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Ageing-induced changes of reduced and oxidised glutathione in
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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.).!-? 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# but in recent times the increase in the knowledge of its functions in plants has be-
*  Corresponding author. Phone: +381-11-3756-704. Fax: +381-11-3756-707.

E-mail: mmvchem@drenik.net.

#  Serbian Chemical Society active member.
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come more essential. The glutathione system is one of the most important non-enzymic
protective factors.* 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 cycle4 Since there is no free
ascorbate in seeds, GSH directly participates in the oxidation, by the proposed mechanism
of substitution:>-0

Propagation: *OH + GSH — GS® + H,O (D

Termination: 2 GS® — GSSG )

The GS*® radical is relatively stable, while the formed GSSG is non-toxic to living sys-
tems.

Pastori and Trippi’ 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.?!! 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 (ZP PL 175-L and ZP
PL. 188-L,) and two sweet maize inbreds (ZP PL51-L; anD ZP PL67-L,). Maize seeds were subjected to the
AA treatment!? at a temperature of 42 °C 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 L; and L, 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 L; and L, 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!3 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 °C 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 [ZP-119-UP11).

The content of reduced (GHS) and oxidized glutathione (GSSG) was determined according to the
method of Kok e al.'* 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 °C 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 |
(Sigma grade IV) and 0.08 mL 0.1 M methylglyoxal are added. After incubation at 30 °C for 15 min. the con-
tent of reduced glutathione (GHS) was determined in the above described manner. GSH (Sigma Ultra 98100
%) in the concentration range 0-0.1 umol GSH mL! 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 L, L,, 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 L{ and L, from 90 to 395 and from 716 to 726 nmol g . In contrast, the
levels of GSH and GSSG decreased significantly from 814 to 619 and from 161 to 62
nmol g1, respectively, in L3, and from 894 to 548 and from 822 to 222 nmol g1, respec-
tively, in Ly.

TABLE I. The impact of accelerated ageing on the distribution of GSH and GSSG among seedling parts,
[nmol g'].

Ageing Seed Radicle Shoot Rest of seed
treatment GSH GSSG ¥ GSH GSSG ¥ GSH GSSG X GSH GSSG =
control 963 90 1053 1090 672 1762 435 1453 1888 624 401 1025

Genotype

b treatment 528 395 923 1312 1132 2444 664 993 1657 913 536 1449
L, 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
L 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
L, 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 8 130 43 66 108 28 72 101

*Significant differences from controls (#-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 g1 and from 6,193 to 6,528 nmol g~! in the whole seedlings of L; and L, respec-
tively (Table I). On the other hand, this content decreased in L3 and L4 from 20,322 to
19,166 nmol g1 and from 14,255 to 13,722 nmol g! in the whole seedlings of L3 and Ly,
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respectively. The increase in the level of total glutathione in L; and L, was pronounced in
the radicle (39 and 10 %) and the rest of the seed (41 and 43 %), while in L3 and L 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 L; (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 L, (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 L 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 tomatoes!0
and less sensitive (L; and L), 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.!! 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.>-¢ The antioxidative capacity of glutathione
should be based on this mechanism.*7-8

Considering numerous studies of other authors, such as Narayan et al.!, McDon-
ald,> Torres et al.,!! 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 L; 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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W Seed 107 | 1.17 | 1.54 | 0.65 | 5.54 | 7.33 | 1.28 | 2.23
[ Radicle 16 |12 |02 | 06 | 14 | 25| 22 | 43
W Shoot 03 0702 02|21 |[16]02]0
B Restofseed | 1.6 | 1.7 | 36 | 21 | 08 [ 0.6 | 09 | 04

Fig. 1. The GSH:GSSG mole ratio before and after accelerated ageing of seeds and seedling parts. C- con-
trol. T- treatment.

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.,? De Paula ef al.10 and Torres et al.,!1 obtained
with sunflowers and tomatoes. These results were also confirmed by investigations of
Pastori and Trippi/ and Kocsy et al.,3 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 Brunold!©
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 L; and L,) 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 L, as sensitive inbreds, was lower, while the equilib-
rium was shifted towards GSSG accumulation, in contrast to seedlings of L| and L, where
total glutathione was higher, with the equilibrium shifted towards GSH accumulation.
Therefore, the obtained results indicate that seeds of dent maize inbreds (L; and L,) 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 L) 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 L) and less sensitive,
such as dent maize (L and L,); furthermore, within each group, more sensitive (L, and
L4) and less sensitive genotypes (L 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.

N3BOO

YTULAJ YEP3AHOI CTAPElHLA HA TTPOMEHE PEJYKOBAHOI'
OKCHIOBAHOI TIIYTATHOHA Y KTMJAHIIMMA KYKYPY3A

BECHA J1. ):[,PAFI/I‘{EBI/ITll, CIIOBOJJAHKA CPEJIOJ EB’SI/ITll, MUXAIIO B. CTACUEZ u MUPOCITAB M.
BPBUH-

1 Huctauttiyit 3a kykypys “emyn [oswe”, 11185 Beozpao-3emyn, Caobodana Bajuha 1, ZI/IchTAuLHyITA 3a 6uonouika
ucitapaxcusarsa “Cunuua Citiankosuh”, 11000 Beozpao, 29. Hosembpa 142 u j,Xewtujcxu chaxyaitieiti, Ynueep3uitieid y
Beozpaoy, Cinyoeniticku iuipz 16, . ip. 158, Beozpao

[NocraBmen je ormep ca YeTHpH JIMHUjE KYKypy3a pa3IniuTe Ay>KIHE OuyBama KIIMjaBOCTU
CeMeHa TOKOM TpeTMaHa YOp3HOT cTapersa. VICIUTIBaHe Cy IPOMEHe YKYITHOT, Kao B PeyKOBAHOT
7 OKCHJIOBAHOT' TJTyTaTHOHA (M3paKeHH KAao MOHOMEpH) y CeMeHy M KIMjaHIUMa Npe W HaKOH
yOp3aHOT cTapema. Y ICTpaskMBabiMa Cy PBHU MyT aHAMM3UPAHe MPOMEHe TITYyTaTHOHA Y MM
KJIMjaHIUMA, Ka0 U OCTATKy CeMeHa. Y CeMeHY JIMHHja KyKypy3a KOje MMajy CIIOCOOHOCT AyXKer
OUyBaa KIINjaBOCTH OHO je Marbi IyOUTaK YKYITHOT [TyTaTHOHA, Y3 MoBehame yyiena OKCIioBaHOT
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ob6mmka. Kon \BIXoBrX KipjaHana oMo je 1o noBehama cafpykaja yKYITHOT TIIyTaTHOHA Y OfHOCY
Ha KoHTposHe kimjaHne. Ceme KyKypys3a Koje Opske ryOM KiMjaBocT MMano je Behe ryourke
VKYITHOT TITyTaTHOHA, y3 Behu cap:kaj oKcrioBaHOT 00/IHMKa KO (pOpMUpaHUX KinjaHana. [ly>kuHa
OuyBama KIIMjaBOCTH, Ka0 1 CHHTEe3a IMIyTaTHOHA KOJ KIMjaHala je TeHOTHIICKa OCOOMHA.

(TTpumsbero 15. anpuia 2003)
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tion of mixed ligand cobalt(IlI)-complexes with salicylaldehyde

semi-, thiosemi- and isothiosemicarbazone and pyridine

VUKADIN M. LEOVAC™ # LJILJANA S. VOJINOVIC, KATALIN MESZAROS SZECSENYI and
VALERIJA I. CESLIEVIC*

Department of Chemistry, Faculty of Science, University of Novi Sad, Trg Dositeja Obradovica 3, 21000
Novi Sad, Serbia and Montenegro

(Received 25 June, revised 12 September 2003)

Abstract: Mixed ligand octahedral cobalt(IIl) complexes with the tridentate salicylal-
dehyde semi-, thiosemi- and isothiosemicarbazone and pyridine of general formula
[CoM(L1-3)(py);]X (H,L! = salicylaldehyde semicarbazone, X = [ColCl;(py)]", CIO* -
H,0, I - 0.5 I; H,L? = salicylaldehyde thiosemicarbazone, X = [Co'lCl;(py)]",
[Co"Bry(py)],, ClO,” - H,0, I3 H,L3 = salicylaldehyde S-methylisothiosemicarba-
zone, X = [ CoBry(py) I, C10,” - H,O, BF,") 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(Ill) complexes, salicylaldehyde semi-, thiosemi-, isothiosemicarba-
zone, pyridine.

INTRODUCTION

Due to their good complexing properties, |~ biological activity-¢ and analyti-
cal application,’-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=0
*  Corresponding author.

#  Serbian Chemical Society active member
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OH oH
X
= NH,
—N—— _ -~
cH=N—NH—CZ__ crmN—N—={
2 S—CH,
3
(X=0 — H,L'; X=S —= H;L?) H,L

Fig. 1. Structural formulas of salicylaldehyde semi- (H,L!), thiosemi- (H,L2) and
S-methylisothiosemicarbazone (H,L3).

or S),1-3 the third donor atom with isothiosemicarbazone derivatives is the nitro-
gen of the isothioamide group.*

Cobalt(I1l) and various tridentate ligands form mainly mixed bis(ligand) com-
plexes, whereas mixed complexes such as [Co(L)A3]0, [Co(L)A,B]",[Co(L)B3]3"
(L=diethylenetriamine, cyclohexanitroamine, bis(2-aminoethyl)-sulphide, N-(3-ami-
nopropyl)-1,3-propantriamine; A=NO,, N3, CN, CI; B=NH3), are much rarer.10 In
our previous work,!! the crystal structure of mixed Co(I1I) complexes of the formula
[Col(L3)(py)3]X (X=[ColCl5(py)]~ - EtOH, I37), 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(IIT) complexes with salicylaldehyde semi- (H,L1), thiosemi- (H,L2) and S-methyli-
sothiosemicarbazone (H,L3) (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 (H,L!), thiosemicarbazone (H,L?) and S-methylisothiosemicar-
bazone (H,L?), the prepaation of which has been described earlier.!>!3

Synthesis of the complexes

[Co(!)(py) 31[CoCl5(py)]. EtOH (5.0 cm?) and pyridine (=5 mmol) were added to a mixture of
CoCl,'6H,0 (1.2 mmol) and salicylaldehyde semicarbazone, (H,L") (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 Et,O. The yield was 0.27 g (61 %).

[CoL?)(py);)[CoCls(py)] and [CoL?3)(py);][CoBrs(py) 1. EtOH (5.0 cm?) and pyridine (=5 mmol)
were added to a mixture of CoX,'6H,0 (X = Cl, Br) (2.5 mmol) and salicyladehyde thiosemi-(H,L?)/S-me-
thylisothiosemicarbazone (H,L?) (1.25 mmol). After 24 h, the green crystals were separated by filtration and
washed with EtOH and Et,0O. The yield was 0.10 g (11 %), 0.29 g (27 %), 0.48 g (52 %) respectively.

[CoL'3)(py);1CIO ;H,0. To a mixture of the ligands (H,L.'~3) (0.5 mmol) and Co(ClO,), (1 mmol),
EtOH (5.0 cm?) 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 Et,O. The yield was 0.27 g (63
%), 0.20 g (64 %), 0.19 g (65 %), respectively.

[Co(@})(py);)F0.5I, and [Co(L?)(py)5)I;. To a warm solution of Nal (5 mmol) in EtOH (5.0 cm?), 2.5 mmol
CoCly6H,0O were added and the resulting solution was heated for a few minutes. After 15 min the precipitated
NaCl was separated by filtration. To the Col, solution was then added H,L!/H,L? (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 Et,O. The yield was 0.30 g (34 %), 0.30 g (28 %), respectively.
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[Co(L?)(py);)BF ;. A mixture of CoCly6H,O (2 mmol) and NaBF, (4 mmol) in EtOH (6.0 cm?) was
heated for a few minutes. After 15 minutes, the precipitated NaCl was separated by filtration. To the Co(BF,),
solution were then added H,L3 (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);][CoCly(py)]- EtOH!! 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 Et,O. 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. H,SO, and conc. HNO;, 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 1x10 mol/dm3 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'!. The thermogravimetric curves were registered up to 1000 K by means of a DuPont 2000 TA system
with a thermobalance DuPont 951 TGA using 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- (H,L1),
thiosemi- (H,L.2) and S-methylisothiosemicarbazone (H,L3), of the type [Colll(L)(py);]X
(L = L, X = [CollCl(py)], ClO4~H,0, [0.5,; L = L2, X = [CollCLy(py)],
[COHBI‘:;(py)]*, C1047'H20, 137; L= L3 , X= [COHBI‘j,(py)]j C1047'H20, BF47) WCEre
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][CoCls(py)]-EtOH!! was formed, which
means that the metathetical reaction between CoCl, and NaBF, yielded no complete
precipitation of the chloride (NaCl). It should be mentioned that attempts to isolate com-
plexes with the mixed anion [Colll;(py)]~ were unsuccessful.

All the complexes are well soluble in DMF, less in MeOH, EtOH and Me,CO,
and insoluble in H,O and Et,0.

On the basis of the obtained results it can be concluded that the complexes
[Coll(L1-3)(py);]T are formed only in combination with large counterions, such as
[ColX5(py) I~ (X =Cl, Br) or CIO4 . The formation of complexes with the smaller
BF,4 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

[Coll(L3)(py)3][CoICl3(py)].
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The necessity of the presence of a relatively large anion in combination with
the large [Colll(L1-3)(py);]" cation has also been confirmed on the examples of the
[Co(L2)(py)3]15 complex, similar to the previously synthesized isothiosemicar-
bazone complexes,!! such as [Colll(L1)(py);]1:0.51,, in which a significant inter-
action exists between I, and two I~ anions from the neighbouring molecules. A
similar situation was also found in the crystal structure of the [Co!ll(H,L)I,]1-0.51,
(H,L = bis(hydrazone 2,6 diacetylpyridine)) complex.!4

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

Found (Caled.) / %
C H N Co

[Co(LN(py)s][CoCly(py)] green 439 436 4734 407 1395 1594
46.85)  (3.79) (13.66) (16.42)

[Co(LA)(py)s][CoCly(py)]  green  4.45 447 4614 403 1310 1627
45.83)  (3.71) (13.66) (16.06)

[Co(L?)(py);][CoBry(py)] green 425 1017 3808 3.6l .14 1327
(38.77)  (3.14)  (11.30) (13.59)

[Co(L3)(py)s][CoBry(py)] green 498 1580 3889  3.66  11.04  13.03
(39.52) (332) (11.12) (13.37)

[Co(L))(py);]CIO,H,0 brown  diam 610 4722 425 1405 942
46.75)  (4.10) (1422)  (9.97)

[Co(L?)(py);]CIO,H,0 brown  diam 678 4606 410 1335 9.4l
(4551)  (3.99) (13.58)  (9.69)

[Co(L3)(py);]CIO,H,0  brown  diam 830 4450 335 1354  9.15
(4642) (422) (13.53)  (9.49)

[Co(L)(py);]10.5L,  brown  diam  69.6 4194 378 1233 800
(37.99)  (3.05) (11.55) (8.10)

[Co(L2)(py)s]ls brown  diam  23.6 3345 279 1108 646
(BL75)  (2.55)  (9.66)  (6.67)

[Co(L3)(py);]BF, brown  diam 543  49.07 457 1320 1021
(48.83)  (4.10) (1424)  (9.98)

A
Complex Colour  Meffltp S cmi\;[mol

Finally, the obtained results indicate the differences in the possibility of the
formation of tri-halogenopyridinecobaltate(I) ions which, to our knowledge,!0
have only been found in combination with the complex cation [Coll[(L1-3)(py)5]*.15
Namely, under identical experimental conditions, the [CoClz(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 [Colll(L1-3)(py);]" 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 HyL1-2, and the isothioamide group in the case of
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N\Co/py
\py

|24

X Scheme 1. Structure of [Co(L)(py)s]*.

H,L3. 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=[CoCl; (py)]EtOH,
I57).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=0, S, N)
donor atoms!~# (Scheme 1).

A [nm]
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1 ¥ 1 I 1
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Fig. 2. Electronic spectra of the complexes:
(—) [Co™(L2)py)s][CoCly(py)] in DMF;
(---) [Co™L2)(py)3][CoCly(py)] in Me,CO;
----- Co™(LA)(py);]CIO,H,0 in DMF.

0.0
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In concordance with the mentioned coordination mode is also the absence of
the characteristic v(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
cm1) of the bands v(C=0) and v(C=S), which in the spectra of H,L! and H,L2 ap-
pear at 1690 and 1275 cm 1,16 respectively. In the spectra of complexes with H,L3,
the bands v(NH) and 6(NH>), observed in the ligand spectrum at 3330 and 1640
cm™!, are also shifted to lower energies: 3200, 1605 cm™1, respectively. In the spec-
tra of the complexes containing ClO4 and BF, there are characteristic very strong
single bands at 1100 cm™!, indicating the ionic character of the acid residues. 10

With the exception of the complexes that contain tetrahedral anions [Col'X3(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) complexes!”
(Table I).

The electronic spectra of the brown DMF and Me,CO 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-

Am,%

0,_
04

“min

T T T T T T T T T T T T

300 400 500 600 700 800 T/K
Fig. 3. Thermal curves of: (—) [Co™(L")(py);][CoCly(py)s]; (---)[Co™(L)(py);]1-0.51,;
(-+)[COML2)(py)s][CoCly(py)s].
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taining the tetrahedral [CoX3(py) ]~ (X = CIL, 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 Me,CO solutions of the same
compounds. Namely, in DMF solutions of these complexes, known complexes of a
nonelectrolyte type [Colll(HL)(L)]!9-2! 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 [CollBr3(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.?2

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(Ill) 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]1:0.51, 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.

Acknowledgement: This work was supported by the Ministry of Science, Technology and Development
of the Republic of Serbia (Grant N° 1318).
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U3BO

KOMINIEKCH ITPETTABHX METAIJIA CA INTAHIVIMA HA BA3U
TUOCEMUKAPBA3UIA. JEO 46. CUHTE3E U PU3NYKO-XEMINJCKA
KAPAKTEPU3ALINJA KOBAIIT(1II) KOMIINTEKCA CA MEIIOBUTUM
JIMTAHINMA CEMU-, TUIOCEMU- 1 UTSOTUOCEMMKAPBA3OHOM
CAIIMIWITAIIIEXWIOA Y ITIMPUOVHOM

BYKAJIMH M. JIEOBALL, JbMUJbAHA C. BOJMHOBUWh, KATAJIMH MECAPOIII CEYEBLU u BAJIEPUTA 1
YEIJbEBU'H

Hetiapitiman 3a xemujy, [Tpupogro-maitiemaitiuyku paxyaitieiti, Ynuesep3auitiei y Hosom Cagy,
Tpz Hocuiteja Obpagosuha 3, 21000 Hosu Cag

PeakIujoM TOITHX eTaHOIHUX pacTBopa con KoGanTa(1l) n mupuanna ca cemu-(H,L1),
tuocemn- (H,L?) u S-meTunmsoTnoceMukapbazonom canummangexuaa (H,L?), y Monckom
ofHOoCy 2:5:1, pecneKTUBHO, MTOOMjeHN Cy OKTaegapcku Komiuiekcn kooamra(lll), ca merro-
BUTHM JurangumMa, ommre dopmyne [Co(L)(py);]X (L=L', X = [CoICl;(py)], ClO,~ - H,0,
I-0.51; L=12 X = [Co"'Cl5(py)] ", [Co"Br;(py)] -, ClO, - H,0,1;7; L=L13, X = [Co"'Br;(py)] ",
ClO4 - H,0, BF,"). IIpernocraBibeHa je yobuuajeHa Tpupenratsa (O, N, X (X = O, S, N))
KOOpJIMHAIMja InaHjoHCKe (hopMe XeJaTHUX JUraHaja ca MEepHU/MjaJlHIM paclopeioM Jo-
HOpHUX aToMa. KoMmIiekcn cy okapakTepucaHy IofanuMa eJeMeHTalHe aHalu3€e, MOJIapHe
MPOBOJAJBMBOCTH, MATHETHUM MepPEHIMa, T€ IR 1 elIEKTPOHCKUM allCOPIIMOHNM CIIEKTpUMa.
Tepmuuka pa3srpajma KOMIUIEKCa je UCIIUTaHa TepMorpaBuMeTpujckoM u DSC meTofoMm, a
KOJ| ofabpaHor KoMIiekca KymiaoBanuM TG-MS mepemeM.

(ITpumibeno 25. jyna, peuanpano 12. cenrem6pa 2003)
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Transition metal complexes with thiosemicarbazide-based
ligands. Part 47. Synthesis, physicochemical and voltammetric
characterization of iron(IIl) complexes with pyridoxal
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Abstract: The reaction of warm EtOH solutions of FeX;nH,0 (X = Cl, NO3) with
tridentate ONX (X = O, S, N) pyridoxal semi-, thiosemi- and S-methylisothiosemi-
cabazones (H,L!, H,L2, H,L3, respectively) yielded high-spin octahedral mono- and
bis(ligand) complexes of the formula [Fe(H,L!3)Cl,(H,0)]Cl, [Fe(HL'2),]Cl-nH,0
and [Fe(H,L3)(HL?)](NO5),'H,0. 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(Ill) 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 Bg), amines and amino acids, are the subject of strong interest for many re-
searchers.!=> 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.!=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. 16

A special group of Schiff bases pyridoxal derivatives as ligands are the triden-
tate semi-, thiosemi- and isothiosemicarbazones (H,L!, H,L2 and H,L3, respec-

#  Serbian Chemical Society active member.
*  Corresponding author.
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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,”9 complexes with pyridoxal semi- and isothiosemicarbazones appeared
much later. Namely, in our previous works,!0-12 the syntheses and some physico-
chemical and structural characteristics of the complexes of Cu(Il) and Pt(IV) with
H,L1, and Cu(Il) complexes with H,L3 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(IlT) 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 H,L'2H,0, HyL>3H,0, H,L3H,0 and complex [Fe(HL?),]Cl, which were synthesized
following previously described procedures.”-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 1x1073 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 120140 °C
and 1 mM solutions were thoroughly purged with nitrogen. An AMEL three-electrode voltammetric set-up was
used together with a Hewlett Packard X-Y recorder and a storage oscilloscope for recording the voltammo-
grams. A glassy 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-
si(l)n, in some <1:ases before each scan. The experiments were performed in the range of scan rates from 10 mV
sTtol0 Vs,

Preparation of the protonated forms of the ligands and complexes

H,L"-HCLH,0. 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?)
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(H,L!-3)Cl,(H,0)]CI. To a warm suspension of the neutral forms of the ligands (1 mmol) in EtOH
(10 cm?), FeCly6H,0 (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'),]Cl 4H,0. To 0.26 g (1 mmol) of H,L!2H,0 in EtOH (10 cm?) was added 0.14 g
(0.5 mmol) of FeCl;-6H,0 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?),]CL The complex was synthesized according to the previously described procedure.!3

[Fe(H,L3)(HL?)(NO;) y H,0. A mixture of 0.20 g (0.5 mmol) of Fe(NO5);9H,0, 0.14 g (0.5 mmol) of
H,L3H,0 and 0.05 g of LIOAc was dissolved with heating in EtOH (10cm?). 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(HL?2),]Cl-nH,0 (n=0,2)!3 and [Fe(HL2)Cl,].14 The data of el-
emental analysis and some physico-chemical characteristics of the newly-synthe-
sized iron complexes with H,L! and H,L3 in general, as well as of the novel
mono(ligand) complex with H,L2 are given in Table 1. Taking into account these
results and those of the previously known complex [Fe(HL?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(H,L)Cl;3-H,O, were obtained in a good
yield by the reaction of warm EtOH solutions of FeCl;-6H,0 and the ligands in a
mole ratio of 1:1. It should be pointed out that complexes of analogous composi-
tion were obtained with H,L! and H,L?2, i.e., with the neutral forms of the ligands,
and in the case of the reaction of FeCl3-6H,O with their protonated forms H;L™*.
Also, it is important to emphasize that the previously known [Fe(HL2)Cl,] com-
plex, !4 involving the once-deprotonated form of the ligand, was synthesized start-
ing from FeCl,, and that, despite performing the reaction in a nitrogen atmosphere,
the result was an iron(I1I) complex.

Bis(ligand) monocationic [Fe(HL!),]CI-4H,0 and dicationic [Fe(H,L3)(HL3)](NO3),H,O
complexes, were also obtained in the reaction of EtOH solutions of the ligands with the
corresponding iron(Ill) 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 H,L3, containing both the neutral and once-deprotonated forms of the ligand, repre-
sents the first Fe(Ill) complex with this charge with a diprotic tridentate Schiff base. The
previously known [Fe(HL2),]Cl,!3 whose voltammetric behaviour is also included here,
was obtained by the reaction of anhydrous FeCls and H,L2 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 H,L? is the easiest and that of H,L3 the
hardest. From the structures of these ligands (Fig. 1) it is evident that the phenolic
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Fig. 1. Structural formulas of pyridoxal semi/thiosemicarbazones (X = 0 — H,L!, X =S — H,L?) (a) and
S-methylisothiosemicarbazone (H,L3)(b).

hydroxyl and enol/thiol form of HoL1/H,L2, i.e., isothioamide group of H,L3, can

be deprotonated.

The results of X-ray structural analysis!#15 of the complex with the once-de-
protonated form of H,L2 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 H,L?2 ligand.”

The occurrence of one or more bands of different intensity at ca. 2800 cm™1,
belonging to the v(NH™) vibrations of the protonated pyridine nitrogen,’ 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 H,L2 ligand,!4-17 as well as of Cu(Il) 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 H,L! and H,L?2 is the oxygen or sulphur
of the amide or thioamide group, -C(—-NH,) = X (X =0, S), respectively, whereas
the third donor atom in the case of H,L?3 is the nitrogen of the isothioamide group,
=C(—NH,)-SCHj3. 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(IIl), which has been confirmed by X-ray structural
analysis!8 in the case of the complexes with H,L! and H,L2.

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(H,L3)Cl3-H,O 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



TRANSITION METAL COMPLEXES. 47. 933

molecule is coordinated is also indicated by its relatively high temperature of evolution
(=150 °C), at which temperature the other two complexes are also dehydrated. It
should be noticed that the previously synthesized [Fe(HL2)Cl,] has a square-py-
ramidal structure.!4

All three mono(ligand) complexes are well soluble in H,O and DMF and
somewhat less soluble in MeOH and EtOH. Their stability in H,O and MeOH so-
lutions are markedly different, which is also evident from the values of their molar
conductivities Ayq (Table I). Namely, the A values of their MeOH solutions are in
the range of 124150 S cm? mol-!, i.e., between the A values for 1:1 and 1:2 types
of electrolytes,!® whereas the Ay; values of the aqueous solutions correspond to
those of a 1:3 type of electrolytes (for the H,L! and H,L3 complexes) or to a 1:5
type of electrolyte (H,L2 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 Ay
of aqueous solutions of the H,L.2 complex could also be explained by the formation
of the very mobile H30" ion as a consequence of the deprotonation of the
thiosemicarbazide fragment. In view of the fact that the Ay, value of the aqueous
solutions of the other two complexes is at the upper limit of the Ay 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 H;0™ ion. All these observations are in
agreement with the previous supposition that deprotonation of H,L2 is the easiest
and that of H,L3 the hardest, which corresponds to the trend of decreasing Ay val-
ues of the corresponding complexes.

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

Found (Calcd)/% 2 -l
Ligands/Complex ( ) Ueff /U AM**/S cm” mol  (solvent)
C H N
H,L!-HCI-H,0 39.80 580  19.86 - 126 (H0)
(39.48) (5.43) (20.11)
H,L2-HCI-H,0 3728 527 19.19 - 162 (H,0)
(36.67) (5.13) (19.01)
[Fe(H,L"Cl,(H,0)]CI 26.66  3.59 13.76 5.44 467 (Hy0)
(26.73) (3.49) (13.86) 124 (MeOH)
[Fe(H,L2)Cly(H,0)]Cl 2532 341 13.52 5.34 580 (H,0)
(25.70) (3.36) (13.33) 150 (MeOH)
[Fe(H,L3)Cl,(H,0)]Cl 27.74 381 12.62 6.01 420 (Hy0)
(27.64) (3.71) (12.90) 136 (MeOH)
[Fe(HL!),]CI-4H,0 3546 481 1825 529 78 (MeOH)
(35.45) (4.16) (18.38)
[Fe(HLL3)(HL3)(NOy), H,0 3442 442 1982 443 143 (MeOH)

(34.64) (4.15) (19.86)

*At23°C; **c=1mM



934 JEVTOVIC et al.

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 H,O and DMF (with exception of the H,L2 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(H,L3)Cl,(H,0)]Cl (Table I) and [Fe(HL2),]Cl,13
which have u s values characteristic of pure high-spin Fe(Ill) complexes, the other
complexes have somewhat lower ¢ 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 data?! about Fe(Ill) 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(HL?2),]C1 complex, which at room temperature is high-spin (i
=5.75 up), while its dihydrate is low—spin (ieg= 2.05 pg).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 22 (€9)
H,L!2H,0 290(1.79); 329(0.77 sh®)
H,L'HCI'H,0 306(1.40 sh); 321(1.47); 339(1.45)
H,L2>3H,0 284(1.04); 333(2.10)
H,L2>HCIH,0 321(1.38); 349(1.43); 361(1.39 sh)
H,L3H,0 325(2.81 bpd); 352(2.69); 365 (2.39 sh)
[Fe(H,L!)Cl,(H,0)]CI 291(1.92): 355(1.20)
[Fe(H,L2)CL,(H,0)]Cl 320(1.82); 356(1.97); 442(0.48 sh)
[Fe(H,L3)Cl,(H,0)]Cl 323(1.72); 353(1.72); 367(1.73); 404(1.17 sh)
[Fe(HL'),]CI4H,0 282(2.71); 348(1.40)
[Fe(HL2),]CI 326(3.53); 351(3.66); 438(0.73 sh)
[Fe(H,L3)(HL3)](NO3), H,0 316(1.65 sh); 327(1.72); 351(1.72); 367(1.73)

4 nm. ®In M! em! x10# ¢Shoulder. 9Broad 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 A <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 H,L and H,L-HCl protonated to the same
extent by adding HC1O,4 (> 2H"/ligand) have similar characteristics. The protonated
H,L2 and H,L3 exhibit similar absorption, while the spectrum of the semicarbazone
derivative is different, suggesting a different nature of the chromophore.

A

0.8

0.4

0.2

0.0 4

1 ' 1
300 400 A/nm 500
Fig. 2. Electronic spectra of [Fe(H,L2)Cly(H,0)]Cl in DMF: pure solvent (1) and after the addition of 0.1
M LiCl (2) and HCIOy to the mole ratio 2 H'/Fe (3).

The complexes absorb in the range of 270600 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 atA <400 nm corresponds to the absorption of the ligand part of the molecule
(m — m*), which is evident from the absorption of the ligand itself, especially with the
H,L! complexes. This means that the bonds in the Fe(I1I) 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 (A > 400 nm) in the
spectra of all the complexes. On addition of HC1O4 to a mole ratio of (2-3) H'/Fe,
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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(Il) 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),][FeCly], dissociating in DMF into
equimolar amounts of [Fe(HL)]?*, [FeCl,]~ and (HL").22 In contrast to them, the new
ligands, coordinated as neutral molecules, give unstable [Fe(H,L)]3* complexes, dis-
sociating almost completely to Fe(IIl) and H,L.

The appearance of the cyclic voltammogram for [Fe(H,L3)Cly(H,0)]CI 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 FeCl,~, then that for Fe(HL3)2" with perchlorate/chloride in
the coordination sphere. The two most negative peaks represent the reduction of
H,L3, occurring on the pyridoxal and hydrazine fragment, respectively. The reduced
complexes also exhibit instability: [FeCl4]?~ dissociates rapidly to FeCl, and
Fe(ClOy),, 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.2>

LiClOy. The addition of LiClOy4 to the solution of these complexes results in
changes of the voltammogram in the part corresponding to ligand reduction, the
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Fig. 3. Cyclic voltammograms for [Fe(H,L3)Cl,(H,0)]Cl in 0.1 M TBAP; 0.20 V s7!.

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 FeCly™, yielding a pair of quasi-reversible peaks

-1.5 -1.0 -05 0.0 EN
Fig. 4. Cyclic voltammograms for [Fe(H,L)Cly(H,0)]Cl in 0.1 M LiCl; 0.20 V s'L.
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at £,¢=-0.08 V. The current corresponding to this peak is approximately equivalent
to the total Fe(Ill) content, which is also evident from the voltammogram, in which
the peak current for Fe(HL?)>* (E,¢ =—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(HL!),]Cl and [Fe(HL2),]Cl, dissociate in DMF solu-
tion into several complex species. Another problem is the very poor solubility of
the H,L2 complex — complete dissolution at a level of 1 mM required 3 h.

TBAP and LiClO,4. 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 £,°>—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 H,L! and about 50 % in the case of the
H,L2 complexes (determined after protonation, vide infi-a). 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
(AE, <150 mV), the more positive of which is supposed to belong to the residual

| | ] | |
-15 -1.0 -05 0.0 EN
Fig. 5. Cyclic voltammograms for [Fe(HL2),]Cl in 0.1 M LiClO4 — narrow (1) and broad (2) amplitude and
after the addition of 0.1 M LiCl (3); 0.20 V 1.
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Ffig. 6. Cyclic voltammograms for [Fe(HL?),]Cl in 0.1 M LiCl: 1st sweep, narrow (1) and broad (2) ampli-
tude; 2nd sweep (3) at 0.20 V s7L.

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.2® However,
the two processes merge in LiClOy, 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(I1I) 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 FeCly™,
containing about 70 % of the total iron(IIl), there is a peak with £,°=-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(Il) is reduced to Fe(0).26

A certain insight into the fine equilibria between the (HL2)~ and Cl- com-
plexes of Fe(Ill) and Fe(Il) 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(HL?2)" (Ep?~—0.30 V) on account of a decrease
of the peak for FeCl, (£, =+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(Ill), which exhibits
high affinity toward C1-, Fe(II) shows a greater stability in the Fe(HL2)" complex.

Dicationic complex. The complex [Fe(H,L3)(HL3)](NO3)-HO, like the anal-
ogous semicarbazone compound, already dissociates to a large extent in the pres-
ence of an inert electrolyte, the dissociation into FeCl,~ and H,L3 being practically
complete in the presence of excess CI~. The poorly defined peaks at potentials
more negative than —1.35 V do not allow the establishment whether, in addition to
H,L3, the (HL3)" species exists also. It can be supposed that the ligand can be
protonated to H,L3 by a proton from the traces of water or acidic impurities, which
is confirmed by the electronic spectrum which in the presence of LiCI looks more
like that of the ligand itself.

Complexes in the presence of H*

The addition of H* (aqueous solution of HC1Oy) served both to assess the sta-
bility of the complexes in acidic media and check the composition of particular
species.2” Protonation was carried out discontinuously and cyclic voltammograms
were recorded after each increment of acid addition.

The cyclic voltammograms for [Fe(H,L1)Cl,(H,0)]Cl complex recorded be-
fore and after the addition of 2 H*/complex molecule are shown in Fig. 7. The peak
for FeCly™, obtained as the final product of protonation of all complex species in

-15 -1.0 -0.5 0.0 EN
Fig. 7. Cyclic voltammograms for [Fe(H,L!)Cly(H,0)]Cl in 0.1 M LiCl before (1) and after the
addition of HCIO, to the mole ratio 2 H/Fe (2); 0.10 V s
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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 FeCl,~ 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,2® which will be dealt with
in more detail in another paper.25

Of all the investigated iron complexes, protonation of HL~ to H,L was possi-
ble only with [Fe(HL!),]CI and [Fe(HL?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.

Acknowledgement. This work was supported by the Ministry of Science, Technologies and Develop-
ment of the Republic of Serbia (Grant No. 1318).

U3BO

KOMITIEKCH ITPEJTABHUX METAJIA HA BA3 TUOCEMUKAPBA3NIA. JEO 47.
CHUHTESA, P13NYKO-XEMUNICKA 11 BOJITAMETPUJCKA KAPAKTEPU3ALINJA
KOMIIIEKCA Fe(I1ll) CA CEMU-, TUIOCEMU- 1
S-METWIN30TNOCEMMKAPEA3OHOM ITMPUIOKCAJIA

BHMOIJIETA C.JEBTOBWh, JbMJbAHA C. JOBAHOBUR, BYKAJTIMH M. IEOBAILL u JIYKA J. BJEJIMIIA

Ipupoono-mattiemaitivyku ¢axyaitieit, Ynusepsuiteit Hosu Cao, Tpz /1. Obpaoosutia 3, Hosu Cao

Peaxmujom Tomnux EtOH pacropa FeX;nH,0 (X = Cl, NO3) ca TpueHTaTHUM CeMU-, THO-
ceMu- U S-MeTUM30THOCeMUKapGa3oHoM mupupokcana (H,L!, H,L2, ogrocno H,L%) foGujenu cy
BUCOKOCITMHCKH OKTAelapcKi MOHO- 1 bis(yuranyt) kommiekcn hopmyia [Fe(H,L!3)Cl,(H,0)]Cl,
[Fe(HL'-2),]ClnH,0 u [Fe(H,L3)(HL?)](NO5), H,0. Jepumema cy okapakTepucaHa elleMeHTaTHOM
aHaNIM30M, KOHAYKTOMETPH]CKUM 1 MarHETOXEMUjCKUM MepernMa, Kao u IR m UV-Vis ciektpuma.
W3BpiieHo je meTabHO BOJITAMETPHjCKO NCIATHBAKE AOOMjEHNX jeinmbeha Y DMF y HekommKo
NOMOhHUX €JIEKTPOJIUTA, UCTPAsKEHE Cy NPUPOfia €JIEKTPOXEMUJCKUX NPOLeca U PABHOTEXE Y
pacTtBopy.

(TIpumsbero 14. jyma 2003)
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Abstract: The hyper-Wiener index WW of a chemical tree T'is defined as the sum of the
products 1;1,, over all pairs u, v of vertices of 7, where n; and n, are the number of ver-
tices of T, lying on the two sides of the path which connects u and v. We examine a slight
modification WWW of the hyper-Wiener index, defined as the sum of the products
nynyns, over all pairs u, v of vertices of 7, where n5 is the number of vertices of 7, lying
between u and v. It is found that WWW correlates significantly better with various
physico-chemical properties of alkanes than W. Lower and upper bounds for WIWW,
and an approximate relation between WIWW 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.! It was put forward? 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 Wi.

Let v and v be two vertices of a (chemical) tree 7and let 7, be the unique path
connecting # and v. Let n; and n, be the counts of vertices lying on the two sides of
7,,- The vertices # and v are included in these counts, and therefore »| and n, are
always greater than or equal to unity.

The hyper-Wiener index of a tree 7' is defined as

Ww = Z nmny (1)
uu
with the summation going over all pairs of vertices of 7.

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 WWWw:

WWW=>"ninyn3. )

uv
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Here n3 is the number of vertices of 7, lying between the endpoints of the path 7,,,. Note
that if the tree T has n vertices, then for all pairs of its vertices, 7] + np + n3 = n. Further, if u
and v are adjacent, then 73 = 0. A mathematical 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 (S7) 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 WIW 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 WIW or WWW. Eventually, the optimal
value p for the degree of these polynomials was established. The correlation coeftfi-
cients thus obtained are given in Table L.

TABLE I. Correlation coefficients, R(WW) and R(WWW), for the correlation between various physico-chem-
ical properties of alkanes?* and a p-th degree polynomial in the parameters W and WIWW, 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
Ccr 3 0.9560 0.9444
CcpP 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 W 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:

In BP =41 In WW+ By
In BP =4y In WWW + B>
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resulting in R = 0.9867 (for WW) and R =0.9911 (for WIWW). In these formulas BP is ex-
pressed in Kelvin units; by least squares fitting one obtaines A1 =0.154 £ 0.004, B; =0.52
+0.02 and 4, =0.103 £ 0.002, By =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,?5 preference should be given to WIWW.

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:
2=
uy adj n,adj

where Z and z indicate summation over adjacent and non-adjacent vertex pairs.
adj n,adj . .
As n3 = 0 whenever the vertices u and v are adjacent, formula (2) reduces to
WWW= " ninyny 4)
n,adj

If u and v are not adjacent, then 75 is at least 1 and at most n — 2. Replacing n5
in (4) by its minimal possible value, one obtains a lower bound for WWW:

WWw = Zn1n2=2n1n2— annz ®)

n,adj uv n,adj

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 73 in (4) by its maximal possible value (= n — 2), one obtains

WWW<(n—-2) Z niny
n,adj

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:

vv-DR2+WW-W)<WWW<vyv—1)2+m-3)WW-W)
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where v is the number of vertices of degree one in the chemical tree 7, 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 = mina(n3)

7RV

where (n3) is the arithmethic mean of #3. Then,

WWW = (n3) D" nyny = (n3) WW. (6)

uv

In order to apply (6), the value of (n3) must be known (at least approximately).
In order to achieve this goal, one starts with:

(m3)=n—ny—ny)=n—(ny +n3)
=n—2{n1 +m)2)y=n-2{/nny)

where the arithmetic mean of 77 and 7, has been replaced by their geometric mean. Using
another plausible approximation, one obtains:

(n3y=n—2./(mny) (7)
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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, C;ogHy», i.e., n =
10. The correlation coefficient is 0.966.
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In view of Eq. (1), the mean value of the product n; ny is directly related to the hy-
per-Wiener index WW:

_n(n-1)

ww (nny) ®)

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:

W~ n ww—232 yyan ©)

n

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.

U3BO

BEJIEIIKA O XUITEP-BUHEPOBOM MHIEKCY
MBAHTYTMAH, FOPUC ®YPTVYJIA n JACMUHA BEIINh
IIpupooro-mattiemaitiuuxu paxyaitieini y Kpazyjesuy

Xunep-Bunepos nnaexke WW xemujckor cradna T aedprHNUCaH je Kao cymMa IPOU3BOfA 71 1y,
IPEKO CBUX [TapoBa u, v YBOpOBa crabna 7, rae ny U n, 0O3HauyaBajy Opoj YBOpPOBa KOjU JIeXKe ca [IBe
CTpaHe IyTa KOju IIoBe3yje u U v. Y pay UCIUTYjeMO jeqHy Moguduxanyjy WWW xunep-Buneposor
MHJeKca, ie(puHrCcaHy Kao CyMa IIPOM3BOJA /1 115 13, IPEKO CBUX MapoBa u, v YBOpoBa crabma 7, rjie
13 O3HauaBa Opoj UBOpoBa Koju jexe uaMeby u u v. Habeno je ma je WWW 3HauajHO Goibe
KOpEeJMpaH ca pa3HiuM (PU3MIKO-XEMHjCKIM OcoOMHaMa ankaHa Hero WW. [lobusene cy Aome n
ropme rpanuie 3a WIWIW kao 1 jeiHa anpoKCcUMaThBHA penanyja usmeby WWwu Ww.

(ITpumibeno 7. jyma 2003)
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Hyper-Wiener index and Laplacian spectrum
IVAN GUTMAN"
Faculty of Science, University of Kragujevac, P. O. Box 60, 34000 Kragujevac, Serbia and Montenegro
(Received 7 July 2003)

Abstract: The hyper-Wiener index WWW of a chemical tree 7 is defined as the sum of the
product ny n, n3, over all pairs u, v of vertices of 7, where n; and n, are the number of verti-
ces of 7, lying on the two sides of the path which connects « and v, and 75 is the number of
vertices lying between u and v. An expression enabling the calculation of WWW from the
Laplacian eigenvalues of 7 has been deduced.

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

In the preceding paper! a new modification of the hyper-Wiener index, denoted as
WWW, was put forward. It was demonstrated! that the WIWW has certain advantages over
the original hyper-Wiener index? WW, and relations between WWW and WW were estab-
lished. In this note it will be shown how the WIWIW 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—!1 and the references quoted therein. Details of this theory can
be found in several reviews.12-15

The Laplacian matrix Z(G) of a graph G with n vertices, v1, vy, ... v, is a square ma-
trix of order n whose (i,j)-entry is defined as

0 i ifi= ]
L(G);=1-1 if the vertices v; and v; are adjacent
0  otherwise

where 0; denotes the degree (= number of first neighbors) of the i-th vertex of G. The
eigenvalues of the Laplacian matrix, denoted by u1, (o, ..., i, are said to be the Laplacian
eigenvalues of the graph G and to form its Laplacian spectrum.

The Laplacian eigenvalues are labeled so that

M1Z U2 2 2 Uy 2 Hp.

Then for all graphs, 1, =0, and for connected graphs (among which are all molecular
graphs), 1,1 > 0.

*

Serbian Chemical Society active member.
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The Laplacian characteristic polynomial is ¥(G,x) = det[x / — L(G)]. It can be written
in the coefficient form as:

n—1
YGH)= (D epx*
k=0

According to the Kel’'mans theorem,38.16.17 the k-th coefficient of the Laplacian
polynomial can be computed from the structure of the graph G by means of the formula

= T(F)
F

where the summation goes over all spanning forests /' 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 7, the straightforward application of the Kel’'mans
theorem gives:

=0
Cp1=n

2= Z niny

adj
Ca3= ) mnyn; (D

uY
where the notation is same as in the preceding paper.! Thus, it can immediately be realized that:
Cra= WD) @)
Cp3=WWW(D). 3)
Using the Vieta identities and bearing in mind that u,, = 0, the coefficients ¢,, |, ¢, o,
and ¢,, 3 are expressed in terms of Laplacian eigenvalues as:
Cp1 =M XU X e X Uy |

Cn27~ Zm KU X e XU X Y] X oo Xy
i

Cp37~ Zﬂl XU Xeoe XU X ] X e X X U] X e X U]

i<j

Le.,

Cn—1 :H:uk

k

o T [£1]
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Combining the latter identities with Egs. (1)~3), one obtains:

n—1
WD) =ny — @
i=1 M
1
W) =ny — ®)
n;jﬂ i

Formula (4), which is an expression for the Wiener index in terms of Laplacian
eigenvalues, is a previously known result.3# The analogous formula (5) is being reported
here for the first time. It can be simplified as:

n=1n-1 n—=1
2 i=1 j=1M il j i=1(u;)
_}’l— n—1 1 n—1 1 n—1 1
2_(;%] Jzzl i) A’
:n_(W(T))Z_”l 1
2|1\ i=1(ﬂi)2

which finally results in the identity:

W@ %S 1 (6)
T e

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 work! were
obtained by means of this formula.

Acknowledgement: The autor thanks the Alexander von Humboldt Foundation for financial support in
2003.

N3BOO

XUITEP-BMHEPOB MHAOEKC 1 JIATINTACOB CITEKTAP
MBAHTYTMAH
Ipupoono-mattiemaitiuqku ¢axyaitieiii y Kpazyjesiyy

Xunep-Bunepos uspieke WWIW xemujckor crabia 7' jetHHICaH je Kao CyMa IPOU3BOMIA 7171113,
MPEKO CBUX MApoBa u, U YBOpoBa crabma T, Tie 1 1 n, 03HauaBajy Opoj YBOPOBa KOjH JIEKE ca JIBE
CTpaHe IyTa KOju II0Be3yje u U v, a n3 je Opoj uBopoBa u3Meby « u v. [JobuBeHa je popmyna Koja
oMoryhaga fa ce WIWW n3pauyHa u3 JlaracoBux CONCTBEHNUX BPEIHOCTH cTadna 7.

(ITpumibeno 7. jyma 2003)
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Influence of the synthesis conditions on the photoluminescence of
silica gels
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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 ferz-butanol as solvent was investigated. The samples were modi-
fied by formamide. Bands at 2.00, 2.20, 2.32 and 2.46 ¢V 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 — SiO,.

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 tetracthylorthosilicate (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, T¢) 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.! 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.? 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 V4 or 1.90 eV.5:6 The band which appears
at 2.00 eV originates from the presence of silan (SiH and/or SiH,).” The band at
2.20 eV is caused by the non-stoichiometric structure SiO, 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 °C (AGS sample). These samples were described in a pre-
vious paper.”’

EXPERIMENTAL

The silica gel samples were made by the sol—gel process using tetracthylorthosilicate (TEOS), water,
different solvents (ethanol and ter#-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 L.
Solvent/cm?
Sample  TEOS/cm? H,O/em®  HCl/em? Formamide/cm?
Ethanol  7ert-butanol
XG 7.5 6.0 - 42 0.7 4.2
CG 7.5 — 6.1 6.6 0.7 4.2
TABLE II.
Sample Gelation time/h Gelation Drying method Drying time/days Drying
temperature/°C temperature/°C
XGW 1 60 Evaporation 139 20
XG 1 60 Evaporation 9 20
CG 24 40 Sublimation 1 25

The PL spectra 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
DAS spectrometer at room temperature in the spectral range from 400 to 1500 cm™!. 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
=gt
o) sz- —w? +iy%e?
7@ T
where Sj, w; and y; 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,’ 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.” 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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Fig. 1. PL spectra of the xerogel made with  Fig. 2. PL spectra of the aerogels: non-sintered (AG) and
ethanol (XG), xerogel washed in water sintered 15 h at 1000 °C.
(XGW) and the cryogel made with
tert-butanol.

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! while the mode of fert-butanol is at about 1150 cm1. 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
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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! connected
with formamide is absent.
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Fig. 4. Areas below the PL bands in the spectra of all the samples.
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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.!!

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 — SiO,.

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.
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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.

U3BOJI

YTULAJ YCIIOBA CMHTESE HA ®OTOJIYMMHECUHEHUNTY CUJINKA I'EJIOBA
MBAHA XVUHWH, TOPAH CTAHUIIITH u 30PAH ITOTIOBUR
Hnciuuinyia 3a ¢pusuxy Ipezpesuya 118, 11080 Beozpao-3emyH

INpuka3zam cMo (hOTOTYMUHECHEHTHE CIIEKTPE Y30pKa CHIIMKA KCeporesia CHHTETHACAHOT ca
€TaHOJIOM Ka0 pacTBapaueM U y30pKa Kceporesia y KOMe je €TaHOI 3aMEH-EeH ca BOJIOM IIPe CYIICH:A.
OCHM TOT'a, HCTPAsKUBAIIA CMO (DOTOYMHHECIIEHTHH CIIEKTap CHIIMKA KPHOTela CHHTETHCAHOT ca
tert GyTaHOJIOM Ka0 pacTBapaveM. ¥Y30pnu cy MoaugKoBaHA (hopMamMuIoM. Y (pOTOITyMUHECTIEH-
THOM CIIEKTPY CBHX y30paka uaeHTuguronane cy tpake Ha 2,00, 2,20, 2,32 n 2,46 eV. Tpaxka na 2,00
eV je y3poKoBaHa IPHCYCTBOM CHJIaHa JIOK je Tpaka Ha 2,20 eV Be3aHa 3a HeCTeXHMOMETPH]CKHU CacTaB
CUJIUKE. Y CTAHOBUIIU CMO Jia (POTOTyMHHECLIEHTHA TpaKa Ha 2,32 eV oTuye off OpraHCcKuX rpyna us3
pacTBapava. Y3poK Tpake Ha 2,46 eV cy E” eHTpy Koju cy 4ecTd mapaMarHeTHu JieheKTH KOf
KOHBEHIMOHAJHOT a-Si0,.

(ITpumibeno 2. jyna 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?)
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.!~12 Namely, during this
# Serbian Chemical Society active member.
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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 TiO, is illuminated with UV radiation, electron-hole pairs are formed.!3 The
thus generated holes are strong oxidizing agents (£ =+2.8 V). In the reaction between the
photogenerated holes and the water molecules and hydroxyl ions adsorbed on the TiO,
surface, hydroxyl radicals capable of the mineralization of organic compounds are formed:

TiO, —™ 5 TiO, (e + h¥)
h*+Hy0 (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 +Op(ads.) > Oy (ads.)

In this work, the photocatalytic degradation of an analogue of pyridine pesticides, 4
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 m2/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?) 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?) to obtain solutions in the concentration range 0.01 — 3 mmol/dm?.

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 °C 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). KNO5 (100 mmol/dm?) 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 TiO,, as well as for direct photolysis experiments, aliquots of 0.2 cm? of the reaction mixture
were taken at regular time intervals and diluted to 10.00 cm?. The solutions containing TiO, were
filtered through membrane filters (Millex-GV, 0.22 pm) to separate the TiO, 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? of the reaction mixture were
taken at regular time intervals and diluted to 10.00 cm?. 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 Na,CO5 (3.5 mmol/dm?) and NaHCO;5 (1 mmol/dm?), 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 In ¢/cy on
illumination time was obtained for heterogeneous photocatalysis for all the investigated
initial concentrations (insert in Fig. 1 A). 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.!3 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
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Fig. 2. UV Spectrum profiles during photocatalytic degradation of the 2-amino-5-chloropyridine
(2.5 mmol/dm?) in the presence of TiO, (2 mg/cm?). 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.

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 & 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.
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Fig. 3. Kinetic curves for the degradation of the pyridine moiety monitored by spectrophotometry
(mmol/dm?>): (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 TiO, (2 mg/em?).

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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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 (c,)) of 2-amino-5-chloropyridine on the photodegradation rate

co/(mmol/dm?) 102 k/min"!§ il t,p/mint
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

SFirst-order rate constant; Tlinear regression coefficient; thalf-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 (c;) of 2-amino-5-chloropyridine on the direct photolysis rate

co/(mmol/dm?) 10* &/(mol dm™ min"1) il tp/mint
1.0 1.33 0.998 341
1.5 1.32 0.999 5.39
2.0 1.28 0.999 7.39
2.5 111 0.999 10.96

§Zero-order rate constant; Tlinear regression coefficient; Thalf-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.? 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 TiO, (2 mg/em?):
(1) TOC; (2) normalized concentration of the pyridine moiety; (3) pH; (4) normalized nitrate concentration.
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Fig. 6. Kinetics of the degradation of 2-amino-5-chloropyridine (2.5 mmol/dm?) in the absence of TiO,
monitored by spectrophotometry: (1) in the dark; (2) in sunlight.
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.?

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
NH, group and one of the ring H atoms are substituted by OH radicals.!” The substituted
amino group is further transformed to nitrogen containing inorganic ions (predominantly
in the from of NH,").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
NH,").2:15 By a further action of OH radicals, the acetic and formic acid are decomposed
into CO, and H,O.

In order to confirm the efficiency of the photocatalytic degradation, the degradation kinet-
ics were monitored in the absence of TiO, 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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substrate had been degraded. The solutions protected from sunlight 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 TiO.

Acknowledgement: The work is financed by the Ministry of Science, Technology and Development of
the Republic of Serbia (Project: “Development of New and Improvement of the Existing Analytical Methods
and Techniques for Monitoring the Quality of the Environment”, No 1622). The authors are grateful to the
Department of Inorganic and Analytical Chemistry of the Faculty of Sciences, University of Szeged, for mak-
ing the TOC measurements possible.

U3BO

JUPEKTHA ®OTOIIM3A 1 POTOKATAJIMTUYKA PASTPANIHA
2-AMHHO-5-XJIOPITMPUIMHA

BUJbAHA ®. ABPAMOBUWR, BECHA b. AHJEPITYX, AHBEJIKA C. TOITAJIOB u ®PEPEHI] ®. TAJT
Hetiapitiman 3a xemujy, [Ipupogro-mattiemaitiuqxu ¢axyaitiein, Tpz /1. Obpagosuha 3, 21000 Hosu Cag

HcnuruBaHe cy fupeKTHa poToamu3a 1 hOTOKATATUTHYKA pa3Tpajiba 2-aMUHO-5-X10p-
NUPUINHA, KAO MOJIEN JelUbEha 3a NMEeCTULUAEe KOjU Y CBOM MOJIEKYJy UMajy MUPUAMHCKA
npcreH. [IpuMemeHe cy pa3nuuuTe aHAINTHYKE TEXHUKE — IOTEHIMOMETpHja, 3a npaheme
pH u 3a HacTajame xiaopuga, cnekTpogoToMeTpuja 3a npaheme pasrpajmbe MUPUATHCKOT
IIpcTeHa, joHoxpoMaTorpaduja 3a npaheme HacTajamba HUTPAaTa U aHAIU3a YKYIHOT OpPraH-
CKOT YIJb€HHMKA pajii UCIUTHBAaKa e(pUKacHOCTU nponeca. PoTokaTanuTUUKa pasrpajma je
IIpoydYaBaHa y BOIeHNM cycnieH3njama TuTaH(IV)-okcnya y3 o3padnBame yaTpabyondacToMm
ceetnomhy. HabeHno je fa je peakiuja Hacrajama XJopuja HYJITOT pefa MW Jila ce OfiBHja
AUPEKTHOM (pOTOIU30M, T€ Ce Ha Taj HAUUH Pa3jUKyje Off Ipolieca Pasrpajbe IPUIUHCKOT
IIPCTeHa, 10 Kor foyiaszu y npucyctBy TutaH(IV)-okcupa. ITpomena pH y TOKy pasrpajme
yKasyje Ha HacTajame KHCeJIUX HHTepMeujepa U HuTpaTa nopep xaopuga. Takobe je ucnu-
TaH U YTUIA] TIOYETHE KOHILEHTpalyje cyncTpaTa npahemeM Kako peakliyje HacTajama
XJIOpuUja, TaKO U peakliyje pasrpafme NupuanHcKor npereHa. Habeno je pa je pasrpaama
nosasHor jeiumersa (2,5 mmol/dm3) qupekTHOM (hoTOMM30M TIOTHYHA 32 OKO 20 MUHYTA, a
NUPUAUHCKOT NIPCTEHA NMPUMEHOM (pOTOKATaIUTHUKE Pasrpajilbe 3a OKO feBeT catu. Ha
OCHOBY JJOOMjeHNX TOofaTaKa MPeJIoKeH je MOTyh MexaHu3aM peakiyje.

(ITpumbeno 23. jyna 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

Estrogens! 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© 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 phases’~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 aresult 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.#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, N, in a binary
mobile phase comprised of a polar solvent and a none-polar one!4:

log k=log ko —n log Ny )

In this exponential equation, 7 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:!5

log k=1log ko—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
Churacek!5 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:

logk=ap?+bp+c 3)

Assuming that the quadratic term can be ignored, to a first approximation, they ob-
tained Eq. (4):

log k= log ko — mp 4)

This model!5 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 1.

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 uL loop. The columns
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used were commercially available 5 pm LiChrosorb NH, and LiChrosorb DIOL, 250x4 mm i.d. (E. Merck,
Darmstadt, Germany).

TABLE I. IUPAC names and chemical structures of the studied compounds

Ry

Ry
Ry
No. IUPAC Name Ry R, R; Ry

1 3,17B-Dihydroxyestra-1,3,5(10-triene (estradiol) OH OH
2 3-Methoxy-17p-hydroxyestra-1,3,5(10)-triene 3J0OMe OH
3 3-Acetoxy-17B-hydroxyestra-1,3,5(10)-triene YOAc OH
4 3,17B-Diacetoxyestra-1,3,5(10)-triene OAc OAc
5 3-Propionoxy-17p-hydroxyestra-1,3,5(10)-triene 9OPr OH
5a  3-Hydroxy-17p-propionoxy estra-1,3,5(10)-triene OH OPr
6  3,17B-Dipropionoxyestra-1,3,5(10)-triene OPr OPr
3-Benzoyloxy-17pB-propionoxy estra-1,3,5(10)-triene 9OBz OH
3,17B-Dibenzoyloxyestra-1,3,5(10)-triene OBz OBz
3-Acetoxy-17p-benzoyloxyestra-1,3,5(10)-treiene OAc OBz

10 3,17B-Dihydroxyestra-1,3,5(10)-triene-6-one OH =0 OH
11 3-Methoxy-17p-hydroxyestra-1,3,5(10)-triene-6-one OMe =0 OH
12 3-Hydroxy-17p-propionoxy estra-1,3,5(10)-triene-6-one OH =0 OPr
13 3,17B-Dipropionoxy-1,3,5(10)-triene-6-one OPr =0 OPr

14 3,90-Dihydroxy-17p-propionoxyestra-1,3,5(10)-triene-6-one ~ OH =0 a-OH OPr
15  3,17B-Dipropionoxy-9a-hidroxyestra-1,3,5(10)-triene-6-one OPr =0 o-OH OPr
9Y0Me-OCH3, YOAc-OCOCH;, 90Pr-OCOCH,CHj, 90Bz-OCOCH;

The estradiol derivatives (Table I), synthesized by original reactions or according to literature meth-
ods, 6 were dissolved (0.005 mg mL"!) in methanol and the solutions prefiltered through a 0.2 pm Chromafil
filter (Macherey-Nagel, Diiren, 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 um filter and deggased before use. The
flow rate was 1 mL min™! at room temperature.

The retention factor, k, was calculated from k = (—1,)/ty, where ¢, is the retention time of the solute and
7, the column void time measured using the solvent disturbance peak obtained when trace amounts of metha-
nol were injected into the column. Each #. value was measured in triplicate and averaged.

RESULTS AND DISCUSSION

The logarithmic relationship between the retention factor, £, 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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Fig. 1. Correlation lines of Eq. (2) for the amino column and eluent heptane—propan-1-ol; compound desig-
nation as in Table L.

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 & and the constants # and log . 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 & 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

3.0]

2.5

2.0+

X + & 4 » o
- OO Dh WN =

-154

Yy 1 T T 1 1 1 T
04 06 08 10 12 14 16 18 20 22

-loge
Fig. 2. Correlation lines of Eq. (2) for the diol column and eluent heptane—propan-1-ol; compound designa-
tion as in Table L.
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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 # and log k of Eq. (2) of the estradiol derivatives for the amino col-
umn; 7-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 ; log k, .
Comp. log k
1 -025 -0.134 0.065 0.383 - - 1.06  —0.998 0.9999
2 - -0.291 -0.004 0.191 0.643 093  —1.221 0.9999
3 -0.386 -0.271 -0.06 0.265 0.506 - 1.1 —1.159  0.9999
4 - -0.586 —-0412 -028 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
Sa —-0.468 —-0.313 -0.098 0.313 0.529 - 1.24  —1.328 0.9988
6 - -0966 -0.78 -0.63 -034 0.63  —0.1599 0.9944
7 -0.468 -0.318 -0.131 0.2 0.44 - 1.1 —1.229 0.9998
- -0.852 -0.676 —-0.53 -024 0.61 —1.469 0.9998
- -0.762 -0.58 —-044 -0.17 0.59 —1.35  0.999
10 0.153 0.35 0.698 - - - 1.83  —1.133  0.9991
11 -0.177 -0.029 0.257 0.63 - - 136 —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 0217 0.62 — — 148 —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 IIT) were
very similar. Because of this it was possible to average the values. Slope 7 in Eq. (2) is the
change of the retention constant log & with the change of the volume fraction, ¢, in the
eluent and can be expressed as:
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he d(log k)
d(logp)

®)

TABLE III. Retention data and constants 7 and log &, of Eq. (2) of the estradiol derivatives for the diol col-
umn; 7-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 ; log k .

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 0.676 096  —0.243 0.9994
3 -0474 -0.313 -0.058 0272 0458 - .14 —1.245 0.9959
4 - - -0.769 -0.568 —042 —-0.088 0.68 —1453 0.9999
5 —0.535 -0435 -0.169 0.156  0.354 - 1.16 —1.38  0.9960
Sa -0.568 —0.364 -0.082 0.277 0.51 - 131 —1.439 0.9961
6 - - —-1.165 —-0.966 —0.805 —0.468 0.7 -1.869 0.9999
7 -056 -041 -0.145 0.176  0.383 - 1.16  —1.346 0.9969
8 - - -1.12 -0.89 -0.736 —-0388 0.73 —1.849 0.9999
9 - - -1.018 -0.805 -0.639 -0.276 074 —1.767 0.9999
10 0.123 0.343 0.67 - - - .82 —1.152 1
11 -0.201 -0.051  0.17 0.535 - - 132 —1.173  0.9999
12 -0.363 —0.195 0.063 0.411 - - 129 —1.253 0.9985
13 - - -0482 -024 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 — — 143 —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 #. With increasing ¢, the interations solute-stationary phase are reduced but the in-
teractions solute-mobile phase are increased. On silica gel, %! 719 the retention and slope are
strictly a function of the polarity of compound. More polar compounds have langer

4

retentions and a bigger slope. However, in this and in earlier investigations™ 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 # are as follows:
Amino

Diol

n

10>14>11>.15>12>1>3>5a>7>5>13>2>4>9>8>6
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 » and log /, of the compounds.
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U3BO

BUCOKO ITPUTHCHA TEHHA XPOMATOI'PA®NIJA NTEPUBATA ECTPAIVOIIA
HA AMIHO- 11 TNOJI- KOJIOHU CA HEBOJEHOM ITOKPETHOM ®A30M

MAPHUJAHA M. AMAHCKH

Ooemerve 3a otiwitly u HeopzaHcky xemujy, Texnonowxu pakyaitierti, Yrueepsuitieiti y Hosom Caoy,
Byaesap yapa Jlazapa 1, 21000 Hosu Cao

Y pajy je IpEMEHOM BHUCOKO IIPUTUCHE T€UHE XpoMaTorpacduje UCIUTAHO PETEHIMOHO MO-
Halllafe IepUBaTa eCTPaJioNa Ha aMHUHO- M JIHOJ- XeMHjCKHU Be3aHO] (hasu. Kao mokpeTHa (haza
KopuiiheHa je cMella XeNTaH—1-IpoNaHoIa, y pa3IuuuTIM OfHOCKMA. Yieo 1-mpomaHona O1o je
HI3aK, y HeKIM IIOKPETHIM (hazama Marsi o1 5 % . PeTeHIMOHO OHaIIamke NCIMTHBAHAX JIepuBaTa
je AMCKyTOBaHO ca acmekTa MPUPOJIe PACTBOPKA, HEMOKPETHE 1 MOKpeTHe (hase. 3a cBe UCTIUTaHE
leprBaTe AOOMjeHa je JIMHeapHa 3aBHCHOCT M3Meby JlorapuTMa peTeHIOHe KOHCTAaHTe ¥ JIoTa-
pUTMa 3aIPEMITHCKOT y/iela TIoNapHije KOMIIOHEHTe MOoKpeTHe (ase Tj., 1-mpomanona. Mako cy
PEeTEHIMOHa BpeMeHa ieprBaTa eCTpajnona y’a Ha aMIHO KOJIOHH, e(pUKacHOCT pa3fiBajara Ha
pa3nuuuuM KOJIOHaMa je BeoMa ciuvHa. [JoOujeHu pesymiraTu ¢y ynopebeHu u ca peTeHIMOHUM
TojlanyiMa UCTHX jefIMEbeha IOOWjeHNX Y PaHUjiIM UCIIUTUBA-IMA Ha CHITMKA Telly.

(ITpumsbeno 7. anpuia, pesuaupano 13. asrycra 2003)
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Abstract: In order to understand the role of TiO, in the deactivation mechanism of an active
RuO,-TiO, coating, an additional TiO, layer was introduced in the support|/coating inter-
phase of regular Ti//[RuO,~TiO,] anode in one case and on the surface of the coating in the
other. The electrochemical behavior of these, with TiO, enriched, anodes was compared
with the behavior of anodes with regular RuO,~TiO, coatings, which were subjected to an
accelerated stability test. A high-frequency semicircle in the complex plane plot, obtained by
electrochemical impedance spectroscopy, for a regular RuO,—TiO, coating corresponds to
TiO, enrichment in the coating as a consequence of anode corrosion. In the case of the coat-
ings with additional TiO, layers, a high-frequency semicircle was not observed. The addi-
tional TiO, 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 TiO, layer at different position
within RuO,—TiO, coating.

Keywords: RuO,-TiO, 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),!# 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 TiO, layer in

*  Corresponding author.
#  Serbian Chemical Society active member.

979



980 PANIC ef al.

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 TiO,. An erosion of the coating can also be involved in this deactivation
pathway.!-> The anode deactivation mechanism depends on the coating morphology. In
earlier works, %6 Ti//[RuO,-TiO,] 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. 34

Electrochemical impedance spectroscopy (EIS) can provide useful information on
the deactivation mechanism of oxide coatings.2>’-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 RuO,~TiO, coating.” 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.? Boots and co-workers? registered similar imped-
ance behavior for corroded RuO,—IrO, and RuO,—Co304 coatings.

From our earlier results? and literature data,%” it is not clear whether the insulating
TiO, 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 RuO,-TiO,
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 RuO, and TiO, sols.>* The solutions were aged for 46 h (RuO, sol preparation) and 30 h
(TiO, sol preparation), in order to obtain the coating with the best characteristics.* The oxide sols were mixed
in amounts to produce a coating composition of 40 % at. Ru—60 %at. Ti. To prepare the regular RuO,—-TiO,
coating, an appropriate amount of the mixture of sols, which would produced an amount of coating of 0.5 mg
cmZ counted to the binary oxide, was applied onto titanium plates (2 cm x 2 cm x 1 mm). After drying at 70
°C in air, whereby a gel phase is formed on the surface, the sample was calcined at 450 °C in air. The addi-
tional TiO, layer in the substrate|coating interphase of a regular Ti//[RuO,—TiO,] anode was obtained by ap-
plication of the appropriate amount of TiO, sol (to produce an amount of 0.3 mg cm™ of TiO,) and thermal
treatment under the same temperature regime. A TiO, layer on the coating surface was obtained in the same
manner. Consequently, the notations of the investigated anodes are: Ti//[RuO,~TiO,], Ti//TiO,/[RuO,~TiO,]
and Ti//[RuO,-TiO,}/TiO,. In some experiments, two TiO, layers were formed on the active RuO,—-TiO,
coating surface.

Accelerated stability test of Ti//|[RuO,-TiO;] anode

The AST of the Ti//[RuO,-TiO,] anode was performed by electrolysis of 0.5 mol dm™ NaCl, pH
2, at a constant current density of 400 mA cm™2 and a temperature of 25 °C, in a cell with a Pt plate coun-
ter electrode. The changes in the anode potential were recorded during the AST. A sudden increase of the
potential implies that the anode can no longer be used in practice (the end of service life). [llustration of
an AST is given in Fig. 1.
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Fig. 1. Accelerated stability test of a regular Ti/RuO,—TiO, anode. Electrolyte: 0.5 mol dm™ NaCl, pH 2;
temperature: 25 °C; current density: 400 mA cm2.

Investigation of anode properties

The electrochemical properties of Ti//TiO,/[RuO,-TiO,] and Ti//[RuO,~TiO,]/TiO, anode as
well as the properties of Ti/[RuO,-TiO,] anode before and after AST were investigated by cyclic
voltammetry (CV) and EIS in 1 mol dm™ HCIO, and by polarization measurements in 0.5 mol dm
NaCl, 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.!? The
experiments were performed at room temperature.

RESULTS AND DISCUSSION
Cyclic voltammetry

The cyclic voltammograms of a fresh (before AST) Ti//[RuO,-TiO,] anode, a
corroded (after AST) Ti/[RuO,-TiO,] anode, a Ti//TiO5/[RuO,~TiO;] and a
Ti//[RuO,-TiO,]/TiO, 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.!! The anodes with
an additional TiO, layer seem to be more active for hydrogen evolution than the regu-
lar Ti//[RuO,-TiO;] anode. The voltammogram of the corroded anode and of the an-
odes containing an additional TiO, layer are tilted due to the considerable resistance of
the coating, indicating the greater resistance of the Ti//TiO,/[RuO,—TiO,] compared to
the Ti//[RuO,-TiO,])/TiO, anode. This means that a more compact TiO, layer is
formed in the interphase than on the coating surface. The insulating TiO, 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
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with capacitance and pore resistance in series. The number of active sites accessible to
the electrolyte, i.e., the electrochemically active surface area,* corresponds to the sur-
face area under the anodic part of the voltammetric curves. The apparent anodic charge
densities, in mC cm2, obtained from the voltammograms for fresh Ti//[RuO,~TiO,],
corroded Ti//[RuO,—TiO5,], Ti//TiO,[RuO,-TiO,] and Ti//[RuO,-TiO,]/TiO, anode
are 12.25, 3.05, 13.10 and 8.72, respectively. A considerbly smaller anodic charge is
registered for the corroded Ti//[RuO,—TiO,], 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 TiO, 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 TiO, layer on the coating surface. These effects are expected, since
insulating TiO, on the surface covers the active RuO, 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. 3. E-logj characteristics of the Ti//[RuO,—TiO,] anode recorded before and after AST, and of the
Ti//TiO»/[RuO,~TiO,] and Ti//[RuO,~Ti0,}/TiO, anode. Electrolyte: 0.5 mol dm™ NaCl, pH 2; room tem-
perature.

TV/[RuO,-TiO,] < comoded Ti/[RUO,-TiO,] < TH/[RuO,-TiO, [ TIO, << TW/TiIO»/[RuO,-TiO, ],
indicating the increased value of the coating resistance after the AST and by addition of the
TiO; 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//[RuO,—Ti0O,]/TiO, anode shows the worst polariza-
tion characteristics, while the Ti/TiO,//[RuO,-TiO,] and Ti//[RuO,—TiO,] anode
behave similarly. It seems strange that the corroded Ti//[RuO,—TiO,] anode shows
good polarization characteristics, even better than the others in the region of higher
current density. Although most of the electrocatalytically active RuO, 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 RuO, 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.!? Since the dissolution of Ru
species during the AST produces a coating with a more porous structure, the active
sites of the corroded Ti//[RuO,—TiO;] anode situated deeper in the bulk of the
coating became involved in the reaction. On the contrary, the polarization data of
the Ti//[RuO,—TiO,] 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 TiO, during the thermal formation of the coating.!
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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.
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Fig. 4. The impedance complex plane plots of the Ti//[RuO,-TiO,] anode recorded before and after AST,

and of the Ti//TiO,[RuO,—TiO,] and Ti/[RuO,—TiO,]/TiO, anode over the whole frequency range (a) and
in the high frequency range (b). Potential: 1.25 V electrolyte: 1 mol dm HCIO,, room temperature.

The anode deactivation by the AST is manifested by the appearance of high-fre-
quency semicircle in the EIS plot for the corroded Ti/[RuO,—TiO,] anode (Fig. 4b). Simi-
lar behavior was observed in an earlier work,? and also by other authors.”- 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.? 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//TiO,/[RuO,—~TiO,] and Ti//[RuO,-TiO,] an-
ode are seen at high and low frequencies. Since the somewhat higher value of the electrolyte
resistance of Ti//TiO»/[RuO»,-TiO,] 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//[RuO,~TiO,]/TiO, anode, which
again confirmes the considerably smaller number of active sites that exchange charge with
the electrolyte.
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Fig. 5. Bode phase angle plots of the anodes with different amount of TiO, inserted at the coating surface.
EIS data recorded in 1 mol dm™ HCIO, at a potential of 1.25 V.

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 TiO,
layer. This indicates that the morphology of the additional layer is different to that
formed during anode deactivation. Also, the morphology of the additional TiO, layer
depends on the position of the layer with respect to the RuO,—TiO, coating, which
causes a difference in the anode impedance behavior. Concerning the anode with the
TiO, layer on the coating surface, there is no significant difference in impedance be-
havior at high frequencies if the amount of TiO, on the coating surface is doubled (two
additional layers: Ti//[RuO,—TiO,]/TiO,/Ti0O5), 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 TiO, at the coating surface.

Equivalent electrical circuits

The simple equivalent electrical circuit (EEC) with the inscription Ro(RyQ),!°
where R, is the solution resistance, R 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//[RuO,—TiO,] anode. In order to describe the anode impedance behavior after AST,
additional elements, which represent the pore resistance, Ry, of TiO; layer formed dur-
ing anode deactivation and Oy , related to the TiO, layer capacitance, were included in
the EEC: Ro(R,OL)(R1O).

The values of the parameters of the EEC elements are given in Table I. There
are no considerable changes in the R values, nor in the values of the parameters Y,
and » for O, which is consistent with the results and conclusions from polarization
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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 RO,
combination.

The EECs which describe the impedance behavior of the anodes with an additional
TiO, layer in the substrate|coating interphase and two TiO; layers on the coating surface
are similar to the EEC of the corroded Ti//[RuO,—TiO,] anode. The same elements as in
the case of the corroded anode constitute the EEC for Ti/[RuO,—TiO,]/TiO»/TiO,,
where Ry, is the pore resistance of the additonal TiO, layers. The circuit inscription for
Ti/TiO»/[RuO,—TiO,] anode is R(Ry O )(RQ), where Ry is the resistance of the TiO,
layer instead of R,. Contrary to the corroded anode, the semicircles related to the addi-
tional TiO, 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//[RuO,—TiO,]/TiO, anode,
there is no evidence of the formation of a separate TiO, layer, and EEC is
Ro(Qai(Ret(Op))), where O, is a constant phase element related to the pseudo-
capacitance of RuO,. This EEC indicates that the addition of TiO, on the coating
surface enables the pseudocapacitance to be distinguished from the double layer
capacitance, which is a known impedance feature of RuO,—TiO, coatings with low
RuO, content.!! The obtained Y;, value of Op (Table I) is of the same order of mag-
nitude as the capacitance that can be calculated from the voltammogram shown in
Fig. 2 (102 F cm2). This consideration indicates that the TiO, on the coating sur-
face is highly doped with RuO, migrating from the neighboring RuO,—TiO, layer
during thermal treatments.

The values of the EEC parameters for the anodes with additional TiO, can be seen in
Table I. The Ry value obtained for Ti//TiO»/[RuO,—TiO5] is considerably higher than the
Ry, value obtained for the corroded Ti/[RuO,-TiO,] anode, while the ¥, value of O for
the latter is considerably lower. Even so, the Y|, value of Oy for Ti//TiO»/[RuO,-TiO;] is
quite similar to the Y, value of Q obtained for fresh and corroded Ti//[RuO,—TiO;,] anodes,
which indicates the doping effect from the neighboring RuO,—TiO, layer, like in the case
of the Ti//[RuO,—TiO,]/TiO, anode. This consideration leads to the conclusion that the Ry
value should not be considerably higher than the value of R, for the corroded anode, which
suggests the formation of TiO, in the substrate|coating interphase as the cause for deactiva-
tion of sol-gel prepared anodes is less probable. On the other hand, the ¥;y value of O ob-
tained for the Ti//[RuO,-TiO,]/TiO,/TiO, anode is closer to the value obtained for the
corroded anode than to the value for Ti//TiO,[RuO,-TiO,] anode, while the R, value is
three orders of magnitude higher than for the corroded anode. This is due to the consider-
ably greater compactness of the additional TiO, layers in the Ti//[RuO,—TiO,)/TiO»/TiO,
anode. The high compactness of the TiO; layer is also seen through the R value registered
for the Ti//[RuO,-TiO,])/TiO»/TiO, 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 L. The values of the equivalent electrical circuit parameters for the investigated anodes

Anode

Parameter Ti//[RuO,-TiO,]
Before AST  After AST

EEC: Ro(Ry0) Ro(R,ODR4OD) Ro(Ry O)(RyD)  Ro(Qq(Ru(Dp))  Ro(Ry0O1 (RO

TiTiO,[RUO,-TiOy]  T¥/[RuO,-TiO,/TiOy Ti[RuOy-TiOs)TO,TiO,

R/Q 1.7 1.8 1.8 1.6 2.0
RyQ - 3.9 - - 1283

R /Q - - 168 - -
oL Yy - 1.6x10°5 3.2x1073 - 4.1x10
n - 0.77 0.82 - 0.91

R/Q 103 96 150 264 347
0 YyQ'! 3.5x107 4.7x1073 4.8x1073 - 3.8x1073
n 0.91 0.87 0.96 - 0.87

Oq Yy - - - 2.4x1073 -

n - - - 0.91 -

Oy Yyl - - - 4.6x102 -

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 TiO, layer on the
coating surface rather than to the growth of a TiO, layer at the substrate|coating interphase.

CONCLUSION

Regular Ti/[RuO,-TiO,] anodes and anodes with additional TiO, 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 RuO,-TiO, coating and an increase in the coating resis-
tance. The coating resistance is also increased by additional TiO, 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//[RuO,-TiO,] anode during long-term electrolysis is seen in its impedance behavior
as the appearance of a high-frequency semicircle, as the consequence of TiO, enrich-
ment in the coating. The data obtained by EIS measurements for the anode with two ad-
ditional TiO, layers on the coating surface show similarity to the EIS data of the cor-
roded Ti//[RuO,—TiO;,] anode. The conclusion appears to be that the loss of anode activ-
ity of sol-gel prepared Ti//[RuO,—TiO,] anode is dominantly due to an enrichment of the
coating surface with TiO, which remains after RuO, dissolution.
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N3BOO

YJIOTA KOHHEHTPAIIMMOHOTI ITPOPUIIA TUTAH-OKCUIJA Y
EJIEKTPOXEMMJCKOM ITOHAIIAKY RuO,-TiO, ITPEBJIAKA NOBNJEHUX
COJI-TEII TTOCTYTIKOM

BITAJIIMUP B. TIAHUR !, ATEKCAHJIAP B. IEKAHCKH!, BECHA B. MUIIKOBI h-CTAHKOBURZ,
CIIOBOJIAH K. MUTIOBWR? n BPAHHCITIAB K. HUKOJITR?

TUXTM - Lenitiap 3a enexitipoxemujy, Fhezowesa 12, . tip. 815, 11000 Beozpao,
2Texnonowwo-mefianypuiku (axyaitieit, Kaprezujesa 4, i. fip. 3503, 11120 Beozpao u
3 Uncitiuitiy i 3a nykeaapre Hayke "Bunua", ii. ip. 522, 11001 Beozpad

Y nuby UCMTHBa-a yII0re TUTaH-OKCHyia y feaktusanyji RuO,—TiO, peBiake Ha TUTAHCKO]
TIOJITIO31, NCTIMTHBAHE Cy OCOOMHE aHOfa ca lofaTHIM ciojeM TiO, y Mebydasu nopmnorajnpesiaka,
OFJHOCHO Ha TOBPIIMHHU TpeBiake. EneKTpoxeMujcKo MoHalIamke OBUX ymopeheHo je ca MmoHa-
1IameM aHofia ca yooudajeHoM RuO,—TiO, npesnakoMm, Kao 1 ca OHUMa Koje ¢y Oue IOoABpPruyTe
yOp3aHoM Tecty crabunHocTH. [TojaBa onykpyra y BUCOKO-(pEKBEHTHO] OOJIACTH Y JiijarpaMuMa
Yy KOMIUIEKCHO] PaBHH, KOja je pEerncTpoBaHa CIEKTPOCKONIjOM €JIEKTPOXEMUjCKe UMIIE/IaHIuje 3a
yobonuajee RuO,—-TiO, mpeBnake, a Koja je nociepuiia oborahusama npepnake ca TiO, TOKoM
IbCHE JIeaKTUBalMje, HUje youeHa Kop aHopa ca jomatuMm TiO, ciojem. Homatu TiO, ciojeBu
noBehaBajy OMCKy OTIOPHOCT MNpeBJake M yTHYy HA MMIENAHIMjCKO MOHAIIAE MPY HUCKAM
(bpexBeHImjama. 3a aHAIN3y UMIIEIAHIMJCKOT NIOHAIIAKa NpeBiaka ca popatuM TiO, crojeBuMa
Kao u yobuuajenux RuO,-TiO, mpeBnaka Koje cy feakTHBHpaHe KOpHITheHa Cy CIIMYHA CKBU-
BaJICHTHA ENIeKTPUYHA KOJIa.

(ITpumsbeto 1. aBrycra 2003)
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Abstract: The electrochemical properties of eight mixed-ligand cobalt(Ill) and co-
balt(Il) complexes of the general formulas [Co[(Rac)cyclam](ClO4), (1)~(4) and
[Co, I(Rac)tpmc](C1O4); (5)«(8) were studied. The substances were investigated in
aqueous NaClO, solution and non-aqueous LiC1O,/CH;CN 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'/Co'! 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(11I) 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(IIT)/Co(II) does not occur in acetonitrate indicating a higher stability of the
complexes 14 in this media in comparison with the binuclear cobalt(I)-zpmc com-
plexes 5-8.

Keywords: cobalt(Ill) and cobalt(Il) complexes, azamacrocycles and B-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.!
Tetraamine [14]and-Ny cyclam (1,4,8,11-tetraazacyclotetradecane) as a macro-

* Corresponding author.
#  Serbian Chemical Society active member.
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cyclic flexible ring can exist in the cis and trans configurations? but only cis com-
plexes have been observed in the presence of additional bidentate co-ligands.3~7
The Ny4-2-pyridylmethyl-substituted octaamine ligand pmc (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
complexes®~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, B-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.!! The chelating “pseudoaro-
matic” ring of B-diketones have found extensive application in the study of the for-
mation of various types of metal complexes,!2 as well as giving the opportunity to
investigate them in terms of different B-diketones R-groups.”

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(I1I)-cyclam oxalato complex3 suggest large electrochemical
stability, as well as its possible catalytic effect on the electrochemical reduction of
CO,. 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.® Electrochemical examination of mixed-ligand cobalt(III)-cy-
clam complexes with heterocyclic dithiocarbamates (Rdtc)!3 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,%7 i.e., cobalt(IIl) complexes with
macrocyclic ligand cyclam or tpmc in binuclear cobalt(Il) complexes with R-sym-
metric bidentate 3-diketones (Rac), i.e., acac (2,4-pentanedionato), dibzac (1,3-di-
phenyl-1,3-propanedionato), ifac (1,1,1,5,5,5-dexafluoro-2,4-pentanedionato) or #mhd
(2,2,6,6-tetramethyl-3,5-heptanedionato) ions, of the general formulas [Colll(Rac)cy-
clam](ClOy), (1)—~(4) and [Co,!(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 p particle size) and cleaned in 18 MQ 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 CH;CN.

All the complexes 1-8, macrocyclic cyclam and tpmc as well as the corresponding Rac ligands
were examined in the concentration range of 1070 to 10 M, in 0.1 M NaClO, aqueous solution and
in 0.1 M LiClO,4 in CH;CN. 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
H,C CH, acac 1)
W 2,4-Pentanedionato ion 5)
0 o
dibzac 2)
1,3-Diphenyl-1,3-propanedionato ion (6)
hfac 3)
1,1,1,5,5,5-Hexafluoro-2,4-pentanedionato ion 7)
C(CH,), I~ C(CH,), tmhd “)
W 2,2,6,6-Tetramethyl-3,5-heptanedionato ion ®)

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 [Co(Afac)cyclam](C1O,), complex (at a concentration of 104 M) was examined in 0.1
M HCIO, 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 HCIO, solution saturated with O, 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 [Co!l[(Rac)cyclam](ClO4),
(1)+(4) (Fig. 1A) and [Coll(Rac)tmpc](ClO4); (5)8) (Fig. 1B) and the corresponding

R= CH; acac

@ dibzac

CF, hfac

C(CH,), tmhd

Fig. 1. Structures of the [Co™(Rac)cyclam](ClO,), complexes 1-4 (1A) and of the
[Co,(Rac)tpmc](ClO,); complexes 5-8 (1B).

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 I and the selected cy-
clic voltammograms are presented in Figs. 2—4.

Aqueous solution

The cyclic voltammogram of the GC electrode in aqueous (NaClOy4) 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 HAfac — Table Il 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(Ill)-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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Fig. 2. Cyclic voltammograms at GC electrode in 0.1 M NaClO, and: A) 10* M dibzac ligand, 104 M [Co™(di-
bzac)cyclam](ClO,), complex, 10 M [Co,!(dibzac)tpmc](ClO,); complex. B) 10# M smhd ligand, 10+ M
[Col(tmhd)cyclam](ClO,), complex, 104 M [Co,(tmhd)tpmc](ClOy4); complex, (sweep rate 100 mV/s).

cathodic region (Table I 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 Colll/Coll
from the complexes 1-4 as other previously characterized Co(Ill)-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(I)-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 B-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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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 (NaClO,) and
non-aqueous (LiClO,/CH;CN) solutions vs SCE

Aqueous solution Non-aqueous solution
Compound Ep, Ey. E,
tpme - - 1.82
cyclam 0.95 - 1.75
acac 1.05 - -
dibzac - - 1.30
hfac 1.40 - 1.40
tmhd - - -
[Co(acac)cyclam]* (1) 0.70* 1.50%* ~1.15 -
-0.30 -0.40
[Co(dibzac)cyclam]?* (2)  0.65* 1.53* -1.15 -
-0.25 -0.30
[Co(hfac)cyclam]*" (3) 0.90* 1.60%* -1.15 -
-0.25 -0.30
[Co(tmhd)cyclam]*" (4)  —0.25 -030 -1.15 -
[Coz(acac)tpmc]3+ 5) 0.95 -1.15 1.48
[Co,(dibzac)tpmc]3* (6) - 1.30
[Co,(hfac)tpmc]*™ (7) 1.4 1.30
[Coy(tmhd)tpmc]?* (8) 0.9 -1.15 1.25

* Peaks recorded at the beginning of cyclization; £y, = anodic peak; Ej,. = cathodic peak

In aqueous NaClOy solutions, the CVs demonstrate that the presence of any of
the Co(Ill)-cyclam and Co(Il)-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(Ill)-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 H, reduction slightly decreased. The other two Co(Il)-tmpc complexes 5 and 7
negligibly affect the current of H, evolution and have practically no influence on the
potential. Regarding the cathodic shift of hydrogen evolution, the Co(Ill)-cyclam
complexes 1-4 are similar to Co(III)-cyclam oxalate complex? 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
0,0’-B-diketone ligand in comparison with the oxalato one. On the other hand, the
binuclear Co(Il)-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(Il)-zpmc B-diketone complexes 5-8.

Complexes of transition metals (like Co or Fe) of the MN,4 chromophore appear to
be a promising class of materials for the reduction of oxygen.!415 According to Chang
et al.,'° 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 [Colll(Afac)cyclam](C10,4), complex on oxygen reduction in
acidic solution. The complex was first examined in 0.1 M HCIO4 by cyclic voltam-
metry and the recorded CV displayed only the Co(I1I)/Co(II) redox peaks at the same
potentials as in 0.1 M NaClOy. The reduction of oxygen was examined at a GC rotat-
ing electrode in O saturated 0.1 M HCIO, in the potential range from 0.2 Vto—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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ence of the [Colll(hfac)cyclam](ClOy), 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 O, 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 O, to H,O, 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
[Colll(Rac)cyclam](ClOy), complex on the reduction of O, 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,
B-diketonato ligands and all of the complexes 1-8 was also performed in non-aqu-

100 - - 100
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-~~~ 10" M [Co,"(acac)tpmc]” ': )
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o b 7 10 M [Co"(dibzac)cyctam]*"
qg sor Fig. 4. Cyclic voltammograms at GC
< 60| electrode in 0.1 M LiCIO/CH;CN and:
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20| [CoM(acac)cyclam](ClO,), complex,
- 10* M [Co,(acac)tpmc](ClO,); com-
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20 l [Co'M(dibzac)cyclam](ClO,), complex,
S A ' 10% M [Co,(dibzac)tpmc](CIO,),

-0.5 0.0 0.5 1.0 1.5 20
E (V vs SCE) complex, (sweep rate 100 mV/s).
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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 B-diketonato ligands soluble in
acetonitrile (Hdibzac and Hhfac).

The absence of any peaks of the investigated Co(Ill)-cyclam 1-4 complexes
ruled out the redox reactions, indicating the stabilization both of cyclam and Rac
ligands through the coordination to cobalt(IlI) (Fig. 4). Electrochemical inactivity
of acetylacetonate ligand being in coordination sphere of Co(Ill) was found in
other non-aqueous solutions t0o.!8 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.!?

The absence of highly anodic peak of coordinated macrocycle #pmc in the
Co(ID)-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 B-diketonato ligand is electrochemically non-acitve (as Hacac and
H#mhd) 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 p-diketones and
they are characteristic for the binuclear penta-coordinated cobalt(IT) 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 results®7 R-groups on the B-diketone
largely influence the frequencies shifting v(C==C) and v(C==0) 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 Afac 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 NMR” 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 /fac 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(Ill)-cyclam 1-4 (Fig. 1A) or bridged bidentate ligand in the
Co(I)-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(IlI) ions from the 1-4 and Co(Il) 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 Colll/Coll to Co? 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 (¢pmc) in boat conforma-
tion. On the other side, in correlation to the former binuclear Co(Il)-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 [Colll(hfac)cy-
clam](ClOg4), complex shows possible catalytic effect on the reaction in acidic media.

Contrary to the aqueous solution, in acetonitrile, Co(IIl) 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(I)-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.!3
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U3BO

KOMITAPATHUBHO EJIEKTPOXEMMNIJCKO NCITUTUBABLE HEKNX KOBAJIT(I1I) 1
KOBAJT(II) KOMITTTEKCA CA A3BAMAKPOLIKITMYHNM U B-IUKETOHATO
JIMTAHINMA

K. BABUR-CAMAPLIWJA L, C. TI. COBUIB ! u B. M. JOBAHOBWR?

1 Xemujcku ghaxyattieiti, Ynusepauitieii y beozpagy, u. tp. 158, 11001 Beozpag u 2uxTm Hnciuuitiyivi 3a eaexitipoxemuyy,
Yuueepsuitieiti y beozpagy, i. tip. 473, 11001 beozpag

LIMKIMTIHOM BOJITaMETPHjOM UCIIATAHO je ocaM Komrutekca Kodanra(Ill) u kobanra(ll) ca me-
MOBATAM JATaR|Ma, ommute opmyrne [Col(Rac)cyclam](ClO,), (1)-(4) u [Coll(Rac)tpmc](ClOy);
(5)-(8), y Bozenoj (NaClO,) u meBoperoj (LiClO,/CH;CN) cpeauHn. Y BOJCHO] CPEeAMHH
cyclam M Rac nuraHgu nojjiexy aHopHoj okcupauuju. Kooppunaunmja ca Co(Ill) y xomn-
nekcuma (1)—(4) crabunu3yje oBe auranje anu gonasu go penokc peakiuje Co(II1)/Co(1l). Y
cnydajy Ounykenapuux Co(Il) kommiaekca (5)—(8) monasm g0 okcupanuje Rac JuTaHaja.
HcnutuBaHu KOMIUIEKCH y BOJACHOM pacTBOPY YTHUY Ha peakifjy H3/iBajala BOTOHHKA
KaTOJHO noMepajyhu norennujan u nosehasajyhu ctpyjy. ¥ HeBoieHUM pacTBOpuMa aHOTHO
ce okcuayjy 0o6a MakpoumkinuniHa (cyclam W tpmc) M Rac TAraHgy pacTBOPHH Y aleTOHU-
Tprity. Mebytum, y oBum pactBopuma Co(Ill) KoMIuiekca He jojla3h 10 eIeKTPOXEMH]jCKHIX
peakiyja IITo 3HaYM HE caMO fla ¥ OBJie KOOpAMHAIMja ca KOOAITOM cTabuiIn3yje TUraufe
Beh Hema HE pefokc peakuuje 3a ko6ant. Ca gpyre crpane, y Co(Il) kommiecuma crabunn-
30BaH je fpmc anu ce okcupyjy Rac muranau u Co(Il) ma cy Tako y HEBOJIEHUM pacTBOpuUMa
kommekcu Co(1IT) crabunuuuju o 6unykenapuaux Co(Il)-ipme Kommnexca.

(ITpumibeno 16. maja, peuupano 21. aBrycra 2003)
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Abstract: CaWO, doped with 0.8 % at. Nd (Nd:CaWO,) single crystals were grown from
the melt in air by the Czochralski technique. The critical diameter d, = 1.0 cm and the critical
rate of rotation w, = 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 (CrO5 in
water) and 3 parts conc. H;PO, (85 %) at 433 K with an exposure time of 2 h was found to
be adequate. A mixture 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, ¢ = 1.1362 (6) nm and V= 0.312 (2) nm? were determined by
X-ray powder diffraction. The obtained results are discussed and compared with published
data.

Keywords: Czochralski technique, single crystal, Nd:CaWOy, growth, etching.

INTRODUCTION

Calcium tungstate (CaWOy) belongs to the group of AWO,4 compounds, where A
is a second group metal. AWO, 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.” It is a unaxial crystal with a tetragonal scheelite structure
and the space group Cyj,. 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 structure® may be regarded as a cubic clo-
se-packed array of Ca?™ and [WO,4]?~ units with the coordination numbers of 8 and 4
oxygen atoms for the Ca and W cations, respectively.

*  Corresponding author.
#  Serbian Chemical Society active member.
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Various techniques, such as the Czochralski technique,”!0 the flux method, !1:12
and solid-state reactions!3 have been used to synthesize single crystals, whiskers and
powder of CaWOQ,. Some attempts were made to prepare single crystal films,14-16 but
these experiments had limited success because of the high vaporization pressure of
WO; and obtained films were not of uniform structure. In our previous work, !9 we ob-
tained CaWQy 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 (Bij5SiO50,!7
Bi;,GeOx,!8 sapphire,!® Nd:YAG,20 etc.). The aim of this work was to produce and
characterize Nd:CaWOy 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:CaWOy,) were grown by the Czo-
chralski technique using a MSR 2 crystal puller, as described previously.?! The atmosphere used
was air. The starting materials were powdered CaWO, (Koch&Light, Colnbrook, Buckingha-
mshire, England), and Nd,05 (Koch&Light, Colnbrook, Buckingamshire, England) both of 4N pu-
rity. Powdered ZrO, (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 ZrO, 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 H;PO, at different temperatures and for various exposure times were tried for
chemical polishing. A solution of 1 part saturated chromic acid (CrOj; in water) and 3 parts conc. H;PO4
(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 HCI (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 ACuKca| =
0.154060 nm and ACuKa, = 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
26 ranges from 10° to 80°. Each 1/50° (0.02°) 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,?? 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.
Surek?3 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 authors?4 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=w r2vl, 0]

Gr=gBATR}v2, @)

where w — rotation rate; » — crystal radius, v — kinematic viscosity; g — acceleration due to
grativy; 3 — volumetric expansion coefficient of the melt; AT — temperature difference
(Terucible — Timp)> and R —radius of the crucible. It was presumed, as did Carruthers,? 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 w,, and a critical diameter d_. 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 authors30-3! 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 w. = 30 rpm, and the critical diameter d, =
10 mm were obtained. The rate of crystal growth was experimentally obtained to be 6.7
mm/h. A picture of an obtained Nd:CaWQy single crystal plate is shown in Fig. 1.
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Fig. 1. A view of a chemically polished (001)
cleavage plane of a Nd:CaWO, single crystal
plate.

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 (CaWOy)
is known to have (101), (112) and (001) cleavages.3? On the other hand, synthetic
CaWOy crystals, both pure and doped, grown by the Czochralski technique from
the melt have been reported to exhibit (001) cleavages.33 CaWQy 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
(CrO5 in water) and 3 parts conc. H3POy4 (85 %) at 433473 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 found3© that a mixture of 1
part concentrated HF and 2 parts saturated chromic acid (CrO5 in water) is a suit-
able etching solution (etchant), which produces sizable pits (about 6 pm) in about

e

2r.t RO e May TTLC W N 2
ane of a Fig. 3. A view of an etched (001) cleavage plane of a
Nd:CaWOy single crystal plate after an etching expo- Nd:CaWO4 single crystal plate after an etching expo-
sure time of 30 min. Dislocation density 638 cm™.  sure time of 15 min. Dislocation density 3200 cn2.

Magnification 270x. Magnification 270x.
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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.

.;.'I: Fig. 4. A view of a small angle boundary in the (001)
. cleavage plane of a Nd:CaWO, single crystal plate. Mag-

nification 270x.

Figure 2 presents the sample after an exposure time of 30 min with a dislocation
density of 638 cm2 (pulling speed was 6.7 mm/h, w, = 30 rpm, d, = 10 mm), and
Fig. 3 presents the sample after an exposure time of 15 min with a dislocation density
0f 3200 cm~2 (the pulling speed was 6.7 mm/h, @, = 30 rpm, d, = 10 mm). It should
be noted that the obtained single crystal had a much smaller dislocation density
(5x102-2x103 cm2) than those reported in literature?-10 where values of about 103
cm—2 were cited. Figure 4 shows what could occur with an inappropriate pulling
speed (11.4 mm/h) although the critical diameter d; = 1.0 cm and the critical rate of
rotation w. = 30 rpm were applied. The low angle boundary is clearly seen.

A solution of conc. H3POy4 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 HCI at various tem-
peratures was tested as an etchant, but better results were obtained with the men-

The powder pattern of Nd:CaWO, single crystal
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Fig. 5. X-Ray pattern of a powdered Nd:CaWOy single crystal.
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The powder pattern of CaWOy single crystal

o
-

z@0

101

204

5@

L

2 20 T ab T 60 i F
26 [} 2CuKa
Fig. 6. X-Ray pattern of a powdered CaWOQy 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 (/) and indices (/47) of an Nd:CaWOy single crystal in comparison
to literature data.3’

dlit/ nm dcal/ nm_ J Olit/ % OcaL/ %o (hk[) dlit/ nm dcal/ nm_ J Olit/ % OcaL/ %o (hk[)
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 1691 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
20 ranges from 10° to 80°. The unit cell of calcium tungstate was calculated by the
least square method using 29 reflections, including more Ko, for 8 reflections. All
the reflections correspond to CaWOy crystals with the parameters of the tetragonal
unit cell @ =0.524294 (6) nm, ¢ =1.1373 (7) nm and V= 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, ¢ = 1.1362 (6) nm, and V; = 0.312 (2) nm3,
which are in good agreement with the published data.2-%-13 The X-ray diffra-
ctogram for powdered Nd:CaWOy is given in Fig. 5, in which the weak reflections
are not marked with Mueller indices. The X-ray diffractogram of a powdered
CaWOy 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

TABLE II. Table of angles (6), intensities (/) and indices (/47) of a Nd:CaW Oy, single crystal in comparison to
literature data3’

O/ O/ lyic/% ot /% (hKD) O/ O/ g% loea/%  (hkD)
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
34178  34.195 19 1691 200 65.815 4.04
37.763  37.795 1 224 202 67.516  67.545 3 4.04 305
39.201  39.230 18 50.45 211 67.760 2.67
39.925  39.995 3 224 114 69.132  69.140 4 6.61 323
43329 43375 6 4.04 105 69.365 3.85
45.442 45480 10 15.41 213 70.422  70.465 4 3.85 217
47.106  47.160 36 76.36 204 71.970  72.085 2 224 400
49.110  49.120 15 13.96 220 75.111  75.120 2 3.85 411
52973 53.045 15 7.79 301 76.104  76.240 7 78.83 208
54311 54340 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 1691 79.431  79.470 2 1691 413
57.869  57.900 23 40.98 312 79.715 5.90

58.061  58.065 4 24.53 303
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has been reported3? that only almost perfect single crystals can split X-ray reflec-
tions into Ko and Ko, 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 1. 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 26 values and these in the
literature could be explained as being the consequence of the employed wave-
length CuKal (0.154178 nm) and CuKal cited in the literature37 (0.1540598 nm).

CONCLUSIONS

The conditions for growing Nd:CaWQy single crystals were calculated using a
combination of Reynolds and Grashof numbers. From the hydrodynamics of the
melt the critical crystal diameter d; = 1.0 cm and the critical rate of rotation w. =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.
H3POy4 (85 %) at 433 K after exposure for 2 h was shown to be suitable for chemi-
cal polishing. A mixture 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.

N3BOO

PACT MOHOKPHCTAJIA Nd:CaWO,

AJIIEKCAHIAP F'OJIYBOBUR!, CTIOBOJTAHKA HUKOJIUER !, PATIONI TAJUR!, CTEBAH BYPUR2 u
AHJIPEJA BAITUWR3

1 Hnciuuinyii 3a ¢pusuxy, Ipezpesuya 118, . up. 57, 11001 Beozpao, 2 Pyoapcko-zeonowku pakyaitieti, Bywira 7,
i. ip. 162, 11000 Beozpao u 3 Texnonouro-weiian ypuiku pakyaitieiti, Kapnezujesa 4, 11000 beozpao

Momnoxkpucrama CaWO, gormpanu ca 0,8 atomckux % Nd (Nd:CaWO,) paciu cy y Basgyxy
TEHUKOM pacTa Kpucrana 1o Joxpainckom. Bpegqaoctn KpurudyHOr npevynuka d, = 1,0 cm u Kpu-
TH4HE Op3uHE poTauyje ., = 30 o/min cy ogpebeHe nomohy jenHaunHa uHaMuke dpiyuga. bp3una
n3Bnavyerwa Kpucrana of 6,7 mm/h je ogpebena ekcrnepumenTtanHo. Kao cpeicTBo 3a XeMHjCKO
normpame je ofpebena cmeca 1 gena 3acimhene xpoMre KucenmHe (BofieHN pactBop CrO;) n 3 gema
conc. H3PO, (85 %) Ha 433 K npu m3maramy of 2 cata. Cmeca 1 gena kornenTpoase HF u 2 nema
XpOMHE KHCEJIMHE Ha COOHO] TeMrepaType npu n3iaramy o 30 MuHyTa ce mokasasia Kao IOroHO
cpencTBo 3a Harpusame. Onpebenu cy napamerpu peerke a = 0,52404 (6) nm, ¢ = 1,1362 (6) nm u V;
=0,312 (2) nm?® omohy penpirencke AuchpaKIORe aHaMM3e npaxa. JIo6HjeHn pe3yaTaTi Cy TUCKY-
TOBAHHU U ynopeheHu ca IurepaTypHuM IOIalMa.

(ITpumibeno 25. mapra 2003)
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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. A certain 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. Vivic, 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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