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EDITORIAL

This issue of the Journal of the Serbian Chemical Society is dedicated to
Professor Branislav Z. Nikoli¢ on the occasion of his 70th birthday as the tribute
to his accomplishments in the field of Electrochemistry and to his contributions
to the advancement of Chemistry in Serbia. In parallel with his scientific work,
Professor Nikoli¢ was a dedicated teacher of Physical Chemistry and Electroche-
mistry for generations of students at the University of Belgrade.

The articles in this issue are contributions of Professor Nikoli¢’s col-
leagues, friends and students from all over the world. In addition to articles from
the area of Electrochemistry, there are a number from several fields of Chemistry
illustrating Professor Nikolic’s diverse interests. Technical limitations determined
the size of this issue, and we are sorry that we could not invite more contributors.

It was a great pleasure and honor for us to be the Guest Editors of this
special issue. We are indebted for the great help from several colleagues and to
the Society’s office and the Journal’s team for their support in the processing of
this issue. The additional financial support of the Faculty of Technology and
Metallurgy and Institute of Chemistry, Technology and Metallurgy is very much
appreciated.

Belgrade, Serbia/Upton, New York, December 2013

Guest Editors

Radoslav Adzi¢
Bogdan Solaja
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Professor Branislav Z. Nikoli¢
On the occasion of his 70th Birthday

Branislav Nikoli¢ was born on 22 September 1943, in the town of Knjazevac
(Serbia). He attended secondary school in Podgorica (Montenegro), and
graduated in 1966 from the Faculty of Technology and Metallurgy, University of
Belgrade. In 1977, he obtained his PhD in Technical Sciences under the
mentorship of Professor Aleksandar Despi¢, from the same school. After
employment at the Institute of Chemistry, Technology and Metallurgy,
University of Belgrade for three years, he became a permanent staff member at
the Faculty of Technology and Metallurgy, University of Belgrade. He rose from
the position of Teaching Assistant through all the ranks (Assistant Professor in
1978, Associate Professor in 1985), to Full Professor in Physical Chemistry and
Electrochemical Engineering in 1992. He served two terms as Vice-Dean, and
became Chair of Physical Chemistry and Electrochemistry (1999-2005). He
taught Physical Chemistry, Electrochemistry, Electrochemical Engineering (basic
and advanced courses), Electrometallurgy and Mass Transport in
Electrochemical Systems, at the University and at the Centre for Multidis-
ciplinary Studies. He was mentor for approximately twenty Diploma Disser-
tations, a well as fifteen MS, and ten PhD Theses. During his career, he authored
two university textbooks on Experimental Physical Chemistry and Electroche-
mical Engineering. At Case Western Reserve University, Cleveland, OH, Profes-
sor Nikoli¢ was a Postdoctoral Fellow under the mentorship of Professor Ernest
Yeager (1977/78), Visiting Scientist (1979) and Visiting Professor (1990).

Professor Nikoli¢ participated in numerous scientific research projects, and
coordinated several complex projects sponsored by the Serbian Ministry of Sci-
ence (2000/2008). He has published more than 120 scientific papers (approxi-
mately 70 in international journals and meeting proceedings) and 20 professional
papers. He delivered 15 invited lectures and had some 130 contributed papers at
international and national meetings with more than 650 citations.
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1 840 BRANISLAV Z. NIKOLIC — 7()Ih BIRTHDAY

Professor Nikoli¢’s three main scientific interests are in the field of Elec-
trochemistry. The first involves electrocatalysis of chlorine and chlorine com-
pounds. He studied the kinetics and mechanisms of electrochemical reactions of
chlorine and chlorine—oxygen compounds, including the effects of the compo-
sition and structure of anode materials, current density, current density distri-
bution, pH value, hydrodynamic regime and temperature. The main outcome of
this research included the formation and characterization of electrocatalytic oxide
(such as RuO,/IrO,/Ti03) coatings, and their optimization for chlorine and oxy-
gen evolution, as well as the oxidation of organic compounds. He also contri-
buted to the characterization of ruthenium oxide as a supercapacitor material.

Mass transfer in electrochemical systems is another area that was in the
focus of his research. He studied mass transfer in electrochemical reactors (chlo-
rate electrolysis) and rotating disc electrodes (disc, disc—ring, ring—ring and rec-
tangular patch electrodes), which are successfully used as a measuring technique
in electrochemical kinetics.

Electrocatalysis of the oxygen reduction reaction is the topic he embraced
long ago by starting pioneering studies of the adsorption of macrocyclic com-
plexes of transition metals, and their role in oxygen reduction. He also con-
tributed to the understanding of the oxygen reduction reaction and the electro-
chemical behavior of Pt single crystal electrodes.

Professor Nikoli¢ participated in projects sponsored by the chemical indus-
try, involving electrolytic technologies for the production of chlorine, sodium
hydroxide, sodium hypochlorite, chlorate, and perchlorate. His interest in applied
electrochemistry finally resulted in his significant achievement in oxide elec-
trodes: titanium electrodes with ruthenium—titanium oxide coatings as the result
of his team’s research were successfully used in industrial electrolyzers. He and
his research team developed a sol-gel procedure for the production and appli-
cation of RuO,-TiO; anode coatings.

For his scientific achievements, Professor Nikoli¢ received the Annual
Award of the City of Belgrade (1974) in the field of Mathematics/Physics, the
Medal of the Serbian Chemical Society for outstanding industrial application of
science (1998), and the Serbian Chemical Society Award for long-lasting and
outstanding contributions to science (2007).

Professor Nikoli¢ has been a very active member of the Serbian Chemical
Society. He was General Secretary (1984-1988), Vice-president (1996-2001),
and President (2001-2005). Since 2012, he serves as Honorary President of the
Society. He is a long-time member of the Editorial Board of the Journal of the
Serbian Chemical Society. Moreover, he was the Secretary of the Union of the
Chemical Societies of Yugoslavia. He is a member of the International Society of
Electrochemistry, acting as the Yugoslav (Serbia and Montenegro) National Sec-
retary, and a member of the European Federation of Chemical Engineers — Work-
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BRANISLAV Z. NIKOLIC — 70Ih BIRTHDAY 1 84 1

ing Party on Electrochemical Engineering (used to be also National Represen-
tative). As an officer of the Serbian Chemical Society, he was a member of the
General Assembly of the European Association for Chemical and Molecular Sci-
ences.

In 2006, our dear colleague Prof. Nikoli¢ became Editor-in-Chief of the
Journal of the Serbian Chemical Society. With his enthusiasm and personal
touch, he continues to improve the quality and diversity of the Serbian Chemical
Society’s flagship journal, for which all of us are enormously grateful. It is our
privilege and great pleasure to give you this short biographical note on Professor
Nikoli¢ on the occasion of his jubilee. On behalf of his colleagues and friends,
we wish him to stay with our Society and our Journal for many years to come.

Bogdan Solaja
Radoslav Adzi¢

BRANISLAV Z. NIKOLIC — SELECTED PAPERS
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Original scientific paper

New 9-aminoacridine derivatives as inhibitors of botulinum
neurotoxins and P. falciparum malaria®

MIKLOS TOT!, DEJAN M. OPSENICA2# MILENA MITRIC!, JAMES C. BURNETT3,
LAURA GOMBA*, SINA BAVARI® and BOGDAN A. SOLAJA!*#

!Faculty of Chemistry, University of Belgrade, Studentski trg 16, P. O. Box 51, 11158,
Belgrade, Serbia, *Institute of Chemistry, Technology, and Metallurgy, University of
Belgrade, Njegoseva 12, 11000 Belgrade, Serbia, 3SAIC-Frederick, Inc., Frederick National
Laboratory for Cancer Research, P. O. Box B, Frederick, MD 21702, USA, 4United States
Army Medical Research Institute of Infectious Diseases, Department of Bacteriology, 1425
Porter Street, Frederick, MD 21702, USA and °United States Army Medical Research
Institute of Infectious Diseases, Fort Detrick, 1425 Porter Street, Frederick, MD 21702, USA

(Received 24 September, revised 20 October 2013)

Abstract: Steroidal and adamantane aminoacridine derivatives were prepared
and tested as both botulinum neurotoxin (BoNT) inhibitors and antimalarials.
Steroid-bound acridines provided good potency against both the BoNT/A and
BoNT/B light chains (LCs). The observed inhibition of the BONT/B LC by ca.
50 % is the highest attained inhibitory activity against this serotype by
acridine-based compounds to date. With respect to the antimalarial activity, the
adamantane acridines were the most potent derivatives (/Csy = 6-9 nM, SI > 326),
indicating that an adamantyl group is a better carrier than a steroidal motif for
this indication.

Keywords: antiviral, BONT/A; BoNT/B; antimalarial; aminoacridine.

INTRODUCTION

Botulinum neurotoxins (BoNTs),** secreted by the anaerobic, spore-forming
bacterium Clostridium botulinum, are the most potent of known biological tox-

* Corresponding author. E-mail: bsolaja@chem.bg.ac.rs

# Serbian Chemical Society member.

* This manuscript is dedicated to our dear colleague and friend Prof. Branislav Nikoli¢ on the
occasion of his 70 birthday.

doi: 10.2298/JSC130924112T

** Abbreviations: BoNT, botulinum neurotoxin; SNARE, soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptor; BoNT/A, botulinum neurotoxin serotype A;
BoNT/A LC, BoNT/A light chain; SMNPIs, small molecule non-peptidic inhibitors; ACR,
9-amino-2-metoxy-7-chloroacridine; ACR2, N-(6-chloro-2-methoxyacridin-9-yl)ethane-
-1,2-diamine; ACR3, N-(6-chloro-2-methoxy-9-anthryl)propane-1,3-diamine; ACRS,
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ins.1-2 The proteolytic activities of these enzymes are responsible for the poten-
tially fatal disease botulism, which is commonly associated with food contami-
nation, wound infection, and colonizing infection in infants. BoNTs can be easily
produced and disseminated,? and therefore are listed as priority biological threat
agents.4 On the other hand, when dosed locally in minute concentrations, BoNTs
are used for the effective treatment of severe diseases.’

There are seven known BoNT serotypes identified as A—G. Each cleaves a
component of the SNARE complex, which mediates the transport of acetylcho-
line into neuromuscular junctions.%7 BoNTs are secreted as holotoxins composed
of a heavy chain (HC) and light chain (LC), which are connected by a disulfide
bridge.89 The HC, which transports the LC into the neuronal cytosol via an aci-
dic endosome, is comprised of two =50 kDa domains. The C-terminal domain
(Hc), the ganglioside and protein receptor-binding domain, plays a role in bind-
ing to the cell membrane and internalization of a toxin into cholinergic neurons;
the N-terminal domain (Hy) facilitates the release of the LC from endosomes into
the cytosol. The LC is a zinc-dependent metalloprotease that cleaves SNARE
proteins, thereby inhibiting the formation of the SNARE complex. BoNT sero-
types A and E cleave SNAP-25 (synaptosomal-associated protein (25 kDa)),!0
serotypes B, D, F!l and G cleave VAMP (vesicle-associated membrane pro-
tein),!2 and serotype C cleaves both SNAP-25 and syntaxin 1.13 Serotype A
(BoNT/A) is the most potent of the seven serotypes. For example, it is 106-fold
more potent than cobra toxin and 10!!-fold more potent than cyanide,® and its
lethal dose is estimated to be between 1 and 5 ng kg~! for humans.!4 Moreover,
the BONT/A LC is longest acting of the LC serotypes in the neuronal cytosol.!3

Currently, there are no therapies available for the treatment of BoNT LC-
mediated paralysis post-neuronal intoxication, although several different appro-
aches are currently under development. Two of these approaches include anti-
body-based therapeutics and small molecule-based therapeutics.1® However, anti-
bodies cannot reverse the proteolytic effects of the toxins after the LC component
has entered the neuronal cytosol.2 Hence, the development of small molecules
that will effectively inhibit proteolytic activity of BoNT LC after post-neuronal
intoxication is of special interest, with the BONT/A LC being the main enzyme of
study. At this time, one of the best known inhibitors of the BONT/A LC is mpp-
RATKML, which consists of the oligopeptide RATKML covalently bonded to
2-mercapto-3-phenylpropionyl (mpp) group (K; = 330 nM).!7 However, peptides
are readily hydrolyzed by proteases, thus limiting their application in the therapy.

N-(6-chloro-2-methoxyacridin-9-yl)pentane-1,5-diamine; ACR6, N-(6-chloro-2-methoxy-
acridin-9-yl)hexane-1,6-diamine; CQR, chloroquine resistant strain; CQS, chloroquine
susceptible strain; MDR, multi-drug resistant strain; BS, binding site; QA, quinacrine;
CQ, chloroquine; MFQ, mefloquine; ART, artemisinin; EA, ethyl acetate; DCM, dichloro-
methane; PCC, pyridinium chlorochromate; TFA, trifluoroacetic acid.
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For this reason, the development of small molecule inhibitors is crucial. To this
end, many inhibitors of the BONT/A LC have been reported,!8 and are composed
of compounds that competitively coordinate the catalytic zinc ion,!® as well as
allosteric inhibitors.20 The most potent possess K; values ranging from 0.1-10
uM and include zinc (Zn2*) bidentate coordinating hydroxamic acid 1,21 2,5-
diphenyl-thiophene derivative 2,22 and diazachrysene 323 (Chart 1).

In contrast to BoONT/A LC inhibitors, a paucity of small molecules that inhi-
bit the BoONT/B LC has been reported. These include isocoumarine 4,24 aryl-
-phosphoramidic acid ICD 282125, bis-benzimidazole-5-carboximidamide 526
(which bidentately coordinates the catalytic Zn ion of enzymes), and L-chicoric
acid 6 (which is reported to bond to an exosite of the enzyme).27 In addition, it
has been reported that the reducing agent TCEP (tris(2-carboxyethyl)phosphine
hydrochloride) reduces the disulfide bond connecting the HC-LC bond of the
enzyme both in vitro and in neuronal cells, and that it works prophylactically
with a maximum activity at 1 mM.28 In this way, the LC cannot undergo endo-
cytosis, and therefore cannot cleave VAMP.

It is well known that many 4-aminoquinoline antimalarials act as inhibitors
of the BONT/A LC.29:30 In contrast, little has been reported about the efficacy of
acridine-based (ACR) compounds as BoNT inhibitors. However, it was found
that quinacrine (QA, Chart 2), effectively prolonged the time of BoNT/A block-
ing of nerve-elicited muscle twitch in isolated mouse diaphragms.3! Furthermore,
it was found that QA was four times more efficacious than CQ, with a muscle
twitch protective index of 2.85 at 10 uM.

Malaria* is a devastating disease and a global health problem. It is estimated
to cause 300—500 million clinical cases and ca. one million deaths per annum.3?
The most successive drugs appeared to kill the parasite either by producing toxic
free radicals33 or by blocking the polymerization of heme, as in the case of the
4-amino-7-chloroquinolines (ACQs).34 The development of widespread drug-
resistance to CQ has resulted in an urgent need for new drug modalities, for
example, synthetic peroxide antimalarials,35 as well as for the development of
novel molecules that prevent heme polymerization.3¢

Quinacrine was the first synthetic antimalarial used clinically that acts as a
blood schizonticide, but later it was replaced with the more efficient CQ.37 How-
ever, due to the widespread development of CQ resistant (CQR) strains, there is
renewed interest for evaluating acridine-based compounds as antimalarials. For
example, N-sulfonamide derivatives, obtained from various simple 9-aminoacri-
dines, show high antimalarial activity against both CQS and CQR strains.38 They
do not lose activity even when the amino group is stripped of its basic character,
which is in contrast to most CQs or other quinoline or acridine derivatives.3% Qui-

* Malaria is caused by five Plasmodium species, P. falciparum, P. ovale, P. vivax, P. malariae
and P. knowlesi, of which P. falciparum causing cerebral malaria is the major death threat.
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Chart 1. Structures of potent inhibitors of BONT/A LC and BoNT/B LC.
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Chart 2. Structures of CQ, QA and potent inhibitors of BONT/A LC SMNPIs and P. /.
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nolizidinyl and quinolizidinyl-alkyl derivatives of 9-amino-6-chloro-2-methoxy-
acridine were almost 10 times more active than CQ against CQR (W2) strain, and
were as active as CQ against the CQS (D10) strain;#0 a series of 9-amino-
acridines showed high inhibitory potency.4! Most active derivatives have diami-
nopropylidene side chains and exert low nM activity (ECsg in range 1-4.1 nM).

Similar to AQ antimalarials, 9-aminoacridines inhibit polymerization of
hemozoin. In a f-hematin inhibitory assay (BHIA), it was found that ACR deri-
vatives formed complexes with hematin in a 3:2 molar ratio (hematin:drug).*2 It
was shown that the presence of 2-methoxy, 6-chloro substituents and an ionizable
terminal amino group are essential for good antimalarial activity. It was also
discovered that ACRs inhibit DNA topoisomerase 11,3943 parasite folate meta-
bolism* and plasmepsin 11.4> However, chimeric derivatives with ART46 or
AQ,47 as well as bis-ACR derivatives,>%48 showed poor activities.

In addition to their significant antimalarial activity, ACR-based compounds
exhibit other biological activities, including nuclear localization signal (NLS)-
-labeling agents for plasmid DNA,*9 photocleavage reagents for DNA,0 anti-
leishmania agents>! and anti-prion compounds.>?2

Previously, we reported on the inhibitory activities of steroidal 4-amino-
quinolines 7-9 and adamantyl-aminoquinolines (for example, 10) against the
BoNT/A LC39 and as antimalarial agents3 were reported (Chart 2). Specifically,
these derivatives provided a high degree of inhibition of BoONT/A metallopro-
tease, as well as significant inhibition of CQS and more important, CQR strains
of P. falciparum. Herein, the synthesis and biological evaluation of new ACR
derivatives possessing steroid and adamantane carrier component are presented.

RESULTS AND DISCUSSION
Synthesis

The syntheses of the ACR derivatives examined in this study are provided in
Scheme 1, and the corresponding structures are given in Chart 3. First, aminoalk-

CARRIER

NH
cl HNTES), 2 NH
; HN ™),
OMe i OMe ii
= Z OMe
— = - - Z
NS NS
cl N cl N N
cl N
11 12: TMACR2: n=1 16-24
13: TMACR3: n=2
14: TMACR5: n=4
15: TMACR6: n =5

i) diamine, A;
ii) ketone, NaBH,CN/ MeOH/CH,CN, or NaBH, / MeOH or NaBH, / Ti(OPr), / EtOH, or NaB(OAc),H / DCM

Scheme 1. Synthesis of acridine derivatives 12—24.
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NH
H‘N/\Gan

al N 20TM27:n=1

21TM28: n=2

16 MM18c: n =1, a-isomer

17 MM18d: n =1, B-isomer

18 MM17a: n = 2, mixture of isomers with excess of B-isomer
19 MM17b: n = 2, mixture of isomers with o/ B-ratio = 1:1.5

“
= OMe 22 TM36-2:n=1
S 23 TM37-1: n =2
cl N

24 TM48/1

Chart 3. Structures of examined derivatives 16-24.

ylamino acridines 12-15 were obtained by the heating of 6,9-dichloro-2-meth-
oxyacridine 11 with neat diamines.50 The spectra of the isolated products were in
agreement with literature data, and the compounds were used in the next reaction
step without additional purification. Derivatives 16-24 were synthesized using
procedures described earlier.30:53 The 3-keto steroidal derivative (7a,12a-diace-
toxy-3-0x0-5p-cholan-24-oate)>* was coupled with aminoalkylamino acridines
12 and 13 to afford the corresponding 3a-and 3f-diastereomers (16-19). The
crude reaction product obtained from 12 afforded diastereomers 16 and 17 via
chromatographic separation. However, derivatives obtained from 13 were only
partially separated to afford 18 containing ca. 20 % of 19, and the second fraction
consisting of both isomers in a 1:1.5 ratio. The configuration at C(3) of the
derivatives 16-19 was deduced from the respective 1H-NMR spectra. The cor-
responding H-C(3) atom of derivative 16 had a broad multiplet at 2.50-2.34
ppm, while that of derivative 17 had a narrow signal at 2.93 ppm. Therefore, 16
has an axial H-C(3) (in the S-orientation) and acridine substituent in an a-orien-
tation (a-isomer). Consequently, 17 is the S-isomer since it has H,—C(3) and the
acridine substituent in the f-orientation. Based on the above correlations, it was
possible to establish the approximate composition of mixtures obtained from par-
tially separated isomers 18 and 19. Steroidal alcohol 3a,7a,12a-triacetoxy-54-
-cholan-24-ol was oxidized to the corresponding aldehyde,30 which was further
coupled to 12 and 13 to give the corresponding steroidal acridine derivatives 20
and 21. Following the general approach, 2-(adamantyl)ethanal®3 gave the ada-
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mantyl-acridine derivatives 22 and 23, and the benzaldehyde afforded N-benzyl
acridine 24. The structures of all synthesized compounds were confirmed by
spectral and analytical techniques, with all details given in the Supplementary
material to this paper.

Inhibition of BONT/A LC

The inhibitory efficacies of synthesized derivatives 16-21 and 24 at 20 pM
concentration were obtained using a well-established HPLC-based assay for
BoNT/A LC inhibition.55 These data are presented in Table 1. The activities of
corresponding aminoquinoline derivatives 7-9 were established previously,30
and are provided for comparison. In this study, the inhibitory effects of CQ were
also examined. It exhibited only marginal inhibition and thus clearly emphasized
the necessity of the cholic acid component for superior inhibitory activity.

TABLE 1. In vitro inhibitory activities (%, at 20 uM concentration) of the tested compounds
against BONT/A LC and BoNT/B LC; N.T. — not tested

Compound BoNT/A-LC BoNT/B-LC
NSC 240898 81.43 77.38
16 58.34 57.03
17 58.25 52.04
18 77.04 47.40
19 59.38 48.10
20 15.07 31.94
21 61.25 33.63
24 5.82 N.T.
12 42 N.T.
13 20 N.T.
14 8 N.T.
15 10 N.T.
72 74 N.T.
82 47.22 N.T.
92 56.26 N.T.
CcQb 6.51 N.T.
MQ° 28.06 N.T.

4Results published carlier;3! Ptested as diphosphate salt; ‘tested as HCl salt

The results given in Table I indicate that 9-aminoacridine derivatives
coupled to cholic acid derivative as the carrier exhibited moderate to good acti-
vities against the BoONT/A LC, with potencies ranging from 58 to 77 % inhi-
bition. The exception is derivative 20, which provided only 15 % inhibition. The
most active derivative was compound 18, which contains the acridine moiety in
the f-orientation. However, the results obtained for derivatives 18 and 19 are not
so easily interpretable, since both samples were mixtures of diastereomers: 18
contained =20 % of the a-isomer, and 19 was a mixture of both isomers in 1:1.5
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a:f ratio. Nevertheless, from the obtained results, it is plausible to assume that
the pure f-isomer would have higher activity versus the pure a-isomer (since the
former sample showed 20 % higher potency — 18 77.04 % inhibition vs. 19 59.38 %
inhibition).

The compounds incorporating acridine 12, i.e., 16 and 17, were equally
potent, suggesting that the configuration at position C(3), in this instance, is not
crucial for BoNT/A LC inhibition. Comparison of the inhibitory activities for
steroidal acridines with the corresponding data for steroidal aminoquinolines 7-9
indicates that these compounds expressed approximately the same level of inhi-
bitory capacity. This suggests that both acridine and quinoline moieties within
the small molecule inhibitors engage in similar types of interactions with the
active site of the BONT LC metalloprotease. However, more reliable correlations
will be made on pure isomers after measuring the corresponding Kj values.

The simple 9-aminoacridines 12—15 exhibited poor inhibitory activity (8—20 %
inhibition) with 12 being an exception (42 % inhibition). In addition, the results
showed that elongation of the aminoalkyl chain leads to decreased activity for
this class of inhibitor. The low activities of 9-aminoacridines 12-15 clearly indi-
cate that for good inhibitory activity, a carrier is necessary in order to enable
additional interactions within the active site of a metalloprotease. The poor acti-
vity of N-benzyl derivative 24 further supports this observation.

Derivatives 16-21 were also tested for inhibition of BoNT/B LC, giving rise
to some of the most potent inhibitors of this serotype reported to date (Table I).
The results indicate that steroidal C(3) derivatives are slightly more active in
comparison to C(24) derivatives. Moreover, the results showed no differences
between the stereoisomers, i.e., the Hp-C(3) isomers exhibited the same level of
activity as the H,—C(3) isomers. The most active derivative was 16, which pro-
vides 57 % inhibition at 20 uM concentration.

As steroidal 9-aminoacridines inhibited Zn proteases BoNT/A and B LCs,
the next step was to examine the activity of synthesized derivatives against a
sampling of human metalloprotease — to evaluate selectivity. The four derivatives
16-19 were tested at 20 uM concentration against human metalloprotease ther-
molysin, serine protease trypsin, and cysteine protease papain. The results are
given in Table II. The data indicate that the compounds are poor inhibitors of
generic human proteases. The exception was derivative 18, which meaningfully
inhibited papain. Nevertheless, in general, it could be concluded that these deri-
vatives selectivity inhibit BONT LC metalloproteases (as opposed to human pro-
teases). In addition, the low activities of the compounds against the Zn-dependent
protease thermolysin indicates the inhibitory potencies against BONT LCs were
not the result of general preferences for interaction with the Zn ion, but that addi-
tional specific interactions with the enzymes were involved.
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TABLE II. Inhibitory activities (%,at 20 pM concentration) of ACR SMNPIs against human
proteases; A: trypsin; B: thermolysin; C: papain

W
H,N N

NH H
NSC 240898 NH,
HN

Compound A B C
NSC 240898 52.07 8.53 -11.78
16 12.36 13.98 5.19
17 17.24 15.42 20.76
18 22.94 22.37 78.54
19 7.48 12.68 —7.85

Antimalarial activity

It was previously shown that aminoquinoline SMNPIs exerted both BoNT
inhibiting effects and were simultaneously excellent antimalarials.3%-53 Based on
this observation, acridine derivatives were elected for screening against three P.
falciparum strains: D6 (a CQ and MFQ susceptible strain), W2 (a CQ-resistant,
susceptible to MFQ strain), and TM91C235 (Thailand), a multi-drug-resistant
strain, using a well-established protocol.>> The gathered in vitro antimalarial acti-
vities (Table III) show that all tested derivatives had significantly better activities
than CQ against the CQR strain W2 (16-53 times) and the multi-drug resistant
TM91C235 strain (2—24 times). Against the CQS strain D6, the steroidal deriva-
tives were less active than CQ; however, the other derivatives were as active as
CQ. The steroidal acridines 20 and 21 were less active in comparison to 7 against
all the tested strains. However, at the same time, the adamantyl derivatives 22
and 23 were more active when compared to 10 against the CQR W2 and the
multi-drug-resistant TM91C235 strains. Importantly, all the new derivatives were
significantly more active than N-sulfonamides,38 9-amino-polyamide acridines,3°
aminoalkylamino acridines,*? and had activities to those of quinolizidinyl and
quinolizidinylalkyl derivatives, which are the second best known acridine anti-
malarials.?0 The most active of the derivatives was 22, with IC50o(W2) = 8.6 nM,
1C50(D6) = 9.3 nM and IC50(TM91C235) = 5.8 nM. Its in vitro activity is com-
parable to that of artemisinin (Table III). In addition, compound 22 had similar
activity to those of the most potent diaminopropylidene-aminoacridine deriva-
tives described in the literature.4!

It should be emphasized that steroidal/adamantane carriers of the 9-amino-
alkylamino acridine moiety had significantly improved antimalarial activities.
Comparatively, simple acridines such as 12 and 15 showed much lower anti-
malarial activity against the CQR W2 strain versus new derivatives (12 (IC5q =
= 250 nM) and 15 (IC59 = 180 nM)).42 Thus, the attachment of these simple
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ACRs to either cholic acid or the adamantyl moiety significantly increased
antimalarial activity against CQR strains. The same trend was observed against
the CQS strain. The results reported herein indicate that steroidal and adamantyl
acridines are highly effective antimalarials.

TABLE III. In vitro ICs antimalarial activities (nM) and cytotoxicity of the compounds tested
against P. falciparum strains; N.D. — not determined

Compd.  W2° D6°  TM91C235¢ RI HEPG2 SI¢

20 238 415 51.8 125/057 4281 180/103 /83
21 233 39.0 53.0 1.36/0.60 1030 44/26/19
22 8.6 9.3 5.8 0.62/0.92  >3030  >352/>326/>522
23 112 15.7 122 0.78/0.71 3261 291/208 /267
24 28.0 17.9 15.6 0.56/1.56 1183 42/66/76
7* 11.4 16.9 27.7 1.64/0.67 N.D. -

108 15.66 859 17.76

12 250h  N.D. N.D. - N.D. -

15 180h  N.D. N.D. - N.D. -

CcQ 45620 1227 138.82  23.17/43.32  ND. -

MFQ 493 1570 36.50 343/039  ND. -

ART! 6.70  9.00 13.40 1.36/0.90 N.D. —

ap. falciparum Indochina W2 clone; bp falciparum African D6 clone; °P. falciparum multi-drug resistant
TMO91C235 strain (Thailand); dresistance index, defined as the ratio of the 1Csy) for the resistant versus sensitive
strain, TM91C235/D6 and W2/D6, respectively; Sselectivity index, defined as the ratio of the 1Cs( for

HepG2/W2, HepG2/D6 and HepG2/ TM91C235, respectively; fresults published carlier;3? Sresults published

earlier;5 3 hresults taken from literature;42 laverage of more than eight replicates

The toxicities of the new derivatives were estimated using the human liver
carcinoma cell line HEPG2, and the results are given in Table III. The HEPG2
cell line is frequently used for cytotoxicity examination of xenobiotics, since this
cell line has low levels of CYP450 enzymatic activities and possible toxic effects
are the result of particular molecules and not metabolites.5¢ In addition, since all
xenobiotics pass through the liver, it is essential to know if they provide heapto-
toxic side effects. In this study, it was found that steroidal derivative 20, con-
taining aminoacridine part 12, was the least cytotoxic of the series, possessing an
1Csp = 4281 nM. However, the adamantyl derivatives had a much better selec-
tivity index (S7) than the other antimalarials. Thus, 22 has S/ values 352/326/522
vs. 180/103/83 for 20, and thus have a higher therapeutic potential. It was also
observed that elongation of aminoalkylamino chains by only one methylene
group in 21 significantly increased cytotoxicity when compared to 20.

EXPERIMENTAL

Melting points were determined on a Boetius PMHK or a Mel-Temp apparatus and were
not corrected. IR spectra were recorded on a Perkin-Elmer spectrophotometer FT-IR 1725X.
NMR spectra were recorded on Varian Gemini-200, Varian XL-300, and Bruker AM-250
spectrometers in the indicated solvent using TMS as an internal standard. Chemical shifts are
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recorded in parts per million (ppm), and coupling constants J are expressed in Hz. ESI-MS
spectra were recorded on an Agilent Technologies 6210 Time-Of-Flight LC-MS instrument in
positive ion mode with CH;CN/H,0-0.2 % HCOOH as eluent. The samples were dissolved in
CH;CN or MeOH (HPLC grade purity). The elemental analysis was performed on the Vario
EL IIT — C, H, N, S/O elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Ger-
many). Thin-layer chromatography (TLC) was performed on pre-coated Merck silica gel 60
F»s4 and RP-18 F,s4 plates. For column chromatography, Lobar LichroPrep Si 60 (40—63 pum),
RP-18 (40-63 pm) columns coupled to a Waters RI 401 detector were used, Biotage SP1
system with UV detector.

Methyl 7a, 120-diacetoxy-3a-{N-{2-[(6-chloro-2-methoxyacridin-9-yl)amino]ethyl}amino }-
-5B--cholan-24-oate (16) and methyl 70, 1 20-diacetoxy-3B-(N-{2-[(6-chloro-2-methoxy-
acridin-9--yl)amino] ethyl}amino)-5B-cholan-24-oate (17)

To a solution of methyl 7a,12a-diacetoxy-3-oxo0-5f4-cholan-24-oate (300 mg, 0.59 mmol)
in CH;3CN (6.0 mL), 12 (357.9 mg, 1.19 mmol) in MeOH (3 mL) was added, and after stirring
for 30 min at r.t., NaBH;CN (48.39 mg, 0.77 mmol) was added in one portion. The resulting
mixture was further stirred for 2 h at r.t., followed by the addition of glac. AcOH (4 drops)
and stirring was continued until TLC indicated the consumption of all starting ketone (ca. 1
h). The reaction was quenched with Et;N, the solvents were evaporated to dryness, and after
chromatographic purification (dry-flash, SiO,, gradient EA - EA/MeOH/NH3; Lobar RP-18,
eluent MeOH/H,0 = 9:1; Biotage flash SP, gradient EA/Hex = 6:4 — EA/Hex =9:1) 16 (45.0
mg) and 17 (40 mg) were isolated (9.6 and 8.5 % yield, respectively).

Methyl 7a, 120-diacetoxy-3p-(N-{3-[(6-chloro-2-methoxyacridin-9-yl)amino]propyl}amino)-
-5B-cholan-24-oate (18) and methyl 70, 12a-diacetoxy-3a-(N-{3-[(6-chloro-2-methoxyacridin-
-9-yl)amino]propyl}amino)-5B-cholan-24-oate (19)

To a solution of methyl 7a,12a-diacetoxy-3-oxo0-54-cholan-24-oate (500 mg, 0.99 mmol)
in CH3CN (9.5 mL), 13 (124.3 mg, 0.39 mmol) in MeOH (5 mL) was added, and after stirring
for 30 min at r.t., NaBH;CN (82.8 mg, 1.32 mmol) was added in one portion. The resulting
mixture was stirred for 2 h at r.t. followed by the addition of glac. AcOH (4 drops) and stirring
was continued until TLC indicated the consumption of all starting ketone. The reaction was
quenched with Et;N, the solvents were evaporated to dryness and after chromatographic
purification (dry-flash, SiO,, gradient EA — EA/MeOH/NHj;; Lobar RP-18, eluent MeOH/
/H,O = 9:1; Biotage flash SP, gradient EA/Hex = 6:4 — EA/Hex = 9:1) 18 and 19 were
isolated (120.0 mg, 15 % and 90 mg, 11 %, respectively). 18 contained ca. 20 % of 3a-isomer
19 and 19 was a mixture of a ca. 1:1.5 ratio of the - and a-isomers.

30,70, 1 20-Triacetoxy-24-{N-{2-[(6-chloro-2-methoxyacridin-9-yl)amino] ethyl}amino}-53-
-cholan (20)

The alcohol 3a,7a,120-triacetoxy-5p-cholan-24-ol (540 mg, 1.04 mmol) was dissolved
in DCM (50 mL), PCC (185 mg, 1.56 mmol) was added and the mixture was stirred at r.t. for
3.5 h. The reaction mixture was filtered through a short SiO, column (eluent CH,Cl,/EA =
= 95/5). Obtained crude aldehyde (500 mg) was dissolved in MeOH (10.0 mL), followed by
12 (290 mg, 0.96 mmol) and mixture was stirred at r.t. After 12 h, NaBH, (73 mg, 1.92 mmol)
was added in one portion and stirring was continued at r.t. for 2 h. The solvent was evaporated
to dryness and after chromatographic purification (dry-flash, SiO,, eluent EA/MeOH = §8/2),
the desired product was isolated as an orange solid. Yield: 325 mg (42 %).
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3a-7a, 1 20-Triacetoxy-24-{N-{3-[(6-chloro-2-methoxyacridin-9-yl)amino]propyl}amino!-53-
-cholan (21)

The alcohol 3a,7a,120-triacetoxy-5p-cholan-24-ol (540 mg, 1.04 mmol) was dissolved
in DCM (50 mL), PCC (185 mg, 1.56 mmol) was added and the mixture was stirred at r.t. for
3.5 h. The reaction mixture was filtered through a short SiO, column (eluent CH,Cl,/EA =
= 95/5). The obtained crude aldehyde (500 mg) was dissolved in MeOH (10.0 mL) followed
by 13 (303 mg, 0.96 mmol), and the mixture was stirred at r.t. After 12 h, NaBH, (73 mg, 1.92
mmol) was added in one portion and stirring was continued at r.t. for 2 h. The solvent was
evaporated to dryness and after chromatographic purification (dry-flash, SiO,, eluent EA/
/MeOH = 8/2), product was isolated as an orange solid. Yield 230 mg (29 %).
N-/2-(1-Adamantyl)ethyl]-N'-(6-chloro-2-methoxyacridin-9-yl)ethane-1,2-diamine (22)

Into stirred mixture of 2-(1-adamantyl)acetaldehyde (140 mg, 0.86 mmol) and 12 (260
mg, 0.86 mmol) in abs. EtOH (10 mL), Ti(OPr)), (381 puL, 1.29 mmol) was added dropwise.
After stirring for 1 h at r.t., NaBH, (65 mg, 1.72 mmol) was added in one portion and when all
the aldehyde had been consumed, the reaction was quenched with 0.1 M NaOH (10mL). The
reaction mixture was extracted with CH,Cl, (3%X30 mL), the combined organic layers were
washed with brine and dried over anh. Na,SO,. The solvent was removed under reduced pres-
sure and the crude product was purified by dry-flash chromatography (SiO,, eluent hexane/EA =
= 1/1). Yield 40 mg (10 %).
N-/2-(1-Adamantyl)ethyl]-N'-(6-chloro-2-methoxyacridin-9-yl)propane-1,3-diamine (23)

According to the procedure described for 22, 2-(1-adamantyl)acetaldehyde (140 mg, 0.86
mmol) was transformed into 23 using 13 (271 mg, 0.86 mmol). The product was isolated after

dry-flash chromatography (SiO,, eluent EA/MeOH = 8/2). Brown—orange amorphous solid.
Yield: 190 mg (46 %).
N-Benzyl-N'-(6-chloro-2-methoxyacridin-9-yl)ethane- 1, 2-diamine (24)

To a stirred mixture of benzaldehyde (100 pL, 0.98 mmol) and 12 (312.0 mg, 1.03
mmol) in CH,Cl, (15 mL), NaB(OAc);H (313.0 mg, 1.47 mmol) was added. After stirring for
20 h at r.t., the reaction was quenched with 1 M NaOH (10 mL). The mixture was extracted
with CH,Cl, (3%30 mL), the combined organic layers were washed with brine and dried over

anh. Na,SOy. The solvent was removed under reduced pressure and the crude product was
purified by dry-flash chromatography (SiO,, eluent EA/MeOH = 95/5). Yield 230.0 mg (60 %).
N-(6-Chloro-2-methoxyacridin-9-yl)ethane-1,2-diamine (12)%7

A solution of 6,9-dichloro-2-methoxyacridine 11 (600 mg, 2.15 mmol) in 1,2-diamino-
ethane (10 mL, 140 mmol) was stirred at 70 °C under an Ar atmosphere. After 1 h, the mix-
ture was poured into ice cold water, the powder was filtered and dried under reduce pressure.

The product was obtained as a yellow powder and used in the next reaction step without
further purification. Yield 580 mg (89 %).

N-(6-Chloro-2-methoxy-acridin-9-yl)propane-1,3-diamine (13)°7

According to procedure described for 12, 6,9-dichloro-2-methoxyacridine (1 g, 3.59
mmol) was transformed into 13 using 1,3-diaminopropane (20 mL, 232 mmol). The product
was obtained as a yellow powder and used in the next reaction step without further puri-
fication. Yield 1.08 mg (95 %).
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N-(6-Chloro-2-methoxyacridin-9-yl)pentane-1,5-diamine (14)%°

According to procedure described for 12 6,9-dichloro-2-methoxyacridine (500 mg, 1.79
mmol) was transformed into 14 using 1,5-diaminopentane (13 mL, 11.3 g) at 80 °C. The
product was obtained as yellow powder and used in next reaction step without further puri-
fication.

N-(6-Chloro-2-methoxyacridin-9-yl)hexane-1,6-diamine (15)°

According to procedure described for 12 6,9-dichloro-2-methoxyacridine (1g, 3.59
mmol) was transformed in 15 using 1,6-diaminohexane (23 g, 197.9 mmol) at 90 °C. Product
was obtained as yellow powder and used in next reaction step without further purification.

In vitro BoNT LC metalloprotease activity

Determination of BoNT/A LC percent inhibition by SMNPIs was performed as
previously described.>’

For BoNT/B LC percent inhibition, the HTS-assay utilizes a commercially available
fluorogenic substrate from List Biological Laboratories (Campbell, CA). Briefly, a multi-
channel pipette was used to add fluorescent substrate (final concentration 20 pM) and small
molecules (final concentration 20 uM) to a 96 well microplate. The reactions were initiated by
adding recombinant BoNT/B LC (final concentration 40 nM) to each well. All reactions were
conducted in a buffered solution consisting of 40 mM Hepes pH 7.2, | mM DTT and 100 uM
ZnCl,. The change in fluorescence intensity over time was continuously monitored in each
well using a 96 well plate fluorimeter (Saphire 2, Tecan, Méannedorf, Switzerland). The assays
were run at 37 °C, quenched by the addition of TFA, and analyzed using reverse-phase HPLC.
Potential SMNPIs of the BONT B LC were identified by comparing the reaction velocities
(change in fluorescence intensity over time) of samples assayed in the presence of compounds
versus control samples.

In vitro antimalarial activity and toxicity

The in vitro antimalarial drug susceptibility and toxicity screening were realized at the
Walter Reed Army Institute of Research.?

CONCLUSIONS

Aminoacridine derivatives possessing adamantane and steroid carriers were
prepared and tested for BoNT/A LC, BoNT/B LC, and antimalarial activity.
Acridines with the cholic acid-derived carrier showed good potency against both
the BoONT/A LC and BoNT/B LC. The inhibition of the BoNT/B LC by ca. 50 %
is the highest inhibitory activity of any acridine reported to date. The antimalarial
potency of adamantane acridines (/Csq in range 6—9 nM), combined with their
low potencies (/Csq ca. 3000 nM) is a good starting point for further research in
this area.

SUPPLEMENTARY MATERIAL

Spectral and analytical data of all the synthesized compounds are available electronically
at http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgements. This research was supported by National Institute of Allergy and
Infectious Diseases (USA) grant 5-U01AI082051-02, by the Ministry of Education, Science
and Technological Development of the Republic of Serbia (Grant No. 172008) and the

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



AMINOACRIDINE DERIVATIVES AS INHIBITORS OF BOTULINUM NEUROTOXINS 1 86 1

Serbian Academy of Sciences and Arts. Furthermore, for J.C.B., in compliance with SAIC-
-Frederick, Inc. contractual requirements: this project was funded in whole or in part with
federal funds from the National Cancer Institute, National Institutes of Health (USA), under
Contract No. HHSN261200800001E. The content of this publication does not necessarily
reflect the views or policies of the Department of Health and Human Services (USA), or the
US Army, nor does the mention of trade names, commercial products, or organizations imply
endorsement by the US Government, or the US Army. B.S. is grateful to WRAIR for pro-
viding the in vitro antimalarial results.
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HOBU JEPUBATU 9-AMUHOAKPUIWHA KAO UHXUBUTOPH BOTYJIMHYM
HEYPOTOKCHWHA U P. falciparum ITAPASUTA MAJIAPUJE

MUKJIONI TOT', JEJAH M. OTICEHHMIIA?, MHJIEHA MUTPHR', JAMES C. BURNETT’, LAURA GOMBA',
SINA BAVARI® n BOTTIAH A. IIIOJTAJA"

IXemujcru paxyniein, Ynusepsuiieii y beoipagy, Cliygenmicku ipt 16, . fip. 51, 11158 Beoipag,
‘Uncmutilymi 3a xemujy, WexHoN0Tujy u Meianypiujy, beiowesa 12, 11000 Beoipag, 3SAIC-Frederick, Inc.,
Frederick National Laboratory for Cancer Research, P. O. Box B, Frederick, MD 21702, USA, 4United States

Army Medical Research Institute of Infectious Diseases, Department of Bacteriology, 1425 Porter Street,
Frederick, MD 21702, USA u °United States Army Medical Research Institute of Infectious Diseases, Fort
Detrick, 1425 Porter Street, Frederick, MD 21702, USA

CHHTETHCaHU Cy NE€PHUBATH CTEPOMIHMX M aJlaMaHTHI-aKpHIMHA M UCIINTaHa je BHUXOBa
WHXUOUTOpPHA aKTUBHOCT IIpeMa H0oTy1uHyM HeypoTokcMHHMMa (BoNT) u mapasuty manapwje.
CrepounHH akpUAMHY Nokasyjy nodpy nHxubuuujy npema kpatkom Husy (LCs) BoNT/A u
BoNT/B. OcrBapeHa unxudunuja BoNT/B LC ox oxo 50 % je HajBIIa MOCTUTHYTa BPEJHOCT
aKpUAMHCKUX JepHUBaTa IPeMa 0BOM CEPOTHUILy. ATaMaHTHI—aKPUIUHCKY JEPUBATH Cy MOKa-
3anu HajBehy aHTMManapujcky aktuBHOCT (ICsq y oncery 6—9 nM, SI > 326), noxasyjyhu na je
amamaHTWI-Tpyna bossu Hocau hapmakodope y nopehemwy ca CTEpOUIHUM, ITPeMa 0BOj HHIU-
Kaluju.

(ITpumsseno 24. centemdpa, pesuaupaso 20. okrodpa 2013)
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Purinergic responses of chondrogenic stem cells
to dynamic loading®
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Abstract: In habitually loaded tissues, dynamic loading can trigger ATP (ade-
nosine-5'-triphosphate) release to the extracellular environment, and result in
calcium signaling via ATP binding to purine P2 receptors.! In the current
study, the purinergic responses (ATP release) of two types of cells: bovine
chondrocytes (bCHs) and human mesenchymal stem cells (hMSCs) that were
encapsulated in agarose and subjected to dynamic loading were compared.
Both cell types were cultured under chondrogenic conditions, and their res-
ponses to loading were evaluated by an ATP release assay in combination with
a connexin (Cx)-sensitive fluorescent dye (lucifer yellow — LY) and a Cx-
-hemichannel blocker (flufenamic acid — FFA). In response to dynamic load-
ing, the chondrogenic hMSCs released significantly higher amounts of ATP
(5-fold) in comparison to the bCHs early in culture (day 2). The triggering of
LY uptake in the bCHs and hMSCs by dynamic loading implies opening of the
Cx-hemichannels. However, the number of LY-positive cells in the hMSC-
-constructs was 2.5-fold lower compared to the loaded bCH-constructs, sug-
gesting utilization of additional mechanisms of ATP release. Cx-reactive sites
were detected in both the bCHs and hMSCs-constructs. FFA application led to
reduced ATP release in both the bCHs and hMSCs, which confirmed the invol-
vement of connexin hemichannels, with more prominent effects in the bCHs
than in the hMSCs, further implying the existence of additional mechanisms of
ATP release in chondrogenic hMSCs. Taken together, these results indicate a
stronger purinergic response to dynamic loading of the chondrogenic hMSCs
than that of primary chondrocytes, by activation of connexin hemichannels and
additional mechanisms of ATP release.

Keywords: cartilage; loading; calcium signaling via ATP; ATP binding; Cx-
hemichannels.
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INTRODUCTION

Tissue engineering is a new discipline that has enormous potential to provide
biological substitutes for damaged or dysfunctional human tissues. Tissues can
be grown in the laboratory or regenerated in the body using a number of different
strategies. In all cases, the presence of biosynthetically active cells is a funda-
mental requirement, as there is no way to grow a tissue except from cells, by
mechanisms similar to those underlying normal development. In addition, bio-
material scaffolds are employed to provide cells with a structural and logistic
template for tissue formation, and bioreactors are used to “instruct” the cells to
form a specific tissue structure by providing molecular and physical regulatory
factors. The designs of tissue engineering systems require guidance by biological
requirements, which are in turn tissue-specific and “biomimetic” that is derived
from the developmental principles.

One tissue of particularly high interest is articular cartilage, the lining of the
surfaces of bones in human joints, due to the complete inability of this load-bear-
ing tissue to regenerate itself following injury or disease. In the aging human
population, the maintenance of healthy cartilage is an already significant and a
constantly growing health concern. A number of new strategies for cartilage
treatment and cartilage tissue engineering are being devised using different cell
sources. Human mesenchymal stem cells (hMSCs) emerged as a clinically rele-
vant cell source for regenerative medicine due to their multi-lineage differen-
tiation potential and relative ease of isolation and expansion in culture.2 Based on
their ability to undergo chondrogenesis in a variety of natural and synthetic scaf-
fold materials in the presence of the appropriate growth factors and mechanical
loading, hMSCs are especially suitable for cartilage repair.3 In addition, hMSCs
are less likely to dedifferentiate when expanded in vitro in comparison to native
chondrocytes.4

However, native chondrocytes (CHs) produce an extracellular matrix (ECM)
with superior mechanical properties as compared to MSCs.> Achieving the phy-
siological composition and functionality of hMSC-engineered cartilage remains a
challenge. The focus of many current studies is set on the utilization of signaling
molecules, scaffolds and mechanical stimulation towards achieving this goal.® In
the context of mechanical stimulation and signaling molecules, it is crucial to
identify and characterize the mechanotransduction pathways through which cells
sense and respond to their mechanical environment. Potential mechanotransduc-
tion events include mechanical deformation of the nucleus,’ changes in the mem-
brane potential 8 alterations in membrane transport and activation of ion chan-
nels.”

Several studies have shown that dynamic compression of native articular CHs
activates intracellular calcium signaling.!0 This response is blocked by the addi-
tion of apyrase, which degrades extracellular adenosine-5'-triphosphate (ATP), or
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by treatment with nonspecific blockers of purine P2 receptors.!! Other studies
report that in chondrocytes, ATP can induce calcium signaling,!2 which is re-
leased in response to compressive stress.!3 These results suggest that dynamic
loading can trigger ATP release to the extracellular environment and induce cal-
cium signaling in CHs via ATP binding to purine P2 receptors.!

At this time, the mechanisms of ATP release in CHs have not been defined.
In other cell types, main physiological ATP release mechanisms have been elu-
cidated: connexin and pannexin hemichannels, anion channels, and exocytosis of
ATP-filled vesicles.!4 Recent studies report that native CHs release ATP via
hemichannels composed of connexin 43 (Cx)!5:16 and/or pannexin 3.17 However,
the mechanisms of ATP release in chondrogenic hMSCs in response to dynamic
loading remain largely unknown, despite being of great interest for the progres-
sion of cartilage formation in these cells. The purinergic responses to dynamic
mechanical loading during chondrogenic differentiation of human mesenchymal
stem cells were investigated in the present study, in order to better understand
and potentially utilize this mechanism to enhance cartilage formation.

EXPERIMENTAL
Cell isolation and expansion

Two types of chondrogenic cells were studied: primary chondrocytes, and mesenchymal
stem cells. For the primary chondrocytes, articular cartilage was harvested from fresh bovine
carpometacarpal joints obtained from 4—6-month old calves. The cartilage was rinsed in
phosphate buffered saline (PBS) and digested in Dulbecco Modified Eagle Medium (DMEM,
Gibco, New York) with 0.5 mg mL! collagenase type IV (Sigma Chemicals, St. Louis, MO)
for 10 h at 37 °C under stirring. The resulting cell suspension was filtered through a 70-um
pore size mesh to isolate the individual cells.!® After rinsing the pellets, the chondrocytes were
plated at high density (>1x10° cells cm?2) in chondrocyte culture medium (high glucose
DMEM — hgDMEM - supplemented with 10 % FBS, 100 U mL"! penicillin, 100 pg mL"!
streptomycin). For the mesenchymal stem cells, commercially obtained human bone marrow
aspirates were used to derive human mesenchymal stem cells (hMSCs). The cells were
cultured to passage 3 in an expansion medium (hgDMEM supplemented with 10 % fetal
bovine serum, 100 U ml! penicillin, 100 ug mL-! streptomycin and 1 ng mL! basic fibroblast
growth factor) and used in the experiments.

Cell seeding in hydrogel

To produce cell-ladened agarose gels, type VII agarose (AG) (Sigma Chemicals, St.
Louis, MO) was dissolved in phosphate-buffered saline (PBS) at a concentration of 4 %, w/v,
autoclaved and cooled to 40 °C. The AG was combined with the cell suspension (40x10° cells
mL!) in a 1:1 ratio to result in a seeding density of 20x10° cells ml"!. The suspension was
cast between two glass plates separated by 2.5 mm spacers. After cooling, cylindrical disks (4
mm in diameterx2.5 mm thick) were cored out using a biopsy punch as in previous
studies, 819 resulting in 6.2x10 cells per scaffold.

Mechanical loading

The cell-agarose constructs were pre-cultured under static conditions for 48 h and then
subjected to controlled dynamic deformational loading within a well-characterized loading

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



1 868 GADJANSKI and VUNJAK-NOVAKOVIC

system used in previous studies.2022 The constructs are placed at the bottom of a 35%10 mm
Petri dish and 3mL of sterile PBS was added into the Petri dish. A loading platen was
positioned on top of the constructs inducing a tare strain of less than 0.5 %. Cyclic com-
pression was applied for 40 min at a frequency of 1 Hz and a nominal 10 % strain. Sinusoidal
deformation was applied via revolution of an eccentric cam calibrated to produce a defined
displacement of a spring-loaded linear stage follower connected to the loading platen.?
Unloaded constructs served as controls (Fig. 1).

Fig. 1. Experimental setup. Cartilage constructs were prepared in the form of 4 mm in
diameterx2.5 mm thick discs, as in previous studies2? by encapsulation of primary
chondrocytes and hMSCs in agarose. After 2 days of preculture, the constructs were
subjected to 40 min of dynamic mechanical loading (with unloaded constructs serving as
controls), and evaluated for ATP release and activation of connexin hemichannels.

ATP release

The effect of mechanical loading on the chondrogenic cells was first evaluated by
measuring the release of ATP into the extracellular surrounding. The cell-agarose constructs
were subjected to a 40-min period of mechanical loading or an equivalent unloaded period,
after which the PBS bathing solution was removed and boiled for 1 min to deactivate any
ATPases.!> The solutions were kept individually frozen at —20 °C prior to determination of the
ATP concentration, using a commercially available luciferin-luciferase assay kit (Sigma—
—Aldrich, St. Louis, MO) in conjunction with a standard luminescence plate reader.!:!> For
calibration purposes, ATP standards were freshly prepared using an ATP stock solution
(Sigma—Aldrich, St. Louis, MO) in PBS. Additional cell-agarose constructs were treated prior
to and during mechanical loading with flufenamic acid (500 uM FFA) — a widely used
hemichannel blocker.23 The ATP assay readout was in RLU (relative light units) proportional
to the amount of ATP in the solution. The RLU values were used to calculate the ATP (as the
RLU/DNA ratio).
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Activation of hemichannels

To examine the influence of mechanical loading on the activation of connexin
hemichannels, cell-agarose constructs were mechanically loaded as described above, in the
presence of the hemichannel indicator lucifer yellow (LY). For the LY incorporation assay, a
solution of 0.4 % LY, w/v (CH dilithium salt, Sigma—Aldrich, Poole, UK), was prepared in
phosphate-buffered saline (PBS) with 5 mM ethidium homodimer-1 (Sigma-Aldrich, St.
Louis, MO) to label the nuclei of dead cells. Control constructs remained unstrained in the
presence of an identical LY solution. Separate groups of constructs were additionally treated
with FFA, both prior to and during a 40-min period of mechanical loading. Unloaded control
constructs were treated in the same manner.

The concentrations and incubation periods for each reagent were based on those used in
previous studies.!> Immediately after loading, the constructs were washed in normal DMEM
supplemented with 20 % fetal calf serum (FCS, Gibco, New York) containing 1.8 mM Ca?* to
close any activated hemichannels, and then fixed in 3.7 % formaldehyde (37 °C, 15 min). The
cell-agarose constructs were cut into 1-mm thick slices, perpendicular to the cylindrical axis,
and the central section of each construct was mounted on a cover-slip. The samples were
imaged using a color CCD camera mounted onto an inverted microscope (Olympus 1X-81)
and analyzed using MetaMorph (Molecular Devices, Sunnyvale, CA). Fluorescein
isothiocyanate (FITC) and tetramethylrhodamine isothiocyanate (TRITC) filter blocks were
used to visualize the lucifer yellow and ethidium homodimer-1, respectively. The number of
LY-positive viable cells was determined in 10 adjacent fields of view that covered the whole
diameter of the construct cross section. Each field of view contained approximately 70
individual cells. The number of TRITC-positive cells was deduced from the total number of
fluorescent cells. The procedure was repeated on 3-5 separate constructs under each
condition.

Biochemical composition

The tissue constructs were blotted dry, weighed and lyophilized overnight. Dry samples
were digested with proteinase K overnight at 56 °C, as described previously.2* For quanti-
fication of the DNA content, aliquots were analyzed using the PicoGreen assay (Invitrogen,
Carlsbad, CA).

Immunochemistry

For immunochemical staining, tissue sections were first deparaffinized in Citrisolv
(Fisher) and rehydrated in a series of descending concentrations of aqueous solutions of
ethanol. Antigen retrieval was performed by heating in 0.01 M citrate buffer, pH 6.0, for 10
min. Slides were incubated for 5 min with 0.5 % Triton-X-100 in PBS for permeabilization
and for 30 min at room temperature (RT) in 5% goat serum for blocking. Next, primary
antibody (rabbit anti-connexin 43 antibody, C-terminus, cytosolic — AB1728 in 1:200 dilution
from Chemicon — Millipore, Billerica, MA) was added overnight at 4 °C. The secondary goat
anti-rabbit-FITC antibody (65-6111, Invitrogen) was applied to sections for 1 h at RT in the
dark. Sections were mounted onto slides using Vectashield (Vector, Burlingame, CA) mount-
ing medium. Construct samples without the applied primary antibody were used as a negative
control. The samples were imaged using a color CCD camera mounted onto an inverted
microscope (Olympus IX-81) and analyzed using MetaMorph (Molecular Devices, Downing-
town, PA).
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Statistical analysis

Statistics were performed with GraphPadPrism 5.01 software (http://graphpad-
-prism.software.informer.com/5.0/). Each data point represents the average+SEM of n = 5
samples for the chondrocyte-groups, and »n of 3—5 samples for the hMSCs-groups. Each group
was examined for significant differences by the one-way ANOVA, with the ATP/DNA ratio
and number of LY -positive cells as the dependent variables using the Tukey honest significant
difference test.

RESULTS
ATP release in response to dynamic loading. Bovine chondrocytes (bCHs)

Unconfined compressive loading (1 Hz, 10 % strain, 40 min) induced an
approximately 5-fold increase of the normalized ATP/DNA ratio in comparison
to both the unloaded control group and the group treated with the hemichannel
blocker — FFA prior to loading (Fig. 2).

Fig. 2. ATP release in response to dynamic
loading and connexin-blocking treatment.
(d2: day two of culture; CTRL: unloaded;
LOAD: loaded; bCHs: bovine chondrocytes;
hMSCs: human mesenchymal stem cells;
FFA: supplementation of flufenamic acid.
Values indicate the mean ATP/DNA ratios
normalized to the unloaded corresponding
controls. ***p < 0.001, ** p < 0.01 and
*p <0.05.

Human MSCs (hMSCs). Notably, in the hMSC-ladened constructs, the ATP/
/DNA ratio was approximately 10-fold higher in the loaded group in comparison
to unloaded control. FFA-treatment prior to loading induced a significant, 3-fold
reduction of ATP release vs. the loaded group (Fig. 2). Moreover, the ATP/DNA
ratio was 5-fold higher in the loaded group of hMSC-seeded constructs in com-
parison to the loaded bCHs constructs. In the FFA-treated hMSC-group, the nor-
malized ATP/DNA ratio was also significantly higher than in the FFA-treated
bCHs group (Fig. 2).

Hemichannel indicator (LY) uptake — bovine chondrocytes (bCHs). Fluores-
cence microscopy revealed a high number of LY-positive cells in the loaded
group; about 3-fold higher than in the CTRL and FFA-treated groups (Fig. 3).

Human MSCs (hMSCs). The number of LY-positive cells was significantly
higher in the loaded group than in both the CTRL and FFA groups (Fig. 3). The

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



PURINERGIC RESPONSES OF CHONDROGENIC STEM CELLS 1 87 1

loaded hMSC-constructs had about 2.5-fold lower number of LY -positive cells
compared to the loaded bCH-constructs (Fig. 3).

Expression of connexin 43. Immunochemistry for connexin 43, the main
hemichannel component, revealed positive reactive sites in both the bCHs- and
hMSCs-constructs. The images in Fig. 4 show cross sections of paraffin-embed-
ded bCHs- and hMSC-agarose constructs stained with primary anti-connexin 43
antibody and FITC-labeled secondary antibodies (green).

Fig. 3. Connexin indicator (LY) incur-
poration. Values indicate the average num-
ber of LY-positive cells in 10 fields-of-
view that cover the whole diameter of the
cross section. ***p < 0.001, **p < 0.01
and *p < 0.05. Abbreviations as in Fig. 2.

Fig. 4. Cross sections of paraffin-embedded bCHs- (A) and hMSC-agarose (B) constructs
stained with primary anti-connexin 43 antibodies and FITC-labeled
secondary antibodies (green).

DISCUSSION

The present study shows that chondrogenic cells, both primary chondrocytes
and mesenchymal stem cells, respond to dynamic mechanical loading by puri-
nergic signals that involve the activation of connexin hemichannels and addi-
tional mechanisms of ATP release. Under chondrogenic conditions, hMSCs
released 5-fold higher amounts of ATP in response to dynamic loading than
native bCHs. Dynamic loading triggered hemichannel-indicator (LY) uptake in
both cell types, implying opening of the connexin hemichannels. However, the
number of LY-positive cells in the hMSC-constructs was 2.5-fold lower com-
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pared to the loaded bCH-constructs, suggesting that additional mechanisms of
ATP release are utilized in the chondrogenic hMSCs.

Connexin-reactive sites were detected by immunochemistry in both the
bCHs- and hMSCs-constructs. Hemichannel blocker (FFA) application led to
reduced ATP release in both bCHs and hMSCs, which confirmed the involve-
ment of connexin hemichannels, with more prominent effects in the bCHs than in
the hMSCs, further implying additional mechanisms of ATP release in chondro-
genic hMSCs.

Previous studies were mainly focused on undifferentiated bone-marrow deri-
ved hMSCs and detected expression of several subtypes of P2 receptors, which
were activated by their natural ligand ATP, inducing fast changes in the intracel-
lular ion homeostasis and modulating the molecular and functional properties of
hMSCs.25:26 Riddle et al. showed that exposure to fluid flow induced a flow rate-
-dependent release of ATP from undifferentiated hMSCs, and that ATP is unique,
among nucleotides, in its ability to induce hMSC proliferation.2” The same study
reported a vesicular mechanism of ATP release. Hemichannels (connexin 43 and
connexin 45) were also detected in MSCs,28:29 which is consistent with the pre-
sent results. In addition, shear stress modified the expression of connexin 4330 in
undifferentiated stromal hMSCs. However, there are no reports on the mecha-
nisms of ATP secretion and expression of connexin 43 in chondrogenic MSCs.
The study by Fodor et al. only reports that chondrifying micromass cultures of
chicken mesenchymal cells secrete ATP as an autocrine factor,3! but without
identification of the ATP secretion mechanisms.

The present results indicate that the mechanism of purinergic response to
dynamic loading of chondrogenic hMSCs is different to that reported for h(MSCs
subjected to fluid flow, and that this purinergic response involves activation of
connexin hemichannels. Furthermore, chondrogenic hMSCs responded to dyna-
mic loading more strongly than primary chondrocytes. The present study also
implies that the hemichannel-mediated route is not the only mechanism of ATP
release occurring in the chondrogenic hMSCs in response to dynamic loading.
Further studies are necessary to identify other components of the purinergic
signaling system in chondrogenic MSCs and to develop tissue-engineering stra-
tegies utilizing this important mechanism.
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H3BOJ

I[MYPUHEPIMYKHU OATOBOP XOHOPOTEHUX MATHUYHHWX REJINJA HA MEXAHHUYKO
OIITEPEREILE

IVANA GADJANSKI"? 1 GORDANA VUNJAK-NOVAKOVIC'

IDepartment of Biomedical Engineering, Columbia University, New York, NY, USA u ?R&D Center for
Bioengineering, Metropolitan University, Belgrade, Serbia

Y mHorum Tunosuma henuja, MexaHHuko omnTepehewme H3as3uBa CEKpeLHjy afeHO3HH-
-tpudocdara (ATP) y ekcTpauenyinapHy CpeouwHy, LITO [Ja/bke MOKe aKTHUBUPATH CHUTHAJIU-
3aIujy MyTeM KaIlMjyma TIpeKo BesuBama ATP-a 3a mypuncke I12 penenrtope.! Y oBom pamy
CMO IOpeNWIX MyPUHEPTUUKU 04roBop, Tj. ATP cexpenujy nox yTulajeM AHHAMHUYKOT OITe-
pehewa kon rosehux xongpouurta (bCHS) M XyMaHMX Me3eHXUMaIHHMX MaTH4YHUX henuja
(hMSCs) y araposHoM xupporeiy, kopuirhewmem Tecta 3a ATP cexpenujy y koMmOuHauuju ca
¢nyopecuentHom Hojom (myuudep xyto — LY) crienudrUHOM 32 KOHEKCHHE Y OKBUPY XEMH-
KaHala, Kao M ca O/lI0KepOM KOHEKCHHCKHMX XeMHKaHamna, (prydheHaMHHCKOM KHUCETMHOM
(enrsn. flufenamic acid — FFA). Pe3ynratu mokasyjy na xouaporene hMSCs ociobahajy ATP y
onrosopy Ha guHamuuko onrtepeheme. Xonpgporene hMSCs cy ocnobonune 3HauajHo Behe
konuunHe ATP-a (5x Behe) y nopehewy ca bCHs nmocse uctor BpeMeHa y KyaTypH (2 naHa).
Iunamuuko ontepeheme je moseno u 1o npeysumama LY doje u xog bCHs u xog hMSCs, mrto
HABOJY HA 3aK/byYaK Ja je JOULIO IO OTBapama KOHEKCHMHCKUX XeMHKaHana. Mehytum, dpoj
LY-nosutuBaux henuja y hMSC kyntypu je duo 2,5x Hmwku y nopehewy ca bCH-kyntypom.
Taj pe3ynrar yka3syje Ha To Ja kopx xoHnporeHux hMSCs noctoju u mpyru mexanuszam ATP
ceKkpelldje TOpes; OHOT KOjU ce OfBHja IMyTeM KOHEKCHHCKHMX XeMHKaHaaa. MyHoXxeMHjcka
aHa/IM3a je mokas3asa MO3UTHBHY peakuujy 3a koHekcuH 43 u 'y bCHs u y hMSCs kynrtypu.
Takohe, npumena dnokepa FFA je nosena no cmamene ATP cexpeuuje y bCHs u hMSCs, anu
je cmameme duno uspaxenuje y bCHs kyntypu mro norsphyje fa cy y cexkpeLuje YKbydeHH
xXeMHKaHany, and 1 fa y hMSCs To Huje jenuHH MexaHH3aM 3a ocinodahamwe ATP-a.

(TTpumrsero 18. Hopemdpa, pepuaupano 21. Hosemdpa 2013)
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Abstract: Multifloral honey was characterized in regards mineral to compo-
sition, sugar content and basic physicochemical properties. A total of 164
honey samples were collected from different regions of Serbia during the har-
vesting season 2009. Univariate data analysis (descriptive statistics and anal-
ysis of variance), geographic information system and pattern recognition
methods (principal component analysis and cluster analysis) were utilized in
order to identify the geographical origin of honey. The content of Mg, K, and
Cu, electrical conductivity and optical rotation were established as useful
indicators in tracing regional differences between honey samples. Samples
originating from Zlatibor region were clearly distinguished from those from the
rest of Serbia, showing higher K and Mg contents, as well as higher values of
optical rotation, electrical conductivity, and free acidity. The influence of the
soil composition, and climate conditions, as well as the presence of particular
flora on the honey composition is emphasized. The modeling of the geographic
origin of honey was attempted by means of linear discriminant analysis.

Keywords: multifloral honey; geographical origin; pattern recognition; Geogra-
phic Information System; Serbia.

INTRODUCTION

Honey is a complex mixture because its composition and properties depend
not only on the nectar-providing plant species, but also on other factors such as
bee species, geographic area, season, mode of storage, and even harvest techno-
logy and conditions. The European Council directive 2001/110/EC concerning
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honey allows specific denominations of honey, where the name “honey” can be
supplemented by information on the floral, vegetable, regional, territorial or
topographical origin. The term “unifloral honey” is used to describe honey in
which the major part of the nectar or honeydew is derived from a single plant
species. The overwhelming majority of the honeys on the market contain nectar
or honeydew from several botanical sources in the foraging area of the beehive
and are, therefore, called multifloral or polyfloral honey.

Honey composition is tightly associated to its botanical origin, which is
closely related to the geographical area from which the honey originated.! The
volatile composition is very dependent on the geographical location even for the
same plant species, as accumulation of phytochemicals depends on climatic con-
ditions (sunlight and moisture), soil characteristics, and the presence of different
minerals arising from soil. This suggests that the chemical composition of the
honeys even of the same floral origin may be quite different.2 Due to the bota-
nical origin given by the particular flora and the ecosystem diversity conditioned
by the given territory, honey may have unique characteristics. Indeed, the esti-
mation of honey quality by consumers depends on its organoleptic character-
istics, which are strongly dependent on botanical origin of the honey and to some
extent on its geographical origin.3:#

Considering that honey is a complex natural product, produced by honeybees
under relatively uncontrolled conditions, an appropriate characterization of honey
samples requires the use of many variables. Thus, multivariate statistical analysis
can be applied to find trends or associations among the analyzed data, or to esta-
blish a subset of measured parameters allowing honey characterization. Over the
last few decades, there have been several reports on the use of multivariate che-
mometric analysis of the general physicochemical parameters, minerals, sugars,
and other constituents, in order to differentiate types of unifloral honeys, honey-
dew and blossom honeys.>~7

Among the parameters tested to assess the provenance of honey, the poly-
phenolic profile, electric conductivity, acidity, amino acids composition, carbo-
hydrate profile, and pollen proteins were found to be the most useful.®-° The
mineral composition has also been employed to discriminate honey samples
arising from different geographical areas.!0.1l Indeed, due to their stability,
minerals seem to be a good criterion for honey classification. The mineral com-
position of honey is intrinsically connected to the territory of its production and it
is closely tied to the flora visited by the bees. In addition, the mineral content of
honey is tightly associated to geographical and climatic conditions.12

Serbia has very good prerequisites for the development of beekeeping (api-
culture), distinguished by heterogeneous relief and climatic conditions and by the
existence of various honeybee pastures. Considering the area of wild flora, it
would be possible to breed up to 800,000-bee colonies.!3 However, disregarding
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this possibility, the current utilization of capabilities is only 33.4 %, resulting in
annual production of 4000-5000 tons of honey.!4 According to the annual honey
production, Serbia would be in the middle of the list of EU member states. !>

The main goal of this work was to characterize multifloral honeys from a
hitherto relatively unexplored geographical area, by using methods easily avail-
able to a large number of analytical laboratories dealing in authenticity control of
honey in order to establish possible relationships between corresponding chemi-
cal variables and the production zone of honey. Thus, the basic physicochemical
parameters, minerals, and characteristic mono-, di- and tri-saccharides were eva-
luated. By the means of several pattern recognition methods, the variables that
discriminate honey arising from different regions of Serbia were identified and
successful models for further prediction were developed.

EXPERIMENTAL
Sample collection

The total numbers of 164 multifloral honey samples collected from different parts of
Serbia (Fig. 1) during the harvesting season 2009, were provided from “The Association of
the Beekeeping Organizations of Serbia” (SPOS).!¢ The botanical origin of the samples was
established by the SPOS based on information provided by the beekeepers and some sensory
characteristics of the collected honeys. All samples were in their original packages and were
transferred to the laboratory and kept in a refrigerator until analysis.

Physicochemical analysis

Physicochemical parameters (pH, electrical conductivity (EC), free acidity (F4), optical
rotation (OR) and moisture) were analyzed using The Harmonized Methods of the Inter-
national Honey Commission,!” as described in a previous paper.!3

Mineral composition

The mineral composition of honey was analyzed by inductively coupled plasm-optical
emission spectrometry (ICP-OES). About 0.6-0.7 g of fresh honey was treated with 7 mL of
65 % HNOj; (Merck, Darmstadt, Germany) and 1 mL of 35 % H,0, (Merck) in polytetrafluo-
roethylene (PTFE) vessels. A microwave closed digestion system (ETHOS 1, Milestone,
Italy) was used for the mineralization process. The final clear solution was made up to 50 mL
with bidistilled water. All mineral elements in the digested solutions were determined using an
ICP-OES (iCAP 6500 Duo ICP, Thermo Scientific, UK). A multi-element plasma standard
solution 4, Specpure, containing 1 g dm of each element was analyzed for reference pur-
poses. The results are expressed as mg metal per kg honey (ppm) for the macro elements (K,
Mg, Na and Ca) and the micro-elements (Fe, Zn, Cu and Co), or as pg metal per kg honey
(ppb) for the trace elements (Cd, Cr and Ni).

Sugar content

The sugar content, i.e., glucose, fructose, sucrose, trehalose, maltose, isomaltose,
isomaltotriose, melezitose and turanose with gentiobiose (Gen + Tur), was determined by the
means of ion chromatography with amperometric detection. Samples of homogenized honey
were weighed (between 0.2 and 0.3 g) and diluted 10,000-fold with ultrapure water (Millipore
Simplicity 185 S.A., 67120, Molsheim, France). The solution was filtered (Cronus syringe
nylon filter 13 mm, 0.45 um) and transferred to vials. The honeys were analyzed using an ISC
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Fig. 1. The regional map of Serbia with marked locations of honey sampling.

3000 DP liquid chromatograph system (Dionex, Sunnyvale, CA, USA) equipped with a
quaternary gradient pump (Dionex, Sunnyvale, CA, USA). The carbohydrates were separated
on a Carbo Pac® PA10 pellicular anion-exchange column (4x250 mm) (Dionex, Sunnyvale,
CA, USA) at 30 °C. Each sample (25 pL) was injected with an ICS AS-DV 50 autosampler
(Dionex, Sunnyvale, CA, USA). Sodium hydroxide solution was used as the eluent. Analyses
were performed under isocratic mode (52 mM NaOH) with the flow rate set to 1.0 mL min’!.
The calibration was performed with standard solutions (D-(+)-Treh, D-(+)-Mel, D-(+)-Tur,
D-(-)-Fruc, D-(+)-Sach, D-(+)-Malt, and D-(+)-Glc (Tokyo Chemical Industry, TCI, Europe,
Belgium); Gen, iMalt, and iMaltotri (Tokyo Chemical Industry, TCI, Tokyo, Japan)) obtained
by the dilution of ten standard sugars in powder form. The evaluation of the sugar content of
honey samples was obtained from calibration curves of each sugar contained in the standard
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solutions. Under these chromatographic conditions, the last sugar was detected after approxi-
mately 35 min, and the analysis was ended at 40 min. Results are expressed as percentage of
sugar content.
Data analysis

Principal component analysis (PCA) and cluster analysis (CA) were realized by the
means of PLS ToolBox, v.6.2.1, for MATLAB 7.12.0.0635 (R2011a). All data were mean
centered and scaled to the unit standard deviation prior to any multivariate analysis. For PCA,
a singular value decomposition algorithm was employed and in the case of CA, the Ward
method for calculating distances was used, since it usually gives clusters of optimal size and
form.

Descriptive statistics, Kruskal-Wallis test and linear discriminant analysis (LDA) were
performed by means of a demo version of NCSS statistical software (J. Hintze (2001), NCSS
and PASS Number Cruncher Statistical Systems, Kaysville, Utah).

Microsoft Office Excel and Access were used to organize the Geographic Information
System (GIS) database. Locations of data sampling are vector (point) data. Vector data and
the database were integrated, analyzed and printed with GIS software (ArcGIS 9). Geostatis-
tical analyst was used to create a predicted distribution of the attributive data. The Kriging
method was used for interpolation.

RESULTS AND DISCUSSION

The results of analysis of physicochemical parameters, mineral and sugar
content indicated that some of the honey samples show outlying effects. Regard-
ing the basic physicochemical parameters, these samples met the criteria to be
considered as honeydew honeys. According to descriptive sheets for main Euro-
pean unifloral honey,!8 the values of EC, pH, OR and FA for honeydew honeys
are in the following ranges, respectively: 0.85-1.63 mS cm!, 4.4-5.7, [a]p2°
25.2-5, 16.8-37.1 meq kg!. Several investigators found that honeydew honeys
were generally characterized by higher electric conductivity, as well as a higher
pH and acidity.!® According to the Serbian regulations (“Sl. list SCG”, No.
45/2003 and “Sl. glasnik RS”, No. 43/2013) samples with EC > 1.0 mS cm!,
should be declared as honeydew honey. Consequently, in order to determine the
geographical origin of multifloral honey, the 30 samples of honeydew honeys
were excluded from the further analysis.

The summarized parameters of descriptive statistics of 134 multifloral honey
samples are presented in Table .

The moisture level had similar values across the regions in the range from 15
to 17 %. In all samples, except of those originating from the Zlatibor region, the
pH values agreed with those reported by Arvanitoyannis et al.> (pH 3.9). The
higher pH value measured in the samples from the Zlatibor region (pH 4.31) was
in agreement with the values reported for Slovenian multifloral honeys collected
from three regions: Alpine, Pannonian and Mediterranean.8 Furthermore, the
electrical conductivity was higher in the honey collected from the Zlatibor area
(0.74 mS cm1) compared to the samples from the rest of Serbia, as well as from
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the values reported for multifloral honeys in other studies.58:20.21 The free aci-
dity did not show fluctuations among the studied regions and was in agreement
with data reported for neighboring countries.8:20:21 The optical rotation of the
samples coming from Serbia was similar to the data reported for Slovenian multi-
floral honeys, except for the samples collected from the Zlatibor region, which
had lower values.

TABLE 1. Parameters of descriptive statistics for the investigated honey samples of different
geographical origin

Parameter Vojvodina Belgrade Csz?lt)rizl Eastern Southern Zlatibor \YeeS;(?Irln
(17)*  region (3) (15) Serbia (27)Serbia (28)area (38) (%)b

K, mgkg! Mean 564.67 609.73 413.26 707.97 547.64 1352.83 597.59

LOQ=25 SD 307.35 201.38 225.85 322.83 253.01 417.77 439.24

pg kg! Median 472.40 652.83 336.51 706.14  531.29 1373.05 387.97
Max.  1211.10 786.07 1058.19 1363.39 1255.74 2559.44 1360.23
Min. 189.90 390.28 194.48  220.21 16432 539.69 257.92
Ca, mgkg! Mean 84.13 71.04  38.72 57.33 42.99 5135 7231
LOQ=25 SD 27.03 3242 18.17 20.52 14.61 1620  43.33
pe kgl Median  84.60 70.14  35.63 51.58 4091 50.44  72.67
Max. 126.84 103.89  85.89  106.40 76.14  100.10 133.13
Min. 26.99 39.07  16.19 30.53 21.04 17.65  22.08
Mg, mg kg Mean 22.01 15.74 15.62 20.85 17.61 49.69 21.73

LOQ=10 SD 7.69 5.04 8.05 12.50 12.04 19.31  15.68
pg kgl Median  21.92 14.70 10.96 17.88 12.69 4544 1648
Max. 44.99 2122 31.19 66.81 63.01 88.22 4642
Min. 7.50 11.30 6.13 8.90 5.94 17.59 5.39
Na, mg kg'! Mean 19.64 30.00 17.30 18.41 18.36 2398  16.96
LOQ=25 SD 12.87 23.22 8.30 16.10 12.44 16.15 1233
pg kgl Median  16.76 23.69 16.66 14.80 15.01 20.70  15.55
Max. 59.12 55.72  30.09 60.85 69.90 91.25 39.21
Min. 2.59 10.58 1.39 1.74 0.97 7.34 2.90
Zn, mgkg! Mean 4.12 0.82 1.65 6.12 2.69 3.71 2.77
LOQ=2 SD 6.38 0.32 1.67 11.84 2.13 6.95 2.37
pe kg! Median  1.78 0.76 1.26 2.49 1.83 2.09 1.98
Max. 27.46 1.16 7.46 61.52 9.54 43.44 7.56
Min. 0.82 0.53 0.46 0.82 0.71 0.91 1.22
Fe, mg kgl Mean 3.49 0.94 1.59 1.97 1.87 2.33 2.40
LOQO=10 SD 5.25 0.17 1.58 1.72 1.41 1.34 1.12
pg kg! Median 2.11 0.98 1.18 1.54 1.54 1.96 2.21
Max. 23.68 1.09 6.78 7.87 8.56 7.26 3.90
Min. 1.18 0.76 0.38 0.75 0.78 0.79 1.09
Cu, mg kg'! Mean 0.32 0.27 0.23 0.36 0.27 0.54 0.27
LOQ=2 SD 0.11 0.04 0.09 0.12 0.11 0.18 0.10
ngkg! Median  0.28 0.28 0.20 0.34 0.25 0.54 0.24
Max. 0.56 0.30 0.41 0.69 0.58 1.02 0.44
Min. 0.18 0.22 0.09 0.18 0.14 0.23 0.17
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TABLE I. Continued

Parameter Vojvodina Belgrade (;Z?tt)rizl Eastern Southern Zlatibor \?;eg:;n
(17)*  region (3) (15) Serbia (27)Serbia (28)area (38) (6)b
Mn, mg kg! Mean 1.51 1.58 231 2.05 1.73 4.25 3.97
LOQ=5 SD 2.09 1.49 2.47 1.87 2.16 2.80 5.27
pg kg'! Median  0.51 1.01 1.21 1.41 0.76 3.64 1.68
Max. 6.97 3.27 8.49 7.84 8.99 12.15 13.73
Min. 0.22 0.46 0.20 0.11 0.12 0.78 0.33
Co, mgkg! Mean 0.11 0.06 0.02 0.05 0.10 0.07 0.05
LOQ=2 SD 0.16 0.07 0.01 0.05 0.17 0.10 0.07
pg kg'! Median  0.05 0.02 0.02 0.04 0.04 0.04 0.02
Max. 0.71 0.15 0.05 0.25 0.83 0.49 0.18
Min. 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Cr, ugkg! Mean 108.16  47.69  32.39 79.95 434 39.63  36.09
LOQ=2 SD 10592  30.34 12.11 91.99 48.9 22.70  49.82

pg kg! Median 63.77 45.62 36.33 40.96 34.7 3838  20.38
Max. 45533  79.02 4424  375.10 2225 12322 13230

Min. ND ¢ 18.45 ND ND ND ND ND
Ni, pgkg! Mean 71.45 55.95  100.08 77.92 943 23551  60.05
LOQ =2 SD 53.92 28.89 63.71 49.77 100.7  168.28 61.82

pg kg Median 56.14 68.53 81.60 62.18 64.0 173.94 5430
Max. 18294 7642 23049 173.82 521.0  956.40 165.57

Min. ND 2290 ND ND ND 2338 ND
Cd, pgkg! Mean  4.03 0.59 142 2.57 1.9 874 239
LOO=2  SD 6.19 032 245 4.56 2.5 890  3.70
ng kg'! Median  1.35 070  0.13 0.35 0.7 652 115
Max. 1855 083 866  18.07 74 4215 970
Min. ND 023  ND ND ND ND  ND
Moisture, % Mean 1679 1555 1630 1646  16.67 1724  17.80
SD 1.28 025  0.96 1.54 1.24 145 149

Median  16.75 15.61 15.99 16.39 16.46 17.12  17.78
Max. 19.19 15.76 17.67 21.28 20.27 19.93 19.77

Min. 14.75 15.28 14.72 14.01 14.92 14.01 15.47
EC Mean 0.37 0.35 0.27 0.40 0.31 0.74 0.35
mS cm! SD 0.12 0.11 0.12 0.15 0.10 0.14 0.18
Median  0.34 0.34 0.24 0.35 0.30 0.73 0.28
Max. 0.61 0.45 0.62 0.68 0.59 0.99 0.63
Min. 0.19 0.24 0.17 0.18 0.17 0.44 0.18
pH Mean 3.72 3.87 3.91 3.90 3.88 4.31 3.86
SD 0.33 0.12 0.31 0.31 0.30 0.25 0.18
Median  3.76 3.90 4.01 391 3.89 434 3.96
Max. 4.22 3.98 4.48 4.58 4.32 4.66 4.00
Min. 3.07 3.74 3.16 345 3.26 3.38 3.58
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Parameter Vojvodina Belgrade (;Z?tt)rizl Eastern Southern Zlatibor \?;eg:;n
(17)*  region (3) (15) Serbia (27)Serbia (28)area (38) (6)b
FA Mean 27.84 25.57 19.33 25.23 23.7 30.88 20.4
meq kg! SD 6.66 6.17 7.45 6.89 6.36 6.24 7.41
Median 31.00 24.50 16.20 23.00 24.0 31.60 18.4
Max. 37.20 32.20 34.20 38.70 34.2 45.20 30.2
Min. 11.40 20.00 10.60 15.60 12.8 16.60 13.4
OR /[a]p?® Mean -1438 -13.52 -13.48 -12.51 -13.2 -6.50 -14.2
SD 2.89 1.59 2.52 2.12 2.09 4.84 1.64
Median -14.46 -13.04 -13.77 -12.19 -13.0 -6.28 -14.8
Max. -10.32 1222  -7.67 -8.81 -9.3 6.96 -11.3
Min. -20.10 -1530 -17.22 -17.02 -17.8  -16.83 -15.5
Trehalose  Mean 0.24 0.19 0.14 0.36 0.28 0.30 0.08
% SD 0.31 0.15 0.17 0.32 0.39 0.33 0.07
Median  0.18 0.24 0.07 0.21 0.13 0.14 0.06
Max. 1.32 0.32 0.67 1.12 1.76 1.34 0.17
Min. 0.01 0.02 0.02 0.04 0.03 0.01 0.01
Glucose Mean 26.41 24.03 24.68 23.29 24.79 24.54  21.52
% SD 3.58 1.99 2.63 2.71 2.80 3.56 2.06
Median 26.99 23.88 24.92 23.74 24.32 25.06 21.28
Max. 32.03 26.09 28.37 28.95 29.63 33.56 24.70
Min. 19.04 22.12 19.25 15.54 19.77 16.97 18.49
Fructose Mean 36.10 35.89 37.98 34.35 36.81 3558  31.87
% SD 2.68 3.06 3.57 3.31 2.98 4.54 4.27
Median 36.82 37.16 37.41 34.17 36.14 35.63 3222
Max. 40.71 38.11 43.48 41.11 42.87 44.67  38.09
Min. 30.81 32.40 32.66 24.64 31.69 2445  25.08
Sucrose Mean 3.34 2.19 5.19 4.24 4.48 4.90 3.79
% SD 2.48 1.78 1.36 3.09 3.25 1.36 1.43
Median 2.46 1.92 5.11 3.10 3.82 5.08 3.90
Max. 7.53 4.09 8.67 14.36 19.50 7.03 5.71
Min. 0.12 0.56 2.92 0.31 1.65 1.52 2.18
Isomaltose Mean 0.64 0.75 0.31 1.01 0.73 0.41 0.37
% SD 0.75 0.65 0.40 0.72 0.58 0.74 0.44
Median  0.30 1.02 0.07 0.92 0.78 0.16 0.11
Max. 2.33 1.22 1.06 3.42 1.79 3.64 0.96
Min. 0.01 ND ND 0.01 0.03 0.01 0.05
Melezitose Mean 0.22 0.33 0.31 0.22 0.21 0.36 0.37
% SD 0.13 0.26 0.40 0.06 0.11 0.24 0.44
Median  0.19 0.19 0.07 0.21 0.19 0.33 0.11
Max. 0.59 0.63 1.06 0.37 0.58 0.97 0.96
Min. 0.07 0.16 ND 0.10 0.08 0.01 0.05
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TABLE I. Continued

Parameter Vojvodina Belgrade (;zlrltt)rizl Eastern Southern Zlatibor \?;e;t:lrln
(17)*  region (3) (15) Serbia (27)Serbia (28)area (38) (6)b
Gentiobiose Mean 0.42 0.47 0.45 0.45 0.34 0.41 0.37
plus SD 0.27 0.09 0.36 0.15 0.19 0.17 0.33
turanose, % Median 0.44 0.47 0.36 0.42 0.30 0.41 0.25
Max. 0.91 0.56 1.39 0.77 0.75 0.87 0.97
Min. 0.02 0.39 0.05 0.13 0.11 0.16 0.06
Isomalto-  Mean 0.13 0.18 0.13 0.30 0.25 0.18 0.32
triose, % SD 0.13 0.17 0.13 0.16 0.19 0.13 0.09
Median  0.07 0.19 0.07 0.34 0.24 0.16 0.35
Max. 0.39 0.35 0.39 0.57 0.87 0.46 0.44
Min. ND ND ND ND 0.03 0.01 0.17
Maltose, % Mean 1.50 1.13 2.11 1.52 1.59 1.35 1.40
SD 0.90 0.88 0.64 0.72 0.61 0.74 0.90
Median  1.68 1.60 2.00 1.32 1.61 1.17 1.65
Max. 3.24 1.68 3.68 3.07 345 4.07 2.31
Min. 0.09 0.12 0.97 0.56 0.59 0.38 0.24

*Number of samples; Western region without Zlatibor area; “not detected

Twelve minerals were quantified for each honey sample (K, Na, Ca, Mg, Fe,
Zn, Mn, Cu, Ni, Cr, Co and Cd). Potassium was the most abundant mineral
component, considering all the investigated samples, which agrees with other
studies indicating that K is the most common element in honeys.!%22 The
average levels ranged from 400 to 700 mg kg~! for all regions of Serbia, except
foe the Zlatibor area, where this parameter reached a value of 1300 mg kg~1. The
relatively high contents of potassium reported in the case of Italian (731+397 mg
kg1),22 Slovenian (10901220 mg kg1)3 and Indian (932.56+0.15 mg kg 1)23
honey did not exceed the values measured in the samples from the Zlatibor
region. Calcium and magnesium were the next most common elements, followed
by sodium, iron, and zinc. Sodium and magnesium were also present in signi-
ficant amounts in all the studied samples, but several times lower than the potas-
sium content and 2-time lower than the calcium content. Magnesium was present
in higher amount in the samples coming from the Zlatibor mountain area (50 mg
kg1) than in the samples coming from the rest of Serbia (15-22 mg kg~1). The
rest of the studied minerals (Zn, Fe, Cu, Mn, Co, Cr, Ni and Cd) were present in
minor quantities and some of them could be detected in trace amounts (ug kg1).

In this study, ten sugars were identified and quantified, which included two
monosaccharides, six disaccharides and two trisaccharides (Table I). Similar
chromatograms were obtained for all the considered honey samples. The glucose
and fructose were clearly the predominant sugars in all samples. A good resolu-
tion and separation of all quantified di- and trisaccharides were also observed.
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Moreover, the chromatographic method used here was relatively fast (about 30
min) and an approximate sugar profile was obtained.

Fructose was found to be the most abundant sugar component in all samples,
followed by glucose. The content of both compounds was in most cases within
the limits established by EU legislation (Council Directive 2001/110/EC). Some
observed lower values could correspond to mixtures of honeys and honeydew
honeys, since many authors found significantly lower glucose and fructose con-
tent in honeydew honeys compared with blossom honeys.22 The ratio of fructose
to glucose was between 1.36 and 1.61, indicating that the honey would remain
fluid for longer periods. Among the disaccharides, sucrose and maltose were the
major components.

Data analysis

According to the D’ Agostino K-squared, Kolmogorov—Smirnov and the Sha-
piro—Wilk test for normality of distribution, there was significant deviation from
normal distribution for each of the studied variables. The modified Levene equa-
lity variance test showed significant heteroscedasticity among the different
regions for each variable. Therefore, for statistical evaluation of differences in
the results, the Kruskal-Wallis test was employed for each of the variables,
taking the appropriate region as a single factor. The results are presented in Table
S1 (Supplementary material this paper). In the cases of the observed statistically
significant difference between the medians, the Kruskal-Wallis multiple-com-
parison Z-value test was performed. The separated regions are denoted in paren-
theses (Table S1). Based on the Kruskal-Wallis test, several factors, such as K,
Mg, Cu, Ni, and Cd, as well as EC, pH and OR, were identified as parameters
that separate the honey samples from the Zlatibor area from those originating
from the rest of Serbia. The other factors are responsible for the differentiation of
only limited numbers of regions while the Na, Co, trehalose and gentiobiose plus
turanose level do not provide any significant difference among any of the
considered regions of Serbia.

A Geographical Information System (GIS) was employed to build the area
distribution of each of the studied parameters. A GIS is a system designed to
capture, store, manipulate, analyze, manage and present all types of geographical
data by merging of cartography, statistical analysis and database technology.24
The GIS, unlike the other employed statistical methods, provides an estimated
geographical distribution of a certain property over the map, therefore being
more straightforward and a rather convenient approach. GIS has been introduced
in addition to other statistical methods in order to improve the classification per-
formance. The spatial distributions of all parameters are given in Figs. S1-S7 of
the Supplementary material.
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PCA and CA

Both PCA and CA were performed In order to obtain a basic insight into the
data structure, detect possible outliers and identify similarities and specific
grouping patterns among the studied samples. PCA resulted in a three-component
model that explains 41.35 % of total variance. The first principal component,
PC1, accounted for 24.12 % of the overall data variance, the second principal
component, PC2, for 9.26 % and the third principal component for 7.97 %.
Mutual projections of factor scores and their loadings for the first two PCs are
presented in Fig. 2a and b, respectively. Score plot reveals two distinct groups of

Fig. 2. Principal component analysis: a) score plot, b) loading plot.
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samples, separated along the PC1 axis. The majority of the samples originating
from Zlatibor region are grouped in the right side of the graph, while those col-
lected from the rest of Serbia form a compact cluster mostly on the opposite side
of the PC1 axis. There was no meaningful separation along the PC2 direction.
The loading plot implies that the Mg, K, and Cu contents, as well as FA, OR and
EC, are parameters that have the most positive impact on the PC1 direction. The
isomaltose, isomaltotriose and glucose contents significantly affect the PC2 com-
ponent.

Several samples exceeded the limits imposed by the Hotteling 72 95 % pro-
bability ellipse, hence they could be considered as outliers. Among the samples
coming from the rest of the Serbian regions, those that could be considered as
outliers have higher levels of trehalose and isomaltose. The contents of K, Mg,
Cu, and Cd, and the values for EC and pH were similar to those obtained for the
samples from the Zlatibor region. The three samples from the Zlatibor region that
exhibited an outlying effect had very high contents of K, Ca, Mg and Na.

Cluster analysis revealed five clusters at 17 variance weighted distance units
(Fig. 3). One cluster consisted entirely of honey samples from the Zlatibor region,
while the others accounted for all the samples from the rest of Serbia, as well as a
small number of samples from the Zlatibor region. However, any further sub-
clustering according to the proposed regional division of Serbia could not be
evidenced.

Fig. 3. Dendrogram obtained by the means of hierarchical cluster analysis.

All the employed statistical procedures (Kruskal-Wallis, PCA and CA) as
well as GIS (Figs. 4 and S1-S7) confirmed a unique set of parameters (Mg, K,
Cu, EC and OR) that differentiated the samples originating from the Zlatibor area
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from the rest of the samples collected from Serbia. Different factors could influ-
ence a separation among the mentioned areas, such as climate, soil composition,
or presence of regional endemic flora, which strongly influences the mineral con-
tent in honeys. !0

Fig. 4. GIS spatial distribution of Mg content in multifloral honey.

The main soil type of the northern part of Serbia (Vojvodina, the Belgrade
region and the Western region, excluding the Zlatibor area) is chernozem, which
is characterized by the presence of CaCOj3 and high quality calcium mull humus.25
The two-times higher calcium levels measured in the honey samples obtained
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from Vojvodina (84.13+27.03 mg kg !), Belgrade (71.04+32.42 mg kg!) and
the Western region (72.31443.33 mg kg !) are in accordance with the soil com-
position.

The Zlatibor region belongs to the largest serpentine block in the Balkans,
which belongs to a group of siliceous rocks that are characterized by calcium
deficiency and high concentrations of aluminum, iron, magnesium, nickel, cobalt
and chromium and a few plant nutrients.2¢ Probably the high amounts of Mg and
Ni found in serpentine soils could be responsible for higher amounts of these
elements found in honeys from the Zlatibor region.25:27

The regional endemics characteristic for the Zlatibor region are Knautia pan-
cicii, Verbascum bosnense, Thymus adamovicii and Potentilla mollis. All men-
tioned plant species are blossom plants and could significantly contribute to dis-
tinguishing multifloral honeys originating from the Zlatibor region compared to
the rest of Serbia.2® Unlike other mountain regions of Serbia, Zlatibor area is rich
in various coniferous species and other evergreen plants, of which the Serbian
spruce (Picea omorika) stands out as an endemic one. They represent a reach
source of honeydew, together with silver fir (4bies alba), European spruce (P.
abies), Aleppo pine (Pinus halepensis) and European larch (Larix decidua).

Linear discriminant modeling

LDA was performed in order to establish the best possible mathematical
models that would be able to sort unknown samples according to their geographic
origin. The linear discriminant analysis was performed on a training set com-
prised of two types of samples: those from Zlatibor region and the others from
the rest of Serbia. The model resulted in one canonical function, with EC, and K
and Mg levels as the most significant variables that differentiate the two types of
samples. Values of standardized canonical coefficients were, respectively: 1.681,
—0.750, and 0.680. Two out of 38 (5.26 %) samples originating from Zlatibor
region were misclassified, while all samples from the rest of Serbia were pro-
perly classified (Tables SII.I-SILIII of the Supplementary material).

In addition, discrimination among the entire set of the studied regions was
attempted. The LDA model resulted in six statistically significant canonical func-
tions. The score plot of the first two canonical functions and the first vs. the third
(Figs. 5a and b) revealed that the samples from the Zlatibor area were completely
separated from the other regions. Samples collected from Vojvodina were suffi-
ciently separated from the other regions, with the exception of the samples from
the East, which exhibited moderate overlapping. The other regions form well-
shaped groups that are mutually overlapped to a certain degree. The factors that
discriminate the Zlatibor region from the rest of Serbia are amounts of magne-
sium (in a positive manner), potassium, and calcium (in a negative manner), and
electrical conductivity, with standardized canonical scores of respectively: —0.527,
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Fig. 5. Linear discriminant analysis,
canonical score plots: a) scorel/score2,
b) scorel/score3 and c) score2/score3.

—0.693, 0.643 and 1.602. In addition to the mentioned parameters, Vojvodina was
separated from the other regions by the potassium and calcium contents. For
these parameters, values of standardized canonical coefficients were respectively:
0.813 and —0.866. A total 36 (94.73 %) of 38 samples from Zlatibor are correctly
assigned, 12 (70.58 %) of 17 samples from Vojvodina were also correctly assigned,
with two samples being misclassified as Belgrade region, and three assigned to
Eastern, Southern and Western region. The rest of the studied samples were mis-
classified with low to moderate rates (Tables SIII.I-SIILIII of the Supplementary
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material). This implies that obtained LDA models have quite good predictive
power, especially when the number of studied regions is considered.

CONCLUSIONS

The results of this comprehensive study, based on a vast number of genuine
honey samples, represent the first attempt to classify multifloral honey over a
relatively small area, i.e., the territory of Serbia. Characterization of the studied
samples was performed regarding the basic physicochemical properties, mineral
composition and sugar content. Univariate (descriptive statistics and analysis of
variance) and multivariate (principal component analysis, cluster analysis and
linear discriminant analysis) data analyses were performed in order to identify
the geographical origin of the honeys.

The following parameters: Mg, K, Cu, electrical conductivity and optical
rotation were selected as useful indicators in tracing regional differences between
the honey samples. Samples obtained from the Zlatibor region were clearly dis-
tinguished from the rest of Serbia, showing higher values of potassium and mag-
nesium contents, as well as higher values of electrical conductivity, pH and free
acidity. The influence of the soil composition, and climate conditions, as well as
the presence of particular flora on the honey composition was highlighted. Tak-
ing into account that there are a small number of articles dealing with the deter-
mination of geographical origin of bee products, the presented study provides
useful data that could be compared with similar results obtained in the other regions.

SUPPLEMENTARY MATERIAL

Tables S-I-SIIT and Figs. S1-S7 are available electronically at http://www.shd.org.rs/
/JSCS/, or from the corresponding author on request.

Acknowledgements. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia, Grant Nos. 172017 and 451-03-2372-
-IP Type 1/107. The authors acknowledge support of the FP7 RegPot project FCUB ERA GA
No. 256716. The EC does not share responsibility for the content of this article. The authors
wish to thank “The Association of the Beekeeping Organizations of Serbia” (SPOS)
(www.spos.info) for providing the honey samples.

H3BOJ

OIOPEBUBAILE TEOIPAG®CKOT ITOPEKJIA ITOJIM®JIOPAJTHUX MEOJOBA [IOMORY
I[TAPAMETAPA KBAJIMTETA U METOJIA TTPEITO3HABAIGA OBPA3ALIA

KPHUCTHHA B. ]'IASAPEBI/IB1, JEJIEHA B. TPH@I(OBI/IBZ, OUJTUII Jb. AHZ[PI/IEZ, XKHUBOCJIAB Jb. TEIJ.II/I'BZ, HWBAH
b. AHT;E)'[I(OBI/I'E3, JEJAH H. PA,E[OBI/IH4, HEBOJIIA M. HEL[I/I"F:5 u JYIIAHKA M. MI/IJ'IOJKOBI/I’&O]'[CEHI/IL[AZ
1I_[euu7ap 3a uctiutiueare Hamupruya, 3maja og Hohaja 11, 11000 Beoipag, ZXemujcxu Qaxynitet,
Ynuseepsuineii y beoipagy, u. tip. 51, 11158 Beoipag, *Unosauuonu ueninap Xemujcxol Qaxyniteinia y
Beoipagy g.0.0., Ciiygeniiicku wipi 12—16, 11000 Beoipag, ‘Buonowku paxyninen, Yuusep3uiieid y
Beoipagy, Ciuygenuticku wpi 16, 11000 Beoipag u SHOJboﬂplprgHu paxynitewi, Ynusep3uiieii y beoipagy,
Hemawnuna 6, 11080 Beoipag-3emyH

Kapaxrepusanuja noiaudaopaniHix MefoBa y TOITey MHHEPAJHOT CacTaBa, cafpikaja
mehepa U OCHOBHHX (DHU3MYKO-XEMHjCKHMX NMapamMeTapa H3BpLIEHA je HAa OCHOBY aHanuse 164

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



TRACING REGIONAL ORIGIN OF MULTIFLORAL HONEY 1 89 1

y30pKa U3 pasnuuutux peruoHa Cpduje cakympeHux Tokom 2009. romuHe. YHHBapHjaHTHa
aHajM3a MojaTtaka (IeCKPUNTHBHA CTAaTUCTHKA W aHAIW3a BapHjaHce), 3ajefHO ca reorpad-
CKUM MHMOPMALMOHUM CHUCTEMOM U MYJITUBApHUjaHTHOM XeMOMETPHjCKOM aHaIM30M (aHa-
1H3a [IaBHUX KOMIIOHEHaTa U KIacTepcka aHalu3a) NpUMeeHe Cy y by ofpehuBama reo-
rpadckor nopekna Mena. YTepheHo je ga cy cagpxaj Mg, K u Cu, enexTpyuyHa IpOBOJ/BUBOCT
U ONTHYKA pOTal{ja MapaMeTpy KOjH yKasyjy Ha pasidke y PErdOHaJHOM IMOpeKIy Mena.
Y30puM Koju MOTHYY W3 3/1aTUOOPCKOr PEeruoHa Cy Ce jaCHO pa3[BOjWIH Off y3opaka M3 ocTa-
nux penoBa Cpduje Ha ocHOBy Beher cappkaja K 1 Mg, kao u Behux BpemHOCTH onTHYKe
poTauuje, eleKTpUYHe IPOBOI/BUBOCTH U CII0DO/IHE KUCEIOCTH. YKa3aHo je Ha yTULaj cacTaBa
3eMJBMINTA, KIMMATCKUX YCI0Ba U NOCTOjaka €HAEMHUYHMX BpCTa Ha cacTtaB mena. Mogeio-
Bame reorpadckor nopexsia Mesia je ypaheHo NpuMeHOM JIMHeapHe JUCKPUMUHAHTHE aHaJIu3e.

(ITpumsbeHo 1. jyna, pesunupaso 19. centemdpa 2013)
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Abstract: 3-(Methylamino)propylamine (MPA) was studied as a structure-
directing agent (template) in the synthesis of open-framework phosphate-based
materials. The influence of temperature, mole ratio of reactants, crystallization
time and presence of fluoride ions on the crystallization of aluminophosphate,
transition metal-substituted aluminophosphate (transition metal — Mn(II),
Cr(I1T) and Co(II)) and zincophosphate was also investigated. MPA exhibited a
templating role and in all the as-synthesized crystalline products, it is entrapped
in an inorganic lattice interacting with the framework via hydrogen or/and elec-
trostatic interactions. According to detailed thermal analysis, the type of inter-
actions seems to be crucial for the thermal behavior of MPA and for the ther-
mal stability of the organic—inorganic crystal system. Structural analysis sug-
gested that the formed crystalline structures had no mutual structural analogy.
This indicates that the precise role of the organic (guest) component in nuc-
leation process for the open-framework phosphates (host) is very complex as is
the nucleation process itself.

Keywords: microporous; aluminophosphates; MAPO; zinc phosphate; open
framework.

INTRODUCTION

Phosphate-based inorganic materials are mainly crystalline solids with well-
defined crystal structures. The crystal structure is built from tetrahedral phos-
phate building units that are connected in 1-, 2- or 3-dimensions via oxygen
atoms to metal oxide units possessing different geometries (tetrahedral, pyrami-
dal or octahedral). The typical metal cation in these materials is aluminum,
although zinc and gallium also readily form porous metallophosphates. Metallo-
phoshates typically crystallize from a reactive gel containing inorganic reactants
and an organic reactant that plays the role of a structure-directing agent (temp-

* Corresponding author. E-mail: venceslav.kaucic@ki.si
doi: 10.2298/JSC131009113J
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late). Usually, different amines and/or quaternary ammonium cations exhibit
template ability in the synthesis of metallophosphates.! It should be added that
the relationship between the template and the crystal type of the formed metallo-
phosphate has not yet been well established.! It is known that the organic temp-
late itself is not the sole factor involved in the structure-directing role. Namely,
various other parameters also influence the crystallization process, such as the
source of the inorganic components, pH, conditions of crystallization, etc. How-
ever, the presence of organic species in the crystallization process is crucial.
Without the organics, a metallophosphate cannot be formed.

The template species remain after crystallization in the lattice pores and their
removal from the channels and cages is necessary in order to achieve lattice
porosity.2 The removal of the template is performed by a thermal treatment (cal-
cination), usually in an air atmosphere at about 500 °C. The calcined product
usually possesses molecular sieving, catalytic and/or adsorptive properties.3-4

Moreover, in order to obtain novel materials with catalytic properties for
specific reaction systems, as well as to obtain materials of desired selectivity,
various investigations were directed towards transition metal substituted alumi-
nophosphates.’ Incorporation of transition metal cations in an aluminophosphate
lattice at the aluminum or phosphorous crystallographic sites brings a charge into
neutral aluminophosphate skeleton and greatly affects its catalytic and adsorptive
properties. In addition, the use of fluoride ions in the synthesis of porous alu-
minophosphates led to the emergence of novel and zeolite-like aluminophosphate
structures. As an example, an open-framework aluminophosphate with a chaba-
zite structure can be obtained only if fluoride ions are present in the reactive gel.®

Different organic species were studied as templates in the synthesis of
porous phosphates. For some of them (such as di-n-propylamine), a structural
specifity is conspicuous: di-n-propylamine directs the crystallization of different
framework structures by slightly changing the synthesis parameters. On the other
hand, the formation of one structure type (AIPO4—5) can be realized using more
than twenty different amines and quaternary amine cations. !

In this work, the structure-directing role of one simple amine, 3-(methylami-
no)propylamine (MPA), which has not been studied so far in the synthesis of
open-framework phosphates, was investigated. The influence of temperature,
mole ratio of reactants, crystallization time and the presence of fluoride in the
crystallization of several metallophosphate was examined using MPA as a temp-
late. Moreover, crystallization under two heating regimes, hydrothermal and mic-
rowave heating, was studied.

EXPERIMENTAL
Preparation of fluoride-free reaction mixtures

Aluminophosphates, zincophosphates and transition metal-substituted aluminophos-
phates were obtained under hydrothermal conditions using the mole ratio of the reactants
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given in Table I. The sources of zinc, aluminum, cobalt(Il) and chromium (III) were
Zn(CH3COO0), 2H,0 (Fluka), AI(OH); (Sigma-Aldrich), Co(CH;COO),-4H,0 (Sigma-Al-
drich), Mn(CH;COO), 4H,0 (Sigma-Aldrich) and CrO; (Fluka), respectively. To enhance the
chromium reactivity, chromium(IIl) was obtained in situ by reduction of CrO5 using ethanol
(Sigma-Aldrich).” Orthophosphoric acid, H;POy4 (85 wt. % Sigma-Aldrich), was used as the
phosphorous source. MPA was used as a 98 wt. % solution (Sigma-Aldrich).

TABLE I. Composition of the reaction mixtures and the crystallization conditions

o . . llizati llizati 1li
Product  Composition of the reaction mlxturecrySta ization Crystallization ~ Crystalline

time, days temperature, °C phase
ZnPO-A Zn0:2.75P,05:2MPA:100H,0 6-12 120 Hopeite
6 160 Novel phase
ZnPO-B Zn0:1.5P,05:2MPA:100H,0 6 120 Novel phase
2-6 160 Novel phase
AIPO 0.5A1,05:0.5P,05:0.5MPA: 7-10 160 AlPO,-21
:100H,O
CoAPO 0.4A1,05:0.2C00:0.5P,Os: 6-10 160 CoAPO-21
:0.5MPA:100H,0
CrAPO 0.4A1,05:0.1Cr,05:0.5P,05: 7-10 190 CrAPO-21
:0.5MPA:100H,0
MnAPO 0.4A1,05:0.2Mn0:0.5P,05: 4-7 190 MnAPO-12

:0.5SMPA:100H,0

Reaction gels were prepared by intensive stirring of the reactants using an ULTRA-
-TURRAX®, IKA® T18 stirrer. The synthesis proceeds in several steps. First, an aqueous
suspension of metal salts or AI(OH); and 85 wt. % H3PO,4 was prepared by vigorous stirring.
The obtained mixture was stirred until homogeneity (about 30 min) and finally, MPA was
added dropwise. The resulting gel was intensively stirred for another 30 min and then
transferred into a Teflon-lined stainless steel autoclave and left to crystallize at 160—190 °C in
an oven or under microwave radiation (Milestone, Ethos TC).

Preparation of fluoride-containing reaction mixtures

Fluoride-containing reactive mixtures were prepared in a manner similar to that des-
cribed above. Hydrofluoric acid (40 wt. %, Fluka) was used as the source of fluoride and it
was added in the first step of the reactive mixture preparation. The employed mole ratios of
the reactants are given in Table II.

Characterization

The crystallinty of the products was studied by XRD analysis using a PANalytical X'Pert
PRO diffractometer and CuK, radiation. The data obtained at room temperature were col-
lected in the 26 range from 5 to 75° in steps of 0.017° with a total measurement time of 4 h.
The high temperature X-ray diffraction (HTXRD) patterns were recorded at four different
temperatures, i.e., room temperature and at 573, 623 and 673 K.

The size and morphology of the crystals as well as the elemental analyses were studied
by a scanning electron microscope Zeiss Supra 35VP. Carbon, hydrogen and nitrogen were
determined using a standard C—H—N analyzer. Fourier transformed infrared (FTIR) spectra
were recorded in the 4000 to 400 cm™! range on a Digilab-FTS-80 spectrophotometer, using
the KBr wafer technique. Thermal decomposition was performed using an SDT Q-600 simul-
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taneous DSC-TGA instrument (TA Instruments). The samples (mass =10 mg) were heated in
standard alumina 90-pl sample pans. All experiments were performed under synthetic air at a
flow rate of 0.1 dm3 min!.

TABLE II. Composition of the fluoride-containing reaction mixtures

Composition of the reaction Crystallization Crystallization Crystalline
Product . .
mixture time, days  temperature, °C phase
APOF 0.5A1,05:0.5P,05:0.5MPA: 1HF: 4-7 160
:100H,0 ULM-3
CoAPOF 0.4A1,05:0.2C00:0.5P,05: 4-7 160 ULM-3 and
:0.5MPA:1HF:100H,O amorphous
solids
CrAPOF 0.4A1,05:0.1Cr,05:0.5P,0s5: 4-7 160 ULM-3 and
:0.5SMPA:1HF:100H,O amorphous
solids
MnAPOF 0.4A1,05:0.2Mn0:0.5P,05: 4-7 130 Mixture
:0.5SMPA:1HF:100H,0O different
crystalline
phases
4-7 160 Mixture
different
crystalline
phases
RESULTS AND DISCUSSION

SEM analysis of the obtained products

The use of MPA vyielded crystalline products with different morphologies
depending on the crystallization conditions and composition of reactive mixtures.
The SEM photographs of the products obtained by hydrothermal crystallization
are shown in Fig. 1. The crystals appear as monocrystals or crystalline aggre-
gates. Microwave-assisted heating yielded crystalline products mainly in the
form of aggregates (not shown).

ZnPO, AIPO, CrAPO, CoAPO and CoAPOF were plate-like crystals of
about 100—140 um in length. APOF and MnAPOF crystallized as ball aggregates
of about 50 um in diameter. On closer inspection of the aggregates, it could be
seen that they were in the form of plate conglomerates. CrAPOF appeared in the
form of irregular aggregates of about 200 pm in length.

Structural analysis of the products obtained under hydrothermal conditions from
fluoride-free reaction mixtures

Zincophosphates. For the preparation of the ZnPO products, two reaction
mixtures (A and B) were found to be optimal in order to obtain crystalline pro-
ducts. Depending on the crystallization temperature, mixture A (with the Zn/P
molar ratio of 1/5) yielded two crystalline phases: a dense ZnPOy4 phase — hopeite
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(at 120 °C) and a novel crystalline product at 160 °C. From mixture B (with the

Zn/P molar ratio of 1/3), the same novel phase was formed at both temperatures.
Its XRD pattern is given in Fig. 2.

(@)

(b)
Fig. 1. SEM photograph of a) metallophosphates obtained under hydrothermal crystallization
and b) the products obtained from fluoride-containing reactive mixtures.
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Single crystal structure determination of the novel zincophosphate phase
showed that the =zincophosphate was built of macro-anionic
[Zny(PO4)(HPO4)(HyPO4)]? layers, which were intercalated by doubly proton-
ated MPA cations (Fig. 3). The layers were built of ZnO4 and PO4/HPO4/H,POy4
tetrahedra. Within the layers, small channels of an approximate diameter 3.7 A
were present. The inorganic framework and MPA interact via the template-to-
framework N—H---O hydrogen bonds, which are important for stabilization of
the structure.$.9

Fig. 2. XRD pattern of the novel zincophosphate phase.

Fig. 3. A view of the novel zinco-
phosphate, showing zincophosphate
layers (dark gray tetrahedra — ZnOy,
light gray tetrahedra — phosphate
building units) and intercalated doubly
protonated MPA cations.
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Aluminophosphates and metal-substituted aluminophosphates. Two types of
reaction mixtures were studied: 1) the reaction mixture containing an alumino-
phosphate and 2) the reaction mixture containing an aluminophosphate and some
transition metal ions. Crystallization of both types of mixtures yielded crystalline
products with the aluminophosphate topology denoted as the structure type 21.10
Representative XRD patterns are given in Fig. 4. Hitherto, three different amines

(@)

(b)
Fig. 4. XRD patterns of a) AIPO4-21 and b) the metal-containing aluminophosphates
[MAPO, M = Co(1I), Cr(III), Mn(ID)].
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have been reported as templates for AIPOg4-21: 1,2-diaminopropane, pyrroli-
dine!! and N,N,N',N'-tetramethyl-1,3-diaminopropane.!® X-ray single crystal
structure analysis of the aluminophosphate product showed that the AIPO4-21
framework was built of corrugated aluminophosphates sheets, which were cross-
linked by Al-O-P chains to form a network of straight eight-membered-ring
channels extending along the ¢ crystallographic axis. The MPA appeared to be
disordered and positioned in the eight-membered-ring channels. It was held
within the channels through strong hydrogen bonds: MPA forms two such bonds,
the N---O distances being 2.914 and 2.985 A.12

From the transition metal-containing aluminophosphate reaction mixtures,
different crystalline products (MAPQO) were obtained depending on the type of
the transition metal cation (Table I). The XRD patterns (Fig. 4) revealed that
from the Co(Il)- and Cr(Ill)-containing mixtures, CoAPO and CrAPO products
belonging to the structure type 21 crystallized, whereas the MnAPO obtained
from the Mn(II)-containing reaction mixture belonged to the structural type 12.13
The lattice of AIPO4-12 is rather complex and is based on an interrupted net in
which one of the P atoms is linked to only 3 Al atoms and one of the Al atoms is
linked to only 3 P atoms.

The results of elemental analysis of the obtained products are given in Table
IIL. It is evident that the metal content depended on the metal type, indicating that
not only MPA but also transition metal cations influence the crystallization pro-
cess. Moreover, the preparation of the transition metal-substituted aluminophos-
phates (MAPOs) is important considering their catalytic application.! In a MAPO
crystalline lattice, transition metal ions generally occupy aluminum crystallo-
graphic sites, thereby generating different types of acid sites (Brensted or Lewis)
important for catalytic activity. Based on the results of the elemental analyses, it
could be concluded that Co(Il), Cr(III) and Mn(II) substitute aluminum in the
parent aluminophosphate lattice. The (Al+M)/P molar ratio is approximately one
in all the prepared samples.

TABLE III. Results of the energy-dispersive x-ray spectroscopy (EDS) analysis

Sample Zn Al P Co Cr Mn
ZnPO 259 - 16.6 - - -
AIPO - 16.8 19.3 - - -
CoAPO - 15.8 20.6 3.1 - -
CrAPO - 22.1 26.4 - 1.0 -
MnAPO — 18.1 24.2 — — 6.8

Microwave-assisted heating. In order to study the influence of microwave
radiation on the crystallization of the investigated reaction mixtures, microwave-
assisted heating was also employed. Namely, it has been reported that the micro-
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wave technique enables a more rapid crystallization than the conventional hydro-
thermal method and leads to an improved crystal quality.14

Microwave radiation showed differing effects on the studied reaction sys-
tems. Crystallization of the novel ZnPO and AIPO4-21 proceeded more rapidly
under microwave-assisted heating: the crystalline products formed in the course
of 2 h. However, for the MAPO products, the microwave radiation had a negative
effect on the crystallization. For all the studied transition metal-containing reac-
tion mixtures, no crystalline products were obtained.

Structural analysis of the products obtained under hydrothermal conditions from
fluoride-containing reaction mixtures

Taking into account that the presence of fluoride ions in an aluminophos-
phate reaction mixture could lead to novel structures, !> experiments with MPA in
a fluoride-containing medium were performed. It is known that aluminum ions
readily form complex species with fluoride ions, which increases the solubility of
the aluminum source and accordingly influences the crystallization process. In
the fluorinated aluminophosphate structures, the fluorine atoms usually bridge
the aluminum-building units and typically occupy one or two vertices of the alu-
minum octahedral. 16

The presence of fluoride in the aluminophosphate reaction mixture led to the
formation of a crystalline product (APOF), the diffractogram (given in Fig. 5a) of
which corresponded to that of the open-framework gallophosphate ULM-3.17.18

The single crystal X-ray structure analysis revealed an open-framework built
up of hexa-nuclear units formed by three POy tetrahedra, two AlO4F trigonal
bipyramids and one AlO4F, octahedron. The three-dimensional framework was
negatively charged and had two interconnected channel systems: 10-membered-
ring channels running along the [101] direction and 8-membered-ring channels
running along the [10-1] direction. The negative charge is compensated by
doubly protonated MPA located in the 10-membered-ring channels (Fig. 6).1°

The XRD patterns of CoAPOF and CrAPOF also showed the presence of the
ULM-3 crystalline phase (Fig. 5b). However, a detailed EDS analysis did not
confirm the presence of Co(Il)- or Cr(Ill)-substituted products in the crystals
found in the obtained products. It seems that the transition metal cations only
contribute to nucleation of single crystals of the fluorinated aluminophosphate
and do not become a part of the framework. Namely, the fluorinated
aluminophosphate obtained from the Co(Il)- and Cr(III)-free mixture appeared in
the form of ball aggregates, in contrast to the single crystals formed in the
presence of the metals (Fig. 1). The MnAPOF product seems to have consisted of
different crystalline phases for which no structural analogs have been found.
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(a)

(b)
Fig. 5. XRD patterns of (a) the fluorinated aluminophosphate product (APOF) and (b) Co(II)-,
Cr(IIT)- and Mn(II)-containing fluorinated aluminophosphates (CoAPOF, CrAPOF and
MnAPOF, respectively).
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Fig. 6. Protonated MPA species in the 10-membered-ring channel of the fluorinated
aluminophosphate framework.

Study of the organic/inorganic interactions

FTIR analysis. Figure 7 shows the FTIR spectra of the ZnPO, AIPO4-21,
CoAPO-21 and the fluorinated aluminophosphate (APOF). All the samples dis-
played vibrations that clearly show the vibrational features of the entrapped orga-

ZnPO

CoAPO

3064

: i i o ! i ! | 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm’ Wavenumber, cm’’

Fig. 7. FTIR spectra of the novel zincophosphate (ZnPO), AIPO,4-21, Co(Il)-containing
AlPO4-21 (CoAPO-21) and the fluorinated aluminophosphate (APOF).
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nic species. Vibrations displayed in the range 32002000 cm! correspond to
amine groups,20 and the bands appearing in the 16001350 cm! region are due
to C—H bonds2!. Strong bands at 3450 and 1620 cm™! can be attributed to the
water molecules present in the crystalline lattice.22 All spectra except that of
AlIPOy4-21 display a strong band at about 1540 cm~! which is attributed to NH3™,
suggesting that the MPA species was protonated,® while the inorganic frame-
works of ZnPO, CoAPO-21 and APOF were negatively charged.

TGA/DTG studies. To gain an insight into the strength of the organic/inorg-
anic interactions, the thermal behavior of ZnPO, AIPO4-21, MAPO-21 (M =
Co(I), Cr(III), Mn(II)) and APOF were studied. The obtained results are shown
in Fig. 8. All the samples exhibit a strong DTG maximum that could be attributed
to the decomposition of MPA, according to the corresponding mass loss and the
results of C-H—N analysis. The position of the maximum differs with the type of
solid. This indicates that the entrapped MPA interacts in different ways with the
inorganic frameworks. This was confirmed by detailed kinetics analyses.$:12
Thus, MPA entrapped in ZnPO decomposes in a three-step process with the first
step having the highest activation energy (343 kJ mol-!). This is attributed to the
strong hydrogen bonds and to electrostatic bonds, which hold the protonated
MPA and zincophosphate layers together. The decomposition of MPA in AIPOg-
-21 proceeded in a single-step reaction, with the activation energy lying in the
range 173-151 kJ mol-1.12 In this solid, MPA interacts with the aluminophos-
phate framework only via hydrogen bonds. The MPA decomposition in APOF
was a multi-step reaction with an average activation energy of 209 kJ mol~!. In
this solid, the anionic fluoro-aluminophosphate framework interacts with doubly
protonated MPA via hydrogen and electrostatic bonds.23

The crystallinity of the calcined products was investigated by high tempe-
rature X-ray diffraction analysis. The patterns of AIPO4-21 and APOF, being
representative, are presented in Fig. 9. As can be seen, the decomposition of the
MPA in AIPO4-21 (as well as in MAPO-21) resulted in a crystal structure trans-
formation. The XRD patterns of calcined AIPO4-21 and MAPO-21 entirely cor-
responded to the aluminophosphate of structure type 25.24 The decomposition of
MPA in APOF resulted in a gradual loss of crystallinity and the formation of a
dense trydimite aluminum phosphate. Similarly, ZnPO lost crystallinity during
the decomposition of MPA and was converted into the dense hoppeite zinc phos-
phate (not shown).
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Fig. 9. The high temperature XRD patterns of a) AIPO4-21 and b) the fluorinated
aluminophosphate (APOF).
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CONCLUSIONS

The results show that MPA, which has not been hitherto studied, as the structure-
directing agent in the synthesis of open-framework phosphate-based materials
played a structure-directing role. The presence of the diamine in a zinc phosphate
reaction mixture led to crystallization of a layered zincophosphate with a novel
structure. The layered zincophosphate crystallized not only underhydrothermal
but also under microwave conditions. The microwave-assisted heating
significantly decreases the crystallization time from 10 days to 2 h.

MPA has also the templating role in two types of reaction mixtures: 1) con-
sisting of an aluminophosphate and 2) consisting of aluminophosphate and tran-
sition metal cations (Co(Il), Cr(Ill) and Mn(Il)). From mixture 1) and reaction
mixture 2) containing Co and Cr, the same crystalline phase formed, correspond-
ing to aluminophosphate of the structure type 21. From the Mn-containing mix-
ture, a crystalline material of structure type 12 was obtained. This indicates that
not only 3-(methylamino)propylamine, but also the type of the transition metal
cation influenced the nucleation process. Microwave-assisted heating can also
significantly decrease the crystallization time.

MPA exhibits the templating role in the fluoride-containing reaction mix-
tures. From an aluminophosphate reaction mixture, an open-framework alumino-
phosphate forms, having the structure of the gallophosphate ULM-3. The product
from this reaction system is also a confirmation that not only the organic species
but also the fluoride and transition metal ions affect the nucleation process. The
presence of Co(Il), Cr(Ill) and Mn(Il) in fluoride-containing reaction mixtures
resulted in either the formation of several unknown crystalline phases (Cr and
Mn) or the fluorinated aluminophosphate with a ULM-3 structure.

In all obtained crystalline products, MPA was entrapped in the inorganic
lattice interacting with the host framework via hydrogen and/or electrostatic
interactions. The type of interactions affected not only its thermal stability but
also the thermal stability of the organic—inorganic system. Finally, the formed
structures have no mutual structural analogy, suggesting complexity of the nuc-
leation process for the open-framework phosphates as well as complexity regard-
ing the precise role of the organic (guest) component.

Acknowledgements. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Project No. 172018) and by the Slo-
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H3BOJ

3-(METUJIAMHWHO)ITPOITUJIAMUH KAO CTPYKTYPHU ATEHC Y CUHTE3HU
HEOPI'AHCKHX ITIOJIMUMEPA HA BA3HU ®OCPATA

CAMbA 0. JEBTUR', HEBEHKA 3. PAJUR' u VENCESLAV V. KAUCIC?

1 Yuueep3suitieii y beoipagy, Texnonowxo—metmanypuxu ¢axynieid, Kapneiujesa 4, 11000 Beoipag u
2National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia

3-(MernamuHo)nponwiamuH (MITA) W3yuaBaH je Kao CTPYKTYpHH areHC (TemIuiar) y
CHHTE3UW TIOPO3HMX MarepHjana Ha 0a3u docdata. YTulaj Temreparype, MOJICKOT OLHOCA
peakTaHaTa, BpEMEHa M MpHUCycTBa (IyOpHI-joOHAa Ha KpHCTanusauujy amymodocdara,
anymodocdara Koju y peuIeTKU Caip)ke joHe IpelasHuX ejleMeHara (MIpeasHU eeMEHT —
Mn(II), Cr(I1I) u Co(II)) Takohe cy usyuaBanu. MIIA ucrnospaBa CBOjCTBA TEMIIATA U y CBUM
CHUHTETHCAaHUM KPHUCTAJTHUM ITPOU3BOAMMA 3apO0/beH je Yy HEeOPraHCKOj peuIeTKH ca KOjoM
OCTBapyje BOZOHWYHE W/WIM eNeKTPOCTaTHUYKe HHTepakuuje. IIpemMa neTasbHOj TEPMHUKO]j
aHaJM3K BPCTa WHTepaKiHja je O MpecynHOr 3Havaja 3a TepMHuka cBojcTBa MIIA kao u
TEPMHUYKY CTaDWITHOCT YHUTABOT OPraHCKO-HEOPTaHCKOT KPHUCTANHOr cucrema. CTpyKTypHa
aHanM3a je ykasana ga mMehy HacTaaMM KPUCTaJHHMM CTpPyKTypama HeMa CIMYHOCTH. OBO
yKa3yje na je ynora opraHcke (,rocryjyhe“) KOMIOHEHTe y Ipolecy HyKiealuje MOpO3HUX
docdara cmokeHa Kao U caM TIpollec HyKjealuje.

(ITpumibeHo 9. okTOOpa, peBuaupaHo 17. okrodpa 2013)
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Abstract: Proton NMR spectroscopy and cyclic voltammetry were applied to
study the stability of three gold(III) complexes with L-histidine-containing
peptides, [Au(Gly-L-His—N,N',N")CI]NO5-1.25H,0 (Aul), [Au(L-Ala—L-His—
—N,N',N"CIINO;-2.5H,0 (Au2) and [Au(Gly—-Gly-L-His—N,N'.N",N"")]C1-H,O
(Au3) under physiologically relevant conditions. It was found that tridentate
coordination of Gly-L-His and L-Ala-L-His dipeptides, as well as tetradentate
coordination of Gly—Gly-L-His tripeptide in Aul, Au2 and Au3 complexes,
respectively, stabilized +3 oxidation state of gold and prevented its reduction to
Au(l) and Au(0). No release of the coordinated peptides from Au(IIl) was
observed under these experimental conditions. Considering the remarkable
stability of the Aul, Au2 and Au3 complexes, their cytotoxic activity was
evaluated by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay toward five human tumor cell lines, MCF-7 (human breast
adenocarcinoma), HT-29 (human colon adenocarcinoma), HeLa (human cervix
carcinoma), HL-60 (human promyelocytic leukemia), Raji (human Burkitt’s
lymphoma) and one human normal cell line MRC-5 (human fetal lung
fibroblasts). While the cytotoxic activity of Aul, Au2 and Au3 against inves-
tigated human malignant cell lines was strongly cell line dependent, none of
these complexes was cytotoxic against normal MRC-5 cell line. This study can
contribute to the future development of gold(III)—peptide complexes as poten-
tial antitumor agents.

Keywords: gold(Ill) complexes; L-histidine-containing peptides; 'H-NMR
spectroscopy; cyclic voltammetry; cytotoxic activity.

* Corresponding author. E-mail: djuran@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC130920105G

1911

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



1912 GLISIC et al.

INTRODUCTION

Platinum(II) complexes are the most widely used drugs for cancer treat-
ment.! However, due to the cross-resistance and severe toxicity, ongoing efforts
are aimed at finding novel metal-based drugs that would exhibit comparable or
even greater antitumor activity and overcome toxic-side effects produced by
platinum(II) complexes.! In this context, during the last decades, special attention
was devoted to the synthesis and biological evaluation of gold(Ill) complexes as
potential antitumor agents.? The initial interest for gold(III) complexes was based
on their chemical features, very similar to those of clinically approved plati-
num(Il) complexes, such as square-planar geometry and d8 electronic configu-
ration of the corresponding metal ion. However, the high reduction potential and
fast rate of hydrolysis of Au(Ill) complexes under physiologically relevant con-
ditions hindered their possible application in medicine.3 Despite that, stability of
the Au(III) ion has been achieved by an appropriate choice of the ligands, in most
cases containing nitrogen donor atoms.#-16 Thus, different polydentate ligands,
such as polyamines, bipyridine, terpyridine, phenanthroline, macrocyclic ligands
(cyclam), porphyrins and dithiocarbamates, have been used and a number of
mononuclear and dinuclear gold(IlI) complexes have been synthesized that show
remarkable stability under physiologically relevant conditions.4-16 Some of these
complexes displayed in vitro cytotoxicity comparable or even greater than that of
cisplatin toward different human tumor cell lines, but only a few have been
proved to be antitumor active in vivo.l7-19 Peptides containing the amino acid
histidine in the side chain have also been shown to be good chelating agents,
being able to coordinate and stabilize the Au(IIT) ion.29-22 Although the reactions
of gold(Ill) ion with L-histidine-containing peptides have been extensively inves-
tigated,23 only a few gold(IlI)-peptide complexes were synthesized and charac-
terized by application of X-ray crystallography: those of glycyl-L-histidine (Gly—
—L-His), [Au(Gly-L-His-N,N’,N")C1]C1-3H,0,20 [Au(Gly—L-His—
—N,N'N")CI]NO3-1.25H,0,2! [Au(Gly-L-His—N,N',N")CI)]NO32! and [Au(Gly—
—L-His—N,N',N".N"]4-10H,0,20 that of the dipeptide L-alanyl-L-histidine
(L-Ala—L-His), [Au(L-Ala—L-His—N,N'’,N")CI]NO3-2.5H,02! and of the tripep-
tide glycyl-glycyl-L-histidine (Gly—Gly-L-His), [Au(Gly—Gly-L-His—
—N,N',N",N'"")]C1-H,0.22 However, data related to the biological evaluation of
the above mentioned complexes are rather scarce. Hitherto, only the gold(III)
complex with Gly—L-His dipeptide has been evaluated toward A2780 human
ovarian carcinoma cell line.24 The results from this investigation showed that the
Gly—L-His—Au(Ill) complex manifested a far higher cytotoxic activity than its
Zn(1I), Pd(ID), Pt(1I) and Co(Il) analogues, proving that the Au(Ill) center plays a
crucial role in determining pharmacological effects.24

The promising cytotoxic activity of the Gly-L-His—Au(Ill) complex
encouraged further investigation of the biological activity of gold(IIl) complexes
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with different histidine-containing peptides. Hence, the present paper reports the
synthesis, spectroscopic characterization, solution study and cytotoxic activity of
three gold(Ill) complexes with L-histidine-containing peptides, [Au(Gly—L-His—
—-N,N'.N")CIINO3-1.25H,0 (Aul), [Au(L-Ala-L-His—N,N',N")CI]NO3-2.5H,0
(Au2) and [Au(Gly-Gly-L-His—-N,N".N",N'")]Cl-H,O (Au3).

EXPERIMENTAL

Reagents

Distilled water was demineralized and purified to a resistance of greater than 10 MQ cml.
Potassium tetrachloridoaurate(IIl) (K[AuCl,]) and deuterium oxide (99.8 %) were purchased
from the Sigma—Aldrich Chemical Co. The peptides glycyl-L-histidine (Gly—L-His), L-ala-
nyl-L-histidine (L-Ala—L-His) and glycyl-glycyl-L-histidine (Gly—Gly—L-His) were obtained
from Bachem A.G. Nitric acid, sodium dihydrogen phosphate monohydrate, sodium hydrogen
phosphate dihydrate and sodium chloride were obtained from Zorka Pharma. All the employed
chemicals were of analytical reagent grade.

Synthesis of the gold(Ill) complexes

The gold(II) complexes with L-histidine-containing peptides were synthesized by modi-
fication of previously described methods.2022 A solution of 0.5 mmol of the corresponding
peptide (106.1 mg of Gly-L-His, 113.1 mg of L-Ala-L-His and 134.6 mg of Gly—Gly—L-His)
in 5.0 mL of water (pH had previously been adjusted to 2.00-2.50 by addition of 1 M HNO3)
was added slowly under stirring to the solution containing an equimolar amount of K[AuCly]
(188.9 mg of K[AuCly] in 3.0 mL of water). The resulting solution was stirred in the dark in a
water bath at 37 °C for at least 5 days. Any colloidal gold formed was removed by filtration
and filtrate was left standing in the dark at ambient temperature to evaporate slowly. The
yellow crystals of [Au(Gly-L-His—N,N',N")CIINO;-1.25H,0 (Aul), [Au(L-Ala-L-His—
—N,N'\N"CIINO5-2.5H,0 (Au2) and [Au(Gly-Gly—L-His—N,N'N",N")]CI-H,O (Au3) that
formed after 3—5 days were filtered off, washed with cold acetone, and dried in the dark at
ambient temperature. The yield was 54 % for Aul (142.6 mg), 48 % for Au2 (135.5 mg) and
44 % for Au3 (113.9 mg). The purity of the complexes was checked by elemental micro-
analysis and 'H-NMR spectroscopy. These data were all found to be in accordance with those
reported previously for the corresponding Au(IIl) complexes.2!22

Measurements

Elemental microanalyses. Elemental microanalyses for carbon, hydrogen and nitrogen of
the synthesized gold(IIl)-peptide complexes were performed by the Microanalytical Labo-
ratory, Faculty of Chemistry, University of Belgrade.

[Au(Gly—L-His—N,N'N")CI]NO3-1.25H,0 (Aul). Anal. Calcd. for CgH;3 50AuCIN;sO7 55
(FW: 528.15): C, 18.19; H, 2.58; N, 13.26 %. Found: C, 18.45; H, 2.48; N, 13.09 %.

[Au(L-Ala—L-His—N,N',N")CI]NO3-2.5H,0 (Au2). Anal. Calcd. for CoH;gAuCIN;Og 50
(FW:564.70): C, 19.14; H, 3.21; N, 12.40 %. Found: C, 19.02; H, 3.29; N, 12.24 %.

[Au(Gly—Gly-L-His-N,N',N" N")]CI-H,O (Au3). Anal. Calcd. for C;oH;5AuCIN;sO5
(FW:517.68): C, 23.20; H, 2.92; N, 13.53 %. Found: C, 23.43; H, 2.58; N, 13.34 %.

TH-NMR spectroscopy. The 'H-NMR spectra of Aul, Au2 and Au3 were recorded on a
Varian Gemini 2000 spectrometer (200 MHz) using 5-mm NMR tubes. Sodium trimethyl-
silylpropane-3-sulfonate (TSP, 0 = 0.00 ppm) was used as an internal reference. All samples
were prepared in 50 mM phosphate buffer at pH 7.40 in D,0, containing 4 mM NaCl. The
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concentration of the final solution was 10 mM in each complex and the total volume was 600
pL. The NMR spectra were processed using Varian VNMR software (version 6.1, revision C).
The chemical shifts are reported in parts per million (ppm).

Cyclic voltammetry. Cyclic voltammetric (CV) measurements were performed with an
Autolab potentiostat (PGSTAT 302N). The working electrode for the cyclic voltammetric
measurements was glassy carbon (GC) with a 3 mm inner and 9 mm outer diameter PTFE
sleeve. Prior to use, the GC electrode was wet-polished on an Alpha A polishing cloth (Mark
V Lab) with small particles of alumina (0.05 um diameter). The electrode was washed twice
with doubly-distilled water and then with the background electrolyte solution. The washed
electrode was then placed into the voltammetric cell with supporting electrolyte solution. The
reference electrode was a saturated calomel electrode (SCE) type 401 (Radiometer, Copen-
hagen) and the counter electrode was a platinum wire.

The supporting electrolyte used to perform the cyclic voltammetric experiments was 50
mM phosphate buffer containing 4 mM NaCl at pH 7.40. Cyclic voltammograms of Aul, Au2
and Au3 were recorded immediately after dissolving of the corresponding complex in phos-
phate buffer, as well as after 24 and 48 h of incubation in a water bath at 37 °C. The concen-
tration of the gold(III) complexes in the final solutions was 5x10-* M. The conditions were the
following: Epegin, =—1.0 V and Egq = 1.5V, as well as By, = 0.0 Voand Egpg = 1.5 V; Egep =
=0.003 V at a scan rate of 0.070 V s’!. All experiments were repeated at least three times. The
data were collected and analyzed using the Origin 8 program.

pH measurements. All pH measurements were made at ambient temperature (25 °C). The
pH meter (Iskra MA 5704) was calibrated with a Fischer certified buffer solutions of pH 4.00
and 7.00. The results were not corrected for the deuterium isotope effect.

Cytotoxicity studies

Cell lines. The cell lines used in the study were MCF-7 (human breast adenocarcinoma,
American Type Culture Collection, ATCC, HTB 22), HT-29 (human colon adenocarcinoma,
ATCC, HTB 38), HeLa (human cervix carcinoma, ATCC, CCL 2), HL-60 (human promy-
elocytic leukemia, ATCC, CCL 240), Raji (human Burkitt’s lymphoma, ATCC, CCL 86), and
MRC-5 (human fetal lung fibroblasts, ATCC, CCL 171). The cells were grown in RPMI 1640
medium (HL-60 and Raji) or Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 % of
glucose (MCF-7, HeLa, HT-29 and MRC-5), supplemented with 10 % of fetal calf serum
(FCS, NIVNS) and antibiotics: 100 ITU mL-! penicillin and 100 ug mL-! streptomycin (ICN
Galenika). All cell lines were cultured in flasks (Sarstedt, 25 cm?) at 37 °C under a 100 %
humidity atmosphere and 5 % of CO,. The cells were sub-cultured twice a week and a single
cell suspension of adherent cells was obtained using 0.25 % trypsin in EDTA (Serva). Expo-
nentially growing cells were used throughout the assays. The cell density (number of cells per
unit volume) and percentage of viable cells were determined using the dye exclusion test by
trypan blue. The viability of cells used in the assay was over 95 %.

MTT assay. Cytotoxicity was evaluated by the tetrazolium colorimetric MTT assay
(Sigma). The assay is based on the cleavage of the tetrazolium salt MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan by mitochondrial dehydrogenases
in viable cells. Gold(III) complexes, Aul, Au2 and Au3, were dissolved in water at pH 7.00.
Cells were plated into 96-well microtiter plates (Costar) in a volume of 90 uL per well, in the
complete medium at the optimal seeding density of 10* (Raji and HL-60 cells) or 5x103 cells
(adherent cells) per well to assure a logarithmic growth rate throughout the assay period.
Tested substances at concentration ranging from 108 to 10 M were added to all wells except
to the control ones. Plates were incubated at 37 °C for 48 h. Three hours before the end of
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incubation period, 10 uL of MTT solution (5 mg mL"!) was added to all wells and the plates
were incubated for 3 h at 37 °C, after which, the medium and MTT were removed by suction.
The formazan product was then solubilized in acidified 2-propanol (0.04 M HCIl was added in
2-propanol). After a few minutes at room temperature, the plates were read on a
spectrophotometer plate reader (Multiscan MCC340, Labsystems) at 540/690 nm. The wells
without cells containing complete medium and MTT only acted as the blank.

The cytotoxicity was expressed as a percent and calculated according the formula:

% C= (1_Atest/Acomrol)X100
where A is the absorbance of the treated cells and A .o 1S the absorbance of the control
(untreated) cells.

Data analysis. Two independent experiments were set up with quadruplicate wells for
each concentration of the complex. The ICs, value defines the dose of the complex that
inhibits cell growth by 50 %. The ICsy of the complexes was determined by median effect
analysis.??

RESULTS AND DISCUSSION

Three gold(II) complexes with L-histidine-containing peptides:
[Au(Gly-L-His—N,N',N")CI]NO3-1.25H,0 (Aul),
[Au(L-Ala—L-His—N,N',N")C1]NO3-2.5H,0 (Au2) and
[Au(Gly—Gly-L-His—-N,N'.N",N"")]CI-H,0 (Au3) (Fig. 1),
were synthesized by modification of the previously described methods.20-22 The
square-planar geometry of these complexes was confirmed by comparison of
their 'H-NMR data with those previously reported in the literature.2!-22 The
obtained spectroscopic data of Aul and Au2 complexes are in accordance with
tridentate coordination of the Gly—L-His and L-Ala—L-His dipeptides to gold(III),
respectively. This coordination occurred through the amino group of the glycyl/
/alanyl residue, the deprotonated peptide nitrogen, the imidazole N3 nitrogen and
a chloride ion in the fourth coordination site. However, in Au3 complex, the
tripeptide Gly—Gly—L-His acts as a tetradentate ligand coordinating to the Au(III)
ion through the terminal amino group, two deprotonated peptide nitrogens, and
the N3 imidazole nitrogen. The solution behaviors of the Aul, Au2 and Au3
complexes were investigated under physiologically relevant conditions (50 mM
phosphate buffer containing 4 mM NaCl at pH 7.40 and 37 °C) by 'H-NMR
spectroscopy and cyclic voltammetry (CV). The cytotoxic activity of these com-
plexes was evaluated toward five human tumor cell lines, MCF-7 (human breast
adenocarcinoma), HT-29 (human colon adenocarcinoma), HelL.a (human cervix
carcinoma), HL-60 (human promyelocytic leukemia), Raji (human Burkitt’s lym-
phoma) and one human normal cell line MRC-5 (human fetal lung fibroblasts).

Solution study of the gold(ll])—peptide complexes

An essential prerequisite for biological evaluation of metal complexes as
cytotoxic agents is their sufficient stability in solution under physiologically
relevant conditions. In order to investigate the stability of the gold(IlI)—peptide
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complexes within a physiological environment, Aul, Au2 and Au3 were dis-
solved in 50 mM phosphate buffer containing 4 mM NaCl at pH 7.40, and their
TH-NMR spectra and cyclic voltammograms were recorded after dissolution, as
well as after 24 and 48 h of incubation in a water bath at 37 °C.

Fig. 1. Schematic drawings of the gold(IIT) complexes with L-histidine-containing peptides
used in the present study.

IH-NMR spectroscopy. When Aul and Au2 complexes were dissolved in 50
mM phosphate buffer solution at pH 7.40, along with two singlets for the C2H
and C5H imidazole protons of the corresponding monomeric gold(Ill)—peptide
complex, four new resonances for these protons appeared in the H-NMR spec-
trum (Table I and Fig. 2). This undoubtedly confirms that some changes in the
structure of monomeric Aul and Au2 complexes occurred under these experi-
mental conditions. It is assumed that these changes resulted from the formation
of the Au(Ill)-imidazole bridged terameric [Au(Gly—L-His—N,N',N".N"")]4 and
[Au(L-Ala—L-His—N,N',N",N'"")]4 complexes. The !H-NMR spectra over time
showed that the intensities of the singlets due to the C2H and CS5H imidazole
protons of the monomeric Aul and Au2 complexes decreased, while those for
the observed imidazole protons of the corresponding tetrameric complexes
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enhanced. The formation of the tetrameric [Au(Gly-L-His—N,N'.N",N"")]4 and
[Au(L-Ala—L-His—N,N',N".N'")]4 complexes is in accord with previous finding
by Messori et al. for the solution behavior of the Gly—L-His—Au(IIl) complex
with chloride as the counter-anion under physiologically relevant conditions.24
Moreover, the tetrameric [Au(Gly—L-His—N,N',N",N'")]4-10H,O complex was
obtained by Lippert et al. by dissolving the monomeric [Au(Gly—L-His—
—-N,N',N")CI|CI-3H,0 complex in water and then adjusting the pH to 6.00—
—7.00.20 The crystallographic results for the latter tetrameric complex2? showed
that each Au(Ill) ion was coordinated by three nitrogen atoms as in the mono-
meric complex (amino, amidate and N3 imidazole nitrogens) and in addition to
the N1 nitrogen of the deprotonated imidazole of the second monomeric unit. It
was found that tetramerization of the Au2 complex was slower in comparison to
the same process of Aul (Fig. 2). Thus, after 24 h of incubation at 37 °C, the
tetramerization of the Aul was complete, while the tetrameric [Au(L-Ala—L-His—
—N,N',N".N'")]4 complex was obtained in a yield of 55 % during this time. The
difference in the rate of the tetramerization process of Aul and Au2 complexes
could be attributed to the effects of the electron donating methyl group of the
L-alanyl residue, which decreased the acidity of the gold(III) center.

TABLE I. Proton NMR chemical shifts (6/ ppm) for the monomeric Aul, Au2 and Au3 and
the corresponding tetrameric complexes in 50 mM phosphate buffer containing 4 mM NacCl at
pH 7.40 and 37 °C (the chemical shifts are in accordance with those previously reported for

gold(IIT) complexes with L-histidine-containing peptides characterized by X-ray analysis0-22)
Imidazole ) ) G192 Alag- Alag- Hisa- Hisg- Hisp"
— ; yl- Gly2- Alaa- Alag- Hisa- Hisp- Hisp'-
Gold(III)—peptide complex ___ protons CH, CH, CH CH; CH CH CH
C2H CS5H
[Au(Gly—L-His— 855 727 400 — -  — 445 3.02 350
“N,N',N")CINO5-1.25H,0
(Aul)
739 7.13; 401 -  — - 439 3.10 3.56
[Au(Gly—-L-His—N,N"\N",N"")]4 727 671
[Au(L-Ala—L-His— 8.52 7.24 — — 413 1.55 443 3.04 3.50
_N,N'N")CINO5-2.5H,0 (Au2)
[Au(L-Ala-L-His— 7.39; 7.10; - —  4.14 1.54 437 3.11 3.55
=N,N',N",N"")4 7.20  6.75
[Au(Gly—Gly-L-His— 826 7.25 4.15 429 - — 4.52 3.00 3.50

~N,N",N"N")]CI-H,0 (Au3)?

*No terameric species was observed in solution

On the other hand, only one monomeric species was observed in the buffered
solution of the Au3 complex (Table I). The singlets at 8.26 and 7.25 ppm were
assigned to the C2H and C5H imidazole protons of the tetradentate coordinated
Gly—Gly-L-His tripeptide, respectively. The absence of formation of Au(IIl)—
—imidazole bridged species in the case of Au3 complex is in accordance with the
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fact that this complex has no monodentate coordinated ligand (H,O, CI~ or NO3"),
like Aul and Au2, which could be replaced by the deprotonated N1 imidazole

nitrogen atom of the second monomeric unit.

()

(A) [Au(Gly-L-His-N,N’.N’)CI]" (Aul)
(®) [Au(Gly-L-His-N,N’ N’ N’""];

o 24 h
ﬂb,.." s M
A
o L 10 min
T T T [
8.4 8.0 7.6 7.2 6.8 ppm

(b)

(A) [Au(L-Ala-L-His-N,N’,N")CI]" (Au2) e
(®) [Au(L-Ala-L-His-N,N' N’ N'")],
v ‘A""‘““

Mu,

—
8.4 8.0 76 7.2 6.8 ppm

Fig. 2. Proton NMR spectra in the imidazole region (C2H and C5H protons) showing the
changes in concentration of monomeric Aul (a) and Au2 (b) and corresponding tetrameric
complexes during time. All spectra were recorded in 50 mM phosphate buffer containing
4 mM NaCl at pH 7.40 and 37 °C.
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Finally, from the above 'H-NMR investigation, it could be concluded that
Aul, Au2 and Au3 complexes are quite stable in solution with no release of the
coordinated peptide from Au(IIl) under physiological conditions.

Cyclic voltammetry. When the cyclic voltammograms of Aul, Au2 and Au3
complexes were recorded at a GC electrode in 50 mM phosphate buffer con-
taining 4 mM NaCl at pH 7.40, in potential region 0.0-1.5 V, no characteristic
voltammetric peaks were observed (Fig. 3). These measurements were repeated
every 2 h and no change in the cyclic voltammograms for the investigated
gold(Ill) complexes were observed during 48 h. The cyclic voltammograms of
these three gold(Ill)—peptide complexes were completely identical and, conse-
quently, only the cyclic voltammogram of the Aul complex is shown in Fig. 3.
For comparison, the cyclic voltammogram of the [AuCly]~ complex is given in
the same figure. In contrast to the investigated gold(Ill)—peptide complexes, the
[AuCly]~ complex displayed a distinct cathodic peak at 0.32 V, corresponding to
gold(III) reduction ([AuCly]~ + 3e~ — Au(0) + 4C17).26 On the reverse sweep, a
definite oxidation wave at 1.02 V corresponding to metallic gold oxidation was
observed: Au(0) + 4Cl- — [AuCly]~ + 3e .26 The inactive nature of gold(III)
metal center was also previously found for [Au(para-Y-TPP)]CI complexes (TPP
is meso-tetraphenylporphyrin and Y = Cl, Br, H, Me, Me0O)27 and gold(III)

Fig. 3. Cyclic voltammogram of the [Au(Gly-L-His—N,N',N")CI]* (Aul) complex recorded at
a GC electrode in 50 mM phosphate buffer containing 4 mM NacCl as background electrolyte
at pH 7.40 and 37 °C, Epegin = 0.0 V, Egpg = 1.5V, Ee, = 0.003 V at a scan rate of 0.070 V st

For comparison, the cyclic voltammogram of the [AuCl,]" complex recorded at a GC
electrode in 10 mM HCI containing 40 mM NaCl is shown.26
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complexes containing various tridentate cyclometalating ligands derived from
6-phenyl-2,2"-bipyridine and alkynyl ligands.28

Based on the obtained results, it could be concluded that the gold remained
in the +3-oxidation state in the Aul, Au2 and Au3 complexes under physiolo-
gically relevant conditions. Owing to the electron-donating ability and the chelate
effect of the peptide moiety,2 tridentate coordination of Gly-L-His and L-Ala—L-
His dipeptides, as well as tetradentate coordination of Gly—Gly—L-His tripeptide
contributed to the complete stabilization of the +3-oxidation state of gold against
reduction.

Cytotoxic activity of the gold(I1l)—peptide complexes

In the second part of this study, the cytotoxic activity of the Aul, Au2 and
Au3 complexes was evaluated against human leukemia (HL-60), lymphoma
(Raji), three different human carcinoma cell lines (MCF-7, breast adenocarci-
noma, HT-29, colon adenocarcinoma, and HelLa, cervix carcinoma) and one
human normal cell line (MRC-5, human fetal lung fibroblasts). The experiments
were performed by the tetrazolium MTT assay and cells were exposed for 48 h.
The ICsq values (uM) of the Aul, Au2 and Au3 complexes are given in Table II,
while the cytotoxic curves from MTT assay showing sensitivity of HeLa and HL-
-60 cells as percentage of cytotoxicity for 48 h in the presence of increasing con-
centrations of gold(IlI)—peptide complexes are presented in Fig. 4.

None of the presently investigated gold(Il)—peptide complexes was cyto-
toxic against normal fetal lung fibroblasts (MRC-5), whereas cisplatin (cis-
-[PtCly(NH3),]) was very toxic to these cells (Table II). Breast (MCF-7) and
colon (HT-29) adenocarcinoma cells were moderately sensitive only to the Aul
complex (Table II). In comparison with previously reported literature data,® the
Aul complex (ICs50 = 19.68+0.23 uM) was found to be more active toward the
MCF-7 cell line than [Au(bipydmb-H)(OH)][PFg] (ICs50 = 35.30+8.80 uM)
and K[Au(pzPh-H)Cl3] (ICso = 33.70+£2.15 pM), but less active than
[Au(bipydmb-H)(2,6-xylidine-H)][PFg] (ICs50 = 5.20£0.40 uM), where bipydmb is
6-(1,1-dimethylbenzyl)-2,2"-bipyridine and pzPh is 1-phenylpyrazole. Further-
more, the Aul complex (/C59 = 14.70+£1.36 uM) was more active toward HT-29
cells than [AuX,(damp)] (damp is 2-[(dimethylamino)methyl]phenyl, and X =
= chloride, thiocyanate, acetate, oxalate and malonate).30

All the investigated gold(Ill)—peptide complexes displayed cytotoxic activity
toward cervix carcinoma (HeLa) cells (Table II and Fig. 4a). The HeLa cells
were highly sensitive to the Au3 complex, and moderately sensitive to the Aul
and Au2. Thus, the Au3 complex (/Csq = 0.0045+0.0002 uM) was found to be
3.5x10%, 7.8x10% and 4.5x102-fold more active than Aul (ICsy = 15.90+1.69
uM), Au2 (ICs9 = 35.14+1.08 uM) and cisplatin (/C59 = 2.02+0.12 puM),
respectively. Moreover, the Au3 complex manifested a far higher cytotoxic acti-
vity toward HeLa cell line than previously reported gold(Ill) complexes con-
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taining dithiocarbamate ligands, [Au(dmdt)X;] and [Au(esdt)]X3] (dmdt is N,N-
-dimethyldithiocarbamate, esdt is ethyl N-(dithiacarboxy)-N-methylglycinate,
and X is chloride or bromide), with /Csq values falling in the range from 2.10 to
8.20 uM.?

Fig. 4. Sensitivity of HeLa (a) and HL-60 (b) cells to the Aul, Au2 and Au3 complexes in the
MTT assay; the results are presented as percentage of cytotoxicity and represent mean values
of two independent assays, each performed in quadruplicate.
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TABLE II. In vitro growth inhibition (/Csy, / pM) of human normal (MRC-5) and human
tumor cell lines (MCF-7, HT-29, HeLa, HL-60 and Raji) by Aul, Au2 and Au3 after a 48 h
complex exposure. Cisplatin (cis-[PtCl,(NHj3),]) is reported as a reference complex

1C50xSD / uM
Complex =
MRC-52 MCF-7 HT-29 HeLa HL-60 Raji
Aul >100.0 19.68+0.23 14.70+1.36 15.90+£1.69  11.93+1.02  3.30+0.02
Au2 >100.0 >100.0 >100.0 35.14+1.08 >100.0 >100.0
Au3 >100.0 92.31£7.78 >100.0 0.0045+0.0002 2.98+0.12  12.04+1.35

Cisplatin  0.48+0.02 1.56+0.26 18.6+2.32 2.02+0.12 10.31£2.54  2.25+0.10
8MRC-5 is human fetal lung fibroblasts, MCF-7 is human breast adenocarcinoma; HT-29 is human colon ade-
nocarcinoma; HeLa is human cervix carcinoma; HL-60 is human promyelocytic leukemia; Raji is human Bur-
kitt’s lymphoma

The Aul and Au3 complexes produced strong inhibition of the in vitro
growth of hematopoietic cell lines, HL-60 and Raji (Table II and Fig. 4b). The
Au3 complex was 4-fold more active against HL-60 (/Cs5g = 2.984+0.12 uM) in
comparison to the Raji cells (/C59 = 12.04+1.35 uM), while Aul was 3.6-fold
more active against Raji cells (/Cs59 = 3.30+£0.02 uM) in comparison to HL-60
cells (/C50 = 11.93£1.02 uM) (Table II). However, the gold(Ill)-peptide com-
plexes were less active toward HL-60 cells than [Au(dmdt)X,] and [Au(esdt)]X5].2

CONCLUSIONS

Based on the above results, it could be concluded that the tridentate coor-
dination of Gly—L-His and L-Ala—L-His dipeptides, as well as the tetradentate
coordination of the Gly—Gly—L-His tripeptide in the Aul, Au2 and Au3 com-
plexes, respectively, stabilized Au(Ill) ion and prevented its reduction to Au(l)
and Au(0) under physiologically relevant conditions. Moreover, no release of the
coordinated peptides from Au(Ill) was observed under these experimental condi-
tions. Given the appreciable stability of Aul, Au2 and Au3 complexes under
physiological conditions, their cytotoxic activity toward one human normal and
five human tumor cell lines was evaluated. The obtained results show that the
cytotoxic activity of the gold(Ill)—peptide complexes is strongly cell line depen-
dent. None of the gold(IIl)—peptide complexes was cytotoxic against normal fetal
lung fibroblasts (MRC-5). The Aul complex was active against all the investi-
gated human malignant cell lines. On the other hand, Au2 and Au3 complexes
show different cytotoxic activity regarding the type of cell line. The Au3 com-
plex manifested a far higher cytotoxic activity toward the HeLa cell line than cis-
platin, making this complex a good candidate for further pharmacological eva-
luation and in vivo testing. The results presented in this article could contribute to
the development of new gold(Ill) complexes as potential antitumor agents and
could be important in relation to the severe toxicity of gold-based drugs.

Acknowledgement. This work was funded in part by the Ministry of Education, Science
and Technological Development of the Republic of Serbia (Project No. 172036).

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



GOLD(I1TI) COMPLEXES WITH HISTIDINE-CONTAINING PEPTIDES 1 923

H3BOJ

HNCIIUTHUBAILE [TOHAIIIAILA Y PACTBOPY TTPU ®U3UOJIOIIKHUM YCIIOBUMA U
HUTOTOKCHUYHA AKTUBHOCT KOMIUIEKCA 3JTATA(III) CA ITIEIITUAVUMA KOJU
CAIPXXE L-XUCTUIHUH

BU/bAHA B. [JIULIKE', 30PKA II. CTAHUR', CHEXXAHA PAJKOBUR', BECHA KOJUR?, TOPIAHA BOTTIAHOBUER®
1 MAJIOI U. BYPAH"

1Hpupogno—mamemau7uuxu Qaxynitewi, Ynugepsuitieini y Kpaiyjesuy, P. lomanosuha 12, 34000 Kpaiyjesay,

u ZHchmym 3a ouxosi0iujy Bojeogune, Unciutiyticku tiyw 4, Cpemcka Kamenuua

Ipumenom 'H-NMR cneKTpocKonHje U UUKIMYHE BOITaMETPHje UCTIMTHBAHO je MOHa-
IIalke y pacTBOPY NpH (PU3MONOIIKUM yCIOBMMa Komiuiekca 3nara(lll) ca nentumuma koju
cagpxe amuHokucenuHy L-xuctupud, [Au(Gly-L-His—N,N',N")CIINO3-1.25H,0 (Au1),
[Au(L-Ala—L-His—N,N',N")CIINO3-2.5H,0 (Au2) u [Au(Gly—Gly-L-His—N,N',N",N"")]Cl-H,0
(Au3). Ha ocHOBY 0odHjeHHX CIIEKTPOCKOICKUX U eJIEKTPOXEMHUjCKUX MoJaTaka, 3aK/byueHo je
Ia TpuneHTaTHa koopauHanuja Gly—L-His u L-Ala—L-His gunentuzna y Aul u Au2 xommiex-
cUMa, Kao W TeTpajieHTaTHa koopauHauuja Gly—Gly—L-His tpunentupa y Au3 KOMILIEKCY,
cTadunusyje +3 OKCHIALMOHO CTalke 3/1aTa M CIpedyaBa BEroBy penykuujy no Au(l) m ene-
meHTapHor 3nata, Au(0). UMmajyhu y Buny 3HauajHy ctadmnHoct Aul, Au2 v Au3 xomekca
y pacTBopy npu (DU3HUOIOUIKAM yciaoBUMa, mpumeHoM MTT TecTa, MCTIUTHBAHA je HUXOBA
IUTOTOKCHYHA aKTUBHOCT Ha IeT TyMOpckux henujckux nunuja, MCF-7 (XymaHu KapLUHOM
nojke), HT-29 (xymaHu kapuuHOM KojoHa), Hela (XymaHu kapuuHOM rpiauha maTepule),
HL-60 (xymaHna npomujenonuTtHa jeykemuja), Raji (xymanu bepkuTtos 1uM@poM) U Ha jelHOj
3opaBoj henujckoj nuuuju MRC-5 (xymanu ¢udpomnactu miyha). HaheHno je ma uurorox-
cUyHa akTUBHOCT Aul, Au2 v Au3 xoMIuleKca 3aBUCH OJ BPCTe TyMOpcKe henujcke nTuHMje U
na HujenaH komiuiekc 3nata(I1l) Huje aktuBaH mpema 3gpasoj MRC-5 henujckoj nunuju. OBu
Pe3yJITaTH Cy Off 3Hauaja 3a CHHTe3y HOBUX kKoMrutekca 3nmarta(lll) koju ce moTeHIHjaIHO MOTy
NPUMEHUTH Ka0 aHTUTYMOPCKH areHCH.

(ITpummeno 20. centemdpa 2013)
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Abstract: The paper gives a short survey of the most important lower and upper
bounds for the total n-electron energy, i.e., the graph energy (F). In addition, a
new lower and a new upper bound for £ are deduced, valid for general mole-
cular graphs. The strengthened versions of these estimates, valid for alternant
conjugated hydrocarbons, are also reported.

Keywords: total n-electron energy; graph energy; HMO theory.

INTRODUCTION

The total m-electron energy (E;), as calculated within the simple tight-
binding Hiickel molecular orbital (HMO) approximation, is one of the most
precious pieces of information that can be directly related with molecular
structure, by means of spectral graph theory.!=# In the case of the chemically
most relevant conjugated m-electron systems (in particular, benzenoids,’
phenylenes,® fluoranthenes,’ etc), E; can be expressed as:

E.=an+pE

where a and f are the standard HMO parameters (constants), » is the number of
carbon atoms (number of vertices of the underlying molecular graph G), whereas:

n
E=EG)= | %| (D

i=1
is the structure-sensitive term, depending on the eigenvalues 4;,45,...,4, of the
molecular graph G. The non-trivial part of the theory of total n-electron energy is
just the study of the structure-dependency of the quantity £, which nowadays is
referred to8 as the energy of the (molecular) graph G. The energy of chemically

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC130905092G
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1 926 GUTMAN and DAS

relevant molecular graphs was shown to be quantitatively related with the experi-
mentally determined heats of formation and other measures of thermodynamic
stability of the underlying conjugated compounds.2->-9

In the last 1015 years, graph energy became a popular topic of mathe-
matical research, resulting in hundreds of published papers. Details on graph
energy can be found in a book,8 the references cited therein, and recent papers.10-15

One of the earliest results in the theory of total m-electron energy are the
estimates obtained by McClelland,!6 namely:

J2m+n(n—1)|det 4 P'n < E(G) <[2mn )

where #n is the number of vertices of the molecular graph G (equal to the number
of carbon atoms of the underlying conjugated hydrocarbon), m is the number of
edges of G (equal to the number of carbon—carbon bonds), and 4= A(G) is the
adjacency matrix of the graph G.

McClelland’s upper bound «2mn played a significant role in the theory of
the total m-electron energy, because it was demonstrated!® that a«/2mn, for
a~0.9, provides an excellent approximation for E. Comparative testings>:17-19
of the numerous existing (n,m) -type approximate formulas for £ revealed that
not one was better than that of McClelland. This somewhat puzzling result found
an explanation after the discovery of McClelland-type lower bounds for
energy.20-23 It was first shown20 that for g =/16/27 =0.77, the expression
g~2mn is a lower bound for the energy of benzenoid hydrocarbons. Tiirker
obtained g =0.5 for all alternant conjugated hydrocarbons,?! which was further
improved?2:23 as g =+/32/81=0.63.

Eventually, several other estimates of £ were obtained, of which here only
those depending solely on the number of edges of the molecular graph are
mentioned:24

2Jm <E(G)<2m 3)

and those depending solely on the number of its vertices:24.25
2Wn—1 SE(G)sg(JZH) (4)

At this point, also an (n,m) -type improvement of McClelland's upper bound
should be mentioned:

2
E(G)£27m+ (n—1){2m—[27’"j } (5)

discovered 30 years later25:26 than the estimates (2).
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By means of the bounds (2)—(5) and McClelland’s approximate expression
for E, the two most important structural parameters, determining the gross part of
total m-electron energy were established: these are n and m. The evident next step
was to find estimates and approximate expressions for £ possessing more than
two structural parameters.

Although there is no general agreement about which the third-important
structural parameter should be, most attention was paid to the number of Kekulé
structures, K = K(G), and to the closely related determinant of the adjacency
matrix.2’ In particular:
if B is the molecular graph of a benzenoid hydrocarbon, then:28.29

det A(B) = (-1)"2K(B)?;
if Fis the molecular graph of a fluoranthene, then:30-31
det A(F) = (=1)"2[K () K(F2)]?;

where F| and F5 are the ,,male” and ,,female fragments of F; if P is the mole-
cular graph of a phenylene, then:32

det A(P) = (—1)"/2 K(HS)?

where HS stands for the hexagonal squeeze of P.

The dependence of the total m-electron energy on the number of Kekulé
structures was much investigated, especially for benzenoids,33-40 fluoran-
thenes,*! and phenylenes.® In view of the above stated relations between the
determinant of the adjacency matrix and the number of Kekulé structures, every
lower and upper bound for E contains information on the K-dependence of the
total m-electron energy. Hitherto, the best such estimates were:42

\/2m +n(n—1)|det 4> <E(G)< \/2m(n ~1D+n|detA]2n, (6)
valid for general molecular graphs, and

J4m+n(n—2) |det A2/ < E(G) <\[2m(n—2)+2n|det 42/, (7)

valid for alternant conjugated hydrocarbons. Recently a further upper bound for
E was established:43

®)

E(G)Zz—m+n—l+ln(wj,
n

2m

valid under the condition that det A =0, i.e., that no eigenvalue of the molecular
graph is equal to zero, i.e., that the respective conjugated molecule has no non-
bonding molecular orbitals.!

In what follows, two novel (n,m,det A)-type estimates of graph energy
were obtained. To realize this, some preparations were required.
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PRELIMINARIES

In this section, some previously known results that will be needed in the next
two sections are listed.
Lemma 1.4* Let x1,x,,...,xy be non-negative numbers, and let:

| N N /N
a:—Zx,- and y = Hxi
N i—1

i=1

be their arithmetic and geometric means. Then:

N(N 1) (\/> \/7) sa- 7/<_ (“/_ \/7>

Moreover, equality holds if and only if x; =xp =---=xp.
Lemma 245 For a graph G with n vertices and m edges, eigenvalues
N> 2240 Ay, and for 1< j<n:

am(G-1) _ 2m(n 2m(n—J)
n(n j+1)

Lemma 3.46 Let G be a connected graph of order n. Then 4 >2m/n, with
equality if and only if G is regular.

LOWER BOUND FOR GRAPH ENERGY

Theorem 1. The lower bound in (6) can be improved as:

2
B om .4 ﬁ_(z_mjlu
E(G)= [2m+n(n—1)|det A| +(n+1)(n—2){ n n )

Proof. From Lemma 1, one obtains:

%xiZN{ﬁxi]I/N+_ (V=7 ) (10)

i<j

Substituting in (10) N=n(n—1)/2 and x; =[A; |-| 4 | fori=12,...,n(n-1)/2,
j=L2,....n—1and k=j+1,j+2,...,n, one arrives at:

2/n
S|4 |Mk|>”(”2 D(Hw] +

j<k

2 2
el W 1 A PN PPN}
= =n=z i k<r<s

which is the same as:
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2
2314, 1 24 e nn =) det AP+ S ([ 2241 ~\A 175 1)

J<k n _n_2j<k<r<s
By Lemma 2:

f2m
Ani2 S4|—

n

whereas by Lemma 3:
2
A >
n

If, in addition, one takes into account that:** A, <-1 , ie., |4, [>1, one
obtains:

> (VG T NE A1) 2(a T~z 1) =

j<k<r<s

1/4)? (11)
ZW(M—W)ZZU?‘(@} ]

n

which combined with:

n

ZZ|/1j|M~k|+i|/1j |2=Zi|ijllikl=[ilﬂj Iliilik IJ=E2

<k j=lk=1
and bearing in mind that:
DA [2=2m
results in a (n,m,det A) -type lower bound (9).
For alternant conjugated hydrocarbons!-2 (i.e., for bipartite molecular
graphs#6), 1; =—4,_;,1 holds for all j=1,2,...,n. In particular, 4 =—4, and
Anj2 =—Ay/241 - Bearing this in mind, the inequalities in (11) can be strengthened as:

> (T A1) 2 (AT |~ [z 1) =

j<k<r<s

2
=(4 —ﬂw/z)2 2(27’"— 2—m}

n

resulting in the following (n,m,det A)-type lower bound for total m-electron
energy of alternant conjugated hydrocarbons:
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2
_ 2/n ; 2_m_ 2_m
E(G)Z\/2m+n(n 1)|det 4] +(n+1)(n—2)( . . ] (12)

Recall that benzenoids and phenylenes are alternant conjugated hydro-
carbons, whereas fluoranthenes are not. It is easy to show that the estimate (12) is
better than (9).

UPPER BOUND FOR GRAPH ENERGY
Theorem 2. Under the condition that det 4 # 0, the upper bound in (3) can

be improved as:
E(G)SZm—z—m(z—m—lj—ln(MJ (13)
n\ n m

One should compare this result with the lower bound (8).
Proof. Consider the function f(x)=x2—x—Inx, which is increasing for
x 21 and decreasing for 0 <x <1. Thus, for x>1,

f(x)= f(1)=0, i.e., x<x2—Inx

with equality holding if and only if x=1. Using this result and the definition of
graph energy, Eq. (1), one obtains:

E=X4+ iMj <A+ i(/ljz —In[2;)=4 +2m—ﬂ12 —lnﬁMJ- |+1In 4
j=2 j=2 =
that is:
E<A Jer—Aq2 —In|detA|+In 4 =2m—1In|det 4| —f(4) (14)

Inequality (13) is now obtained by replacing in (14) 4; by:

2m

n
This is legitimate since by Lemma 3:

N2 2—m
n

and since:

2m

n

is the average vertex degree, which in molecular graphs is necessarily greater
than unity.
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By means of arguments analogous to those used for deducing the lower
bound (12), in particular, using 4 =—4,, for alternant conjugated hydrocarbons
without zero graph eigenvalues, the estimate (13) can also be improved as:

E(G)£2m—4—m[2—m—1j—ln(mj (15)
n n

4m?2

DISCUSSION AND CONCLUDING REMARKS

In this paper, our attention was focused on bounds for the HMO total
n-electron energy (£;) of conjugated hydrocarbons, which depend on the number
of carbon atoms (#), the number of carbon—carbon bonds (m), and the Kekulé
structure count (K). For algebraic reasons, instead of dependence on K, expres-
sions were found in which the determinant of the adjacency matrix (det A4 ) is one
of the parameters. As explained in the Introduction, for the most important poly-
cyclic conjugated m-electron systems, there are simple relations between det A
and the Kekulé structure count. Thus, the new estimates reported in this paper,
namely (9), (12), (13) and (15), may be viewed as contributions towards a better
understanding of the structure-dependency of Ey, in particular of its (n,m, K)-
-dependence.

If E;and Epis a pair of lower and upper bounds for £, then an approximate
expression for £ could be obtained by taking their arithmetic mean:
1/2(EL + Ep) . However, in view of the algebraic forms of the estimates dis-

c is paper, it is better to construct these approximate expressions as
1/2(E? + E) . If so, then from the estimates (6), one obtains:
1 b) A2/
E= \/—(Zmn +n2|detA |2/”) ~ £«/Zmn +M
2 2 \/gm
which, recalling that J2/2=0.707, is evidently a modification of the original
McClelland’s formula a«/2mn . It is interesting that exactly the same expression
was obtained from the improved estimates (7). Equally interesting (and some-
what surprising) is the approximate formula obtained from the estimates (8) and

(13):

\/ n—1 2m 2m?
E~,m+——+—-—
2 n n2

which is of the (n,m)-type, not containing the logarithm of the determinant of
the adjacency matrix, and thus — in contrast to the estimates (8) and (13) —
applicable to all molecular graphs.
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U3BOJ
I'PAHUIE 3A YKYIIHY EHEPI'UJY n-EJIEKTPOHA

HUBAH I'YTMAH"? 1 KINKAR CH. DAS®

UMpupogno—matmemamuuxy paxyniaein Ynusepsutieina y Kpaiyjesuy, 2Department of Chemistry, Faculty of

Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia u 3Sungkyunkwan University,
Suwon, Republic of Korea

Iat je xparak mperjief HajBXKHHjUX NOMBUX U TOPHUX TPAHUIA 3a YKYIHY EHEprHjy

T-eNIeKTPOHA, Tj. eHeprujy rpada (E). Y HactaBky cy nodujeHe IO jefHa HOBa [0HA U ropma
rpaHuna 3a E, koje Baxe 3a cBe MoneKkyicke rpadose. Taxohe cy HaBefeHe nodosblIaHe Bep-
3Wje TUX rPaHuIa, KOje BaXKe 3a aITEPHAHTHE KOHjYyrOBaHe YTJbOBOLOHUKE.
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Abstract: A derivation of the general wave-mechanical Hamiltonian for non-
linear molecules is presented. It is based on the transformation of proper
classical (Hamilton) momenta into their wave-mechanical counterparts by
means of the Podolsky Transformation in its original form. The result is essen-
tially identical to that obtained by Watson in his milestone paper (J. K. G.
Watson, Mol. Phys. 15 (1968) 479). While not so elegant as that of the original
reference, the way proposed in the present study is conceptually much simpler.
This procedure could also be applied to other types of molecular Hamiltonians.

Keywords: Watson’s molecular Hamiltonian; classical kinetic energy; Podolsky
transformation.

INTRODUCTION

Among the papers I have been forced to understand, there is hardly one I
found so difficult as Watson’s milestone study! in which he simplified the vibra-
tion—rotation Hamiltonian for polyatomic molecules, originally derived by Wil-
son and Howard.23 Just to reproduce five pages of this paper, I needed a whole
month, and in order to decipher the extremely complicated formulae in con-
densed Levi-Civita form, I penned several hundreds of leaves. It seems that other
people also had similar problems. I found once in a very serious paper the sen-
tence: “If the Watson’s Hamiltonian is correct ...”. Even Watson himself wrote
in his paper, “The simplicity of the final result suggests that it should be obtain-
able by a less complicated calculation than that described here, I have, however,
been unable to find a more direct derivation.” As another illustration of the com-
plexity of this study can serve the fact that as Watson needed two years to apply
the same procedure for deriving the Hamiltonian for linear polyatomic mole-
cules,* some researchers questioned his results, and that Watson’s answer to this

* Correspondence on E-mail: peric@ffh.bg.ac.rs

# Serbian Chemical Society member.

* Dedicated to Professor Branislav Nikoli¢ on the occasion of his 70t birthday.
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criticism came only seven years later.® Thus, the goal of the present study was to
attempt to derive Watson’s Hamiltonian in a less elegant but simpler, or at least
more straightforward, way.

Separation of variables represents an unavoidable step that precedes every
practical ab initio handling of the molecular Schrodinger equation, and/or a treat-
ment of the dynamics of molecules. Experimental spectroscopy indicates that
molecular spectra can be understood in a good approximation if the existence of
several more or less loosely coupled motion modes is supposed. This concept is
supported by theoretical considerations. A ,normal®“ molecule has a relatively
rigid nuclear skeleton, i.e. the nuclei are held at nearly constant mutual distances.
More precisely, the changes of these distances (molecular vibrations) are small
compared to the average values of the distances. These average distances deter-
mine the equilibrium structure of the molecule. The electrons can be imagined as
the constituents of an electron cloud tied to the nuclear skeleton. As a whole, the
molecule translates and rotates in space.

There are two main approaches for construction of the wave-mechanical
Hamiltonian.” In the “first” one (a), the wave-mechanical operator is first derived
in terms of Cartesian derivatives and subsequently, these derivatives are replaced
by the derivatives with respect to appropriately chosen (typically curvilinear)
coordinates, or by some impulses (momenta) not conjugate to any coordinates.
This can be represented schematically as

E(X)—>H(PX)—>1§I(13X)—>FI(13Q) (1)

where Py =—ihd /06X , but in general,f’q #—ih0/0g . In the “second” approach
(b), one derives first the classical Hamiltonian in terms of (classical) impulses
conjugate to chosen non-Cartesian coordinates and only after that are these
impulses replaced by the corresponding wave-mechanical operators:

E(X)—>E(q)>H(P)—>H(E) )

This alternate way was invented by Podolsky and it is called the Podolsky
transformation.8 Sometimes, Hamiltonians are even derived in terms of momenta
not conjugate to any coordinates (such momenta are not “true momenta” in the
sense of the Hamilton formalism).1-3:4

WILSON-WATSON’S HAMILTONIAN

Only the construction of the kinetic energy part of the Hamiltonian will be
considered. The transformation of the potential energy is trivial since it only
depends on the distances between the particles (electrons and nuclei) and these
are invariant to changes in coordinate frames.

An isolated polyatomic molecule composed of S (> 2) nuclei A4, B,...,S,
and N electrons, 1,...4,..., N, with non-linear equilibrium geometry, is consi-

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



WAVE-MECHANICAL HAMILTONIAN FOR NON-LINEAR MOLECULES 1 93 7

dered and handled in the non-relativistic approximation. When summing over
electrons, Greek letters, x,v,...will be used. The nuclear masses will be denoted
by my,...,mg, and the electron mass by m,. The total mass of the nuclei is
denoted by A, , and the mass of the molecule by M (M =M, + Nm,). One
starts with a space-fixed coordinate system ( SFS ). A disadvantage of this is that
all the molecular motion modes are mixed in it. For this reason, the Hamiltonian
is transformed to the coordinate system with the axes parallel to those of the
SFS and the origin coinciding with the center of mass of the molecule (includ-
ing both the nuclei and electrons, MCMS ). This transformation serves to sepa-
rate off the translational motions of the molecule. A consequence of the intro-
duction of three center of mass coordinates is that one remains with 3(S+ N)—3
linearly independent particle coordinates in the MCMS . Thus a set of redundant
coordinates, say those of the nucleus A, is eliminated, and they are expressed as
linear combinations of the coordinates of the other nuclei ( B,...,.S).

The MCMS has two drawbacks: First, in the MCMS , the coordinates of
the nuclei and electrons are (indeed weakly, ~m, / M},) coupled. Secondly, con-
trary to the situation with the nuclear skeleton, which has at any moment a defi-
nite structure (it determines the ,,geometry* of the molecule), the ,electron
cloud” cannot be associated with any simple geometric structure. For these
reasons, the positions of all particles are related to the center of mass of the
nuclei (NCMS). Since the axes of all three mentioned coordinate systems are
mutually parallel, the transformation of the kinetic energy expressions is rela-
tively simple and can be realized separately for X,Y and Z coordinates. The
position vectors of the nuclei in the NCMS will be denoted by (R A),EB,...,RS
and that of the u™ electron by R, (#=1,2,...,N).

The classical kinetic energy in the velocity form in the NCMS is:7

s
T:T,Z+Te:%KZ:BmK(X12<+Y1%+Z}<)+
1 &3 L o
+2—Z ZmeL(XKXL+YKYL+ZKZL)+ (3)
MA k-pL=B
A S . A
+5meZ(Xf,+Y/%+ZE,)—2A;ZZ(XﬂXV+YﬂYV+ZﬂZV)
u=l pu=lv=l

where Xx =dXg /dt efc. are time derivatives of the coordinates. The corres-
ponding wave-mechanical operator is:

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



1938 PERIC

s on o B2 1 (82 82 P2
Y E(axz vz Taz J*
K=B K K K

+hzii 2 2 2 ) @)
oM, = S\ aXgax,  ovgey,  Zxdz;

n2 & o2 2 02 o2
2m Z[aﬂ Torg " 822] 2M,, ZZ[@X oX, " 0V,0Y, ' oz,07 ]
¢ u=l1 H H lv=1 H=v ==y

Since the translational motion is of no interest, from now on, as a rule, the
terms ,,space-fixed coordinate system* and ,,nuclear center of mass system* will
be used as synonyms. In this way, the distinction between these two systems
(having parallel corresponding axes), on the one hand, and the molecule-fixed
coordinate system ( MFS ) that follows the rotation of the molecule (this is just
going to be introduced), on the other hand, will be more clearly expressed.

The form of the kinetic energy operator (4) is not yet optimal because in it,
the vibrational and rotational coordinates of the nuclei are completely mixed
(they are hidden in Cartesian coordinates). Thus, the rotational motion of the
molecule will now be separated, as well as possible, from vibrations of the nuc-
lei. In order to accomplish this, a coordinate system is introduced with the origin
in the NCMS but with the axes x,y, and z differently oriented than those of the
SFS /NCMS . The unit vectors along the x-, y- and z-axes are denoted by i ]
and k, and the unit vectors along the space-fixed axes X,Y andZ by
I,J and K . The position vector of the i th particle in the SFS will be denoted in
the general case (nucleus or electron) by Ry . Its components are Xj,Y;, and Zj .
For the same position vector in the MFS, the symbol 7 will be used. The
components of 7 are x yi and zg. Since both the coordinate frames have the
same origin, Ry =7, that is:

R = Xi I + Y J + Z1K = x40 + y ] +zick =7, )

For derivation of the classical Hamiltonian and the angular momentum, the
time derivative of this (these) vector(s) is (are) required. One can differentiate
both in the SFS and MFS,. When the differentiation is realized by an observer
in the §FS, symbols like Ry, % will be used and for differentiation within the
MEFS, Ry, . Differentiating in the SFS, Ry, i.e., the radius-vector with the
components along the SFS -axes, one obtains:

]_.ék Z(ka+ij+2k12)+(ij+ij+Zk1é)Zin+ij+Zk]Z (6)

because the unit vectors 7,J,K do not change in time (7 =0,/ =0,K=0).
However, if the same vector is differentiated in the SFS, but expressed in terms
of the components along the MFS -axes, it has to be taken into account that for
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the observer in the SFS not only do the components of the vector (xz, yi,zx)
change, but also the unit vectors 7, j,k . Thus:

I_}k =()'Ck;+)'/kj+z'k]€)+(xkz}+ykj+zk/é) (7

On the other hand, if the same vector is differentiated within the MFS , one
obtains:

;k =[;ckz?+y°k]+;klgj+£xk f+yk]+zkl€J=xkf+ykj+2kl€ (8)

The expression on the right-hand side follows from the fact that for the
observer in the MFS, the unit vectors 7, /,k are at rest (i = j =k =0), and in the
non-relativistic approximation, time is the same in all coordinate frames, i.e.,
Xk =X etc., as for all scalar quantities.

The MFS is chosen so that it rotates together with the nuclear skeleton of the
molecule, i.e., the coordinate system itself takes over (as completely as possible)
the molecular rotations, while (ideally) the only kind of motion of the nuclei
within it represent vibrations. The orientation of the MFS-axes with respect to the
axes of the SFS is usually defined by means of Euler angles ¢,6, y. They are
certain functions of the nuclear coordinates. In this way, the number of linearly
independent nuclear coordinates in the MFS will be reduced to 35 —-6. Let us
assume that the coordinates of nucleus B are eliminated by the relations
&R = fey (xCseonz2s5) , Where & =x,y,z . Besides, there are 3N electronic coordi-
nates, Xxu,Vg,Zas - XN>VN,ZN. Thus, there are the following two sets of
3(S+N)—3 coordinates: a) NCMS: RB,...,RS, El,...,ﬁﬂ,...,RN and b) MFS:
0,0, Y, FC ey 5,0 5mes Tyse5 Ty - They are related by:

¢=Jfp(XB>Zs), O=fo(Xp,...2s), x=[fy(XBsisZs),

Xy ﬂ«xX(XBa-n:ZS) ﬂxy(XB,...,ZS) AxZ(XB;---;ZS) X,

Vo |=| Yx (XBronZs) Ayy (XBownZs) Ayz (XBonZs) || Y | (9)
Zp Aex (XBonZs) Ay (XBonZs) Az (XBoZs) \ Zy
n=C,...,S,1,...N

and, reversely,
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Xn\ (Axx(@.0.7) Axp(2.60.7) 2x:(0.0.2) ) xn
Y |=| A (0.60.2) A (0.0.%) Az (0.60.%) || v
Zn) \ Az (0.0.7) Az (0.0,7) Az (0.0, 7) |\ zn
n=8B,..,S,1,.,N (10)

158 = fxy (Conz8)s VB = Sy (XCansZ8)s 2B = fo (3C s 28)]s

where the coefficients Ay, =[ Ay =i -1 =cos(x,X)], Ay, =[Ax =7 -1 =cos(y,X)]
expressed in terms of the Euler angles ¢,6, y are:

Ay =cos@cosécos y —sin@sin y, A,y =sin@cosdcos y + cos@sin y,

Az =—sinfcos y

Ayx =—cos@cosfsin y —sinpcos y, A,y =—sin@cosfsin y +cosgcos z, (11)

Ayz =sin@sin y

Ax =cos@sind, A,y =singsiné, 1,7 =cosf

The transformations (10) look completely symmetric with respect to the
nuclei and electrons, but in fact, they are not. Since the coefficients A.y,..., 1,7
(via the Euler angles ¢,6, y) are determined (solely) by the positions of the
nuclei, the relationship between electronic coordinates in the SFS and MFS is
just an orthogonal linear transformation involving constant coefficients. On the
other hand, the transformation of the coordinates of the nuclei is not linear.

The number of linearly independent nuclear coordinates in the MFS, 35 -6,
is just necessary and sufficient to define unambiguously the form of the nuclear
skeleton. In praxis, the Cartesian coordinates xc,yc,zc,....Xs,Vs,zs of the nuc-
lei will not be used but rather some “internal coordinates”, which determine the
positions of the nuclei with respect to one another. These can be chosen in a pure
geometric way, such that they represent the bond lengths, the angles between
bonds, etc. In this paper, however, instead of them, appropriate linear combi-
nations of the displacements of the Cartesian coordinates of the nuclei from their
equilibrium positions measured in the MFS, the “normal coordinates”
Q.,0s,...,035—¢ , Will be used.

It is easy to show that the form of the electronic part of the kinetic energy
operator (4), when carried out via the “first way” is not changed during the
transition to the MFS, i.e., that it becomes:

. 72 N’( 2 52 82 J
T, =— +—t -

2 2 2
2my | oxp Oyy Oz
(12)
R NN 52 52 52
UL P
2M, s o Ox,0x,  Oy,0py 02,0z,
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The invariance of the electronic kinetic energy operator is a consequence of
the fact that the transformation matrix (9) is only a function of the nuclear
coordinates. The transformation of the nuclear kinetic energy operator is much
more complex. For example, the first derivative with respect to the coordinate
X transforms into:

0 op 0 00 o oy o 3000, o
- —+ —+ —+ — 4
aXK aXK 8(0 aXK 00 aXK a)( i-1 aXK an

1

o 0 O 0 Py o
8XK 8xﬂ GXK ay# 8XK 82/,

(13)

u=l1
Nothing on the right-hand side vanishes automatically. Not only the Euler
angles and normal coordinates, but even the electronic coordinates XusYusZus
via the elements Ay ,... of the transformation matrix in Eq. (9) are functions
(moreover, very complicated) of the coordinate X . The last sum on the right-
hand side of Eq. (13) will introduce into the expression for d/0Xg also deri-
vatives of the electronic coordinates in the MFS. The same conclusions hold for
the second derivatives. This means that the transformation whose role was to
separate the rotations from vibrations introduces a coupling between nuclear and
electronic coordinates in the kinetic energy operator. The above analysis of the
structure of Eq. (13) shows that a derivation of the expression for T, in the
MFS in the way applied for transformation of 7, into (12) would be very dif-
ficult. For this reason, it is more convenient to use instead the “second way” (b).
From now on, the derivation presented in Wilson’s book3 is closely followed
It is easy to show that the classical expression for the kinetic energy of the nuclei
from Eq. (3) equals:

1 S = - 1 S . . .
TnzzZmK(RK-RK)zzZmK(XIZ(+YI%+ZI%) (14)
K=4 K=4
under the condition:
S —
> mgRg =0 (15)
K=A

The following notations are used: Rg is the position vector and Rgx the
velocity vector of the nucleus K in the SFS (more precisely, in the NCMS) i.e.,
the vector whose components are measured along the axes of the SFS; 7 is the
position vector, and ;7]? the equilibrium position vector in the MFS; Arg repre-
sents the (vibratignal) displacement of the nucleus K with respect to its equilib-
rium value and 7 is the velocity of the nucleus measured in the MFS. The time
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derivatives of the radius-vector 7¢ as measured in the SFS and in the MFS
rotating with an angular velocity @, respectively, are connected by the relation:

Pk =P+ QX Tk (16)
The first term on the right-hand side describes the change in time of the
vector rx within the MFS, and the second term the effect of rotation of this
system on the change of 7 as measured in the SF'S. As stated above, the orien-
tation of the MFS is determined by the values of the Euler angles ¢,6 and y,
chosen in such a way that the relative displacements of the nuclei with respect to
one another (vibrations) be minimally coupled with the rotations of the nuclear
skeleton. Note that the components of the angular velocity, @y,®y,,, are not
»true® velocities in the sense that they do not represent time derivatives of the
corresponding coordinates — they can be expressed as linear combinations of time
derivatives of the Euler angles.
Complete separation of the vibrational from the rotational coordinates would
be possible if the “vibrational angular momentum”:

S o
Jy= mK(FKxFK] (17)
K=4

in the MFS were Vanlshmg It turns out, however, that the three scalar equations,
Jyx =0, va =0, and J,, =0 do not enable the determination of the values of

¢,0, and y such that the corresponding vectors {7 } and {rK } fulfill the con-

dition J, =0. The best that can be done in trying to separate vibrations from

rotations is to replace the condition J, =0 by:

S o
> mg (FQ xix)=0 (18)
K=4
The quantity on the left-hand side of (18) differs from (17) in that the ins-
tantaneous position Vectors 7x (which appear in J,,) are replaced by their equi-
librium counterparts, ”K — the difference between them tends to zero when the
nuclei undergo small-amplitude (“infinitesimal”) vibrations. Since the vibrations
are commonly characterized by small amplitudes, the condition (18) ensures, as a
rule, good separation of the rotations from the vibrational degrees of freedom. It
is easy to show that expression (18) can be obtained by differentiating the Eckart
condition:?

S
> mg (7 xix)=0 (19)
K=A4

Inserting the expression (16) for the nuclear velocity in (14), replacing 7x by
;71? + AFg , taking into account (19), and expanding the vector quantities into their
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scalar components, one obtains for the classical kinetic energy of the nuclei the
expression:

S ..
== mK(RK 'RK):
K=4

1 1 1
=Elxxa)% +§Iyya)§ +Elzza)22 + Lyoxoy + 1, 0,0; + 1,00y +

S . S . (20)
+oy Y mg (Afg XFK )y + @y Y mg (Mg xFK )y +
K=4 K=A4
N . 13 .
+o, Y. mg (Afg fo)Z+5 > mg (ij
K=4 K=A4

where:

-

S S
2 2 2 2 2 2
I, = ZmK(yK+z ), Iny mK(zK+xK), IzzEZmK(xK+yK)’
K=4 K=A4

2
s s s
Ly =I==> mgxgyg, L,=IL,==Y mgygzg, Ly=I,=-Y mgzgxg
K=4 K=4 K=A
are the instantaneous moments and products of inertia. Note that these quantities
are not constant but are functions of the nuclear positions, which change in the
course of vibrations.

The expression (20) for the kinetic energy of the nuclei consists of three
parts. In the first one appear the moments and products of inertia and the
components of the angular velocity vector @, and this part describes the rota-
tional motion of the molecule as a whole. The last term on the right-hand side of
(20) involves (besides the nuclear masses) only the velocities of the nuclei
moving in the MFS, and thus represents the vibrational kinetic energy. In the
middle term appear both the angular velocity and velocities within the MFS; it
describes the coupling between the rotations and vibrations. The appearance of
this term is a consequence of defining the orientation of the MFS axes by means
of the conditions (18), instead of equating (17) to zero.

The most convenient way to describe the molecular vibrations is based on
the use of the normal coordinates, Q,...,0;,...,(35_¢- Actually, their form is not
known at this stage, because they can be determined only after the introduction of
the Born—Oppenheimer approximation!? and solving the electronic Schrédinger
equation at various nuclear arrangements around the equilibrium molecular
geometry. Only the fact that these coordinate do exist can be used at this
moment. By summing, the normal coordinates are denoted by lowercase Latin
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subscripts i, j. They are connected with the Cartesian displacement coordinates,
Axg ,Avg ,Azg , by the linear relations:

35-6 35-6

Jmg Axg = D7 Lk O \mr vk = D Lk 10,
i=1 i=1 (22)
35-6

Jmgbzg = > Lg 0, K=1,..,8
I=1

where the (constant) coefficients Ik ;,/yk ;,lzk,; are chosen such that the nor-
mal coordinates simultaneously reduce the expressions for the kinetic energy and
the quadratic part of the potential energy of vibrations to the sums of quadratic
terms:

1 35-6 . 1 35-6
Tv:E z Qi29 V:E Z &le (23)
i=1 i=l1

Expressed in terms of the normal coordinates, the terms coupling vibrations
with rotations are:

N . 356
D mg (Mg xFK)x = Y, Ji0;
K=A i=1
s . 356
> mg (A xFK)y = Y RiO; (24)
K=4 i=1
s . 35-6
D mg (Mg xFK)z = Y, NiO;
K=4 =1
where:
35-6[ S 38-6
3= z (lyK,jlzK,i _ZZK,jlyK,i) Q] = z é/Jle]’
j=1 Lk=4 . J=1
35-6[ S 38-6
Ri= D | 2 (k. jbai—l jlxi) |05 = D $HO) (23)
j=1 Lk=4 _ J=1
35-6[ S 356
Ni= 20| X (Iekjleka —lyk jliki) Q) = 2 65O
j=1 L K=4 i J=1

are linear combinations of the normal coordinates. Inserting (24) into (20), one
obtains:
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1 1 1
T, =§Ixxa)% +§1yya)J2, +EIZZa)Z2 + Loy 0y 0y + 1, 0y0; + 10,04

356 35-6 35-6 35-6 (26)
toy Y. Ji0i+wo, Y, RO+, Z NQ,+E Z O?
i=1 i=1
Equation (26) is the kinetic energy of the nuclei in terms of the coordinates
and velocities. .
In order to obtain the Hamiltonian, the velocities wy,®,,®, and 0i=0;
have to be replaced by impulses. The impulse, P, canonically conjugate to the
normal coordinate (;, is:

B:%:Q+m@+%%+&@ (27)
00;

First, in expression (26), the components of the angular velocity @ are replaced
by the components of the nuclear angular momentum R :

S _ s \ S

R= > mg (i xig)= > mg (g xix)+ Y. mg[ix x(@xix)] (28)

K=A4 K=A4 K=A4

along the axes of the MFS :

35-6 o7
Ry = Iy +1xywy + 0, + Z 30 =—,
P Owy
35-6 6T
Ry =1 ox + 10, +1,,0;, + Z R,0; = , (29)
@y
3S—6 or
R, =10y + Lyo, + 10, + Y N0 = w” .
i=1 z

When dealing only with the nuclei, as now, these quantities equal the com-
ponents J,,J,,J/; of the total angular momentum (also involving electronic
contributions). Using Eq. (27), one derives

Ry = px =1'"xx +I'xy @y, +1'y; @7,
Ry—py=1'yyoy+1'y, 0, +1'y; @, (30)
R, —p:=1"sxon+1';0p+1';; 0.

where:
35-6 35-6 35-6

z ‘513 > py Z m Pl s pZ z NIB (31)
i=1

i=1 i=1

are “vibrational angular momenta”, and the quantities, defined as:
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35-6 35-6 35-6
['xxE]xx_ZSz‘z’ PnyIyy—ZSRzza 'z = ZN

i=1 i=1 i=1 (32)

35-6 35-6 35-6
I'y=Ly— Y IR, Iy =1 ZSRN,, I' =1, Zx\s,,

i=1
reduce, in the case of small-amplitude V1brat10ns, to the instantaneous moments

and products of inertia. To eliminate from the expressions (26) and (28) the com-
ponents of the angular velocity, the transformation inverse to (30) is required:

Oy = Ly (Ry _px)"'/uxy(Ry _py)"'/uxz(Rz - Dz)s
Wy = ,ny(Rx —Px)+ ,Uyy(Ry _py) Tty (R = pz)s (33)
@7 = tzx(Ry _px)+,uzy(Ry _py)+,uzz(Rz = Dz)-

The coefficients p,p=pp, (a,f=x,y or z) are elements of the matrix
inverse to the matrix with elements I'ys. u,p are only the functions of the
normal coordinates. Using the relations (27)—~(33), expression (26) can be trans-
formed into:

3S 6

Z Z tys(Ry = py J(Rs — p5)+— > P2 (34)

2;/x5x i=1

PODOLSKY TRANSFORMATION

Equation (34) represents the classical expression for the kinetic energy of
nuclei in terms of the momenta P. conjugate to the normal coordinates, the
vibrational angular momenta, py,py,p,, and the nuclear angular momenta
Ry,R),R, . The construction of the corresponding wave-mechanical operator is,
however, not trivial for two reasons. First, curvilinear coordinates (Euler angles)
are being dealt with, and secondly, the momenta Ry,R),,R, are (in general) not
conjugate to any concrete coordinates. The first problem was solved by Podol-
sky.8

Suppose that one has M generalized (in the general case non-Cartesian)
coordinates, ¢j,¢7,....qp - In all cases of present interest, the classical kinetic
energy will be homogeneous quadratic functions of generalized velocities:

1 M M
:E Z ZTmn(%a‘Da---aQM)anq‘n (35)

m=1n=1

The coefficients 7y, (=T, ) depend, in general, on generalized coordinates.
The relationship between the generalized velocities and the impulses conjugate to
the coordinates ¢;,47,...,q) are:
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or Y

Pn === Tun(q1,425--401 )im n=1..M (36)
04y m=l1
The relations inverse to (36) are:
n
Gn =2, Emn(q1:92>---901) P » n=1...M (37)
m=1

where g, =g, are elements of the matrix inverse to the matrix {7, !,
Zmn =(T71),,,. Inserting the expressions (37) for ¢, into (35), one obtains the
classical kinetic energy in impulse form:

1 M M
T== 2 2 &mn (912001 PP (38)
m=ln=1

If an attempt is made to construct the corresponding wave-mechanical
operator by replacing the impulses in expression (38) with the corresponding
operators, problems are encountered. Since the impulse operators do not in
general commute with the coefficients g, (because these depend on the coor-
dinates), it is not possible based on (38) to conclude which is the correct ordering
of the quantities on the right-hand side. If one worked instead with Cartesian
coordinates (or any other ,rectilinear coordinates as, e.g., the normal coordi-
nates), the expansion coefficients would be constant, and since the impulse
operators associated with different coordinates or particles commute, one would
directly obtain the wave-mechanical kinetic energy operator as:

-1y Y ) 3) e
T=— EmnPmPn =—— 8mn T~ (39)
2 m=ln=1 2 m=ln=1 0qmOqn

Podolsky showed that it is nevertheless possible, without intermediate use of
Cartesian coordinates, to construct the wave-mechanical Hamiltonian that corres-

ponds to the classical expression (38) if this classical expression is first appro-
priately symmetrized:

1 M M
T= Eg” A3 pmg V2 gmnpng!t (40)

m=1n=l1

This leads to the operator in the form:
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| M M )
T =—s712gl4 { 3 pmg 2 b }g1/4S}/2 _

2 m=1n=1 (41)
"2 a1 AZI: AZ/[; O __in O | a2
=——s;"%g —— g 2gyy— g4
21 m=1n=1 Odm " Odn !

By g is denoted the determinant with elements g;,,, and s, is a con-
veniently chosen weight factor (in general a function of the coordinates) of the
volume (integration) element, dV =dqidq;...dqy EqunM: 1dq, - In the expression
(41), the operators act onto everything on their right-hand sides (including, of
course, the wave function). The operator (41) can be transformed so that the
differential operators only act on the wave function:

fEf(z)-i-f(l) Zngna 6
m=ln=1 42)
_E% % OZmn gmn aﬁ 0 _
2 e aq11 Sq aQn aqm
¥l agmn og
__z Z +gmn— +
8 M= 0qn Oqn 0qmOqn
agmn &S‘q azsq _ 8mn asq as_q
Odn a‘Im a‘]ma‘]n S% Oqm Oqn

Note that the kinetic energy operator in curvilinear coordinates (unlike the
operator in Cartesian coordinates, which is a homogenous quadratic form of
derivatives) also involves terms linear in derivatives and a constant (i.e., not
containing any derivatives) term. Both the linear and constant terms are com-
pletely determined by the expansion coefficients of the quadratic part. In a spe-
cial, but quite common case, when g =J-2 and s, =/, where J is the Jacobian
of the transformation from Cartesian into non-Cartesian coordinates, T’ 7(0) =0.

The Podolsky transformation in its original version covers the cases when all
momenta are conjugate to the corresponding, in general curvilinear, coordinates.
However, sometimes it is more convenient to use the momenta, such as the
components of the angular momentum, which are not conjugate to any coordi-
nates. These quantities are called quasi-momenta. This topic was investigated by
Wilson and Howard?2-3 and later more generally by Watson;!# they showed that
the wave-mechanical Hamiltonian could be expressed in terms of the operators
corresponding to quasi-momenta, provided that some special conditions are ful-
filled.
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In the present case, the quasi-momenta are the quantities (Ry - p},). It can
be shown that the components of the total angular momentum, J,,J y>dzs along
the MFS axes, being in the present case equal to the components of the angular
morpentum of the nuclei, Ry,R,,R,, are related to the impulses py,,pg,p, ,
conjugate to the Euler angles:

or oT oT
=—, =—, :—' 43
Py o0 Po =75 Px o7 (43)
by:7,11
cos y .
Jy=— - Doy tSIny - pg +cotdcosy-p,,
x sin0 Py X PO X Py
sin y .
J, = - Py +COSy-pg—cotBsiny-p,, 44
Y= ng Po X Do XDy (44)
JE::pz

Note that the relations (44) are valid independently of whether the electronic
coordinates are related to the SF'S or MFS, whereas the expressions on the right-
hand side equal to Ry,R),R;, respectively, are only valid when the electronic
coordinates are left in the SFS. There were some reasons to prefer up to now the
symbols Ry,Ry, R but from now on, we skip to J,,J y»>Jz . It turns out that
the transformations (43/44) fulfill the conditions required for application of the
generalized Podolsky transformation. The volume element at the integration of
the wave functions will be dV =sin@-de-dO0-dy-dQ,...dQ3s_¢. Therefore, the
wave-mechanical operator for the kinetic energy of nuclei, analogous to the
general expression (41), is:

o ezl 1 1
Ty = u > 2Ty by Jasr 2(Js - ps ) fut +
y=xX0=x

| Lfs=s 1)1
ol D Bu 2B pu4

(45)

i=1

where the wave-mechanical operators jy and p, (y=x,y,z) are obtained by
replacing in the expressions (44) and (31), the classical impulses pg
(9=0,0, y,P) by the operators —ihd / dg . (Watson* claimed that this did not in
general hold and that in the present case the correct result was obtained thanks to
“a more-or-less fortuitous cancellation” of some terms. I find this statement a
little bit severe; the mentioned fortuitous cancellation is actually a direct con-
sequence of the proper choice of the volume element dV ).

Watson! showed that the expression (45) could be simplified. He derived
certain commutation relations, such as:
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Z [ Porstap | =0 (46)

which enabled Eq. (45) to be rearranged into:

R 11& & . R . 13S—6 . m
Ty=21 2 2y =y ) (Js = bs )+ 2 B2 = Dty =
y=Xx0=x i=1 y=x @7)

11& 2 . . R . 135—6 5 w2
:5 Z_:gﬂyﬁ(‘]}/—py)(-]é_pé') +E§B _?Z_:ﬂyy
Y=X0=X 1= V=X

The term —(h2 / 82(2 Uy, can be handled as an additional part of the
potential; however, unlike the common potential terms, it depends on the nuclear
masses and thus, it is not isotopically invariant.

TRANSFER OF ELECTRONIC COORDINATES INTO A MOLECULE FIXED SYSTEM

Now both the electronic (Eq. (12)) and the nuclear kinetic energy (Eq. (47))
operators, expressed in terms of the desired impulses/momenta, are available. Let
us return, however, to Eq. (13) and the text following it: It was concluded that the
transformed nuclear kinetic energy operator would be spoiled by electron vari-
ables but the operator (47) does not contain them. What has happened? The
explanation is the following: the full classical kinetic energy was separated into
two parts, which were handled in different ways. The electronic kinetic energy
operator was constructed by method (a) (as defined in Introduction), and the
kinetic energy operator by method (b). These two methods give identical results
when applied to the full kinetic energy, but not always when the classical kinetic
energy is separated into its constituent part. Thus, although we started with the
classical kinetic energy for nuclei being equivalent to the corresponding quantum
mechanical operator in terms of the NCMS variables, results identical to those
that would have been derived if the problem had been handled using method (a)
were not obtained. Since good reasons existed to avoid scheme (a) in the cons-
truction of the nuclear kinetic energy operator, now the electronic kinetic energy
will be transformed also by method (b). Note that neither Wilson2-3 nor Watson!
considered the transfer of the electronic variables into the MFS. This topic was
handled in the classical paper by Van Vleck,!2 nowadays very difficult to read
due to the old-fashioned notation and definition of the Euler angles. A modern
presentation can be found in the book by Brown and Carrington.!3 The non-
appearance of the electronic coordinates in the operator (47) is explained as being
a consequence of the tacit assumption that the angular momentum operator with
the components J,J,,J; , depending only on the Euler angles, does not act on
the electron coordinates. However, if the electronic coordinates are defined with
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respect to the MFS-axes, the indirect effect of the operators Jy,J,,J, on them
(via the transformation coefficients expressed in terms of the Euler angles) has to
be taken into account. The way chosen herein is more straightforward.

Starting with the classical electronic kinetic energy in velocity form, defined
in the NCMS (see Eq. (3)):

1 N = X
Tezzmez(Ry.Rﬂ)—

/_1:1 /u:l v=1

2 N N

(Rﬂ .EV) (48)
and substituting ﬁK by the expressions analogous to (16), ?ﬂ =7yt @xry,, one
obtains:

1 1 1
T, =51§xwx +2Ie o +212wz + 5 ox0y + 15, 0y0; + 150,05 +

N m N N m N
+ox| D me yu—ﬁZyv 2= D, me Zﬂ‘ﬁezzv Yu |+
=1 v=l u=1 v=l h
N . N m N ]
+oy, Me| Zy — ZZV Xy Zme xy—ﬁerv Zy |+
u=l v=l u=1 v=l i
N N N N (49)
. m
+w, Zme[xﬂ——vajyﬂ Zme yﬂ—ﬁeZyv Xy |+
u=l1 v=l u=l1 v=l
1Y 1Y (. m .
o 2 medy |t va 3 2 mebu| Fu =y 2 v [+
2~ 2~ M =
u=l1 p=1 v=l
1 . me
+Ezmez’u(z’u_ﬁezva
u=l v=l
where:
N m N
Ifxzmez (y%,Jrzf,)—ﬁeZ(yﬂyanzﬂzv) yeres
=1 =1
! ’ (50)

N N
I, =-m, Z{Zﬂxﬂ —%Zzﬂx‘,:l

u=l1 v=l
are the electronic moments and products of inertia. (The physical sense of these
quantities is less sound than that of their nuclear counterparts but they will not
appear in any final result). Adding (49) to (26), one obtains the total classical
kinetic energy of the molecule.

The momenta conjugate to the electronic velocities have the form:
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oTr oT. me me

Py=—n= ezm{fc ——eE)'CJera)(z ——eng—

X : : e| Xu v e@y | Zy v
o, Oty M= M=

me N
—Me yy_ﬁzyv )
v=l

oT T, m, & m, &
P,=—=—%=m,| y,-—% )y |+ mew, | x ——egx -
G e(y” MVZJV] { M ] on

e
—MeWx | Zy — Zy |»
M ol

_ 8T 5Te . me N . me N
Pr=—= :me(z,u_ﬁzzy + My y,u_ﬁVZZva -

v=l

m N
M@y | Xy ——- z X,
M =
v=1
The electronic momenta associated with the components of the angular velo-
city are:

N N
8T6=L = I + 150, + G0, +me S : _&Z- _
FY xx@Ox T 1xy@y + 1,0, +Me ) Vy| Zy M Zv

x p=1 v=l
N m N
—mezzﬂ yﬂ_ﬁezyv D
ﬂ:] v=l
T, . [ e
G0, T 5x‘0x+1§ywy+’52“’2+mezzﬂ{xﬂ_ﬁezxvj_
y . ;VFI v=l (52)
. m, .
—meZXy[Zu—ﬁZZv}
Iu:l v=l
o, S PR
_eELZ:]Zexa)x+]§ywy+1§za)z+m62x# yﬂ—_eZyv _
0w, — M =

lufl v=1

N m
_mezyﬂ xﬂ—ﬁele/ .
lu:] v=1

Taking into account (50) and (51), Egs. (52) can be transformed into:
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oT, ¥ N
Fy = 2 (VuPuz = 2uPuy ) = L. aw =D (2uPux —xuPuz)=Ly
s b (53)
or, &
Py Z(xu “y yuPux) L,
Z —
p=l1
Thus, by summing Rx,Ry,RZ and Lx,Ly,LZ , one has, based on Eq. (30):
Jo= oT :8Tn +8Te R+ L=
Owy Owy Owy
=1y 0y +1'yy 0y + 1" @7 + py + Ly,
J,= oT ZE)Tn +8Te SRy AL =
aa)y 8a)y aa)y (54)
=l'yoy+1'yy, 0, +1'y; 0 +py+L,,
J. = oT zaT,, +6Te CRAL. =

ow, Ow, OJw,
=l'yor+1'y; 0,+1';; 0, +p + L,
Using the above relations and Egs. (26), (27), (31) and (32), one obtains for
the total kinetic energy:
1 1 1
T,+T, =51'xxa)% +51' a))z, + 21'ZZ w? +1'yy o0y +1'y; 00, +

1 25-6 1 N
+1', 0.0 +E > P2+ > > (Pﬁ)C + P2, +Pﬁz)+ (55)
i=1 € u=l1

x+ PuyPRoy + PRz )

> (i

Note that the electronic moments of inertia have disappeared. From Eq. (54),
one has:

2M,u1v1

Jx = px — Ly :I'xxa)x+1'xya)y +1'x 0,
Jy=py—Ly=I"yy oy +1'yy, 0, +1'"y; @, (56)
Jy=p: =L =150 +1'; 0, +1";; 0,

It follows:
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1 1
T, +T, :E(Jx —px—Ly) o +E(Jy —py—Ly)o, +

+=(Jo=pz =L))o, += > PE+ Z(ng + P2, +sz)+ (57)
2 2 = 2m,
1 N N
+ > S (PuxBox + PuyBoy + PuzByz )
M, pu=lv=l

The transformation inverse to (56) is:
O = fhex (Jx = Px = L )+ oy (Jy = Py =Ly )+ iz (Jz = pz = Lz ),
oy =ty (Jx = px = L)+ ttyy (Jy =y =Ly )+ iy (J2 = pz = Lz),  (58)
0 = pizx (Jx = px = L)+ ttyz (Jy = Py = Ly )+ ptzz (J2 = pz = L)
Inserting the expressions (58) for @y, w,,w, into Eq. (57), one obtains:

1 z 4
TotTe=2 20 2 s (Jy =Py =Ly )(Js —ps —Ls)+
y=x90=x

12S—6 1
+5 2L B
i=1

2m

N
> (P + B3y + PR )+ (59)
e =l

1
2M,

N N
) Z(Pﬂxpvx + Py By +P,,ZPVZ)
u=lv=l1

J’_

Thus, as predicted, the electronic coordinates (via the electronic angular
momentum) have crept into the nuclear kinetic energy (first sum on the right-
hand side). This expression differs from the Wilson one, Eq. (34), due to pre-
sence of the last two terms representing the electronic kinetic energy, and by the
substitution:

Ry —px &> Jx —Lx — px,

Ry —py > Jy—Ly—py, (60)

RZ — Pz _>Jz _LZ — Pz
in the rotation part of the kinetic energy. If the electron spin variables were also
defined in the MFS , the expression on the right-hand side of Eq. (60) would be
replaced by Jg—Lg—pe—Sg (£=x,y,z). Since Ly,L,,L. only involve the
electronic variables, and the coefficients s only depend on the normal coor-

dinates, one could now proceed in the same way as Watson.! The final result for
the total kinetic energy operator would be analogous to (47):
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f=fn+72=%{f ZZ:“75(jy‘iy‘ﬁV)(j5_£5_’55)}+

y=xX0=x
13S—6 R hz z 1 N R R R
+§ Z I}Z—?Zyw+2 Z(Pﬁx+Pﬁy+Pﬁz)— (61)
i=1 V=X ¢ u=l1
1 N N o o
LS S (bt By 4 )
€ u=lv=l1

The last two terms (sums) on the right-hand side of Eq. (61) represent the
kinetic energy operator of electrons. The result (60) will be used to simplify the
derivation of the total kinetic energy operator. Only 7,,, will be explicitly trans-
formed and later the fact that the components of the electronic angular mom-
entum, L,,L,,L, enter the Kinetic energy operator in the same way as those of
the vibrational ( py, py, p-) one will be used.

DERIVATION OF THE HAMILTONIAN WITHOUT USE OF QUASI-MOMENTA

Now several relations will be derived that will be required later. First, the
time derivatives of the elements A,y,... can be expressed in terms of these
elements and the time derivatives of the Euler angles:

Axx =—AxyP—Azx COS Y- O+ Apx ¥ s Azz =—sin0-0 (62)

The time derivatives zij',l; are expressible in terms of the unit vectors 7, /,k
themselves:

= (g 1)7 + (A2~ cos -0k,
J =Rz 0= )7 +(Azp+sin g - O)F, (63)
k=(Ayz6+cos g 0)i +(~Ayi—sinz-0)]
Using (62) and (63), one can rewrite Eqs. (6) and (7) in the form:
R.=F Z[fci + (A2~ 1) i +(/1yz¢’+ COSZ'Q)ZJ;JF
+[)"i +(ﬂzz¢+}'()xi+(—/1xz¢—5inl'9)ziJ]+ (64)
+[z'i +(~Ayzp—cosz-0)x, +(/1xz¢+sm;(-9)y,}l€

Based on Eq. (64), for the classical nuclear energy, the following expression
was derived:
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| S L. 1 S 13&6.2
Tn=EZmK(RK'RK)=§§ & (P - ) = EEQI‘"'
35-6 o356 o
+ Z ( AR ZSR + A7 N; )Q,-ngr Z (S,- sin y + R; cos;()Q,HJr
i=1
35-6
+Z NO 7 +— [/1 Iyym L + A2 1o + 227 Ay Ly +

1 .
+2Ay7 2271 e + 207 2271 1007 + 2[Ixx sin? y + 1, cos? y + (65)

1 .
+2Iys1n;(cos;(]02+2lzzl +[( 7zl + Az 1y +lzzlxz)sm;(+
+( Az Ly + Ayz Ly + Az 1,7 ) c0s 2190 + [ Axz Ly + Ayz Ly +

+A71;; oy + [Iyz cos y + 1, sin ;(]9;'(

where by means of the relations (22), the Cartesian coordinates and their time
derivatives are replaced by the normal coordinates and their derivatives:

35-6
mg (VKiK —ZK VK )= Z 30,

Me

K=4 i=1
S 356
D mi (zxxk —xxzg )= Y. R0, (66)
K=A i=1
S 356
D> mi (xgyx —yrix )= D, NiQ;
K=4 =

These relations, when accompanied by the Eckart condition (17), are equi-
valent to (24) The momenta conjugate to the coordinates are:

E@Q _Ql [ xZJ,+ZyZ‘.R,~+/IZzN,-:|(/')+[S,-sin)(+9%icos;(]9+b€i-j(
35-6

=—— Z( T~ Sl+ﬂ, ZSR +/122N )Q
i=1

[zleyy+,1y221xx+,1222122+2/1xz/1 Ly + 242271z + 2z 2ez e |0+ (67)
[(/1 Lix + Ayz 1y + Azl )sin g +(AxzLyx + gz Ly + Aoz 17 )cos ;(]9+

+|:ﬂxZsz +iyZ[zy +izZ[zz:|j(:
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oT 35-6

Po="5= D (Iisin g +R;cos x)0; +
i=l

+[(llexx +Ayzlxy + Azz 1y )sin;(+ (}tlexy +A4z1y +ﬂzzlyz)cos;(](/)+
+[Ixx sin? X+1y cos? X +21, sin;(cos;déhr[lxz sin y +1,; cos;(];(,

@T 3326 .
Py = a = Z N; Qz +[le]xz+lyZl z+ﬂsz]zz]¢’+
i=l

+[Iyzcos;(+lzxsin;(]9+lzzjg

The transformation inverse to (67) is a concrete case of the relations (37)

with ¢,= O,...035-6.9,0,%, and py=R,...P35-6, Pp:Po Py » Where the
coefficients g, are:

g0i0; =0ij +Eix3j +EiyRj +EizNj
cosy . siny
TRy

sind sind

g0i6 =—Eix sin y —Eiy cos y
80iy =—Eix cot@cos y + Eiy cotfsin y — =iz

os2 y sin? y sin ycos y

Ty —— = 2y ——
sin< @ sin< @ sinZ @
800 = tixx sin? y + pyy cos? y + 2 uuxy sin ycos y

g0ip =Zix

gop = fxx

gy = (,uxx cos2 y+ pyy sin? y —2pxy sin;(cos;()cot2 0+
+2( ptzx €08 y — yz sin y )cot @ + pzz

i 2 in2
S y Cos COoS — S
gwgz(ﬂyy_ﬂxx)M_ X M

sin@ siné
_cosfcos? y  cos@sin? y
Eor =TI T2 0 Y Gn2 e
cos@sin y cos y sin y cos y
+2 -
a sinZ @ ¥ sing " sine

g0y =(pxx — pyy )cot @sin y cos y +
+ tixy cot 6’(c0s2 z —sin2 ;() + yz €OS y + pzx sin y (68)
with:
Six = pxx i + pxyRi + pxzNi,  Biy = iyxTi + pyyRi + 1yzNi 69)
Hiz = /lszi + /lzyiRi + ,lezNi

The determinant of the matrix with elements g, is:
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_ Hox Hyy Hzz — ,Uxx,ujzzz - ,Uyy,uzzx - ,Uzz,u)%y + 2,nyluyz,uzx g=

sin2 (70)
= u(01,02,03)sin2 0

The coefficients (68) determine the classical kinetic energy of the nuclei and

at the same time the quadratic part of the corresponding wave-mechanical
operator (42):

) 35-335-3 2
2 S Cmtgn

m=1 n=1

mn=Q,...ks-6,0,6, 7 (71)

The linear (in derivatives) part of the wave-mechanical operator (42) corres-
ponding to the choice:

g 1(01,02,0)sin 20, s, =sind (72)

where the symbol o stands for irrelevant constant factors, is determined by the
second term on the right-hand side of Eq. (42), having in the present case the

form:
R 2 [35-6]35-6
T(l):_h_{Z{z gQ’QfJ o .

2 i=1 | j=1 QJ‘ 00;

gQ](p 6g¢79

35-6 ¢ P
+ Z + gpo cotl + gﬁﬂl]i
A 0Q; 00 Oy Op )
35-6 9g () o 2
H 9,6 +gpp cotO + gg;(] 0
= 0Q; 00

35-6
+ Z 6ngZ +ag;((p +ag;(6’

00, op 08

0
+gypcotf+ 7 ]i}
= oy
Jj=1
The constant term (with respect to derivatives) from Eq. (42) reduces in the
present case to:

f(O) #H2 35-635-6 1 (angQ/ ou ‘g azu J
== 0,0; -
8 =l j=l H aQl aQ] / aQlan (74)
5 Ou o

a2 %991 50, 20
Using the formulae (68), (31), (44), those for the quantities j)% =jxjx,

S

Jy v J Jy ..., which can be derived starting with Egs. (44), and rearranging,
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one obtains for the wave-mechanical kinetic energy operator of the nuclei the
expression:

2{2 (T = by ) s (Js - p(s)}+—3SZ_‘, p2+7(0) (75

y=x0=x i=1
The explicit form of 7(0) is:

" 35-6 27 n
A0 12 o) 23&ba
' { % Z (6@ -

35263S 681" or" 3SZ:63SZ6 62]" z i
T Hys
2 =l j=1 00, aQJ 4 =l j=1 6Qian y=x0=x
35-6 35-6
> Lo D, é”;f-Ql— (76)
k=1 =1
35-6 36 z =z 35-6 35-6
or" OHap
7 Z G0, & X X ah G0 X <jo-
J i=l a=xpf=x L k=l =1
35-6 alu 35-6 z 4 3S 6
]u Z aQ Z Z ‘uaﬂé,l] Z g]ng
J =l a=xf=x
where:
z 0 o 13S—6 ”
ﬂaﬂzz(ln_ ) [ (["_ )ﬂ’ I"aﬂ :Iaﬂé‘aﬂ—FE Z ai Ql?
£=x i=1
ol 77)
alaﬂ:(_aﬂ] ) a9ﬂa€:x7yzz
aQi 0
are the quantities introduced by Watson. After some algebra, one finds that:
f(0)=U1+U2 +Uz+Uy (78)

where U;,U;,Us,Uy are the quantities defined by Egs. (45), (48), (50) and (52)
in Watson’s paper.!
CONCLUSIONS

In the present study, I derived the kinetic energy operator for molecules with
non-linear equilibrium geometry in the form (when the electron variables are
included via Scheme (60)):
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It is almost equal to the Watson’s one. “Almost” because | was not able to
show in a simple way two things: a) that the coefficients s can also be put
before the term jy -Dy— ]:y in the first sum on the right-hand side of Eq. (79),
as in the last link of the chain of Egs. (47) — for doing that, I needed the commu-

tation relations (46) derived by Watson; b) I have not proven that:

Uy +Uz +Us +Us=—(12 /8)27;177

However, I find the expression (79) indeed essentially equal to Watson’s one. If
one compares it with Wilson’s expression (45), it can be seen that the deter-
minant g, appearing in Eq. (45), is not present in Eq. (79), which is the most
important simplification made by Watson. Furthermore, although I did not show
that the free term in Eq. (79) is simply:

~(n2 /8)Zy Ly

I showed that it represents a small correction of the potential, because according
to Egs. (76) and (77), it involves derivatives (of second and higher order) of the
instantaneous moments of inertia. From the point of view of a computer (and it
solves nowadays every Schrodinger equation), the difference between
Uy +Uy +Uz +Uy and —(h2 /S)Zy,u},}, is only of esthetical significance. When
already speaking about esthetics, let me mention that (not attempting to diminish
the achievement of Watson) the middle expression in Eq. (47), being obviously
Hermitean, looks nicer than the last one. Thus, I hope that I have shown in a
sense that also in the present case “Omnes viae Romam ducunt’, or, more
modestly, when not directly to Rome, than at least “Romam ad/ante portas”.

A great part of the present study represents in fact compilation of already
derived results. I think, however, that the approach applied in Section
“Derivation of the Hamiltonian without use of quasi-momenta” has some advan-
tages when compared with that used by Wilson and Watson. The fulfillment of
the conditions that allowed the application of the generalized Podolsky trans-

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



WAVE-MECHANICAL HAMILTONIAN FOR NON-LINEAR MOLECULES 1 96 1

formation to quasi-momenta such as Jy,J,,J; might look accidental. As
mentioned in the Introduction, the algebraic efforts connected with the appli-
cation of this approach are tremendous. On the other hand, the only real difficulty
in using the approach of the present study consists in inverting the matrix of
coefficients appearing in the transformation (67) to obtain the coefficients gy,
given in Eq. (68). This looks difficult, because the transformation matrix is of the
order 35 —3 (when only dealing with the nuclei), but in fact it is not so. The
final result could be obtained quite easily stepwise: One inverts first the 3x3
matrix involving solely the time derivatives of the Euler angles and the corres-
ponding impulses and, bearing in mind the structure of this transformation, it is
not difficult to invert the matrix additionally involving one and two normal coor-
dinates. The jump to the real (35 —3)x(3S—3) problem is then straightforward.
The present procedure becomes very appealing in some other cases, e.g., in the
construction of the Hamiltonian for triatomic molecules in terms of a set of
internal coordinates (e.g., two bonds and the valence angle, or Jacobi coordi-
nates) and the Euler angles, at various definitions of the MFS (e.g., with the axes
coinciding with the instantaneous principal moments of inertia). Due to the fact
that the nuclear skeleton of triatomic molecules is always planar (or linear), it is
even possible to reduce the Podolsky transformation to a 4 x4 matrix problem.!4:15
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say: “Srecan ti rodendan, dragi Bane”. The financial support provided by the Ministry of
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U3BO[
AJITEPHATHBHO U3BOBEE (CKOPO-) BOTCOHOBOT XAMUJITOHHUJAHA

MWJBEHKO INEPHR
Qakynimedl 3a Qusuuxy xemujy Ynusepsutieiia y beoipagy

[TpuKka3aHo je W3BOheme OMIUTEr TATaCHOMEXaHWYKOT XaMWJITOHHjaHA 3a HeJlHHeapHe
monexysne. OHo ce Dasupa Ha TpaHcdopmMauuju XaMWITOHOBUX HMIIyJca y oAroapajyhe
TaJlaCHOMEeXaHHuKe oreparope nmomohy tpacopmanuje ITomonckor. Pe3ynTar je CyIITHHCKH
UJIEHTHYaH OHOMe KOjH je u3Beo BoTcoH y cBom enoxanHom paay (J. K. G. Watson, Mol. Phys.
15 (1968) 479). Magma He Tako eferaHTaH Kao OHAj U3 OpPUTMHAIHE pedepeHue, MyT mpef-
JIOKEH Y OBOM Dajy je KOHLENTyaTHO MHOIO jemHOCTaBHHjH. OBaj MOCTyNaK MOXe Ce MpH-
MHjEHUTH ¥ Ha U3BOheme IPYrux TUIOBA XaMUITOHUjaHa.

(Tlpummeno 9. oxtodpa 2013)
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Abstract: Quantitative structure—reactivity correlations for the kinetics of the
Hantzsch synthesis of 4-(substituted phenyl)-1,4-dihydropyridines in the reac-
tion between ethyl m- and p-substituted 2-benzylideneacetoacetate and the ena-
mine (ethyl 3-aminocrotonate) was studied. The reaction kinetics was followed
spectrophotometrically. It was found that the reaction correspond to second-
order kinetics. Quantitative structure-reactivity correlations of log k were
obtained with the corresponding substituent constants (o, o, oj and o} ) using
the Hammett and extended Hammett equation (dual substituent parameter,
DSP, equation). They showed linear relationships with positive values of
reaction constants (p). The obtained data were processed by linear regression
analysis. It was confirmed that Michael addition of the enamine to benzylidene
represented the slow step of the reaction with a high positive charge at the
benzylidene molecule. MO calculations were performed and they were in
agreement with the conclusions derived from the structure-reactivity
correlations.

Keywords: 1,4-dihydropyridines; Hantzsch synthesis; Michael addition; Ham-
met equation; extended Hammett equation; MO calculations.

INTRODUCTION
The derivatives of 4-phenyl-1,4-dihydropyridine are often synthesized because
of their importance due to their pharmaceutical properties (e.g., the commercial
drug nifedipine).!-2 Derivatives of 1,4-dihydropyridines are used in the treatment
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of cardiac insufficiency, by increasing cardiac muscle contractions and decreas-
ing blood pressure. Substituted 1,4-dihydropyridines are also known to be vaso-
dilators, bronchodilators and anti-diabetic agents.3

The most common method for the synthesis of this group of compounds is
the Hantzsch synthesis, which has often been studied in terms of the reactants,
reaction conditions and the pharmacological effects of the products.!-2

The original Hantzsch synthesis starts from ethyl acetoacetate, ammonia and
the appropriate aldehyde, depending on the required product (Scheme 1).4:3

Ar
H/KO Ar - H
H5C,00C COOC,Hs H5C,00C COOC,H;s
j\+ + [ -3 H0 ‘ ‘
e S0 - 07 “CH; HCT N o,
H

Scheme 1. The Hantzsch synthesis.

The aldehyde could be aliphatic, heteroaromatic or aromatic. 1,3-Diketones
could be used as the active methylene compound instead of ethylacetoacetate,
whereby the corresponding 3,5-diacyl-1,4-dihydropyridines are formed.%7 Ammo-
nium salts, formamide or hexamethylenetetramine are often applied as the source
of nitrogen instead of ammonia.$.

One modification of this synthesis can be realized by the use of a specific
enamine (ethyl 3-aminocrotonate) instead of ethyl acetoacetate!0-11 in the pre-
sence of various aldehydes.

The second possible modification consists of the reaction of the enamine
with aldehydes and esters (or nitriles) or fS-keto carboxylic acids, which enable
the synthesis of asymmetric 1,4-dihydropyridines.12

A significant modification of the Hantzsch synthesis is also the reaction of
the enamine and ethyl arylideneacetoacetate,%11:13 the kinetics of which are dis-
cussed in this paper.

The influence of the properties and positions of the substituents on the ben-
zaldehyde ring on the product yield in the examined reaction showed that elec-
tron-accepting substituents considerably increase the yield. The yield is the lowest
for o-substituted benzaldehydes because of steric hindrance to the reaction. In the
case of m-substituted benzaldehydes, it was registered that the yields were some-
what higher than those for the corresponding p-substituted benzaldehydes. !4

The mechanism of the Hantzsch synthesis? is given in Scheme 2.

The active methylene compound (ethyl acetoacetate) reacts with the alde-
hyde to give the corresponding ethyl arylideneacetoacetate (I), while with ammo-
nia, it gives the enamine (II). In the subsequent step, I and II react by a so-called
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Michael addition to yield the tautomeric keto—enamine (III), which is converted
by cyclization to hydroxytetrahydropyridine (IV). The 1,4-dihydropyridine (V) is
formed from (IV) by elimination of water.

CH;COCH,COOC,H;

NH
ArCHO /HzO —HZO\‘ 3
Ar
COOC,H;s
HsC,00C._ 20

A A\
LN~ “ScH
HyC 0 2 3
@ l (ID
Ar. H Ar. H
HSCZOOC COOC2H5 H5C200C COOC2H5
el N>cn
CG e am H;C OH I&HCH3
Ar l H
H5C,00C COOC,H; Ar  H
e | ‘Ho  HsC,00C COOC,H;
3
= |
HO™ "N~ “CHs
\ 0L~ N7 CH;
H \
H
(Iv) V)

Scheme 2. The mechanism of the Hantzsch synthesis.

The aim of this study was to analyze the kinetics of this reaction using m- and
p-substituted derivatives of ethyl benzylideneacetoacetate (Scheme 2, Ar = m-
and p-substituted benzaldehydes, where the substituents (X) were: H (Ia); p-NO,
(Ib), p-Cl1 (Ic), m-OCH3 (Id), p-OCH3 (Ie) and the enamine (ethyl 3-aminocroto-
nate) (II) in ethanol as solvent. The described kinetic data have not hitherto been
mentioned in the literature.

The analysis of the obtained kinetic data was realized by correlation with the
Hammet equation and the extended Hammett equation (dual substituent para-
meter, DSP, equation) in order to explain the reaction mechanism.!5
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EXPERIMENTAL
Synthesis

All substituted 4-phenyl-1,4-dihydropridines (Scheme 2: Va—\Ve). All compounds were
obtained by mixing equimolar amounts (0.05 mol) of 25 % ammonia and the required
benzaldehyde, 0.1 mol of ethyl acetoacetate and 25 cm? of methanol. The reaction mixture
was mixed, refluxed for 6 h at 65 °C and then cooled in to crystallize the products. The raw
crystals were drained and recrystallized from methanol. The following compounds were
synthesized: diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (Va);
diethyl 2,6-dimethyl-4-p-nitrophenyl-1,4-dihydropyridine-3,5-dicarboxylate (Vb); diethyl 2,6-
-dimethyl-4-p-chlorophenyl-1,4-dihydropyridine-3,5-dicarboxylate (Vec); diethyl 2,6-dime-
thyl-4-m-methoxyphenyl-1,4-dihydropyridine-3,5-dicarboxylate (Vd); diethyl 2,6-dimethyl-4-
-p-methoxyphenyl-1,4-dihydropyridine-3,5-dicarboxylate (Ve). The melting points of the
obtained compounds were in agreement with literature data.%16:17

Enamine (ethyl 3-aminocrotonate) (Scheme 2: 11). A current of ammonia was passed
through 250 cm? of ethyl acetoacetate at 35 °C for 5 h. The reaction mixture divided into two
layers: the top layer (water and ammonia) was removed and the bottom layer extracted with
diethyl ether, then dried and the solvent was evaporated and the enamine distilled under
vacuum. '8

Substituted ethyl benzylideneacetoacetates (Scheme 2: la—le). Equimolar quantities of
ethyl acetoacetate and the required benzaldehyde were mixed at —5 °C with piperidine in
ethanol (1:2). The reaction mixture was left in a freezer for a few days, until crystals of the
raw ester were formed. Subsequently, they were recrystallized from diethyl ether. The
following compounds were synthesized: ethyl 2-benzylideneacetoacetate (Ia); ethyl 2-(p-nit-
robenzylidene)acetoacetate (Ib); ethyl 2-(p-chlorobenzylidene)acetoacetate (Ic); ethyl 2-(m-
-methoxybenzylidene)acetoacetate (Id) and ethyl 2(p-methoxybenzylidene)acetoacetate (Ie).
The melting points of the obtained compounds were in agreement with the literature data.!?

All the employed chemicals were of p.a. quality (Fluka, Subsidiary of the Sigma—Aldrich
Company, St. Louis, MO, USA).

The structures of all compounds were confirmed by their UV and FTIR spectra (Shi-
madzu 1700A and Bomem MB-Series, respectively).

Kinetic measurements

Reaction rates of the modified Hantzsch syntheses (Scheme 2) between enamine (II) and
the ethyl m- and p-substituted benzylideneacetoacetates (Ia—Ie) were followed by UV
spectrophotometry. The UV spectra of the examined compounds were recorded using a Shi-
madzu 1700A spectrophotometer.

The kinetic experiments were realized at a concentration of 0.03 M for both reactants in
absolute ethanol at temperature 78 °C, with mixing for 6 h. Aliquots of 0.1 cm3 were taken
every hour, diluted to 25 cm? with absolute ethanol and their absorbances at the specific
wavelength were measured.

The increases in the absorbance of the synthesized 4-phenyl-1,4-dihydropyridines were
followed at wavelengths of about 355 nm (marked by arrow in Fig. 1), which originates from
the 1,4-dihydropyridine ring. The wavelengths used in kinetics measurements are given in
Table I. The concentrations of reaction products were determined from the recorded
absorbances using a calibration diagram according the Lambert—Beer law (4 = slopexc, where
A is the measured absorbance and c is the concentration of the reaction product).
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Fig. 1. The UV spectra of 4-phenyl-1,4-dihydropyridine.

TABLE 1. The wavelengths used for the kinetic measurements

Compd. Substituent A/ nm
1 H 355.0
2 p-NO, 355.0
3 p-Cl 355.6
4 m-OCHj, 354.6
5 p-OCHj,4 354.2

The corresponding linear dependences of the concentrations of the reaction products on
time confirmed the assumption that the reaction obeyed second order kinetics (kt = (co —x)! —
— ¢g, where k is reaction rate constant, ¢ is time, ¢, is initial reactant concentration and x
reaction variable). Using linear regression analysis, k£ values were calculated.

RESULTS AND DISCUSSION

A typical absorbance spectrum of 4-phenyl-1,4-dihydropyridine is shown in
Fig. 1. The absorbance spectra of the reactants, as well as the FTIR spectra of the
investigated compounds are in accordance with literature data.*

The obtained values of the rate constants for the reaction between the ethyl
m- and p-substituted benzylideneacetoacetates (Ia—Ie) and the enamine (II) in
ethanol under reflux (78 °C), shown in Scheme 2, are given in Table II.

TABLE II. The calculated reaction rate constants for the examined Hantzsch syntheses in
ethanol at 78 °C and the corresponding Hammett substituent constants o and the Brown
electrophilic o™ constants?!

Compd. Substituent £/ 10°dm3 mol'!'s!  log (k/dm3 mol-! s71) Oulp Tmip
1 H 2.96 -5.53 0 0

2 p-NO, 13.8 —4.86 0.81 0.79
3 p-Cl 2.42 -5.62 024 0.11
4 m-OCHj; 1.64 -5.78 0.10 0.05
5 p -OCH; 0.347 —6.46 -0.28 —-0.78

The basic form of the Hammett equation, the classic Hammett equation, is:
log k = po + log kg (D
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where the logarithm of the reaction rate constant, k, represented as a function of
the electronic effects of substituents (expressed by the substituent constant, o)
and the parameter p (reaction constant), displays the sensitivity of the reaction
rate constant of the unsubstituted compound to substituent effects. It is a well-
known and reliable method to determine quantitatively a structure-reactivity
relationship.15

The established Hammett correlation with the data given in Table II is as
follows:

log k= (1.32+0.13) 7 — (5.88 £0.11) 2)
r=0931,5s=024,F=20,n=5
where, r — correlation coefficient, s — standard deviation, F~ — Fisher’s test,
n — number of points included in the correlation.

Although the correlation coefficient is not optimal (» < 0.95), the positive
value of the reaction constant (p = 1.32) points to the conclusion that the elec-
tron-acceptor substituents are accelerating the reaction, which could be con-
firmed by the values of the reaction rate constants. The Hammett equation gives a
less reliable correlation of log k& and the o~ values (nucleophilic substituent
constants) with an unsatisfactory correlation coefficient (» < 0.90).

On the other hand, when the Hammett correlation with the corresponding
electrophilic Brown constants was determined, Eq. (3) was obtained:

logk =(1.01£0.11)a7, ,, —(5.68 £0.06) 3)

r=0981,5s=0.13, F=76,n=>5
More successful correlation with electrophilic (o) constants, as well as the
observed fact that the electron-accepting substituents increased the reaction rate,
suggests that the kinetic data should be treated by the Taft equation?? of the dual

substituent parameter (DSP), which belongs to the extended Hammett equations.
It is of the form:

log k= pror + pror + log kg 4)

By application of Eq. (4), the electronic substituent effects can be divided
into inductive (oy) and resonance (oR). The corresponding reaction constants are
o1 and pRr.

The inductive substituent constants and the various scales of the resonance
substituent constants are given in Table III.

The different scales for the or substituent constants describe the different
ranges of the interactions of the present substituents and the reaction center,
which enables a better insight into reaction mechanism. The unreliable corre-
lations of DSP equation with oy and o indicates to the conclusion that no nega-
tive charge develops at the reaction center, which would be delocalized by elec-
tron-accepting groups.
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TABLE III. Inductive (o;) and various resonance (o) subsitutent constants23

Substituent o OR (BA) o OR
H 0 0 0 0
p-NO, 0.65 0.16 0.16 0.47
p-Cl 0.46 -0.23 -0.36 -0.23
m-OCH;" 0.27 -0.214 -0.357 —-0.157
p-OCHj,4 0.27 —-0.61 -1.02 —0.45

*The values were obtained from the expression 0.350R for p-OCH3

An excellent DSP correlation was obtained with the o and oy values:

logk = (0.75+0.08)07 + (1.12+0.04)o7 —(5.54+0.04) (5)
r=0.999, s =0.04, F =406, n =5

From Eq. (5), the conclusion could be drawn that the reaction center is a
strong electron-acceptor with a high positive charge, which can be stabilized by
electron-donating groups.

In order to explain the given structure-reactivity correlation analysis (LFER),
MO calculations of this reaction were undertaken.

The calculation was realized by MOPAC semi-empirical quantum-chemical
program package, using the PM6 Hamiltonian.2* The geometric variable that was
used to mimic the reaction coordinates was the distance between atoms (7) and
(20), which are connected by an arrow in Scheme 2. The distance between these
atoms was systematically diminished without any other geometric constraint. A
shallow energy minimum, Fig. 2, was found at 3.2 A (the structure is shown in
Fig. 3). Further approach of reactants goes through a transition state (Fig. 2) at
2.006 A (the structure is shown in Fig. 4). This structure was confirmed by vib-
ration analysis, showing only one negative vibration. Further approach is accom-
panied by a lowering of the potential energy.

This approach does not go smoothly. At a distance of 2.58 A, a hydrogen
atom transfer occurs from the amine nitrogen to the acetyl oxygen of other
moiety. At 1.549 A, the structure of the primary product is achieved (Fig. 5).

Simple reasoning suggests that the electron density shifts from the enamine
to the benzylic moiety during the reaction. The partial atomic charges were cal-
culated according to the Mulliken method and their variation on the atoms
involved in the formation of a new C—C bond are presented in Fig. 6. Upper line
shows the variation of electronic charge on the benzylic carbon as the function of
distance. It shows a continuously increasing positive charge until the transition
state is achieved. Then, at shorter distances, the electron density from the ena-
mine goes to form new C—C bond.
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Fig. 2. Energy profile along the reaction coordinate.

Fig. 3. (Meta)stable arrangement of reactants
at distance 3.2 A.

Fig. 4. Transition state for the reaction out-
lined in Scheme 2.
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Fig. 5. Structure of the adduct at 1.549 A.

Fig. 6. Partial atomic charges on carbons directly involved in metathesis.

Therefore, the increasing electron demand at the benzylic reaction center is
stabilized by electron-donor substituents on the aromatic ring, which should cor-
relate with the 6™ substituent constants (as was found by LFER analysis).

CONCLUSIONS

The study of the kinetics of the Hantzsch synthesis of substituted 1,4-dihyd-
ropyridines, with the m- and p-substituted benzylideneacetoacetates and an ena-
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mine as reactants was presented. It was established that this reaction follows
second order kinetics.

The reaction rate constants were analyzed by the Hammett equation and an
extended Hammett equation (the DSP equation) using various substituent cons-
tants. It was concluded that a nucleophilic attack of the enamine on benzylidene-
acetoacetate causes an increase in the positive charge on the benzylic atom of
benzylidene in the transition state, which enabled the stabilization by the elec-
tron-donating substituents. This conclusion established by the structure—reactivity
relationships was explained and confirmed by MO calculations.

Acknowledgement. Our gratitude goes to the Ministry Education, Science and Techno-
logical Development of the Republic of Serbia (Grants 172013 and 172035) for financial
support.
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u BPATHCIIAB . JOBAHOBHR'

TKaimegpa 3a opiancky xemujy, Texnonouko—meilanypuxu paxyniiei, Yuusep3uiieiia y beoipagy,
Kapneiujesa 4, 11120 Beoipag u “HHucTiuiiyii 3a XeMujy, exHon0TUjy U MeTanypiujy Yuusep3uiieid y
Beotpagy, Fbetowesa 12, 11000 Beoipag

[TpoyuyaBaH je KBaHTUTaTUBaH OJHOC CTPYKType M PEAaKTUBHOCTH 3a KMUHETHKY XaHuUOBe
CHHTEe3€ CYNCTUTyucaHuX 4-deHun-1,4-IUXUAPONMPUANHA Y PeakUUju eTUI-m- U p-CyICTU-
TYHCaHUX 2-0eH3WINIeH-alleToaleTaTa 1 eHaMrHa. KuHeTHKka UCIIUTUBaHE peakuyje je mpa-
heHa cnexkTpoOTOMETPHjCKUM MeTOHOM. 3allakKeHOo je [la je ped O peaKkuuju Apyror pena.
KBaHTUTaTHBHE KOpenaluje CTpyKType U PeakTUBHOCTH Koje M3pakaBajy Jiorapuram ojpe-
hene koHcraHTe Op3uHe peaxuyje (log k) y 3aBUCHOCTH 0ff OAroBapajyhux KOHCTaHTH CYTICTH-
TyeHata (o, o",01 U ogx’) ompehene cy 3a XameroBy (Hammett) u mpomupeHy XaMeTOBY
jenHauuHy (DSP-jepHauuHy). Ilokasane cy nMHeapHy 3aBHUCHOCT Ca NMO3WUTUBHHM BpPENHOC-
THMa Haruda, OODHOCHO peakuroHe KOHCTaHTe (p). Tume je motepheHo nma Majkiosa (Michael)
agvlyja eHaMHHa Ha OeH3WIMIEH NpencTaB/ba CIOPHU CTyNak Yy peaklHju ca HU3paKeHHM
NO3WTUBHUM HaeJlekTpucameM Ha Mosekyny OeHswnupeHa. MO mpopadyHH cy Takohe
ypaheHH U BUXOBH pe3yiTaTH Cy OWIH y CKIaly ca 3aKk/bydllMMa HW3BeleHUM M3 Kopesaluja
CTPYKTyp€ ¥ PEaKTHUBHOCTH.

(ITpummeno 20. HoBemOpa, peBuarpano 28. HoBemdpa 2013)
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Stability of zirconia sol in the presence of various inorganic
electrolytes
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Abstract: The zirconia sol was prepared from a zirconium oxychloride solution
by forced hydrolysis at 102 °C. The prepared sol consisted of almost spherical,
monoclinic, hydrated zirconia particles of 61 nm in diameter. The stability of
zirconia sol in the presence of various inorganic electrolytes (LiCl, NaCl, KCl,
CsCl, KBr, KI, KNO; and K,SO,4) was studied by the potentiometric titration
method. The dependence of the critical concentration of coagulation (ccc) on
the dispersion pH was determined for all studied electrolytes. The critical coa-
gulation concentration values for all investigated electrolytes were lower at
higher pH values. These values for all 1:1 electrolytes were the same within the
range of experimental error. For a given pH value, the cccs of K,SO, are 3—4
orders of magnitude lower than the corresponding values for the 1:1 electro-

lytes.

Keywords: zirconia sol; stability; electrolytes; critical coagulation concentra-
tion; potentiometric titration.

INTRODUCTION

For further development of nanostructured materials, new technologies that
yield physically and chemically stable nanoparticles are required. Zirconia
(ZrOy) is an important ceramic material with an increasing range of applications,
e.g., for thin-film coatings and catalysis. An understanding of the surface charge
characteristics as a function of pH and ionic strength is important in optimizing
the processing conditions for high technology ceramics applications.! A colloidal
dispersion is said to be stable when there is no significant agglomeration, i.e.,
when the potential barrier is sufficiently high to prevent particles from contacting
one another. Whether or not a dispersion is stable depends on both the surface

* Corresponding author. E-mail: smiloni@vinca.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC131021118M
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electrostatic potential (dependent on dispersion pH) of the solid particles and the
ion concentration in the solution.?

Coagulation of a colloidal dispersion may be affected by numerous factors,
such as dispersion aging, change in the amount of the dispersion phase, mecha-
nical and light action, change in temperature, efc. However, the coagulation
caused by the addition of an electrolyte into a sol is of the greatest theoretical and
practical importance. The interaction between a colloid and an electrolyte depends
on the nature of the solid phase, especially on its surface composition, as well as
on the type and concentration of ion species in the solution.2 A fair amount of
interest has also been shown in the stability of colloidal dispersions.3—10

Charged colloidal particles lead to the formation of a layer of opposite
charge in the fluid adjacent to a particle — the so-called diffuse electrical double
layer — that partly screens the charge on the particle. At low ionic strengths, the
double layer extends beyond the range of the van der Waals force. The resulting
electrical repulsion between the particles prevents agglomeration, unless the
particles are nearly electrically neutral (which depends on the pH). At high ionic
strengths, the double layer shrinks in size and the net force is always attractive.
Hence, at high ionic strengths, agglomeration always occurs.

Surface charge at the metal oxide—electrolyte interface is formed by proto-
nation or deprotonation of surface hydroxyl groups as well as the formation of
other surface species from the background electrolyte ions (ion pairs or surface
complexes). The structure of the inner region of the electrical double layer (edl)
for such systems is very often described by the site-binding model.!!

Most colloidal particles are electrically charged, e.g., most metal oxides have
surface layers formed by/made of hydroxyl groups which are amphoteric and can
become either positively or negatively charged, by proton association or proton
dissociation, depending on the pH:!12

>7r-OH + H* — 2ZrOH,*, pH < pH,c (M
27r-OH + OH~ — 2Zr-O + H,0, pH > pHyyc (2)

Reaction (1) is favored by a low pH, while reaction (2) occurs at a high pH.
pHyp,c represents the pH value at which the solid surface charge is equal to zero.
For oxide systems, and many other colloids, H" and OH~ ions are the potential-
determining ions. In such systems, the surface charge and potential are deter-
mined largely by the balance between H" and OH~ in the solution, i.e., by the pH.

This paper presents a continuation of studies devoted to the study of inor-
ganic sol stability. To the best of our knowledge, there are no literature data on
the stability of colloidal zirconia in the presence of inorganic electrolytes; such a
study is thus the aim of the present work.
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EXPERIMENTAL

The corresponding author’s group has been successful in synthesizing different stable
and monodisperse metal oxide sols using the forced hydrolysis method.

Zirconia sol was prepared from aqueous solution by the forced hydrolysis method,
according to the procedure described in a previous paper,!3 using zirconium oxychloride
octahydrate (Merck, p.a. grade) as the precursor and hydrochloric acid (35 % HCI, Lachema,
p-a. grade). Doubly distilled water was used to prepare the acid solution. A solution of 0.01 M
HCI was stirred in a reactor up to the boiling point (102 °C). The required amount of premixed
ZrOCl, in 0.01M HCI solution was added to this solution under vigorous stirring and kept
boiling under reflux for 24 h. This procedure was followed in order to avoid the local preci-
pitation effect. The important parameters in direct synthesis are the choice of the type and
concentration of precursors, solution pH, temperature and mixing.

In order to increase the stability of the prepared zirconia sol, it was ultrafiltered using an
Amicon YCOS5 membrane and an Amicon ultrafiltration cell (model 8200), until the permeate
was free of chloride ions (negative AgNOj; test). The ultrafiltered zirconia sol was stable (no
precipitation) over 6 years. The zirconia particle size distribution was determined by the DLS
(Dynamic Light Scattering) method using a Zetasizer Nano ZS with a 633 nm He—Ne laser
(Malvern, UK). The Zetasizer Nano system is the latest generation of light scattering instru-
ments, containing both the hardware and the software for combined static, dynamic, and
electrophoretic light scattering measurements. A wide range of sample properties available for
measurement with the system includes particle size, molecular weight and zeta potential. The
instrument can measure particle sizes from 0.6 nm to 6 um.

The stability of colloidal systems can be determined in various ways. One of them is the
use of a classical and rather qualitative method consisting of a series of test tubes containing
solutions with equal amounts of dispersed material, but with gradually increasing electrolyte
concentrations. After a certain period, usually several hours, the point at which electrolyte
concentration sedimentation or creaming had just occurred is visually established.3-%:14.13
These experiments give better results than turbidity measurements.!4-13

The coagulation of the zirconia sol containing different concentrations of electrolytes
was monitored/examined. Eight different inorganic salts (LiCl, NaCl, KCl, CsCl, KBr, KI,
KNOj; and K,SO,) were used as electrolytes. These cations and anions were chosen with the
aim of studying the relationship between the diameter size and the valence of ions and the pH
of coagulation.

The employed experimental technique was potentiometric titration of separate samp-
les.2*5:16-18 PV C vessels containing the samples were equilibrated (with intensive mechanical
stirring) for 4 h at room temperature. Then, each sample was visually examined; coagulation
and phase separation, whenever it occurred, was noted.

RESULTS AND DISCUSSION

The particle size distribution of the zirconia sol, registered as the intensity
during several successive DLS runs, is shown in Fig. 1. The experimental data
are the average of at least six runs. Each curve/run presents a mean value of 14
measurements. The obtained average particle diameter represents the hydrodyna-
mic diameter of a sphere (i.e., diameter of a particle with a hydration shell),
having the same volume as the particle. It is evident that the size distribution is
monomodal and monodisperse. The polydispersity index (PDI) was 0.071, and
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the average zirconia particle diameter, d,y, 61 nm. As shown earlier,!3 the appa-
rent crystallite size of the zirconia powder, calculated from XRD patterns
according to the Scherrer equation, was about 6 nm. This means that zirconia
particles in the prepared sol consist of several (up to ten) crystallites.

Fig. 1. Particle size distribution of the zirconia sol.

Before performing the coagulation measurements in the presence of selected
inorganic cations and anions, the pH of coagulation (pH,) of the zirconia colloid
without electrolyte was found to be 7.75 (close to pHp,c — point of zero charge of
zirconia), by potentiometric titration with 0.1 mol dm=3 KOH. The stable, ultra-
filtered zirconia dispersion (zirconia sol) used in this study had a pH value of
3.54.

Profiles of the logarithms of critical coagulation concentrations (log ccc, ccc
is given in mol dm=3) of the selected electrolytes (influence of anions and cat-
ions) as a function of pH, show linear dependences (Figs. 2 and 3). The stability
region for a given anion or cation is below and to the left side of the corres-
ponding curve. For any point (pH, log ccc) chosen in this region, the stability of
the system is preserved. On the other hand, the area above each curve and to its
right side represents the coagulation region, i.e., for any log ccc value at the cor-
responding pH., the coagulation is inevitable. For all the investigated electro-
lytes, the higher the critical coagulation concentration, the lower was the pH, value.

For positively charged zirconia surface (pH < pHyp,c), near to pHyyc, the cri-
tical coagulation concentration for monovalent anions increases in the following
order: NO3~ < CI~ < I" < Br. There is a slight difference in the pH; values
between the various monovalent anions at high salt concentrations.

The higher the ApH = pH¢ — pHy,, value, the more electrolyte is required to
attain the critical coagulation concentration. Increasing ApH also causes an
increase in surface charge of zirconia, which results in a more stable sol.
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Fig. 2. Profiles of the logarithm of the critical concentrations of the selected anions as a
function of pH,.

Fig. 3. Profiles of logarithm of the critical concentrations of the selected cations
as a function of pH,.

It can be seen from Fig. 2 that the critical coagulation concentrations of
bivalent anion (SO427) for a given pH, value were 3—4 orders of magnitude lower
with respects to the corresponding values for monovalent anions.
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Pérez-Maqueda and Matijevi¢!® investigated the stability of a dispersion of
zirconium (hydrous) oxide in the presence of NaNO3, NapSO4 and H4SiW1,04¢.
They obtained the following ccc values 3.5x10-3, 7x10-5 and 2x10~4 mol dm—3
at pH 4 for NO3~, SO42~ and SiW,040*", respectively. Comparing these values
with the present results, it is evident that the herein studied sol was much more
stable toward NO3~, SO42~ ions at this pH value. The following ccc values, at pH
4, for NO3~ and SO42~ were 5.6 and 4x10~4 mol dm3, respectively (see Fig. 2).
To obtain zirconium (hydrous) oxide particles, Pérez-Maqueda and Matijevi¢!?
applied the precipitation procedure. They used solutions of zirconium chloride
and triethanolamine (TEA). According to the XRD pattern, the zirconium hyd-
rous oxide sample was amorphous. In addition, their procedure yielded stable
dispersions at low temperatures and short reaction times.

A possible reason for SO42~ coagulation behavior lies in the specific char-
acter of the sulfate anion. The specific ion sorption changes the electrical pro-
perties of the electrical layer in different ways with respect to the simple attrac-
tive electrostatic interaction between non-specifically sorbed ions and the particle
surface. For this reason, the Schultze—Hardy rule cannot be fully obeyed by the
specifically sorbed anions. Besides, the critical coagulation concentration values
for multi-charged ions are characteristic of a given system and cannot be gene-
ralized.

The minimum electrolyte concentration required to cause coagulation, known
as the critical concentration of coagulation, for a divalent ion should be two-time
lower than that for a monovalent ion, and for a trivalent ion, three times lower
than that for a monovalent ion. This is the basis of the Schultze-Hardy rule: ¢Z°
= constant, where c is the concentration of electrolyte and Z is the ion charge.
The Schultze-Hardy rule is an empirical rule, stating that coagulation concentra-
tion of hydrophobic sols decreases very strongly with increasing valency Z of the
counter-ion.20

For monovalent and divalent ions, the critical concentration of coagulation
according to the Schultze-Hardy rule exhibited the proportion 1:0.016. The
monovalent/divalent (SO42-) anion ratio varied in the experiments from 0.0002
to 0.0129 for pH from 4.5 to 6.5. In practice, there was often evidence of devi-
ations from this rule, mainly due to specific ion adsorption. Multivalent ions tend
to adsorb on solid particles by specific binding. The interpretation of the
Schultze—Hardy rule implies that the coagulation concentration is determined by
a combination of specific ion adsorption and diffuse double layer overlap. The
higher the ion valency, the higher is the contribution of the specific adsorption.20

CONCLUSIONS

Measurement of the particle size distribution proved the zirconia sol to be
monomodal and monodisperse (with a polydispersity index 0.071). The obtained
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average zirconia particle diameter was 61 nm. Particles of initial zirconia sol
were positively charged. The ultrafiltered zirconia sol was stable (no precipi-
tation) for over 6 years. Eight inorganic electrolytes (LiCl, NaCl, KCI, CsCl,
KBr, KI, KNOj and K»SO4) were added to the zirconia sol and potentiometric
titration was performed in order to determine the stability of the sol in the pre-
sence of these cations and anions. The coagulation pH (pH,), determined by
potentiometric titration, varied from 4 to 7.5. The 1:1 electrolytes for cations of
the same periodic group showed similar behavior. K;SO4 behaved differently
showing much lower ccc values (3—4 times lower than for the 1:1 electrolytes).

Acknowledgement. This work was partially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Project No. IIT1 45012).

H3BOJ

CTABHWJIHOCT COJIA TUPKOHUJYM(IV)-OKCHUIA Y ITIPUCYCTBY PA3JIMUUTUX
HEOPI'AHCKHX EJIEKTPOJIUTA

JEJTEHAII. MAPI(OBI/I'E1, CJIOBOJAH K. MHJIOBUR' 1 BYKAIIMH M. )'[EOBAI_[2

Iy HCTUTIY T 3a HyKJiedpre Hayke “Bunua”, Ynueep3uiuei y beoipagy, beoipag u 25 eUAPUMAH 3d XEMUJY,
IIpupogro—matiemamuuku Gaxynimeii, Ynusepsuitieiri y Hosom Cagy, Hosu Cag

H3BplIeHa je CHHTE3a MOHOMOZAIHOT U MOHOAUCIIEp3HOT HUpKOHUjyM(IV)-oxcuna. Vn-
IeKc nonuaucnep3HocTy jodujeHor cona je 0,071 a cpenwmy MpeyHUK YecTyUlia U3HocH 61 nm.
YecTrlie NMpUIPEMIbEHOT COJIa Cy NMO3UTHUBHO HaenekTpucaHe. IlosmasHu coin je cradunaH y
Iy’keM BpeMEeHCKOM nepuony (myxe op mecT roguHa). OppehusaHa je cTadUIHOCT CHHTETH-
30BAHOT COJla Y MPHUCYCTBY ocaMm opadpaHux HeopraHckux emexrposnura (LiCl, NaCl, KCI,
CsCl, KBr, KI, KNO3 u K,SO,4 ). Bpennoctr pH koarynauuje, y IpUCyCTBy HaBe[E€HUX eJlek-
TpONIUTa, Bapupajy y omncery of 4 no 7,5. ENexTponuTH ca jefHOBaJE€HTHHM jOHHMMa HUMajy
CJINYHO TIOHAllame. BpemHOCTH KPUTHUHHX KOHIIEHTpalWja Koarynauuje NoOHjeHor coma y
NPUCYCTBY KalujyM-cyndara cy 3—4 myTa HWXKe Y OOHOCY Ha OHe 3a 1:1 eslekTposnure.

(ITpumrbeno 21. okrobpa 2013)
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Pt monolayer shell on hollow Pd core electrocatalysts: scale up
synthesis, structure, and activity for the oxygen reduction
reaction®
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Abstract: The synthesis, characterization and kinetics of the oxygen reduction
reaction (ORR) of a Pt monolayer shell on Pd(hollow), or Pd—Au(hollow) core
electrocatalysts are reported. Comparisons between the ORR catalytic activity
of the electrocatalysts with hollow cores and those of Pt solid and Pt hollow
nanoparticles were obtained using the rotating disk electrode technique. Hol-
low nanoparticles were made using Ni or Cu nanoparticles as sacrificial tem-
plates. The Pt ORR specific and mass activities of the electrocatalysts with hol-
low cores were found to be considerably higher than those of the electro-
catalysts with solid cores. This enhanced Pt activity is attributed to the smooth
surface morphology and hollow-induced lattice contraction. In addition, the
hollow particles have a mass-saving geometry.

Keywords: platinum overlayer, electrocatalysis, fuel cells, surface strain.

INTRODUCTION

The rapidly increasing demand for fossil fuels used in transportation and
power generation, and their detrimental environmental effects, have resulted in a
wide-spread challenge for the development of renewable energy technologies.
Fuel cells are one of the most promising clean energy technologies, particularly
attractive for automobile applications, due to their high efficiency, high energy
density, and low or zero emissions. The most challenging problem of their appli-
cation is the slow kinetics of oxygen reduction reaction (ORR) at fuel cell

* Corresponding author. E-mail: adzic@bnl.gov

# Current address: Department of Physical Chemistry, University of Santiago de Compostela,
E-15782 Santiago de Compostela, Spain.
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cathodes, even on Pt - the best single element electrocatalyst, which causes a
large loss of the cell voltage, resulting in significant efficiency loss. In addition,
Pt dissolves under certain operating condition of fuel cells. To mitigate these two
drawbacks, catalysts containing large amounts of expensive Pt are required. This
is one of the main reasons for the slow commercialization of fuel cells.

The ORR is a complex multi-step reaction involving the exchange of four
electrons and four protons, the detailed mechanism of which still defies formul-
ation.12 Irrespective of the microscopic mechanism, a four electron process must
involve the breakage of O—O bonds and the formation of O—H bonds.!-2 Accord-
ing to the Sabatier principle,3 the optimal catalyst should have moderate binding
properties, such that both hydrogenation of O/OH and O-O scission are active.
Density functional theory (DFT) calculations showed®> that pure Pt is active for
O-0 scission, but hydrogenation of O/OH is slow. Therefore, weakening O and
OH binding will improve ORR activity of Pt.

To address these drawbacks, the use of Pt monolayer (Ptygp) electrocatalysts
was proposed to reduce the cost of Pt while attempting to enhance their ORR
activity and stability.7 Such catalysts, consisting of a monolayer of Pt on a
substrate of another material, minimize the amount of Pt while ensuring that all
Pt atoms are available at the surface for catalytic activity.%7 Additionally,
through geometric and electronic interactions with the substrate,8:9 a Pty can
change its electronic properties and be more active and durable than pure Pt
electrocatalysts.

The role of substrate (core) in determining the activity of a Pty (shell), as a
way to fine tune the balance between breaking of O—O bonds and the formation
of O—H bonds, was first demonstrated in studies of the ORR, in both acid and
alkaline media, on Pty deposited on five different single-crystal surfaces (Au,
Ir, Rh, Pd and Ru) and confirmed with nanoparticle supports.’-10-12 Variations in
ORR activity could be accounted for by the oxygen binding energy, which must
be tuned to intermediate strength. This leads to a classic catalysis ‘volcano plot’
of ORR activity vs. oxygen binding energy, with Pty;, on Pd(111) at the top of
the volcano plot, having a higher ORR activity than Pt(111).10 In addition, a fuel
cell test showed that Ptyr, on Pd electrocatalysts was more durable than a pure Pt
electrocatalyst.13 However, further improvements in activity and durability are
desirable.

Since oxygen binding energy appears to be the major descriptor of the ORR
kinetics, DFT calculations suggests that further enhancement in ORR activity of
Ptpmr on Pd could be accomplished by weakening the O and OH binding ener-
gies.10 This could be achieved by additional contraction of the Pty shell. A hol-
low core is an interesting structure to investigate geometric interaction between
the Ptypr. shell and the core because a hollow core may induce a desirable lattice
contraction of a Pty , leading to improved ORR activity by reducing the oxygen
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binding energy. In this paper, how the oxygen binding energy could be modified
using a Pd hollow core is explored. The results are compared with those obtained
with hollow Pt nanoparticles in order to elucidate the geometric and electronic
interactions between the Pty shell and the Pd core.

EXPERIMENTAL

Pt and Pd—Au hollow nanoparticles were obtained using Ni as a sacrificial template.
First, a thin-film carbon electrode was prepared by pipetting a 15-uL aliquot of a 1 mg mL!
aqueous suspension of carbon powder (Vulcan 72C) onto a polished glassy carbon surface of
a rotating disk electrode (5 mm diameter, 0.196 cm?2, Pine Instrument). Then, the as-prepared
thin-film electrode was immersed in a deaerated solution of 0.1 M NiSO,4 and 0.5 M H;BO;,
and Ni nanoparticles were created on the carbon support by application of a double potential
pulse, typically about 0.4 s at —1.4 V and 20 s at 0.8 V (vs. Ag/AgCl, 3 M NaCl). Once the
open-circuit potential of the electrode had stabilized, it was transferred into deaerated (0.05—1
mM) K,PtCly (for Pt hollow) or 0.5 mM Pd(NHj3)4Cl, + xHAuCl, (for Pd—Au hollow) solu-
tions without exposure to air, whereby the galvanic replacement of Ni by Pt or Pd and Au
occurred. After 3—30 min, electrode was rinsed with water, to eliminate residual metal ions,
and cycled (for about 20 cycles) from 0.05 to 1.2 V vs. the reversible hydrogen electrode
(RHE) in a deaerated 0.1 M HCIO,4 solution to facilitate the complete removal of the Ni
atoms. The hollow Pd—Au nanoparticles were prepared with Pd-to-Au concentration ratios of
20:1 and 10:1 in the precursor solutions. They are denoted as Pd,jAu(h)/C and Pd;qAu(h)/C,
respectively. The hollow Pt nanoparticles are denoted as Pt(h)/C. The Pty,; was placed on the
hollow Pd—Au nanoparticles using galvanic replacement of an underpotentially deposited Cu
monolayer, as previously reported.”!# The experimental set-up was described elsewhere.!’
These samples are designated as Pty /PdypAu(h)/C and Pty /Pd;pAu(h)/C respectively. The
solid Pt (Pt(s)/C) and Pd (Pd(s)/C) nanoparticle samples were carbon-supported Pt (45 wt. %)
and Pd (10 wt. %), respectively.

For large-scale synthesis, the carbon-supported hollow Pd nanoparticles (Pd(h)/C) were
prepared by a two-step synthesis method. In the first step, Cu nanoparticles were prepared by
slowly adding NaBH, into the mixture of carbon (Vulcan X72), CuCl,, and Na-citrate. In the
second step, Pd(NH;),Cl, was added, thus forming Pd hollow nanoparticles by galvanic dis-
placement of Cu with Pd. The procedure for one batch-synthesis of 650 mg of the Pty /
/Pd(h)/C catalyst was described elsewhere.!6

All the electrochemical treatments and measurements were performed with a Voltalab
PGZ402 potentiostat (Radiometer Analytical) at room temperature. The electrolyte was 0.1 M
HCI1Oy, solution. An Ag/AgCl (3 M NaCl) electrode was used as the reference electrode and a
Pt flag was used as the counter electrode. All the potentials are given with respect to a RHE.
The electrochemical surface area (ES4) was calculated using the integrated hydrogen desorp-
tion charges from cyclic voltammetry (CV) curves assuming 0.21 mC cm2.!7 Kinetic currents
at 0.9 V were calculated from the ORR polarization curves using j, = j/(1-j/j; ), where j is the
measured current at 0.9 V and j is the diffusion-limited current below 0.5 V. The obtained
kinetic current was further normalized to £S4 and Pt mass to calculate Pt specific (S4) and
mass activities (MA), respectively. The currents in the voltamograms were normalized to the
geometric electrode surface area.

Transmission electron microscope (TEM) imaging was realized using a JEOL 3000F
TEM operating at 300 kV equipped with Gatan image filter system. The mass contents of Pd
and Pt were determined using inductively coupled plasma mass spectrometry (ICP-MS)

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



1 9 8 6 VUKMIROVIC et al.

measurements. The very small amount of Au could not be reliably determined by ICP-MS
and was estimated using the measured Pd mass and the atomic ratio in the mixed Pd—Au
solutions. Scanning TEM (STEM) measurements were performed using a Hitachi HD2700C
microscope equipped with a cold field emission electron source and a probe aberration
corrector. X-Ray diffraction (XRD) experiments were performed on a Beamline X7B (1 =
= 0.3196 A) of the National Synchrotron Light Source at Brookhaven National Laboratory.
Two dimensional powder patterns were collected with a Perkin Elmer image plate detector,
and the diffraction rings were integrated using the FIT2D code. The fitted parameters (lattice
constant and particle size) were obtained through a Rietveld refinement. Lanthanum hexa-
boride (LaBg) was used as the instrumental reference.

RESULTS AND DISCUSSION

As discussed above, hollow Pt, Pd, and Pd—Au nanoparticles were prepared
by exposing Ni or Cu nanoparticles to Pt, Pd, or Pd—Au containing solutions. The
formation of voids in these nanoparticles was governed by both galvanic replace-
ment and the Kirkendall Effect (vacancy-mediated diffusion mechanism). While
galvanic replacement is responsible for displacing Ni (or Cu) with Pt, Pd or Pd—Au
and thus creating core—shell structure, due to Kirkendall effect, Ni (Cu) from the
core can diffuse through the shell to its surface where it will be replaced with Pt,
Pd, or Pd—Au. Due to the different diffusion rates of Ni (Cu) and Pt, Pd, or Pd—Au,
vacancies will be generated inside the core—shell nanostructures, and they may
coalesce into a single void (hollow) or multiple voids (porous).

Ni nanoparticles were found suitable as templates to facilitate the formation
of single-void particles with complete Pt shells.!8 Pt hollow nanoparticle in high-
resolution STEM images for the samples after electrochemical measurements are
displayed in Fig. 1a. The synthetic parameters were varied in order to optimize
the ORR activity and durability. The best catalytic activity was found with 3-9
nm hollow spheres with a 1-2 nm thick shell.

Fig. 1. a) High-resolution STEM image of a Pt(h)/C nanoparticle, b) TEM image of
Pty /Pd;ypAu(h)/C nanoparticle and ¢) TEM image of Pty /Pd(h)/C nanoparticle.

However, hollow structures were more difficult to form with Pd or Au ions
alone when using Ni nanoparticles as sacrificial templates. Lower melting tempe-
rature of Au compared to Ni suggests that Ni diffuses slower than Au. Conse-
quently, the voids generated by Ni atoms slowly diffusing out through the Au
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shell will be filled by inward faster-diffusing Au atoms before they coalesce into
a single void, thus resulting in solid Au particles. In Ni—Pd case, the difference in
diffusivity between Ni and Pd is not large enough (the small difference in melt-
ing temperatures) to create sufficient vacancies to form Pd hollow nanoparticles.

The addition of Au ions in Pd solutions may mediate the diffusion process
and promote the formation of hollow particles.!? In the Pd~Au mixed solution,
since the standard reduction potential of the AuCly~/Au redox couple (1.002 V
vs. SHE) is higher than that of the Pd(NH3)4 2*/Pd couple (0.902 V vs. SHE),20
Au ions will be preferentially reduced instead of Pd ions and deposited on the
surface of the Ni templates as a thin shell. The imbalance between the outward
flux of faster-diffusing Ni-Au atoms and the inward flux of the slower-diffusing
Pd atoms will be compensated for by an inward flux of vacancies. The vacancies
will then supersaturate and coalesce into a single void. On the shell surface, the
Ni atoms that flowed out will spontaneously dissolve because of their lower
reduction potential, while the Au atoms will remain intact because of their higher
reduction potential. Typical TEM images of a Pty /PdygAu(h)/C sample with
hollow cores are shown in Fig. 1b. The adding of a small amount of Au to the Pd
core only improved the stability of Pd while its interaction with Pty was not
influenced.!3 Therefore, as long as only the core—Pty interaction is considered,
Pd—Au can be treated as Pd.

The TEM images confirmed the hollow structure of the Pd nanoparticles pre-
pared by the large-scale synthesis method. They had a narrow size distribution
with an average diameter of 5 nm and shell thickness of 1.5 nm (Fig. 1¢).

The effect of the voids in nanoparticles on the ORR activity of the top Pt
layer was investigated by recording the ORR polarization curves in oxygenated
0.1 M HClO4 using the rotating disk electrode technique. The ORR polarization
curves for Pt(h) and Pt(s) nanoparticles are shown in Fig. 2a, while the ORR
polarization curves for Pty /PdrgAu(h)/C and Pty /Pd(s)/C nanoparticles are
presented in Fig. 2b. In both cases, solid and hollow nanoparticles show similar
onset and kinetic part of the ORR polarization curve. However, the onset and
half-wave potentials are not true measures of ORR activity but only qualitative
indicators since they are sensitive to catalyst loading. This could be clearly seen
if the respective voltammetry curves of the samples in deaerated 0.1 M HClOy4
are examined, Fig. 3a and b. The H adsorption—desorption charge at low poten-
tials and the OH adsorption—desorption charge at high potentials are both smaller
on the hollow than on the solid samples because the catalyst loading of the hol-
low samples is lower than that of the solid ones. Additionally, the hollow samples
have smaller ESA values compared to those of the solid samples, due to their
larger average particle size (Table I).

The correct way to compare the ORR activity of these catalysts is to use the
Pt mass and specific activities, which compare the ORR activity of the catalysts
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to the same reference point, as shown in Table 1. The S4 and MA values of the
hollow samples were higher than those for the solid ones. The ESA per Pt mass
(ESApy) is similar for the solid and hollow samples. This means that the enhan-
cement in MA (where MA = SAxESApy) for hollow samples mainly results from
increased SA values.

O (a) o (b)
-1t -1t
.E 22k 'E -2t
o o
< -3 < -3
S €
- 4L ~ -4f
= = | Pt /Pd(s)/C
-5t . ot Pd Au(h)C
Pt(s)/C ML 20 u(h)
-6, Pt(h)/C | -6k
0304 0506 070809 1 11 04 05 06 07 08 09 1 11
E/V vs. RHE E/V vs. RHE

Fig. 2. ORR polarization curves in oxygen-saturated 0.1 M HCIOy, solutions, in the forward
potential sweep at 10 mV s! with a 1600 rpm rotation rate for a) Pt(s)/C and Pt(h)/C and
b) Pty /PdypAu(h)/C and Pty /Pd(s)/C nanoparticles.

(b) -
0.2
% e ol
5 5
<
g L 02
-1t ; -04 Pt /Pd(s)/C
Pt(s)/C
N s eV P PAAUIC
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Fig. 3. Voltammetry curves in deareated 0.1 M HCIO, solutions for a) Pt(s)/C and Pt(h)/C and
b) Pty /PdyoAu(h)/C and Pty /Pd(s)/C nanoparticles.

The oxidation of hollow samples was shifted to more positive potentials
compared to those of the solid samples (Fig. 3). This indicates that the Pt—-OH
interaction became weaker for the hollow particles, causing an increase in their
SA. The reduction in the coverage of the oxygen-containing species could be
attributed to the smooth (Fig. 1) and void-induced contracted surface of the hol-
low samples. The binding energy of oxygen was decreased for the hollow samples
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because the smooth surface possessed high-coordination sites that are less reac-
tive than the low-coordination sites at the edges and defects while the hollow-
induced surface contraction down-shifted the d-band center of the Pt top layer,
thus making it less reactive.8.9

TABLE I. Particle diameter, loading, and Pt specific and mass activities for the ORR at 0.9 V
in oxygen-saturated 0.1 M HCIO,4 solutions for Pt(h)/C, Pt(s)/C, Ptyy/PdypAu(h)/C and
Pty /Pd(s)/C nanoparticles; h = hollow, s = solid, d = particle diameter, L = loading, Rgp =
enhancement in S4 between hollow and solid nanoparticles, cngeo, = geometric area, cm?, =
real area

. D L ESAp, SA MA
Nanoparticle am g cm—zgeO. e, ug! mA cm?, Rsa mA pg'!
Pt(h)/C 6.5 5 0.64 1.71 4275 1.1
Pt(s)/C 3.2 22 0.62 0.4 0.25

9 1.4 Pt 1.9 0.85 1.71 1.62
Ptan/PdzoAu(h)/C 3.9 total metal
Pty /Pd(s)/C 4 7 Pd 1.92 0.5 0.96

To examine the hollow-induced lattice contraction, X-ray diffraction measu-
rements on hollow and solid nanoparticles were performed. As shown in Fig. 4,
the diffraction peaks shifted to higher angles for the hollow samples compared to
those of the solid ones, indicating that a smaller lattice spacing was induced by
the hollow cores.

S |@ Pi(s)/C G Pt,, /Pd(s)/C
2 Pt(h)/C < f Pt /Pd Au(h)/C1
2 2 |
[%2] (%)
c c
2 2t
£ =
o °© L
[F] (5]
N N
© < }
IS IS
1 15
o o L
pd pd
6 8 10 12 14 16 18 20 22 5 10 15 20 25
2 6, degree 2 6, degree

Fig. 4. X-Ray powder diffraction intensity for a) Pt(s)/C and Pt(h)/C and
b) Pty /PdgAu(h)/C and Pty /Pd(s)/C nanoparticles.

As discussed above, in both systems, the enhancement in MA4 for hollow
samples mainly stems from their increased S4. However, the improvement of S4
for pure Pt samples is 2.5 times larger than for Pt—Pd samples (Table I). This
could be explained taking into account the mechanical stress state of the top Pt

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



1 990 VUKMIROVIC et al.

layer on Pt(s)/C and the Pty on Pd(s)/C, and that S4 enhancement, in these
cases, is only due to geometric effects. While top Pt layer on Pt(s) is neither com-
pressed nor expanded (neglecting the effect of the small particles), the Pty on
Pd(s) is compressed due to the difference in lattice constants between Pt and Pd.
Therefore, the top Pt layer on Pt(h) could be compressed more than Pty on
PdypAu(h)/C. As a result, a larger enhancement in SA for the pure Pt than for the
Pt-Pd samples was achieved.

The durability of the Pty1/Pd(h)/C catalyst was tested under half-cell con-
ditions. The potential was cycled from 0.6 to 1.0 V in naturally aerated 0.1 M
HCIO4. A comparison of the ORR polarization curves before and after 5,000
cycles is shown in Fig. 5. The small negative shift of ORR polarization curve
after 5,000 cycles indicates good stability.

0 cycles

Ak 5,000 cycles i
a2 i
S
o
< 3 .
£
= -4 ]

Fig. 5. ORR polarization curves in oxy-
03 04 05 06 07 08 09 1 1. gen-saturated 0.1 M HCIO, solutions for
Pty /Pd(h)/C before and after 5,000

E/V vs. RHE cycles.

CONCLUSIONS

Ptpmr on Pd(s) and Pd—Au(h) cores electrocatalysts were synthesized and
characterized. Their ORR activities were examined and compared with the ORR
activity of Pt(s) and Pt(h) nanoparticles. Hollow nanoparticles were made using
Ni or Cu as sacrificial templates. The hollow architecture of Pt and Pd—Au nano-
particles was achieved by the delicate balance between galvanic displacement
and the Kirkendall Effect in controlling the reaction kinetics. Since the ESA per
Pt mass was similar for the solid and hollow samples, the enhancement in M4 for
the hollow samples mainly resulted from increased S4 values. The increase in SA4
could be mainly attributed to the void-induced contracted surface of the hollow
samples and partially due to the smooth surface morphology of the hollow nano-
particles. The binding energy of oxygen was decreased for the hollow samples
because their smooth surface posses high-coordination sites, which are less reac-
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tive than the low-coordination sites at edges and defects. Additionally, the hol-
low-induced surface contraction downshifted the d-band center of the Pt top
layer, thus making it less reactive. The Pty /Pd(h)/C catalyst showed good dura-
bility after 5,000 potential cycles from 0.6 to 1.0 V. The hollow-induced lattice
contraction provides an alternative route to fine tune the oxygen binding charac-
teristics of surface of the catalysts toward better ORR activities.
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H3BOJ

EJTEKTPOKATAJIM3ATOPU CA MOHOCJIOJHOM Pt JbYCKOM HA IIYITJBEM JE3I'PY Pd:
CHUHTE3A, CTPYKTYPA U AKTUBHOCT 3A PEAKLIMJY PEOYKLIHWJE KHCEOHHUKA

MIOMIR B. VUKMIROVIC!, YU ZHANG', JIA X. WANG', DAVID BUCETA', LIJUN WU” 1 RADOSLAV R. ADZIC

1Chemist7y Department, Brookhaven National Laboratory, Upton, NY 11973, USA u 2Condensed Matter
Physics & Materials Science Department, Brookhaven National Laboratory,
Upton, NY 11973, USA

[TpukasaHa je cuHTe3a, kKapakTepusalyja U eleKTpoKaTaaUTHUKa aKTHBHOCT 33 Peaklujy
penykuuje kuceonuka (PPK) katanusaTopa Koju ce cacToju off MOHOCTIOjHE Pt jbycke Ha IIyTI-
meM jesrpy Pd unu Pd—Au. 3a ynopehemwe kaTaluTHuKe aKTHBHOCTH KaTajM3aTopa ca IIyI-
7bUM je3rpoM U Pt kartanusartopa (myHa Pt v mymse Pt HaHouectuue) 3a PPK, kopumrhena je
TexHuKka porupajyher nucka. Illynuse HaHoyecTuue nodujeHe cy kopuurhewem Ni wimn Cu
HaHOYeCTHLA Kkao ,KpTByjyhux" marpuua. HaheHo je ma je crenudryHa ¥ MaceHa akKTUBHOCT
Pt xaranusaropa ca wynauM jesrpom 3a PPK 3natHo Beha Hero 3a myHo jesrpo. Ysehana
aKTUBHOCT Pt mpumucaHa je INIaTKoj HMOBPLIMHCKOj MOD(OJIOTHjH M KOHTPAKLHjU PELIeTKe
K0ja je ©3a3BaHa IIYIJbOM CTPYKTYPOM je3rpa, IITO je JOAaTHH edeKaT y3 yITesy Mace MeTa-
Jla KOJ] YeCTHIa Ca UIYTJBUHOM.

(ITpumrbeHo 24. okrobpa 2013)
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XPS and STEM study of the interface formation between
ultra-thin Ru and Ir OER catalyst layers and Perylene Red
support whiskers®
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Abstract: The interface formation between nano-structured Perylene Red (PR)
whiskers and the oxygen evolution reaction (OER) catalysts ruthenium and
iridium was studied systematically by XPS and STEM. The OER catalyst over-
layers with thicknesses ranging from ~0.1 to =50 nm were vapor deposited
onto PR ex situ. STEM images demonstrated that, with increasing thickness,
Ru and Ir transform from amorphous clusters to crystalline nanoparticles,
which agglomerate with increased over-layer thickness. XPS data showed a
strong interaction between Ru and PR. Ir also interacts with PR although not to
the extent seen for Ru. At low coverages, the entire Ru deposit was in the
reacted state while a small portion of the deposited Ir remained metallic. Ru
and Ir bonding occur at the PR carbonyl sites as evidenced by the attenuation
of carbonyl photoemission and the emergence of new peak assigned to C-O
single bonds. Curve fitting analysis and the derived stoichiometry indicated the
formation of metallo—organic bonds. The co-existence of oxide bonds was also
apparent.

Keywords: fuel cell; catalyst; surface properties; deposition.

INTRODUCTION
Highly active oxygen evolution reaction (OER) catalysts based on deposited
Ru and Ir onto Pt-coated nano-structured Perylene Red whiskers (3M Pt-NSTF)
are currently being investigated for polymer electrolyte membrane fuel cell
(PEMFC) applications. A key issue for the successful transition of PEMFC tech-
nology from the development to the pre-commercial phase is failure of the catal-
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yst and the other thermodynamically unstable membrane electrode assembly
(MEA) components during the so-called transient conditions, start-up/shutdown
(SU/SD) and cell reversal (CR). If left unchecked, during these periods, the
electrodes can attain potentials of up to 2 V,1-3 leading to rapid carbon corrosion
and Pt dissolution. To improve the durability of the fuel cell catalyst and support,
minute loadings of Ru/Ir OER catalysts (2 and 10 ug cm2) were incorporated
into the electrode to favor water electrolysis over carbon corrosion. This has
resulted in vastly improved fuel cell robustness and durability during transient
conditions due to a reduction in the peak cell voltages.!-2

During the course of a study of OER catalysts sputter-coated on Pt—NSTF, it
was discovered that the Ru/Ir catalyst had unusually high activity and stability
when grown on Pt-NSTF.4> Furthermore, a distinct difference in the C 1s—Ru 3d
line shape between 2 and 10 ug cm 2 OER catalyst loadings was observed, des-
pite the fact that the OER catalysts were sputter-coated over a relatively thick Pt
film. The reacted Ru 3ds; shoulder, shifted to a higher binding energy (BE) with
respect to the BE location of the un-reacted Ru 3ds,, peak, which was more
pronounced for the 2 pg cm2 loading than for the 10 pg cm2 loading. Curve
fitting analysis and the obtained O, C and Ru stoichiometry balance suggested a
chemical interaction of Ru with the underlying Perylene Red support and the
formation of organo—metallic type bonds, such as Ru(OC),. or Ru(CO),. The STEM
images confirmed the existence of discontinuities in the Pt coating, indicating of
the availability of exposed bare Perylene Red sites for interaction with Ru.

In order to confirm that the existence and the anchoring action of Ru—O-C
bonds at the interface with Perylene Red (PR) was potentially the cause of the
Ru-containing OER catalyst stability, a systematic study of the interfaces
between Ru, Ir and PR was conducted. The Ru and Ir over-layers with thick-
nesses ranging from 0.2 to 48 nm and 0.1 to 34.8 nm, respectively, were formed
onto PR whiskers ex situ by physical vapor deposition. Scanning transmission
electron microscopy (STEM) was used to study the growth of Ru and Ir on the
Perylene Red support. The XPS core level spectra and curve fitting analysis
revealed a strong interaction between Ru and PR. Ir was also found to interact
with PR although not to the extent seen for Ru. At low coverages, the entire Ru
deposit was in the reacted state, while a small portion (=10 at. %) of the
deposited Ir remains metallic. Ru and Ir bonding occurred at the PR carbonyl
sites, as evidenced by the preferential attenuation of carbonyl carbon photoemis-
sion and the emergence of new carbon peak assigned to C—O single bonds. Curve
fitting analysis and the derived stoichiometry indicated the formation of Ru(OC),
or Ru(CO), metallo—organic bonds. The co-existence of oxide bonds was also
apparent.
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EXPERIMENTAL
Materials and sample preparation

Ru and Ir over-layers were deposited on a Perylene Red whiskers (3M NSTF) substrate
by a DC-magnetron sputtering process. A Mills-Lane vacuum deposition system was equipped
with 4 CTI cryo-pumps, a Pfeiffer 450 turbo-pump and specially designed sputtering target
assemblies from the Sierra Applied Science Company. High purity Ru and Ir (99.99+ %) from
Sophisticated Alloys (Butler, PA) were used for the sputtering targets. Ultra high purity Ar
was used as the sputtering gas with magnetron power range from 30-300 Watts. A pre-sputter
of each target was performed to clean the surface. Before deposition, the PVD chamber was
evacuated to a base pressure of 7x1077 Torr.

XPS Surface analysis

Chemical states and elemental compositions of the OER catalyst over-layers on Perylene
Red NSTF were analyzed by X-ray photoelectron spectroscopy, using a Kratos Axis Ultra™
XPS system at a base pressure below 10 Torr. The monochromatic AlKa (1486.6 eV) X-ray
source was operated at 140 W (14 kV, 10 mA). A hemispherical electron energy analyzer was
operated at constant pass energy of 160 eV for survey and 20 eV for the high-resolution
spectra. The binding energy (BE) scale was calibrated relative to the BE of the C 1s peak. The
spectra were acquired at a 90° take-off angle with respect to the sample surface. The data
processing was realized with PHI MultiPak V8.2B, 2006 and Casa XPS V 2.3.16 Dev4l
software. The curve fitting analysis of the core level spectra was based on summed Gaus-
sian/Lorentzian GL functions, with a PHI line-shape to represent the asymmetric nature of the
peaks and Shirley-type background subtraction. The Ru 3ds,—Ru 3d;/, spin orbital doublet
branching ratio was constrained to 3:2 and their binding energy separation to 4.17 eV. The
branching ratio and BE splitting of the Ir 4f;,—Ir 4f5/, spin orbital doublet were constrained
for the fitting at their theoretical values 4:3 and 2.98 eV, respectively. The FWHM of resolved
peaks was not constrained but was kept consistent with the allowed variations of =15 %.
STEM Characterization

As-received OER catalyst-coated whiskers were prepared for STEM analysis by soni-
cating the material in methanol, then placing a small amount of the solution onto lacy carbon
films supported on standard Cu-mesh TEM grids. A JEOL 2200FS probe-corrected STEM
was used for complementary high-angle annular dark-field (HAADF).

RESULTS AND DISCUSSION

XPS and STEM characterization of the evolving ruthenium—Perylene Red
interface

The C 1s core level spectra of the bare PR substrate (0 nm Ru thickness) and
the C 1s—Ru 3d core level photoemission for Ru deposits from 0.2 to 48 nm are
plotted together in Fig. 1. The bare PR C 1s core level spectra consisted of two
distinct peaks, the main, more intense peak at =285 eV from the PR aliphatic and
aromatic carbons and the less intense peak at =288 eV from the PR carbonyl
carbon. The intensity ratio of the two PR carbon peaks is in agreement with the
chemical structure.® The C 1s—Ru 3d core level spectra for Ru deposits are more
complex because the PR aliphatic and aromatic carbon peak overlap with the Ru
3d3/, photoemission. However, in spite of the complexity of the C 1s—Ru 3d line-
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shape, its change with increasing Ru coverage clearly demonstrated that chemical
interaction occurred at the Ru—PR interface. At the ultra low Ru coverages of 0.2
and 0.4 nm, a notable broadening of the Ru 3ds/; peak and a visible BE shift of
~2 eV, with respect to the metallic Ru 3ds;, BE observed for the higher cove-
rages of 12 and 48 nm, suggested the formation of multiple Ru oxidation states.”
Moreover, the preferential attenuation of the PR carbonyl carbon peak and the
emergence of a new carbon peak at 287 eV, associated with ether like C—O single
bonds, indicated that the Ru chemical attack occurred preferentially at the PR
carbonyl group sites.

Fig. 1. C 1s core level spectra for bare PR substrate and C 1s—Ru 3d core level photoemission
for Ru deposits from 0.2 to 48 nm in thickness.

The O 1s core level spectra of the evolving Ru—PR interface, shown in Fig.
2, further confirm the interaction at the interface. The Ru deposition on PR
resulted in a striking increase in the intensity of the oxygen peak associated with
ether like O—C bonds. In addition, with further ruthenium deposition, the appear-
ance of an oxide oxygen peak was obvious.

Curve fitting analysis was realized in order to resolve the multiple Ru oxi-
dation states and to quantify the chemical changes occurring at the growing inter-
face. As seen in Fig. 3, from the curve fitting analysis example of C 1s—Ru 3d
core level spectra for 1.2 nm Ru coverage, three different ruthenium chemical
states were resolved. The resolved Ru 3ds/, peaks I-1III at a BE of =280.5, ~281.5
and ~282.5 eV came from un-reacted/metallic Ru?, reacted Ru*" and reacted
Rw states, respectively.
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Fig. 2. O 1s core level spectra for bare PR substrate and O 1s core level photoemission for Ru
deposits from 0.2 to 48 nm in thickness.

Fig. 3. Curve fitting analysis of the C 1s—Ru 3d core level spectra for 1.2 nm Ru coverage.

The results of C 1s—Ru 3d curve fitting analysis are plotted in Fig. 4 as a
function of Ru deposit thickness. No un-reacted metallic Ru was present at the
interface for ultra low Ru coverage, up to 1 nm. As expected, the increase in the
contribution of metallic Ru resulted in an attenuation of the PR C—C photo-
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emission. The attenuation behavior of the resolved Ru*" and Ruw'™ species
suggested that organo—metallic Ru—O—C bonds contributed to their photoemis-
sion for Ru coverages up to 2—4 nm. Final state screening effects may also be
involved in the photoemission of the resolved Ru’* species.’” As seen from Fig. 4,
there was an initial sharp increase in the contribution of both resolved Ru reacted
states. Then, Ruw" species became attenuated by metallic Ru over-layers, while
Ru** remained flat due to its conversion into RuO, forms.

Fig. 4. Contribution of metallic and reacted Ru as a function of Ru thickness: Ru-I is un-
reacted/metallic Ru, Ru-II is reacted Ru** and Ru-III is reacted Ruw*.

The curve fitting analysis of both C 1s—Ru 3d and O Is core level spectra
along with the stoichiometry balance confirmed the chemical interaction of Ru
with PR and formation of Ru(OC), or Ru(CO), metallo—organic bonds. The co-
existence of oxide bonds was also apparent. The formation of Ru complexes with
PR may result in multiple resonance hybrid states, such as those shown in Fig. 5.
The metal-carbonyl group interaction is likely to occur and it was previously
observed for molecules that have comparable structures to that of PR.8.9

High-angle annular dark-field (HAADF) STEM images of whiskers with Ru
layer thicknesses of 0.2, 0.4, 1.2 and 4 nm are shown in Fig. 6. At the lowest
loading, Ru was present in atomic clusters. As the loading increased, the Ru
formed into crystalline nanoparticles, which further developed into an intercon-
nected network. Even at 4.0 nm thickness, regions of bare PR were observed and
mobile Ru atoms were visible in these exposed regions.
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Fig. 5. Perylene Red—ruthenium interaction: Ru—O—C complex formation and possible
resonance hybrid structures.

(@) (b)
Fig. 6. High-angle annular dark-field (HAADF) images of whiskers with Ru layers of
thicknesses 0.2, 0.4, 1.2 and 4 nm taken at a) 4 Mx and b) 10Mx magnification.

XPS and STEM characterization of an evolving iridium—Perylene Red interface

The Ir 4f, C 1s and O 1s core level spectra in Figs. 7-9 demonstrate that
interaction also occurred at the Ir—PR interface. At low Ir coverages, the Ir 4f
peaks exhibit a line-shape broadening and a BE shift of =2 eV with respect to the
BE location of metallic Ir. A preferential attenuation of the carbonyl carbon peak
and the emergence of the ether carbon peak are also apparent from the C 1s core
level spectra. The sharp increase in the oxygen peak associated with the ether
oxygen bonds could also be seen from the O 1s core level spectra, although it
was not so striking as in the case of Ru, which indicates a weaker interaction at
the Ir—PR interface. The appearance of the oxide oxygen peak at higher Ir
coverages also occurred at the Ir-PR interface.
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Fig. 7. Ir 4f core level photoemission for Ir deposits from 0.1 to 34.8 nm in thickness.

Fig. 8. C 1s core level photoemission for Ir deposits from 0.1 to 34.8 nm in thickness.

The curve fitting analysis of Ir 4f core level spectra resolved three different
Ir chemical states. The Ir 4f7/, peaks at BE of = 61, =62 and 63 eV correspond to
un-reacted/metallic Ir, reacted Ir*" and reacted Ir" states, respectively.8 The
examples of curve fitting analysis of Ir 4f core level spectra realized for Ir thick-
nesses of 1.1 and 2.1 nm are presented in Fig. 10.
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Fig. 9. O 1s core level photoemission for Ir deposits from 0.1 to 34.8 nm in thickness.

Fig. 10. Examples of Ir 4f core level curve fitting analysis realized for 1.1 and 2.2 nm thick Ir
deposits on a PR substrate.
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The results of Ir 4f curve fitting analysis are plotted in Fig. 11 as a function
of the thickness of the Ir deposit. Fig. 11 shows that un-reacted metallic Ir was
present at the interface for the lowest Ir coverages of 0.1 and 0.2 nm, which
further confirmed the weaker interactions at the Ir/PR interface compared to
those at the Ru-PR interface. The attenuation behavior of the resolved Ir*" and
I" species suggested that organo—metallic Ir-O-C bonds (I*) were formed
only at the lowest Ir coverage of 0.1 nm and that they were immediately sub-
stantially attenuated by the growing contribution of Ir oxide bonds (Ir*). As in
the case of Ru, final state screening effects may also participate in the photo-
emission of the resolved I’ species.!0 The attenuation of IrO, (Ir**) by the
growing metallic Ir occurred sharply at ~1 nm.

Fig. 11. Contribution of metallic and reacted Ir as a function of Ir thickness: Ir-I is
un-reacted/metallic Ir?, Ir-II is reacted Ir*" and Ir-III is reacted Ir>"*.

As in the case of the Ru—PR interface, the formation of organo—metallic
iridium bonds along with the Ir oxide was confirmed by the curve fitting analysis
of both Ir 4f and O 1s core level spectra along with the stoichiometry balance.

The contribution of resolved un-reacted and reacted species for both inter-
faces are plotted together in Fig. 12 to illustrate how much stronger the inter-
action of Ru with PR is relative to that of Ir with PR.

HAADF-STEM images of PR whiskers with Ru and Ir layer thicknesses of
approximately 1.2 and 0.2 nm are compared in Fig. 13. The Ir layer appears to
deposit in the same manner observed previously for Ru, with the initial formation
of small clusters at the lowest loading followed by the formation of crystalline
nanoparticles with increased deposition.
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Fig. 12. Comparison of the evolving interface behavior of Ir and Ru with PR: Contribution of
metallic and reacted states as a function of deposit thickness.

Fig. 13. Comparison of Ru—PR and Ir—PR interface nano-morphology for two different
Ru and Ir thicknesses.
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CONCLUSIONS

A systematic study of evolving Ru—PR and Ir—PR interfaces was conducted.
A strong interaction of ruthenium with Perylene Red whiskers was found to the
extent that no metallic ruthenium was present at low Ru coverage. Curve fitting
analysis and the stoichiometry balance confirmed the presence of metallo—
—organic bonds, such as Ru(OC), and Ru(CO),. A co-existence of oxide bonds
was also apparent. Interaction of iridium with Perylene Red whiskers was also
found, although not to the extent seen for ruthenium, as evidenced by the pre-
sence of metallic iridium at low iridium coverage. STEM imaging revealed a
similar growth behavior for both iridium and ruthenium, starting from small
clusters at low loadings to an interconnected network of crystalline nanoparticles
at higher loadings.

The existence of Ru—O—C bonds could indicate to the root cause of the
improved Ru OER catalyst stability on Pt—-NSTF: the strong bonding of Ru to
Perylene Red could increase the surface area of the deposited OER nanoparticles
by preventing coalescence and reduce the rate of dissolution in an electro-
chemical environment. Thus, these findings revealed a fundamental relationship
that provides a basis for understanding the electrochemical behavior of these
materials.
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H3BOJ

XPS U STEM ITPOYUABAKE ®OPMUPABA MERYCJIOJA USMERY VJITPA-TAHKOT Ru
H Ir KATAJIMTHUKOT CJIOJA 3A PEAKIIWJY U3OBAJALA KHCEOHHKA U ITOOJIOTE
Ol BUCKEPA MEPUJIEH-IPBEHOT
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(Received 27 September 2013)

[IpoyuaBaHoO je opmupame Mehycnoja usmel)y HaHO-CTPYKTypDHUX BUCKEDA NEPHJIEH-
-upseHor (PR) W pyTeHHjyM M UDHUAMjyM KaTaausaTopa 3a peakuujy H3fBajama KMCEOHHKA
(OER) xopumrhewem XPS u STEM rexnuka. IloBpurHcku cnojeBu katanusaTtopa 3a OER ned-
muHe ~0,1 1o =50 nm cy ex situ genoHoBaHu U3 racosute dase Ha PR. STEM dororpaduje cy
nmokasase ga ce, ca nmosehamem nedmune, Ru u Ir Tpancdopmunry on amopdHUX KIactepa y
KpHUCTaJIMHUYHE HAaHO-YEeCTHIle, ca aIrJloMepaTHMa KOjU IpeBasuiiase [ed/buHe MOBPLUIMHCKOT
cinoja. XPS nopanu nokxasyjy jaky uHtepakuujy usmehy Ru u PR. Ir takohe pearyje ca PR,
Mafla He y cTeleHy PerucTpoBaHoM 3a Ru. ITpH HUCKUM cTeleHMMa NMOKPHUBEHOCTH LIeTOKYII-
HM Ru je npopearosao, A0k je Mana KoJlu4KHa Ir ocrana y metaaHom odivky. Ru u Ir ce Besy-
jy Ha PR xapOOHWJIHUM MecTHMa, LITO NOKa3dyje cMameme (oToemucHje ca KapdOHMWIHUX
MEeCTa W NpeKjIaname HOBUX MHKOBA KOjU Ce MpHUIHCYjy jemHocTpykoj Be3u C—O. Ananusa
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¢uTOBaHE KpUBE U H3BEIEHAa CTeXHUOMeTpHja yKa3yjy Ha (opmHpame MeTal0—OpraHCKUX
Be3a. OUHUIIeHO je U MapaiesiHo OCTojakbe OKCUIHUX Be3a.

o

10.

(ITpummeno 27. centembpa 2013)
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Electrocatalysis of the HER in acid and alkaline media
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VOIJISLAV R. STAMENKOVIC and NENAD M. MARKOVIC*
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(Received 18 November 2013)

Abstract: Trends in the HER were studied on selected metals (M = Cu, Ag, Au,
Pt, Ru, Ir and Ti) in acid and alkaline environments. It was found that with the
exception of Pt, Ir and Au, due to high coverage by spectator species on non-
noble metal catalysts, the experimentally established positions of Cu, Ag, Ru
and Ti in the observed volcano relations are still uncertain. It was also found
that while the M—H,,q binding energy most likely controls the activity trends in
acidic solutions, the trends in activity in alkaline solutions are controlled by a
delicate balance between two descriptors: the M—H,4 interaction and the ener-
getics required to dissociate water molecules. The importance of the second
descriptor was confirmed by introducing bifunctional catalysts such as M
modified by Ni(OH); e.g., while the latter serves to enhance the catalytic
decomposition of water, the metal sites are required for collecting and recom-
bining the produced hydrogen intermediates.

Keywords: volcano plot; HER; hydrogen evolution reaction; acid; alkaline.

INTRODUCTION

Electrocatalysis lies at the heart of a spectrum of chemical transformations
that occur at electrochemical interfaces. In the near future, it will be the key
driving force for technological innovations that are urgently needed to address
the delivery of reliable, affordable, and environmentally friendly energy. There is
no rigorous definition of the term “electrocatalysis™, but in the broadest sense, it
is the study of electrode reactions where the kinetics have a strong dependence
on the nature of the electrode material.! Not surprisingly, virtually every electro-
chemical reaction in which chemical bonds are made or formed is electro-
catalytic, and the kinetics varies by many orders of magnitude for different elec-
trode materials. This is true even for the simplest electrochemical reaction in
which chemical bonds are broken,? such as the hydrogen evolution reaction
(HER), which, for decades, has served as a model reaction for probing how the

* Corresponding author. E-mail: nmmarkovic@anl.gov
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nature of the electrode material (and/or structure of the double layer3—6) may
affect electrochemical transformation of protons (acid electrolytes) or water (basic
electrolytes) into molecular hydrogen (2H* [2H,0] + 2e~ S Hj + [20H]).7-?
Traditionally, the mechanism of the HER is assumed to proceed by an initial
formation of hydrogen intermediates (denoted hereafter as H,q) which, depend-
ing on the pH of solution, are formed via charge-induced discharge of protons or
water (HT [HyO] + e~ S Haqg [+ OH™)). This, so-called Volmer step, is then fol-
lowed either by either a Tafel chemical recombination step (2H,q S Hj) or by
the transfer of a second electron in a Heyrovsky step (H" [HyO] + Hyq + €= S Hp +
+[+OH])8

Analytical, experimental, and computation analyses of this reaction have, for
the most part, been closely tied to the concept of the volcano plot. In electro-
catalysis, such plots, which generally express the rate of an electrocatalytic rea-
ction as a function of more fundamental properties of the catalyst, known as des-
criptors, date to the early HER rate expressions derived by Parsons!® and Geri-
scher.!l Parsons and Gerischer used of the hydrogen adsorption free energy
(determined by the strength of adsorption of Hyq on the catalyst surface) as a
descriptor for the trends in HER rates on different catalysts. This early analytical
volcano was followed by experimentally derived volcanoes, developed by Tra-
satti® and extending the earlier work of Krishtalik,!2 in which the measured rates
were correlated with measurements of the surface work function and the bulk
heats of hydride formation. More recently, a combination of fundamental surface
rate modeling, similar to the techniques employed by Parsons, with atom-specific
free energy data obtained from Density Functional Theory calculations, have
permitted the development of HER volcanoes in terms of descriptors (metal—hyd-
rogen bonding) that may be rapidly calculated on both metals and metal
alloys.!3-19 It should be noted that some authors, however, have identified some
challenges in generating such volcano plots from experimental results, parti-
cularly when dealing with metals that are likely to form oxides or hydrides under
HER conditions.!5 Given that the intrinsic activity of metal catalysts in alkaline
medium are ~2-3 orders of magnitude lower than in acid solutions, the question
arises as to what type of relationships between activity in the HER and the nature
of electrode material might be expect at high pH values. This has been addressed
recently in several published papers3-20:21 and will be summarized in the remain-
ing part of this paper.

EXPERIMENTAL

The Pt, Ru, Ir, Au, Ag and Cu electrodes were prepared by radio frequency (RF)
annealing at ~<800-1100 °C in a 3 % H,—Ar gas mixture, while the Ti electrode was polished
and chemically cleaned. The samples were transferred into an electrochemical cell (made from
Teflon) with the surface protected with a drop of DI water and immersed under potential
control at 0.05 V vs. the reversible hydrogen electrode (RHE) in 0.1 M KOH and 0.1 M
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HCIO,4. Ni(OH),-modified metal electrodes (ca. 3040 % coverage) were prepared by che-
mical deposition, wherein, the pristine metal electrodes were immersed and equilibrated in
0.01-0.1 M NiCl, solutions for 2—12 h. For assessing the HER activity, a sweep rate of 50 mV
s! was employed, while the rotation rate was 1600 rpm. Only the first negative going HER
scan was used for activity determination, where the current densities were obtained based on
the geometric surface area. Experiments were controlled using an Autolab PGSTAT 302N
potentiostat with IR compensation. The used gases were of research grade (5N) Ar.

RESULTS AND DISCUSSIONS
HER activities in acid electrolytes

As in the past, Fig. 1 shows that if activities for the HER of the coinage
metals (IB metals: Au, Cu, Ag), the platinum group (or PGM: Pt, Ir, Ru) metals
and the valve metal (Ti) in 0.1M HCIOy, are plotted as a function of the M—H_ 4
binding energy (the M—H,q binding energy values were taken from the litera-
ture?), a volcano relationship is established with Ir and Pt at the apex of the vol-
cano curve. Further analysis of Fig. 1 reveals that the IB group elements are posi-
tioned on the ascending slope of the volcano with order in activity increasing
from Au < Cu < Ag, which is different from the order predicted by DFT (Cu >
> Au > Ag). The exact cause of this discrepancy is currently unknown, but
considering that Cu is “less noble” than Au and Ag, it is reasonable to assume
that the experimentally measured activity of Cu could be influenced by adsorbed
spectator species, which may affect the availability of active sites required for
adsorption of the hydrogen active intermediates. Fig. 1 also shows that the ele-

Fig. 1. A volcano plot, measured in 0.1 M HCIO4 (pH 1), of several metals denoting their
HER activity, overpotential (57) at 5 mA cm2, as a function of their calculated M—H binding
energy. At the apex of the plot are the noble metals Pt and Ir, which have nearly identical
activities, while on either side are metals that either bind hydrogen too weakly (Ag) or too
strongly (Ti). Note that the order of activity of the coinage metals is Au> Cu > Ag,
which follows the trend in the M—H binding energies.
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ments that interact strongly with H,q (such as Ru and Ti) are positioned on the
descending slope of the volcano, supporting previous suggestions that the M—H,q
binding energy can be used as a descriptor for the HER. Not in passing, given
that recent analysis has demonstrated that neither Ru nor Ti are bare metals in the
HER region, it is suggested that, in fact, experimentally it is very difficult
(impossible) to determine unambiguously solely based on the metal-H,q ener-
getics what would be the correct position of these two elements in the observed
volcano relationship. This is most likely also true for the HER in alkaline solu-
tions, when the rates of the reaction are much slower than in acidic environments.
Interestingly, with one recent exception,2? there are no fundamental studies that
have focused on deriving relationships between the nature of metals and activity
of the HER at high pH values. Furthermore, there are still debates as to why the
rate of the HER is 2 to 3 orders of magnitude lower at pH 13 than at pH 1 and
why the reaction is sensitive to the structure of surface atoms in alkaline media
but largely insensitive in acidic environments.22-24 Finally, the question arises as
to whether the HER on metal surfaces in alkaline solutions can approach the
activity at low pH values. In the next two sections, focus is first directed on the
differences and similarities between the volcano-type relationships in alkaline
and acidic environments and, then, this knowledge is used to demonstrate that it
is indeed possible to improve the activities of the HER at high pH values, simply
by controlling the rates of the water dissociation step, i.e., the Volmer step.

HER activities in alkaline electrolytes

Although the HER exhibits a volcano-like behavior in alkaline solutions
(Fig. 2), there are three notable differences with change in pH: i) the activities in
alkaline solutions are lower than in acid solutions (in line with previous obser-
vation that intrinsic activity of metal catalysts in alkaline medium are ~2-3
orders of magnitude lower than in acid solutions); i7) significantly, in contrast to
acid solutions, in alkaline solution Ir is more active than Pt (>55 mV), indicating
that there might be substantial difference in the reaction mechanisms between the
HER at low and high pH values; iii) the trend in the activity between IB group
metals in alkaline solution increases from Ag < Au < Cu, an order of activity that
is different from the one observed in acidic environments (Ag < Cu < Au).
Clearly, these features cannot be explained solely based on the free energy of
hydrogen adsorption since this descriptor should be independent of the pH of the
solution. In previous reports,3:20:21 it was argued that the main difference
between the HER in acid and alkaline electrolytes lies in the source of the hyd-
rogen; while in acid solution, active intermediates are formed from protons, in
alkaline solutions an additional activation process involving the dissociation of
water is required to generate the H,q. It was recently shown that this is an impor-
tant difference and that evolution of Hy from H,O in alkaline solutions requires
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Fig. 2. A volcano plot, measured in 0.1 M KOH (pH 13), of several metals denoting their
HER activity, overpotential (57) at 5 mA cm2, as a function of their calculated M—H binding
energy. At the apex of the plot are noble metals Pt and Ir, while on either side are metals that
either bind hydrogen too weakly (Ag) or too strongly (Ti). Note the distinctions between the

volcano plot in acid electrolytes. The order of activity of the coinage metals is Cu> Au > Ag,
which no longer follows the trend in their M—H binding energy and the difference in
overpotential between Ir and Pt is significantly larger (=55—60 mV) compared to
acid electrolyte values (=1-5 mV).

materials that are equally effective for water dissociation as well as Hyq recom-
bination steps. In line with literature data,20 it was concluded that Cu is more
active for the HER in alkaline solution than Au because the former is a more
effective water dissociation catalyst; hence, in alkaline solutions, Cu provides a
higher rate for generation of hydrogen intermediates from water. The differences
observed between Pt and Ir surfaces could be explained in a similar way. Con-
sidering that there is no difference in the energetics for the Tafel step on Pt and Ir
(the same activities are observed in acid solutions), the higher activity of Ir com-
pared to Pt in alkaline solution can only be due to improved dissociation of water
on the Ir surface. Therefore, in order to construct the activity trends of the HER
in alkaline solutions, two rather than one descriptor has to be taken into account;
namely, synergy between the energy required to dissociate the water molecules
(M—water energetics) and adsorption/recombination of hydrogen intermediates
(M-H,q4 energetics).

HER activities on metals modified with a “water dissociation catalyst” in
alkaline electrolytes

In order to confirm the importance of both the descriptors in a complex
transformation of HyO to Hj in alkaline solution, the metal electrodes were modi-
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fied by Ni(OH), clusters, which are known to be extremely active in the water
dissociation step.> Thus, the activity curves in Fig. 3a and b for such modified
systems were compared with the activities for the bare (unmodified) surfaces in
the corresponding alkaline and acid environments. A close inspection of Fig. 3
unambiguously reveals that the activities for the Ni(OH),—M surfaces in alkaline

Fig. 3. a) Two volcano plots are overlaid, both measured in 0.1 M KOH (pH 13). One shows
the HER activity of bare unmodified metals, while the second was measured on Ni(OH),-
-modified metal surfaces. Note that the HER is activated by the presence of Ni(OH), on all of
the bare metal surfaces. Furthermore, on the Ni(OH),-modified surfaces, the activities for Pt
and Ir are nearly identical, and the trend of the coinage metals follows the trend in their M—H
binding energies, Au > Cu > Ag. b) Two volcano plots are overlaid, in one the HER was
measured in 0.1 M HC1O4 (pH 1) on bare metal surfaces while the other is constructed from
HER activities measured in 0.1 M KOH (pH 13) on Ni(OH),-modified metal surfaces. The
activities and positions of the elements are nearly identical suggesting that the elimination of
the role of the water dissociation step in alkaline HER is the only way to validate the use of
M-H binding energies as alkaline HER catalyst descriptors. ¢) A 2-D representation of the
proposed model for the metal solution interface within the HER potential region of the metal
surface covered by amorphous Ni(OH), clusters. The HER is promoted by the presence of the
Ni(OH);, clusters as they act as the “active” sites for water dissociation (OH* product removal
and re-adsorption of H,0), the resulting H,q4 species originating from the clusters recombine
on metal sites to form H, (Tafel step).
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solutions approach the activities in acid solution for the pure metals, i.e., Pt = Ir
and Au > Cu > Ag. Based on these result, it is proposed that the rate of proton
production from water is significantly enhanced on the Ni(OH)-M surfaces in
alkaline environments so that the rate of the overall reaction is again affected pre-
dominantly by the M—H,q4 binding energy, as is the case for acidic solutions. It
should be remembered, however, that the M—H,q energies alone cannot serve as
the physicochemical descriptor for the HER on metal surfaces in alkaline envi-
ronments. In other words, the sine qua non for the HER in alkaline medium is
clearly a synergy between the effectiveness of the catalyst to break water mole-
cules (predominantly on more oxophilic sites, such as defects or hydroxyoxides)
and to efficiently collect and recombine hydrogen intermediates on more noble
metal sites. Based on this supposition, it is reasonable to suggest that in alkaline
solutions, the more defected Pt(110) is more active than the more “perfect”
Pt(111) simply because the rate of the HER is proportional to the density of sur-
face defect sites. Along the same lines, metals covered by Ni(OH), are more
active than bare M surfaces because in a bifunctional mechanism, the edges of
Ni(OH); clusters promote the dissociation of water while the produced inter-
mediates are adsorbed and recombined on M sites (Fig. 3).

CONCLUSIONS

It is proposed that: i) due to coverage by spectator species, even in the HER
potential region, it is still questionable if it would be possible to establish experi-
mentally a true relationships between M—H,q4 energetics and catalytic activity —
therefore, with the exception of Pt, Ir and Au, the experimentally established
positions of the other metal catalysts in the observed volcano relations are uncer-
tain over the entire pH range; ii) while in acidic solutions the M—Hypq binding
energy controls the activity trends (supported by DFT calculations), the trends in
activity in alkaline solutions are controlled by a delicate balance between two
descriptors: the M—H,q4 interaction as well as the energetics required to dissociate
water molecules; ii7) the importance of the second descriptor was confirmed by
the introduction of bifunctional catalysts, such as M modified by Ni(OH); e.g.,
while the latter serves to enhance catalytic decomposition of water, the metal
sites are required for the collection and recombination of the produced hydrogen
intermediates.
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H3BOJ

EJIEKTPOKATAJIN3A PEAKITMJE U3JIBAJALA BOJOHHKA Y KUCEJIOJ U AJIKAJTHOJ

CPEJVHHU

NEMANIJA DANILOVIC, RAM SUBBARAMAN, DUSAN STRMCNIK, VOJISLAV R. STAMENKOVIC
u NENAD M. MARKOVIC

Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

[TpoyyaBaHu Cy TPEHIOBH peakuuje usnBajama BomoHruka (HER) y kucenoj u anmkamHoj

cpenvHUHM Ha opfjabpaHum Mertanuma (M: Cu, Ag, Au, Pt, Ru, Ir u Ti). Haheno je pa cy, ca
usysetkoM Pt, Ir u Au 300r BHCOKOI CTeneHa NMOKPUBEHOCTH HEAKTUBHMM afCcOPOOBaHUM
Bpcrama nosunuje Cu, Ag, Ru u Ti Ha excnepuMeHTanHO ofipel)eHUM “BylIKaHCKUM” KpUBaMa
jom ysek HenoysgaHe. Taxolhe je yTBpheHO a Cy TPEHAOBH aKTHBHOCTH Y aIKaJIHOj CPEIUHU
onpeheHu oceT/bUBUM OMIAHCOM [IBa JleCKpUNTOpa: HHTepakuuje M—H,4 1 eHepruje norped-

HE

3a oMCOLMjalUjy MOJIeKyia Bone, JOK y KHCeJ0j CPeIVUHHU TPeHIOBe aKTUBHOCTH HajBepo-

BaTHWje onpebhyje enepruja Bese M—H,,q. 3Ha4aj eHepruje nucouujaluje Bofe je noTBphen
yBOOjewmeM OU-(YHKIMOHAMHOI KaTanau3aTopa kao wrto je M mopudukoBan Ni(OH). ok
Ni(OH) xaranuTvuku ydp3aBa [AE€KOMIIO3ULMjy BOZE, METAl j€ HEONXOHaH 3a IPyNHCAme U
pexoMOuHaLUjy HAacTaIuX BONOHUYHUX HHTEpMeujapa.
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Abstract: An electrochemical quartz crystal nanobalance was used to study the
redox behavior of palladium phthalocyanine microcrystals attached to gold and
platinum in aqueous solutions at different pH values. In order to investigate the
substrate effect, paraffin impregnated graphite electrodes were also applied. It
was found that the redox transformations of palladium phthalocyanine are
accompanied with deprotonation—protonation as well as the sorption and
desorption of counter-ions, the extent of which depend on the pH. Based on the
results of the nanogravimetric measurements, a redox mechanism describing
the pH dependence is suggested. Simultaneously with charge transfer pro-
cesses, solid—solid phase transitions and water transport occur.

Keywords: palladium phthalocyanine; microcrystals; electrochemical quartz
crystal nanobalance (EQCN); redox transformations; solid—solid phase tran-
sition.

INTRODUCTION

The first phthalocyanine (iron phthalocyanine) was discovered by chance in
1928 during the industrial production of phthalimide, and it was first studied in
detail by Linstead. Linstead published a series of papers devoted to the pre-
paration and characterization of several phthalocyanines, and he also proposed
the structure of this class of compounds.! Investigations of the electrochemical
behavior of phthalocyanines have been in the foreground of research during the
last 30 years,2-46(and citations therein) especially as a catalyst of the oxygen reduc-
tion reaction, since it is of utmost importance to find a suitable and cheap catalyst
that could replace the expensive platinum. A wide range of other applications

* Corresponding author. E-mail: inzeltgy@chem.elte.hu

doi: 10.2298/JSC130909094N

* This paper is dedicated to Professor Branislav Nikoli¢ on the occasion of his 70™ birthday
with the acknowledgement of his outstanding contributions to the development of electro-
chemistry.

2017

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



20 1 8 NEMES, MOORE and INZELT

beside catalysis, such as in electrochromic display devices, in electrochemical
power sources including solar cells and in sensors has been put forward. How-
ever, elucidation of the electrochemical processes occurring during the redox
transformations of phthalocyanines is an interesting and challenging task in itself.
A survey of the literature revealed that there are not two similar cyclic voltam-
mograms on a given phthalocyanine in papers devoted to the study of this group
of compounds. The main reason is that the voltammetric and other (e.g., spec-
troscopic) responses of the phthalocyanine ring (Pc) strongly depend on metal
ions in the centre of the ring, the substituents on the periphery of the macrocyclic
ring, the solvent and the electrolyte used (especially when complex forming
agents are present), the presence of oxygen, temperature and even the morpho-
logy of the surface layer (adsorbed or deposited by different methods). A further
difficulty in the comparison of the results is that in the majority of the cases,
substituted phthalocyanines were used to make the compound soluble. Many
diverse processes, including irreversible ones, can occur, such as the formation of
peroxy and oxo-bridged species in contact with oxygen in solution or even in
solid form, or nucleation-growth-like phase transition in the solid layer during
redox processes. The variety of the shapes of the voltammograms is due to
thermodynamic reasons and to kinetic effects.

According to theoretical considerations, if the d orbitals of a metal are posi-
tioned between HOMO and LUMO gap of the phthalocyanine (Pc2-) ligand, e.g.,
this is the case for Co and Fe, the redox transformation of the central metal ion
can be observed, especially if suitable coordinating species are present in the
solution. For other metal phthalocyanines, such as Cu, Ni, Zn, Pt and Pd, the
metal ions do not participate in redox processes, only the Pc ring will be oxidized
or reduced.!#:15.29.30 A wide arsenal of non-electrochemical methods have been
used to characterize the different phthalocyanines, however, the electrochemical
quartz crystal nanobalance (EQCN) has not yet been exploited, only platinum
phthalocyanine microcrystals in contact with aqueous sulfuric acid and sodium
sulfate solutions33 and palladium phthalocyanine films in non-aqueous solu-
tions2? have been studied by this technique. While FePc, CoPc, MnPc, MgPc,
etc., have been thoroughly investigated, only few of studies have been devoted to
PtPc19-23,28,33 3nd PdPc.29-31

In the present study, our attention was focused on an EQCN study of palla-
dium phthalocyanine (PdPc) microcrystals attached to different substrates and
investigated under different conditions.

EXPERIMENTAL

Palladium phthalocyanine (PdPc) (Merck) was used without further purification. Anal-
ytical grade chemicals such as H,SO4 (Merck), Na,SO4 (Merck) and NaOH (Sigma—Aldrich)
were used as received. Doubly distilled water was used (Millipore water). A sodium chloride
saturated calomel electrode (SCE) was used as the reference electrode, which was carefully
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separated from the main compartment by a double frit. A platinum or a gold wire served as the
counter electrode. Cycling of the potential as a pretreatment of the electrode was performed
before each experiment in the supporting electrolyte, until a voltammogram characteristic of a
clean Au, Pt or PIGE electrode was obtained. Phthalocyanine microcrystals were attached to
the gold, platinum or paraffin impregnated graphite (PIGE) surface (surface area, 4 = 0.196
cm?) either by mechanical abrasion or from a sonicated phthalocyanine—2-propanol sol via
dropping an adequate amount of the suspension and drying it. The sonification was realized
using a Realsonic 57, Korea.

Five-MHz AT-cut crystals of 2.54 cm diameter coated with gold or platinum (Stanford
Research Systems, SRS, U.S.A.) were used in the EQCN measurements. The electroche-
mically and the piezoelectrically active areas were 1.37 and 0.4 cm?, respectively. The integral
sensitivity of the crystals (Cy) was found to be 56.6x10° Hz g'! cm?, i.e., 1 Hz corresponded to
17.7 ng cm2. The integral sensitivity was calculated from the frequency change measured
during silver deposition / dissolution or from the electroreduction of gold oxide using the
“effective” charge related to the piezoelectrically active area, i.e., the total charge consumed
during the calibration was multiplied by the ratio of the piezoelectrically active and the elec-
trochemically active areas. The experimental setup and conditions were the same as those
previously reported.*’-*® The apparent molar mass of the deposited or the exchanged species
(M) was calculated from the slope of the Af vs. Q curve using the following formula: M =
= (nFA/Cy) dAfIdQ, where n is the number of electrons involved in the electrochemical reac-
tion, F is the Faraday constant, Afis the frequency change, Q is the charge consumed and 4 is
the electrode surface area. Although the requirements (uniform and homogeneous surface
layer) for the application of the Sauerbrey Equation*® were not strictly met, based on the
measured frequency values, a rough estimation could be performed. The relative values of Af'
obtained for the incorporation of different ions and solvent molecules, however, should be
approximately correct. The crystals were mounted in a holder made from Kynar®
(poly(vinilidene flouride)) and connected to a SRS QCM 200 unit. Either an Elektroflex 453
potentiostat or a Biologic VSP potentiostat and a Universal Frequency Counter PM6685
(Fluke) connected to an IBM personal computer were used for the control of the measure-
ments and for data acquisition.

Simultaneously with the frequency, the surface resistance (loss) was also monitored. As
it remained constant, the behavior of the surface layer consisting of microcrystals remained
elastic during the electrochemical transformations, i.e., no viscoelastic effect appeared.

RESULTS AND DISCUSSION
Cyclic voltammetric and EQCN responses for freshly prepared layers

Figure 1 shows a series of consecutive cyclic voltammograms obtained for
PdPc microcrystals deposited on PIGE in contact with deaerated sulfuric acid
solution. During cycling, four anodic waves and three cathodic waves developed;
waves Il,, II; and IV, continuously increased, as can be seen in Fig. 1. However,
this pattern depended on several factors: potential limits, presence or absence of
oxygen, the type of the substrate, the nature and concentration of the electrolyte,
the layer thickness and the deposition method.

This type of voltammogram developed only if the positive potential limit
was higher than 1 V vs. SCE, i.e., if the region of the oxidation at peak I, was
achieved in acidic solutions. For the re-reduction of the PdPc, relatively high
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negative potential, higher than ca. —0.35 V had to be applied. The irreversible
nature of the voltammetric wave indicates that a chemical reaction was coupled
to electron transfer steps. The big difference between the anodic and cathodic
peaks could be related to a phase transition in the solid layer of microcrystals.
The peaks were named in series according to the order of their potential. Peak
IV, obviously belonged to the anodic waves I, and II,, since the charge injected
(electrons removed) was regained in the potential region of [V.

Fig. 1. Consecutive cyclic voltammograms (14 cycles) obtained for PdPc microcrystals
deposited on PIGE. Electrolyte: 1 mol dm= deaerated sulfuric acid. Scan rate: 100 mV s1.

The very first cycle always differs from the subsequent ones, as can be seen
in Fig. 2. Figure 2 also shows the effect of the positive potential limit since
during the first cycle when the switching potential was set to 1 V, only a small
current increase commenced at ca. 0.8 V but when 1.4 V was chosen as the
positive potential limit, peak I, became a well-developed peak and the I, wave
also appeared. The third cycle was started from —0.5 V, and while the reduction
currents remained practically the same, three oxidation waves (I, 1I,, 1II; and
IV,) could be seen; peak I, became smaller and shifted in the direction of less
positive potentials.

The EQCN results revealed that a mass increase occurred simultaneously
with the charge injection, which could be related to the incorporation of counter
ions and water molecules in the layer of microcrystals (Fig. 3). The average
molar mass derived for the interval between 0.9 and 1 V was M = 12615 g mol -,
which somewhat increased in the course of consecutive cycles. However, at the
beginning of the oxidation, a much smaller value, M = 28+3 g mol~! was
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obtained, while close to the 1 V limit, this value increased to M = 259+25 g mol !,

which indicated that the very first process was deprotonation, and the anions
entered the layer in a later phase of the oxidation.

600 -
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-200

-400

-04 -02 00 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E/V vs. SCE
Fig. 2. Cyclic voltammograms obtained for a freshly prepared PdPc layer of microcrystals
deposited on PIGE. Electrolyte: 0.5 mol dm= non-deaerated sulfuric acid. Scan rate:
100 mV s’!. Potential limits were as follows: 1) first cycle from 0.3 to 1V, 2)
second cycle from —0.3 to 1.4 V and 3) third cycle from —0.5 to 1.4 V.
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Fig. 3. Cyclic voltammograms (solid line) and the simultaneously obtained EQCN frequency
changes (dotted line) for a freshly deposited PdPc layer of microcrystals on Au. Cycling was
started from the open-circuit potential. Electrolyte: 1 mol dm™ deaerated sulfuric acid.
Scan rate: 20 mV s°!.
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However, this effect was observed only during the conditioning period. If the
positive potential limit was set above 1 V, a mass decrease was observed, which
was due to the dissolution of the microcrystals (Fig. 4). This dissolution or dela-
mination of a portion of PdPc ceased after several cycles and both the cyclic vol-
tammogram and the EQCN curve remained stable thereafter, providing that the
experimental conditions, e.g., the potential limit of cycling, remained the same.

Fig. 4. Consecutive cyclic voltammograms (solid line) and the simultaneously obtained
EQCN frequency changes (dotted line) for PdPc microcrystals on Au. Electrolyte: 1 mol dm
deaerated sulfuric acid. Scan rate: 20 mV s,

Effect of the positive potential limit

The importance of the potential limits has already been emphasized. How-
ever, a closer look at this effect revealed an interesting phenomenon. While — as
expected — the development of peak I, and the respective peak I. occurred
gradually if the potential exceeds ca. 1 V, wave Il; appeared even when the
positive potential did not reach this region. The EQCN frequency changes, how-
ever, evidenced that a different process started at lower potentials. Below ca. 1 V, a
frequency increase occurred, while above it, a frequency decrease started. It fol-
lows that in the first phase of oxidation, the oxidation was accompanied by
deprotonation, and anions entered the layer only at higher positive potentials. The
latter process continued even during the cathodic half-cycle (Fig. 5).

Effect of the presence of oxygen

As seen in Fig. 6, in the presence oxygen the pair of waves 1I, and Il does
not appear, I, and I; increase, and oxygen reduction starts at ca. 0.1 V. However,
it is true only of layers after many cycles. (Voltammograms displayed on Figs. 1
and 6 were obtained for the same layer of microcrystals.) For a virgin layer, even
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in the presence of oxygen, wave Il appears and wave III,, which is usually only
a very small one, presents itself as a well-developed peak (Fig. 2).
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Fig. 5. a) Cyclic voltammograms and b) the simultaneously obtained EQCN frequency
changes for PdPc microcrystals on Pt at different positive potential limits. Electrolyte:
1 mol dm deaerated sulfuric acid. Scan rate: 20 mV s,

In the case of PtPc, it is claimed that peak I, is associated with the oxidation
of the phthalocyanine at, or near to the Au | PtPc interface, and develops during
repetitive cycling.2333 However, this statement is somewhat contradictory since
it is to be expected that this wave would appear at the early phase of oxidation
and would increase continuously. However, as it does not develop in the presence
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of oxygen when PIGE and Au were substrates or when a Pt electrode was used, it
could be concluded that it is rather due to the absence of interaction with oxygen.
In the case of the Pt substrate, it could be explained by the interaction with PtO,
which already appears in this potential range. Therefore, it is more likely that
peak 11, does not appear if oxo or peroxy-bridged compounds are present (peroxy
species are formed at low potentials).

Fig. 6. Cyclic voltammograms obtained for PdPc microcrystals deposited on PIGE.
Electrolyte: 1) 1 mol dm™ deaerated and 2) oxygen saturated sulfuric acid.
Scan rate: 100 mV s°!.

Effect of scan rate

The scan rate dependence for a PIGE-PdPc system under an argon atmos-
phere is shown in Fig. 7. From the current (/) vs. scan rate (v) plots, it could be
concluded that both I,-I. and II,—II. are surface waves since the function is
linear, and the peak potential does not shift substantially with scan rate. In the
potential region of wave IV, hydrogen evolution overlaps with the reduction of
PdPc, which renders such analysis meaningless.

However, in the case of thick layers of microcrystals at higher scan rates, the
cyclic voltammetric response becomes diffusional (Fig. 8).

It is even more noteworthy that at higher scan rates, the incorporation of the
ionic species and especially of water, which is probably the slowest process, are
incomplete. The shape of the cyclic voltammograms remain practically unaltered,
i.e., the relative slowness of the anion incorporation is responsible for the
diffusional behavior at high scan rates, while the lag of the water sorption is
responsible for the incomplete mass change during the positive-going scan.
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Fig. 7. Cyclic voltammograms obtained for PdPc microcrystals deposited on PIGE.
Electrolyte: 1 mol dm™ deaerated sulfuric acid. Scan rates: 1) 5, 2) 20 and 3) 100 mV s

Base line corrections

In the case of PIGE and gold, very low anodic current flows in the potential
region of interest, and the oxide-reduction current, which might be substantial, is
also small if the positive potential limit applied is less than 1.25 V. On the other
hand, for platinum in both the hydrogen underpotential deposition (H-UPD)
region and the oxide region substantial anodic and cathodic currents, respecti-
vely, arise. In the case of the calculation of the apparent molar mass value for the
exchanged species, the charge and the frequency change should be corrected. The
comparison when a gold substrate was used is shown in Fig. 9.

The cyclic voltammogram of PdPc shown in Fig. 9a does not show any con-
tribution from the reduction of gold oxide. Furthermore, the EQCN frequency
response (Fig. 9b) obtained for Au—PdPc was orders of magnitude higher than
that of the gold electrode, i.e., the surface of the gold electrode was covered by
PdPc and the contribution from the gold substrate was negligible. It was also
observed that even at high positive potential limits, the formation of gold oxide
was hindered in the presence of PdPc.

As seen in Fig 10, in the case of platinum, the background current should be
taken into account, even though both hydrogen adsorption in the H-UPD region
and oxide formation are somewhat hindered by the surface PdPc layer of micro-
crystals. On the other hand, the EQCN response originating from the platinum
oxide formation and reduction are negligibly small compared with the frequency
change due to the PdPc crystals.
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Fig. 8. a) Cyclic voltammograms and b) EQCN curves for PdPc microcrystals deposited on Pt.
Electrolyte: 1 mol dm™ deaerated sulfuric acid. Scan rates: 1) 5, 2) 20 and 3) 100 mV s,

It could be concluded that the substrate—phthalocyanine interaction only
slightly affected the voltammetric response at least compared to the behaviors of
the layers on PIGE, Au and Pt, respectively. Under the same conditions (electro-
lyte composition, scan rate, potential region), the shift of the characteristic peak
potentials was less than ca. 30 mV.

Effect of pH

On replacing sulfuric acid with a NaySQy4 solution, the respective waves
appeared; however, as expected for any pH-dependent process, they were shifted
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in the direction of more negative potentials (Fig. 11). This pH effect will be
analyzed later because the NapySOy4 solution is an unbuffered system, i.e., a pH
change could occur near the electrode surface when protons are released or
consumed. Experiments in the presence of phosphate buffers were also
performed. However, a decreased electrochemical activity was observed when
phosphate ions were present.

Fig. 9. a) Cyclic voltammograms and b) the simultaneously obtained EQCN frequency
changes for 1) a gold electrode and 2) an Au|PdPc layer. Electrolyte: 0.5 mol dm™ deaerated
sulfuric acid. Scan rate: 100 mV s°!.
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Fig. 10. Cyclic voltammograms (dotted line 1 Pt, continuous line 2 Pt|PdPc) and the
simultaneously obtained EQCN frequency changes (dashed line 1’ Pt, dashed line 2’ Pt|PdPc)
for 1) a platinum electrode and 2) a Pt|PdPc electrode. Electrolyte: 1 mol dm™ deaerated
sulfuric acid. Scan rate: 100 mV s°!.
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Fig. 11. Cyclic voltammogram (solid line) and the simultaneously obtained EQCN frequency
curve (dashed line) obtained for PdPc microcrystals attached to Au. Electrolyte: 0.5 mol dm™3
deaerated Na,SO, solution. Scan rate: 5 mV s°!.

At ca. 0.5 V, a reversible pair of waves developed, which could be assigned
to the hydrogen redox reaction since further reduction and re-oxidation of Pc ring
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would involve a higher mass change due to the ionic exchange process. Never-
theless, it cannot be excluded that the redox reaction of PdPc contributes to this
pair of waves, if protonation and deprotonation, respectively, occur. The EQCN
curve is also of interest. Instead of the almost constant mass observed in acidic
solutions, a frequency decrease (mass increase) was observed that commenced at
wave II,. In the region of wave I,, the measured surface mass decreased again, as
was also observed in acidic solution. Passing the reduction wave (Il;), the mass
increased again. At the end of the cycle, the mass of the electrode was higher
than its initial value. After several cycles at higher scan rates, the frequency
returned to its starting value. This means that anions were incorporated and that a
certain number of these ions remained permanently in the layer. Such an effect
was previously observed e.g., for PtPc layers in organic media.2! As the peak
potentials depend on the pH, the deprotonation accompanying the redox pro-
cesses still prevails and positive charges appear in the PdPc layer that are com-
pensated by the negatively charged counter-ions. In neutral media, the partici-
pation of the cations, in this case Na™ cannot be excluded, either, since it was
detected in the course of voltammetric studies of CoPc.!8

In NaOH solution, all the waves appeared although the anodic waves were
rather stretched while the cathodic peaks were well developed (Fig. 12). The
EQCN response was substantially different from those measured in acidic or
neutral solutions. At high negative potentials, a rather large, reversible frequency
change was observed. During the anodic scan, this frequency increase was
followed by a frequency decrease in the potential region of wave II,. Reaching

200 4 L 4983.04

150

-4983.02
100

50+ L 4983.00

I uA
fl kHz

- 4982.98
-50 -

-100

T T T T T T T T 4982.96
08 -06 04 02 00 0.2 0.4 06

E/Vvs. SCE
Fig. 12. Cyclic voltammogram (solid line) and the simultaneously obtained EQCN frequency
curve (dashed line) obtained for PdPc microcrystals attached to Au. Electrolyte: 0.1 mol dm-3
NaOH + 0.4 mol dm™ deaerated Na,SO, solution. Scan rate: 50 mV s1.
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the region of wave I, a small frequency increase again occurred. After potential
reversal, slight mass increases occurred in two steps at the two cathodic waves,
and eventually below ca. —0.4 V, the mass increased steeply until ca. —0.7 V. The
apparent molar mass that could be calculated in this potential region was M =
=1025+75 g mol~! for both the oxidation and the reduction processes.

A comparison of the pH dependence of the voltammetric and EQCN
responses can be found in Fig. 13.
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Fig. 13. a) Cyclic voltammograms and b) the simultaneously obtained EQCN frequency curve

obtained for PdPc microcrystals attached to Au. Electrolyte: 1) 0.5 mol dm™ sulfuric acid, 2)

0.5 mol dm™ Na,SO,4 and 3) 0.1 mol dm NaOH + 0.4 mol dm™ deaerated Na,SO, solution.
All solutions were deaerated with argon. Scan rate: 50 mV s1.
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It is difficult to compare the peak potentials for the anodic peak. However,
the potential shifts in the cases of waves I and Il were found to be 700 and 600
mV, respectively, which was similar to the value of —780 mV expected for a
H*/e~ process. Therefore, H ions certainly participate in the electrochemical
transformations of PdPc. The changes of shape and magnitude of the EQCN
responses show an increasing participation of species heavier than protons, which
are obviously anions.

Usually, a rather simple scheme for the electrochemical transformations has
been suggested when the central ion (e.g., Me = Mg, Pt or Pd) does not undergo a
redox process:

Me2+Pc2~ + A~ 1 Me2"Pc A~ +e~ (D)

which, in the case of solid phase electrochemistry, necessarily involves the incur-
poration of an anion (A7) in the layer. The removal of an electron from the ring
renders the phthalocyanine conductive.

However, it was also suggested!0 that water molecules and/or OH~ could
participate in the redox process as follows:

MePc-H,OU MePctOH™ +Ht +e~ 2)

which may explain the observed pH dependence.

From the obtained EQCN results taking into account also the shift of the
peak potentials, it can be assumed that PdPc is protonated in its reduced form in
aqueous acidic media and counter-ions compensate the positive charge, which
are already present in the surface layer of microcrystals. During oxidation, H30™
leaves the layer, and the exchange of anions is a minor process (see Scheme 1).

Scheme 1. The protonation equilibrium and the ionic exchange process during the
electrochemical transformation of PdPc.
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Surprisingly, the shift of the peak potentials as a function of concentration of sul-
furic acid was previously assigned to the concentration changes of the anions,33
albeit the shift observed was just the opposite to that expected based on the
Nernst Law. However, an influx of protons was also assumed at short time
scales. In sodium sulfate solutions, sorption and desorption of cations were also
considered. With increasing pH and high positive potentials, the incorporation
and expulsion of anions during the oxidation and reduction processes, respecti-
vely, would become the dominant process. In different non-aqueous solutions,
only anion exchange was observed for conditioned PdPc layers,2® which is
understandable since no protonation could occur.

Of course, this is a rather simplified scheme since PdPc, as other metallic
phthalocyanines, exists in different forms (monomeric and dimeric29), it has
different degrees of crystallinity that change during electrochemical treatments.30
Phase transitions can also occur during electrochemical transformation, which
manifest themselves in a large separation of the respective pairs of waves, since
additional energy is required to create a solid—solid interface between the reduced
and non-reduced forms.51-53 The phase transitions also influence the EQCN res-
ponse because surface structural changes cause strain in the surface layer that can
lead to anomalously large frequency changes (M values),33-58 i.e., the M values
that are calculated from the frequency change and the charge will not be the same
as the molar masses of the exchanged, charged species, counter-ions or hydrated
protons that enter the layer consisting of microcrystals to maintain electroneut-
rality. Solvent sorption—desorption accompanying the charging—discharging pro-
cesses and the phase transition may also affect the M values that can be derived
from the EQCN data. Phase transition and dehydration—hydration are the only
explanation for the very high but reversible frequency change observed in alka-
line media during the initial oxidation and re-reduction (Curve 3, Fig. 10), where
M =1025+75 g mol~! was calculated. Other factors that should be considered for
the elucidation of the rather complex mass change pattern as a function of poten-
tial are the spontaneous binding and removal of O; (especially when an oxygen-
-saturated solution is used), HyO, (formed during the reduction of oxygen mole-
cules) and OH™ in alkaline media, the effects of which depend on the nature of
the central metal ion and are therefore responsible for the different catalytic acti-
vities.4!

Detailed analysis of the EQCN responses

In order to emphasize the important features, two characteristic cyclic EQCN
curves obtained after several cycles are discussed below.

When wave II, appears, a mass decrease could be detected in this region in
acidic solutions (Fig. 14). The calculated molar mass was M = 20+2 g mol!,
which may be interpreted as the loss of a H3O" per electron. Although, some
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detachment (dissolution) of the oxidized PdPc cannot be excluded, the observed
effect is certainly due to the exchange of one or more species between the surface
layer and the solution. (In the case of detachment, the mass loss would be per-
manent and higher, while here the original frequency value was more or less
regained, albeit slowly.)

Fig. 14. Cyclic voltammogram (solid line) and the simultaneously obtained EQCN frequency
curve (dashed line) obtained for PdPc microcrystals attached to Au. Electrolyte: 0.5 mol dm-3
deaerated sulfuric acid. Scan rate: 10 mV s71.

Even more instructive is the analysis of the EQCN curves obtained for a
Pt—PdPc electrode at a slow scan rate (Fig. 15).

A slight mass increase could be observed in the region where no redox
process occurs, i.e., it is due to double layer charging. On reaching the region of
peak I, a substantial frequency increase occurred. However, it became evident
that wave [, in fact, consisted of two waves. At the second peak at more positive
potentials, a large frequency decrease occurred that continued until positive cur-
rent flowed during the reverse scan. No frequency change was observed until the
reduction commenced at wave I, where a frequency increase occurred. However,
this relatively small frequency increase was followed by a more intense fre-
quency decrease that continued after wave Il., with a lower slope until the end of
the cathodic cycle. It is evident that no dissolution processes occurred in the
regions of intense frequency increase, since at the end of the cycle, an overall
mass gain was obtained. From the Af vs. Q plots, the following values for the
apparent molar masses were calculated. In the region of peak I, M = 230.6+£20 g
mol~! was calculated for the “mass decrease” (the error is estimated herein since
it was calculated from this, single measurement), while for the “mass increase” at
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the wave at the more positive potential M = 213+20 g mol~! was found. There
are two possible explanations. First, at low scan rates, there is enough time for
the solvent transport to be completed, and the deprotonation was accompanied by
intense dehydration of the PdPc layer. This was followed by the incorporation of
hydrated anions. However, it is likely that a phase transition also occurred in this
region, which was partially responsible for the dehydration—hydration processes.
This is supported by the analysis of the cathodic scan where, at peak I, a fre-
quency increase—decrease pattern was observed that is characteristic of phase
transition processes and the respective stress generated in the surface layer as
well as of dehydration-hydration phenomena.>4-38 Here M = 156+20 g mol~!
and 258+20 g mol~! were calculated for the regions of frequency increase and
decrease, respectively. For the potential region less positive than the peak poten-
tial of II,, a value of M = 18+2 g mol~! was obtained, which might be due to
slow rehydration of the layer.
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Fig. 15. Cyclic voltammograms (solid line) and the simultaneously obtained EQCN frequency
changes (dashed line) for a Pt|PdPc electrode. Cycling was started from the open-circuit
potential. Electrolyte: 1 mol dm™> deaerated sulfuric acid. Scan rate: 2 mV s1.

CONCLUSIONS

The shape of the cyclic voltammograms, i.e., the number of oxidation and
reduction peaks and their relative ratios depend on several factors, such as the
potential limits, presence and absence of oxygen, the type of the substrate, the
nature and the concentration of the electrolyte, as well as the layer thickness and
the method of the deposition.

In aqueous acidic media, PdPc¢ is protonated in its reduced form and counter-
ions compensate the positive charge; therefore, they are already present in the
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surface layer. During oxidation, H30" leave the layer of microcrystals and the
exchange of anions is a minor process in acid media except at high positive
potentials. With increasing pH, the incorporation and expulsion of anions during
the oxidation and reduction processes, respectively, becomes the dominant process.

Phase transitions also occur during the electrochemical transformations,
which manifest themselves in the large separation of the respective pair of waves.
The phase transition also influences the EQCN response because the surface
structural changes cause strain in the surface layer, which leads to anomalously
large frequency changes. Solvent sorption—desorption accompanies the charging—
—discharging processes and the phase transitions.

It was also observed that even at high positive potential limits, the presence
of PdPc hinders the formation of gold or platinum oxide, respectively, as well as
the hydrogen adsorption on Pt in the hydrogen UPD region.
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H3BOJ

EJIEKTPOXEMHICKO U HAHOTPABUMETPHUJCKO UCIIUTUBALE MUKPOKPHCTAJTA
MATTAINIYM-OTAJIOOUJAHUHA

AKOS NEMES, COLIN E. MOORE u GYORGY INZELT

Department of Physical Chemistry, Institute of Chemistry, Eotvos Lordnd University, Pdzmdny Péter sétany
1/A, 1117 Budapest, Hungary

EnexTpoxeMujcka KBapllHa HaHOBara je kopuirheHa 3a UCIUTHBabE PefoKC TpaHCchop-
Mallfja MUKPOKPHCTaja TMalafujyM-QTalolijaHNHa KOjH Cy OWIM IEernoHOBAaHW HA 371aTO M
IUVIaTUHY Y pacTBOpUMa pasnuyuTux BpenHoctd pH. [la Ou ce ucnurao edekar cymncrpara,
kopuurheHa je u rpadUTHA eeKkTposa UMIIperHipaHa napaduHom. ITokasaHo je 1a cy penokc
TpaHchopMmauyje nanagujym-@ranonyjaHuHa npaheHe mpouecHMa AeNpOTOHALWje—IIPOTO-
Halldje Kao W COpIIHje U AecopHuuje joHa CyNpOTHOT HaeleKTpHcamwa, PeCHeKTUBHO, NMpHU
yeMy HHXOB CTelleH 3aBUCH of BpegHocTH pH pactBopa. Ha oCHOBY pe3yinTaTa HaHOIpaBH-
METPHjCKUX Mepema MPEII0KEH je MeXaHW3aM KOjH odjallkaBa 3aBUCHOCT MMOMEHYTHX IMPO-
neca of pH. Takobe je yTBpheHo fja ce HCTOBPeMEHO ca IpollecMa INpesas3a HaeleKTpHcama
OmMrpaBajy U da3HH Npesia3y YBPCTO—YBPCTO U TPAHCIOPT BOAE.

(ITpumibeHo 9. ccentemdpa, pesupupano 19. centemdpa 2013)
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Abstract: It was found that CoPc and 16(F)CoPc when adsorbed on a graphite
electrode exhibited voltammograms in alkaline solution (0.2 M NaOH) that
show the typical redox peaks attributable to the reversible Co(II)/(I) redox
process. The peak potential for CoPc was independent of the surface concen-
tration of the catalyst. In contrast, for 16(F)CoPc, the Co(II)/(I) redox process
shifted to more negative potentials with increasing surface concentration of the
catalyst. In a volcano correlation of log (i/1)g (activity per active site) versus
the Co(I)/(I) formal potential of the catalyst (using several CoN4 chelates),
CoPc appeared in the ascending portion (the activity increased with the Co
(ID)/(T) redox potential), whereas 16(F)CoPc appeared in the region where the
activity decreases with the redox potential. In a plot of log (i/I)g versus the
Co(ID/(I) formal potential of 16(F)CoPc, the declining portion of the volcano
was reproduced for one single complex. Thus, 16(F)CoPc at different surface
concentrations behaved as Co complexes, having different redox potential in
the declining portion of the volcano plot, when the activity is normalized to the
surface concentration. This was not observed for CoPc.

Keywords: cobalt phthalocyanine; cobalt-hexadecafluoro-phthalocyanine; sur-
face concentration-dependent redox potential; hydrazine oxidation; electro-
catalysis.
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INTRODUCTION

Hydrazine (N,Hy) is a powerful reducing agent, which can be employed in
the anode in fuel cells.!-> Hydrazine and its derivatives are frequently found in
the environment and are used as essential raw materials and/or intermediates in
some industrial preparations, such as in the production of pesticides, but they are
also suspected of being carcinogenic and mutagenic.® However, in spite of its high
reactivity, hydrazine presents a rather large oxidization overpotential on most
electrode materials.” One approach for minimizing the overpotential of the reac-
tion is the use of chemically modified electrodes (CMEs), which contain specifi-
cally selected redox mediators immobilized on conventional materials, such as
glassy carbon and graphite. Metallophthalocyanine-modified electrodes have been
extensively studied due to their electrocatalytic activity for numerous reactions.820
In the past years, various chemically modified electrodes have been prepared and
employed in the determination of hydrazine, including cobalt phthalocyanine-modi-
fied carbon paste electrodes, ruthenium cyanide film-coated electrodes, cobalt tet-
raphenylporphyrin-modified electrodes, an inorganic mixed-valent Prussian Blue
film-coated electrode, an oxymanganese film-modified electrode and an adsorbed
vitamin B, electrode.21-38 However, in spite of the great variety of modified
electrode systems studied for the oxidation of hydrazine, there are only a few
systematic studies on the parameters that control the activity of these elec-
trodes,29-32,38.39 including theoretical calculations.#0-43 In particular, one
reactivity parameter that has been studied in some detail is the effect of M(II)/(I)
or M(III)/(IT) formal potential of MN4 catalysts on their electrocatalytic activity,
with the employed formal potential depending on the reaction.22-24,29-32,38,39
For example, when comparing catalytic activities as currents at a constant poten-
tial, normalized to the surface concentration of the catalyst, 7~ (mol cm~2), non-
linear correlations of log (i//)g vs. E°' (the formal potential of the M(I1)/(I) catal-
yst) were obtained,29-32:38.39 and this was not only true for hydrazine oxidation,
but for other reactions as well.11:16,17.18.32 The correlations have the shape of a
volcano, indicating that the formal potential of the catalysts need to be “tuned” to
a given value for the highest catalytic activity to be obtained. For hydrazine
oxidation, this was corroborated for Fe and Co MN4 macrocyclic com-
plexes.29-32,38,39 For typical volcano correlations, the activity is plotted versus a
parameter that accounts for the degree of interaction of the reacting molecule
with the active site. Thus, the “ascending” portion of the volcano corresponds to
catalysts where the binding energy of the reacting molecule is weak but increases
gradually until the optimal condition (not too weak, not too strong according to
the Sabatier principle) is achieved. For gradually stronger binding energies, the
catalytic activity decreases since the active sites become gradually blocked by
adsorbed intermediates. Hence, it is of interest to compare catalysts that are in
different branches of the volcano correlation. As shown in previous studies for
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the oxidation of hydrazine, Co phthalocyanine (CoPc) is located on the ascending
portion of the volcano correlation (see Fig. 1), whereas perfluorinated Co phtha-
locyanine 16(F)CoPc, which exhibits the most positive Co(Il)/(I) formal potential
of the studied phthalocyanines, appears on the extreme side of the “falling
region” of the volcano correlation.29-32.39 In this work, it was found that the
redox properties of 16(F)CoPc were dependent on the surface concentration of
the catalysts and this affects the intrinsic activity of this complex. For this reason,
there are two data points for 16(F)CoPc in Fig. 1 and reported in different pub-
lications.29:32

Fig. 1. Volcano correlation for the oxidation of hydrazine in 0.05 M [N,H4] N, saturated 0.1
M NaOH solutions (data @32 and data 02°). Reproduced by permission of
the Electrochemical Society.

EXPERIMENTAL

Cobalt phthalocyanine (CoPc) and cobalt-hexadecafluoro-phthalocyanine (16(F)CoPc)
were obtained from Aldrich and used as provided. All other products were of analytical
reagent grade and used as received. The working electrode was an ordinary pyrolytic graphite
(OPG) disk electrode from Pine Instruments (USA) with a geometrical area of 0.44 cm?2. The
electrodes were polished before each experiment with 800 and 2400 grit emery paper fol-
lowed by an extensive ultrasonic rinsing with ultra-pure Milli-Q water to remove solid par-
ticles. The electrochemical experiments were performed with a conventional three-electrode
cell and a BAS-100 potentiostat (USA) or Autolab PGST30 potentiostat/galvanostat (The
Netherlands). A spiral platinum wire of 2 cm? geometric area was used as the counter elec-
trode and a saturated calomel electrode, SCE, as the reference electrode. Electrolytic solutions
were routinely deoxygenated with pure nitrogen. All the potential values are given versus the
saturated calomel electrode SCE. The electrolyte was aqueous 0.2 M NaOH, solution prepared
in double-distilled water and deaerated with ultra pure N,. CoPc and 16(F) CoF;cPc were
adsorbed onto the OPG electrode by, respectively, placing a drop of 0.1 mM solution of the
CoPc and 16(F)CoPc complexes in dimethylformamide (DMF) for various time intervals,
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ranging from 10 to 1200 s on the graphite surface. After this procedure, the electrodes were
rinsed with DMF, ethanol and double-distilled water, in order to remove any excess of the
metal complexes. This procedure avoids the presence of microcrystals on the graphite surface,
so the electrochemical response of the electrode can be attributed solely to molecules that are
adsorbed on the electrode. Adsorption of all complexes was verified by the appearance of
typical current peaks in the cyclic voltammograms of the modified electrodes.21-25:29:31,32,38,39
Hydrazine was obtained from Riedel-de Haén and used as provided. NaOH was A.R. grade
from Merck.

RESULTS AND DISCUSSION

The structure of Co phthalocyanine and perfluorinated Co phthalocyanine
and also the Fukui profiles, obtained from theoretical calculations#4 to graphi-
cally illustrate the effect of electron-withdrawing groups located on the ligand on
the charge distribution on the Co central metal, are illustrated in Fig. 2. The blue
colour indicates high electron density and the red colour indicates low electron
density on the Co centre. As a result of substitution of H atoms by F in the Co
phthalocyanine ligand, the electron-withdrawing substituents cause a large increase
in the ionization potential (IP) of 16(F)CoPc and a lowering of the energy of the
frontier orbitals, 045 compared to CoPc, which could be written as 16(H)PcCo,
to indicate that the —H groups have been replaced by —F groups on the phthalo-
cyanine ligand. This effect causes the Co(Il)/(I) formal potential to shift to more
positive values, as it becomes more difficult to oxidize the Co(Il) centre in
16(F)CoPc compared to CoPc. This is clearly illustrated in Fig. 3, which shows
the cyclic voltammograms obtained with an OPG electrode modified with adsorbed

Fig. 2. Structures of CoPc (that can be
written as 16(H)CoPc) and 16(F)CoPc)
and the calculated Fukui profiles that
illustrate the electron donating effect
of the fluoro groups located on the
ligand that shift electron density from
the Co centre to the macrocycle
ligand.** Reproduced by permission
of the American Chemical Society.
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layers of the examined cobalt phthalocyanines in a 0.2 M NaOH oxygen-free
solution. CoPc exhibited a reversible peak at —0.59 V assigned to the reversible
Co(II)/Co(I) couple.?21-24.29.39 For 16(F)CoPc, this process is shifted to more
positive potentials (—0.33 V) by the effect of the electron-withdrawing groups, as
discussed above. Indeed, it was shown in previous studies?-11,17.18,21-24 that it is
possible to “tune” the Co(Il)/(I) formal potential of the catalyst by preparing
CoPc phthalocyanines with groups on the ligand with different electron-with-
drawing properties. Furthermore, a plot of Co(II)/(I) formal potential versus the
sum of the Hammett parameters of the groups located on the ligand gave a linear
correlation; hence, the redox properties of these complexes can be “tailored” to
desired values, as discussed by Lever,” depending of the reaction and this is
clearly demonstrated in the volcano correlation of Fig. 1.

A
1 Co(l) Co(ll)

Fig. 3. Cyclic voltammograms of CoPc

‘ and 16(F)CoPc pre-adsorbed on an ordi-

f T T I
1.20 . } ) ) nary pyrolytic graphite electrode. Scan
0.80 0.40 0.00 0.40 rate 0.1 V s, N, saturated 0.2 M NaOH

EvsSCE/V solution.

The surface concentration of the catalysts in Fig. 3 corresponded to the
conditions where the OPG surface was saturated with phthalocyanine molecules,
and this could be controlled by using different contact times between the solution
of the complexes and the graphite surface during the modification procedure. For
example, from the charge under the peaks in Fig. 3, it can be calculated that CoPc
saturation was achieved at a surface concentration of 10x10-10 mol cm=2, whereas
for CoPc, surface saturation corresponded to a surface concentration of 6.8x10-10
mol cm2. This is not surprising since the size of the 16(F)CoPc molecule is
larger than that of CoPc; hence, a lower surface concentration is expected for this
particular complex, as 16(F)CoPc takes more room on the graphite than CoPc,
assuming that they adsorb flat on the electrode surface.#¢ The gradual increase in
the surface concentration with modification time is illustrated in Fig. 4. For both
complexes, the surface concentration exhibits an asymptotic behaviour with
modification time, illustrating that the surface becomes saturated with the com-
plexes after 800 s.
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Fig. 4. Variation of the surface con-
centration for (o) CoPc and (e)
16(F)CoPc as a function of immer-
sion time in 10* M solutions of the
complexes at 20 °C, in the presence
of air.

The cyclic voltammograms of the OPG electrode coated with different sur-
face concentrations of 16(F)CoPc are shown in Fig. 5. The surface concentrations
were estimated from the different electrical charges under the current peak, sub-
tracting the capacitive currents. One interesting feature about the data in Fig. 5 is
that, in contrast to that observed with CoPc, the peak potential shifts to more
negative values with increasing concentration of the perfluorinated phthalocya-

0.15

0.00 7

0.05

07 406 05 04 03 02 01
Evs SCE(V

T e e

0.10

i I
-1.0 -0.8 -0.6

T T
-0.4 -0.2 0.0

E vsSCE/V

Fig. 5. Cyclic voltammograms of an OPG electrode modified with different surface
concentrations of 16(F)CoPc. Potential scan rate: 0.2 V s71, electrolyte:
0.2 M NaOH, N, saturated.
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nine. This effect is better illustrated in Fig. 6, in which the logarithm of surface
molar concentration, 7 is plotted versus the Co(II)/(I) formal potential found for
the different concentrations.

Fig. 6. Effect of the surface concentration of
16(F)CoPc on the Co(IT)/(I) formal potential.

The slope of the linear correlation in Fig. 6 is —0.036 V per decade of log /.
If there were no interactions between the 16(F)CoPc molecules, there would be
no shift in the £°" Co(Il)/(I) formal potential with variation of complex surface
concentration, as was observed with CoPc.29 The negative slope indicates that
when [” decreases, it is harder to oxidize the Co centre, i.e., higher concentrations
of 16(F)CoPc facilitate the reduction of Co(Il); thus neighbouring molecules act
as electron-withdrawing agents on the Co centre in one single molecule. The
manner in which 16(F)CoPc is adsorbed on the graphite is unknown, but if they
were to form stacks,*’ then only the molecules at the outermost should be active
for a catalytic reaction, such as hydrazine oxidation. The catalytic activity of
16(F)CoPc should be independent of the surface coverage, at least in certain
region of surface concentrations but, as it will be shown further on, this was not
the case. From previous studies,?%-32:38 as illustrated in Fig. 1 (data taken from
the literature,39-32 shifting the formal potential to more negative values increases
the catalytic activity of CoN4 macrocyclics when comparing to different com-
plexes in one region of the volcano correlation. Thus, the activity per 16(F)CoPc
molecule should decrease with dilution of the catalysts on the surface. To check
this, the activity of OPG electrodes coated with different surface concentrations
of 16(F)CoPc was examined and the same was realized with CoPc for compa-
rison. This is illustrated in the polarization curves in Fig. 7. This data was further
analysed in the Tafel correlations of Fig. 8. Correlations between (log i)g, current
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densities at a constant potential taken from Fig. 8, and the logarithm of the sur-
face concentration of the catalyst / are presented in Fig. 9.

0.4
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0.1
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06 -04 -02 00 02 04
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0.5 -

0.4—.
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Fig. 7. Polarization curves of the chemically modified OPG electrode with different surface
concentration of CoPc and 16(F)CoPc, in the presence of 5x10* M of hydrazine in 0.2 M
NaOH solution saturated with N,. Scan rate: 0.005 V s°1.

Further analysis of the electrocatalytic process to assess the reaction order in
surface concentration of the catalysts CoPc and 16(F)CoPc was performed by
plotting log 7 at constant potential (£ =—0.35 V) versus log I"(shown in Fig. 9).
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Fig. 8. Tafel plots for the oxidation of hydrazine on OPG modified with CoPc and 16(F)CoPc.
Effect of surface concentration of the catalyst on the oxidation currents.
Data obtained from Fig. 7.

In both cases, a linear correlation was observed, indicating that the catalytic
currents increase linearly with the surface concentration of the catalyst. The order
of the reaction in catalyst surface concentrations is (d(log /)/d/)g and can be
obtained from the slopes of the linear correlations in Fig. 9. For CoPc the slope
was 1.2, so the reaction order could be considered to be one. However, for
16(F)CoPc, a fractional order of 0.58 was obtained. It might be difficult to explain
an order close to 1/2 for this particular catalyst. However, further information
could be obtained from kinetic data for this particular catalyst by plotting log
(i/I) at constant potential versus the Co(II)/(I) redox potential for each particular
surface concentration /~of 16(F)CoPc. An interesting result was obtained that is
illustrated in Fig. 10A. The activity normalized per surface concentration of the
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Fig. 9. Effect of catalyst surface concentration on the currents (as log 7 at constant potential)
for the oxidation of hydrazine for CoPc and 16(F)CoPc. Data taken from Tafel plots in Fig. 8.

Log:i (AJc

catalyst decreased with the formal potential, in a similar fashion to that observed
in one of the branches of the volcano correlation of Fig. 1. Thus 16(F)CoPc at
different surface concentrations behaves as if it were different Co complexes, so
essentially it agrees with that observed in Fig. 1, i.e., with one single complex,
16(F)CoPc, it is possible to reproduce the falling region of the volcano corre-
lation. Since the activities were compared at —0.35 V, which is close to the
Co(ID)/(I) formal potentials observed for different surface concentration of
16(F)CoPc, it could be of interest to plot log (i//co(ir)es i-e., current divided by
the surface concentrations of Co(II) calculated form the Nernst equation, assum-
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Fig. 10. A) Plot of log (i/T) at E =-0.35 V vs. the formal potential of the catalyst for a given
T, the total surface concentration of 16(F)CoPc. Currents taken from the region of Tafel plots
of Fig. 7 under kinetic control. B) The same as in (A) but currents are divided by the
surface concentration of 16(F)Co(II)Pc, i.e., the real surface molar
concentrations of the Co(II) active sites.

ing that the active sites are Co(Il). Such a plot is illustrated in Fig. 10B. A linear
correlation was again obtained but with a positive slope, i.e., the catalytic activity
per Co(Il) active site increased with increasing Co(I1)/(I) redox potential of the
catalyst. Fig. 10B is a free energy correlation since /7 ¢o(1r) is proportional to the
rate constant k£ at that electrode potential and the redox potential is proportional
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to the driving force of the system. This type of behaviour was also observed for
the catalytic oxidation of Fe phthalocyanines,38 by comparing different Fe mac-
rocyclics in a volcano correlation, when the currents in the falling regions were
divided by the surface concentration of Fe(Il) active sites, and the volcano
becomes a linear correlation. The slope of the linear correlation in Fig. 10B is
close to 0.120 V decade!, which is the same slope as that observed for the
“linearized” volcano correlation for Fe complexes reported previously.38 Further-
more, the linear correlation shown in Fig. 10B is similar to a linear Tafel corre-
lation when the applied potential is the driving force of the reaction. In Fig. 10B,
where the activities are compared at constant electrode potential, the “extra” driv-
ing force is provided by the M(II)/(I) redox potential of the catalyst.

CONCLUSIONS

It was found that the Co(II)/(I) formal potential of 16(F)CoPc adsorbed on
graphite shifted to more negative values with increasing surface concentration of
this catalyst. This was not observed for the unsubstituted CoPc. It is not clear
why this phenomenon was observed for 16(F)CoPc since the exact orientation of
these molecules on the graphite surface is unknown. If they formed stacks,
instead of monolayers, it would be expect that only the molecules located at the
outermost position in a stack would exhibit activity, since hydrazine molecules
would not have access to 16(F)CoPc molecules located below. In this case, the
correlations between (log 7)r might not be linear or should show linear behaviour
only at low concentrations of 16(F)CoPc. This was not observed. However, some
interaction between neighbouring 16(F)CoPc¢ molecules could occur to affect the
Co(II)/(I) formal potential, which does not occur with CoPc. When comparing
the catalytic activities of electrodes coated with different surface concentrations
of 16(F)CoPc, as log(i/l) (£ is the total surface concentration of 16(F)CoPc)
versus the Co(Il)/(I) formal potential, it was possible to reproduce the falling
region of a volcano correlation obtained by comparing the activity of several
CoN4 macrocyclics and reported previously.!1:29:32.39 If the same plot is repeated
using the surface concentration of Co(Il) active sites at the potential used for the
comparisons, i.e., I co(1n), the activity per active site increases with the driving
force of the catalyst, producing what could be considered a linear free energy
correlation, with a slope close to 0.120 V decade 1.
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uxnnuny Bontamorpamu CoPc u 16(F)CoPc agcopboBanux Ha rpadUTHO] €EKTPOIH Y
ankanHoj cpegunu (0,2 M NaOH) nokasyjy TUIW4YHE DEBEP3UOMIIHE DENOKC NMHUKOBE KOjU
notuuy og Co(II)/(I) peaxuuje. ITorenuujan nuka 3a CoPc He 3aBUCH Off NOBPUIMHCKE KOH-
LeHTpalHje kaTanusaropa, anu ce 3a 16(F)CoPc ca moBehawem MoBpUIMHCKE KOHIIEHTpALHje
KaTajM3aTopa MOMEpPa Ka HEraTMBHMjUM BPENHOCTHMA. Y Jelly ,BYJIKaHCKe" Kopenauuje
log (i/T)g (axTHBHOCT 1O akTUBHOM MecTy) mpema Co(11)/(I) dopmanHoM nmoTeHuHjary KaTa-
nu3atopa, nonamame CoPc (y Hexonuko CoN4 xenaTa) Iokasyje TEHOEHLUUjy pacTa (aKTHB-
HocT ce nosehasa ca Co(II)/(I) penokc notenuujanom), ook ce 16(F)CoPc nojasmyje y 06-
JacTH y K0jOoj aKTHBHOCT OIafia Ca PemoKC MoTeHuHjasoMm. OOnacT onajama akTUBHOCTH
16(F)CoPc penponykosaHa je camo 3a jenaH mojesuHayHu komruiexc. Otyna ce 16(F)CoPc
Pa3NIMYMTHX MOBPUIMHCKUX KOHLIEHTpaluja MoHama kao Co KOMIIEKCH KOjU MMajy pasiu-
YuTe pemoKC TMOoTeHNHjase y omanajyhoj obmactd ,ByJNKkaHCKe" KpHBE, ak0 Ce aKTHBHOCT
HOpMaJlM3yje N0 NOBPIIUHCKOj KOHLIeHTpauuji. OBo HHje onaxeHo 3a CoPc.

(ITpummeno 24. okrodpa 2013)
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Change of n-type to p-type conductivity of the semiconductor
passive film on N-steel: Enhancement of the pitting corrosion
resistance
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Abstract: Electrochemically-assisted modification of the surface of N-austenitic
stainless steel (ASS N25) was successfully employed to improve the barrier
properties of the passive film in a chloride-containing solution. The chemical
composition, electronic and barrier properties of the surface film before and
after the electrochemical treatment were examined using X-ray photoelectron
spectroscopy (XPS) and electrochemical impedance spectroscopy (EIS). The
electrochemical measurements were performed in a corrosion testing solution.
The excellent corrosion resistance (both pitting and general) of the modified
surface of the N-steel was discussed according to a Mott—Schottky analysis of
the interfacial capacitance of the space charge layer and EIS results. The con-
ductivity change of the surface film from an n- to a p-type in the pitting suscep-
tible region was explained using the XPS analysis and the semiconducting
properties of the film.

Keywords. stainless steel; corrosion; passive films; metal oxide semiconduc-
tors.

INTRODUCTION

It was reported that the favourable effect of nitrogen on the electrochemical
and mechanical properties of austenitic stainless steels (ASS) is a consequence of
the electronic exchange between the iron and nitrogen atoms in austenitic fcc
lattice, in which nitrogen contributes to the electronic states just at the Fermi
level.l According to these authors, the increase in the free electron density due to

* Corresponding author. E-mail: mmetik @fkit.hr
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the nitrogen atoms in the iron lattice favours short-range ordering and enhances
the metallic character of the interatomic bonds. Bonding between atoms of non-
identical elements results in an enhanced thermodynamic stability of a solid solu-
tion, and thus much better corrosion and mechanical properties. Austenitic stain-
less steels (SSs) with nitrogen (ASS N25) offer acceptable resistance against
general corrosion in a variety of corrosive environments.24 Nitrogen is believed
to play a magjor role pertaining to the corrosion properties of austenitic stainless
stedls, as it promotes passivity, and enhances the re-passivation properties of the
stainless steel, in addition to its contribution to the mechanical strength.5.6

Although the improved corrosion resistance of nitrogen-containing SSs justi-
fies their employment in many applications, the related literature indicates that
vigorous pitting attacks still prevail when these SSs are exposed to chloride-con-
taining solutions.® This evidences insufficiency in the improvement of the corro-
sion protection brought about by nitrogen addition to the stainless steel. Pitting
attacks are not only responsible, to a large extent, for the mechanical failure of
SSs, mainly in industrial applications, but also cause the release of bio-hazardous
species into the surrounding environments, which are of particular concerns in
food, pharmaceutical and biomedical applications.”-8

The pitting resistance of SSsis directly linked to the stability of the surface
passive film, and is thus dictated by its physico-chemical properties. Oxide
passive films grown on metal and alloy surfaces have recently been reviewed®-11
and recent insights into the mechanism of passivity breakdown and localized
(pitting) corrosion were given.12.13 |t was established that during passive film
formation/growth on an ASS N25 electrode, Fe3* species migrate outward through
the cation vacancies (V¢,3-, are the main charge carriers) in the Cr,03 layer.14
Thus, the passive film on ASS N25 is believed to be comprised of an inner CroO3
barrier layer and an outer iron-rich sublayer,15 whereby the point defect model
(PDM) best explains the kinetics of passive film growth.16.17

Numerous efforts have been made to modify the structure of passive films
and thus enhance the pitting and general corrosion resistance of stainless steels.
The outcome ranged from very poor success to remarkable improvements in the
properties of the passive films,18-22

Cyclic potentiodynamic polarization, as a surface treatment method, has
been reported as an efficient method that could be employed to modify the phys-
icochemical and electronic properties of the passive films on 316LVM stainless
Stegl 23,24

In this paper, the effect of cyclic potentiodynamic polarization on the corro-
sion resistance of ASS N25 surface is presented. The pitting and barrier pro-
perties of an unmodified and a modified ASS N25 surface are also comparatively
discussed based on the semiconducting properties of naturally and electroche-
mically grown passive films.
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EXPERIMENTAL

A single compartment standard electrochemical cell was used in all electrochemi-
cal/corrosion measurements. The reference electrode (RE) was a saturated calomel electrode
(SCE), and a platinum plate was used as the counter electrode (CE). A working electrode
(WE) was made of ASS N25 samples with the chemical composition given in Table I. The
WE was prepared by cutting ASS N25 into disc-shaped samples suitable for the EG& G PAR
flat specimen holder, model K105. The sample area exposed to an electrolyte was 0.785 cm?.
All current density values reported in this work were normalized with respect to this geo-
metrical surface area. Electrochemical passivation of the electrode surface was performed in a
0.1 M NaNOs solution. Corrosion tests were realized in a0.16 M NaCl solution.

TABLE I. Chemical composition (mass %) of ASS N25 steel (the balance is Fe)

C Mn Si Cr Ni Mo N Nb
0.030 4.60 0.29 21.15 12.72 2.22 0.247 0.170

The composition of the passive films was determined by X-ray photoelectron spec-
troscopy (XPS). The XPS spectra were recorded in a UHV chamber of a SPECS system with
a Phoibos MCD 100 electron analyzer and monochromatised Al K; X-rays of 1486.74 eV. For
the pass energy of 10 eV used in the present study, the total energy resolution was around 0.8
eV. The photoemission spectra were simulated with several sets of mixed Gaussian—Loren-
tzian functions with Shirley background subtraction.

In order to measure the surface corrosion resistance, electrode stabilization at the open
circuit potential (OCP) was first performed in the corrosion testing solution for one hour. Next,
electrochemical impedance spectroscopy (EIS) measurement was performed at the OCP in a
frequency range between 100 kHz and 30 mHz with an ac amplitude (rms) of £10 mV. Fitting
polarization experiments were conducted by anodically polarizing the working electrode (WE)
from 50 mV negative of the OCP to the potential at which the current density of 1 mA cm2
was reached. Chronoamperometry measurements were performed following electrode
stabilization at the OCP in a corrosion testing solution by potentiostatically (constant
potential) polarizing the WE and measuring the resulting current density.

To investigate the semiconducting properties of naturally-grown (unmodified surface)
and electrochemically formed passive films, capacitance measurements were performed in a
borate buffer solution, pH 8.4 under a cathodic bias, starting from 1.0 V down to 0.9 V. The
imaginary part of the impedance (Ziyg) measured a the frequency of 1.6 kHz was recorded as
a function of the potential. The applied ac amplitude was £10 mV. The experimental setup
consisted of a PAR 273A potentiostat/galvanostat for voltammetric measurements, and a
Solartron SI 1287 potentiostat/galvanostat and a Solartron SI 1255 HF freguency response
analyzer for the electrochemical impedance spectroscopy measurements.

RESULTS AND DISCUSSION
Electrochemical formation of passive films on an ASSN25 surface

The cyclic voltammograms (CV) of an ASS N25 electrode recorded in a 0.1
M NaNOg3 in the potential region between 0.8 V and 0.9 V, representing the 13t
(solid line) and the 300th (dashed line) sweeps, are shown in Fig. 1. It is evident
that the shape of the CV changed significantly with the number of polarization
sweeps. The anodic and cathodic shoulders/peaks observed on the voltammo-
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grams and their corresponding redox reactions have aready been explained in the
literature,25-29 and will not be elaborated in detail here. Briefly, in each sweep
two oxidation reactions, Fe — Fe(l1)/Fe(l1l) and Cr(111) — Cr(VI1) in the anodic
sweep, and their corresponding reduction reactions in the cathodic sweep,
occur.23 The first anodic shoulder/peak (at ca. —0.7 V) is related to the formation
of a Fe(Il)/Fe(l11)-oxide layer (i.e., FeoO3) on the top of the Cr(l11) oxide layer,
followed by oxidation of the Cr(I11) speciesto soluble Cr(V1) species (at ca. -0.1
V). The corresponding reduction reactions in the reverse sweep occur at poten-
tials negative of ca. 0.4 V.

05

04

Q,/Q,
O = N WA N

n-a———8

i

0 20 40 60 80 100 120 140
Number of sweeps

e

-1.0 -0.5 0.0 0.5 1.0

E /V vs. SCE
Fig. 1. Cyclic voltammograms of the freshly polished ASS N25 surface recorded in
a0.1 M NaNOs solution at a scan rate of 0.167 mV s, The solid line represents
the 15 sweep, and the broken line represents the 300t sweep. Inset: dependence
of the anodic to cathodic total charge ratio on the number of sweeps.

On the freshly polished ASS N25 surface (15t sweep), the anodically formed
Cr(V1)-species are mainly dissolved in the solution by diffusion through a very
thin and non-compact pre-formed passive film. This explains the absence of a
passive transition associated with the oxidation of Cr(l11) to Cr(VI) in the anodic
scan (shoulder Sp). On the other hand, the 300t" sweep in Fig. 1 shows that the
charge associated with the Cr(I11)-to-Cr(V1) transition in the potential region of
Cr(111) oxidation (positive of ca. —0.4 V) is negligible compared to that recorded
in the first sweep. This demonstrates that the Cr(V1) species formed in the anodic
sweep remain "locked" in the surface passive film. The resultsin Fig. 1 suggest
that the passive film formed during prolonged cyclization of the electrode is more
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compact or thicker than the film formed in the 13t sweep; thus effectively pre-
venting the dissolution of Cr(V1) speciesinto the electrolyte.

In order to obtain a better quantitative insight into changes during the cycli-
zation of the ASS N25 electrode, the ratio of the total anodic-to-cathodic charge
is presented as an inset to Fig. 1. The curve shows that the anodic reactions in the
1t sweep are quiteirreversible (Q4/Qc = 5.5) and that only ca. 18 % of the charge
related to these anodic processes is used to form species that do not dissolve into
the solution but form the surface passive oxide film. However, on cyclization of
the surface, the reversibility of the anodic processes rapidly increases, and after
ca. 10 sweeps it approaches almost 100 %. This indicates that the cyclic
polarization of the working electrode surface under the given conditions signifi-
cantly enhances passivity of the surface oxide film, preventing the dissolution of
the underlying metals into the solution, even at high anodic potentials. Similar
behaviour was shown in the case of 316LVM stainless steel, when a considerable
improvement in the corrosion resistance was observed.24:25

Chemical composition of passive films formed on an ASSN25 electrode —
XPS characterization

The chemical composition of the electrochemically modified passive film
and the naturally grown passive film (unmodified surface) was analyzed by XPS.
The photoemission spectra (open circles) around the Cr 2pz/» and Fe 2p3j» energy
levels recorded on an a) unmodified and b) electrochemically modified sample
are shown in Fig. 2, together with the numerical fits (solid lines) obtained using
Voigt profiles. The agreement between the modelled and experimental data is
very good.

A comparison of the corresponding spectra revealed that Cr(VI) species
were detected only in the electrochemically formed passive film. Chromium in
both passive films was found as Cr(l11) in Cr(OH)3 and in CroO3. Both passive
films contain Fe(ll) and Fe(lll), mostly in FezO4, with some contribution of
Fe(l1) in FeO. The peaks at 715.3 and 713.4 €V are well-known shake-up satellite
peaks. Iron oxide satellite structures are frequently used as fingerprints to identify
the iron oxide phases. The shake-up satellite in Fig. 2 at 715.3 eV can be
assigned to Fe(Il) in FeO, while the other satellite peak at 713.4 eV is attributed
to Fe(l1) in chromite (FeCroO7). No shake-up satellite structures are visible on
the chromium spectra.

Corrosion resistance of passive films formed on ASSN25 surfaces

Polarization voltammograms of the unmodified ASS N25 surface (solid line)
and surfaces modified electrochemically (broken lines), recorded in 0.16 M NaCl
solution, are shown in Fig. 3. The polarization curve of the unmodified surface
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Fig. 2. The deconvoluted XPS spectra of Cr 2ps» and Fe 2ps/, energy levels obtained for:
a) an unmodified and b) an electrochemically modified ASS N25 surface.

exhibits a number of current spikes at potentials below 0.4 V, indicating the
formation of metastable pits in this potential region. However, the formation of
stable pits occurs at potentials positive of 0.4 V, which is in agreement with the
results for austenitic types of stainless steels.26.27 However, at potentials higher
than ca. 0.5V, the current density starts to rise more steeply and finally at more
noble potentials, a breakdown of the film occurs. In the reverse scan, a pitting
loop appears. On the other hand, the response of the electrochemically modified
surfaces shows the absence of current spikes. An abrupt increase in anodic
current at ca. 1.2 V could be connected with the oxygen evolution reaction.
Moreover, the passive current density of these surfaces is significantly lower than
that of the unmodified surface. With increasing number of passivation sweeps
(from 50 to 200 scans), the passive current decreases, thus confirming that a
more compact and the corrosion resistant surface film had been formed after a
higher number of passivation scans. In summary, the results in Fig. 3 evidence
that the electrochemical passivation of the ASS N25 surface improves its pitting
corrosion resistance and passivity in a0.16 M NaCl solution.
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Fig. 3. Tafel plots of the polarization curves of the unmodified (solid ling) and the electro-
chemically modified ASS N25 surface recorded in 2a0.16 M NaCl solution at a scan rate of
0.167 mV s1. Modification of the surface was realised by applying 50 sweeps (broken line),
100 sweeps (dotted line) and 200 sweeps (dash dot dot dash line).

Investigation of the frequency of the formation of metastable pits under
potentiostatic polarization, in the pitting susceptible region, is another criterion
used to evaluate surface resistance against pitting corrosion. In other words, the
higher the density of pitting-active spots on the surface, the higher is the suscep-
tibility of the surface to pitting corrosion. On a current—time curve, recorded at a
selected potential in the pitting-susceptible region, this is manifested as the
appearance of current spikes. The chronoamperometry (CA) plots of the unmo-
dified (1), and electrochemically modified (2) surfaces are comparatively shown
in Fig. 4. The CA plot of the unmodified surface clearly shows the incidence of
pitting corrosion, evidenced by the continuous and "rough" increase in current
with time. On the other hand, the response of the electrochemically passivated
surface is characterized by a “zero” line. Hence, the results presented in Fig. 4
clearly support the conclusions made from the results presented in Fig. 3, sug-
gesting that the electrochemical passivation of ASS N25 yielded a passive film
with excellent corrosion protection properties.

Semiconducting properties of the passive films formed on an ASSN25 surface

Correlation between the semiconducting properties of passive oxide films
and their resistance against pitting corrosion was reported in the literature.28-30
The semiconducting (electronic) properties of passive films have generally been
studied using capacitance measurements, employing the Mott—Schottky
analysis:31
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where gisthe relative permittivity (dielectric constant) of the oxide film, & isthe
vacuum permittivity (Fcm1), e is the elementary charge of an electron (C), Na
is the acceptor density (cm3) and Np is the donor density (cmr3) in the non-
stoichiometric passive film, Egy is the flat-band potentia (V), k is the Boltzmann
constant (J K1) and T is the temperature (K).
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Fig. 4. Potentiostatic curves of the unmodified (1) and the electrochemically modified (2) ASS
N25 surfaces recorded in a0.16 M NaCl solution at a potential 0.45 V. Modification of the
surface was realised by applying 200 sweeps.

The passive film/electrolyte interface is, in this analysis, treated as the space
charge depletion zone, which behaves as a Schottky barrier. Thus, the measured
capacitance, after correction for the electrochemical double layer capacitance, is
attributed to the space charge capacitance, Cgc, inside the oxide film. If an oxide
film behaves as a semiconductor that can be described by the Mott—Schottky
model, the dependence between 1/ C§C vs. E should give a straight line. For an
n-type semiconductor, the equation has a negative slope, while for a p-type
semiconductor, the equation has a positive slope.

The Mott—Schottky response of a naturally grown passive film (unmodified
surface) and of the passive film formed by applying a specific number of pola-
rization (modification) cycles (Fig. 5) shows the existence of severa potential
regions characterizing the semiconducting behaviour of the corresponding sur-
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face films. In the potentia region between —0.9 and —0.6 V (Region 1), the pas-
sive films behave as p-type semiconductors, while in the potential range between
—0.3and 0V or 0.2 V for the unmodified and modified surface, respectively,
(Region 1), n-type behaviour is clearly visible. An n-type behaviour has been
correlated with the response of iron oxides in the passive film, which are charac-
terized by a non-stoichiometric composition resulting in oxygen vacancies that
contribute to the n-type conductivity.4153233 On the other hand p-type beha-
viour has been attributed to the response of chromium oxides, and is character-
rized by the non-stoichiometry resulting in metal vacancies that contribute to the
p-type semiconductivity.41534-36 Taking this into account, it could be concluded
that in Region |, the space charge depletion zone is situated in the part of the
passive film that is reach by chromium(I1l) oxide and behaves as a Schottky
barrier, while the remaining Fe oxide rich part of the oxide is in a condition of
accumulation. On the other hand, at potentials in Region Il, the semiconducting
property of the passive film is determined by the space charge depletion zone
located in the iron oxide rich layer, while the chromium(l11) oxide rich layer isin
the accumulation condition.32 In Region IV (at E> 0.8V and E > 1.2 V), due to
ionic (pitting corrosion) and electronic (oxygen evolution) transfer reactions on
the solid/electrolyte interface, the main potential drop is no longer in the space
charge layer but in the Helmholtz layer.
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E/Vvs.SCE
Fig, 5. Mott—Schottky plot of the unmodified (A) and the electrochemically modified (m)
ASS N25 surfaces by applying 50 sweeps.

The main differencein 1/ C§C vs. E behaviour between the unmodified and
the electrochemically modified surface isin Region Il (0.2-0.7 V), in which the
two surfaces display different types of semiconductivity. Here, focus will be
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directed only to this region since it coincides with the pitting potential region of
the unmodified surface (Fig. 3). Figure 5 shows that the unmodified surface
behaves as an n-type semiconductor in Region Ill. There is general agreement
that surfaces presenting n-type semiconductivity are more prone to pitting com-
pared to surfaces exhibiting p-type semiconductivity.28

If the Mott—Schottky plot (Fig. 5) and the polarization curve (Fig. 3) of the
unmodified sample are compared, it will be seen that the pitting potential coin-
cides well with the n-type behaviour in Region I1I. This is quite in agreement
with the point defect theory (PDM),16.17 which states that the initial pitting reac-
tion that occurs at a film/solution interface involves the adsorption of chloride
ionsinto oxygen vacancies according to relation:

VS (0x) + ClI=-nH20 - Vg (ox) + nH20 3

where V5* (0x) is the positively charged oxygen vacancy, CI~ is the chloride
ion in an agueous electrolyte and V&, (ox) is the chloride vacancy occupying an
oxygen lattice site (Kroger—Vink notation). To preserve electroneutrality, an
equivalent number of cation vacancies, VN% , must be formed through a corrosion
process of metal dissolution.

Taking into account the PDM, it is assumed that an increase in the pitting
corrosion resistance of a material could be achieved by increasing the concen-
tration of metal vacancies in the passive film. This process occurs by the cyclic
potentiodynamic formation of the passive film under the conditions presented in
Fig. 1. Namely, by polarizing the ASS N25 surface (between the potentials of
hydrogen and oxygen evolution) at high anodic potentias, Cr(VI) species are
formed (see XPS results presented in Fig. 2). With cyclization, progressively
more of these species remain “arrested” in the growing passive film. The for-
mation of Cr(VI) species increases the oxygen content in the passive film (so-
called secondary passivity), producing an increase in the density of metal vacan-
cies, V,a‘ , according to the equation:14

Cr(lll) — Cr(VI) + Vg +3e- (4)

Electrochemical modification, in turn, leads to the changes in the electronic
properties of the surface film and to the increased pitting resistance (Figs. 3 and
4). On the Mott—Schottky plot (Fig. 5), in the pitting susceptible Region 1ll, a
transition from n- to p-type conductivity occurs. Mott—Schottky results for the
flat band potentials and charge carrier densities of the unmodified and modified
film are summarized as follows:

i) unmodified surface of the steel: Efy = —0.405 V, Np(Fe,03) = 3.95x1019
cnrs;

i) modified surface of the stedl: Efy = -0.179 V, Np(Fey03) = 1.30x1020
cm3 and Efp = 1.250V, Na(CrO3) = 3.54 x1020 cmr3.
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PASSIVE FILM ON N-STEEL 2063

The values obtained for the donor and acceptor densities were of the same order
of magnitude as those reported previously for ASSs, without nitrogen.32:35.37,38

Barrier properties of the passive films formed on ASS N25 surfaces

In order to investigate the genera corrosion resistance of the electroche-
mically modified ASS N25 surfaces, EIS measurements were performed and pre-
sented as the Nyquist plotsin Fig. 6. To better investigate the frequency-depend-
ent processes occurring at the surface/electrolyte interface and inside the passive
oxide films, the EIS data were modelled using nonlinear |east-squares fit anal-
ysis.39 An equivalent electrical circuit (EEC) presented in the inset to Fig. 6 was
used to model the experimental data presented in Fig. 6. Ry represents the elec-
trolyte resistance, CPE is a constant phase element representing a double-layer
capacitance, Ry isthe corrosion resistance and Cg can be attributed to the faradaic
pseudocapacitance corresponding to the film thickness/potential variation.40-42
The values obtained by fitting the experimental EIS data using the presented EEC
aregivenin Table 1. It should be noted that the values presented in Table |1 were
recorded for ASS N25 surfaces prior to the pitting polarization tests.
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Fig. 6. Nyquist plots of the unmodified (e) and the modified (m) ASS N25 surfaces by
applying 200 sweeps, recorded in a0.16 M NaCl solution. Inset: Electric equivalent circuit
used to fit experimental data.

Cyclic polarization of the surface of the steel results in an increase in the
surface roughness, and thus in the real surface area exposed to the electrolyte. In
order to eliminate the effect of surface area and determine the real general corro-
sion resistance, a true surface area was calculated for each sample. First, using
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the Brug Equation®3 and CPE;, the corresponding capacitance was calculated
and presented in Table Il. Taking into account that a double-layer capacitance of
a smooth electrode surface is 25 pF cm2,44 the true surface area of each inves-
tigated ASS N25 sample was calculated as a ratio, Ayye = Cp/25 (cm?), Table
Il. As can be seen, the electrochemical passivation of the surface resulted in a
significant increase in the surface area, which is consistent with previous obser-
vations.2> The numerical values of Ryye Were used to calculate the protection
efficiency of the surface film according to the expression:

PE/ %= 100(Rtrue,mod - Rtrue,unmod)/ Rtrue,mod (5)

where Rirye mod @d Rerye unmod are the polarization resistance values of modified
and unmodified samples, respectively. Table 1l shows that the electrochemical
modification of the ASS N25 surface resulted in an increase in the general corro-
sion resistance, yielding a corrosion protection efficiency of ca. 90 %.

TABLE Il. Impedance parameters for the ASS N25 electrode in a0.16 M NaCl solution at the
open circuit potential

Treatment le 106 Rl C0 CdI Rtrue

Qlem2g n kQem?  pFem?2  pFem?2  kQcom?
Unmodified 337 0.81 283 - 57 638
Modified;oo 162.1 089 342 170 201 3491
Modified,gg 144.0 0.90 356 780 234 4248
CONCLUSIONS

This work proves the applicability of the electrochemical cyclic polarization
method for increasing the corrosion resistance of the surface film of ASS N25 stedl.

The superior pitting resistance of the modified surface compared to the
control surface was attributed to the modification of the electronic properties of
the passive film, though conversion of the type of semiconductivity (from n- to
p-type) in the pitting-susceptible region. This is due to the enrichment of the
electrochemically formed passive film with Cr(VI) species (XPS), which results
in a"replacement” of pitting-initiating oxygen vacancies by metal vacancies. The
resulting oxide layer is a semiconductor of p-type and thus more corrosion resis-
tant against pitting attack. The other beneficial consequence of the electroche-
mical passivity was an improvement in the general corrosion resistance of the
surface.

LIST OF SYMBOLS

A area, cm?

C capacitance, F cm2

C, faradaic pseudocapacitance, F cm2
CPE constant phase element

E  potentia, V

e chargeof electron, 1.602 x 1019 C
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current density, A cm2

Boltzmann constant, 1.23 x 1023 JK-1
metal

charge carrier density, cm3

exponent of the constant phase element
oxygen lattice site

protection efficiency, %
frequency-independent constant, (Q1 cm2 g
resistance, Q cm?

temperature, K

vacancy

impedance, Q cm?.

Greek letters

e relative permittivity

&  vacuum permittivity, &, = 8.85x104 F cm?
®  positive charge.

Sub/superscripts

N<—AD03Q=zEx—

A acceptor

a anodic

c cathodic

D donor

DL double layer
fb flat band

el electrolyte
im imaginary

M metal site
mod modified

O oxygen
OCP  open circuit potential
real real

SC space charge
true true

unmod unmodified.

U3BOJ

[TPOMEHA n-THITIA'Y p-THUII IIPOBOJ/bUBOCTH ITIOJIYITPOBOOHHUYKOT ITACHBHOT
SHUJIMA ®OPMHPAHOI HA N-AYCTEHUTHOM YEJIUKY: ITIOBERAILE OTIIOPHOCTH
I[TPEMA ITUTHHI KOPO3UJHU

MIRJANA METIKOg-HUKOVIC1, ZORAN GRUBAC” u SASHA OMANOVIC’

1Department of Electrochemistry, Faculty of Chemical Engineering and Technology, University of
Zagreb,
P. 0. Box 177, 10000 Zagreb, Croatia, ZDepartment of General and Inorganic Chemistry, Faculty of
Chemistry and Technology, University of Split, N. Tesle 10, 21000 Split, Croatia and 3Department of
Chemical Engineering, McGill University, 3610 University Street, Montreal, Quebec, Canada H3A 2B2

Enextpoxemujcka mopudukanyja mnoBpiiuHe N-jerdpaHor aycreHWTHOT Hephajyher
yenuka (ASS N25) ycneurso je usBefeHa kako du ce nodosiiana dapujepHa CBOjCTBa MaCHB-
Hor ¢uiMa y pacTBOpUMa Koje cafpyke XJIOpuiHe joHe. XeMHjCKH cacTaB, €IeKTPOHCKE U
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OapujepHe ocobrHe MOBPIIUHCKOT GQUIMA, Tpe U IoCcje eeKTPOXEMHjCKOT TpeTMaHa (macu-
BallWje), UCTUTUBAHU Cy kopucTehu oToenekTpoHCKy criekTpockonujy X-3paka (XPS), criex-
Tpockonyjy enekrpoxeMujcke umnenanudje (EIS) u Mott—Schottky anamusy. Pesynrupajyha
CyIepHOpHa OTHOPHOCT MogudHKkoBaHe ASS N25 moBpiInHe npemMa MUTHHT KOPO3HjH IPUIIH-
CaHa je MpoMeHaMa eNeKTPOHCKUX (IOMYyIPOBOJHHWYKMX) CBOjCTABA IOBPLIMHCKOI (DUIMA.
ITpoBOA/BMBOCT NACUBHOT (DUIMa y MOAPYYjy NOTEHLHjala OCeT/bUBOM Ha IIUTHUHT MEma Ce U3
n-y p-THUI TOKOM LIMKJIMYHE TIOTEeHIMOAMHAMHUUKe Iojlapu3anyje.

(ITpumibeno 21. HoBemOpa, pesuaupano 24. Hopemdpa 2013)
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Amino acids as corrosion inhibitors for copper in acidic
medium: Experimental and theoretical study’
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Abstract: Experimental electrochemical methods combined with quantum che-
mical calculations and molecular dynamics simulations were emplyed to inves-
tigate the possibility for the use of various amino acids as “green” corrosion
inhibitors for copper in 0.5 M HCI solution. Among the eleven studied amino
acids, cysteine achieved the highest inhibitor effectiveness, reaching 52 % at a
concentration of 10 mM. The other amino acids achieved an effectiveness of
less than 25 %; some of them even acted as corrosion accelerators. Based on
the experimental results, the theoretical calculations and simulations were
focused on cysteine and alanine. The electronic and reactivity parameters of
their protonated forms in an electrical double layer were evaluated by density
functional calculations. In addition, molecular dynamic simulations were intro-
duced to follow the adsorption behaviour of these two amino acids at the
Cu(111) surface in the electrolyte solution. The results indicate that the orien-
tation of both molecules was nearly parallel to the surface except for the
ammonium group, which was directed away from the surface. Therefore, as the
orientation of the cysteine and alanine molecules at the surface were similar,
the thiol functional group is responsible for the superior inhibition efficiency of
cysteine.

Keywords: amino acids; copper; hydrochloric acid; green inhibitors; quantum
chemical calculations; molecular dynamics.
INTRODUCTION

Due to their importance in industry and wide range of applications, copper
and its alloys have been the subject of numerous investigations since the 1920s.
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These studies aimed at preventing or reducing the corrosion process in aggressive
media.l-10 As corrosion inhibitors, various substances, both inorganic and orga-
nic, can be used. While inorganic inhibitors reduce the corrosion through film
formation, organic compounds act mostly via adsorption processes on the metal
surface and complex formation. As most efficient organic corrosion inhibitors
could be toxic and thus unacceptable for the environment, contemporary studies
are directed towards the search for alternative inhibitors that would be ecologi-
cally acceptable, stable, non-toxic and available at a relatively low cost. These
compounds, referred to as “green”, “eco-friendly”, or “environmentally-friend-
ly”, comprise both organic and inorganic inhibitors.%!1-13 Among the organic
inhibitors, natural plant extracts are used — from Aloae vera to radish leaves;
most of them contain hetero-atoms such as N, S, P and O and can thus form
protective films.!1-13 Among green inhibitors, studies on lanthanide salts, natural
polymers, such as guar gum and starch, and bio-mimicking green inhibitors, such
as amino acids, were conducted.!3 Amino acids are completely soluble in aque-
ous media and can be produced with high purity at low costs.

The majority of the investigations on copper were performed in acidic chlo-
ride media (HCI),14-21 but also in HNO3,22:23 H»S04,2425 H3P04,2¢ and even
non-aqueous mineral 0il27 (Table I). Some copper alloys were also investigated,
including Cu-5Ni and Cu-65Ni in 0.25 M NaySO4 + 0.05 M H»S04,28 Cu-30Ni
in 0.5 M H»S04,2% and bronze Cu-3Sn in 0.2 g L-! Na,SO4 + 0.2 g L!
NaHCO05.30:31 Among various amino acids, cysteine is the most extensively stu-
died (Table I). This is related to the fact that it contains sulphur, which is
expected to beneficially affect the inhibition mechanism, as reported for various
organic inhibitors.* In HCI solution, cysteine achieved the highest inhibition
efficiency (IE) of 93 % at 15 mM.2! Other amino acids were also reported to
perform well: alanine 94 % at 1 mM, !4 threonine 83 % and glutamic acid 90 % at
1 mM concentration.!7 Cysteine was also effective in nitric acid.22-23 Further-
more, cysteine was also effective as a corrosion inhibitor for bronze. It reached
an IE of 95 % at 10 mM for Cu-3Sn bronze in 0.2 g L1 NaySO4 + 0.2 g L-!
NaHCO3.30 For pre-corroded Cu-6Sn samples with bronze disease, a cysteine
solution might be a better choice than benzotriazole for long-term exposure in an
atmosphere of high relative humidity.3! In contrast, cysteine was poorly effective
as inhibitor for Cu-5Ni and Cu-65Ni alloys in 0.25 M Na;SO4 + 0.05 M
H>S04.28 In non-aqueous medium cysteine and histidine were not efficient cor-
rosion inhibitors for Cu.27

When comparing various amino acids, their inhibition effect in HCI depended
on the type of amino acid and its concentration (Table I). Alanine outperformed
aspartic acid and glutamine,!4 glutamic acid was better than serine and threo-
nine,!7 cysteine was better than glycine and glutamic acid,2! and glutamine was
better than glutamic acid, asparagine and aspartic acid.!8 In nitric acid, cysteine
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TABLE 1. Literature data for the values of the inhibition efficiency (/E) for various amino
acids as inhibitors of the corrosion of Cu and Cu alloys in different media

Reference Material, medium Amino acid IE
14 Cu, 1 M HCI, 25 °C Alanine 94 % at 1 mM
Aspartic acid 52 % at 1 mM
Glutamine 55 % at ImM
16 Cu, 0.6 M HCI Cysteine 84 % at 18 mM
Cysteine + Cu?* 88 % at 18 mM
15 Cu, 0.5 M HC1 Alanine 43 % at 0.01 mM
Cysteine 59 % at 0.01 mM
17 Cu, 0.5 M HC1 Serine 55 % at 1 mM
Threonine 83 % at ImM
Glutamic acid 90 % at ImM
20 Cu, 0.5 M HC1 Arginine 63 % at 1 mM
Arginine + KI 87 % at 1 mM + 5 mM KI
19 Cu, 0.5 M HC1 Methionine 77 % at 12 mM
Methionine + Zn?" 92 % at 12 mM + 0.5 mM Zn?*
21 Cu, 0.5 M HCI Glycine 60 % at 15 mM
Glutamic acid 62 % at 15 mM
GLY+GLU+CYS 91 % at 15 mM
Cysteine 93 % at 15 mM
Glutathione 95 % at 15 mM
18 Cu, 0.5 M HCI Aspartic acid 57%at0.1 M
Glutamic acid 60 % at0.1 M
Asparagine 65 % at0.1 M
Glutamine 73% at0.1 M
Glutamine 67 % at 10 mM
Glutamine + KI 94 % at 10 mM + 5 mM KI
25 Cu, 0.5 M H,SOy, 20 °C Tryptophan 87 % at 10 mM
23 Cu, 1M HNO; Cysteine 88 % at 0.1 mM
22 Cu, 0.5 M HNO; Valine -15%at1 mM
Glycine —4 % at 1 mM
Arginine 38 % at | mM
Lysine 54 % at 1 mM
Cysteine 61 % at 1 mM
29 Cu-30Ni, 0.5 M H,SOq4 Cysteine 91 % at ImM
30 Cu-3Sn, Cysteine 95 % at 10 mM
Na,SO4+NaHCO; Alanine 82 %at1M
Phenyl alanine 56 % at 10 mM
28 Cu-5Ni, 0.25 M Glycine 12 % at 0.05 mM
Na,S04+0.05 M H,SO, Alanine 25 % at 0.1 mM
Leucine 39 % at 0.01 mM
Lysine 38 % at 0.2 mM
Histidine -3 % at 0.01 mM
Glutamic acid 38 % at 0.01 mM
Cysteine 22 % at 0.01 mM
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outperformed lysine and arginine.2? As a corrosion inhibitor for bronze in acidic
medium, cysteine was slightly more efficient than alanine and much more
efficient than phenyl alanine.30

The inhibition efficiency of amino acids was improved by the addition of
anions, such as iodide, and cations, such as Zn2* and Cu2+.19:20 The synergistic
effect of iodide ions was ascribed to a strong chemisorption of the ions on the
metal surface. The columbic attraction between the chemisorbed anion and the
cation of an amino acid leads to greater surface coverage and hence, greater
inhibition efficiency.!9:20 The synergistic effect of Cu2* was ascribed to the for-
mation of a copper cysteinate complex (Cu(I) cysteine).!® The Cu™ formed by the
reduction of CuZ* react with cysteine to form the Cu(I) cysteine complex which
deposit at the surface and inhibits the cathodic partial reaction. A similar effect
was reported for methionine in the presence of Zn2*.19

In order to reveal the adsorption mechanism, different adsorption isotherms
were tested.!4.16,17,19,25,26 Taking into account a commonly accepted value of
—40 kJ mol! as a threshold between chemisorption and physisorption, the col-
lected data indicated that the operative mechanism of adsorption of amino acids
to a copper surface is physisorption.

Amino acids generally act as cathodic inhibitors, i.e., they inhibit the catho-
dic partial reaction to a larger extent than the anodic partial reac-
tion,14-16,18,22,24,29.30 With increasing concentration of amino acid, the inhi-
bition efficiency generally increased,!$:21.29 although deviations from this beha-
viour have been observed.!0.28.30 At a given concentration, the degree of pro-
tection decreased with temperature in the range from 25 to 55 °C.14 The value of
IE was noticed to increase with time of immersion.20 An accelerating effect of
some amino acids (glycine, alanine, leucine, lysine, histidine, glutamic acid and
cysteine) on the corrosion was observed for the Cu—5Ni alloy in HCI solution,28
and valine and glycine for Cu in nitric acid.?2

The aim of the present work was to study several amino acids as corrosion
inhibitors of copper corrosion in hydrochloric acid. The experimental electroche-
mical studies were supplemented with a theoretical investigation based on quan-
tum chemical methods to characterize the electronic and reactivity parameters,
while molecular dynamics simulations were applied to describe the adsorption
behaviour of amino acid inhibitors in the electrolyte solutions at the molecular
level. In this work, the investigations were focused on cysteine (CYS) and ala-
nine (ALA) amino acids. Cysteine could be considered as alanine derivative in
which one of the hydrogen atom of the terminal —CH3 group of alanine is sub-
stituted by a —SH functional group.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



AMINO ACIDS AS CORROSION INHIBITORS FOR COPPER 2073

EXPERIMENTAL
Amino acids

Eleven of the standard twenty a~amino acids were tested. The Lewis structures, names
and abbreviations of the amino acids used in this study are summarized in Fig. 1. Amino acids
can be generally sorted into six main groups based on their structure and the chemical
characteristics of their functional (R) groups: aliphatic, hydroxyl- or sulphur-containing, cyc-
lic, aromatic, basic and acidic. In the present work the following groups were tested regarding
the functional group, polarity, charge and sulphur-containing group (Fig. 1):

Group I: aliphatic, non-polar, neutral amino acids: glycine (GLY), alanine (ALA), leu-
cine (LEU) and methionine (MET); among these, methionine is S-containing;

Group II: uncharged group, non-polar, neutral amino acids: threonine (THR), asparagine
(ASN) and cysteine (CYS); among these the cysteine is S-containing;

Group III: charged group, polar and basic amino acids: histidine (HIS) and arginine
(ARG);

Group IV: aromatic, non-polar, neutral amino acids: tryptophan (TRP) and tyrosine (TYR).

All tested amino acids are L-enantiomers, except for glycine which is without a centre of
chirality. Methionine and cysteine are the only ones to contain sulphur. Histidine and arginine

H.,
CH e OH
Hal /\n/ HaN /lﬁ_(

o o] o}
Glycine L-Alanine L-Methionine
GLY ALA MET
Il Il
HO 2 H SH
H, H.
oH . 0
);( HzNLf
o] CH
L-Threonine L-Cysteine L-Asparagine
THR CYs ASN

1] I A% A"

L-Histidine L-Arginine L-Try ptophan L-Tyrosine
HIS ARG TRP VR

Fig. 1. Lewis structures, names and abbreviations of the amino acids. Roman number in the
left corner denotes the group of the amino acids: I) aliphatic group, non-polar, neutral, IT)
uncharged group, polar, neutral, IIT) charged group, polar, basic and
IV) aromatic group, non-polar, neutral.
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are charged polar basic acids, whilst tryptophan and tyrosine belong to aromatic acids. Among
these eleven amino acids, four are classified as essential: leucine, methionine, threonine and
tryptophan.

The structure of the amino acids are sensitive to the phase, the different forms of the
amino acids depending on the medium are displayed in Fig. 2. At pH between 2.2 and 9.4
(mean values for 20 common amino acids), the predominant form adopted by a~amino acid
contains a negative carboxylate and a positive ammonium group, so has net zero charge
(zwitterion form). Since amino acids have slightly different acid dissociation constants, (pK,
values), their iso-electric points, p/, are different (p/ = 1/2(pK,, + pKyp).>? Below 2.2 and
above 9.4, the net charge is positive and negative, respectively. In acidic medium, they result
from —the protonation of NH, group (-NH;3"), while in alkaline medium, the -COOH group is
deprotonated (—COy").

O o] O (‘f
R R R R
ﬁ)LDH \T)\DG \)-LDH \T/L\De
NH;E,Ja ®

NH2z NH3 NHz

Neutral Zwitterion Protonated Deprotonated

Fig. 2. The scheme of the amino acid forms depending on the medium.

Electrochemical measurements

Copper (99.9 %) was supplied by Goodfellow (Cambridge Ltd., UK) as 2-mm thick foil
Samples were cut in the shape of discs of 15 mm in diameter. Prior to the measurements, the
samples were mechanically ground under water using SiC paper successively up to 4,000-grit
to achieve a surface with a uniform pattern of scratches. The samples were cleaned with
ethanol in an ultrasonic bath for two minutes, double-rinsed with double-distilled water, and
finally dried in a stream of nitrogen.

Electrochemical measurements were realised in a three-electrode corrosion cell (volume
350 mL) at room temperature. A specimen embedded in a Teflon holder, with an area of 0.785
cm? exposed to the solution, served as the working electrode. A saturated calomel electrode
(SCE, 0.2415 V vs. saturated hydrogen electrode, SHE) was used as the reference electrode
and carbon rods as the counter-electrode. Electrochemical experiments were realised using a
PAR & EGG 263A potentiostat/galvanostat and controlled by Powersuite software. The
measurements were performed in an aerated 0.5 M HCI (37 %) solution (Carlo Erba Reagents,
Rodano, Italy). The amino acids were added to the HCI solution at a concentration of 10 mM.

Prior to the measurements, the samples were allowed to stabilize for 1 h under the con-
ditions of the open circuit potential, E,.. Potentiodynamic measurements were performed
using a 1 mV s’! potential scan rate, starting at 250 mV negative to the stabilized E, and then
increased in the anodic direction. The values of E, and j ., were determined from Tafel
analysis. For each sample, measurements were performed at least in duplicate. Representative
polarization curves were selected for graphical presentations. The inhibition effectiveness, /E,
was calculated according to the formula:

IEZIOOjCOIT’.inh _jcorr (1)

Jeorr,inh
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where jeorinh @and jeorr are the corrosion current density in the inhibited and uninhibited
solution, respectively.

Quantum chemical calculations

The molecular behaviour of cysteine (CYS) and alanine (ALA) as corrosion inhibitors
for copper metal in acidic medium was studied by the quantum electrochemical approach.
Density functional theory, specifically the B3LYP functional®3-3> using flexible 6-311G**
basis set3¢ containing polarization and diffuse functions, was used for the calculations of the
electronic structure and reactivity parameter. Frequency calculations for species were cal-
culated to verify the minimum-energy structures. Special care was devoted to setting up a
reliable model that accounted for the experiment conditions. The corrosion process occurs in
the liquid phase, thus, the self-consistent reaction field (SCRF) theory,3’ with the Tomasi
polarized continuum model (PCM),?® was used to perform the calculations in solution. These
methods model the solvent as a continuum of uniform dielectric constant (¢ = 78.5) and define
the cavity where the solute is placed as a uniform series of interlocking atomic spheres. While
the inhibitory action does not occur in the bulk solution but is related to the electrical double
layer (EDL) interface, i.e., the molecule—solution interface, a dielectric constant of 6.0 is more
appropriate.3® While an electric field is present in the EDL, it seems reasonable to check the
effect of the EDF electric field, which was considered as a finite electric field (107 V cm'!)
along the dipole moment of molecule included in the Hamiltonian. Under these conditions, the
electronic parameters, such as HOMO-LUMO energy gap and dipole moment, were cal-
culated for CYS and ALA inhibitor molecules. Furthermore, the following global reactivity
parameters: electronic chemical potential, global chemical hardness and the fraction of trans-
ferred electron were evaluated. The local reactivity parameters were analysed by means of
Fukui indices,*° calculated by the finite difference approximation approach.*! The details of
these calculations are widely available elsewhere.*> The Gaussian 09 program package*? was
used for all quantum chemical calculations.

Molecular dynamics studies

Molecular dynamic simulations were applied to evaluate the interaction of the amino
acid molecules with the cooper surface in acid solutions. The surface of Cu(111) was chosen
to investigate the orientation and dynamics of CYS and ALA in electrolyte solutions. Cu
atoms were restrained with a force constant of 50 kcal mol! A-3 throughout the simulation.
The model of the solution was set up in a way to correspond a solution of 10 mM CYS (ALA)
in an aqueous 0.5 M HCI solution. Two all-atom models were generated to summarize the
experimental conditions. The model related to CYS in HCl medium illustrates the protonated
form (CYS-PH), and also for ALA in HCI media, the protonated form (ALA-PH) is operative.
Setting up the corresponding concentrations of experimental HCI electrolyte solution, 5000
water molecules were included in the orthorhombic box with the sizes 56.1, 53.1, 52.0 A and
then one molecule of amino acid was randomly added into the box. Furthermore, 45 protons
randomly coupled with H,O molecules to form H;O" were added and the same number of
chlorine anions. At constant pressure (1 atm) and temperature (300 K), the molecular dyna-
mics protocol was applied in the equilibration phase of 100 ps. Then 20 ns long trajectory of
the system with step-size of 1 fs and 3D periodic boundary conditions were pursued. The
CHARMM program package** was employed for the molecular dynamics simulations using
CHARMM version 36 parameter set*> for the amino acids and ions. Parameters for copper
atoms were produced according to the CHARMM parameter set development standard using
ab initio results from a water molecule on a Cu(111) surface.*¢
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RESULTS AND DISCUSSION

Potentiodynamic curves in hydrochloric acid with and without the addition of
amino acids

The electrochemical behaviour of copper in 0.5 M HCI has been extensively
studied." A polarization curve is presented in Fig. 3. In HCI solution, the mecha-
nism of cathodic reaction in the vicinity of the corrosion potential involves the
reduction of dissolved oxygen:'

05 +4H* +4e~ = 2H,0 )

04 r

00

1 ! Lol N

10% 104 102 102 10

107 10

06
|l b ———— blank i

Potential vs. SCE, V

04 r

02

00

02+

A T B A LT PPV BTN

107 10 105 104 103 102 ‘“ 101
Current density, A cm”

Fig. 3. Potentiodynamic polarization curves recorded for Cu in blank 0.5 M HCl and in 0.5 M
HCI containing 10 mM of amino acids from a) group I: glycine (GLY), alanine (ALA),
leucine (LEU) and methionine (MET) and b) group II; threonine (THR), asparagine (ASP)
and cysteine (CYS). d&/d¢=1mV sl
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The anodic curve shows three distinct regions: active dissolution in the appa-
rent Tafel region, a transition region with the maximum current density and the
limiting current region. It was proposed that CuCl,~ complex may be formed
either through direct formation from the metal:

Cu+2Cl =CuCl, +e 3)

or
Cu+Clm = CuCl+e~ 4)
CuCl+Cl~ = CuCly (5)

The dissolution may also include dissolution of copper as the Cu™ in the first
instance:'

Cus Cut +e™ (6)
Cu* +2CI~ = CuCl; 7

In the apparent Tafel region, mixed charged transfer and mass transport are
usually assumed.' The reaction is controlled by both electro-dissolution of copper
and diffusion of CuCl,~ to the bulk solution." The linear slope close to 60 mV
denotes a one-electron transfer reaction. Film formation is reflected in the peak at
—0.07 V followed by a decrease in the current density (Fig. 1). At the current
minimum, the surface CuCl coverage reached its maximum. However, CuCl
species do not attain sufficient protection since, due to film dissolution, reaction
(5), or metal dissolution, reaction (7), the current density progressively increases.
The cuprous chloride complex can further dissolve according to:

CuCly 4 SCu2r +2CI + ®)

This process denotes the establishment of the limiting current region at
approximately 0.4 V and continues at more positive potentials. Thus, the overall
reaction for copper corrosion can be represented by:

2Cu + 4H* + 4CI- + Oy —> 2Cu2* + 4CI- + 2H,0 9)

Polarization curves recorded in the presence of amino acids are generally
similar to blank curve (Figs. 3 and 4). Depending on the type of amino acid, its
effect on the corrosion process of Cu can be accelerating (increasing the jeorr
value) or inhibitory (decreasing the j .+ value), accompanied by the correspond-
ing shift of the Ey. and E.o values. The resulting inhibition effectiveness, /E,
and values of Ey. and E o are presented in Fig. 5. Among the aliphatic amino
acids, alanine and leucine modestly accelerated the corrosion process (/E of —12
and -2 %, respectively), whilst glycine had an almost negligible inhibitory effect.
A slightly higher effect, but still modest, was achieved by methionine which
exhibited a shift in E.q to 30 mV more negative values and the smallest current
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density of the cathodic branch (Fig. 3a). In the anodic part, the differences were
almost negligible compared to the blank curve. At potentials more positive than
the anodic peak, the curve for methionine differed from those of the other amino
acids; it formed a current density plateau over a broad potential range.
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Fig. 4. Potentiodynamic polarization curves recorded for Cu in blank 0.5 M HCI and in 0.5 M
HCI containing 10 mM of amino acids from a) group III: histidine (HIS) and arginine (ARG),
and b) group (IV): tryptophan (TRP) and tyrosine (TYR). dE/d¢ =1 mV s\

102 10

Polar, neutral amino acids exhibited the most distinguished differences com-
pared to the blank curve in the cathodic part (Fig. 3b): the cathodic current den-
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sity decreased by approximately half a decade and the corrosion potential shifted
in negative direction by 10-30 mV. In terms of [/E, asparagine produced no
effect, threonine achieved a value similar to that of methionine, 12 %, whilst the
IE for cysteine was 52 % (Fig. 5a). In the anodic branch, the current densities for
asparagine and threonine were slightly higher compared to the blank, whilst for
cysteine, a small peak was formed at around —0.2 V. At more positive potentials,
in addition to the peak at —0.07 V, ascribed to CuCl formation, another peak
formed at 0.01 V, followed by a decrease in the current density and a limiting
plateau region. Among the examined amino acids, the formation of two addi-
tional anodic peaks, at —0.2 and 0.01 V, was unique for cysteine.
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Fig. 5. a) Inhibition effectiveness, /E, deduced for copper from the values of the corrosion
current density measured in 0.5 M HCI solution inhibited by various amino acids. b) Values of
the open circuit potential, £, and corrosion potential, £, measured for copper in 0.5 M
HCI solution inhibited by various amino acids.
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Among the basic, non-polar amino acids, histidine and arginine with imi-
dazole and guanidinium functional groups, histidine exhibited smaller current
densities in the cathodic part (Fig. 4a). The /E values of 27 and 25 % were larger
than those for aliphatic amino acids, but smaller than that for cysteine (Fig. 5a).
In the region following the anodic peak, both amino acids caused a decrease in
the current density. A plateau of =50 mV was established, which was not the case
in the blank solution or in the presence of aliphatic and polar, neutral amino
acids. The aromatic amino acids tryptophane and tyrosine showed similar
behaviour: at potentials less negative than the anodic peak, only slight differences
occurred compared to the blank curve (Fig. 4b). The resulting /E value for both
was 12 % (Fig. 5a). In the region following the anodic peak, at =0 V, the related
current density was smaller in the presence of tyrosine and, especially, of trypto-
phan, which formed a plateau of 40 mV.

Inhibition effectiveness of the amino acids

Two amino acids, alanine and leucine, slightly accelerated the corrosion pro-
cess (Fig. 5a). No effect was observed for asparagine. All other amino acids acted
as corrosion inhibitors, with cysteine being the most effective with an /E value of
52 %. The following order was observed: CYS > HIS =~ ARG > THR = TYR =
~TRP >MET > GLY.

It is noteworthy that the difference in the effect of cysteine and methionine
was quite large (Fig. 5a) although both contain sulphur which is believed to be
mainly responsible for the strong adsorption of organic molecules. The adsorp-
tion achieved through thiol (S—H) group of cysteine was obviously stronger than
through the methylthio (S—CHj3) group of methionine (Fig. 1). Furthermore, cys-
teine acted as an inhibitor and alanine as an accelerator although they differ only
in the presence of the thiol group.

The values of open circuit potential, £,., measured after 1 h immersion and
corrosion potential, E.q, determined by Tafel analysis for the blank HCI solu-
tion and in the presence of various amino acids, are presented in Fig. 5b. Cys-
teine showed the most negative shift of E,. followed by methionine, while the
other amino acids showed very similar values to the blank. Among the E.u
values, methionine and cysteine again shifted them to the most negative values,
compared to the blank.

Quantum chemical results

Two amino acids, cysteine and alanine, were considered. Cysteine achieved
best inhibition effectiveness; on the other hand, alanine acted as corrosion acce-
lerator; these two amino acids differ only in the presence of a thiol group (Fig. 1).
The calculations have been adjusted to the experimental conditions as much as
possible, i.e., amino acids were considered in the protonated forms denoted as
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CYS-PH and ALA-PH. The electronic data have been calculated with the model
of inhibitors in EDL and with the model of inhibitors in EDL applying a finite
electric field in the z-direction. The EDL has been simulated with solvent dielec-
tric constant of 6.0 and the electric field of 107 V cm~! has been applied. The
B3LYP/6-311G** fully optimized structures of protonated forms of CYS and
ALA molecules calculated for the EDL model are displayed in Fig. 6, where the
most relevant bond distances are also stated. The bond distances calculated for
the model with external field are insignificantly different from those given in the
figure. The inhibitor performance was analysed by quantum chemical parameters
responsible for the inhibitory action and was further addressed by evaluating the
global reactivity parameters. Table II presents the HOMO-LUMO energy gap
(AE) and dipole moment as electronic parameters and the following reactivity
parameters: electronic chemical potential (u), global chemical hardness (#) and
the fraction of transferred electron (AN). The calculated values for both models
employed are quite similar implying that the external field has small influence on
the electronic as well as on the reactivity parameters of studied amino acids. Low
values of energy gap are associated with effective inhibition. The AFE results sup-
port the better inhibition effectiveness of cysteine in acid media compared to ala-
nine. Further, similar conclusions are confirmed by the results on electronic che-
mical potential and global chemical hardness.

Fig. 6. The equilibrium structures (selected B3LYP/6-311G** bond distances in A) of the
protonated forms of cysteine and alanine molecules in the EDL molecule—aqueous
solution interface.

To examine the local reactivity behaviour we have calculated the Fukui indi-
ces, which are summarised in Table III. The atomic sites with the maximum
value of fi~ are the preferred sites to which the amino acid molecule will donate
charge when attacked by an electrophilic reagent. On the other hand, a large
value of fit is assigned to the atomic sites where the amino acid molecule will
receive charge, when attacked by a nucleophilic reagent. In the acid medium, the
S atom of cysteine molecule is the most favourable site for an electrophilic
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attack. For CYS-PH C2 and O1 are the preferred sites for nucleophilic attack. On
the other hand, O2 and O1 atoms of ALA-PH are the most reactive centres for an
electrophilic attack. C2 and O1 atoms participate in the nucleophilic attack of
ALA-PH. From Fukui analysis it can be concluded that more centres are
involved in the adsorption process of the both amino acid molecules.

TABLE II. Electronic parameters (HOMO-LUMO energy gap (AE), dipole moment) and
global reactivity parameters (electronic chemical potential (u), global chemical hardness (7),
the fraction of transferred electron (AN)) of protonated cysteine and alanine forms in acidic
medium; a: ¢ = 6.0; b: ¢ = 6.0, with an electric field of 107 V cm’!

Species Model AE/eV  Dipole moment, Debye u n AN
CYS-PH a 6.44 7.40 -5.04 3.22 -0.01
b 6.40 6.89 -5.04 3.22 -0.01
ALA-PH a 7.85 8.70 -5.48 3.93 -0.06
b 7.81 8.97 -5.52 3.91 —-0.07

TABLE III. Condensed Fukui functions (f°, /7) of protonated cysteine and alanine forms in
acidic medium. The most favourable sites for electrophilic and nucleophilic attacks are bold;
a: ¢ =6.0; b: £ = 6.0, with an electric field of 107 V cm’!

Species Model Cl C2 N O1 02 C3 S
f a 0.00 0.02 -0.01 -0.04 -0.02 0.04 -0.80
b 0.00 0.01 -0.01 -0.04 -0.02 0.04 -0.80
CYS-PH f a 0.00 -0.19 -001 -0.14 -0.06 0.00 -0.10
b -0.01 -0.17 -0.02 -0.13 -0.06 0.00 -0.08
f a -0.06  0.00 0.00 -0.54 -0.13 -0.01 -
b -0.06  0.00 0.00 -0.54 -0.13 -0.01 -
ALA-PH f a 0.00 -0.16 -0.02 -0.13 -0.06 0.00 -
b -0.03 -0.22 -0.06 -0.14 -0.07 0.01 —

Molecular dynamics results

The adsorption structures of CYS and ALA amino acids at the Cu(111)
surface in the acid medium provided by molecular dynamics simulations were
analysed through graphical visualization of the adsorption configurations in the
electrolyte solution. The result of simulations of both models are shown in Fig. 7,
where on left panel snapshot configurations of corresponding form of CYS or
ALA after 20 ns dynamic simulations are displayed, while on right panel nor-
malized histograms of the atomic positions perpendicular to the Cu(111) surface
(Cu atoms being at 0 position) for the selected atoms of amino acid molecule
forms are summarized. From top right panel in Fig. 7, it can be easily seen that
the distances of the S, O1, O2 and C3 atoms of CYS-HP from the Cu surface are
nearly the same; for the S atom the distance amounts to 2.3 A. The distance of N
atom from the Cu surface is in the range 3.7—4.1 A, implying that the protonated
cysteine molecule is absorbed nearly parallel to the copper surface, but with
—NH;3* group oriented away from the surface into the solution. Furthermore, it
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could be concluded from the figure that the protons are distributed throughout the
solution and approach not less than 2.0 A to the surface. Moreover, chlorine
anions are distributed throughout the solution with minimum distance to the sur-
face of 2.7 A.

Fig. 7. Adsorption configurations (a and c panel) and normalized histograms of atomic
positions relative to Cu(111) surface (b and d panel) for cysteine and alanine molecules in
acid medium. In insets the medium is excluded to present more clearly the adsorption
configurations of molecules at the Cu(111) surface (green). Legend: amino acid: O (red),
N (blue), S (yellow), C (green), H (grey); medium: H,O (white), H;O" (red), CI (green).

The ALA molecule in HCI electrolyte solution is shown in panels ¢ and d of
Fig. 7. Compared to the protonated form of cysteine, similar conclusions were
drawn for orientation of protonated alanine molecule in acid solution. The only
noticeable small difference is more sharp position of N atom with the maximum
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at 3.7 A above the Cu surface. It should be mentioned that an S atom is not
involved in this amino acid.

CONCLUSIONS

An experimental electrochemical and a theoretical study were performed to
investigate the possibility of employing various amino acids as corrosion inhi-
bitors for copper in 0.5 M HCI solution. Eleven tested amino acids were divided
into four groups based on the type of functional group, polarity, charge and pre-
sence of sulphur. No clear relationship between the groups was noticed in terms
of the inhibition effectiveness in hydrochloric acid, i.e., amino acids from the
same group may act as corrosion inhibitor or corrosion accelerator. The experi-
mental results confirmed that cysteine exhibited the largest inhibition effective-
ness reaching about 50 % at a concentration of 10 mM. Histidine and arginine
reached /E values of about 25 %, while the other amino acids yielded only mode-
rate effects, not important for practical use. Alanine and leucine acted as corro-
sion accelerators.

The reasons for diametrically opposed behaviour of cysteine and alanine,
differing only in the presence of a thiol group, were investigated further using
quantum chemical calculations and molecular dynamics simulations. The better
inhibition effectiveness of cysteine compared to alanine was confirmed by the
results of the HOMO-LUMO energy gap, electronic chemical potential and glo-
bal chemical hardness. The calculated local reactivity parameters indicated that
several atomic centres are involved in the adsorption process of both amino acid
molecules. The electrophilic attack of cysteine molecule is strongly related to the
S atom, while in alanine molecule, both the O1 and O2 atoms are the favourable
sites. On the other hand, C2 and O1 are preferred sites for nucleophilic attack, in
other words, the -C=0O carbonyl group is operative in a back donation process.
The molecular dynamics simulations provided a relative comparison of the orien-
tation of cysteine and alanine inhibitors in 0.5 M HCI solutions at the Cu(111)
surface. No significant difference could be observed for the absorption of these
amino acids regarding their orientation at the metal surface. Yet, cysteine achieved
high inhibition effectiveness which can be ascribed to adsorption through the
thiol group. Finally, the results of global reactivity parameters and those of mole-
cular dynamic simulations do not support the participation of N atom of ammo-
nium group in the adsorption process.
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AMHWHOKHCE/TMHE KAO KOPO3MOHU MHXUBHUTOPHU 3A BAKAP Y KMCEJIOJ
CPEJWHU: EKCITEPUMEHTAJTHA U TEOPUJCKA CTYJHUJA

INGRID MILOSEV', JASMINKA PAVLINAC!, MILAN HODOSCEK? 1 ANTONIJA LESAR'

1joz¢f Stefan Institute, Department of Physical and Organic Chemistry, Jamova 39, SI-1000, Ljubljana,
Slovenia U 2National Institute of Chemistry, Laboratory for Molecular Modeling, Hajdrihova 19,
SI-1000 Ljubljana, Slovenia

KopumrheweM ekcCiepUMEHTATHUX €1eKTPOXEMUjCKUX METONa Y KOMOMHALIMjU ca KBaH-
THO-XEMUjCKUM H3pauyHaBakeM U CHUMyJalMjaMa MOJIEKyJapHe AUHAMMKe NpOyYaBaHe Cy
moryhHOCTH ynoTpede pasIUUUTHX aMUHOKHCEIMHA Kao “3eeHUX” KOPO3UOHHUX HHXUOUTOpa
3a baxap y 0,5 M pacrBopy HCl. U3smehy jemaHaect TecTHpaHMX aMHHOKHCETHHA LIUCTEHH je
nokas3ao Hajdoy KOpo3uoHy 3aiuTHTy (52 % mpu koHueHTpauuju 10 mM). Ocrane aMHHO-
KHCEJIMHEe Cy NOCTHIVIe 3alITUTy Mawy of 25 %; Heke Mehy mHMMa yak Jenyjy kao akuene-
paTopu koposuje. Ha ocHOBY H00MjeHUX eKCIIePUMEHTalHUX Pe3yiTaTa 3a TEOpUjcKka U3pauy-
HaBamka U CUMynauuje u3adpaHU Cy LUCTEMH U alaHUH. EJEKTPOHCKM M PEaKkTUBHHU Iapa-
METpH eJIeKTPOXEeMUjCKOr ABOCIIOja ogpeheHH cy 3a NMPOTOHOBaHE ODIMKE aMHHOKHCEIMHA
noMohy padyHawa Ha OCHOBY Teopuje GyHKIHOHana ryctuHe. CUMynauujoM MoJeKylapHe
IVUHaMUKe ITpaheHa je amcopriyja 0BUX aMUHOKHCcenrHa Ha Cu(111) paBHH y pacTBOpY eyex-
tTponuta. OpHjeHTanrja ode aMUHOKHCENMHE je CKOPO MapajiesiHa ca MOBPUIMHOM Ca U3y3eT-
KOM aMOHHMjyM IPYIE KOja je yCMepeHa of nospunHe. bynyhu fa je opujeHTanyja HUCTeUHa U
ajlaHMHA Ha TOBPUIMHU CIMYHA, MOXeE [a Ce 3aKk/by4H Ja je THOJICKa IpyNa y HUCTeHUHY Ofro-
BODHA 3a BETOBY CYIIEPHOPHY KOPO3HUOHY 3aLITUTY ¥ OJHOCY Ha JPyre aMUHOKUCEIHHE.

(ITpumibeHo 26. HoBemOpa 2013)
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Abstract: In this work, silver/poly(vinyl alcohol), Ag/PVA, colloidal disper-
sions were obtained by electrochemical reduction of Ag*. The electrochemical
synthesis of silver nanoparticles in aqueous solutions of 5 and 10 wt. % PVA,
containing 0.1 M KNO;3 and 3.9 mM AgNOs;, was performed at a constant cur-
rent density of 25 mA cm for a synthesis time of 10 min. The presence of
silver nanoparticles was confirmed by UV-Vis spectroscopy. Cyclic voltam-
metry analysis and FT-IR spectroscopy indicated interactions between the sil-
ver nanoparticles and the PVA molecules. TEM analysis confirmed the spheri-
cal shape of the obtained silver nanoparticles, with a mean diameter of 15+9 nm.

Keywords: electrochemical synthesis; PVA; silver nanoparticles.

INTRODUCTION

Poly(vinyl alcohol) (PVA) is a widely used synthetic polymer. The benefits
of its use lie in its properties: non-toxicity, water-solubility, biocompatibility,
biodegradability and excellent mechanical properties.!~¢ In addition, its low price
and wide availability makes PVA a polymer of choice in a large number of appli-
cations.® The regular linear structure of PVA with a large number of side hyd-
roxyl groups on the main chain suggests excellent hydrophilicity and reactivity.
Solubility of PVA in water permits the formation of transparent films by evapo-
rating the water from the aqueous solution. PVA in the form of flexible water-
soluble films is used, mostly for its oxygen barrier effect, e.g. in paper coatings,
textile sizing and in packaging.# The functional modification of PVA molecule
widened its use by making different adsorbents, such as ion-exchange films,
hydrogels and metal-complexion membranes.? Different processing technologies

* Corresponding author. E-mail: vesna@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC131017124S
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are used for the enhancement of the chemical stability, biodegradation resistance
and mechanical strength by chemical and physical crosslinking, and hardening
modifications.*7-9 Hydrogels made of PVA have recently become attractive as
matrices for the repair and regeneration of several types of tissues and organs in
the fields of tissue engineering and regenerative medicine.”-1¢ The significant
swelling capacity of PVA hydrogels, that enables the absorption of exudates
generated during the process of wound healing, makes them adequate biomate-
rials for wound dressings.!2,17-20

Nanosized structures of silver, ranging from 1 to 100 nm, have been in the
focus of investigations over several decades. Due to the maximization of the total
surface area of the nanoparticles that leads to the highest values of the activity to
weight ratio, the properties of silver nanoparticles (AgNPs) are significantly
different from those of the bulk metal. As a result, AgNPs have found appli-
cations in various fields, first in medicine.21-26 For years, silver products have
been used as antimicrobials on different wounds, such as burns, traumas and
diabetic ulcers. Silver toxicity implies complex activity against multiple compo-
nents of bacterial cell metabolism, including damage to the bacterial cell wall
(membrane permeability leads to changes in the cellular structure), blockage of
systems responsible for transport and enzymatic activity (e.g. respiratory cyto-
chromes), alteration of proteins as well as binding of microbial DNA and RNA,
thus preventing transcription and division of bacteria.27-28 This combined effect
makes bacteria unable to become immune to the silver antimicrobial function,
which is not the case with antibiotics.

High purity of the metal particles as well as the possibility of precise particle
size control can be obtained by electrochemical synthesis, by adjusting the cur-
rent density or applied potential.26-2% Without the necessity of a large number of
different chemical as used in conventional chemical methods, this approach is
especially attractive for biomedical applications.

In this work, silver nanoparticles were electrochemically synthesized by
reduction of silver ions, for the first time using PVA as a capping agent. The
effect of the PVA concentration on the amount and size of AgNPs was inves-
tigated, as well as the interaction between the silver nanoparticles and PVA. The
advantages of this procedure are especially attractive for biomedical applications:
all steps of synthesis are clean, few chemicals are used, and the obtained
Ag/PVA colloid solution is biocompatible and biodegradable.

EXPERIMENTAL
Materials

The following chemicals were utilized in this work: fully hydrolyzed PVA powder (“hot
soluble®, M,, = 70000100000 g mol-!, Sigma, St. Louis, MO, USA), AgNO; (M. P. Hemija,
Belgrade, Serbia), KNOj (Centrohem, Stara Pazova, Serbia) and Ca(NOs),-2H,0 (Alkaloid,
Skopje, FYR Macedonia). In all experiments, ultra pure water from a Milli-Q system
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(Millipore, Billerica, MA, USA) was used as well as N, gas of high purity (99.5 %, Messer
Tehnogas a.d., Belgrade, Serbia).

Synthesis of Ag/PVA colloid dispersions

Ag/PVA colloid dispersions were obtained by electrochemical reduction of silver ions in
PVA solutions. PVA powder was first dissolved in hot water and, after cooling to room
temperature, mixed with KNO5 and AgNO; solutions to obtain final concentrations of 5 and
10 wt. % PVA, 0.1 M KNOj; and 3.9 mM AgNOs;. The electrochemical synthesis was
performed galvanostatically in an electrochemical cell containing 50 cm? of the solution using
a Reference 600 Potentiostat/Galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA).
Two Pt plates (9 mmx10 mm) were employed as the working and counter electrodes, and a
saturated calomel electrode (SCE) was used as a reference electrode. The applied current
density was 25 mA cm™ and the synthesis time was 10 min. The synthesis was performed
under continuous stirring; N, was introduced into the solution for 20 min prior to the
synthesis, followed by continuous N, flow over the solution during the synthesis.

Characterization of Ag/PVA colloidal dispersions

UV-Vis spectroscopy. UV-Vis spectroscopy was employed to confirm the presence of
AgNPs in the Ag/PVA colloidal dispersions (UV-3100 spectrophotometer, Mapada, Japan).
The wavelength was scanned between 200 and 1000 nm.

Cyclic voltammetry. Cyclic voltammetry investigations of a Pt electrode were performed
in 10 wt. % PVA solution and in the Ag/PVA colloidal dispersion (10 wt. % PVA) using two
platinum electrodes (9 mmx10 mm) as the working and counter electrodes, and a saturated
calomel electrode (SCE) as the reference. Cyclic voltammetry was performed using Reference
600 potentiostat/galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA). The measu-
rements were recorded at a scan rate of 50 mV s°!, in the potential region from —1 to 1 V vs.
SCE, starting from the open circuit potential, £, All potentials are given versus the SCE,
and the plotted voltammograms are stationary ones.

Fourier transform infrared (FT-IR) spectroscopy. The IR spectra were recorded on PVA
and Ag/PVA thin films that were obtained by evaporating the solvent from 10 wt. % PVA
solution and the Ag/PVA colloid dispersion (10 wt. % PVA). A Thermoelectron Corporation
Nicolet 380 FT-IR spectrophotometer, operating in ATR mode, was used.

Transmission electron microscopy. Transmission electron microscopy of the Ag/PVA
colloid dispersion (10 wt. % PVA) was performed using a 100 CX Electron Microscope
(JEOL Ltd., Tokyo, Japan) operated at 100 kV, in order to examine the size and shape of the
Ag nanoparticles. Samples for TEM analysis were prepared by deposition of a diluted
Ag/PVA colloidal dispersion (1:4) on C-coated Cu grids (SPI Supplies/Structure Probe Inc.,
West Chester, PA, USA).

RESULTS AND DISCUSSION
UV-Vis spectroscopy

UV-Vis spectroscopy was employed to monitor the formation of the silver
nanoparticles. Nano-sized silver exhibits a strong absorption due to the collective
oscillation of the conduction electrons, after appropriate excitation by suitable
radiation. This phenomenon is known as localized surface plasmon resonance
(LSPR), which is highly dependent on the size and shape of the nanoparticles.30
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The absorption spectra of pure 10 wt. % PVA solution and Ag/PVA colloid
dispersions with 5 and 10 wt. % of PVA in the initial solution are shown in Fig.
1. The PVA spectrum did not exhibit an absorbance peak in the examined range
of wavelengths. Both Ag/PVA colloidal dispersions exhibited absorption spectra
with two bands peaking at around 400 and around 650 nm.

Fig. 1. Absorption spectra of 10 wt. % PV A solution and Ag/PVA colloidal dispersions with
5 and 10 wt. % PVA.

The first absorption peak at =400 nm confirms the formation of silver nano-
particles.31:32 The second absorption band peaking at nearly 650 nm can be
explained by aggregation or agglomeration of the silver nanoparticles present in
the colloidal dispersion.33:34 The size and shape of the obtained silver nanopar-
ticles will be further discussed in the next section where the results of TEM anal-
ysis are presented. The only difference between the spectra of Ag/PVA colloid
dispersions obtained from initial solutions containing 5 and 10 wt. % PV A was in
the absorbance intensity, where a higher absorbance was exhibited by the solu-
tion with the higher PVA concentration. This suggests that a higher concentration
of silver nanoparticles was obtained with a higher concentration of PVA in the
initial solution, since the concentration of the silver nanoparticles is proportional
to the absorbance intensity.34

UV-Vis analysis was also used to determine the effect of PVA concentration
on the amount and relative size of silver nanoparticles. The time dependences of
the absorbance maximum, A4.,,x, and the wavelength of the absorbance maxi-
mum, Amax, are presented in Figs. 2 and 3, respectively. It can be seen in Fig. 2
that an increase in the PVA concentration increased the absorbance maximum,
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indicating the greater amount of silver nanoparticles in Ag/PVA colloid disper-
sion. For both Ag/PVA colloid solutions, A,y increases up to the 20t day and
then remained almost constant up to the 30th day, while a further increase in Aax
is the consequence of gelation. It could be stated that the absorbance maximum
was attained 20 days after the synthesis, when the growth of the silver nanopar-
ticles terminated.

Fig. 2. Absorbance maximum, 4,,,,, of Ag/PVA colloidal dispersions with 5 and 10 wt. %
PVA as a function of time.

Fig. 3. Absorbance maximum wavelength, A,., of Ag/PVA colloid dispersions with
5 and 10 wt. % PVA as a function of time.
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The time dependence of the wavelength of the absorbance maximum, A ax,
is presented in Fig. 3. It could be noticed that for both Ag/PVA dispersions, Ayax
increased up to the 20t day, and then remained almost constant, and that the
concentration of the PVA solution had no effect the size of the synthesized silver
nanoparticles. This is in accordance with the previous assumption that the growth
of silver nanoparticles terminated around 20 days after their synthesis.

Cyclic voltammetry

The cyclic voltammetry analysis of the Pt electrode was performed in 10 wt. %
PVA solution and in Ag/PVA colloidal dispersion obtained from the initial
solutions containing 5 and 10 wt. % PVA (Fig. 4). A better insight into the oxi-
dation/reduction processes occurring in aqueous solutions of silver was obtained
by comparison these cyclic voltammogram with those of the Pt electrode obtained
in solutions containing 3.9 mM AgNOs3 and 0.1 M KNOs.

Fig. 4. Stationary cyclic vol-
tammograms of a Pt electrode
in a) 10 wt. % PVA solution
and b) Ag/PVA colloidal dis-
persions with 5 and 10 wt. %
PVA.
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Cyclic voltammogram of the Pt electrode in 10 wt. % PV A solution (Fig. 4a)
exhibited a broad cathodic peak at —100 mV, originating from reduction the Pt
oxide formed during the anodic sweep. The anodic counterpart of this peak was
not visible due to overlapping with the oxidation current at potentials more posi-
tive than 400 mV.

The stationary cyclic voltammograms of the Pt electrode in Ag/PVA colloid
dispersions obtained from the initial solutions containing 5 and 10 wt. % PVA
are shown in Fig 4b. In the Ag/PVA colloid solution obtained from the initial
solution containing 5 wt. % PVA, the Pt electrode exhibited an anodic peak at
around 611 mV, which originated from the oxidation of the Ag particles. This is
connected with the oxidation/reduction processes of silver in the solution24
where the appropriate pair of peaks appeared at 600 and 160 mV, respectively,
and the minimal shifts towards more positive potentials (611 and 165 mV) could
be the effect of the influence of the polymer molecules present in the solution. A
small broad anodic peak appeared at around 870 mV, probably due to the oxi-
dation of free Pt surface. The cathodic counterpart for the Pt oxide formation was
not seen. However, considering the intensities of the cathodic currents in the
potential region —200-200 mV, the cathodic counterpart for the Pt oxide for-
mation could be overlapped with the Ag* reduction peak.

In the case of the Ag/PVA colloid dispersion obtained from the initial solu-
tion containing 10 wt. % PVA (Fig. 4b), three anodic peaks are obvious, at
around 595, 667 and 871 mV. The first two could be related to the different oxi-
dation processes of the silver nanoparticles in the Ag/PVA colloidal dispersion,
while the peak at around 871 mV is related with the Pt oxide, as mentioned
earlier. Only one cathodic peak was observed, at 160 mV. The two anodic peaks
suggest differences between silver species; one was even less susceptible for
oxidation.3> This could be explained bearing in mind the entrapment of silver
nanoparticles by PVA molecules, which implies silver nanoparticles with enhanced
stability were obtained. Moreover, the coordination between Ag nanoparticles
and hydroxyl groups of PVA was confirmed by FT-IR measurements, which will
be discussed in the next section. The results indicated two types of AgNPs in the
Ag/PVA colloidal dispersion, i.e., relatively free ones that are susceptible to oxi-
dation, and those already bonded to PV A molecules, that are hence less reactive.

Since it was proved that a higher concentration of silver nanoparticles in
Ag/PVP solution were synthesized from the initial 10 wt. % PVA solution (UV—
—Vis measurements) as well as more stable silver nanoparticles were formed (CV
measurements), all further characterizations were performed on Ag/PVA solution
synthesized using the 10 wt. % PV A solution.

Transmission electron microscopy

Ag/PVA colloid dispersion obtained under the chosen experimental condi-
tions (10 wt. % PVA, c¢(AgNO3) = 3.9 mM, j = 25 mA cm 2, ¢ = 10 min) was
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analyzed using transmission electron microscopy. The TEM microphotograph
confirmed the spherical shape of the synthesized silver nanoparticles (Fig. 5a).
The average diameter of the obtained silver nanoparticles was 15+9 nm (Fig. 5b).
It is known from the literature36-27 that nanoparticles of the obtained dimensions
exhibit antimicrobial characteristics.

12 (b)
vl AgNPs

Particles fraction, %

Fig. 5. a) TEM microphoto-

graph of electrochemically syn-

thesized silver nanoparticles in

an Ag/PVA colloidal dispersion

2 7 with 10 wt. % PVA and b)

0 5§ 10 15 20 25 30 3 40 45 histogram of AgNPs particle
d/nm size distribution.

Fourier transform infrared (FT-IR) spectroscopy

FT-IR measurements were performed on pure PVA and Ag/PVA thin films
in order to determine the type of interactions between the PVA molecules and the
silver nanoparticles. Thin PVA and Ag/PVA films were obtained by solvent eva-
poration from 10 wt. % PVA solution and Ag/PVA colloid dispersion obtained
from the initial solution containing 10 wt. % of PVA, respectively (Fig. 6, Table
I). The spectrum of the pure PVA exhibited characteristic peaks associated with
poly(vinyl alcohol). A typical strong hydroxyl band for the —OH stretching vib-
ration was observed at 3251 cm™1;38 a band originating from C—H alkyl stretch-

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



ELECTROCHEMICAL SYNTHESIS OF SILVER NANOPARTICLES 2095

ing was observed at a wavenumber of 2985 cm™1.39 Absorption peak originating
from carboxyl stretching band (C-O) was verified at a wavenumber of 1141
cm~!. The vibration band in the region between 1090 and 1150 cm™! was attri-
buted to the crystallinity of the PVA,3® considering that PVA is a semi-crystal-
line synthetic polymer.40

Fig. 6. IR Spectra of PVA and Ag/PVA thin films (PVA content
in the initial solutions: 10 wt. %).

TABLE 1. Wavenumbers of the characteristic bands and corresponding assignments for PVA
and Ag/PVA thin films

Wavenumber (cm ')

Assignment®**
PVA Ag/PVA
3251 3253 —OH Stretching vibration
2937 2939 Asymmetric CH, stretching and
aliphatic C—H stretching vibrations

— 1763 C=0 Stretching of acetyl groups
1658 1650 Asymmetric and symmetric stretching vibration of -COO
1581 - C=C Stretching vibration band
1414 1408 Weak —OH band vibration
g;z 13752 —OH In plane coupling with C-H wagging
1238 1238 C—C Stretching vibration
1142 1142 Symmetric C—C stretching
1082 1084 C-0 Stretching vibration of secondary alcohols
916 916 Symmetric C—C stretching
833 831 C—H rocking vibration
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The IR spectrum of the Ag/PVA thin film exhibited a few differences com-
pared to that of the pure PVA. Important changes were observed for the bands
peaking at 1377 and 1325 cm! (in the PVA spectrum) and 1352 cm! (the in
Ag/PVA spectrum). The strong band peaking at 1377 cm! is the result of the
coupling of the —OH in-plane vibration with the C—H wagging vibrations. The
increase in the intensity of the band at 1377 cm™!, along with a slight shift of the
band position (to 1352 cm! in the Ag/PVA spectrum), and the disappearance of
the band peaking at 1325 cm~! upon incorporation of Ag nanoparticles, suggests
interaction between the AgNPs and the —OH groups of the PVA molecules
through the decoupling between the corresponding vibrations. These results are
in accordance with the results obtained from cyclic voltammetry, which indicated
that PVA interacts with silver nanoparticles. As noted, there are two types of
nanoparticles bonded with the PVA molecules, one which is more reactive, peak-
ing at more negative values of the potential, and the other one, peaking at more
positive values of the potential and thus more stable. Similar results were reported
for alginate26 and PVP.24

CONCLUSIONS

In this work, an electrochemical procedure was employed for the production
of Ag/PVA colloidal dispersions with different concentrations of PVA. It was
found using UV—Vis spectroscopy, that increasing PVA concentration in the ini-
tial solution increased the concentration of electrochemically synthesized AgNPs.
Growth of the silver nanoparticles terminated around 20 days after the synthesis
and their size remained almost constant up to the 30th day. The possibility of the
use of PVA for the electrochemical synthesis of silver nanoparticles, as an ade-
quate capping agent, was confirmed by cyclic voltammetry and IR spectroscopy,
since the hydroxyl groups from PVA molecules coordinated with the Ag nano-
particles, making them more stable during a prolonged period. The obtained
AgNPs were spherical, with a mean diameter of 15+9 nm, determined by TEM
analysis. Thanks to the clean and simple procedure, electrochemically synthe-
sized Ag/PVA colloidal dispersions could be utilized for the production of
Ag/PVA hydrogels in different forms (thin films, discs and sheets), which could
be used for antimicrobial treatments in biomedicine due to the release of AgNPs.
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H3BOJ

EJIEKTPOXEMUJCKA CUHTE3A HAHOYECTHLIA CPEEPA 'Y PACTBOPY
IMOJIM(BUHUJI AJIKOXOJIA)

PAJIE CYPYIIUR', JKE/bKA JOBAHOBUR', HATAIIIA BUBMR’, BPAHHC/IAB HUKOJIHER'
1 BECHA MUIIIKOBUE-CTAHKOBUR'
ITexnonowxo-memanypuku Gaxynitend, Ynusepsuimed y beoipagy, Kapneiujesa 4, beoipag u ’Institut 3a
HyKJeapHe Hayxe ,Bunua”, Yrnusepsutiieil y beoipagy, Muxe Iletiposuha Anaca 12—14, Beoipag

Y oBOM papjy nokasaHoO je nodujame KOJIOMIOHUX AUCIEp3Hja CPeOPO/IONU(BUHUII alKO-
xon), Ag/PVA, enekTpoxeMujckoM penykuujom Agt. EnexrpoxeMujcka CHHTe3a HAaHOYeCTHLa
cpedpa y BOOEHUM pacTBOpHMaA IOJH(BUHMII ajiKoxona) ca 5 u 10 mac. % PVA, koju cy canp-
xamu 0,1 M KNO3 u 3,9 mM AgNOs3, BplueHa je NpH KOHCTaHTHOj I'YCTHHHU CTpyje of 25
mA-cm2 y Tpajamy on 10 min. ITpicycTBo HaHOUYeCTHIA cpebpa moTBpheHo je yaTpamyduyac-
TOM M BHIJ/BUBOM CIEKTPOCKONHjOM. ITUKINUHOM BONTaMETPHjOM U HHPPALPBEHOM CIEKTPO-
CKOIIMjOM MOKa3aHa je MHTepakuuja usmel)y HaHouecTula cpedpa ¥ MOseKy/a MOTH(BUHHI
ajIkoxosia). AHAJIM30M TPAaHCMHUCHOHE €/1eKTPOHCKE MUKPOCKOIIHje je MoTBpheHo ma cy modu-
jeHe HaHouectuue cpedpa chepHor obnvka, npeynuka 159 nm.

(ITpumbeno 17. okrobpa, peBuaupano 4. HoBembpa 2013)
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Abstract: The properties of electrodeposited PbO, are sensibly influenced by
the deposition current and temperature. In particular, tritium radiotracer mea-
surements demonstrated that protons were incorporated into the bulk of an
oxide film and on its surface. The degree of hydration increased with increas-
ing current and decreased with temperature, and was related to the morpho-
logical characteristics of the oxide, such as roughness measured by changes in
the double layer capacity. Conversely, the amount of hydrogen had negligible
effects on the number of free carriers as evaluated from Mott—Schottky plots.
The hydration degree of the surface seems to be an important factor influencing
electrocatalytic processes at high potentials, such as O, evolution and O; for-
mation. On less hydrated, more crystalline PbO, surfaces, the first process was
inhibited and accordingly, the second was favored.

Keywords: lead dioxide, tritium, electrodeposition, electrocatalysis.

INTRODUCTION

Lead dioxide electrodes have been studied for several years and continue to
attract considerable interest from both practical and theoretical points of view. In
the field of battery applications, research in lead-acid batteries is still very
active,! and in particular, recent developments of new soluble lead-acid flow
devices appear rather attractive.2 A recent review by Li et al3 presents very
informative state of the art studies on PbO,. Despite the enormous amount of
work, there is still a considerable debate on some issues, such as the stoichio-
metry of the oxide (sometimes described as PbO,) and its influence on electro-
chemical properties.

The reason of this non-stoichiometry has been attributed to oxygen vacan-
cies, interstitial protons or quasi-free electrons. In the model proposed by Rue-

* Corresponding author. E-mail: amr@unife.it
doi: 10.2298/JSC131022122A
2099
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tschi and Giovanoli,* vacancies are arranged to form layers (named “internal
surfaces”) between crystallographically ordered areas, and the charge due to mis-
sing Pb*" would be compensated only by OH~ or by Pb2™ and OH~. Thus, the
formula proposed to describe better the composition of PbO; is:

Pb?ltx—y)Pb%+OH(22_—4x—2y)OH(_4x+2 ») PO (1)

The model accounts for the fact that experimental studies report evidence for
the presence of Pb(Il) and structural water in the PbO, lattice. On the one hand,
earlier studies remained inconclusive in regards to whether it is fully
stoichiometric with respect to oxygen3—> or not; on the other hand, according to
recent studies based on theoretical calculation,®8 the conductivity is due to oxy-
gen vacancies.

Different studies agree that electrochemically prepared PbO, contains struc-
tural water (hydrogen)# and that there is a correlation between the hydrogen con-
tent and its electrochemical activity.” The electrochemical behavior of electro-
deposited PbO; is very sensitive to the preparation method, and the choice of the
electrodeposition parameters of play an important role in the control of the
morphological characteristics of PbO,.10-15 It seems, however, that there has
been insufficient systematic investigations on how the control of different para-
meters in the electrodeposition of PbO, can affect the amount of structural water
in the resulting oxide.

In this work, the influence of parameters such as the deposition temperature
on the inclusion of tritium into electrodeposited PbO, films I discussed. Gene-
rally, radiochemical studies can provide useful complementary information in the
study of electrochemical reactions.!0-20 In addition, the electrochemical beha-
viors of the obtained films are examined. The starting point was the question
raised by Hill several years ago2! on a possible connection between structural
hydrogen and electrochemical reactions at PbO5.

EXPERIMENTAL

Chemicals

Ultrapure acids were obtained from Merck and all other chemicals from Sigma—Aldrich
Equipment

The electrochemical experiments were performed employing an EG&G model 273A
potentiostat—galvanostat using EG&G software. Additionally, for impedance measurements,
an EG&G model 5210 lock-in amplifier was used. Simulation calculations of the impedance
data were realized using the B. A. Boukamp Equivalent Circuit simulation program. Measure-
ments were performed in a conventional three-compartment cell. The counter electrode was a
large Pt flag, or a cylindrical Pt gauze surrounding the working electrode in the case of impe-
dance measurements. A saturated calomel electrode (SCE) was used as the reference. This
was in contact with the working electrode compartment through a Luggin tip. X-Ray diffrac-
tion experiments were performed with an Advance Bruker D8 diffractometer.
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Methods

Cyclic voltammetry and impedance measurements were performed with PbO, electro-
deposited on a Pt wire (geometrical area 0.18 cm?). For the radiochemical experiments, PbO,
was galvanostatically deposited onto platinized titanium (geometric area 2 cm?). The experi-
mental conditions were adjusted so that the weight of the deposit was constant, and thickness
was estimated using the reported density of PbO,.* Both the activity due to tritium incurpo-
rated in the whole films (4,) and that due to exchange of tritium at the surface (4,) were
measured as described below.

i) For the measurement of 4, PbO, films of different thickness were prepared by electro-
deposition at a constant current from solutions of 1 M HNO; + 1 M Pb(NOs),. [*H]water
(tritium water) was added to the solution to give a radiochemical activity of 5x107 d.p.m.
(disintegrations per min). After preparation, the electrodes were washed with dry acetone,
dried in an argon flow, weighed and dissolved in H,O,/aqueous acetate buffer at pH 5.5. A
fixed amount of this solution was added to the scintillating liquid (Insta-gel, Packard), and the
radiochemical activity was counted.

ii) For the determination of 4, the amount of tritium exchanged at the oxide surface, the
following procedure was adopted: lead dioxide films having a fixed thickness were prepared
in the absence of [?H]water. They were then immersed in solutions containing [*H]water
(5x107 d.p.m.) for 60 h; this conditioning time was chosen because separate experiments
showed that the uptake of tritium reached a maximum after this period. The samples were
thoroughly washed with dry acetone, dried in an argon flow and immersed in the scintillating
liquid. The release of tritium in the scintillating liquid was measured as a function of time
until the radiochemical activity reached a constant value.

Films of a-PbO, were prepared from 2 M NaOH solutions saturated with lead acetate.
Ozone analysis was performed mostly by iodometric titration. In some cases, the so-obtained
results were checked by the spectrophotometric method measuring the absorption at 254 nm
and using an extinction coefficient of 3024 L cm™! mol-!.

RESULTS AND DISCUSSION
X-Ray characterization

The effect of electrodeposition conditions on the XRD spectra of PbO; is
shown in Fig. 1. At room temperature, an increase in the constant deposition cur-
rent does not result in significant changes in the reflection patterns, except for a
larger contribution of some higher index planes as the current increased (Fig. 1a).
SEM micrographs (Supplementary material) show that at the higher current den-
sities, the films feature crystals without clear crystal edges.

The obtained films consisted of mixture of a- and S-phase PbO,, with the
calculated amount of the former!4 remaining rather constant and less than 10 %
of the total PbO,. The size of the crystallites, calculated from the Scherrer
Equation:

kA
L cosd

(1)
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was also relatively insensitive to current.!4 Using the most intensive S (110)
peak, the calculations yielded particle dimensions of 27 and 30 nm for 5 and 20
mA cm 2, respectively.

*

p-110

——20mA, 23°C
------ 5 mA, 23°C

(b)

Fig. 1. a) Effect of the deposition current on the XRD pattern of PbO,. Peaks marked (*)
correspond to S-PbO, and those marked (o) to a-PbO,. Temperature: 23 °C. b) Effect of the
deposition bath temperature on the XRD pattern of PbO,. Peaks marked with (o)
correspond to a~PbO,.
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The choice of the deposition temperature had a comparatively more pro-
nounced influence. As shown in Fig. 1b, the contribution of the a-PbO, poly-
morph gradually disappeared as the temperature was increased from 22 to 60 °C.
These results are in agreement with those reported by Sirés et al. for PbO;
prepared from methanesulfonic acid.?2

Tritium exchange

In the study of electrodeposited PbO; under different experimental condi-
tions, tritium radiotracer measurements can, in principle, provide a relatively
simple method to obtain information on hydrogen incorporation into the oxide
and at its surface. In fact, according to the disorder model of electrochemically
grown PbO,, hydrogen ions on interstitial sites together with quasi-free electrons
are considered the dominating disorder centers.23

The graph displayed in Fig. 2a shows that the total amount of tritium (A4y)
incorporated into the whole PbO, film was a linear function of thickness. It also
showed that the amount of tritium in the more defective a-PbO; film was much
larger than that observed with f-PbO, for the same deposition current and tempe-
rature (cf. plots 1 and 2). The amount of tritium in the bulk decreased signifi-
cantly as the deposition temperature was increased to 60 °C, for the same cons-
tant current (cf. plots 2 and 3). The small amount of the a-polymorph present in
the films obtained at room temperature (vide supra) does not explain the large
decrease in the tritium inclusion brought about by temperature.

In an analogous experiment, the amount of tritium exchanged with the sur-
face (4g) was determined as described in the experimental section. The results
reported in Fig. 2b show the release of tritium as a function of time and tempe-
rature from films that had been previously equilibrated in tritiated water for 60 h.
It is possible to note that at there is a rapid initial exchange which may be refer-
red to as surface proton exchange, followed by a slower process, which is thought
to evidence the presence of less accessible protons.!”

The effects of the deposition current and temperature on the radiochemical
activity are summarized in Table L. In principle, a number of correlations are pos-
sible; for example, one may note that both A; and Ag increase as the current
increased, and that the increase was very pronounced only for samples prepared
at room temperature.

Since it could reasonably be expected that 4, would depend on the effective
surface area, cyclic voltammetry experiments were performed at different scan
rates in the double layer region (1.35-1.45 V) and calculated the capacities as
reported in the literature.24 Then the effective areas were estimated by taking the
double layer capacity of smooth electrodes (20 pF cm2) as a reference,25-26
Examples are given in Table II. It was observed that there is a direct propor-
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tionality between the surface radiochemical activity (4g) and the effective area:
both increased with deposition current and decreased with temperature.

(@)

(b)

Fig. 2. a) Overall amount of tritium incorporated into a-PbO,, t= 23 °C (1), f-PbO,,
t=23°C (2), and S-PbO,, t = 60°C (3), as a function of film thickness; b) amount of trititum
released by S-PbO, in contact with the scintillating medium after a 60-h contact with tritium
water. Samples prepared by electrodeposition at a constant current (10 mA cm2) onto Pt/Ti

substrates. See experimental section for details.

It was generally observed that high currents favor the formation of PbO,
films that are less stoichiometric. Additionally, under these conditions, oxygen
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evolution could occur and lead to an increase in the microporosity of the coating,
and. as a consequence, the exchange of tritium between the films and the envi-
ronment occur more easily due to the large number of lattice defects and morpho-
logical disorder.!7 Conversely, more compact, less defective surfaces are formed
at high temperature,22-27 which explains why a smaller amount of hydroxyl spe-
cies was present in the surface region as well as across the film.

TABLE I. Amount of tritium incorporated into a-PbO, (¢ =23 °C) and S-PbO, (¢ = 23 and 60
°C) electrochemically grown onto platinized Ti substrates (2 cm?) at a constant current (10
mA cm2)

o 2 t/°C
Deposition current, mA cm 3 0
Surface activity (44/100), d.p.m.
5 11.04 3.82
10 18.8 5.89
20 30 7.3
30 354 8.2
40 38 9.32
Total activity (4/100), d.p.m.
5 17.8 16.45
10 31.2 30.3
20 47 333
30 62 35
40 74.2 33.25

TABLE II. Double layer capacities and roughness factors as a function of PbO, deposition
current and temperature

Deposition current, mA cm™2

(temperature, °C) Capacity, mF Roughness factor  Effective area, cm?
5(23) 1.75 87.5 15.8
5 (60) 0.685 34.2 6.15
20(23) 4.6 230 41.4
5 (23), a—Pb02 30 1500 270

Electrochemical characterization

Electrodeposited PbO; is reported to be a narrow band gap semiconductor
with high electron conductivity due to non-stoichiometry, which varies with pre-
parative conditions.’”-28 Often the Hall effect is used to determine the number of
free charges. However, reasoning that useful information was obtained from
Mott-Schottky analysis for conductive materials, such as Sb-Sn0,2 and boron-
doped diamond,30 the capacities of the prepared PbO, films were calculate from
their impedance and the data was plotted according to:
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2
A2 2 [p_ g K )
C?2  gegyN q

where ¢ is the electron charge, 4 is the area, & is the vacuum permittivity, ¢ is
the dielectric constant of PbO5, taken as 3.91,7 and E and Ej, are the applied and
flat-band potentials, respectively. A plot of 42/C? vs. E should give a straight
line, the slope of which is inversely proportional to the number of carriers N.
Straight lines were indeed observed with a positive slope (n-type conductivity)
for PbO; (5 mA, 23 °C) and PbO; (5 mA, 60 °C) from which the calculated
values of N were 6x1021 and 8x102! ¢m3, respectively. The data are the same
within experimental error and so there is no apparent correlation with tritium/
/proton incorporation as a function of temperature. The results are not completely
unexpected, and in fact, Ruetschi and Giovanoli drew attention to this type of
experimental findings several years ago.4 On the other hand, the effect of current
density is more conspicuous as seen in the example of experimental plots of Fig.
3. In the case of PbO; (20 mA, 23 °C), The Mott—Schottky plots are non-linear,
which could be due, for example, to a high number of defects3! and/or poro-
sity.32 It is noteworthy that hydration was also observed to cause non-linearity in
Mott—Schottky plots.33

10_ O"
o4
W 8 . ] W
Ng 5 mAREC & Ng
- m. ° 3
'S 6- - 1%
~— ,. , A
N\ L] y N\
6 i K 1%
T 4] I @ N
o o ",,a'o 14
] S e 20 mARS e
0 J0

T T L T T T T T T T T
1.365 1.370 1.375 1.380 1.385 1.390
Potential, V vs. SCE

Fig. 3. Mott-Schottky plots for PbO, electrodeposited at 5 and 20 mA cm™
at a temperature of 23 °C.

In the literature, reduction of PbO, electrodeposited under different condi-
tions has been investigated frequently in order to gain insight into activity related
to film morphology. Thus, for example, films with structural characteristics such
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as accessibility to species in the electrolyte and fast surface and subsurface
exchange of protons are expected to be more easily reduced.12

The results reported in Fig. 4a are first scan linear sweep voltammetry curves
for the reduction of different PbO, samples in HC1Og4. The scan was started at 1.5
V, where no faradaic process occurs, and HCl1O4 were chosen in order to avoid
effects of strong adsorption of the anions. It appears that reduction occurred at
more positive potentials when the films were obtained at relatively high currents;

04
<
3
€
o
5 -204
o
-40 T T T T T
0.4 0.8 1.2
Potential, V vs.. SCE
(a)
04
« -10
=
€
L 20
S
o
Fig. 4. Linear sweep voltammetry
-30 curves for the reduction of PbO, pre-
pared under different experimental con-
ditions: 1) 5 mA cm?, 23 °C; 2) 5 mA
40 : i : , : _cm?, 60 °C; 3) 20 mA cm?, 23 °C; a)
0.4 08 1.2 first scan experiments after preparation
Potential. V vs. SCE and b) after polarization of the elec-
' ’ trodes at 1.95 V for 1200 s. Scan rate: 5
(b) mV s°!. Electrolyte: 1 M HCIO,.
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conversely, an increase in the deposition temperature shifted the reduction pro-
cess to more negative potentials. Films of pure a-PbO, were more readily reduced,
typically at ~0.95 V. The lower reduction charge g3 (Fig. 4a) is likely due to a
lower electrodeposition efficiency at high currents, because of the occurrence of
O, evolution.!0 Qualitatively, the described behavior seemingly parallels the
defective structure of films, as also shown by the tritium uptake experiments.

Experiments with films that had previously been used as electrodes for O,
evolution in HCIOy4 at high potentials showed that the only detectable effect was
that of temperature (Fig. 4b). A possible explanation is that a gel layer is rapidly
formed on PbO; in contact with water,! which is involved in the reduction pro-
cess:34

PbO, + H,O S PbO(OH), 3)

(crystal zone) (gel zone)
PbO(OH), +2 H" +2e~ — Pb(OH); + H,0O 4
Pb(OH); + 2 H" — Pb2* + 2H,0 (5)

The influence of gel formation and its involvement in the cyclic voltammetry
behavior of PbO; electrodes in H,SOy4 solutions was discussed in a recent EQCM
investigation by Pech et al.35

One may speculate that the contribution of the crystal zones remains more
pronounced even after polarization at high positive potentials. According to Pav-
lov,36 however, equilibrium (3) is reversible and washing the electrode restores
the crystalline zones

[PbO(OH),],, — nPbO; + nH,0 (6)

and since the present experiment was ex situ, it does not appear likely that gel
formation could explain the observed behavior. Alternatively, following electro-
lysis at high current densities, re-deposition of PbO; occurred with the formation
of small crystallites on the surface, as proposed by Thanos and Wabner.37

Thus, experiments were performed in dilute HySOy4, analogous to those des-
cribed in Fig. 4 (Supplementary material). The obtained results agreed with those
reported earlier in this paper and with the conclusion of Devilliers et al.38 that
reduction of PbO; constituted of larger, more regular crystallites is more difficult.

Electrocatalytic behavior

The results presented so far demonstrated that the preparation method deter-
mines the amount of hydrogen incorporated within PbO, films and influences the
electrochemical behavior. The connection between these experimental aspects is
probably the non-stoichiometry of the films.3?
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Continuing with the characterization, again three types of PbO; electrodes,
prepared at different temperature and constant current, were examined in order to
assess the effects of these parameters on the O, evolution process.

Oxygen evolution proceeds in the gel-layer (vide supra) through the follow-
ing elementary steps:

PbO*(OH); + HyO — PbO,(OH),---(OH®) + H" + ¢~ (7)
PbO*(OH);-+(OH®) — PbO*(OH), + Qg5 + HY + &~ (8)
20,45 = Oy )

where PbO*(OH), is an active center located in the hydrous layer and OH® is a
hydroxyl radical bound to an active center. Thus, it is to be expected that the
thickness of this layer would exert an important influence on this electrochemical
process and indeed, it was reported that it lowers the potential of O, evolution.*0
Unfortunately, there is presently no convincing evidence of an influence of the
preparation method on the degree of gel-layer formation; the interesting EQCM
study by Pech et al.35 did not explore the effects of varying the electrodeposition
conditions of PbO».

In the present study, the O; evolution was mainly investigated by impedance
spectroscopy, and the results obtained by fitting the data according to the equi-
valent circuit displayed in Fig. 5 are reported in Table III. In this circuit, R is the
electron transfer faradaic resistance; Ry, is the resistance associated to desorption
of oxygen radical intermediates; Cq; is the known double layer capacity; C, is
related to the pseudo-capacitance, i.e., to the potential dependence of the steady
state coverage by reaction intermediates and is hence related in an important way
to electrocatalysis. The number “n” appearing in the tables refers to the behavior
of the constant phase element!8 and has a value of 1 for a pure capacity.

A comparison of the data at a fixed potential shows that electrodeposition at
high current or temperature causes a decrease and an increase, respectively, of
both R¢¢ and Ry,. In all cases Ry, > Ry, which seemingly indicates to a mechanism
in which desorption of intermediates (reaction (8)) is slow. As reported before:!8

log (R™!) = log (bi°) + bE (10)
¥
J— Cp
R, I}
Fig. 5. Scheme of the equivalent cir-
R M uit used for fitting the impedance
R data.
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and the Tafel slope b can be obtained from plots of log (R~1) vs. potential. In
effect, Fig. 6 shows that there is quite good agreement between the steady-state
polarization plots of £ vs. log I (Fig. 6a) and log (Rpfl) plots (Fig. 6b), at least at
potentials below 1.9 V. At more positive potentials, R, decreases rapidly and
reaction (8) becomes faster. Indeed, according to MNDO calculations*! based on
the hydroxylate cluster model Pb3(OH)12(H>0), electron transfer producing OH
radicals and their removal from the surface to give (O) species requires almost
the same energy: 685.3 and 712.5 kJ mol ™!, respectively.

TABLE III. Impedance spectroscopy data for PbO, prepared under different experimental
conditions. Electrolyte: 1 M HC1O,4

E/V R,/ Q R,/ Q R,/ Q Cy/ 103 F (n) Cp/lO'3F(n)
5mA cm?, 23 °C
1.65 1.12 11.25 932.8 1.72 (0.92) 1.20 (1.0)
1.70 1.96 10.53 4437 1.92 (0.96) 1.17 (1.0)
1.75 1.45 8.90 150.2 1.88 (0.94) 1.13 (1.0)
1.80 1.13 8.57 41.3 1.84 (0.93) 1.05 (1.0)
1.85 1.13 6.25 18.4 1.62 (0.94) 1.10 (1.0)
1.90 1.15 3.80 114 1.30 (0.96) 1.25 (1.0)
1.95 1.12 2.17 8.0 0.88 (1.0) 1.05 (1.0)
2.00 1.10 1.78 431 0.83 (1.0) 1.69 (0.90)
2.05 1.10 1.68 2.24 0.58 (1.0) 1.27 (0.90)
5 mA cm?, 60 °C
1.75 1.07 17.65 206.4 1.45(0.98) 0.55 (1.00)
1.80 1.20 15.20 91.15 1.38 (0.96) 0.42 (1.00)
1.85 1.18 10.17 47.20 1.24 (0.95) 0.50 (0.92)
1.90 1.14 3.78 33.15 1.03 (0.98) 0.72 (0.85)
1.95 1.00 1.16 15.07 1.36 (0.98) 0.97 (0.85)
2.00 1.00 1.06 4.95 1.10 (1.00) 1.41 (0.84)
2.05 1.18 1.40 2.55 0.77 (1.00) 1.91 (0.84)
20 mA cm2, 23 °C
1.70 0.86 6.05 111.6 3.60 (0.92) 2.02 (0.98)
1.75 0.86 5.6 47.15 3.50 (0.91) 2.00(1.00)
1.80 0.88 4.15 15.25 3.00 (0.92) 2.30 (0.95)
1.85 0.88 2.3 8.92 1.70 (0.98) 2.92(0.92)
1.90 0.87 1.46 6.10 1.42 (1.00) 2.42 (0.93)
1.95 0.87 2.29 2.89 1.36 (0.97) 3.35(1.00)
2.00 0.88 1.42 1.36 1.36 (1.00) 6.40 (0.85)
2.05 0.90 1.07 0.85 1.30 (1.00) 9.3 (0.83)

Ozone formation is an important reaction occurring on PbO, at relatively
high potentials, in parallel with O, evolution4? (reaction (9)):

Oz + Oyds = O3 (11)

and the efficiency of O3 generation evidently depends on the coverage and sta-
bility of O,q4s; the recombination process (reaction (9)) that forms an oxygen
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molecule ensures a gain in energy of 891.2 kJ mol~!.41 In this context, it is note-
worthy that the stability of O is reported to be higher on less defective oxide sur-
faces,!8 which would correspond to the less hydrated PbO, (5 mA, 60 °C)
samples prepared in the present work.

2.14
i 4
02.0
n
© 1.94
>
T 1.8-
€
2 ® 5mAcm?23°C
o 1.7 >
a ®  5mAcm? 60°C
1 A 20mAcm? 23°C
1.64 A 20 mAcm? 23°C
15 10 -05 00 05 10 15 20
Log (// mA)
(@)
2.0
w
Q
73
<£ 1.9 1
>
B 18-
b=
5]
o]
8 174 ® 5mAcm® 23°C
P A 20mAcm? 23°C
O 5mAcm” 60°C
16 T T T T T T T
30 25 20 415 10 -05 0.0
Log (Rp'1/ o)
(®)

Fig. 6. Effects of PbO, preparation parameters on: a) E vs. log I from quasi steady-state data;
b) E vs. log(1/R;) from impedance data. Electrolyte: 1 M HCIOy.

The data on the effect of temperature on O3 formation shown in Fig. 7 con-
firmed the above reasoning. In addition, it was shown previously!® that for
E > 195V, the current—potential curves reached a stable profile after relatively
long polarization times. These results were confirmed in the present work for
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samples prepared at room temperature, while those deposited at 60 °C did not
exhibit such a time dependence. A tentative explanation might be that in the latter
case, corrosion is less pronounced and the equilibrium in reaction (3) is shifted to
the left; this conclusion would agree with the results of Fig. 4.

L@ e
S ¢ . ‘e,
% 60 -0 . e
o ® Y e e
) . o
b= . 60 °C
E 49 ."0 ) ¢ ‘e
§ " e e
2 40 °C
o
O 2
.
- 20°C
.~ .
.
0 T T T T T T T ]
0 50 100 150 200
Time, min

Fig. 7. The effect of the PbO, electrodeposition temperature on the current efficiency of ozone
electrogeneration in 0.5 M H,SO, as a function of time of operation at 0.5 A cm2.

CONCLUSIONS

Herein, an investigation into some aspects of the influence of current and
temperature on electrodeposited PbO, has been presented. In particular, tritium
radiochemical studies provide unequivocal evidence for the presence of structural
water in the bulk of the oxide film and not only on its surface. In battery studies,
the role of the hydrogen content in the PbO, lattice has been an issue for years
and is still in focus these days.

We find, In accordance with the conclusions of Hill,2! it was found that the
amount of hydrogen in PbO; has no direct influence on the electrochemical and
electrocatalytic behavior. However, the degree of hydrogen/tritium incorporation
provides information on changes in the chemico-physical characteristics. In parti-
cular, it is related to PbO, morphological defects, which in turn influence electro-
catalytic processes, such as O, and O3 generation. In this regard, the hydration
degree of the surface seems to be an important parameter, the control of which
could affect the efficiency of electrocatalytic oxidation processes. Probably, the
question that requires further investigation is a more quantitative analysis of the
relationship between degree of bulk hydration and that of the surface.
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SUPPLEMENTARY MATERIAL
Figures S1-S3 are available electronically at http://www.shd.org.rs/JSCS/, or from the

corresponding author on request.

N3BOJ

HUCITUTUBAKE OJIOBO(IV)-OKCHUIA ETEKTPOXEMHUJCKUM METOJAMA U
METOIOOM H30TOICKHX OBEJIEXXMBAYA: YTULIAJ CTPYJE TAJIOXKEIA U
TEMIIEPATYPE

ROSSANO AMADELLIi, LUCA SAMIOLO! n ALEKSANDR B. VELICHENKO?

ICNR-ISOF u.0.s. Ferrara c/o Dipartimento di Scienze Chimiche e Farmaceutiche, via Fossato di Mortara,

17, 44121 Ferrara, Italy u >Ukrainian State University of Chemical Technology, Gagarin ave. 8, 49005

Dnipropetrovsk,Ukraine

Ha cBojctBa enexkrpopenoHoBaHor PbO, 3HauajHO yTHUY CTpyja TaloXemwa U Temrepa-

Typa. Mepema ca TpPULHjyMOM Kao H30TONCKUM ODeNie)XWBaueM I0Kasyjy n1a Cy MPOTOHU
MHKOPIOPHPAHU U Y MacH OKCHIOHOTr (DUiIMa U Ia ce Hajla3e Ha HEeroBoj NOBPIIKUHU. CTereH
xuppaTanyje ce mosehasa ca mosehamwem cTpyje, a oraza ca TeMIIepaTypoM, LITO je I0Be3aHo
ca MopdOJIOIKUM KapaKTepUCTHKaMa OKCHZIA Kao LITO je XpamaBocT Koja je onpeheHa mpexo
KaralUTUBHOCTH JIBOjHOT ¢y10ja. CympOTHO, KOJTMYMHA BOJOHUKA 3aHeMapJbUBO yTUYE Ha Opoj
c/1000AHUX IIPeHocHIala HaeleKTpucama uspauyHat u3 Mott—Schottky aujarpama. Usrnena
Ia je cTeneH XWapaTaTalije MOBPLIMHE BaKaH (PAKTOp 3a eleKTpOKaTaIUTHYKe Mpolece Ha
BUCOKHUM IOTEHIMjaauMa Kao WTo cy uszBajawe O, u cTBapame O3. Ha Mame xunpaTrcaHum,
BUILIE KpUCTaTUHUYHUM PbO, nospuiriHaMa IpBU Mpoliec je HHXUOUpaH, a y CkiIafy ca TUMe,
Iopyrd GaBOpPU30BaH.
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Abstract: Hydrogen chloride (HCI) oxidation was investigated on technical
membrane electrode assemblies in a cyclone flow cell. The influences of Naf-
ion loading, temperature and hydrogen chloride mole fraction in the gas phase
were studied. The apparent kinetic parameters, such as reaction order with
respect to HCI, Tafel slope and activation energy, were determined from the
polarization data. The apparent kinetic parameters suggest that the recom-
bination of adsorbed Cl intermediate is the rate-determining step.

Keywords: gas diffusion electrodes, Nafion, electrolysis, HCI gas phase oxi-
dation, kinetics.

INTRODUCTION

Anhydrous gaseous HCl is a by-product of different reactions in the plastics
industry, for example during production of isocyanates by treating amines with
phosgene.! This by-product is commonly absorbed in water or neutralized. A
further option for handling gaseous HCI is its recycling back to chlorine. This
option is more advantageous since chlorine is a high value product with a number
of applications in the chemical industry. HCI can be chemically or electroche-
mically converted to chlorine.2 The chemical process follows the so-called Deacon
stoichiometry: 4HCI + Oy — 2Cl, + 2H,0.

This process was initially outperformed by electrochemical processes, but,
due to the recent advances in ruthenium-based catalysts, it has been successfully
revisited.3 Still, even with the present progress in heterogeneous chemical catal-
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* Dedicated to the 70t birthday of Prof. Branislav Nikoli¢.
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ysis, electrochemical processes outperform chemical HCI oxidation in terms of
the investment costs per ton of chlorine, the possibility of module-based (decen-
tralized) operation* and the required process temperature (ca. 343 K in the
electrochemical compared to 453773 K for the chemical process3). The major
electrochemical routes for recycling chlorine back from HCl were summarized in
recent publications.#© To recapitulate shortly, the state-of-the-art electroche-
mical process (DuPont—DeNora) is based on direct splitting of HCI into chlorine
and hydrogen: 2HCl — Cl, + Hj

Further developments in the electrochemical recycling of HCl were mainly
directed towards an increase in energy efficiency. In this respect, the major sav-
ings were obtained by influencing the thermodynamics of the process through
change in the aggregate state of the reactant or by changing the process stoichio-
metry. The change in the process stoichiometry by introducing an oxygen-con-
suming instead of a hydrogen-evolving cathode resulted in ca. 30 % energy sav-
ing compared to the state-of-the-art process.® This so-called Bayer—Hoechst-Uhde
process with an overall process stoichiometry corresponding to the Deacon pro-
cess has already been realized on the technical scale. Aqueous HCI is employed
in this process. It was demonstrated recently that utilization of gaseous instead of
aqueous HCI resulted in an additional energy saving (up to 50 % compared to
that obtained in the state-of-the-art process).>

Further development and optimization of this promising process variant
requires detailed knowledge of the reaction kinetics. In this respect, especially
kinetic information on the electro-oxidation of gaseous HCI are extremely rare.’
To obtain meaningful information for process development, kinetic measure-
ments have to be performed under technically realistic conditions using mem-
brane electrode assemblies (MEA), and keeping simultaneously the influence of
the counter electrode and the membrane negligible. These conditions can be rea-
lized in a specially designed electrochemical cell, the so-called cyclone flow cell.
The advantages of this special experimental set-up have been exemplified in pre-
vious publications-8-10 Recently, this set-up was employed for an investigation of
the influence of structural parameters of MEA on HCI oxidation.® The deter-
mination of apparent kinetic parameters, such as Tafel slopes, reaction order with
respect to HCI and the activation energy for HCI oxidation are the focus of this
contribution. The kinetic parameters were determined between room temperature
and 60 °C and for MEAs comprising different Nafion loadings. The significance
of these apparent parameters was further evaluated with respect to possible
mechanisms of HCI oxidation.

EXPERIMENTAL
Membrane electrode assembly (MEA) preparation

The MEA was composed of a gas diffusion layer (GDL) and a catalyst layer (CL) sprayed
over a Nafion 117 membrane by a wet-spraying method as described in the lierature.> 60 mass
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% platinum supported on Vulcan XC72R (BASF) was employed as the catalyst. The catalyst-
sprayed membrane was hot-pressed for 3 min at 90 kg cm™. The total geometrical active
MEA area was 2 cm?.
Electrochemical measurements

All measurements were performed in a cyclone flow cell as described in the literature.
Hydrogen chloride was diluted with nitrogen in order to attain the desired concentrations. The
cell was kept in a convection oven with integrated temperature control (Mammert UNP500) in
order to maintain the system at the desired reaction temperature.

The electrodes were pre-conditioned by cyclic voltammetry in the range from 0.2 to 1.0
V vs. Ag/AgCl with a sweep rate of 50 mV s'! for 10 cycles. Polarization curves were
obtained under quasi-steady state conditions using linear sweep voltammetry with a Solarton
1286 potentiostat at a sweep rate of 1 mV s™!. Ohmic drop compensation was employed via
the current interrupt method. Before each temperature change, a linear sweep with N, was
recorded and employed as a base line correction for all measurements with hydrogen chloride.
The baseline corrections never exceeded 7 % of the total current. The results presented in this
work are the average of at least three measurements. All potentials are expressed vs. standard
hydrogen electrode (SHE).

RESULTS
Origin of limiting current behavior

Polarization curves for the electro-oxidation of gaseous HCI at MEAs
comprising different Nafion loadings at constant platinum loading (0.5 mg cm2)
are shown in Fig. 1. As can be seen, all electrodes reach technical current den-
sities (300 to 400 mA cm~2) at relatively low overpotentials. The optimization of
the Nafion loading resulted in an increase in catalyst utilization. In addition, the
increase in Nafion loading decreases the reaction overpotential (ca. 40 mV for
the electrodes comprising the highest with respect to lowest Nafion loading at
400 mA cm2). Although the difference is not strikingly high, it still has impor-
tance for energy saving in this process, especially taking into account that tech-
nical electrolysis systems operate at high current densities.

The maximal current densities observed in the present study were similar to
those reported by Eames and Newman” in a solid-polymer electrolyte reactor for
electrochemical conversion of anhydrous HCI to Cl,. However, the overpoten-
tials (expressed relative to the open circuit potentials) of ca. 200 mV in the
present study are much lower compared to those obtained in the study of Eames
and Newman’ study (ca. 1 V). This significant difference might be partly due to
an improved MEA structure in the present case. In addition, the data of Eames
and Newman’ accounts not only for the voltage losses related to the anode (as
here), but incorporate also the losses on the cathode side and in the membrane.
The membrane losses can be significantly high, since the conductivity of Nafion
strongly decreases in the presence of HCI. !4

As can be seen in Fig. 1, all studied the MEAs showed limiting current
behavior at more positive overpotentials. The limiting currents were also observed
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in the study with gaseous HCI oxidation’ as well as in studies where chlorine
evolution from aqueous HCI!! or NaCll2 were investigated. In the study with
gaseous HCI,” as possible sources of limiting behavior, the limitations caused by
the membrane and gas-phase mass transfer were discussed, and it was concluded
that the main cause for the experimentally observed limiting behavior was low
membrane conductivity due to dehydration. In the study on chlorine evolution
from brine solution, Conway and Ping!? considered limitations by slow diffusion
of the product chlorine. They performed their experiments using a rotating disc
electrode and observed only a small effect of the electrode rotation on the reac-
tion rate, which led them to the conclusion that the chemical step, i.e., chlorine
recombination, and not diffusion effects limited the currents at more positive
overpotentials.

Fig. 1. Influence of Nafion loading at constant platinum loading (0.5 mg cm2) on
HCI oxidation. Conditions: temperature: 60 °C, pressure: 101.3 kPa,
HCI flow rate: 500 ml min™! and sweep rate: 1 mV s°!.

In the present study, since the MEA consists of several layers of different
thicknesses and porosities, different mass transfer resistances or combinations of
them can contribute to the observed limiting behavior. In addition, electrochemi-
cal reaction itself can be limiting. To estimate the effects of single resistances,
analysis with dimensionless numbers, as is common in chemical reaction engi-
neering and as shown by Vidakovi¢ et al.? using as an example methanol electro-
oxidation, was employed. Two kinds of dimensionless numbers were considered,
the Biot number for the estimation of diffusion resistances in the adherent layers
where only the diffusion occurs and the so-called second Damkohler number that
is used in reacting systems with diffusion. The second Damkdhler number is
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defined as the ratio of the resistance of diffusion and resistance of electroche-
mical reaction as follows:

ocL J (0

DCL

Day =
nFeyel HCl

where oOcr is the thickness of the catalyst layer (ca. 20 pm), j is the current
density (ca. 9 kA m2), cycy the HCI gas phase concentration (36.6 mol m—3
assuming ideal gas behavior at 101.3 kPa and 60 °C) and Dglél the HCI diffu-
sion coefficient in the CL (2.10x10-¢ m2 s~1). The HCI diffusion coefficient in
the CL accounts for the porosity of the layer (ca. 20 %); furthermore, it has been
assumed that the void fraction in the CL is filled with the gas phase. The given
data result in a Damkohler number of Daj = 0.012. This value indicates that the
resistance of the electrochemical reaction is bigger than the resistance of the dif-
fusion.

The relevance of the mass transport resistance in the gas diffusion layer
(GDL) was estimated by means of the following Biot number (Bji):

CL
BiGDL/CL _ DHCI /ocL 2)
DEBE / 86pL
where DSCDIL is the effective HCI diffusion coefficient in the GDL (8.63x10-°

m? s~1) and dgpy. is the thickness of the GDL (ca. 250 pm). The calculated value
of this Biot number is ca. 3, which means that the mass transfer resistance in the
GDL is 3 times higher than in the CL. This reflects the fact that the GDL is ca.
12 times thicker than the CL (250 vs. 20 pm), while the diffusion coefficient in
the GDL is only ca. 4 times greater than in the CL (8.63x1076 vs. 2.10x10-6 m?2
s).

The relevance of the external film resistance in relation to the resistance of
diffusion exerted by the GDL can be estimated in a similar manner:

pB;iHDL/GDL _ DchlL / éGpL 3)
km
where kp, is the film mass transfer coefficient (1.61x10-3 m s~1, calculated based
on correlation provided by Schultz and Sundmacher!3). The calculated value of
BiHDL/GDL based on the given data is ca. 20.

Multiplying Dayp with the Biot numbers defined above yields the electroche-
mical reaction rate (resistance of electrochemical reaction) in relation to the mass
transfer rates, i.e., resistance of diffusion in GDL and resistance of external film
diffusion, respectively:

Day BiSPYCL %0.036 4)

Day BiGPL/CL pHDL/GDL ~ .72 (5)
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The last expression gives the ratio between all mass transfer resistances and
the resistance of electrochemical reaction and shows that the two resistances are
comparable.

Determination of the apparent kinetic parameters

Tafel slope values. For complex electrochemical reactions involving diffu-
sion, electrochemical and chemical steps, it can be shown that in the steady state:!4

L1t ©)

Jmeas  Jdiff  Jreact Jkin

where on the right hand side only the last term will be dependent on the potential.
This equation demonstrates that at more positive overpotentials, the reaction rate
can become limited by diffusion (jgiff) or chemical reaction (jyeact). Since the
previous analysis showed that, under the present conditions and at more positive
overpotentials, the current is probably diffusion-reaction-limited, one can use the
Eq. (6) for an estimation of the rate of the electrochemical step (jki,) in accor-
dance to:

i = .](dlfﬁreact)Jrr'leas )

J(diffreact) — Jmeas

where the values of jjiffreacty can be estimated from the experimental data (Fig.
1) at more positive overpotentials. The calculated values of jii, can be now
plotted against the electrode potential in the form of a Tafel plot (Fig. 2). As can
be seen in Fig. 2, irrespective of the Nafion loading, two linear regions could be
observed with a lower Tafel slope value of ca. 30 mV dec™! at low overpoten-
tials, followed by a higher Tafel slope value of ca. 60 mV dec~! at high over-
potentials.

In a similar way, the experimental data for MEA comprising 0.5 mg cm—2
platinum and 1 mg cm2 Nafion at a constant temperature of 60 °C and at vary-
ing partial pressures of HCI in the gas phase was analyzed, as shown in Fig. 3.
Again, two linear regions are clearly seen but only in the experiments at higher
HCI partial pressures, while at lower partial pressures, these two regions merge
into one with an effective Tafel slope of ca. 4045 mV dec!.

The MEA of the same composition was further tested at varying tempera-
tures with the other conditions being kept constant. The results presented in Fig. 4
show two distinct linear regions in the temperature range from 40-60 °C. The
Tafel slope values in these two regions were virtually independent of tempera-
ture. At room temperature, the transition from low Tafel slope region to high
Tafel slope region was more gradual with an intermediate Tafel slope value of
ca. 40 mV decl.
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Fig. 2. Tafel plot for the HCI oxidation on an MEA comprising a constant Pt loading
(0.5 mg cm2) and different Nafion loadings. Conditions as in Fig. 1.

Fig. 3. Influence of HCl partial pressure on HCI oxidation on an MEA comprising
0.5 mg cm2 Pt and 1 mg cm Nafion. Conditions: temperature: 60 °C, pressure: 101.3 kPa,
HCI flow rate: 500 ml min'! and sweep rate: 1 mV s™L.
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Fig. 4. Influence of temperature on HCI oxidation on an MEA comprising 0.5 mg cm™2 Pt and
1 mg cm2 Nafion. Conditions: HCI pressure: 101.3 kPa, HCI flow rate: 500 ml min™! and
sweep rate: 1 mV s'L.

Apparent reaction order. In addition to the Tafel slope, the reaction order is
an important kinetic parameter for discrimination between different reaction
mechanisms. In the present study, the apparent reaction orders were calculated
from the slope of In jki, vs. In ygcy plot at constant electrode potentials (Fig. 5).
The calculated values were 0.82+0.07, 1.07+0.09 and 0.97+0.07 at 1.065, 1.095
and 1.155 V, respectively. For the calculations, only the points up to 0.8 mole
fraction HC1 were considered. As can be seen in Fig. 5, the last points corres-
ponding to pure HCI gas lay out of the trend lines at all potentials.

The apparent activation energies. The apparent activation energies were cal-
culated from Arrhenius plots at constant overpotentials (Fig. 6a). The obtained
values changed from ca. 16 kJ mol~! at low overpotentials to ca. 30 kJ mol~! at
intermediate values of the overpotentials. At very positive overpotentials, again
values around 16 kJ mol-! were obtained (Fig. 6b).

DISCUSSION
The onset vs. equilibrium electrode potential, gas or liquid phase HCI oxidation

In the present experiments, HCl was introduced as a reactant in the gas
phase. However, in the employed experimental set-up, the Nafion membrane was
from one side equilibrated with acid and therefore fully humidified. Water from
the Nafion membrane could also enter the CL, which under some conditions can
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lead to flooding of the void fraction of the CL. In this scenario, HCI from the gas
phase absorbs in water prior to electrochemical reaction according to:

HCl(g) — HCl(aq) (8)
HCl(aq)l H'(aq)+Cl (aq) 9)

Fig. 5. Apparent reaction order with respect to the HCI concentration expressed in terms of
HCI mole fraction (in %) in the gas phase. Data extracted from Fig. 3.

The chlorine ion reacts further electrochemically according to the well-known
reaction for chlorine evolution from, e.g., brine solution:

2CI (aq) > Cly(g)+2e (10)

If reactions (8) and (9) are multiplied with 2 and summed with reaction (10),
one obtains:

2HCI(g) — Cl,(g) + 2H" (aq) + 2¢~ (11)

this corresponds to the case of direct HCI oxidation from the gas phase.

The standard equilibrium potentials of reactions (10) and (11) are signi-
ficantly different with values of 1.358 and 0.988 V, respectively. The observed
open circuit potentials in the present work were around 1.03 V. This value is closer
to the standard equilibrium potential of the gas phase reaction (Eq. (11)). Under
the present conditions, a deviation from the standard value could be caused by
deviations in the proton activity and the chlorine partial pressure from their
standard values. The temperature dependence with a temperature coefficient of
—0.1 mV K- (calculated based on literature data!3) is not strongly expressed (which
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(a)

(b)
Fig. 6. a) Arrhenius plots for HCI oxidation on an MEA comprising 0.5 mg cm™ Pt and
1 mg cm™2 Nafion (data extracted from Fig. 4) and b) dependence of the apparent activation
energies on potential.

also corresponds to the experimental observations in Fig. 4). The proton activity
is given by the activity of protons in the Nafion membrane, which at 60 °C is ca.
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2.16 This deviation from the standard conditions contributes to a ca. 16 mV
increase in the equilibrium potential, which would result in a value close to the
experimentally observed one. However, it should be mentioned that the chlorine
activity was not controlled under the employed conditions, and this effect would
decrease the equilibrium potential value.

The standard potential of the liquid phase reaction (Eq. (10)) is much more
positive than the observed experimental values. However, assuming the forma-
tion of a very concentrated HCI solution (e.g., 30 mass %) and taking into
account the high non-ideality of such a solution, a reduction of the standard value
by ca. =140 mV could be obtained. The deviation of the chlorine activity from
standard conditions would cause a further lowering compared to the value under
standard conditions, which could bring this potential eventually close to the mea-
sured values. The temperature dependence for this reaction with a temperature
coefficient of ca. 1.2 mV K-! is more pronounced than for the reaction (Eq.
(11)) resulting in a ca. <40 mV difference between the values at room tempera-
ture and 60 °C.

The experimentally observed deviation with temperature (Fig. 4) was only
ca. =3 mV, which could be an argument for the gas phase reaction (Eq. (11)).
However, the less explicit dependence of measured open circuit potentials than
expected for the liquid phase reaction could be the consequence of the tempera-
ture influence on the gas—liquid equilibrium (reactions (8) and (9)). Consequently,
the expected molality of chlorine ions in the liquid phase at room temperature
would be higher (ca. 15.5 mol kg~!) than at 60 °C (ca. 12 mol kg~!). Taking into
account that the HCI acid deviation from ideality at room temperature was more
expressed than at elevated temperatures (molal activity coefficients 37.55 and
9.83 at room temperature and 60 °C, respectively!7) a value of ca. 26 mV could
be calculated based on this effect. In addition, the membrane potential would
contribute in a similar manner, giving a virtually unchanged potential value, as
was observed in the experiments.

In the experiments with varying partial pressures of hydrogen chloride at 60 °C,
the experimentally observed difference of the open circuit potentials between the
lowest and highest HCI partial pressures was ca. 19 mV. Assuming ideal gas
behavior for HCI under all conditions, a deviation of ca. 46 mV could be expected.
If a reaction from the liquid phase is assumed, a deviation of ca. 55 mV could be
obtained. Both values are significantly different compared to the experimentally
observed value.

The measured open circuit potential values are additionally influenced by
junction potentials in the present experimental set-up. The most significant one is
the membrane potential, the so-called Donnan potential.!> The Donnan potential
is caused by the different activities of protons inside the membrane and in inter-
facing solutions. In the case of the liquid phase reaction (Eq. (10)), assuming the
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activity of protons is the same as that of chlorine ions; a value of ca. —-140 mV
(calculated for 60 °C) could be obtained. This value will be different in the case
of the gas phase reaction (Eq. 11), since in this case, the Donnan potential is
formed only at the liquid/membrane interface, giving a value of ca. 20 mV
(calculated for 60 °C). It should also be mentioned that in the experiments with
varying temperature or partial pressure of HCI, the Donnan potential would be
also influenced through changes in the proton activities.

Finally, the measured values are influenced by the diffusion potential at the
interface of the reference electrode and the liquid acid, which is difficult to cal-
culate for the case of concentrated solutions. An estimation based on the Hen-
derson Equation!5 gives a value of ca. 3 mV, which is significantly smaller than
the Donnan potential.

To summarize, the presence of junction potentials and the uncertainty in the
effect of the partial pressure of chlorine on the equilibrium conditions of the reac-
tions (Egs. (10) and (11)), makes it difficult to conclude which of these two
reactions effectively determines the observed open circuit values.

Mechanism of HCI oxidation

The only proposed mechanism for the gaseous HCI oxidation (corresponding
to overall reaction Eq. (11)) was presented by Eames and Newman,’ Egs. (A-1)
and (A-2), with the chemical reaction (A-2) as a rate determining step (r.d.s.).
This mechanism will be further denoted as mechanism “A”:

HCl(g)+ Pt PtCl+H*(aq)+e~ (A-1)
2PtCl1 - 2Pt + Cl, (g) (A-2)

It is also possible to assume that both steps proceed as electrochemical reac-
tions:

HCl(g)+ Pt PtCl+H*(aq)+e~ (B-1)
HCl(g) + PtCl »> Pt+Cly + Ht(aq) +e~ (B-2)

This mechanism will be further denoted as mechanism “B”.

Alternatively, if instead of the overall reaction (Eq. (11)), the overall reac-
tion (Eq. (10)) would be valid, similar reaction mechanisms could be formulated,
simply by replacing HCI(g) with Cl—(aq). Additionally, protons would disappear
from the expressions for mechanisms “A” and “B”. The presence of protons
appears to be an important criterion to differentiate between the overall reactions
Eqgs. (10) and (11), since for reaction Eq. (10), the protons should not have any
influence on the equilibrium conditions. However, Boggio et al.18 determined a
reaction order with respect to protons of —1 in the case of chlorine evolution from
brine. This could indicate that in addition to previously mentioned chlorine spe-
cies, also non-dissociated HCl(aq), reaction Eq. (9), could be a potential source
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of chlorine. Presently, as was previously discussed, it is not possible to assign
which overall reaction occurs, but the following analysis is not affected by this
uncertainty.

The mechanisms “A” and “B” with CI~ as the reacting species were pre-
viously introduced by Gileadi.!® He assumed that in both mechanisms, the sec-
ond reaction was the rate determining one, which was further assumed to be irre-
versible. The first step was always assumed to be in quasi-equilibrium. In his
analysis, the pre-exponential term in the Frumkin isotherm, assuming effectively
the so-called Temkin isotherm, was neglected. With these assumptions, the values
of Tafel slopes and the reaction orders for different degrees of coverage at the
electrode surface were determined. The data that have been recalculated for the
temperature range in the present study are presented in Table I.

TABLE 1. Tafel slopes and reaction orders with respect to HCI calculated based on literature
data!®

Coverage Mechanism “A” Mechanism “B”
Tafel slope Reaction Tafel slope Reaction
mV dec’! order mV dec’! order
Low (6— 0) 17-19 2 13-14 2
Intermediate (0.2 < 8<0.8) 26-29 1.5 26-29 1
High (60— 1) 51-57 1 0 -

The Tafel slope values that were observed in the present study are in the
range from ca. 30 mV dec! at low overpotentials to ca. 60 mV dec~! at high
overpotentials. These values were relatively temperature independent. The only
exception was the value at room temperature with a slope of ca. 40 mV dec™!) at
low overpotentials. In the experiments with changing HCI partial pressure, the
Tafel slope values also changed from 30 to 60 mV dec™! for low and high over-
potentials. These values were concentration dependent with an average Tafel
slope of ca. 40-45 mV dec! at low HCI partial pressure. If these values are
compared with the theoretical predictions in Table I, good agreement between the
calculated values for mechanism “A”, with a chemical step as a rate determining
step, at intermediate and high degrees of coverage with adsorbed intermediates,
and the experimental one could be registered. Mechanism “B” can obviously be
disregarded, since at high coverage, it predicts an infinite Tafel slope value.
Slightly different Tafel slope values under low temperature conditions and low
HCI partial pressures could obviously be the consequence of the influence of tem-
perature and concentration on the degree of coverage with adsorbed inter-
mediates.6

The second apparent kinetic parameter that was determined in the present
paper was the reaction order with respect to HCI. The determined values were ca.
0.82, 1.07 and 0.97 for 1.065, 1.095 and 1.155 V, respectively. The first two
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values correspond to the region of the first Tafel slope (intermediate coverage of
adsorbed intermediate) and the last value to the region of the second Tafel slope
(high coverage of adsorbed intermediate). The theoretical values in Table I are
between 1.5 and 1 for mechanism “A”. As can seen, the apparent values deviate
from calculated ones, which was especially evident in the first Tafel slope region.
It should be recalled here that the last points in Fig. 5 corresponding to pure HCI
were off trend lines at all potentials. Inclusion of these points obviously resulted
in an increase in the apparent reaction orders, but straight lines in that case would
have very low linear coefficients, making them unreliable. Since the gas—liquid
equilibrium of the HCI(g) — water system exhibited high non-linearities (espe-
cially in the range of low and high HCI partial pressures) and taking into account
the previous discussion on gas or liquid phase HCI oxidation, the data in Fig. 5
was recalculated with respect to Cl~ activities. It was assumed that the CI~ acti-
vity coefficient was the same as the mean activity coefficient of the acid. The
recalculated data are presented in Fig. 7. As can be seen, the data at all potentials
in the whole range of studied activities followed the trend lines. The slopes of
these trend lines were 1.2740.06, 1.29+0.07 and 0.98+0.12 for 1.065, 1.095 and
1.155 V, respectively. The new calculated values are in much better agreement
with the theoretical values in Table I for the case of mechanism “A” with the
chemical step (recombination of adsorbed Pt—Cl) as the rate-determining step.

Fig. 7. Apparent reaction order with respect to HCI concentration expressed in terms of Cl°
activity in the liquid phase. Kinetic current densities are extracted from Fig. 3.

Finally, the determined values of the apparent activation energies in the
range from 16 to 30 kJ mol~! support further Pt—Cl recombination (Eq. (A-2)) as
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the rate determining step.!9 As can be seen in Fig. 6b, the apparent activation
energy is potential dependent. This was expected since the apparent values
include also the contribution of the electrochemical activation. Additionally, the
observed trend indicates the dependence of the activation energies on the surface
coverage with Pt—Cl. The increase in the apparent activation energies at more
negative overpotentials (first Tafel slope region) was probably caused by an
increase of the Pt—Cl surface coverage. At more positive potentials, the overall
values decrease due to the higher dominance of electrochemical activation as well
as smaller changes in the apparent activation energies because of the very high
Pt—ClI coverage.

CONCLUSIONS

The kinetics of HCI oxidation was studied on technical MEAs comprising
different Nafion loadings at constant Pt loading. The influence of temperature
and HCl partial pressure was studied for a selected MEA comprising 0.5 mg cm 2
Pt and 1 mg cm2 Nafion. It was found that the HCI oxidation at industrially
relevant current densities was viable on all studied MEAs. The optimization of
the Nafion loading resulted in an increase of the catalyst utilization and a reduc-
tion in the reaction overpotential. An analysis with dimensionless numbers showed
that the current at more negative overpotentials was at mixed reaction—diffusion-
limitations.

Analysis of the apparent reaction order and Tafel slopes showed that the
most viable mechanism to describe gaseous HCI oxidation is the one assuming
dissociative electrochemical adsorption of reacting chlorine species and chemical
recombination of the adsorbed Pt—Cl as the rate-determining step. According to
this mechanism, the reaction proceeded under conditions of intermediate and
high degree of coverage with adsorbed Pt—Cl.

A significant question in the present analysis was the question of whether a
gas or liquid HCI oxidation mechanism applies. It was shown that based on the
values of the open circuit potentials and their dependences on the operating para-
meters (temperature and HCI partial pressure), it is not possible to distinguish
between these two scenarios. As was discussed, the appearance of different junc-
tion potentials in the system, where the membrane potential is probably the most
influencing one, makes this analysis even more difficult. However, the depen-
dence of the kinetic currents on the CI~ activity adds some argument for liquid
HCI oxidation.
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Oxcuzanyja XJI0pOBOLOHMKA je NMpoy4yaBaHa Ha TEXHUUKHM TacHO-TU(MY3HOHUM esek-

Tpojama y UMKJIOHCKOj henuju. McuTHBaH je yTHIQj KOMWYHMHE HaHOHA Y KATATUTUYKOM
CJI0jy, TEMIIEpaType ¥ MOJICKOI yfie/la XJIOPOBOJJOHHKA y racoBUTOj (asu Ha KUHETHUKY OBe
peakuuje. Ha ocHOBy Mepewa ofpeheHH Cy NPUBHUAHU KHHETHYKH MapaMeTpH, Kao LITO Cy
pen peaxuuje 1no XJI0pOBOJOHUKY, TadenoB Harud M eHepryja akTHBauuje. BpemHocTn 0BMX
napaMeTapa ykasyjy Ha To ja je pekombuHauuja afcopdoBaHUX aToMa XJIopa CIOpH CTynam y
peaxuuju.

—_—
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Abstract: The determination of clopidogrel, an antiplatelet agent, was per-
formed at a gold electrode in pH 3.7 acetate buffer using cyclic voltammetry
(CV) and square wave voltammetry (SWV). Each voltammogram was charac-
terized by the well defined peak at approximately 1.0 V. The current of anodic
stripping peak exhibited a linear dependence on the clopidogrel concentration
in the range from 317.89 to 935.16 pg cm™. The obtained linearity was applied
to determine clopidogrel in the tablet form of the pharmaceutical preparation
(Plavix®). The results were compared to the UV spectrophotometric and HPLC
methods.

Keywords: cyclic voltammetry; acetate buffer; tablet; UV, HPLC.

INTRODUCTION

Clopidogrel (CLP), methyl (+)-(S)-a-(o-chlorophenyl)-6,7-dihydrothieno-
[3,2-c]pyridine-5(4H)-acetate (Fig. 1), is an antiplatelet agent widely used in the
prevention of ischemic stroke, myocardial infarction and stroke. 12

It inhibits platelet aggregation by selectively preventing the binding of ade-
nosine diphosphate (ADP) to its platelet receptor.3 This drug reduces thrombotic
events in a wide range of patients (e.g., recent myocardial infarction, established
peripheral arterial disease and acute coronary syndrome). Clopidogrel is an inac-
tive prodrug, and a biotransformation by the liver is necessary to induce expres-
sion of its anti-aggregating activity.4 It is rapidly absorbed and undergoes exten-
sive metabolism after oral administration and its plasma concentration goes down
considerably rapidly.?

* Corresponding author. E-mail: milka@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC130913116M
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Fig. 1. Structure of clopidogrel.

Analytical methods for the determination of clopidogrel include mostly chro-
matographic and spectrophotometric techniques: gas chromatography—mass spec-
trometry (GC-MS),% liquid chromatography—mass spectrometry (LC-MS),7-10
high-performance liquid chromatography (HPLC),!1-13 liquid chromatogra-
phy,14 LC-MS/MS,!5 LC-ESI-MS/MS, !¢ thin-layer chromatography (TLC),!7
high-performance thin-layer chromatography (HPTLC),!8 UV spectrophoto-
metry.19-24 Furthermore, the determination of clopidogrel and its impurities by
capillary electrophoresis was reported.25

Electrochemical determination of clopidogrel in standard form and pharma-
ceutical preparations using the differential pulse voltammetry (DPV) method
with a glassy carbon working electrode was recently published.26 Hitherto, a
detailed voltammetric determination and electrochemical behaviour of clopido-
grel at a gold electrode have not been published.

The aim of this study was to investigate the electrochemical behaviour of
clopidogrel using cyclic voltammetry and to present its quantitative determi-
nation at a gold electrode in pH 3.7 acetate buffer using square wave voltam-
metry. Clopidogrel was studied as the pure standard or in the pharmaceutical
preparation (Plavix®). The square wave voltammetry (SWV) method was applied
to determine the amount of clopidogrel in the tablet form of a pharmaceutical
preparation (Plavix®) and the results were compared with the UV spectrophoto-
metric and HPLC methods.

EXPERIMENTAL
Materials

Clopidogrel bisulphate (CLB) standard was kindly provided by Hemofarm AD, Vr3ac,
Serbia. Plavix® tablets containing a 75 mg dose of clopidogrel were obtained from local
pharmacies. HPLC grade acetonitrile, methanol, ammonium acetate, sodium bicarbonate,
sulphuric acid, sucrose, dichloromethane, sodium dihydrogenphosphate (NaH,PO4H,0),
H;PO,4 and NaHCOj; (p.a. purity), were obtained from Merck. Diethylamine, analytical grade,
and ammonium hydroxide 25 % were obtained from J. T. Baker. All solutions were prepared
with water obtained from a Millipore system (18 MQ cm). Acetate buffer was prepared
according to the USP pharmacopoeial procedure.

Cyclic voltammetry

The three electrode electrochemical cell used for the cyclic voltammetry measurements
was described in detail previously.2”-28 The cyclic voltammetry measurements were performed
using an Autolab potentiostat/galvanostat Pgstat128N (Metrohm Autolab B.V., The Nether-
lands).
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Polycrystalline gold served as the working electrode, a gold wire was used as the counter
electrode and a saturated calomel electrode as the reference electrode. Polycrystalline gold
(Pine rotating disc, used as the stationary electrode, surface area 0.500 cm?) was polished with
diamond paste, cleaned with a mixture of water (18 MQ cm) and sulphuric acid and further
cleaned with deionised water (18 MQ cm) in an ultrasonic bath. All the potentials are given
vs. SCE. Prior to the addition of the investigated substance, the electrolyte was deoxygenated
by purging with nitrogen. All the experiments were performed at room temperature. The
voltammetric examinations of all the substances used were performed in acetate buffer solu-
tion. The potential was cycled between 0 and 1.5 V at a sweep rate of 50 mV s,

Square wave voltammetry

Square wave voltammetry (SWV) measurements were also performed using the Autolab
potentiostat/galvanostat. The operating parameters were: step size 2 mV, pulse size 20 mV,
frequency 8 Hz and scan rate 15 mV s°1.

Solution preparation for voltammetry

Working standard solutions were prepared daily by dissolving appropriate amounts of
CLB in 10 cm? of methanol and diluting to 100 cm? with acetate buffer (pH 3.7).
Preparation of the standard solutions for the analysis of clopidogrel bisulphate as a content of
a solid dosage form

Twenty Plavix® tablets were weighed and then the average mass per tablet was deter-
mined. The tablets were grounded to a fine powder in a mortar. The required amount of the
crushed tablets powder was dissolved in 50 cm? of methanol. After sonication for 10 min, the
mixture was filtered into a 100 cm? volumetric flask. The residue was washed three times with
acetate buffer (pH 3.7) and the volume was completed to the mark with the same buffer and
stored in dark bottle at 4 °C. The obtained concentrations were checked by HPLC.

UV spectrophotometric instrument

The spectrophotometric analysis were performed on an Agilent 8453 UV-Vis spectro-
photometer with a photodiode array (PDA) detector for measurement of the complete ultra-
violet to visible light spectrum. The UV—Vis spectra were recorded in a quartz cuvette of 1 cm
path length. The spectrophotometer was connected to a computer with Agilent ChemStation
software that was used for all the spectrophotometric measurements and data processing. The
samples were tested using a UV—Vis analytical procedure analogous to the procedure for
content uniformity determination given in the US pharmacopeia monograph for clopidogrel
tablets (USP 36 NF 31).29

Preparation of standard stock solution for spectrophotometric analysis

About 100 mg of clopidogrel bisulphate standard was accurately weighed, transferred to
a 50 ml volumetric flask and dissolved in methanol. The flask was shaken and volume was
made up to the mark with methanol.

Linearity for clopidogrel bisulphate for spectrophotometric analysis

Appropriate aliquots of standard stock solutions were taken in different volumetric flasks
and diluted to obtain final concentrations of 0.04, 0.06, 0.08, 0.1, 0.2, 0.4 and 1.0 mg cm= of
clopidogrel bisulphate in Britton Robinson buffer, pH 3.7. The UV spectra of the solutions
were recorded and the determination of clopidogrel was realized employing the absorption at
270 nm, the wavelength of maximum absorption.
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High performance liquid chromatography (HPLC) — instrumentation and chromatographic
conditions

An Agilent HPLC system equipped with 1100 series high pressure binary gradient pump
along with pulse damper, a photodiode array detector with an auto liquid sampler handling
system was used for the analysis of the samples. The samples were tested using an HPLC
analytical procedure analogous to the analytical procedure given in a US pharmacopeia mono-
graph for the assay of clopidogrel tablets and determination of related substances (USP 36 NF
31).2° The HPLC system was equipped with a 4.6 mm x 15 cm analytical column Ultron ES-
OVM immobilized with ovomucoid as chiral stationary phase of 5 um particle size (USP
packing designation L57). The column eluent was monitored at a detection wavelength 220
nm. The mobile phase consisted of filtered and degassed mixture of phosphate buffer and
HPLC grade acetonitrile in 75:25 ratio. Phosphate buffer was prepared by dissolving 1.36 g of
monobasic potassium phosphate in 1000 cm? of purified water. The chromatography was
performed at room temperature at a flow rate of 1.0 cm?® min’!. Data was recorded using
OpenLab CDS, Ezchrom edition, software.
Preparation of standard stock solution for HPLC analysis

About 100 mg of clopidogrel bisulphate standard was weighed accurately and transferred
to a 100 cm? volumetric flask and dissolved in methanol. The flask was shaken and volume
was made up to the mark with methanol.
HPLC linearity for clopidogrel bisulphate

Appropriate aliquots of standard stock solutions were taken in different volumetric flasks
and diluted to obtain final concentrations of 0.04, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 mg cm= of
clopidogrel bisulphate in Britton Robinson buffer, pH 3.7. Equal volumes of 10 pl of the
solutions were injected and chromatograms were recorded.
HPLC analysis of clopidogrel bisulphate as a content of a solid dosage form

Twenty tablets of Plavix were weighed and thoroughly powdered. The average of one
tablet was weighed, transferred into a 100 cm? volumetric flask, 50 cm? of methanol was
added and sonicated for 5 min and stirred for 30 min. The solution was diluted with methanol
to volume, and mixed. 5 cm3 of this solution was transferred to a flask and diluted with Brit-
ton-Robinson buffer, pH 3.7, to 50 cm3. A portion of this solution was passed through a 0.45-um
pore size PTFE membrane filter and discatograms were recorded. The pharmaceutical formul-
ation was analyzed by performing six independent determinations.

RESULTS AND DISCUSSION

Electrochemical determination of clopidogrel in standard form and in phar-
maceutical preparations by differential pulse voltammetry on a glassy carbon
electrode was recently successfully performed2® and pH 3.7 acetate buffer in
mixture with methanol was found to be the optimal electrolyte. The intention was
to study the feasibility of the electrochemical determination of clopidogrel as a
pure standard and as the content of commercial tablets Plavix® by square wave
voltammetry on a gold electrode only in pH 3.7 acetate buffer as electrolyte.

The electrochemical behaviour of the pure standard of clopidogrel on gold
electrode was first studied by cyclic voltammetry in pH 3.7 acetate buffer. As is
presented in Fig. 2, clopidogrel exhibited an apparent oxidative ability in this
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electrolyte on a gold electrode. The cyclic voltammogram shows the beginning of
anodic activity of clopidogrel in double layer region from 0.2 to 0.6 V. An appa-
rent anodic current maximum appears at 1.0 V before oxide formation on the
gold electrode and second one at 1.17 V in the area of oxide formation. The rapid
increase of anodic current on gold oxide at 1.30 V in the presence of clopidogrel
was observed as well as its shift by 0.1 V to a more negative potential, compared
to a clean gold electrode (dashed line in Fig. 2).

0.8 4
0.6 4
0.4

024

j /mAcm?

0.0

-0.2 4

044

_06 T T T 1 T T T 1
00 02 04 06 08 10 12 14

E /VvsSCE
Fig. 2. Cyclic voltammogram of an Au electrode in pH 3.7 acetate buffer, dashed line, and

after the addition of clopidogrel (concentration 32.0 pg cm™), full line; sweep rate: 50 mV s,
Only the first sweep is presented.

This voltammetric behaviour indicated the possible successful quantitative
determination of clopidogrel using square wave voltammetry.

The application of square wave voltammetry for the quantitative determi-
nation of clopidogrel on the gold electrode is presented in Fig. 3. The SW vol-
tammograms for different concentrations of clopidogrel were recorded in pH 3.7
acetate buffer in the potential range from 0 to 1.5 V at a scan rate of 15 mV s~
Before each scan, the compound was accumulated at the electrode surface at 0 V
for 180 s. Under these conditions, the oxidation of clopidogrel proceeded before
oxide formation on Au and reached maximum currents at the onset potential of
Au oxide formation. Each voltammogram was characterized by a well defined
peak at approximately 1.0 V. The currents of anodic stripping peak exhibited a
linear dependence on the clopidogrel concentration, as shown in the inset of Fig. 3.

As already mentioned, the successful electrochemical determination of clopi-
dogrel in standard form and pharmaceutical preparations described in literature26
was performed by differential pulse voltammetry on a glassy carbon electrode in
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a mixture of pH 3.7 acetate buffer and methanol. In the present study, square
wave anodic stripping voltammetry was used to determine clopidogrel at a gold
electrode in a similar mixture of acetate buffer (pH 3.7) with methanol in a 50:50
(V1V) ratio. However, the results obtained showed inhibition of the gold electrode
surface by methanol, resulting in more than two-times smaller anodic currents of
clopidogrel oxidation, as presented in Fig. 4. This indicates that further analysis
of clopidogrel in Plavix ® should be continued in acetate buffer (pH 3.7) alone.
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Fig. 3. Square wave anodic stripping voltammograms of clopidogrel at a gold electrode in
acetate buffer (pH 3.7). Clopidogrel concentration: a) 317.89, b) 474.49, ¢) 622.03, d) 775.63
and e) 935.16 ug cm3. Accumulation time: 180 s at £ = 0.0 V; step size 2 mV, pulse size 20

mV, frequency 8 Hz, scan rate 15 mV s°!. Inset: The linear dependency of the anodic peak
current vs. concentration of clopidogrel.
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Fig. 4. Square wave anodic
stripping  voltammograms of
935.16 pg cm clopidogrel at a
gold electrode in acetate buffer,
pH 3.7 (full line), and in acetate
buffer (pH 3.7)/methanol, 1:1,
VIV (dashed line), solutions.
Accumulation time: 180 s at
E = 0.0 V; step size 2 mV,
pulse size 20 mV, frequency 8
Hz, scan rate 15 mV s1.,
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The voltammetric behaviour of clopidogrel as the content of commercial
tablets Plavix® was also in a first stage investigated by cyclic voltammetry. Its
voltammetric behaviour even in the presence of the excipients present in Plavix®
showed the same anodic activity as the standard substance, presented in Fig. 2,
with a negligible reduction in the values of the current maximums.

Similarly as for clopidogrel, the oxidation of Plavix® at a gold electrode
using square wave voltammetry proceeded at potentials before the formation of
oxide on the Au. The square wave voltammogram was characterized by a well
defined peak at approximately 1.0 V.

The obtained linear relationship between current and concentration of clopi-
dogrel in acetate buffer (pH 3.7) by SW voltammetry within the concentration
range 0.317-0.935 mg cm3 (Table I) was used for the determination of clopi-
dogrel in tablet form (Plavix®) and the results were compared with those obtained
by the UV and HPLC methods. The validation of the SW procedure was carried
out by evaluation of the limit of detection (LOD), limit of quantification (LOQ)
and recovery. The LOD and LOQ were calculated from the calibration curves as
kSD/b where k =3 for LOD and 10 for LOQ, SD is the standard deviation of the
intercept and b is the slope of the calibration curve.3%:31 The LOD and LOQ
values for the SW voltammetry method were 117.50 and 391.66 pg cm™3, respec-
tively.

TABLE 1. Determination of CLP by SW voltammetry (SWV), UV spectrophotometry and
HPLC

Parameter SWV uv HPLC
Range / mg cm3 0.317-0.935 0.030-0.747 0.032-0.962
Regression equation®
Slope 0.00012 1.81 23358783.00
SD of slope 7.09x10© 0.0003 0.0026
Intercept 0.1457 0.0076 36117.71
SD of intercept 0.0047 0.0001 0.0015
Regression coefficient 0.9947 0.9999 0.9999
Recovery, % 99.6 99.94 99.57
SD /% 1.11 1.65 1.38
LOD / ug cm 117.50 8.56 8.24
LOQ / pg cm™ 391.66 30.46 29.28

Y= a + be, where c is the concentration of clopidogrel, mg cm>3; Y is the current per area unit, mA cm™, absor-
bance, 4, and peak area unit, mAu, for the SWV, UV and HPLC methods, respectively, and SD is the standard
deviation

Recovery studies were also performed to judge the accuracy of the SW vol-
tammetry method by performing six measurements at low, intermediate and high
CLP concentrations (317.89, 622.03 and 935.16 pg cm3). Mean percentage
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recoveries of 99.6 % with relative standard deviation of 1.11 % were found and
are presented in Table L.

Tablet solutions of appropriate concentrations were prepared and voltammo-
grams were taken under the same experimental conditions (Fig. 5). The obtained
results show that the excipients in the tablet were not electro-active and did not
affect the voltammetric analysis. The results of drug analysis by the SW voltam-
metric technique are compared in Table II with those obtained by the UV-spec-
trophotometric and high pressure liquid chromatography methods. The analytical
results demonstrated that the amount of active substance in the Plavix® tablet
was within the limits specified in the pharmacopoeia. This indicates that the pro-
posed method could be an alternative to chromatographic and spectrophotometric
methods.

0.20 4

0.15
Fig. 5. Square wave anodic
stripping  voltammograms of
clopidogrel standard (full line)
and clopidogrel as the content
of commercial tablets Plavix®
(dashed line) at a gold electrode
in acetate buffer (pH 3.7). Clo-
pidogrel concentration: 474.49
pug cm3. Accumulation time:
: . : : : : . . 180 s at E = 0.0 V; step size 2
0.0 0.2 04 0.6 0.8 L0 1.2 1.4 mV, pulse size 20 mV, frequ-

E/VvsSCE ency 8 Hz, scan rate 15 mV s,

0.104

j/ mA em?

0.054

0.00 4

TABLE I1. Comparative studies for the determination of clopidogrel in Plavix” tablets (75 mg
per tablet)

Method
Parameter
SWV Uuv HPLC
Mean coontent?, mg 74.6 76.1 75.2
SD /% 0.8 1.1 0.3

a . . .
Each value is the mean of six experiments

The results obtained in this work show that the SW voltammetry method
exhibited an accuracy that recommends it for routine and quality control analysis
of the drug in pharmaceutical dosage forms.

CONCLUSIONS

The electrochemical determination of clopidogrel, as standard and in com-
mercial tablets, Plavix®, was performed at a gold electrode in pH 3.7 acetate buf-
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fer using square wave voltammetry. Prior to the determination, their electroche-
mical behaviour was studied by cyclic voltammetry. It was shown by both tech-
niques that each voltammogram is characterized by a well defined peak at appro-
ximately 1.0 V. The linear dependence of currents of the anodic stripping peak
on clopidogrel concentration was used to determine the amount of clopidogrel in
Plavix® tablets. The results demonstrated that the SW voltammetric technique
could be used directly, easily and rapidly for the determination of clopidogrel in
tablet dosage forms. The SW voltammetric technique was compared to the results
of drug analysis by UV and HPLC methods. The analytical results demonstrated
that the amount of active substance in the Plavix® tablets was within the limits
specified in the pharmacopoeia. This indicates that the proposed method could be
an alternative to chromatographic and spectrophotometric methods.

Acknowledgement. The work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Grant No. ON172013).

H3BOJ

OIOPEBUBAILE KIIOIMMHUIOI'PEJIA BOJITAMETPUIOM CA ITPABOYITIUM UMITYJICUMA
HA EJIEKTPOOHU OJ 3JIATA

ANEKCAHJIAP P. MJIATIEHOBWR', BIATHCITABA M. JOBAHOBHR?, CIOBOJIAH [I. [TETPOBUE’, IVIIIAH X.
MWJWH’, CAIITA . IPMAHUE’ 1 MHJTKA J. ABPAMOB HBHR”
1X6Mogbapm AZl, Beotpagcxu tiyw 60, 26300 Bpuay, 2UXTM — Lentuap 3a enexiupoxemujy, Ynueep3utieii y
Beoipagy, Fbeiowesa 12, Beoipag u 3Texﬂonomno—meu7aﬂypmxu Qaxyniuew Ynugepsuiteiia y beoipagy,
Kapneiujesa 4, Beoipag

Knonupmorpen je aHTUTPOMOOTCKY areHC U3 THjeHOMUPUIOUHCKE Kjlace, KOju Ce KOPHUCTH
3a nHXubOUpamwe hopMHpama KPBHUX yrpyllaka IIpH Jiedely KOpOHapHe apTepHjcke donecTy,
nepudepHe BacKkynapHe DosecTH, U LepebpoBackynapHe dosectu. EnekTpoxeMHjCcko MOHA-
mame KIOMMAOTpeN CTaHmapia M kao cacTojka Tadnere Plavix® je medunMcaHo IHKIMUHOM
BOJITaMeTpHjoM. IbUX0BO KBaHTHUTATHBHO ofpehuBame Ha €MeKTPOAH Of 3JlaTa Y alleTaTHOM
nydepy, pH 3,7, ypaheHo je BonTameTpHjoM ca paBoyraoHUM umnyncuma (SWV). ITokasaHo
je obema TexHHMKaMa [ja je CBaK{ BOJITAMOrpaM OKapaKTepHCaH HNodpo nedUHUCAHUM CTPYj-
HUM BpxoM Ha 1,0 V. Ha oCcHOBY /nMHeapHe 3aBUCHOCTH aHOLHHUX CTpPyja O KOHLIEHTpaluje
KIONHAOrpeNn cTaHmapia ompehena je maca wiomuporpena y Plavix® rtabnetn. ToSujenu
pe3ynTaTtH nokasyjy fa SWV TexHuka Moxe OUTHU KopullheHa JUPEKTHO, Op30 U jeJHOCTaBHO
3a ogpehuBame wionupgorpena y Tabnerama. Pesynratu nodujenu SWV BonTamMeTpHjcKOM
TEXHUKOM Cy mopeheHH ca pe3ynTaTma aHanuse kionugorpena UV cnekTpodoTomMeTprjom
¥ TEYHOM XpoMaTorpadujom ca BUCOKHM nepdopmaHcama. AHATUTHYKH Pe3ysTaTH 1oKasyjy
Jla je Maca aKTHBHE CymcTaHle y Tabnerama Plavix® y oxsupy mumura cnenudrkosaHor dap-
maxonejom. To ykasyje fa BOITaMETpHja ca MPaBOyTaOHUM HUMIYJICUMa MOXe OUTH yCIelIHa
ajTepHaTHBa XpoMaTorpadCkuM U cCieKTpoOTOMETPHjCKUM MeTofama.

(ITpummseno 13. centemdpa 2013)
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Abstract: Porous electrochemical supercapacitive materials, as an important
type of new-generation energy storage devices, require detailed analysis and
knowledge of their capacitive performances under different charging/discharg-
ing regimes. An investigation of the responses to dynamic perturbations of
typical representatives, noble metal oxides, carbonaceous materials and RuO,-
impregnated carbon blacks, by electrochemical impedance spectroscopy (EIS)
is presented. This presentation follows a brief description of supercapacitive
behavior and origin of pseudo-capacitive response of noble metal oxides. For
all the investigated materials, the electrical charging/discharging equivalent of
the EIS response was found to obey the transmission line model envisaged as a
so-called “resistor/capacitor (RC) ladder”. The ladder features are correlated to
material physicochemical properties, its composition and the composition of
the electrolyte. Fitting of the EIS data of different supercapacitive materials to
appropriate RC ladders enables in-depth profiling of the capacitance and pore
resistance of their porous thin-layers and finally the complete revelation of
capacitive energy storage issues.

Keywords: energy storage; pseudo-capacitance; carbon blacks; RuO,; IrO,;

electrochemical impedance spectroscopy; transmission line model.
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3. DYNAMIC RESPONSE OF POROUS SUPERCAPACITIVE MATERIALS
3.1. The number of required branches in the RC ladder equivalent electrical circuit

3.1.1. RC ladders for RuO;- and IrO,-based coatings on titanium
3.1.2. RC ladders of carbon blacks and carbon black/RuO, composites
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3.2.3. Carbon blacks
3.2.4. Ruthenium oxide/carbon black composites
4. CONCLUSIONS

1. INTRODUCTION

Supercapacitive materials have attracted the most intense attention in con-
temporary technologies of electrochemical energy conversion and storage since
they were found to fit almost completely the rather wide gap in power—energy
characteristics between classic electrical capacitors (CEC) and batteries and fuel
cells.] Table I shows that special constructions of electrochemical capacitors
(EC) are able to release energy in times as short as classic capacitors do, and to
store the amount of energy that is comparable to that stored by batteries. These
extraordinary characteristics of EC lay in the intrinsic origin of their capacitive
behavior — the physicochemical properties of the double layer and electrochemi-
cal processes at the supercapacitor sheath/electrolyte interphase. In comparison to
CEC, whose characteristics are dictated by the dieletric constant and the thick-
ness of the medium between the sheaths as current connectors, the electrode sur-
face and outer Helmholtz plane play the role of the sheaths in EC, whereas the
constituents of the double layer (ions and water molecules) determine its
behavior as a dieletric medium. The large capacitance of an EC is hence mainly
due to the nm size of the Debye length. However, in case of EC, there is an addi-
tional possibility to increase the capacitance by increasing the surface area of the
sheaths by the application of nano-structured porous materials. Finally, some
noble metal oxides, carbons and polymers are known for their ability to exchange
considerable quantity of charge due to fast reversible redox transitions. Since
there are no net faradaic manifestations, this ability is recognized as pseudo-capa-
citance.! These three specific features enable the overlapping of energy—power
characteristics of EC, the so-called supercapacitors and even ultra-capacitors,
with CEC and batteries, as presented in Table 1. These features form two cate-
gories of EC: the double layer- and pseudo-capacitors.

1.1. The types of electrochemical capacitors

Depending on the process for capacitive energy storage in the charging/dis-
charging cycle, two types of EC are recognized: those based on double layer
capacitance, which store the energy electrostatically by rearrangement of the
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species constituting the double layer upon imposition of an external electric field,
and those mainly based on pseudo-capacitance as a consequence of charge
exchange across the electrode/electrolyte interphase due to redox transitions. The
second group can involve to some extent the contribution of double layer charg-
ing/discharging, especially if the active material is of high surface area.

TABLE 1. Energy—power characteristics of energy conversion and storage devices, given per
unit mass of active material'

Device Active material Specific energy, kW kg'! Specific power, W h kg'!
Classic electrical ~ Dielectric medium 3-10* 0.01-0.06
capacitors

Electrochemical ~ Sheath (electrode) 8x103-103 0.06-12
capacitors material

Batteries Electrode material 6x103-0.5 8-200

Fuel cells 5x103-0.2 100-103

The main representatives of the first type of EC are different forms of pow-
dered carbons! (carbon blacks,2-¢ their single- and multi-walled nanotube forms’-?
and graphene sheets!0-12), although some contribution of carbon functional groups
at the surface of activated carbons could cause the pseudocapacitive behavior.!3

The diverse group of pseudo-capacitors can be subdivided according to the
processes from which the pseudo-capacitance originates. Three main processes
are involved: redox transitions of the electrode material itself, electrosorption and
intercalation.! As already mentioned, redox pseudo-capacitors are noble metal oxi-
des (RuO; and IrO3) and some non-noble oxides and hydroxides (MnO,, Co304,
NiO/Ni(OH),, V7205, SnO;, etc.),!4:15 as well as electroconductive polymers.

This review focuses on carbon powder materials and noble metal oxides,
RuO; and IrO,, as well as on carbon-supported RuO, composite materials. The
supercapacitive properties of noble metal oxides appear superior in comparison
to other types of EC. Depending on the preparation procedure and, consequently,
the physicochemical properties, literature reports the specific capacitance of
RuO; in the range 100-750 F g~1.16-19 However, the limiting factor for their
widespread use is the enormously high cost and relatively hardly-accessible
porous structure of nanostructured oxides. For these reasons, these oxides are
combined with other cheap materials, such as carbonaceous materials,!1,12,20-24
PbO,25 and NiO,2° of high surface area able to distribute uniformly and preserve
the fine distribution of oxide particles, thus increasing their efficiency.

2. PSEUDO-CAPACITANCE OF NOBLE METAL OXIDES

Upon exposure of the noble metal oxide electrode to potentiodynamic
changes, an almost symmetric cyclovoltammetric (CV) response is registered,
with nearly constant currents in a potential window as wide as 1.4 V in the case
of RuO,.! Typical CV responses of RuO, and IrO,, mixed with stabilizing TiO»,
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coatings on titanium are presented in Fig. 1.27-28 Iridium oxide introduces supe-
rior currents at the potentials above 0.40 Vgcg, while rather poor response is
registered below 0.40 Vgcg. Two well-separated peaks for IrO, at around 0.70
and 1.0 Vgcg are seen, whereas only a weakly-pronounced broad peak around
0.60 Vgcg could be resolved for RuO;. However, the increase in cathodic cur-
rents below 0.10 Vgcg is reserved for this oxide. These manifestations are believed
to be the origin of pseudo-capacitance, since the currents are considerably larger
than those corresponding to classic double layer charging/discharging. Appa-
rently, there are some faradaic transitions, but no steady-state currents were
registered in the presented potential window. The capacitance, /d¢/dE = dg/dE,
with g being the charge spent, is nearly constant. Thermodynamics allow for the
appearance of pseudo-capacitance if the molar ratio between the reduced (Megreq)
and oxidized (Mepy) state of a metal (Me = Ru or Ir), xXMep 4/Meo, » depends on
E as follows:!

1—x E
MeRreqd/Meox _ Kexp(_j (1)
XMegred/Meox RT

where K is a proportionality constant and the other thermodynamic quantities
have their usual meanings. Accordingly, it is believed that mechanism of pseu-
docapacitive charging/discharging within an MeO; structure involves mixed
electron—proton transition across the electrode/electrolyte interphase.293! The
metal-like conductivity of non-stoichiometric RuO, facilitates the transport of
electrons within the oxide matrix, whereas that of protons is faster and more
pronounced if the oxide is more hydrous.!® The proton-assisted, solid-state sur-
face redox transitions are usually presented in summary as:

154 —Ti, Ry, ,0, J
- - TigIr,,0 /TN

06 042 ’

1.0 /

~.

I/ mA

Fig. 1. Typical cyclic voltammo-

. . . ; . — grams of binary TiO,—RuO, and

0.00 0.40 0.80 1.20  TiO,—IrO, coatings on Ti in acid
E/Vvs. SCE solution.

-1.5 T T
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RuO, (H20) = RuO(y—s)(H20)(x—s5) +20HT +25¢~, 0<5<x (2)

If the redox transitions (2) would be similar in energy demands, the sum of
charge spent for charging could be almost constant over a wide potential range.32
A possible Gaussian deconvolution of the anodic CV part for an RuO;-based
material, with up to six highly overlapped transitions is shown in Fig. 2. Some of
them could cause the appearance of the very weak, but distinguishable, peaks at
around 0.35 and 0.50 VgcE.

The highest capacitance of RuO, was achieved upon optimization of its
crystallinity and degree of hydration. In case of hydrous Ru05,16 750 F g1 was
registered upon heating at 150 °C, whereas sol-gel processed oxide supported in
a low amount on high surface area carbon black reached 700 F g~ with calci-
nations at 300 °C.2! It was supposed that the ordering of the RuOg¢ octahedra, the
content of crystalline water and the particle size were optimally balanced at this
temperature, enabling the best pseudocapacitive properties to be obtained.

2.1. Three types of capacitive contributions for RuQO;

Detailed potentiodynamic investigations33-35 of the capacitive behavior of
crystalline RuO; revealed at least three types of capacitive processes distin-
guishable by the potential region over which each of them dominates. The double
layer charging is the fastest, and contributes with up to 35 % to the overall capa-
citance even at a very low discharging rate.33 The cathodic increase in currents is
assigned to diffusion-limited incorporation of protons into the oxide matrix. The
release of the appropriate charge spreads over the whole anodic branch with
simultaneous redox transitions according to Eq. (2) and Fig. 2. The valuable
development of this pseudocapacitive process requires slow discharge in crys-

Anodic current

Fig. 2. An illustration of possible
. . T : T : T . — overlapping of at least six redox
transitions during the charging
Potential, V vs. SCE of RuO,-based supercapacitors.
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talline RuO,, but it is believed that it is dominant (65 % contribution3¢) and
much faster for the hydrous state of the oxide. Finally, the pseudo-capacitance
appears additionally increased by a contribution of the third type of capacitive
processes — electrosorption of ions from the solution, which can contribute by 20 %
to the overall capacitance.

If the considered mechanism of pseudo-capacitive behavior of noble metal
oxides would be applied to the IrO, response shown in Fig. 1, it follows that
either the proton intercalation process is suppressed or it manifests itself at more
positive potentials with respect to RuO;. The later implies its pronounced over-
lapping with redox transitions of Ir and, consequently, a much harder determi-
nation of capacitive performances. On the other hand, the consideration presented
in Section 2.1 does not analyze the distribution of the capacitance throughout the
porous layer, which depends on the charging/discharging rate.37 Bearing in mind
these particularities, the analysis of an in-depth pore resistance and capacitance
profile through the porous layers of oxides, carbon blacks and their composites
will be presented in the following sections. This analysis was performed by
applying the methodology of a transmission line equivalent to the dynamic res-
ponse of porous capacitive materials!s!5 to the charging/discharging data gained
from electrochemical impedance spectroscopy.

3. DYNAMIC RESPONSE OF POROUS SUPERCAPACITIVE MATERIALS

The electrical equivalent of an idealized uniform porous supercapacitive
material exchanging the charge with the electrolyte can be presented by an RC
ladder,37 schematically shown in Fig. 3. The RC ladder is a transmission line
electrical circuit consisting of n parallel branches with a resistor and capacitor in
series. The parameter n depends on the thickness of the porous layer (pore
length) and electrolyte composition.6:15:23.38 In real systems, the tortuous pores
are not ideally cylindrical, their diameter can vary along the length and pore size
distribution exists, which should also affect the number of the required branches.

Upon sinusoidal perturbation of the input potential, the charging/discharging
current response at the pore orifice is:37

1(0,1) = Ifa (sin @t + cos ot) ’ﬁ 3)
.0 ORp 0C30

where E, is the input amplitude and  is the angular frequency. Eq. (3) implies
that the output current is phase-shifted with respect to the input by —45° at any .
The frequency required to reach the bottom of a pore of the length ¢ has to fulfill
the condition:37

w=—"04 4)

Rp’gCZ,Mz
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Fig. 3. A schematic diagram of the electrical equivalent of a porous supercapacitive material

with uniform size distribution of semi-infinite cylindrical pores of length /. R¢, presents bulk

electrolyte resistance, while R, , and Cy,, is the pore resistance and sum of the capacitances of
different origin (see Section 2) at position z, respectively.

The RC ladder model indicates generally (irrespective of whether the system
is ideal or not) that the frequency of the output signal does not change through
the porous layer, whereas its amplitude weakens, reaching asymptotically zero
for given w at a certain distance z, according to Eq. (4). Consequently, the signal
penetration depth, z,, can be defined as:37

zp =" 2 (5)
a)Rp,Zp CZ,zp

Eq. (5) makes no physical sense if @ < (2/ Ry ¢ Cs ), i.e., the bottom of the
pore is already reached at frequencies as low as 2/ R, Cs ¢. For thin-layer,
porous supercapacitive materials usually having the capacitance of several hund-
reds of F g-! and pore resistances not above several thousands of Q, a reliable
analysis of the in-depth capacitance profile should be obtained at reasonable fre-
quencies down to the order of mHz. Eqgs. (3)—(5) imply that the capacitive res-
ponse of the most outer parts of a porous layer is obtained at @—0, since the inner
surface defined by pores can hardly follow the fast changes of the periodic input.

3.1. The number of required branches in the RC ladder equivalent electrical circuit

In order to analyze the capacitive response upon sinusoidal perturbation by
an input potential using the electrochemical impedance spectroscopy (EIS)
method, suitable software, able to fit the measured data into a freely chosen
equivalent electrical circuit (EEC), is applied. The EEC that gives the best fitting
results, which are evaluated according to the overall relative fitting error, &,
calculated as the square root of y2 — the error parameter usually used in EIS and
directly obtained by the fitting software, defines the required number of RC
branches.3? Additionally, the fitting quality is to be judged with respect to the
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values of obtained fitting parameters, which were taken as reliable if the relative
dissipation of the gained values was less than 20 %. Finally, the plots of fitting
data should agree with those registered experimentally as far as possible.

3.1.1. RC ladders for RuO;- and IrO,-based coatings on titanium

Detailed analysis of the in-depth capacitance profile of RuO, was investi-
gated in the cases of thick and thin coatings (different pore lengths) on Ti pre-
pared by an alkoxide ink procedure.38:40 In order to alter the capacitive characte-
ristics, the EIS spectra of the coatings were registered in two different solutions,
1.0 mol dm—3 H»SO4 and 5.0 mol dm—3 NaCl, pH 2. The & values as a function
of the required branches in the RC ladder EEC are shown in Fig. 4. The EECs
with highest number of branches are those that gave the best fittings of the EIS
data (if this number is further increased, the fitting does not return reasonable and
reliable values of the EEC parameters). It follows generally that thicker coatings
and electrolytes of higher concentrations with less movable ions require more
branches. According to Eq. (2), an additional influence of different proton con-
centrations in the applied electrolytes (pH 0 and 2) on the coating in-depth dis-
tribution of the pseudo-capacitance, and consequently, on the number of required
branches, is to be expected. It is usual to assume that the fitting quality is satis-
factorily good if & is below 3 %. Fig. 4 shows that & steeply decreases in
solutions of higher ionic strength, the decrease being more pronounced for
thicker coatings. On the other hand, it appears that a good fitting quality in
H,SO4 solution was already achieved with no branching (RoCy 1 in Fig. 3).
However, the plots of this EEC and the data did not agree well (not shown),
unless at least 2 and 4 branches were applied for the data in HySO4 and NaCl
solutions, respectively.

The requirement for the introduction of more branches is already indicated at
first glance of the measured data shown in Fig. 5, which shows the capacitance
complex plane plots of thick coating in the two investigated solutions. Appa-
rently, several overlapping capacitive loops appear in NaCl solution, which is not
the case in HpSOy4 solution. Full development of the branching in NaCl solution
required two orders of magnitude lower frequencies (2.5 mHz) in comparison to
corresponding features registered in HySO4 solution (0.2 Hz). In the spectrum of
thin coating (not shown), two well-separated loops were distinguishable only in
NaCl solution, whereas the lowest required frequency appeared insensitive to the
coating thickness in both HySO4 and NacCl solution.

The considered differences in the EIS spectra and the EECs for coatings of
different thickness in different solutions appear not to be due to the expected
differences in pore resistance. Although the ionic strengths of HpSO4 and NaCl
solution differ considerably, their ohmic resistances as well as pore resistances up
to the last branch in HySO4 solution are similar, irrespective of the coating thick-
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ness.38 It follows that the lower ionic strength of the H,SOy4 solution is compen-
sated for by the much larger ion mobility. On the other hand, well-separated
capacitive loops, and consequently the requirement for more branched RC lad-
ders, are the most pronounced in EIS spectra registered at the potential of the
appearance of reversible CV peaks related to Eq. (2). A detailed investigation of
the EIS behavior along the potential window from Fig. 1, of both RuO,-28 and
IrO,-based?! coatings on Ti, revealed the following. The separation of capacitive
loops is clearly visible at 0.74 Vgcg, and even more pronounced in HySOy4 solu-
tion for RuO, and IrO, mixed with TiO, in a binary coating, as TiO, is known
for its coating stabilizing and surface area-developing influence.*2

18 4 fo)
\
17 = v
“1 \
4 \
8 \ H,80, NaCl Coa.ting
| Y —&— —0— Thick
7] ) - & -0 -Thin
X 64
—
-
5
4
3 ®-_
24 S~
] O----0----0
1 T T T T T T T
1 2 3 4 5 6 7

No. of branches in RC ladder

Fig. 4. The relative fitting error, &, of RC ladder type of equivalent circuits with different
number of RC branches used to fit the impedance spectra of RuO, coatings of different
thickness on Ti, registered in H,SO, and NaCl solution.38

The mentioned findings indicate that the separation of the capacitive loops is
more due to the onset of pseudo-capacitance according to Eq. (2), which is limited
by diffusion of protons into and out of the noble metal oxide matrix, than due to
the distribution of the pore resistance. In case of pure coatings, the separation is
better pronounced in solutions of lower proton concentration (NaCl, pH 2). How-
ever, binary MeO,—Ti0O; coatings require a minimal proton concentration (1 M
H»SO4) for the development of the separation since the noble metal oxide is
finely distributed within the semiconductive TiO; matrix (RuO,/TiO, particles
diameter ratio ~8 nm/100 nm27). It appears that pH 2 is not enough for the signal
of moderate frequencies (down to few mHz) to penetrate the binary coating con-
siderably and evolve full pseudocapacitive behavior. Hence, the separation of
capacitive loops, and in-depth capacitance profile, could not be clearly developed.
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Y »'110°Srad’ s

Y o' /10%Srad"s

Fig. 5. The capacitance complex plane plots (symbols) for a thick RuO, coating on Ti
registered in H,SO,4 and NaCl solution. The data of corresponding RC ladders are presented
by the lines.3®

3.1.2. The RC ladders of carbon blacks and carbon black/RuO; composites

Carbon blacks of high surface area are known as double-layer capacitors,
although the pseudocapacitive contribution of carbon functional groups (CFGs),
which can be created by chemical or electrochemical activation of carbonaceous
materials, 134345 can be significant. Electrochemical oxidation of even smooth
glassy carbon surfaces (low surface area)!345 considerably increases the capa-
citance due to the formation of CFGs and surface roughening. Abundant creation
of CFGs was achieved by modest oxidation, which caused the largest separation
of capacitive loops in proton-rich solution, as shown in Fig. 6. Hence, the sepa-
ration appears to have an origin similar to the case of noble metal oxides — the
development of pseudocapacitive behavior. However, thorough oxidation condi-
tions were found to cause a “cutoff” of the CFGs from the surface, and conse-
quently the separation diminished (Fig. 6). Irrespective of the content of CFGs,
the capacitance increases from non-oxidized to the thoroughly oxidized state by
more than two orders of magnitude.

A thin layer of the two commercial carbon black (CB) supercapacitors of
considerably different real surface area, Sggr of 1475 (HSC) and 248 m? g!
(LSC), were found to obey 5- and 3-branch RC ladder, respectively.® These have
been fully correlated with the layer morphology (cross section geometry, equi-
valent pore diameter, pore length and pore tortuosity). The structures of the applied
EECs, as well as capacitance and resistance values obtained by fitting the expe-
rimental EIS data to the circuits, which are supported by the results obtained by
scanning electron microscopy (SEM) and cyclic voltammetry (CV) measure-
ments, enabled an estimation of the capacitance and resistance profile throughout
the porous carbon black electrodes.

Capacitance complex plane plots of HSC-supported ruthenium oxide of
increasing particle size and low oxide loading are shown in Fig. 7.23 For com-
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parison, a plot for HSC is also shown. The plots consist of capacitive loops of
decreasing radius with increasing particle size. Although the capacitance plot of
HSC consists of at least two overlapped capacitive loops, only one loop could be
clearly seen for the composites, which suggests a decrease in the required num-
ber of branches. The lowest capacitance values (both the imaginary and the real
part) were registered for HSC at frequencies down to 2.0 Hz. This indicates that a
part of the composite surface that was easily accessible to the electrolyte is of
larger capacitive ability than corresponding part of the HSC surface, due to the
presence oxide particles. However, at the frequencies below 2.0 Hz, the admit-
tance of HSC is much larger than that of composites with larger particles. These
results are in accordance with those obtained by cyclic voltammetry.23
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Impregnation of CBs with hydrated ruthenium oxide always causes a
decrease in the BET real surface.#0:47 This decrease in real surface becomes
more pronounced with increasing oxide mass fraction.*8 However, the decrease
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in real surface area is accompanied by an increase in the composite capacitance
caused by the pseudo-capacitance of the oxide, which could prevail over the
reduction in CB double layer capacitance due to the decrease in the real surface
area.2! These effects of impregnation are more pronounced if the real surface
area of the CB substrate is larger. However, if the oxide fraction in the composite
is rather small, and if the oxide particles are large enough, the pseudocapacitive
contribution of the oxide could not be sufficient to prevail, or at least to com-
pensate, the decrease in the double layer capacitance caused by the decrease in
the real surface area of CB substrate (Fig. 7). Hence, under certain impregnation
conditions (leading to small oxide fraction and/or large oxide particles) and under
rather high charging/discharging rates, the capacitive properties of the composite
may be even worse than those of the carbon substrate.23 These considerations are
clearly reflected in the number of required branches in the EEC for the CB/RuO,
composites. Instead of the five branches required for HSC, only three returned
satisfactory good fitting of the EIS data of the HSC/RuO; composite. The num-
ber of required branches appeared insensitive to oxide loading and particle size.23
On the other hand, RuO; supported on LSC required one branch more than bare
LSC, which reflect mostly the capacitive response of the oxide.

Fig. 7. Capacitance complex plane plots of high surface area carbon and high surface area
carbon-supported ruthenium oxide of increasing particle size and low oxide loading.??
(Reprinted with permission from Elsevier).

3.2. In-depth capacitance profiling of porous supercapacitors

The application of transmission line EEC as presented in Section 3.1 enables
a detailed analysis of the capacitance distribution through the thin layers of the
mentioned porous supercapacitive materials in correlation to the pore resistance
distribution. In the following sections, this analysis is presented.
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3.2.1. Ruthenium oxide coatings on titanium

The fitting data obtained according to methodology presented in Section
3.1.1 can be used to calculate the values of the total, Cio, outer, Cyyt, and inner,
Cin, capacitances of the thick and thin RuO; coatings in the two electrolytes. The
Cout relates to the coating surface directly exposed to the electrolyte, i.e., its
capacitive response is not affected by the pore resistance. The Cj, is the sum of
the capacitances each associated to certain signal penetration depth, z, (Eq. (5)),
thus representing the response of coating of the internal surface. Bearing in mind
the physical meaning of Eq. (5) and Fig. 3, mentioned capacitances can be
calculated using the following equation:

n
Ctot = Cout +Cin = CZ,] + Z CE,n (6)

i=2
The values calculated according to Eq. (6) are summarized in Fig. 8, in
which the values of the so-called electrochemical morphology factor, &, were
calculated as the ratio of Cy, to Cyo,® are also given. The values of total capa-
citance appear insensitive to the electrolyte composition for both thick and thin
coating. This indicates that the applied frequencies were sufficiently low to take
into account the diffusion limitations to Eq. (2). On the other hand, the values of
the outer and inner capacitance, as well as of morphology factor, differed con-
siderably in the different solutions. The & values were higher for the thick coat-
ing in both the HySO4 and NaCl solution, due to the more pronounced contri-

Fig. 8. The total, C,y, outer, Cy, and inner, C;,, capacitances of the thick and thin RuO,
coatings on Ti in the two electrolytes; the electrochemical morphology factor, &g, is
calculated as the ratio of Cy,, to Cy...38
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bution of the internal surface. The lower values of Cgyy¢ in the NaCl solution for
both the thick and thin coating are the consequence of the less pronounced con-
tribution of the pseudo-capacitance to the capacitive characteristics of the coat-
ing, since the H* concentration was lower in this solution. For the same reason,
Cin was greater in the NaCl solution, although the higher ion concentration and
different mechanism of cation movement in comparison to the HySO4 solution
could be also involved in the response of internal surface. Da Silva et al.*° found
that the morphology factor was lower in sulfate-containing electrolytes than in
those that contained Cl~. Apparently, the more pronounced contribution of the
hardly accessible inner surface to the capacitive characteristics of the thin coating
in the NaCl solution considerably exceeded the decreased contribution of the
pseudo-capacitance to the value of the outer capacitance with respect to the
H»SOy4 solution.

3.2.2. Poorly conductive and active state of Ir in IrO;-based coatings on Ti

Since the regions of low CV and high pseudocapacitive currents are clearly
separated in the CV response of IrO;-based coatings (the border is around 0.20
VscE, Fig. 1), the RC ladder has a slightly different construction with respect to
IrO,-based coatings.*! It required 2- and 3-branch ladders in parallel, whereas
the data at low frequencies were found to be governed by a resistor in parallel to
these ladders. The additional resistor was assigned to the poorly conductive state
of Ir within the oxide matrix. The data registered above 0.20 Vgcg did not require
the inclusion of a diffusion element in the EEC, which indicates that mass trans-
port limitations to Eq. (2) were operative at potentials below 0.20 Vgcg. It fol-
lows that the crucial changes in the Ir oxidation state required for the develop-
ment of a pronounced pseudocapacitive response above 0.20 Vgcg occurred in the
potential range below this potential (in the region of the poorly conductive state).

The potential-dependent in-depth capacitance profile of IrO,-based coating
in HySO4 solution is shown in Fig. 9. Generally, the highest values of the capa-
citances were obtained around 0.75 Vgcg, which corresponds to the most pro-
nounced transition currents in Fig. 1. The exception is the value of the last branch
at 0.35 Vgcg. It follows these values mainly present the pseudo-capacitance caused
by the transition of the poorly active state to the more conductive active one.
Indeed, if the potential was only slightly shifted anodically to 0.40 Vgcg, the
mentioned capacitance considerably decreased, while the values in preceding
branches increased by an order of magnitude. All these changes concern the
capacitors situated “deeper” down the transmission line, which reflect the perfor-
mances of the internal parts of the coating. However, the corresponding resis-
tances were found negligibly dependent on potential, which suggest their prevail-
ing pore resistance nature.4! On the other hand, the resistances of outer parts of
the coating (the first two branches) decreased considerably, and hence they are to
be assigned rather to charge transfer resistance (Eq. (2)). These findings strongly
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support the suggestion that the lower, poorly conductive oxidation states of Ir are
mainly situated in the internal parts of the coating. The transition from low to
high Ir oxidation states, as well as its distribution through the porous coating,
appears as crucial for the full development of the capacitive performance of the
IrO,-based coatings.

Fig. 9. In-depth capacitance profile at different potentials of IrO,-based coatings on
titanium.*!

3.2.3. Carbon blacks

The structures of applied EECs used to fit the data of the low and high
surface area carbons (LSC and HSC, respectively),® as well as the capacitance
and resistance values are shown in Fig. 10.

Starting from the external surface, directly exposed to the electrolyte (15t
branch, 0.32 F g-!) towards interior of the HSC layer, an increase in the capa-
citance by two orders of magnitude was registered, which is associated with neg-
ligible increase in the pore resistance (down to the 3™ branch, Fig. 10a). Con-
sidering the morphology of the HSC layer (Fig. 11), it could be envisaged that
the capacitance increases due to the increasing contribution of the parts of the
internal surface available to the electrolyte through about 30-um wide macro-
pores, as the frequency decreases. In a certain frequency range, which corres-
ponds to the time constants of the 3'd and 4t transmission branches (Fig. 10a),
the capacitance values are similar, but pore resistance starts to increase noti-
ceably. Since capacitors are connected in parallel, the layer capacitance in this
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frequency range can be calculated as the sum of capacitances in all the preceding
circuit branches using Eq. (6). This summation down to fourth branch gives a
value of 48 F g7, which agrees with the value for outer capacitance obtained by
cyclic voltammetry. It appears that electrolyte easily reaches those parts of the
internal surface that are available through macro-pores, i.e., spaces between the
large agglomerates observed in Fig. 11. Near five-fold increase in capacitance as
well as pore-resistance is registered at sufficiently low frequencies, which corres-
pond to the time constant of the 5t transmission branch. This branch can be
associated to the parts of internal surface comprising micro-pores, i.e., the micro-
porous structure of the agglomerates (Fig. 11). Total capacitance of the layer
equals 175 F g~1, which is a value nearly two times than that obtained by cyclic
voltammetry. Hearing in mind that total CV capacitance is obtained under hypo-
thetical condition at zero CV charging/discharging rate, which is close to the value
according to BET surface area of HSC, it follows from CV and EIS analysis that
almost half of the HFC thin layer is virtually inaccessible to the electrolyte.

(a)
Ro 1.7
| 11'0 0.34 Fig. 10. The RC ladders for thin
| layers of high (a) and low (b) sur-
390 28 face area carbon blacks, with the
— values of capacitances (F g'!) and
(b) pore resistances (Q).0

Contrary to the HSC capacitive in-depth profile, the LSC capacitance was
found to decrease at moderate frequencies (down to n = 2, Fig. 10b) going from
the external surface towards the bulk of the layer, with a corresponding increase
in the pore resistance of two orders of magnitude. A remarkable increase in the
capacitance was registered at very low frequencies, associated with the relaxed
increase in the pore resistance. It appears that the capacitive response of the LSC
internal surface, available through constricted and branched pores of a loose LSC
layer,® is expressed in this low-frequency domain. The remarkably higher pore
resistance, as well as the decrease in capacitance, on going from the external
towards the interior of the layer (20d branch) of the LSC in comparison to the
HSC could be explained by visually observed poor wetting of the LSC layer by
the electrolyte.2# A similar capacitance distribution of the external and internal
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surface was also obtained by CV analysis.® The capacitance of external surface is
larger than internal, similarly to the EIS data for the 1t and 20d branch (Fig.
10b). The total capacitance of the LSC, immediately after electrode immersion,
was calculated by Eq. (6) to be 32.6 F g1, a value that is in agreement with that
obtained by CV. However, after successive charging/discharging cycles, total
capacitance of the layer increases to 39.9 F g~1. This can be explained by the
continuous decrease in hydrophobicity of the XC layer,24 as a consequence of
carbon activation by formation of surface oxygen-containing groups during pro-
longed charging/discharging.#7 The similarity of CV and EIS data for the obtained
LSC capacitance profile indicates that this LSC could be nearly completely uti-
lized during slow charging/discharging processes.

(@) (b)

Fig. 11. Surface appearance of a thin layer of high surface area carbon black. a) Non-uniform
microscopic distribution of large agglomerates separated by ca. 30 um-wide pores;
b) compact texture of the agglomerates.® (Reprinted with permission from Elsevier).

3.2.4. Ruthenium oxide/carbon black composites

As mentioned in Section 3.2.1, the impregnation of carbon blacks with
supercapacitive hydrous ruthenium oxide can cause a reduction or extension of
the required branches in EEC, depending on the real surface area of the CB.
Consequently, this alters the total capacitance, and, in some cases, can even result
in its reduction with respect to the CB support.23:50.51 The alteration of the
capacitance profile for thin layer ruthenium oxide/CB composites was also found
to be dependent on the particle size and loading of the oxide.23 Since there is
qualitative difference between composite and carbon substrate due to the pre-
sence of the oxide phase, a more complex morphology for the composite layer
could be expected. From the standpoint of the EIS capacitive characteristics pre-
sented in Fig. 7, this is not the case. The specific capacitances and pore resis-
tances, obtained by fitting the BP/R composite impedance data from Fig. 7 to a
3-branch EEC, are presented in Fig. 12.

The outer capacitance of the composites, given as the value of the 15t branch,
is by two orders of magnitude larger than the outer capacitance of HSC (0.32 F g1,
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Fig. 10a), and decreases with oxide particle size. The much larger outer capa-
citance of the composite in contrast to the carbon substrate is a consequence of
presence of oxide particles impregnated into the outer surface of the carbon
grains (Fig. 11), represented by the sum of the pseudo-capacitance and the double
layer capacitance at electrolyte/oxide interface. There is also a decrease in the
values of inner capacitances (2°d branch) as the particle size increases. However,
the value obtained for smallest oxide particle size is comparable to the sum of
inner capacitances of the carbon substrate from the 21d to 4th branch (47 F g1,
Fig. 10a), while the inner capacitance of the composites of larger particle size are
lower with respect to HSC. These findings indicate that small oxide particles are
distributed over the surface of carbon grains, with the morphology of the com-
posite resembling that of the carbon support and hindering electrolyte access to
the bare carbon surface with the porous grains. On the other hand, larger oxide
particles tend to form a physical mixture with the carbon grains, causing only a
partial sealing of the pores between the carbon grains, and leaving considerable
part of the internal surface of carbon grains uncovered.

Fig. 12. In-depth capacitance and pore resistance profiles for the composites of RuO,
supported on high surface area carbon as the functions of the oxide particle size.2

Decrease in composite inner capacitances with oxide particle size is accom-
panied by an increase in the pore resistance (Fig. 12). The resistance in the pores
of the composite with smallest oxide particle size corresponds to resistances in
the 15t and 204 branch of the HSC (Fig. 10a), while the resistances in the com-
posite pores with larger oxide particle size are larger than those for the HSC. This
is a consequence of volume shrinkage of the micro-pores (interparticle space
within the carbon grains), in which the oxide particles accumulated, thus hinder-
ing the approach of the electrolyte to the interior of the composite layer.
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Inner capacitance of the composite in the third branch (Fig. 12) is much
lower than the inner capacitance of the second branch and does not depend con-
siderably on the aging time. This capacitance value is by an order of magnitude
lower than corresponding value for the HSC (about 10 and 130 F g1, respecti-
vely). However, the associated pore resistance is similar to the corresponding
value for the HSC, which implies that the inner capacitance in the third circuit
branch is associated with morphologically similar parts of the porous composite
layer and the carbon substrate — to those corresponding to the internal surface of
the carbon grains. For these parts of the surface, impregnation failed, since oxide
particles on the top closed the pore orifices at the surface of carbon grains (Fig.
13). These oxide particles at the surface of the carbon grains block electrolyte
access to the porous interior of the carbon grains, thus leaving it even dry and
making it inactive. This should cause the values of inner capacitance of the com-
posites from the third branch to be much smaller than that of the carbon substrate.

Fig. 13. A sketch of the pro-
posed packing of hydrous ruthe-
nium oxide particles onto the
surface of a high surface area
carbon substrate.23 (Reprinted
with permission form Elsevier).

With a four-fold increase in the loading of the smallest particles, all capa-
citances down the RC ladder were found to increase, with the total capacitance of
the composite being more than doubled with respect to the HSC.23

It follows from above considerations that the combination of a HSC and
small oxide particles could hardly lead to superior capacitive performance of
RuO,/HSC composite. Since oxide particles block the pore orifices of the carbon
grains, the interior, i.e., most of the extended carbon surface area, is inaccessible,
and the HSC support (in a grained form) acts only as a pattern for the distribution
and carrier of the active oxide.

RuO,/LSC Composite. The in-depth capacitance and pore resistance profiles
for composites of increasing size of oxide particles supported on the low surface
area carbon at an optimal loading?3 are presented in Fig. 14.

The outer composite capacitance (15t branch) increased with particle size,
which is opposite to the case of the RuO,/HSC composites (Fig. 12). Although
the outer capacitance of the HSC-based composites was considerably larger than
that of the HSC, the outer capacitance of the LSC-based composite with the
smallest oxide particles (about 4 F g~1, Fig. 14) was only doubled that of the LSC
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(1.7 F g1, Fig. 10b). However, the outer capacitance of the composite of the
largest particle size (about 20 F g~!) was an order of magnitude larger than that
of the LSC. These findings clearly indicate that the impregnation of the outer
surface of the carbon was weak in the case of the smallest particle size, while it
became pronounced only with the XC/R 46 composite. The surface appearance
of the small-particle RuO,/LSC composite was found to be quite similar to the
loose structure of an LSC layer,23:51 while a more compact structure of the grains
pasted together was seen from the appearance of the surface of the large-particle
RuO,/LSC composite.23:51 The inner capacitances of the smallest-particle RuO,/
/LSC composite (274 and 374 branch, Fig. 14) was much larger than the outer,
while in the cases of the larger-particle RuO,/LSC composite, these two capaci-
tances had similar values. The associated pore resistances increased, whereas the
values obtained for the RuO,/LSC composite layers were considerably lower
than the corresponding values obtained for the LSC (110 €, Fig. 10b), but quite
similar to the values obtained for the RuO,/HSC composites, which was also the
case of the values of the inner capacitances (Fig. 12). This suggests that these
circuit parameters are to be assigned rather to the oxide than to the carbon sub-
strate. The inner capacitance of small-particle RuO,/LSC composite is much larger
than corresponding capacitances of composites of the larger oxide particles.
Therefore, the largest capacitance at rather slow charging/discharging rates is to
be expected for the composite of the small oxide particles. Inner capacitance of
the small-particle RuO,/LSC composite in the 4th branch is significantly smaller
than the values of the 21d and 3td branch. Taking into account the corresponding
resistance in the pores of about 170 Q (Fig. 14), this part of the inner capacitance
should be considered to correspond to the capacitive response of hardly acces-
sible parts of the inner oxide surface, located in the intergranular spaces of the
carbon substrate.

Fig. 14. In-depth capacitance and pore resistance profiles for the composites of RuO,
supported on the low surface area carbon as the functions of oxide particle size.2
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4. CONCLUSIONS

An analysis of the capacitive responses to dynamic perturbations of typical
supercapacitive materials, i.e., noble metal oxides (RuO, and IrO;), carbon-
aceous materials and RuO,-impregnated carbon blacks using the methodology of
electrochemical impedance spectroscopy (EIS) and transmission line equivalence
led to their comprehension. EIS responses of all the investigated materials in the
form of porous thin layer were found to obey RC ladder-type equivalent elec-
trical circuits, requiring different numbers of branches of R and C in series,
which depended on the type and composition of the material, as well as on the
electrolyte composition. This finding allows the profiling of the capacitance per-
formances through the porous supercapacitive materials.

Owing to pseudocapacitive behavior and characteristic coating texture, the
EIS response of RuO,-based coatings on Ti required more branches, i.e., was
caused by a more pronounced coating in-depth capacitance distribution, as the
coating thickness increased and the proton concentration in the solution decreased.
The former influenced the distribution of the pore resistance of the coatings,
whereas the later affects the pseudocapacitive response of the oxide. Similar
findings also held for IrO,-based coatings on Ti. The EIS measurements showed
that the transition from the poorly active to the pseudocapacitive active state of
IrO, was limited by proton diffusion, which negligibly depended on the proton
concentration in the electrolyte. This transition, as well as its distribution through
the porous coating, appeared cardinal for the full development of the capacitive
performance of the coating. The transition occurred much easier in a solution of
lower hydrogen ion content. This unexpected behavior is the consequence of
much closer potential positions of the transitions reactions.

The number of required branches in RC ladder increased with real surface
area of carbon blacks as typical representatives of double layer supercapacitors.
The capacitance of a layer of high-surface-area carbon (HSC) increased on going
from the external surface towards the bulk of the layer. This increase was asso-
ciated with a negligible increase in pore resistance of the layer. A considerably
larger part of the total capacitance of the HSC originated from its internal sur-
face, a considerable amount of which was inaccessible to the electrolyte. The
external capacitance reflected the capacitive characteristics of a macro-scale sur-
face consisting of relatively large agglomerates, while the internal capacitance
originated from the micro-porous inner surface. Contrary to HSC, the low-sur-
face-area carbon black (LSC) had a loose structure that produced the opposite
distribution of the total capacitance between the external and internal surfaces. In
this case, the internal surface was fully available for slow charging/discharging
processes.

The impregnation of the HSC by sol-gel processed supercapacitive RuO;
decreased the number of required branches with respect to carbon support, while
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impregnation of the LSC increased the required number. The capacitance of the
HSC-supported composites decreased with increasing oxide particle size, while
the capacitance of the LSC-supported composites increased. Increasing the oxide
loading led to an increase in capacitance of the HSC-supported composites. How-
ever, the inner surface of the HSC as substrate became even less accessible to the
electrolyte and rather inactive, because of pore blocking by the oxide particles at
the top of the carbon grains. The best energy storage performances at low charg-
ing/discharging rates are to be expected for composites prepared from small
oxide particles and LSC, while composites with HSC would suffer from the loss
of the energy storage ability of the carbon double layer capacitor part.
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H3BOJ

PACBET/BABAIGE CYTIEPKOHJEH3ATOPCKHX OJIMKA OKCHUIA IIJIEMEHUTHUX
METAJIA, [TIOPO3HUX YITbBEHMYHHUX MATEPHUJAJIA U BB UXOBUX KOMIIO3UTA

BJIAJIUMUP B. TAHUR!, ATEKCAHZIAP B. JEKAHCKH! 1 BPAHHCJIAB ). HUKOJIWR?

THXTM — Lentnap 3a enexwwipoxemujy, Ynueepsuiuewi y beoipagy, Fbetiowesa 12, 11000 Beoipag u
ZTCXHOJIOWKO—MCM_,laJIymeu Qaxynimewi, Ynusep3uiueii y beoipagy, Kapneiujesa 4, 11000 Beoipag

HcrpaxuBama MOPO3HUX EIEKTPOXEMHUJCKHUX CYNEPKOHICH3aTOPCKUX MaTepujaja, Kao BaKHe
BpcTe ypehaja 3a ckiagumiTer-e eHepruje HOBe T'eHepalyje, 3aXTeBajy NeTajbHy aHAM3y W T03-
HaBambe FHUXOBUX KOHIEH3aTOPCKUX OJUIMKA TIPH PAa3IHIUTHM PEXHMHMA ITyHEHE/TPAKBEHE.
[Mpuka3zanu cy pe3ynTaTH OBHX HCTPaKHBama, y (OPMHU OATrOBOpa Ha JUHAMHYKY ITOOYIy, THITNY-
HUX IPEJCTaBHMKA OBUX MaTepHjaja: OKCHJAa IUIEMEHHTHX MaTaua, YIrJbeHHWYHUX MaTepujaia u
YIJbEHUYHUX TIPaXxoBa UMITPETHUPAHUX OKCHIOM PYTEHHjyMa, KOjU Cy JOOMjeHH! CIIEKTPOCKOIHjOM
enexktpoxemujcke ummnenaniuje (CEM). OBoMm mpukasy Hpeaxoan CaXeT OMHC CYMepKOHIeH3a-
TOPCKOT TIOHAIIamka W MOPEeKIa ICeYAOKOHAECH3aTOPKOT OATOBOpa OKCHAA IIEMEHHTHX MeTaia.
EnexTpuuHN €KBHBAIEHT INPH IyHEHY/NMPAXKIBEHY CBUX HCIHTHBAHWX MaTepHjala OJrosapa
MOZIeTy TPAaHCMHCHOHE JIMHUjEe IPEACTaBJbeHe T3B. ,,0THOpHHK/KoHAe3aTop (RC) mecrBuom*.
Opnke JIECTBHLE Cy KopelicaHe ca PU3NYKO—XeMHjCKUM CBOjCTBHMA MaTepHjajia, lbUXOBUM cac-
TaBOM, Kao U ca cacTaBoM ejekTpoiuTa. Ycknahuamwe CEUN momaraka pasinuuTUX CyNEepKOHICH-
3aTOPCKUX MaTepujasa ca oxroapajyhom RC nectBuiiom omoryhasa aHann3y pacnojene Karaiu-
TUBHOCTH W OTIIOPHOCTH Y TIOpaMa Kpo3 TaHKH MOPO3HM CJIOj MaTepHjaja ¥ KOHAuYHO pPacBeT-
JbaBam-e OJUINKA CYNIEPKOHIEH3aTOPCKOT TUITA CKIAANIITEha CHEPTHje.

(ITpummseno 31. oktodpa 2013)
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Abstract: A survey is given of the development of electrochemistry with the
author’s unmasked wish for more advanced development in the future. The
survey is based on past achievements of electrochemistry, which is listed
concisely herein. Asfar asthe recent state is concerned, author’ s dissatisfaction
is expressed with the acceptance of electrochemistry as both a favorite profess-
sion of graduate students and a top priority field in the financing of research.
For the sake of honesty, an aternative view is mentioned that takes the recent
state of electrochemistry as normal and in accordance with the usual course of
development, (i.e., birth, rise, achieving of maximum and then decay, fading,
etc.) that is common in nature. This statement is based on the belief that today
electrochemistry exists on a broader basis than before, and is mainly incur-
porated into other (new) branches of chemistry and science. Examples are
given where recent electrochemistry failed to fulfill its promises (e.g., the pro-
duction of cheap hydrogen by means of electrocatalysts with high performance
for H, evolution, economical use of large-scale fuel cells, etc.). In summarizing
the recent fields of interest that cover electrochemistry, their diversification,
specialization, complexness and interdisciplinary nature must be stressed. A list
of desirable highlights that could possibly help electrochemistry to improve its
rating among other branches of science is composed. In addition, a list of the
author’s personal preferencesis given.

Keywords. electrochemistry; lost priority; recovery; desirable highlights; his-
tory; current trends; future prospects.
INTRODUCTION

If we agree that (modern) electrochemistry was born with the invention of
the first ever d.c. power source (the so-caled Voltaic pile, 1800), then nowadays
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this science is running the second decade of its 3'd Century**. One must admit
that such along history is not a common phenomenon in the world of science*.
Therefore, if we wish electrochemistry to continue its successful story, we should
follow its state, continuously evaluate its achievements and push it further up.
Recently, on the occasion of the 379 Regional South East European Sympo-
sium on Electrochemistry, that took place in Bucharest, Romania, | presented the
lecture entitled: Electrochemistry — the Central Science of Tomorrow: Reality or
Fantasy?! My intention was to promote my wishes for electrochemistry to regain
its leading position in the world of science, as it used to have for along period in
the past. | expressed my dissatisfaction with the recent low ranking of
electrochemistry. In order to attract wider attention, herein some more aspects are
presented that may aid electrochemistry to take in the future the place it deserves.

A brief history

Let me start with quoting some basic and well-known facts. Electroche-
mistry is a science that is concerned with two phenomena: changes of the chemi-
cal nature of matter caused by the passing of an electrical current and visa versa,
the generation of an electrical current due to certain chemical reactions. Electro-
chemistry is part of Physical Chemistry, together with many other branches, such
as, e.g., Structural Chemistry, Photochemistry, Chemical Thermodynamics and
Kinetics, etc. Physical chemistry on its own is part of chemistry, together with
parts such as, e.g., General Chemistry, Inorganic Chemistry, Organic chemistry, etc.

It isnormally to ask oneself: When there are so many branches of chemistry,
“why is electrochemistry so important and why doesit attract so much attention?’

The answers are simple: modern electrochemistry was founded and com-
menced its career long before other sciences or their branches existed. Further-
more, electrochemistry is important for a number of merits, such as, e.g., demys-
tification of some basic concepts of chemistry, structure of matter, etc. It should
be remembered that electrochemistry commenced dealing with the electron one
century before it was discovered at the dawn of the 20t Century.2 Moreover, by
means of electrochemistry, some ten chemical elements were in no time isolated
or discovered, while the number of useful products was much higher. All this
occurred in the early stages of the transition of chemistry from empirical into a
modern science. In this way, electrochemistry supported the progress of other

** “Modern” electrochemistry is the one that started with Alessandro Volta and other scien-
tists in 181 and 19 century. This statement is just a precaution in case there is another —
“ancient” electrochemistry, judging according the controversy generated with the discovery of
so called “Baghdad Candle” — see further in this paper).

* Just a reminder: at the beginning of 19t century, it was hardly known that combustion is a
chemical process of combining with oxygen, other sciences were in the early stage of deve-
lopment, and the technology had just started to exploit the fruits of the steam engine and the
Industrial Revolution.
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sciences. Together, they provided many benefits for people's life and made it
healthier, richer, etc.3

It iswell known and widely accepted that electrochemistry started its career
with the achievements of two Italian researchers at the end of the 18th century.4*
Luigi Galvani “discovered” electricity indirectly. Bringing into contact two diffe-
rent metals, electricity was generated that made dead body parts (frog's leg)
contract. Yet, Alessandro Voltais credited as the founder of electrochemistry for
his 18th century invention of the first d.c. power source (a column of alternatively
packed silver and zinc plates) that was able to split water into hydrogen and oxygen.

Despite of thisfact, there is another claim (speculation?) that the art of gene-
rating d.c. power was known 2 millenniums before Volta's discovery. Artifacts
found near Baghdad resemble very much the components of a dry cell, i.e., the
clay pot could be the body, and the copper mantle and iron rod, the electrodes
(see Fig. 1). The exactness of this discovery, the so-called Baghdad candle, is not
yet verified.6

[ £

T =V

Fig. 1. The Baghdad candle, 2200 BC: artifact parts
that could be combined into a battery.

A glance over the highlights of electrochemistry in the 19t century, Table |,
and the technical application resulting from them confirm the great value of this
science. Important theoretical breakthroughs and advances in industrial electro-
chemistry were achieved and they continue to be valuable today.

The actual list of the scientist and their achievements is far richer. There are
more sources (reference literature) giving a detailed survey of the electroche-
mical activitiesin the 1800s.8-10 The end of century was especially fruitful, with
the work of S. Arrhenius on the dissociation of electrolytes and the resulting
activity of ions as a function of their concentration. F. W. Ostwald continued the
research in the field of electrical conductivity and catalysis. W. H. Nernst defined
the dependence of electrode potential on the nature of the electrode reaction, as
well as on the concentration/activity and other parameters of the ions partici-
pating in the electrode equilibrium, known as the Nernst Equation. E. Weston is

* |n previous centuries, experiments connected with electricity were a subject of interest of
scientists as well. Some of them were William Gilbert, Otto von Guericke, Benjamin Franklin
and Charles Coulomb.®
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remembered for his cell with constant voltage of 1018 mV, which is used as a
standard for measuring voltage. F. Haber, famous for the invention of the nitro-
gen-fixation process, is aso credited with the invention of the glass electrode and
some other work on measuring the acidity of solutions. J. Tafel, a pioneer in
organic electrochemistry, with his Tafel Equation, explained how the rates of
electrode reactions depend on the overpotential. The list does not end with these
names only.

TABLE |. Some of the most important discoveries of electrochemistry in the 19t century’

Discovery Author/Y ear Significance
Voltaic pile A. Volta, 1800 First d.c. source
Water splitting by electrolysis W. Nicholson and H, production

A. Carlisle, 1800
Extraction of base metals H. Davy, 1807 Na, K, Ca, etc. isolated
Laws of electrolysis M. Faraday, 1830 Quantitative aspects of electrolysis
Two-fluid battery J. F. Daniell, 1836 Long-lasting constant d.c. source
Electroplating J. Ecklington, 1836 Electroplating of Ag
Fuel cell envisaged W. R. Grove. 1839 Sophisticated d.c. source
Electrolysis of molten salts R. W. Bunsen, 1852 Mg, Li isolated
Lead-acid battery G. Planté, 1859 First portable d.c. source
Primary cell G. Leclanché, 1868 Forerunner of the dry cell
Refining of metals J. Ecklington, 1869 Cu refining by electrolysis
Electrowinning Balbach & Thum, 1871 Cu extraction by electrolysis
Al molten salts electrolysis P. L. Heroult and C. M. Al extraction from molten salts by

Hall, 1885 dectrolysis

Further strengthening, progress and diversification

During the 20t century, electrochemistry continued to advance, to foster the
theoretical basis and, consequently, to achieve more and more useful and valu-
able practical results.

It started with the considerations of ionic transport in solutions, defining the
pH as a measure for hydrogen ion concentration, respectively, activity. Experi-
ments in bioelectrochemistry were improved, membranes were introduced in the
experiments, the charge of an electron was determined using an oil drop, etc.

Application of electrochemistry for anaytical purposes started with the
invention of polarography, i.e., recording and interpreting current-potential
curves. The success was recognized some 30 years later by awarding the Nobel
Prize to the inventor J. Heyrovsky.11 The properties of electrolyte solutions were
interpreted in terms of their structure, etc.

The Russian Electrochemistry School, which was concerned with the funda-
mentals of electrode reactions, electrochemica interfaces, electron transfer,
adsorption, etc., matured.
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Corrosion became the subject of interest of electrochemists and its nature
was explained in terms of coupled electrochemical oxidation, respectively reduc-
tion processes. This knowledge was further elaborated and applied to the under-
standing of corrosion and the design of corrosion protection. Passivity, local cell
action, cathodic protection, Pourbaix diagrams, etc. followed. Then photoche-
mistry was expanded to fields such as, e.g., semiconductors, solid-state ionics,
and diffusion aspects of scales growth.

The energetic of electrochemical systems achieved its best in the first prac-
tical fuel cell, which was based on an alkaline electrolyte and porous gas-diffu-
sion eectrodes. It was employed in early space missions (Apollo) for providing
in-flight power, heating and drinking water, Fig. 2.12 Later on, due to the ulti-
mate progress in innovating cationic selective membranes sustainable under the
most severe conditions, such as, e.g., in chlorine cells, membrane cells were
engineered that operated at almost reversible electrode potentials.13

La ool

iy

I, b I 4
Fig. 2. The Apollo spacecraft fuel cells, 1970s.12

The kinetics of electrochemical reactions dominated between the branches of
theoretical electrochemistry. The achievements were the Butler—Volmer Equa
tion, the understanding of the existence of exchange current, the order of elec-
trochemical reactions, etc. Not only electrocatalysis, batteries and fuel cells, etc.,
but also the broadening of electrochemistry in new fields and the intertwining
with existing ones are recent subjects of interest. Advances in materials science
and perfection of characterization techniques, miniaturization down to the nano-
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scopic and even atomic level, led to the benefits of obtaining knowledge of
discrete surfaces.

This short summary is given here in order to stress that over a long period
electrochemistry was a nest where the best bachelors were accepted after their
graduation as recognition of their success. They were introduced to the secrets of
scientific research, further educated and trained to become leaders not only in
electrochemistry, but also in many other fields of chemistry. In other words,
electrochemistry was a kind of kindergarten from where new generations of top
scientists and experts were disseminated throughout traditional and new branches
of chemistry.

The present status of electrochemistry

In contrast to the glorious golden ages of electrochemistry, the present state
is just fading. Electrochemistry is not anymore the mainstream science or tech-
nology. The interest for electrochemistry, in education, research and industry is
low. Chemistry and science in general share similar crisis.

According to the reductions in funding research and new equipment pur-
chase, electrochemistry is not a priority for strategic research, no mater that there
is disproportion between regions and countries.

The place that used to belong to electrochemistry and its different branches
nowadays is occupied by some other sciences or techniques. For example, the
NASA’s Mars Rover (vehicle) Curiosity is powered by a nuclear generator — not
with a fuel cell. Similar substitutions occurred in some other domains that were
believed to belong to electrochemistry, such as, e.g., industrial hydrogen gene-
ration by thermal decomposition processes instead of electrolysis, etc.

The case of hydrogen generation is very illustrative. For more than 50 years,
electrochemistry was promising that it is on the best way to produce cheap hyd-
rogen by means of electrolysis and electrocatalysts with high performance for Ho
evolution, thus enabling economic use of large scale fuel cells that would supply
cheap electricity for vehicles, heating/cooling and other power needs. Despite of
the tremendous advances in the field of electrocatalysis, the situation so far is not
that that was promised: the market share of hydrogen produced by electrolysisis
rather low (5 %), so that fuel cells are still expensive and rare in application.
Electricity produced by fuel cells is expensive too, and the number of electric
cars on the streets is symbolic. Recent market figures show only some 5.000
electric cars are sold per annum in Europe (0.07 % of the total sale), because they
are many times more expensive than classical cars.

Other exaggerations have frequently been made in presenting the perfor-
mance of newly prepared electrocatalysts or fuel cells. Statements such as “our
non-platinum catalysts are similar (or, in some cases, better) than those based on
platinum” are frequently used in scientific papers or lectures. Or “We did prepare
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afuel cell that is very effective in the combustion of biofuel (ethanol or so); our
calculations show that with the crop harvested from areatively small part of the
state’s agriculture land, enough electricity could be produced to satisfy all the
needs of the state (1)”.

Normally, such unrealized promises do not improve the image of electro-
chemistry.

As a conclusion of the recent status of electrochemistry, the following
should be stressed:

— subjects of interest of electrochemistry are numerous and diversified*;

— fields where electrochemistry is applied are highly specialized, complex
and often interdisciplinary and

— electrochemistry is no longer atop priority in many aspects**.

Actual fields of interest and electrochemistry

The quoted false expectation together with some other disappointments
caused contemporary electrochemistry to sink towards the bottom of the science
priority ranking. According to alist presented in the EuCheMS' Program docu-
ment, electrochemistry is ranked 6t" out of 8 areas of chemistry that are expected
to achieve significant breakthroughs, i.e.:1®

Synthesis,

Analytical Science,

Catalysis,

Chemical Biology,

Computational Chemistry,

Electrochemistry,

Materials Chemistry and

Supramolecular chemistry and nanoscience.

Within electrochemistry, priority is given to the following items:

Energy,

Batteries,

* Here is an example of how rich in different subjects modern electrochemistry is. At the
RSE-SEE 3 Symposium in Bucharest, May 14", 2012, the following fields were included: 1
Biosensors & Biofuel cells (Wolfgang Schumann); Organometallic catalysis (Jutand Anny);
Proteins for biomedicine (E. Palatek); Scaning ECh microscopy (Carlos M. Sanchez-San-
chez); CNTs for sdlicylic acid detection (Adriana-lleana Remes et al.); Monitoring of para-
meters for the study of nephrolithiasis (Szilveszter Gaspar et al.) and an enzymatic O,
removal system for bioelectrochemical application (Nicolas Plumeré et al.).

** The author’s concern about the future of electrochemistry is only his personal opinion, not
necessarily generally accepted. It is quite possible that electrochemists working in more
advanced academic surroundings are more optimistic regarding this subject.

A recent event, “the Dissolution of a Division of Electrochemistry” realized on the EuCheM S
General Assembly in October 2013, further justified the author’s concern, no matter what
reasons caused the quoted decision.
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Hydrogen,

Solar cells,

Sensors,

Analytical application and

Synthesis of compounds.

Reasons for giving priority to these issues are understandable. Energy supply
has been the permanent concern of human societies long back in history, and will
remain so in the future due to: i) further increase of the world’s population and ii)
continuous increase in per capita energy consumption, especialy in the develop-
ing parts of the globe. Nowadays, people are occupied with the idea of harvesting
energy from renewable sources. New concepts are developing, such as, e.g., arti-
ficial photosynthesis. Batteries, the mobile sources of electricity, are part of
human life. Now, the search for batteries for the next generation of electric carsis
on. Clean and cheap generation of hydrogen and efficient photovoltaic cells are
regular items on the energy-oriented agenda. The challenge of developing fuel
cells avoiding the use of rare metal catalysts is permanent. The expectations from
electrochemical sensors are wide, and they cover biological systems and health-
care, not only for analysis, but for therapy as well.

The awareness that recent catalysts are based mainly on the use of platinum
and similar rare metals and that electrochemistry is not the only consumer of
these metals (that approach the end of their availability) dictates the necessity for
future catalysts to be based on other, more abundant metals. Even metal-free
alternatives are envisaged.

Desirable highlights

It is worth the effort of forecasting highlights that could return the former
glory to electrochemistry and eventually return it to mainstream science. The idea
of forecasting is attractive, but risky. In such a situation, the sentence of Niels
Bohr “Prediction is very difficult, especially about the future’l’ seems very
appropriate.

So let us compose alist of such achievements.

— Fulfillment of already promised benefits, such as hydrogen generation at a
competitive price or fuel cells that will run using such hydrogen and generate a
vast amount of cheap electricity.18 They were expected long time ago. They
would solve the crucia global problem of energy supply and would be highly
prized. In the case of alucky event, this could happen by tomorrow, or in case of
normal progress — when ongoing research gradually achieves the required level.
There are some other promises as well that are on the “waiting list”.

— Less certain innovations that would address some of the recent global
problems, as, e.g., cold fusion, low-energy nuclear reactions at room temperature,
that involves electrolysis of heavy water on the surface of a palladium elec-
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trode.1® In the 1990s, this topic?0 attracted worldwide attention and raised
expectations that something colossal was “knocking on the door”. Unfortunately,
it had to be disclaimed due to errors in the interpretation of the experimental
results. Discoveries of similar importance could put electrochemistry again
among the front-runner favorites of science.

— Breakthroughs that are currently unknown could be of similar importance
as the first two categories in this list. There is no warranty when and whether
they will occur, but according to previous experience, continuous progress is
achieved as result of advances in fundamental knowledge and performed experi-
mental research. There are also jumps in the progress - they are desirable, but not
aregular event.

As can be seen, thislist is only of genera nature and does not offer any spe-
cific achievement. Going into detailed descriptions of future achievements, may,
on one hand, become repetition of already known items or, on the other, become
a non-serious gambling with such an important subject.

Despite this precaution, | could not resist quoting some of my personal
preferences, which are:

— electrochemistry must find a way of attracting more top quality young
scientists. Without the best scientists, one cannot expect to be part of mainstream
science.

Thisisthefirst step in the winning spiral:

“Knowledge + infrastructure + funding”’

More (“knowledge + infrastructure + funding”)’

High priority (‘knowledge + infrastructure + funding’);

etc.

(It has to be stressed that the stage of high priority funding is of crucia
importance in climbing the success hill.)

Simultaneously to officialy approved research, which is often a matter of
prestige for the related institution, researchers should practice some curiosity
driven research. This may seem childish, but even if it fals to deliver the
expected result, it will somehow refresh and cheer up the researchers (especially
the younger ones).

Non-paved approaches, i.e., the use of non-standard ways in selecting the
research subject, the method(s) or techniques used in other branches may result
in surprising new achievements. Thus, from time to time, it may be amusing, if
not useful, to try ones own approach in performing research.

No matter how strange, it has to be born in mind that the occurrence of a
lucky event is always possible. We should do everything that is required to per-
form successfully our research, but we should never abandon the idea that,
sometimes, unexpected success is possible. Unexpectedly, we could reach the
aimed goal in one of the first trials, despite of the established practice that it takes
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tens, hundreds or more trials for such a success. There are other lucky events too,
such as, e.g., when in an attempt to reach a specific goal, some quite different,
but nevertheless, valuable one is attained, etc. However, in order to recognize the
importance and valorize the benefits of such an unexpected gift, one should be
prepared. The importance of a prepared mind was stressed in many cases.
Examples of such events are given elsewhere.21

| personally experienced what a lucky event means with a pioneer work on
the discovery of supercapacitors. The goal was research of the electrochemical
reactions at a Ru metal surface, in an attempt to understand the electrocatalytic
phenomena aready shown by TiO,~RuO, type DSA.2223 |ncidentally some
voltamograms failed to serve the primary purpose but | somehow resisted to
throw them. My professor, with a well-prepared mind, immediately recognized
that the registered behavior was of importance, but not for the studied problem. It
was tremendously valuable for another field, the field of electrochemical super-
capacitors. Thus, by chance, we discovered how to prepare electrode materials
with extremely developed surface areas, which later become excellent materials
for supercapacitors.24

The above examples are far from completing the list of highlights that could
push electrochemistry to a higher position among other branches of science,
because it is not easy to specify what merits are required for that*.

Alternative view

One should admit that besides the above attitude, other could exist as well
that take the “return to a mainstream position” as an ambitious wish.

The dternative view could be based on following reasoning. It is customary
for the leading position to be taken by some new science/branch with new and
promising possibilities. Electrochemistry was once in that position for a long
period, due to its merits in creating exciting and useful achievements. Today,
other branches share the leading position, and electrochemistry could join them
only with results that offer solutions for the most important needs of humankind.
It is quite uncertain when and if ever thiswill happen.

Such reasoning could continue in the following way:

Electrochemistry was once the most propul sive science.

So what? Does this give us the right to insist on returning to the old glory?

* An impressive event of the newborn science that makes us be proud electrochemists
occurred in 1801, as shown on the oil painting (Fig. 1) of ref. 25: Alessandro Volta demon-
strates his discovery at the French National Institute. The guest of honor, Napoleon Bonaparte,
highly impressed with the possibilities of electrochemistry, expresses a wish to become part of
Volta' s team!

Could we imagine such an event today, e.g., some of modern electrochemists demonstrating
his discovery to the UN General Assembly or at least to the Nobel Committee?
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Isn't it normal for sciences to appear, grow, flourish and at the end to decay
and fade? The same way as civilizations and many other items do. So, forget the
idea of leading science and similar childish ambitions.

Today electrochemistry exists on a broader basis than before, and is mainly
incorporated into other (new) branches of chemistry and science. Even if electro-
chemistry should discover, (innovate or engineer) real colossal achievements, the
recognition will probably be given not only to electrochemistry, but to some
other branches, such as, e.g., material science, biochemistry, etc., aswell.

Today electrochemical techniques are part of the general (universal) list of
techniques. Thus, polarography, cyclic voltammetry, potentiometry, etc. are applied
in a number of sciences, and their origin in electrochemistry is forgotten. This
does not diminish the value of electrochemistry.

CONCLUSIONS

A brief survey is offered on the birth, progress and recent stagnation in
importance ranking of electrochemistry. The main purpose of this analysis was to
raise concern for the future of electrochemistry, in the expectation that it will
improve its performance and return to a higher position, asit used to have for the
greater part of the past two centuries. This assignment will not be easy to fulfill
and requires the involvement of a number of scientist and engineers, institutions
and industries.

Next to the emotive wishes and ambitions, another attitude (cold minded and
probably more redlistic) is given that expresses a different opinion, i.e., that
electrochemistry is running the norma course of development. Contemporary
electrochemistry is incorporated into many branches of chemistry and science in
general, as well in technologies, etc. It is a useful tool, e.g., in biochemistry,
environmental protection, mechanical engineering, etc.

Despite the differences in the evaluation of the present position of electro-
chemistry, awish is expressed that electrochemistry achieve extraordinary high-
lights, such as, e.g., the generation of hydrogen at a competitive price, partici-
pation in low energy nuclear reactions (former: cold fusion), photovoltaic con-
version of near 100 %, etc. In other words, this is repetition of some old and
well-known ideals concerned with health, wealth, longevity, etc.

U3BO[
TPERU BEK EJIEKTPOXEMUIJE: CYXXABAILE BUTUKA WIN (bUXOBO JAJbE HINPEBE?
SVETOMIR HADZI JORDANOV
Faculty of Technology and Metallurgy, UKIM, Skopje

JlaT je mpernen pasBoja eJIEKTPOXEMHUjE Ca HECKPUBEHOM JXE/bOM ayTopa fla 0BO IOApYyYje
IITO BUIIE Hampenyje. IIpernen cafpku KpaTak ONMUC JOCAfalllbMX, BEOMa 3Ha4yajHUX, HOC-
turHyha enexrpoxemuje. Cazallike CTame je OLlelEeHO Kao He3aloBosbaBajyhe, Kako y morieny
HeJIOBOJbHE aTPAKTHBHOCTHU eJIeKTpOXeMHje [Ja MpUByYe KBAJIUTETHE CTYHEeHTe — MilaJie UCTpa-
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)KMBaye BPXYHCKOT KBaJIUTeTa, Tako U y Tomeny Opoja mpojekara M M3HOCA HaMEHEHHUX 3a
(rHaHCHpa®ke eNeKTPOXeMHjCKUX Ipojexata. VICTUHU 3a BObY, HaBeNEHO je U Ipyraudje
MMHILI/bEBE KOje cMaTpa Jia je cafalllbe CTambe e1eKTPOXEMHUjEe Y CKlafy ca HODMalHUM TOKOM
pasBoja npoleca y IpuponH, T.j. pahame, pacT, JOCTU3amhe MaKCUMYyMa, a onaname. OBakas
CTaB je HajBepoBaTHHje Da3upaH Ha YBEPEY Ha AaHac eIEKTPOXEMHja UMa IIUPY OCHOBY HETO
paHHje U Jia je yriaBHOM WHKOpHOpHpaHa y Ipyra (HOBa) moapydja xemuje u Hayke. Hase-
IeHH Cy IPUMEPH rle CaBpeMeHa eleKTpoXeMHja Hije ucrnyHuna odbehamwa, Ha mpumep nodu-
jame jedTHHOT BOZOHHUKA yrNOTpedoM eneKkTpoKaTaan3aTtopa BUCOKe eUKACHOCTH 3a HU3[Ba-
jame BOIOHMKA, Pa3BOj U MPOU3BOAKA FOPUBUX henuja 10 HUBOA KOHKYPEHTHOCTH IIPH MacoB-
HOj ynorpedu, uta. Cymupajyhu mogpydja koja MOKpHBa CaBPEMEHA €JIEKTPOXEMHUja, Harla-
IIeHa je BUXOBA PA3HOIUKOCT, yCKa CNELUjaIU3UPaHOCT, CJIOKEHOCT ¥ UHTEPAUCLUIIMHAD-
HocT. HaBeneH je crniucak moskesbHUX focTUrHyha xoju 61 momorao jja ce yHanpenu MoJoxaj
enextpoxemuje Mmehy ocranum Haykama. HaBemeHe cy u ayTopoBe nn4He mpedepeHue.

(ITpummeno 4. HoBembpa 2013)
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Abstract: One group of polymers that may help relieve the dependence on
crude oil is based on itaconic acid, the biotechnological production of which
has become feasible. Itaconic acid and its derivatives can easily be incurporated
into polymers and may serve as a substitute for petrochemically derived
acrylate or methacrylate monomers. The applications of polymers based on
itaconic di-esters depend largely on their thermal stability. The thermal stability
of poly(di-itaconates) is dependent, not only on the general structure of the
monomer repeating unit, but also on the structure of the ester substituent.
Depolymerization, initiated by S-scission or random main chain scission, is the
dominant thermolysis mechanism in most cases. The deploymerization of poly-
(di-itaconates) may be accompanied by de-esterification, elimination, cross-
linking, random main or side chain scission and carbonization. Comparison of
the thermal degradation mechanism of polymeric di-esters of itaconic acid to
that of corresponding poly(methacrylates) confirms the viability of substituting
poly(methacrylates) by poly(di-itaconates).

Keywords: itaconic acid; polyitaconates; thermal degradation; biosynthetic
polymers.
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3.2. Thermal degradation of poly(di-n-alkyl itaconates) polymerized in bulk in the
presence of chain transfer agents
3.3. Thermal degradation of poly(di-n-alkyl itaconates) polymerized in solution

POLYMERIC DIESTERS OF ISOMERIC DI-ALKYL ITACONATES
POLY(DI-ALKOXYETHYL ITACONATES)
POLY(DI-ALKYLCYCLOHEXYL ITACONATES)
POLY(DI-2-CHLOROETHYL ITACONATE)

CONCLUSIONS

®© Ny,

1. INTRODUCTION

The role of plastics in modern society is being re-examined due to problems
related to the persistence of mass polymers in the environment. Plastics, consi-
dered as the marvel of modern society, have replaced traditional materials such
as wood, cotton, wool, stone, metal, glass or ceramics in many of their former
uses and feature in advanced technologies from engineering materials to high
tech applications. On the negative side, plastics deteriorate, but do not decom-
pose under ambient conditions. Some plastics can and are being recycled, but
mostly they are disposed of in landfills, incinerated or used to produce electricity
at waste-to-energy plants, all of which have their downsides, especially concern-
ing environmental pollution.! Moreover, plastic debris is found in water bodies,
in oceans2-3 and freshwater lakes,# enabling them to enter the human food chain
via filter feeders.

Nevertheless, life without plastics is hardly imaginable. Plastics consist
mainly of synthetic polymers, predominantly based on petrochemicals. As crude
oil reserves diminish and oil prices inevitably increase due to ever increasing
global needs, as far as polymers are concerned, a more sustainable approach for
polymer scientists could be to search for biosynthetic polymers that can match
the performance of synthetic ones.

One group of polymers that may help relieve the dependence on crude oil, is
based on itaconic acid (methylene succinic acid, 2-methylidenebutanedioic acid
(IUPAQ)). Itaconic acid (IA) is an unsaturated dicarbonic organic acid. IA and its
derivatives can easily be incorporated into polymers and may serve as a substi-
tute for traditional acrylate and methacrylate monomers.

The biosynthesis of itaconic acid by fermentation processes has been known
for a long time.5 The price, however, has not been competitive in comparison to
the IA obtained by petrochemical means. This aspect has now changed. More
than 80,000 tons of IA are produced worldwide annually and sold at a price of
around US$ 2/kg.® In time, biosynthetic polymers based on IA could become
attractive alternatives to acrylics. The most common representatives of the di-
alkyl itaconates, the methyl and ethyl di-esters of 1A, can be synthesized by este-
rifying with biomethanol” or bioethanol.®
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Dibasic IA is a building block that enables the synthesis of monomers for
homo-, co- and terpolymers that are structurally more diverse than poly(metha-
crylates). It is possible to make di-esters, mono-esters and mixed esters with
various substituents, as well as di-amides, amino acids and imides.

IA derivatives are widely used or are being investigated as co-components in
various formulations in controlled drug release systems,®10 for paints and coat-
ings,! 112 in resist compositions,!3 for contact lenses!4 and ocular lenses!> and
personal care compositions. !0

The applications of polymers based on itaconic di-esters most commonly
depend on their mechanical properties and thermal stability. This review will
focus on the thermal degradation behaviour of poly(di-itaconates) and compare it
with the thermolysis of polymethacrylates.

2. POLY(DIMETHYL ITACONATE) (PDMI) vs. POLY(METHYL METHACRYLATE)
(PMMA)

Very early in the study of methacylate polymers, Grassie!7 showed that the
thermal degradation of PMMA proceeded almost completely by depolymeri-
zation, the yield of monomer being about 99 %. Thermogravimetric (TG) inves-
tigations, however, showed that the thermal degradation of PMMA occurred in
three stages, as demonstrated by the differential TG (DTG) curves shown in Fig.
1,18 all of which represented depolymerization of the polymer. PMMA deploy-
merization was first initiated by the scission of head-to-head bonds in the poly-
mer, followed by f-scission at the vinylidene chain ends and, finally, by random
main chain scission. Head-to-head bonds and chain-end unsaturation may be eli-
minated by changing the conditions of synthesizing PMMA. A thermally more
stable PMMA is obtained by radical polymerization in the presence of chain-
transfer agents or anionic polymerization.

[72]
é _______________ - 100
7 ]
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= radical PMMA i 73
o g - Anionic PMMA S
8 60 £
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g 5 40 S
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o) (2
o 20
51
Y A R SO \ N 0
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140 200 260 320 380 440
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Fig. 1. Effects of the polymerization method on DTG curves for PMMA samples degrading in
nitrogen: radically polymerized (——) and anionically polymerized (-----).18
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The structures of the repeating units of PMMA and PDMI are:

Oxy . ~OCH; _OCH;
CH2
c
=
0”  OCH,
PMMA PDMI

Analysis of the volatile products of PDMI thermal degradation showed that
dimethyl itaconate (DMI) monomer was the main product, about 95 %.19-20 Very
small amounts of methane, carbon dioxide and carbon monoxide are evolved
during the thermolysis of PDMI, as seen in Fig. 2. The DTG curves are expected
to be similar to those of PMMA. However, as seen in Fig. 3, there are only two
DTG maxima, corresponding to the second and third peak of the PMMA DTG
curve. This difference may be explained by the structure of the itaconate mono-
mer. No head-to-head bonds are formed during di-itaconate bulk radical poly-
merization because of steric hindrance to the approach of two bulky propagating
radicals. Nagai and Yoshida2! proposed that, due to the allylic structure of the di-
itaconate monomers, chain transfer to monomer would be favoured during radi-
cal polymerization. This hypothesis was later confirmed by us.22-24 Thus, PDMI

200

@
o
O
0
o}

methane

10" n(gas)/basemol

s
50 T
Lo
T O
A om0 " LR fah ¢‘ """"" N r
260 280 300 320

Temperature, °C

Fig. 2. The amount of CO, (0), CO (©) and methane (A) formed during the thermal
degradation of PDMI as a function of temperature, heating time 30 min.20
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depolymerization is initiated by p-scission at chain-end unsaturation and, at
higher temperatures, by random main chain scission. The double bonds at the
chain ends originate not only from termination by disproportionation, but also
from considerable chain-transfer to monomer during radical polymerization. As
PDMI does not have any g-hydrogens in the ester substituents, no relevant ester
decomposition is expected. Very small amounts of methanol were detected in the
thermolysis volatiles.20

Fig. 3. The DTG curve of PDMI, heat-
ing rate: 2.5 °C min’!, nitrogen flow
rate: 25 cm?® min!.1?

The depolymerization of PDMI is accompanied by a decrease in polymer
molar mass, Fig. 4a. It is useful to analyse the decrease in relative molar mass as
a function of conversion, i.e., mass loss, Fig. 4b. The shape of the curve indicates
that the kinetic chain length of depolymerization, Z, is low. Z is derived from the
following equation:25

W B (Z+P)
Wy - —
B (Z+h)

where W/W, is the ratio of the mass of the residue and the mass of the initial
polymer and Ry and Py are the degrees of polymerization of the initial and
degraded polymer, respectively. This calculation does not consider chain transfer
reactions, only depropagation. The values of Z for PMMA range between 1000
and 2000 in the temperature range 260300 °C,25 while the values of Z for PDMI
in the same temperature interval are no greater than 20.26 The low value of Z
implies that chain transfer to polymer occurs during the dezipping process and
that, in this case, Z may only be considered as an apparent value.

3. POLY(DI-n-ALKYL ITACONATES)
3.1. Thermal degradation of poly(di-n-alkyl itaconates) polymerized in bulk
The general structures of poly(methacrylates) and poly(di-itaconates) are:
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O\C /OR O\ /OR
| ]
| n | n
CH; $H2
C
=
0 OoRrR
Poly(methacrylate) Poly(di-itaconate)

As the n-alkyl substituent in poly(di-itaconates) increases in length, deploy-
merization remains the dominant thermal degradation mechanism with monomer
yields ranging from 85 to 90 %. The appearance of f-hydrogens in the ester sub-
stituent allows for the occurrence of ester decomposition during thermolysis.
Poly(di-n-alkyl itaconates) have two S-hydrogens, except poly(di-ethyl itaconate)

1-04? (@) PDMI O 240°C A

o 260°C

08 B . O 280°C 1

AN A 300°C
UGS v

Fig. 4. Changes in the relative molar
mass of PDMI as a) a function of
time at various degradation tempe-
ratures and b) a function of mass
loss at various times and tempe-
ratures.!?

Mass loss, %
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(PDEI), which has three. The role of g-hydrogens in the thermal degradation of
poly(methacrylates) is well documented.2? Ester decomposition leads to the evo-
lution of 1-alkenes and to the formation of free acid groups in the polymer chain
according to the following mechanism (Scheme 1).

OC,H,R

o\C /OC2H4R O\C v

A~~~ CHy——C A~~~ —— A~~~ CH,—/@C ~~~ + HC——=CHR
CH, THz
(L /C\
05\/\}‘0 HO (0]
56
e
7N\
H R

Scheme 1. Ester decomposition.2?

Most of the other detected degradation products such as the corresponding
n-alkanols, n-alkyl acetates, n-alkyl acrylates, n-alkyl methacrylates, n-alkyl
esters of 3-methylene butyric acid, corresponding isomeric mesaconates and ci-
traconates and di-n-alkyl esters of 1-methyl succinic acid, may be related to
processes initiating depolymerization. The possible scission sites are shown
below (Scheme 2).

O\C/OR o\/OR O\C/ o\ /o o\j‘/‘o R
--t-3
C‘:—CHZ-—E—l—CHzMMC‘:—CHZ—:—C—CHZ—Ct
| 5 | | 6 “foe
CH CH, CH, CH, CH,
| | | | 31
C C

c C. .
o/ \OR o/ \OR O/\OR o/ \OR 0/2'\0+R
1

Scheme 2. Possible scission sites.20
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The amounts of evolved carbon dioxide and carbon monoxide as a function
of substituent size do not vary much. In the case of PDEI, ester decomposition is
preferred to CO; and CO evolution, Fig. 5.

20 T T T T
(@) Degradation temperature 280°C
(&) L
- Degradation time o
S 5 O 20 min 1
o O 30 min
S
L 10} o
3 : :
€ 5 7 o N ]
3 g Fig. 5. The ratio of the amount of
£ o CO, and CO evolved as a function
S H . . . . of number of carbon atoms in the
0 2 4 6 8 ester substituent at various tempera-
No. C-atoms in ester substituent tures, degradation time 30 min.’

The availability of chain-end double bonds in poly(di-n-alkyl itaconates)
decreases as the length of the substituent increases. As the substituents become
bulkier, chain transfer to monomer is suppressed during polymerization due to
steric hindrance. Consequently, depolymerization is still initiated by chain-end g-
scission and random main chain scission, the chain end structures originating
from termination by disproportionation. The DTG curves of some poly(di-n-alkyl
itaconates) are shown in Fig. 6.28

6 PDMI

4

-
LN LI L |
L L L |

Rate of mass loss, rel. units
(=2 [

TTTvTT1T 7T

200 300 400 200 300 400
Temperature, °C

Fig. 6. The DTG curves of PDMI, PDEIL, PDBI, PDHI and PDOI, heating rate 2.5 °C min™!,
nitrogen flow rate 25 cm3 min-!.28
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The higher poly(di-n-alkyl itaconates), starting from poly(di-n-butyl itaco-
nate) (PDnBI), tend to branch and crosslink at lower degradation temperatures,
t <280 °C, Fig. 7. In the case of poly(di-n-octyl itaconate) (PDOI), some inso-
luble swellable gel is formed. The possibility of hydrogen abstraction increases
as the n-alkyl substituent becomes longer, so radical-radical combination may
lead to branching and even crosslinking. As the degradation temperature and time
increase, chain scission predominates and the polymer molar mass decreases. The
kinetic chain lengths of depropagation are low for all the poly(di-n-alkyl itaco-
nates) and the Z values are not higher than 20, Fig. 8. The changes in polymer
relative molar mass as a function of polymer mass loss are similar to those for
PDM]I, indicating that chain transfer to polymer occurs during the depolymeri-
zation of poly(di-n-alkyl itaconates). A mechanism for the chain transfer reaction
is given in the scheme below (Scheme 3).28

3 T T T T T T
a) PDBI

Time, min

b) PDHI

Fig. 7. Changes in the relative molar
masses of the degraded polymer
residues of a) PDnBI and b) PDHI
as a function of degradation tempe-
rature and time. 28
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Fig. 8. Kinetic chain length of dep-
ropagation for poly(di-n-alkyl itaco-
nates) as a function of the size of the
0 L L L L alkyl substituent, degradation tem-

0 2 4_ 6 . 8 perature 260 (o) and 280 °C (o),
No. C atoms in substituent degradation time 30 min.28

Kinetic chain length
of depropagation, Z
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Scheme 3. Chain transfer to polymer.28
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The number of main chain scissions per monomer unit can serve as a useful
measure of polymer thermal stability. The value of s/Py may be calculated from
the following equation:

s _l=x 1

R B B
where s is the number of scissions and x is the fraction of evaporated thermolysis
volatiles. As expected, the values of s/Pg increase with increasing degradation
temperature and exposure time. Poly(di-zn-hexyl itaconate) (PDHI) was chosen as
an example to show this trend, Fig. 9. The thermal stability of poly(di-#n-alkyl
itaconates) decreases with increasing length of the n-alkyl substituent, Fig. 10.28

8l © 240°C PDHI - ]
0 260°C R

oL o 280°C |
A

300°C a

3
10°s/P,

Fig. 9. Number of bonds broken per
monomer unit during the thermal
degradation of PDHI at various tem-

Time, min peratures as a function of time.28
10 T T T T T T
o PDMI
sl © PDEI .
A PDBI
v PDHI o
a° 6 © PDOI 1
~ -
P .
@
o 41
-
2r Fig. 10. Number of bonds broken
per monomer unit during the ther-
00'4 mal degradation of poly(di-n-alkyl

itaconates) at 260 °C as a function
of time.28
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3.2. Thermal degradation of poly(di-n-alkyl itaconates) polymerized in bulk in
the presence of chain transfer agents

The thermal stability of poly(di-n-alkyl itaconates) may be improved by
reducing the number of polymer chains with terminal double bonds during poly-
mer synthesis. The thermal degradation of PDHI samples synthesized in the
presence of various amounts of n-dodecyl mercaptan (DDM) illustrates the phe-
nomenon well.22 As the growth of polymer chains is terminated by transfer reac-
tions to the thiol, the number of macromolecules with saturated chain-ends
increases. The polymer samples are thermally more stable because thermal deg-
radation is initiated predominantly by random main chain scission. The TG and
DTG curves of the PDHI samples are shown in Fig. 11.

Fig. 11. a) TG curves of PDHI polymerized in the absence (——) and in the presence of 150
mmol L' of DDM (-----); b) DTG curves of PDHI polymerized in the presence of no (——),

45 (-----), 80 () and 150 (- - - - ) mmol L-! of DDM. Heating rate 10 °C min™;

nitrogen flow rate 25 cm? min™!.22

3.3. Thermal degradation of poly(di-n-alkyl itaconates) polymerized in solution

As already stated, the thermal stability of poly(di-n-alkyl itaconates)
depends on the amount of chain-end double bonds present in the polymer sample.
Besides standard termination by disproportionation, terminal double bonds are
also formed readily by chain transfer to monomer. It is possible to suppress
double bond formation by chain transfer agents other than mercaptans. Polymeri-
zations of di-alkyl itaconates have been carried out in various solvents (toluene,
chloroform or dioxane).23-28 In all cases it was possible to significantly decrease
the number of formed chain-end double bonds in the polymer, even in benzene,
an “inert” solvent with a low tendency to transfer to solvent. Such effective chain
transfer by numerous solvents may be explained in the following way.2429 The
propagation rate constants, k,, of itaconates are an order of magnitude lower than
those of the corresponding methacrylates.2 Thus, the values of any constant of
chain transfer to solvent, Cs = ki s/kp, for itaconates, even though the values of
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the transfer rates to solvent, kg, may be very low, are unusually high. An
example is shown in Fig. 12, indicating effective chain transfer to benzene, yield-
ing thermally more stable PDBI samples. The DTG curves clearly demonstrate
that the number of unsaturated polymer chain ends decreases when the radical
polymerization is performed at higher benzene concentrations.

]

‘e 1.5+

=

E

4 1.0

o

[

0

©

€05

° Fig. 12. DTG Curves of PDBI samples

5 synthesized in benzene under nitrogen
0.0 at 57 °C, 0 (—), 7.78 (-----) and 9.53

() mol dm benzene; heating rate:

250 300 350 400 450 10 °C min’!; nitrogen flow rate: 25
Temperature, °C cm?3 min!.23

4. POLYMERIC DIESTERS OF ISOMERIC DI-ALKYL ITACONATES

The thermal degradation mechanism of poly(di-alkyl itaconates) with iso-
meric ester substituents becomes more complex. The number of S-hydrogens in
the ester substituent determines the susceptibility to ester decomposition. Similar
trends have already been observed in the case of poly(methacrylates).2” Gene-
rally, when the number of g-hydrogens is higher than three, de-esterification
becomes a major thermolysis pathway. The characteristic TG curves of poly(di-
iso-propyl itaconate) (PDiPI), poly(di-sec-butyl itaconate) (PDsBI) and poly(di-
iso-butyl itaconate) (PDiBI), having three, five and one p-hydrogen, respectively,
are presented in Fig. 13.30 Characteristic DTG curves of the same polymers are
shown in Fig. 14.

The thermal stability of PDiPI and PDsBI differs to that of the poly(di-
-itaconates) discussed so far. Even though the major thermolysis product in all
cases is the respective monomer, the reactions initiating depolymerization differ.
The first DTG peak is correlated to monomer being evolved as a consequence of
chain-end pS-scission. The second DTG peak is assigned to the evolution of
monomer initiated by ester decomposition and main chain scission. Carbona-
ceous residues at 600 °C of about 10 % were found in both cases. The occurrence
of ester decomposition during the thermal degradation of PDiPI was confirmed
when free acid groups were detected in the degradation residue, Fig. 15, and by
the evolution of 1-propene, Fig. 16. The free acid groups are not thermally stable
and easily carboxylate leading to the evolution of CO5, Fig. 16, and the gradual
formation of a carbonaceous residue.
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Fig. 13. Non-isothermal TG curves of PDiPI, PDsBI and PDiBI. Heating rates 2.5 (——),
10 (-----), 20 () and 40 °C min’! (- - - ). Nitrogen flow rate: 26 cm? min™!.3

.. PDiPI
£ st
=
22 6
a'E
=]

: 4
Tt

1]
200 an 400 500 600
Temperature, °C
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Rate of Mass Loss,
arb. units
'S

200 300 400
Temperature, °C

Fig. 14. Non-isothermal DTG curves of PDiPI, PDsBI and PDiBI. Heating rate: 10 °C min’!.
Nitrogen flow rate: 26 cm? min™!.30

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



—
th

10* n(COOH)/basemol

POLYMERIC DI-ALKYL ESTERS OF ITACONIC ACID

n(gas)/basemol

=
oS
T

=
(¥}
T

20 240 260
Temperature, °C

Lo o

0.0

200

120

100

60

20

3

10" n (butene)/basemol

220 240 260
Temperature, °C

2193

Fig. 15. Moles of COOH groups in
PDiPI residue as a function of thermo-
lysis temperature, degradation time 30
min.3!

Fig. 16. Moles of evolved CO2 (o) and
propene (A) per basemol PDiPI as a
function of thermolysis temperature,
degradation time 30 min.31

A similar trend was found in the case of PDsBI. Ester decomposition is
extensive, as may be seen in Fig. 17, expressed as butene evolution. It is inte-
resting to compare the thermolysis of PDsBI and its analogue, poly(sec-butyl

80

40

1 1 1 1 1
240 250 260 270 280

Temperature (°C)

Fig. 17. Amount of butene evolved
on heating PDnBI and PDsBI for 30
min at various temperatures.32
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methacrylate) (PsBMA).33 It was established that the thermolysis mechanisms
were very similar. Comparable results of free acid group formation in the residue
and butene evolution, taking into account the number of ester groups in the
monomer unit, were obtained.

PDiBI, with one g-hydrogen in the ester substituent, was found to have simi-
lar thermal stability to PDnBI. Depolymerization is the predominant thermolysis
mechanism, ester decomposition is almost negligible and there is no carboni-
zation.

5. POLY(DI-ALKOXYETHYL ITACONATES)

The thermal degradation of a series of poly(di-alkoxyethyl itaconates) was
investigated: poly(di-methoxyethyl itaconate) (PDMOEI), poly(di-ethoxyethyl
itaconate) (PDEOEI), poly(di-propoxyethyl itaconate) (PDPOEI) and poly(di-
butoxyethyl itaconate) (PDBOEI). The ester substituents of the four polymers are
bulky and they all have two S-hydrogens. Monomer was again the main ther-
molysis product.34 The non-isothermal TG curves of these polymers are pre-
sented in Fig. 18, while characteristic DTG curves are shown in Fig. 19. The
shapes of the DTG curves do not change with substituent size and are similar to
those of the lower poly(di-n-alkyl itaconates). However, in this series of poly-
mers, a carbon atom has been substituted by a hetero atom in the substituent,
making it thermally less stable due to the presence of C—O bonds. Less energy is
required to break these bonds and it is assumed that bond scissions in the sub-
stituent efficiently initiate depolymerization. Even though side chain scission is
extensive, carbonization does not occur.

Fig. 18. Non-oxidative TG curves of poly(di-alkoxyethyl itaconates), a) PDMOEI,
b) PDEOE]I, c¢) PDPOEI and d) PDBOEI. Heating rates: 2.5 (——), 10 (-----), 20 (--~~) and 40
°C min! (- - - ). Nitrogen flow rate: 22 cm3 min™!.32
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Figure 19. Non-oxidative DTG curves of poly(di-alkoxyethyl itaconates), a) PDMOETI,
b) PDEOEI, c¢) PDPOEI and d) PDBOEI. Heating rate: 10 °C/min (——);
nitrogen flow rate: 22 cm? min!.32

6. POLY(DI-ALKYLCYCLOHEXYL ITACONATES)

The non-isothermal TG curves of poly(di-cyclohexyl itaconate) (PDCHI),
poly(dimethylcyclohexyl itaconate) (PDMCHI) and poly(di-ethylcyclohexyl ita-
conate) (PDECHI) are presented in Fig. 20, while characteristic DTG curves of
these polymers are shown in Fig. 21.35 There is a clear difference between the
TG and DTG curves of PDCHI and the other two polymers. The single, irre-
gularly shaped DTG peak of PDCHI indicates that the thermal degradation of this
polymer is initiated by a reaction continuously yielding highly volatile products,
probably originating from the substituents, as well as by random main chain
scission. Both cyclohexane and cyclohexene have higher vapour pressures than
other possible thermolysis products. The evolution of these vapours is to be
expected, due to the structure of the monomer unit, i.e., the tertiary hydrogen on
the C1 atom of the cyclohexyl ring. This tertiary hydrogen is present in all three
polymers, but it has different surroundings. Analysis of the volatiles revealed that
depolymerization was the major degradation mechanism with almost 90 % mono-
mer content.35

Relative changes in the mean molar mass of PDCHI and PDECHI during
thermolysis are similar to those of the higher poly(di-n-alkyl itaconates).
Increases in the mean molar mass are noticeable at lower degradation tempe-
ratures. At higher temperatures there more main chain scissions occur than cross-
links, so the overall effect is a mean molar mass decrease. Lateral macroradicals
may form during bond scissions in the ester substituents. Such lateral macro-
radicals may combine, which implies that branching of the polymer is possible in
the initial stages of degradation. At higher temperatures, carbonization is favoured.3>
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Fig. 20. Non-oxidative TG curves of poly(di- Fig. 21. Non-oxidative DTG curves of
alkylcyclohexyl itaconates), a) PDCHI, b) poly(di-alkylcyclohexyl itaconates), a)
PDMCHI and c¢) PDECHI. Heating rates 2.5 PDCHI, b) PDMCHI, and ¢) PDECHI.
(——), 10 (-----), 20 (--) and 40 °C min"! Heating rates 0.625 °C min™! (——).
(- - - - ). Nitrogen flow rate: 25 cm3 min™!.3 Nitrogen flow rate: 25 cm3 min!.35

7. POLY(DI-2-CHLOROETHYL ITACONATE)

The introduction of chlorine into the ester substituent of poly(di-itaco-
nates) dramatically changes the thermal degradation mechanism.3¢ The TG curves
of poly(di-2-chloroethyl itaconate) (PD2CEI) become heating rate-dependent.
The slope of the TG curve changes with heating rate, as does the amount of
residue. The TG and DTG curves of PDCEI recorded at a very slow heating rate,
at which the maximum amount of carbonaceous residue is obtained, are pre-
sented in Fig. 22. Even though the major thermolysis product is still monomer,
the formation of a carbonaceous residue implies that crosslinking occurs. The
DTG curve of PD2CEI is more complex than that of the single peak DTG curve
of poly(2-chloroethyl methacrylate) (P2CMA).37 It is interesting to note that the
thermal degradation activation energy, £,, of P2CMA is constant over mass loss,
while the £, of PDCEI continuously increases, which indicates that carbonization
is occurring.38 Isothermal degradation experiments were carried out in order to
determine changes in mean molar mass or degree of crosslinking and to compare
the two polymers, Fig. 23.
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Fig. 22. Overall non-oxidative ther-
mal degradation scheme of PD2CE]I,
TG (——) and DTG (-----) curves,
heating rate 0.625 °C min’!, amount
of gel formed (% of initial polymer)
(---0---), degradation time 45 min.3°

During the thermal degradation of PD2CEI several processes occur simul-
taneously. Depolymerization competes with crosslinking up to 280 °C. At higher
temperatures, main chain scission-initiated depolymerization is dominant. At tem-
peratures greater than 280 °C, the residual crosslinked structures start to carbo-
nize. The strong affinity to crosslinking can be related to the two ester substi-
tuents in the monomer unit of PD2CEI Figure 22 explains the course of the
degradation. The start of significant mass loss on the TG curve coincides with a
decrease in the amount of formed gel. The first DTG peak coincides with the
saddle in the gel content curve indicating extensive depolymerization. The second
DTG peak or plateau corresponds to the second, smaller maximum of formed
insoluble product, which can be related to simultaneous depolymerization and ini-
tial carbonization. The dominant process at higher temperatures is carbonization.

Fig. 23. Dependence of the amount of gel
(% of initial polymer) on temperature,
degradation time 30 min, PDCEI (o),
P2CMA (0).3¢

8. CONCLUSIONS

The thermal degradation of poly(di-alkyl itaconates) was investigated in
detail using numerous analytical techniques. Based on these investigations, a
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general thermal degradation mechanism was proposed. It was established that the
following reactions take place: depolymerization, ester decomposition, elimi-
nation, crosslinking, random main and/or side chain scission and carbonization.
The susceptibility toward specific reactions depends on the structure of the ester
substituent.

The basic and predominant process is depolymerization that may be initiated
in several ways by end-chain or side chain scission. Ester decomposition
becomes relevant when there are three or more g-hydrogens in the substituent. If
crosslinking takes place at lower thermal degradation temperatures, carbonization
is likely to occur at higher temperatures. A schematic presentation of the thermal
degradation mechanism is presented below (Scheme 4).

Scheme IV. Overall ther-
mal degradation scheme
of poly(di-alkyl itaco-
nates).
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U3BOI
TEPMHUYKA PA3I'PAIBA HEKUX ITOJTMMEPHUX JUAJTKUIT ECTAPA
UTAKOHCKE KHCEJIMHE
WBAHKA. T. TIOTIOBUR' 1 LYNNE KATSIKAS
Texnonowko—memanypwxu paxyniei, Ynueep3uieii y beoipagy, Kapneiujesa 4, 11000 Beoipag

JemHy rpyny nonvmepa, Koju O MOITM 1@ yMmame 3aBHUCHOCT OfI CHpoBe HadTe, yuHe
NOJMMMEPDH Ha 0asM HTAKOHCKE KUCEIMHE, 4Ydja OMOTEXHOJIOIIKA IIPOM3BOMHWA IOCTaje
ucilaTvBa. MTakOHCKa KUCEIMHA U BEHU JIEPUBATH MOTY J1aKko Aa Ce yrpage y NMOIMMepe U
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MOIy [a CJIy)ké Kao 3aMeHa 3a MeTpOXeMHjCkH JodujeHe akpuiaTHe U MeTaKpuiaTHe
moHoMepe. [IpuMeHa nonvmepa Ha dasu JU-ecTapa UTaKOHCKE KUCEIHMHE 3aBUCH Y BEJIUKO]
MEpH O]] ’UXOBE TEPMUUKE CTaDUITHOCTH. TepMHUKa CTaOHUIHOCT MO/ (JU-UTAKOHATA) 3aBUCH
He CaMO Of OIIITe CTPyKType MOHOMEpDHe MNoHapbajyhe jemuHuue, Beh M of CTpyKType
€CTapCKOr CYICTUTYyeHTa. JlenonuMepusanyja, MHULMPaHa KUJameM WIM HaCyMUYHUM pac-
KHZIalbeM BE3€ Yy OCHOBHOM JIaHIly, je JJOMMHaHTaH MeXaHW3aM TepMmoiuse y BehuHu ciy-
yajeBa. Jlemonmumepusandja monu(gu-uTakoHaTa) Moke na Oynme mpaheHa ne-ecrepuduka-
IIMjOM, EJIMMHHAINjOM, YMpEXXaBakheM, HaCyMyuYHUM packuIameM Be3e y OCHOBHOM H/WIH
OoyHOM naHIly ¥ kapOoHusauujom. [Topeheme MexaHu3Ma TEPMUUKE Pa3rpajbe NOTUMEPHUX
OV-ecTapa UTAKOHCKe KHCEJMHe W ofrosapajyhux IoauMeTakpuiaTa IOTBphyje OmpKHUBOCT
3aMeHe IoIMMeTaKprIaTa NoMu(OU-UTaKOHATHMA).

(ITpummeno 14. peuemdpa 2013)
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Physical, chemical and structural effects as important factors for
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and the modelling of non-electrolyte solutions

SLOBODAN P. SERBANOVIC* and ALEKSANDAR Z. TASIC

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
P. O. Box 35-03, 11120 Belgrade, Serbia

(Received 23 October, revised 8 November 2013)

Abstract: In our previous review, an attempt was made to relate the volumetric
effects involved in binary mixtures of normal and branched alcohols. The
present paper summarizes some selected research activities related to complex
molecular structure of various authors that appeared in leading international
journals. The main aim was a better understanding of the complex structure of
different non-electrolyte mixtures with no alcohols, which are most frequently
present in the chemical, petrochemical and related industries. The influences of
the basic physical, chemical and structural effects of the most often chosen
types of various binary and ternary mixtures were analyzed. These contri-
butions are of primary importance for the determination and modelling of ther-
modynamic, transport and other properties.

Keywords: thermophysical properties; transport properties; non-electrolyte
systems; structural effect.
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INTRODUCTION

Increasing use of many non-electrolyte mixtures in various industrial pro-
cesses, such as in the chemical, petrochemical and related industries, has greatly
stimulated need for extensive data on the thermodynamic and transport proper-
ties. These properties play an important role in the comprehension of the nature
of the complex molecular structures that exists in binary and ternary mixtures.

Knowledge of adequate structures forms the basis for the development of
new theoretical and empirical models. Herein, excess molar volumes, VE, vis-
cosity deviations, Ay, speed of sound deviations, Au, changes of isentropic com-
pressibility, Axg, molar refraction changes of mixing, AR, changes in the refrac-
tive indices on mixing, Anp, etc., are considered, bearing in mind that their
values are the consequence of molecular motion, molecular packing and various
types of molecular interactions caused by the chemical nature and the size and
shape of different molecules.

Thermodynamic and transport properties are attributed to a balance between
physical, chemical and structural effects. Physical contributions represent non-
specific interactions between the actual species present in the solution. The
chemical contributions function as specific intermolecular interactions, which
include charge-transfer type forces and other complex forming interactions. The
structural contributions arise from several effects, especially from interstitial
accommodation and changes in free volume. Namely, geometrical fitting of one
component into another might occur due to differences in size and shape of
components. More information about these contributions can be found in the
literature.!~7 Additionally, an in detail definition8:9 and theory!0 of the hydrogen
bond are given.

Mixtures that include alcohols are not treated herein, since in previous
papers, they were presented and analyzed in detail.!1-23 In addition, a review!?
was particularly devoted to molecular interactions of binary liquid mixtures con-
taining alcohols, i.e., n-alcohols, branched alcohols and alkanediols in mixtures
with aromatics, nitroaromatics, halo-aromatics, amines, n-alkanes, ketones and
esters.

With the aim of a deeper understanding of molecular liquid structures and
intermolecular interactions that occur in diverse types of non-alcohol containing
organic mixtures, in this manuscript, non-electrolyte systems containing amines,
amides, ethers, esters and chloro-alkanes with different polar or non-polar com-
pounds are treated. Bearing in mind that an analysis of non-ideal behaviour
mainly focuses on excess molar volumes, it is desirable to mention the factors
that produce positive or negative values of VE.1-10

The magnitude and the positive sign of VE can arise mainly from the fol-
lowing factors: i) absence of strong specific interactions between the components
of a mixture; ii) the consequence of the rupture of H-bonds in self-associated
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alcohol molecules and the physical dipole—dipole interactions between real spe-
cies, as well as the breaking of chemical and/or non-chemical interactions among
molecules in pure components during the mixing process; #ii) predominant inter-
molecular H-bond stretching of associated alcohol molecules in the presence of
other component; iv) steric hindrance of branched substances; v) improper inter-
stitial accommodation due to similar molar volumes and free volumes between
unlike molecules.

The negative contributions are consequence of the effects: vi) a more effi-
cient packing in the mixture than in the pure liquids is considered to be the major
contribution to negative VE values. This could be the consequence of strong
intermolecular interactions attributed to charge-transfer complex, dipole—dipole
and dipole-induced dipole interactions and H-bonding between unlike molecules;
vii) structural effects that arise from proper interstitial accommodation and orien-
tation ordering leading to more compact structures and greater packing in mix-
tures; viii) the presence of electron donor—acceptor interactions between different
molecules.

Complex behaviour and specific characteristics of different molecules deter-
mine the predominance of particular type of interactions in each mixture stipu-
lating which contribution is dominant, as can be seen in the mixtures considered
as follows.

The empirical and theoretical models used to correlate or predict corres-
ponding thermodynamic and transport properties in the considered articles are
also mentioned here.

INTERACTIONS IN DIFFERENT TYPES OF MIXTURES
Systems containing amines

Aliphatic amines + n-alkanes. Kasparek et al.* measured the VE values of
some aliphatic amines with members of a homologous series of n-alkanes. The
VE values were positive over the whole range of concentration for all mixtures
and increase with increasing length of the n-alkane molecule for mixtures
containing n-hexylamine and di-n-propylamine. Maximum values were obtained
for n-alkane + diethylamine mixtures. These positive values of VE are probably
due to the dissociation of hydrogen-bonded aggregates of the amines. The similar
situation exits in the case?> of the VE values of mixtures of cyclo-hexylamine
with n-alkanes, benzene and substituted benzenes.

Aliphatic amine + benzene or substituted benzene + n-alkane compounds.
Letcher26 determined the VE values of binary mixtures for primary amines (n-
propylamine and n-butylamine), secondary amines (diethylamine, di-n-propyl-
amine and di-n-butylamine) and tertiary amines (triethylamine, tri-n-propylamine
and tri-n-butylamine) with benzene, chlorobenzene, nitrobenzene, toluene,
hexane, heptane and cyclohexane at 25 °C.
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For the mixtures of tertiary amines with cyclohexane, the VE values were the
result of the reduction of predominantly dipole—dipole interactions between the
amine molecules. This effect was partly dipole—dipole in nature. The mixtures of
tertiary amines with hexane and heptane showed small VE values, which were
more negative when the alkyl chains on the amine were longer. This trend could
be attributed to the fitting of alkanes in the lattice of a long-chain amine, giving
reductions in volume. However, the negative values of VE showed that cross
interactions dominated. Secondary amines show positive values of VE in mix-
tures with cyclohexane due to the decrease in H-bonded self-association of the
amines caused by dilution with cyclohexane. Negative changes of VE increase in
mixtures of secondary amines with alkanes with increasing size of the amine
molecule. Namely, an alkane molecule fits better into the more open structure of
longer chain amines than into shorter chain amines. The explanation for the
negative values of VE for secondary amines with benzene and substituted ben-
zenes is similar to that for the case of mixtures of tertiary amines + aromatics.
This is probably due to the size of the alkyl groups which diminish the effect of
the amine—aromatic interaction. The VE values of primary amines + cyclohexane
are positive, as in the case of mixtures with secondary amines. The maximum VE
value for mixtures with primary amines is larger. This is probably due to the
breakdown of the more compact H-bonded structure of the primary amines. The
VE values for primary amines with alkanes are much larger than their secondary
or tertiary counterparts. This could be the consequence of two effects: i) the
breakdown of the H-bonded structure of primary amines and #7) primary amines
have more compact structures than secondary and tertiary amines. Namely, an
alkane molecule cannot pack into the structure of primary amine as easily as into
those of secondary and tertiary amines. In the mixtures of primary amines with
benzene and substituted benzenes, it could be concluded that the substituted
groups are responsible for the fact that these aromatics do not fit into the primary
amine lattice as easily as benzene molecules. For this reason, the VE values are
more negative for the mixtures of primary amines with benzene.

Trialkylamines + n-alkanes or alkylamines. Oswal et al.27 determined the
isentropic compressibilities, xg, and changes of isentropic compressibility, Axg,
from measurements of speeds of sound, u, and densities, p, for 14 binary mix-
tures of triethylamine (TEA) and tri-n-butylamine (TBA) with n-hexane, n-octane,
n-propylamine, n-penthylamine, n-hexylamine and n-octylamine. The values of
Axg for mixtures with alkanes are positive for systems containing TEA and nega-
tive for systems containing TBA. The positive values of Axg are the consequence
of the disruption of dipole—dipole association in TEA. On the other hand, the
negative values of Axg arise due to the following contributions: 7) a positive effect
due to the disruption of dipole—dipole association in the TBA molecule and ii)
the negative effect due to the interstitial accommodation of alkane molecules into
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the large free volume of the TBA structure. It is clear that the contribution ii is
quite large and dominates over the contribution i.

In the cases of TEA + primary amines, the Axg values are less positive and
become negative as the chain length of the primary amine increases.

For the TBA + primary amine mixtures, the Axg values first increase from
n-propylene to n-butylamine and then decrease as the chain length of the alkyl
amine increases to n-octylamine. Positive values of Axg for TEA and TBA mix-
tures with primary amines are connected with destruction of H-bonds in these
amines, for TEA + n-propylamine and n-pentylamine mixtures and for all
mixtures with TBA. For the mixtures of TEA with n-hexylamine and n-
octylamine, positive effect of Axg associated with the destruction of H-bonds is
masked by the negative effect due to interstitial accommodation. The
experimental speed of sound, u#, was analyzed in terms of the collision factor
theory, free length theory and Prigogine—Flory—Patterson statistical theory of
solutions.

Diethylamine + ethyl acetate + n-heptane. Lillo et al.?8 calculated excess
molar volumes and viscosity deviations for the ternary system diethylamine +
ethyl acetate + n-heptane at 25 °C and for the corresponding binary systems. The
positive values of VE for all binaries indicate that molecular interactions between
different molecules are weaker than interactions between the same molecules in
their pure liquid. In addition, repulsive forces were dominant in these mixtures,
causing very small excess viscosities for all binary systems.

Aniline + benzene + N,N-dimethylformamide. In the work of Kharat and
Nikam,2? the excess molar volumes and viscosity deviations for the ternary sys-
tem aniline + benzene + N,N-dimethylformamide at 298.15, 303.15, 308.15 and
313.15 K were determined. At all temperatures, the V'E and Ay values were nega-
tive. The main contribution to the negative values for VE was the consequence of
the interstitial accommodation of non-associated benzene molecules into aggre-
gates of aniline. This also implies that no complex-forming interactions were pre-
sent in system, leading to the negative values of Az.

The McAllister three-body interaction model3? was used to correlate the
kinematic viscosities of the investigated systems. The VE and Az values were
predicted by the polynomial equations of Radojkovi¢ et al.,3! Kohler32 and
Scatchand et al.33

Systems containing esters

Methyl butanoate + n-heptane + (n-octane or cyclooctane or I1-chloro-
octane). Matos et al.3%35 and Trenzado et al.3¢ determined the VE and Ay values
for the ternary systems of (methyl butanoate + n-heptane) with i) n-octane, ii)
cyclooctane or #ii) 1-chlorooctane at 283.15, 293.15, 303.15 and 313.15 K at
atmospheric pressure over the entire concentration range.
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The mixing effects corresponding to each binary system were the conse-
quence of the following specific interactions and net packing effects: i) systems
of methyl butanoate with n-heptane and n-octane exhibited positive values of VE
because the net rupture of dipole—dipole interactions in methyl butanoate domi-
nates over the molecular packing and heteromolecular dipole—dipole induced
interactions; i7) in the system n-heptane + n-octane, molecular packing was the
prevalent factor; iii) in the system n-heptane + cyclooctane, the negative values
of VE confirmed that the packing effect predominated over physical interactions;
iv) the positive VE values for the system methyl butanoate + cyclooctane indi-
cated that the rupture of dipole—dipole interactions between the ester molecules
predominated over the effect of molecular packing and volume contraction; v)
the negative values of VE at all the investigated temperatures for the system
n-heptane + 1-chlorooctane showed that the molecular packing effect was the
prevalent factor, exhibiting a slightly endothermic effect. Moreover, the effects
of the breakage of dipole—dipole interactions in the 1-chlorooctane molecule
predominated over those due to molecular packing and heteromolecular dipole—
dipole induced interactions, vi) the positive values of VE and endothermic effect
for the system methyl butanoate + 1-chlorooctane suggested that net rupture of
heteromolecular dipole—dipole interactions prevailed over dipole—dipole hetero-
molecular interactions. The negative values of Ay for both binary systems
showed that the effect of dispersive forces prevailed.

The viscosity values were used to test the predictive capability of the
UNIFAC-VISCO34-36 and UNIVAC34:35 group contributions models.

n-Butyl acetate + aromatic hydrocarbons. The dependences of VE on tempe-
rature for the mixtures n-butyl acetate + aromatic hydrocarbons (toluene, ethyl-
benzene, p-xylene, mesitylene, i-propylbenzene, n-butylbenzene, i-butylbenzene
and #-butylbenzene) were analyzed in the article by Resa et al.37

n-Butyl acetate is a weakly polar compound while the aromatic hydrocar-
bons are nearly non-polar. The aromatic hydrocarbon molecules intersperse
among the n-butyl acetate molecules, affecting decreased interactions among the
dipoles of butyl acetate and destruction of the dispersive interactions among the
benzene rings. The obtained interaction between unlike molecules was weak,
which caused expansion. It is clear that the influence of the intermolecular forces
was higher than the packing effect caused by geometrical fitting for some che-
micals (mesitylene, butylbenzene, efc.). For the mixtures that contained light
solvents, the opposite effect would be detected, as aromatic hydrocarbon mole-
cules with small molecules destroy neither m electron dispersive forces nor ester
polar attraction.

The experimental data were used to test the Soave-Redlich-Kwong38 and
the Peng—Robinson3? equations of state, which are of general interest in the cal-
culation of thermodynamic properties of multicomponent complex mixtures.
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Methyl ethanoate + I-chlorooctane + n-alkane. Matos et al.*0 reported VE
values at 25 °C of four ternary mixtures of methyl ethanoate + 1-chlorooctane +
+ (n-heptane, n-octane, n-nonane or n-decane). The values of VE for 1-chloro-
octane + n-alkane showed that the packing effect was significant in the mixture
containing n-heptane (negative values of VE), which decreased with increasing
number of carbon atoms in the n-alkane. As a result, positive values of VE for the
mixtures with zn-nonane and n-decane were obtained. Moreover, the determi-
nation of the excess molar enthalpies*! suggested that the breakage of dipole—
—dipole interactions in the chloro-alkanes predominates over the dispersive and
induced heteromolecular dipole—dipole interactions in these binaries. For methyl
ethanoate + n-alkane mixtures, the positive values of VE imply that the effects
due to heteromolecular interactions and degree of molecular packing efficiency
decrease as the difference in molecule size of the compounds in the mixture
increases.

Investigations of mixing enthalpies for these systems40 confirmed that the
dominant factor was breakage of dipole—dipole interactions in the methyl ester
molecules. Finally, the small values of VE of the system methyl ethanoate +
+ 1-chlorooctane suggest that the effects due to the heteromolecular dipole—
—dipole interactions are more important than those related to the breakage of
dipolar interactions among the 1-chlorooctane molecules.

The VE values were utilized to test the Nitta-Chao group-contribution
model.#2 In addition, several empirical and semi empirical models were used to
predict the experimental results of the ternary mixtures.32:43-46

Systems containing ethers

1,1-Dimethylethyl methylether with ethyl acrylate/butyl acrylate/methyl
methacrylate/styrene. Peralta et al.#7 calculated the VE values of the binary sys-
tems of 1,1-dimethylethyl methylether (MTBE) with ethyl acrylate, butyl acryl-
ate, methyl methacrylate and styrene at 298.15 K and atmospheric pressure. The
interactions between MTBE as an almost non-polar component and esters as
polar components could be considered as complex formation between two spe-
cies by n-—m interaction. For all binary systems, negative values of VE were
obtained as a result of the effect of breaking the dipole—dipole association of the
ether and the net packing effect contributed to by structural effects arising from
interstitial accommodation. The largest negative values of VE obtained for the
system MTBE + styrene indicate that the disruption of dipolar associations of the
MTBE as an ether is remarkably less than the additional specific interactions
between its pair of electrons and the m electron of the aromatic ring. It is
important to emphasize that the values of VE increase as an ester chain increases
from methyl to butyl, apparently due to pronounced contribution of interstitial
accommodation.
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The calculated VE values were correlated with the Redlich—Kister Equation
and with a series of Legendre polynomials.

MTBE with allyl methacrylate, n-butyl methacrylate, methacrylic acid and
vinyl acetate. Wisniak et al.*8 calculated VE of the binary systems 1,1-dimethyl-
ethyl methylether (MTBE) with allyl methacrylate, n-butyl methacrylate, metha-
crylic acid and vinyl acetate at 298.15 and 308.15 K and atmospheric pressure.
The magnitude and sign of VE are consequence of the type of interactions present
in the mixtures. A double bond and an ester group are simultaneously present in
acrylate solutes. In addition, methacrylic acid has a free -COOH group, which
can lead to H-bonding. The VE values are the result of the effect of breakage the
dipole—dipole association in the ether; negative values of VE indicate a net pack-
ing effect contributed by structural effects arising from interstitial accommo-
dation. The maximum value of VE for the system MTBE + methacrylic acid is
considerably higher than that for the system MTBE + n-butyl methacrylate,
reflecting a substantial additional packing by H-bonding between the different
molecules. With increasing temperature, the VE values are more negative, bear-
ing in mind that the kinetic energy of the molecules of both components facili-
tates interaction of one specie into the other and both H-bonding and interaction
between the tertiary ether group and the carbonyl group of the ester.

The calculated VE values were correlated with the Redlich-Kister Equation
and with a series of Legendre polynomials.

MTBE + toluene + isooctane. Moravkova et al® calculated the excess
molar volumes, VE, and adiabatic compressibility, xg, of the ternary system
methyl tetrabutylether + toluene + isooctane (2,2,4-trimethylpentane) at tempera-
tures from 298.15 to 328.15 K.

Molecular interactions for investigated binary systems are as follows: i) in
the binary system toluene + trimethylpentane, small deviations are the conse-
quence of a slightly different packing effect in the mixture compared to those in
the pure substances; ii) this effect is much stronger in the binary mixture MTBE
+ trimethylpentane; i) in the binary mixture MTBE + toluene, on the contrary,
two effects are dominant, packing effects and specific #n+n interactions. No spe-
cial ternary interactions are present.

The VE and xg values for the ternary mixtures and corresponding binaries
were fitted to the Redlich—Kister Equation.

Tetrahydrofuran + cyclic ether + hydrocarbon. Pintos et al.>0 investigated
the effect of alkane chain-length on the VE values of binary mixtures containing a
cyclic ether at 298.15 K and atmospheric pressure. The binary mixtures of tetra-
hydrofuran (THF) and tetrahydropyran (THP) with n-hexane, n-heptane, n-octane
and n-nonane were treated. In all cases the positive values of V'E increase with the
length of the alkane chain for a given ether. However, the VE values decrease
with increasing length of the hydrocarbon chain of the ether. The positive values
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of VE could be explained by the breakage of interactions among molecules of
pure species during the mixing process. Moreover, the spatial arrangement of the
molecules of these ethers enables an easier accommodation of molecule of n-
alkanes in the mixtures with THP than in those with THF.

The Nitta—Chao*? Equation provides a reasonable correlation of the results.

Ether + chloro-ethylenes. Pal and Singh3! calculated the VE values of binary
mixtures of trichloro-ethylene and tetrachloro-ethylene with 1,4-dioxane and
some n-alkoxyethanol components at 298.15 K. The VE values are positive for
the mixture tetrachloro-ethylene + 1,4-dioxane, while an inversion in the sign of
VE values was obtained from positive to negative in the mixture with trichloro-
ethylene. The VE value are the result of several opposing effects: differences in
the molecular size and shape of the components, and complex formation between
the m-electrons of chloro-ethane and oxygen (—O-) in 1,4-dioxane.

These results were fitted to the Redlich—Kister Equation to estimate the
binary coefficients.

Anisole/MTBE + benzene or chlorobenzene or benzonitrile or nitrobenzene.
Viswanathan et al.52 calculated VE and Az values for binary systems of anisole or
MTBE with benzene, chlorobenzene, benzonitrile and nitrobenzene at 288.15,
293.15 and 298.15 K.

The VE values of all anisole and MTBE systems were negative, except for
the anisole + chlorobenzene system, which showed a change in sign. The devi-
ations in viscosity Ay were negative for all the investigated temperatures. The
MTBE systems gave greater V'E and Ay values than the anisole systems, showing
that the former systems deviated more from ideal behaviour. This fact could also
indicate that the attractive interactions of the unlike molecules were stronger in
the MTBE systems. Namely, the existence of electron-pair donor—electron pair
acceptor type of interactions in all investigated systems is evident, showing that
MTBE is a better electron-pair donor than anisole.

All the results are fitted by the Redlich—Kister Equation.

Anisole + 2-chloroethanol or 1,4-dioxane or tetrachloroethylene or tetra-
chloroethane or DMF or DMSO or diethyl oxalate. Baragi et al.33 calculated VE,
An, AR, Au and Axg values for the binary mixtures of anisole + 1,4-dioxane or
tetrachloroethylene or tetrachloroethane or dimethylformamide (DMF) or dime-
thyl sulphoxide (DMSO) or diethyl oxalate at 298.15, 303.15 and 308.15 K. The
VE data for mixtures anisole + 1,4-dioxane and anisole + tetrachloroethylene are
positive. Dispersion forces combined with a low molar volume of 1,4-dioxane
led to the small positive values of VE for the mixture anisole + 1,4-dioxane.
Higher positive values of VE for system anisole + tetrachloroethylene were the
consequence of dispersion forces between the electronic charges on the O atom
of the anisole molecules and the & electrons of the double bond of the tetrachloro-
ethylene molecule, having a higher molar volume. Negative values of VE were
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obtained for the mixtures anisole + tetrachloroethane or dimethyl sulphoxide or
diethyl oxalate or dimethylacetamide.

The computed quantities were fitted to the Redlich—Kister Equation to derive
the coefficients and to estimate the standard error values.

Systems containing amides

Xylene + N,N-dimethylformamide. Chen and Liu>* calculated the VE values
of binary mixtures of o-xylene, or m-xylene, or p-xylene with N,N-dimethyl-
formamide (DMF) in the temperature range 293.15 to 353.15 K and at atmo-
spheric pressure. In all cases, the V'E values were negative as result of chemical or
specific interactions between DMF and xylene or a structural effect leading to the
formation of molecular complexes. These interactions may be classified as elec-
tron (donor + acceptor)-type interactions involving the m-electrons of the xylene
ring and the carbonyl group of DMF, or interactions through H-bond formation
with xylene acting as the H donor and DMF as the acceptor. VE data increase
with rise in temperature for all analysed systems. The kinetic energy of mole-
cules also increases leading to a decrease of interactions between molecules, so
the contraction in volume decreases and as the result VE increases.

The VE results were correlated using the fourth-order Redlich—Kister poly-
nomial equation with maximum likelihood principle being applied for the deter-
mination of the adjustable parameters.

N,N-Dimethylformamide + aniline + benzonitrile. Nikam and Kharat>> cal-
culated the VE and Ay values for the binary systems N,N-dimethylformamide
(DMF) with aniline and benzonitrile at 298.15, 303.15, 308.15 and 313.15 K.
The negative values of VE and Ay for the system DMF + aniline are caused by
interstitial accommodation of the DMF molecules into the clusters of aniline.
Namely, molar volumes of aniline and DMF differ considerably and no asso-
ciated DMF molecules are geometrically fitted into aggregates of aniline. This
shows that complex forming interactions are not present in the DMF + aniline
system and therefore, the calculated Ay values are negative. The negative values
of VE and positive values of Ay for the DMF + benzonitrile system indicate
strong specific interactions through dipolar association between the DMF and
benzonitrile molecules.

The VE and Ay values are fitted by the Redlich—Kister polynomial equation.

DMF + benzene or toluene or ethylbenzene. Peng et al.>® calculated the VE
values for the binary systems DMF with benzene or toluene or ethylbenzene in
the temperature range 293.15 to 353.15 K and at atmospheric pressure. The nega-
tive values of VE for all binary mixtures are the consequence of molecular inter-
action between the polar molecules of DMF and the non-polar molecules of the
aromatic hydrocarbons. Namely, these mixtures are formed by dipole—dipole
interactions of DMF molecules and the interaction of dipole—induced dipole
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between DMF and the aromatic hydrocarbon molecules. It is clear that inter-
action between unlike molecules is stronger than the intra-molecular interactions.
In addition, the small size of the DMF molecules and its linear aliphatic confi-
guration could be other factors giving rise to the contraction in the VE of the mix-
tures.

The increase in the kinetic energy of molecules with increasing temperature
leads to a decrease in the interactions of the molecules. The interaction between
DMF molecules is smaller than between aromatic molecules, so the contraction
in volume increases and the VE values decrease.

The VE were fitted by the fourth-order Redlich-Kister Equation.

Cyclohexanone + N,N-dimethylacetamide. Tloukhani and Rakhshi3’ cal-
culated the VE, Ay and Anp values for the binary system cyclohexanone + N,N-
-dimethylacetamide at 298.15, 308.15 and 318.15 K as a part of the ternary
system with N,N-diethylethanolamine as the third component. The positive VE is
due to chemical and structural effects with more positive values on increasing the
temperature from 298.15 to 318.15 K. The negative values of Ay and Anp
suggest that the forces between the pairs of unlike molecules are weaker than the
forces between like molecules due to the difference in shape and size of the
component molecules.

The binary results of VE, Ay and Anp were fitted by Redlich-Kister Equa-
tion, while the Cibulka,>® Jasinski and Malanowski,>® Singe et al., Pintos et al.
and Calvo et al. Equations were used to correlate the ternary properties.®0 The
predictions were performed by the Kohler32 and Jacob—Fitzner Equations.®! The
McAllister three-body interaction model and the Hind et al.6? Equation were
used for correlation of kinematic and dynamic viscosities, respectively.

Systems containing chloro-alkanes

Zhang®3 determined the VE and Ay values for three binary mixtures of chlo-
rinated alkanes: carbon tetrachloride + chloroform, carbon tetrachloride + dichlo-
romethane and chloroform + dichloromethane, and one ternary mixture of chlo-
roform + 1:1 carbon tetrachloride:dichloromethane at 303.15 K.

Both binary systems with carbon tetrachloride have positive values of VE,
The larger values of VE for the system with chloroform are the consequence of
two factors: 7) carbon tetrachloride as non-polar component interacts weakly with
polar dichloromethane and chloroform, where dichloromethane has a larger
polarity than chloroform; ii) the present molecules show differences both in size
and shape. The values of VE for chloroform + dichloromethane are negative. The
small magnitude is the consequence of very weak specific interactions, most pro-
bably due to dipole—dipole interactions between different molecules. The positive
values of VE could be explained from the fact that the most compact packing of
spherical carbon tetrachloride is destroyed by mixing with spherical molecules of

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



2212 DJORDJEVIC et al.

the two other components. Negative Ay could be caused by differences in size,
shape and polarity between carbon tetrachloride and dichloromethane or chloro-
form. In addition, molecular interactions between these species are weaker than
those in their pure state.

CONCLUSIONS

It is evident that thermodynamic and transport properties of mixtures could
provide more and deeper information on molecular interactions. They show very
complex behaviour expressed by three main effects: chemical, physical and geo-
metrical. Which of the contributions is dominant depends on the nature of inves-
tigated mixture.

For the investigated mixtures, these contributions are balanced giving the
corresponding values of thermodynamic and transport properties and the explained
complex behaviour of the mixtures.
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HU3BO[J

OU3NUYKH, XEMUICKHU U CTPYKTYPHHU EQEKTU KAO BAXXHU ®AKTOPHU 3A
OIOPEHBUBAIE U MOJEJIOBAILE TEPMOOJUHAMHWUYKKUX U TPAHCITIOPTHHUX
CBOJCTABA HEEJIEKTPOJIMTHUX PACTBOPA

BOJAH . BOPREBUR, MUPJAHA Jb. KWJEBYAHHWH, UBOHA P. PAIOBUTR, CJIOBOJAH I1. IIEPBAHOBUR n
AJIEKCAHJIAP XK. TACUR

Texnonowxo—metuanypuxu paxynieii, Ynusep3utteii y beoipagy, Kapneiujesa 4, 11120 Beoipag

Y HaieMm IpernefHOM pajy yYHH€H je MOKylLIaj fa Ce MOBeXY BOMYMETPUjCKH edeKTH
YK/by4eHHU Yy OMHapHe cMelle HOpMalHUX M pasrpaHaTHX ajlkoxXoma. Y 0BOM pafy Cy yKpaTko
U3JI0’KeHe Heke U3adpaHe UCTpaKUBauKe aKTUBHOCTH ayTopa [I0Be3aHUX Ca CJI0KEHUM MoJie-
KYJICKUM CTPYKTypama Koje cy objasseHe y Bogehum mehyHapomHum vacomucuma. I'1aBHH
U je 1o Dobe pasyMeBame KOMILIEKCHE CTPYKTYpe PasIHUUTHX CMella HeeJleKTPOJIUTa,
0e3 ankoxona, Koje cy Hajuemhe NMPUCYTHE y XEMM)jCKOj, TETPOXEMHJCKOj U CDOSHUM HHIYC-
TpujaMa. AHalW3UpaH je yTUIlaj OCHOBHUX (DU3MUKHX, XEMHUjCKUX M CTPYKTYpPHUX edekara
BHLIE M3a0paHUX THIIOBA Pa3/INYUTUX OMHApHUX U TEPHEPHUX cMelna. OBakBa MCTpaKHBarba
Cy Ofi MPUMapHOr 3Hauaja 3a ofpehuBame U MOJEIOBake TEPMOJHHAMUUKUX, TPAHCIOPTHUX
U JPYTUX OCOOMHA.

(ITpumbeHo 23. okrobpa, peBuaupaHo 8. HoBeemdpa 2013)
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