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Synthesis of 2-{[2-(2-ox0-1-azacycloalkyl)acetamido]phenoxy}acetic
acids and their activity as aminopeptidase M inhibitors
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Abstract: A series of 9 phenoxyacetic acids substituted in the o-, m-, and p-po-
sition of benzene ring with 2-(2-oxo-1-azacycloalkyl)acetamidic moiety con-
taining 5—7-membered w-lactam ring was prepared by a 4-step synthetic pro-
cedure. Five selected substances of this series were tested in vitro for inhibition
of porcine kidney aminopeptidase M. 2-{4-[2-(2-Oxoperhydroazepin-1-yl)acet-
amido]phenoxy }acetic acid exhibited the highest activity with K; = 243.6 uM.

Keywords: w-lactams; phenoxyacetic acids; aminopeptidase M; inhibition.

INTRODUCTION

Aminopeptidases are hydrolases cleaving N-terminal amino acid residue
from a peptide chain. They are present in all organisms from bacteria to humans
and play important roles in many metabolic pathways and regulatory proces-
ses.l:2 Aminopeptidase M (EC 3.4.11.2, aminopeptidase N, membrane alanyl
aminopeptidase, AP-M) is a metallo-dependent integral membrane protease. This
enzyme belongs to the M1 family of the MA clan of peptidases, also called glu-
zincins.3 At least nine different enzymes, five of which are integral membrane
proteins, were recently discovered as members of the M1 family in mammals.4
Aminopeptidase M has a molecular weight of about 110,000 and consists of 963—
—967 amino acids residues, depending on the species. It has a short N-terminal
cytoplasmic domain, a single transmembrane part and a large cellular ectodomain
containing the active site.> This enzyme was first isolated in 1963 by Pfleiderer
and Celliers from pig kidney® and is also known as pseudo leucine amino-
peptidase and under several other names originating from the processes in which
it participates. This peptidase preferentially cleaves peptides with an N-terminal

* Corresponding author. E-mail: farsao@vfu.cz
doi: 10.2298/JSC0809771F
771
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neutral or basic amino acid, although it possess a comparatively broad substrate
specificity.” AP-M is present in many different tissues and cells, e.g., in blood
plasma and the vasculature, where AM-P, together with other exopeptidases,
converts and/or inactivates various vasoactive peptides belonging to the kinin,
angiotensin and bradykinin families.8 AP-M is also involved in the inactivation
of enkephalins.?10 In addition, this Zn metalloexopeptidase plays an important
role in the degradation of the neuropeptide neuromedin N (NN), a hexapeptide of
sequence H-Lys—Ile—Pro-Tyr—Ile-Leu—OH, which is synthesized together with
the tridecapeptide neurotensin (NT), which has the same C-terminal sequence
Pro—Tyr—Ile-Leu—OH and a similar pharmacological profile, from a common
precursor. These peptides act almost at the same receptors, the main difference
between them is that NT, being protected at its N-terminus, cannot be cleft by
exopeptidases and is therefore degraded by Zn metallo-endopeptidases EC
3.4.24.11, EC 3.4.25.15 and EC 3.4.25.16, while unprotected NN is inactivated
by AP-M.!! Both NN and NT interact with NT; (NTRH) receptors, located on
neurons, and NT, (NTRL) receptors, located on neurons and glia (NT3 receptors,
present in glia and adipocytes, are activated by NT only). There are various both
biochemical and clinical evidence that a decrease of NT and NN levels in some
regions of the brain participate in the pathophysiology of schizophrenia; even some
potential antipsychotics, which can act as NT agonists, have been developed.!2
AP-M is also involved in memory facilitation mediated by the brain renin—
angiotensine system.!3 It cleaves Arg at the N-terminal of angiotensine III to
form the hexapeptide angiotensine IV, which is thought to be the main ligand at
the AT4 receptor. This receptor, which is in contradistinction to all other types of
angiotensine receptors in that it is probably not coupled with G-protein, is consi-
dered responsible for the regulation of memory processes. On the other hand,
AP-M was identified as an enzyme, which together with angiotensine convertase,
is responsible for the degradation of hemorfine, a cationic decapeptide derived
from S, y-, & or &-chain of hemoglobin, which is also demonstrated to be a bio-
active ligand of the AT4 receptor!4 and can probably be useful for the enhan-
cement of learning performance and treatment of Alzheimer disease.!5 For this
reason, it was considered to be useful to test our newly prepared 2-{[2-ox0-1-
-azacycloalk-1-yl)acetamido]phenoxy}acetic acids for their ability to influence
the activity of AP-M, because they were designed as candidate CNS therapeutic
agents, potential cognitive enhancers*, as they contain fragments of 2-(2-oxopyr-
rolidin-1-yl)acetamide (classical nootropic piracetam) and phenoxyacetic acid,

*Some of these substances have been mentioned in literature in the context of the determi-
nation of their pK, values by CZE.!® We provided these compounds, prepared originally by
us, to the authors of this paper, but they unfortunately published the results of their determi-
nations with neither mentioning us in the Acknowledgements nor giving us notice of the
publication.
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which is present in the molecule of meclofenoxate (2-(dimethylamino)ethyl
4-chlorophenoxyacetate, a cognitive enhancer, Fig. 1).
(CH,),
[ 0
N
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&o o) N 0=

N | NH

H(NHZ

e} 0}
Cl OH
0<n<4 0

piracetam meclofenoxate 7-15

Fig. 1. Structures of piracetam, meclofenoxate and 7-15.
EXPERIMENTAL

Chemistry

General. All melting points were determined on a Boetius PHMK apparatus (Nagema,
Dresden, Germany) and are uncorrected. Elemental analyses (C, H, N) were performed with a
Perkin—Flmer 2400 CHNS/O analyzer. The IR spectra were measured on a Nicolet Impact
FTIR spectrometer. The 'H- and '3C-NMR spectra were recorded on a 200 MHz Gemini 2000
instrument (Varian, Palo Alto, CA, USA) using DMSO-d; as the solvent at 200 MHz or 50
MHz, respectively. The consequence of the synthetic steps is depicted in Scheme 1.

NO, NO, NH,
1. CICH,COONa 1. Fe(NH,),(SO,),

[ } + 2. HCl [ } 2. NaOH .
ONa == o O/\H/OH - = O/WO Na

o o]
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o]
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O0<n<4
Scheme 1. Synthesis of 2-{[2-(2-ox0-1-azacycloalk-1-yl)acetamido]phenoxy }acetic acids 7-15.

Nitrophenoxyacetic acids. Nitrophenol (50.0 g, 0.36 mol) was added to a solution of 27.8 g
(0.70 mol) of sodium hydroxide in 280 ml of water. The resulting solution was heated to 80 °C
and 34.0 g (0.36 mol) of chloroacetic acid was added. This mixture was refluxed for 24 h,
then cooled and acidified with concentrated hydrochloric acid (= pH 0). This solution was let
to crystallize in a refrigerator for several hours. The crude solid nitrophenoxyacetic acid was
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filtered off and then recrystallized from boiling water. The crystals were filtered off again and
dried at 60 °C under reduced pressure (0.93 kPa) for 4 h.

2-(2-Nitrophenoxy)acetic acid (1). Yield: 50 %, m.p. 163-165 °C (lit.:17 158 °C). 'H-NMR
(200 MHz, DMSO-dg, 6, ppm): 7.95-7.80 (1H, m, aromatic), 7.70-7.55 (1H, m, aromatic),
7.35-7.20 (1H, m, aromatic), 7.20-7.05 (1H, m, aromatic), 4.91 (2H, s, -OCH,).

2-(3-Nitrophenoxy)acetic acid (2). Yield: 99 %, m.p. 156-158 °C (lit.:'8 156.4-156.7 °C).
TH-NMR (200 MHz, DMSO-d,, 6, ppm): 7.87—7.08 (1H, m, aromatic), 7.69 (1H, ¢, aromatic,
J = 2.4 Hz), 7.58 (1H, ¢, aromatic, J = 8.2 Hz), 7.45-7.38 (1H, m, aromatic), 4.87 (2H, s,
—OCH,).

2-(4-Nitrophenoxy)acetic acid (3). Yield: 78 %, m.p. 190-193 °C (lit.:1 195 °C). '"H-NMR
(200 MHz, DMSO-dj, 6, ppm): 8.20 (2H, d, o-aromatic, J = 9.5 Hz), 7.14 (2H d, m-aromatic,
J=9.2 Hz), 4.88 (2H, s, -OCH,).

Chloroacetamidophenoxyacetic acids. Nitrophenoxyacetic acid (10.0 g, 0.060 mol) was
dissolved in 18 ml of ca. 13 % aqueous ammonia under heating. The resulting solution was
added under stirring to a boiling solution of 100.0 g (0.360 mol) of ferrous sulfate heptahy-
drate in 200 ml of water and this mixture was refluxed for 25 min and, if the reaction of the
liquid phase became neutral, it was alkalized with concentrated aqueous ammonia and then
immediately filtered. An aqueous 10 % sodium hydroxide solution (36 ml) was added to the
filtrate and the mixture was stirred for 10 min. Free ammonia and water were slowly distilled
off on a rotary vacuum evaporator until a white precipitate of aminophenoxyacetic acid so-
dium salt appeared. Water was added until the precipitate dissolved and if this solution had no
basic reaction, it was made alkaline with a saturated sodium hydroxide solution. Chloroacetyl
chloride (6.1 ml, 0.080 mol) was added stepwise, in 4 parts over 20 min to the reaction
mixture under vigorous stirring and cooling with water and ice; the stirring was continued for
an additional 2 h. Then the mixture was acidified with concentrated hydrochloric acid (= pH 0)
and the precipitated crude chloroacetamidophenoxyacetic acid was isolated by suction filtra-
tion and recrystalized from boiling water. The obtained crystals were dried at 60 °C under re-
duced pressure (0.93 kPa) for 4 h.

2-[2-(2-Chloroacetamido)phenoxy]acetic acid (4). Yield 28 %, m.p. 137-140 °C (lit.:2
144.5-145.5 °C ). 'H-NMR (200 MHz, DMSO-dg, J, ppm): 9.2 (1H, s, -NH), 8.2-8.35 (2H,
m, aromatic), 6.75-7.25 (2H, m, aromatic), 4.63 (2H, s, -OCH,), 4.23 (2H, 5, -COCH,Cl).

2-[3-(2-Chloroacetamido)phenoxy]acetic acid (5). Yield 32 %, m.p. 159-162 °C (lit.:20 159~
-162 °C). 'TH-NMR (200 MHz, DMSO-dg, J, ppm): 10.31 (1H, s, -NH), 7.1-7.3 (2H, m,
aromatic), 6.6—6.7 (2H, m, aromatic), 4.64 (2H, s, -OCH,), 4.24 (2H, s, -COCH,Cl).

2-[4-(2-Chloroacetamido)phenoxy]acetic acid (6). Yield 29 %, m.p. 166-169 °C (lit.:20 167—
~170 °C). 'TH-NMR (200 MHz, DMSO-d,, J, ppm): 10.19 (1H, s, 5-NH), 7.48 (2H, d, aro-
matic, J = 8.4 Hz), 6.87 (2H, d, aromatic, J = 8.1 Hz), 4.63 (2H, s, -OCH,), 4.21 (2H, s,
—COCH,CI).

2-{[2-(2-Oxo-1-azacycloalk-1-yl)acetamido]phenoxy}acetic acids. Finely powdered po-
tassium hydroxide (11.2 g, 0.20 mol) was suspended in 12 ml of dimethyl sulfoxide under
stirring and 0.040 mol of the required lactam (i.e., 3.4 g of pyrrolidin-2-one, 4.0 g of pipe-
ridin-2-one and 4.5 g of azepan-2-one) were added. After stirring for 5 min, 2.4 g (0.010 mol)
of the required chloroacetamidophenoxyacetic acid was added stepwise in 4-5 parts during 20
min under stirring. The mixture was stirred for an additional 2 h and then 140 ml of water was
poured into it. The mixture was acidified with concentrated hydrochloric acid (= pH 0) and,
after cooling to room temperature under stirring, it was left to crystallize in a refrigerator.
After several days, the formed crystalline solid was filtered off and recrystallized from boiling
water. The obtained crystals were dried at 60 °C under reduced pressure (0.93 kPa) for 4 h.
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2-{2-[2-(2-Oxopyrrolidin-1-yl)acetamido]phenoxy }acetic acid (7), 2-{3-[2-(2-oxopyrro-
lidin-1-yl)acetamido]phenoxy }acetic acid (8), 2-{4-[2-(2-oxopyrrolidin-1-yl)acetamido]pheno-
xy tacetic acid (9), 2-{2-[2-(2-oxopiperidin-1-yl)acetamido]phenoxy}acetic acid (10), 2-{3-[2-
-(2-oxopiperidin-1-yl)acetamido]phenoxy }acetic acid (11), 2-{4-[2-(2-oxopiperidin-1-yl)acet-
amido]phenoxy}acetic acid (12), 2-{2-[2-(2-oxoperhydroazepin-1-yl)acetamido]phenoxy }acetic
acid (13), 2-{3-[2-(2-oxoperhydroazepin-1-yl)acetamido]phenoxy}acetic acid (14) and 2-{4-
-[2-(2-oxoperhydroazepin-1-yl)acetamido]phenoxy }acetic acid (15) were synthesized using this
procedure.
Enzyme assay

L-Leucine-p-nitroanilide, C.A.S. 4178-93-2, a substrate for AP-M, was purchased from
Bachem, Switzerland, and AP-M, isolated from porcine kidneys,?! from Calbiochem, U.S.A.
The other chemicals used were of analytical or biochemical grade. The absorbance values at
405 nm, which is the absorption maximum of 4-nitroaniline, a product of substrate hydrolysis
catalyzed by AP-M, were measured on an SP 1800 UV—Vis spectrophotometer (Pye Unicam,
U.K.). The results of the assays were evaluated and K; and /Cs, values were calculated using
GraFit biochemical software (Erichaus, U.S.A.). The colorimetric assay of enzyme inhibition
was performed according to a previously described procedure,?? which is considered a stan-
dard analytical method for such a purpose, although some alternative approaches including
RP-HPLC with fluorescence detection have also been successfully tested.??

RESULTS AND DISCUSSION

A homological series of 2-{[2-(2-oxo0-1-azacycloalk-2-yl)acetamido]pheno-
xyacetic acids containing a 5—7-membered w-lactam ring was prepared using a
conventional synthetic procedure, which can be shortly described as the alkyla-
tion of 0-, m- or p-nitrophenol with chloroacetic acid (both reactants in the form
of their sodium salts), reduction of the resulting nitrophenoxyacetic acids to ami-
nophenoxyacetic acids with ferrous ammonium sulfate, N-acylation of these ami-
no acids with chloroacetyl chloride and alkylation of @-lactams (in form of their
potassium salts) with the resulting chloroacetamidophenoxyacetic acids.

For the reduction of the nitro groups to amino moieties, both catalytic hy-
drogenation on a palladium catalyst and reduction with stannous chloride were
tested but only the ‘traditional’ reduction with a ferrous salt according to the me-
thod of Jacobs and Heidelberger2? led to the desired products. Hydrogenation
under normal pressure proceeded very slowly and gave a mixture of products
while reaction with stannous chloride resulted in hardly cleavable coordination
compound of an amino acid with a stannic cation.

The final step of the synthesis, the alkylation of a metallic salt of @-lactam
with chloroacetamidophenoxyacetic acid, was successful only when the potas-
sium salt of the lactame was used with an excess of potassium hydroxide. The
use of the sodium salt of the w-lactam, which can be easily generated by the ac-
tion of metallic sodium on the lactam in an aromatic solvent, led exclusively to
the piperazine-2,5-dione derivative, i.e., 2,2’-[2,5-dioxopiperazine-1,4-diylbis-
(4,1-phenyleneoxy)]bisacetic acid, which resulted from the mutual alkylation of
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two molecules of chloroacetamidophenoxyacetic acid. This reaction is enabled
due to comparable N-H acidity of @-lactams and the chloroacetamidic moiety,
expressed by the equilibrium at the top of Scheme 2. The successful N-alkylation
of the potassium salts of w-lactams with compounds containing a chloroacetami-
dic group is probably the result of the larger volume and solvation ability of
potassium cations in comparison with sodium cations (Scheme 2).

cl cl
0 . 0
Me
o NH N o N Me’ H
CH N
0 0

Me* Me"

(o)
0 oY
oﬁ) o
0N Me'
Me=K | Me=Na
o NH
Y\o~©/ N~ o

(0]
Me” @O/YO
(0]

Me"

Scheme 2. Behaviour of chloroacetamidophenoxyacetic acids
in the presence of metallic salts of @w-lactams.

The yields, melting points and spectral data of the prepared {[2-(2-oxo-1-
-azacycloalkyl)acetamido Jphenoxy }acetic acids are given below.

2-{2-[2-(2-Oxopyrrolidin-1-yl)acetamido[phenoxytacetic acid (7). Yield: 93 %,
m.p. 134-138 °C. Anal. Calcd. for C14H1gN2Os: C, 57.53; H, 5.52; N, 9.58.
Found: C, 57.61; H, 5.49; N 9.71. IR (KBr, cm!): 3329 (NH), 1753 (COOH),
1689 (CONH), 1607 (C=C aromatic), 1549 (NH), 1222 (Caromatic—O—C). lTH-NMR
(200 MHz, DMSO-dg, 0, ppm): 9.26 (1H, s, -NHCO), 8.0 (1H, d, aromatic, J =
= 7.3 Hz), 6.80-7.35 (3H, m, aromatic), 4.76 (2H, s, —OCHj), 4.07 (2H, s,
—COCH3N), 3.44 (2H, t, -NCH,CH,, J = 7.0 Hz), 2.28 (2H, t, -COCH,CHjy, J =
= 8.0 Hz), 1.80-2.15 (2H, m, -CH,CH,CH,). 13C-NMR (50 MHz, DMSO-dj, J,
ppm): 175.0, 170.6, 166.7, 148.2, 127.7, 124.5, 121.5, 120.9, 113,4, 66.2, 47.6,
46.2,30.1,17.7.

2-{3-[2-(2-Oxopyrrolidin-1-yl)acetamido]phenoxy}acetic acid (8). Yield: 99 %,
m.p. 86—89 °C. Anal. Calcd. for C14H14N>Os: C, 57.53; H, 5.52; N, 9.58. Found:
C, 57.63; H, 5.43; N 9.75. IR (KBr, cm1): 3311 (NH), 2911 (CHy), 1747 (COOH),
1668 (CONH), 1604 (C=C aromatic), 1552 (NH), 1220 (Caromatic—O—C). 1H-NMR
(200 MHz, DMSO-dg, 6, ppm): 10.09 (1H, s, -NHCO), 7.05-7.35 (3H, m, aro-
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matic), 6.55-6.65 (1H, m, aromatic), 4.62 (2H, s, -OCHy), 4.02 (2H, 5,~COCH)N),
3.43 (2H, t, -NCH,CH,, J = 6.8 Hz), 2.27 (2H, t, -COCH,CH,, J = 8.2 Hz),
1.85-2.10 (2H, m, -CH,CH,CH,). 13C-NMR (50 MHz, DMSO-dg, J, ppm):
174.8, 170.2, 166.8, 158.2, 140.0, 129.7, 112.0, 109.5, 105.6, 64.6, 47.6, 45.7,
30.1, 17.7.
2-{4-[2-(2-Oxopyrrolidin-1-yl)acetamido[phenoxylacetic acid (9). Yield: 99 %,
m.p. 127-129 °C. Anal. Calcd. for C14H1gN2Os: C, 57.53; H, 5.52; N, 9.58.
Found: C, 57.59; H, 5.58; N 9.80. IR (KBr, cm™!): 3273 (NH), 2935 (CH>), 1751
(COOH), 1666 (CONH), 1616 (C=C aromatic), 1559 (NH), 1245 (Caromatic—O—C).
IH-NMR (200 MHz, DMSO-dg, J, ppm): 9.95 (1H, s, -NHCO), 7.46 (2H, d, aro-
matic CH=C-0, J = 8.1 Hz), 6.85 (2H, d, aromatic CH=C-N, J = 8.1 Hz), 4.62
(2H, 5, -OCH,CO), 3.99 (2H, s, -COCH,N), 3.42 (2H, t, -NCH,CH,, J = 6.9 Hz),
2.26 (2H, t, -COCH,CH,, J = 7.9 Hz), 1.85-2.05 (2H, m, -CH,CH,CH,). 13C-NMR
(50 MHz, DMSO-dg, J, ppm): 174.8, 170.4, 166.2, 153.9, 132.5, 120.9, 114.7,
64.9,47.6,45.6,30.2, 17.7.
2-{2-[2-(2-Oxopiperidin-1-yl)acetamido]phenoxy}acetic acid (10). Yield: 78 %,
m.p. 155-160 °C. Anal. Calcd. for C15H1gN7O5: C, 58.82; H 5.92; N 9.15.
Found: C, 58.91; H, 6.01; 9.09. IR (KBr, cm!): 3372 (NH), 1708 (CO), 1604
(C=C aromatic), 1537 (NH), 1220 (Caromatic—O—C). TH-NMR (200 MHz, DMSO-d,
o, ppm): 9.14 (1H, s, -NHCO), 8.05 (1H, d, aromatic, J = 7.3 Hz), 6.85-7.10
(3H, m, aromatic), 4.76 (2H, s, -OCH,CO), 4.13 (2H, s, -COCH3N), 3.2-3.4
(2H, m, -NCH;CH,), 2.15-2.40 (2H, m, -COCH,CH3), 1.60-1.85 (4H, m,
—~CH,CH,CH,CH,). 13C-NMR (50 MHz, DMSO-dg, J, ppm): 170.5, 169.7,
167.3, 148.2,127.9, 124.2, 121.5, 116.3, 113.2, 66.9, 50.8, 49.0, 31.9, 22.8, 21.2.
2-{3-[(2-2-Oxopiperidin-1-yl)acetamido]phenoxytacetic acid (11). Yield: 94 %,
m.p. 96-99 °C. Anal. Calcd. for C;sH1gN,Os: C, 58.82; H 5.92; N 9.15. Found:
C, 58.86; H, 9.06; N, 9.21. IR (KBr, cm!): 3303 (NH), 2942 (CH,), 1756 (COOH),
1671 (CONH), 1601 (C=C aromatic), 1543 (NH), 1217 (Caromatic—O—C). H-NMR
(200 MHz, DMSO-dg, 6, ppm): 10.06 (1H, s, -NHCO), 7.05-7.30 (3H, m, aro-
matic), 6.50-6.65 (1H, m, aromatic), 4.62 (2H, s, -OCH,CO), 4.07 (2H, s, -COCH;N),
3.2-3.4 (2H, m, -NCH,CHy), 2.20-2.40 (2H, m, -COCH,CH>,), 1.6-1.9 (4H, m,
—~CH,CH,CH,CH)). 13C-NMR (50 MHz, DMSO-dg, 6, ppm): 170.2, 169.3,
167.3, 158.2,140.2,129.7, 111.9, 109.4, 105.4, 64.6, 50.2, 49.1, 32.0, 22.9, 21.3.
2-{4-[2-(2-Oxopiperidin-1-yl)acetamido]phenoxy}acetic acid (12). Yield: 99 %,
m.p. 117-119 °C. Anal. Calcd. for C15H1gN7O5: C, 58.82; H 5.92; N 9.15.
Found: C, 58.93; H, 9.10; N, 9.05. IR (KBr, cm™1): 3262 (NH), 2945 (CH,), 1747
(COOH), 1677 (CONH), 1622 (C=C aromatic), 1555 (NH), 1229 (Caromatic—O—C).
IH-NMR (200 MHz, DMSO-dg, 6, ppm): 9.89 (1H, s, -NHCO), 7.47 (2H, d,
aromatic -CH=C-0, J = 9.2 Hz), 6.85 (2H, d, aromatic -CH=C-N, J = 9.2 Hz),
4.62 (2H, s, -OCH,CO0), 4.05 (2H, s, -COCH,N), 3.2-3.4 (2H, m, -NCH,CH)),
2.1-2.4 (2H, m, -COCH,CHy), 1.6-1.9 (4H, m, -CH,CH,CH,CH»). 13C-NMR
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(50 MHz, DMSO-dg, J, ppm): 170.4, 169.3, 166.8, 153.8, 132.7, 120.7, 114.7,
64.9, 50.0, 49.1, 32.0, 22.9, 21.3.

2-{2-[2-(2-Oxoperhydroazepin- 1-yl)acetamido[phenoxyj}acetic acid (13). Yield:
57 %, m.p. 130-134 °C. Anal. Calcd. for C1gHyoN>Os: C, 59.99; H, 6.29; N,
8.74. Found: C, 59.84; H, 6.37; N, 8.82; IR (KBr, cm1): 3312 (NH), 2935
(CHy), 1730 (COOH), 1682 (CONH), 1608 (C=C aromatic), 1541 (NH), 1200
(Caromatic—O—C). TH-NMR (200 MHz, DMSO-dg, 6, ppm): 9.07 (1H, s, -NHCO),
8.07 (1H, d, aromatic, J = 7.3 Hz), 6.8-7.2 (3H, m, aromatic), 4.75 (2H, s,
—0OCH;CO0), 4.15 (2H, s, —COCH3N), 3.3-3.5 (2H, m, NCH,CH)»), 2.51-2.58 (2H,
m, COCH,CH>), 1.4-1.8 (6H, m, -CH,CH,CHb). 13C-NMR (50 MHz, DMSO-dj,
o, ppm): 175.6, 170.5, 167.6, 148.2, 127.9, 124.2, 121.5, 120.9, 113.1, 65.9, 52.5,
50.4,36.4,29.4,27.9,23.0.

2-{3-[2-(2-Oxoperhydroazepin- 1-yl)acetamido[phenoxyj}acetic acid (14). Yield:
90 %, m.p. 84-87 °C. Anal. Calcd. for C;gHoN720s: C, 59.99; H, 6.29; N, 8.74.
Found: C, 59.89; H, 6.37; N, 8.84. IR (KBr, cm1): 3437 (NH), 2930 (CH»),
1744 (COOH), 1686 (CONH), 1613 (C=C aromatic), 1552 (NH), 1223 (Caromatic—
~0-C). IH-NMR (200 MHz, DMSO-dg, 8, ppm): 9.96 (1H, s, -NHCO), 7.0-7.4
(3H, m, aromatic), 6.5-6.7 (1H, m, aromatic), 4.62 (2H, s, -OCH,CO), 4.11 (2H,
s, —COCH,N), 3.2-3.6 (2H, m, -NCH,CH»), 2.4-2.6 (2H, m, -COCH;CH)),
1.4-1.9 (6H, m, -CH,CH,CHy,). 13C-NMR (50 MHz, DMSO-dg, 6, ppm): 175.3,
170.2, 167.8, 158.2, 140.3, 129.7, 112.0, 109.3, 105.5, 64.6, 52.0, 50.6, 36.5,
29.5,27.8,23.1.

2-{4-[2-(2-Oxoperhydroazepin-1-yl)acetamido[phenoxy}acetic acid (15). Yield:
83 %, m.p. 199-203 °C. Anal. Calcd. for C;gHy9N>Os: C, 59.99; H, 6.29; N,
8.74. Found: C, 59.81; H, 6.34; N, 8.81. IR (KBr, cm!): 3281 (NH), 2927
(CHy), 1726 (COOH), 1665 (CONH), 1604 (C=C aromatic), 1549 (NH), 1229
(Caromatic—O—C). TH-NMR (200 MHz, DMSO-dg, 6, ppm): 9.82 (1H, s, -NHCO),
7.46 (2H, d, aromatic, J = = 8.8 Hz), 6.85 (2H, d, aromatic, J = 9.2 Hz), 4.75
(2H, s, —OCH,CO), 4.15 (2H, s, -COCH,N), 3.3-3.5 (2H, m, -NCH,CH>),
2.41-2.50 (2H, m, -COCH,CH,), 1.4-1.8 (6H, m, -CH,CH,CH)). 13C-NMR
(50 MHz, DMSO-dg, J, ppm): 175.3, 170.4, 167.3, 153.8, 132.7, 120.8, 114.7,
64.9,51.9,50.5,36.6,29.8,27.8, 23.1.

Five selected 2-{2-[2-(2-ox0-1-azacycloalkyl)acetamido]phenoxy }acetic acids
underwent testing of their influence on activity of AP-M. Their inhibition abili-
ties, expressed as /Csq and Kj values, are given in Table I.

Table I. Influence of selected prepared substances on the activity of AP-M

Compound K;/ pM 1Csy / pM
7 514.3 948.5
10 636.6 1174.0
13 308.7 569.4
14 423.8 781.5

15 243.6 449.2
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CONCLUSIONS

All the studied substances possessed inhibitory activity to AP-M. The high-
est inhibition, characterized by /Csg = 449.5 uM and Kj = 243.6 uM was exhi-
bited by compound 15, i.e., 2-{4-[2-(2-oxoperhydroazepin-1-yl)acetamido]phe-
noxy }acetic acid. Comparison of the activities of the tested compounds indicates
that the perhydroazepin-2-one ring is more advantageous than piperidin-2-one or
pyrrolidin-2-one, while the position of the 2-(2-oxo-1-azacycloalkyl)acetamido
moiety to carboxymethoxy group on the benzene ring has no clear influence on
AP-M inhibition.

U3BOJ

CHUHTE3A 2-{[2-(2-OKCO-1-A3ALIMKJIIOAJIKMI)ALIETAMUJO]®EHOKCU } CUPRETHUX
KHNCEJIMHA U BBUXOBA AKTHUBHOCT KAO HHXUBUTOPA AMUHOIIEIITUIA3E M

OLDRICH FARSA!, MILAN DOCKAL!, JANA KOVACIKOVAZ u MARIA BENESOVA?2

!nstitute of Chemical Drugs, Faculty of Pharmacy, University of Veterinary and Pharmaceutical Sciences
Brno, Palackého 1/3, 612 42 Brno, Czech Republic u °Department of Cellular and Molecular Biology of
Drugs, Faculty of Pharmacy, Comenius University, Kalinciakova 8, 832 32 Bratislava, Slovak Republic

Cepuja on aeBeT PEHOKCUCHPNETHUX KHCENWHA CYIICTUTYHCAHHUX Y 0-, M- ¥ p-TI0JI0XkKajy OeH-
3€HOBOT IpcTeHa 2-(2-0Kco-1-a3aluKIoanKmiI)aneTaMUAHAM (PParMeHTOM KOjU CaIp>Kd METO- 10
CeIMOWIaHH (@-JTaKTAMCKH IPCTEH CHHTETH30BaHa je MOCTYNKOM Koju oOyxBara uetupu (ase.
Tectupana je in vitro ”HXMOMTOpHA aKTUBHOCT HET onabpaHuX jenberba Ha aMHHONeNTHAasy M
n3 OyOpera cBume. HajBunry aktuBHocT nocenyje 2-{4-[2-(2-okconepxuapoasenus- 1 -mi)aneraMu-
no]denokcn } cupherna kucenmna ca K; = 243,6 uM.

(ITpumsbeno 21. debpyapa, peBuaupano 9. maja 2008)
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Synthesis of 1-(4-phenoxyphenyl)-3-[5-(substituted
aryl)-1,3,4-oxadiazol-2-yl|propan-1-ones as safer
anti-inflammatory and analgesic agents
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Abstract: A novel series of 1-(4-phenoxyphenyl)-3-[5-(substituted aryl)-1,3,4-oxa-
diazol-2-yl]propan-1-one was synthesized by reaction of 3-(4-phenoxyben-
zoyl)propionic acid with several aryl acid hydrazides in phosphorus oxychlo-
ride. The structures of the compounds were supported by IR, 'H- and 13C-NMR,
MS data and elemental analysis results. These compounds were tested for their
anti-inflammatory, analgesic, ulcerogenic and lipid peroxidation actions. A few
compounds were found to have very good anti-inflammatory activity in the car-
rageenan-induced rat paw edema test, while a fair number of the compounds
showed significant analgesic activity in the acetic acid-induced writhing test.
These new compounds showed very low ulcerogenic action with reduced ma-
londialdehyde content (MDA), which is one of the by-products of lipid peroxi-
dation.

Keywords: 1,3,4-oxadiazole; anti-inflammatory; analgesic; ulcerogenic; lipid
peroxidation.

INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are used for the treatment
of pain, fever and inflammation, particularly arthritis;!-2 they are the most com-
monly prescribed medications in the world. The most prevalent side effects of the
use of non-steroidal anti-inflammatory drugs are the occurrence of gastrointes-
tinal side effects3 (gastric upset, irritation and ulceration). The search for safer
NSAIDs continues with the failure of the anticipated “ideal” anti-inflammatory
agents, the coxibs, on long-term usage.*> 3-(4-Phenoxybenzoyl)propionic acid is
an example of the well known aroylpropionic acid class of anti-inflammatory
drugs.® Aroylpropionic acids are good anti-inflammatory agents but suffer from
inducing gastrointestinal side effects.®7 It is well known that structural modifica-

* Corresponding author. E-mail: drasifhusain@yahoo.com
doi: 10.2298/JSC0809781H
781
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tions can improve the pharmacological profile of an active molecule. Synthetic
approaches based on chemical modification have been taken with the aim of
improving the safety profile of NSAIDs.”-12 These studies showed that deriva-
tization of the carboxylate function of some NSAIDs resulted in an increased
anti-inflammatory activity with a reduced ulcerogenic effect.

During recent years, there has been extensive investigation of different clas-
ses of oxadiazole compounds, many of which were found to possess a wide spec-
trum of biological activities. In particular, compounds having 1,3,4-oxadiazole
nucleus are known to exhibit good anti-edema and anti-inflammatory activity.13-15
Differently substituted oxadiazole moieties have also been found to have other
interesting activities, such as analgesic, antibacterial, bactericidal, antifungal,
anticonvulsant, anticancer, etc.16-20

In our attempt to discover safer agents for the treatment of inflammatory
conditions, the carboxylic acid group of 3-(4-phenoxybenzoyl)propionic acid was
replaced with an additional heterocycle, i.e., 1,3,4-oxadiazole, which was found
to possess potential anti-inflammatory and analgesic activity with significant re-
duction in their ulcerogenic effect.

RESULTS AND DISCUSSION

Chemistry

The 1-(4-phenoxyphenyl)-3-[5-(substituted aryl)-1,3,4-oxadiazol-2-yl]propan-
-1-ones 4a—1 described in this study are shown in Table I and the reaction se-
quence for their preparation is outlined in Scheme 1. The required 3-(4-phenoxy-
benzoyl)propionic acid 3 was prepared by condensing diphenyl ether with suc-
cinic anhydride in the presence of anhydrous aluminum chloride, following the
Friedel-Crafts acylation reaction conditions. The reaction between 3-(4-phenoxy-
benzoyl)propionic acid 3 and aryl acid hydrazides 2a—1 in phosphorous oxy-
chloride (the reaction time varied from 2 to 5 h) afforded the title compounds 4a-1
in 48—-66 % yield after recrystallization from methanol. The purity of compounds
was controlled by TLC and elemental analysis. Both the analytical and spectral
data ('"H-NMR, IR and mass spectra) of the synthesized compounds were in full
agreement with the proposed structures.

1-(4-Phenoxyphenyl)-3-(5-phenyl-1,3,4-oxadiazol-2-yl)propan-1-one (4a). Yield:
62 %, m.p. 142 °C; IR (KBr, cm1): 3050, 1650, 1420, 780; !H-NMR (CDCl3, 4,
ppm): 2.51 and 3.47 (each 2H, ¢, J = 6.6 Hz, 2xCHy), 7.47 (6H, m, H-3,4,5,
2xphenyl), 7.63 (4H, m, H-2,6, 2xphenyl), 7.67 and 8.13 (each d, J = 8.1 Hz,
2xA,B;, p-disubstituted phenyl); 13C-NMR (CDCls, 6, ppm): 26.8 (Cy), 34.3
(Cp), 191.8 (C3), 161.7 (Cyr), 164.2 (Csv), 129.8 (Cy), 130 (Cs9), 118.3 (Cgg),
155.8 (C7), 155.1 (Cq9), 119.7 (C11,15), 133.1 (Ci2,14), 124.2 (Cy3), 130.2 (Cy),
127.1 (C2¢), 129.1 (C35), 131.3 (C4); MS (m/z): 370 (M*), 197, 170, 78, 77.
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TABLE I. Anti-inflammatory, analgesic, ulcerogenic and lipid peroxidation activity of the com-
pounds 4a-1

Anti-inflam-  Analgesic ~ Ulcerogenic Llp id peroxida-
. Lo .. tion (nmol MDA
Compd. R matory activity,  activity,  activity (seve-
AR ; . content/100 mg
% inhibition % protection  rity index) .
tissue)
4a 23 40.63 41.12 0.454 4.425
6 9
4b CIZ 43.75 56.35 0.523 5.733
4c 46.87 61.86 0.581 5.813
Oy
4d ACOZ 65.63 76.33 0.666 5.808
4e 50.00 38.80 0.525 4.715
Ly
4f : 53.13 58.52 0.581 4.830
F
4g 37.50 41.12 0.525 5.054
—< >—CH3
4h 56.25 5431 0.523 6.115
Oy
4i 62.50 67.83 0.581 4.973

4j 46.87 50.12 0.666 5.018
)
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TABLE I. Continued

4k 50.00 55.80 0.525 5.433
o)
4] O 53.13 58.57 0.581 5.834

3 — 43.75 46.36 1.553 6.651
Indomethacin 68.75 72.44 2.332 8.133
H,SO, NH,NH, H,0
R-COOH + C,H,OH — R-COOC,H; ————— R-CONHNH,
1a-1 2a-|
Succinic anhydrlde o (0]
Anhyd AICI, |
OH
0
0
R-CONHNH, (2a-) ©/ 7_’§')\
POCI, 0 R
o]

R=C¢Hs- 2-Cl-CeH-, 4-Cl-CeH,-, 2-OAc-CeH,-, 4-NO,-CeH - 4-F-CoHy-, 4-CHy-CeH,-
-4-OCH,-CgH,-,3,4-(OCH,),-CgHae, CoHsCH,-, CgHg-OCH,-, 2-C,oH,-OCH,,-

Scheme 1.

3-[5-(2-Chlorophenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-
-one (4b). Yield: 56 %, m.p. 154-156 °C; IR (KBr, cm!): 3100, 1655, 1435,
820; IH-NMR (CDCl3, 6, ppm): 2.55 and 3.43 (each 2H, ¢, J = 6.6 Hz, 2xCH,),
7.29 (4H, m, H-3,4,5,6, o-chlorophenyl), 7.58 (5H, m, phenyl), 7.73 and 7.84
(each d, J = 8.1 Hz, 2xA,B,, p-disubstituted phenyl); 13C-NMR (CDCl3 &, ppm):
27.4 (Cy), 34.3 (Cp), 192.5 (C3), 159.8 (Cyv), 164.1 (Csv), 129.7 (Cy), 130.6
(Cs9), 117.6 (Ce8), 155.6 (C7), 155.2 (Cyp), 119.8 (Cy11,15), 132.6 (C12,14), 124.1
(C13), 127.4 (Cy), 135.2 (Cyp), 128.7 (C31), 130.2 (Cq 6), 127.8 (Cs); MS (m/z):
404 (M), 197, 169, 77.

3-[5-(4-Chlorophenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl) propan-1-
-one (4c¢). Yield: 60 %, m.p 142 °C; IR (KBr, cm™1): 3080, 1655, 1430, 810;
IH-NMR (CDCl3, §, ppm): 2.51 and 3.57 (each 2H, ¢, J = 6.6 Hz, 2xCH,), 7.33
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(3H, m, H-3,4,5, phenyl), 7.38 (2H, m, H-2,6, phenyl), 7.46 and 7.65 (each, d, J =
= 8.1 Hz, 2xA,B,, p-disubstituted phenyl; phenoxyphenyl), 7.15 and 7.83 (each, d,
J = 8.4 Hz, 2xA;B,, p-chlorophenyl); 13C-NMR (CDCl3, 6, ppm): 27.3 (Cy),
34.3 (Cyp), 193.1 (C3), 159.2 (Cyr), 164.1 (Csv), 129.2 (C411), 131.2 (Cs9), 118.7
(Ce.,8), 155.4 (C7), 155.2 (Cyp), 119.6 (Cy1,15), 131.3 (Cy2,14), 124.1 (Cy3), 126.7
(C26), 129.9 (C3' 5, 136.6 (C4); MS (m/z): 404 (M), 197, 169.
3-[5-(2-Acetoxyphenyl)-1,3,4-oxadiazol-2-yl]- 1-(4-phenoxyphenyl)propan-1-
-one (4d). Yield: 66 %, m.p. 136-138 °C; IR (KBr, cm!): 3100, 1660, 1425,
800; IH-NMR (CDCls, J, ppm): 2.43 (3H, s, OCOCHj3), 2.61 and 3.54 (each 2H,
t, J = 6.6 Hz, 2xCHy), 7.46 (3H, m, H-3,4,5, phenyl), 7.67 (2H, m, H-2,6, phe-
nyl), 7.25 (4H, m, H-3,4,5,6, o-disubstituted phenyl), 7.77 and 7.84 (each, d, J =
= 8.1 Hz, 2xA,B,, p-disubstituted phenyl); I13C-NMR (CDCls, &, ppm): 26.9 (Cy),
34.1 (Cp), 191.7 (C3), 160.6 (Cyv), 165.5 (Csv), 130 (Cy), 129.8 (Csy9), 122.4
(Co,8,3), 156.1 (C7), 155.8 (Cyp), 119.8 (Cy1,15), 127.2 (Ci2,14), 123.5 (Cy3),
113.9 (Cy), 147.2 (Cy), 133.8 (Cy), 124.3 (Cyq), 125.6 (C_g), 168.3 (C=0), 20.7
(-OAc); MS (m/z): M™ not observed, 197, 169, 92, 78, 77.
3-/5-(4-Nitrophenyl)-1,3,4-oxadiazol-2-yl]- 1-(4-phenoxyphenyl)propan- 1-one
(4e). Yield: 54 %, m.p. 152 °C; IR (KBr, cm!): 3080, 1665, 1433, 815.
IH-NMR (CDCl3, J, ppm): 2.63 and 3.57 (each 2H, ¢, J = 6.6 Hz, 2xCH>), 7.44
(3H, m, H-3,4,5, phenyl), 7.66 (2H, m, H-2,6, phenyl), 7.73 and 7.85 (each, d, J =
= 8.1 Hz, 2xA,B,, p-nitrophenyl), 7.77 and 7.98 (each, d, J = 8.1 Hz, 2xA,B,,
p-disubstituted phenyl); 13C-NMR (CDCl3, &, ppm): 26.8 (C1), 34.3 (Cp), 192.3
(C3), 158.8 (Cyv), 164.3 (Csv), 129.6 (Cy), 129.8 (Cs,9), 123.5 (Cg g), 157.3 (Cy),
155.1 (Cyp), 118.4 (Cy1,15), 128.6 (Ci2,14,11), 123.9 (Cy3), 126.9 (Cp¢), 119.6
(C35), 135.7 (C4). MS (m/z): 415 (M), 197, 169.
3-[5-(4-Fluorophenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-
-one (4f). Yield: 65 %, m.p. 146148 °C; IR (KBr, cm~1): 3020, 1655, 1430, 760;
IH-NMR (CDCl3, 6, ppm): 2.55 and 3.52 (each 2H, ¢, J = 6.6 Hz, 2xCH,), 7.47
(3H, m, H-3,4,5, phenyl), 7.68 (2H, m, H-2,6, phenyl), 7.44 and 7.56 (each, d, J =
= 8.1 Hz, 2xA,B,, p-fluorophenyl), 7.05 and 7.87 (each, d, J = 8.1 Hz, 2xA,B,,
p-disubstituted phenyl); 13C-NMR (CDCl3, &, ppm): 26.9 (Cy), 34.5 (Cp), 192.7
(C3), 159.1 (Cyv), 164.5 (Csr), 131.1 (Cy), 132.9 (Cs9), 124.4 (Cgg,13), 157.1
(C7), 155.3 (Cyp), 119.8 (Cy1,15), 129.4 (Ci2,14,1), 127.3 (Cy3), 127.3 (Cy ),
129.4 (C3'51), 143.6 (C4); MS (m/z): 388 (M™), 197, 169, 77.
3-[5-(4-Methylphenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-
-one (4g). Yield: 57 %, m.p. 146 °C; IR (KBr, cm~!): 3030, 1665, 1428, 805;
IH-NMR (CDCl3, 6, ppm): 2.13 (3H, s, CH3), 2.55 and 3.49 (each 2H, ¢, J = 6.6 Hz,
2xCHjy), 6.68 and 7.77 (each, d, J = 8.1 Hz, 2xA;B,, phenyl), 7.43 (5H, m, phe-
nyl), 6.91 and 7.64 (each, d, J = 8.1 Hz, 2xA,B,, p-methylphenyl); 13C-NMR
(CDCl3, 9, ppm): 26.7 (Cy), 34.1 (Cp), 193.1 (C3), 158.7 (Cy), 163.9 (C5v), 130.8
(C4,1), 133.7 (Cs,9), 124.3 (Cg ), 157.6 (C7), 156.2 (Cyp), 118.4 (Cy1,15), 129.9
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(Ci12,14), 126.6 (Cy3), 127.1 (Cp¢), 128.3 (C3'5), 133.7 (Cy), 22.4 (CH3); MS
(m/z): 384 (M), 197, 169, 91.
3-[5-(4-Methoxyphenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-
-one (4h). Yield: 58 %, m.p. 164-166 °C; IR (KBr, cm!): 3020, 1655, 1433,
780; 'H-NMR (CDCls, &, ppm): 3.84 (3H, s, OCH3), 2.60 and 3.19 (each 2H, ¢,
J=6.6 Hz, 2xCH)»), 6.78 and 7.87 (each, d, J = 8.1 Hz, 2xA;B,, phenyl), 7.55
(5H, m, phenyl), 7.13 and 7.73 (each, d, J = 8.4 Hz, 2xA;B, p-methoxy phenyl);
I3C-NMR (CDCl3, 6, ppm): 26.1 (Cy), 34.3 (Cp), 194.4 (C3), 158.9 (Cyv), 164.2
(Csn), 130.8 (Cy), 132.4 (Csy9), 123.3 (Cgg), 157.8 (C7), 156.6 (Cjp), 118.1
(C11,15), 130.2 (Cy2,14), 125.8 (Cy3), 126.5 (Cy), 125.1 (Cy¢), 129.4 (C3'5),
141.7 (Cyg), 52.6 (OCH3). MS (m/z): 400 (M), 197, 169.
3-[5-(3,4-Dimethoxyphenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)pro-
pan-1-one (4i). Yield: 62 %, m.p. 162 °C; IR (KBr, cm'l): 3100, 1660, 1420, 810;
IH-NMR (CDCl3, &, ppm): 3.96 (6H, two closely spaced singlets, 2xOCHj3),
2.58 and 3.44 (each, ¢, J = 6.6 Hz, 2xCH>), 6.99 (1H, d, J = 7.8 Hz, H-5, di-
methoxyphenyl), 7.15 (1H, d, J = 2 Hz, H-2, dimethoxy phenyl), 7.37 (1H, dd,
J ="1.8 Hz, H-6, dimethoxyphenyl), 7.46 (3H, m, H-3,4,5, phenyl), 7.66 (2H, m,
H-2,6, phenyl), 7.71 and 8.17 (each, d, J = 8.1 Hz, 2xA;B,, p-disubstituted phe-
nyl); 13C-NMR (CDCl3, &, ppm): 26.4 (C1), 34.8 (C»), 192.8 (C3), 158.5 (Cyv),
164.1 (Csn), 129.6 (Cy), 131.8 (Cs9), 121.3 (Cg g), 159.1 (C7), 157.2 (Cq9), 118.5
(C11,15), 130.1 (Cy2,14), 124.3 (Cy3), 127.1 (Cy1), 119.8 (Cy 5), 146.2 (C31), 143.7
(Cyq), 107.6 (Cg), 54.7 (OCH3); MS (m/z): 430 (M™), 197, 169, 77.
3-(5-Benzyl)-1,3,4-oxadiazol-2-yl]- 1-(4-phenoxyphenyl)propan-1-one (4j). Yield:
54 %, m.p. 155 °C; IR (KBr, cm~!): 3080, 1655, 1435, 805; !H-NMR (CDCl3, 6,
ppm): 2.37 and 3.58 (each 2H, ¢, J = 6.6 Hz, 2 x CH>), 4.14 (3H, s, CH»), 7.39
(6H, m, H-3,4,5, 2xphenyl), 7.61 (4H, m, H-2,6, 2xphenyl), 7.66 and 7.81 (each,
d, J= 8.1 Hz, 2xA,B,, p-disubstituted phenyl); 13C-NMR (CDCls, &, ppm): 27.1
(C1), 35.3 (Cp), 192.6 (C3), 160.5 (Cyr), 159.8 (Csr), 131.4 (Cy), 132.2 (Cs9),
120.6 (Cgg), 157.1 (C7), 156.6 (C1p), 118.7 (Cy1,15), 130.1 (C12,14), 123.2 (Cy3),
132.2 (Cy), 128.6 (Co6), 127.7 (C3, 51), 127.5 (Cy), 32.3 (CHp); MS (m/z): 384
(M™), 197, 169, 91, 77.
3-[5-(Phenoxymethyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-
-one (4k). Yield: 64 %, m.p. 162 °C; IR (KBr, cm1): 3090, 1653, 1422, 790;
IH-NMR (CDCl3, J, ppm): 2.52 and 3.48 (each 2H, ¢, J = 6.6 Hz, 2xCH,), 4.56
(3H, s, OCHy), 7.47 (6H, m, H-3,4,5, 2xphenyl), 7.65 (4H, m, H-2,6, 2xphenyl),
7.73 and 7.85 (each, d, J = 8.1 Hz, 2xA;B,, p-disubstituted phenyl); 13C-NMR
(CDCl3, 6, ppm): 26.3 (Cy), 35.8 (Cp), 191.1 (C3), 161.3 (Cyv), 157.1 (Csv),
131.9 (Cy), 131.7 (Cs,9), 122.5 (Ce8), 157.8 (C7), 156.2 (Cyp), 117.1 (Cq1,15),
128.4 (C12,14), 121.8 (Cy3), 141.9 (Cy), 121.5 (Co ¢, 129.3 (C3,, 51), 123.6 (Cy),
60.3 (OCHj); MS (m/z): 400 (M™), 197, 169, 135.
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3-[5-(2-Naphthyloxymethyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)pro-
pan-1-one (41). Yield: 48 %, m.p. 174 °C; IR (KBr, cm1): 3085, 1655, 1435,
785.; '"H-NMR (CDCl3, 6, ppm): 2.54 and 3.48 (each 2H, ¢, J = 6.6 Hz, 2xCH>),
4.89 (3H, s, OCHy), 7.21 (2H, m, H-1,3, naphthoxy), 7.47 (3H, m, H-3,4,5, phe-
nyl), 7.67 (2H, m, H-2,6, phenyl), 7.76 and 8.13 (each, J = 8.1 Hz, 2xA;B,, p-di-
substituted phenyl), 7.97 (5H, m, H-4,5,6,7,8, naphthoxy); 13C-NMR (CDCls, 4,
ppm): 26.8 (Cy), 36.1 (Cy), 192.3 (C3), 160.7 (Cyv), 156.3 (Csv), 130.9 (Cy),
132.3 (Cs,9), 121.8 (Cg g), 156.1 (C7), 155.8 (Cyo), 118.2 (Cy1,15), 128.7 (C12,14),
122.8 (Cy3), 144.2 (Cy), 108.9 (Cy), 135.3 (C31), 126.1 (C4 5 6.7), 129.3 (Cg 91,
119.8 (C1q), 61.6 (OCHj); MS (m/z): 450 (M™), 197, 169, 128.

In general, IR data revealed bands at 3100-3030 (C—H); 1650-1665 (C=0);
1440-1420 (C-N) and 750-830 cm™! (aromatic). In the !H-NMR spectral data,
the title compounds showed two triplets of two protons each at around & 2.5 and
3.5, which could be assigned to the two methylene protons (—-CHo—CHjy—). Other
peaks were observed at appropriate o values. The mass spectra of the oxadiazoles
showed acylium fragments containing phenoxyphenyl and aryl moieties as the
major peaks, followed by peaks with the loss of CO, in addition to the molecular
ion peaks in reasonable intensities. The elemental analysis results were within
0.4 % of the theoretical values.

Biological screening

Anti-inflammatory activity. The tested compounds showed anti-inflammatory
activity ranging from 37.50 to 65.63 % (Table I). Two compounds, 3-[5-(2-acet-
oxyphenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-one 4d and 3-[5-
-(3,4-dimethoxyphenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-one
4i showed very good anti-inflammatory activity with 65.63 and 62.50 %, respec-
tively. The activity of these compounds (4d and 4i) was comparable with that of
indomethacin (68.75 %) and higher than that of the parent compound 3 (43.75 %).

These data show that the presence of 2-acetoxyphenyl, 3,4-dimethoxyphenyl
or 4-methoxyphenyl substitution at position 5 of the oxadiazole ring caused a
remarkable improvement in the anti-inflammatory activity.

Analgesic activity. The newly synthesized compounds showed activity ran-
ging from 38.80 to 76.33 % (Table I). The activity showed that compound, 3-[5-
-(2-acetoxyphenyl)-1,3,4-oxadiazol-2-yl]-1-(4-phenoxyphenyl)propan-1-one 4d,
exhibited maximum analgesic activity (76.33 %) and its activity was better than
that of standard drug indomethacin (72.44 %).

Acute ulcerogenesis. The tested compounds showed a significant reduction
in ulcerogenic activity, ranging from 0.454 to 0.666, whereas the standard drug
indomethacin and the parent drug 3 exhibited a high severity index, 2.332 and
1.553, respectively (Table I). The results indicate that the newly synthesized com-
pounds are almost devoid of ulcerogenic action.
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Lipid peroxidation study. It is evident that compounds showing less ulcero-
genic activity also show a reduced malondialdehyde (MDA) content, a byproduct
of lipid peroxidation.2! Therefore, an attempt was made to correlate the low ulce-
rogenesis of the studied compounds with that of lipid peroxidation. Indomethacin
and 3 (standard and parent compound) showed high lipid peroxidation, 8.133 and
6.842 nmol/100 mg of tissue, respectively, whereas the control group showed
3.788 nmol/100 mg of tissue (Table I). It was found that all the compounds show-
ing low ulcerogenic activity also showed a reduction in lipid peroxidation. There-
fore, the study indicated that these oxadiazole derivatives inhibited the induction
of gastric mucosal lesions. The results further suggest that their protective effect
might be related to the inhibition of lipid peroxidation in the gastric mucosa.

EXPERIMENTAL
Chemistry

Chemicals were procured from E. Merck (Germany & India) and S. D. Fine Chemicals
(India). Melting points were determined in open capillary tubes and are uncorrected. Micro-
analysis of the compounds was done on Perkin-Elmer model 240 analyzer and the found
values were within £0.4 % of the theoretical values. !H- and 13C-NMR spectra were recorded
on Bruker spectrospin DPX-300 MHz and Bruker 400 Ultra Shield™ instruments, with tetra-
methylsilane (TMS) as the internal standard. The splitting pattern abbreviations are as fol-
lows: s, singlet; d, doublet; dd, double doublet; z, triplet, m, multiplet. Mass spectra were
recorded on a Jeol JMS-D 300 instrument fitted with a JMS 2000 data system at 70 eV. The
spectral data are consistent with the assigned structures. The progress of the reactions was
monitored on silica gel G plates using iodine vapor as the visualizing agent.

Aryl acid ethyl esters and their hydrazides (1a—1, 2a-1)

These compounds were obtained by the method reported in the literature.2
3-(4-Phenoxy-benzoyl)propionic acid (3)

Compound 3 was prepared according to a literature method.®
General procedure for the synthesis of 1-(4-phenoxyphenyl)-3-[5-(supstituted phenyl)-1,3,4-oxa-
diazol-2-yl]propan-1-ones (4a—l)

Compound 2a-1 (0.001 mol) was dissolved in phosphorus oxychloride (5 ml) and to it
was added 3 (equimolar, 0.001 mol). The reaction mixture, after refluxing for 2-5 h, was
cooled to room temperature and poured onto crushed ice. On neutralization of the contents

with sodium bicarbonate solution (20 % w/v) a solid mass separated out which was filtered,
washed with water, dried and recrystallized from methanol to give 4a—1.

Biological screening

Anti-inflammatory activity. The newly synthesized compounds 4a—1 were evaluated for
their in vivo anti-inflammatory activity by the carrageenan-induced rat paw edema method.??
The protocol of the animal experiments was approved by the institutional animal ethics
committee (IAEC). The compounds were tested at 20 mg/kg oral dose and were compared
with the standard drug indomethacin and 3 at the same oral dose. The foot volume of the rats
was measured before and after 4 h of carrageenan injection using a plethysmograph. The
percentage inhibition of inflammation was calculated by applying the Newbould formula.2*
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Analgesic activity. The activity was carried out by acetic acid induced writhing method?>
on albino mice groups of six animals each. A 1.0 % aqueous acetic acid solution (i.p. inject-
tion, 0.10 ml) was used as writhing inducing agent. Test compounds and reference drugs (In-
domethacin and compound 3) were administered in the dose of 20 mg/kg as carboxymethyl-
cellulose (CMC) suspension. One group was kept as control and received 1.0 % CMC. After
20 min of drug administration, 0.10 ml of 1.0 % acetic acid solution was given to mice intra-
peritoneally. The severity of writhing response was recorded for 20 min after administration
of acetic acid solution. The analgesic activity was expressed in terms of percent protection
((n — n’/n)x100, where n is the mean number of writhes of control group and »’ is the mean
number of writhes of test group).

Acute ulcerogenesis. The title compounds were screened for their ulcerogenic activity in
albino rats according to the method of Cioli.2® The ulcerogenic activity was evaluated after
p.o. administration of the test compounds or Indomethacin or 3 at a dose of 30 mg/kg.

Lipid peroxidation study. Lipid peroxidation of the synthesized compounds, as well of
indomethacin and 3 (standard and parent compound) was determined according to the method
of Ohkawa.?” The lipid peroxidation was measured as nmol of MDA/100 mg of tissue.

CONCLUSIONS

To summarize, a novel class of 3-(4-phenoxybenzoyl)propionic acid deriva-
tives, as safer anti-inflammatory and analgesic agents, was synthesized. Cycliza-
tion of the terminal carboxylic group of 3-(4-phenoxybenzoyl)propionic acid into
the oxadiazole nucleus resulted in increased anti-inflammatory and analgesic ac-
tivity, with a significant decrease of ulcerogenic activity, which is a common side
effect with commonly used non steroidal anti-inflammatory agents (NSAIDs).
These results make the novel 1,3,4-oxadiazoles interesting lead molecules for fur-
ther synthetic and biological evaluation. It can be concluded that this class of
compounds holds promise towards the pursuit to discover safer anti-inflamma-
tory and analgesic agents. Further studies to acquire more information about
structure—activity relationships are in progress.
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M3BOJ
CUHTE3A 1-(4-©EHOKCUDEHWII)-3-5-(CYIICTUTYUCAHU APUJI)-1,3,4-OKCAINA30JI-
-2-WJTJITPOITAH-1-OHA KAO ITIOI'OAHUX AHTU-MHO®JIIAMATOPHUX 1
AHAJITETUYKUX ATEHCA

ASIF HUSAIN!, F. J. AHMAD?, MOHD AJMAL! u PRIYANKA AHUJA!

!Department of Pharmaceutical Chemistry u *Department of Pharmaceutics, Faculty of Pharmacy, Jamia
Hamdard (Hamdard University), New Delhi—110062, India

Peakijom 3-(4-(heHOKCHOCH30MI)IPONMOHCKE KUCCIUHE W HHM3a XUJpa3suia apoOMaTHIHUX
KapOOKCHIIHUX KHCeIHHa y (ocOpOKCHXIIOpUILYy CHHTETHCaHa je cepHja HoBUX 1-(4-deHokcude-
Hm)-3-5-(cyncturyucanu apuin)-1,3,4-okcanuaszon-2-mi|nponan-1-o1a. CTpykType jeanmbema mo-
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tBphene cy oxrosapajyhimv IR, NMR (!H u '3C) u MS noganuma, kao u pesynararima eneMeH-
tajHe aHanu3e. CHHTETHCAaHA je[Miberba MOJBPIHYTa CY TECTOBMMA aHTH-MH(IIaMaTOPHOT, aHall-
TeTHYKOT M YJILIEPOTeHOT IEjCTBA, Ka0 U TECTy W3a3UBaba JIMNUIHE Nepokcuaanuje. Hexonnko je-
IMbEHHa N0Ka3aIo je BPJIO BUCOKO aHTH-MH(IAMaTOPHO JICjCTBO HA €/IeM IIalle [aloBa U3a3BaH Ka-
pareHaHoM. MamH Opoj CHHTETHCAaHUX jEAWIbCHa I10Ka3a0 je 3Ha4yajHy aHAJITeTUYKy aKTHBHOCT
IpemMa TpyeBMMa H3a3BaHMM cupheTHOM kucenuHoM. HoBocuHTeTHCaHa jequmera Mokasaia Cy
cnaly yneporeHy akTHBHOCT M JIOBEJa JI0 TI0jaBe HUCKOT caipxaja MamoHguannexuaa (MDA),
JEIHOT O] CIOPEIHUX MTPOM3BOAA JIUMHIIHE EPOKCUIALIH]E.
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Abstract: In order to study whether the carbohydrate moieties of the human
placental IGF-I receptor (IGF1R), IGF-II receptor (IGF2R) and insulin recep-
tors (IRs) play a role in ligand binding, solubilised cell membrane preparations
were incubated with !25I-labelled IGF-I, IGF-II and insulin in the presence of
lectins with different sugar specificities. Three incubation procedures were tes-
ted: ligand-first, co-incubation and lectin-first incubation. Wheat germ aggluti-
nin (WGA), concanavalin A (Con A) and phytohaemagglutinin (PHA) altered
the binding of IGF-I and insulin to their high-affinity receptors in a lectin spe-
cific and dose-dependent manner, whereas these lectins did not affect the inter-
action of IGF-II with its receptor(s). Moreover, the same lectins either inhibited
or enhanced IGF-I and insulin binding, depending on the incubation scheme.
These results also suggest that IR-A and IR-B from human placenta might be
differently glycosylated.

Keywords: IGF1R; IGF2R; IR; WGA; Con A; PHA.

INTRODUCTION

The insulin-like growth factor (IGF) system is a complex assemblage of pep-
tide hormones (IGF-I and IGF-II), receptors and binding proteins.! The peptides
IGF-I and IGF-II (IGFs) bind to the insulin/IGF family of cell surface receptors,
namely, the insulin-like growth factor I receptor (IGF1R) and insulin receptors
(IRs), and activate their intrinsic tyrosine kinase domains. These activated recep-
tors initiate signalling cascades that ultimately result in the regulation of a num-
ber of biological responses.! The components of the IGF system act together to
control several crucial biological outcomes, including cellular growth, prolifera-
tion, differentiation, survival against apoptosis and migration.!-2

The type 2 IGF receptor (IGF2R) is structurally dissimilar to IGF1R and IR,
has no intrinsic signalling transduction capability and, in the context of the IGF
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# Serbian Chemical Society member.
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793
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system, primarily acts to sequester IGF-II from potential receptor activating in-
teractions and to internalise and degrade IGF-I1.3 The IGF2R binds IGF-II with a
high affinity but binds IGF-I with a very low affinity and does not bind insulin.*

It is known from earlier genetic experiments that IR mediates growth in res-
ponse to IGF-II during foetal development of the mouse.5 The homodimeric IR
exists in two isoforms, which arise from the alternative splicing of exon 11 in the
IR mRNA.% Exon 11 codes for twelve amino acids which are inserted upstream
of the third last residue of the extracellular a-subunits of the IR-B isoform. The
IR-A isoform lacks these twelve amino acids.® The presence or absence of the
exon 11-encoded peptide yields two receptors with unique biochemical proper-
ties. IR-A and IR-B seem to be localised on different regions of the plasma mem-
brane.” The IR-A has been identified as a high affinity receptor for IGF-II, which
is preferentially expressed in foetal and cancer cells.8

Genetic evidence strongly suggests different roles for IGF1R and IR, despite
their overall structural homology. The two receptors activate common intracel-
lular pathways. In spite of attempts to elucidate the molecular basis of IGF1R vs.
IR action, it is unclear what determines the signalling specificity in vivo.? En-
tingh-Pearsall and co-workers proposed that other factors could affect signalling,
including the time course of stimulation of a cell with different ligands.!? It is also
believed that other molecules can influence the binding kinetics of the receptors.!!

The hIR has eighteen potential sites for N-glycosylation, of which sixteen
are glycosylated. The insulin binding a-subunit contains fourteen potential N-lin-
ked glycosylation sites.!2 The receptor is heavily glycosylated, as 22 % of its mo-
lecular mass is composed of carbohydrate.!3 Multiple potential sites for N-linked
glycosylation (sixteen) are also found in the hIGF1R molecule.!4 IGF2R has nine-
teen potential N-glycosylation sites.!3

Recently, N-glycans attached to human placental IGF and insulin receptors
were characterised and multiple populations of the receptors, which bore differ-
rent sugars at their termini, were observed.!® The primary objective of the current
study was to examine how lectins with different sugar specificities modify the
interactions of IGFs and insulin with their glycoprotein receptors from human
placenta.

EXPERIMENTAL
Materials

Porcine insulin was from Novo Nordisk (Bagsvard, Denmark). Human IGF-I and IGF-II
were from GroPep Pty Ltd. (Adelaide, Australia). Hepes, poly(ethylene glycol) 8000 (PEG),
bovine immunoglobulin G (IgG, technical grade), bovine serum albumin (BSA) and Triton X-100
were purchased from Sigma-Aldrich Chemie (Steinheim, Germany). Na!'23] for iodination was
purchased from Isotope (Budapest, Hungary). Wheat germ agglutinin (WGA) was from Vec-
tor Laboratories (Burlingame, CA, USA). Concanavalin A (Con A) was from Amersham Bio-
sciences (Little Chalfont, UK). The phytohaemagglutinin (PHA) used in this study (a mixture
of E-PHA and L-PHA) was from INEP (Belgrade, Serbia).
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Methods

125[.IGF-1, '?3I-IGF-II and !®I-insulin (tracers) were prepared using the chloramine T
method.!” Todination was performed every three weeks and resulted in specific activities of
1.0-2.0x108 cpm pgl.

Human placental tissue was obtained from uncomplicated pregnancies at term, according
to protocols approved by the local ethical committee. Solubilised placental membranes were
prepared essentially as described previously.!® The protein concentration in the solubilised
membranes was determined by the method of Bradford.!8

The lectins were dissolved according to the manufacturer’s instructions to give stock so-
lutions of a final concentration of 5 mg ml-'. WGA was dissolved in 0.010 M HEPES buffered
saline (HBS), pH 7.5; Con A in 0.050 M phosphate buffered saline (PBS), pH 6.5 and PHA in
PBS, pH 7.5. Serial lectin dilutions were prepared, ranging from 0 to 2310 nmol L' for WGA,
from 0 to 943 nmol L! for Con A and from 0 to 870 nmol L"! for PHA in 0.050 M PBS buffer
containing 0.25 % BSA.

The binding assays were performed with solubilised membranes diluted in assay buffer
(0.050 M HBS, pH 7.5) to give a membrane protein concentration of 1.0 mg mL!. In the
simplest lectin binding assays, solubilised membranes (100 pg of membrane protein per tube)
were incubated with 0.10 pmol of '25I-IGF-I, '25I-IGF-II or '?%I-insulin (103 cpm) in the ab-
sence or presence of WGA, Con A or PHA solution (final concentration 20 pg mL!) in a
fixed reaction volume of 0.50 mL containing assay buffer with BSA (final concentration 1.2 %).
The second set of assays employed solubilised membranes, !25I-ligands and increasing con-
centrations of plant lectins.

Three different incubation procedures were tested: 1) co-incubation, in which all three
reactants (solubilised membranes, !2°I-ligand and plant lectin) were added simultaneously to
the test tubes and incubated for 24 h at 4 °C, 2) lectin-first incubation, in which the solubilised
membranes were first incubated with a lectin for 2 h, and then 12I-ligand was added and 22 h
at 4 °C was allowed for equilibration and 3) ligand-first incubation, in which the solubilised
membranes were first incubated with '2%I-ligand for 22 h at 4 °C, then a plant lectin was in-
troduced followed by a further 2 h incubation.

After incubation, the receptor/radioligand complexes were precipitated by the addition of
bovine IgG (final concentration 0.050 %) and 1.5 ml of PEG solution (20 % in 0.050 M PBS,
pH 7.5) to each tube. The tubes were vortexed, centrifuged (4500 x g for 45 min) and the
supernatants were aspirated off. The precipitated 12°I-ligand radioactivity was measured in an
automatic gamma counter (1470 Wallac Wizard, Perkin-Elmer, USA). Non-specific binding
(NSB) was measured in reaction tubes which contained all reactants except solubilised mem-
branes. The maximal binding (B,), the quantity of 12I-ligand bound to the receptors in the
absence of lectin, was expressed as the percentage of the total available !2°I-ligand concentra-
tion (7). The specific binding in the presence of each lectin (B) was expressed as the per-
centage of that in its absence (B/Byx100). In each experiment, the specific binding was cor-
rected for NSB. The data were plotted as a function of lectin concentration vs. B/B,.

All curves were created and fitted using Origin Pro Version 7.5 (Origin Lab, Northamp-
ton, MA, USA). Statistical analyses were made using SPSS 10 software (SPSS Inc., Chicago,
IL, USA). The B/B, data from the binding assays were subjected to one way Anova (with the
independent variable being plant lectin or 125I-ligand) followed by the LSD test. P < 0.05 was
considered significant.
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RESULTS

The tracer quantities of the '*’I-ligands used in this study corresponded to
physiological concentrations of IGFs and insulin, thus ensuring that each ligand
preferentially bound to the receptor of the highest affinity.16 The interactions of
125]-ligands with their receptors in the solubilised membranes were examined in
the presence of increasing concentrations of lectins. The data obtained from the
co-incubation experiments were grouped according to the employed 125I-ligand
and are presented in Figs. 1A to 1C.
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Maximal binding (Bg) was 9.6£1.0 % for 125I-IGF-1, 10.1£1.2 % for
125[.IGF-II and 15.4£0.9 % for !25I-insulin. The lectin dose-dependent binding
curves for 125]-IGF-I (Fig. 1A) and 125I-insulin (Fig. 1C) were similarly shaped
and they were mostly inhibitory throughout the examined lectin concentration
range. The 1251-IGF-II binding curves (Fig. 1B) did not reflect great changes in
the tracer binding as a function of lectin concentration.

The most profound inhibition of ligand binding was observed after co-incu-
bation of 125I-insulin, IRs from solubilised membranes and WGA, when the B/By
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value decreased to 18.2+1.3 % (Fig. 1C). This resembled the degree of displa-
cement of 125]-insulin bound to placental IRs by unlabelled insulin.!® At the
largest employed concentration of lectin, Con A and PHA demonstrated weaker
inhibitory effects on the !23I-insulin-IR interaction, than did WGA. The effect
seemed to be receptor-specific, as the same lectins showed weaker inhibitory
effects on 1251-IGF-I binding to IGFIR (Fig. 1A). Thus, WGA and PHA lowered
the specific binding of 125I-IGF-I to 68.2+4.6 and 67.1+5.2 % of the initial va-
lues, respectively, whereas the specific binding of this tracer reached 78.6+5.1 % in
the presence of the maximally effective Con A concentration.

In the second set of binding assays, the effect of three different types of

incubation: ligand-first incubation, co-incubation and lectin-first incubation on
the specific binding of 1251-labelled ligands to their receptors was examined. The
final lectin concentration of 20 pg mL~! was chosen as it initiated a significant in-
hibition of the 125I-ligand—receptor binding (the penultimate points on the graphs
in Figs. 1A and 1C). The B/Bg values obtained from three independent experi-
ments performed in triplicate were subjected to statistical analysis. The results
are given in Table I.
TABLE . Effects of lectins on the displacement of 123]-ligand binding to solubilised placental
cell membranes. Solubilised membranes (100 pg of membrane protein per tube) were incu-
bated with 0.10 pmol of '23I-IGF-1, 12I-IGF-II or 125I-insulin (105 cpm) in the absence or pre-
sence of WGA, Con A or PHA solution (final concentration 20 pg mL™!) in a fixed reaction
volume of 0.50 ml containing assay buffer with BSA (final concentration 1.2 %). Specific
binding in the presence of each lectin (B/Byx100) is expressed as the percentage of that in its
absence (no lectins present; the binding normalised to 100 %). The effect of three different
types of incubation: ligand-first incubation, co-incubation and lectin-first incubation on the
specific binding of 123I-labelled ligands to their receptors was tested. B/B, values obtained
from three independent experiments performed in triplicate (means £5D) were subjected to
statistical analysis

125]Ligand . B/.BO [ % . .

Ligand-first Co-incubation Lectin-first

—_ No lectins 100 100 100
& +WGA 120.7+5.52 78.5+4.9 65.4+4.22
jo +Con A 97.147.1° 79.2+44.6° 73.241.3
= +PHA 123.4+5.82 70.1+4.62 53.9+4.92

= No lectins 100 100 100
& +WGA 97.0+3.60 106.2+3.4¢ 99.0+2.6
; +Con A 95.3+4.20 98.9+3.4b 95.7+4.55
a +PHA 103.343.0b 100.8+4.2b 92.3+3.2¢

g No lectins 100 100 100
5 +WGA 167.8 +3.8% 35.6+3.38 39.1+3.22
o +Con A 128.5+7.82 78.042.72 65.942 42
g +PHA 144.9 + 6.02 60.7+2.92 59.744.82

Significant at P < 0.001; bhot significant, as compared to control binding (no lectins); ®significant at P < 0.05
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The order of reagent addition substantially affected the specific binding of
125[.IGF-I and !251-insulin (Figs. 2A and 2C), whereas the specific binding of
1251_.IGF-II was, generally, not changed (Fig. 2B). The co-incubation and lectin-first
incubation schemes resulted in inhibition of the specific binding of 125I-IGF-1
and 125I-insulin. However, in the ligand-first incubation scheme, the binding of
1251-1GF-I and !23I-insulin presented completely different patterns, as inhibition
was replaced by enhancement of the binding (Figs. 2A and 2C).
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Compared to the control experiment (no lectins present; the binding norma-
lised to 100 %), all three lectins provoked significant changes in the specific
binding of 125I-IGF-I to its receptor (P < 0.001), the only exception being the
combination of 125I-IGF-I and Con A in the ligand-first type of incubation (Table I).
The most prominent inhibition of 125I-IGF-I binding to IGFIR occurred when
PHA was added to the solubilised receptors prior to the radioligand (B/Bg =
=53.9+4.9 %).

In general, the binding of 125I-IGF-II to its placental receptor(s) was not
changed in the presence of lectins (Fig. 2B). The presence of WGA in co-incu-
bation or PHA in the lectin-first incubation scheme was of minor statistical signi-
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ficance (0.001 < P < 0.05, Table I), compared to the control binding. These find-
ings led to the omission of 125I-IGF-II from the third set of experiments.

As for the B/Bj values obtained with 1251-insulin, the presence of all three
lectins potently altered the magnitude of the tracer binding. Of all the tested lec-
tins, WGA exerted the greatest influence on !25I-insulin binding to the placental
IRs, causing the corresponding B/B( values to increase to 167.8+3.8 % in the
ligand-first type of incubation or to decrease to 35.6+3.3 % in the co-incubation
assays (Table I).

When the lectin was set as the independent variable, statistical analysis of
the binding data showed that WGA and PHA exerted different effects on 1251-li-
gand binding to their receptors, regardless of the type of incubation (P < 0.001).
Statistically significant differences between the binding of !25I-IGF-I and
1251-1GF-II to the placental receptors were not observed in the presence of Con A
in the ligand-first (P = 0.752) and lectin-first type of incubation (P = 0.740). The
binding of 125]-IGF-1 and !25I-insulin was not different in the presence of the
same lectin (P = 0.549).

In the third set of experiments, the interactions of 125I-IGF-I and 125I-insulin
with their receptors from the solubilised membranes were examined in the pre-
sence of increasing concentrations of lectins in two different incubation schemes,

e., ligand-first and lectin-first incubation. The obtained data are presented in
Figs. 3A and 3B.
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The binding curves obtained for the two radioligands were similar in shape
for each lectin, both for the ligand-first and the lectin-first incubation scheme. The
lectin-first incubation curves lay mostly in the inhibitory range, whereas their
ligand-first counterparts lay mostly in the "activatory" range (Figs. 3A and 3B).
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The B/By values of 1251-IGF-I binding in ligand-first incubation with Con A
were close to 100 % throughout the studied lectin concentration range (Fig. 3A),
suggesting that this lectin had no influence on the interaction of the tracer with
IGFIR. These data confirmed those obtained in the binding assays using a fixed
concentration of lectin (Fig. 2A). The statistical analysis also showed that Con A
had no significant effect on the interaction of 125I-IGF-I with the placental
IGF1R (Table I). As for 125I-insulin, all lectins tested in the lectin-first type of
incubation displaced the tracer bound to the IR and caused the B/Bg values to
decrease significantly, but not until a concentration of 10 pg mL~! was attained
(Fig. 3B).

In general, the experiments described above suggest that the affinity of the
solubilised placental IGF1R and IR towards their ligands was affected by inter-
action with plant lectins.

DISCUSSION

IGF1R and IR share a high degree of homology. Their functions are physio-
logically distinct but overlapping.” Each receptor, however, encroaches on the
others domain, suggesting that they have an intrinsic ability to mediate other
functions.? Some investigators believe that the differences between IGFIR and
IR can be ascribed to extrinsic factors!® or that the cellular environment may alter
signalling.!! Thus the search for putative affinity modulators that can bind to
IGFR and IR is becoming increasingly attractive.

In a previous study, the differences in glycosylation between IGFRs and IR
from human placenta were analysed.!® The pattern of binding to five different
immobilised lectins indicated that the glycosylation of these receptors differed.
Several populations of the receptors were found, with various types of sugar
branches. In the work presented here, binding assays were used to characterise
more extensively the interactions of the oligosaccharide branches of IGFRs and
IR of human placenta with lectins.

It was observed that WGA, Con A and PHA caused the specific binding of
125[.IGF-1 and !25I-insulin to change in a lectin specific and dose-dependent
manner, whereas the same lectins did not alter the binding of 125I-IGF-II to its
receptor(s). The effect of lectins on the binding of 125I-labelled peptides to their
receptors was ligand specific, as concluded after careful statistical analysis of the
binding data. In other words, IGF1R, !25]-IGF-II binding receptor(s) and IR res-
ponded differently to particular plant lectins. The same lectins were able either to
inhibit or enhance the specific binding, depending on the scheme of incubation.
Inhibition of 125I-ligand binding to solubilised placental IGFIR or IR occurred
when the lectin was added to IGF1R or IR either simultaneously or before the
ligand. Enhancement of the specific binding occurred when the lectins were ad-
ded after the ligand had been equilibrated with its receptor.
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The inhibition, most probably, originated from an overlapping of the ligand
binding sites and the lectin binding sites on the receptors or because of a con-
formational change in the receptor molecule after lectin binding. WGA provoked
the most prominent inhibition of insulin binding to IR in the present experimental
system. This lectin promotes insulino-mimetic effects.2 The strongest inhibition
of 125]-IGF-I binding to IGF1R was observed when PHA was added to the recep-
tor prior to the tracer. Given the sugar binding specificity of WGAZ2! and PHA,22
their potent inhibitory effects may be attributed to the interaction with complex
type N-glycans, with repeating N-acetyllactosamines at their termini, attached to
the molecules of IGF1R and IR. These results are consistent with those published
previously, where strong adsorption of 1251-IGF-I/IGF1R complexes and 1251-in-
sulin/IR complexes to agarose-immobilised WGA and PHA was found.!¢ Poly-
-N-acetyllactosamine chains were detected in the carbohydrate branches of the
human lymphocyte IR.23 Moreover, both high-mannose type and bi-, tri- and
tetra-antennary complex type oligosaccharide structures were recently found on
IR molecules from mouse liver.24 Despite these findings, the roles of the sac-
charide chains in the functions and metabolism of the IR are not fully elucidated.
The types of glycans attached to IGFIR have so far received little attention of
researchers.

The first three domains of the IR a-subunit differ from those of the IGF1R in
the sequences governing ligand specificity.25 N-Linked carbohydrates are attach-
ed at the Asn residues 16, 25, 111, 215, 255, 337, 397 and 418 in the L1-CR-L2
fragment of IR. Interestingly, a residue analogous to Asnl6 of the IR is missing
in the sequence of the IGF1R, as is Asn255. IR residue Asnl5 is one of the most
important residues for the high-affinity binding of insulin.25 The high-affinity
binding of IGF-I to IGF1R involves a specific sequence in the CR domain of the
receptor, which is positioned seven residues away from a residue analogous to
Asn255.25 Thus, the main differences in glycosylation between IGFIR and IR
seem to lie near the amino acid sequences which participate in the high affinity
ligand binding to the receptors. The different effects of the different plant lectins
on the interactions of IGF-I and insulin with their receptors, observed here, can
be explained in light of these data. This might also suggest a role for the sac-
charides attached to IGF1R and IR in interactions with other proteins, possibly
placental lectins.

The alteration of the specific binding of certain hormones and growth factors
to their receptors in the presence of plant lectins has already been described in the
literature. Thus, Vale and Shooter reported that of eight tested plant lectins, only
WGA significantly inhibited (50 %) the binding of 125I-labelled nerve growth
factor (NGF) to cells.26 Buxser and co-workers described increased binding of
125]-NGF to human melanoma cell membranes in the presence of WGA. In order
to inhibit binding, these authors added WGA 30 min before 1251-NGF, whereas
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WGA added after the binding of 125I-NGF had equilibrated did not affect the
total amount of 125I-NGF specifically bound.2” An increase in the human pla-
cental IR affinity was reported after elution from lectin columns, which was spe-
culated to be a consequence of the removal of a putative IR inhibitor during
lectin affinity chromatography.28

In contrast to IGF1R and IR, the binding of 125I-IGF-II to its receptor(s) was
generally not susceptible to lectin inhibition and/or enhancement under the em-
ployed experimental conditions. This finding strongly suggests differences in
glycosylation between the high-affinity receptor(s) for IGF-II and the receptors
that bind IGF-I and insulin from human placental membranes. 125]-labelled IGF-II
was reported to bind to three types of receptors in human placental membranes:
IGF1R, IGF2R and IR.2% Besides IGFIR and IR, a significant quantity of im-
munoreactive IGF2R was detected in the soluble placental membrane prepa-
rations using western immunoblot.!® Despite this, the results of other experi-
ments strongly suggested preferential binding of 125I-IGF-II to the IR. Unlabel-
led IGF-II was a potent competitor of tracer levels of 125I-insulin binding to the
IR from solubilised placental cell membranes.!® The receptor population eluted
from an insulin-agarose column bound !25I-IGF-II and 125I-insulin equally well
(unpublished results). The tracer concentrations of 1251-IGF-1I, which were used
in all our experiments, allowed it to bind preferably to the receptor with the high-
est affinity for this ligand. The candidate receptor for this role is IR-A, which
binds IGF-II with a K4 of 0.9 nM,30 whereas the Ky for the IGF-II-IGF2R
interaction is approximately 1.3 nM.31 Taken together with the literature data, the
present findings might imply that the IR population from human placenta which
binds 125I-IGF-II and the IR population which binds 125I-insulin are differently
glycosylated. It was reported that the glycosylation state of the IR alters insulin
and IGF-II binding to this receptor,32 which is in accordance with the present
data. Although all cell types express both isoforms of the IR to various degrees
(placenta expresses equal levels of the two IR isoforms),33 little is known about
the mechanisms that underlie IR isoform-specific signalling.”

The potential differences in glycosylation between IR-A and IR-B might
imply different interactions of the two isoforms with different placental proteins,
which could in turn result in different effector pathways. N-Glycans attached to
IR-A and IR-B could be the signal for targeting the two isoforms to different
membrane compartments, which is in accordance with the finding that IR-A and
IR-B localise to different regions of the plasma membrane.”

Many authors have suggested that the sugar moieties covalently attached to
receptors play no significant role in ligand binding, but instead function to direct
the transportation of the de novo synthesised receptors to the cell surface.3473¢ In
contrast, the requirement of carbohydrate moieties for high affinity binding of
somatostatin,37 cholecystokinin38 and VIP receptors3® was observed as an inhe-
rent property of these receptors.
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CONCLUSIONS

In summary, several aspects of this study are noteworthy. First, lectins
modulate the binding of IGF-I and insulin to their receptors, but not the inter-
actions of IGF-II with its receptor(s). Second, different lectins have significantly
different effects on the ligand binding to human placental IGF1R and IRs, which
is in accordance with differences in the glycosylation of the receptors. Moreover,
the sequence of interactions (ligand-first to lectin-first) has great influence on the
outcome of the binding reaction (enhancement or inhibition). Finally, the obtain-
ed results suggest that IR-A and IR-B from human placenta might be differently
glycosylated.
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N3BOJ

VTHUIAJ JJEKTUHA HA UHTEPAKIIUJE PELEIITOPA 3A MHCYJIMH 1 UHCYJIMHY
CJIMYHE ®AKTOPE PACTA CA BUXOBUM JIM'AHJIUMA

POMAHA MACHHKOCA, ANNA J. NIKOLIC n OJITULIA HEJIU R
HHETI — Uucituitiyiti 3a iipumery Hykaeape eHepzuje, Yrnugepauitieii y beozpady, Banaiticka 316, 11080 Beozpao

VY mnspy yrBphuBama 3Ha4aja yribeHoxuapaTae kommnonente tumna 1 IGF penentopa (IGF1R),
tuna 2 IGF penenropa (IGF2R) u uncynuackor pernienitopa (IR) mopexiiom n3 XymaHe IUIanieHTe y
BE3HMBakby JIMTAHA/a 3a OBE pelenTope, conyounnzoBane henujcke memOpaHne cy MHKyOHpaHe ca
1251 o6enexennm IGF-I, IGF-II 1 MHCYIHHOM y IPHCYCTBY JEKTHHA PasIMUUTHX mehepHux crie-
miuduanoctu. Tectupana cy Tpu THIa MHKyOanuje: NMpBO-JIMTaH[, KOMHKYOaIija U MPBO-JEKTHH
tun nEKy6anuje. [lon nejctBom sektrHa n3 mmeHndHuX kauna (WGA), xonkanasanmnaa A (Con
A) n puroxemarnytuauHa (PHA), mema ce cnennguuno BesuBame IGF-1 n nHCynuHa 3a oaro-
Bapajyhe perentope BHCOKOT aHUTETa Ha JICKTHH-CIICM(UYaH U JO3HO-3aBUCAaH HAYMH, JOK TH
HCTH JISKTUHH He yTudy Ha uHTepakuujy IGF-II ca meroBum peuentopom (-uma). llltaBuiue, uctu
JIEKTUHU Cy MHXHOMPAIN WM IOCTICIINBAIN Be3nBame nuranana 3a IGF n uHcynmHCKe perenTope,
IITO je 3aBUCHJIO MCKJbYUHBO OJl THIA MHKYOaije. Pesynratu oBor paaa takolhe cyrepuiny na ou
n3odopme uHCYIHHCKOT perentopa IR-A n IR-B u3 xymane muiarnieHTe Moriie OUTH pa3IMIuTO TIIH-
KO3HJIOBAHE.

(TTIpumsbeHo 16. okTo6pa 2007, peBuaupano 15. janyapa 2008)
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Abstract: Within this paper, statistical scaling laws for the radius of gyration
with the residues number, the surface area with the probe radii and the back-
bone length with the interval of residues for a set of 60 proteins are revealed.
The proteins belong to three different structural classes: alpha, beta and alpha
plus beta class (20 proteins for each) according to the SCOP database classifica-
tion, which takes into account the composition in the elements of their secon-
dary structure. The shape and the surface roughness of proteins seem to be in-
dependent of the protein content in the secondary structure elements. On the
contrary, the protein packing density shows a strong correlation with this com-
position.

Keywords: protein; backbone; fractal dimension; radius of gyration; scaling law.

INTRODUCTION

Even though the general nature of the interatomic forces involved in the
building the spatial structures of proteins is already known, there is still a ne-
cessity for further research to be performed in the field in order to reveal the
details of the folding processes of proteins. In this respect, the application of the
concepts of fractal geometry would be useful. These concepts have been widely
applied for the study of the structural and dynamical properties of proteins.1~17

With regards to the structure of proteins, the fractal aspects refer either to the
protein surface or to its backbone length. Protein surfaces have been shown to be
fractal with different fractal dimensions on the micro and macro scale.3-!! The
fractal properties of 5526 tertiary structures of different proteins were investi-
gated and a mean fractal dimension of their surface of about 2.47 was obtained.!5

Protein backbones show two fractal dimensions, one corresponds to local
folding and the other to global folding, suggesting that different molecular featu-
res are responsible for the two different spatial organizations.2.6,12-14,16,17

The surface of a protein is generated from the van der Waals radii of the
component atoms. The surface area of proteins has been shown to be fractal,

* Corresponding author. E-mail: aisvoran@cbg.uvt.ro
doi: 10.2298/JSC0809805P
805
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having a scaling behavior with the probe radius rolled onto it.3-11:16.17 To deter-
mine the accessible surface (4S) of a protein, the ball-rolling model!8 may be
applied. It uses a sphere of radius R, which is rolled onto the surface of the
protein maintaining contact with the van der Waals surface. As a result, the fol-
lowing scaling law is obtained:

AS ~ R*>7Ds (1)
where Dyg is the surface fractal dimension that can be determined from the slope
of the line of the plot log AS versus log R.

To reveal the fractal aspects of protein backbone, the concept of backbone
length was employed. The length (L) of the backbone is determined by connec-
ting step by step the carbon-alpha (C*) atoms of the protein for different se-
quence intervals and summing these distances:

J
Ly, = Z\/(xH-m =57+ Wi = 9"+ G — ) (2)
1#m
where x;, y; and z; refer to the spatial coordinates of the ith carbon-alpha atom, ; is
the integer part of the ratio N/m with N the total number of amino acids in se-
quence and m is the interval of the residues (Fig. 1). The scaling law is given by
Eq. 3):

L

L~mD 3)

where D is also a non-integer value, named the backbone fractal dimension. Si-
milarly, D may be calculated from the plot log L versus log m.

4dm+1

Fig. 1. Schematic representation of the algo-
rithm to determine the backbone length (L) of
a protein for different intervals of amino acids
(m) (adapted from Dewey?®).

Another fractal feature of the structure of a protein may be revealed through
the dependence of its radius of gyration on the number of amino acids in the pro-
tein sequence. It has been demonstrated that the radius of gyration scales with the
residue number for different types of proteins.!-0-11.17 The radius of gyration, Rg,
is defined as the root mean squared distance of the mass constituents of a poly-
mer from the center of its mass. It scales with the residue number (N) according
to the Eq. (4):
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1
Ry~ NPt (4)

where Ds is a non-integer value that may be obtained as the slope of the line of
the plot log Ry versus log N. The scaling properties of the radius of gyration with
the residue number have been demonstrated for globular proteins,® proteases and
non-proteases, !0 and for O-glycosidases.!!

The above-mentioned scaling laws (Egs. (1), (3) and (4)) have usually been
used to study and describe the shape, surface roughness and packing compactness
of different proteins. In the present study, an attempt was made to show if these
dependences correlate with the composition in the secondary structural elements
of proteins. Thus, the scaling laws for the above-mentioned properties were ex-
amined considering 60 proteins belonging to three different structural classes, as
given by the SCOP database,!? i.e., all alpha (essentially formed by a-helices),
all beta (dominated by f-sheets) and alpha plus beta class (in which a-helices
and f-strands are largely segregated).

EXPERIMENTAL

For this study, three unbiased sets of 20 proteins for each considered structural class
were randomly chosen. The structural data necessary for the calculations were retrieved from
the Protein Data Bank of the RCSB (http://www.rcsb.org/pdb/home/home.do)zoand the
following files were considered:

— IMOH, 19GS, 1A56, 1A59, 1A7TW, 1AEW, 1AH7, 1AIN, 1A6G, 1A7D, 1DAV,
1TZV, 1BKR, INOL, 1AD6, 1ALU, 1B1B, 1C20, ICMZ, 2UTG for all alpha class;

— 2AVG, 1A42, 1A18, 1A3K, 1A1X, 1A3Z, 1AG6, IAMX, 9ILB, 1A21, 1A25, 1A3Y,
1A9V, 1AAC, 1AG4, 1AQB, 1BS8E, 4PEP, 43C9, 2SOD for all beta class;

— 1A0K, 1A4V, 1A6F, 1A70, 1APS, 1RLO, 1ABA, 4YAS, 16PK, 1A8Q, 1AJZ, 1ARL,
1B0J, 1B7E, IBAM, 1BCO, 1CEX, 1CJC, 1CP7, SULL for alpha plus beta class.

In order to avoid a reduction of the statistical significance of the results due to the ana-
lysis of similar sequences, sequences alignment of these proteins was performed using the
Clustalw software accessible on-line.2! The similarity in the sequences was predicted to be
lower than 35 %, which is considered as satisfactory.

The radius of gyration was calculated using the on-line facilities provided by the Protein
Dipole Moments Server under the Weizman Institute web page (http://bioportal.weiz-
mann.ac.il/dipol/dipol2.html)!® and the molecular weights were calculated using the Prot-
Param tool under the Swiss Prot web page.22

The proteins backbone lengths were determined using an in-house Pascal 7.0 program. It
uses the spatial coordinates of carbon-alpha atoms as they are given in Protein Data Bank in or-
der to calculate the distances between them for different intervals of amino acids. On summing
these distances, the length of the backbone is obtained for every interval, according to Eq. (2).

Finally, the molecular surface was calculated using the Getarea on-line free software!$
(http://www.pauli.utmb.edu/cgi-bin/get a form.tcl), for which probe radii of 1.0, 1.2, 1.4, 1.6,
1.8 and 2.0 A were used.

RESULTS

In order to assess the manner in which the shapes of the investigated proteins
from the three distinct structural classes compare with each other, the radius of
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gyration of each protein was computed and represented versus the residue num-
ber in a double logarithmical plot, as shown in Fig. 2.

A linear dependence of log Ry versus log N was obtained for each structural
class of proteins. The global fractal dimensions obtained by fitting linearly the
points according to Eq. (3) are: 1.272+0.087 for the alpha class, 1.161+£0.074 for
the beta class and 1.172+0.023 for the alpha plus beta class. The exponent values
obtained in this study are in the same range as those previously reported®-9-11,16
and indicate a structure of the proteins closer to that of an extended ideal polymer.®

The fractal diagrams for the backbone of the studied proteins were obtained
according to the algorithm presented by Dewey.® As an example, the fractal dia-
gram for the bacteriophage T4 glutaredoxin (code entry 1ABA) is presented in
Fig. 3.

O alpha class 6.59 1aba

6.54 o petaclass VAN
A alpha + beta class [ 6.0 4

6.0 5 5.5
| o < 50, )
x” 554 o> 20
o |

(@)
i)
4.5+
5.0 1
1o O 4.0 +
4.5 I:b 3.5
T T T T T T T T T T T 1 T T T T T T T T T T 1
40 45 50 55 6.0 65 7.0 0 1 2 3 4 5
log N log m

Fig.2. The double logarithmical plot of the Fig.3. The fractal diagram for bacteriophage
radius of gyration versus the residue number T4 glutaredoxin showing the linear fits for
(O — alpha class; O — beta class; the two regions.
A —alpha + beta class).

Within this plot, two regions can be seen, as reported in the literature for
many others proteins.2:6:12-14.16,17 For each region, an automatic linear fitting
was performed. The first region is clearly linear (linear correlation coefficient,
R2, is 0.9516) and is associated with local folding of the protein,2:6,10-14,16,17
The slope of this line enabled the local fractal dimension (D)) for the protein
backbone to be calculated according to Eq. (2). The values obtained for the stu-
died proteins are presented in Table I. The mean values are: 1.687+0.102 for the
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alpha class, 1.367+0.130 for the beta class and 1.506+0.119 for the alpha plus
beta class. The Student t-test, implemented under the Origin 7.0 package, showed
that these values are significantly different, with only a 0.05 probability that the
differences may be caused by chance. The second region of the fractal diagram
contains a lot of noise and the errors are high; the R? value for the linear fit was
0.4218 in this case. Thus, it was decided not to use this part of the graph in the
analysis for accuracy reasons.

Table I also contains the values of the surface fractal dimensions for the in-
vestigated proteins, calculated according to Eq. (1). The mean values are: 2.221+
+0.009 for the alpha class, 2.18440.005 for the beta class and 2.234+0.004 for
the alpha plus beta class; these values are not significantly different.

As it is to be expected that the protein surface (4S) should be dependent on
the molecular weight, M, of the protein, this relation is presented in Fig. 4 for the
three classes of studied proteins.

12.0
] O Alpha class
O O Beta class
10.0 O A Alpha + beta class
8.0 -%
|~
~N
<L 6.0
A
o
~
404 O
2 O
2.0
| M
0.0
T T T T

. — .
0 20 40 60 80 Fig. 4. The dependence of the surface area of pro-
M/ kDa teins on their molecular weight.

From Fig. 4, it can be can observed that for the proteins belonging to alpha
plus beta class, the dependence between the two parameters is linear (R? =
= 0.8437) and the slope of the line is 0.152+0.024. With regard to the alpha and
beta classes of proteins, linear fitting does not offer an accurate description as
some data are scattered around the line. Even though the errors might be high, a
slope 0.208+0.039 for the alpha class dependence and of 0.186+0.013 for the
beta class was retrieved for comparison purposes.
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DISCUSSION

By analyzing unrelated proteins belonging to three distinct structural classes,
consistent structural similarities regarding their shape and surface roughness were
noticed. On the contrary, their packing density seems to be a unique feature of
each protein class.

Shape and compactness are critical properties characterizing the folding pro-
cess. On the one hand, the shape of a protein may be quantitatively interpreted by
its radius of gyration. In this study, very similar values of the exponent of the
scaling law log Rg versus log N were obtained for each studied class of proteins
(see Fig. 2). On the other hand, the calculated surface fractal dimension (Ds),
which measures the surface roughness of a protein, does not differ significantly
from one class to another (see Table I). These results suggest a weak dependence
of the global folding of these proteins on their composition in the elements of the
secondary structure. The rationale of this observation might be that even hard
proteins from the same structural class share a similar secondary structure pack-
ing, the arrangement of these secondary structural units along the polypeptide
chain is different. Moreover, the proteins shape and surface roughness are not de-
pendent on their secondary structure composition. For EF-hand calcium binding
proteins, which have the same secondary structure arrangements, the shape and
surface roughness are significantly different for those adopting dissimilar spatial
conformations: extended and compact, respectively.!” This indicates that there
are other factors responsible for the global folding of a protein, in addition to the
composition of the secondary assembly, such as electrostatic and/or hydrophobic
interactions. This may bring arguments for the fact that some mutations, which
alter the secondary arrangement, do not have important consequences on the
function of the protein.

With reference to the protein compactness, its analysis was performed using
the local fractal dimension of the backbone of the proteins and the surface area
per residue. These parameters should be regarded on a local and global level. The
obtained data for the average local fractal dimension of the proteins backbone in-
dicate the highest local packing density for the alpha class and the lowest for
beta class of proteins. This result is not unexpected because a beta-strand is the
local conformation in which the backbone is extended as much as possible. Also,
lattice model studies indicated that compactness could induce polymer chains to
develop protein-like secondary structures and lead to a considerable stabilization
of them.22 On the global level, the values of the average surface area per residue
show that the highest packing density corresponds to the alpha plus beta class
and the lowest to the alpha class. This information is corroborated by the slope of
the line A4S = fAM) for alpha plus beta class, the value of which is lower than those
corresponding to the other two classes of proteins (see Fig. 4). Thus, the packing
compactness seems to be in strong correlation with the composition of the se-
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condary structure of the proteins. A similar result was obtained for proteases and
non-proteases, which showed the same surface fractal dimensions (2.17) but with
clearly different packing densities due to their distinct composition in the ele-
ments of their secondary structures. !0

CONCLUSIONS

In summary, this study supports the fact that statistical scaling laws may be
employed in describing structural features of proteins on both the local and glo-
bal levels. Moreover, it suggests that the protein shape and surface roughness do
not depend on the composition of the secondary structure elements but the pack-
ing density strongly depends on it. This is thus an appropriate tool to distinguish
proteins possessing distinct secondary structures.

U3BOJ

CTPYKTYPHE KAPAKTEPUCTHKE ITPOTEMHA JJOBMJEHE HA OCHOBY
CTATUCTUYKUX PASMEPHUX 3AKOHUTOCTU

LAURA PITULICE, ADRIANA ISVORAN u ADRIAN CHIRIAC
Department of Chemistry, West University of Timisoara, 16 Pestallozi, 300115, Timisoara, Romania

V 0BOM pajly Cy NpHKa3aHe CTATHCTUYKE Pa3sMEpHE 3aKOHUTOCTH 32 BE3y CPEIbEr MOIynped-
HHKa ca OpojeM OCTaTaka, MOBPUIMHE M MPOOHKUX MOIYIPEYHHKA W JTy>KUHE NPOTEHHCKOT JIaHIa ca
MHTEpBAIOM ocTaTaka 3a 60 nmporerHa. OBH NPOTEHHM TPUIIAAAjy TPHMA PA3HIUTAM CTPYKTYp-
HUM KJlacama: aigha, Geitia, u angha mnyc Oeiia xinacu (mo 20 mpoTerHa O]l CBaKe Kiace) mpema
SCOP knacudukanuonoj 6a3u nogaraka, koja y3uma y o03Up cactaB ejeMeHaTa HUXOBE CEKyH-
napue crpykrype. OOJIHMK ¥ HOBPIIMHCKA XPAraBoCT MPOTEMHA M3TIiea Ja He 3aBHCH O] cacTaBa
MPOTEUHCKUX CEKYHIAPHHUX CTPYKTYpHHX ejemeHata. C apyre cTpaHe, IyCTHHA MaKOBarba Ipo-
TEHHA [TOKa3yje U3Pa3UTy 3aBUCHOCT Ol OBOT CACTaBa.

(ITpumsseno 31. nerembpa 2007, peuaupano 28. mapta 2008)
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Abstract: In this study, the first complexes of Zn(II) with the N-benzyloxycar-
bonyl-S-alaninato ligand (N-Boc-S-ala) were synthesized. The new complexes
were characterized by elemental analysis, conductometric measurements, IR,
IH-NMR, 13C-NMR and 2D-NMR spectroscopy. On the basis of the experi-
mental data, tetrahedral geometry of the Zn(II) complexes was proposed. A
very good agreement between the NMR and DFT calculated data was obtained.
Investigation of antimicrobial activity of the newly synthesized complexes was
also performed. It was established that [Zn(N-Boc-S-ala),] was selective and
acts only on Candida albicans.

Keywords: antimicrobial activity; DFT; N-benzyloxycarbonyl-S-alanine; NMR,;
Zn(II) complexes.

INTRODUCTION

It is well known that metal complexes with aromatic amino acids can serve
as model systems for the study of various interactions in which aromatic amino
acids residues participate.!=3 In our previous articles, metal complexes contain-
ing aromatic amino acids were described.#© As a continuation, new metal com-
plexes with N-benzyloxycarbonyl (N-Boc) protected amino acids were examin-
ed.” It is interesting to note that the N-benzyloxycarbonyl amino acids and their
derivates were reported as anti-convulsant, anti-inflammatory and anti-neoplastic
agents.8~11 N-Protected amino acids have abilities to function as cholecystokinin
receptor antagonists!2 and derivates of N-Boc amino acids also show a good de-
gree of inhibition of the gastric proton pump.!3

* Corresponding author. E-mail: dmiodrag@chem.bg.ac.yu
# Serbian Chemical Society member.
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In spite of interesting biological activities, only a few complexes with N-Boc
amino acids have hitherto been described.!4-18 As N-benzyloxycarbonylglycine
has favorable membrane penetration properties,!9-20 neutral complexes of it with
various metal ions were prepared in a previous study.’” Since in the literature
there are no data concerning the antimicrobial activities of these compounds, the
antimicrobial activities of the obtained metal complexes were also determined. It
was established that among the investigated strains, the Zn(Il) and Co(Il) com-
plexes were selective, acting only against the fungus Candida albicans.

The elaboration of new types of antifungal agents is presently a very urgent
task.2! As a result of this, the aim of this work was to synthesize new neutral
zinc(Il) complexes with the N-benzyloxycarbonyl-S-alaninato ligand (N-Boc-S-
-ala), with or without bipyridine as an additional ligand, and to investigate and
compare the antimicrobial activity of the Zn(II) complexes with N-Boc-S-ala and
N-Boc-gly ligands with mixed complexes containing 2,2’-bipyridine.

EXPERIMENTAL
Materials and measurements

All the employed reagents and solvents were of analytical grade. N-Boc-Glycine, N-Boc-
-S-alanine, 2,2'-bipyridine and the metal salts were obtained from Aldrich and used without
further purification. Elemental analyses for C, H, N were performed on a Vario Il CHNOS
Elemental analyzer, Elementar Analysensysteme GmbH. The solid state IR spectra (KBr pel-
lets) were performed on a Perkin-Elmer FT-IR 1726X spectrometer.

The molar conductivity of a methanolic solution of the complexes (¢ = 103 mol dm™)
was measured at room temperature on a Jenway-4009 digital conductivity meter.

The 'H-NMR (200 MHz) spectra were recorded using a Varian Gemini 2000 spectro-
meter at room temperature in DMSO-d, solution. The 13C-NMR (50.3 MHz) spectra were
recorded using the same instrument in DMSO-dg solution. The solvent peak at 39.7 ppm was
used to calibrate the scale of chemical shifts. 2D-NMR spectra: DQF-COSY, TOCSY (mix-
ing time 40 ms), ROESY (mixing time 80 ms) and {{H-13C}-HSQC, were recorded on a
Bruker 700 MHz instrument.

N-Boc-S-Alanine (Scheme 1). 'H-NMR (6, ppm): 12.3 (1H, bs, H(1)), 7.62 (1H, d, J =
=7.4 Hz, HNH)), 7.36 (5H, m, H (6,6',7,7',8)), 5.03 (2H, s, H(4)), 4.02 (1H, quintet, J = 7.4 Hz,
H(2)), 1.27 (3H, d, J = 7.4 Hz, H(9)); 3C-NMR (J, ppm): 174.8 (C1), 156.2 (C3), 137.3 (C5),
128.7 (C7,C7"), 128.1 (C8), 128.1 (C6,C6"), 65.7 (C4), 49.5 (C2), 17.3 (C9).

1
COOH i)

| H; 6 . .
CH c c 4b 3b 3b 4b
5
9 5b 5b'
6 8 \=N 2 \N—//
7 Bb 1b  1p  Bb

Scheme 1. Numbering of the C atoms in N-benzyloxycarbonyl-S-alanine and in 2,2’-bipyridine.



ZINC COMPLEXES WITH N-BENZYLOXYCARBONYL-S-ALANINE 8 1 7

Synthesis of [Zn(N-Boc-S-ala),]-1.5H,0 (1)

To a solution of N-benzyloxycarbonyl-S-alanine (0.20 g, 0.90 mmol) in ethanol-water
(1:1) mixture (5.0 cm?), ZnCl, (0.060 g, 0.44 mmol) dissolved in a minimal volume of water
was added. The resulting solution was allowed to reflux for 30 min, with constant stirring. The
pH value of the obtained system was then adjusted to 6.0 using NaOH solution (0.20 mol dm).

The resulting suspension was stirred for one hour at room temperature. The reaction
mixture was then filtered and the obtained filtrate left at room temperature. After a few days,
the obtained white crystals were separated by suction and then air-dried. Yield: 0.90 g (40 %).
Synthesis of [Zn(N-Boc-S-ala),(bipy)] -2H,0 (2)

To a 50-cm? flask, containing 0.18 g (0.34 mmol) of [Zn(N-Boc-S-ala),]-1.5H,0 in 2.5
cm? of acetonitrile, 0.060 g (0.38 mmol) of 2,2’-bipyridine in 2.0 cm? of acetonitrile was
added. The obtained suspension was stirred for one hour without heating. The transparent
reaction mixture was filtered by suction and the filtrate was left at room temperature. After a
few days, white-yellow crystals were obtained. Yield: 0.19 g (81 %).

Synthesis of [Zn(N-Boc-gly),(bipy)] -H,0O (3)

To a solution of [Zn(N-Boc-gly),]” (0.10 g, 0.21 mmol) dissolved in chloroform (15 cm?),
0.032 g (0.20 mmol) of 2,2’-bipyridine dissolved in chloroform (2.5 cm?) was added dropwise
during 60 min with stirring at room temperature. The mixture was then continuously stirred
for about 120 min. The filtrate was concentrated in a vacuum evaporator and left in a refri-
gerator. White crystals were obtained two days later. Yield: 0.80 g (61 %).

Density functional method calculation

The studied compounds 1 and 2 were subjected to geometry optimization using the den-
sity functional theory (DFT) with the Becke three-parameter exchange functional (B3)*? and
the Lee—Yang—Parr (LYP) correlation functional.?> The DFT method was used as it gives
good results for all 3d-metal complexes.2426 These B3LYP calculations were performed with
the Gaussian03 program.?’ Various rotamers of compounds 1 and 2 were computed. As the
starting point for the calculation, the conformation of the N-Boc residue obtained by the single
crystal X-ray method was used.!>:!® The DFT calculation was performed for several confor-
mations of the N-Boc-S-ala residuals. The conformation search was performed by variation of
the Zn—O—C—N torsion angles. The geometries of conformers of the complexes were fully op-
timized using the LANL2DZ basis set. The optimized geometry of the most stable conformers
of complexes 1 and 2 are given in Figs. 1 and 2, respectively.

I

v

Fig. 1. Proposed tetrahedral geometry of the [Zn(N-Boc-S-ala),] complex (1)
(structure optimized using B3LYP//LANL2DZ).
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Fig. 2. Proposed tetrahedral geometry of the [Zn(N-Boc-S-ala),bipy] complex (2)
(structure optimized using B3LYP//LANL2DZ).

Microbiological assay

N-Benzyloxycarbonyl-S-alanine and its Zn(Il) complexes were screened for their in vitro
antifungal activity against Candida albicans (ATCC 24433) and Aspergillus niger and their
antibacterial activity against: Escherichia coli (ATCC 25922, Gram negative), Staphylococcus
aureus (ATCC 25923, Gram positive) and Micrococcus lysodeikticus (ATCC 4698, Gram po-
sitive). The antifungal and antibacterial activity of these complexes was determined using the
minimal inhibitory concentration (MIC) test.?® The MIC test was performed by making serial
dilutions in the appropriate medium with the investigated substances dissolved in DMSO in a
predetermined range of concentration (5000-625 pg ml!). After plating, the bacteria were
incubated at 37 °C and the growth was observed after 24 h, while fungi were incubated at 27 °C
and growth was observed after 72 h. The media for the growth of the bacteria and fungi were
Mueller-Hinton agar and Sabouraud dextrose agar, respectively. The experiments were perfor-
med in triplicate. The control was DMSO.

RESULTS AND DISCUSSION
Synthesis

One of the goals of this work was the synthesis of neutral (because of facili-
tated transport through cell membranes) complexes of zinc(Il) ion with the N-ben-
zyloxycarbonyl-S-alaninato ligand with or without 2,2’-bipyridine as an additi-
onal ligand. Compound 1 was obtained by direct synthesis by the reaction of
ZnCl, with the N-Boc-S-ala ligand in the mole ratio 1:2. Complex 2 was obtained
by reaction of compound 1 with 2,2°-bipyridine in the mole ratio 1:1. Compound
3 was obtained by the reaction of the previously synthesized [Zn(N-Boc-gly),]
complex” with 2,2’-bipyridine. This complex was synthesized to compare the
antimicrobial activities of the mixed complexes 2 and 3. The values of the molar
conductivity of the synthesized complexes in methanol (¢ = 10-3 mol dm3), i.e.,
Ap = 49.15, 42.24 and 43.5 ! cm? mol~! for complexes 1, 2 and 3, respect-
tively, confirmed their non-electrolyte type.
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Analytic and spectroscopic characterization

[Zn(N-Boc-S-ala),]-1.5H,0 (1). Anal. Calcd. for CyyHyrs509 5N>Zn: C,
49.22; H, 5.03; N, 5.22. Found: C, 49.40; H, 4.79; N, 5.43. IH-NMR (8, ppm):
3.96 (1H, quintet, J = 7.4 Hz, H(2)), 7.12 (1H, d, J = 7.8 Hz, H(NH)), 5.01 (2H,
s, H(4)), 7.35 (5H, m, H (6,6°,7,7',8)), 1.25 (3H, d, J = 7.2 Hz, H(9)). 13C-NMR
(6, ppm): 178.1 (C1); 155.9 (C3); 137.5 (C5); 128.6 (C7,C7); 128.6 (C8); 128.0
(C6,C6%); 65.4 (C4); 50.5 (C2); 18.8 (C9).

Zn(N-Boc-S-ala) y(bipy)] 2H>0 (2). Anal. Calcd. for C3pH36019N4Zn: C,
54.74; H, 5.13; N, 7.98. Found: C, 54.63; H, 5.03; N, 8.14. IH-NMR (8, ppm):
8.75 (2H, d, J= 4.6 Hz, H(6b,6b"), 8.55 (2H, d, J = 8 Hz, H(3b,3b"), 8.16 (2H, ¢,
J = 7.6 Hz, H(4b,4b")), 7.65 (2H, ¢, J = 5.9 Hz, H(5b,5b"), 7.34 (5H, m, H
(6,6°,7,7.8)), 6.97 (1H, d, J = 7.6 Hz, H(NH)), 4.98 (2H, s, H(4)), 3.89 (1H,
quintet, J = 7.4 Hz, H(2)), 3.49 (H,0), 1.19 (3H, d, J = 6 Hz, H(9)). 13C-NMR (J,
ppm): 177.6 (C1), 155.7 (C3), 151.0 (C2b,2b’), 149.3 (C6b,6b"), 140.0 (C4b,4b’),
137.5 (C5), 128.5 (C7,C7), 128.6 (C8), 127.8 (C6,C6”), 126.0 (C5b,5b%), 121.6
(C3b,3b), 65.2 (C4), 50.8 (C2), 19.0 (C9).

[Zn(N-Boc-gly) »(bipy)] -H>0 (3). Anal. Calcd. for C3gH39O9N4Zn: C, 54.93;
H, 4.58; N, 8.54. Found: C, 54.63; H, 4.52; N, 8.50. IH-NMR (6, ppm): 8.68 (2H,
d,J=8 Hz, H(6b,6b")), 8.58 (2H, d, J = 4.4 Hz, H(3b,3b”)), 8.19 (2H, ¢, J = 7.6 Hz,
H (4b,4b"), 7.68 (2H, ¢, J= 6.1 Hz, H(5b,5b”)), 7.33 (5H, s, H (6,6°,7,7',8)), 7.13
(1H, ¢, J= 5.5 Hz, HINH)), 4.99 (2H, s, H(4)), 3.51 (2H, d, J= 6 Hz, H(2)). 13C-NMR
(0, ppm): 174.8 (C1), 156.5 (C3), 151.0 (C2b,C2b’), 149.3 (C6b,C6b"), 140.3
(C4b, C4b’), 137.5 (C5), 128.6 (C7,C7’), 128.6 (C8), 127.9 (C6,C6’), 126.2
(C5b, C5b%), 121.8 (C3b,C3b"), 65.4 (C4), 43.8 (C2).

IR spectroscopy of complexes 1-3

On the basis of the differences in the frequencies of the asymmetric and
symmetric skeletal vibration of the carboxylic group (1600—-1350 cm™! region) in
free (Av = 182 cm™!) and coordinated N-Boc-S-ala it can be concluded that the
modes of coordination of the carboxylic group in the complexes of zinc(Il) with
N-Boc-S-ala (1 and 2) are different.2% Namely, in the case of complex 1 (Av =
= 146 cm™!), chelate bidentate coordination of the carboxylic group occurs. These
findings are in agreement with the coordination mode of the carboxylic group in
the previously described [Zn(N-Boc-gly),] complex.” In the case of the mixed
complex 2 (Av= 208 cm~!), monodentate coordination of the carboxylic group
seems likely, i.e., the introduction of 2,2’-bipyridine into the coordination sphere
of the metal ion changes the coordination mode of carboxylic group from biden-
tate to monodentate.

The complexes 1-3 crystallize with 1-2 water molecules. Since in the IR
spectra of the new compounds, bands that could be assigned to vibration of coor-
dinated water are missing,2% tetrahedral geometry around the Zn(II) ion in all
complexes was proposed.
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DFT calculation

Since all attempts to obtain a single crystal suitable for X-ray crystallo-
graphy failed, DFT calculation was applied to check the hypothesis that the new
zinc(Il) complexes with N-benzyloxycarbonyl-S-alaninato ligands adopt tetrahed-
ral geometry (Figs. 1 and 2).

Another goal was to determine which geometry of the complex of stoichio-
metric composition [Zn(N-Boc-S-ala),bipy] (2) is more stable, the tetrahedral one
with monodentate coordination of the carboxylic groups (as assumed) or the
octahedral one with bidentate coordination of the carboxylic group. DFT calcu-
lation was performed for several conformations of the N-Boc-S-ala residuals. The
conformation search was performed by variation of the Zn—O—C—N torsion angle.
Each starting geometry was allowed to be fully optimized. The DFT calculation
revealed that the most stable geometry is tetrahedral with monodentate coordi-
nation of carboxylic groups (Fig. 2). The most stable octahedral geometry is
higher in energy by 2.6877 kJ mol~! than the most stable tetrahedral geometry.
The results of the DFT calculations confirmed the assumption based on IR spec-
troscopy that coordination of 2,2’-bipyridine caused a change in the coordination
mode of the carboxylic groups of the N-Boc-S-ala ligands, from bidentate to mo-
nodentate. Monodentate coordination of N-Boc-S-ala through carboxylate oxygen
atom is also in accordance with monodentate coordination of N-benzoylalaninato
and DL-alaninato ligands in mixed Zn(Il)-complexes, the structures of which
were determined by single crystal X-ray analysis.30:31

In the case of complex 3 (Av =211 cm™1), coordination of 2,2’-bipy causes a
change in the coordination mode of the carboxylic group from bidentate (in the
previously synthesized [Zn(N-Boc-gly),] complex)’ to monodentate. Tetrahedral
geometry is proposed for this complex, as in the case of complex 2.

NMR spectroscopy of complexes 1-3

Assignment of 1H- and 13C-NMR chemical shifts was obtained from analy-
sis of DQF—COSY, TOCSY and {1H-13C}-HSQC spectra.

In the 'H-NMR spectra of complexes 1-3, a signal assignable to carboxylic
group protons was absent, indicating that deprotonation of carboxylic group oc-
curred and that coordination through this group took place.

The complexes 1-3 were also characterized by means of 13C-NMR spectros-
copy. The higher values of the chemical shift of C(1), C(2) and C(9) atom signals
in complexes 1-3 in comparison with those of the signals in the respective non-
coordinated ligands,’ strongly suggest that coordination through the carboxylate
groups had occurred. On the other hand, the absence of a change of the chemical
shift of the carbamate carbon C(3) indicates that the carbamate group does not
participate in the coordination. The assumption that coordination through nitro-
gen atom does not occur (except in complexes of Pb(II), Cd(II) and Cu(Il) with
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N-sulfonylamino acids) is in accordance with the data concerning the coordi-
nation abilities of other N-acylated amino acids.!5:18:32-34 The NMR spectra of
the 2,2’-bipyridine complexes show that both pyridine nitrogen atoms participate
in the coordination.

The most direct evidence for the DFT calculated geometry is the close con-
tacts between the protons seen in the 2D-ROESY spectrum of 2 (Fig. 3). Thus,
the proton at position 6b of the 2,2’-bipyridine ligand is close in space to the
methyl protons at position 9 of the N-benzyloxycarbonyl-S-alaninato ligand. The
data presented in Fig. 3 give a good example of how theoretical and experimental
data can fit.
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Fig. 3. ROESY spectrum of [Zn(N-Boc-S-ala)ybipy] complex (2) exhibits inter-proton close con-
tacts in agreement with the DFT calculated structure. 'H spectral axis is in ppm relative to TMS.
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Microbiological assay

The complexes 1-3 and N-benzyloxycarbonyl-S-alanine were screened for
their in vitro antifungal and antibacterial activity against representative strains.
The investigated complex 1 was inactive against bacterial and fungal strains, ex-
cept against Candida albicans. The complex was more efficient in suppressing
the growth of this pathogen than both the ligand and a simple zinc salt. The MIC
value (625 pg ml-1) was the same as that obtained for the analogue complex with
the N-Boc-gly ligand.” The small increase in lipophilicity caused by the introduc-
tion of a methyl group did not change the MIC value.

Mixed complexes 2 and 3 suppressed the growth of neither C. albicans nor
of any other investigated strains. These results are in agreement with those of
recently in vitro performed antimicrobial studies of Cu(Il) and Mn(II) complexes
with 2,2°-bipy, which also did not suppress the growth of clinical isolates of Can-
dida species, although their complexes with 1,10-phenanthroline were extremely
toxic to the cells.35-37 Although the MIC values for the present complexes were
higher in comparison to those obtained, for example, for the Ag(I) complex with
N-acetylglycine,38 complexes of Zn(II) with N-Boc-gly and N-Boc-S-ala ligands
were selective in suppressing the growth of C. albicans. Only the established se-
lectivity of zinc(Il) complexes with N-benzyloxycarbonylamino acids against one
of the investigated strains may be of interest for further studies on antimicrobial
activities of similar compounds.

Acknowledgement. This work was supported by the Serbian Ministry of Science, Grants
Nos. 142062 and 142010.

N3BOJ

CHUHTE3A, NMR U DFT ITPOPAUYHABABA U UCITMTUBAE AHTUMHWKPOBHE
AKTHUBHOCTU Zn(II) KOMIIJIEKCA CA N-BEH3MJIOKCUKAPBOHUMJI-S-AJTAHVHOM

JIPATAHA M. MUTUR!, BEHAHA V. MUOJIPATOBUR!, AVILAH M. CIAZIMR!, )KEJBKO J. BUTHUK', 30PAH M.
MUOJIPATOBUR!, KATAPUHA K. AHBEJIKOBUR!, MIJIAHKA B. PAJIYJIOBUR? 1 HEHAJL O. JYPAHUR?

! Xemujcxu paxyaitiei, Ynusepauitieini y Beozpady, Citiydeniicku ifipz 12—16, 11001 Beozpad, *Llenimiap 3a xemujy,
Hnciuiiyim 3a xemujy, ifiexnoaozujy u smeimanypzujy, lbezowesa 12, 11000 Beozpad u Mayo Clinic and Foundation,
Rochester, 59905 Minnesota, USA

VY oBoM paxgy cy cuHTeTH30BaHH NpBU KoMmiutekcu Zn(Il) ca N-GeH3mnokcukapOoHMI-S-ana-
HuHATo JuranaoM (N-Boc-S-ala). KoMiuiekcn cy okapakTepucaHU €IEMEHTATHOM aHATU30M, KOH-
nykToMerpujckuM MepemeM, IR, TH-NMR, 13C-NMR u 2D-NMR cnexrpockorujom. Terpaemap-
cka reomerpuja Zn(Il) komruiekca MpeTnocTaBbeHa je Ha OCHOBY CKCICPHMEHTAIHUX IMOJATaKa.
Jlo6ujeHo je Beoma n00po ciarame u3Mel)ly NMR u DFT monmaraka. McnutrBaHa je aHTUMHKPOOHA
AKTHBHOCT HOBOCHHTETHU30BaHUX KOMIUIEKCa. Y CTAHOBJBEHO je 1a je [Zn(N-Boc-S-ala), ] kommieke
CEJIEKTUBAH U Ja Jemyje camo Ha TibuBy Candida albicans.

(ITpumbeHo 23. janyapa, pesuaupano 1. anpuma 2008)
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Abstract: Ttaconic acid, IA (CsHgOy), was investigated as a potential flocculant
for the aqueous processing of alumina powders. The adsorption of 1A, as a
function of its concentration and pH value of the solution, onto the alumina
surface was studied by the solution depletion method. The stability of the sus-
pensions in the presence of itaconic acid was evaluated in light of the surface
charge of the alumina powder used, the degree of dissociation of IA, as well as
the sedimentation behavior and rheology of the suspensions. It was found that
the adsorption process is extremely pH dependent; the maximum adsorption of
IA onto alumina surface occurring at a pH close to the value of the first IA dis-
sociation constant, pK,;. Also, IA does not influence the value of the point of
zero charge of alumina. It was shown that A represents an efficient flocculant
for concentrated acidic alumina suspensions.

Keywords: alumina; itaconic acid; adsorption; stability; flocculation; suspension.

INTRODUCTION

The preparation and transformation of concentrated aqueous ceramic suspen-
sions are of paramount importance in the manufacture of ceramic parts. The key
element in the colloidal processing of ceramic powders is maintaining control
over the interparticle forces within the suspension during all stages; certain steps
depend on repulsive forces between the particles, whereas other steps may re-
quire attractive ones.!=3 Stable suspensions can be prepared if the repulsive po-
tential between the particles is of sufficient magnitude that the attractive van der
Waals potentials are counterbalanced or exceeded. The consolidation stage can
be very slow due to the high fluidity of suspensions; and the formed green body
can be rather brittle and difficult to handle. Many methods have been developed
in recent years to improve ceramic processing by transforming the homogeneous
suspension into a near net-shaped solid green body. This can be achieved either by
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# Serbian Chemical Society member.
doi: 10.2298/JSC0809825G

825



826 GULICOVSKI et al.

consolidating the dispersion medium as in gel casting,* or by flocculating or coa-
gulating the powder particles in suspension, i.e., direct coagulation casting, etc.>~’

Polymers can induce either stabilization or flocculation of the suspension,
depending on many factors, such as the nature of the particle surface, chemical
structure and concentration of the polymer, dispersion medium, etc.8-9

Numerous and different kinds of organic molecules, i.e., dispersants, have
been used to prepare stable ceramic suspensions. Contrary to other adsorbing po-
lymers having a charged species at only one end of the molecule, polyelectrolytes
possess a charge that is present along the length of the chain, imparting electro-
steric stabilization.!0:11 The use of small electrolyte molecules has gained in in-
terest, as they enable the preparation of high solid content suspensions without a
steric barrier. Their efficiency is determined by their ability to be adsorbed onto
the powder surface and by a large number of functional groups which can disso-
ciate and act as surface charge modifiers.!2 Graule ef al.! investigated the poten-
tial of phenols and low-molecular aromatic carboxylic acids as alumina disper-
sants. A number of aliphatic organic acids were tested to study the effect of chain
length, localization of double bond, number of —-COOH groups, frans/cis isome-
ry, etc., on the stability of Al;O3 suspensions.!3

Non-adsorbing polymers usually induce depletion flocculation, or phase se-
paration, but if added in larger concentrations they lead to depletion (re)stabili-
zation. In the case of adsorbing polymers, different types of effects can be iden-
tified. If one polymer molecule adsorbs more than one particle simultaneously,
then the polymer holds the particles together. This effect is called bridging floc-
culation and is usually a result of strong adsorption of low concentrations of high
molecular weight polymers. If, instead, the polymer forms a layer on each par-
ticle, this can lead to a repulsive force, i.e., steric stabilization. However, if the
adsorbed layer is thin, the effect of short range van der Waals attraction may lead
to weak flocculation and the suspension becomes more viscous. When a poly-
electrolyte of opposite charge to that of the particles is added, flocculation occurs
by charge neutralization.8-9

Itaconic acid (IA), CsHgOg4, (3-carboxy-3-butanoic, propylenedicarboxylic
acid), is an unsaturated dicarbonic acid. IA is soluble in ethanol, acetone and wa-
ter; it dissociates in aqueous solutions (pK,; = 3.85 and pKyy =5.55).14 It is a
small molecular weight monomer, obtained by distillation of citric acid (CA). CA
and its salts are commonly used as alumina dispersants. However, unlike citric
acid, IA does not possess any additional functionality, which would contribute to
the charging of the alumina particles.

IA is an environmentally friendly substance with a large variety of industrial
applications, e.g., as a comonomer in resins and in the manufacture of synthetic
fibers, coatings, adhesives, thickeners and binders.
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The intent of the present work was to investigate the efficiency of itaconic
acid as a potential flocculant for the aqueous processing of alumina. The interac-
tions of IA and alumina surface were studied in more detail to characterize the
effect of this molecule on the stability of Al,O3 suspensions. The adsorption of
IA was studied as a function of its concentration and solution pH. The suspension
stability with and without 1A addition was studied and evaluated in terms of the
point of zero charge of alumina, the ionization chemistry of 1A, and the sedimen-
tation behavior and rheology of the suspensions.

EXPERIMENTAL

Alpha-alumina (CT 3000 SG) with an average particle size of dsg = 0.6 um and a BET
specific surface area, S, = 6 m? g'l, was produced by Alcoa, Germany. The itaconic acid was
purchased from Aldrich-Chemie. The adsorption behavior of IA onto alumina was studied
using a batch method. Fractions of alumina (5.0 g) were added to separately prepared 50 ml
KNO; solutions of set pH values (initial, pH; values) with different amounts of IA, up to 0.20
g I''. PVC vessels containing the samples were agitated mechanically for 24 h at room
temperature. High-speed centrifugation allowed the separation of the supernatant for analysis.
The quantity of IA adsorbed was determined by the solution depletion method, using UV
spectrophotometry (Uvicon 810/820, Kontron Instruments, Austria). In order to assess quan-
titatively the amount of IA remaining in the supernatant, calibration curves were constructed
for each measurement, i.e., each pH after 24 h of equilibration, pH,. The absorbance of IA
solutions was recorded in the range from 190 to 330 nm. The calibration curves were obtained
from the absorbance at the wavelength of maximum absorbance, 242 nm. The calibration is
linear for the IA concentration range from 0 to 0.14 g I'! for all pH, values. The point of zero
charge of alumina with and without the addition of IA was also determined by applying the
batch equilibration method.!®> The suspension stability at different pH, with and without IA,
was evaluated via gravity sedimentation tests, by pouring 50 ml of the given suspension into a
graduated glass cylinder. The sediment heights were recorded as a function of time. The vis-
cosity of the suspensions was measured using a Brookfield Synch instrument.

RESULTS AND DISCUSSION
Adsorption of itaconic acid onto a-AlyO3

The adsorption of IA onto alumina was studied in the pH, interval from 3.00
to 8.50. Adsorption isotherms obtained for the suspension with pH, set at 3.85
and 3.15, i.e., at pH < pKj,1, are presented in Fig. 1. The related adsorption cur-
ves, given as the dependence of the adsorbed amount of IA per g of alumina vs.
the IA equilibrium concentration in the supernatant, !¢ were constructed based on
the difference between the initial IA concentration, cg, and that remaining in the
supernatant, ¢, according to the mass balance in the batch:
F:V(CO—Ce) (1)
m
where: /"is the amount of adsorbed 1A (gia g;ﬁlmina ), m (g) the amount of alu-
mina powder and V' (ml) the volume of the solution.
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Although the adsorption of A at both the examined pH values increased
with increasing IA concentration until a plateau was attained, the shape of the
curve obtained at pH. 3.15 indicates a rather small amount of IA adsorbed.
However, the given isotherm exhibits at pHe 3.85 a much steeper initial slope,
with a plateau attained at a much higher level, indicating the greater affinity of
itaconic acid for a-Al,O3 surfaces at pHe = pK,1. After 24 h, about 60 % of the
initial amount was adsorbed.

The effect of the different pH, values studied on the amount of IA adsorbed
onto the alumina is summarized in Fig. 2. The observed differences in adsorption
will be discussed later in the text.
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Fig. 1. Adsorption isotherms of itaconic acid Fig. 2. The adsorption of itaconic acid as a
onto alumina at various pH, values. function of suspension pH..

The effect of the addition of IA on the pHpzc of the alumina powder

It is well-known that the point of zero charge, pHpzc, together with the iso-
electric point, pHjep, and the surface charge of the particles, oy, is an important
guide to the interfacial properties of a ceramic powder. Following the approach
of Davis et al. on the dissociation-association of the amphoteric surface groups
present on alumina, the reactions that occur and cause particle charge at pHg
below and above pHpyzc can be defined by Egs. (2) and (3), respectively:17

AIOH; <= SOH + H{ ()
AIOH <= SO+ H{ 3)

where AIOHEr , SOH, and SO~ denote the positive, neutral and negative sites on
an Al,Oj5 surface.
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The result obtained for the pHpzc of the as-received Al,O3 powder, given as
the dependence of the pH value of filtered KNOj3 solutions after 24 h equili-
bration of the alumina, pHg, on the initial pH values, pHj, is presented in Fig. 3.
The plateau observed at pH 8.3 corresponds to the point of zero charge of the
investigated powder. This value is in good agreement with previous results.!8:19

—m— (.5 % Itaconic acid
—0O— Bare alumina

Fig. 3. Determination of the pHpzc of
2 4 6 8 10 12 alumina and the effect of itaconic acid
i addition on it.

The influence of IA addition on the pHpzc, also evident from the depen-
dence of pHy vs. pHj, was found to be somewhat different with respect to the
interval of pH; values, also presented in Fig. 3. In the range of pH; values above
pKa, i.e., pH > 6.00, the position of the plateau was unaffected by the presence
of IA, indicating no specific IA adsorption onto alumina occurred. A change in
the plateau length and shape was observed for pH; < 6.00, i.e., below the disso-
ciation constant of IA. This can be explained either by the screening effect caus-
ed by the presence of IA, or by its non-specific adsorption onto the alumina sur-
face. Consequently, the reaction responsible for the positive charging of alumina
particles at pHg < pHpzc was suppressed.

From the presented insight in the surface charging of alumina and taking into
consideration the dissociation of itaconic acid (pKj,1 = 3.85 and pK,» = 5.55), the
differences in IA adsorption, measured at various suspension pHg, can be easily
understood. It is evident, Fig. 2, that a maximum in the IA adsorption onto
alumina occurs around pH 3.80, i.e., close to the value of pK,;. As the pH
decreases, the positive charge of the alumina increases but the number of nega-
tively charged IA sites continually decreases, leading to reduced (pH 3.15) or
suppressed adsorption (pH 2.70). Still appreciable adsorption occurs at pH values
near the value of the second dissociation constant. However, IA adsorption de-
creases with increasing pH, as the attraction between the positively charged alu-
mina surface and the negatively charged IA anion decreases with increasing pH,
becoming negligible in the vicinity of the pHpzc value of alumina. At pH >
> pHpzc, no measurable adsorption occurs, confirming the mutual repulsion be-
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tween the negatively charged adsorbent (alumina) and adsorbate (IA). This trend
indicates the electrostatic mechanism of the adsorption process.

The result agrees well with the literature data.!3 Tomasik et al. confirmed
the electrostatic nature of the adsorption mechanism for a series of aliphatic
carboxylic acids onto alumina, including succinic acid.!3 It is worth noting that
itaconic acid can also be regarded as methylene succinic acid.

Studart et al.20 also claimed that the adsorption process is pH dependent, and
significantly influenced by the dissociation constants (pK, values) of the func-
tional groups that constitute the adsorbing molecule. It was observed that the
maximum adsorption occurred in a pH range near the pK, values of the dissocia-
ting groups in the molecule. Less adsorption was expected to occur at pH < pK,
due to the absence of dissociated anchoring groups on the molecule. At pH > pK,,
although the functional groups are expected to be fully dissociated, the lower
density of the positively charged sites on the alumina surface limits the adsorp-
tion of anionic molecules.2!

Hidberg et al.!2 studied the adsorption of citric acid (CA) onto alumina
powder over a wide pH range. The amount of CA varied from 0.1 to 0.6 wt. %.
Almost complete adsorption was observed at pH values between 3.0 and 7.0,
with values of 0.52 and 1.02 umol CA m2 Al,O3 measured for 0.1 and 0.2 wt. %
CA, respectively. In general, with increasing pH, the adsorption of citric acid
decreased. The maximum in the adsorption occurred at pH 3.0, a value close to
the value of pK,; of CA. The citric acid molecule has four functionalities: three
COOH and one OH group (pKa1 = 3.13, pKy» = 4.76 and pKy3 = 6.40).

In this study, the maximum adsorption of itaconic acid (0.20 wt. % IA ad-
ded) was also registered at pH = pK,1, with the value of 8.8 10~* g IA/g Al,O3,
i.e., 1.13 umol IA/m?2 Al,O3. Variation from this pH value had a negative impact
on the adsorption process.

Contrary to itaconic acid, the adsorption of CA was also registered at pH
values > pKj,3, which was attributed to the formation of an inner-sphere complex
between the citrate ion and the alumina surface. This mechanism is most often
described by the ligand (L)-exchange model,22 where, in the case of CA, two
COO~ groups in the molecule participate in the complex formation, while the
third one and the hydroxyl group contribute to an increase in the negative surface
charge, thus leading to electrostability of alumina suspensions. However, unlike
CA, IA has neither additional functionalities, which would render charge to the
particles, nor a negative incremental charge, due to the presence of a double bond
of sufficient magnitude to create a negative charge on the alumina particles upon
adsorption.

Stability of alumina suspensions in the presence of 14

The stabilities of alumina suspensions with different pH values, both without
and with [A addition, were compared and judged via sedimentation velocities,
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expressed as the change in the suspension height with time, Figs. 4-7. The
suspension height was calculated by subtracting the top interface height separa-
ting the supernatant from the rest of the suspension.

The alumina suspension prepared in the acidic region, around pH 4, exhibi-
ted stability over a long period of time, due to simple electrostability, as seen,
Fig. 4. The addition of IA in an amount of 0.50 wt. %, did not significantly
influence the stability. A slight decrease in acidity (pH 4.3) resulted in a faster
particle settling, Fig. 5.

14~ 144
—m—No IA added —m®—No IA added
|—e— With 0.50 wt % IA added 1—@— With 0.50 wt. % IA added
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Fig. 4. Change in the alumina suspension height ~ Fig. 5. Change in the alumina suspension height
with time at pH 3.8 with and without with time at pH 4.3 with and without
IA addition. IA addition.

The suspension stability at pH values above the second dissociation constant
of itaconic acid, pK,> = 4.55, is shown in Fig. 6. As can be seen, the stability
decreased with increasing pH, so that at = pH 6, the particles settled during one
hour. More basic pH values promoted suspension instability. For comparison, the
change of the suspension height with time with no IA added at pH > pHpyzc of
AlO3 is illustrated in Fig. 7. In the vicinity of pHpzc, the alumina suspensions
settled completely within the first 20 min, as the powder particles were subjected
to the strongest attraction without electrostatic repulsion from the surface charge.
A pH increase to pH 10.0 was not sufficient to impart stability to the suspension.

The flock diameters in suspensions prepared at pH > pK,>» were calculated
using the experimental results (Figs. 6 and 7) and the Stoke law:

_d*g(p-p)
- ) ()

v
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where d is the particle diameter, g the acceleration of free fall, p and py the
particle and liquid densities, respectively, and 77 the viscosity of the liquid.

14
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Fig. 6. Change in the alumina suspension Fig. 7. Change in the alumina suspension
height in time with 0.50 wt. % IA added. height in time with no IA added.

The related flock diameters in the IA suspensions ranged from 4.25 to 5.0
um at neutral pH values, while they were about 6 um in the alkaline region. The
flock diameters calculated for suspensions without IA at pH = pHpzc were some-
what larger, probably due to the fact that in the presence of 1A, the attraction of
particles was screened and they settled slightly slower. The settling velocities
were the same for both suspensions at pH 9.00, confirming that the addition of
0.50 wt. % IA to the dilute Al,O3 suspension at pH > pK,» has no impact on its
stability.

Rheological behavior of the alumina suspensions in the presence of 14

Alumina suspensions with a high solid content, 70 wt. %, were prepared
without and with IA at pH 3.85, i.e., at the pH where the maximum amount of
itaconic acid was adsorbed. The low viscosity (< 4 Pa s, at a shear rate of 1.0 cm™)
measured for the suspension without IA indicated that its stability was imparted
via electrostabilization. The addition of IA in the amounts of 0.50, 1.0 and 1.5 wt. %
led to an increase in the suspension viscosity, which was not possible to be mea-
sured by the available instrument. However, the suspensions appeared to be very
smooth and paste-like, with no visible phase segregation. They easily regained
fluidity upon the slightest addition of acid. Such behavior suggests that partially
negatively charged IA molecules at pH 3.85 interact with positively charged alu-
mina surface sites patch wise and flocculation occurs by charge neutralization.
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To achieve further progress in the application of IA in gel casting or other
near-net forming methods, a detailed study of the optimum surface coverage for
flocculation, the influence of temperature, catalyst, effect of other monomer addi-
tion, etc., is required for a clearer understanding of the flocculation mechanism
and its potentialities.

A superior strength improvement in an acrylamide—IA system for the manu-
facture of paper was reported recently. The authors, who used this system in the
presence of inorganic particles, also stated that an increase in the amount of A
increased significantly the water swelling, as well as the gel strength.23

CONCLUSIONS

The adsorption process of itaconic acid, IA, onto alumina, at various pH va-
lues, was investigated. It was found that the adsorption is strongly governed by
the pH of the suspension and increases with increasing IA concentration. The
maximum adsorption occurs at a pH close to the pK;; of IA. At lower and higher
pH values, the adsorption decreases, confirming its electrostatic mechanism. The
pHpzc of alumina was determined by the batch equilibration technique and was
found to be 8.3. The presence of IA does not cause a shift in the pHpzc value.

Sedimentation data showed that the addition of 0.50 wt. % IA has no signi-
ficant influence on the stability of a dilute alumina suspension. However, the
rheological behavior of concentrated (70 wt. %) suspensions confirmed that 1A is
very efficient in the flocculation of acidic (pH ~ pK,1) suspensions; the floccu-
lation mechanism involved is charge neutralization.

Acknowledgements. This work was partially supported by the Ministry of Science of the
Republic of Serbia, (Projects No. 142004 and 142023).

N3BOJ

AJICOPITIUJA UTAKOHCKE KMCEJIMHE M3 BOAEHUX PACTBOPA
HA AIVMHUHUIJYM-OKCULY

JEJIEHA J. FYHI/IHOBCKI/II, JbUJbAHA C. YEPOBUR', CJIOBOJIAH K. MUJIOBWR! 1 UBAHKA TIOTTIOBWR?

! Mncimuiiyim 3a nykaeapre nayke "Bunua’, ii. ip. 522, 11001 Beozpad u > Texnoaowko—memianypuiku (axyaitied,
iL. iip. 3503, 11120 beozpao

W3syyaBana je mpumena urtaxkoncke kucenune, UK (CsHgOy), kxao noreHumjamHor (iaoky-
JIaHTA, 32 BOJCHO IIPOLIECHPAbE NPaxoBa allyMUHH]yM-OKCHIA. AJICOPIIIMja UTAKOHCKE KHCEINHE
Ha MMOBPLIMHY AJlyMHHH]yM-OKCH/Ia U3y4aBaHa je y (GyHKUuju KoHneHTpamyje u pH pacreopa. Cra-
OMIIHOCT CyCIIeH3Hja alyMUHHUjyM-OKCHJIa y TIPUCYCTBY UTAaKOHCKE KHCEIIHHE 00jalllbeHa je y3uma-
jyhu y 063up NOBpPIIMHCKO HaeIeKTpUCAmhe ATyMHHH]yM-OKCH/a, CTEIIeH JUCOLHjalije HTAaKOHCKE
KHCEIIMHE, CEAMMEHTAIIOHO TTOHAIalke U PEoJIolIKa CBOjcTBa cycneH3uja. Haheno je ma amcopm-
mija UK jako 3aBucu ox pH. Makcumanna apcopnuuja UK Ha moBpuIvHH anyMHHH]jyM-OKCHIA
nemrasa ce npu pH BpegHoctH 6irckoj BpenHocTH npse koHcrante gucouujatuje UK, pKyp. do-
JlaTaK UTAaKOHCKE KUCEJIMHE HEe yTHUUe Ha BPEJHOCT TayKe HYJITOI HAaeJeKTPUCAba alyMUHH]jyM-OK-
cuna. [lokazano je na je K edukacan ¢uiokysanT 3a KOHIIEHTPOBAHE, KHCETE CYCIIEH3H]je aITyMu-
HUjyM-OKCHJIa.

(ITpumsseno 18. pedpyapa 2008)
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Abstract: The sorption equilibriums of phosphate and thiocyanate anions on
isomorphic substituted Mg/Zn—Al-type hydrotalcites were investigated in this
study. Langmuir and Freundlich isotherms were used to interpret the equili-
brium data for phosphate. The sorption equilibriums of phosphate on Mg;Al,
Mg,ZnAl and Mg, sZn; sAl hydrotalcites were well described by the Langmuir
isotherm. The highest maximum sorption capacities for these adsorbents were as
follows: 111, 101 and 95 mg g'!'. The equilibrium constant and standard Gibbs
energy changes were also calculated from the sorption data. Standard Gibbs
energy changes of about —20 kJ mol! indicated that the process might be consi-
dered as physical adsorption. The sorption equilibriums of phosphate on iso-
morphic substituted samples of MgZn,Al and Zn;Al were well described by
the Freundlich isotherm. Thiocyanate showed a relative low affinity for the stu-
died materials, as indicated by both the “S”-shaped isotherms and low sorption
capacities. The sorption of phosphate and thiocyanate on the investigated hy-
drotalcites showed a continuous decrease of the sorption capacity in the follow-
ing order: Mg;Al > Mg,ZnAl > Mg sZn; sAl > MgZn,Al > Zn;Al.

Keywords: Mg/Zn—Al-type hydrotalcites; sorption; equilibrium; phosphate; thio-
cyanate.

INTRODUCTION

Layered double hydroxides (LDHs), h2ydrotalcite—type solids or anionic clays,
are described by the general formula [lexMi”L(OH)z]er( A%} ,)-mHp0, where
M is a divalent or trivalent metals and A"~ charge-compensating group.! The ge-
neral formula underlines the possibility of obtaining a large number of com-
pounds with different stoichiometry.

Many studies have considered the synthesis and characterization of LDHs
with a variety of divalent (Mg and/or Ni, Zn, Co, Zr) or trivalent (Al and/or Fe,

* Corresponding author. E-mail: rodicapode@yahoo.com
doi: 10.2298/JSC0809835P
835
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Ga, Cr) metal cations within the layers of an LDH. Several kinds of charge-
-compensating group, mono- or multivalent (HO~, CO32-, NO3~, Cl-, SO42")
were intercalated at the interlayer of the LDH because the volume of the inter-
layer gallery is variable and the interlayer distance between adjacent layers is en-
hanced or reduced in proportion to the molecular size of the anion.2

There are numerous studies on synthesis, structure and physico—chemical
characteristics of these compounds.3—>

The layered double hydroxides, particularly anionic hydrotalcite compounds,
have gained a large importance for pollution abatement due to their sorption and
catalytic properties.6—11

The anion exchange properties of LDHs and the anion sorption ability under
the LDHs reconstruction process have been investigated for the removal of en-
vironmentally undesirable anions. Among oxyanions, the sorption of phosphate
species by LDHs has been the subject of many studies because of its conse-
quences for water pollution.!2-15 The presence of phosphate anions in surface
water leads to the serious problems of eutrophication, which requires a decrease
of the phosphate concentration to stipulated limits. Thiocyanate-containing was-
tewaters result from a variety of industrial processes, such as, herbicide and in-
secticide production, acrylic fibre production, manufacturing of thiourea, electro-
plating, etc. The removal of thiocyanates from wastewater is a necessity since
this anion is well-known as a priority dangerous pollutant.16

The aim of this work was to investigate the influence of the isomorphic sub-
stitution ratio Mg/Zn on the sorption equilibriums of phosphate and thiocyanate
on Mg/Zn-Al-type hydrotalcites.

EXPERIMENTAL

A series of hydrotalcite-type solids with various compositions were synthesized in order
to obtain various substitution ratios (rgp = 0.065 nm; 7z, = 0.074 nm). The M(II)/Mg
mole ratios were 0:3, 1:2, 1.5:1.5, 2:1 and 3:0.

The synthesis was performed by a classic procedure, the co-precipitation method, under
conditions of low supersaturation.” An aqueous 1.0 mol I'! solution of nitrates, i.e.,
Zn(NOs3),-6H,0, Mg(NO53),-6H,0 and AI(NO5);-9H,0 (Sigma), was slowly added to a solu-
tion of NaOH, under magnetic stirring. The pH was maintained between 7.0 and 7.5 (Hanna
HI 991003 pH-meter).

The mixing step was performed under stirring for 1 h at room temperature and then on an
oil bath at 60 °C under reflux for 18 h. The hydrotalcite powders were isolated by centrifu-
gation and washed several times with demineralised water until pH 7.0. This step was
followed by drying at 80 °C overnight. Then the dried samples were ground and sieved. The
fraction between 0.060 and 0.125 mm was used as an adsorbent. The sample activation was
performed in an oven at 500 °C in air and a heating rate of 1.0 °C min"! for 4 h.

All sorption experiments were performed on activated Mg/Zn—Al hydrotalcite samples.
To study the retention capacity at equilibrium, identical quantities of synthesized solids were
contacted with identical volumes of aqueous solutions containing phosphate and thiocyanate,
the initial concentrations of which ranged from 10 to 500 mg I"! for phosphate and from 5.0 to
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100 mg 1! for thiocyanate. The solution pH was 7.0£0.2 and the solid/liquid ratio was 1.0 g I'".
The samples were maintained at a constant temperature (25+1 °C) in a thermostated shaker
bath for 12 h to reach sorption equilibrium. The kinetic studies preceded the determination of
the equilibrium isotherm in order to determine the time demand for attaining thermodynamic
equilibrium.

At equilibrium, the solid was separated by centrifugation and the phosphate and thiocya-
nate concentration in the supernatant was analysed by using a Varian Carry 50 UV-Vis spec-
trophotometer. The phosphate concentration in the aqueous solution was determined at 450 nm
in line with the vanado-molybdate method.!” The concentration of thiocyanate was also deter-
mined spectrophotometrically at 475 nm.!8

X-Ray diffractions patterns were recorded on a Philips PW 1830 power diffractometer
(45 kV, 25 mA) using Ni filtered Cu,, (0.154 nm) radiation.

The thermal analysis was performed under an inert atmosphere (nitrogen), from 20 to
990 °C, at a heating rate of 10 °C min'! using a TG 209 analyzer (Netzsch, Germany). A
Proteus Analysis (Netzsch) program was used for data processing.

RESULTS AND DISCUSSION

Samples characterization

The X-ray diffraction analysis enabled the computation of the unit cell para-
meters a and ¢, which highlighted the rhombohedric symmetry of the synthesized
hydrotalcite-like compounds (Table I).

TABLE I. Parameters of the cell unit, a and c, for the synthesized samples

M(I)/Mg mole ratio Sample alA cl/A Symmetry
3 Zn3Al 3.03 22.94 3R
2 Zn,MgAl 3.03 23.06 3R
1 Zn, Mgl 5Al 3.03 23.20 3R
0.5 ZnMg,Al 3.04 23.25 3R
0 Mg;Al 3.04 23.37 3R

The a parameter corresponds to the cation—cation gap within the brucite layer
and the ¢ = 3¢’ parameter is the thickness of the layer made of a brucite-like film
and an interlayer. The numbers are characteristic of a rhombohedric symmetry
and they were calculated using the following relationships:

1/d* = 4/3(h*+hk+iP) a* + Pl (1)
where:
d= A/2 sin @and A= 1.54051 A )

The influence of the degree of isomorphic substitution on the thickness of
the layer can be seen.

In addition, the thermal behaviour of the samples was influenced by the de-
gree of isomorphic substitution, indicating changes in the hydroxyl surface struc-
ture (Table II). Firstly, dehydration occurred due to the loss of adsorbed water
molecules in one minor step at 100 °C. The second step was caused by the loss of
interlayer water molecules in the Mg3Al sample at about 212 °C. For the Zn-sub-
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stituted samples, the temperature of this step was lower. In addition, the dehydro-
xylation of the Mg/Zn/Al hydroxide sheets and decarbonisation decreased with
increasing Zn content.

TABLE II. Thermal analysis results

Mg/Zn mole ratio

Stage 3:0 2:1 1.5:1.5 1:2 0:3
o~ Massloss . Massloss .. Massloss . Massloss . Massloss
t/°C % t/°C o t/°C o t/°C % t/°C o
1 100.0 235 100.0 229 894 204 100.0 2.17 100.0 1.40
2 2122 12.67 1758 816 100.0 261 183.1 985 1765 9.01
3 379.0 31.85 3023 1556 1826 9.01 270.5 17.80 216.6 14.62
4 - - 3632 2389 261.0 17.01 372.1 2842 - -

Sorption equilibrium of phosphate on Mg/Zn—Al-type hydrotalcites

The results showed that for the Mg3Al sample, at the upper limit of the equi-
librium concentration range, the sorption capacity for phosphate remained practi-
cally constant (Fig. 1). Thus, the equilibrium was well described by the Langmuir
isotherm (Eq. (3)):

de = qmaxKrce/(1 + K ce) (3)
where ¢ is the quantity of anion sorbed at equilibrium (mg g1), gmax is the
maximum sorbed quantity (mg g 1), c. is the equilibrium concentration (mg I-1)
and K7 is the equilibrium constant (1 mg1).

The Henry domain was also well defined for this situation.

120

100

T T T T T T T T
0 100 200 .:1300 400 Fig. 1. Sorption isotherm of phosphate on
c,/mgl

Mg;Al hydrotalcite.

The experimental data obtained from the sorption of phosphate on Mg/Zn—
—Al-type hydrotalcites (Figs. 2-5) were interpreted by means of the Langmuir
(full line) and Freundlich (dotted line) isotherms (Egs. (3) and (4)):
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ge = acl “
where g, and c. have the same meaning as previously mentioned; and & and S
are constants.

The isotherms for the sorption of phosphate on MgrZnAl and Mg; 5Zn1 sAl
hydrotalcites (Figs. 2 and 3) displayed a typical Langmuir plateau, while those
for MgrZnAl and Zn3Al hydrotalcites (Figs. 4 and 5) did not reach the plateau at
up to 450 mg 1-1, the maximum equilibrium concentration employed in this study.

100 -
100
80 -
60
£
%40
20
0 — 1T v T T T T 0 v T T T ]
0 100 200 300 400 0 100 200 300 400
c /mgl ¢ Imgl
Fig 2. Sorption isotherm of phosphate on Fig. 3. Sorption isotherm of phosphate on
Mg,ZnAl hydrotalcite: full line — Langmuir Mg, 5Zn; sAl hydrotalcite.

isotherm; dotted line — Freundlich isotherm.
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Fig. 4. Sorption isotherm of phosphate on Fig.5. Sorption isotherm of phosphate on

MgZn,Al hydrotalcite. Zn3Al hydrotalcite.
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On analysing the results, it followed that the Mg3zAl sample had the best
sorption behaviour. The maximum sorption capacity of phosphate on this adsor-
bent was 111 mg g-1. In addition, as the isomorphic substitution degree increa-
sed, the sorption capacity decreased continuously. This finding is in agreement
with the low values of cell unit parameters, which impeded the access of phos-
phate ions to the space between the brucite layers (Table III).

TABLE III. The sorption equilibrium characteristics of phosphate on Mg/Zn—Al-type hydro-
talcites

Langmuir isotherm Freundlich isotherm

Sample gmax  Equilibrium constant, K1 A,4G® (298 K)

mgg!  |mg! 103 1 mol'! kJ mol! s
Mg;Al 111 0.107 10.1 229 - -
Mg,ZnAl 101 0.066 6.25 —21.7 25.4 0.239
Mg, sZn; sAl 95 0.033 3.14 -20.0 18.2 0.273
MgZn,Al 79 0.027 2.56 -19.4 15.3 0.263
Zn;Al 76 0.023 2.19 -19.1 12.3 0.290

For all samples, in the low concentration range, a decrease in the slope of the
Langmuir isotherm with increasing degree of substitution of Mg2* by Zn2* could be
seen. This decrease might be attributable to the decrease of the phosphate affinity
of the hydrotalcites within the Mg/Zn—Al series. Both the decrease of the isotherm
slope and the maximum sorption capacities led to the following order for phos-
phate affinity for the studied hydrotalcites:Mg3zAl > MgrZnAl > Mg 5Zn; sAl >
> MgZny Al > Zn3Al.

The Langmuir model allowed the computation of the sorption equilibrium
constant, K1, and standard Gibbs energy change, AyqsG° (298 K). The equili-
brium constant decreased by a factor of 1.4 from Mg3Al to Zn3Al, showing that
the sorption process was not favoured as the degree of substitution of Mg2* by
Zn2" increased. In accordance with the calculated standard Gibbs energy changes,
about —20 kJ mol~!, the process could be considered as physical adsorption. !5

An examination of the Langmuir isotherms showed that there was deviation
from the experimental data at higher isomorphic substitution ratios (MgZnyAl
and Zn3Al). The sorption equilibrium of phosphate on these samples followed
the Freundlich isotherm closely. In addition, the interpretation of experimental
results using the Freundlich isotherm can be justified by the fact that advanced
wastewater treatment does not assume operation at the quite high concentrations
used in this study.

In all cases, both the subunit £ (Table III) and the A,qsG° (298 K) values
underlined that the interaction forces between phosphate and the studied adsor-
bents were weak and thus the process was physical adsorption.!3
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Sorption equilibrium of thiocyanate on Mg/Zn—Al -type hydrotalcites

The experimental sorption isotherms for thiocyanate are shown in Fig. 6

40
——— "
35 o
7
/ =
30 -
// />/ //A/
§ 251 /“ ///://A’//
=] /-
20 -
£ V7 S
& 151 ///////V
//// // g
101 ZA/‘/ e
7 e
® ;///X?y.’ . . .
%@/ Fig. 6. Sorption isotherms for thiocyanate
01— on: Mg;Al (m); Mg,ZnAl (0); Mg, sZn; sAl

(A); MgZnyAl (V); Zn;Al (e). Lines are

Ce(mg/L) drawn to guide the eye.

By analysing the sorption isotherms, their “S” shape is immediately obvious,
which suggests low affinity of thiocyanate for the studied hydrotalcites. This find-
ing was also highlighted by the values of the sorption capacities, e.g. 38 mg g1
for MgzAl and 13 mg g! for Zn3Al, at the maximum equilibrium concentration
employed in this study (60 mg I-1). These results are in accordance with the lite-
rature,!5-19 concerning the affinity of monovalent ions for hydrotalcites as oppo-
sed to polyvalent ions, which showed a lower affinity. In addition, the values ob-
tained for the sorption capacity of thiocyanate anion are comparable with those
reported by other authors. 14

For a given equilibrium concentration, there was a 3-times continuous de-
crease of the sorption capacity in the following order: Mg3zAl > MgyZnAl >
> Mg 5Zny sAl > MgZnyAl > Zn3Al, which emphasizes the negative influence
of the isomorphic substitution by Zn2* within the brucite layer on the retention of
thiocyanate.

By comparing the sorption of the two anions on Mg/Zn—Al-type hydrotal-
cites, it follows that phosphate sorption occurred with good results, highlighted
by the values of the maximum sorption capacities, while thiocyanate sorption
was ineffective; the affinity of the studied adsorbents for this anion was poor.
The results are in accordance with literature data,!® which reported that the affi-
nity of hydrotalcites for monovalent anions was modest. Another finding referred
to the negative influence of zinc substitution into the brucite-like layer.

CONCLUSIONS

The equilibrium of phosphate and thiocyanate sorption on Mg/Zn—Al-type
hydrotalcites was studied under various Zn/Mg substitution ratios.
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Langmuir and Freundlich models were applied to characterize the equili-
brium of phosphate sorption on Mg/Zn—Al hydrotalcites.

The Langmuir isotherm can be used to describe all adsorption equilibriums
but with increasing substitution of Mg2"™ by Zn2", the deviation of the experi-
mental points from the theoretical curve increased. For MgZn,Al and Zn3Al hyd-
rotalcites, the experimental data were better described by Freundlich isotherms.

The highest sorption capacity for phosphate was attained with the Mg3Al
sample (111 mg g1). Phosphate adsorption on hydrotalcites within the Mg/Zn—Al
series indicated a decrease of the maximum sorption capacity as the Zn/Mg sub-
stitution ratio increased.

Expressing the equilibrium data using the Langmuir model allowed the com-
putation of the sorption equilibrium constant, K7, and the standard Gibbs energy
change, A,qsG° (298 K). Based on results, the process can be considered as phy-
sical adsorption.

This finding was confirmed with the assessment of the constant £, which
was determined based on the Freundlich isotherm for MgZnyAl and Zn3Al.

The experimental sorption isotherms of thiocyanate showed a lower affinity
for Mg/Zn—Al series as compared to phosphate. For a given equilibrium concen-
tration, there was a continuous decrease of the sorption capacity in the following
order: Mg3Al > MgyZnAl > Mg 5Zn; sAl > MgZnoAl > Zn3Al.

Acknowledgments. The results were obtained as part of the activities of Project CEEX
No.1/S1-2005, under the auspices of the MATNANTECH Scientific Authority.

U3BOJ

COPITLHNIJA ®OCDOATA N THOLIUJAHATA HA N30OMOPOHNM CYIICTUTYUCAHUM
XUAPOTAJIIUTUMA TUITA Mg/Zn-Al

RODICA PODE!, EVELINE POPOVICIZ, LAURA COCHECI!, ERIKA REISZ!, ELENA MIHAELA SEFTEL? nn VASILE PODE!

Faculty of Industrial Chemistry and Environmental Engineering, University “Politehnica” of Timisoara,
Victoriei Sq. 2, 300006 Timisoara u *Faculty of Chemistry, “Al. I. Cuza” University of lasi,
Carol I Blvd. 11, 700506 lasi, Romania

Y 0BOM pagy Cy HCIIUTHBaHE COPILMOHE paBHOTExke (ocdara U THOIMjaHATA HA U3OMOPD-
HHUM CYIICTUTYHCaHUM XUApOTaIUUTUMa THra Mg/Zn—Al. 3a Tymaueme paBHOTEKHHX MOJaTaKa 3a
¢doctare kopurnthere cy Jlenrmuposa u @pojuinxosa uzotepma. Coprimone paBHOTEKXE 3a (oc-
¢are Ha Mg3Al-, Mg,ZnAl- and Mg; sZn; sAl-xunporanuutuma 106po cy onucane JIeHTrMHPOBOM
motepMoM. Hajselil MaKCHMaNHK COPIIMOEM KananuTeT u3Hocwmn cy 111, 101 u 95 mg g'!. Ta-
kobe cy u3padyHaTH U KOHCTAHTA PaBHOTEXE M MPOMeHa cTanapaHe ['mbcose eHepruje copnuuje.
ITpomena crauaapaHe I'uGcose enepruje coprumje o oko —20 kJ mol! ykasyje Ha To na mpouec
Tpeba cMaTpaTh kKao ¢pu3nuky ancopniujy. Coprimone paBHoTexe (ocdara Ha H30MOPHHUM CyII-
CTUTYHCAHUM XHUIpoTanuuTiMa MgZn,Al and ZnyAl no6po cy omrcane ®@pojHIIMXOBOM H30TEP-
MoM. TuolMjaHaTH Cy MOKa3aJli PeNaTHBHO Mald aQUHUTET MpeMa UCIMTHBAHUM MaTepujainMa,
Ha IITa yKasyjy u30TepMe o0irka “S” kpuBe ¥ Manu copnunonu kanauuretd. Copruja dpocdata
U THOLMjaHaTa HAa UCIMTHBAHMM XHMAPOTAJILUTHMA [0Ka3ajia je KOHTHHYAIHO OIaJambe COPIILHO-
HOT Karanurera npema ciegehem nusy: Mgz Al > Mg,ZnAl > Mg, sZn; sAl > MgZn, Al > ZnzAl.

(ITpumubeno 15. anprna 2007, peBuaupano 15. mapra 2008)
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Abstract: Platinum supported on glassy carbon (GC) was used as a model sys-
tem for studying the influence of the surface morphology of a Pt catalyst on
methanol oxidation in alkaline and acidic solutions. Platinum was deposited by
the potential step method on GC samples from H,SO,4 + H,PtClg solution under
the same conditions with loadings from 10 to 80 ug cm2. AFM and STM ima-
ges of the GC/Pt electrodes showed that the Pt was deposited in the form of 3D
agglomerates composed of spherical particles. Longer deposition times resulted
in increased growth of Pt forms and a decrease in the specific area of the Pt.
The real surface area of Pt increased with loading but the changes were almost
negligible at higher loadings. Nevertheless, both the specific and mass activity
of platinum supported on glassy carbon for methanol oxidation in acidic and in
alkaline solutions exhibit a volcanic dependence with respect to the platinum
loading. The increase in the activity can be explained by the increasing the par-
ticle size with the loading and thus an increase in the contiguous Pt sites avai-
lable for adsorption and decomposition of methanol. However, the decrease in
the activity of the catalyst with further increase of loading and particle size
after reaching the maximum is related to the decrease of active sites available
for methanol adsorption and their accessibility as a result of more close proxi-
mity and pronounced coalescence of the Pt particles.

Keywords: glassy carbon; methanol oxidation; electrochemical Pt deposition;
surface morphology.

INTRODUCTION

Methanol is one of the most extensively investigated small organic molecu-
les, both from a fundamental and practical point of view. Considered as a poten-

* Corresponding author. E-mail: amalija@tmf.bg.ac.yu
# Serbian Chemical Society member.
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tial fuel for fuel cells, studies of its oxidation on Pt and supported Pt catalysts
have intensified during the last decades. The overall reaction:

CH30H + HyO — CO; + 6H™ + 6¢- (D)

occurs in several steps!—3 but the two main processes are adsorption followed by
dehydrogenation of methanol and oxidation of CO,q.! Oxidation of CO,q com-
mences when oxygen-containing species are produced in the interaction of water
with platinum.! Studies of this reaction at Pt poly and single crystal electrodes
showed that the adsorption of methanol as well as its oxidation exhibit strong
surface sensitivity, which is reflected in the amount and rate of surface coverage
by CO,q.1*5 Ren et al.® examined methanol oxidation at smooth, mildly rough
(roughness factor = 50) and highly rough (roughness factor = 200) Pt electrodes
prepared by electrochemical treatment and found a difference in the potential of
the peak current which indicated an effect of the surface roughness. Raman spec-
troscopy showed that CO oxidation becomes slower on a highly rough surface,
i.e., a surface with more defects, such as edges, kinks and step sites, than on a
less rough surface. Beden et al.3:7 studied the electroadsorption and oxidation of
methanol on smooth and rough polycrystalline, single crystalline and preferen-
tially oriented Pt electrodes using electromodulated infrared spectroscopy (EMIRS).
They found that poisoning by CO was reduced on electrodispersed Pt (roughness
factor =~ 20) in comparison to smooth Pt, indicating that the structure of the sur-
face plays an important role in diminishing the phenomena of CO,q poisoning.
Chemical or electrochemical deposition of platinum on a substrate with a high
surface area results in a Pt catalyst with a roughness which depends on the Pt par-
ticle size, i.e., on the Pt loading. Mikhaylova et al.3 deposited Pt on glassy carbon
by cyclic voltammetry with loadings from 10 to 540 ug cm2 and obtained elec-
trodes with a roughness factor < 20. The catalytic effect on methanol oxidation in
acid increased with increasing loading up to 60 pg cm2 (roughness factor = 6)
and remained unchanged with further growth of the deposit. At higher loadings,
the specific activities were close to that of smooth platinum, which was explained
by the similar coverage of Pt with organic particles on those surfaces with a
roughness factor from 6 to 20 and on smooth Pt. They concluded that the cataly-
tic effect is connected with the change in the bond strength of methanol adsor-
bates with Pt particles, caused by the structural properties of the deposits. Umeda
et al.® used porous-microelectrodes prepared by the chemical deposition of Pt on
carbon black for methanol electro-oxidation. The activity of the catalyst first in-
creased and then decreased with loading. As the potential of Pt oxide formation
also shifted anodically with increasing loading, their results showed that the peak
potential of methanol oxidation strongly depends on the formation of Pt oxide.
Hence, they concluded that the maximum activity is determined by the properties
of the Pt surface. Tang et al.10 investigated the effect of loading of Pt deposited
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on a graphite electrode and on graphitic nanofibers by cyclic voltammetry. The mass
activity for methanol oxidation on Pt on nanofibers increased up to a loading of
180 pg cm2 and then decreased for higher loadings. They explained such results
by the accumulation of Pt and a decrease of the valuable Pt surface for methanol
oxidation. However, for the same range of loadings, the mass activity for metha-
nol oxidation on Pt deposited on a graphite electrode only increased. According
to the authors, the particle size and dispersion of Pt deposits are important factors
determining the activity of a catalyst. Duarte et al.l! used the potential step me-
thod to deposit Pt on glassy carbon, graphite fibers and graphite cloth. Pt on glas-
sy carbon exhibited the highest activity for methanol oxidation. On these elec-
trodes, a pronounced increase of the Pt surface area with loading up to 30 pg cm2
was observed, while loadings higher than 50 pg cm—2 had a small effect on the
surface area of Pt. The increase of activity with increasing mass specific surface
area was explained by the reduction of the particle size. The effect of particle size
on the activity for methanol oxidation was pointed out also by Frelink et al.!2
These authors used different methods as well as variations of a single method to
prepare Pt catalysts supported on carbon black with loading of 3.5 to 5.5 % of
platinum with a particle size in the range 1.2 to 7.8 nm. They found a decrease of
the activity for methanol oxidation activity with decreasing particle size from 4.5
to 1.2 nm but for particles larger than 4.5 nm, the activity remained almost con-
stant. According to the authors, the dependence of the activity on the size of the
Pt particles could be explained either by the particle size effect on the formation
of adsorbed hydroxyl species or its effect on the number of methanol adsorption
sites. Yahikozawa and coworkers!3 studied methanol oxidation on a Pt catalyst
vacuum evaporated on glassy carbon with a particle size of 3.8 and 5.3 nm. The
decrease of the activity for methanol oxidation with decreasing particle size was
related to the existence of some oxide layer on the surface closely related to the
exposed crystal planes. Examining methanol oxidation on carbon black supported
Pt catalyst with 10 and 60 wt. % of platinum and particles of 2.0 and 8.8 nm
respectively, Park et al.14 also observed a particle size dependent electrocatalytic
effect. The decrease of the activity on decreasing the particle size to below 4 nm,
was explained by a decrease of contiguous Pt sites (“ensemble effect”) needed
for dehydrogenation of methanol to form CO. Scheijan et al.13 also attributed the
decrease of activity with decreasing particle size to a decrease in the number of
Pt ensemble sites available for adsorption and decomposition of methanol. How-
ever, they examined this reaction using Pt catalysts with particles ranging from
10-20 and 10-120 nm and also a full monolayer of Pt and concluded that the
shape and the morphology rather than size of the particles played predominant
roles in the reaction kinetics.

Despite the differences in the hitherto reported results, all the authors sugges-
ted that the change of activity of the catalyst is mainly based on the particle size.
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In this work, the influence of surface morphology of platinum deposited on
glassy carbon support by the potential step method on methanol oxidation was
studied.

EXPERIMENTAL

Platinum was deposited on two glassy carbon (GC) (Sigradur—Sigri, Elektrographite, GmbH,
Germany) disc electrodes with different geometric area (4gc): 0.21 (GC;) and 0.39 cm? (GCyy).

The GC electrode surfaces were refreshed before each deposition of platinum, by abra-
sion with emery paper of decreasing grain size followed by polishing with alumina of 1, 0.3
and 0.05 um particle size. The final cleaning of the electrodes was performed in high purity
water (Millipore 18 MQ cm) in an ultrasonic bath.

Before each deposition of platinum, a cyclic voltammogram of the GC electrode was re-
corded in 0.10 M NaOH solution or in 0.50 M H,SO,4 (potential range —0.20 V to 1.4 V,
sweep rate 50 mV s'!), to ensure that the GC surface was clean and free of Pt from the pre-
vious experiment.

Platinum was electrodeposited on glassy carbon by the potential step method in deoxy-
genated 0.50 M H,SO4 + 6.0 mM H,PtClg. A potential perturbation from 0.06 V to 0.36 V
was applied after 0.5 s at the initial potential. Platinum was deposited under the same condi-
tions in each experiment but with loadings (Wp,) from 10 to 80 ug cm2. The amount of pla-
tinum deposited was estimated from the charge calculated by integrating the /- transient.
After deposition, the electrode was thoroughly rinsed with high-purity water and transferred to
the cell containing 0.10 M NaOH or 0.50 M H,SO,. The real surface area of platinum depo-
sited, Ap (cmg?), was estimated from the hydrogen adsorption/desorption region of the basic
voltammogram (integrated part of the CV was in the potential range from 0.06 V to 0.45 V
with a correction for a double layer charging). The specific catalyst area Sp; (m? g!) was cal-
culated from the equation: Sp, = 1004p/(AgcWpy).10

The electrocatalytic activity of the GC/Pt electrodes for methanol oxidation was studied
in 0.10 M NaOH + 0.50 M CH30H and in 0.50 M H,SO,4 + 0.50 M CH;0H solutions. Me-
thanol was added to the solution while holding the electrode potential at 0.06 V. The potential
was cycled between 0.06 V and 1.3 V with sweep rates of 50 and 1.0 mV s°L.

The employed reagents were of p.a. purity, and the solutions were prepared with high
purity water (18 MQ cm). The electrolytes were purged with purified nitrogen prior to each
experiment.

All electrochemical experiments were performed at room temperature in a standard
three-electrode/three-compartment glass cell. The counter electrode was a Pt wire while a
bridged saturated calomel electrode (SCE) was used as the reference electrode. However, all
potentials are given versus the reversible hydrogen electrode (RHE). The electronic equipment
in all of the experiments consisted of a PAR Model 273 potentiostat and Philips Model 8033
X-Y recorder.

GCyy/Pt electrodes with different loadings were characterized at room temperature in air
by atomic force (AFM) and scanning tunneling microscopy (STM) techniques. The structural
characterization was performed with a NanoScope III A (Veeco, USA) microscope. The AFM
observations were performed in the contact mode using NanoProbes silicon nitride cantilevers
with a force constant 0.06 N m'!. The STM images were obtained in the height mode using a
Pt—Ir tip (set-point current, i;: from 1 to 2 nA; bias voltage, V},: =300 mV).
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RESULTS

AFM and STM

The AFM and STM techniques were used for the characterization of GC/Pt
electrodes with different loadings. The AFM images (Fig. 1) reveal the topo-
graphy of the glassy carbon electrodes with platinum deposited on the surface in
the form of large 3D agglomerates of lateral size ranging from 100 to 700 nm.
Increasing the loading leads to an increase in the number and predominant size of
the agglomerates, their closer proximity and pronounced coalescence. Agglome-
rates composed of Pt particles were also observed in STM images by Duarte et
al.ll and Gloaguen et al.16 Their formation can be explained by nucleation and
growth of the Pt electrodeposits. According to Gloaguen et al., !¢ at very begin-
ning of the electrodeposition process (¢ < 0.3 s), a large number of nano-sized
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Fig. 1. AFM Images (2.00x2.00 um?) of the GC/Pt, with low loadings of
11.9 (A), 28.9 (B), 49.8 (C) and 72.3 pg cm2 (D).
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particles is formed and they might be mobile and assemble in Pt agglomerates.
The number as well as the size of the particles increases during deposition. The
first process is predominant at short times of deposition, while the other prevails
at longer times.

The STM images of the Pt agglomerates (Fig. 2) show that they consisted of
spherical nanoparticles of platinum. The size distributions of the particles for the
examined loadings, ascertained from the STM images,!7 are given in Table I.
Increasing the Pt loading led to an increase of the particle size, their distribution
and density. The Pt particles were rather loose at the lowest loading, becoming
closely packed at the highest one.

o
Q

0 20,0  40.0  60.0  80.0 o 20.0 40.0 60.0  80.0

Fig. 2. STM Images (125x125 nm?) of the GC/Pt with a low loading of
11.9 ug cm? (A) and a high loading of 49.8 pg cm™ (B).

-10.0

TABLE I. Pt particle size for GCy;/Pt electrodes with different Pt loadings

Loading, Wp,/ ng cm 11.9 21.1 28.9 49.8 72.3
Particle size, d / nm 4.4+0.7 8.9£1.6 10.6+2.3 36.145.3 52.4+11.1
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Electrochemical characterization

Platinum was deposited on two samples of glassy carbon (GC; and GCyy)
under the same conditions with loading ranging from 10-80 ug cm2. Typical
cyclic voltammograms of a GC/Pt electrode in 0.10 M NaOH and of a GCyy/Pt in
0.50 M H3SOy4 are shown in Figs. 3A and 3B, respectively. They resemble the
corresponding voltammograms for smooth platinum with well defined hydrogen
adsorption/desorption region (from 0.06 V to 0.40 V), separated in sulfuric acid
(Fig. 3B) from the region of surface oxide formation at higher potentials by a
double layer charging/discharging region. In alkaline solution (Fig. 3A) the hydro-
gen desorption is followed by reversible OH~ adsorption (0.40 V < E < 0.75 V)
and irreversible oxide formation at potentials higher than 0.75 V. The potentials
of all the anodic and cathodic peaks remained the same regardless of the loading.
The ratio between the peak heights for strongly (4ps) and weakly (4py,) bound hy-
drogen, remained almost constant for all the examined electrodes (inserts in Fig. 3).
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The real surface area of the platinum catalysts (Ap;), determined from the hy-
drogen adsorption/desorption charge, is plotted versus the loading in Fig. 4. The
Pt real surface area initially increased with loading but at higher loadings remain-
ed nearly constant. A similar dependence of the Pt surface area with loading was
found by Duarte et al.!! The difference in the surface areas of the Pt particles
deposited on the GC; and GCyy supports arises from the different geometric area
of the glassy carbon substrates and the non-homogeneity of this material and is in
accordance with literature data.!8
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The dependence of the specific catalyst area (Sp¢) on the loading is depicted
in Fig. 5. The specific catalyst area generally decreases with the loading. This
trend is more pronounced at the higher loadings (Figs. SA and 5B), which is in
accordance with reported data.8:%11.19 However, for the electrode with the
support of smaller geometric area examined in alkaline solution (Fig. 5A), the de-
pendence attained a maximum at = 25 pg cm2, was followed by decrease in Spy.
An initial increase in Sp; at low loadings was shown by Mikhaylova et al.8 and
considered as deviations from the regularity attributed to inaccuracies in the de-
termination of the real surface area, Ap;, of small deposits. Although this possi-
bility cannot be neglected, based on the presented results, we are of the opinion
that this initial increase in Sp; of the studied GC/Pt electrodes might be related to
the conditions of the Pt electrodeposition. In the region of small loadings, i.e.,
short deposition times, the Pt agglomerates were smaller, well separated and their
number increased with the amount of Pt, resulting in the increase of the specific
surface. Longer times of deposition favor the growth of Pt crystals relative to
nuclei formation. Consequently, the deposition of Pt at higher loadings results in
the increased growth of the Pt forms, their higher concentration and closer pro-
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ximity at the same geometric surface and in a decrease of the specific area of Pt
because the ratio of the surface to bulk atoms decreases. This might be the reason
why the dependence of the specific area on the loading exhibited a maximum.
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Fig. 5. The dependence of the spe-
0.10 M NaOH 0.50 M H,SO, ciﬁc. catalyst area (Sl?t) upon the
0 . s : 0 cvv vt v loading of Pt deposited on the
g 2 o 8 0 20 40 60 80 100 smaller GC; (A) and larger GCyy
W/ ng cm W/ ng cm (B) substrate.

Methanol oxidation

The influence of the loading, i.e., surface morphology, of the GC/Pt electro-
des on their electrocatalytic activity for methanol oxidation was studied in 0.10 M
NaOH and in 0.50 M H»SOy4.

Methanol oxidation under potentiodynamic conditions at GC/Pt electrodes
with a loading of = 30 pg cm~2 in 0.10 M NaOH and 0.50 M H,SOy is shown in
Figs. 6A and 6B, respectively. Methanol oxidation commences at the onset of
OH anion adsorption (Fig. 3A) and proceeds on the surface covered by reversible
OH,q species. The maximum of the current is attained at potentials (£ = 0.85 V)
where the rate of methanol dehydrogenation and the rate of oxidation of the de-
hydrogenated product by OH,q species are in balance.20

The coverage of the GCyi/Pt electrode with adsorbed organic species, calcu-
lated from the hydrogen adsorption/desorption region in the presence and in the
absence of methanol, given as the covered area is depicted in Fig. 7. As can be
seen, the coverage initially increases with increasing loading, reaches a maxi-
mum and then decreases at higher Pt loadings. It should be mentioned here that
such a dependence was not obtained for the GCy/Pt electrode with a smaller geo-
metric surface used in alkaline solution because of the scattered data for the
calculated area. This might be explained by the possibility that OH adsorption, to
a certain extent, overlaps with H adsorption in alkaline solutions.2!
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The electrocatalytic activity of the GC/Pt electrodes for methanol oxidation
was considered under potentiostatic conditions, as the activities observed under
potentiodynamic measurements are transient in nature. Tafel plots, recorded us-
ing linear sweep voltammetry at 1.0 mV s~!, are presented in Fig. 8. Well defined
straight lines with the Tafel slopes of approximately 100 mV dec~! in NaOH
(Fig. 8A) and 80 mV dec! in HpSO4 (Fig. 8B) were obtained at all loadings.
However, a decrease of activity of the GC/Pt electrode with higher Pt loadings
was clearly observed in both cases.

The dependences of the specific and mass activity (at 0.62 V) on the loading
of the GC/Pt electrodes are shown in Figs. 9 and 10, respectively. Inspection of
these figures revealed that the activity increased, reached a maximum and then
decreased as the loading increased. A maximum activity for this reaction in acid
solution at supported platinum catalysts versus the specific catalyst area was also
described by Umeda ef al.? and Attwood et al.!8 The results of Frelink et al.12
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for the same reaction showed a slight maximum of the specific activity with
particle size but when the mass activity of the same electrode was plotted versus
the particle size such a maximum was not found. Comparing their results with
those of Attwood and coworkers,!8 the authors concluded that the preparation
method could have a considerable influence on the behavior of the Pt catalysts. It
should be mentioned that all these authors used different methods for the che-
mical deposition of Pt. On the other hand, the activity of Pt electrodeposited on
GC either increased with loading8 or showed a maximum at much higher load-
ings if the Pt was deposited on nanofibers. 10
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Fig. 10. The mass activity for methanol oxidation versus loading of the
GC/Pt electrodes in 0.10 M NaOH (A) and 0.50 M H,SO, (B).

DISCUSSION

The activity of the GC/Pt electrodes depended generally on the Pt loading in
both solutions (Figs. 8—10), increasing at lower loadings, reaching a maximum at
~ 30 and = 50 ug Pt cm2 in alkaline and acidic solutions, respectively, and then
decreasing rapidly with further increase of the loading.

Activity of GC/Pt catalysts in methanol oxidation has mostly been related to
the particle size effect and discussed in the numerous papers.?—25 Basically, the
particle size effect assumes that the activity of the electrode is determined by the
number of contiguous sites available for methanol adsorption.!4 In this sense, the
higher the number of correspondingly arranged sites is, the higher is the activity.
Accordingly, the increase of activity up to the maximum value (Figs. 8—10) could
be attributed to the increase of the Pt particle size. However, further increase of
loading leading to a decrease of the activity of the catalyst, being not in accor-
dance with the particle size effect, clearly indicates to the importance of the sur-
face morphology.

AFM and STM images of GC/Pt electrodes obtained under conditions of
lower loadings (Figs. 1A, 1B and 2A) show that the Pt was deposited in the form
of randomly distributed, mostly well separated agglomerates consisting of small,
rather loose particles. This surface morphology remains unaffected significantly
by increasing of particle size with loading (Fig. 1B). In the range of lower load-
ings, the real surface area increases (Fig. 4) as well as the specific catalyst area of
Pt deposited on the smaller support (Fig. 5A), while the specific catalyst area of
Pt on the larger support remains almost unchanged, probably due to the non-ho-
mogeneity of the glassy carbon with different geometric areas. The maximum ac-
tivity for methanol oxidation in both solutions (Figs. 8-10) was exhibited by
electrodes with a high value of the real surface area and the maximum value of
the specific catalyst area (Figs. 4 and 5), suggesting clearly that the correspond-
ing surface morphology provides the high number of contiguous sites available
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for the reaction. On the other hand, it suggests also that particle size effect, ope-
rative under the conditions of lower loadings should be related to the surface
morphology.

It should be noted that any significant changes concerning the hydrogen ad-
sorption/desorption or Pt oxide formation/reduction on the basic voltammograms,
as well as the peak position on the cyclic voltammograms for methanol oxida-
tion, usually observed with a change of particle size,?»12.13,20.21 were not detec-
ted (Figs. 3 and 6). Most likely this was caused by the rather wide particle size
distribution in each loading and the overlapping of the same particle sizes in two
loadings (Table 1).

Increasing of Pt loading altered the surface morphology leading to the depo-
sition of predominantly larger agglomerates with increased particle size, their hi-
gher density, closer proximity and even coalescence (Figs. 1C, 1D and 2B). Si-
multaneously, the real surface area remained almost constant due to the satura-
tion of the substrate with Pt. Consequently, the specific catalyst area decreased
due to the diminishing ratio of surface to bulk atoms. Such a change of the para-
meters cannot explain the decrease of the catalytic activity. However, the surface
morphology under conditions of high loadings, which indicates the existence of
different defects caused by the close proximity and coalescence of agglomerates
and particles, could help in the solution of this problem.

The presence of defect sites related to steps and grain boundaries which
interconnect nanoparticles into complex structure was postulated by Millard et
al26 and Cheristiouk et al?7 As the number of defects increases with the
enhancement of Pt loading, due to the increase of particle coalescence, the ratio
between facets, i.e., flat surface domains, and defects increases in favor of de-
fects, leading to a diminishing of the Pt contiguous sites available for methanol
adsorption. This view is supported by the fact that the coverage of GCy/Pt elec-
trode with adsorbed organic species increased parallel with increasing real sur-
face area up to a loading corresponding to the maximum activity and then de-
creased (Fig. 7), while the real surface area remained practically constant.

CONCLUSIONS

The activities of GC/Pt electrodes in the oxidation of methanol in both acidic
and alkaline solutions exhibit an volcano dependence with respect to the plati-
num loading.

The activity increases in the range of lower loadings following the particle
size effect as the Pt particles are distributed in mostly well separated agglome-
rates, which provides for a high number of contiguous sites for methanol adsorp-
tion. The activity decreased in the range of high loadings when different defects
were formed due to the close proximity and coalescence of the Pt particles. De-
creasing of the ratio between the flat surface domains and the defects in favor of
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the defects with increasing Pt loading leads to a diminishing number of conti-
guous sites for methanol adsorption.

Finally, it could be concluded that the activity of the catalyst cannot be
explained exclusively by particle size effect without relating this effect to surface
morphology.
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InatuHa ucranoxeHa Ha crakiactd yribeHuK (GC) kopuiulieHa je ka0 MOZEIN CHCTEM 3a HC-
MUTHBamke yTHIaja Mopdooruje moBpmuHe Pt kaTanuzaropa 3a peakyjy OKCHAAI]e METaHOa Y
QJIKaJIHUM U KHCEJIMM pacTBopuMa. IlnaTuHa je TajokeHa MOTEHIMOCTATCKOM ITyJICHOM METOIOM
na GC nomory u3 H,SO, + H,yPtClg pacTBopa o HCTHM ycIoBHMa y kommarir ox 10 To 80 pug cm™
ADOM u CTM cauke GC/Pt enekrpona mnokasyjy aa je Pt ucranoxena y oomuky 3D armomepara
Koju ce cactoje on chepHux uyectuna. Jlyxke BpeMme Taloxkema JoBoau mo nosehanor pacra Pt
(bopmu 1 cMamema crienuduyYHe OBPLIMHE HATAJIOXKEHE IUIAaTHHE. PealiHa MOBPIIMHA HCTAI0KEHE
IUTaTHHE pacTe ca moBehameM KOJIMYMHE HCTaJOXKeHe IUIaTuHe AocTkyhu mmato. bes o63upa Ha
0BO, cnenupuyHa U MaceHa aKTHBHOCT IUIATHHE UCTAJOXKEHE HA CTAKJIACTH YIJbEHHMK 33 OKCH-
JAIMjy METaHOJIa KaKO Y KHCEIMM TaKO U y JIKaJHUM PacTBOPUMA I10Ka3yje BYJIKAHCKY 3aBHCHOCT
O]l KOJIMYMHE UCTallokKeHe IuiaThHe. [loBehame akTHBHOCTH ce MOXKe 00jacHUTH IpeKo rnoBehama
BEJIMYMHE YECTHUIIA Ca KOJMYMHOM HCTAJOKEHE IUIaTHHE, OJHOCHO Hpeko nosehama cyceaHux Pt
MecTa JOCTYIHHX 3a aIcopOLujy U JIEKOMIIO3ULK]y MeTaHoia. MehyTHM, CMamemhe KaTaluTHUKe
aKTUBHOCTH Ca JaJbuUM IHOBehameM KOJMYMHE HCTAIOKCHE IUIATUHE W BEIUYMHE HECHHX YECTHIA
HAKOH MOCTHIHYTOT MakCHMyMa j€ MOBE3aHO Ca CMambeheM Opoja akKTMBHHMX MECTa JIOCTYIHHX 3a
aJICOPIILIKjy METaHOJA U PE3YJITAT je CMambeha pacTojama 1 H3paXKEHOT cTanama Pt decTuia.

(ITpumsbeno 20. neriem6pa 2007, pesuaupano 14. mapra 2008)
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Abstract: Polarization characteristics of the electrodeposition processes of Fe
powders from sulfate and chloride electrolytes and the morphology of the ob-
tained powders were investigated. The morphology depended on the anion pre-
sence in the electrolyte but not on the current density in the investigated range.
A characteristic feature of the dendritic powder with cauliflower endings ob-
tained from sulfate electrolyte is the presence of cone-like cavities and the crys-
tallite morphology of the powders surface. On the other hand, Fe powders elec-
trodeposited from chloride electrolyte appear in the form of agglomerates. A
soap solution treatment applied as a method of washing and drying provides
good protection from oxidation of the powders.

Keywords: Fe powder; morphology; polarization diagrams.

INTRODUCTION

By the electrochemical classification of metals, transition metals such as Fe,
Ni and Co belong to the "inert metal” group, with a small exchange current den-
sity, jo, and a high overpotential of electrodeposition, 7.2 All polarization dia-
grams recorded during the electrochemical deposition of metals and alloy pow-
ders of the Fe group are distinguished through the following phenomena: a) the
deposition of powders (as well as compact metal) is accompanied by the simulta-
neous evolution of hydrogen from the very beginning of metal deposition. In this
situation, a plateau corresponding to the limiting current density cannot be regis-
tered on the polarization diagram, as is the case with copper,3 b) all of the pola-
rization diagrams corrected for the /R drop are characterized by the presence of
two inflexion points, i.e., the first inflection corresponds to the beginning of me-
tal deposition, which is then followed by a rapid rise of the current density, where-

* Corresponding author. E-mail: vesnam@vin.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0809861M
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as the second inflection characterizes the start of a linear change of current den-
sity with potential. This deviation from linearity demonstrates a change of the
mechanism of metal deposition.#->

Fe powder is an important raw material, which is widely used in the manu-
facture of porous metallo—ceramic bearings, friction materials, parts for machi-
nery, for production of various alloys, in the chemical industry for the fabrication
of rechargeable batteries, efc.® The physical and chemical characteristics of Fe
determine its peculiar electrochemical behavior. Almost all data concerning the
electrodeposition of Fe powders were summarized by Calusaru.® A literature sur-
vey of the electrodeposition of Fe powders shows that mainly two types of elec-
trolytes were investigated and these were based on sulfate®-11 and chloride elec-
trolytes.®12 In all the reported cases, the morphology of the deposited powders
was dendritic.8:13 With increasing duration of electrolysis, the dendrites merge,
which is unacceptable for the further application of such deposits as they must be
ground in order to obtain powders. However, in the range of lower acidity, the
deposits become powdery and, in some cases, may be spongy and sticky. Gene-
rally, the hitherto research indicates that there are two steps in the electrodepo-
sition of Fe powders, deposition of a fragile film followed by grinding.!4-16 It
should be emphasized that we successfully attempted to obtain powdery Fe pow-
ders without the grinding process.

Fe powders have a very high tendency to corrosion. The wet electrolytic pro-
duct contains over 99 % Fe, while the washed and dried powders may contain
several percent of oxide.8 Kuzmin and Kiseleva® demonstrated a marked influen-
ce of pH on the content of oxide in Fe powders electrodeposited from sulfate elec-
trolytes. Fe(Il)-based electrolytes were investigated within the pH range 1.5-4.2.
The oxide content depended not only on the amount of hydroxides formed during
deposition, but also on the amount of powder oxidized during washing and dry-
ing. It is noteworthy that the lower the pH, the much lower was the oxide content.

The aim of this work was to investigate the polarization characteristics of the
processes of the electrodeposition of Fe powders from sulfate and chloride elec-
trolytes and the morphologies of the obtained powder as a function of the type of
electrolyte and current density. X-Ray diffraction analysis was performed in
order to check the quality of the selected way of stabilization of the Fe powders.

EXPERIMENTAL

Polarization diagrams were recorded in a three-compartment standard electrochemical
cell at room temperature. The Pt-foil counter electrode and the reference saturated silver|silver
chloride (Ag|AgCl) electrode were placed in separated compartments. All solutions were pre-
pared from analytical grade chemicals and distilled water. Polarization measurements were
performed using a computer-controlled potentionstat (PAR M273A) and corrosion software
(PAR M352/252, Version 2.01) at a sweep rate of 1.0 mV s!. To obtain polarization curves
corrected for the /R drop, the current interrupt technique was used with a current interruption
time of 0.5 s.
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All powder samples were electrodeposited at the room temperature in a cylindrical glass
cell of total volume 3 dm?3 with a cone-shaped bottom for the collection of the powder par-
ticles. The working electrode was a glassy carbon rod with a total surface area of 1.45 cm?
immersed in the solution and placed in the middle of the cell.

Pure metal powders were electrodeposited from solutions containing either 70 g dm™
FeSO,4 + 133 g dm3 (NH,4),SO, or 50 g dm™ FeCl, + 105 g dm3 NH,CI. The deposition time
was 5.0 min. The pH of the investigated solutions was varied from 1.3 to 1.6.

The wet powder was washed several times with a large amount of demineralized water
until the wet powder was free from traces of acid. All the time, the powder was submersed in
water to prevent oxidation. To inhibit oxidation in air, sodium soap Sap G-30, which contains
78 % of total fatty acids, was added as an additive to the water used for washing the Fe pow-
der. The powder was then dried in the a furnace under a controlled nitrogen atmosphere at 100 °C.17

The morphology of the electrodeposited powders was examined using a Jeol T-20 scanning
electron microscope, SEM.

The phase structure of the powders was investigated using a Philips PW 1050 X-ray
powder diffractometer.

RESULTS AND DISCUSSION

It is well-known that the deposition of powders (as well as compact metal) of
the Fe group is accompanied by the simultaneous evolution of hydrogen from the
very beginning of metal deposition. A selection of the polarization diagrams for
the process of electrodeposition of Fe powders from chloride electrolyte, the po-
larization curve for the electrodeposition of Fe powder measured with correction
for the IR drop (Fe + H»), the polarization curve for hydrogen evolution (H;) and
the polarization curve for Fe powder electrodeposition after subtraction of jy,
(Fe) are shown in Fig. 1a. The current for hydrogen evolution was obtained using
the equation for the Faraday law!8 applied to the process of gas evolution:

_ I’ZFVO

a (1)

where V) is the experimentally determined volume of evolved hydrogen at pyt
and 7' =298 K corrected to normal conditions (p® and T = 273 K), ¢ the time of
hydrogen evolution at a constant current, /5, the volume of 1 mol of hydrogen at
normal conditions (22.4 dm3 mol-!), n the number of exchanged electrons and F
is the Faraday constant. After subtracting the obtained values from the total
current densities (Fe + Hj), the values corresponding to the deposition of pure
iron (Fe) were obtained. All polarization diagrams are characterized by the pre-
sence of two inflection points.

The current efficiency for the electrodeposition process was obtained from
the relation:
]Fe{SOﬁ‘ 100 Jtot — JH,

7;(%)=100 :
Jtot Jtot

2)



864 MAKSIMOVIC et al.

The corresponding values of the current efficiency are shown in Fig. 1b. As
can be seen at the beginning of the electrodeposition process significant amount
of hydrogen is evolving, causing the value of the current efficiency of about 30 %.
At more negative potentials this value increases to about 55 % and further the
sharp decrease is taking place in the region of the sharp increase in current den-
sity to about more then 30 %.

T T T T T T 3,0 T T T T T T T 60
Fe+H, (a) ] (b)
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Fig. 1. (a) Polarization curve for the electrodeposition of Fe powder from the chloride
electrolyte measured with /R drop correction (solid line Fe + H,), (o) polarization curve
for hydrogen evolution (dashed—dotted line, H,) and (A) polarization curve for
Fe powder electrodeposition after subtraction of jy;, (dashed line, Fe); (b) polarization
curve for Fe powder electrodeposition and the corresponding 7; vs. E curve (®).

The polarization diagrams (Fe + Hjy) for the processes of electrodeposition of
Fe powders from sulfate and chloride electrolytes are illustrated in Fig. 2. A
sharp increase of the current occurred at about —1.0 V during the deposition from
sulfate electrolyte, while for the deposition from chloride electrolyte, this pheno-
menon moved to more negative potentials (at about —1.2 V), indicating that the
overpotential for the deposition from chloride electrolyte is by about 0.20 V ne-
gative than that from the sulfate electrolyte. The shape of the diagrams suggests
that intensive hydrogen evolution occurred during the deposition process. Accor-
ding to the polarization diagrams, three current densities for each electrolyte were
selected for analysis (see Fig. 2).

The morphology of the obtained powders depended on the anion presence in
the electrolyte. The typical morphology of the powder electrodeposited from sul-
fate and chloride electrolytes is shown in Figs. 3a and 3b, respectively. The Fe
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powder electrodeposited from the sulfate electrolyte was characterized by den-
drite, coral-like particles, while the powder electrodeposited from the chloride
electrolyte contained one type of agglomerates.

Fig. 2. Polarization curves for the
electrodeposition of Fe powders
from the sulfate and chloride elec-
trolytes measured with /R drop
correction at selected current den-
1 sities; (A) chloride (j = 3.6, 4.8

) L T L and 6.0 A cm?) and (o) sulfate

1.4 13 1.2 11 -10 -09 08 (j=2,3.5and 5.0 A cm?) elec-

E/V vs. Ag|AgCl trolytes.

-j/Acm

a) b)

Fig. 3. Typical powder particle morphology; sulfate, j = 5.0 cm2 (a),
and (b) chloride electrolyte, j = 6.0 A cm™2.

The morphologies of the Fe powders and their surfaces deposited from the
sulfate electrolyte at current densities j = 2, 3.5 and 5.0 A cm2 are shown in
Figs. 4a—4f. The morphology of the Fe powders deposited at all the investigated
current densities is dendritic of the coral type. There is no significant difference
in size and shape of particles with increasing current density in the range from
2.0 to 5.0 A cm2. Only primary ramification of the dendrites occurred without a
clear crystallographic orientation and further ramification was hindered. It is a
characteristic for the primary branch of dendritic particles that only one type of
cavity, i.e., cone-shaped, could be detected on all the particles: (Fig. 4b). The ap-
pearance of such cavities is most probably the result of bubble formation due to
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hydrogen evolution.#519 Such a kind of cavities was found and explained in
previous papers on alloy powders.*> At higher magnification, which enabled de-
tailed observation of the morphology of the dendrite, insufficiently developed
cauliflower endings with crystallites were noticed regardless of the applied cur-
rent density. These crystallites represent potential places for further growth of
dendrites. The morphology of the endings depends on the moment of detachment
of the particles from the electrode.*

morphology of the powder particles (a, c, €); morphology of the surface (b, d, f);
j=2.0(a,b),3.5(c,d)and 5.0 A cm™ (e, f).
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The morphologies of the Fe powder particles and of their surfaces deposited
from chloride electrolyte at current densities j = 3.6, 4.8 and 6.0 A cm2 are
shown in Figs. Sa—5f. In this case, only agglomerates were detected at all the in-
vestigated current densities. Some of these agglomerates were spherical (Fig. 5a).
The higher magnification microphotographs (Figs. 5b, 5d and 5f) reveal that the
top surface of these agglomerates also had cauliflower-like endings. The main
characteristic of the top surface of these particles was the presence of crystallites
on the cauliflower-like endings. Such a morphology indicates that a second layer
of growth of nodules occurred.!®

S0pm

Fig. 5. SEM Micrographs of Fe powders electrodeposited from chloride electrolyte:

morphology of powder (a, ¢, ¢); morphology of surface (b, d, f);
j=3.6(a,b),4.8(c,d)and 6.0 A cm™ (e, f).
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Powders have a high chemical activity because of their large surface area
and, hence, readily react with the oxygen in air to form surface oxides.®-14:20 It is
known that corrosion processes occur at the boundary of the surface of the pow-
der particles and the liquid phase. In this way, it is possible to imagine that mois-
ture adsorption can be prevented by the formation of a film on the surface of the
powder particles, which could enable their long-term and safe protection. In re-
lation to this, it was necessary to find stabilizers that would enable the creation of
hydrophobic adsorption films on the surface of the powder particles, which
would be able to protect and stabilize the metal surface from the effect of mois-
ture.17:20 It was found that benzoic acid, Sap G-30 and benzotriazol were the best
stabilizers for copper particles.!7 The assumption is that they stabilize by forming
colloidal precipitates in the form of a protective film on the surface of the
particles. The X-ray diffractograms of Fe powders deposited from sulfate and
chloride electrolytes and stabilized by sodium soap are shown in Fig. 6. Through-
out the investigated range of 26, the X-ray patterns contain only two charac-
teristic peaks, corresponding to the a-Fe phase with a body-centered cubic (bcc)
crystal lattice with (110) and (200) planes. It should be pointed out that reflec-
tions of possibly present oxides (FeO, Fe;O3 and Fe3O4) were not detected in
either of the two samples, which proves that the soap solution treatment applied
as a method of washing and drying provided good protection of the Fe powders
from oxidation.

a-Fe (110),
a-Fe (200),
b
a
Fig. 6. X-Ray diffractograms of Fe pow-
—_——- — — ders electrodeposited from: a) sulfate elec-
0 40 %0 60 & 8 trolyte at j = 5.0 A cm™, and b) chloride
20/degree electrolyte at j = 6.0 A cm™.
CONCLUSIONS

The main results obtained in this study can be summarized as follows:
1. Polarization diagrams recorded during the electrochemical deposition of
Fe powders were characterized by the presence of two inflexion points, i.e., the
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first inflection corresponded to the beginning of metal deposition which is then
followed by a rapid rise in the current density, whereas the second inflection
characterizes the start of the linear change of the current density with potential.

2. The morphology and composition of the obtained powders depended on
the anion presence in the electrolyte. Generally, two types of particles could be
distinguished: dendrites (sulfate electrolyte) and agglomerates (chloride electro-
lyte) at all the investigated current densities.

3. The main characteristic of the top surface of all particles was the presence
of crystallites on the cauliflower endings.

4. Cavities, which were the result of bubble formation due to hydrogen
evolution, could be found only in the powders electrodeposited from the sulfate
electrolytes.

5. The X-ray patterns contained only characteristic peaks corresponding to
the a-Fe phase, indicating that the quality of the selected method of stabilization
using a soap solution gave good protection from oxidation.

Acknowledgment. This work was financially supported by the Ministry of Science of the
Republic of Serbia under the research project "Deposition of ultrafine powders of metals and
alloys and nanostructured surfaces by electrochemical techniques" (142032G/2006).

U3BOJ
EJIEKTPOXEMMICKO TAJIOXEILE Fe ITPAXOBA U3 KMCEJIUX EJTEKTPOJINTA

BECHA M. MAKCMOBWHR ', JbYBHIIA J. TABJIOBUR?, BOPKA M. JOBUR® 1 MUOMHUP T'. TABJIOBUR?

! Mncimuiiyim 3a nyxaeapue nayke "Bunua", i. dip. 522, 11000 Beozpao, >HXTM, Llenitiap 3a eaekilipoxemujy,
Yuusepauitieini y Beozpady, lezowesa 12, 11000 Beozpad u > Muciliuiiyiti 3a sy ailiuducyuiAuHapHa
uctipaxcusarsa, i.ip. 33, 11030 Beozpao

VY 0BOM pajy IpHKa3aHW Cy PE3yJITATH UCIHTHBAaKbA IOJapU3aLMOHUX KAPAKTEPHCTHKA TIPO-
eca Tajnoxema Fe npaxoBa u3 cynpaTHUX U XJIOPHIHUX €ICKTPOINTA, Ka0 U MOp(ooruja 100u-
jeHor mpaxa. YTBpheHo je na Mop(hoJoruja 4ecTuia 3aBUCH Ol BPCTE aHjOHA MPUCYTHHX y €JIeK-
TPOJIUTY, aJld HE M OJ NIPUMEH-EHE I'yCTHHE CTPYje Y MCIIUTHBAHOM oricery. KapakrepucTHyHo 3a
YeCTHLC KOje Cy MCTAJOKeHEe U3 CyN(aTHUX eICKTPOINTA je 1a Cy OHe ICHAPUTHYHE ca Kap(uo-
JIACTUM, KPUCTATHHHYHUM 3aBpIICHHMa U Jia Toceyjy Kynacre mrymsrHe. Ko Fe mpaxosa ucra-
JIOXKEHUX M3 XJIOPUIHUX EIeKTPOJIUTAa yodeHHU cy arnomeparu. Kopumiheme pacTBopa caiyHa y
POLIECY Ipama U CyLICHha MPaxoBa MI0Ka3ao ce Kao 100ap METO/ 3allTUTE paxa oJ OKCHIALHjE.

(TTIpumsseHo 17. neuembpa 2007, peBuanpano 27 dedpyapa 2008)
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Abstract: A coulometric—potentiometric procedure for the determination of re-
lative acidity scales of acetone, methylethyl ketone, methyl-isobutyl ketone and
propylene carbonate is described. The range of the relative acidity scale of a
solvent was determined from the difference between the half-neutralization po-
tential of perchloric acid and that of tetrabutylammonium hydroxide. The per-
chloric acid was generated in situ from a hydrogen—palladium electrode in pre-
sence of sodium perchlorate or tetrabutylammonium perchlorate as the suppor-
ting electrolyte. The electrode pairs glass—SCE and (H,/Pd);,—SCE were ap-
plied for the measurement of the half-neutralization potentials of the acid and
base. A wider range of relative acidity scale of the solvents was obtained with
the glass—SCE electrode pair and tetrabutylammonium perchlorate as the sup-
porting electrolyte.

Keywords: relative acidity scale; coulometric generation of perchloric acid; hyd-
rogen—palladium electrode; non-aqueous solvents.

INTRODUCTION

The choice of solvent as the medium for acid—base titrations was done on the
basis of the thermodynamic constants of the solvent, the dissociation constant of
the titrated acid (base), the half-neutralization potential of the titrated acid (base)
in the investigated solvent and the relative acidity scale of the solvent.!

The autoprotolysis constant, K, is one of the basic thermodynamic constants
of a solvent, which depends on numerous parameters including the acidity and
basicity of the solvent, the relative permeability and polarity of the solvent mole-
cules, efc. The Ky value gives information directly relevant to the extent of the
acidity scale, pKs. Solvents with higher pK; values have a stronger differentiating
effect during the titration of multicomponent electrolyte mixtures.

* Corresponding author. E-mail: radadz@kg.ac.yu
# Serbian Chemical Society member.

doi: 10.2298/JSC0809871D
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The relative acidity scale of a solvent, £, has no physical meaning as does
the acidity scale pKg, which is calculated from the autoprotolysis constant of the
solvent. The value of the £ scale of a solvent is calculated from the difference
between the half-neutralization potentials of a strong acid and a strong base in the
given solvent. The relative acidity scale defines for every solvent the approxi-
mate potential ranges which can be used for potentiometric acid-base titrations
under the determined experimental conditions (titrant, electrode pair, efc.). Hence,
the E scale is a practical criterion for the choice of the optimal conditions in po-
tentiometric acid-base titrations in the given solvent. With increasing range of the
Eg scale, the possibility of the titration of weak bases (acids) and of different-
tiating titrations of multicomponent mixtures of bases (acids) in the solvent is
increased.

There are a few data in literature concerning the relative acidity scale of non-
-aqueous solvents.2~6 The presented procedures for the evaluation of the E scale
were based on the determination the difference between the half-neutralization
potentials of perchloric acid and tetraecthylammonium hydroxide (TEAH) or te-
trabutylammonium hydroxide (TBAH) in the given solvent. It was found that the
range of the scale depends on the nature of the solvent, the type of the electrode,
the nature and concentration of the titrant and the presence of water and other
impurities in the solvent.

Although perchloric acid is a strong electrolyte in most non-aqueous sol-
vents, its application as a titrant is connected with some experimental difficulties,
such as the instability of the acid in organic solvents, the presence of water, efc. It
might be expected that an improvement of the procedure of classical titrations
with perchloric acid would be obtained by using coulometric titration. With the
coulometric titration technique, it is not necessary to prepare a titrant solution as
this is generated electrolytically. It was shown’ that many organic compounds
(phenols, thiols, ascorbic acid, esters of gallic acid, efc.) and mercury, as well as
hydrogen (or deuterium) dissolved in palladium can be successfully applied as
anodic depolarizers for the coulometric generation of acids in non-aqueous sol-
vents. The most favorable anodic depolarizer for the coulometric titration of bases
as well as for the coulometric determination of protonation constants in non-aque-
ous solvents is hydrogen dissolved in palladium. The anodic oxidation of hydro-
gen generates “dry” hydrogen ions, by which means the introduction of a titrant
into the solution is avoided, the titrated volume and the ionic strength remain
unchanged and the procedure is simplified.

No data have been reported on the application of coulometric titrant genera-
tion for determination of the relative acidity scale of solvents.

Employing the possibility of the direct H" generation by the electrooxidation
of hydrogen dissolved in palladium, in this work a procedure for the coulometric—
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—potentiometric determination of the relative acidity scales of some dipolar apro-
tic solvents was developed.

EXPERIMENTAL
Reagents

All employed chemicals were of analytical grade from Merck or Fluka. Prior to use, ace-
tone (AC), methylethyl ketone (MEK) and methyl-isobutyl ketone (MIBK) were purified by
procedures described in the literature.® Propylene carbonate (PC) was used without further
purification.

Tetrabutylammonium hydroxide (TBAH) in a 2-propanol-methanol mixture (0.10 M)
was used. The exact concentration of TBAH was determined coulometrically using a hydro-
gen—palladium generator electrode.

The liquid organic bases were first dried over fused potassium hydroxide and then distil-
led under reduced pressure. The concentration of the solutions of the bases were controlled by
titrating them with H* generated by the oxidation of hydrogen dissolved in palladium.

The supporting electrolyte was 0.10 M sodium perchlorate or 0.10 M tetrabutylammo-
nium perchlorate (TBAP) in the required solvent.

Apparatus

The apparatus for the coulometric—potentiometric determination of relative acidity scales
of the solvents is shown in Fig. 1.
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Fig. 1. Schematic diagram of the apparatus for the
©- . . . L
coulometric—potentiometric determination of the re-
@t lative acidity scale of solvents: (1) current stabi-

lizer, (2) pH-meter, (3) glass electrode, (4) calo-
mel electrode, (5) Pt-cathode, (6) thermostat, (7)
———® H,/Pd electrode and (8) magnetic stirrer.

The current source was a voltage—current stabilizer (type STNS, Vinca, Belgrade). The
current in the generating circuit was measured with a precise milliampermeter (Iskra, Kranj).
The anode and cathode compartments of the electrolytic vessel were separated by a sintered
glass disk of porosity 4; the volume of anolyte was 40 ml, and that of the catholyte 10 ml. The
potential was measured by means of a pH-meter Radiometer pHM-26. The temperature of the
solution was kept constant by circulating thermostated water through the outer glass-mantel of
the vessel. The solution was continuously stirred with a magnetic stirrer.

Electrodes

The generator electrode, (Hy/Pd),e,, was a palladium plate (1 emx2 emx0.5 ¢cm), satura-
ted with hydrogen obtained by electrolyzing a dilute aqueous sulfuric acid solution.
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The indicator electrode, (H,/Pd);,q, was made in the form of a palladium spiral wire
sealed into a glass tube by means of a platinum wire. The electrode had previously been satu-
rated with hydrogen obtained by the electrolysis of water. The response of (H,/Pd);,4. elec-
trode in the solvents was investigated from the potential measurements in solutions of coulo-
metrically generated perchloric acid (within the concentration range 0.010 M to 0.0010 M) in
sodium perchlorate media. It was found (Fig. 2) that the potential of the (H,/Pd);,q electrode
showed a sub-Nernstian dependence on the logarithm of the concentration of perchloric acid,
with a slope of 46 mV in acetone and 44 mV in methylethyl ketone.

150 -
100 /
a
> 50
S
W
04
-50
b Fig. 2. Plot of the potential of the (H,/Pd);yq
100 electrode vs. logarithm of the concentration of the
a5 30 25 20 15 electrogenerated perchloric acid in (a) acetone and

log (¢ / mol dm™®) (b) methylethyl ketone.

A glass electrode, type G-202B (Radiometer, Copenhagen), was used. The electrode was
conditioned in the required solvent before use.

A modified saturated calomel electrode, type K201 (Radiometer, Copenhagen), with po-
tassium chloride in methanol was used as the reference electrode.

Procedures

Determination of the relative acidity scale. The relative acidity scale of AC, MEK,
MIBK and PC were determined from the difference in the half-neutralization potentials of
perchloric acid and TBAH. Two electrode pairs, a glass—SCE and a (H,/Pd);,—SCE, were
used for the measurement of the half-neutralization potentials of the acid and base.

Determination of the potential of the half-neutralization of perchloric acid. The suppor-
ting electrolyte (sodium perchlorate or TBAP) was poured into the anode (40 ml) and cathode
(10 ml) compartments of the electrolytic vessel. The platinum and (Hy/Pd),e,.€lectrodes were
immersed into the catholyte and anolyte, respectively. The required amount of hydrogen ions
was generated at the (Hy/Pd),, anode (current of 5.0 mA). The coulometrically obtained per-
chloric acid was then half-neutralized with a standard solution of TBAH. The potential of
half-neutralization of perchloric acid was read 60 min after thermostating (25 °C).

Determination of the potential of half-neutralization of TBAH. The supporting electrolyte
was placed into the cathode and anode compartments up to the same level. A suitable volume
of a standard solution of TBAH (0.500 ml) was added to the anolyte and then titrated to half
neutralization with hydrogen ions generated at the (Hy/Pd),e, anode. The half-neutralization
potential of the base was also measured after thermostating the solution.

Coulometric—potentiometric titrations of mixtures of bases in propylene carbonate. The
supporting electrolyte was poured into the anode (20 ml) and cathode (5.0 ml) compartments
of the electrolytic vessel. The platinum wire was dipped into the catholyte and the (Hy/Pd)ge,
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electrode and the desired electrode couple (glass—SCE or (H,/Pd);,q—SCE) were placed in the
anolyte. A weighed amount of the base being determined was added to the anolyte, the current
was switched on; hydrogen ions were generated discontinually and the potentials were read.

RESULTS AND DISCUSSION

The relative acidity scales of acetone, methylethyl ketone, methyl-isobutyl
ketone and propylene carbonate were determined by coulometry from the diffe-
rence between the half-neutralization potentials of solutions of perchloric acid
and TBAH of the same concentration in the investigated solvent.

Es=E1»(HCIOy) - E1/2(TBAH)

In order to obtain a half-neutralized solution of perchloric acid, the required
amount of acid (1.67x1073 M) was generated in situ from the (H2/Pd)gen elec-
trode and then neutralized to 50 % with a standard solution of TBAH. A half-
-neutralized solution of TBAH was obtained by titrating a solution of the base
(1.67x1073 M) to 50 % with hydrogen ions coulometrically generated at an
(H/Pd)gen anode. The half-neutralization potentials of perchloric acid and TBAH
were measured using both a glass—SCE and a (H,/Pd);,g—SCE electrode pair.

As an example, the calculation of the relative acidity scale of acetone from
the experimental data is shown in Table L.

TABLE 1. Determination of the relative acidity scale of acetone using a H,/Pd generator

electrode; ¢(TBAH) = 1.67x10-3 M; ¢(HCIO,) = 1.67x10- M; supporting electrolyte sodium
perchlorate (0.10 M); current 5.0 mA

. Number of
Electrode pair determinations Ep(HCIO,) / mV E|»(TBAH) /mV E,/mV $/mV
Glass—SCE 6 —470+4 +182+6 652 9
(H,/Pd);,e—SCE 4 —120+7 —418+3 298 10

8Standard deviation; the values of the standard deviation represent the accuracy of the measurement of the
relative acidity scales of the investigated solvents

The ranges of the relative acidity scales of the investtigated solvents, obtain-
ed by the coulometric—potentiometric procedure, are shown in Fig. 3.

As can be seen from Fig. 3, various intervals of the relative acidity scale
were obtained for one solvent; the range of the £ scale depended on the elec-
trode pair and the nature of the employed supporting electrolyte. When a glass—
—SCE electrode pair was used for measuring the half-neutralization potentials, a
wider acidity scale of the solvent was obtained than when a (H,/Pd);,g—SCE elec-
trode couple was applied. Thus, for example, the £ scale of acetone (in a sodium
perchlorate medium) determined with a glass—SCE and a (H»/Pd);,q—SCE elec-
trode pair were about 650 and 300 mV, respectively (Table I). This difference in
the relative acidity scale of a solvent can be explained by the sensitivity of the
(H»/Pd)ing electrode being lower than that of a glass electrode in the investigated
solvents; the slopes of the potential response of the (Hy/Pd)ingq electrode were
sub-Nernstian (Fig. 2).
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On the basis of this fact, it is to be expected that the highest potential jumps
at the end-point would be obtained if a glass electrode were used for the detection
of the end-point in the employed solvents. The curves of the coulometric—poten-
tiometric titrations of two-component mixtures of bases in propylene carbonate
as the solvent using glass—SCE and (H,/Pd);,—SCE electrode couples are shown
in Fig. 4.
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Fig. 4. Coulometric—potentiometric titration curves of mixtures of bases in propylene
carbonate: (a) triethylamine + quinoline and (b) triethylamine + 2,2’-bipyridy].

In the coulometric titration of a mixture of bases, triethylamine + 2,2’-bipyri-
dyl, the potential jumps recorded for the first and second end-point were 60 and
150 mV, respectively, when a glass electrode was used and 30 and 60 mV, res-
pectively, when a (Hy/Pd)jnq electrode was used. As in PC, in the other dipolar
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aprotic solvents (AC, MEK and MIBK) in accordance with their £y scales, coulo-
metric—potentiometric titrations of mixtures of bases can be successfully perfor-
med using a glass indicator electrode.”

The range of a relative acidity scale of a solvent depends on the nature of the
supporting electrolyte and also on the presence of water. When TBAP was ap-
plied as the supporting electrolyte instead sodium perchlorate, wider Eg scales
were obtained. The large influence of the supporting electrolyte on the Eg scales
determined using a glass electrode can be explained by specific effects of the
cation of the supporting salt on the sensitivity of this electrode.

Water lowered the range of the relative acidity scale in all the investigated
solvents. It was found that the addition of small amounts of water (less than 1 %) in
the anolyte had a large effect on the relative acidity scale of the solvent. Thus,
after the addition of 0.30 % water, the relative acidity scale of acetone was nar-
rowed by 65 mV, whereas after the addition of a further 0.70 % water, the scale was
narrowed by an additional 60 mV. In accordance with the influence of water on
the E scale of the solvent, it is to be expected that the potential jumps at the end-
-point in the coulometric—potentiometric titrations of bases (acids) will be decreased.

CONCLUSIONS

Based on the presented results, it may be concluded that a generator hyd-
rogen—palladium electrode can be applied for the coulometric—potentiometric de-
termination of relative acidity scales of dipolar aprotic solvents. By applying a
hydrogen—palladium generator electrode as a source of H', the use of a standard
solution of perchloric acid is avoided and the effect of water present in the acid
solution is eliminated. A relative acidity scale determined by this method is a
practical and useful criterion, which could find application in coulometric—poten-
tiometric acid—base titrimetry in non-aqueous solvents.

Acknowledgement. The authors are grateful to the Ministry of Science of the Republic of
Serbia for financial support (Project No. 142060).

U3BOJ

KYJIOHOMETPUJCKO OJIPEBUBAIGE PEJTATUBHE CKAJIE KUCEJIOCTU HEKHUX
JUIIOJIAPHUX ATIPOTUYHUX PACTBAPAYA ITPUMEHOM
BOJJOHUK-TTIAJIAIMIYMOBE EJIEKTPOAE

PAJIMUIJIA M. LIY}:[OBI/I"FA1 u JbUJbAHA H. JAKIIIR?

! Mpupoono—maiiemaiiuyicu (axy.aitiei, Yuusepsuitieiii y Kpazyjeeuy, Padoja Jomanosuha 12, 34000 Kpazyjesay u
2Pydapcko—zeonouticu paiyaitieit, Yuusepauitieit y Beozpady, Bywuna 7, 11000 Beozpad

[IpukazaH je mocTymak 3a KyJOHOMETPH]jCKO—TIOTCHIIMOMETPHjCKO oipehrBame penaTHBHAX

CKaJa KUCEJOCTH aleTOHa, METHJIETUI KETOHA, METHIM3HOYTHII KETOHAa M TPOIMICH-KapOoHaTa.

BpeaHocT penaTHBHE CKalle KHCEJIOCTH pacTBapada oapelieHa je 3 pasiuke MONy-HeyTpann3a-

LHOHMX TOTEHLHUjajla TePXJIOpHE KUCEInHe U TeTpaldyTHIaMOHH]jyM-XHIpOKcHaa. [lepxaopHa Ku-

CelIMHA je TeHEepUCaHa in situ Ha BOJAOHHUK—TIAJIa(ljYMOBO] CJICKTPOIH Y MIPUCYCTBY HATPH]yM-TIep-
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XJIopara WM TeTpabyTHIaMOHHjyM-IIepXJIopaTa Ka0 OCHOBHOT €JIEKTPOJINTA. 32 MEPEHE MOJTy-Hey-
TpalTH3alMOHNX MOTEHIMjajla KICeNInHe u 0a3e KopuheHu Cy eNeKTpOoIHH mapoBH crakineHa—3KE
u (Hy/Pd),,,;—3KE. Ilpumenom enextpoaHor napa craxiena—3KE u TeTpalbyTHiiaMOHKjyM-TIepXJio-
PaTHOT OCHOBHOT €JIEKTPOJIMTa 100ujeHe cy Behe BpeJHOCTH 3a pellaTHBHE CKaJle KHCEIOCTH UCIIH-
THBAaHHX pacTBapaya.

(ITpumsbeno 30. jyna 2007, peBuaupano 13. dhebpyapa 2008)
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Abstract: The aim of this work was to develop a new kinetic spectrophoto-
metric method for the determination of ibuprofen in pharmaceutical formula-
tions. Ibuprofen was determined in an acidic ethanolic medium by monitoring
the rate of appearance of 1-nitroso-2-naphthol, resulting from the displacement
by ibuprofen of Co(IIl) from the tris(1-nitroso-2-naptholato)cobalt(IIl) com-
plex. The optimum operating conditions regarding reagent concentrations and
temperature were established. The tangent method was adopted for construc-
ting the calibration curve, which was found to be linear over the concentration
range 0.21-1.44 and 1.44-2.06 pg ml!. The optimized conditions yielded a
theoretical detection limit of 0.03 pug ml™! based on the 3.3 Sy criterion. The
interference effects of the usual excipients of powdery drugs, foreign ions and
amino acids on the reaction rate were studied in order to assess the selectivity
of the method. The developed procedure was successfully applied for the rapid
determination of ibuprofen in commercial pharmaceutical formulations and hu-
man control serum. The unique features of this procedure are that the determi-
nation can be performed at room temperature and the analysis time is short.
The newly developed method is simple, inexpensive and efficient for use in the
analysis of a large number of samples.

Keywords: ibuprofen; kinetic spectrophotometry; validation; pharmaceutical
preparation.

INTRODUCTION
Ibuprofen [RS-2-(4-isobutylphenyl)propionic acid] (IB) is a non-steroidal anti-
inflammatory medication used especially for the relief of the symptoms of
arthritis, primary dysmenorrhoea and fever, and as an analgesic, especially where
there is an inflammatory component. Ibuprofen was developed by the research
arm of the Boots Group. Its side effects are gastrointestinal hemorrhage and ulce-

* Corresponding author. E-mail: mitich_s@yahoo.com
doi: 10.2298/JSC0809879M
879
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ration. Various methods have been used for the determination of ibuprofen in
pharmaceutical and biological samples. Until now, chromatographic methods
(HPLC, GC, HPTLC, TLC),!~? electrophoretic methods,!9~13 spectrophotometric
methods!#15 and titrimetric methods with visual and potentiometric indica-
tions!0~18 are the major technique for the determination of ibuprofen.

The aim of this work was the development and validation of a simple, rapid
and selective kinetic method for the analysis of ibuprofen in commercial phar-
maceutical formulations and human control serum.

EXPERIMENTAL
Apparatus

The reaction rate was monitored spectrophotometrically. The absorbance of the solution
was measured at a wavelength of 375 nm, which corresponded to the absorption of 1-nitroso-
-2-naphthol. The readings were performed on a Perkin-Elmer Lambda 15 UV/Vis spectropho-
tometer, connected to a thermo-circulating bath.

An Agilent Technologies Model 1200 instrument fitted with a C;g (Zorbax Spm, 250
mmx4.6 mm) analytical column was used for the HPLC analysis.

A Julabo MP-5A model thermostatic bath was used to maintain the reaction temperature
at 22.00+0.02 °C.

The pH measurements were made using a Hanna Instruments pH meter.

The solutions were thermostated at 22.00 = 0.02 °C before the beginning of the reaction.
Reagents

A stock solution (1.0x10-3 mol I'!) of ibuprofen was prepared daily in ethanol from phar-
maceutical 99.59 % certified products, kindly provided by the Pharmaceutical Laboratory
Galenika, a.d., Belgrade, Serbia.

An acetic acid solution (HOAc, 10 mol I'") was prepared from glacial HOAc (Merck).

A 1-nitroso-2-naphthol solution (1.0x10- mol I'!) (Merck) was prepared by dissolving a
known amount in ethanol.

A potassium bromate solution (0.1 mol 1'!) was prepared by dissolving a known amount
in water.

A stock cobalt(I) solution (1.7x1073 mol I'!) was prepared by dissolving CoCl,-6H,0
(Merck) in water. A working solution (1.7x10 mol I'!) was obtained by diluting the stock
cobalt solution with water.

The ionic strength was kept constant at 0.10 by adding an appropriate amount of NaCl
solution (1.0 mol 11).

Analytical grade chemicals and deionized water (MicroMed high purity water system,
TKA Wasseraufbereitungssysteme GmbH) were used for the preparation of all solutions.
Procedure

General Procedure. In order to obtain good mechanical and thermal stability, the instru-
ments were run for 10 min before the first measurement. The reaction was performed in a
reaction-mixture vessel with four compartments. A solution of 1-nitroso-2-naphthol was pla-
ced in one compartment, ibuprofen and acetic acid in the second, KBrOj; in the third, and co-
balt(Il), electrolyte for ionic strength control and ethanol (total volume 10 ml) in the fourth
compartment. The vessel was thermostated at 22.00+0.02 °C and the reaction was initiated by
mixing. The reaction solution was put into a cell and the absorbance at 375 nm was measured
spectrophotometrically every 30 s over a period of 5—6 min after mixing against the reagent
blank prepared similarly.
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Procedure for tablets and cream. A total of 20 tablets of each of the two studied pharma-
ceutical preparations (Ibuprofen, Panfarma, Belgrade, Serbia and Brufen®, Galenika a.d., Bel-
grade, Serbia) containing IB were weighed and finely powdered using a pestle and mortar. An
accurately weighed quantity of the resulting powder, equivalent to 400.0 mg (weight of one
tablet) of IB was dissolved in 25.00 ml of ethanol. Then it was centrifuged at 1800 rpm for 10
min and filtered through a 0.45 pm membrane filter (Millipore) directly into a 100.00 ml stan-
dard volumetric flask. The residue was washed three times with 15.00 ml of ethanol for com-
plete recovery of the drug. The washings were added to the volumetric flask which was then
filled to the mark with the same solvent. 2.50 ml of this solution was made up to 100.00 ml
with ethanol to obtain a solution the expected IB concentration of which was 100.0 pug ml'L.
For kinetic determination, aliquots of this solution were transferred into vessels. For HPLC
determination, aliquots of ibuprofen solution were transferred to a 10.00 ml volumetric flask
and evaporated to dryness in a water bath. The residue was reconstituted with mobile phase
and 20 pl was transferred into a glass vial for automatic injection into the HPLC system.

In the case of cream (Brufen®, Galenika a.d., Belgrade, Serbia), 4.000 g, which corres-
ponded to 400.0 mg of ibuprofen, was weighed and mixed with 25.00 ml of ethanol. The mix-
ture was stirred intensively for 30 min, centrifuged at 1800 rpm for 10 min and filtered through a
0.45 pm membrane filter (Millipore) directly in a 100.00 ml volumetric flask. The further
preparation was the same as in the case of the tablets.

In all cases, it was assumed that the actual content of the tablet and cream corresponded
to that reported by the manufacturing laboratories.

Serum sample preparation. Human lyophilized control serum (Lyotrol N, bioMérieux”
sa, France) was used. The serum sample was spiked at two concentrations levels. The concen-
tration of IB was chosen to match its normal therapeutic concentration in human serum.!® To
0.50 ml of serum, the appropriate amount of the stock solution of ibuprofen (10 mg ml'!) and
15 ml of ethanol was added and, after brief vortex mixing, it was centrifuged for 5 min at
3000 rpm to deposit the protein precipitate. The separated supernatant was collected in a 25.00 ml
standard volumetric flask and filled up to the mark with the same solvent. The serum sample
contained 100.0 pg ml™! ibuprofen. Aliquots of this solution were transferred into vessels. For the
kinetic determination, Fe3"was masked by adding an appropriate amount of F~ (1.0x10* g ml'!).
For the HPLC determination, aliquots of the ibuprofen solution were transferred to a 10.00 ml
volumetric flask and evaporated to dryness in a water bath. The residue was reconstituted with
mobile phase and 20 pl was transferred into a glass vial for automatic injection into the HPLC
system.

Comparative method. The employed procedures for the comparative methods (HPLC
and alkalimetric (NaOH) titration with visual indication (phenolphthalein as the indicator)) are
described in the British Pharmacopoeia!” and US Pharmacopoeia.'® Tbuprofen was detected
and quantified on a 250 mmx4.6 mm Zorbax C;g (5 um) analytical column operating at room
temperature. The mobile phase, a mixture of phosphoric acid—acetonitrile—water, 0.5:340:600 v/v,
was allowed to equilibrate and diluted to 1000 volumes with water. The eluate was monitored
at 214 nm. Injection of the samples (20 pl) was performed using an autosampler. The flow
rate of the mobile phase was 2.0 ml min!.

RESULTS AND DISCUSSIONS

Mechanism of the reaction

According to Kolthoff and Jacobsen,2? divalent cobalt coordinates with two
ligands (1-nitroso-2-naphthol, R(INO)OH), liberating two hydrogen ions for each
cobalt ion present:
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Co2* + 2R(NO)OH — Co[R(NO)O], + 2H*

Analyses of the cobalt(Il) complex indicated six-coordination, in fact, the
cobalt(IT) complex corresponded to Co[R(NO)O],-2H;0. In the present work co-
balt(Il) was oxidized with KBrOs, whereby tris(1-nitroso-2-naptholato)cobalt(III),
Co[R(NO)O]3, was formed.2! The complex absorbs at 410 nm, while 1-nitroso-
-2-naphthol absorbs at 370 nm. In acidic medium, the 370 nm band shifts to 375
nm.22 In the presence of ibuprofen, the absorption band at 410 nm22 disappeared
and appeared at 375 nm (Fig. 1), ibuprofen displacing cobalt(Ill) from the com-

1.0

/3

038 1

0.6

0.4

0.2

0.0

>

190.00 262.00 334.00 406.00 478.00  A/nm

Fig.1. Absorption spectra of: 1) ibuprofen (1.0x10-3 mol I'!), 2) 1-nitroso-2-naphthol
(1.0x1073 mol I'") and 3) tris(1-nitroso-2-naphtholato)cobalt(III) complex
in ethanolic acetic acid.

plex with 1-nitroso-2-naphthol. The cobalt(Ill) forms a complex with ibuprofen.
Physical studies of cobalt(II) ibuprofenate ([Cox(Ibup)4]2™), (Ibup = ibuprofenato
ion)) showed that in this complex four carboxylate groups are bridging two
cobalt atoms (similar to other cobalt(III) carboxylates).23:24 Ibuprofen was deter-
mined by monitoring the rate of appearance of 1-nitroso-2-naphthol in ethanolic
acidic medium (Fig. 2):

2Co[R(NO)O]; + 4IB + 2H* — [Coa(Ibup)4]2*+ + 6R(NO)OH
%o
08
y VanY

0.4

0.2

0.0 >
220.00 276.00 332.00 388.00 444.00 500.00 4/nm

Fig. 2. Repetitative scans of the appearance of 1-nitroso-2-naphthol in ethanolic acetic acid
recorded in 2 min intervals in presence of 1.0x10-> mol I'! IB; cryojon = 1.0x107> mol I,
CCH3COOH =1.0 mol 1'1, CKBrO3 =1.0x10-3 mol 1-1, CCo2+ = 1.7x10°° mol 1'1; t=22.00£0.02 °C.
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Kinetic studies

The tangent method was used for processing of the kinetic data. The rate of
the reaction was obtained by measuring the slope of the linear part of the kinetic
curves of the absorbance-time plot (slope = d4/d¢).

In order to determine the lowest possible determinable concentration of ibu-
profen, the working conditions required optimization. Therefore, the dependence
of the rate of reactions on the concentration of each of the reactants was deter-
mined.

The effect of the concentration of acetic acid (Fig. 3) was studied in the
range 1.0-6.0 mol 171, It can be seen that the reaction rate increased with increa-
sing concentration of acetic acid up to 4.5 mol 171; beyond this concentration, the
rate of the reaction remained constant. For further work a concentration of 5.0
mol I"! was used.

The effect of the concentration of 1-nitroso-2-naphthol on the rate of reac-
tion (Fig. 4) was studied in the range 0.5%1075—1.1x1075 mol I-1. It can be seen
that the reaction rate increased with increasing 1-nitroso-2-naphthol concentra-
tion. A concentration of 1.0x107> mol 1-! was chosen as the optimum concen-
tration.
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Fig. 3. Dependence of the reaction rate on the ~ Fig. 4. Dependence of the reaction rate on the

acetic acid concentration. Initial concen- 1-nitroso-2-naphthol concentration. Initial
trations: croyon = 1.0x10° mol I'!, ey, = concentrations: ccy,coon = 5.0 mol I, cxpo, =
= 1.0x103 mol I'!, ccor = 1.7x10°0 mol 11; =2.0x103 mol I'', ccor = 1.7x10°¢ mol 1!,

e = 1.0x10 mol I''; £ = 22.00+0.02 °C. e = 1.0x10° mol I''; £ = 22.00+0.02 °C.
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The effect of the concentration of KBrOj3 (Fig. 5) was studied in the interval
of 1.0x1073-3.0x1073 mol I"!. The reaction rate increased with increasing KBrO3
concentration. For further work, a concentration of 2.5x1073 mol 1"! was used.

The correlation between the slope and the Co(II) concentration is given in
Fig. 6. The influence of the concentration of Co(Il) on the rate of reaction was
examined in the range 0.17—4.24x1070 mol I"1. A concentration of 3.4x1075 mol 1"!
in the final solution was used throughout the experiments.

14
14 -
12
12
= -
g k=
ol g
= 104 - 10
Q =
g o
@ 5
8 %)
8 -
6
— - —
0 1 2 3 0 1 2 3 4
3 -1
CKBr();/ 10" mol | Cog! 10° mol I

Fig. 5. Dependence of the reaction rate on the Fig. 6. Dependence of the reaction rate on the
KBrO; concentration. Initial concentrations: cobalt(II) concentration. Initial concentrations:
CCH3COOH = 5.0 mol 1'1, CR(NO)OH = 1.0x10° CCH3COOH = 5.0 mol 1'1, CR(NO)OH = 1.0x10°
mol 1, cege = 1.7x10¢ mol I'!, cg=1.0x10°  mol T, cxpo, =2.5%103 mol I, ¢jg=1.0x10"

mol I'l; £=22.00£0.02 °C. mol I'l; £=22.00+0.02 °C.

The effect of temperature on the reaction rate was studied at 292, 295, 298,
301 and 304 K. The absorbance-time curves obtained at these temperatures
indicated the temperature dependence of the reaction rate. The rate for different
concentrations of ibuprofen at each temperature was calculated and utilized for
plotting the calibration curve. At temperature > 298 K, the linear dynamic range
of the determination decreased. The linear dynamic range, regression equation
and temperatures are summarized in Table 1. The best linearity was obtained at
295 K and hence this temperature was selected as the optimum temperature for
the determination process.

The least squares equation (y = bx + a, where b and a are the slope and
intercept, respectively) for the calibration graph and correlation coefficient, 725
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for the determination of ibuprofen in the concentration range 0.21 to 1.44 pug ml~!
under the optimal reaction conditions (ccp;coon = 5.0 mol 171 CR(NO)OH =
= 1.0x107 mol 11, cgpro;= 2.5%x1073 mol I"L, ¢co2r = 3.4x1076 mol 171, ¢ =
=22.00+0.02 °C) were calculated:

Slopex103 = 1.647cig +2.645  r=10.9989

where slope is the slope of the linear part of the kinetic curve of the absorbance—
—time plot (slope = d4/dt = &l(dc/df)) and cip is the ibuprofen concentration
expressed in pg ml~1.

TABLE I. Linear dynamic range, regression equation and correlation coefficient at different
temperatures

T/XK Linear dynamic range, pg ml-! Regression equation Correlation coefficient, »
292 041-144,n=>5 Slopex103 = 1.279¢i5 + 1.946 0.9986
295 0.21-144,n=06 Slopex 103 = 1.647cg + 2.645 0.9989
298 0.21-144,n=06 Slopex103 = 3.237¢j5 + 3.031 0.9985
301 0.21-1.03,n=4 Slopex10% = 2.902¢g + 4.483 0.998
304 0.21-1.03,n=4 Slopex10% = 6.831¢g + 5.095 0.9983

The variance (Sg) of the calibration line was evaluated to be 2.566x107% ug
ml~1. The low value of the variance indicates negligible scattering of the experi-
mental data points around the line of regression. The quantitative parameters of
the analysis are given in Table II.

TABLE II. Quantitative parameters of the analysis

Calibration range, pg ml’! 0.21-1.44,n=6
Regression equation Slopex10? = 1.647cg + 2.645
Slope=SD (1.6470.015)x103
Intercept=SD (2.645+0.014)x1073
Correlation coefficient, » 0.9989

Variance, S7 2.566x10
Detection limit, ug ml’! 0.03
Quantification limit, pg ml-! 0.1

The following kinetic equation for the reaction was deduced based on the

obtained graphic correlations.
Rate = kcR(NO)OHCKBrO,CCo2CIB
where & is a constant proportional to the rate constant of the reaction.

The equation is valid for the following concentrations: CH3COOH, 4.5-6.0
mol 171; R(NO)OH, 0.7x1075-1.1x1075 mol 171; KBrOs3, 1.0x1073-3.0x1073
mol 171; Co(II), 1.7x1076-4.24x1076 mol I"! and 1B, 0.21-1.44 ug ml~!.

The activation energy for the reaction was calculated from linear regression
of Arrhenius plot (log k vs. 1/T) and found to be 89.38+0.82 kJ mol L.

The limits of detection (LOD) and quantification (LOQ) were evaluated
using the following equations:26-29
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LOD =3.3Sy/b
LOQ =10S¢/b
where Sy is the standard deviation of the calibration line and b is the slope. They
were found to be 0.030 and 0.10 pg ml~!, respectively.
The precision and accuracy of the system were studied by performing the
experiment 5 times for different concentrations of ibuprofen. The results of
accuracy and precision of the recommended procedure are presented in Table III.

TABLE III. Accuracy and precision of the determination of ibuprofen

a
Taken, pg ml-! o SE“ﬁ;ml_l RSDY / % 1000/ 4
021 0.22+0.01 3.93 4.76
0.83 0.82£0.02 2.58 12
1.44 1.45+0.02 .14 0.69

3Mean and standard deviation of five determinations at the 95 % confidence level; Yrelative standard deviation;
Caccuracy of the method

Interference studies

To assess the selectivity of the method, the interference of those species ac-
companying IB in pharmaceutical formulations was studied. The tolerance limits
(expressed as the w/w ratios) for the species studied in the determination of 1.65
ug ml~! of IB are given in Table IV. As can be seen, the usual components of
powdery drugs (fructose, glucose, lactose, mannitol and sorbitol), the vitamins
Bi, Bg and By, and Li", Na™ and K do not interfere with the method because
the amounts tolerated are much higher than those usually present in pharmaceu-
tical formulations. Binders, such as gelatin, and fillers, such as talc, are insoluble
in ethanol, which was used for dissolving the pharmaceutical preparations. Sili-
con dioxide is also insoluble in ethanol. It should also be noted that higher tole-
rance levels exist for the presence of the amino acids Ala, Phe, Asp, Met, Tyr,
Trp and Ser, the 2-carboxy metabolite of ibuprofen, (2-[4-(2-carboxypropyl)phe-
nyl]propionic acid), and Mn2* and Cd?*. The amino acids His, Arg, Lys and Gly,
as well CaZ", Zn?* and Mg2" interfere with the method. More severe interfe-
rences were observed for Fe3* (masked with F-) and Cu2* ions. No interference
was observed when up to 100-fold concentrations of nicotinic acid, citric acid,
stearic acid, Si" and C,05~ were present.

TABLE IV. Effect of foreign species on the determination of 1.65 pg ml'! of ibuprofen

Foreign species /%  Tolerance level (Cipierferent/CIB)
Fructose, glucose, lactose, By, B4, By, Li*, Na*, 5-10 103

K*, mannitol, sorbitol

Mn?*, Cd?*, Si*t, F', C,04~ 5-10 102

Ala, Phe, Asp, Met, Tyr, Trp, Ser, nicotinic acid, <5 B

citric acid, stearic acid
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TABLE IV. Continued

Foreign species /%  Tolerance level (ciperferent/IB)
His, Arg, Lys, Gly, Ca%t, ZnZ", Mg?", 2-[4-(2-car-
boxypropyl)phenyl] propionic acid

bFe3*, Cu?* Interference 1

nterference coefficient, / = (c{)B —c)/ C?B (c?B and cg are the measured concentrations of ibuprofen without
and with the interfering species); “masked with fluoride ions

5-10 10

Applicability of the proposed method

The proposed method was applied for the determination of ibuprofen in three
pharmaceutical formulations using the direct calibration curve. They were treated
as described in the Experimental section. As can be seen in Table V, the results
obtained for this method are in accordance with the official HPLC method. Also,
good recovery was observed in the case of the serum sample (Table VI), indi-
cating that the constituents of the human control serum did not interfere (Fe3*
were masked with F~ and the proteins were precipitated) in any way with the de-
tection of ibuprofen. The HPLC chromatograms of the determination of ibupro-
fen in tablets (1.03 pg ml~!) and the spiked serum (0.52 pg ml~!) are given in
Fig. 7. Therefore, the proposed method could be used for the determination of
ibuprofen in serum samples. The results of the proposed method were statistically
compared with those of the official method using a point hypothesis test.30-31 Ta-
bles V and VI show that the calculated F and ¢ values at the 95 % confidence
level are less than the theoretical ones, confirming no significant differences be-
tween the performance of the proposed and the official method.

TABLE V. Determination of ibuprofen by the kinetic and the official methods (titrimetric me-
thod and HPLC)

IB found by HPLC® Titrimetric
Pharmaceutical Taken the proposed RSD? Recovery? F t method®
preparation pgml!  method? % % xJ_rSD_l value® valueP x+SD
x+SD, g ml! ng ml pg ml!
Brufen®° 0.83  0.85+0.02 3.16 10241 0.84+0.03 1.36 0.609 0.86+0.01
Ibuprofend 1.03 1.01+£0.03 2.5 98.06 1.02+0.02 1.63 0.687 1.00+0.02
Brufen®e 1.44  1.42+0.02 132 98.61 1.41£0.01 3.41 1.054 1.39+0.02

3Data are based on the average obtained from five determinations; btheoretical F value (vp=4,v,=4)and ¢
value (v = 8) at the 95 % confidence level are 6.39 and 2.306, respectively; ‘tablets (from Galenika a.d.,
Belgrade, Serbia) containing ibuprofen 400 mg and excipients; dtablets (from Panfarma, Belgrade, Serbia)
containing ibuprofen 400 mg and excipients; ®cream (from Galenika a.d., Belgrade, Serbia) containing ibupro-
fen 1g/100 mg (50 g) and excipients
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TABLE VI. Determination of ibuprofen in human control serum by the standard addition method

Proposed method . Titrimetric
g ml-! RSD?* Recovery? HPLC F ! method®
. b b
Addeq  Found® % Yo xtSD,pugml! value® value® ont
x+SD

0.31 0.33+0.01 3.92  106.45 0.32+0.02 2.18  1.027 0.35+0.01
0.52 0.50+0.02  3.78 96.15 0.51+0.01 239  0.861 0.48+0.02

3Data are based on the average obtained from five determinations; btheoretical F value (vi=4,v,=4)and ¢
value (v = 8) at the 95 % confidence level are 6.39 and 2.306, respectively
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Fig. 7. HPLC chromatograms of: A) ibuprofen tablets (1.03 ug ml!) and B) serum spiked with
0.52 ug ml'! ibuprofen. Column: C18 (Zorbax, Sum, 250 mmx4.6 mm). Mobile phase: phos-
phoric acid—acetonitrile-water, 0.5:340:600 (v/v). Detection: spectrophotometer at 214 nm.

CONCLUSIONS

In conclusion, the proposed kinetic—spectrophotometric method for the de-
termination of ibuprofen in pharmaceutical samples reported in this paper is sim-
ple, rapid and inexpensive and is very appropriate for routine quality control
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analyses of the active drug in the laboratories of hospitals, the pharmaceutical in-
dustries and research institutions. Statistical comparison of the results with the
official method showed good agreement and indicated no significant difference
in accuracy and precision. The proposed method has also a wider linear dynamic
range and lower detection limit in comparison with the spectrophotometric deter-
mination of ibuprofen (Table VII).

TABLE VII. Comparison of the proposed kinetic—spectrophotometric method with spectro-
photometric determination of ibuprofen

Method Linear dynamic range, LOD Ref.
Spectrophotometry 100-1300 pg ml-!
62 ug ml-! 14
ng
660 pg ml-! 32
0.5-3.2 mg ml*! 33
10—40 pg ml'! 34
10-500 pg ml! 35
0.21-1.44 pg ml!
1.44-2.06 pg ml! This work
0.03 pug ml-!
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NU3BOJ

OJIPEBUBAIGE UBYITPOOEHA V ®APMALEYTCKUM IIPEITAPATUMA U XYMAHOM
KOHTPOJIHOM CEPYMY KOPUMIIREIbEM KMHETUYKE CIIEKTPO®OTOMETPUIE

CHEXAHA C. MUTUR!, TOPJIAHA . MUJIETHR!, AJIEKCAHJIPA H. TIABJIOBUR!,
BUJHAHA B. APCUR! n BAJIEHTUHA B. JKUBAHOBHWR?

! Ipupoono—maimiemaiivmicu paxyaiieisi, Odcek 3a xemujy, Yrueepauitieiti y Huuty, Buwezpadcxka 33, 18000 Huw u
2Buwa iiowoiipuspedna wixoaa, Bupuaa u Meitioouja 1, 18400 Ipoxkyiimwe

s pana 6uo je paspana HOBE KMHETHYKE MeToje 3a onpehuBame ubynpodeHa y dapma-
LEYTCKAM IIpenapaTiMa U XyMaHOM KOHTpOJHOM cepyMmy. MOymnpoden je ompehuBan Mepemem
Op3uHe NojaBJbUBaka 1-HUTPO30-2-HadTONA, KOjU HACTAje YCIe/ HEroBOr HCTHCKHBAbA U3 TPHC-
(1-auTpo30-2-HadTomaro)kobant(Ill) kommuekca. Oapehenu cy ontumanau ycioBu. [IpuMemeHa
je TaHreHTHa MeTona M no0ujeHa KanuOpalnoHa KpHBa Koja je JMHeapHa y MHTepPBaly KOHIICH-
Tpauuje ubynpodena ox 0,21-1,44 u 1,44-2,06 pg ml-l. Tpannna nerexuumje Ha ocHoBy 3,3 S
kputeprjyma je 0,03 pg ml-l. Mcrmran je yTuuaj mysmona, joHa ¥ aMHHOKHCETHHA HA OP3MHY pe-
aknuje. Pa3Bujena Merona je mpuMemeHa 3a onpehuBame nOynpodena y apmareyTcKuM Ipemna-
pathMa ¥ XyMaHOM KOHTPOJIHOM cepyMy. IIpeaHocT MeTo/ie ce oriie[ia y ToMe LITO ¢y oapehuBarma
BpelleHa Ha COOHOj TeMIepaTyph W y KpaTKOM BPEeMEHCKOM HHTepBairy. HoBa MeToma je jemHo-
craBHa U omoryhasa 6p30 oxpehuBame nOynpodeHa y moMeHyTHM y30pLUMA.

(ITpumsbeno 3. oktobpa 2007, peBuaupano 25. mapta 2008)
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Carbon nanotubes
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Abstract: Nanotubes, the last in the focus of scientists in a series of “all carbon”
materials discovered over the last several decades are the most interesting and
have the greatest potential. This review aims at presenting in a concise manner
the considerable amount of knowledge accumulated since the discovery of this
amazing form of solid carbon, particularly during the last 15 years. The topics
include methods of synthesis, mathematical description, characterization by
Raman spectroscopy, most important properties and applications. Problems re-
lated to the determination of CNT properties, as well as difficulties regarding
their applications, in particular scaling, which would lead to their utilization,
are outlined.

Keywords: carbon nanotubes; single-wall nanotubes; multi-wall nanotubes; in-
tercalation; doping; graphene.
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1. INTRODUCTION

Carbon is a versatile element and it can form various allotropes, including
graphite, diamond and fullerene-like structures. In the well-known layered struc-
ture of graphite, there is a large difference in chemical bonding within the layers and
between them. The o-bonds connecting each C atom with its three neighbours
within the layers are created by sp? hybridization. They are possibly the strongest
existing chemical bonds. The remaining fourth, delocalized electron in graphite is
responsible for the very weak m-bonds acting between the layers. It also determi-
nes the “semimetallic” character of graphite. The difference in the bond strength
is reflected in the different bond distances: 0.142 nm between the neighbouring C
atoms within the layers, as opposed to 0.335 nm between the layers. Due to the
large difference in the bond strength, the layers behave in a rather “independent”
way and are termed “graphene” layers.

With the study of Cgg and C7g, it was soon realized that an infinite variety of
closed graphitic structures could be formed, each with unique properties. All that
was necessary to create such a structure was to have 12 pentagons present to
close the hexagonal network (as explained by the Euler theorem). Since C7o was
already slightly elongated, tubular fullerenes were imagined.

However, carbon nanotubes were discovered long before researchers even
imagined that carbon may exist in such a form. It was in 1952 when Radush-
kevich and Lukyanovich reported the discovery of “worm-like” carbon forma-
tions.! These were observed during their study of the soot formed by decom-
position of CO on iron particles at 600 °C. On the basis of many experiments and
TEM images, the authors conclude that the formed product consisted of long fila-
mentary or needle-like carbon crystals with diameters of about 50 nm (the nar-
rowest seen in their TEM images were about 30 nm), probably hollow, growing
from iron compound (probably carbide) particles. In other words, the products
were carbon nanotubes. The discovered carbon nanotubes (CNTs), as we know
today, were in fact multi-walled (MWNTSs), but the resolution of their TEM was
too low (5—6 nm) to enable the authors to see the arrangement of graphenes in the
nanotube walls. It is interesting that the authors also found couples of intertwined
nanotubes, resembling at the first sight the DNA double helix structure.

The discovery of nanotubes passed almost unnoticed, like a number of other
studies before and after it.2

In 1991, researchers at the Naval Research Laboratory first predicted that by
simply turning a graphene sheet into a small tube, the structure would at room
temperature have a carrier density similar to that of metals and zero band gap,
unlike graphite.3

Simultaneously, the experimental work of lijima# led to what is wrongly
thought today by a majority of researchers to be the first discovery of carbon na-
notubes (CNTs), more specifically multiwalled nanotubes (MWNTs). When exa-
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mining fullerene soot, lijima also examined parts of the graphite electrodes of the
arc generator and the graphite rod that served as a cathode and found surprisingly
regular needle-like structures. A closer examination revealed that each needle
consisted of several concentrically arranged seamless graphene tubes, regularly
separated by about 0.34 nm spaces, the distance between layers in graphite (Fig. 1).
Electron diffraction performed by TEM on individual needles revealed that the
tubules seem to consist of rolled up graphene layers. Each tubule appeared to be
rolled up in a different fashion, i.e., it exhibited different helicity (instead of “he-
licity”, the term “chirality” is preferred by a number of authors). The different
degrees of helicity in each shell are necessary to obtain the best fit between the
successive shells in a tube and minimize the interlayer distance.5 The nanotubes,
which could extend in length up to many micrometers, were closed at the end by
a half-spherical or faceted cap (the caps consisted of both hexagons and penta-
gons) and thus resembled extremely elongated, large diameter fullerenes. This
paper was the first unambiguous evidence for the possibility of growing carbon
nanotubes without the need of any catalyst. It was the work of lijima that
produced a worldwide explosion of research on carbon nanotubes.

The formation of single-wall nanotubes (SWNTSs) was first reported in 1993
by two papers submitted independently.®7 A sketch of a SWNT with caps at both
ends is shown in Fig. 2.

Fig. 1. Electron micrographs of carbon nanotubes.
Parallel dark lines correspond to the (002) lattice
images of graphite. A cross-section of each nano-
tube is illustrated: a) a tube consisting of five gra-
phitic sheets, diameter 6.7 nm, b) A two-sheet tube,
diameter 5.5 nm and c) A seven-sheet tube, dia-
meter 6.5 nm, which has the smallest hollow dia-
meter (2.2 nm).* (Reprinted with permission from
Macmillan Publishers Ltd.).

Fig. 2. Sketch of the structure of a single-wall na-
notube with caps at both ends. The tube has he-
licity as indicated by the black coloured carbon
atoms forming a screw-like array of hexagons.®
(Reused with permission. Copyright 2000, Ameri-
can Institute of Physics).
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Since the diameter of SWNTSs can be as small as 0.4 nm with only 10 atoms
around the circumference and the tubes can be only one atom in thickness, the
aspect ratio (length-to-diameter) can be very large (>10%), thus leading to a proto-
type one-dimensional (1D) system. In addition, depending on their diameter and
helicity, CNTs are either one-dimensional metals or semiconductors. Therefore,
they can be used to form metal-semiconductor, semiconductor-semiconductor, or
metal-metal junctions.

The prospects of using CNTs in electronics and other fields led many resear-
chers to study them, both experimentally and theoretically. In this review, the
current knowledge on both pure and doped carbon nanotubes will be presented

2. SYNTHESIS OF CARBON NANOTUBES

Pure carbon nanotubes (CNTs), as well as B- or N-doped CNTs, can be syn-
thesized using conditions far from equilibrium. Other dopants have been far less
studied. The effect of substitutional Si atoms has recently been calculated. A
number of authors deal with intercalation (insertion between neighbouring gra-
phene layers in MWNTs, or between SWNTs in a bundle) of alkali metals,
mainly K,10-15 1j10,16,17 3nd Rb,13 but other dopants (FeCls,12 Bal8), as well as
Lall and halogens (I,19-23 Br!9) as endohedral dopants (within the nanotube) have
also been considered. Monthioux2#4 gives an overview of intercalation into SWNTs.

Although there are now several methods for making nanotubes, the carbon
arc method remains the most practical for scientific purposes and yields the most
highly graphitized tubes, simply because the process uses a very high tempera-
ture (4000 K). The significance of properly graphitized CNTs is that only with
such materials can one expect to find any correlation between theory and experi-
ment.

2.1. Arc method

CNTs can be grown on the carbon cathode used in the d.c. arc discharge
evaporation of carbon in an argon-filled vessel (100 torr).# The deposit generated
has a hierarchical structure, with nanotubes organized in small bundles, which
are themselves organized into 50 um fibres visible to the eye. The alignment of
the nanotubes along the axis of the arc current, the yield of the nanotubes and
their structural quality all depend on the conditions of the arc. The most critical
parameters are the inert gas pressure, the growth rate, the cooling rate, the sta-
bility of the plasma and some other variables difficult to quantify. Nanotube yields
of about 60 % of the core material are obtainable under optimal conditions.2

The growth mechanism of nanotubes is a complex and fascinating subject.
One of the first questions is why elongated structures such as nanotubes (and not
balls) form although they are not thermodynamically stable. This seems to be the
result of a competition between two types of carbon species present near the
cathode surface, namely the anisotropic unidirectional carbon ions accelerated
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across the gap, and the thermally evaporated carbon from the cathode with an
isotropic velocity distribution. In other words, the introduction of an axis of sym-
metry in the reaction zone due to the unidirectional carbon species results in
elongated structures. Analysis shows that an axis of symmetry always exists in
all the methods used to generate nanotubes. For instance, in the catalytic growth
of SWNTs, the catalytic particles provide this asymmetry in three dimensions.>

The early structures were all multi-wall nanotubes. Single-wall nanotubes with
small (= 1 nm) and uniform diameters were synthesized simultaneously in 1993
by two research teams using arc-discharge methods with transition metal cata-
lysts.67 Crystalline ropes of SWNTSs, with each rope containing tens to hundreds
of tubes of approximately the same diameter, were synthesized in this early work.
Subsequently, SWNTSs have been synthesized by a number of researchers using
the arc-discharge method.

The double-walled NT (DWNTSs) occupy a somewhat special position be-
cause the interactions between the inner and the outer tube are very weak, thus
making the possibility of performing studies of the individual constituents of the
DWNTs at the single nanotube level. In addition, while retaining very similar
morphology and properties as SWNTSs, chemical reactivity of DWNTs is signi-
ficantly different. This is particularly important when functionalization (i.e., graf-
ting of chemical functions at the CNT surface) is required to modify properties of
the CNT.

B-doped MWNTs can be produced by arcing either BN/graphite or B/gra-
phite electrodes in an inert atmosphere (e.g., He, N»). Large quantities of crystal-
line and long (< 100 um) MWNTs are obtained. They contain 20-30 sheets and
usually have ill-formed caps. It has proved difficult to produce B-doped SWNTs
using this technique because B may obstruct the growth of the tubules under the
extreme conditions.26

Arc experiments using pure graphite electrodes in NH3 indicate that it is dif-
ficult to produce N-doped SWNTs and MWNTs, possibly because N> molecules
are easily created and do not react with carbon. However, Glerup et al.27 have re-
cently demonstrated that it is possible to grow N-doped SWNTs by arcing com-
posite anodes containing graphite, melamine, Ni and Y. The tubes exhibit a low
(21 %) N concentration, and are sometimes corrugated.

2.2. Laser ablation

Pure SWNTs were produced in yields of more than 70 % by condensation of
a laser-vaporized carbon-nickel-cobalt mixture.28

Zhang et al.?° reported that sandwich-like C-BN nanotubes could be produ-
ced by laser vaporization of graphite-BN targets. Evidence for the existence of
BC7N layers within the MWNTSs was reported. More recently, Gai et al.30 de-
monstrated that B-doped SWNTs could be generated using laser vaporization of
B-graphite—Co—Ni targets. The authors performed laser ablation experiments in-
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side a silica tube placed in a furnace operating at 1100 °C under an Ar atmos-
phere at = 500 torr. A laser beam (1064 nm, 10 Hz) was used to ablate a target
composed of a carbon paste mixed with a Co:Ni catalyst and elemental B. SWNTs
were found in the products when the B content in the target material was <3 at. %,
but with no detectable boron was present in the SWNTs. Higher B concentration
resulted mostly in a mixture of graphite and metal encapsulated particles, the
quantity of SWNTs being low.

Recently, Borowiak-Palen and co-workers3! reported the production of
B-doped SWNTs with higher concentrations of B, in which 15 % of the C atoms
were replaced by B. These experiments were conducted by heating B,O3 in the
presence of pure carbon SWNTs and NHj3 at 1150 °C. Further studies on these
samples should be performed because the reported amount of B is too high com-
pared to the solubility of B in graphite and MWNTs (< 2 wt % B).

2.3. Chemical vapour deposition (CVD)

CVD Synthesis of undoped CNTs is relatively easy. Both SWNTs and MWNTs
can be grown by decomposing an organic gas over a substrate covered with metal
catalyst particles. Nanotubes grow at the sites of the metal catalyst. Their syn-
thesis on a relatively large scale was reported by the catalytic decomposition of
hydrocarbons at 1200 °C using a floating catalyst method. The SWNTs were
self-organized in rope-like bundles. Thiophene addition was found to promote
the growth of the SWNTs and increase the yields of both SWNTs and
MWNTs.32 In a recent work,33 the activity and lifetime of the catalysts were en-
hanced by water, thus allowing massive growth of super dense and vertically
aligned nanotube “forests” with heights up to 2.5 mm, which could be easily se-
parated from the catalysts, providing nanotube material with carbon purity above
99.98 %. The approach is applicable to other synthesis methods developed for the
mass production of SWNTs.

Another approach considered to offer potential for the synthesis of carbon
nanotubes (SWNTs in particular) in large quantities at significantly lower cost
than that of other methods is the use flames, such as a premixed oxygen—ace-
tylene—argon flame, with Fe(CO)s5 vapour as the source of the metallic catalyst.34

Various CVD methods have been used to synthesize N-containing CNTs.
N-doped MWNTs were produced by: the thermal decomposition of N-containing
hydrocarbons over Fe, Co and Ni; the pyrolysis of aminodichlorotriazine over la-
ser-etched Co films at 1050 °C; the pyrolysis of melamine, which resulted in an
increased N content (< 7 %) within corrugated tubular structures; the pyrolysis of
melamine over laser-etched Fe, resulting in high yields of aligned Ci3N, (x < 1)
nanotubes/nanofibres (< 100 nm outer diameter, < 60 pm long); the pyrolysis of
pyridine and methylpyrimidine, resulting in CN,, nanotubes with low N concen-
trations, which were easily oxidized compared to pure CNTs.26
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The results showed that it is extremely difficult to generate crystalline and
highly ordered structures containing large concentrations of N within a hexagonal
carbon network. The degree of perfection strongly depends on the N concen-
tration, the lower the N concentration, the more graphitic and the straighter are
the nanotubes.

Of the various means for nanotube synthesis, CVD shows the most promise
for industrial scale deposition in terms of its price/unit ratio. In addition, CVD is
capable of growing nanotubes directly on a desired substrate, unlike the other
mentioned methods. The growth sites are controllable by careful deposition of
the catalyst. The CVD technique has the potential for enabling the large-scale
production of nanotubes, as well as the growth of nanotubes at specific sites on
microfabricated chips or at the tips of scanning probe microscopes. However, a
lot of work remains to be done in this area in order to control the B or N content,
as well as the nanotube structure.

3. MATHEMATICAL DESCRIPTION OF CARBON NANOTUBES

A SWNT can be mathematically described as a single graphene layer rolled
up into a seamless cylinder, one atom thick, usually with a small number (per-
haps 10—40) of C atoms around the circumference, and a great length (microns)
along the cylinder axis. A carbon nanotube is specified by the chiral vector Cy:

Ch, = nay + may (1)

where (n,m) are the pair of indices that denote the number of unit vectors na; and
may. As shown in Fig. 3, the chiral vector C}, makes an angle 6, the chiral angle,
with the so-called zigzag or a; direction. The vector C}, connects two crystallo-
graphically equivalent sites O and A on a two-dimensional graphene sheet where
a carbon atom is located on each vertex of the honeycomb structure. The axis of
the zigzag nanotube (m = 0) corresponds to 8 = 0°, whereas the so-called arm-
chair nanotube (for n = m) corresponds to § = 30° and the nanotube axis for
so-called chiral nanotubes (all other CNTs) corresponds to 0 < 8 < 30°. The seam-
less cylinder joint of the nanotube is made by joining the line AB’ to the parallel
line OB in Fig. 3. The nanotube diameter d; can be written in terms of the in-
tegers (n,m) as:

di= Cp/n = a(m? +nm + n2)12/n 2)

where a = 1.42x\3 A and corresponds to the lattice constant of the graphite sheet
(the C—C distance is 1.42 A).

The chiral angle 8 is defined as 6 = tan~![V3m/(m + 2n)]. Thus, a nanotube
can be specified by either its (n,m) indices or equivalently by d; and 6.

To define the unit cell for a one-dimensional nanotube, the vector OB in Fig. 3
is defined as the shortest repeat distance along the nanotube axis, thereby
defining the translation vector 7:
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T=ta1+tva (3)
where the coefficients #; and #, are related to (n,m) by:
1= (2m+ n)/dr
tr =—(2n + m)/dr 4)

where dR is the greatest common divisor of (2m + n, 2n + m) and is given by:

)

_Jd if n—misnota multiple of 3d
RV 34 if n-misa multiple 3d,

where d is the greatest common divisor of (n,m). The magnitude of the trans-
lation vector T = |T| = V3L/dg, where L is the length of the chiral vector C}, = nd;
and d; is the nanotube diameter. The unit cell of the nanotube is defined as the
area delineated by the vectors T and Cy,. The number of hexagons, N, contained
within the one-dimensional unit cell of a nanotube is determined by the integers
(n,m) and is given by:
N=2(m?+ n? + nm)/dR (6)
Thus, assuming 0.142 nm as the value of the C—C distance, d¢ = 1.36 nm and
N = 20 are obtained for a (10,10) nanotube.

Fig. 3. a) The unrolled honeycomb lattice of a
nanotube. When sites O and A, and sites B and
B’ are connected, a nanotube can be construc-
ted. The vectors OA and OB define the chiral
vector C,, and the translational vector T of the
nanotube, respectively. The rectangle OAB’B
defines the unit cell of the nanotube. The fi-
gure is constructed for an (n,m) = (4,2) nano-
tube.3 (Reprinted with permission from au-
thors and publisher. Copyright 2004 by Annual
Reviews, http://www.annnualreviews.org).

4. CHARACTERIZATION AND PROPERTIES OF CARBON NANOTUBES

The most important methods used to characterize CNTs are Raman spectros-
copy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), in particular High Resolution TEM (HRTEM), and scanning tunnelling
microscopy (STM). Raman spectroscopy is capable of characterizing CNT sam-
ples, but it also provides detailed information on the vibrational modes of SWNTs
and reveals a variety of unique phenomena in one-dimensional systems. Only
Raman spectroscopy will be considered in this review.
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4.1. Raman spectroscopy

The Raman spectra were taken with laser excitation energy Ej, = 2.41 eV
(514.5 nm wavelength) for a SWNT bundle with diameter distribution of 1.36+0.20
nm (Fig. 4). They exhibit only two dominant features, namely, the radial breath-
ing mode (RBM) out-of-plane vibrations, at 186 cm™!, and the tangential (in-pla-
ne vibrations) band in the range from 1520-1620 cm™! (Fig. 4, inset). Because of
the strong connection of this tangential band to the corresponding mode in two-di-
mensional graphite, this higher frequency band for SWNTs is commonly called
the G-band. Other lower intensity features, discussed below, also provide impor-
tant and unique information about SWNTs.

The Raman spectra of SWNTs strongly and non-monotonously depend on
the laser excitation energy, Elaqer, and are associated with a resonance process for
this energy with the optical transition energy between van Hove singularities in
the valence and conduction bands.36

The results of Raman scattering studies on SWNTs3° reveal not only many
of the characteristic normal vibrational modes of a carbon nanotube, but also show
that the Raman excitation frequency can be chosen to excite preferentially nano-
tubes of a particular diameter.

1593
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i 1864 1500 1600 1700 \ 1 excitation of a SWNT bundle sam-
Fesqincy /oy s 7 \ ple with a diameter distribution
— 1347 152§Jl \ | d,=1.36£0.20 nm. The inset shows
Y 755 855 X WL .
— I £ e an expanded view of the spectra
T T T in the 1480-1700 cm! range.3°
500 1000 1500 (Reprinted with permission from
Frequency / cm-1 AAAS)).

Figure 4 indicates that the G-band for SWNTs consists of two features: one
peaking at 1593 cm! (G*) and the other at 1567 cm™! (G-). The G* feature is
associated with carbon atom in-plane vibrations along the nanotube axis and its
frequency, wg+, is sensitive to charge transfer from dopant additions to the
SWNTs (up-shifts in wg+ for acceptors and downshifts for donors). In contrast,
the G~ feature is associated with in-plane vibrations of carbon atoms along the
circumferential direction of the nanotube and its line-shape is highly sensitive to
whether the SWNT is metallic or semiconducting.2® Also the D-band feature in
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Fig. 4 with wp at 1347 cm™! is commonly found in the Raman spectra of SWNT
bundles, stemming from the disorder-induced mode in graphite. Its second har-
monic, the G’-band (not shown), occurring at = 2wp, is associated with a double
resonance process.3> Both the D-band and the G’-band are sensitive to the
diameter and helicity of a nanotube.

Jorio37 stated that the Raman scattering technique could provide complete
structural information for 1-D systems, such as carbon nanotubes. Due to the sharp
van Hove singularities occurring in carbon nanotubes with diameters less than 2 nm
(see Fig. 7), the Raman intensities for the resonance Raman process can be so
large that it is possible to observe the Raman spectra from one individual SWNT.
The isolated SWNTs were prepared by a chemical vapour deposition method on
an oxidized Si substrate containing nanometre-sized iron catalyst particles. The
helicity of an (n,m) individual single-wall nanotube can be assigned uniquely by
measuring one radial breathing mode frequency wrpm and using the theory of
resonant transitions. A unique helicity assignment can be made for both metallic
and semiconducting nanotubes.3” The differences in the G-band spectra between
semiconducting and metallic SWNTs are shown in Fig. 5.

™ T ™ rTT T =TT

rem | * — Si/SiO;

Fig. 5. Raman spectra from a metal-
G lic (top) and a semiconducting (bot-
tom) SWNT at the single nanotube
level, showing the radial breathing
mode (RBM), D-band, G-band, and
G’-band features, in addition to weak
double resonance features (785 nm
(1.58 eV) laser).The silicon substrate
| provides contributions to the Raman
ITOLA 785nm | spectra, denoted by *3° (Reprinted with
(PRI P B A I ST A S TS SN S | permissionfromauthorsandpublic-
0 500 1000 1500 2000 2500 3000 gpop Copyright 2004 by Annual Re-
Frequency / cm’ views, http:/www.annnualreviews.org).
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Measurements on the G-band at the single nanotube level show that this
feature is a first-order process, with the frequency wg+ essentially independent of
dy or chiral angle 8, while wg- is only dependent of d; and not on 6. Such dia-
meter dependent measurements can be done only at the single nanotube level.”’

Raman spectra of carbon nanotubes, particularly at the single nanotube level,
have been particularly rich in information. Due to the simplicity of the geometri-
cal structure of nanotubes, detailed analysis of the Raman spectra has yielded a
lot of information about phonon dispersion relations, such as information about
their trigonal warping. This information was, in fact, not yet available for two-di-
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mensional graphite but could be studied in nanotubes because of their one-di-
mensionality.3® Thus, studies on carbon nanotubes are revealing a lot of impor-
tant information about the electrons and phonons in 2-D graphite through studies
at the single nanotube level, where the orientation of the wave vector can be ex-
plicitly probed, in contrast to the situation in 2-D graphite, which only allows
measurements to be made as a function of the magnitude of the wave vector.38

4.2. Electronic properties

The nanometre dimensions of carbon nanotubes together with the unique
electronic structure of a two-dimensional graphene sheet make the electronic pro-
perties of these one-dimensional carbon nanotube structures highly unusual.

The theory was ahead of experiment as far as the electronic properties of
CNTs are concerned. Early theoretical calculations showed that the electronic
properties of the carbon nanotubes are very sensitive to their geometric struc-
ture.26 While graphene sheet is a zero-gap semiconductor in which the m-elec-
trons propagate in all directions (2-dimensionally), theory has predicted that car-
bon nanotubes, where the electrons propagate only along the tube axis, can be
either metals or semiconductors with different size energy gaps, depending very
sensitively on the diameter and helicity of the tubes, i.e., on the indices (n,m).
The physics behind this sensitivity of the electronic properties of carbon nano-
tubes to their structure can be understood within the zone-folding picture.

If n—m = 3j, where j is an integer, the SWNTs are metallic*. On the other
hand, all SWNTs with n—m = 3j£1 are large-gap (< 1.0 eV for d; < 0.7 nm) semi-
conductors. Thus, for a uniform distribution of (n,m,) values, there is a one-in-three
chance of a SWNT being a metal and a two-in-three chance of it being a semi-
conductor.

These unique electronic properties arise from the quantum confinement of
the electrons normal to the nanotube axis. In the radial direction, the electrons are
confined by the monolayer thickness of the graphene sheet (= 0.350 nm).

Sufficiently strong hybridization effects between the ¢ and & states can occur
through tube curvature effects in small-diameter nanotubes and these hybridiza-
tion effects significantly alter their electronic structure. For example, a (5,0) tube,
which is predicted to be semiconducting (see above), has been shown to be me-
tallic by ab initio calculations.35 Unusual properties have also been found in
ultra-small diameter SWNTs (d;~ 0.4 nm), produced by confining their synthesis
to occur inside zeolite channels.39 This nanotube is the narrowest attainable that
can still remain energetically stable, as predicted by theory. These ultra-small

* Strictly speaking, due to tube curvature effects, a tiny band gap opens up when j is not 0.
However, for most experimentally observed carbon nanotubes, the gap would be so small that,
for most practical purposes, all the n—m = 3;j tubes can be considered as metallic at room tem-
perature because their thermal energy is sufficient to excite electrons from the valence to the
conduction band.
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diameter SWNTs have been reported to exhibit a variety of unusual properties for
an all-carbon system, such as superconductivity.*0 The unit cell for such ultra-small
diameter SWNTs is small enough to permit detailed and accurate ab initio calcu-
lations of their electronic structures.

Carbon nanotubes often have defects, such as pentagons, heptagons, vacan-
cies or dopants, that drastically modify their electronic properties, which are, of
course, more complex than those for infinitely long, perfect nanotubes. On the
other hand, the introduction of defects into the carbon network is an interesting
way to tailor its intrinsic properties to create new potential nanodevices and to
propose new potential applications for nanotubes in nano-electronics.

The differences between the doped graphene sheet and CNT have been cal-
culated.#! Doping of a graphene sheet with 0.5 % B or N provokes a slight in-
crease and shift in the electronic states close to the Fermi level (Ef), B (electron
acceptor) in the valence band and N (electron donor) in the conduction band.
Thus, density of states (DOS) vs. energy curves for a pure (undoped) and doped
graphene sheets are quite similar to each other (Fig. 6). However, corresponding
curves for doped and undoped nanotubes are quite different (Fig. 7). Because of
the quantum confinement in the CNTs, being a consequence of their nanometer
dimensions, the resulting number of 1-D conduction and valence bands effecti-
vely depends on the standing waves set-up around the circumerence of the nano-
tube. The spikes are called “van Hove” singularities and are typical of 1-D quan-
tum conduction, which is not present in an infinite graphite crystal.

I ' I } T I L I P I

graphene sheet graphene sheet
B:0.5% N: 0.5 %

Density of states
Density of states

Fig. 6. DOS for doped and un-
doped graphene sheets (solid and
dotted curves, respectively) (Ter-
rones et al.?° on the basis of re-
sults of Latil et al*!) (Reprinted
; with permission. Copyright Else-
Enery 7, Ensray /v, vier (2004).).

Little work has been performed on doping SWNTs with either B or N.
However, it is believed that these systems should exhibit unusual quantum effects
and it should be possible to tailor the band gaps of semiconducting SWNTs when
doping at very low concentration levels. It should be pointed out that, in order to
observe genuine quantum effects in doped CNTs, the dopants must be present
within SWNTs of narrow diameter (< 1-2 nm).26
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In N-doped SWNTs, N could be present substitutionally (N coordinated to
three C atoms in an sp2-like fashion), or as a pyridine-type N (two coordinated
N), which can be incorporated into the SWNT, provided that a C atom is re-
moved from the framework. This type of defect induces localized states below
and above the Fermi level. Therefore, substitutional N doping in SWNTs should
result in n-type conducting behaviour, whereas pyridine-type N may produce
either a p- or n-type conductor, depending on the doping level, the number of N
atoms, and the number of removed C atoms within the hexagonal sheet.

In experiments on simultaneous doping of SWNTs, bundles of B- and N-do-
ped single-walled carbon nanotubes (SWNTs) containing up to = 10 at. % B and
up to = 2 at. % N were synthesized at high yields under thermochemical treat-
ment of pure carbon SWNT bundles and B,0j3 in a flowing nitrogen atmosphere.*2

[ ¥ T Ll | 1 1 1 X |
10,10} nanotube (10,10} nanotube
- BO2% « ND2%

Fig. 7. DOS for doped and un-
doped metallic CNTs (solid and
dotted lines, respectively). Note
the peaks in the curves for the
doped CNTs (arrows) in the va-
lence band (B) and conduction
band (N) (Terrones et al.2® on the
basis of results of Latil et al.*!).
: ) (Reprinted with permission. Copy-
Ensray fy, Energy /1, right Elsevier (2004).).
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The amphoteric character of SWNTSs, i.e., their ability to exchange electrons with
a dopant atom (or molecule) to form the corresponding positively or negatively
charged counterion, has been shown also for the SWNTs exposed to typical elec-
tron-donor (potassium, rubidium) and electron-acceptor (iodine, bromine) dopants.!9

Intercalation of single-wall carbon nanotubes (SWNTSs) provides an impor-
tant tool to modify their electronic band structure. In a particular case of the
relatively large iodine ions, the size of SWNTs and the size of iodine are compa-
rable. A commercial material used in the work of Grigorian et al.20 comprised
predominantly (6,5) and (7,5) nanotubes with diameters d; = 0.757 and 0.829 nm,
respectively. Taking into account the thickness of the nanotube wall (= 0.350 nm),
the inner diameters dj, were 0.407 and 0.479 nm, respectively. The diameter of
the iodine ions (df = 0.432 nm) is between these two values. Therefore, larger
SWNTs with iodine-filled interiors were found to carry significantly higher char-
ge density as compared to smaller empty ones.20
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According to recent calculations,? silicon substitutional doping of SWNTs
can dramatically change the local atomic and electronic structures of the SWNT
at the doping site, which results in its preference to form sp3 bonding, and the
band structure of the doped SWNT exhibits a very different characteristic from
that of the pristine SWNT. For the (5,5) tube, the metallic band structure can be
changed into a doped degenerated semiconducting band structure with a distinct
band gap and an unoccupied impurity band above the Fermi level. In addition,
due to the formation of sp3 bonds, the doping silicon atom can improve the local
reaction activity of the tube.

4.3. Mechanical properties

Since the carbon—carbon chemical bond in a graphene layer is probably the
strongest chemical bond known in nature (the sp? bond in graphite is stronger
than the sp3 bond in diamond), carbon nanotubes are expected to have excep-
tionally good mechanical properties, with significant potential for applications in
the reinforcement of composite materials.

Some of the important parameters characterizing the mechanical properties
of carbon nanotubes include their elastic constants, Young’s modulus, Poisson
ratio, response to deformation in the elastic regime, tensile and compressive
strains, yield mechanism and strength at failure, toughness, and buckling when
bent. One of the unusual features of nanotubes is that they simultaneously com-
bine widely varying length scales: their length can be macroscopic, up to milli-
metres, whereas their diameters are on the nanoscale.

The manipulation of nanoscale objects is a difficult and challenging task.
Nevertheless, a number of direct experimental measurements of the Young’s mo-
dulus, Y, of nanotubes have appeared in the literature. Calculations show that the
Young’s modulus of isolated SWNTs does not depend greatly on the nanotube
diameter or chiral angle and has a value of approximately 1 TPa, corresponding
to the asymptotic limit reported for carbon fibres,35 whereas Y for MWNTs de-
creases somewhat with increasing d;. Despite the very high Young’s modulus for
carbon nanotubes, atomic force microscopy (AFM) measurements*3 indicate that
nanotubes can bend into loops without breaking, testifying to their flexibility,
toughness, and capacity for reversible deformation. Small-diameter SWNTSs can
be elongated by = 30 % before breaking,! and values for the breaking strength
of 55 GPa have been reported.#4 Tensile strength experiments performed on
MWNTs showed that they break at the outermost layer, with the inner layers
being pulled out like a sword from its sheath, and somewhat smaller values for
the tensile strength were found for MWNTs. 44

Under bending stress, MWNTs bend by stretching in the outer arc and by
compression in the inner arc. For nanotubes with diameters d; < 12 nm, the ef-
fective bending modulus was found to have a value of approximately 1 TPa.4>
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However, for MWNTs of larger diameters, the effective bending modulus drops
dramatically to values of approximately 100 GPa. From these experiments, it was
concluded that MWNTs, although difficult to stretch axially, are easy to bend
laterally and they could reversibly withstand large lateral distortions.

Determining the actual strength of nanotubes from simulation is a challen-
ging task. Atomistic calculations indicate that chiral tubes have a lower yield strain
than either zigzag or armchair nanotubes,33 which lowers their mechanical strength.

Concerning doped CNTs, the mechanical properties should not be substan-
tially altered if the dopant concentration is low (e.g., < 0.5 % N).26

Hernéndez and co-workers have calculated the mechanical properties of CN,
and CB, nanotubes. Their results predict that of all the types of nanotubes consi-
dered (pure and doped), pure carbon nanotubes have the highest Young’s modu-
lus, approaching those of flat graphene-like sheets. They demonstrated that, al-
though high concentrations of B and/or N within SWNTs lower the Young’s
modulus, the values still remain in the order of 0.5-0.8 TPa.46-47

However, the experimental values are quite different from the theoretical
ones. For example, the Young’s moduli for pristine and N-doped MWNTs are
0.8-1 TPa and =~ 30 GPa, respectively. The low values observed for N-doped na-
notubes are probably the result of the relatively high N concentration (e.g., 2-5 %)
within the tubes, which introduces defects and lowers the mechanical strength.26

Recent results showed that CNTs exhibit virtually no fatigue.4¥ A 2 mm
square block of vertically aligned, multi-walled nanotubes still retains its original
structural integrity and properties after being compressed and released more than
500,000 times. The results show that the ability of CNTs to resist wear and tear is
similar to the behaviour of muscles, stomach lining, and other soft tissues. This
ability, coupled with the strong electrical conductivity of CNTs, suggests that
they could be used to create artificial muscles.

4.4. Thermal properties

Although the thermal properties of carbon nanotubes, including their specific
heat, thermal conductivity, and thermopower, are quite special, the thermal pro-
perties of SWNTs have not been as extensively studied as the electronic, mecha-
nical, or phonon properties of SWNTs, in part because the techniques for making
such studies are still under development. The thermal properties of carbon nano-
tubes display a wide range of behaviours that stem from their relation to the cor-
responding properties of a two-dimensional graphene layer and from their unique
structure and tiny size.33

At high temperatures, the specific heat of individual nanotubes should be
similar to that of two-dimensional graphene, with the effects of phonon quanti-
zation becoming apparent at lower temperatures for SWNTs of small diameter
(< 2 nm), where a linear 7-dependence of the specific heat is expected. To study
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the intrinsic thermal conductivity and thermoelectric power of nanotubes, measu-
rements must be made at the single nanotube level. Such measurements are te-
chnically very difficult to realise. Therefore, work in this area is just beginning to
appear in the literature.

The thermal conductivity of graphite is generally dominated by phonons and
is limited by the small crystallite size within a sample. The apparent long-range
crystallinity of nanotubes and the long phonon mean free path led to the spe-
culation that their longitudinal thermal conductivity could possibly exceed the
in-plane thermal conductivity of graphite, which, together with diamond, has the
highest thermal conductivity of known materials. The reason for the very high ther-
mal conductivity follows from the very high velocity of sound based on kinetic
theory arguments and relates to the very high Young’s modulus of carbon nano-
tubes. From the viewpoint of application, it is important that nanotubes have a
high thermal conductivity and can conduct heat efficiently, which would prevent
structural damage while used as current-carrying wires in micro/nano devices.

Measurements of the temperature-dependent thermal conductivity #(7) for
an individual MWNT (14 nm diameter)4® show very high values of x (more than
3000 W m K1), comparable to graphite (in-plane). It is believed that smaller dia-
meter tubes (probably individual SWNTs) will be needed to exhibit thermal
conductivities greater than that of graphite. The small diameter of SWNTs causes
phonon quantization, which should be observable in the heat capacity and in the
thermal conductivity at low 7.

The thermal expansion of a SWNT bundle was measured using X-ray dif-
fraction techniques,30 and the results are consistent with expectations based on
graphite. The measurements showed a very small negative thermal expansion
along the nanotube axis direction (—0.15+0.20x10-> K-1) but a value of 0.75+
+£0.25x1075 K-! was found for the expansion along the of the diameter direction
of the SWNT in the temperature range 300-950 K.

Thermopower (TEP) measurements have been of substantial interest in nano-
tube research. However, most TEP measurements were performed on SWNT bun-
dles with random orientations leading to phenomena dominated by intertube in-
teractions, rather than the intrinsic behaviour of individual SWNTs.

Thermal measurements at the individual nanotube level are expected to have
a major impact on the direction of future studies on the thermal properties of
nanotubes.

5. APPLICATIONS OF CARBON NANOTUBES

The ultimate electronic device miniaturization would be to use individual
molecules as functional devices. Single-wall carbon nanotubes are promising
candidates for achieving this. Depending on their diameter and helicity, they are
either one-dimensional metals or semiconductors. As already mentioned, they can
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therefore be used to form metal-semiconductor, semiconductor—semiconductor,
or metal-metal junctions.

Several major steps toward nanotube-based circuitry have been achieved:
single-electron transistors employing metallic nanotubes have been demonstra-
ted. An array of field-effect transistors has been made by selectively burning-off
metallic nanotubes in SWNT ropes, and several research groups have assembled
field-effect transistors based on single nanotubes into logic circuits, which are the
building blocks of computers, showing promise for future developments in nano-
circuitry.33

Intramolecular devices have also been proposed which should display a range
of other device functions. For example, by introducing a pentagon and a hepta-
gon into the hexagonal carbon lattice, two tube segments with different atomic
and electronic structures can be seamlessly fused together to create intramole-
cular metal-metal, metal-semiconductor, or semiconductor—semiconductor junc-
tions. Both the existence of such atomic-level structures and investigations of their
respective electronic properties have already been carried out experimentally.5!-52

Joining a semiconducting nanotube to a metallic one, using a pentagon—hep-
tagon pair incorporated in the hexagonal network can be the basis of a nanodiode
(or molecular diode) for nano-electronics. An example of such a diode structure
is the junction of a semiconducting (8,0) nanotube, which has a 1.2 eV gap in the
tight-binding approximation, and a metallic (7,1) tube (although a small curva-
ture-induced gap is present close to the Fermi energy). Nanotube junctions can
thus behave as nanoscale metal-metal junctions, metal-semiconductor Schottky
barrier junctions, or semiconductor heterojunctions with novel properties, and
these different types of junctions can serve as building blocks for nanoscale elec-
tronic devices.33

A SWNT p-n junction diode device has recently been demonstrated.53 The
p—n junction was formed along a single nanotube by electrostatic doping using a
pair of split gate electrodes. The device can function either as a diode or as an
ambipolar field-effect transistor.

An interesting recent development is the employment of the electron beam
of a transmission electron microscope to covalently connect crossed SWNTs,
which can be useful for device applications. Electron beam welding at elevated
temperatures was used to produce molecular junctions of various geometries
(“X,” “Y,” and “T” junctions) and these junctions were found to be stable after
the irradiation process. To study the relevance of some of these nanostructures,
various models of ideal molecular junctions were generated. The presence of
heptagons plays a key role in the topology of nanotube-based molecular junc-
tions. The flexibility of the nanoscale design and the availability of both semi-
conducting and metallic nanotubes enable a wide variety of configurations. Junc-
tions between semiconducting and metallic nanotubes can act as diodes. Junc-
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tions between two crossed nanotubes can act as rectifiers and Y-, T-, or X-junc-
tions and provide more exotic configurations for nanoscale devices.>*

Another recent publication®> describes the fabrication of ultrathin, transpa-
rent, optically homogeneous, electrically conducting films of pure single-walled
carbon nanotubes and the transfer of these films to various substrates, in order to
extend the application of CNTs in electronics.

A number of potential applications arise if, instead of undoped CNTs, B- or
N-doped nanotubes are used. Theoretical calculations and experimental results>®
have shown that B-doped MWNTs could exhibit enhanced field emission (turn-on
voltages of = 1.4 V um~!) when compared to pristine carbon MWNTs (turn-on
voltages of = 3 V um~!). This phenomenon arises from the preferential presence
of B atoms at the nanotube tips, which results in an increased density of states
close to the Fermi level. Similarly, Golberg et al.>7 demonstrated that N-doped
MWNTs are able to emit electrons at relatively low turn-on voltages (2 V pm1)
and high current densities (0.2-0.4 A cm~2). More recently, it was found26 that
individual N-doped MWNTs exhibit excellent field emission properties at 800 K:
experimental work functions of 5 eV and emission currents of =~ 100 nA were
obtained at +£10 V. One of the first demonstrated applications was intense elec-
tron emitters for large displays, with the metal tips replaced by CNTs. The im-
provements were a clearer picture, longer life of the emitter and a simpler device,
which need neither ultrahigh vacuum nor high temperature (the CNTs emit
electrons at room temperature).

Thus, both B- and N-doped CNTs may have great potential as building blocks
for stable and intense field-emission sources.

The next application involves the well-known Lit batteries (with the Lit
ions intercalated between the layers in graphite) used for portable computers,
mobile telephones, digital cameras, efc. If instead of graphite, N-doped CNTs are
used, much higher energy storage (480 mA h g1) will be achieved than in com-
mercial carbon materials used for Li* batteries (330 mA h g1). Interestingly,
such nanotubes consist of many short segments with one end closed and the other
one open. Upon Li* intercalation into the N-doped MWNTs, the graphene layers
(the number of which is several tens) expanded and become partly disordered,
while after deintercalation, they reorder to a certain degree.>8

An important application from the ecological viewpoint is for sensors detec-
ting hazardous gases. The N-doped MWNTs have proved more efficient than
pure SWNTs or MWNTs, displaying a fast response in the order of milliseconds
when exposed to toxic gases and organic solvents, reaching saturation within 2-3 s.
Furthermore, while CO and H>O molecules apparently do not react with the sur-
face of pure carbon SWNTs, if the surface of the tube was doped with a donor or
an acceptor, drastic changes in the electronic properties were observed as a result
of the binding of the molecules to the doped locations.26
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An obvious potential application of the CNTs is to reinforce plastic-based
composites. The huge strength and modulus values found (see 4.3. Mechanical
properties) indicate that composites with CNT reinforcement should have much
higher mechanical properties than any other material known. In principle, the
preference is to use single-walled tubes for making composites, because the inner
layers of multi-walled tubes probably contribute little to the carrying load.

Standard composites with continuous-carbon-fibre reinforcement have ex-
cellent stiffness and strength combined with low density, but are expensive to
process and are limited to simple shapes, such as sheets and tubes. Short fibre
composites, on the other hand, can be moulded, but the fibres become chopped
down to a maximum length of about 1 mm during the processing. At this length,
the aspect ratio is only about 100, which is not enough to make an extremely
strong material. Nanotubes can have aspect ratios of 1,000 or more, and hence, in
theory, they should make excellent composites.

However, experiments intended to make strong composites with CNTs have
been unsuccessful.>® The main reason is that highly crystalline CNTs tend to be
similar to graphite, and chemically “inert”, and it is, therefore, necessary to modi-
fy their surface so that efficient tube—matrix interactions can be achieved. The
doping with silicon seems to offer a possible solution to this problem,” because
Si tends to form sp3 bonds, thus increasing the reactivity of the CNT surface.
This, however, remains to be experimentally verified.

The creation of nanotubes containing a few foreign atoms, such as N or B, in
the hexagonal network could also circumvent the problem of the non-reactivity
of the surface of CNTs. The mechanical properties of the CNTs would not be
significantly changed if the dopant concentration were low. Nevertheless, not
many experiments have been made so far and much further work is required to
solve the problem of fabricating CNT-reinforced plastic matrix composites in a
way suitable for commercial production.26

Other possible mentioned usages of nanotubes>® are STM and AFM tips, gas
storage devices, actuators, high power electrochemical capacitors, nanothermo-
meters, Fe-filled nanotubes as magnetic storage devices, efc. Thus, although a
number of early nanotube-based devices have already been demonstrated, the
production and integration of nanotube components into reproducible device
structures still present many challenges.

Of particular interest is research aimed at merging biotechnology with ma-
terials (especially nanomaterials) science. This will allow not only the advantage
of improved evolutionary biological components to be taken to generate new
smart materials but also to apply today’s characterization and fabrication techni-
ques of advanced materials to solving biological problems. Carbon nanotubes
functionalized with biological molecules (such as protein peptides and nucleic
acids) show great potential for application in bioengineering and nanotechnology.
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A fundamental understanding, description, and regulation of such bio-nanosys-
tems will ultimately lead to a new generation of integrated systems combining
the unique properties of the carbon nanotube with biological recognition capabili-
ties.%0 A recent article®! describes a developed multi-step method to covalently
link DNA with functionalized MWNTs.

The considerable progress in research concerned with CNTs has further
increased their potential in biological and biomedical applications.®2 The recent
expansion and availability of chemical modification and bio-functionalization
methods have enabled the generation of a new class of bioactive carbon nano-
tubes which are conjugated with proteins, carbohydrates, or nucleic acids. The
final aim is to target and to alter the behaviour of cells at the subcellular or
molecular level. Current research topics aim at translating biotechnology modi-
fied nanotubes into potential novel therapeutic approaches.

Although the list of potential applications of CNTs is rather impressive, the
actual practice restrains it to a few issues. The electronic applications seem to be
the most important, but numerous problems must be solved. These involve con-
trol of helicity, structure and length, but more fundamental studies are also re-
quired, such as growth mechanisms of CNTs. According to some predictions,%3
the scaling of microelectronic devices could lead to the utilization of carbon
nanotubes in about ten years. Among the applications already developing are
field emission displays, field-effect transistors, atomic-force microscope probe
tips, interconnects in advanced CMOS manufacture. Some encouraging data are
that a process for fabricating CNTs at room temperature has been developed, and
its first commercial appearance has already occurred (in 2007).64

6. CONCLUDING REMARKS

With diameters of down to 0.4 nm, only one atom in thickness, and length of
up to many microns, carbon nanotubes (CNTs) represent a prototype of a one-di-
mensional (1-D) system. In addition, depending on their diameter and helicity,
CNTs are either 1-D metals or large-gap semiconductors. Due to the unique pro-
perties of CNTs, there are great expectations that their practical applications will
eventually be developed. In addition, they will be used for further theoretical and
experimental studies.

The original difficulties in the synthesis of sufficient quantities of pure and
well-characterized CNTs for detailed, systematic experimental investigations have
largely been overcome. However, due to experimental difficulties, much remains
to be performed in the study of their properties.

B- or N-doped CNTs, SWNTs in particular, should exhibit novel electronic,
chemical, and mechanical properties that are not found in their pure carbon coun-
terparts, and are likely to become more useful than undoped material. This is par-
ticularly true for low concentrations of the dopants (e.g., < 0.5 %), because in this
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case the conductance should be significantly enhanced and the mechanical
properties would not be significantly altered. In addition, because of the presence
of holes (B-doped tubes) or donors (N-doped tubes), their surface should become
more reactive, which would be extremely useful in the development of field-emis-
sion sources, nanoelectronics, sensors, and strong composite materials. Unfortu-
nately, efficient routes to dope SWNTs are still awaiting development.

It is worth mentioning that substitutional dopants other than B and N also
deserve attention. This is true not only for P (donor), but also for Si, in view of
their respective effects in pyrolytic carbon (see for example Ref. 65).
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YI'JbEHMYHE HAHOIIEBU

CJIOBOJIAH H. MAPMHKOBWHR
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Hncituinyi 3a nykaeapre Hayke “Bunya’, ii. iip. 522, 11000 Beozpao

Wako OTKpUBEHE Ipe BHILIE O[] I0Jia BeKa, YIJbCHUYHE HAHOLICBH Cy JIOCIIENe Y XKUKY HHTE-
pecoBarma Hay4yHe jaBHOCTH TeK rocie moHoBHOr “otkpuha” 1991. romune. OBaj 10 ckopa Hemo-
3HAT, BAHPEAHO 3aHMMJbUBU OOJIMK €JIEMEHTapHOI' YIJbEHHKA, HAloBE3yje ce Ha HU3 JPYTUX YIibe-
HUYHHX MaTepujajia OTKPUBEHHX TOKOM IOCIEIHUX ICICHH]a, KOjH Cy y 3HATHO] MEepH oMOryhuiiu
Pa3Boj BUCOKE TEXHOJIOTH]E, ali U W3MCHUIIM HAIlll CBAKOJHEBHH JKHBOT. Y OBOM IIperiiesy je ca-
JKETO MPUKa3aHO OOMMHO, MaJia jOII HEJOBOJLHO 3HAE O YIJbCHHYHUM HAHOLICBUMA, CTEYCHO Y TOKY
MOCIIEABMX NeTHaecTak roauHa. O0yxBaheHe Cy METo/e CHHTE3€, MATEMaTHUYKH OIHC, KapaKTepH-
3anuja Pamanckom cnekrpockonujom. HajBaxxHuja cBojcTBa u npumene. HaBenenu cy npobnemu y
Be3H ca oapeljBameM cBojcTaBa HAaHOLIEBH, Kao U Telkohe Be3aHe 3a IbHXOBY IPUMEHY, HAPOYUTO
MPEHOIICHE TEXHOJIOTH]E MPOU3BO/IEE Ha (TIOJY)UHIYCTPHjCKH HUBO.

(ITpumsbeHo 14. mapra, peuaupano 17. maja 2008)
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The thermal stability of poly(methyl methacrylate)
prepared by RAFT polymerisation
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Abstract: Poly(methyl methacrylate), PMMA, was prepared by reversible addi-
tion—fragmentation chain transfer, RAFT, polymerisation using 2-(2-cyanopro-
pyl)-dithiobenzoate, CPDB, as the RAFT agent. The thermal stability of the re-
sulting polymer approached that of anionically prepared PMMA, as determined
by thermogravimetry. This was the consequence of the RAFT prepared poly-
mer having no head-to-head links and no chain end double bonds, which are res-
ponsible for the relatively low thermal stability of radically prepared PMMA.

Keywords: thermogravimetry; stability; RAFT; PMMA.

INTRODUCTION

The controlled (living) radical polymerisation, CLRP, of a wide variety of
monomers has received considerable interest in recent years as the resulting poly-
mers have very narrow molar mass distributions (approaching those of ionically
prepared polymers but with less stringent polymerization conditions) and, due to
the living nature of the polymerisations, copolymers of well defined structure are
readily obtainable. The four distinct mechanisms usually employed to date for
controlling radical polymerizations are nitroxide-mediated polymerisation, NMP,!
atom transfer radical polymerisation, ATRP,? reversible addition—fragmentation
chain transfer polymerisation, RAFT3 and interchange of xanthates, MADIX.4

RAFT Polymerisation is the most recently developed of these methods and
has evolved as one of the most versatile of the CLRP techniques, the other being
MADIX, because of its high tolerance to a wide variety of monomers and the
mild conditions required.

* Corresponding author. E-mail: ivanka@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0809915K
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As can be seen from Scheme 1, classical radical-radical termination does not
occur in RAFT polymerisations, the isolated polymer is dormant with the RAFT
agent attached to the ends of the chains. Thus, thermally weak links, i.e., head-to-
-head bonds and chain end unsaturation, present in conventional radically prepa-
red polymers due to termination by radical-radical coupling and disproportiation,
respectively, should be absent in RAFT prepared polymers. Then, if the thermal
stability of a polymer is governed by such weak links, the RAFT prepared poly-
mers should be more stable than the conventionally prepared polymers.

(i) Initiation

(ii) Propagation
M-, — Py

@kp

(iii) Chain Transfer

P + SUSR 2 ps R 4L p-s_s + R
n _— . _— n
Y Kesa " 1 K hd
M k z Z 4
p
(iv) Reinitiation and Propagation
Ry, —— P
Q")kp
(v) Chain Equilibrium
Kadd kp
P Sy S-P, == P-S__S-P, = PB;S._S + Py
@ E/ Ko " 1 kop \f w)
Kp z Ky
Scheme 1.

Radically prepared poly(methyl methacrylate) (PMMA) is known to ther-
mally degrade by depolymerisation to yield almost exclusively monomer.> In
spite of this, free radically prepared PMMA degrades in three distinct tempera-
ture regions depending on the mode of initiation of depolymerisation. Thus, in
order of increasing temperature, depolymerisation of PMMA is initiated by scis-
sion of head-to-head bonds, scission of the f~bond to chain end unsaturation and
main chain scission.® On the other hand, anionically prepared PMMA has no
weak links arising during termination and hence only main chain scission initia-
tes thermal depolymerisation.

The aim of this study was to determine the thermal stability of PMMA pre-
pared by the RAFT mechanism. To the best of our knowledge this is the first
purpose designed study of the thermal stability of a polymer prepared by the RAFT
mechanism.
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EXPERIMENTAL

Methyl methacrylate (Fluka) was distilled under reduced pressure after removal of the
inhibitor with a 5.0 % aqueous NaOH solution. Azobis(isobutyronitrile), AIBN, (Aldrich),
employed as the initiator, was recrystalised from methanol. Benzene, thiophene free, (Fluka)
was distilled before use.

The RAFT agent, 2-(2-cyanopropyl)-dithiobenzoate (CPDB), was prepared by a method
described in the literature.” It should be mentioned here that the yields of the RAFT agent
were extremely low when a chromatographically pure substance was obtained. The structure
of the RAFT agent was confirmed by 3C-NMR spectroscopy using a Varian-Gemini-200
(200 MHz) instrument.

The RAFT polymerisation was performed in an ampoule containing MMA 30 ml (0.28
mol), benzene 10 ml (0.11 mol), AIBN 40 mg (0.24 mmol) and CPDB 104 mg (0.470 mmol).
The ampule was bubbled with N, for 15 min and sealed under vacuum and placed in a water
bath at 60 °C. After 16 h, the reaction mixture was poured into methanol containing 5.0 %
water. The polymer sample was reprecipitated from a benzene solution into methanol con-
taining 5.0 % water and dried to constant mass at room temperature under vacuum. The per-
cent conversion was determined gravimetrically.

The RAFT agent was removed from the PMMA samples by dissolving 0.50 g of the
polymer in 40 ml toluene. AIBN (10 g) was added to this solution and, after removal of oxy-
gen, the solution was heated at 80 °C for 3 h.® The polymer was precipitated into methanol
containing 5.0 % water and dried to constant mass at room temperature under vacuum.

The conventional radical polymerisation of MMA was performed in an ampoule con-
taining MMA and AIBN at a molar ratio of MMA:AIBN of 25. The ampoule was bubbled
with nitrogen and sealed under vacuum. The polymerisation lasted 15 min at 60 °C. The an-
ionically prepared sample was obtained from PSS Polymer Standards Service GmbH, Mainz,
Germany.

The number and weight average molar masses, M, and M, respectively, and the
polydispersity index, PD, of the obtained polymers and the polymer standard were determined
at 30 °C by gel permeation chromatography, GPC, using a Waters instrument fitted with four
analytical columns (Waters HR 2, HR 3, HR 4 and HR 5E) and a refractive index detector.
Chloroform was used as the solvent at a flow rate of 1.0 ml min"!. The obtained chromato-
grams were analysed with Waters Breeze software using a calibration curve of narrow molar
mass distribution PMMA standards (PSS Polymer Standards Service GmbH, Mainz, Germany).

Non-isothermal, non-oxidative thermogravimetry, TG, and differential TG, DTG, was
performed using a Perkin Elmer TGS-2 instrument in the temperature range 0—600 °C at heat-
ing rates of 2.5, 10, 20 and 40 °C min!, under a dynamic nitrogen flow (flow rate 26 ml min'!).

RESULTS AND DISCUSSION

The 13C-NMR spectrum and the numbering of the C atoms of the prepared
CPDE are shown in Fig. 1, from which it can be seen that all the expected peaks
were present. No additional peaks were found in the spectrum, confirming that
the sample was pure.

The polymer obtained after the RAFT polymerisation was pink due to the
attachment of CPDB to the chain ends and had a weight average molar mass,
My, of 3.59 kg mol~! and a polydispersity index, PD, of 1.19. After removal of
the RAFT agent, the polymer was the normal white colour of precipitated PMMA.
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The My, of the polymer after removal of the RAFT agent remained unchanged
and the PD decreased to 1.15.

[
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Fig. 1. BC-NMR Spectrum of CPDB (inset structure of CPDB with C atoms numbered).

The TG curves of the RAFT prepared PMMA sample at heating rates of 2.5,
10, 20 and 40 °C min~! both before and after removal of the RAFT agent are
shown in Figs. 2a and 2b, respectively. In both cases, the curves recorded at dif-

ferent heating rates run completely parallel to one another, showing that only one
degradation mechanism was operative.
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Fig. 2. TG Curves recorded at 2.5, 10, 20 and 40 °C min'! of the polymer obtained after 16 h
RAFT polymerisation both before (a) and after (b) removal of the RAFT agent.

In order to compare the TG curves of the examined polymers, the TG curves
of each polymer recorded at 10 °C min~! are presented in Fig. 3, together with
those of an anionically and conventional radically prepared PMMA samples of

weight average molar mass 5.25 kg mol~! (PD 1.04) and 4.46 kg mol~! (PD
1.67), respectively, for comparison.
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Fig. 3. TG curves recorded at a heating rate of 10 °C min™! of the polymer before and after the

removal of the RAFT agent with the curves of an anionically and a conventional radically
prepared polymer. The molar masses of the polymers were all comparable.

It is immediately visible that the RAFT prepared samples, both before and
after removal of the RAFT agent, were considerably more stable than the radi-
cally prepared sample. Before removal of the RAFT agent, the polymer was less
stable than after. This is probably due to the thermal degradation of the RAFT
agent at the ends of the polymer chains. The mass loss commences slightly ear-
lier with the PMMA with the RAFT agent still attached than after it had been
removed and there is a high temperature tail visible on the TG curve. It would
appear that the degradation of CPDB occurs in the same temperature range as
main chain scission when it is attached to the end of the polymer chains. Thermal
treatment has been used to remove the RAFT agent from polymers®-10 but not
CPDB, which appears to be too stable for this method to be applicable. Most sig-
nificantly, the TG curves of the RAFT prepared sample after removal of the RAFT
agent and of the anionically prepared sample almost overlap. This means that the
cyano-isopropyl groups from AIBN, which replaced the RAFT agent at the chain
ends, did not initiate depolymerisation.

The characteristic mass loss temperatures, i.e., the temperatures correspond-
ing to 5, 10, 50 and 90 %, Tse,, T10%, 120%. T50% and T9qe,, respectively, for a
heating rate of 10 °C min~! are given in Table I. Again the similarity between the
RAFT prepared PMMA after removal of the attached CPDB and the anionically
prepared PMMA can be clearly seen.

These differences and similarities are even more visible in the DTG curves
of the four polymers, shown in Fig. 4. Thus the DTG peaks at approximately 181
and 274 °C on the curve of the conventional radically polymerised PMMA arise
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from depolymerisation initiated by the scission of the head-to-head bonds formed
during chain termination by combination and from depolymerisation initiated by
scission of the f-bond to the chain end vinylidene bonds formed during chain ter-
mination by disproportiation, respectively. The amount of degradation initiated
by such weak links decreases as the molar mass of the polymer increases because
their concentration in the polymer decreases. These weak bonds were obviously
absent in the RAFT- and anionically-prepared polymers as only the DTG peak
corresponding to main chain scission was present.

TABLE I. The temperatures of 5, 10, 20, 50 and 90 % mass loss for the examined PMMA samples

Synthesis method T5% /°C T] 0% /°C Tzo% /°C TSO% /°C Tgo% /°C
RAFT 298 312 327 342 363
RAFT removed 314 321 328 343 363
Anionic 311 321 330 345 363
Radical 176 191 263 328 363

As the RAFT mechanism is applicable under less stringent conditions than
are required for anionic polymerisation, industrial samples of PMMA with im-
proved thermal stability could be readily prepared using this method.
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Fig. 4. The corresponding DTG curves of the TG curves shown in Fig. 3.
CONCLUSIONS

In conclusion, not only did the RAFT prepared PMMA have a narrow molar
mass distribution, approaching that of anionically prepared PMMA, but also a
significantly greater thermal stability than conventional radically prepared poly-
mers. It is to be expected that any polymer which can be successfully prepared
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under controlled conditions and the thermal stability of which depends on the
presence of weak bonds originating from radical-radical termination during its
polymerisation, would also exhibit such an increase in thermal stability when
prepared by the RAFT mechanism.

Acknowledgement. This study was financially supported by the Ministry of Science of
the Republic of Serbia under contract No. 142023.

HU3BOJ

TEPMUUYKA CTABMJIHOCT IOJIM(METUJI METAKPUJIATA)
CUHTETUCAHOI" RAFT ITOJIMMEPU3AIIIOM

LYNNE KATSIKASI, MMJIEHA ABPAMOBI/ITII, RUBEN DARIO BETANCOURT CORTESI, MMJIONI
MUJIOBAHOBUR? , MEJIMHA T. KA.]'IA]"ACI/IJII/IC-KPYIJ_H/I"B1 1 UBAHKA T. TIOTIOBUR!

 Texnonowo—meiianypuiku axyaiieid, Ynusepauitieii y Beozpady, Beozpad u > Hnciuiiy 3a xemujy,
WexHOA0ZUjy u meiianypzujy, Yrueepauitieii y beozpady, beozpad

IMomu(mernn merakpuiar), PMMA, je cuHTeTHCaH KOHTposMcaHoM paxukairHoM RAFT momm-
MEpH3aLjOM, OJXHOCHO PEBEP3UOMIHOM aJUIOHO-(QParMEeHTAIIOHOM TpaHChep IoIMMepHu3aIii-
joM, y mpucycTBY 2-(2-tmjaHonpornwn)-gutuodenzoara, CPDB, kao RAFT arenca. Tepmuuka cra-
o6unnoct PMMA cunrerucanor RAFT nonuMepusanujom je cinvHa moauMepy J100HjeHOM aHjoH-
CKOM IOJMMEpH3alHjoM, LITO je MOoKasaja TepMorpaBuMmerpujcka ananuza. PMMA cuHTeTHCaH
RAFT nonumepusanujom rnokasyje 3HaTHO 00Jby TEPMHUUKY CTaOMIIHOCT y onHocy Ha PMMA cun-
TETUCAH ITOJMMEPH3AaLIjOM IIPEKO CIO00MHNX pajuKaia, 300T 0JCycTBa TEPMHUKH JTaOMITHUX Be3a
IJ1aBa—TJIaBa OCTaTaka MOHOMEpA Y MOJIMMEPHOM JIAHITy, Kao M JBOCTPYKHX Be3a Ha KpajeBUMA JIaHaIa.

(ITpumsbeno 10. jyna 2008)
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Potential health risk assessment for soil heavy metal
contamination in the central zone of Belgrade (Serbia)
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Abstract: An investigation of the soil quality in the centre of Belgrade was per-
formed to define how seriously the soil is polluted. On the basis of the heavy
metal content (Zn, Cd, Pb, Co, Ni, Cu, Cr and Mn), the potential health risk
assessment calculated for a lifetime of exposure (ingestion and inhalation),
based on the USEPA model, was determined as the cumulative carcinogenic
and non-carcinogenic risk for children and adults. The study proved that soil
contamination in Belgrade is not insignificant; risk assessment indicated that
the carcinogenic risk is completely insignificant but the cumulative non-carci-
nogenic risk tends to became significant, mainly for children, since it ap-
proaches unacceptable values. There is no particularly dangerous single heavy
metal, but their cumulative effect, expressed as Child Soil Ingestion Hazardous
Index, is for concern.

Keywords: health risk assessment; soil pollution; heavy metals; Belgrade.

INTRODUCTION

The city of Belgrade, capital of Serbia, is a conglomeration of 17 municipa-
lities, 10 of which belong to the inner and 7 to the greater area. The latter have
suburban and rural features. Belgrade is situated in South—Eastern Europe, on the
Balkan Peninsula. It is located on the confluence of two rivers, the Danube and
the Sava. They surround the city on three sides. The city has the coordinates
44°49°14° of the northern geographical latitude and 20°27°44’of the eastern
geographical longitude. Its height above sea level is 116.75 m, with the highest
point within the city 248.6 m and the lowest 75.3 m above sea level. Belgrade has
a circumference of 427 km, an area of 322,268 ha and a total population of
1,602,226 inhabitants.

The investigation of the soil quality in the centre of Belgrade had a special
goal, i.e., to define how seriously the soil is polluted and to determine its poten-

* Corresponding author. E-mail: grzetic@chem.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0809923G
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tial health risk as a cumulative carcinogenic and non-carcinogenic risk for chil-
dren and adults.

The whole procedure was based on the sampling of soil in the central (urban)
area of Belgrade, its investigation by atomic absorption spectroscopy on heavy
metals, i.e., Zn, Cd, Pb, Co, Ni, Cu, Cr and Mn, and the calculation of potential
health risk on the basis of the US Environmental Protection Agency health risk
assessment model. !

EXPERIMENTAL
Sampling sites

The surface soil samples (0-5 cm) were collected at 16 locations near major and minor
roads and 4 samples from park areas (Fig. 1).

Fig. 1. Belgrade sampling sites: 1. pay toll ramp at the highway to Nis, 2. Ustanicka Street, 3.
Milana Rakica Street, 4. Ruzveltova Street, 5. Dunav Railway Station, 6. Francuska Street,
lower, 7. Intercity bus station, 8. Belgrade Fair, 9. Slavija Square, 10. Brankov Bridge, 11.

Kalemegdan Park, 12. Francuska Street, upper, 13. Student Park, 14. Park near Vojvode
Putnika, 15. Boulevard Vojvode Putnika and 16. Rige od Fere Street.

Methods

Metal extraction was performed in several steps (sequential extraction procedure)? and
the obtained sum of each metal were taken as the final concentration of the available metal
from the soil.

Metal determination in the extracts was performed by atomic absorption spectroscopy,
using a “Perkin Elmer 2380 instrument.
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Health risk assessment

Health risk assessment models were developed basically in Europe? and in the United
States.!* The European model is still under development and is not as straightforward as the
American model. Therefore, it was decided to apply the American model developed by USEPA.
This model has been developed in all details and is fully available through Risk Assessment
Information System (RAIS) (http://rais.ornl.gov/) and is supported by the Toxicological
profiles developed and gathered by the USEPA Integrated Risk Information System (IRIS)
(http://cfpub.epa.gov/ncea/iris/index.cfm) and by the US Agency for Toxic Substances and
Disease Registry — Toxicological profiles (ATSDR) (http://www.atsdr.cdc.gov/toxfaq.html).

The risk assessment is a multi-step procedure that comprise (1) data collection (gathering
and analyzing the site data relevant to human health), (2) exposure assessment (estimation of
the magnitude of actual and/or potential human exposures), (3) toxicity assessment (deter-
mination of adverse health effects associated with exposure to different chemicals) and (4)
risk characterization (summarizes and combines the outputs of the calculations of exposure
and toxicity assessments).?

In the present case, Cd, Cr, Co, Cu, Pb, Mn, Ni and Zn were identified as potential ha-
zardous agents in the soil at different locations in Belgrade which are relevant to human health
(Fig. 1).

In the case of exposure assessment, a specific approach characteristic for human expo-
sure to soil in residential urban areas was applied, taking particularly care of the different ex-
posure rates for children and adults® (usually expressed as exposure factors, USEPA). In addi-
tion, the magnitude of exposure and, consequently, the intake or dose (consumed or inhaled
amount) of contaminated soil is almost always different for different individuals. Therefore, a
very useful and valuable approximation was made, i.e., the risk was calculated for the lifetime
exposure, the total exposure to a substance that a human would receive in a lifetime — usually
assumed to be 70 years. All other parameter that may be site characteristic were taken to be
constant through the whole calculating procedure for all elements and all sites, since their im-
portance becomes less significant in case of the lifetime exposure approximation.

RESULTS AND DISCUSSION

Total contents of heavy metals in the soil of Belgrade are presented in Table
I. Most of the data does not need further comments but additional argumentation
is required in the case of Cr. The presence of Cr(VI) in natural environments
requires a rather high redox potential, over 700 mV for a pH of around 5.0, but a
redox potential of 400 mV for pH 7.0 to 8.0 is sufficient for Cr(VI) to dominate
in the system.” The redox potential in soil usually varies from a minimum of —550
to maximum of 700 mV, but aerated soil most frequently has a redox potential up
to 400 mV.3 Therefore, it is assumed that Cr(VI) in the streets of Belgrade was
the dominating chromium species since the measured soil pH was around 7.8.%

Plain data on the metal content of soil is sometimes insufficient to describe
the full risk that arises from the exposure of humans, both children and adults, to
different heavy metals from soil, particularly in the case when more details on
human health risk are required.

Following the toxicological profiles of all the investigated elements,!0-12 it
can be seen that most of the heavy metals have adverse health effects on humans,
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so-called toxicological effects, but some of the metals are additionally carcino-
genic. For example, the investigated Co, Cr and Cd, induce both non-carcino-
genic and carcinogenic risk, while Zn, Ni, Mn and Cu (Table II) induce only non-car-
cinogenic risk. Lead is a specific element, since there are no published data for
this metal yet which are relevant for risk assessment calculations, although there
is no doubt that Pb is a toxic element. A comprehensive and up-to-date literature
overview on lead toxicity is collected in the ATSDR toxicological profile for
lead.13 Even so the available evidence is considered to be inadequate to contra-
dict or demonstrate any potential carcinogenicity from lead exposure for humans.

TABLE I. Total content of heavy metals in the soil of Belgrade (mg/kg)

Sampling site Cd Cr Co Cu Pb Mn Ni  Zn

Pay toll ramp at highway to Ni§ (1) 13.41 159.96 38.91 48.61 148.79 644.50 360.95272.50
Ustanicka Street (2) 17.75 59.21 34.20 88.65 443.80 658.70 115.66 259.25
Milana Rakica Street (3) 10.18 43.15 22.70 65.90 635.07 409.71 89.95 200.13
Ruzveltova Street (4) 9.64 65.82 15.24 314.80 321.54 393.82 57.65 247.69
Dunav Railway station (5) 5.18 81.99 12.03 101.54 204.76 422.70 119.66 358.43
Francuska Street lower (6) 9.06 5592 1333 5641 5135 845.63 107.17 132.63
Intercity bus station (7) 7.79 66.83 28.24 60.09 85.10 810.42 85.83 140.41
Belgrade Fair (8) 9.75 56.81 2625 79.85 26222 537.55 97.66 216.95
Slavija Square (9) 11.30 71.65 18.57 255.19 243.58 666.63 106.04 296.18
Brankov Bridge (10) 7.76  57.67 18.45 119.87 285.80 413.16 211.36 734.16
Kalemegdan Park (11) 9.12 49.65 22.41 90.95 262.94 787.57 109.14201.58
Francuska Street upper (12) 522 67.39 28.83 131.68 180.78 667.61 119.83 309.25
Student Park (13) 534 59.58 27.12 107.32 180.03 763.57 108.71 192.34

Park near Vojvode Putnika (14) 8.60 64.08 34.22 118.63 46.51 1020.08 84.06 195.11
Boulevard Vojvode Putnika (15)  4.01 92,91 27.45 134.951847.64 561.62 84.56 260.51

Rige od Fere Street (16) 8.32 71.01 41.57 182.26 401.06 665.52 120.42276.72
Minimum concentration 4.01 43.15 12.03 48.61 46.51 393.82 57.65 132.63
Maximum concentration 17.75 159.96 41.57 314.80 1847.64 1020.08 360.95 734.16
Median concentration 8.83 64.95 26.69 104.43 252.90 662.11 107.94 253.47
Geometric mean 832 66.95 24.08 106.69 230.83 617.74 112.24 246.51
Arithmetic mean 8.90 70.23 25.59 122.29 350.06 641.80 123.67 268.37

Exposure of humans to soil actually is through dust exposure that comprises in-
halation and/or oral exposure (ingestion). For such exposition, the most recent EPA
guidance recommends daily rates of 200 mg/day for children and 100 mg/day for
adults.6:14

Risk characterization relevant for the present investigation comprises calcu-
lations of carcinogenic and non-carcinogenic risk for ingestion and inhalation of
soil. Sometimes dermal exposure to soil is included as well, but since these risks
are about 100 times smaller then the risk that arises from ingestion and inha-
lation, it was omitted here.
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TABLE II. Some toxicological characteristics of the investigated elements! %12

Characteristic Cd Cr Co Cu Pb Mn Ni Zn
Minimal risk level (MRL)?
)
ol (mg/keday) 0.0002 001 001 )
Minimal risk level (MRL) 0.00004 0.0001 0.00004 0.0002

inhalation (mg/m?)

RAIS oral chronic reference o 01 0003 002 004 03 0046 014 002

dose (mg/kg/day) (RfD)
RAIS dermal chronic 0.00001 0.0075 0.016 0.012 0.04 0.0056 0.0054
reference dose (mg/kg/day)
Cancer EPA weight-of- Cr(VDA

. . . Bl B2 (B1? D B2 B2 B2 B2
evidence classification® Cr(1lT) D (BI?)

. R

Inhalat;o_rll Unit Risk 1.8 12 28 9 0.48
(mg/m’)

8Minimal risk level (MRL): an estimate of the daily human exposure to a hazardous substance that is likely to
be without an appreciable risk of adverse non-cancer health effects over a specified route and duration of expo-
sure; Pcancer EPA weight-of-evidence classification: A — human carcinogen, B1 — probable human carcinogen,
B2 — probable human carcinogen, C — possible human carcinogen, D — not classifiable as to human carcinogeni-
city, E — good evidence for absence of carcinogenicity; “Unit risk: excess lifetime cancer risk per unit concen-
tration of the substance in the medium where human contact occurs (1 pg/l in water or 1 pg/m® in air), usually
expressed in units of proportion (of a population).

Basic formulas and values used for the calculation of ingestion and inhala-
tion of soil are presented in Table III.

TABLE III. Calculation of carcinogenic and non-carcinogenic risk for ingestion and inha-
lation of soil -1

CDI, chronic daily intake for carcinogenic risk (ingestion of soil)
Carcinogenic: CDI (mg/kg/day) = CSxIFxXEF/AT,
IR pguit ¥ EDagurt . Renitg X EDcig
BW s gquit BWenig
Non-carcinogenic: CDI (mg/kg/day) = CSXINXEFXED/BWxAT
CDI, chronic daily intake (inhalation of soil dust) for carcinogenic and non-carcinogenic risk

where IF =

CD[(mg / m3 ) _ CSxIF x EF( Pll;:F + #)(ETOutdoor + (ETIndoorDFIndoor ))
AT

Variable Value used
AT — averaging time for non-carcinogens 365 days/year/EDcypild or adult
AT — averaging time for carcinogens 365 days/year/70 years
BW p qui — body weight adult 70 kg
BWChild — bOdy Welght child 15 kg
CS — concentration in soil or sediment Chemical specific (mg/kg)
EF — exposure frequency 350 days/year
ETipg00r = Exposure time indoor 0.683
EToutdoor = Exposure time outdoor 0.073

DF — dilution factor indoor 0.4
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TABLE III. Continued

Variable Value used

IN — inhalation rate 20 m3/day

PEF — particulate emission factor, climate specific!’ m/kg

VF — volatilization factor, chemical specific!’ m/kg

IF — intake factor -

IR p quit— Ingestion rate adult 0.0001 kg/day

IRcpilg — ingestion rate child 0.0002 kg/day

EDcp1q — exposure duration child 6 years

ED p qui¢ — exposure duration adult 24 years (for general case: 30 years)

For carcinogens, the risks are estimated as the incremental probability of an
individual developing cancer over a lifetime as a result of exposure to the poten-
tial carcinogen. The basic equation for calculating the excess lifetime cancer risk is:

Risk = CDIxSF €))
where "Risk" is a unitless probability of an individual developing cancer over a
lifetime; CDI is the chronic daily intake or dose (mg/kg/day); SF is the slope fac-
tor, expressed in (mg/kg/day)~!. It converts the estimated daily intake averaged
over a lifetime of exposure directly to incremental risk of an individual deve-
loping cancer.

The basic equation for calculating systemic toxicity or non-carcinogenic ha-
zard for a single substance/element is expressed as the hazard quotient:

Non-cancer hazard quotient = CDI/RfD 2)

where the non-cancer hazard quotient is a unitless number that is not expressed
as the probability of an individual suffering an adverse effect. As a rule, the
greater is the value of CDI/RfD above unity, the greater is the level of concern,
since CDI is greater than RfD. It is also the ratio of a single substance exposure
level over a specified time period to a reference dose for that substance derived
from a similar exposure period. CDI is the chronic daily intake of a toxicant ex-
pressed in mg/kg/day and RfD is the chronic reference dose for the toxicant ex-
pressed in mg/kg/day. It is a mg/kg/day of the daily exposure level for the human
population, including sensitive subpopulations, which is likely to be without an
appreciable risk of deleterious effects during a lifetime.

All risks are cumulative, hence it is possible to calculate the cumulative can-
cer risk expressed as the total cancer risk, or non-carcinogenic hazard expressed
as the hazard index.

The cancer risk equation which describes estimates of incremental individual
lifetime cancer risk for the simultaneous exposure to several carcinogens is as
follows:

n
Total cancer risk = Y CDI; SF}, 3)
k=1
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where CDI}, is the chronic daily intake or dose (mg/kg/day) for substance &, SF
is the slope factor, expressed in (mg/kg/day)1, for substance k and CDI}xSF}, is
the risk estimate for the kth substance.

For each chronic non-carcinogenic exposure, the separate chronic hazard in-
dex (HI) should first be calculated from the ratios of the chronic daily intake
(CDI) to the chronic reference dose (RfD) for the individual chemicals and then
the obtained results summed as described in the equation:

n
Chronic hazard index = ZCD[ ! RfDy, 4)

k=1
where the hazard index is a unitless number that is not expressed as the proba-
bility of an individual* suffering an adverse effect. As a rule, the greater is the
value of E/RfD above unity, the greater is the level of concern. It is the sum of
more than one hazard quotient for multiple substances and/or multiple exposure
pathways, CDI}, is the chronic daily intake of the kth toxicant in mg mg/kg/day

and RfDy, is the chronic reference dose for the Ath toxicant in mg/kg/day.

By incorporation of the obtained measured data (Table I) into the above des-
cribed formulas (Table III), values for the non-carcinogenic hazard index and
carcinogenic lifetime risk for individual elements, the cumulative risk for diffe-
rent exposure pathways for individual elements and the cumulative risk for all
elements were obtained (Table IV).

The investigations show that the measured soil concentrations of all the in-
vestigated element generates no significant carcinogenic lifetime risk due to in-
gestion and/or inhalation of soil. No matter how small the probability is, a car-
cinogenic risk exists and varies from the maximum value of 2x10~7 in case of
Cr(VI) to the minimum value of 7x10-10 for Cd (Table 1V). According to data
obtained from Belgrade Public Health Institute,!® the real cancer occurrence in
Belgrade for 2006 was around 4x10-3. This is a very high value in comparison to
the results obtained in this study. Hence, the risk that evolves due to exposure to
heavy metals in soil contributes so little to the total cancer risks that it is com-
pletely insignificant.

On the other hand, the non-carcinogenic risk, expressed as the hazardous
index, is not so benevolent; the cumulative index is close to one or even exceeds
that value, particularly in cases of the exposure of children (Table IV). Generally
speaking, the hazardous index (HI) for the ingestion of soil by children is some

* Simultaneous exposures to several chemicals could result in an adverse health effect. The
magnitude of the adverse effect will be proportional to the sum of the ratios of the subthresh-
old exposures to acceptable exposures. While any single chemical with an exposure level
greater than the toxicity value will cause the hazard index to exceed unity, for multiple chemi-
cal exposures, the hazard index can also exceed unity even if no single hazard quotient ex-
ceeds unit.!



930 GRZETIC and GHARIANI

10 times greater in comparison to the corresponding results obtained for adults.
From the point of view of HI, there is no particularly dangerous single heavy
metal, but their cumulative effect is for concern (Table IV), since the cumulative
risk for the median values was 0.7 and cumulative risk for the maximum values
was 1.6. This is an alarming value for toxicologists since it indicates that the
heath of children is endangered, but what kind of health effects could evolve
from cumulative effects of heavy metals in soil and their influence on children
was not the in the scope of this investigation.

For cadmium, the most serious chronic effect of oral exposure is renal
toxicity. Renal NOAEL* for Cd is 0.0021 mg/kg/day.!” MRL for Cd is 0.0002
mg/kg/day (Table II). Since the minimum calculated value of the non-carcino-
genic CDI for Cd for child ingestion of soil is 0.0002 mg/kg/day and that for the
median value 0.0001 mg/kg/day, it could be concluded that there is no potential
non-carcinogenic risk that could be eventually caused by Cd for children who are
exposed to soil dust on the streets of Belgrade.

Chromium risk analysis predicts that the current occupational standards for
hexavalent chromium permit a lifetime excess risk of dying of lung cancer that
exceeds 1 in 10 for Cr concentrations in air of 1 mg/m3.18 The calculated risk in
the case of Belgrade soil and soil dust is very small (2x10-7), hence there is no
respective cancer risk. Corresponding toxicological effects can arise when a daily
intake is above the RfD of Cr or 0.003 mg/kg/day. The present calculations re-
vealed that the daily intake is very near to the value of child non-carcinogenic
CDI (0.00084 mg/kg/day for Cr median and 0.002 mg/kg/day for Cr maximum
value), hence a child non-carcinogenic hazard is possible.

Cobalt is an essential element for humans and its dietary allowance is 0.1 pg.
The average daily intake of cobalt from food is estimated to be 5 to 40 pg/day.1®
None of cobalt concentrations measured in Belgrade soil should provoke any
concern since the adult and child ingestion of soil non-carcinogenic CDIs (0.036
ug/kg/day and 0.34 pg /kg/day, respectively) are sufficiently small in comparison
with average daily intake of cobalt from food.

Copper in the soil surface, or aerated soil, is usually present as Cu(Il). Al-
though most copper salts occur in two valence states, i.e., Cu(I) or Cu(Il) ions,
the biological availability and toxicity of copper is most likely associated with
the divalent state.20 Adult and child ingestion of soil non-carcinogenic CDIs for
Cu (0.0013 mg/kg/day and 0.00014 mg/kg/day, respectively) are smaller then
oral chronic RfD (0.04 mg/kg/day), hence copper generates risk neither for chil-
dren nor for adults.

* NOAEL (No-Observed-Adverse-Effect Level): the dose of a chemical at which there were no
statistically or biologically significant increases in the frequency or severity of adverse effects
seen between the exposed population and an appropriate control. Effects may be produced at
this dose, but they are not considered to be adverse.
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Table IV. Non-carcinogenic hazard index and carcinogenic lifetime risk for individual ele-
ments, cumulative risk for different exposure pathways for individual elements and cumu-
lative risk for all elements

Risk
. . . Cumulative . . Cumulative
Non-carci- Non-carci- Non-carci- . Carcinogenic . .
. . . non-carci- . carcinogenic
nogenic risk nogenic risk nogenic risk L risk .
nogenic risk risk
Element Type of risk

Adultin-  Adult total Inhalation of Total soil

Child Adultin- halation of soil HI for a soil particu- risk for a

ingestion  gestion of

. . soil parti- single lates risk  single ele-
of soil, HI soil, HI culatzs, HI elerrglgent (x107) men% (x107)
Cd minimum 0.0511 0.0055 0.0000 0.0055 0.008 0.008
Cd maximum 0.2270 0.0243 0.0000 0.0243 0.034 0.034
Cd median 0.1130 0.0121 0.0000 0.0121 0.017 0.017
Cr(VI) minimum 0.1840 0.0197 0.0001 0.0198 0.542 0.542
Cr(VI) maximum  0.6820 0.0730 0.0004 0.0734 2.010 2.010
Cr(VI) median 0.2770 0.0297 0.0002 0.0299 0.816 0.816
Co minimum 0.0077 0.0008 0.0001 0.0010 0.035 0.035
Co maximum 0.0266 0.0029 0.0005 0.0034 0.122 0.122
Co median 0.0171 0.0018 0.0003 0.0022 0.078 0.078
Cu minimum 0.0155 0.0017 0.0000 0.0017 - -
Cu maximum 0.1010 0.0108 0.0000 0.0108 - -
Cu median 0.0334 0.0036 0.0000 0.0036 - -
Mn minimum 0.1090 0.0117 0.0019 0.0136 - -
Mn maximum 0.2840 0.0304 0.0050 0.0354 - -
Mn median 0.1840 0.0197 0.0032 0.0229 - -
Ni minimum 0.0369 0.0040 0.0000 0.0040 - -
Ni maximum 0.2310 0.0247 0.0000 0.0247 - -
Ni median 0.0690 0.0074 0.0000 0.0074 - —
Zn minimum 0.0057 0.0006 0.0000 0.0006 - -
Zn maximum 0.0313 0.0034 0.0000 0.0034 - -
Zn median 0.0108 0.0012 0.0000 0.0012 — —
Cumulative soil risk for all elements — risk is additive
Cumulative risk 0.4098 0.0439 0.0022 0.0461 0.585 0.585
for min. values
Cumulative risk 1.5829 0.1694 0.0059 0.1753 2.166 2.1666
for max. values
Cumulative risk 0.7043 0.0755 0.0037 0.0792 0.911 0.911

for median values

The case of manganese is rather complex. The origin of manganese on Bel-
grade streets is twofold. Some of it is a natural part of soil but additionally it is
brought there by traffic, since in Serbia “unleaded” gasoline is produced with
MMT (methylcyclopentadienyl manganese tricarbonyl) additive. Manganese can
bring forth a variety of serious toxic responses upon prolonged exposure to ele-
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vated concentrations, either orally or by inhalation. The central nervous system is
the primary target. Initial symptoms are headache, insomnia, disorientation, an-
xiety, lethargy and memory loss. This combination of symptoms is a disease cal-
led "manganism", and these symptoms progress with continued exposure and
eventually include motor disturbances, tremors, and difficulty in walking, symp-
toms similar to those seen with Parkinsonism.2!-22 However, manganese is also
an essential trace element and is necessary for good health; the recommended
dietary allowance for an adult human is 2-5 mg/day.!! The present calculations
for adult and child ingestion of soil non-carcinogenic CDIs for Mn (0.008 and
0.0009 mg/kg/day, respectively) show that these concentrations still do not ex-
ceed the chronic RfD for Mn (0.04 mg/kg/day) (Table II). However, since the
contribution of traffic to the Mn content in Belgrade soil is not negligible, further
monitoring of Mn is necessary.

Nickel is a probable human carcinogen, only some industrial Ni compounds
exhibit carcinogenic effects, but many others do not. The most common adverse
health effect of nickel in humans is an allergic reaction.!! The present results
showed that the current concentrations of Ni in Belgrade soil are below any aler-
ting values.

Zinc is an essential element with a recommended daily allowances ranging
from 5 mg for infants to 15 mg for adults. Too little zinc can cause health pro-
blems, but too much zinc is also harmful. Harmful health effects generally begin
at levels in the 100 to 250 mg/day range.!! The present results showed that the
current concentrations of Zn in Belgrade soil are below any alerting values.

The presence of lead in Belgrade streets and soil is exclusively related to
traffic and use of leaded gasoline.23 Serbia is one among a few countries in
Europe that have not ceased to produce and use leaded gasoline. Lead can affect
almost every organ and system in the human body. Evidence shows that lead is a
multi-target toxicant, causing effects in the gastrointestinal tract, hematopoietic
system, cardiovascular system, central and peripheral nervous systems, kidneys,
immune system and reproductive system. The most sensitive systems are the
central nervous system, particularly in children, and the cardiovascular system.
Irreversible brain damage occurs at blood Pb levels greater than or equal to 100
pg/dl in adults and at 80-100 pg/dl in children.!! Pb blood levels over 4.62 pg/dl
in children are associated with higher resting blood pressure.2* Assuming the
worst case scenario, for children with daily soil intake rates of 200 mg/day and
maximal concentration of Pb of 1847.64 mg/kg in the soil, the calculated chronic
daily intake for non-carcinogenic risk or CD/ is 0.024 mg/kg/day. Hence, for a 15
kg child, the CDI is 0.36 mg/day (360 pg/day), and if all that Pb would enter into
the blood, which is not the case, the child should have serious health problems.
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CONCLUSION

This study has proven that soil contamination in Belgrade is not unimpor-
tant; risk assessment, calculated for a lifetime exposure, indicated that the car-
cinogenic risk is completely insignificant but the non-carcinogenic risk tends to
became significant, mainly for children, since it approaches values which could
be unacceptable. There is no particularly dangerous single heavy metal, but their
cumulative effect, expressed as the child soil ingestion hazardous index, is for
concern. Similar, but still rare literature data, describe urban soils that contain
heavy metals.25-27 They report evident corresponding non-carcinogenic hazard
index which is around or above one, but they do not report carcinogenic lifetime
risk for any individual element.

The investigation that remains, which was not in the scope of this study, is
research by biomedical experts which should reveal the exact adverse effects that
heavy metal contamination of soil might induce in humans, particularly among
individuals in vulnerable populations, such as children.
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Republic of Serbia (project no. 146008), and partly by a “Yugoimport SDPR” grant, which is
gratefully acknowledged.

N3BOJ

ITPOLEHA ITOTEHLIMJAJIHOI' PU3UKA I10 3[IPABJBE JbY U YCIIEA ITPUCYCTBA
TEIIKUX METAJIA ¥V 3EMJBUIITY HEHTPAJIHE 30HE BEOI'PAJIA

MBAH I'P)KETUHR u RABIA H. AHMED GHARIANI
Yuueepauitieiti y Beozpady — Xemujcku ¢haxyaitieiti, CitiyOeniticku iipz 16, 11000 Beozpao

HcnuTrBame 3eMIbHIITA LIEHTpaIHE 30He beorpana paleHo je ca ubeM a ce OApead HUBO
werose 3araljenoctu TemkuMm metaiauma. [lonasehu ox canpixaja temkux merana (Zn, Cd, Pb, Co,
Ni, Cu, Cr 1 Mn) npouemeH je KyMyJaTHBHM MOTCHIMjAHH KAaHIEPOTCHH M HEKaHI[EPOreHH
3pPaBCTBCHH PU3HK (32 HHI'CCTH]y U WHXANALH]y) 32 )KUBOTHH BEK YOBEKA, JICLIC U OJPACIIHX, T10Ja-
3ehin 01 Moziena KOjH je pa3BHila aMepHUKa arcHIIMja 3a 3allTHTY )KHUBOTHE cpeuHe. VcTpakuBama
okasyjy 1a 3araljeme 3emipuinTa y beorpany Huje 3aHeMapibHBO HAKO MPOLEHA KaHIEPOr€HOT PH-
3WKa yKa3yje Ja je OH 3aHeMapJbUB, alld J1a HEKAHLEPOTeHN PHU3UK I0CTaje 3HadajaH, MOCeOHO Y
ciyyajy feue. 3a caja He MOCTOjH onapel)eHH TeIiku MeTan KOjU ce MOXKE HASHTH()UKOBATH Kao
oracaH, aJli KyMyJIaTUBHH e()eKaT CBUX MCIIUTHBAHMX MeTalla HCKa3aH KPO3 MHI€CTHOHH Xa3apaHH
HHJICKC 3a JIelly TOoCTaje 3a0pumbaBajyhul momTo ce mpuOimKaBa BPEIHOCTHMA KOje Ce CMaTpajy
HETIOBOJBHHM.

(ITpumsbero 17. mapra, peuaupano 14. maja 2008)
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Errata (printed version only)

1. Issue No. 7 (2008), Vol. 73, page 737:
— Line 10 from the top (“Error! Objects cannot be created from editing

field codes.”) should be replaced by following Scheme:

O O|_\ o)
HO)J\i/\/S\ Ho)k/\.

Ha

Zlinn

NH,

2. Issue No. 7 (2008), Vol. 73, page 743:
— Line 3 from the top (“Error! Objects cannot be created from editing

field codes.”) should be replaced by following Scheme:

H* H*
NN e P
r + + r
-o/ \F = ‘O/ \F
H+ o) H HO. O,
AN H°\+/ / . NN AN /
| o L= | V2 VN
= -o/ \F AN Z o F
]k

Kobs

/ +  Cr(Iv)

QO——S

3. Issue No. 7 (2008), Vol. 73, page 767:
— Lines 3-5 from the bottom should read:

due to different resonance and inductive effects along...
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