2L
3
), the prepaation of which has been described earlier.

12,13

Synthesis of the complexes

�Co(L

1)(py)3��CoCl3(py)�. EtOH (5.0 cm
3
) and pyridine (�5 mmol) were added to a mixture of

CoCl2
.
6H2O (1.2 mmol) and salicylaldehyde semicarbazone, (H2L

1
) (0.6 mmol) in the presence of LiOAc (4

mmol). The reactants were dissolved by stirring and mild heating. After 4 days at room temperature, the green

crystals were separated by filtration and washed with EtOH and Et2O. The yield was 0.27 g (61 %).

�Co(L

2)(py)3��CoCl3(py)� and �Co(L

2,3)(py)3��CoBr3(py) �. EtOH (5.0 cm
3
) and pyridine (�5 mmol)

were added to a mixture of CoX2
.
6H2O (X = Cl, Br) (2.5 mmol) and salicyladehyde thiosemi-(H2L

2
)/S-me-

thylisothiosemicarbazone (H2L
3
) (1.25 mmol). After 24 h, the green crystals were separated by filtration and

washed with EtOH and Et2O. The yield was 0.10 g (11 %), 0.29 g (27 %), 0.48 g (52 %) respectively.

�Co(L

1-3)(py)3�ClO4
.H2O. To a mixture of the ligands (H2L

1–3
) (0.5 mmol) and Co(ClO4)2 (1 mmol),

EtOH (5.0 cm
3
) and pyridine (�5 mmol) were added, and the mixture was heated for a few minutes. After 24

h, the brown crystals were separated by filtration and washed with EtOH and Et2O. The yield was 0.27 g (63

%), 0.20 g (64 %), 0.19 g (65 %), respectively.

�Co(L

1)(py)3�I
.0.5I2 and �Co(L

2)(py)3�I3. To a warm solution of NaI (5 mmol) in EtOH (5.0 cm
3
), 2.5 mmol

CoCl2
.
6H2O were added and the resulting solution was heated for a few minutes. After 15 min the precipitated

NaCl was separated by filtration. To the CoI2 solution was then added H2L
1
/H2L

2
(1.25 mmol) and pyridine (�5

mmol), and the mixture was dissolved by heating. After 24 h, the obtained brown crystals were separated by filtra-

tion and washed with EtOH and Et2O. The yield was 0.30 g (34 %), 0.30 g (28 %), respectively.
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Fig. 1. Structural formulas of salicylaldehyde semi- (H2L
1
), thiosemi- (H2L

2
) and

S-methylisothiosemicarbazone (H2L
3
).



�Co(L

3)(py)3�BF4. A mixture of CoCl2
.
6H2O (2 mmol) and NaBF4 (4 mmol) in EtOH (6.0 cm

3
) was

heated for a few minutes. After 15 minutes, the precipitated NaCl was separated by filtration. To the Co(BF4)2

solution were then added H2L
3

(2 mmol) and pyridine (�5 mmol), and the mixture was dissolved by heating.

After 2 days, the obtained green monocrystals of composition �Co(L3
)(py)3��CoCl3(py)�·EtOH

11
were sepa-

rated by filtration. After 24 h (r. t.), the brown crystals which formed in the filtrate were separated by filtration

and washed with EtOH and Et2O. The yield was: 0.33 g (28 %).

Analytical methods

Elemental analysis (C, H, N) was carried out by standard micromethods.

The content of the metal in the complexes was determined after previous sample decomposition by

heating in a Kjeldahl flask in conc. H2SO4 and conc. HNO3, followed by evaporation to dryness. The dry res-

idue was dissolved in water and the metal content determined by complexometric titration (EDTA).

Magnetic susceptibility measurements were performed at room temperature using an MSB-MKI mag-

netic susceptibility balance (Sherwood Scientific Ltd., Cambridge, England). The data were corrected for dia-

magnetic susceptibilities.

Molar conductivities of freshly prepared 1�10-3
mol/dm

3
DMF solutions were measured using a

Janway 4010 conductivity meter.

IR spectra (KBr disc) were recorded using a Perkin-Elmer 457 Infracord spectrophotometer.

Electronic absorption spectra were recorded using a Carl Zeiss spectrophotometer.

Thermal measurements were carried out in dynamic air and argon atmospheres at a heating rate of 10 K

min
-1

. The thermogravimetric curves were registered up to 1000 K by means of a DuPont 2000 TA system

with a thermobalance DuPont 951 TGAusing sample masses of about 5 mg in a platinum crucible. The DSC

curves were recorded up to 600 K in an open aluminium pan as the sample holder with an empty aluminium

pan as the reference. TG-MS measurements were performed on a TA Instruments SDT 2960 coupled with

Balzers Thermostar GSD 300 T capillary MS in dynamic helium and air atmospheres.

RESULTS AND DISCUSSION

Mixed-ligand octahedral complex of cobalt(III) with salicylaldehyde semi- (H2L1),

thiosemi- (H2L2) and S-methylisothiosemicarbazone (H2L3), of the type �CoIII(L)(py)3�X

(L = L1, X = �CoIICl3(py)�–, ClO4
–.H2O, I–.0.5I2; L = L2, X = �CoIICl3(py)�–,

�CoIIBr3(py)�–, ClO4
–.H2O, I3

–; L = L3, X = �CoIIBr3(py)�–, ClO4
–.H2O, BF4

–) were

obtained by reacting warm ethanolic solutions of cobalt(II) salts and the mentioned lig-

ands and pyridine in the ratio 2:1:5 (Table I). In the first stage of the preparation of the

complex with BF4
–, the complex �Co(L3)(py)3��CoCl3(py)�.EtOH11 was formed, which

means that the metathetical reaction between CoCl2 and NaBF4 yielded no complete

precipitation of the chloride (NaCl). It should be mentioned that attempts to isolate com-

plexes with the mixed anion �CoIII3(py)�– were unsuccessful.

All the complexes are well soluble in DMF, less in MeOH, EtOH and Me2CO,

and insoluble in H2O and Et2O.

On the basis of the obtained results it can be concluded that the complexes

�CoIII(L1–3)(py)3�
+ are formed only in combination with large counterions, such as

�CoIIX3(py) �
– (X = Cl, Br) or ClO4

–. The formation of complexes with the smaller

BF4
– ion is hindered, which was observed in the synthesis of �Co(L3)(py)3�BF4, as

this complex could be obtained only after separation of the primarily formed

�CoIII(L3)(py)3��CoIICl3(py)�.
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The necessity of the presence of a relatively large anion in combination with

the large �CoIII(L1–3)(py)3�
+ cation has also been confirmed on the examples of the

�CoIII(L2)(py)3�I3 complex, similar to the previously synthesized isothiosemicar-

bazone complexes,11 such as �CoIII(L1)(py)3�I.0.5I2, in which a significant inter-

action exists between I2 and two I– anions from the neighbouring molecules. A

similar situation was also found in the crystal structure of the �CoIII(H2L)I2�I.0.5I2

(H2L = bis(hydrazone 2,6 diacetylpyridine)) complex.14

TABLE I. Some physico-chemical characteristics and analytical data of the complexes

Complex Colour �eff/�B

�M

Scm
2
/mol

Found (Calcd.) / %

C H N Co

�Co(L1
)(py)3��CoCl3(py)� green 4.39 43.6 47.34

(46.85)

4.07

(3.79)

13.95

(13.66)

15.94

(16.42)

�Co(L2
)(py)3��CoCl3(py)� green 4.45 44.7 46.14

(45.83)

4.03

(3.71)

13.10

(13.66)

16.27

(16.06)

�Co(L2
)(py)3��CoBr3(py)� green 4.25 101.7 38.08

(38.77)

3.61

(3.14)

11.14

(11.30)

13.27

(13.59)

�Co(L3
)(py)3��CoBr3(py)� green 4.98 158.0 38.89

(39.52)

3.66

(3.32)

11.04

(11.12)

13.03

(13.37)

�Co(L1
)(py)3�ClO4

.
H2O brown diam 61.0 47.22

(46.75)

4.25

(4.10)

14.05

(14.22)

9.42

(9.97)

�Co(L2
)(py)3�ClO4

.
H2O brown diam 67.8 46.06

(45.51)

4.10

(3.99)

13.35

(13.58)

9.41

(9.69)

�Co(L3
)(py)3�ClO4

.
H2O brown diam 83.0 44.50

(46.42)

3.35

(4.22)

13.54

(13.53)

9.15

(9.49)

�Co(L1
)(py)3�I.

0.5I2
brown diam 69.6 41.94

(37.99)

3.78

(3.05)

12.33

(11.55)

8.00

(8.10)

�Co(L2
)(py)3�I3

brown diam 23.6 33.45

(31.75)

2.79

(2.55)

11.08

(9.66)

6.46

(6.67)

�Co(L3
)(py)3�BF4

brown diam 54.3 49.07

(48.83)

4.57

(4.10)

13.20

(14.24)

10.21

(9.98)

Finally, the obtained results indicate the differences in the possibility of the

formation of tri-halogenopyridinecobaltate(II) ions which, to our knowledge,10

have only been found in combination with the complex cation �CoIII(L1–3)(py)3�
+.15

Namely, under identical experimental conditions, the �CoCl3(py)]– anion is very

easily formed, �CoBr3(py)�– is much more difficult to prepare, whereas the analo-

gous iodo-complex is not formed at all.

As can be seen from their coordination formulas (Table I), all the complexes contain

the same complex cation �CoIII(L1–3)(py)3�
+ with dianionic form of the Schiff bases for-

med by deprotonation of the most acidic phenolic OH group and deprotonated enolised

keto/thioketo group in the case of H2L1,2, and the isothioamide group in the case of
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H2L3. The formation of double-deprotonated form of these ligands is undoubtedly facil-

itated by the presence of excess pyridine. At the same time, the deprotonation of these

groups is chemical proof of the participation of their donor atoms in their coordination.

There is no doubt that in addition to the mentioned atoms, another participant in the coor-

dination is the azomethine nitrogen. Thus, one six-membered (salicylidene) and one fi-

ve-membered (semi-/thiosemi-/isothiosemicarbazide) metallocycles are formed, which

has been confirmed by X-ray analysis of �Co(L3)(py)3�X (X=�CoCl3 (py)�–.EtOH,

I3
–).11 Therefore, in these complexes too, the mentioned ligands are coordinated in

the usual tridentate mode with a meridial arrangement of the O, N, X (X = O, S, N)

donor atoms1–4 (Scheme 1).
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Scheme 1. Structure of �Co(L)(py)
3
�
+
.

Fig. 2. Electronic spectra of the complexes:

(—) �CoIII
(L

2
)(py)

3
��CoCl

3
(py)� in DMF;

(---) �CoIII
(L

2
)(py)

3
��CoCl

3
(py)� in Me

2
CO;

(-.-.-)�CoIII
(L

2
)(py)

3
�ClO

4
.
H

2
O in DMF.
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In concordance with the mentioned coordination mode is also the absence of

the characteristic �(OH) bands in the IR spectra of the complexes, which in the

ligand spectra appear at �3470 cm–1, as well as the shift to lower energies (ca. 60

cm–1) of the bands �(C=O) and �(C=S), which in the spectra of H2L1 and H2L2 ap-

pear at 1690 and 1275 cm–1,16 respectively. In the spectra of complexes with H2L3,

the bands �(NH) and �(NH2), observed in the ligand spectrum at 3330 and 1640

cm–1, are also shifted to lower energies: 3200, 1605 cm–1, respectively. In the spec-

tra of the complexes containing ClO4 and BF4 there are characteristic very strong

single bands at �1100 cm–1, indicating the ionic character of the acid residues.16

With the exception of the complexes that contain tetrahedral anions �CoIIX3(py)�–

(X = Cl, Br), all the others are diamagnetic. Magnetic moments of the paramagnetic

complexes correspond to the usual values observed for tetrahedral Co(II) complexes17

(Table I).

The electronic spectra of the brown DMF and Me2CO solutions of complexes

are similar to each other and exhibit an absorption maximum at �400 nm corre-

sponding to d-d transitions of Co(III).18 The green solutions of the complexes con-

Fig. 3. Thermal curves of: (—) �CoIII
(L

1
)(py)3��CoCl3(py)3�; (---)�CoIII

(L
1
)(py)3�I

.
0.5I2;

(....)�CoIII
(L

2
)(py)3��CoCl3(py)3�.



taining the tetrahedral �CoX3(py) �
– (X = Cl, Br) anion also exhibit a weak absorp-

tion in the range of 600–700 nm, belonging to d-d transitions of Co(II).

It should be mentioned that the DMF solutions of the complexes with a tetra-

hedral Co(II)-anion are evidently less stable than the Me2CO solutions of the same

compounds. Namely, in DMF solutions of these complexes, known complexes of a

nonelectrolyte type �CoIII(HL)(L)�19–21 are formed in the course of time, which is

accompanied by a change in the colour of the solution from green to brown and by

the disappearance of the absorption in the range of 600–700 nm (Fig. 2). Such in-

stability is most pronounced with the �CoIIBr3(py)�– ion, which is also evident

from its enhanced molar conductivity in comparison with 1:1 type electrolytes (Ta-

ble I). On the other hand, the molar conductivities of the other complexes are in

agreement with their coordination formulas.22

The thermal decomposition of all the compounds is continuous. As examples,

the TG and DTG curves of selected compounds are presented in Fig. 3. The decom-

position pattern does not depend on the gas carrier up to 600 K. In argon, above this

temperature the decomposition rate decreases, and the decomposition is not com-

pleted up to 1000 K. In air, the decomposition of some compounds is accompanied

by burning of the sample. In all cases, the decomposition of the compounds begins

with the departure of the pyridine ligand, followed by decomposition of the Schiff

base and the end product is cobalt(III) oxide.

The thermal stability of the compounds is about the same and the decomposi-

tion begins around 420 K. The highest thermal stability is exhibited by the

�Co(L1)(py)3��CoCl3(py)� complex, which decomposes above 470 K.

In order to propose a decomposition mechanism, the decomposition of

�Co(L)(py)3�I.0.5I2 was followed by coupled mass spectrometry up to 600 K. As

the first departing group, pyridine and its decomposition products were identified.

The decrease in mass supports this proposition not only in the case of the investi-

gated compound but in the cases of other complexes too.

The DSC curves in an inert atmosphere (argon) refer to endothermic decom-

position processes.
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I Z V O D

KOMPLEKSI PRELAZNIH METALA SA LIGANDIMA NA BAZI

TIOSEMIKARBAZIDA. DEO 46. SINTEZE I FIZI^KO-HEMIJSKA

KARAKTERIZACIJA KOBALT(III) KOMPLEKSA SA ME[OVITIM

LIGANDIMA SEMI-, TIOSEMI- I IZOTIOSEMIKARBAZONOM

SALICILALDEHIDA I PIRIDINOM

VUKADIN M. LEOVAC, QIQANA S. VOJINOVI], KATALIN MESARO[ SE^EWI i VALERIJA I

^E[QEVI]

Departman za hemiju, Prirodno-matemati~ki fakultet, Univerzitet u Novom Sadu,

Trg Dositeja Obradovi}a 3, 21000 Novi Sad

Reakcijom toplih etanolnih rastvora soli kobalta(II) i piridina sa semi-(H2L1),

tiosemi- (H2L
2
) i S-metilizotiosemikarbazonom salicilaldehida (H2L3), u molskom

odnosu 2:5:1, respektivno, dobijeni su oktaedarski kompleksi kobalta(III), sa me{o-

vitim ligandima, op{te formule �CoIII(L)(py)3�X (L = L1, X = �CoIICl3(py)�–, ClO4
– . H2O,

I– . 0.5 I2; L = L2, X = �CoIICl3(py)�–, �CoIIBr3(py)�–, ClO4
– . H2O, I3

–; L = L3, X = �CoIIBr3(py)�–,

ClO4
– . H2O, BF4

–). Pretpostavqena je uobi~ajena tridentatna (O, N, X (X = O, S, N))

koordinacija dianjonske forme helatnih liganada sa meridijalnim rasporedom do-

nornih atoma. Kompleksi su okarakterisani podacima elementalne analize, molarne

provodqivosti, magnetnim merewima, te IR i elektronskim apsorpcionim spektrima.

Termi~ka razgradwa kompleksa je ispitana termogravimetrijskom i DSC metodom, a

kod odabranog kompleksa kuplovanim TG-MS merewem.

(Primqeno 25. juna, revidirano 12. septembra 2003)
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Abstract: The reaction of warm EtOH solutions of FeX3
.nH2O (X = Cl, NO3) with

tridentate ONX (X = O, S, N) pyridoxal semi-, thiosemi- and S-methylisothiosemi-

cabazones (H2L
1
, H2L

2
, H2L

3
, respectively) yielded high-spin octahedral mono- and

bis(ligand) complexes of the formula �Fe(H2L
1-3

)Cl2(H2O)�Cl, �Fe(HL1,2
)2�Cl.nH2O

and �Fe(H2L
3
)(HL

3
)�(NO3)2

.
H2O. The compounds were characterized by elemental

analysis, conductometric and magnetochemical measurements, IR and UV-Vis spectra.

Besides, a detailed voltammetric study of the complexes was carried out in DMF solu-

tion in the presence of several supporting electrolytes, to characterize the nature of the

electrode processes and solution equilibria.

Keywords: iron(III) complexes, pyridoxal semi-, thiosemi- and isothiosemicarba-

zones, physicochemical and voltammetric studies.

INTRODUCTION

Transition metal complexes with Schiff bases derivatives of pyridoxal, e.g.

3-hydroxymethyl-2-methylpyridine-4-carboxaldehyde (one of the forms of vita-

min B6), amines and amino acids, are the subject of strong interest for many re-

searchers.1–5 The reason for this lies in the fact that these compounds can serve as

models for studying a wide range of biological reactions catalyzed by enzymes in

which pyridoxal phosphate appears as an essential component.1–3 It has been

shown that, in the presence of metal ions, free pyridoxal can catalyze most of the

known enzymatic reactions in which pyridoxal phosphate acts as a co-enzyme.1,6

A special group of Schiff bases pyridoxal derivatives as ligands are the triden-

tate semi-, thiosemi- and isothiosemicarbazones (H2L1, H2L2 and H2L3, respec-
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tively) (Fig. 1). In contrast to the metal complexes with pyridoxal thiosemicarba-

zones, the study of which began in 1986, so that a substantial number of complexes

not only with transition but also with non-transition metals have been synthe-

sized,7–9 complexes with pyridoxal semi- and isothiosemicarbazones appeared

much later. Namely, in our previous works,10–12 the syntheses and some physico-

chemical and structural characteristics of the complexes of Cu(II) and Pt(IV) with

H2L1, and Cu(II) complexes with H2L3 were described.

In continuation of our studies on the complexing properties of these ligands,

the syntheses and some physicochemical and voltammetric characteristics of their

iron(III) complexes are described in this paper.

EXPERIMENTAL

Chemicals and methods

All chemicals used were commercially available products of analytical reagent grade. The exceptions

were the ligands H2L
1.

2H2O, H2L
2.

3H2O, H2L
3.

H2O and complex �Fe(HL2
)2�Cl, which were synthesized

following previously described procedures.7,10–13

Elemental (C, H, N) analysis of air-dried samples was carried out by standard micromethods in the

Centre for Instrumental Analysis, Faculty of Chemistry, Belgrade.

Magnetic susceptibility measurements were made at room temperature using a magnetic susceptibility

balance MSB-MKL (Sherwood Scientific Ltd., Cambridge, England). The data were corrected for diamag-

netic susceptibilities.

Molar conductivities of freshly-prepared 1�10–3
M solution were measured on a Jenway 4010 conduc-

tivity meter.

IR-spectra (KBr disc) were recorded using a Perkin-Elmer FTIR 31725X.

Electronic spectra were recorded in DMF solutions (Merck, spectroscopic grade) on the Secomam in-

strument (Anthelie 2, advanced).

Voltammetric experiments were performed in freshly distilled DMF solutions. The salts serving as sup-

porting electrolytes (tetrabutylammonium perchlorate, TBAP, and lithium perchlorate and chloride) were used

after recrystallization, usually at a concentration of 0.1 M. The ligands and complexes were dried at 120–140 ºC

and 1 mM solutions were thoroughly purged with nitrogen. An AMELthree-electrode voltammetric set-up was

used together with a Hewlett Packard X-Y recorder and a storage oscilloscope for recording the voltammo-

grams. Aglassy carbon (3 mm diammeter) disc (the working electrode) was coupled to a Pt wire (counter elec-

trode) and an aqueous calomel electrode (SCE, reference electrode) connected to the working solution via a salt

bridge. The potentials, referred to SCE, were frequently checked with ferrocene as an internal standard.

Since most of the complexes and ligands, and especially the products of electrochemical reactions ex-

hibited strong adsorption, the GC electrode surface had to be frequently polished with a fine alumina suspen-

sion, in some cases before each scan. The experiments were performed in the range of scan rates from 10 mV

s
–1

to 10 V s
–1

.

Preparation of the protonated forms of the ligands and complexes

H2L
1,2

·HCl.H2O. To a mixture of pyridoxal hydrochloride (10 mmol, Aldrich) and semicarbazide hy-

drochloride (10 mmol, Aldrich), i.e., thiosemicarbazide hydrochloride (10 mmol, Merck), water (10 cm
3
)

was added and the mixture heated to complete dissolution of the reactants. After 10 h, the precipitated yellow-

ish needle-like crystals were separated by filtration and washed with EtOH. Yield: 86 and 68 %, respectively.

�Fe(H2L
1-3)Cl2(H2O)�Cl. To a warm suspension of the neutral forms of the ligands (1 mmol) in EtOH

(10 cm
3
), FeCl3

.
6H2O (1 mmol) was added and the mixture heated to complete dissolution of the ligand. The

brown solution was left for 20 h at room temperature. The brown crystals which formed were filtered and

washed with EtOH. Yield: 62, 87 and 69 %, respectively.
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�Fe(HL

1)2�Cl 4H2O. To 0.26 g (1 mmol) of H2L
1.

2H2O in EtOH (10 cm
3
) was added 0.14 g

(0.5 mmol) of FeCl3
.
6H2O and the mixture heated to complete dissolution of the ligand. Then, 0.06

g (1 mmol) of LiOAc was added to the brown solution and dissolved by heating. The brown-black

glittering crystals which formed in the course of 50 h were filtered and washed with EtOH. Yield:

0.14 g (46 %).

�Fe(HL

2)2�Cl. The complex was synthesized according to the previously described procedure.
13

�Fe(H2L
3)(HL3)�(NO3)2

.H2O. Amixture of 0.20 g (0.5 mmol) of Fe(NO3)3
.
9H2O, 0.14 g (0.5 mmol) of

H2L
3.

H2O and 0.05 g of LiOAc was dissolved with heating in EtOH (10cm
3
). The warm brown solution was

filtered and left at room temperature for 50 h. The black crystals were filtered and washed with EtOH. Yield:

0.14 g (79 %).

RESULTS AND DISCUSSION

Synthesis, general physicochemical characteristics and geometrical configuration of the

complexes

Until now, the only known complexes of iron with the mentioned ligands were

the complexes �Fe(HL2)2�Cl.nH2O (n = 0,2)13 and �Fe(HL2)Cl2�.14 The data of el-

emental analysis and some physico-chemical characteristics of the newly-synthe-

sized iron complexes with H2L1 and H2L3 in general, as well as of the novel

mono(ligand) complex with H2L2 are given in Table I. Taking into account these

results and those of the previously known complex �Fe(HL2)2�Cl, it can be con-

cluded that all the three ligands form both mono- and bis(ligand) complexes with

Fe(III). The mono(ligand) complexes considered in this work, whose composition

can be described by the general formula Fe(H2L)Cl3
.H2O, were obtained in a good

yield by the reaction of warm EtOH solutions of FeCl3
.6H2O and the ligands in a

mole ratio of 1:1. It should be pointed out that complexes of analogous composi-

tion were obtained with H2L1 and H2L2, i.e., with the neutral forms of the ligands,

and in the case of the reaction of FeCl3
.6H2O with their protonated forms H3L+.

Also, it is important to emphasize that the previously known �Fe(HL2)Cl2� com-

plex,14 involving the once-deprotonated form of the ligand, was synthesized start-

ing from FeCl2, and that, despite performing the reaction in a nitrogen atmosphere,

the result was an iron(III) complex.

Bis(ligand)monocationic �Fe(HL1)2�Cl.4H2Oanddicationic �Fe(H2L
3)(HL3)�(NO3)2

.H2O

complexes, were also obtained in the reaction of EtOH solutions of the ligands with the

corresponding iron(III) salt in the respective mole ratios 2:1 and 1:1 after partial neutraliza-

tion (LiOAc) of the reaction solution. To our knowledge, the obtained cationic complex

with H2L3, containing both the neutral and once-deprotonated forms of the ligand, repre-

sents the first Fe(III) complex with this charge with a diprotic tridentate Schiff base. The

previously known �Fe(HL2)2�Cl,13 whose voltammetric behaviour is also included here,

was obtained by the reaction of anhydrous FeCl3 and H2L2 in absolute EtOH.

On the basis of the conditions of synthesis of all three bis(ligand) complexes, it

can be concluded that the deprotonation of H2L2 is the easiest and that of H2L3 the

hardest. From the structures of these ligands (Fig. 1) it is evident that the phenolic
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hydroxyl and enol/thiol form of H2L1/H2L2, i.e., isothioamide group of H2L3, can

be deprotonated.

The results of X-ray structural analysis14,15 of the complex with the once-de-

protonated form of H2L2 show that this form of the ligand results from depro-

tonation of the thiol form of the thiosemicarbazide moiety, whereby the pyridoxal

fragment is in the form of a zwitter ion, i.e., the pyridine nitrogen is protonated on

account of the deprotonation of the phenolic hydroxyl. Further deprotonation (the

pyridine nitrogen) yields the dianionic form of the ligand.16 There is no doubt that

an analogous deprotonation sequence also holds for the other two ligands. Such a

deprotonation sequence is the consequence of the strong basicity of the pyridine

nitrogen, which explains the zwitter-ionic nature of not only the coordinated but

also the uncoordinated H2L2 ligand.7

The occurrence of one or more bands of different intensity at ca. 2800 cm–1,

belonging to the �(NH+) vibrations of the protonated pyridine nitrogen,7 in the IR

spectra of both the coordinated and uncoordinated ligand in the complexes is proof

of the zwitter-ionic form of both.

X-Ray structural analyses of a number of complexes of various metals with

the H2L2 ligand,14–17 as well as of Cu(II) complexes with the other two lig-

ands,10,11 showed that all three ligands are coordinated as a tridentate entity. Thus,

two donor atoms are the same – the phenolic oxygen and the hydrazinic nitrogen

N(1). The third donor atom in the case of H2L1 and H2L2 is the oxygen or sulphur

of the amide or thioamide group, –C(–NH2) = X (X = O, S), respectively, whereas

the third donor atom in the case of H2L3 is the nitrogen of the isothioamide group,

=C(–NH2)–SCH3. In all cases, one six-membered (pyridoxal) and one five-mem-

bered (semi/thiosemi/isothiosemicarbazide) metallocycles are formed. Most prob-

ably, such a mode of coordination of these ligands is also realized in all the ob-

tained complexes with iron(III), which has been confirmed by X-ray structural

analysis18 in the case of the complexes with H2L1 and H2L2.

Simultaneously, these analyses showed that the mentioned two complexes have,

apart from one molecule of the tridentate ONX (X = O, S) ligand, also an octahedral

configuration formed by coordination of two chloride ions and one molecule of water.

Probably, the Fe(H2L3)Cl3
.H2O complex also has such a stucture, i.e., in addition to

the organic ONN ligand there are two chloro- and one aqua-ligand. That one water
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1
, X = S � H2L

2
) (a) and

S-methylisothiosemicarbazone (H2L
3
)(b).



molecule is coordinated is also indicated by its relatively high temperature of evolution

(�150 ºC), at which temperature the other two complexes are also dehydrated. It

should be noticed that the previously synthesized �Fe(HL2)Cl2� has a square-py-

ramidal structure.14

All three mono(ligand) complexes are well soluble in H2O and DMF and

somewhat less soluble in MeOH and EtOH. Their stability in H2O and MeOH so-

lutions are markedly different, which is also evident from the values of their molar

conductivities �M (Table I). Namely, the �M values of their MeOH solutions are in

the range of 124–150 S cm2 mol–1, i.e., between the �M values for 1:1 and 1:2 types

of electrolytes,19 whereas the �M values of the aqueous solutions correspond to

those of a 1:3 type of electrolytes (for the H2L1 and H2L3 complexes) or to a 1:5

type of electrolyte (H2L2 complex).20 This means that in methanolic solution, par-

tial replacement of the coordinated chloride ions by solvent molecules occurs, the

replacement in aqueous solution being complete. The extremely high value of �M

of aqueous solutions of the H2L2 complex could also be explained by the formation

of the very mobile H3O+ ion as a consequence of the deprotonation of the

thiosemicarbazide fragment. In view of the fact that the �M value of the aqueous

solutions of the other two complexes is at the upper limit of the �M range of values

for a 1:3 type of electrolyte, it is possible that the same phenomenon is also in-

volved, but at a lower concentration of H3O+ ion. All these observations are in

agreement with the previous supposition that deprotonation of H2L2 is the easiest

and that of H2L3 the hardest, which corresponds to the trend of decreasing �M val-

ues of the corresponding complexes.

TABLE I. Some physical characteristics and analytical data of the newly synthesized compounds

Ligands/Complex
Found (Calcd)/%

�eff*/�B �M**/S cm
2

mol
-1

(solvent)

C H N

H2L
1.HCl.H2O 39.80

(39.48)

5.80

(5.43)

19.86

(20.11)

– 126 (H2O)

H2L
2.HCl.H2O 37.28

(36.67)

5.27

(5.13)

19.19

(19.01)

– 162 (H2O)

�Fe(H2L
1
)Cl2(H2O)�Cl 26.66

(26.73)

3.59

(3.49)

13.76

(13.86)

5.44 467 (H2O)

124 (MeOH)

�Fe(H2L
2
)Cl2(H2O)�Cl 25.32

(25.70)

3.41

(3.36)

13.52

(13.33)

5.34 580 (H2O)

150 (MeOH)

�Fe(H2L
3
)Cl2(H2O)�Cl 27.74

(27.64)

3.81

(3.71)

12.62

(12.90)

6.01 420 (H2O)

136 (MeOH)

�Fe(HL
1
)2�Cl.4H2O 35.46

(35.45)

4.81

(4.16)

18.25

(18.38)

5.29 78 (MeOH)

�Fe(H2L
3
)(HL

3
)�(NO3)2

.H2O 34.42

(34.64)

4.42

(4.15)

19.82

(19.86)

4.43 143 (MeOH)

* At 23 ºC; ** c = 1 mM

TRANSITION METAL COMPLEXES. 47. 933



As far as the bis(ligand) complexes are concerned, there is no doubt that they

have an octahedral configuration in which, because of its planarity, the ligands as-

sume mer- positions. As with mono(ligand) complexes, they are also well soluble

in H2O and DMF (with exception of the H2L2 complex) and less soluble in MeOH

and EtOH. The molar conductivities of their MeOH solutions are in full agreement

with the proposed coordination formulas.

With the exception of �Fe(H2L3)Cl2(H2O)�Cl (Table I) and �Fe(HL2)2�Cl,13

which have �eff values characteristic of pure high-spin Fe(III) complexes, the other

complexes have somewhat lower �eff values, which could be explained in terms of

the “admixture” of low-spin complexes. In relation to this, it is important to men-

tion that there are literature data21 about Fe(III) complexes, mainly with the

tridentate thiosemicarbazones, the spin state of which depends even on the outer-sphe-

re ion, as well as on the number of molecules of crystalline water. An example of

this is just the �Fe(HL2)2�Cl complex, which at room temperature is high-spin (�eff

= 5.75 �B), while its dihydrate is low–spin (�eff = 2.05 �B).13

Electronic spectra

The spectra of the neutral and protonated forms of the ligands were recorded

over the available region in DMF, from 270 to 800 nm, as well in the presence of

LiCl (serving as supporting electrolyte in the voltammetric measurements). The

spectra of the complexes were also recorded under similar conditions, and the char-

acteristic parameters are given in Table II.

TABLE II. Electronic spectral data for the ligands and complexes in DMF

Compound �a
max (�b

)

H2L
1.

2H2O 290(1.79); 329(0.77 shc
)

H2L
1.

HCl
.
H2O 306(1.40 sh); 321(1.47); 339(1.45)

H2L
2.

3H2O 284(1.04); 333(2.10)

H2L
2.

HCl
.
H2O 321(1.38); 349(1.43); 361(1.39 sh)

H2L
3.

H2O 325(2.81 bpd
); 352(2.69); 365 (2.39 sh)

�Fe(H2L
1
)Cl2(H2O)�Cl 291(1.92); 355(1.20)

�Fe(H2L
2
)Cl2(H2O)�Cl 320(1.82); 356(1.97); 442(0.48 sh)

�Fe(H2L
3
)Cl2(H2O)�Cl 323(1.72); 353(1.72); 367(1.73); 404(1.17 sh)

�Fe(HL1
)2�Cl.4H2O 282(2.71); 348(1.40)

�Fe(HL2
)2�Cl 326(3.53); 351(3.66); 438(0.73 sh)

�Fe(H2L
3
)(HL

3
)�(NO3)2

.
H2O 316(1.65 sh); 327(1.72); 351(1.72); 367(1.73)

a
In nm.

b
In M

-1
cm

-1
�10

-4. c
Shoulder.

d
Broad peak.

The spectra of all three ligands are characterized by 2–3 bands in the range of

270–450 nm. The difference in the spectral patterns is due to the structural differ-
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ences of the compounds. As could be expected, the addition of LiCl to the ligand

solutions caused no significant changes in their spectra. Ligand protonation, how-

ever, resulted in a decrease of the absorption at � < 360 nm, with the simultaneous

appearance of new bands characteristic of the absorption of H3L+ and H4L2+ spe-

cies in the range of 315–400 nm.

The spectra of all the ligands of the type H2L and H2L.HCl protonated to the same

extent by adding HClO4 (> 2H+/ligand) have similar characteristics. The protonated

H2L2 and H2L3 exhibit similar absorption, while the spectrum of the semicarbazone

derivative is different, suggesting a different nature of the chromophore.

The complexes absorb in the range of 270–600 nm, the appearance of a particular

spectrum depending mainly on the coordinated ligand. A common characteristic of all

these spectra is the absence of bands that could be ascribed to d–d transitions (Fig. 2).

The band at � < 400 nm corresponds to the absorption of the ligand part of the molecule

(	 � 	*), which is evident from the absorption of the ligand itself, especially with the

H2L1 complexes. This means that the bonds in the Fe(III) complex with this ligand are

weakest, which was also confirmed by voltammetric experiments.

The addition of LiCl to a solution of a complex changes the appearance of the

absorption curve, which becomes more similar to the spectrum of the ligand itself,

suggesting a partial dissociation of the molecule (Fig. 2, curve 2). This was also

confirmed by the disappearance of the charge-transfer bands (� > 400 nm) in the

spectra of all the complexes. On addition of HClO4 to a mole ratio of (2–3) H+/Fe,
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Fig. 2. Electronic spectra of �Fe(H2L
2
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M LiCl (2) and HClO4 to the mole ratio 2 H
+
/Fe (3).



the resulting spectra have two characteristic bands at somewhat different wave-

lengths (in the region of 305–332 and 340–390 nm), depending on the nature of the

complex. Moreover, the bands correspond to those obtained under the same condi-

tions for a solution of the corresponding protonated ligand. Hence, the protonation

product could be represented as H4L2+, whereby the protonation sites may be the

phenolic oxygen and one of the nitrogen atoms of the hydrazine moiety.

Voltammetric studies

In view of the experience gained in studying Fe(III) complexes with similar ligands

– salicylaldehyde semi-, thiosemi and S-methylisothiosemicarbazone in DMF,22–24 it

was interesting to study the behaviour of the new complexes under the same conditions.

A marked characteristic of the newly synthesized mono(ligand) and bis(li-

gand) complexes of the cationic type is their pronounced dissociation in DMF, es-

pecially in the presence of chloride. In contrast to this, the previous series of com-

plexes, being stable enough, was characterized by well-defined cyclic voltammo-

grams. The reaction of the new complexes taking place in the presence of LiCl is

accompanied by a visual change in their colour from brown to ruby-red and a spec-

trum characterizing the absorption of the displaced ligand.

For the sake of legibility the results will be presented according to the complex

type with reference to specific features of a particular coordinated ligand.

Mono(ligand) complexes

The previously studied complexes of this type with salicylaldehyde derivatives as

ligands behaved as coordination dimers �Fe(HL)2��FeCl4�, dissociating in DMF into

equimolar amounts of �Fe(HL)�2+, �FeCl4�
– and (HL–).22 In contrast to them, the new

ligands, coordinated as neutral molecules, give unstable �Fe(H2L)�3+ complexes, dis-

sociating almost completely to Fe(III) and H2L.

The appearance of the cyclic voltammogram for �Fe(H2L3)Cl2(H2O)�Cl re-

corded in TBAP, as the least “aggressive” medium, is presented in Fig. 3. The reduc-

tion peaks, observed at three potential amplitudes (to –1.0 V), belong to one-electron

processes, the first for FeCl4
–, then that for Fe(HL3)2+ with perchlorate/chloride in

the coordination sphere. The two most negative peaks represent the reduction of

H2L3, occurring on the pyridoxal and hydrazine fragment, respectively. The reduced

complexes also exhibit instability: �FeCl4�
2– dissociates rapidly to FeCl2 and

Fe(ClO4)2, which are oxidized in two close peaks at about 0.0 V.22

Oxidation of the complexes (in the amplitude range from +0.6 to +1.6 V) is

represented by 2–3 multi-electron peaks involving processes on the ligand part,

followed by decomposition of the molecule. The detailed electrochemistry of the

ligand will be described in a subsequent paper.25

LiClO4. The addition of LiClO4 to the solution of these complexes results in

changes of the voltammogram in the part corresponding to ligand reduction, the
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cathodic peaks being shifted to more positive potentials, overlapping thus with the

first peak. This effect is probably a consequence of ion-pairing of Li+ and the prod-

uct of the multielectron reduction of the ligand.22

LiCl. The voltammogram of the mono(ligand) complex (Fig. 4) shows that ex-

cess of Cl– stabilizes the reaction of FeCl4
–, yielding a pair of quasi-reversible peaks
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Fig. 3. Cyclic voltammograms for �Fe(H2L
3
)Cl2(H2O)�Cl in 0.1 M TBAP; 0.20 V s-1

.

Fig. 4. Cyclic voltammograms for �Fe(H2L
3
)Cl2(H2O)�Cl in 0.1 M LiCl; 0.20 V s-1

.



at Ep
c = –0.08 V. The current corresponding to this peak is approximately equivalent

to the total Fe(III) content, which is also evident from the voltammogram, in which

the peak current for Fe(HL3)2+ (Ep
c = –0.68 V) does not exceed 10–20 %. At poten-

tials more negative than –1.5 V, partial overlap of several reduction processes at the

ligand is observed. The electron transfer processes are followed by irreversible

chemical reactions whereby the complex decomposes into several species with

marked tendency of adsorption (e.g., the oxidative peak at –0.8 V).

Bis(ligand) complexes

Monocationic complexes. Complexes of this type, represented in the crystal-

line state by the formulas �Fe(HL1)2�Cl and �Fe(HL2)2�Cl, dissociate in DMF solu-

tion into several complex species. Another problem is the very poor solubility of

the H2L2 complex – complete dissolution at a level of 1 mM required 3 h.

TBAP and LiClO4. Both the investigated complexes in these two electrolytes

(Fig. 5, curve 1) behave in basically the same way to a potential of –1.60 V: 2–3 re-

duction peaks with Ep
c > –0.7 V are characteristic of the different Fe(III)-contain-

ing species. The dominant peak at –0.05 V belongs to FeCl4
– and contains about 30

% of the total iron(III) in the case of the H2L1 and about 50 % in the case of the

H2L2 complexes (determined after protonation, vide infra). In the potential region

more negative than –1.4 V, the free ligand is reduced in an irreversible one-electron

process. However, the peak is actually composed of two peaks of similar potentials

(
Ep
c < 150 mV), the more positive of which is supposed to belong to the residual
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undissociated bis(ligand) complex and the more negative one represents the irre-

versible one-electron reduction of the free ligand.

In TBAP, a further ligand reduction is represented by two peaks at –1.9 and

–2.2 V, corresponding to a process on the thiosemicarbazide moiety.26 However,

the two processes merge in LiClO4, as described for the mono(ligand) complexes.

Ligand oxidation, up to +1.5 V, proceeds in three partially overlapped peaks, after

which the complex decomposes into Fe(III) and the products of chemical reactions

on the free ligand.

LiCl. The voltammetric behaviour of the complexes in this electrolyte is better

defined (Fig. 5, curve 3). In addition to the dominant reduction peak of FeCl4
–,

containing about 70 % of the total iron(III), there is a peak with Ep
c = –0.56 V, cor-

responding to the reduction of �Fe(HL2)�2+. The irreversible one-electron peak at

–1.47 V represents the reduction of free ligand. Further reduction in this electrolyte

occurs in one multielectron peak formed by the overlapping of the two previous

peaks, the processes taking place on the thiosemicarbazide frament. Besides, in the

same potential range (< –2.0 V), Fe(II) is reduced to Fe(0).26

A certain insight into the fine equilibria between the (HL2)– and Cl– com-

plexes of Fe(III) and Fe(II) can be gained by considering the voltammograms ob-

tained after repetitive cycling in the working potential amplitude (Fig. 6). It is evi-

dent that a potential excursion to include the reduction of the ligand results in an in-

crease of the oxidation peak for Fe(HL2)+ (Ep
a

� –0.30 V) on account of a decrease

of the peak for FeCl2 (Ep
a = +0.02 V). This ratio of concentrations of the complex
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.



species, altered in comparison with the initial one, is evident from the second

sweep (curve 3), amounting almost to 1:1 for the chloride and (HL2)– complexes.

Such behaviour provokes the conclusion that in contrast to Fe(III), which exhibits

high affinity toward Cl–, Fe(II) shows a greater stability in the Fe(HL2)+ complex.

Dicationic complex. The complex �Fe(H2L3)(HL3)�(NO3).H2O, like the anal-

ogous semicarbazone compound, already dissociates to a large extent in the pres-

ence of an inert electrolyte, the dissociation into FeCl4
– and H2L3 being practically

complete in the presence of excess Cl–. The poorly defined peaks at potentials

more negative than –1.35 V do not allow the establishment whether, in addition to

H2L3, the (HL3)– species exists also. It can be supposed that the ligand can be

protonated to H2L3 by a proton from the traces of water or acidic impurities, which

is confirmed by the electronic spectrum which in the presence of LiCl looks more

like that of the ligand itself.

Complexes in the presence of H+

The addition of H+ (aqueous solution of HClO4) served both to assess the sta-

bility of the complexes in acidic media and check the composition of particular

species.27 Protonation was carried out discontinuously and cyclic voltammograms

were recorded after each increment of acid addition.

The cyclic voltammograms for �Fe(H2L1)Cl2(H2O)�Cl complex recorded be-

fore and after the addition of 2 H+/complex molecule are shown in Fig. 7. The peak

for FeCl4
–, obtained as the final product of protonation of all complex species in
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Fig. 7. Cyclic voltammograms for �Fe(H2L
1
)Cl2(H2O)�Cl in 0.1 M LiCl before (1) and after the

addition of HClO4 to the mole ratio 2 H+
/Fe (2); 0.10 V s

-1
.



the presence of LiCl, does not change essentially with respect to the initial peak. A

small increase in the peak current after the addition of H+ is a consequence of the

somewhat enhanced reversibility of the process and a shift of the potential to more

positive values has been observed in mixed DMF-water solutions.28

The fact that there is no increase in the current of the FeCl4
– peak which could

be ascribed to ligand displacement, suggests that none of the ligand forms are

bound into the complex. The height of the new peak, that for all three ligands ap-

pears at about –0.95 to –1.0 V, increases two fold for the mono(ligand) and four

fold for the bis(ligand) complexes compared to that of FeCl4
– and attains its maxi-

mum at (2–3) H+/Fe. The process has the characteristics of a successive transfer of

two electrons, coupled most probably with protonation,29 which will be dealt with

in more detail in another paper.25

Of all the investigated iron complexes, protonation of HL– to H2L was possi-

ble only with �Fe(HL1)2�Cl and �Fe(HL2)2�Cl. However, in both cases the H+ con-

sumption was significantly lower than the theoretical one, which may be a conse-

quence of the partial extraction of protons from the medium itself.
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KOMPLEKSI PRELAZNIH METALA NA BAZI TIOSEMIKARBAZIDA. DEO 47.

SINTEZA, FIZI^KO-HEMIJSKA I VOLTAMETRIJSKA KARAKTERIZACIJA

KOMPLEKSA Fe(III) SA SEMI-, TIOSEMI- I

S-METILIZOTIOSEMIKARBAZONOM PIRIDOKSALA

VIOLETA S. JEVTOVI], QIQANA S. JOVANOVI], VUKADIN M. LEOVAC i LUKA J. BJELICA

Prirodno-matemati~ki fakultet, Univerzitet Novi Sad, Trg D. Obradovi}a 3, Novi Sad

Reakcijom toplih EtOH rastvora FeX3
.nH2O (X = Cl, NO3) sa tridentatnim semi-, tio-

semi- i S-metilizotiosemikarbazonom piridoksala (H2L
1, H2L

2, odnosno H2L
3) dobijeni su

visokospinski oktaedarski mono- i bis(ligand) kompleksi formula �Fe(H2L
1–3

)Cl2(H2O)�Cl,

�Fe(HL1,2
)2�Cl.nH2O i �Fe(H2L

3
)(HL

3
)�(NO3)2

.
H2O. Jediwewa su okarakterisana elementalnom

analizom, konduktometrijskim i magnetohemijskim merewima, kao i IR i UV-Vis spektrima.

Izvr{eno je detaqno voltametrijsko ispitivawe dobijenih jediwewa u DMF u nekoliko

pomo}nih elektrolita, istra`ene su priroda elektrohemijskih procesa i ravnote`e u

rastvoru.

(Primqeno 14. jula 2003)
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Abstract: The hyper-Wiener index WW of a chemical tree T is defined as the sum of the

products n1n2, over all pairs u, � of vertices of T, where n1 and n2 are the number of ver-

tices of T, lying on the two sides of the path which connects u and �. We examine a slight

modification WWW of the hyper-Wiener index, defined as the sum of the products

n1n2n3, over all pairs u, � of vertices of T, where n3 is the number of vertices of T, lying

between u and �. It is found that WWW correlates significantly better with various

physico-chemical properties of alkanes than WW. Lower and upper bounds for WWW,

and an approximate relation between WWW and WW are obtained.

Keywords: hyper-Wiener index, Wiener index, chemical trees, alkanes.

INTRODUCTION

The hyper-Wiener index is one of the recently introduced distance-based mo-

lecular structure–descriptors.1 It was put forward2 in 1993 and since then it has at-

tracted much attention of theoretical chemists.3–20 In parallel with the symbol W

for the Wiener index,21,22 the hyper-Wiener index is traditionally denoted by WW.

Let u and � be two vertices of a (chemical) tree T and let �u� be the unique path

connecting u and �. Let n1 and n2 be the counts of vertices lying on the two sides of

�u�. The vertices u and � are included in these counts, and therefore n1 and n2 are

always greater than or equal to unity.

The hyper-Wiener index of a tree T is defined as

WW = n n

u

1 2

,�

� (1)

with the summation going over all pairs of vertices of T.

By slightly changing the right-band side of Eq. (1), one arrives at a modified

version of the hyper-Wiener index, which is denoted by WWW:

WWW = n n n

u

1 2 3

,�

� . (2)

943



Here n3 is the number of vertices of T, lying between the endpoints of the path �u�. Note

that if the tree T has n vertices, then for all pairs of its vertices, n1 + n2 + n3 = n. Further, if u

and � are adjacent, then n3 = 0. Amathematical reason for defining the hyper-Wiener index

via Eq. (2) is outlined elsewhere.23

COMPARING THE PHYSICO-CHEMICAL APPLICABILITY OF THE OLD AND NEW

HYPER-WIENER INDICES

The first question that should be asked when WW is modified into WWW is

whether the new variant has a better correlating ability, as far as the physico-chemi-

cal properties of alkanes are concerned. In order to obtain comparative results on

WW and WWW, the standard data base of Needham, Wei, and Seybold,24 in which

experimental values for boiling point (BP), molar volume (MV), molar refraction

(MR), heat of evaporation (HE), critical temperature (CT), critical pressure (CP),

surface tension (ST) and melting point (MP) of alkanes with up to 10 carbon atoms

have been collected, was employed.

For MR and MP no correlation between either WW or WWW could be estab-

lished, and therefore these two physico-chemical properties have not been consid-

ered any further. The remaining six sets of experimental data were correlated with

polynomials of various degrees of either WW or WWW. Eventually, the optimal

value p for the degree of these polynomials was established. The correlation coeffi-

cients thus obtained are given in Table I.

TABLE I. Correlation coefficients, R(WW) and R(WWW), for the correlation between various physico-chem-

ical properties of alkanes
24

and a p-th degree polynomial in the parameters WW and WWW, respectively. The

value of p was chosen so as to be optimal from the point of view of the F-test, at 95 % confidence level

Property p R(WW) R(WWW)

BP 5 0.9809 0.9816

MV 2 0.9687 0.9862

HE 3 0.9722 0.9804

CT 3 0.9560 0.9444

CP 5 0.9657 0.9296

ST 2 0.8310 0.8762

As can be seen from Table I, the new hyper-Wiener index WWW is signifi-

cantly better correlated with the boiling point, molar volume, heat of evaporation,

and surface tension than the older version WW. The new hyper-Wiener index is

found to be (slightly) inferior to WW only in the case of the critical temperature and

critical pressure.

The polynomial approximation for the boiling point could be much improved

by means of the expressions:

ln BP �A1 ln WW + B1

ln BP �A2 ln WWW + B2
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resulting in R = 0.9867 (for WW) and R = 0.9911 (for WWW). In these formulas BP is ex-

pressed in Kelvin units; by least squares fitting one obtaines A1 = 0.154 � 0.004, B1 = 0.52

� 0.02 and A2 = 0.103 � 0.002, B1 = 5.41 � 0.01.

In summary: The new hyper-Wiener index WWW, Eq. (2), outperforms the

prevous version WW, Eq. (1), in correlations with almost all physico-chemical

properties of alkanes. Therefore, when applying the hyper-Wiener index in QSPR

and QSAR studies,25 preference should be given to WWW.

ESTIMATING THE NEW HYPER-WIENER INDEX

It is first shown that the new hyper-Wiener index is bounded from both below

and above by simple functions of the old hyper-Wiener index and the ordinary

Wiener index:

WW – W � WWW � (n – 2)(WW –W). (3)

The summations in (1) and (2) go over all pairs of vertices. They can be di-

vided into two parts as:

� �� ��

u n adjadj, ,�

where

adj

� and

n adj,

� indicate summation over adjacent and non-adjacent vertex pairs.

As n3 = 0 whenever the vertices u and � are adjacent, formula (2) reduces to

WWW = n n n

n adj

1 2 3

,

� (4)

If u and � are not adjacent, then n3 is at least 1 and at most n – 2. Replacing n3

in (4) by its minimal possible value, one obtains a lower bound for WWW:

WWW � n n

n adj

1 2
,
� = n n

u

1 2
,�

� – n n

n adj

1 2

,

�
(5)

From Eq. (1), the first summation on the right-hand side of (5) is just WW. Ac-

cording to a well known result of Wiener,22,26,27 the second summation on the

right-hand side of (5) is equal to the Wiener index W. Thus one arrives at the lower

bound in (3).

Replacing n3 in (4) by its maximal possible value (= n – 2), one obtains

WWW � (n – 2) n n

n adj

1 2

,

�

which, using the same arguments as above, leads to the upper bound in (3).

By means of an analogous, yet somewhat more complicated, reasoning, one

can also deduce the following estimates:

�(� – 1)/2 + (WW – W) � WWW � �(� – 1)/2 + (n – 3)(WW – W)
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where � is the number of vertices of degree one in the chemical tree T, i.e., the number of

methyl groups in the underlying molecule.

APPROXIMATING THE NEW HYPER-WIENER INDEX

In order ot deduce an approximate expression for the new hyper-Wiener index

WWW, Eq. (2) is rewritten as:

WWW � n n

u

1 2

,�

� 	n3


where 	n3
 is the arithmethic mean of n3. Then,

WWW � 	n3
 n n

u

1 2

,�

� = 	n3
 WW. (6)

In order to apply (6), the value of 	n3
 must be known (at least approximately).

In order to achieve this goal, one starts with:

	n3
 = 	n – n1 – n2
 = n – 	n2 + n3


= n – 2 	(n1 + n2)/2
 � n – 2 	 n n1 2 


where the arithmetic mean of n1 and n2 has been replaced by their geometric mean. Using

another plausible approximation, one obtains:

	n3
 � n – 2 n n1 2
(7)

946 GUTMAN, FURTULA and BELI]

Fig. 1. The new hyper-Wiener index (WWW, Eq. (2)) vs. the right-hand side of Eq. (9), which is a function

of the old hyper-Wiener index (WW, Eq. (1)). The data points pertain to isomeric decanes, C10H22, i.e., n =

10. The correlation coefficient is 0.966.



In view of Eq. (1), the mean value of the product n1 n2 is directly related to the hy-

per-Wiener index WW:

WW =
n n( )�1

2

	n1n2

(8)

where the fact that in an n-vertex graph there are n(n – 1)/2 vertex pairs has been taken into

account.

By combining the relations (6)–(8), one finally obtains the expression:

WWW � n WW –
2 2

n
WW3/2

(9)

which relates the old and the new hyper-Wiener index.

The quality of the approximate formula (9) is seen from Fig. 1.

Acknowledgement: One author (I.G.) thanks the Alexander von Humboldt Foundation for financial

support in 2003.
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Prirodno-matemati~ki fakultet u Kragujevcu

Hiper-Vinerov indeks WW hemijskog stabla T definisan je kao suma proizvoda n1 n2,

preko svih parova u, � ~vorova stabla T, gde n1 i n2 ozna~avaju broj ~vorova koji le`e sa dve

strane puta koji povezuje u i �. U radu ispitujemo jednu modifikaciju WWW hiper-Vinerovog

indeksa, definisanu kao suma proizvoda n1 n2 n3, preko svih parova u, � ~vorova stabla T, gde

n3 ozna~ava broj ~vorova koji le`e izme|u u i �� Na|eno je da je WWW zna~ajno boqe

koreliran sa raznim fizi~ko-hemijskim osobinama alkana nego WW. Dobivene su dowe i

gorwe granice za WWW kao i jedna aproksimativna relacija izme|u WWW i WW.

(Primqeno 7. jula 2003)
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Abstract: The hyper-Wiener index WWW of a chemical tree T is defined as the sum of the

product n1 n2 n3, over all pairs u, � of vertices of T, where n1 and n2 are the number of verti-

ces of T, lying on the two sides of the path which connects u and �, and n3 is the number of

vertices lying between u and �. An expression enabling the calculation of WWW from the

Laplacian eigenvalues of T has been deduced.

Keywords: hyper-Wiener index, Wiener index, Laplacian spectrum, chemical trees, alkanes.

In the preceding paper1 a new modification of the hyper-Wiener index, denoted as

WWW, was put forward. It was demonstrated1 that the WWW has certain advantages over

the original hyper-Wiener index2 WW, and relations between WWW and WW were estab-

lished. In this note it will be shown how the WWW can be computed from the Laplacian

eigenvalues of the underlying molecular graph.

The Laplacian graph spectral theory has found recently many chemical applications,

see, for instance, the papers3–11and the references quoted therein. Details of this theory can

be found in several reviews.12–15

The Laplacian matrix L(G) of a graph G with n vertices, �1, �2, ... �n, is a square ma-

trix of order n whose (i,j)-entry is defined as

L(G)ij =

� i

�

�

�

�

�

�

1

0

if i = j

if the vertices �i and �j are adjacent

otherwise

where �i denotes the degree (= number of first neighbors) of the i-th vertex of G. The

eigenvalues of the Laplacian matrix, denoted by �1, �2, ..., �n, are said to be the Laplacian

eigenvalues of the graph G and to form its Laplacian spectrum.

The Laplacian eigenvalues are labeled so that

�1 � �2 �
�

� �n–1 � �n.

Then for all graphs, �n = 0, and for connected graphs (among which are all molecular

graphs), �n–1 > 0.
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The Laplacian characteristic polynomial is �(G,x) = det�x I – L(G)	. It can be written

in the coefficient form as:

�(G,x) = ( )�




�

�

� 1

0

1
k

k

n

k

n k
c x

According to the Kel’mans theorem,3,8,16,17 the k-th coefficient of the Laplacian

polynomial can be computed from the structure of the graph G by means of the formula

ck = �( )F

F

�

where the summation goes over all spanning forests F of G, possessing k disconnected

components, and where �(F) is equal to the product of the number of vertices of the

components of F. In the case of a tree T, the straightforward application of the Kel’mans

theorem gives:

cn = 0

cn–1 = n

cn–2 = n n

adj

1 2�

cn–3 = n n n

u

1 2 3

,�

� (1)

where thenotation is sameas in theprecedingpaper.1 Thus, it can immediatelyberealized that:

cn–2 = W(T) (2)

cn–3 = WWW(T). (3)

Using the Vieta identities and bearing in mind that �n = 0, the coefficients cn–1, cn–2,

and cn–3 are expressed in terms of Laplacian eigenvalues as:

cn–1 = �1  �2  ...  �n–1

cn–2 = �1

i

�  �2  ...  �i–1  �i+1  ...  �n–1

cn–3 = �1

i j�

�  �2  ...  �i–1  �i+1  ...  �j–1  �j+1  ...  �n–1

i.e.,

cn–1 = � k

k

�

cn–2 = �
�

k

k ii

� �

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�

1

cn–3 = �
� �

k

k i ji j

� �

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�
�

1
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Combining the latter identities with Eqs. (1)–(3), one obtains:

W(T) = n
1

1

1

� ii

n




�

�

(4)

WWW(T) = n
1

� �i ji j�

�
(5)

Formula (4), which is an expression for the Wiener index in terms of Laplacian

eigenvalues, is a previously known result.3,4 The analogous formula (5) is being reported

here for the first time. It can be simplified as:

WWW(T) =
n

2

1 1

2
1

1

1

1

1

1

� � �i j ii

n

j

n

i

n

�

�

�

�

�

�

�

�

�



�




�




�

���

( )

=
n

2

1 1 1

1

1

1

1

2
1

1

� � �ii

n

jj

n

ii

n




�




�




�

� � �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

( )

�

�

�

�

�

�

�

�

=
n

2

W T

n
ii

n
( )

( )

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�


�

�

2

2
1

1
1

�

which finally results in the identity:

WWW(T) =
W T

n

n

ii

n
( )

( )2 2

1

2
1

1

�




�

�

�

.
(6)

Formula (6), combined with (4), is particularly suitable for computer-aided numerical

calculation of the hyper-Wiener index. All the results reported in the preceding work1 were

obtained by means of this formula.

Acknowledgement: The autor thanks the Alexander von Humboldt Foundation for financial support in

2003.

I Z V O D

HIPER-VINEROV INDEKS I LAPLASOV SPEKTAR

IVAN GUTMAN

Prirodno-matemati~ki fakultet u Kragujevcu

Hiper-Vinerov indeks WWW hemijskog stabla T definisan je kao suma proizvoda n1n2n3,

preko svih parova u, � ~vorova stabla T, gde n1 i n2 ozna~avaju broj ~vorova koji le`e sa dve

strane puta koji povezuje u i �, a n3 je broj ~vorova izme|u u i �. Dobivena je formula koja

omogu}ava da se WWW izra~una iz Laplasovih sopstvenih vrednosti stabla T.

(Primqeno 7. jula 2003)
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Abstract: The photoluminescence spectra of silica xerogel samples synthesized with

ethanol as solvent and xerogel where the ethanol was exchanged by water before

drying are reported. In addition, the photoluminescence spectrum of a silica cryogel

synthesized with tert-butanol as solvent was investigated. The samples were modi-

fied by formamide. Bands at 2.00, 2.20, 2.32 and 2.46 eV were identified. In the

photoluminescence spectra of all samples. The band at 2.00 eV is caused by the pres-

ence of silane, and the band at 2.20 eV is connected with the nonstoichiometric com-

position of silica. The photoluminescence band at 2.32 eV was found to originate

from the organic groups of the solvent. The origin of this band are E’ defect centers,

which is a prominenet paramagnetic defect in conventional a – SiO2.

Keywords: silica gel, luminescence, infrared spectroscopy.

INTRODUCTION

The sol-gel process is a simple chemical procedure for making many different

materials, among them silica gels. Silica gels are prepared by a chemical reaction

employing a metal alkoxide (for example tetraethylorthosilicate (TEOS)) and wa-

ter in an alcoholic solvent. The first reaction is hydrolysis which induces the substi-

tution of OR groups linked to silicon by silanol Si–OH groups. These chemical

species may react together to form Si–O–Si (siloxane) bonds which lead to silica

network formation. This reaction of condensation establishes a 3D network which

invades the whole volume of the container. The liquid used as solvent to perform

the different chemical reactions remains within the pores of the solid network and

has to be removed. Silica aerogel samples can be dried by simple evaporation at

temperatures close to room temperature and atmospheric pressure, whereby so

called xerogels (a word derived from the Greek word “xeros” which means dry) are

obtained. By sublimation of frozen solvent cryogels are obtained. An aerogel re-

sults from a supercritical drying process. The drying step is performed inside an

autoclave which allows the critical point (pC, TC) of the solvent to be overpassed.
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A major problem during drying is cracking of the samples. Zarzycki showed

that drying stress is a function of pore size and rate of evaporation of the pore li-

quor, which depends on the liquor vapor pressure.1 Only by using supercritical ex-

traction can large monolits without cracks be obtained. However, because of the

high costs and risk of this method, processes for preparing monolithic xerogels at

ambient pressure have in recent years been developed.2,3 One of these methods in-

volves the addition of a drying control chemical addivie (DCCA) to the sol. The

DCCA changes the structure of the gel during gelation in such a way as to equalize

the pores dimension, so the difference in the surface tension of the pores is lower

and the sample can be dried under normal conditions.3 The DCCA must also be

removeable during densification before pore closure.3

The structure of the sol–gel derived oxide networks and defects in the struc-

ture are strongly affected by the concentration of the interacting species, their ra-

tios, the reaction medium solvent, the pH, the catalyst and the temperature during

condensation. Silica gels have several microstructure defects which are responsi-

ble for the appearance of photoluminescence (PL). One such defect is a no-bridged

oxygen hole center (NBOHC) described by the relation SiOH = SiO· + ·H where

the dots denote uncoupled electrons. In PL spectra of Si/O systems, this defect is

connected with the bands at about 1.80 eV4 or 1.90 eV.5,6 The band which appears

at 2.00 eV originates from the presence of silan (SiH and/or SiH2).7 The band at

2.20 eV is caused by the non-stoichiometric structure SiOx where 1 < x < 2.7–9 The

origin of the PL of silica gels can be organic compounds which remain from the

synthesis. Thermal treatment result in the formation and/or removal of various de-

fect centers.10

In this work the PL spectra of silica gels synthesized and dried by different

methods were investigated. First sample was a xerogel synthesized with ethanol as

the solvent and DCCA-formamide modified (XG sample). The second sample was

obtained by the exchange of ethanol by water in the XG sample before drying

(sample XGW). Both xerogels were dried by evaporation under ambient condi-

tions. The examined cryogel sample (CG) was synthesized using tert-butanol as

solvent and freezed-dried. The PL spectra were compared with the PL spectra of

two silica aerogels synthesized without DCCA, in ethanol solvent and dried by

supercritical extraction: the first was not sintered (AG sample), and the second was

sintered for 15 h at 1000 ºC (AGS sample). These samples were described in a pre-

vious paper.7

EXPERIMENTAL

The silica gel samples were made by the sol–gel process using tetraethylorthosilicate (TEOS), water,

different solvents (ethanol and tert-butanol), acid catalyst HCl and DCCA - formamide. The amounts of the

initial compounds are presented in for each sample (Table I).

The sample XGW was washed after gelation in water for 47 days. The parameters of gelation and dry-

ing are shown in Table II.
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TABLE I.

Sample TEOS/cm
3

Solvent/cm
3

H2O/cm
3

HCl/cm
3

Formamide/cm
3

Ethanol Tert-butanol

XG 7.5 6.0 – 4.2 0.7 4.2

CG 7.5 – 6.1 6.6 0.7 4.2

TABLE II.

Sample Gelation time/h
Gelation

temperature/ºC
Drying method Drying time/days

Drying

temperature/ºC

XGW 1 60 Evaporation 139 20

XG 1 60 Evaporation 9 20

CG 24 40 Sublimation 1 25

The PLspectra were recorded using a Jobin-Ivon U1000 monochromator and photomultiplier as detec-

tor. The samples were excited by the 4.88 nm line of an Ar ion laser. The measurements were performed at

room temperature in air. The infrared (IR) reflection spectra of all samples were measured using BOMEM

DA8 spectrometer at room temperature in the spectral range from 400 to 1500 cm
-1

. For these measurements,

the KBr pellet technique was used.

RESULTS AND DISCUSSION

The PL spectra of the samples XGW, XG and CG are presented in Fig. 1 while

the PL spectra of the samples AG and AGS are shown in Fig. 2. The PL spectra

were deconvoluted using a sum of 4 or 5 pseudovoit profiles, which are also shown

in Figs. 1, and 2.

The IR spectra of the same samples are shown in Fig. 3. The IR spectra were

fitted using a three-parameter model of the dielectric function:

�(�) = �
�

+
S j

j jj � � �
2 2 2 3

� �

�

i�

where Sj, �j and �j are respectively the oscillator strength, resonance frequency and damp-

ing parameters of j-th oscillator, and �
�

is the high frequency dielectric constant.

From the deconvolution procedure of PL spectra, the band positions, width

and area below each band were obtained. The areas below the PL bands for each

xerogel, cryogel and aerogel sample are shown in Fig. 4.

The PL spectra of xerogels exhibit four bands at about 2.00, 2.20, 2.32 and

2.46 eV. In the PL spectra of the aerogels an additional band at 1.80 eV appears. As

was discussed in our previous work,7 the band at about 1.80 eV is connected with

NBOHC centers at the surface of the gel. The band at 2.00 eV is assigned to the

presence of silane, while the band at 2.20 originates from the non-stoichiometric

composition of the gel structure.7 In the PL spectra of xerogels and cryogel, bands

at 2.00 and 2.20 eV are also present. From the behavior of the band at 2.20 eV, in-
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formation about the non-stoichiometric composition of the gel structure can be ob-

tained. The exchange of the organic solvent by water allows the polymerization re-

action to go more to completion so the composition of the sample washed in water

is less non-stroichiometric. The process of sintering has the same effect so the area

below the 2.20 eV band is low in the case of the sintered aerogel.

After drying by evaporation or sublimation, a certain amount of solvent remains

in the closed pores of the sample. The presence of the organic solvent (ethanol or

tert-butanol) is visible in the IR spectra. The mode connected with ethanol is at about

1050 cm–1 while the mode of tert-butanol is at about 1150 cm–1. From the filling

procedure of the IR spectra, the oscillator strengths of these modes, which are pro-

portional to the amount of vibrating molecules or residues can be obtained. As can be

seen in Fig. 5a, the area below the PL band at 2.32 eV changes in a similar manner as

the oscillator strength of the organic solvents in the silica gel samples.

For example, in the sample XGW, which had been washed in water, the

amount of solvent is very low, as is the case of the sintered AGS sample where the

organic material had been removed by sintering at high temperature. In the case of

956 HINI], STANI[I] and POPOVI]

Fig. 1. PL spectra of the xerogel made with

ethanol (XG), xerogel washed in water

(XGW) and the cryogel made with

tert-butanol.

Fig. 2. PL spectra of the aerogels: non-sintered (AG) and

sintered 15 h at 1000 ºC.



these two samples the area below the band at 2.32 eV is low. It can be concluded

that this band originates from the organic compounds in silica gels structure. Note

that washing in water removes all the formamide. This can be seen from Fig. 3,

where in the spectrum of the XGW sample the mode at about 1400 cm–1 connected

with formamide is absent.
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Fig. 3. IR Spectra of the xerogels, cryogel

and aerogels. Experimental data are pre-

sented by circles, while the fit curve is the

solid line.

Fig. 4. Areas below the PL bands in the spectra of all the samples.



For each sample the spectral activity in spectral range where the antisymme-

tric modes connected with the Si–O–Si bonds are positioned were calculated. This

spectral activity increases with increasing network connectivity.11

The area below the band at 2.46 eV and the measure of spectral activity of IR

spectra in the region connected with the antisymmetric vibrations of Si–O–Si are

shown. The presence of water during washing (in the case of the XGW sample) al-

lows the condensation process to continue and so the number of Si–O–Si bond in-

creases. The sintering process affects the structure of the silica aerogel in a similar

way (AGS sample). The area below the band at 2.46 eV is higher in the PL spectra

of the XGW and AGS samples. It can be concluded that increasing the network

connectivity increases number of defects too. There are probably E’ centers which

are prominent defects in conventional a – SiO2.

CONCLUSIONS

The method of synthesis, precursors and drying procedure affect the defects

which can be formed in the structure of silica gel. The PL spectra of silica xerogels

and cryogels consist of four bands at 2.00, 2.20, 2.32 and 2.46 eV. The band at 2.00

eV originates from the presence of silane at the surface of the sample. The non-sto-

ichiometric composition of the structure of the gels produces a PL band at 2.20 eV.

958 HINI], STANI[I] and POPOVI]

Fig. 5. a) Oscillator strengths of the alcoholic

modes compared with the area below the PL

mode at 2.32 eV; b) spectral activity of the

IR modes connected with the antisymmetric

vibration of the Si–O–Si bonds compared

with the area below the PLmode at 2.46 eV.



The band at 2.32 eV is connected with the presence of organic residues which remain

in the gel pores after drying. Increasing the network density allows the formation of

E’ paramagnetic defect centers which produce a PL band at 2.46 eV.

Acknowledgement: This work was supported by the Ministry of Science, Technology and Development

of the Republic of Serbia under the project No 1469.

IZVOD

UTICAJ USLOVA SINTEZE NA FOTOLUMINESCENCIJU SILIKA GELOVA

IVANA HINI], GORAN STANI[I] i ZORAN POPOVI]

Institut za fiziku Pregrevica 118, 11080 Beograd–Zemun

Prikazali smo fotoluminescentne spektre uzorka silika kserogela sintetisanog sa

etanolom kao rastvara~em i uzorka kserogela u kome je etanol zamewen sa vodom pre su{ewa.

osim toga, istra`ivali smo fotoluminescentni spektar silika kriogela sintetisanog sa

tert butanolom kao rastvara~em. Uzorci su modifikovani formamidom. U fotoluminescen-

tnom spektru svih uzoraka identifikovane su trake na 2,00, 2,20, 2,32 i 2,46 eV. Traka na 2,00

eV je uzrokovana prisustvom silana dok je traka na 2,20 eV vezana za nestehiometrijski sastav

silike. Ustanovili smo da fotoluminescentna traka na 2,32 eV poti~e od organskih grupa iz

rastvara~a. Uzrok trake na 2,46 eV su E' centri koji su ~esti paramagnetni defekti kod

konvencionalnog a-SiO2.

(Primqeno 2. juna 2003)
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Abstract: The direct photolysis and photocatalytic degradation of a pyridine pesti-

cide analogue, 2-amino-5-chloropyridine, were investigated employing different

analytical techniques – potentiometry, for monitoring the pH and chloride genera-

tion, spectrophotometry, for studying the degradation of the pyridine moiety, ion

chromatography, for monitoring nitrate formation, and total organic carbon analysis

for investigating the efficiency of the process. The photocatalytic degradation was

studied in aqueous suspensions of titanium dioxide under illumination by UV light.

It was found that chloride evolution was a zero-order reaction which takes place by

direct photolysis, in that way differing from the degradation of the pyridine moiety,

which takes place in the presence of titanium dioxide. Changes in pH during degra-

dation indicate the formation of acidic intermediates and nitrate in addition to chlo-

ride. The effect of the initial substrate concentration was also investigated by moni-

toring the reaction of chloride generation as well as the degradation reaction of the

pyridine moiety. It was found that degradation of the parent compound (2.5 mmol/dm
3
)

by direct photolysis is completed in about 20 minutes, and of the pyridine moety by

photocatalytic degradation in about nine hours. Based on the obtained data a possi-

ble reaction mechanism is proposed.

Keywords: direct photolysis, photocatalytic degradation, titanium dioxide, 2-ami-

no-5-chloropyridine, water treatment.

INTRODUCTION

Pollution of waterstreams by different organic pollutants, among which pesti-

cides are very common, represents a serious environmental problem. Several con-

ventional methods of water treatment exist, and as such have found certain practi-

cal applications. They are, however, either slow or non-destructive for some more

persistant organic pollutants. On the contrary, heterogeneous photocatalysis with

titanium dioxide as catalyst under UV irradiation was proven to be an efficient

method to completely mineralise organic compounds.1–12 Namely, during this
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process, organic carbon and hydrogen are transformed to carbon dioxide and wa-

ter, while covalently bound halogen, nitrogen, sulphur and phosphorus are trans-

formed to halide, ammonium/nitrite/nitrate, sulphate and phosphate, respectively.

It is also important to point out that the inertness, low toxicity and low cost of tita-

nium dioxide make it a good choice of semi conductor for heterogeneous photo-

catalysis.

When TiO2 is illuminated with UV radiation, electron-hole pairs are formed.13 The

thus generated holes are strong oxidizing agents (E = +2.8 V). In the reaction between the

photogenerated holes and the water molecules and hydroxyl ions adsorbed on the TiO2

surface, hydroxyl radicals capable of the mineralization of organic compounds are formed:

TiO2
hv

� �� TiO2 (e– + h+)

h+ + H2O (ads.) � OH*(ads.) + H+

h+ + OH–(ads.) � OH*(ads.)

To prevent electron-hole recombination, it is necessary for the illumination to take

place in the presence of an electron acceptor. For this purpose, illumination is most often

carried out in an oxygen stream:

e
–

+ O2(ads.) � O2
–
(ads.)

In this work, the photocatalytic degradation of an analogue of pyridine pesticides,14

2-amino-5-chloropyridine, was studied by potentiometry, spectrophotometry, ion chroma-

tography and by monitoring the change in the content of total organic carbon (TOC) in or-

der to gain insight into the reaction kinetics and the nature of the intermediates involved

and, consequently, to propose the probable mechanism of 2-amino-5-chloropyridine

photodegradation. The effect of the initial concentration was also investigated.

EXPERIMENTAL

Chemicals and solutions

All chemicals used in the investigation were reagent grade and were used without further puri-

fication. 2-Amino-5-chloropyridine was purchased from Merck. The titanium dioxide used as

photocatalyst was Degussa P25 (predominantly anatase, 50 m
2
/g, nonporous). The solutions were

prepared with doubly distilled water. Milli-Q water was used as a component of the mobile phase in

the ion chromatography.

For the investigation of the effect of the initial concentration of 2-amino-5-chloropyridine,

stock solutions (2.5 and 2.9 mmol/dm
3
) were prepared. These solutions were diluted to prepare solu-

tions of lower concentrations for investigation.

Standard chloride solutions for calibration were prepared by dilution of stock sodium chloride

solution (100 mmol/dm
3
) to obtain solutions in the concentration range 0.01 – 3 mmol/dm

3
.

Photodegradation procedure

For the irradiation experiments, 20.0 cm
3

of the to be investigated compound solution were

measured into a double-walled photochemical cell made of Pyrex glass, equipped with a magnetic

stirring bar. Then 40 mg of titanium dioxide were added, the solution was sonicated to make the par-
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ticles uniform and then thermostated at 40 � 0.5 ºC in a stream of oxygen. A 125 W Philips HPL-N

mercury lamp with the highest emitted intensity in the UV region at 366 nm, was used as the irradia-

tion source.

Analytical procedure

The changes in the concentration of chloride generated during the degradation were monitored

using a chloride ion selective electrode (Mettler Toledo Me-51340400) coupled to a saturated calo-

mel electrode (Iskra K401) via a potassium nitrate electrolytic bridge and connected to a pH-meter

(Radiometer PHM62). KNO3 (100 mmol/dm
3
) was added to maintain the ionic strength during irra-

diation constant.

Changes in the pH during the degradation were monitored by continuous potentiometry using

a combined glass electrode (Iskra) connected to a recorder (Goerz Electro, type Servogor SbRE

647.9) via a pH-meter (Iskra MA 5706).

For spectrophotometric determinations during the degradation of the substrate in the presence

of TiO2, as well as for direct photolysis experiments, aliquots of 0.2 cm
3

of the reaction mixture

were taken at regular time intervals and diluted to 10.00 cm
3
. The solutions containing TiO2 were

filtered through membrane filters (Millex-GV, 0.22 �m) to separate the TiO2 particles before their

spectra were recorded in the wavelength range from 200 to 400 nm using a Secomam Anthelie Ad-

vanced 2 spectrophotometer. The kinetics of the degradation were monitored at 239 nm.

For ion chromatographic determinations, aliquots of 0.25 cm
3

of the reaction mixture were

taken at regular time intervals and diluted to 10.00 cm
3
. After dilution, these solutions were filtered

in the same manner as for the spectrophotometric measurements, and analysed on an ion chro-

matograph Dionex DX-120 equipped with a Dionex AS14 column and a conductometric detector.

The eluent was a mixture of Na2CO3 (3.5 mmol/dm
3
) and NaHCO3 (1 mmol/dm

3
), flow rate 1.23

cm
3
/min. For TOC analysis, samples were irradiated for different time intervals and analysed using

a Euroglass TOC 1200 analyzer.

RESULTS AND DISCUSSION

The rate of 2-amino-5-chloropyridine degradation was monitored by measuring the

rate of chloride formation because these two processes take place simultaneously. Since

our results and the declaration of the manufacturer indicated the presence of chloride in the

catalyst, for the calibration of the chloride electrode, titanium dioxide was added to the

standard chloride solutions in the same amount as employed for the irradiation experi-

ments.

The effect of the initial concentration of the substrate on the rate of chloride genera-

tion, as well as on the rate of substrate disappearance in the presence of titanium dioxide is

presented in Fig. 1A. On the basis of these kinetic curves, a linear dependence of ln c/c0 on

illumination time was obtained for heterogeneous photocatalysis for all the investigated

initial concentrations (insert in Fig. 1A). This suggests that over the entire investigated con-

centration range, the degradation reaction of the substrate is first-order. The calculated val-

ues for the rate constant (k) are presented in Table I, together with the correlation coeffi-

cients for each of the fitted lines, and the corresponding half-life values. As can be seen, the

values obtained for the rate constant are significantly higher than those found in literature,

which they should be according to a mechanism involving hydroxyl radicals in the pres-

ence of titanium dioxide, independent of the type of the compound.13 This would suggest

that the reaction of chloride generation, i.e., degradation of the initial compound, is not
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governed by hydroxyl radical formation on titanium dioxide, but that it takes place by an-

other mechanism. For this reason the effect of the initial substrate concentration on the ki-

netics of chloride generation by direct photolysis was also investigated (Fig. 1B). It was

found that the reaction of chlorine elimination not only occurs in the absence of titanium

dioxide, but that it is faster and of zero-order (Table II), further supporting the assumption

that the reaction takes place via a different mechanism. In this case, the opacity and light

scattering by the titanium dioxide slurry diminishes the intensity of UV light, which ex-

plains the lower values for the rate of chloride generation in the presence of titanium diox-

ide. This effect becomes more evident with increasing initial substrate concentration and

can be explained by the fact that there are more substrate molecules at higher concentra-

tions resulting in a lower photon efficiency.

The results represented in Table I also show that the degradation rate in the presence

of titanium dioxide depends on the initial 2-amino-5-chloropyridine concentration in a

964 ABRAMOVI] et al.

Fig. 1. Effect of the initial concentration

of 2-amino-5-chloropyridine on its deg-

radation rate monitored by potentiom-

etry (mmol/dm
3
): (A) (1) 2.9; (2) 2.5;

(3) 2.0; (4) 1.0; in the presence of TiO
2

(2 mg/cm
3
); (B) (1) 2.5; (2) 2.0; (3) 1.5;

(4) 1.0; in the reaction of direct photoly-

sis.

A

B



way that the rate constant k decreases with increasing initial concentration. This finding in-

dicates that the degradation kinetics of 2-amino-5-chloropyridine are not of simple first-or-

der but pseudo-first-order. Furthermore, the slopes of the lines and the k values presented in

Table I show that the reaction rate constant decreases rapidly at lower initial substrate con-

centrations, while at higher initial concentrations, it decreases more slowly.

A high rate of the degradation of the initial compound does not necessarily indicate its

complete mineralization. Namely, the formation of much more stable, and what is worse

probably more toxic intermediates, is very common. For this reason a spectrophotometric

method was used for monitoring the rate of the degradation of the pyridine moiety. It was
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Fig. 2. UV Spectrum profiles during photocatalytic degradation of the 2-amino-5-chloropyridine

(2.5 mmol/dm
3
) in the presence of TiO2 (2 mg/cm

3
). Illumination time (h): (1) 0; (2) 0.5; (3) 1.0; (4) 2.0;

(5) 3.5; (6) 5.5; (7) 8.0; (8) 9.0.

Fig. 3. Kinetic curves for the degradation of the pyridine moiety monitored by spectrophotometry

(mmol/dm
3
): (1) 2.5; (2) 2.5; (3) 2.1; (4) 1.5; (5) 1.0; (6) 0.5. Curve (1) direct photolysis; curves (2) – (6) in

the presence of TiO2 (2 mg/cm
3
).



found that the UV spectrum of the investigated compound has two distinct absorption

maxima in the range from 200 to 340 nm (Fig. 2). During illumination, Fig. 2, both the ab-

sorption maxima decrease which indicates the destruction of the pyridine moiety. The

change in the concentration of the pyridine moieties during illumination are presented in

Fig. 3, curves 2–6. From the obtained kinetic curves, it can be concluded that the time nec-

essary for the elimination of chlorine (direct photolysis) is significantly lower (about 25

times) than the time necessary for the complete destruction of the pyridine moieties. This

indicates that the chlorine elimination reaction dominates in the first part of the process, af-

ter which the reaction of the destruction of the pyridine moieties takes place i.e., the degra-

dation of all the pyridine intermediates.

TABLE I. Effect of the initial concentration (c0) of 2-amino-5-chloropyridine on the photodegradation rate

c0/(mmol/dm
3
) 10

2 k/min
-1§ r† t1/2/min

‡

1.0 15 0.999 3.76

2.0 7.1 0.999 9.33

2.5 6.3 0.999 10.72

2.9 5.5 0.999 12.56

§
First-order rate constant;

†
linear regression coefficient;

‡
half-life

The degradation of the pyridine moieties was also investigated by direct photolysis

(Fig. 3, curve 1). As can be seen, complete degradation of the pyridine moieties does not

occur, indicating the advantage of the application of heterogeneous photocatalysis.

TABLE II. Effect of the initial concentration (c0) of 2-amino-5-chloropyridine on the direct photolysis rate

c0/(mmol/dm
3
) 10

4 k/(mol dm
-3

min
-1

)
§ r† t1/2/min

‡

1.0 1.33 0.998 3.41

1.5 1.32 0.999 5.39

2.0 1.28 0.999 7.39

2.5 1.11 0.999 10.96

§
Zero-order rate constant;

†
linear regression coefficient;

‡
half-life

Monitoring the kinetics of photocatalytic degradation by means of the change in the

pH has mainly been employed for the investigation of simple molecules, such as chloro-

form, tetrachloromethane or dichloromethane, where practically no intermediates are

formed, and therefore the formation of hydronium ions directly corresponds to the kinetics

of the degradation of the initial compound.3 This is not usually the case with more com-

plex molecules where the change in the pH cannot be used for kinetic analysis, but, never-

theless, its monitoring during a photocatalytic process gives valuable insight into the net

changes in the investigated system. Thus, the change in the pH monitored during the irra-

diation of a � 2.5 mmol/dm3 2-amino-5-chloropyridine solution (Fig. 4, curve 3) confirms

that the process of chloride generation dominates since a sudden drop of pH occurs, al-

though its value is higher than it should be if only hydrochloric acid were formed, indicat-
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Fig. 4. Typical diagram of the degradation of 2-amino-5-chloropyridine in the presence of TiO2 (2 mg/cm
3
):

(1) TOC; (2) normalized concentration of the pyridine moiety; (3) pH; (4) normalized nitrate concentration.

Fig. 5. Possible mechanism for the photocatalytic degradation of 2-amino-5-chloropyridine.



ing protonation of the pyridine nitrogen, as well as the formation of ammonium ions. The

further decrease of pH is most likely due to the formation of formic, acetic and nitric acids.

The evolution of nitrate was confirmed by ion chromatography (Fig. 4, curve 4), but only

after three hours of illumination and in relatively low concentrations. The continuous de-

crease of pH value even after the complete degradation of the compound (20 h) indicates

the gradual transformation of ammonium ions to nitrate.2

As it can be seen from the results of the TOC measurements (Fig. 4, curve 1), during

the first part of the process, the change in TOC is small. The subsequent steady decrease of

the TOC with time confirms the complete mineralization of the initial compound, as well

as the intermediates formed during the process. After 9 h of irradiation (when all the

pyridine moieties had been degraded, Fig. 4, curve 2), the initial TOC had been reduced by

about 80 %, indicating possible presence of formic and acetic acids.

Taking into account the nature of some of the observed species and the rate of their

disappearance, as well as literature data,2,3,12,15–17 the probable mechanism of the pho-

tocatalytic degradation of 2-amino-5-chloropyridine is shown in Fig. 5. As can be seen, in

the first stage substitution of the Cl atom by an OH group takes place.3,12,16 After that the

NH2 group and one of the ring H atoms are substituted by OH radicals.17 The substituted

amino group is further transformed to nitrogen containing inorganic ions (predominantly

in the from of NH4
+).17 The parent compound, after transformation into a polyhydroxylic

pyridine readily undergoes ring opening and further degradation to acetic and formic acid,

carbon dioxide and nitrogen containing inorganic ions (predominantly in the form of

NH4
+).2,15 By a further action of OH radicals, the acetic and formic acid are decomposed

into CO2 and H2O.

In order to confirm the efficiency of the photocatalytic degradation, the degradation kinet-

ics were monitored in the absence of TiO2 in both the presence and absence of sunlight. It was

found that the substrate decomposes spontaneously under sunlight but at a lower rate (Fig. 6,

curve 2). After 115 days of exposition of substrate solutions to daily sunlight about 40 % of the
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Fig. 6. Kinetics of the degradation of 2-amino-5-chloropyridine (2.5 mmol/dm
3
) in the absence of TiO2

monitored by spectrophotometry: (1) in the dark; (2) in sunlight.



substrate had been degraded. The solutions protected fromsunlight showed no change even af-

ter 80 days (Fig. 6, curve 1). These results indicate that, as was expected, the most efficient

method for the destruction of the substrate is irradiation in the presence of TiO2.
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DIREKTNA FOTOLIZA I FOTOKATALITI^KA RAZGRADWA

2-AMINO-5-HLORPIRIDINA

BIQANA F. ABRAMOVI], VESNA B. ANDERLUH, AN\ELKA S. TOPALOV i FERENC F. GAL

Departman za hemiju, Prirodno-matemati~ki fakultet, Trg D. Obradovi}a 3, 21000 Novi Sad

Ispitivane su direktna fotoliza i fotokataliti~ka razgradwa 2-amino-5-hlor-

piridina, kao model jediwewa za pesticide koji u svom molekulu imaju piridinski

prsten. Primewene su razli~ite analiti~ke tehnike – potenciometrija, za pra}ewe

pH i za nastajawe hlorida, spektrofotometrija za pra}ewe razgradwe piridinskog

prstena, jonohromatografija za pra}ewe nastajawa nitrata i analiza ukupnog organ-

skog ugqenika radi ispitivawa efikasnosti procesa. Fotokataliti~ka razgradwa je

prou~avana u vodenim suspenzijama titan(IV)-oksida uz ozra~ivawe ultraqubi~astom

svetlo{}u. Na|eno je da je reakcija nastajawa hlorida nultog reda i da se odvija

direktnom fotolizom, te se na taj na~in razlikuje od procesa razgradwe pridinskog

prstena, do kog dolazi u prisustvu titan(IV)-oksida. Promena pH u toku razgradwe

ukazuje na nastajawe kiselih intermedijera i nitrata pored hlorida. Tako|e je ispi-

tan i uticaj po~etne koncentracije supstrata pra}ewem kako reakcije nastajawa

hlorida, tako i reakcije razgradwe piridinskog prstena. Na|eno je da je razgradwa

polaznog jediwewa (2,5 mmol/dm
3) direktnom fotolizom potpuna za oko 20 minuta, a

piridinskog prstena primenom fotokataliti~ke razgradwe za oko devet sati. Na

osnovu dobijenih podataka predlo`en je mogu} mehanizam reakcije.

(Primqeno 23. juna 2003)
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Abstract: The retention behaviour of estradiol derivatives was studied by HPLC on chemi-

cally bonded polar stationary phases: commercially available amino- and diol- columns, as a

function of the heptane-propan-1-ol as the mobile phase, when the volume fraction of

propan-1-ol in the binary mobile phase was low, even less than 5 %. The relationship be-

tween the logarithm of the retention constant (log k) and the logarithm of the volume frac-

tion of propan-1-ol (–log �) in the eluent was linear for all solutes studied. The results are

discussed in terms of the solute and stationary phase properties and compared with the re-

sults of the same derivatives obtained in earlier investigations.

Keywords: HPLC, amino- and diol- columns, non-aqueous eluent, estradiol derivatives, re-

tention behaviour.

INTRODUCTION

Estrogens1 are important physiologically active substances produced by the ovaries.

Among the most important estrogens is estradiol. Some simple chemical modification of

the basic structure of the steroid can have a direct effect on the activity, in particular on the

binding activity, of estradiol.

In our previous papers2–6 the retention behaviour and retention mechanism of some

estradiol and estrone derivatives chromatographed on silica gel, alumina, chemically

bonded polar phases and C-18 bonded silica gel in normal and reversed phase, using sev-

eral non-aqueous and aqueous eluents, was described. The type of the stationary and mo-

bile phases, as well as the nature, number, and position of substituents in the molecule of

the steroids were observed to have significant and distinct effects on the retention.

Non-aqueous mobile phases are more often used with chemically bonded polar station-

ary phases7–10 than are aqueous mobile phases. Amino- and diol- stationary phases bonded

on a silica gel support, comprising three carbon atoms (aminopropyl and 1,2-dihydro-

xypropylether), are less polar than non-modified silica gel or alumina adsorbents. The

bonded chains are not long enough to provide efficient shielding of the residual silanol
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groups, which could not be modified in the silanization procedure because of steric reasons.

As a result of this, chemically bonded polar stationary phases provide for more specific inter-

action at the surface and have operating advantages over traditional silica gel columns.

Several studies have reported that the competitive model of adsorption can be used to

describe retention on chemically bonded polar phases in normal-phase chromatogra-

phy.4,11–13 This model yields, with some simplification, Eq. (1) describing the dependence

of the retention (capacity factor, k) on the mole fraction of the polar solvent, Nb, in a binary

mobile phase comprised of a polar solvent and a none-polar one14:

log k = log k0 – n log Nb (1)

In this exponential equation, n is a constant giving the ratio of the molecular area on

the adsorbent surface occupied by one molecule of the sample solute to that occupied by

one molecule of the polar solvent. The concentration can often be expressed as the volume

fraction, �, instead of the mole fraction:
15

log k = log k0 – n log � (2)

In addition, the competitive model does not take into account so-called secondary sol-

vent effects. These effects, resulting from solute–solvent interactions in both the mobile

and adsorbed phases, give rise to some of the most useful changes in retention and are of-

ten the source of chromatographic selectivity.

Although Eq. (2) is widely known in the chromatographic literature, Jandera and

Chura~ek15 have shown that for normal phase liquid–liquid chromatography the relation-

ship between logarithm retention constant log k and volume fraction of the more polar

component, �, in a binary eluent is better represented by the quadratic expression:

log k = a�2 + b� + c (3)

Assuming that the quadratic term can be ignored, to a first approximation, they ob-

tained Eq. (4):

log k = log k0 – m� (4)

This model15 interprets that the retention and retention mechanism are governed by a

partitioning process.

This paper investigates the retention behaviour and retention mechanism of estradiol

derivatives on amino- (aminopropyl) and diol- (1,2-dihydroxypropylether) columns using

heptane-propan-1-ol eluents. The volume fraction of propan-1-ol in the binary mobile

phases was low, even less than 5 %.

The compounds and their molecular structures are listed in Table I.

EXPERIMENTAL

The separations were performed with a Milton Roy (Riviera Beach, FL, USA) Consta Metric 3000

pump and a Milton Roy Spectro Monitor 3160 variablewavelength UV-vis detector set at 254 nm. The sam-

ples were injected using a Rheodyne 7125 valve (Cotati, CA, USA) fitted with a 20 �L loop. The columns
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used were commercially available 5 �m LiChrosorb NH2 and LiChrosorb DIOL, 250�4 mm i.d. (E. Merck,

Darmstadt, Germany).

TABLE I. IUPAC names and chemical structures of the studied compounds

No. IUPAC Name R1 R2 R3 R4

1 3,17�-Dihydroxyestra-1,3,5(10-triene (estradiol) OH OH

2 3-Methoxy-17�-hydroxyestra-1,3,5(10)-triene a)
OMe OH

3 3-Acetoxy-17�-hydroxyestra-1,3,5(10)-triene b)
OAc OH

4 3,17�-Diacetoxyestra-1,3,5(10)-triene OAc OAc

5 3-Propionoxy-17�-hydroxyestra-1,3,5(10)-triene c)
OPr OH

5a 3-Hydroxy-17�-propionoxy estra-1,3,5(10)-triene OH OPr

6 3,17�-Dipropionoxyestra-1,3,5(10)-triene OPr OPr

7 3-Benzoyloxy-17�-propionoxy estra-1,3,5(10)-triene d)
OBz OH

8 3,17�-Dibenzoyloxyestra-1,3,5(10)-triene OBz OBz

9 3-Acetoxy-17�-benzoyloxyestra-1,3,5(10)-treiene OAc OBz

10 3,17�-Dihydroxyestra-1,3,5(10)-triene-6-one OH =O OH

11 3-Methoxy-17�-hydroxyestra-1,3,5(10)-triene-6-one OMe =O OH

12 3-Hydroxy-17�-propionoxy estra-1,3,5(10)-triene-6-one OH =O OPr

13 3,17�-Dipropionoxy-1,3,5(10)-triene-6-one OPr =O OPr

14 3,9�-Dihydroxy-17�-propionoxyestra-1,3,5(10)-triene-6-one OH =O �-OH OPr

15 3,17�-Dipropionoxy-9�-hidroxyestra-1,3,5(10)-triene-6-one OPr =O �-OH OPr

a)
OMe-OCH3,

b)
OAc-OCOCH3,

c)
OPr-OCOCH2CH3,

d)
OBz-OCOC6H5

The estradiol derivatives (Table I), synthesized by original reactions or according to literature meth-

ods,
16

were dissolved (0.005 mg mL
-1

) in methanol and the solutions prefiltered through a 0.2 �m Chromafil

filter (Macherey-Nagel, Düren, Germany).

One binary solvent system, heptane–propan-1-ol was used as the mobile phase with varying contents of

the more polar component; propan-1-ol 1–20 %; increments 2 and 5 %. The solvents used to prepare the mo-

bile phases were of analytical grade and were filtered through a 0.45 �m filter and deggased before use. The

flow rate was 1 mL min-1
at room temperature.

The retention factor, k, was calculated from k = (tr–t0)/t0, where tr is the retention time of the solute and

t0 the column void time measured using the solvent disturbance peak obtained when trace amounts of metha-

nol were injected into the column. Each tr value was measured in triplicate and averaged.

RESULTS AND DISCUSSION

The logarithmic relationship between the retention factor, k, of the investigated com-

pounds and the volume fraction, �, of the propan-1-ol as the stronger solvent in the binary
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eluent, for both columns was linear. This behaviour suggests that the model based on Eq.

(2) is suitable to describe the experimental behaviour of estrodiol derivatives on both col-

umns. The numerical data for log k and the constants n and log k0 for each studied com-

pound for the amino- and diol- column with heptane–propan-1-ol as the eluent are pre-

sented in Tables II and III, respectively. The correlation coefficients from linear regression

analysis of the experimental log k values varied from 0.9959 to 1. The linear relationship

between the logarithm of the retention constant and the logarithm of the volume fraction of
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Fig. 1. Correlation lines of Eq. (2) for the amino column and eluent heptane–propan-1-ol; compound desig-

nation as in Table I.

Fig. 2. Correlation lines of Eq. (2) for the diol column and eluent heptane–propan-1-ol; compound designa-

tion as in Table I.



propan-1-ol in the eluent for compounds 1, 2, 3, 4, 6, 9 and 10 on the amino- and diol- col-

umns are presented in Figs. 1 and 2, respectively.

TABLE II. Retention data and constants n and log k0 of Eq. (2) of the estradiol derivatives for the amino col-

umn; r-correlation coefficient; � is the concentration of propan-1-ol % (v/v) in the binary mobile phase

heptane–propan-1-ol

� 0.2 0.15 0.1 0.05 0.03 0.01

–log � 0.7 0.82 1 1.3 1.52 2
n log k0 r

Comp. log k

1 – 0.25 – 0.134 0.065 0.383 – – 1.06 – 0.998 0.9999

2 – – – 0.291 – 0.004 0.191 0.643 0.93 – 1.221 0.9999

3 – 0.386 – 0.271 – 0.06 0.265 0.506 – 1.1 – 1.159 0.9999

4 – – – 0.586 – 0.412 – 0.28 0.002 0.59 – 1.176 0.9999

5 – 0.526 – 0.381 – 0.18 0.158 0.41 – 1.14 – 1.317 0.9999

5a – 0.468 – 0.313 – 0.098 0.313 0.529 – 1.24 – 1.328 0.9988

6 – – – 0.966 – 0.78 – 0.63 – 0.34 0.63 – 0.1599 0.9944

7 – 0.468 – 0.318 – 0.131 0.2 0.44 – 1.1 – 1.229 0.9998

8 – – – 0.852 – 0.676 – 0.53 – 0.24 0.61 – 1.469 0.9998

9 – – – 0.762 – 0.58 – 0.44 – 0.17 0.59 – 1.35 0.9996

10 0.153 0.35 0.698 – – – 1.83 – 1.133 0.9991

11 – 0.177 – 0.029 0.257 0.63 – – 1.36 – 1.129 0.9991

12 – 0.294 – 0.163 0.1 0.454 – – 1.26 – 1.182 0.9999

13 – – – 0.278 – 0.043 0.131 0.504 0.78 – 1.06 0.9999

14 0.112 0.301 0.646 – – – 1.79 – 1.151 0.9986

15 – 0.267 – 0.082 0.217 0.62 – – 1.48 – 1.294 0.9988

The retention behaviour of the estradiol derivatives on both columns were very simi-

lar and in accordance with the general retention behaviour in normal phase liquid chroma-

tography. The retention sequence obtained with the eluent heptane–propan-1-ol is that pre-

dicted on the basis of the polarity of the compounds; the more polar solutes, compounds 1,

10 and 14 were more strongly retained and vice versa.

All the studied estradiol derivatives are more strongly retained on the amino column

than on the diol column. Namely, both functions can form hydrogen bonds using both their

own hydrogen atoms and hydrogen originating from the solute or solvent molecules, but

only the amino function can be protonated.

The adsorption characteristics of the stationary phase of both columns are the conse-

quence of proton acceptor-donor behaviour.

The slopes for the same compounds on the different columns (Tables II and III) were

very similar. Because of this it was possible to average the values. Slope n in Eq. (2) is the

change of the retention constant log k with the change of the volume fraction, �, in the

eluent and can be expressed as:
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n =
d

d

(log )

(log )

k

�

(5)

TABLE III. Retention data and constants n and log k0 of Eq. (2) of the estradiol derivatives for the diol col-

umn; r-correlation coefficient; � is the concentration of propan-1-ol % (v/v) in the binary mobile phase

heptane–propan-1-ol

� 0.2 0.15 0.1 0.05 0.03 0.01

–log � 0.7 0.82 1 1.3 1.52 2
n log k0 r

Comp. log k

1 – 0.199 – 0.069 0.13 0.44 – – 1.07 – 0.942 0.9999

2 – – – 0.289 0.018 0.185 0.676 0.96 – 0.243 0.9994

3 – 0.474 – 0.313 – 0.058 0.272 0.458 – 1.14 – 1.245 0.9959

4 – – – 0.769 – 0.568 – 0.42 – 0.088 0.68 – 1.453 0.9999

5 – 0.535 – 0.435 – 0.169 0.156 0.354 – 1.16 – 1.38 0.9960

5a – 0.568 – 0.364 – 0.082 0.277 0.51 – 1.31 – 1.439 0.9961

6 – – – 1.165 – 0.966 – 0.805 – 0.468 0.7 – 1.869 0.9999

7 – 0.56 – 0.41 – 0.145 0.176 0.383 – 1.16 – 1.346 0.9969

8 – – – 1.12 – 0.896 – 0.736 – 0.388 0.73 – 1.849 0.9999

9 – – – 1.018 – 0.805 – 0.639 – 0.276 0.74 – 1.767 0.9999

10 0.123 0.343 0.67 – – – 1.82 – 1.152 1

11 – 0.201 – 0.051 0.17 0.535 – – 1.32 – 1.173 0.9999

12 – 0.363 – 0.195 0.063 0.411 – – 1.29 – 1.253 0.9985

13 – – – 0.482 – 0.24 0.078 0.274 0.75 – 1.227 0.9997

14 0.081 0.296 0.641 – – – 1.87 – 1.232 0.9998

15 – 0.375 – 0.195 0.091 0.479 – – 1.43 – 1.362 0.9988

From Eq. (5) it is clear that the retention of a compound which has a slope decreases

faster with increasing � in comparison with a compound which has a lower values of the

constant n. With increasing �, the interations solute-stationary phase are reduced but the in-

teractions solute–mobile phase are increased. On silica gel,2,17–19 the retention and slope are

strictly a function of the polarity of compound. More polar compounds have langer

retentions and a bigger slope. However, in this and in earlier investigations4 on chemically

bonded phases, this rule was not confirmed. The retention order of he estradiol derivatives on

both columns for � = 0.1 and order of the average values of constant n are as follows:

Amino 10>14>11>.15>12>1>3>5a>7�5>13�2>4>9>8>6

Diol

n–

10>14>11>1>15>12>3>5a�7>5>2>13>4>9>8>6

10 = 14>15>7�3>11>12=5a>5>1>2>13>9=9=6>4

As the slopes of the solutes were not in accordance with their retention values there

was no correlation between n and log k0 of the compounds.
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VISOKO PRITISNA TE^NA HROMATOGRAFIJA DERIVATA ESTRADIOLA

NA AMINO- I DIOL- KOLONI SA NEVODENOM POKRETNOM FAZOM

MARIJANA M. A^ANSKI

Odeqewe za op{tu i neorgansku hemiju, Tehnolo{ki fakultet, Univerzitet u Novom Sadu,

Bulevar cara Lazara 1, 21000 Novi Sad

U radu je primenom visoko pritisne te~ne hromatografije ispitano retenciono po-

na{awe derivata estradiola na amino- i diol- hemijski vezanoj fazi. Kao pokretna faza

kori{}ena je sme{a heptan–1-propanola, u razli~itim odnosima. Udeo 1-propanola bio je

nizak, u nekim pokretnim fazama mawi od 5 %. Retenciono pona{awe ispitivanih derivata

je diskutovano sa aspekta prirode rastvorka, nepokretne i pokretne faze. Za sve ispitane

derivate dobijena je linearna zavisnost izme|u logaritma retencione konstante i loga-

ritma zapreminskog udela polarnije komponente pokretne faze tj., 1-propanola. Iako su

retenciona vremena derivata estradiola du`a na amino koloni, efikasnost razdvajawa na

razli~iim kolonama je veoma sli~na. Dobijeni rezultati su upore|eni i sa retencionim

podacima istih jediwewa dobijenih u ranijim ispitivawima na silika gelu.

(Primqeno 7. aprila, revidirano 13. avgusta 2003)
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Abstract: In order to understand the role of TiO2 in the deactivation mechanism of an active

RuO2–TiO2 coating, an additional TiO2 layer was introduced in the support�coating inter-

phase of regular Ti//�RuO2–TiO2� anode in one case and on the surface of the coating in the

other. The electrochemical behavior of these, with TiO2 enriched, anodes was compared

with the behavior of anodes with regular RuO2–TiO2 coatings, which were subjected to an

accelerated stability test. Ahigh-frequency semicircle in the complex plane plot, obtained by

electrochemical impedance spectroscopy, for a regular RuO2–TiO2 coating corresponds to

TiO2 enrichment in the coating as a consequence of anode corrosion. In the case of the coat-

ings with additional TiO2 layers, a high-frequency semicircle was not observed. The addi-

tional TiO2 layers increase the coating overall resistance and influence the coating imped-

ance behavior at low frequencies. Similar equivalent electrical circuits were used to analyze

the impedance behavior of coatings having an additional TiO2 layer at different position

within RuO2–TiO2 coating.

Keywords: RuO2–TiO2 coating, corrosion stability, oxide sols, sol-gel procedure, electro-

chemical impedance spectroscopy.

INTRODUCTION

Dimensionally stable anodes lose their electrocatalytic activity during long-term elec-

trolysis, which leads to the end of their service life of an anode. Corrosion stability, i.e., an-

ode service life, can be monitored by an accelerated stability test (AST),1–4 which is based

on the galvanostatic electrolysis of a dilute chloride solution at relatively high current den-

sity. In the AST, the end of the service life of an anode is seen as a sudden increase of the

potential at constant current, which is caused by an increase in the coating resistance. The

increase in resistance could be a consequence of the growth of an insulating TiO2 layer in
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the substrate�coating interphase, caused by the oxidation of the Ti substrate, and/or by the

anodic dissolution of catalytically active Ru species, which enriches the coating surface

with insulating TiO2. An erosion of the coating can also be involved in this deactivation

pathway.1,5 The anode deactivation mechanism depends on the coating morphology. In

earlier works,4,6 Ti//�RuO2–TiO2� anodes with considerably different service life were ob-

tained by changing the conditions in the sol-gel procedure for the coating preparation,

which resulted in oxide particles of different size and, consequently, differences in the coat-

ing morphology. Also, sol-gel prepared anodes have considerably longer service life than

corresponding anodes prepared by the thermal decomposition of ruthenium and titanium

chloride.3,4

Electrochemical impedance spectroscopy (EIS) can provide useful information on

the deactivation mechanism of oxide coatings.2,7–9 The appearance of a semicircle in the

high frequency domain of a complex plane plot indicates the loss of the electrocatalytic ac-

tivity of the RuO2–TiO2 coating.9 The resistance related to this semicircle does not depend

on the electrode potential at which the EIS data were collected, but does depend on the em-

ployed electrolyte and its conductivity.9 Boots and co-workers2,7 registered similar imped-

ance behavior for corroded RuO2–IrO2 and RuO2–Co3O4 coatings.

From our earlier results9 and literature data,2,7 it is not clear whether the insulating

TiO2 layer, which causes the appearance of a semicircle, grows in the Ti substrate�coating

interphase and/or on the surface of the corroded coating. The aim of this work was to in-

vestigate the influence of the concentration profile of titanium oxide in the RuO2–TiO2

coating on the electrochemical behavior of the anode, which should provide useful infor-

mation about the anode deactivation mechanism.

EXPERIMENTAL

Preparation of anodes

The forced hydrolysis of chloride salts in extremely acid aqueous solutions at boiling temperature was

used to prepare RuO2 and TiO2 sols.
3,4

The solutions were aged for 46 h (RuO2 sol preparation) and 30 h

(TiO2 sol preparation), in order to obtain the coating with the best characteristics.
4

The oxide sols were mixed

in amounts to produce a coating composition of 40 % at. Ru–60 %at. Ti. To prepare the regular RuO2–TiO2

coating, an appropriate amount of the mixture of sols, which would produced an amount of coating of 0.5 mg

cm
-2

counted to the binary oxide, was applied onto titanium plates (2 cm � 2 cm � � mm). After drying at 70

ºC in air, whereby a gel phase is formed on the surface, the sample was calcined at 450 ºC in air. The addi-

tional TiO2 layer in the substrate�coating interphase of a regular Ti//�RuO2–TiO2� anode was obtained by ap-

plication of the appropriate amount of TiO2 sol (to produce an amount of 0.3 mg cm
-2

of TiO2) and thermal

treatment under the same temperature regime. A TiO2 layer on the coating surface was obtained in the same

manner. Consequently, the notations of the investigated anodes are: Ti//�RuO2–TiO2�, Ti//TiO2/�RuO2–TiO2�

and Ti//�RuO2–TiO2�/TiO2. In some experiments, two TiO2 layers were formed on the active RuO2–TiO2

coating surface.

Accelerated stability test of Ti//�RuO2–TiO2� anode

The AST of the Ti//�RuO2–TiO2� anode was performed by electrolysis of 0.5 mol dm
-3

NaCl, pH

2, at a constant current density of 400 mA cm
-2

and a temperature of 25 ºC, in a cell with a Pt plate coun-

ter electrode. The changes in the anode potential were recorded during the AST. Asudden increase of the

potential implies that the anode can no longer be used in practice (the end of service life). Illustration of

an AST is given in Fig. 1.
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Investigation of anode properties

The electrochemical properties of Ti//TiO2/[RuO2–TiO2] and Ti//[RuO2–TiO2]/TiO2 anode as

well as the properties of Ti//[RuO2–TiO2] anode before and after AST were investigated by cyclic

voltammetry (CV) and EIS in 1 mol dm
-3

HCIO4 and by polarization measurements in 0.5 mol dm
-3

NaCI, pH 2. The cell was equipped with a magnetic stirrer, a Pt plate as counter electrode and a saturated

calomel electrode (SCE) as the reference electrode. All potentials are expressed on the SCE scale. The

impedance data were recorded using a 5 mV amplitude of sinusoidal voltage around the potential of 1.25

V over a frequency range of 100 kHz to 50 mHz and analyzed using a suitable fitting procedure.
10

The

experiments were performed at room temperature.

RESULTS AND DISCUSSION

Cyclic voltammetry

The cyclic voltammograms of a fresh (before AST) Ti//�RuO2–TiO2� anode, a

corroded (after AST) Ti//�RuO2–TiO2� anode, a Ti//TiO2/�RuO2–TiO2� and a

Ti//�RuO2–TiO2�/TiO2 anode are shown in Fig. 2. Within the potential window of

electrolyte stability, the voltammograms are of similar shape, which is characteristic

for the pseudocapacitive behavior of this type of electrode material.11 The anodes with

an additional TiO2 layer seem to be more active for hydrogen evolution than the regu-

lar Ti//�RuO2–TiO2� anode. The voltammogram of the corroded anode and of the an-

odes containing an additional TiO2 layer are tilted due to the considerable resistance of

the coating, indicating the greater resistance of the Ti//TiO2/�RuO2–TiO2� compared to

the Ti//�RuO2–TiO2�/TiO2 anode. This means that a more compact TiO2 layer is

formed in the interphase than on the coating surface. The insulating TiO2 layer on the

coating surface covers the active sites on the surface, but the inner active sites (in pores

and cracks) are still active. The capacitive behavior is related to the inner active sites

RuO
2
–TiO

2
COATINGS 981

Fig. 1. Accelerated stability test of a regular Ti/RuO2–TiO2 anode. Electrolyte: 0.5 mol dm
-3

NaCl, pH 2;

temperature: 25 ºC; current density: 400 mA cm
-2

.



with capacitance and pore resistance in series. The number of active sites accessible to

the electrolyte, i.e., the electrochemically active surface area,4 corresponds to the sur-

face area under the anodic part of the voltammetric curves. The apparent anodic charge

densities, in mC cm–2, obtained from the voltammograms for fresh Ti//�RuO2–TiO2�,

corroded Ti//�RuO2–TiO2�, Ti//TiO2�RuO2–TiO2� and Ti//�RuO2–TiO2�/TiO2 anode

are 12.25, 3.05, 13.10 and 8.72, respectively. A considerbly smaller anodic charge is

registered for the corroded Ti//�RuO2–TiO2�, anode when compared to the others. This

indicates a decrease in the number of active sites due to the continuous dissolution of

Ru species during the AST. The additional TiO2 layer in the substrate�coating inter-

phase does not significantly affect the anodic charge, but a lower value is registered for

the anode with the TiO2 layer on the coating surface. These effects are expected, since

insulating TiO2 on the surface covers the active RuO2 species but does not affect those

species if it is placed in the interphase.

Polarization measurements

E–log j plots of the investigated anodes are shown in Fig. 3. The plots have been cor-

rected for the pseudo-ohmic voltage drop by the IR compensation procedure given for the

PAR 273A potentiostat, used for the CV and polarization measurements. It should be men-

tioned that the resistance values required for the IR compensation followed the order:
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Fig. 2. Cyclic voltammograms of the

Ti//�RuO
2
–TiO

2
� anode recorded before and

after AST and of the Ti//TiO
2
/�RuO

2
–TiO

2
�

and Ti//�RuO
2
–TiO

2
�/TiO

2
anode. Electro-

lyte: 1 mol dm
-3

HClO
4
, room temperature.

Sweep rate: 20 mV s
-1

.



Ti//�RuO2–TiO2� < corroded Ti//�RuO2–TiO2� < Ti//�RuO2–TiO2�/TiO2 << Ti//TiO2//�RuO2–TiO2�,

indicating the increased value of the coating resistance after the AST and by addition of the

TiO2 layers, particularly by the layer in the substrate�coating interphase.

Regardless the kinetics and mechanism of the processes occurring on the an-

ode, it is obvious that the Ti//�RuO2–TiO2�/TiO2 anode shows the worst polariza-

tion characteristics, while the Ti//TiO2//�RuO2–TiO2� and Ti//�RuO2–TiO2� anode

behave similarly. It seems strange that the corroded Ti//�RuO2–TiO2� anode shows

good polarization characteristics, even better than the others in the region of higher

current density. Although most of the electrocatalytically active RuO2 species

were dissolved during the AST, there are still enough active sites for a current

(considerbly smaller than the current used in the AST) to pass. The coating is more

porous after the AST, the surface area is large and this effect overcomes the effect

of RuO2 dissolution. This statement can be supported by the fact that the over-

potential decreases exponentially with the thickness of the porous layer, which is a

feature known from the theory of porous electrodes.12 Since the dissolution of Ru

species during the AST produces a coating with a more porous structure, the active

sites of the corroded Ti//�RuO2–TiO2� anode situated deeper in the bulk of the

coating became involved in the reaction. On the contrary, the polarization data of

the Ti//�RuO2–TiO2� anode before the AST should relate to the active sites situated

closer to the surface of the coating. It was found earlier that the number of active

sites in the bulk of the coating is greater than on the coating surface due to surface

enrichment in TiO2 during the thermal formation of the coating.1

RuO
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Fig. 3. E–log j characteristics of the Ti//�RuO2–TiO2� anode recorded before and after AST, and of the

Ti//TiO2/�RuO2–TiO2� and Ti//�RuO2–TiO2�/TiO2 anode. Electrolyte: 0.5 mol dm
-3

NaCl, pH 2; room tem-

perature.



Electrochemical impedance spectroscopy

The complex plane plots shown in Fig. 4 illustrate the impedance behavior of the pre-

pared anodes in the oxygen evolution reaction. Figure 4a shows the EIS data collected over

the whole frequency range (100 kHz–50 mHz), while Fig. 4b shows the high-frequency

part of the plots from Fig. 4a. The lines in Fig. 4 give the results of the fitting procedure.

The anode deactivation by the AST is manifested by the appearance of high-fre-

quency semicircle in the EIS plot for the corroded Ti//�RuO2–TiO2� anode (Fig. 4b). Simi-

lar behavior was observed in an earlier work,9 and also by other authors.7,8 It was shown

that the coating pore resistance, related to the high-frequency semicircle, depends on the

electrolyte conductivity but not on the electrode potential.9 Figure 4a also shows that an-

ode corrosion results in no significant changes in the characteristics of the semicircle re-

lated to charge transfer across the solution/coating interphase at lower frequencies.

Differences in the EIS behavior of the Ti//TiO2/�RuO2–TiO2� and Ti//�RuO2–TiO2� an-

ode are seen at high and low frequencies. Since the somewhat higher value of the electrolyte

resistance of Ti//TiO2/�RuO2–TiO2� anode should rather be ascribed to experimental error,

the main difference in their EIS behavior is registered at low frequencies. A considerably

greater charge transfer semicircle is obtained for the Ti//�RuO2–TiO2�/TiO2 anode, which

again confirmes the considerably smaller number of active sites that exchange charge with

the electrolyte.
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Fig. 4. The impedance complex plane plots of the Ti//�RuO2–TiO2� anode recorded before and after AST,

and of the Ti//TiO2�RuO2–TiO2� and Ti//�RuO2–TiO2�/TiO2 anode over the whole frequency range (a) and

in the high frequency range (b). Potential: 1.25 V, electrolyte: 1 mol dm
-3

HClO4, room temperature.



As can be seen in Fig. 4b, there is no evidence of a well-pronounced high-fre-

quency semicircle in the plots of the EIS data for the anodes with an additional TiO2

layer. This indicates that the morphology of the additional layer is different to that

formed during anode deactivation. Also, the morphology of the additional TiO2 layer

depends on the position of the layer with respect to the RuO2–TiO2 coating, which

causes a difference in the anode impedance behavior. Concerning the anode with the

TiO2 layer on the coating surface, there is no significant difference in impedance be-

havior at high frequencies if the amount of TiO2 on the coating surface is doubled (two

additional layers: Ti//�RuO2–TiO2�/TiO2/TiO2), as illustrated by the Bode phase angle

plots in Fig. 5. On the contrary, the differences in the low-frequency domain became

more pronounced with increased amount of TiO2 at the coating surface.

Equivalent electrical circuits

The simple equivalent electrical circuit (EEC) with the inscription R
�

(RctQ),10

where R
�

is the solution resistance, Rct is the charge transfer resistance across the ac-

tive site/solution interphase, and Q is a constant phase element related to the coating

capacitance, was sufficient to describe the impedance behavior of a freshly prepared

Ti//�RuO2–TiO2� anode. In order to describe the anode impedance behavior after AST,

additional elements, which represent the pore resistance, Rp, of TiO2 layer formed dur-

ing anode deactivation and QL, related to the TiO2 layer capacitance, were included in

the EEC: R
�

(RpQL)(RctQ).

The values of the parameters of the EEC elements are given in Table I. There

are no considerable changes in the Rct values, nor in the values of the parameters Y0

and n for Q, which is consistent with the results and conclusions from polarization

RuO
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Fig. 5. Bode phase angle plots of the anodes with different amount of TiO2 inserted at the coating surface.

EIS data recorded in 1 mol dm
-3

HClO4 at a potential of 1.25 V.



measurements. The charge transfer resistance is lower for the corroded anode,

while the capacitance is higher. This is opposite to the CV results, which indicates

that EIS “can see” deeper into the coating bulk than CV at the applied sweep rate.

The unique feature caused by anode deactivation is the appearance of the RpQL

combination.

The EECs which describe the impedance behavior of the anodes with an additional

TiO2 layer in the substrate�coating interphase and two TiO2 layers on the coating surface

are similar to the EEC of the corroded Ti//�RuO2–TiO2� anode. The same elements as in

the case of the corroded anode constitute the EEC for Ti//�RuO2–TiO2�/TiO2/TiO2,

where Rp is the pore resistance of the additonal TiO2 layers. The circuit inscription for

Ti//TiO2/�RuO2–TiO2� anode is R
�

(RLQL)(RctQ), where RL is the resistance of the TiO2

layer instead of Rp. Contrary to the corroded anode, the semicircles related to the addi-

tional TiO2 layers and that related to charge transfer are highly overlapped and cannot be

separately seen in the plots in Fig. 4. In the case of the Ti//�RuO2–TiO2�/TiO2 anode,

there is no evidence of the formation of a separate TiO2 layer, and EEC is

R
�

(Qdl(Rct(Qp))), where Qp is a constant phase element related to the pseudo-

capacitance of RuO2. This EEC indicates that the addition of TiO2 on the coating

surface enables the pseudocapacitance to be distinguished from the double layer

capacitance, which is a known impedance feature of RuO2–TiO2 coatings with low

RuO2 content.11 The obtained Y0 value of Qp (Table I) is of the same order of mag-

nitude as the capacitance that can be calculated from the voltammogram shown in

Fig. 2 (10–2 F cm–2). This consideration indicates that the TiO2 on the coating sur-

face is highly doped with RuO2 migrating from the neighboring RuO2–TiO2 layer

during thermal treatments.

The values of the EEC parameters for the anodes with additional TiO2 can be seen in

Table I. The RL value obtained for Ti//TiO2/�RuO2–TiO2� is considerably higher than the

Rp value obtained for the corroded Ti//�RuO2–TiO2� anode, while the Y0 value of QL for

the latter is considerably lower. Even so, the Y0 value of QL for Ti//TiO2/�RuO2–TiO2� is

quite similar to the Y0 value of Q obtained for fresh and corroded Ti//�RuO2–TiO2� anodes,

which indicates the doping effect from the neighboring RuO2–TiO2 layer, like in the case

of the Ti//�RuO2–TiO2�/TiO2 anode. This consideration leads to the conclusion that the RL

value should not be considerably higher than the value of Rp for the corroded anode, which

suggests the formation of TiO2 in the substrate�coating interphase as the cause for deactiva-

tion of sol-gel prepared anodes is less probable. On the other hand, the Y0 value of QL ob-

tained for the Ti//�RuO2–TiO2�/TiO2/TiO2 anode is closer to the value obtained for the

corroded anode than to the value for Ti//TiO2�RuO2–TiO2� anode, while the Rp value is

three orders of magnitude higher than for the corroded anode. This is due to the consider-

ably greater compactness of the additional TiO2 layers in the Ti//�RuO2–TiO2�/TiO2/TiO2

anode. The high compactness of the TiO2 layer is also seen through the Rct value registered

for the Ti//�RuO2–TiO2�/TiO2/TiO2 anode being the highest, since the active sites are

hardly accessible for the species involved in the charge transfer process.
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TABLE I. The values of the equivalent electrical circuit parameters for the investigated anodes

Parameter

Anode

Ti//�RuO2–TiO2�
Ti//TiO2[RuO2–TiO2] Ti//[RuO2–TiO2]/TiO2 Ti//[RuO2–TiO2]/TiO2/TiO2

Before AST After AST

EEC: R
�

(RctQ) R
�

(RpQL)(RctQ) R
�

(RLQL)(RctQ) R
�

(Qdl(Rct(Qp)) R
�

(RpQL)(RctQ)

R
�

/� 1.7 1.8 1.8 1.6 2.0

Rp/� – 3.9 – – 1283

RL/� – – 168 – –

QL Y0/�
-1 – 1.6�10-5

3.2�10-3 – 4.1�10-4

n – 0.77 0.82 – 0.91

Rct/� 103 96 150 264 347

Q Y0/�
-1

3.5���
-3

4.7�10-3
4.8�10-3 – 3.8�10

-3

n 0.91 0.87 0.96 – 0.87

Qdl Y0/�
-1 – – – 2.4�10-3 –

n – – – 0.91 –

Qp Y0/�
-1 – – – 4.6�10-2 –

n – – – 0.63 –

The impedance behavior of the investigated anodes indicates that the loss of electro-

catalytic activity of sol-gel prepared anodes is due to the formation of a TiO2 layer on the

coating surface rather than to the growth of a TiO2 layer at the substrate�coating interphase.

CONCLUSION

Regular Ti//�RuO2–TiO2� anodes and anodes with additional TiO2 layers in the

substrate�coating itnerphase and on the coating surface were investigated by cyclic volta-

mmetry, polarization measurements and electrochemical impedance spectroscopy. Cy-

clic voltammetry experiments showed a decrease in the electrochmically active surface

area during corrosion of the RuO2–TiO2 coating and an increase in the coating resis-

tance. The coating resistance is also increased by additional TiO2 layers, particularly by a

layer in the subsrate�coating interphase. Similar conclusions about the coating resistance

resulted from polarization measurements, but they indicated an increase in the porosity

of the coating during anode corrosion. The mechanism of the deactivation of the

Ti//�RuO2–TiO2� anode during long-term electrolysis is seen in its impedance behavior

as the appearance of a high-frequency semicircle, as the consequence of TiO2 enrich-

ment in the coating. The data obtained by EIS measurements for the anode with two ad-

ditional TiO2 layers on the coating surface show similarity to the EIS data of the cor-

roded Ti//�RuO2–TiO2� anode. The conclusion appears to be that the loss of anode activ-

ity of sol-gel prepared Ti//�RuO2–TiO2� anode is dominantly due to an enrichment of the

coating surface with TiO2 which remains after RuO2 dissolution.
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U ciqu ispitivawa uloge titan-oksida u deaktivaciji RuO2–TiO2 prevlake na titanskoj

podlozi, ispitivane su osobine anoda sa dodatnim slojem TiO2 u me|ufazi podloga�prevlaka,

odnosno na povr{ini prevlake. Elektrohemijsko pona{awe ovih upore|eno je sa pona-

{awem anoda sa uobi~ajenom RuO2–TiO2 prevlakom, kao i sa onima koje su bile podvrgnute

ubrzanom testu stabilnosti. Pojava polukruga u visoko-frekventnoj oblasti u dijagramima

u kompleksnoj ravni, koja je registrovana spektroskopijom elektrohemijske impedancije za

uobi~ajene RuO2–TiO2 prevlake, a koja je posledica oboga}ivawa prevlake sa TiO2 tokom

wene deaktivacije, nije uo~ena kod anoda sa dodatim TiO2 slojem. Dodati TiO2 slojevi

pove}avaju omsku otpornost prevlake i uti~u na impedancijsko pona{awe pri niskim

frekvencijama. Za analizu impedancijskog pona{awa prevlaka sa dodatim TiO2 slojevima

kao i uobi~ajenih RuO2–TiO2 prevlaka koje su deaktivirane kori{}ena su sli~na ekvi-

valentna elektri~na kola.

(Primqeno 1. avgusta 2003)
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Abstract: The electrochemical properties of eight mixed-ligand cobalt(III) and co-

balt(II) complexes of the general formulas �CoIII
(Rac)cyclam�(ClO4)2 (1)–(4) and

�Co2
II

(Rac)tpmc�(ClO4)3 (5)–(8) were studied. The substances were investigated in

aqueous NaClO4 solution and non-aqueous LiClO4/CH3CN solution by cyclic voltam-

metry at a glassy carbon electrode. In aqueous solution, cyclam and Rac ligands being

soluble in water undergo anodic oxidation. Coordination to Co(III) in complexes 1–4,

stabilizes these ligands but reversible peaks in catohodic region indicate the redox reac-

tion Co
III

/Co
II

ion. In the case of the binuclear Co(II) complexes 5–8, peaks recorded on

the CVs represent oxidation of the bridged Rac ligand. The complexes examined influ-

ence the cathodic reaction of hydrogen evolution in aqueous solutions by shifting its po-

tential to more negative values and its current is increased. In non-aqueous solution the

CVs of the ligands show irreversible anodic peaks for cyclam, tpmc and for the Rac lig-

ands soluble in acetonitrile. The absence of any peaks in the case of the investigated

complexes 1–4 indicates that coordination to Co(III) stabilizes both the cyclam and Rac

ligands. Cyclic voltammograms of the complexes 5–8 show oxidation processes of the

Rac ligand and Co(II) ions but the absence of a highly anodic peak of the coordinated

macrocycle tpmc shows its stabilization. Contrary to in aqueous solution, the redox re-

action Co(III)/Co(II) does not occur in acetonitrate indicating a higher stability of the

complexes 1–4 in this media in comparison with the binuclear cobalt(II)-tpmc com-

plexes 5–8.

Keywords: cobalt(III) and cobalt(II) complexes, azamacrocycles and �-diketonato ligands,

cyclic voltammetry, glassy carbon.

INTRODUCTION

Complexes with macrocyclic polyamines might serve as convenient building

blocks for the construction of mixed-ligand mono- and polynuclear complexes.1

Tetraamine �14�and-N4 cyclam (1,4,8,11-tetraazacyclotetradecane) as a macro-
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cyclic flexible ring can exist in the cis and trans configurations2 but only cis com-

plexes have been observed in the presence of additional bidentate co-ligands.3–7

The N4-2-pyridylmethyl-substituted octaamine ligand tpmc (N,N’,N”,N’’’-tetra-

kis(2-pyridyl methyl)-1,4,8,11-tetraazacyclotetradecane) through coordination pro-

vides interesting structural and chemical properties, i.e., invariable formation of

binuclear molecules with strong affinity towards various anions to form bridged

complexes8–10 and unusual stabilization of the divalent state of cobalt ion against

oxidation to the trivalent state.10 Macrocyclic ligands such as cyclam and tpmc are

very useful to form and stabilize mixed-ligand complexes with additional exo-

cyclic ligand(s).

In this context, �-diketones are suitable to combine with other ligands of com-

parable ligating ability, especially because of their ability to form keto-enolate

structures and a few different coordination modes.11 The chelating “pseudoaro-

matic” ring of �-diketones have found extensive application in the study of the for-

mation of various types of metal complexes,12 as well as giving the opportunity to

investigate them in terms of different �-diketones R-groups.7

Therefore, these types of complexes could be interesting not only from aspects

of molecular structures but from the electrochemical point of view as well, because

structural and electronic factors may simultaneously affect the multi-redox peak

potentials and catalytic features of the complexes.3,8,13 For example, cyclic voltame-

tric data for the cobalt(III)-cyclam oxalato complex3 suggest large electrochemical

stability, as well as its possible catalytic effect on the electrochemical reduction of

CO2. In the case of the binuclear cobalt(II)-tpmc oxalato complex8 mulit-redox re-

actions of the metal centers and high electrochemical stability up to the potential of

cobalt reduction were observed. The fact that the potential of hydrogen evolution is

shifted to the anodic side in the presence of the complex indicates possible catalytic

properties as well.8 Electrochemical examination of mixed-ligand cobalt(III)-cy-

clam complexes with heterocyclic dithiocarbamates (Rdtc)13 show redox reactions

of the Co(III) ion at potentials the position of which are influenced by the presence

of different heterocyclic rings in the Rdtc ligand, while the preliminary results in

acidic media show their inhibition of iron corrosion and influence on hydrogen

evolution in acidic media.

For the above-mentioned reasons, eight new mixed-ligand cobalt complexes

were synthesized and characterized elsewhere,6,7 i.e., cobalt(III) complexes with

macrocyclic ligand cyclam or tpmc in binuclear cobalt(II) complexes with R-sym-

metric bidentate �-diketones (Rac), i.e., acac (2,4-pentanedionato), dibzac (1,3-di-

phenyl-1,3-propanedionato), hfac (1,1,1,5,5,5-dexafluoro-2,4-pentanedionato) or tmhd

(2,2,6,6-tetramethyl-3,5-heptanedionato) ions, of the general formulas �CoIII(Rac)cy-

clam�(ClO4)2 (1)–(4) and �Co2
II(Rac)tpmc�(ClO4)3 (5)–(8), respectively. The aim

of this work was a comparative study of the electrochemical behavior of these

compounds and corresponding ligands in aqueous and non-aqueous solutions by
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cyclic voltammetry (CV) and their possible influence on hydrogen evolution and

oxygen reduction.

EXPERIMENTAL

A glassy carbon (GC) disc electrode (Sigardur-Sigri Electrographite, GmbH, Germany) was

used as the working electrode. The electrode was mechanically refreshed with emery paper of de-

creasing grain size, polished with alumina (0.5 � particle size) and cleaned in 18 M� water in an ul-

trasonic bath. For each experiment, the prepared electrode was first examined in the basic electro-

lyte by CV before the substance was added to the solution. The counter electrode was a platinum

wire. A saturated calomel electrode (SCE) was used as the reference in aqueous solution and a

bridged SCE in CH3CN.

All the complexes 1–8, macrocyclic cyclam and tpmc as well as the corresponding Rac ligands

were examined in the concentration range of 10
-6

to 10
-4

M, in 0.1 M NaClO4 aqueous solution and

in 0.1 M LiClO4 in CH3CN. The solutions were prepared from analytical grade reagents and were

maintained oxygen-free by purging with nitrogen.

TABLE I. �-Diketonato ligands in the complexes 1–8

Structure of Rac ion Abbreviations and name of Rac
Coordinate d Rac in

complexes

acac (1)

2,4-Pentanedionato ion (5)

dibzac (2)

1,3-Diphenyl-1,3-propanedionato ion (6)

hfac (3)

1,1,1,5,5,5-Hexafluoro-2,4-pentanedionato ion (7)

tmhd (4)

2,2,6,6-Tetramethyl-3,5-heptanedionato ion (8)

Cyclic voltammetry was performed at sweep rates of 25, 50 and 100 mV/s. The potential range

examined was between – 0.5 V to 2.0 V in aqueous and –1.5 V to 1.5 V in non-aqueous solution. All

the potentials are given versus the SCE electrode.

The �CoIII
(hfac)cyclam�(ClO4)2 complex (at a concentration of 10

-4
M) was examined in 0.1

M HClO4 solution by cyclic voltammetry (potential range from –1.2 V to 1.2 V vs. SCE, sweep rate

25, 50, 100 mV/s) as well. Also, the possible influence of this complex on the reduction of oxygen

was tested in 0.1 M HClO4 solution saturated with O2 at a rotating GC electrode at a sweep rate of 5

mV/s in the potential range 0.2 V to –1.1 V vs. SCE.

All of the experiments were performed at room temperature in a three electrodes – three-com-

partment electrochemical cell. The electronic equipment in all of the experiments consisted of a

Pine Instrument, Model RDE4 Potentiostat and a Philips Model 8033 X-Y recorder.
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RESULTS AND DISCUSSION

The series of eight complexes, with general formulas �CoIII(Rac)cyclam�(ClO4)2

(1)–(4) (Fig. 1A) and �CoII(Rac)tmpc�(ClO4)3 (5)–(8) (Fig. 1B) and the corresponding

macrocyclic cyclam and tpmc as well as Rac (Table I) ligands were electrochemically

characterized both in aqueous and non-aqueous solutions. The peak potentials for all of

the ligands examined and for the complexes 1–8 are listed in Table II and the selected cy-

clic voltammograms are presented in Figs. 2–4.

Aqueous solution

The cyclic voltammogram of the GC electrode in aqueous (NaClO4) solution

in the absence of any compound shows no electron exchange occurred. With the

addition of the macrocyclic ligands cyclam and tpmc one irreversible anodic peak

appears at 0.95 V vs. SCE for the tetraaza amine only (Table II).13,8 The CVs for

the Rac ligands soluble in water (Hacac and Hhfac – Table II and Fig. 2A) indicate

the existence of an irreversible anodic peak at 1.05 V and 1.40 V vs. SCE, respec-

tively, which should correspond to oxidation processes of the organic species.

Two anodic peaks in the 0.65–0.90 V and 1.50–1.60 V vs. SCE regions for the

cobalt(III)-cyclam complexes 1–3 can be identified only at the beginning of the

cyclization (Fig. 2A – insert). During continued scanning, these anodic peaks are

no longer observed, which might point to the low stability of the complex species.

The number of cycles before the stabilization depends on the Rac ligand in the or-

der of hfac > acac > dibzac in the complexes 1–3. In the case of complex 4 with a

coordinated tmhd ligand (Fig. 2B), the steady state was established already at the

first cycle, which can contribute to the higher stabilization of this complex ion.

However, the steady-state CVs of the complexes 1–4 exhibit a reverse peak in the
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cathodic region (Table II and Fig. 2) in the region – 0.25 V to – 0.4 V depending on

the Rac ligand. This pair of peaks probably indicates the redox reaction CoIII/CoII

from the complexes 1–4 as other previously characterized Co(III)-cyclam com-

plexes (with dithiocarbamato and oxalato ligands) also display a similar redox pair

at potentials influenced by the additional ligand.3,13 In relation with these peaks,

the highly cathodic peak at –1.15 V probably represent reduction to metal cobalt.

Peaks recorded on the CVs of the cobalt(II)-tpmc complex 5–8 between about

0.90 V to 1.40 V vs. SCE correspond to oxidation processes of the electroactive

Rac ligands, exhibiting almost the same potential values for the free and coordi-

nated �-diketonato ligands (Fig. 2A). The absence of any peak for the complex 6

with a coordinated dibzac ligand indicates its higher stability in aqueous media un-

der the given electrochemical conditions. Only in the case of the complexes 5 and

8, with coordinated acac and tmhd ligand, respectively, a poorly defined cathodic

peak at –1.15 V vs. SCE points to the reduction process to metal cobalt (Table II
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Fig. 2. Cyclic voltammograms at GC electrode in 0.1 M NaClO4 and: A) 10
-4

M dibzac ligand, 10
-4

M �CoIII
(di-

bzac)cyclam�(ClO4)2 complex, 10
-4

M �Co2
II
(dibzac)tpmc�(ClO4)3 complex. B) 10

-4
M tmhd ligand, 10

-4
M

�CoIII
(tmhd)cyclam�(ClO4)2 complex, 10

-4
M �Co2

II
(tmhd)tpmc�(ClO4)3 complex, (sweep rate 100 mV/s).



and Fig. 2B).8 The dependence of the peak current on the sweep rate indicates that

all of the reactions are surface localized and not diffusion controlled, which should

mean that the complexes are adsorbed on the electrode surface.

TABLE II. The peak potentials of the ligands and the corresponding complexes in aqueous (NaClO4) and

non-aqueous (LiClO4/CH3CN) solutions vs SCE

Compound

Aqueous solution Non-aqueous solution

Epa Epc Epa

tpmc – – 1.82

cyclam 0.95 – 1.75

acac 1.05 – –

dibzac – – 1.30

hfac 1.40 – 1.40

tmhd – – –

�Co(acac)cyclam�
2+

(1) 0.70* 1.50* –1.15 –

– 0.30 – 0.40

�Co(dibzac)cyclam�
2+

(2) 0.65* 1.53* –1.15 –

– 0.25 – 0.30

�Co(hfac)cyclam�
2+

(3) 0.90* 1.60* –1.15 –

– 0.25 – 0.30

�Co(tmhd)cyclam�
2+

(4) – 0.25 – 0.30 –1.15 –

�Co2(acac)tpmc�
3+

(5) 0.95 –1.15 1.48

�Co2(dibzac)tpmc�
3+

(6) – 1.30

�Co2(hfac)tpmc�
3+

(7) 1.4 1.30

�Co2(tmhd)tpmc�
3+

(8) 0.9 –1.15 1.25

* Peaks recorded at the beginning of cyclization; Epa = anodic peak; Epc = cathodic peak

In aqueous NaClO4 solutions, the CVs demonstrate that the presence of any of

the Co(III)-cyclam and Co(II)-tpmc complexes 1–8 examined influence the cathodic

reaction of hydrogen evolution by slightly shifting the potential to more negative

values in the order coordinated tmhd > acac > dibzac > hfac ligands, increasing its

current in the opposite order (Fig. 3a). The effect of the Co(III)-cyclam complexes

1–4, regarding this reaction, is more pronounced, especially in the increase of the

current, compared with the Co(II)-tmpc compounds 5–8. Furthermore, the cathodic

shift of potential occurred only in the presence of the complexes 6 and 8 character-

ized with cathodic peak at –1.15 V (possible reduction to Co), in which the current of

the H2 reduction slightly decreased. The other two Co(II)-tmpc complexes 5 and 7

negligibly affect the current of H2 evolution and have practically no influence on the

potential. Regarding the cathodic shift of hydrogen evolution, the Co(III)-cyclam

complexes 1–4 are similar to Co(III)-cyclam oxalate complex3 which, however, has
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the opposite effect on the reaction current, namely increasing it. This difference

could be ascribed to the structural factor of the enlarged chelate rings of the

O,O’-�-diketone ligand in comparison with the oxalato one. On the other hand, the

binuclear Co(II)-tpmc oxalato complex8 when present in the solution leads to an an-

odic shift of hydrogen evolution and a remarkable increase of the reaction current,

which is completely contrary to the Co(II)-tpmc �-diketone complexes 5–8.

Complexes of transition metals (like Co or Fe) of the MN4 chromophore appear to

be a promising class of materials for the reduction of oxygen.14,15 According to Chang

et al.,16 cis and trans configuration of the complex favor different paths of oxygen re-

duction. Complexes with cyclam, as a macrocycle that can exist in both of these con-

figurations, can be interesting from this point of view. Therefore, we were interested to

test the influence of the �CoIII(hfac)cyclam�(ClO4)2 complex on oxygen reduction in

acidic solution. The complex was first examined in 0.1 M HClO4 by cyclic voltam-

metry and the recorded CV displayed only the Co(III)/Co(II) redox peaks at the same

potentials as in 0.1 M NaClO4. The reduction of oxygen was examined at a GC rotat-

ing electrode in O2 saturated 0.1 M HClO4 in the potential range from 0.2 V to –1.1 V

at a sweep rate of 5 mV/s and at 4 different rotation rates. As shown in Fig. 3B the pres-
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Fig. 3. A) Cyclic voltammograms at GC

electrode in 0.1 M NaClO
4
, 0.1 M NaClO

4

+ 10
-4

M �CoIII
(hfac)cyclam�(ClO

4
)
2

com-

plex and 0.1 M NaClO
4

+ 10
-4

M

�Co
2
II
(hfac)tpmc�(ClO

4
)
3
, (sweep rate 100

mV/s). B) Oxygen reduction curves for

GC electrodes in 0.1 M HClO
4

saturated

with O
2

and 0.1 M HClO
4

+ 10
-4

M

�CoIII
(hfac)cyclam�(ClO

4
)
2

complex satu-

rated with O
2

(sweep rate 5 mV/s, 900

rpm).



ence of the �CoIII(hfac)cyclam�(ClO4)2 complex caused a shift in of the potential of

this reaction in the anodic direction and an increase of its current to some extent. Also,

it can be seen that both curves for O2 reduction are without a limiting current density

plateau. Furthermore, the curve recorded for the GC electrode is similar to the one pre-

sented by Sundberg et al.17 for the same material (GC Sigradur) in 0.1 M HCl and ac-

cording to the authors shows the reduction of O2 to H2O2 as the major final product.

The rather small difference in the current of this reaction in the presence of the com-

plex probably means that the same mechanism is operative as on a pure GC electrode.

As this complex is in the cis conformation these results are contrary to the conclusion

Chang et al.16 that the cis conformation rather than the trans one favors the 4-electron

path in the reduction of oxygen. However, more about the exact influence of the

�CoIII(Rac)cyclam�(ClO4)2 complex on the reduction of O2 can be said after comple-

tion of the detailed examinations that are in progress.

Non-aqueous solution

Electrochemical characterization of the macrocyclic ligands cyclam and tmpc,

�-diketonato ligands and all of the complexes 1–8 was also performed in non-aqu-
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Fig. 4. Cyclic voltammograms at GC

electrode in 0.1 M LiClO
4
/CH

3
CN and:

A) 10
-4

M acac ligand, 10
-4

M

�CoIII
(acac)cyclam�(ClO

4
)
2

complex,

10
-4

M �Co
2
II
(acac)tpmc�(ClO

4
)
3

com-

plex. B) 10
-4

M dibzac ligand, 10
-4

M

�CoIII
(dibzac)cyclam�(ClO

4
)
2

complex,

10
-4

M �Co
2
II
(dibzac)tpmc�(ClO

4
)
3

complex, (sweep rate 100 mV/s).



eous (LiClO4 in CH3CN) solution. Selected cyclic voltammograms are presented

in Fig. 4 and the peak potentials are listed in Table II.CVs of macrocyclic lig-

ands8,13 show their irreversibly oxidation at potentials of 1.75 V for cyclam and

1.82 V for tmpc vs. SCE. One irreversible anodic peak at 1.30 V and 1.40 V vs. SCE

(Table II and Fig. 4) were recorded on each CVs of �-diketonato ligands soluble in

acetonitrile (Hdibzac and Hhfac).

The absence of any peaks of the investigated Co(III)-cyclam 1–4 complexes

ruled out the redox reactions, indicating the stabilization both of cyclam and Rac

ligands through the coordination to cobalt(III) (Fig. 4). Electrochemical inactivity

of acetylacetonate ligand being in coordination sphere of Co(III) was found in

other non-aqueous solutions too.18 The solvent polarities might have a strong in-

fluence on forming intermolecular hydrogen bonds, due to electronic properties of

both ligands, thus producing the corresponding diference in the bond stability be-

tween cobalt ion and nitrogen/oxygen atoms of the respecitve ligands.19

The absence of highly anodic peak of coordinated macrocycle tpmc in the

Co(II)-tpmc 5–8 complexes means stabilization of this ligand in non-aqueous solu-

tion. It is probably due to the fact that the tpmc is very flexible ligand, adapting

itself to both cobalt(II) ions with the bridging ligand. Anodic peaks at high positive

potentials recorded on CVs of the binuclear 5–8 complexes (Table II and Fig. 4)

correspond to oxidation processes of bidentate Rac ligand as well as metal ions.

Actually, if the �-diketonato ligand is electrochemically non-acitve (as Hacac and

Htmhd) the anodic peak in 1.25–1.48 V region origins only from Co(II) ions oxida-

tion (Fig. 4A), contrary to electroactive Rac ligands (as Hdibzac and Hhfac) where

in the same range the process of oxidation both for the metal and Rac ligand proba-

bly proceeds simultaneously (Fig. 4B). Therefore, potential values are in correla-

tion with combined electronic and steric effects of coordinated �-diketones and

they are characteristic for the binuclear penta-coordinated cobalt(II) complexes.20

Correlation with IR and NMR/EPR data

All of the ligands as well as their 1–8 complexes were also examined by spec-

troscopy methods. According to the earlier results6,7 R-groups on the �-diketone

largely influence the frequencies shifting �(C�C) and �(C�O) bands in IR spec-

tra of the all complexes, as a consequence of different resonance and inductive ef-

fects along conjugated double bonds through the Rac anion. Influence of R-groups

exhibits movement of important bands in 13C-NMR spectra of the 1–4 complexes

as well as g factor values in EPR spectra of the 5–8 complexes, following from

much positive to high negative inductive effect, in order of complexes with coordi-

nated tmhd > acac > dibzac > hfac ligands.

The powerful efficacy of six fluorine atoms, of the hfac ligand in the 3 and 7

complexes, is especially expressed in all spectral characteristics through move-

ment to higher wave numbers of important IR bands. In NMR7 and EPR spectra (at
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temperatures of 4 K and 11 K) the effect is quite opposite. In both series of com-

plexes, electrochemical examinations in aqueous and non-aqueous solutions, dis-

play the anodic peaks at higher potential values for the corresponding 3 and 7 com-

plexes with coordinated hfac ligand. On the other side, opposite electronic effect of

–C(CH3)3 groups of tmhd ligand in 4 and 8 complexes gave anodic peaks at lowest

potential values.

From available results for the 1–8 complexes, it is evident that the same effects

i.e., structural and electronic, affect on spectral and electrochemical behavior,

which were transmitted due to delocalised bands of coordinated Rac as a bidentate

ligand in the Co(III)-cyclam 1–4 (Fig. 1A) or bridged bidentate ligand in the

Co(II)-tpmc 5–8 complexes (Fig. 1B).

CONCLUSION

Based on the data obtained, some conclusions and comparison can be made

about the influence of the structure of the 1–8 complexes and their electrochemical

characteristics. Furthermore, the ability to influence these behavior seems to be re-

lated closely to the electronic properties of the Rac ligand as a whole, not just the

oxygen atoms bonded to cobalt ions.

Consequently, Co(III) ions from the 1–4 and Co(II) ions from the 5–8 com-

plexes undergo redox reactions in aqueous solution at the potentials, which are af-

fected by the presence of different Rac ligands. The peak potentials of the

mononuclear complexes 1–4 demonstrate reactions, which continuously proceed

from CoIII/CoII to Co0 reduction while in the binuclear 5–8 complex species in

aqueous solution only reduction to metal Co occurs. Those behaviors could indi-

cate different influence of coordinated Rac ligand besides folded tetraamine

(cyclam) than in the presence of macrocyclic octamine (tpmc) in boat conforma-

tion. On the other side, in correlation to the former binuclear Co(II)-tpmc oxalato

complex8 where electronic exchange – antiferromagnetic coupling between the

two metal ions is presented, in the case of the complexes 5–8 particularly pro-

nounced electronic effect of the Rac bridging unit subsists to produce additional

stabilization.

Preliminary examinations of oxygen reduction in the presence of �CoIII(hfac)cy-

clam�(ClO4)2 complex shows possible catalytic effect on the reaction in acidic media.

Contrary to the aqueous solution, in acetonitrile, Co(III) redox reaction does

not occur, indicating a higher stability of the complexes 1–4 in this media as well as

their greater electrochemical stability in comparison with the binuclear cobalt(II)-tpmc

complexes 5–8. The influence of solvent polarities might be of importance on dif-

ferent redox behavior of the complexes in aqueous and non-aqueous solutions.15
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I Z V O D

KOMPARATIVNO ELEKTROHEMIJSKO ISPITIVAWE NEKIH KOBALT(III) I

KOBALT(II) KOMPLEKSA SA AZAMAKROCIKLI^NIM I �-DIKETONATO
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Cikli~nom voltametrijom ispitano je osam kompleksa kobalta(III) i kobalta(II) sa me-

{ovitim ligandima, op{te formule �Co
III

(Rac)cyclam�(ClO4)2 (1)–(4) i �Co
II
(Rac)tpmc�(ClO4)3

(5)–(8), u vodenoj (NaClO4) i nevodenoj (LiClO4/CH3CN) sredini. U vodenoj sredini

cyclam i Rac ligandi podle`u anodnoj oksidaciji. Koordinacija sa Co(III) u komp-

leksima (1)–(4) stabilizuje ove ligande ali dolazi do redoks reakcije Co(III)/Co(II). U

slu~aju binukelarnih Co(II) kompleksa (5)–(8) dolazi do oksidacije Rac liganada.

Ispitivani kompleksi u vodenom rastvoru uti~u na reakciju izdvajawa vodonika

katodno pomeraju}i potencijal i pove}avaju}i struju. U nevodenim rastvorima anodno

se oksiduju oba makrocikli~na (cyclam i tpmc) i Rac ligandi rastvorni u acetoni-

trilu. Me|utim, u ovim rastvorima Co(III) kompleksa ne dolazi do elektrohemijskih

reakcija {to zna~i ne samo da i ovde koordinacija sa kobaltom stabilizuje ligande

ve} nema ni redoks reakcije za kobalt. Sa druge strane, u Co(II) komplesima stabili-

zovan je tpmc ali se oksiduju Rac ligandi i Co(II) pa su tako u nevodenim rastvorima

kompleksi Co(III) stabiliniji od binukelarnih Co(II)-tpmc kompleksa.

(Primqeno 16. maja, revidirano 21. avgusta 2003)
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Abstract: CaWO4 doped with 0.8 % at. Nd (Nd:CaWO4) single crystals were grown from

the melt in air by the Czochralski technique. The critical diameter dc = 1.0 cm and the critical

rate of rotation �c = 30 rpm were calculated from hydrodynamic equations for buoy-

ancy-driven and forced convection. The rate of crystal growth was experimentally obtained

to be 6.7 mm/h. For chemical polishing, a solution of 1 part saturated chromic acid (CrO3 in

water) and 3 parts conc. H3PO4 (85 %) at 433 K with an exposure time of 2 h was found to

be adequate. Amixture of 1 part concentrated HF and 2 parts chromic acid at room tempera-

ture after exposure for 30 min was found to be a suitable etching solution. The lattice param-

eters a = 0.52404 (6) nm, c = 1.1362 (6) nm and V0 = 0.312 (2) nm
3

were determined by

X-ray powder diffraction. The obtained results are discussed and compared with published

data.

Keywords: Czochralski technique, single crystal, Nd:CaWO4, growth, etching.

INTRODUCTION

Calcium tungstate (CaWO4) belongs to the group of AWO4 compounds, where A

is a second group metal. AWO4 compounds are important materials due to their use as

scintillate detectors, photoanodes, solid-state laser hosts and in optical fibre applica-

tions.1–6 Calcium tungstate has been proved to be an efficient laser host material with a

number of lanthanide ions.7 It is a unaxial crystal with a tetragonal scheelite structure

and the space group C4h. The trivalent lanthanide ions are known to occupy divalent

calcium ion sites, the point symmetry of which is S4, making the host lattice an inter-

esting system to study. The scheelite structure8 may be regarded as a cubic clo-

se-packed array of Ca2+ and �WO4�
2– units with the coordination numbers of 8 and 4

oxygen atoms for the Ca and W cations, respectively.
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Various techniques, such as the Czochralski technique,9,10 the flux method,11,12

and solid-state reactions13 have been used to synthesize single crystals, whiskers and

powder of CaWO4. Some attempts were made to prepare single crystal films,14–16 but

these experiments had limited success because of the high vaporization pressure of

WO3 and obtained films were not of uniform structure. In our previous work,10 we ob-

tained CaWO4 single crystals taking some hydrodynamic equations into account, but

the crystals were of nonuniform quality. Applying both theoretical and experimental

investigations, we successfully obtained many oxide single crystals (Bi12SiO20,17

Bi12GeO20,18 sapphire,19 Nd:YAG,20 etc.). The aim of this work was to produce and

characterize Nd:CaWO4 single crystals by applying both theoretical and experimental

treatment. The Nd atomic percentage was 0.8, as is usually the case for laser materials.

EXPERIMENTAL

Calcium tungstate doped neodymium single crystals (Nd:CaWO4) were grown by the Czo-

chralski technique using a MSR 2 crystal puller, as described previously.
21

The atmosphere used

was air. The starting materials were powdered CaWO4 (Koch&Light, Colnbrook, Buckingha-

mshire, England), and Nd2O3 (Koch&Light, Colnbrook, Buckingamshire, England) both of 4N pu-

rity. Powdered ZrO2 (Koch&Light, Colnbrook, Buckingamshire, England) of 4N purity was used

for isolation. The rhodium crucible (4.12 cm diameter, 3.6 cm high and 0.2 cm thickness) was placed

into an alumina vessel surrounded by ZrO2 wool isolation. Double walls were used to protect the

high radiation. To decrease the radial temperature gradient in the melt, alumina was mounted all

around the system. The pull rates were generally in the range 0.54–12 mm/h, and the best results

were obtained with a pull rate of 6.7 mm/h. The crystal rotation rates were between 22 and 40 rpm.

The best results were obtained with a crystal rotation of 30 rpm. The diameters of the crystals were

between 3 and 20 mm. The crucible was not rotated during the growth. After the growth run, the

crystal boule was cooled at a rate of about 50 K/h down to room temperature.

Various solutions of H3PO4 at different temperatures and for various exposure times were tried for

chemical polishing. A solution of 1 part saturated chromic acid (CrO3 in water) and 3 parts conc. H3PO4

(85 %) (Merck, Darmstadt, Germany) at 433 K after exposure for 2 h was found to be suitable for chemi-

cal polishing. Various water solutions of HCl (Merck, Darmstadt, Germany) at different temperatures,

and various solutions of concentrated HF (Merck, Darmstadt, Germany) and chromic acid, and for vari-

ous exposure times were tried for etching. A mixture of 1 part concentrated HF and 2 parts chromic acid

at room temperature after exposure for 30 minutes was found to be a suitable etching solution.

All the obtained crystal plates were observed in polarised light to reveal striations.

The chemical compositions of the products were determined by the XRD powder technique.

All the samples were examined under the same conditions, using a Philips PW 1729 X-ray genera-

tor, a Philips 1710 diffractometer and the original APD software. The radiation source was an X-ray

LLF tube with copper radiation and a graphite monochromator. The radiations were �CuK�1 =

0.154060 nm and �CuK�2 = 0.154438 nm. The anode tube load was 40 kV and 30 mA. Slits of 1.0

and 0.1 mm were fixed. Samples were pressed into standard aluminium frames and measured in the

2� ranges from 10º to 80º. Each 1/50º (0.02º) was measured for 0.5 s. For product identification, the

MPDS program and JCPDS (ASTM) card files were used.

RESULTS AND DISCUSSION

The pulling of a crystal from a melt by the Czochralski method is a process es-

sentially governed by the shape of the melt meniscus near the solid-liquid-vapour
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junction and the thermal gradients on both sides of the growth interface. It is a

well-known practical fact that in order to produce a crystal in the shape of a right cyl-

inder some kind of regulation of the external conditions, like the supplied heating

power or the pulling speed,22 has to be applied. In principle, this requirement can be

due to the process being inherently unstable, or simply that the heat transfer condi-

tions are changing as the crystal is grown longer, i.e., batch-induced variations.

Surek23 first addressed the fundamental question of inherent stability in an analysis

where only the capillary effect was taken into account. That classical argument

showed that a purely surface-tension-controlled process is unstable. Subsequently,

some authors24 investigated the dynamics of the crystal radius in response to varia-

tions in the temperature at the base of the meniscus, and they concluded that the pull-

ing process (Ge was, in this case, the example) is linearly stable during Czochralski

growth of crystals except in the case of very small diameters. Others25–27 analyti-

cally or experimentally investigated the coupling to the thermal conditions, but the

conclusions were conflicting. In our case we predicted that the growing crystal pro-

cess was linearly stable for single crystals grown to about 1 cm in diameter.

The hydrodynamics of a melt are governed by buoyancy-driven convection of

free convection, by forced convection due to crystal rotation and by thermo-capillary

surface convection. Three dimensionless numbers can describe all these flows: the

Grashof (Gr), Reynolds (Re) and Marangoni (Ma) numbers. It can be said that the

depth of the melt influences the Grashof number, the rotation rate of the crystal mod-

ifies the Reynolds number, and the temperature gradients over the surface of the melt

acts on the Marangoni number.28 The Ma number will not change significantly if a

small temperature gradient exists over the surface of the melt, and so the hydrody-

namics will be governed mainly by the Re and Gr numbers.

Re = � r2 �–1, (1)

Gr = g � � T R3 �–2, (2)

where � – rotation rate; r – crystal radius, � – kinematic viscosity; g – acceleration due to

grativy; � – volumetric expansion coefficient of the melt; �T – temperature difference

(Tcrucible – Tmp), and R – radius of the crucible. It was presumed, as did Carruthers,29 that

there was no change in the kinematic viscosity at the interface melt/crystal during the pro-

cess of growth and that there was equilibrium Gr = Re2. There is during this time, a flat

melt/crystal interface at a critical rotation rate �c and a critical diameter dc. It was decided

to use the relations derived by Carruthers in the calculations for our experimental system.

These relations are in a good agreement with the experimental system. These relations are

in a good agreement with the experimental data of many authors30,31 and it was assumed

that they could also be useful in our case. In this way, by applying the hydrodynamic

forms, the values of the critical rate of rotation �c = 30 rpm, and the critical diameter dc =

10 mm were obtained. The rate of crystal growth was experimentally obtained to be 6.7

mm/h. A picture of an obtained Nd:CaWO4 single crystal plate is shown in Fig. 1.
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The widely known etch pit technique is very suitable for the study of crystal-

line solids. For such studies, cleavage planes are often preferred to the mature sur-

face, because the former are free from the usual growth features and the characte-

ristic surface marking which affect each pattern produced. Natural scheelite (CaWO4)

is known to have (101), (112) and (001) cleavages.32 On the other hand, synthetic

CaWO4 crystals, both pure and doped, grown by the Czochralski technique from

the melt have been reported to exhibit (001) cleavages.33 CaWO4 is not a very hard

material, with a hardness of 5 degrees on the Mohs scale.34 It was found that a suit-

able solution for chemical polishing a mixture of 1 part saturated chromic acid

(CrO3 in water) and 3 parts conc. H3PO4 (85 %) at 433–473 K was a suitable solu-

tion for chemical polishing after exposure times between 1.5 and 2 h. The best re-

sults were obtained at 433 K and an exposure time of 2 h. An etching solutions is

usually reported for the (001) cleavage plane.35 It was found36 that a mixture of 1

part concentrated HF and 2 parts saturated chromic acid (CrO3 in water) is a suit-

able etching solution (etchant), which produces sizable pits (about 6 �m) in about
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Fig. 1. A view of a chemically polished (001)

cleavage plane of a Nd:CaWO
4

single crystal

plate.

Fig. 2. A view of an etched (001) cleavage plane of a

Nd:CaWO4 single crystal plate after an etching expo-

sure time of 30 min. Dislocation density 638 cm
-2

.

Magnification 270�.

Fig. 3. A view of an etched (001) cleavage plane of a

Nd:CaWO4 single crystal plate after an etching expo-

sure time of 15 min. Dislocation density 3200 cm
-2

.

Magnification 270��



20 min at room temperature. Many experiments were performed with various ex-

posure times, and the best results were obtained with an exposure time of 30 min-

utes. Pictures of etch-pit specimens are presented in Figs. 2 and 3.

Figure 2 presents the sample after an exposure time of 30 min with a dislocation

density of 638 cm–2 (pulling speed was 6.7 mm/h, �c = 30 rpm, dc = 10 mm), and

Fig. 3 presents the sample after an exposure time of 15 min with a dislocation density

of 3200 cm–2 (the pulling speed was 6.7 mm/h, �c = 30 rpm, dc = 10 mm). It should

be noted that the obtained single crystal had a much smaller dislocation density

(5�102–2�103 cm–2) than those reported in literature9,10 where values of about 105

cm–2 were cited. Figure 4 shows what could occur with an inappropriate pulling

speed (11.4 mm/h) although the critical diameter dc = 1.0 cm and the critical rate of

rotation �c = 30 rpm were applied. The low angle boundary is clearly seen.

A solution of conc. H3PO4 at 593–603 K and exposure times between 1.5 and

2 h was also tested as a solution for chemical polishing, but better results were ob-

tained with the above mentioned one. An aqueous solution of HCl at various tem-

peratures was tested as an etchant, but better results were obtained with the men-

NdCaWO4 SINGLE CRYSTALS 1005

Fig. 4. A view of a small angle boundary in the (001)

cleavage plane of a Nd:CaWO
4

single crystal plate. Mag-

nification 270�.

Fig. 5. X-Ray pattern of a powdered Nd:CaWO4 single crystal.



tioned mixture of HF and saturated chromic acid.When examined under polarised

light, the polished crystal plates showed the absence of bubbles, entrapments,

non-homogeneous impurity concentrations and striations.

TABLE I. Table of spacing (d), intensities (I) and indices (hkl) of an Nd:CaWO4 single crystal in comparison

to literature data.
37

dlit/nm dcal./nm I0lit/% I0cal./% (hkl) dlit/nm dcal./nm I0lit/% I0cal./% (hkl)

0.47645 0.47437 84 60.90 101 0.15528 0.15518 13 18.89 224

0.31049 0.31024 100 100 112 0.15474 9.80

0.30714 0.30660 30 50.45 103 0.14426 0.14419 5 6.13 321

0.28425 0.28404 39 35.78 004 0.14218 0.14210 4 7.09 008

0.26213 0.26187 19 16.91 200 0.14179 4.04

0.23803 0.24041 1 2.24 202 0.13860 0.13857 3 4.04 305

0.22962 0.22958 18 50.45 211 0.13818 2.67

0.22562 0.22539 3 2.24 114 0.13577 0.13576 4 6.61 323

0.20865 0.20858 6 4.04 105 0.13537 3.85

0.19943 0.19945 10 15.41 213 0.13356 0.13353 4 3.85 217

0.19276 0.19256 36 76.36 204 0.13109 0.13092 2 2.24 400

0.18536 0.18533 15 13.96 220 0.12637 0.12636 2 3.85 411

0.18536 0.18541 15 7.79 301 0.12497 0.12478 7 78.83 208

0.16877 0.16869 17 34.67 116 0.12446 32.50

0.16823 16.15 0.12285 0.12271 2 2.24 109

0.16326 0.16317 8 40.39 215 0.12076 0.12074 4 6.37 332

0.16274 16.91 0.12055 0.12050 2 16.91 413

0.15921 0.15914 23 40.98 312 0.12019 5.90

0.15873 0.15572 4 24.53 303
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The structural properties of the obtained crystals were obtained using X-ray

analysis of powdered samples. A Philips PW 1710 diffractometer was used in the

2� ranges from 10º to 80º. The unit cell of calcium tungstate was calculated by the

least square method using 29 reflections, including more K�2 for 8 reflections. All

the reflections correspond to CaWO4 crystals with the parameters of the tetragonal

unit cell a = 0.524294 (6) nm, c = 1.1373 (7) nm and V0 = 0.31263 nm3,37 Some di-

vergence of the compared results can be explained by the fact that X-ray powder

diffraction analysis gives a statistical result. The calculated results for the lattice

parameters are a = 0.52404 (6) nm, c = 1.1362 (6) nm, and V0 = 0.312 (2) nm3,

which are in good agreement with the published data.2,9,13 The X-ray diffra-

ctogram for powdered Nd:CaWO4 is given in Fig. 5, in which the weak reflections

are not marked with Mueller indices. The X-ray diffractogram of a powdered

CaWO4 single crystal,38 which can be used to show that the small amount of dop-

ant has not influence on the diffractogram, is presented in Fig. 6. The Nd concen-

tration is 0.8 atomic percentages and this amount did not change the unit cell. It can

be seen from Figs. 5 and 6 that the positions of the peaks are at the same place. The

intensities are changed as could be expect because they show statistical values. It
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TABLE II. Table of angles (�), intensities (I) and indices (hkl) of a Nd:CaWO4 single crystal in comparison to

literature data
37

�lit./º �cal./º I0lit /% I0cal./% (hkl) �lit./º �cal./º I0lit/% I0cal./% (hkl)

18.608 18.685 84 60.90 101 59.477 59.525 13 18.89 224

28.729 28.770 100 100 112 59.710 9.80

29.049 29.065 30 50.45 103 64.544 64.585 5 6.13 321

31.445 31.480 39 35.78 004 65.605 65.650 4 7.09 008

34.178 34.195 19 16.91 200 65.815 4.04

37.763 37.795 1 2.24 202 67.516 67.545 3 4.04 305

39.201 39.230 18 50.45 211 67.760 2.67

39.925 39.995 3 2.24 114 69.132 69.140 4 6.61 323

43.329 43.375 6 4.04 105 69.365 3.85

45.442 45.480 10 15.41 213 70.422 70.465 4 3.85 217

47.106 47.160 36 76.36 204 71.970 72.085 2 2.24 400

49.110 49.120 15 13.96 220 75.111 75.120 2 3.85 411

52.973 53.045 15 7.79 301 76.104 76.240 7 78.83 208

54.311 54.340 17 34.67 116 76.475 32.50

54.500 16.15 77.658 77.765 2 2.24 109

56.302 56.340 8 40.39 215 79.266 79.285 4 6.37 332

56.500 16.91 79.431 79.470 2 16.91 413

57.869 57.900 23 40.98 312 79.715 5.90

58.061 58.065 4 24.53 303



has been reported39 that only almost perfect single crystals can split X-ray reflec-

tions into K�1 and K�2 and the presence of doublets is one more confirmation of

the quality of the produced crystals.

The intensities of the reflections for some crystal planes, together with their

Mueller indices and distances between the planes of the reflections are given in Ta-

ble I. The intensities of the reflections from Fig. 5 are given together with pub-

lished intensities for the same planes in JCPDS (“Joint Committee on Powder Dif-

fraction Standards”). Table II represents the intensities of the reflections for some

crystal planes, together with their Mueller indices and the angles of the reflections.

Some divergences between the experimentally obtained 2� values and these in the

literature could be explained as being the consequence of the employed wave-

length CuK�1 (0.154178 nm) and CuK�1 cited in the literature37 (0.1540598 nm).

CONCLUSIONS

The conditions for growing Nd:CaWO4 single crystals were calculated using a

combination of Reynolds and Grashof numbers. From the hydrodynamics of the

melt the critical crystal diameter dc = 1.0 cm and the critical rate of rotation �c = 30

rpm were calculated. The value of the rate of crystal growth was experimentally

found to be 6.7 mm/h.

A mixture of 1 part saturated chromic acid (CrO3 in water) and 3 parts conc.

H3PO4 (85 %) at 433 K after exposure for 2 h was shown to be suitable for chemi-

cal polishing. Amixture of 1 part concentrated HF and 2 parts chromic acid at room

temperature after exposure for 30 min was shown to be a suitable etching solution.

I Z V O D

RAST MONOKRISTALA Nd:CaWO4

ALEKSANDAR GOLUBOVI]
1
, SLOBODANKA NIKOLI]

1
, RADO[ GAJI]

1
, STEVAN \URI]

2
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ANDREJA VAL^I]
3

1
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2
Rudarsko-geolo{ki fakultet, \u{ina 7,

p. pr. 162, 11000 Beograd i
3
Tehnolo{ko-metalur{ki fakultet, Karnegijeva 4, 11000 Beograd

Monokristali CaWO4 dopirani sa 0,8 atomskih % Nd (Nd:CaWO4) rasli su u vazduhu

tenikom rasta kristala po ^ohralskom. Vrednosti kriti~nog pre~nika dc = 1,0 cm i kri-

ti~ne brzine rotacije �c = 30 o/min su odre|ene pomo}u jedna~ina dinamike fluida. Brzina

izvla~ewa kristala od 6,7 mm/h je odre|ena eksperimentalno. Kao sredstvo za hemijsko

polirawe je odre|ena smesa 1 dela zasi}ene hromne kiseline (vodeni rastvor CrO3) i 3 dela

conc. H3PO4 (85 %) na 433 K pri izlagawu od 2 sata. Smesa 1 dela koncentrovane HF i 2 dela

hromne kiseline na sobnoj temperature pri izlagawu od 30 minuta se pokazala kao pogodno

sredstvo za nagrizawe. Odre|eni su parametri re{etke a = 0,52404 (6) nm, c = 1,1362 (6) nm i V0

= 0,312 (2) nm
3 pomo}u rendgenske difrakcione analize praha. Dobijeni rezultati su disku-

tovani i upore|eni sa literaturnim podacima.

(Primqeno 25. marta 2003)
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BOOK REVIEW

COMPREHENSIVE ENZYME KINETICS

by Vladimir Leskovac

Published by Kluwer Academic/Plenum Plblisher New York, March 2003-11-17

Pages: ii + 438, 125 Figures, 50 Tables, 900 Equations, EURO 118.00/USD 125.00/GBP 77.50,

ISBN: 0-306-46712-7 Hardbound

Today, in the post-genomic era, no fundamental or applied work can be thought about

in biochemistry and its related molecular biology, and in life sciences in general without

considering enzymes. Above all, enzymes are becoming powerful reagents and tool in all

other fields of chemistry too, but also an integral part of everyday life. Biotechnology, as

one of the branches of science, and its applications, which shall determine the trends in civ-

ilization in the forthcoming century, are inconceivable without enzymes and their activity.

These are only some of the reasons why the book “Comprehensive Enzyme Kinetics” by

Professor Vladimir Leskovac from the Faculty of Technology, University of Novi Sad

(Serbia & Montenegro) is welcome.

Through 18 chapters, the author takes the user of the Book systematically, simply and

clearly, in a modern and an expert way into the complex kinetic relations of the interactions

of enzymes and substrates, starting from the introduction which relates to the structure of

enzymes and their active sites, through the bases of chemical kinetics, indispensable for an

understanding of enzyme kinetics, in order to reach the basic topic. The next 11 chapters

are dedicated to a gradual survey of monosubstrate, bisubstrate and trisubstrate reactions,

including nonhyperbolic rate equations and allosteric and cooperative effects. Simple but

also complex kinetic models are explained in this Book. Sections 14 and 15 are dedicated

to the effect of pH and temperature on enzyme catalysis.

The Author emphasizes the importance of the graphic presentation of kinetic models

owing to which the Book abounds in graphs – such a way of presenting results. Mathemat-

ical models are often in the form of double-reciprocal plots.

In the last 3 chapters, special attention is paid to isotope exchange, kinetic isotope ef-

fects and statistical analysis of the initial rate and binding data, which relate to enzyme re-

actions. The Book also contains a Subject Index.

The Book is of special value due to the numerous examples which illustratively sup-

port a simpler understanding of the reported contents.
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Pertaining references (almost 600 in total) are cited after each chapter and with the ex-

ception of 3 places (chapters 1, 7 and 11) are systematized as books, review articles and

specific references which facilitate their utilization. Acertain number of examples are from

the Author’s and associates’ references.

The Book is a modern textbook but also a contemporary handbook intended for stu-

dents of Biochemistry first and foremost, but also for all those who meet enzymes in their

research work. “Comprehensive Enzyme Kinetics” by Professor Leskovac is a novelty

written in a “scholarly fashion”, as stated in the Preface by the Author himself, which ex-

ceeds the limits of textbook literature and makes up the shortage among a large number of

books dedicated to this topic since it presents understandably and concisely, free from un-

needed details and excessive explanations, on a relatively small number of pages, all that is

necessary for the comprehension and application of kinetic enzymes. It is quite certain that

such a book can only be written by a successful scientist and a pedagogue with great expe-

rience.

Students, professors, and researchers would greatly benefit if this excellent book

“Comprehensive Enzyme Kinetics” by Professor Leskovac could be found in the libraries

of their faculties, institutes and industry, as well as in the laboratories – in all places where

enzymes are taught and dealt with.

Miroslav M. Vrvi}, D. Sc. Chem.

Professor of Biotechnology

Faculty of Chemistry,

University of Belgrade, P. O. Box 158,

11001 Belgrade, Studentski trg 16, Serbia and Montenegro,

E-mail: mmvchem@drenik.net
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