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Ribofuranose as a carrier of tetraoxane and 4-aminoquinoline
antimalarial pharmacophores
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Abstract: Several tetraoxane and 4-aminoquinoline molecules were prepared in
order to examine the influence of ribofuranose as a carrier molecule on the an-
timalarial activity of test compounds. The synthesized compounds showed pro-
nounced antimalarial activity against Plasmodium falciparum chloroquine sus-
ceptible D6, chloroquine resistant W2 and multidrug-resistant TM91C235 (Thai-
land) strains. The aminoquinoline derivative 4 was more active against W2 and
TM91C235 strains than the control compounds (CQ and MFQ).

Keywords: tetraoxanes; 4-aminoquinolines; malaria; P. falciparum.

INTRODUCTION

Malaria is an infectious disease that affects more than 500 million people per
annum, causing approximately two million deaths.! It is most common in tropical
and subtropical areas and 90 % of all cases are found in sub-Saharan Africa.
Antimalarial drug resistance, particularly the widespread resistance of many Plas-
modium falciparum strains to most readily available drugs, such as chloroquine
(CQ), hinders malaria control and is therefore a major public health problem. Re-
sistance to antimalarial drugs has increased the global cost of controlling the di-
sease. So far, no resistance to artemisinin (ART) or ART derivatives has been
reported. Resistance, as well as the absence of a vaccine for protection against
malaria causes an urgent need for new effective, safe and affordable drugs.

Following previous results,2 new tetraoxanes and 4-aminoquinoline mole-
cules with ribofuranose as carrier molecules were synthesized. The synthesized
tetraoxanes were screened in vitro against three P. falciparum strains: D6 (chloro-
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quine-susceptible), W2 (chloroquine-resistant), and TM91C235, a multidrug-resis-
tant strain.

RESULTS AND DISCUSSION

Chemistry

Methyl 2,3-O-isopropylidene-D-ribofuranoside 2 was prepared from D-ri-
bose using a mixture of acetone/methanol and HCI (Scheme 1). Compound 2 was
isolated in 64 % yield as a mixture of o~ and f~anomers, and was pure enough to
be used directly in the subsequent step. Oxidation using pyridinium chlorochro-
mate (PCC) afforded the aldehyde 3, which was further transformed into amine 4
by reductive amination. Amine 4 was isolated as the salt 5 and after treatment
with 1.0 % NaOH, the free amine was obtained.

The synthesis of the tetraoxane derivative was accomplished starting from
ester 6, which was hydrolyzed into acid 7 in 88 % yield, followed by further
transformation via a mixed anhydride procedure into the corresponding ester 8 in
82 % yield.
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Scheme 1.
Antimalarial activity

The synthesized compounds were screened in vitro against three P. falcipa-
rum strains: D6 (chloroquine and mefloquine (MFQ) susceptible strain), W2 (chlo-
roquine-resistant, MFQ susceptible), and TM91C235 (multidrug-resistant strain)
following the protocol given in the literature (Table I).2b
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TABLE 1. In vitro antimalarial activities of tetraoxanes 4-8 against P. falciparum D6, W2,
and TM91C235¢ strains

1C50 /nM ICQO / nM
Compound
D6 w2 TM91C235 D6 w2 TM91C235

4 40.37  141.35 58.25 72.77 23296 134.45
5 40.03  176.82 61.39 76.77  282.75 127.99
8 11597  599.23 701.38 405.63 1454.42 2286.79
6 29.20 40.41 26.96 83.92 62.48 110.22
MFQd 7.38 4.99 51.92 16.83 11.28 102.47
cQd 13.62  371.65 178.07 19.89  662.35 391.42

8P, falciparum African D6 clone; bp, falciparum Indochina W2 clone; °P. falciparum multidrug resistant TM91C23
strain (Thailand); deontrol compounds

The synthesized aminoquinoline derivatives 4 and 5 had similar activity; the
amine 4 was less active against P. falciparum strain D6 in comparison to the con-
trols CQ and MFQ. Compound 4 was 2.5—3 times more active than CQ against
W2 and TM91C235 strains.

On the other hand, the tetraoxane 8 was less active than CQ and MFQ, and
significantly less active than the corresponding ester 6 against the three P. falci-
parum strains. According to these results, it is suggested that increased polarity
of molecule, caused by hydrolysis of the isopropylidene and/or methoxy group in
the in vitro test may be the cause of the observed small activity. Increasing the
polarity of the molecules impedes their transport through biological membranes.
In addition, the presence of hydroxy groups can cause facilitated secretion as a
consequence of phase Il metabolism.

EXPERIMENTAL

For general remarks, see references 2a, 2b, and 2c.

ESI-MS spectra of the synthesized compounds were recorded on an Agilent Technologies
6210 Time-of-Flight LC/MS instrument in the positive ion mode using CH;CN/H,0 = 1/1
with 0.20 % HCOOH as the carrying solvent solution. The samples were dissolved in pure
acetonitrile (HPLC grade). The selected values were as follows: capillary voltage 4 kV; gas
temperature 350 °C; drying gas 12 L min!; nebulizer pressure 45 atm; fragmentator voltage:
70 V.

Methyl 2,3-O-isopropylidene-D-ribofuranoside,? 7,8,15,16-tetraoxadispiro[5.2.5.2]hexa-
decane-3-carboxylic acid,* N!-(7-chloroquinolin-4-yl)-ethane-1,2-diamine® were prepared ac-
cording to known procedures.

N!-(7-Chloro-4-quinolinyl)-1,2-ethanediamine-N?-{[(3aS, 4R, 6aS)-6-methoxy-2,2-
-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl]methyl} (4)

Anhydrous CrO; (1.02 g) was suspended in dry CH,Cl, (25 mL) and pyridine (1.65 mL).
The alcohol 2 (170 mg, 0.830 mmol) in anhydrous CH,Cl, (2.0 mL) was added after 15 min
into the resultant red solution and the reaction mixture was stirred for 20 min. Then the mix-
ture was poured onto cold saturated aqueous NaHCO;. The organic layer was separated and
the aqueous layer was extracted with CH,Cl, (2x20 mL). The combined organic layers were
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dried (Na,SO,) and the solvent evaporated. The crude product was purified by dry-flash chro-
matography, eluent CH,Cl,, to afford the known® aldehyde 3 (160 mg, 95.0 %).

Sodium triacetoxyborohydride (168 mg, 0.790 mmol) was added to a mixture of alde-
hyde (80 mg, 0.39 mmol) and amine A (175 mg, 0.790 mmol) in CH,Cl, (20 mL) and the
reaction mixture was stirred at room temperature for 18 h. The reaction mixture was poured
onto 1.0 % NaOH (20 mL) and extracted with CH,Cl, (2x50 mL). The combined organic
layers were dried over anh. Na,SO, and evaporated to dryness. The crude product was purified
by dry-flash chromatography, eluent EtOAc/MeOH = 9/1. Yield: 156 mg (98.0 %). Oil. 4: IR
(KBr, cm™): 3302w, 2936w, 2361w, 1611w, 1580s, 1535w, 1451m, 1371m, 1331w, 1274w,
1239w, 1209m, 1158m, 1105s, 962m; "H-NMR (200 MHz, CDCl;, 6 / ppm): 8.52 (m, H-C(2"),
7.95 (m, H-C(5"), 7.75 (m, H-C(8")), 7.34 (m, H-C(6")), 6.38 (m, H-C(3")), 5.92 (1H, bs),
4.62 (2H, m), 4.33 (1H, m), 3.32 (5H, m), 3.06 (2H, m), 2.79 (2H, d), 1.97 (2H, bs), 1.49 (3H,
s), 1.31 (3H, s); 3C-NMR (50 MHz, CDCls, 6 / ppm): 151.99, 149.87, 149.05, 134.83, 128.62,
125.23, 121.28, 116.23, 112.47, 109.74, 99.16, 86.05, 85.30, 82.61, 55.15, 52.15, 47.12, 41.89,
26.44,24.87; (+)ESI-HRMS (m/z, %): 408.18229 ([M+H]", 100); calculated 408.16845.
(3aS,4R, 6aS)-6-Methoxy-2, 2-dimethyltetrahydrofuro[3,4-d] [1,3] dioxol-4-yl]methyl
7,8,15,16-tetraoxadispiro[5.2.5.2] hexadecane-3-carboxylate (8)

A solution of carboxylic acid 7 (120 mg, 0.440 mmol) in dry CH,Cl, (15 mL) was stirred
for 90 min at room temperature upon adding Et;N (61.4 pL, 0.440 mmol) and CICO,Et (42.1 pL,
0.440 mmol). Then a solution of alcohol 2 (90 mg, 0.44 mmol) in dry CH,Cl, (5.0 mL) and a
catalytic amount of DMAP (5.0 mg) were added. After 120 min, the reaction mixture was
diluted with H,O, the layers were separated and the organic layer was washed with brine,
dried over anh. Na,SO, and evaporated to dryness. The crude product was purified by dry-
-flash chromatography, eluent: hexane/EtOAc (9/1). Yield: 165 mg (82.0 %). Colorless foam,
softening at 87—-89 °C. IR (KBr, cm™!): 3441w, 2986m, 2939s, 2866m, 1737s, 1449m, 1381m,
1318s, 1259m, 1194m, 1159m, 1094s, 1060s, 1016s, 944m, 926m. 'H-NMR (200 MHz, CDCls,
o/ ppm): 4.62 (2H, m), 4.36 (1H, m), 4.12 (2H, m), 3.31 (3H, m), 3.00-1.40 (20H, m), 1.48
(3H, s), 1.32 (3H, s); 3C-NMR (50 MHz, CDCl3, § / ppm): 174.12, 112.58, 109.34, 108.41,
107.19, 85.14, 84.19, 81.75, 64.69, 54.88, 41.42, 29.44, 26.38, 25.27, 24.94, 21.99; (+)ESI-
—HRMS (m/z, %): 481.20359 ([M+Na]", 100); calculated 481.20442.

In vitro antimalarial activity

The in vitro antimalarial drug susceptibility screen is a modification of the procedures
first published by Desjardins et al.,” with modifications developed by Milhous et al.,® and the
details are given elsewhere 2
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N3BOJI

PUBODYPAHO3A KAO HOCAY TETPAOKCAHCKE 1 4-AMWHOXMNHOJIMHCKE
AHTUMAJIAPNICKE ®APMAKO®OPE

WT'OP M. OTICEHMIIA!, KIRSTEN K. SMITHZ, LUCIA GERENAZ CAHJIPA TAUILIAS u BOTJIAH A. [IIOJIAJA!

! Xemujcru paxaitiein Yuueepsuitieiia y Beozpady, i iip. 158, 11000 Beozpad, *Division of Experimental

Therapeutics, Walter Reed Army Institute of Research, Washington, DC 20307-5100, USA u > Unimuisiyit 3a

Xemujy, wiexHoaozujy u meitianypujy, hezowesa 12, 11000 beozpao

V 0BOM pajy IpHKa3aHa je CHHTe3a HEKOJIUKO pubodypaHO3UIHUX TETPAOKCaHA U 4-aMHHO-

XMHOJIMHA y IIWJbY carjiefaBama OJHOCa CTPYKTYpa—aKTHBHOCT OBE BPCTE aHTHMaJapuka. Jeau-
BCHa Cy MOKa3alla H3paXKeHy aHTHMANAPHjCKy aKTHBHOCT IIpeMa XJIOPOKHH-oceT/buBoM (D6), xIto-
poxuH-pe3ucteHTHOM (W2) U Bumectpyko pesucteHTHOM (TM91C235 (Thailand)) cojy Plasmo-
dium falciparum. AMUHOXMHONUHCKYU AepuBar 4 je aktuBHUjU npemMa W2 u TM91C235 cojeBuma

on

1.

2.

w

KOHTPOJIHUX jeANIbEha (XJIIOPOKHH U ME(IIOKUH).

(ITpumsbeno 13. ¢pebpyapa 2008)
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Trans- and cis-resveratrol concentration
in wines produced in Serbia

SANJA DEKIC!, SLOBODAN MILOSAVLJEVIC¥, VLATKA VAJS?*, SLOBODAN
JOVIC3, ALEKSANDAR PETROVIC3, NINOSLAV NIKICEVIC3, VERICA
MANOJLOVIC4, VIKTOR NEDOVIC3 and VELE TESEVIC!*#

! Faculty of Chemistry, University of Belgrade, Studentski trg 16, 11000 Belgrade, Institute
for Chemistry, Technology and Metallurgy, University of Belgrade, Njegoseva 12, 11000
Belgrade, *Faculty of Agriculture, University of Belgrade, Nemanjina 6, 11080 Zemun
and *Faculty of Technology and Metallurgy, Karnegijeva 4, 11000 Belgrade, Serbia

(Received 3 March, revised 22 May 2008)

Abstract: Resveratrol, which occurs in two isomeric forms, trans and cis, is a
phytoalexin with numerous pharmacological activities, such as anti-cancer, an-
tiviral, neuroprotective and anti-aging. Red wine is the main source of the com-
pound and an easy way of including resveratrol in the human diet. In this study,
the most popular commercial Serbian wines (red, white and rosé-type) were ana-
lyzed for their content of trans- and cis-resveratrol. The analysis was perfor-
med by HPLC with a UV detector. Prior to the injection, phenolic compounds
were extracted onto a LiChrolut RP18 bonded silica cartridge. The concen-
tration of trans-resveratrol ranged from 0.11 to 1.69 mg L-! and cis-resveratrol
from 0.12 to 1.49 mg L1

Keywords: trans/cis-resveratrol; wine; HPLC.

INTRODUCTION

Wine is defined as the fermented juice of Vitis vinifera grapes used as a be-
verage, while viticulture is the cultivation of grapes especially for wine making.!
Wine has been produced and enjoyed for thousands of years. References to wine
can be seen in writings dating back to the days of Hammurabi and to the Bible.

Wines are known to contain many biologically active compounds. The amounts
and compositions of these compounds depend on the type of grapes and their
degree of ripeness, climate and soil of the viticultural area, as well as vinification
techniques.

There are many different types of wines that can be produced by a variety of
different methods. From red to rosé to white and from fortified to sparkling,

* Corresponding author. E-mail: vtesevic@chem.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0811027D
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wines can be produced with a variety of different flavors, aromas, in addition to
alcohol contents.

Phenolic compounds are an important group of substances in wine that con-
tribute to several sensory characteristics, such as color, flavor and astringency.
Furthermore, it has been reported that phenols have multiple biological effects,
such as antioxidant activity, anti-inflammatory action, inhibition of platelet ag-
gregation and antimicrobial activity.2

Several beneficial physiological properties have been attributed to wine. It
has been shown to have anticancer (chemo-preventive), anti-inflammatory, anti-
fungal, and anti-microbial properties. There is also considerable evidence that a
correlation exists between red wine consumption and the prevention of coronary
heart disease, due to its beneficial anti-oxidant effect on low-density lipoprotein
(LDL), which causes arteriosclerosis.3 The cancer chemopreventive properties of
resveratrol were first appreciated when Jang et al. demonstrated that resveratrol
possesses cancer chemopreventive activity against all the three major stages of
carcinogenesis i.e., initiation, promotion and progression.* Some findings suggest
that resveratrol may also be anticarcinogenic and a potent chemopreventive agent
for breast cancer.’ Traditional Japanese and Chinese folk medicine use root ex-
tract of the weed Polygonum cuspidatum, which contains resveratrol, to fight li-
ver, skin and circulatory-diseases.%’

One of the important phenolic bioactive constituents in wine is resveratrol
(3.4°,5-trihydroxystilbene), a naturally occurring phytoalexin produced by some
spermatophytes, such as grapevines, in response to injury. In grape species, res-
veratrol reaches concentrations of 50400 ug/g fresh weight in the leaves. Resve-
ratrol is also synthesized in the berries and in lignified plant tissues. Concen-
trations in the skin (pericarp) of the berries are high compared with those in the
flesh. During mashing, a part of the resveratrol from the skins is dissolved in the
must. However, only low levels occur in white wine (< 1 mg L-1), whereas red
wines contain on average 2 mg L~1.8-10

Resveratrol exists in cis- and trans- isomeric forms (Fig. 1), but the cis-iso-
mer is present only in small amounts.!!-13 However, cis-resveratrol and its glu-
coside have been detected in almost all wines analyzed to date, regardless of the
origin and the technology applied. Both isomeric forms were detected in white,
rosé, and red wine. The cis-isomer is probably transformed during the vinifi-
cation process but usually does not reach the concentration of the trans-isomer in
the wine.14

Resveratrol is the parent molecule of a family of polymers named viniferins.
Plants also synthesize glucosides (piceid = resveratrol 3-O-S-glucoside).

The concentrations in the form of #rans- and cis-isomers of aglycone and glu-
cosides are subject to numerous variables. In red wine, the concentrations of the
trans-isomer, which is the major form, generally ranges between 0.10 and 15 mg L-1.2
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Wines of the rosé type exhibit intermediate values between red and white wines.
This is presumably due to the longer extraction time during contact between grape
skin and juice in the production of red wine.!3:16

(a) (b)
Fig. 1. a) trans-resveratrol, b) cis-resveratrol.

Resveratrol concentrations increase during fermentation of the skins but the
amount extracted is dependent on the variety and enological conditions.!7-19 The
extraction of resveratrol from the skin may be facilitated by the production of
ethanol during the fermentation process.

Resveratrol is synthesized in response to microbial infection or stress.!8 How-
ever, it is also produced after chemical treatment, such as herbicide or fungicide
application, and by exposure to UV light.20.21

The complexity of the wine matrix makes analysis by a single technique dif-
ficult. Usually, purification prior to the analysis is crucial. Thus, solid phase micro-
extraction, solvent extraction, and elution through preconcentration columns are
performed. High performance liquid chromatography (HPLC) and gas chromato-
graphy (GC) are the two major techniques used. Furthermore, these instruments
can be coupled to various types of detectors, including UV, photodiode array
(DAD),22 chemiluminescent detection (CL),23 fluorescence detection (FD),24 and
mass spectrometry (MS).13:25

The aim of the present study was to determine the ¢rans- and cis-resveratrol
content in 18 commercial samples of wines produced in Serbia. At the present
time, there are no reports in the literature about the resveratrol content in wines
from Serbia.

EXPERIMENTAL
Wine samples and standards

The analyses were performed on eighteen commercial Serbian wine samples (10 red, 7
white and 1 rosé), from six different producers. All wines were stored in the dark at 4.0 °C
and analyzed immediately after bottle opening. trans-Resveratrol was purchased from Sigma
Chemical Co. (St. Louis, MO). cis-Resveratrol is not commercially available and was
therefore obtained through UV-photoisomerization (280-310 nm, for 10 h) of a standard so-
lution (100 mg L) of trans-resveratrol. Under these conditions, 80 % of the trans-resveratrol
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was converted into the cis-isomer (examined by HPLC and 'H-NMR spectroscopy). The

TH-NMR spectra and HPLC chromatograms of #rans-resveratrol prior and after UV treatment
are shown in Figs. 2—4.

[ ‘
A / i
[ A VR I Ll
A / ) \ \a
ORI N W A VA

7.00 6.50
ppm (1)

et

Fig. 2. IH-NMR (200 MHz) spectra of trans-resveratrol in CDCl; before UV-photoiso-
merization (6/ ppm: 6.51 (2H, d, H-2/6, J = 2.0 Hz), 6.21 (1H, ¢, H-4, J=2.0 Hz),
7.35 (2H, d, H2'/6', J= 8.5 Hz), 6.81 (2H, d, H3"/5', J= 8.5 Hz),

6.80 (1H, 4, Ha, J = 16.5 Hz), 6.97 (IH, d, Hb, J = 16.5Hz)).

X 6.50
ppm (f1)

Fig. 3. "TH-NMR (200 MHz) spectra in CDCl; of cis-resveratrol obtained after UV-photoiso-
merization of trans-resveratrol (¢6/ ppm: 6.30 (2H, d, H-2/6, J = 2.0 Hz), 6.19 (1H, ¢, H-4,
J=2.0Hz),7.16 (2H, d, H2'/6', J = 8.5 Hz), 6.70 (2H, d, H3'/5', J= 8.5 Hz),

6.35 (IH, d, Ha, J = 12.0, Hz), 6.47 (IH, d, Hb, J = 12.0 Hz)).
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Fig. 4. LC chromatograms of the cis-resve-
10 20 30 a0 ratrol obtained during irradiation of trans-res-
7/ min veratrol.

Analytical HPLC procedure

A Hitachi HPLC system consisting of two pumps (Model 655A-11), a Hitachi automated
gradient controller (Model L-5000) and autosampler Hitachi (Model 655A-40) was used. The
chromatograms where recorded using a Gilson 117 UV dual wavelength detector. A Baseline
Workstation CSW32 and a personal computer were employed for data storage and evaluation.
The analytical column was a Bishoff Hyperchrome, ODS Hypersil (25 cmx4.6 mm ID, 5 um
particle diameter).

The HPLC column was initially equilibrated with acetonitrile—acetic acid—water (20:2:78,
v/v) as solvent A for 10 min. The chromatographic separation was performed using a six stage
linear gradient: from 100 to 90 % of A in 8 min, from 90 to 85 % of A in 12 min, from 85 to
70 % of A in 15 min, from 70 to 50 % of A in 5 min and from 50 to 0 % of A in 5 min, with a
total flow rate of 1.0 ml min'!. The total gradient time was 42 min. A mixture of acetonitrile—
—acetic acid—water (90:2:8, v/v) was used as solvent B. The eluent was monitored at 306 and
286 nm, the optimum UV absorbances of trans- and cis-resveratrol, respectively.

Calibration and recovery

Calibration graphs were obtained by plotting the peak area against the concentration. Six
standards of trans- and cis-resveratrol covering the range 0.10-15 and 0.25-10 mg L! were
made up in methanol and analyzed in duplicate. The constructed calibration curves showed
excellent linearity (Table I).

The precision of the method was confirmed by repetitive analyses, calculating the ave-
rage relative standard deviation (RSD) for 6 replicate determinations. The limit of detection
(LOD, S/N = 3) of the individual compounds was calculated at their absorbance maxima. The
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recoveries for trans- and cis-resveratrol were determined by adding known amounts of resve-
ratrol to the wine sample and by performing assays before and after addition. The recovery
was 94.56 and 95.61 % for trans- and cis-resveratrol, respectively (Table I).

TABLE 1. Analytical characteristics for the determination of resveratrol in wine samples by
HPLC-UV (tg — retention time; A — wavelength of absorbance maxima; RZ — correlation coef-
ficient; RSD — repeatability)

Linearity interval RSD Recovery

Compound g / min A/ nm LOD/mgL! R?

mg L't % %
trans-Resveratrol  16.02 306 0.10-15 002 09998 33 9456
cis-Resveratrol  18.53 286 0.25-10 005 09994 58 9561

Solid-phase extraction (SPE) of wine samples

The determination of polyphenolic compounds in wine samples usually requires extrac-
tion and preconcentration procedures prior to the HPLC analysis. This is because wine has very
complex composition and many phenolic compounds are present at very low concentrations.

A sample of wine was first filtered through a 0.45 pm membrane filter. The solid-phase ex-
traction was performed using a LiChrolut RP18 bonded porous silica cartridge (3 ml, 300 mg),
obtained from Merck. The cartridges were previously conditioned with 10 ml of methanol, fol-
lowed by 5 ml of water. Then, 5 ml of wine were introduced. Then the cartridge was dried
under vacuum and, finally, the compounds were eluted with 1 ml of methanol. All analyses
were performed in triplicate and the data are presented as mean =+ error (95 % confidence
level, F=4,n=Y5).

NMR analysis

The 'H-NMR (200 MHz) spectra were recorded on a Varian Gemini 2000 spectrometer
in CDCls.

RESULTS AND DISCUSSION

The results of the chromatographic analyses of the 18 different Serbian
wines are summarized in Table II. Typical chromatograms of red and white wine
are shown in Figs. 5 and 6, respectively.

TABLE II. Concentrations of resveratrol in Serbian wines (mg L)

Alcohol content

Wine and vintage Wine producer vol. % trans-Resveratrol cis-Resveratrol
Cabernet Sauvignon®  Navip, Zemun 12.0 0.61+0.04 0.27+0.04
2000
Cabernet Sauvignon?® Podrum 12.5 1.6910.04 0.81£0.04
2002 Radovanovié,

Krnjevo
Cabernet Sauvignon?® Faculty of 13.0 0.18+0.04 0.19£0.04
2004 Agriculture, Uni-

versity of Bel-

grade, Zemun
Cabernet Sauvignon® Rubin, Krusevac 12.0 0.36x0.04 0.42+0.04
2002
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TABLE II. Continued

Alcohol content

Wine and vintage Wine producer vol. % trans-Resveratrol cis-Resveratrol
. /0
Cabernet Sauvignon?® VinoVita,
+ +
2004 Trstenik 12.5 1.004+0.04 1.49+0.04
«“ry: fa%%a
g/([)f)ré"t Dionis™, Navip, Zemun 12.0 1.00+0.04 0.53+0.04
Merlot?, 2003 Faculty of
Agriculture, Uni-
. 13.5 0.11£0.04 0.1240.04
versity of Bel-
grade, Zemun
Royal?, 2000 Navip, Zemun 11.5 0.72+0.04 0.66+0.04
Pinot Noir?, 2001 Rubin, Krusevac 11.5 1.31£0.04 0.82+0.04
Vranac?, 2000 Rubin, Krusevac 11.5 0.84+0.04 0.20+0.04
Roséb, 2004 Faculty of
Agriculture, Uni- 12.0 0294004  <0.05+0.04
versity of Bel-
grade, Zemun
Chardonnay*®, 2002 Podrum
Radovanovié, 12.5 0.29+0.04 <0.050.04
Krnjevo
Chardonnay®, 2004 Faculty of
Agriculture, Uni- 12.0 <0.02+004  <0.05+0.04
versity of Bel-
grade, Zemun
C
gé‘g;d"nnay blanc Navip, Zemun 12.4 0.19+0.04 <0.05+0.04
Chardonnay®, 2003 Rubin, Krusevac 12.0 0.15+0.04 <0.05+£0.04
Chardonnay®, 2002 Erdevik, Erdevik 12.5 0.34+0.04 0.40+0.04
Sauvignon®, 2003 Rubin, KruSevac 12.1 0.11+0.04 <0.05+£0.04
GraSevina®, 2000 Erdevik, Erdevik 11.5 0.33+0.04 0.58+0.04
aRed wine; Prosé wine; Swhite wine

Only free forms of resveratrol were analyzed. The contents of resveratrol in
red wines showed a relatively high variability. The concentration of trans-resve-
ratrol ranged from 0.11 to 1.69 mg L-! and that of cis-resveratrol from 0.12 to
1.49 mg L1

The obtained resveratrol concentrations were compared with those reported
for foreign wines. The concentrations of trans-resveratrol in the analyzed wines
from Serbia were significantly lower than in wines produced in other countries.
The average levels of trans-resveratrol in red and white wines vary greatly from
one region to another. Although significant differences were found between re-
gions, no specific region was significantly different from the others. A compa-
rison of the content from different regions is given in Table III.
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2L trans-Resveratrol

cis-Resveratrol
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0 5 10 15 20 25 30 35

t/ min
Fig. 5. Chromatogram of the red wine Cabernet Sauvignon (Vino Vita, Trstenik).

257

207

trans-Resveratrol
cis-Resveratrol

N,

0 10 20 30 40
7/ min

Fig. 6. Chromatogram of the white wine Chardonnay (Erdevik, Erdevik).

These differences could be attributed to environmental conditions, such as hu-
midity and fungal disease, which are factors influencing the production of trans-
-resveratrol by grapevines.26 However, Soleas e al.*® stated that the difference
between the statistical parameters, sample pretreatment (direct injection or not) and
the chromatographic method (GC or HPLC) might cause different result. For ex-
ample, wines from Italy presented mean values of resveratrol varying from 0.03

to 8.87 mg L.

Seven white wines were analyzed. As it can be seen (Table II), the highest
amount of trans-resveratrol was found in Chardonnay 2002 (0.34 mg L-1). The

highest value for cis-resveratrol in white wines was 0.58 mg L1 (Table II).
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TABLE III. Previous reports of trans and cis-resveratrol concentrations (mg 1*1) in red and
white wines

trans-Resveratrol cis-Resveratrol
Country - - Reference
Lowest Highest Lowest Highest
Red wines
Brazil 0.82 5.75 1.70 22.9 27,28
Ttaly 0.03 8.87 0.13 2.55 13, 24, 29, 30
France 0.30 7.62 0.30 5.30 31-36
Spain 0.18 8.00 0.02 2.48 33,37-40
Canada 0.15 5.79 1.48 6.52 27,41
China 0.07 3.20 - - 23
Portugal 0.20 5.70 0.03 9.50 32,36,41,42
Greece 0.37 2.53 - - 34,43, 44
Chile 0.80 1.57 0.14 1.23 33,36
Czech Republic 0.92 6.25 0.68 2.80 45
Slovenia 0.90 8.70 - - 39
USA 0.23 5.81 0.07 2.96 33,36
Korea 0.19 3.30 - - 46
Japan 0.001 2.30 - - 14,18
Hungary 0.10 14.3 - - 47
Australia 0.20 10.6 — — 36, 38
White wines
Italy 0.02 0.55 - — 24,29, 30
France 0.30 4.00 0.10 0.10 35,49
Spain 0.07 2.50 n.d. 0.18 37, 38, 50, 51
Portugal 0.03 2.60 0.90 1.70 32,41
Greece 0.03 0.14 - - 43
Slovenia n.d. 0.60 - - 39
CONCLUSIONS

In this study, for the first time, focus was directed on the determination of
trans-resveratrol and cis-resveratrol levels in red wines produced in Serbia.

The resveratrol content of a wine is related to the length of time the grape
skins are present during the fermentation process. Thus, the concentration is sig-
nificantly higher in red wines than in white wines, because the skins are removed
earlier during white wine production, reducing the amount extracted.

cis-Resveratrol has been detected in almost all hitherto analyzed wines, re-
gardless of the origin and the technology applied. Generally, the high levels of
cis-resveratrol in Serbian wines support the assumption that resveratrol is initially
produced as the trans-isomer and the cis-isomer is derived by subsequent isome-
rization of the trans-isomer, mainly during fermentation.

Acknowledgments. This research was supported by grant from the Ministry of Science of
the Republic of Serbia (Project 142053).
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N3BOJ
KOHUEHTPAIIUJA trans- U cis-PE3BEPATPOJIA Y BUHUMA ITPOU3BEJEHUM Y CPEMIN

CAIbA BEKUR', CJIOBOJIAH MUJIOCABJBEBUR!, BIATKA BAJCZ, CJIOBOJIAH JOBUR?, AJJEKCAHJIAP
HETPOBI/ITl3, HMHOCIJIAB HI/IKI/ITIEBI/ITl3, BEPUIIA MAHOJHOBI/ITl4, BHKTOP HEZ[OBI/ITI3 v BEJIE TELLIEBUR'
! Xemujexu paxyaitiesi, Yuusepauitieii y Beozpady, Citiydeniticku @ipz 16, 11000 Beozpad, >Hnciiuiiyi 3a xemujy,

iliexnonozujy u meimianypzujy, lbezowesa 12, 11000 Beozpao, > Momoiipuspednu axyaitieid, Ynusepauitiei y

Beozpady, Hemarouna 6, 11080 3emyn u * Texroaouxo—meitiarypuiku paxyaitieid, Ynusepauitie y Beozpady,
Kaprezujesa 4, 11000 Beozpao

Mertonom teune xpomarorpaduje (HPLC) ucmuran je campikaj cimoOogHor obimka trans- i
cis-pe3BepaTposna y ocaMHaecT KoMepiujanHux y3opaka (10 upsenunx, 7 6enux u 1 pose) cprckux
BuHa. CBH y3opiu cy npe xpomarorpaduje excrpaxoBann SPE texuukom Ha LiChrolut RP18 ko-
JIOHU. trans-Pe3Beparpoi je nerekroBaH y 17 ox 18 ananm3upaHux y3opaka BUHA ca IPOCEYHOM KOH-
nenTpanmjama oz 0,78 mg 1! 3a ipsena Buma u 0,23 mg 1! 32 6ema Buna. Hajpimma KoHIeHTpaImja
trans-pe3Beparpoia je HaheHa y y3opky npseHor BuHa Cabernet Sauvignon 6epbe 2002 roxumme.
cis-Pe3Beparpoi je nerekroBaH y 12 ox 18 aHanmm3mpaHux y30paka BUHA ca MIPOCEYHOM KOHLICHTPA-
mujom 0,55 mg 1! 3a npsena BuHa, 10K je y GequM BHHEMA OJf aHATH3UPAHUX 7 Y30paKa AETEKTO-
BaH caMo y 2 y30pKa ca konuentparmjama 0,12 u 0,49 mg I'l. Bucok caapiaj cis-peseparpona y
HEKUM y30pLMa je BEpPOBaTHO IMOCICIUIIA U30MEpU3aLje frans- y cis-pe3BepaTpoi TOKOM IIpo-
1ieca MpoOU3BOIHHE BHHA.

(ITIpumubeHo 3. MapTa, peBuaupano 22. maja 2008)
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Abstract: In this study, the chemical components, antimicrobial and genotoxic
biological activities of the acetone extract of Ambrosia artemisiifolia L. pollen
were examined. Two lactones were identified: ambrosin and artesovin. The
antimicrobial activity of the acetone extract of 4. artemisiifolia L. pollen was
examined on ten different bacterial species using the disc diffusion method and
the microdilution method in Mueller-Hinton broth dilution. The minimal inhi-
bitory concentration of the acetone extract of 4. artemisiifolia pollen varied be-
tween 1.25-6.50 mg mL-!. The genotoxic effect of the acetone extract of 4.
artemisiifolia pollen on a eukaryotic model system Drosophila melanogaster
was investigated using the SLRL test.

Keywords: Ambrosia artemisiifolia L.; pollen; extract; antimicrobial activity;
genotoxicity.

INTRODUCTION

The Ambrosia (Asteraceae) genus is classified as belonging to the Helian-
theae tribe. There are about 20 species of this genus in Europe and the ambrosia
species is the most widespread one.! Ambrosia is conquering Europe with enor-
mous speed due to the ability of its pollen to travel extremely fast, up to 300 km h-1,
if the wind is favourable.2~5 Various measurements and testing have shown that
the pollen concentrations in the European air have increased by up to 5 times in
the last 10 years.

The Ambrosia artemisiifolia L. plant is an invasive, allergenic plant which pro-
duces large amounts of pollen.® The human immune system responds to the anti-
gen present in the pollen through the so-called polinosis process.”-8 During re-
search of the A. artemisiifolia L. plant, the sesquiterpene lactones ambrosin, isa-

* Corresponding author. E-mail: ssolujic@kg.ac.yu
doi: 10.2298/JSC0811039S
1039
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belin, psilostachyn,?10 cumanin and peruvin,!1-12 as well as triterpenoids of the
a- and S-amyrine type and derivatives of caffeic acid 613 were identified.

The sesquiterpene lactones are characterized by the presence of ¢,f-unsatu-
rated j-lactone moiety!4 and possess antibacterial, antifungal, antiprotozoal, ant-
helmintic, analgesic, schistosomicidal, genotoxic and mutagenic activities.!5-18

In addition, various studies have suggested a presence of both genotoxic and
mutagenic activities! 921 of the sesquiterpene lactones. Genotoxic substances can
perform deleterious actions on the genetic material of cells, thus affecting their
integrity, and may, therefore, be potentially mutagenic or carcinogenic,22-25 spe-
cifically those capable of causing genetic mutations and contributing to the deve-
lopment of tumours.26-28 The sesquiterpene lactones go through a cellular meta-
bolic transformation thereby acquiring the ability to damage DNA.20.29-33 They
operate by inhibiting certain enzymes responsible for maintaining the integrity of
cells and, consequently, the integrity of an organism. The sesquiterpene lactones
can react with the nucleophilic centres of intracellular macromolecules.2? Such a
reaction occurs with the thiol group of glutathione,!”7 which is an important intra-
cellular compound participating in the inactivation of chemical substances and it
may be efficient in protecting cells and macromolecules such as DNA.18.33

Some of the above-mentioned examined lactones exhibit antimicrobial pro-
perties. Lactones exhibit bacteriostatic properties by inhibiting bacterial growth,
or bactericidal, killing the bacteria. The critical attack site of anti-cell wall agents
lies in the peptidoglycan layer. This layer is essential for the survival of bacteria
in hypotonic environments. The loss or damage of this layer destroys the rigidity
of the bacterial cell wall, resulting in death.34-36

This paper presents the results of the chemical isolation and identification of
two lactones from the acetone extract of the pollen and some biological effects of
this extract, i.e., its antibacterial activity against some pathogenic bacteria and its
genotoxic effect on a eukaryotic model system Drosophila melanogaster using
the SLRL test.

EXPERIMENTAL

The melting points (m.p.) were recorded on a Kofler hot stage apparatus and are uncor-
rected. Microanalysis for carbon and hydrogen was performed using a Carlo Erba 1106 micro-
analyser. The IR spectra were run on Perkin-Elmer Grating Spectrophotometers, models 137
and 337. The NMR spectra were recorded on a Varian Gemini 200 spectrometer ('H at 200 MHz
and 13C at 50 MHz) in CDCl;, using TMS as the internal standard. The extract was monitored
and separated by thin-layer chromatography (TLC) on MN-silica gel P/UV,s4 with CaSOy,.

Extraction of Ambrosia artemisiifolia pollen

Ambrosia artemisiifolia L. plants were collected from the region of Kragujevac, in central
Serbia. The biomass was freeze-dried on the same day as it was collected. A voucher speci-
men of the plant (BEOU No. 16171) was deposited in the Herbarium of the Department of
Biology of the Faculty of Science, University of Belgrade, Serbia. The pollen was separated
from the plant leaves.



ACETONE EXTRACT OF 4. artemisiifolia L. POLLEN 1 04 1

The pollen was first broken into small pieces using a cylindered crusher. Then, pollen
pieces (60 g) were extracted with acetone (500 mL) using a Soxhlet apparatus.3’ The extract
was filtered through a paper filter (Whatman, No. 1) and evaporated on a rotary evaporator.
The crude acetone extract (1645 mg) of the pollen was washed with petroleum ether (70—90 °C)
at room temperature during a 24 h period. The secondary petroleum ether extract (1430 mg)
contained palmitic acid wax. The residue was dissolved in 50 mL of a 0.20 % solution of lead
acetate in a 1:1 mixture of ethanol and water. After stirring over night, the solution was filte-
red, evaporated to a quarter of its volume, extracted with chloroform, dried over anhydrous so-
dium sulphate, evaporated and dissolved in acetone. The primary acetone extract pollen (820 mg)
was stored in a dark glass bottle for further processing. The components were separated by
preparative chromatography on MN-silica gel P/UV;s4 with CaSO,4 and a 6:4 mixture of
benzene and ethyl acetate. The silica gel layer was extracted with ethyl acetate. The extracts
were filtered and evaporated and the residues analysed spectroscopically. Two lactones were
identified. The first was ambrosin (1), light white crystals with a m.p. 146—148 °C (ethanol)
and Ry = 0.36 (benzene:ethyl acetate = 6:4). The second lactone was dihydroambrosin (2),
white crystals with a m.p. 165-167 °C (diethyl ether) and Ry = 0.50 (benzene:ethyl acetate = 6:4).

Test microorganism

The bacterial strains used in these experiments were Bacillus mycoides (IPH), Pseudo-
monas fluorescens (B28), Erwinia carotovora (B31), Enterobacter cloacae (B22), Klebsiella
pneumoniae (B26), Agrobacterium tumefaciens (B11), Azotobacter chroococcum (B14), Sta-
phylococcus aureus (IHP), Proteus sp. I1HB) and Pseudomonas aeruginosa (IPH).

All of the tested bacteria cultures were obtained from the Institute for Health Protection
(IPH) in Kragujevac and the Faculty of Agriculture, University of Belgrade, Serbia. The iden-
tity of the bacterial strains was confirmed in Laboratory for Microbiology at the Department
of Biology, Faculty of Science, University of Kragujevac, Kragujevac, Serbia.

Antibacterial activity of the pollen acetone extract

The antibacterial activity of the acetone extract of the pollen was examined using the
nutrient agar broth disc diffusion method and the microdilution method in Mueller-Hinton
broth.38:39 The disc diffusion method was performed using a 24 h culture which was reseeded
on the nutrient broth at a temperature of 37 °C. The concentrations of the cultures were
adjusted to 5.6x10° CFU mL-! with sterile water. One mL of suspension was added over the
plates containing nutrient agar broth in order to achieve a uniform microbial growth on both
the control and test plates. The acetone extract of pollen was dissolved in 96 % ethanol (100
mg mL-") and sterilized. Under aseptic conditions, empty sterilized discs (Whatman No. 5, 14
mm diameter) were impregnated with 250, 100 and 50 pL of different concentrations (10
mg/disc and 5.0 mg/disc) of the respective extract, and placed on the agar surface. The plates
were left for 30 min at room temperature to allow diffusion of the extract and then incubated
at 37 °C.

After the incubation period (48 h), the zone of inhibition was measured and is presented
in mm. A paper disc of the solvent (ethanol) was used as the control and Sinacilin® was used
as a standard antibiotic for comparison. Each test was performed in triplicate and repeated
three times.

The minimal inhibitory concentration (MIC) of the acetone extract was determined by
the microdilution two-fold serial technique. A series of two-fold dilutions of the extract, ran-
ging from 0.10 to 10 mg mL"!, was prepared in Mueller-Hinton broth with the addition 0.10 mL
of a suspension of the bacterial spores (5.4x10° CFU mL"). The results were determined after
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24 h and the MIC values were determined as the lowest concentration of the extract which
inhibited visible growth of each organism. Sinacilin (1.0 mg mL-!") was chosen as the control
drug.

Genotoxic activity of the pollen acetone extract

The sex-linked recessive lethal test for mutagenicity (or SLRL test) was performed with
laboratory stocks of Drosophila melanogaster (obtained from the Umea Stock Centre, Swe-
den). The examined “Canton-S” types were individuals with a normal phenotype (“wild” type),
while “Basc” line flies are characterized with individuals homozygous for a balancer X-chro-
mosome, which carries two genetic markers: Bar (B) which produces a narrow shaped eye
under homo- and hemizygous conditions and a kidney shaped eye when heterozygous in fe-
males. An eye restricted to a narrow vertical bar of 80 facets appears in males and 70 facets in
homozygous females. Heterozygous females have an intermediate number of facets (360) com-
pared to the homozygous females (70) and wild type (780).40

The character can be regarded as partially dominant; white-apricot (wa) — changes the
red eye color into a light orange and is expressed only in homozygous females and hemizy-
gous males (while in heterozygotes females are not expressed); scute (sc) — a recessive muta-
tion that reduces the number of thoracic bristles. This mutation is linked with a long inversion
on the X-chromosome, which is necessary for the suppression of crossing-over, which could
change the existing gene combinations on the treated chromosome.*!-43

Three-day old Canton-S males (N = 30) were starved in empty bottles for 5 h prior to
treatment and then transferred and fed in bottles with a filter paper soaked with a 5.0 % solu-
tion of the acetone extract of A. artemisiifolia for 24 h. After another 24 h of recovery on
standard medium, each male was mated individually to three Basc females in 30 bottles,
which made brood I. After two days, the males were transferred to new vials with three Basc
line virgins (brood II) and after three days, the males were transferred again into fresh vials
with three Basc virgins (brood III). These males stayed with the females for three days and
were then removed. The females were left for five days to lay eggs, and then they were re-
moved. The solvent 1.0 % sucrose served as the negative control.

After F; emerged, brother—sister mating was allowed for several days and 10 females
from each vial were placed individually into new vials. Each vial would give the progeny of
one treated X-chromosome.

In F,, the phenotypes were scored according to eye colour and shape. The absence of
wild type males indicated the presence of a recessive lethal induced by the test substance.

The stocks were maintained and all experiments were performed under optimal condi-
tions (¢ = 25 °C, relative humidity = 60 %, 12/12 h light/dark regime) on a standard nutritive
medium for Drosophila (com flour, yeast, agar, sugar and nipagin to prevent mould and infection).

The total number of treated X-chromosomes is equal to the sum of the lethal and non-le-
thal cultures and the frequency of sex-linked recessive lethal was calculated from the ratio of
the number of lethal to the total number of treated X-chromosomes. The significance of the
difference in the percentage of lethals was tested using the test for big independent samples
(testing of difference between proportions).443

RESULTS AND DISCUSSION

Many different kinds of metabolites, including sesquiterpene lactones, phe-
nolics, coumarins and flavonoids have been identified from A. artemisiifolia
L.9-1L13,15 In the above-ground parts of A. artemisiifolia L. species, many struc-
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turally different sesquiterpene lactones were identified, among them coronopilin,
dihydropartenolide, psilostachyin, cumanin, peruvin, artemisiifolin, isabelin, am-
brosin and cumamin.!!

The following lactones were identified in the methanol extract of common
ragweed, 4. artemisiifolia: the sesquiterpene lactones psilostachyins A, B and C,
paulitin and isopaulitin. Psylostachyins A and C block cells in mitosis, which act
as novel checkpoint inhibitors of G2/DNA damage.4° It was suggested that these
compounds can easily bind covalently to target proteins.4’

On the basis the present experimental results, it was concluded that the am-
brosia pollen acetone extract contained two lactones, ambrosin and artesovin in
the ratio of 3:1 (Fig. 1). The structures of the sesquiterpene lactones ambrosin
and artesovin were assigned on the basis of UV—Vis, IR, TH-NMR, 13C-NMR
and mass spectral data.

CH,

Fig. 1. Chemical structure of am-
bo) brosin (1) and artesovin (2).

Ambrosin  (6,9a-dimethyl-3-methylene-3,3a,4,5,6,6a-hexahydroazuleno[4,5-b]-
furan-2,9(9aH,9bH)-dione) (1). Light white crystals; m.p. 146—148 °C (ethanol);
Ry = 0.36 (6:4 benzene:ethyl acetate); IR (KBr, cm!): 1755 (j-lactone), 1710,
1660 (enone (lactone)), 1605 (enone (cyclpentenone)), 1420, 1378, 1140; 'H-NMR
(200 MHz, CDCl3, 6, ppm): 1.01 (3H, d, CH3-Cg, 3J = 6.8 Hz), 1.12—1.48 (4H,
m, Ca, Cs), 1.33 (3H, s, CH3—Coy), 1.71 (1H, m, Ce), 2.39 (1H, ¢, Ca, 3J6a6 = 5.9 Hz,
3J6a,7 = 5.8 Hz), 2.69 (1H, bq, C3q, 3J309b = 6.7 Hz, 3J354 = 6.2 Hz, 33,4 = 6.1
Hz), 4.21 (1H, d, Cop, 3J3a.9p = 6.7 Hz), 5.65 (1H, d, CH, methylene, J = 1.3 Hz),
6.20 (1H, d, Cg, 3J78 = 6.3 Hz), 6.25 (1H, d, CH, methylene, J = 1.3 Hz), 7.02 (1H,
dd, Cq,3J78 = 6.3 Hz, 3Js,7 = 5.8 Hz); 13C-NMR (50 MHz, CDCl3, &, ppm):
169.97 (C»), 138.7 (C3), 43.43 (C3,), 24.8 (Cy), 31.15 (Cs), 33.9 (Cgp), 49.56
(Cea), 169.87 (C7), 128.1(Cg), 211.8 (Cy), 53.47 (Coga), 79.65 (Cop), 18.79 (CH3
at Cg), 17.6 (CH3 at Cog,), 120.05 (CH, methylene); MS (m/z): 93, 125, 145, 166,
189, 204, 231, M+ 246.1256; UV—Vis (EtOH) (Amax, nm (¢, L mol~! cm™1)): 217
(17100) (o,f-unsaturated ketone and «,f-unsaturated j-lactone) and 343 (35)
(carbonyl).

Artesovin (3,6,9a-trimethyl-3,3a,4,5,6,6a-hexahydroazuleno[4,5-b]furan-
-2,9(9aH,9bH)- dione) (2). White crystals; m.p. 165-167 °C (diethyl ether), R¢= 0.50
(benzene:ethyl acetate = 6:4); IR (KBr, cm1): 1775 (j-lactone), 1707, 1615 (eno-
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ne (cyclpentenone)), 1420, 1370, 1140; !H-NMR (200 MHz, CDCl3, &, ppm):
1.01 (3H, d, CH3-Cg, 3J = 6.7 Hz), 1.12-1.48 (4H, m, C4,Cs), 1.21 (3H, d, CH3—
Ce, 3J = 7.7 Hz), 1.34 (3H, 5, CH3-C9a), 1.68 (1H, m, Cg), 2.47 (1H, t, Cea,
3J6a6 = 7.9 Hz, 3Jga7 = 5.5 Hz), 2.61 (1H, dg, C3, 3J3me = 7.7 Hz, 3J3,3 = 9.5 Hz),
2.81 (1H, m, C3y, 3J35.0p = 10.4 Hz, 3J353 = 9.5 Hz), 4.61 (1H, d, Cop, 3J3a,9 =
= 10.4 Hz), 6.07 (1H, d, Cg, 3J78 = 5.9 Hz), 7.1 (1H, dd, C7, 3J78 = 5.9 Hz,
3J6a,7 = 5.5 Hz); 13C-NMR (50 MHz, CDCl3, 6, ppm): 178.3 (Cy), 41.4 (C3),
45.4 (C3yp), 26.7 (Cy), 30.1 (Cs), 35.2 (Cq), 51.6 (Cga), 161.7 (C7), 129.2(Cy),
209.8 (Cy), 54.7(Coy), 85.6 (Cop), 19.9 (CHj3 at Cg), 20.6 (CHj3 at Coyp), 12.9
(CH3 at C3); MS (m/z): 125, 145, 166, 189, 203, 218, 233, M+ 248.1412; UV-Vis
(EtOH) (Amax, nm (g, L mol~! em~1)): 212 (15100) (a, f-unsaturated ketone) and
347 (20) (carbonyl).

The presence of these lactones is in accordance with the presence of am-
brosic acid,!> which acts as a precursor in intra molecular cyclization to form
ambrosin and ambrosin-like lactones.#8

The bacterial strains used in the present study demonstrated the commercial
potential of the pollen as an active allelochemical3® and antimicrobial mixture for
some human and phytopatogenic bacteria.

The results of the antibacterial activity (disc diffusion and microdilution me-
thods) of the primary acetone extract of the pollen of 4. artemisiifolia L. on some
bacteria are presented in Table I.

TABLE I. Antibacterial activity of the acetone extract of 4. artemisiifolia pollen (Pseudomo-
nas fluorescens, 0.063 mg ml-, Bacillus mycoides, 0.039 mg ml!)

T 1 .. D,
Zones of inhibition, mm®*"*

- T+~ MiCe

Microorganism Concentration of extract Standard mg mL-!
Smg 10 mg Smg 10 mg 10 mg
24 h 48 h 24 h

B. mycoides 18.0+1 23.0+0.5  14.5%0.5 17.0+1 22.0+0.5 3.50
P. fluorescens 17.0+1 21.0+1 0 17.0+1 13.2+0.7 1.25
A. tumefaciens 19.0+0.5 24.0+1 18.0+£0.5  23.0+0.5 15.0+0.5 2.50
E. carotovora 17.0+0.5  23.0+0.5 0 21.0£0.5 14.1+0.5 2.25
E. cloacae 19.0+1 26.0+0.5 0 24+1 10.6+0.5 2.50
A. chroococcum 18.0+1 23.0+0.3 0 22+1 10.6+0.5 2.50
K. pneumoniae 20.0£0.5  22.0+0.5 17+1 18+1 12.5+0.5 6.50
S. aureus 21.0+£0.3  23.0+0.5 22.0+0.5 23+0.5 12.5+0.5 4.75
Proteus sp. 0 0 0 0 36.8+0.7 0
P. aeruginosa 0 0 0 0 0 0

d

2Mean value+SD, N = 3; 520 absence of antimicrobial activity; ®solvent control acetone was negative; “sina-

cilin, 10 mg/disc; *MIC standard: sinacilin, 1.0 mg mL!

These results show that the acetone extract has a high antibacterial activity
against all ten investigated bacteria. All the cultures had in common the fact that
the investigated concentrations had an inhibitory effect on the development of a
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large number of bacteria. The 10 mg concentration exhibited a high degree of
inhibition over the 24 h development period. The inhibition level varied from
21.0 to 26.0 mm. The extract demonstrated the highest inhibition of the growth of
Enterobacter cloacae, with an inhibition zone of 26.0 mm, while the inhibition
zone with the other bacteria ranged from 21.0 to 24.0 mm.37

In the 48 h-cultures, a slight decrease in the inhibition was registered, except
for the Staphylococcus aureus culture.* There were two significant differences
with this bacterium. The first one is that the inhibition ability of the extract was
very similar for the samples of 5 and 10 mg of extract per disc and it varied from
21.0 to 23.0 mm. The second difference is that the level of inhibition remained
the same as that after 24 h of development.>%:3! For most of the examined bac-
teria, after a time period of 48 h with 10 mg of extract, a slight decrease of the
effect was observed, while no bacteriostatic effect was registered after 48 h with
5 mg of extract in the case of the Pseudomonas fluorescens, Erwinia carotovora,
E. cloacae and Azotobacter chroococcum cultures. In general, this class of bacte-
ria was more resistant.

Such a resistance could be due to the permeability barrier provided by the
cell wall or the membrane accumulation mechanism.34:35 Compared to the stan-
dard ability of sinacilin, with 10 mg per disc, all of the examined bacteria expe-
rienced an inhibitory growth in the presence of the acetone extract of 5—12 mm,
i.e., the bacterial growth was 1—1.5 times slower than the one in the presence of
the antibiotic.

The examined concentration of the acetone extract did not demonstrate an
inhibition effect on the growth of Proteus sp. and Pseudomonas aeruginosa. The
absence of susceptibility of these bacteria to the pollen extract was not entirely
unexpected, and it is based both on their anatomical and biochemical charac-
teristics.34

At a concentration of 5 mg extract per disc during a 24-hour incubation, the
extract was bacteriostatic towards eight of the ten examined bacteria, which can
be the result of the inhibition process of the synthesized cell wall. At a concen-
tration of 10 mg extract, the effect was bactericidal and is contingent to the in-
hibition of the bacterial metabolism, with the most prominent inhibition recorded on
the ribosome protein synthesis.34-35 The minimal inhibitory concentration of the ace-
tone extract of A. artemisiifolia pollen varied between 1.25-6.50 mg mL-L.

Previous literature geared us towards the fact that the existing pollen proteins
are responsible for their allergenic activity,>2 although there is no proof whether
the lactones present actually contribute to such a reaction using the existing pro-
teins as their carriers.>3

Using a short test for the detection of mutagenicity in Drosophila melano-
gaster in vivo conditions, it was found that the examined plant extract had muta-
genic properties.>4 The results are given in Table I1.
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TABLE II. Frequencies of SLRL mutations after treatment of D. melanogaster males with the
acetone extract of 4. artemisiifolia L. pollen

Sucrose (negative control) Ambrosia (test group) ty/a
I brood > 300 244 1.65
No. of lethals 5 10 p>0.05
% of lethals 1.67 4.10
I brood X 269 204 4.40
No. of lethals 5 26 p<0.0012
% of lethals 1.86 12.74
III brood X 252 236 2.97
No. of lethals 6 20 p<0.01
% of lethals 2.38 8.47
THIHIT Y. 821 684 5.41
No. of lethals 16 56 p<0.001
% of lethals 1.95 8.19

8Statistically significant difference

At the 5 % concentration level, it induced sex-linked recessive lethal muta-
tions on the X-chromosome of Drosophila melanogaster males, which were treated
acutely with this extract (broods II and III). The frequency of the germinative
mutations induced by the pollen components was significantly higher than the
frequency of mutations induced by sucrose (negative control). The obtained re-
sults show that the spermatic cell line (brood II) was especially sensitive to the
influence of the examined extract.

The results of the experiments showed that the tested extract induced reces-
sive, lethal X-linked mutations in postmeiotic germinative cell lines — spermatids
and premeiotic line — spermatocytes, while the spermatozoids were more resis-
tant to the genotoxic effects of the examined agent.

Since the established statistically significant difference in the increase in the
frequency of sex-related lethals in the tested group of D. melanogaster males,
compared to the negative control, represents a positive result, it was concluded
that a chemical component in the ambrosia pollen induced the mutations in male
germinative cells of this eukaryotic species. The statistically significant different-
ces in the II and III broods, shown in Table II, confirm the same sensitivity of
germinative cells of the premeiotic (diploid) and postmeiotic stage (haploidic
spermatids).

The experimentally proven genotoxicity of the ambrosia pollen extract de-
mands further examination, i.e., determination of the chemical structure of the
pollen agent which is capable of inducing hereditary genetic changes in this in vivo
system.
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CONCLUSIONS

Two lactones, ambrosin and artesovin (in the ratio of 3:1, respecttively),
were identified in the acetone extract of Ambrosia artemisiifolia pollen.

At a 5.0 mg concentration, the acetone extract of ambrosia pollen was bacte-
riostatic for most of the examined bacteria during a 24-h development period,
while at the 10 mg concentration, the acetone extract of ambrosia pollen was bac-
tericidal for eight out of the ten examined bacteria. The MIC of the acetone ex-
tract of A. artemisiifolia pollen varied between 1.25-6.50 mg mL-!.

The lactones mixture (3:1) of ambrosin and artesovin induced recessive
lethal mutations on the X-chromosome of Drosophilia melanogaster in the 11 and
III broods. As a result, it was concluded that spermatides and spermatocytes were
the more sensitive stages of spermatogenesis than the others were.

Acknowledgement. This study was financially supported by Grants No. 142025 and
143008 from the Ministry of Science of the Republic of Serbia.

U3BO/J

XEMMNJICKU CACTAB 1 BUOJIOIIKA AKTUBHOCT AIIETOHCKOI' EKCTPAKTA
[NOJIEHA Ambrosia artemisiifolia L.

CJIABULIA COJIYJUR!, CJIOBOJIAH CYKJIOJIAK!, HEHAJI BYKOBUHR!,
HEJIA HURU®OPOBUR' 1 CHEXXAHA CTAHUR?
! Uncimuimiyim 3a xemujy u > MAuciiuiiyim 3a 6uoaozujy, lpupoono—maiiemaitinuxu (ryaitied,
i ap. 12, 34000 Kpazyjesay,

VY 0BOM pajy HCIHTaH je XEMHjCKH CacTaB alleTOHCKOT eKCTpakTa mnojeHa Ambrosia artemisi-
ifolia v weroBa aHTUMUKPOOHA M T€HOTOKCHYHA OMOJIOIIKA aKTHBHOCT. MneHTndukosaHa cy asa
JIaKTOHA: aMOpPO3UH M apTe30BHH. AHTUMUKPOOHa aKTUBHOCT alleTOHCKOI EKCTPaKTa MoyeHa A.
artemisiifolia onpehena je mpumeHoMm nudy3noHe U MHUKpoIwiIynHoHa Merona y Mueller-Hinton
XPaHJBMBOM arapy. Pasinuure KoJIMuMHE eKCTPAKTa Cy HaHeTe Ha auckose (5 u 10 mg) u ncnurane
Ha 10 pasnuunTux OakTeprja. MUHIMaIHAa HHXHOUTOPHA KOHLIEHTpalLyja je y omcery ox 1,25-6,50
mg mL!. [eHoTOKCHYHM edeKaT alleTOHCKOT eKCTpakTa moneHa A. artemisiifolia ucruTan je npu-
menoM SLRL tecta Ha eykaproTckom Mozen cuctemy Drosophilia melanogaster.

(ITpumsbeno 10. neuem6pa 2007, peBuaupano 21. maja 2008)
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UV-effects on antioxidant activity of selected carotenoids in the
presence of lecithin estimated by DPPH test
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Abstract: The effects of ultraviolet radiation (UV) on the antioxidant action of
three selected carotenoids (f-carotene, lycopene and lutein) in the presence of a
lipoidal lecithin mixture were studied by the DPPH (1,1-diphenyl-2-picrylhyd-
razyl) test. The test is based on the measurement of the decrease of the free DPPH
radical absorbance at 517 nm caused by the antioxidant action of carotenoids,
which appeared to be strongly affected by UV-action. The high-energy input of
the involved UV-photons plays a major governing role.

Keywords: carotenoids; UV-light; lipids; antioxidants.

INTRODUCTION

The destruction of stratospheric ozone has led to an increase of biologically
damaging UV radiation at ambient levels (mainly UV-B, 280-320 nm). As a con-
sequence, many crucial, biologically important, processes of global importance
have been affected, such as DNA replication! and photosynthesis,2 among others.
UV radiation can generally initiate many harmful free radical mediated proc-
esses, lipid peroxidation (LP) being one of most important among them. Lipid
peroxidation appears as a precursor of many pathological processes which finish
in some form of cancer, such as skin melanoma.3-4

Reactive oxygen species (ROS), such as hydroxy (*OH) or peroxy (ROO®) ra-
dicals, are known as typical lipid peroxidation initiators. They can be created either
through a variety of chemical reactions, by typical lipid radicals producers, or by
external stresses, implying very commonly external radiation and UV light.6-9

Lipid peroxidation is partly controlled in vivo by antioxidants action.!0 In re-
cent years, carotenoids have attracted wide research interest as potential antioxi-
dants. Numerous studies report that higher consumption of carotenoids and lower
risk of cancer and cardiovascular diseases are mutually connected; the antioxi-
dant action of carotenoids is attributed to their conjugated chemical structures,
having multiple potential sites approachable for attack by ROS species.!1-13

* Corresponding author. E-mail: markovic57@info-net.co.yu
doi: 10.2298/JSC0811051C
1051



1052 CVETKOVIC and MARKOVIC

It is already known that UV radiation certainly affects carotenoids anti-
oxidant function in vivo,2 although the involved mechanisms have not yet been
elucidated. The aim of this paper was to study in vitro the effects of UV radiation
on the antioxidant activities of three plants photosynthetic accessory pigments
(f-carotene, lycopene and lutein), in the presence of a lipoidal target (lecithin).
The mixture was irradiated with UV-B and UV-C light. The antioxidant activities
of investigated carotenoids (and their dependence on UV radiation) were moni-
tored by the DPPH test.

EXPERIMENTAL

The pigments were isolated from two plant species (S-carotene and lutein from spinach
(Spinacia oleracea) leaves, and lycopene from tomato (Lycopersicon esculentum) fruits pur-
chased at a local market.

Lecithin Epikuron 100 P, a mixture of phospholipids, was a gift from ICN Galenika, Bel-
grade. It was manufactured by Degusa Texturant Systems, Hamburg, Germany. The lipid con-
tent was: phosphatidylethanolamine 18.0 %, phosphatidic acid 8.3 %, phosphatidylinositol
14.1 % and phosphatidylcholin 21.7 %.* The lecithin mixture was kept in the dark to prevent
the auto-oxidation process during daylight. Although dark auto-oxidation could not be elimi-
nated, it was taken into account during the calculation of LP yield.

Pigments extraction from spinach leaves

The photosynthetic pigments were extracted using a modified method of Svec.!*!> Leaves
without midribs (FW 30 g) were dropped into boiling water, which was quickly replaced (af-
ter 1-2 min) with cold water. After drying between paper towels at 40-75 °C, the leaves were
separated and placed in a methanol/petroleum ether mixture (60:30 v/v), with occasional
agitation, for 30 min. The methanol removes water from the plant material and the petroleum
ether picks up the pigments before they undergo secondary reactions. The deep-green extract
was decanted through a cotton pad. The leaves were re-extracted twice with an equal volume
of the extraction mixture. The pooled extracts were diluted with 120 ml of saturated NaCl
solution, whereby most of the pigments remained in the petroleum ether layer. The remaining
aqueous methanol layer was re-extracted with 40 ml of a mixture containing 40-75 °C
petroleum ether and diethyl ether (1:1 v/v), to ensure the solubility of pigments in the organic
phase. The successive extracts were treated by the same procedure. The final pigment extract
contained various forms of chlorophyll as well as the accessory pigments, carotenoids (caro-
tenes and xanthophylls).

Isolation of carotenoids from spinach extract by column chromatography

The carotenoid fractions were isolated using a modified procedure of Svec!® and Brock-
man!® — column chromatography with silica gel (silica gel 60, Merck, 0.063-0.200 mm) as ad-
sorbent and benzene/acetone mixture for the elution. The benzene/acetone ratio was changed
from the initial 1:0 to the final 1:1, to permit an easier elution of the polar fractions. f-Caro-
tene appears first (eluted with benzene only), followed by the chlorophylls (eluted with ben-
zene/acetone, 7:1) and the xanthophylls fraction — lutein (eluted with benzene/acetone, 6:1-1:1).
The column chromatogram is shown in the supplement (Fig. S1). The fractions were dried and
resuspended in hexane. The fractions were identified by comparing their Vis spectra with stan-
dards spectra (Fig. S2).

* The acid value, peroxide number and iodine number were controlled and found to be correct.
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Pigments extraction from tomato fruits

Tomato fruit (FW 8.0 g) was thoroughly mixed with 40 ml of ethanol. The slurry was
stirred until the tomato material was no longer sticky (about 3 min). Ethanol was removed by
vacuum filtration. The tomato residue was mixed with 60 ml of a mixture of acetone and
petroleum ether (1:1). The extract was collected by vacuum filtration and the residue rewash-
ed with the same solvent mixture (20 ml) in order to improve the yield. The filtrate was trans-
ferred to a small separating funnel and mixed with 50 ml of saturated NaCl solution. The or-
ganic layer was rewashed twice, the first one with 50 ml of 10 % K,CO; and then with 50 ml
of distilled water. Finally, approximately 1 g of anhydrous MgSO, was added to dry the or-
ganic layer. After 10—15 min the solution was vacuum filtered to remove the drying agent.
Isolation of carotenoids from tomato extract by column chromatography

The lycopene fraction was isolated by column chromatography with alumina (aluminum
oxide 90, Merck, 0.063—0.200 mm) as adsorbent and petroleum ether/acetone mixture for the
elution. The mixture ratio was changed from an initial 10:0.1 to a final 9:1, to permit the
easier elution of lycopene. f-Carotene appeared first (eluted with petroleum ether/acetone
mixture of 10:0.1), followed by the lycopene fraction (eluted with a 9:1 ratio of the mixture).
The column chromatogram is shown in the supplement (Fig. S3). The collected fractions were
dried, resuspended and identified in hexane (Fig. S2).
HPLC analysis of carotenoid fractions

A high percentage of carotenoids in the separated fraction was evidenced by HPLC ana-
lysis. The analysis was performed on a Hewlett Packard HPLC system under isocratic con-
ditions; column: Zorbax Eclipse XDB-C18; mobile phase: acetonitrile/methanol/ethyl acetate,
60:20:20; flow rate: 0.5 ml min'!. The monitoring wavelengths were 445 nm for f-carotene
and lycopene and 447 nm for lutein. The HPLC chromatograms are shown in the supplement
(Figs. S4 and S5).
UV treatment

Continuous irradiation of the samples was performed in a cylindrical photochemical re-
actor “Rayonnet, with 14 symmetrically placed lamps with emission maxima in two different
ranges: 254 nm (UV-C) and 300 nm (UV-B). The samples were irradiated in quartz cuvettes
(1 emx1 cmx4.5 cm) placed on a circular rotating holder. The total energy flux reaching the
samples was about 25 and 21 W m2 for 254 and 300 nm, respectively.

Vis spectroscopy

Vis spectra of the samples before and after UV radiation were recorded on Varian Cary-100
spectrophotometer. All spectra were recorded from 400 to 800 nm.
DPPH test

The interaction of carotenoids with the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical was
estimated according to the modified method of Choi et al.!7-!8 A methanolic solution of DPPH
radical (1 ml, 0.3x10- mol I'') was added after irradiation to 2.5 ml of an aqueous mixture
lecithin:pigment, 50:1 (v/v). The initial concentrations were 8.5x10° mol I'! and 5x10~ mol 1!
for lecithin and carotenoids, respectively. The irradiated reaction mixture was incubated at room
temperature for 20 min in the dark. Vis spectra were recorded from 400 to 800 nm. The absor-
bance was read at 517 nm, being the wavelength of maximal absorption of the DPPH radical.
Aliquots of the new mixtures (lecithin and the pigments) were irradiated with UV-C and UV-B
light for various time intervals and the DPPH test was repeated. The following formula was
used to calculate the scavenging capacity of DPPH in the presence of carotenoids:!”
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Scavenging capacity (%) = 100 — (Asample = Aplank) *100/4control

where Agmple is the absorbance at 517 nm of an irradiated lecithin/pigments mixture, 50:1,
treated afterwards with a solution of DPPH radicals, Ay, is the absorbance at 517 nm of the
unirradiated lecithin/pigments mixture and 4.yl 1S the absorbance at 517 nm of a methanolic
solution of the DPPH radical.

RESULTS

The structures of the investigated carotenoids (lycopene, f-carotene, and lu-
tein) are shown in Fig.1.

A NIRRT A

Lycopene

NI

Beta carotene
OH

S S S P N
Fig. 1. Structures of the investigated caro-

HO Lutein tenoids.

The DPPH scavenging capacity in presence of the investigated carotenoids
as a function of time of irradiation with UV-B light is shown in Fig. 2.

The DPPH scavenging capacity in presence of the investigated carotenoids
as a function of time of irradiation with UV-C light is shown in Fig. 3.

The calculated slopes from the corresponding DPPH scavenging capacity
plots are given in Table 1. The calculated average declinations (i.e., relative
errors), based on 4 other repeated experiments, for each point on the plots (Figs.
2 and 3), are 10.65 (UV-C) and 6.70 % (UV-B) for f-carotene; 10.25 (UV-C) and
4.3 % (UV-B) for lycopene; 10.2 (UV-C) and 4.9 % (UV-B) for lutein.

DISCUSSION

The influence of UV radiation on the antioxidant activities of carotenoids was
spectrophotometrically analyzed by the DPPH test. DPPH is a stable free radical
that produces a violet color in methanolic solution. The DPPH radical (containing
a lone electron) is characterized by a strong absorption at 517 nm. As the electron
is paired off in the presence of another free radical scavenger, the absorption
decreases and the resulting discolorations are stoichiometric with respect to the
number of electrons taken up.!8:19 Hence, the concentration of stable free DPPH
radical is reduced in the presence of an antioxidant molecule. This fact was em-
ployed to evaluate its antioxidant activity.

Specifically, DPPH test was performed in this study in the presence of a mix-
ture of lipoidal components (lecithin) in the reaction system, exposed to a long
continuous UV-radiation, resulting in the formation of lipid and lipoperoxy radi-
cals.20 DPPH test is not specific for any particular radical species present in the
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reaction mixture, i.e., a DPPH radical may potentially react with carotenoid radi-
cals (CAR), as well as with lipid radicals, or with any other radicals species po-
tentially present in solution (at the same time, CAR radicals, obviously present in
the system, certainly react with lipid radicals, thereby performing anti-oxidant li-
pid protection, but this cannot be followed by the DPPH test). Nevertheless, the
relative linearity of the plots of scavenging capacity vs. irradiation time for all three
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studied carotenoids with both UV-B and UV-C radiation, which was also found
in the presence of the same carotenoids using the other, more specific TBA-MDA
test,2! offers arguments in favor of DPPH-CAR combination. Therefore, the re-
sults presented in Table I give a comparative view of the three “pigment slopes”
calculated from kinetic measurements and represent decreasing rates of the radi-
cal scavenging capacities of DPPH toward the three carotenoids (k) during pro-
longed UV-irradiation in both ranges (UV-C and UV-B). Clearly, there is noti-
ceable drop in the k£ values following a change from UV-C (254 nm) to UV-B
(300 nm) photons. This fact confirms that the decreasing rates of the scavenging
capacities of carotenoids toward the DPPH radical during prolonged UV-irradi-
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ation depend on the energy input of the UV-photons (the kyv.c/kyv.-B ratio was
3.3 for p-carotene, 2.1 for lycopene and 1.7 for lutein). This type of dependence
of the antioxidant activity of carotenoids on the energy input of the UV photons
was also observed in a previous work, in which the antioxidant activities of caro-
tenoids were studied by the TBA-MDA test.2!

TABLE 1. The values of rate constants (k / 10~ min'!) of the decreasing anti-oxidant activities
of the investigated carotenoids (S-carotene, lycopene and lutein) monitored by the DPPH test
in a solution containing the carotenoids (1.0x107° mol 1'!) and soybean lecithin (8.5%10° mol

I'") mixture, during UV-irradiation with emission maxima in two different ranges: 254 (UV-
C) and 300 nm (UV-B). Concentration of DPPH radicals was 3x10 mol I-!

A/nm 254 300
[-Carotene 2.17 0.66
Lycopene 1.05 0.49
Lutein 1.83 1.10

It is necessary to underline that the DPPH test is an indirect and partial mea-
sure of the antioxidant activities of carotenoids. As it is already known, the anti-
oxidant activities of carotenoids in a free radicals rich medium (chain-breaking
antioxidant activities) may be expressed through at least three possible path-
ways.!1-13 These actions are performed via the participation of carotenoid radical
cations (CAR™*), radical anions (CAR™), or neutral radicals (CAR"). These radi-
cals in complex systems, as studied in this work, are short-lived and therefore
undetectable by the techniques used in this research. Thus, possibly, only a part
of the antioxidant activities of carotenoids (through recombination with lipid and
lipoxy radicals, thus preventing lipid oxidation) was able to be followed through
recombination with DPPH radicals. The fact that the scavenging capacity of
DPPH decreased linearly in the presence of all carotenoids when irradiated with
UV-B and UV-C radiation (Figs. 2 and 3) is not a direct implication, per se, that
DPPH and CAR radicals underwent mutual recombination. However, since the
same type of kinetics (linear, 15t order) was found for all carotenoids in the same
medium (Figs. 2 and 3) not only by this method, but by the much more selective
TBA-MDA test,2! where decreases of the carotenoids antioxidant activities were
clearly connected with some (though slight) suppression of the lipid peroxidation
chain mechanism, implies most probably DPPH-CAR combination, rather than the
possible scavenging by DPPH of other radicals present in the system. This does
not absolutely negate the latter possibility but suggests its marginal character
compared to the main presumption. Hence, the effects of UV radiation on at least
a part of the antioxidant activities of carotenoids can be followed by this method.

It is also evident that decrease of the scavenging capacity of DPPH toward
the three carotenoids under UV-irradiation depends on the chemical structure of
the carotenoid. Lycopene has the lowest values of & in respect to the other invest-
tigated carotenoids. Thus lycopene (being non-cyclized and containing no oxy-
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gen atoms) was the most resistant toward the effects of UV-irradiation. Contrary
to this, lutein (containing two oxygen atoms and two cyclic rings, Fig. 1) was the
most sensitive to UV-B irradiation, while keeping the “middle position” between
S-carotene and lycopene, concerning its resistance toward UV-C irradiation (Table I).
It has already been reported that the antioxidant activities of xanthophylls were
more sensitive in comparison to carotenes to changes in the energy of the inci-
dent UV photons in hexane solution.22 This reinforces the conclusion, since an-
other conjugated dienes test was employed in that study.

CONCLUSIONS

To conclude, (i) although the DPPH test is not very selective, the results
enable the speculation that DPPH radical preferably recombine with carotenoid
radicals present in the system; (i) the measured UV radiation mediated decrease
in the antioxidant activities of the carotenoids through recombination with DPPH
radicals highly depends on the energy of the UV photons employed and on the
chemical structures of the carotenoid; (iii) antioxidant activity of lycopene ap-
peared to be most resistant to UV radiation.

Acknowledgements. D. Cvetkovié is a recipient of a fellowship granted by Ministry of
Science of the Republic of Serbia.
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N3BOJI

E®EKAT YJITPAJBYBUYACTOTI 3PAYEIbA HA AHTUOKCUAATHUBHY AKTUBHOCT
KAPOTEHOUJIA ¥V ITPUCYCTBY JIELLUTUHA ITPAREH ITPEKO DPPH TECTA

JIPAT'AH IBETKOBWH u IEJAH MAPKOBHHR
Texnoaowku akyaitieiti, Yuusepauitieiti y Huwy, Byaesap ocaob6obersa 124, Jleckosay

Edexrtn ynrpassybnuacror 3pauema Ha aHTHOKCHIATHBHY aKTUBHOCT TpU M3abpaHa KapoTe-

Houza ([f-KapoTeHa, TUKOICHA U JIyTeHHA) Y TIPUCYCTBY JHUIONJATHE CMeEIe JICUTHHA, npahenn

cy

npeko DPPH tecra. DPPH Tect ce 3acHuBa Ha Mepemy omaaama abcopbanuuje DPPH panu-

Kana Ha 517 nm, MPoy3pOKOBAHOT AHTHOKCHIATHBHUM JIEJIOBAkEM MPUCYTHUX KapOTeHOHIA. AHTHU-
OKCHJATHBHA AKTUBHOCT UCIMTUBAHUX KAapOTCHOUJA IPUMApHO 3aBHCHU OJf MHTCH3UTETa YJITpa-
JbyOHUacTOT 3pauera, OJHOCHO off eHepruje ynagaux UV ¢orona.
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Abstract: A new series of transition metal complexes of Cu(II), Ni(II), Co(II)
and Zn(II) have been designed and synthesized using a Schiff base (L) derived
from 4-aminoantipyrine, benzaldehyde and o-phenylenediamine. The structural
features were derived from their elemental analyses, magnetic susceptibility
and molar conductivity, as well as from mass, IR, UV—-Vis, TH-NMR and ESR
spectral studies. The FAB mass spectral data and elemental analyses showed
that the complexes had a composition of the ML type. The UV—Vis and ESR
spectral data of the complexes suggested a square-planar geometry around the
central metal ion. The magnetic susceptibility values of the complexes indi-
cated that they were monomeric in nature. Antimicrobial screening tests were
also performed against four bacteria, viz. Salmonella typhi, Staphylococcus au-
reus, Escherichia coli, and Bacillus subtilis and three fungi, viz. Aspergillus ni-
ger, Aspergillus flavus and Rhizoctonia bataicola. These data gave good results
in the presence of metal ion in the ligand system. The nuclease activity of the
above metal complexes shows that only the copper complex cleaves CT DNA
in the presence of an oxidant.

Keywords: 4-aminoantipyrine; benzaldehyde; o-phenylenediamine; CT DNA,;
Schiff base; antimicrobial activity.

INTRODUCTION

Schiff bases of 4-aminoantipyrine and their complexes have a variety of ap-
plications in biological, clinical, analytical and pharmacological areas.!2 Studies
of new kinds of chemotherapeutic Schiff bases are now attracting the attention of
biochemists.3-# Earlier works reported that some drugs showed increased activity
when administered as metal complexes rather than as organic compounds. Accor-
ding to cell biology, deoxyribonucleic acid (DNA) is the primary target molecule
for most anticancer and antiviral therapies. Investigations of the interaction of DNA
with small molecules are basic work in the design of new types of pharmaceu-
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tical molecules. Since the chemical nuclease activity of transition metal com-
plexes was discovered in the 1980s,>~7 studying the interaction model and the
mechanism of transition metal complexes with DNA and exploring the appli-
cation of metal complexes in antineoplastic medication, molecular biology and
bioengineering have been hotspots in recent years. Certain kinds of metal com-
plexes when interacted with DNA could induce the breakage of DNA strands by
appropriate methods. Thus, with cancer genes, after DNA strands are cleaved, the
DNA double strands break. The replication ability of cancer gene is then des-
troyed. Ueda et al.8 showed that the copper complex could cleave DNA in the
presence of ascorbate or hydroquinone. It was suggested that the reductive capa-
bility of the reductants had a critical influence on DNA cleavage. The coordina-
ting property of the 4-aminoantipyrine ligand was modified to give flexible li-
gand systems, formed by condensation with a variety of reagents, such as alde-
hydes, ketones, thiosemicarbazides, carbazides, etc.91° A literature search re-
vealed that no work has been undertaken on the condensation of 4-aminoanti-
pyrine, benzaldehyde and o-phenylenediamine. Hence, in this paper, the synthe-
sis, characterization, antimicrobial and DNA studies of transition metal com-
plexes containing Schiff base derived from 4-aminoantipyrine, benzaldehyde and
o-phenylenediamine are described.

EXPERIMENTAL
Syntheses of Schiff base (L)

An ethanolic solution (20 mL) of 1-phenyl-2,3-dimethyl-4-aminopyrazol-5-one (4-ami-
noantipyrine) (2.03 g, 0.010 mol) was added to an ethanolic solution of benzaldehyde (1.06 g,
0.010 mol). On stirring, a yellow-coloured solid (I) separated, which was filtered and recrys-
tallised from ethanol. Compound I (2.9 g, 0.010 mol) was added to an ethanolic solution (20
mL) of o-phenylenediamine (0.54 g, 0.0050 mol). The mixture was refluxed for ca. 30 h after
addition of anhydrous potassium carbonate. The potassium carbonate was filtered off from the
reaction mixture and the solvent was evaporated. A dark yellow solid product (L) was sepa-
rated, which was filtered and recrystallised from ethanol (Fig. 1).

Syntheses of complexes

A solution of metal(Il) chloride in ethanol (2.0 mmol) was refluxed with an ethanolic
solution of the Schiff base (2.0 mmol) for ca. 5 h. Then the solution was reduced to one-third
of its volume on a water bath. The precipitated solid complex was filtered and washed
thoroughly with ethanol and dried under vacuum.

Antimicrobial activity

The in vitro biological screening effects of the investigated compounds were tested against
the bacteria: Salmonella typhi, Staphylococcus aureus, Escherichia coli, and Bacillus subtilis
by the well-diffusion method, using agar nutrient as the medium. The antifungal activities of
the compounds were evaluated by the well-diffusion method against the fungi, viz. Aspergillus
niger, Aspergillus flavus and Rhizoctonia bataicola cultured on potato dextrose agar as me-
dium. Stock solutions (10 mM) were prepared by dissolving the compounds in DMSO and the
solutions were serially diluted in order to find the MIC values. In a typical procedure,20 a well
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was made on the agar medium inoculated with micro-organisms. The well was filled with the
test solution using a micropipette and the plate was incubated, 24 h for bacteria and 72 h for
fungi, at 35 °C. During this period, the test solution diffused and the growth of the inoculated
micro-organisms was affected. The concentration at which an inhibition zone developed, was noted.
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I |
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o EtOH/KyCO = —
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1 Schiff base Ligand (L)

Fig. 1. Formation of Schiff base ligand (L).

Gel electrophoresis

The gel electrophoresis experiments were performed by incubation at 35 °C for 2 h as
follows. The samples containing 30 uM calf thymus DNA (CT DNA), 50 uM of each com-
plex and 50 uM H,0, in 50 mM tris-HCI buffer (pH 7.2) were electrophoresed for 2 h at 50 V
on a 1 % agarose gel using tris-acetic acid-EDTA buffer, pH 8.3. After electrophoresis, the
gel was stained using 1.0 ug cm ethidium bromide (EB) and photographed under UV light.

Apparatus and reagents

All reagents, 4-aminoantipyrine, benzaldehyde, o-phenylenediamine and various metal(II)
chlorides were Merck products and used as supplied. Anhydrous grade ethanol, DMF and
DMSO were purified according to standard procedures. Microanalytical data of the com-
pounds were recorded at the Sophisticated Analytical Instrument Facility, Central Drug
Research Institute (SAIF, CDRI), Lucknow. The FAB mass spectra of the ligand and its
complexes were recorded at SAIF, Indian Institute of Technology, Mumbai. The IR spectra of
the samples were recorded on a Perkin-Elmer 783 spectrophotometer in the 4000-400 cm'!
range using KBr pellets. The UV—Vis spectra were recorded on a Shimadzu UV-1601 spec-
trophotometer using DMF as the solvent. The X-band ESR spectra of the complex were rec-
orded at 300 and 77 K at IIT, Mumbai, using tetracyanoethylene (TCNE) as the g-marker.
Magnetic susceptibility measurements of the complexes were carried out on a Guoy balance
using copper sulphate as the calibrant. The molar conductance of the complexes was measured
using a Systronic conductivity bridge. Solutions of CT DNA in 50 mM NaCl/50 mM tris-HCI
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(pH 7.2) gave the ratio of the UV absorbance at 260 and 280 nm, 4,¢0/A4250, Of ca. 1.8-1.9,
indicating that the DNA was sufficiently free of protein contamination. The DNA concen-
tration was determined by the UV absorbance at 260 nm after 1:100 dilution. The molar ab-
sorption coefficient was taken as 660 m? mol-!. Stock solutions were kept at 4 °C and used
after not more than 4 days. Doubly distilled H,O was used to prepare the buffer. The antimic-
robial activities of the ligand and its complexes were carried out by the well-diffusion method.

RESULTS AND DISCUSSION

The analytical data for the ligand and complexes together with some physi-
cal properties are summarized in Table I. The analytical data of the complexes
correspond well with the general formula ML, where M = Cu(II), Ni(Il), Co(II)
and Zn(Il); L = C4oH3gNg. The magnetic susceptibilities of the complexes at
room temperature were consistent with square planar geometry around the central
metal ion. The higher conductivity values of the chelates support the electrolytic
nature of the metal complexes.

TABLE I. Physical characterization, analytical, molar conductivity, A,,, and magnetic suscep-
tibility data of the ligand and the complexes

0,
Cmpd. Nigi::;ﬂ:r Colour hfé’ hfoun((i:(Cacllil.), A)N A /' em? mol™! grge / 11
L C42H38N8 Yellow 198 — 770 58 17.1 - —
(77.0) (5.9) (17.2)
[CUL]Cl, CuCyHsgNgCl, Black 260 88 702 5.3 15.6 94 1.73
(8.9) (70.3) (5.4) (15.6)
[NiL]Cl, NiCy,HygNgCl, Light 272 82 70.7 5.4 15.7 98 -
green (8.3) (70.7) (5.4) (15.7)
[COLICl, CoCyHzgNsCl, Brown 242 82 70.7 5.4 15.7 93 3.52
(8.2) (70.7) (5.3) (15.6)
[ZnL]Cl, ZnCy,HsgNgCl, Colour- 265 92 70.0 5.3 15.6 82 -
less (9.3) (70.0) (5.4) (15.6)

The FAB mass spectra of the Schiff base and its complexes were compared for
their stoichiometric compositions. The molecular ion peak for the ligand was obser-
ved at 654 m/z, which is also supported by the “nitrogen rule”, since the com-
pound possesses eight nitrogen atoms. For the copper complex, the molecular ion
peak appeared at 791 m/z, which confirms the stoichiometry of metal complexes as
being of the ML type. It is also supported by the mass spectra of other complexes.
This composition is further supported by the microanalytical data (Table I).

The IR spectra provide valuable information regarding the nature of the
functional group attached to the metal atom.2! The spectrum of the free Schiff
base ligand shows two —C=N bands in the region 1650-1565 cm™!, which is
shifted to lower frequencies in the spectra of all the complexes (1620-1530 cm™!),
indicating the involvement of the —C=N nitrogen in the coordination to the metal
ion.22 Coordination of the Schiff base to the metal through the nitrogen atom is
expected to reduce the electron density in the azomethine link and lowers the
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ve=n. All the complexes show bands in 1090-1100 cm~! and 700-750 cm™! re-
gions and can be assigned to phenyl ring vibrations.23 Assignment of the pro-
posed coordination sites is further supported by the appearance of medium bands
at 450—500 cm™!, which could be attributed to vyj_n 2425

The electronic absorption spectra of the Schiff base, Cu(Il), Co(Il), and Ni(Il)
complexes were recorded at 300 K. The absorption region, assigned and the pro-
posed geometry of the complexes are given in Table II. Based on these data, a
square-planar geometry was assigned to the complexes. These values are compa-
rable with those of the other reported complexes.26-29

TABLE II. Electronic absorption spectral data of the compounds

Cmpd. Solvent Absorption, cm’! Band assignment Geometry
L DMSO 26525 ILCT -
[CuL]Cl, DMSO 27397, 23752 ILCT, °B,g—°Ag Square-planar
[CoL]Cl, DMSO 27173, 19417 ILCT, 'A,g—'Bg Square-planar

[NiL]Cl, DMSO  27027,25380, 19607 ILCT, 'A,g—'A,g, 'A;g—'B,g  Square-planar

The ESR spectra of the copper complex, recorded in DMSO solution at 300
and 77 K are shown in Figs. 2a and 2b. The frozen solution spectrum shows a
well resolved four line spectrum and no features characteristic for a dinuclear
complex. This is also supported by the magnetic moment of copper complex
(1.73 u) which confirms the mononuclear nature of the complex. The spin Ha-
miltonian parameters for the copper complex were calculated from the spectra.
The g-tensor values of this copper(Il) complex can be used to derive the ground
state. In square-planar complexes, the unpaired electron lies in the dy2 ;2 orbital,
giving 2B ¢ as the ground state with g > g > 2, while the unpaired electron lies
in the dp orbital, giving 2A1g as the ground state with g; > g| > 2. From the
observed values, it is clear that g|(2.17) > g1(2.03) > 2, which suggests that the
complex is square planar. This is further supported by the fact that the unpaired
electron lies predominantly in the dy2 2 orbital,30-33 as was evident from the va-
lue of the exchange interaction term G, estimated from the expression:

g —2.0023
g, —2.0023

If G > 4.0, the local tetragonal axes are aligned parallel or only slightly mis-
aligned. If G < 4.0, significant exchange coupling is present and the misalign-
ment is appreciable. The observed value for the exchange interaction parameter
for the copper complex (G = 6.5) suggests that the local tetragonal axes are align-
ed parallel or slightly misaligned and that the unpaired electron is present in the
dy2 42 orbital. This result also indicates that the exchange coupling effects are not
operative in the present complex.34

Based on the above spectral data, the structure of the complex given in Fig. 3
is proposed.
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Fig. 2. ESR spectra of the copper com-
plex at 300 (a) and 77 K (b).

— 2+
9 Hﬁ
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S Ny Fig. 3. The proposed structure of the
— Schiff base complexes.

For in vitro antimicrobial activity, the investigated compounds were tested
against the bacteria Salmonella typhi, Staphylococcus aureus, Escherichia coli, and
Bacillus subtilis and the fungi Aspergillus niger, Aspergillus flavus and Rhizoc-
tonia bataicola. The minimum inhibitory concentration (MIC) values of the in-
vestigated compounds are summarized in Table III. From the table, the observed
MIC values indicate that most of the complexes have higher antimicrobial
activity than the free ligand. Such increased activity of the metal chelates can be
explained on the basis of the chelation theory. On chelation, the polarity of the
metal ion is reduced to a greater extent due to the overlap of the ligand orbital
and partial sharing of the positive charge of the metal ion with donor groups. Fur-
ther, it increases the delocalization of the m-electrons over the whole chelate ring
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and enhances the penetration of the complexes into lipid membranes and the
blocking of the metal binding sites in the enzymes of micro-organisms. These
complexes also disturb the respiration process of the cell and thus block the syn-
thesis of proteins, which further restricts the growth of the organism.18

TABLE III. Antibacterial activity of the Schiff base ligand and its metal complexes

Cmpd MIC/102M

S. typhi  S.aureus  E.coli  B.subtilis A.niger A.flavus R. bataicola
L 5.8 59 5.7 6.1 7.1 7.2 73
[CuL]Cl, 4.6 44 4.6 4.8 5.8 5.9 6.1
[CoL]Cl, 4.7 5.1 4.9 4.9 5.7 5.9 5.6
[NiL]Cl, 4.8 4.9 4.6 4.7 5.4 5.7 5.8
[ZnL]Cl, 4.9 4.8 4.7 4.8 6.0 5.9 6.1

The cleavage efficiency of the complexes compared to that of the control is
due to their efficient DNA-binding ability. The metal complexes were able to
convert supercoiled DNA into open circular DNA. The general oxidative mecha-
nism is proposed to account for DNA cleavage by hydroxyl radicals via abstract-
ion of hydrogen atoms from sugar units and predict the release of specific resi-
dues arising from transformed sugars, depending on the position from which the
hydrogen atom is removed.35 The cleavage was inhibited by free radical scaven-
gers, implying that hydroxyl radical or peroxy derivatives mediate the cleavage
reaction. The reaction was modulated by metallocomplexes bound hydroxyl radi-
cal or a peroxo species generated from the co-reactant H,O».

In the present study, a CT-DNA gel electrophoresis experiment was conduc-
ted at 35 °C using the synthesized complexes in the presence of H,O; as an oxi-
dant. As can be seen from the results in Fig. 4, at very low concentration, only
the copper complex exhibited nuclease activity in the presence of HyO;. The con-
trol experiment using DNA alone (lane 1) did not show any significant cleavage
of CT-DNA, even with a longer exposure time. From the observed results, it can
be concluded that the copper complex (lane 2), cleaves DNA as compared to the
control DNA while the other complexes (lanes 3—5) do not cleave DNA in the
presence of H,O». Furthermore, the presence of a smear in the gel diagram indi-
cates the presence of radical cleavage.30

1 2 3 4 5
Lane 1, DN & alone
Lane 2, DN A+ [Cul]C17+H;0;
Lane 3, DNA+ [MiL]C1+H 0,
Lane 4, DNA+ [C'oL]C1+Ha02
Lane 5, DNA+ [ZaL]C1z+H02

Fig. 4. Changes in the agarose gel electrophoretic pattern of CT-DNA
induced by H,O, and the metal complexes.
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CONCLUSIONS

In this paper, the coordination chemistry of a Schiff base ligand, obtained
from the reaction of 4-aminoantipyrine, benzaldehyde and o-phenylenediamine is
described. Cu(Il), Co(Il), Ni(II) and Zn(II) complexes were synthesized using the
above Schiff base ligand and characterized by spectral and analytical data. Based
on these data, a square-planar geometry was assigned to the complexes. The metal
complexes have higher antimicrobial activity than the ligand. The interaction of
these complexes with CT-DNA was investigated by gel electrophoresis, from the
results of which it was observed that the copper complex cleaved DNA in the
presence of HyO; as compared to the control DNA and the other complexes.
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U3BOJ

JUM3AJH, CUHTE3A U CIIEKTPAJIHA KAPAKTEPU3AIIMJA IIMD®OBUX BA3A
IMPEJIABHUX METAJIHUX KOMIUIEKCA: PACKUJJABE DNA 1
AHTUMUKPOBHO ITPOYYABAIE

N.RAMAN, S. SYED ALI FATHIMA u J. DHAVEETHU RAJA
Research Department of Chemistry, VHNSN College, Virudhunagar-626 001, India

Ju3ajaupana je cepuja kommuiekca npenasaux Merana Cu(Il), Ni(Il), Co(Il) u Zn(Il) u nobu-
jena nomohy Iludose Oaze (L) u3BeneHe u3 4-amuHOMMpHHA, OeH3anAeXxHIa W O-(QeHMICHIH-
amuHa. JIo CTpyKTYypHHUX 00JMKa ce OO0 HAa OCHOBY HBHXOBHX €I€MEHTAHUX aHalIn3a, MarHeTHe
CYCIENTUOUITHOCTH, MOJIapHE TPOBOIJBMBOCTH, MaceHHX, IR, UV—-Vis, IH-NMR u ESR CIIEKTpaJl-
HUX IpoydaBama. FAB MaceHU CrieKTpH M eJieMeHTaJIHa aHAJIM3a MO0Ka3ajiH Cy Ja je cacTaB KOM-
wrekca ML tuma. UV-Vis n ESR cnekrpu komImiekca cyrepuiry KBaJpaTHO-IDIAHAPHY TeOMET-
PHjy OKO IEHTPATHOT METATHOT joHA. BpeaHOCTH MarHeTHe CycHEeNnTHOMIHOCTH KOMILIEKca yKasy-
]y Ha TO Aa Cy OHM MOHOMEpHE Mpupoe. AHTUMUKPOOHH TECT je CIPOBEACH Ha YeTUPH OakTepHje,
u 10 Salmonella typhi, Staphylococcus aureus, Escherichia coli, u Bacillus subtilis n Tpu ripuBuie,
u To Aspergillus niger, Aspergillus flavus w Rhizoctonia bataicola. Tect je nao nodpe pesyarare y
NIPUCYCTBY METAJHOT jOHA Y JIMTAHJHOM OKpYyKerwy. HykiieasHa akTHBHOCT OMEHYTHX KOMILIEKCa
rokasyje Jta camo komruiekc 6axpa packuga CT DNA y npucycTBy okcuaaHTa.

(ITpumibeno 24. oktobpa 2007, peuanpano 24. anpuia 2008)
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Abstract: Transition metal complexes of chalcones derived from the conden-
sation of 3-acetyl-6-methyl-2H-pyran-2,4(3H)-dione (dehydroacetic acid) and
p-methoxybenzaldehyde (HL!) or p-nitrobenzaldehyde (HL2) were synthesized
and characterized by elemental analysis, conductometry, thermal analysis, mag-
netic measurements, IR, 'H-NMR, UV-Vis spectroscopy and a microbial study.
From the analytical and thermal data, the stoichiometry of the complexes was
found to be 1:2 (metal:ligand). The molar conductance data revealed that all the
metal chelates were non-electrolytes. The thermal stability of the complexes was
studied by thermogravimetry and the decomposition schemes of the complexes
are given. The ligands and their metal complexes were screened for antibac-
terial activity against Staphylococcus aureus and Escherichia coli, and fungici-
dal activity against Aspergillus flavus, Curvularia lunata and Penicillium notatum.

Keywords: dehydroacetic acid; chalcones; thermal study; ligand field para-
meters; antimicrobial study.

INTRODUCTION

A number of f-dicarbonyl compounds in which the carbonyl function(s) is
bonded to C=C linkage(s) have gained considerable importance,! mainly because
such compounds are associated with many biological activities due to the pre-
sence of the a,B-unsaturated system, as evidenced from their antimalarial,? anti-
tuberculosis,? antiplasmodial,# antitrichomonal,® anti-oxidant® and analgesic’ acti-
vities, as well as their use as anti-inflammatory and cancer chemopreventive agents.8

Therefore, the synthesis and characterization of such unsaturated carbonyl
system and their metal complexes are of tremendous importance. Continuing ear-
lier research®-11 on biologically active complexes of dehydroacetic acid chalco-
nes containing F-dicarbonyl moieties and a carbonyl group directly linked to a C=C
group, the present paper reports a synthetic, spectral, thermal and biological study.

* Corresponding author. E-mail: abr_chem@yahoo.co.in
doi: 10.2298/JSC0811073P
1073
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EXPERIMENTAL

Dehydroacetic acid was purchased from Merck and was used as supplied. p-Methoxy-
benzaldehyde and p-nitrobenzaldehyde, used for the preparation of the ligands, were from Al-
drich. Metal chlorides used for the preparation of the complexes were from BDH. A.R. grade
solvents were used for the spectral measurements. The carbon, hydrogen and sulphur content
in each sample were determined using a Perkin Elmer 2400 CHNS analyzer. The IR spectra
(nujol) were recorded on a Perkin Elmer C-75430 IR spectrometer in the range 4000—450 cm!.
The 'H-NMR spectra were recorded in CDCl; at room temperature using TMS as the internal
standard on a Varian Mercury YH 300 MHz instrument. The metal contents were determined
by AAS on a Perkin Elmer PE-Analyst 300. The TG—DTA measurements were performed on
a Perkin ElmerTA/SDT-2960 instrument in a dry nitrogen atmosphere and at a heating rate of
10 °C min’!. The electronic spectra were recorded in DMF solution on a Shimadzu UV-1601
spectrophotometer. The magnetic susceptibility measurements of the complexes were per-
formed using a Gouy balance at room temperature with Hg[Co(SCN),] as calibrant. The mo-
lar conductivity was measured on an Elico CM180 conductivity meter with a dip-type cell
using a 1.0x1073 M solution of complexes in DMF.

Synthesis of ligand

A solution of 0.010 mol of dehydroacetic acid, 10 drops of piperidine and 0.010 mol of
aldehyde (p-methoxybenzaldehyde or p-nitrobenzaldehyde) in 25 ml chloroform was refluxed
for 8-10 h. 10 ml of the chloroform—water azeotrope mixture was separated by distillation.
Crystals of the product separated on slow evaporation of the remaining chloroform, which were
recrystalised from ethyl acetate.

Synthesis of metal complexes

To a chloroform solution (30 ml) of the ligand (10 mmol), a methanolic solution (20 ml)
of metal chloride (5.0 mmol) was added under constant stirring. The pH of the reaction mix-
ture was maintained around 7-8 by adding a 10 % methanolic solution of ammonia. It was
then refluxed for 2 h. The resulting metal complex was filtered hot and washed with chloro-
form, methanol and petroleum-ether and dried over calcium chloride in a desiccator.

Antimicrobial screening

The ligands and their metal complexes were screened for in vitro antibacterial activity
against gram positive bacteria, i.e., Staphylococcus aureus and gram negative bacteria, i.e.,
Escherichia coli by the paper disc plate method.!? The compounds were tested at a concen-
tration of 0.50 mg ml! in DMF and compared with a known antibiotic, viz. ciproflaxin at the
same concentration.

To evaluate the fungicidal activity of the ligands and the corresponding metal complexes,
their effect on the growth of Aspergillus flavus, Curvularia lunata and Penicillium notatum
was studied. The ligand and their corresponding metal chelates in DMF were screened in vitro
by the disc diffusion method.!? The ligands and complexes were dissolved separately in DMF
to obtain concentration of 125 and 250 pg/disc. The linear growth of the fungus was recorded
by measuring the diameter of colony after 96 h. The diameters of the zone of inhibition pro-
duced by the complexes were compared with griseofulvin antifungal drug.

RESULTS AND DISCUSSION

Elemental analyses show 1:2 (metal:ligand) stoichiometry for all the com-
plexes (Fig. 1). The analytical data of the ligand and the complexes are given in
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Table 1. They correspond well with the general formula [M(L! °r 2),(H,0),],
where M = Mn(II), Co(II), Ni(II) and Cu(II), and [M(L! °r 2),(C1)(H,0)], where
M = Fe(Ill), and L! = C;6H1405 and L2 = C{5H;NOg. The presence of coordi-
nated water was confirmed by TGA-DTA analysis. The low conductance of the
chelate solution supports the non-electrolytic nature of the metal complexes. Since
a single crystal of the complexes could not be isolated from any common solvent,
the possible structure was predicted based on analytical, spectroscopic, magnetic
and thermal data.

R =0CH; or NO,

b)
< / > < 4 | ™ >
2
Fig. 1. The proposed structures of li-
M = Mn(ll), Co(ll), Ni(Il) and Cu(ll) M = Fe(lll) gands (a) and complexes (b).
TABLE I. Physical characterization, analytical and molar conductance data of the compounds
M, M.p. Yield Found (Calcd.), % Am
Compound gmol! °C % Color Vi C 0 N MO em? mol!
Ligand HL! 286.3 208 52 Yellow — 67.54 4.89 - -
Ci6H1405 (67.13) (4.93)
[C3,H3001,Mn]  661.5 272 59 Brown 8.11 57.92 4.32 - 12.7
(8.30) (58.10) (4.57)
[C5,Hpg01CIFe] 67991 268 68 Dark 8.20 56.12 4.00 - 13.3
brown (8.21) (56.52) (4.15)
[C3,H3001,Co0]  665.5 >300 61  Light 8.71 5731 444 - 15.1
brown (8.85) (57.75) (4.54)
[C3,H3001,Ni] 6653 258 57  Pale 880 57.07 4.65 - 13.7
green (8.82) (57.77) (4.55)
[C3H3001,Cu]  670.1 296 58 Green 9.32 58.01 4.44 - 17.5
(9.48) (57.35) (4.51)
Ligand HL? 3013 246 54 Yellow - 59.52 351 457 -

CisH1NOg (59.80) (3.68) (4.65)
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TABLE I. Continued

M, M.p. Yield Found (Calcd.), % A
Compound gmol! °C % Color Vi e m N MO em? mol!
[C30H24N,014Mn] 691.5 >300 52 Brown 7.79 51.79 3.36 3.97 10.1
(7.94) (52.10) (3.49) (4.05)
[C3oH,N,043CIFe] 709.7 >300 63 Red 791 5122 322 387 13.1
(7.87) (50.77) (3.12) (3.95)
[C30HpuN,014C0] 695.5 >300 61  Light 832 52.32 3.39 3.89 11.2
brown (8.47) (51.81) (3.48) (4.03)
[C30H4N,O4Ni] 695.2 >300 57  Pale 836 51.20 3.55 391 10.1
green (8.44) (51.82) (3.48) (4.03)
[C30H4N,014Cu] 700.1 >300 63 Green 9.23 51.08 3.59 4.11 12.2
(9.07) (51.46) (3.45) (4.00)
!H-NMR spectroscopy

Ligand HL!. "TH-NMR (300 MHz, CDCl3, &6/ ppm): 2.27 (3H, s, Cc—CHj),
3.85 (3H, s, —OCHj3), 5.93 (1H, s, Cs—H), 6.9-8.43 (6H, m, phenyl ring and
—CH=CH-), 16.65 (1H, s, —OH).

Ligand HL?. 'TH-NMR (300 MHz, CDCl3, 6/ ppm): 2.35 (3H, s, C¢~CH3), 6.03
(1H, s, Cs—H), 6.9-8.3 (6H, m, phenyl ring and -CH=CH-), 16.77 (1H, s, —OH).

IR Spectroscopy

The IR spectra of the ligands show bands at 3164-3120, 1739-1720, 1705—
—1675 and 1257-1222 cm™!, assignable to v(OH) (phenolic hydrogen bonded),
v(C=0) (lactone carbonyl), v(C=0) (acetyl carbonyl) and v(C—O) (phenolic) stretch-
ing mode, respectively (Table I1).14:15 In the IR spectra of all the metal chelates,
no band was observed in the region 3164-3120 cm 1. Instead, in its place, a broad
band characteristic of v(OH) of coordination water was observed in the region
3500-3200 cm~!.The presence of coordinated water was further confirmed by the
appearance of a non-ligand band in the region 830-840 cm™!, assignable to the
rocking mode of water.16 This was also established and supported by TG and
DTA analysis. The absence of v(OH) (phenolic) at 3164-3120 cm™! suggests
subsequent deprotonation of the phenolic group and coordination of the phenolic
oxygen to the metal ion. This was supported by an upward shift in v(C-O) (phe-
nolic)!7 by 2040 cm~!. The v(C=0) (acetyl carbonyl) was shifted to lower ener-
gy with respect to the free ligand, suggesting the participation of the acetyl car-
bonyl in the coordination.!4:15.17 The IR spectra of all the compounds showed a
prominent band at = 1377 and = 970 cm™!, typical of v(C—-O—C) and trans—CH=CH-
absorption. The presence of new bands in the region 600450 cm™! can be as-
signed to v(M-O) vibrations. 16

Hence, the ligands coordinated with the metal ions as monodeprotonated bi-
dentate and the coordination occurs via the acetyl and phenolic oxygen of dehyd-
roacetic acid moiety, as shown in Fig. 1.
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Magnetic and electronic absorption spectroscopy

The magnetic and electronic spectral data are given in Table II. The data is
of relevance for the proposed structure of the complexes (Fig. 1). The electronic
spectra of the Cu(Il) complexes in DMF revealed one broad band at 15128 and
25126 cm! for ligand HL! and at 15138 and 25000 cm~! for ligand HL2, assign-
able to a 2Eg - 2T2g transition and charge transfer, respectively. The observed
magnetic moment value for the Cu(Il) complexes was in the range 1.95-2.09 .
The electronic spectral data!8 coupled with the magnetic moment value suggest a
distorted octahedral geometry for the Cu(Il) complexes.!® The electronic spectra
of Ni(II) complexes display three bands at 9372, 15625 and 24213 cm™! for HL!
and at 9910, 15360 and 24885 cm™! for HL?, assignable to 3Aze — 3T, (F) (1),
3A2g = 3T (F) (v2) and 3Ay5 — 3T g (P) (1) transitions, respectively. This is in
accordance with earlier reported values for octahedral Ni(I) complexes.2!22 The
reductions of the Racah parameter (B) and the nephelauxetic effect (f) from the
value of the free ion suggest an appreciable amount of covalent character in the
metal ligand bonds.20-2! The calculated values of 10 Dq, B, 1»/v| and S (Table II)
lie in the range reported for octahedral geometry. The normal magnetic moment
2.99-3.19 up confirms the proposed geometry. The Co(Il) complexes show three
transitions at 9569, 18348 and 22675 cm~! for HL! and at 9900, 19182 and
23640 cm! for HL2, assignable to 4T1g (F) —» 4T2g (F) (»), 4T4 (F) > 4A2g
(F) (») and 4T1g (F) » 4T1g (P) (v3) transitions, respectively.!920 The calcu-
lated values of 10 Dq, B, /v and f together with the magnetic moment value
of the Co(II) complexes (Table II) suggest octahedral geometry. The obtained va-
lues of LFSE determine the stability of the complexes and follows the order in
terms of metal ion Cu(II) > Ni(II) > Co(II) for ligand HL! and HL2.

The Fe(Ill) complexes of ligands HL! and HL2 show three bands at, respecti-
vely, 14556, 21692, 24450 cm! and 14484, 22322, 24196 cm™!, assignable to
6A1 — 4T (G), 6A1 = *T, (G) and 6A| — 4E (G) transitions, respectively. The
spectra suggest distorted octahedral geometry.!9-21.23 The electronic spectrum of
Mn(II) complex of HL! displays weak bands at 17794, 19569 and 31056 cm™!,
whereas Mn(II) complex of HL2 displayed weak bands at 18382 and 24671 cm™!.
These bands are both Laporte and spin-forbidden. However, due to instantaneous
distortion of the octahedral structures around the metal cation, weak bands some-
times do appear.19:21

Thermal analysis

The Mn(II), Fe(I1I), Co(II), Ni(II) and Cu(II) complexes of ligand HL! were
chosen for a thermal study. The TG curve of the complexes of ligand HL! shows
three decomposition steps. On the TG curve of the Mn(II) complex, the first step
shows a steep slope between 150-200 °C with a mass loss of 5.0 % (calculated
5.4 %), indicating the removal of two molecules of coordinated water. An endo-
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thermic peak in the range 150-200 °C (Atpin = 175 °C) on the DTA curve corres-
ponds to the dehydration step. The anhydrous compound in second step decom-
poses within a short temperature range from 220-330 °C, with a 37.0 % mass
loss (calculated 36.3 %). An exotherm between 240 and 400 °C with a Atyax =
=270 °C on the DTA curve corresponds to this mass loss. This step may be at-
tributed to the removal of the non-coordinated part of the ligand, i.e., [CigH1602].
The third mass loss step in the range 400—790 °C corresponds to the decompo-
sition of the coordinated part of the ligand, with a mass loss 47.0 % (calculated
47.6 %). A broad endotherm is observed for this step. The mass of the final re-
sidue corresponds to stable MnO, 11.0 % (calculated, 10.7 %).

In the thermal study of the Fe(Ill) complex, an inclined slope from 175-195 °C
on the TG curve, with a mass loss of 7.0 % (calculated 7.9 %), indicates the re-
moval of one molecule of water and one chloride ion. An endothermic peak in
the range 180-240 °C was observed on the DTA curve (Atyin = 192 °C). The
complex continues to decompose in a second step between 210 and 300 °C, with
37.0 % mass loss (calculated 35.2 %). A corresponding exothermic peak between
250-280 °C (Atmax = 265 °C) on the DTA is attributed to the removal of the non-co-
ordinating part of the ligand. The third step corresponds to the decomposition of
remaining part of the ligand with a mass loss 47.0 % (calculated 46.3 %). The
mass of the final residue was 9.0 % (calculated 10.6 %), corresponding to FeO.

The thermal decomposition profile of the Co(Il) complex showed no weight
loss up to 140 °C. A mass loss of 5.0 % (calculated 5.4 %) was observed in the
range 140-175 °C. The endothermic peak between 140—165 °C (Atyin = 152 °C)
correspond to the loss of two molecules of water. The second step of decompo-
sition was between 265 and 400 °C with a 37.0 % mass loss (calculated 36.1 %).
The broad exothermic peak between 270-375 °C (Atyax = 346 °C) on the DTA
curve is attributed to the removal of the non-coordinating part of the ligand. The
mass loss continued with the slow decomposition of remaining part of the ligand
45.5 % (calculated 47.2 %). The mass of the final residue corresponded to CoO,
12.5 % (calculated 11.3 %).

The thermal decomposition profile of the Ni(II) complex showed a mass loss
of 5.0 %( calculated 5.4 %) in the range 150-175 °C, indicating the removal of
two coordinated water molecules. An endothermic peak on the DTA curve between
160-185 °C (Atmin = 162 °C) also corresponds to dehydration. The second step
of the decomposition was between 190 and 325 °C with a 37.0 % mass loss (cal-
culated 36.1 %). A broad exothermic peak between 200-350 °C (Atpax = 260 °C)
on the DTA curve is attributed to the removal of the non-coordinating part of the
ligand. The mass loss continued with the slow decomposition of the remaining
part of the ligand up to 900 °C with a 46.0 % (calculated 47.3 %) mass loss. A
broad endothermic peak between 450-850 °C was observed on the DTA curve.
The mass of the final residue of 12.0 % (calculated 11.2 %) corresponds to NiO.
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On the TG curve of the Cu(Il) complex, the mass loss commences at 120 °C
with an inclined slope from 155—185 °C with a mass loss of 6.0 % (calculated 5.4 %),
indicating the removal of two molecules of coordinated water. An endothermic
peak in the range 150-200 °C (Atpin = 158 °C) on the DTA curve also corres-
ponds to the dehydration. The second step of the decomposition continues on the
TG curve from 275 up to 375 °C, with a mass loss of 37.0 % (calculated 35.7 %)
and the exothermic peak (Atpax = 299 °C) on the DTA curve may be attributed to
the removal of the non-coordinated part of the ligand. The third step in the range
420-880 °C with a mass loss of 46.0 % (calculated 47.0 %) corresponds to the
decomposition of the coordinated part of the ligand. A broad endotherm was also
observed for this step. The mass of the final residue corresponded to stable CuO,
11.0 % (calculated 11.9 %).

Antimicrobial activity

The results of the antimicrobial study, Table 111, showed that the ligand HL!
had no antibacterial activity whereas the ligand HL? exhibited weak activity. This
may be due to the presence of the electron withdrawing group (-NO3) on the
phenyl ring. The Cu(Il) and Co(Il) complexes of ligand HL? showed moderate
antibacterial activity against both of the bacteria.

TABLE III. Antibacterial and antifungal activities of ligands and their metal complexes

Antibacterial activity Antifungal activity
Inhibition zone of
Compound bacterial growth, mm A. flavus  C. lunata P. notatum
S. aureus E. coli

a b
0.50mgml!  050mgmtt LT L bl

HL! 1.1 1.2 7 15 7 14 7 14
Ci6H140s

HL2 3.6 4.1 8 16 8 15 8 15
Cy5H;1NOg

[Mn(L1)5(H,0),] 1.6 1.8 9 17 8 17 8 17
[Mn(L?),(H,0),] 42 4.5 11 24 11 22 10 22
[Fe(L),(Cl)(H,0)] 2.1 2.1 8 16 7 19 7 15
[Fe(L2),(Cl)(H,0)] 4.5 4.9 9 20 9 19 9 20
[Co(L1Y,(H,0),] 5.1 5.6 10 20 10 20 10 20
[Co(L?)5(H,0)] 8.9 93 14 33 13 32 13 33
[Ni(L1),(H,0),] 4.2 4.6 9 19 9 19 9 19
[Ni(L2),(H,0),] 6.3 6.8 13 30 12 29 12 30
[Cu(L,(H,0),] 6.1 6.5 1 22 11 21 11 19
[Cu(L?),(H,0),] 9.2 10.7 15 37 14 34 14 36
Ciproflaxin 12.0 13.5 - - - - - -
Griseofulvin - - 31 34 29 33 30 34

3125 pg/disc; ®250 pg/disc

From the results in Table III, it can be concluded that the ligands and their
metal complexes show significant antifungal activity at a concentration of 250 pg
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disc! against all the tested fungi. In addition, the activity decreased as the con-
centration decreased. The Cu(I)HL2 complex exhibited a higher antifungal acti-
vity than the standard at a concentration of 250 ug disc~!, while the Ni(II) and
Co(II) complexes of HL? showed nearly same antifungal activity as the standard.
The order of inhibition with respect to metal ions of HL! and HL?2 is Cu > Co >
> Ni > Mn > Fe. It was found that these complexes show strong antifungal ac-
tivity at lower concentration when compared to earlier reported literature.17-24

It was observed that the metal complexes show enhanced antimicrobial acti-
vity as compared to the ligands. The increased activity of the chelates can be ex-
plained on the basis of the overtone concept and the Tweedy chelation theory.2>
According to the overtone concept of cell permeability, the lipid membrane that
surrounds the cell favours the passage of only lipid-soluble materials, for which
reason liposolubility is an important factor controlling antimicrobial activity. On
chelation, the polarity of metal ion is reduced to a greater extent due to overlap of
the ligand orbital and partial sharing of its positive charge with the donor groups
and also due to delocalization of the m-electrons over whole chelate ring, which
enhances the penetration of the complexes into the lipid membranes and the block-
ing of the metal binding sites of the enzymes of the micro-organisms.

CONCLUSIONS

In the light of the above discussion, a distorted octahedral geometry for Cu(Il),
Mn(II) and Fe(IIl) complexes and an octahedral geometry for the Co(Il) and Ni(II)
complexes are proposed. The ligands behave as bidentate, coordinating through
the phenolic oxygen and the acetyl carbonyl group of the dehydroacetic acid moi-
ety. The complexes are biologically active and exhibit enhanced antifungal acti-
vities compared to their parent ligands. The Cu(Il), Ni(II) and Co(II) complexes
of ligand HL? show good antifungal activity, hence further study of these com-
plexes in agriculture could lead to interesting results.
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U3BOJ

IMPEJIABHN METAJIHU KOMIIVIEKCH CA KHCEOHUYHHNM JJOHOPHUM JIM'AHAVMA:
CHUHTE3A U TEPMUYKA, CIIEKTPAJIHA 1 AHTUMHUKPOBHA TTPOYUABABA

VAIBHAV N. PATANGE!, RAJENDRA K. PARDESHI! 1 BALASAHEB R. ARBAD?

! Department of Chemistry, Shri Chhatrapati Shivaji College, Omerga, Dist-Osmanabad — 413606,
Maharashtra u *Department of Chemistry, Dr. Babasaheb Ambedkar Marathwada
University, Aurangabad — 431004, Maharashtra, India

Jlobujenu cy mpenasHu METaIHH KOMIUIEKCH XaJKOHA N3BEICHUX KOHAE3alnjoM 3-areTui-6-
meTun-2H-mmupan-2,4(3H)-nuona (nexuapocuphieTHe KrcennHe) n p-MeTokcnbensamnexuna (HL)
unn p-anrpobensanaexuaa (HL2) 1 OKapaKTepHCAHN eIEMEHTATHOM aHATH30M, KOHIyKTOMETPH]OM,
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TepMHUUKOM aHaTH3oM, MargetHnym, IR, TH-NMR, UV—-Vis 1 npoyuaBameM MUKpOOHE aKTHBHOCTH.
W3 aHanuTHYKKX ¥ TEPMUYKHX MojaTaka HaleHa je crexumomerpuja 1:2 (Metam:urann). [lomamm 3a
MOJIapHY MPOBOAJBMBOCT MOTBPAWIN Cy Jla Cy OBM METAJIHH X€NaTH HEEeNeKTPOIuTH. TepmMuuka
CTaOMIIHOCT KOMIUIEKCa NPOy4aBaHa je TEPMOrpaBUMETPHjOM U []aTe Cy CXEME pacla/ia KOMIUIEKca.
Jluranay ¥ BUXOBU KOMILUIEKCH MeTajla Cy TeCTUPaHU Ha aHTHOAKTEePHjCKy aKTHBHOCT mpema Sta-
phylococcus aureus n Escherichia coli n aHTUTIBUBHYHY aKTHBHOCT nipema Aspergillus flavus, Cur-

vularia lunata v Penicillium notatum.

w N~

10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
20.

21.
22.
23.
24.
25.
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Abstract: The properties of activated titanium anodes, RuO,—TiO,/Ti and RuO,—
—Ti0,—IrO,/Ti, prepared from oxide sols by the sol—gel procedure, are review-
ed. RuO, and TiO, sols were synthesized by forced hydrolysis of the corres-
ponding chlorides in acid medium. The morphology of the prepared sols was
investigated by transmission electron microscopy. The chemical composition
of the RuO, sol was determined by X-ray diffraction and thermogravimetric
analysis. The loss of electrocatalytic activity of a RuO,—TiO,/Ti anode during an
accelerated stability test was investigated by examination of the changes in the
electrochemical characteristics in the potential region of the chlorine and oxygen
evolution reaction, as well as on the open circuit potential. These electrochemical
characteristics were investigated by cyclic voltammetry, electrochemical impe-
dance spectroscopy and polarization measurements. The changes in electroche-
mical characteristics of the anode prepared by the sol-gel procedure were com-
pared to the changes registered for an anode prepared by the traditional thermal
decomposition of metal chlorides. The comparison indicated that the main cause
for the activity loss of the sol—gel prepared anode was the electrochemical disso-
lution of RuO,, while in the case of thermally prepared anode the loss was mainly
caused by the formation of an insulating TiO, layer in the coating/Ti substrate in-
terphase. The results of an accelerated stability test on RuO,-TiO,/Ti and RuO,—
—TiO,—IrO,/Ti anodes showed that the ternary coating is considerably more stable
than the binary one, which is the consequence of the greater stability of IrO, in
comparison to RuO,.

Keywords: activated titanium anodes; oxide sols; coating morphology; electro-
catalytic properties; anode stability.
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1. INTRODUCTION

Electrocatalytic materials based on noble metal oxides of metallic conducti-
vity are widely used as electrodes in many fields of applied electrochemistry, such
as chlorine production in the chlor-alkali and chlorate industry, processes invol-
ving oxygen generation in electroplating and metal electrowinning, as well as in
cathodic protection, efc.! Most recently, these materials have been the subject of
investigations in the field of supercapacitors2# and fuel cells,>¢ due to their ex-
cellent capacitive properties. Depending on the application of interest, these ox-
ide materials are usually composed of a mixture of a noble metal oxide, such as
RuO; or IrO», and an electrochemically inert, non-conductive or semi-conductive
oxide (TiOy, ZrO,, TayOs5 or Co304),1:7-9 which stabilizes the coating and en-
hances the catalytic properties of the material. In the chlor-alkali industry, tita-
nium supported RuO,-TiO; coatings, known as Dimensionally Stable Anodes or
Activated Titanium Anodes (ATA), are used.

In long-term electrolysis of chloride solutions a very important feature of an
ATA is its service life. The anode service life and coating stability can be evalu-
ated by an accelerated stability test (AST),3:10 which involves the electrolysis of
a dilute chloride solution at a constant high current density. The end of an anode
service life, i.e. the loss of electrocatalytic activity, is recognized as a sudden in-
crease in the potential. This increase in potential could be caused by 1) the growth
of an insulating TiO, layer in the substrate/coating interface, originating from
substrate corrosion, and 2) anodic dissolution of the catalytically active oxide
species, RuO,, which enriches the coating surface with TiO,. Coating erosion can
also be involved in the deactivation process.!0 The coating morphology appears
to play an important role in the consideration of the cause of anode deactivation.

The anode activity for the oxygen evolution reaction, however, appears to be
a key factor in the process of anode degradation.l0-13 It is known that ATA
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containing iridium oxide is more stable in the electrolysis of NaCl solutions than
binary RuO,-TiO; coating.12:14-16 This is due to the slower corrosion rate of
IrO, with respect to RuOj, since a considerable portion of the current is related to
the oxygen evolution reaction.!” For this reason, activated titanium anodes,
commercially available as oxygen-evolving anodes and for cathodic protection
purposes, contain iridium oxide in small amounts, in addition to ruthenium and
titanium oxide.

Boodts and coworkers3-%-18 showed that electrochemical impedance spectro-
scopy (EIS) provides useful information about the ATA deactivation pathway. In
the case of Ti/RuO,(x)+Co304(1—x) anodes, these authors reported the formation
of a TiO; layer in the coating/substrate interphase as the main cause for the deac-
tivation of anodes with low RuO; contents, due to high coating porosity. Anodes
with a high RuO; content are of lower porosity, which is recognized as the cause
for activity loss via intensive dissolution of the Ru species from the coating surface.”

The usual preparation method for RuO,-TiO; coatings involves the process
of thermal decomposition of a metal chloride mixture from organic solvents.!,10
However, in recent years, coating preparation by the sol—gel procedure has occu-
pied the attention of scientific workers. This is due to the possibility of preparing
particles of more regular shape, size and distribution in the oxide coating.

The aim of this paper is to summarize the results of an investigation of the
conditions of preparation of oxide sols and coatings on the morphology and elec-
trochemical properties of RuO,—TiO»/Ti and RuO,-TiO>—IrO,/Ti anodes pre-
pared by the sol-gel procedure, especially from the standpoint of anode stability
in electrolysis. The oxide sols were obtained by forced hydrolysis of an acid solu-
tion of metal chlorides at the boiling temperature. Some unique features of ATA
prepared from sols obtained by the hydrolysis of alkoxides was also invest-
tigated,19-21 but this is not the subject of this review.

2. PHYSICO-CHEMICAL PROPERTIES OF OXIDE SOLS

The electrochemical properties of an ATA follow the basic characteristics of
the oxide coating, which are influenced not only by the conditions during coating
deposition (application technique and its repetition, thermal regime, coating thick-
ness, etc.), but also by the physico—chemical properties of the oxide precursors.
In the sol—gel procedure for coating preparation, the oxides are prepared prior to
coating formation, which is the main difference with respect to thermal decompo-
sition, when the oxides are formed in situ on a Ti substrate. Hence, the properties
of oxide sols are reflected in the coating characteristics and, consequently, in the
electrochemical properties of the ATA. The basic properties of the synthesized
oxide sols and their mixture prepared for coating deposition are given in this Sec-
tion, with a more detailed analysis of the ruthenium oxide sol, since this oxide is
the electrocatalytically active component of the coating.
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2.1. Ruthenium oxide sol

In order to check the degree of conversion in the preparation of the ruthe-
nium oxide sol, the composition of the dry residue of the prepared sol was analy-
zed by energy depressive X-ray fluorescence spectroscopy (EDXRFS) and X-ray
diffraction (XRD).22 The EDXRFS spectrum is shown in Fig. 1. In addition to
the high-intensity peak of ruthenium, a chlorine peak of low intensity was Regis-
tered. The appearance of the chlorine peak in the EDXRFS spectrum indicates
that not all of the starting quantity of chloride precursor was converted into ox-
ide. The XRD patterns of the dry residue of the RuO,H,, sol, calcined at 130 °C,
are shown in Fig. 2. The pattern designated as “A” was obtained for the dry resi-
due, while “B” represents the XRD pattern of the dry residue redissolved in etha-
nol and dried at ambient temperature. The peaks in pattern “A” can be ascribed to
crystalline ruthenium chloride, which indicates, as does the EDXRFS spectrum
(Fig. 1), the incomplete conversion of the precursor. Pattern “B” in Fig. 2 indica-
tes an amorphous structure, showing not only that ruthenium chloride does not crys-
tallize from an ethanolic solution, but also that there is no other crystalline phase
in the dry residue of the sol.

Ru

6,0x10° — dry residue of RuO_sol ~
----- base line
fé 4,0x10" -
=
12
8§
E 20x10°
(il J L Fig. 1. EDXRFS spectrum of the
(Yo E— : : : : : 2.\~ solid phase of RuO,H, sol (Re-
0 5 10 15 20 printed with permission of Else-
Energy | keV vier).22

The forced hydrolysis process for the preparation of the sol is the time-de-
pendent conversion of the precursor, in which some induction time for nuclei for-
mation is necessary. For the duration of the process (ageing time), the primary
nuclei grow to form the particles of the solid phase of the sol. It was shown?2324
that the sol oxide particles grow with ageing time, which consequently influenced
the electrochemical behavior of the sol—gel obtained oxide material. It was only a
matter of time before all the precursor would be converted to the oxide. Bearing
in mind the Ru to Cl peak intensity ratio from Fig. 1, a conversion above 95 %
was achieved during the ageing time of the investigated sol, while Fig. 2 demons-
trates that the formed oxide phase was amorphous.
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Fig. 2. XRD patterns of the solid
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20 30 40 50 60 ved in ethanol (B) (Reprinted with

20/ deg. permission of Elsevier).22

The main feature of ruthenium oxide that defines its electrochemical proper-
ties is an optimal balance between protonic and electronic conductivity. The for-
mer increases with the water content in the hydrous oxide (RuO,H,), while the
latter is a function of the oxide crystallinity.22:25 Since the solid phase of the pre-
pared sol was amorphous (Fig. 2), it should be subjected to thermal treatment in
order to increase its electronic conductivity. However, the water content de-
creases with temperature and, consequently, so does the ability of the oxide to
exchange protons with the solution. The processes that may occur during thermal
treatment of the solid phase of the RuO,H,, sol are indicated by the thermogravi-
metric (TG) and differential thermogravimetric (DTG) curve, which are shown in
Fig. 3. The sample lost 30 % of its initial mass when the temperature was in-
creased to around 120 °C. On the DTG curve, two minima (a and b) can be seen,
indicating two processes of the release of weakly bonded water during the rever-
sible sol—gel transition. The release of water from the hydrous oxide commences
around 150 °C, and near 10 mass % was lost during a slow process accomplished
around 350 °C (plateau c). In this step, one water molecule from RuO;-2H50 is
released. 26 The remaining water molecule (from the monohydrate) is released at
430 °C (point d, Fig. 3), which contributes an additional 8 % mass loss. The in-
terval d—e appears to be related to the conversion of residual chloride to oxide,
since the presence chloride was registered by EDXRFS measurements (Fig. 1).

It follows from the TG measurements that the dispersed oxide retains an an-
hydrous nature over a wide temperature range, while the crystalline oxide struc-
ture was fully developed at the end of the processes related to the release of crys-
talline water, as is illustrated by the XRD pattern given in Fig. 4. These charac-
teristics fully recommend the oxide prepared by the sol-gel process as a good pro-
tonic and electronic conductor.

Transmission electron microscopy (TEM) investigations2? showed that the
amorphous solid phase of the prepared sols consisted of spherical particles which
are gathered in agglomerates. TEM images of such agglomerates are shown in
Fig. 5 for sols of different ageing times. The sol with the shorter ageing time (Fig.
Sa) consisted of spherical particles with a diameter of about 10 nm, while agglo-
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merates with a more crystal-like structure, consisting of larger, irregularly shaped
particles, were obtained at a longer ageing time (Fig. 5b).

100 . . . . 0.0
- oy = Oxide sol
¢ 1004 ¢ 0 RuO, (JCPDS card # 40-1290)
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Fig. 3. TG and DTG curve registered for the  Fig. 4. XRD pattern of the solid phase of the

solid phase of the RuO,H,, sol. RuO,H,, sol annealed at 450 °C.

Fig. 5. TEM Images of the solid

: e phase of RuOH, sol aged for
30 nm .. 30nm | . 46(a) and 94 h (b) (Reprinted with
(a) (b) permission of Elsevier).2”

2.2. Titanium oxide sol and sol mixture

Similar to the case of the ruthenium oxide sol, the solid phase of the prepa-
red TiO, sol had an amorphous structure,28 as it is illustrated by the XRD pattern
shown in Fig. 6a, while the anatase crystal structure developed with increasing
annealing temperature. In addition, the diffraction peaks become sharper with in-
creasing temperature, which indicates an increase in the particle size.

However, in solid phase of RuO,—TiO; sol mixture annealed at 450 °C, the
particles of both oxides have a rutile structure, which is a usual characteristic of a
thermally treated solid mixture of these oxides, regardless of the preparation pro-
cedure.29-31



ACTIVATED Ti ANODES PREPARED BY THE SOL-GEL PROCEDURE 1 089

a)
1500 - t/°C
1000 -
; 500;\@
- 1500
>
-"5 1000 -
S 500 250 I .
€ 15001
1000 (-
0op.450 A A~
20 40 60
20, deg
b)
1
@— -l 51 2 Fig. 6. XRD patterns of the solid phase
ge 2.1 2 1 2 of TiO, sol annealed at different tem-
0 T T T T peratures (a) and RuO,—TiO, sol mix-
20 40 60 80
20, deg. ture (b).

TEM images of differently aged TiO; sols are given in Fig. 7. Narrow-sized,
small spherical crystallites with a diameter not larger than 5 nm form star-like ag-
glomerates in the sol aged for the shorter time (Fig. 7a). However, with increas-
ing ageing time, single sphere-shaped particles of a diameter around 25 nm are
formed (Fig. 7b). Other authors also reported the particle size of colloidal TiO5 in
the order of nanometers.32

Fig. 7. TEM Images of the solid
phase of TiO, sol aged for 15 (a)
and 23 h (b) (Reprinted with per-
mission of Elsevier).2’

(@
3. THE STRUCTURE AND MORPHOLOGY OF RuO,-TiO, COATING

The scanning electron (SEM) microphotographs in Fig. 8 illustrate the typi-
cal appearance of the RuO,-TiO; coatings prepared on titanium by the sol—gel
procedure (Fig. 8a) and by in situ thermal decomposition of metal chlorides (Fig.
8b).28 At the applied magnification, the sol-gel coating appears more cracked.
The surface of the coatings looks like "cracked-mud" and consisted of "islands"
(surface area ~ 60 um?) separated by cracks, which are wider on sol-gel coating
surface. The appearance of cracks also suggests that the islands in the sol—gel co-
ating are made of distinct layers, while "thermal" coating appears smoother.
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Fig. 8. Typical SEM microphotographs of RuO,-TiO, coatings obtained by: a) the sol-gel
procedure and b) thermal decomposition (Reprinted with permission of Elsevier).?8

The essential difference in morphology between the sol—gel processed and ther-
mally prepared RuO,-TiO; coating is registered on the nano-scale.2”-28 The typi-
cal surface appearance on the nano-scale of the coatings prepared by the sol-gel pro-
cedure and thermal decomposition is given by the scanning tunneling microscopy
(STM) 3D surface nanophotographs (scan size: 50 nmx50 nm) given in Fig. 9.

10.000 nm

2.50

25

25,09
37 30

(a) (b)

Fig. 9. Typical STM microphotographs of the RuO,-TiO, coatings obtained by: a) the sol-gel
procedure and b) thermal decomposition (Reprinted with permission of Elsevier).27-28

nm

It can be seen that the nano-roughness is more pronounced for the surface of
sol—gel prepared coating (Fig. 9a). The average difference between real and geo-
metric surface area, according to the STM data, was found to be two-fold greater
for the sol—gel coating. The sharp nano-spots, which are ubiquitous on the sur-
face of sol-gel coating, cannot be seen on the thermal one. It could be assumed
that these surface characteristics are the result of the more defined oxide particles
formed in the case of the sol-gel coating. The size of the spots is very similar to
the RuO» particle size registered by TEM (Fig. 5a). Another important difference
is the appearance of bright areas on the sol—gel coating, having a size of about 30 nm
(Fig. 9a). Taking into account the size of the TiO, particles observed in the TEM
image of the TiO, sol (Fig. 7b), being close to 25 nm, the conclusion appears to
be that the bright areas in Fig. 9a are the large grains of TiO,. It seems that small
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the RuO; particles are on the top of and around each TiO, grain in the sol-gel pre-
pared coating.2’
4. CAPACITIVE ABILITY OF ACTIVATED TITANIUM ANODES
AS THE FUNCTION OF THE PROPERTIES OF OXIDE SOLS

The pronounced capacitive ability of noble metal oxides is the consequence
of pseudocapacitive behavior due to solid-state surface redox transitions of the
metal ions, which is closely related to the oxide protonic conductivity.!2:33 Ge-
nerally, proton-assisted redox transitions are written as follows:33

RuO,(OH), + 6H* + e~ — RuO, fOH)ps 0<6<x (1)

The transition reactions can be diffusion-controlled to different degrees by
the proton injection/ejection process, depending on the coating porosity. On the
other hand, the capacitance depends on the surface area. These features are di-
rectly influenced by the coating morphology, preparation procedure and oxide par-
ticle size,19:20.23.27.34 which results in the capacitance being dependent on the
rate of the charging/discharging process.

4.1. Preparation procedure, coating composition and capacitive response

The cyclic voltammograms (CV) of a sol-gel and a thermally prepared ATA
recorded in acid solution are shown in Fig. 10. The registered CV shape is usual
for RuO;-based electrodes,?-23:33 with a broad peak in the potential region from
0.20 to 0.50 V, which is related to the redox transition presented by Eq. (1). The
voltammetric current densities recorded for the sol-gel prepared anode are larger
than those recorded for thermally prepared one. This indicates the larger electro-
chemically active surface area’ of the sol-gel prepared anode, due to the larger
real surface area and greater RuO; content in the surface layer of the sol—gel pre-
pared coating.3! Using the approach of Da Silva et al.35 for the values of the mor-
phology factor, 0.50 and 0.52 are obtained for sol-gel and thermally prepared coat-
ing, respectively. These similar values indicate the similar contribution of inner
coating surfaces to the overall coating capacitance, due to similar porosity of the
coatings.36

The addition of a small amount of iridium oxide (10 mol %), either as in situ
converted chloride or as previously prepared sol, into the sol-gel prepared RuO,—
~TiO; coating results in an increase in the capacitive ability.37 The voltammo-
grams of ternary and binary coating registered in acid solution are shown in Fig.
11. The increase in the voltammetric currents were more pronounced at potentials
positive to 0.40 V due to the imposed contribution of redox transitions of iridium
species. If IrO; was applied from the sol, the effects were more pronounced.

4.2. The voltammetric charge and properties of the oxide sols

The dependence of coating capacitive ability on the ageing time, z,g, (i.e. 0x-
ide particle size, Section 2) of the oxide sols was analyzed through the values of
voltammetric charges.23
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Sol-gel procedure

- - - - Thermal decomposition Fig. 10. Cyclic voltammograms of the RuO,—
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Fig. 11. Cyclic voltammograms of the RuO,—

i —TiO,-IrO,/Ti and RuO,-TiO,/Ti electrodes

0.00 0.40 0.80 120 prepared by the sol-gel procedure. Scan rate:
E/Vvs.SCE 20 mV s, Electrolyte: 1.0 mol dm™ H,SO,.

The total charge, g*iyt, related to the whole electrochemical surface area of
the coating, could be separated into two components: the first, g*,ys, related to
the "outer" parts of the coating, which are directly exposed to the electrolyte, and
the second, g*, related to the "inner" parts of the coating, which are hidden in
loose grain boundaries, pores and cracks. The total charge, as well as its com-
ponents, can be evaluated from the dependencies:

q*(v) = q*our + kv 12 (2)
)= (@) k2 ©)

and
q*tot = q¢*in T ¢*out “4)

where ¢* is the charge obtained by integration of anodic part of the voltammetric
curve at a given sweep rate v; k and k' are constants.
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The values of the voltammetric charges obtained using Eqs. (2)—(4) as func-
tions of the aging time of the RuO; and TiO, sol are shown in Fig. 12. For ageing
times of the RuO; sol shorter than about 40 h, all three kinds of charge increase
with increasing ageing time (Fig. 12a). After 40 h of ageing, the charges decrease
with ageing time. Since these changes are seen for all three kinds of charge, it
could be concluded that the particles from the RuO, sols of different ageing
result in similar morphological changes in the outer surface of the coating as well
as in its inner parts. The largest charge related to an anode obtained with a RuO;
sol aged for about 40 h suggests that the solid phase of this sol had the largest
ratio of small RuO; particles.38 Smaller charge values related to anodes obtained
with RuO; sols aged for times shorter than 40 h indicate that the particles of
these sols were larger than those from the sol aged for about 40 h. Taking into
account the fact that complete sol particle formation in the forced hydrolysis
procedure requires some critical time,3? it is to be expected that the formation of
the RuO; sol particles is not completed in ageing times shorter than 40 h. In
addition, it is assumed that the large RuO; particles in the coatings obtained with
sols aged for times shorter than 40 h originate from the thermal decomposition of
the residual RuCl; which had not been converted to RuO, by forced hydrolysis.
The ratio of larger RuO, particles dispersed in the solid phase increased for
ageing longer than 40 h, which causes a decrease of the charge related to the ano-
des obtained with these dispersions.

70} (a) ) ]

*

60 -

*

q
q*,
q

out

50 -

-2

40}

g* /mC cm

30 -

20 -

0 20 410 éO 80 100 O 110 50 30
£, (RuO,) /h £, (Ti0,) /h

Fig. 12. The charge densities related to the total, inner and outer electrochemical surface area
of the anode coating as functions of the ageing time of RuO, (a) and TiO, (b) sols
used for the preparation of the coatings (Reprinted with permission of Elsevier).23

The influence of the ageing time of TiO; sol on the charges of the prepared
anodes is shown in Fig. 12b. The values of all three types of charges decreased
with increasing aging time of TiO, sol up to 15 h and then increased, although
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the changes in g*,,t were less pronounced. Since the ratio of large sol particles
increases with increasing ageing time, it could be concluded that the growth of
TiO; particles during the ageing of TiO; sols causes the enlargement of the ESA
of the coating obtained from these sols. For ageing times shorter than 15 h, simi-
lar to the case of the aging of the RuO; sol, particle formation was not completed
and the ratio of large TiO; particles resulting from the thermal decomposition of
residual TiCl3 was high. Accordingly, the anode obtained with TiO, sol aged 15
h had the smallest ESA, which means that the solid phase of this sol contained
the highest ratio of small TiO; particles.

The observed changes in ESA with ageing time of the TiO; sol are clearly
reflected from the changes in the difference between the real and apparent sur-
face area (SAD) obtained from STM measurements.2” The changes in macro-,
micro- and nano-roughness with 7,5(TiO2) are shown in Fig. 13. While the
macroscopic roughness (880 nm x 880 nm) does not depend on 7,5(TiO), the
shapes of the micro- (250 nm x 250 nm) and nano-roughness (50 nm x 50 nm)
dependencies are quite similar to the dependencies presented in Fig. 12b.

80~ m 50 nmx50 nm
O 250 nmx250 nm
+ 880 nmx880 nm
60
2
Q
S 4o
Fig. 13. Difference between real
and apparent surface area (SAD,
surface area difference) of RuO,—
20 —TiO, coating prepared by the sol—
. . . . . ! . . . , —gel procedure from differently
0 5 10 15 20 25 aged TiO, sols. The ageing time

t(TIO,) /h of the RuO; sol was fixed at 46 h.
5. THE ACTIVITY FOR Cl, AND O, EVOLUTION REACTION

Tafel plots of the ATA prepared by the sol-gel procedure and thermal de-
composition in the chlorine evolution reaction, as an indication of their electro-
catalytic properties, are given in Fig. 14. The slope values close to 40 mV for both
the sol-gel prepared and the thermally formed coatings correspond to the known
mechanism of the chlorine evolution reaction on RuO,-type coatings.!-1023 Higher
current densities were registered for the sol-gel prepared anode. Normalized data
(given by symbols & and O for sol-gel and thermally prepared anode, respectti-
vely) was obtained by dividing the measured currents densities by the corres-
ponding g*yt values. Since the geometric factor (surface area) is eliminated in
this way, the normalized data give the real catalytic activity of Ru0,.33:40 The
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normalized catalytic activity is practically the same for the sol-gel and the ther-
mally formed anode. This leads to the conclusion that the difference in real sur-
face areas of the sol-gel and thermally prepared anode, influenced by coating mor-
phology, is the key parameter that causes the difference in their electrochemical
behavior.4!

1'16 MR | T AL T

| & & sol-gel procedure
| © @ thermal decompsition

1 Fig. 14. The apparent (@.4) and
1 normalized (O,<) Tafel plots of the
1 sol-gel and thermally prepared ano-
de. Electrolyte: 5 mol dm™ NaCl, pH 2
(Reprinted with permission of Taylor
& Francis).*!

The normalized activities of the sol-gel prepared anode, however, show a
dependence on the ageing time of oxide sol.23 The dependences of the norma-
lized values of the current densities on ageing time of the RuO; and TiO; sol are
shown in Fig. 15. The changes of electrocatalytic activity with oxide particle size
are similar to those obtained for ESA with oxide particle size (Fig. 12). The
highest activities were achieved for anodes obtained with the RuO; sol aged for
about 40 h and the TiO, sol aged for 30 h. The anode obtained with TiO, sol
aged for 23 h had the smallest activity. The dependence of the anode electrocata-
lytic activity on the aging time was more pronounced in the case of the TiO5 sol
than in the case of the RuO; sol. The observed activity effects are probably due
to the appearance of different states of the active sites, caused by different TiO,
particle sizes and the revealing effect of TiO;. A similar effect of the appearance
of "new" active sites was also observed in the case of RuO; coatings obtained
with rare earth oxides.#2:43 In the case of the RuO,-TiO; binary oxide, the ap-
pearance of "new" active sites could be the consequence of different physical
interaction between these two oxides, which depends on the TiO, particle size.

The ternary coating, obtained by the addition of a small amount of IrO,,
showed no significant difference in activity for chlorine and oxygen evolution
with respect to the binary coating.3” The Tafel plots given in Fig. 16 show that
the polarization curves have the usual values of the Tafel slopes and negligibly
higher activity of binary coating for chlorine evolution.
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Fig. 16. Tafel plots for the chlorine (a) and oxygen (b) evolution reaction registered for
binary and ternary coating prepared by the sol-gel procedure.

6. THE STABILITY IN CI, AND O, ELECTROLYSIS

The main industrial application of ATA is in long-term electrolysis of acid or
neutral solutions, both chloride-containing and not. The anode wears during the
electrolysis and finally ends its operation.!0-13 The dissolution of electrochemi-
cally active coating component (e.g. RuO; and IrO;) and coating enrichment in
insulating and inactive TiO, are recognized as the causes of the wearing pro-
cess.!! In addition to dissolution, the TiO, content can increase due to anodic ox-
idation of the Ti substrate, forming an insulating coating/substrate interlayer.10 In
this Section, the stability of binary and ternary coatings will be analyzed and com-
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pared to the stability of traditional binary thermal coatings. The possible mecha-
nism of anode wearing and the loss of electrocatalytic activity will be given.

The time dependence of the relative electrode potential, as the result of an
accelerated corrosion test, for anodes prepared by the sol-gel and thermal pro-
cedure is shown in Fig. 17. The sol-gel prepared anodes with a binary coating
showed considerably longer lifetimes than the thermal ones. The causes for the
greater stability could be either the larger surface area of the sol-gel prepared
anode or different mechanisms of the loss of catalytic activity or both. The mor-
phology of the coating can influence any characteristic step in the mechanism.
According to the STM data (Fig. 9), it is believed that the oxide particle size and
distribution is more regular in the case of the sol-gel procedure then in the case
of the thermal one, which produces a larger surface area and, consequently, the
real current density of Ru dissolution on a sol-gel anode is smaller. In the same
manner, the structure of the catalytic coating of a sol-gel prepared anode could
be more homogeneous and the penetration of the electrolyte towards the titanium
substrate thus hindered, which, besides the smaller current density, makes the chance
for nonconductive intermediate TiO, layer formation smaller as compared to a
thermally prepared anode.28
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Fig. 17. The results of accelerated stability test: (-O-) thermally and (-O-) sol-gel prepared
anodes with the shortest lifetime; (- ®-) thermally and (- M-) sol-gel prepared anodes with
the longest lifetime (the lifetimes for other samples of both types of anodes lay in the shaded
areas). Electrolyte: 0.50 M NaCl, pH 2. Temperature: 35 °C, j = 2.0 A cm™2. Total amount of
oxide: 2.0 mg cm2. (Reprinted with permission of Elsevier).?8

The stability of binary sol-gel coating can be controlled by changing the
properties of the oxide sols. The influence of the ageing time of RuO, and TiO»
sols on the stability of obtained anodes is presented in Fig. 18. The anode sta-
bility was the greatest when the RuO; sol was aged for about 40 h, i.e. when the
ratio of small RuO; particles in RuO; sol was the highest. The change in stability
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can be discussed in accordance to the changes of coating ESA with ageing of
RuO, sol (Fig. 12). The rate of loss of activity via Ru dissolution decreases as the
ESA increases or as the RuO, particle size decreases. In addition, the real current
density of Ru dissolution is distributed more regularly if the RuO, particles are
smaller, because they are more regularly packed throughout the bulk of the coat-
ing. Summarizing the above considerations, the anode with highest ratio of small
RuO;, particles, obtained with the RuO; sol aged for about 40 h, was the most sta-
ble due to it having the largest ESA.

The anode was more stable if the ageing time of the TiO; sol increased or if
the TiO, particle size increased, due to similar consideration as in the case of the
variation of the ageing time of the RuO; sol.

1,(Ti0,) / h

10 20 30
1100 T T T

1000

Fig. 18. The dependencies of RuO,—
—TiO,/Ti anode durability obtained by
an accelerated stability test (AST) (elec-
trolyte: 0.50 M NaCl, pH 2, j =2.0 A
cm2, 33 °C) on the ageing time of RuO,
and TiO, sols used for the anode prepa-
80 100  ration. (Reprinted with permission of El-
sevier).2?
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6.1. The mechanism of anode deactivation

In order to gain further insight into the wear mechanism, anodes with thin
sol—gel or thermally prepared coatings were investigated in more detail when
approaching the end of their service life.36 The time dependences of the anode
potential and the appropriate differential curves for the anodes with thin coatings
prepared by sol—gel and thermal procedure are shown in Fig. 19. The current den-
sity was lower than in the tests shown in Figs. 17 and 18, in order to obtain well
resolved wear steps at the end of the service life of the anodes. Two distinct re-
gions in the plots in Fig. 19 can be seen. In the period below 29 h, the anode ope-
ration is stable. The potential has a stable value not exceeding the initial value by
more than 20 %. The potential increased slightly during the first few hours of the
AST, which could be the consequence of the presence of evolved gas bubbles at
the anode surface. Tumultuous anode disordering is observed after 29 h as a con-
tinuous increase in the potential. The service lives of both the sol-gel and ther-
mally prepared anode were practically the same, which was not the case with thick
coatings, when the sol-gel procedure provided coatings with a longer service life
(Fig. 17). The increase in potential and the rate of increase in potential were quite
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similar for both the sol-gel and thermally prepared anode up to 30.7 h of AST,
but a difference in the change of potential values was seen after this time. The rate
of increase in potential of the thermally prepared anode was constant, being
around 0.1 V min~!, while the rate of the change in potential values of the sol-gel
prepared anode considerably increased. These observations at the end of anode
service life indicate a different deactivation mechanism for the anodes prepared
by the sol—gel and thermal procedure.

40 o
| —O— sol-gel procedure /
N 3.0 |- —®— thermal decomposition /é‘
28 ,l!')!;oo
e
10L
o Fig. 19. The change of anode po-
o4l O/ tential as a function of time during
" / AST for RuO,—TiO,/Ti anodes pre-
E I pared by the sol—gel procedure and
= °2r J thermal decomposition. Electrolyte:
0 ;!d,." 0.50 mol dm— NaCl, pH 2, 25 °C.
0.0 Iooo R R —oo- 8O- Ua—e, T Current density: 700 mA cm > (Re-
0 T ' 20 ' 30 31 printed with permission of Else-
ST vier).36

6.2. The changes in electrochemically active surface area during deactivation

The changes in electrochemically active surface area of the coatings during
AST are presented by the data given in Fig. 20, which shows the changes in
apparent capacitances, calculated for a 1 V potential window from the cyclic vol-
tammograms registered during AST and normalized to the apparent electrode
surface area. After a period of 29.7 h of AST, the capacitance of both the sol—gel
and thermally prepared anode increased in comparison to the capacitance Regis-
tered before AST. This could be explained by an increase in the real surface area
of the coating. As the Ru species from the coating surface undergo dissolution
during AST, the coating roughness increased, while the orifices of pores and cracks
became wider. This makes the inner parts of the coating more accessible to the
electrolyte. Assuming that the thermally prepared coating consisted of larger par-
ticles than the coating prepared by the sol—gel procedure,* the increase in coating
roughness is more pronounced and the electrolyte penetrates more easily to the bulk
of thermally prepared coating. This should lead to a more pronounced increase in
capacitance of the thermally prepared coating for fasr =29.7 h. For AST times
between 29.7 and 30.5 h, the capacitance decreased. During this short period, the
intensive dissolution of Ru species leads to a considerable decrease in the number
of active sites in the coating, i.e. electrochemically active surface area of the coating.
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The essential difference in the C—tast dependencies for the sol-gel and ther-
mally prepared anode appeared for zast larger than 30.5 h. While the capacitance
of the sol—gel prepared anode continuously decreased going towards the end of its
service life, the thermally prepared anode maintained the capacitance value regis-
tered for z4st = 30.5 h. In this period, more reliable capacitance data for the ther-
mally prepared anode are obtained by impedance measurements (see Section 6.4).
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, ) ) ) mograms recorded in 1.0 mol dm™
00 295 30.0 30.5 31.0 HCIO, during AST (Reprinted with per-
bsr /D mission of Elsevier).3¢

6.3. The loss of electrocatalytic activity

Polarization measurements in both NaCl and HCIO4 solution showed that
the time of subjection of an anode to AST influenced the current, the Tafel slope
and the potential range of the Tafel dependences. The apparent current density of
chlorine evolution at a potential of 1.15 V, as well as the Tafel slope obtained
from E-log j dependencies corrected for pseudo-ohmic resistance, and the values
used for this correction are shown as function of fasT in Fig. 21. Generally, the
current decreased with z4gT, while the Tafel slope and pseudo-ohmic resistance
increased for both the sol-gel and thermally prepared anode, as a result of anode
deactivation. Similar dependencies were obtained for oxygen evolution from an
HCIOy solution.

As can be seen, the current—AST time dependences (Fig. 21a) are similar to
the anodic C—fasT dependencies (Fig. 20). There was an initial increase in the
current density with 7451, followed by a decrease as the anodes approach the end
of their service life. The initial increase was more pronounced for the sol—gel
prepared anode than for the thermally prepared one, which is opposite to the change
in capacitance. In addition, an almost three times higher current density was re-
gistered before AST for the anode prepared by thermal decomposition. This be-
havior could be due to the larger number of active sites that participate in the
0,/Cl, evolution reaction,*> owing to the wider cracks and pores of the thermally
prepared anode.
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Fig. 21. The changes in current density at potential 1.15 Vgcg and Tafel slope registered by
polarization measurements in 0.50 mol dm= NaCl, pH 2, (a) and pseudo-ohmic resistance
used for correction of Tafel dependencies (b), during the accelerated stability test.
(Reprinted with permission of Elsevier).3

According to the theory of porous electrodes,*> the overvoltage exponentti-
ally decreases going from the surface toward the bulk of the porous layer. The
decreasing function depends on the layer morphology. Considering layers of the
same thickness but of different porosity and/or tortuosity, active sites at different
distances from the surface are at different overvoltage values. The higher current
densities registered for the thermally prepared anode before AST means that a
larger number of inner active sites contribute to the reaction than in the case of
the sol—gel prepared anode. Since the thermally prepared anode had wider pores
and cracks, there is a better access of the electrolyte to the inner active sites of the
thermally prepared anode and an easier release of gas bubbles from the pores and
cracks. With the sol—gel prepared anode, only the active sites situated at the sur-
face of the coating participate in reaction because of the narrow pores and cracks.

The increase in current density registered for both the sol-gel and thermally
prepared anode for 1457 =29.7 h (Fig. 21a) is due to an increase in the coating
roughness. This initial period should be thus considered as an “opening of the in-
ner coating structure”. Once the inner coating structure is “opened”, progressive
dissolution of the active Ru species occurs, resulting in a decrease in the total
number of active sites. For £aosT between 30.5 and 30.8 h, the current density for
the thermally prepared anode decreased considerably, while the sol-gel prepared
anode maintained the activity registered for z45T = 30.5 h. This indicates a larger
inner electrochemically active surface area of the sol—gel prepared coating, due to
the more homogeneously dispersed oxide catalyst within the coating bulk.

As can be seen in Fig. 21b, the deactivation process during AST was also
followed by a continuous increase in the pseudo-ohmic resistance within the coat-
ing. Similar values of the pseudo-ohmic resistance were obtained for both the
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sol-gel and thermally prepared anode during AST, except at the end of the ser-
vice life. For AST times longer than 30.7 h, a more pronounced increase in the
pseudo-ohmic resistance was registered for the thermally than for the sol—gel pre-
pared anode.

6.4. Impedance characteristics during the deactivation

The complex plane plots of the EIS data registered in 1 mol dm—3 HCIO4 dur-
ing AST for the sol-gel and thermally prepared anode are shown in Fig. 22 and
Fig. 23, respectively. The results of a fitting procedure are presented by the lines.
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Fig. 22. Complex plane plots of the EIS data registered for the sol-gel prepared anode in
1.0 mol dm™ HCIOy at a potential of 1.25 Vgcg (a and b) during AST and at 0.50 Vg (c and

d) before (0 h) and after (31.1 h) of AST; a,c — whole frequency range and b,d — high
frequency range. (Reprinted with permission of Elsevier).3¢

A semicircle at low frequencies was registered at a potential of 1.25V,
which is associated with charge transfer in the oxygen evolution reaction (Figs.
22a and 23a), while a capacitive-like response was seen at a potential of 0.50 V
(Figs. 22¢ and 23c¢). As can be seen in Figs. 22b and 23b, the continuous deacti-
vation of both the sol-gel and thermally prepared anode during AST is mani-
fested by the appearance of a growing semicircle in the high-frequency domain of
the complex plane plots. In addition, there are simultaneous changes in the dia-
meter of the low-frequency semicircle (Figs. 22a and 23a). The appearance of a high-
-frequency semicircle and the difference in the EIS data from the low-frequency
domain, caused by anode deactivation, was also registered at 0.50 V. The similar
values of the diameters of the high-frequency semicircle registered at different



ACTIVATED Ti ANODES PREPARED BY THE SOL-GEL PROCEDURE 1 103

potentials (1.25 and 0.50 V) after the same AST time (31.1 h) mean that the cor-
responding resistance was not due to a charge transfer process. Although the changes
in EIS behavior during AST are similar for both the sol-gel and thermally pre-
pared anode, the difference in characteristics of the registered semicircles as well
as in the capacitive behavior at 0.50 V is obvious.
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Fig. 23. Complex plane plots of EIS data registered for the thermally prepared anode in
1.0 mol dm™ HCIO, at a potential of 1.25 Vg (a and b) during AST and at 0.50 Vgcg

(c and d) before (0 h) and after (31.1 h) AST; a,c — whole frequency range and
b,d — high frequency range. (Reprinted with permission of Elsevier).3¢

The complex plane plots of EIS data registered in 0.50 mol dm3 NaCl, pH 2,
at a potential of 1.15 V, before and after AST for both the sol-gel and thermally
prepared anode are shown in Fig. 24. A semicircle is seen before AST in the high-
-frequency domain, which relates to charge transfer in the chlorine evolution re-
action. At lower frequencies, a straight line follows the semicircle. By fitting pro-
cedure using the Randles—Shevchik equivalent circuit with a constant phase ele-
ment instead of a Warburg element, the values of the n parameter between 0.49 and
0.55 were obtained. This indicates diffusion limitations to the charge transfer process.

The diameter of the semicircle registered before AST for the thermally pre-
pared anode was larger in comparison to that for the sol—gel prepared anode (Fig.
24). This indicates the greater activity of the sol-gel prepared anode for the chlo-
rine evolution reaction, contrary to the higher apparent current density registered
for the thermally prepared anode by polarization measurements (Fig. 21). This
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observation supports the conclusion that the higher current densities of the ther-
mally prepared anode were due to the wider pores and cracks of this anode.

5~
sol-gel procedure Somnz 251 C thermal decomposition
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Fig. 24. Complex plane plots of EIS data registered for the sol-gel (a and b) and thermally

(c and d) prepared anode in 0.50 mol dm > NaCl, pH 2, at the potential 1.15 Vgcg
before (0 h) and after (31.1 h) AST. (Reprinted with permission of Elsevier).3¢

As a consequence of anode deactivation, semicircles of considerably larger
diameters in comparison to those registered before AST are seen in Fig. 24. In
addition, the semicircles are shifted towards higher frequencies. Semicircles of
similar diameters were also registered at 0.50 V in NaCl solution after AST (not
shown), which implies that the semicircle related to charge transfer and that ap-
pearing as a result of anode deactivation are overlapped. In NaCl solution, the re-
sistance related to the high-frequency semicircle after AST is an order of magni-
tude greater than in HC1O4 solution (Figs. 22d and 23d), which suggests that this
resistance refers to the electrolyte in the pores (pore resistance, R,,) of an insu-
lating layer formed on the coating surface during anode deactivation. The ohmic
resistance, Rq is also an order of magnitude larger in NaCl solution (e.g., Figs.
22b and 24b). The sum of R, and R, as obtained by a fitting procedure*® of the EIS
data registered in NaCl solution, for the sol-gel and thermally prepared anode
after AST is 27 and 41 Q, respectively. These values are very similar to the va-
lues of the pseudo-ohmic resistance used for the correction of the Tafel plots (Fig.
21b), which confirms that Rp corresponds to the ohmic resistance of the electrolyte.

The part of the complex plane plots in Fig. 24 related to the diffusion limi-
tations differs for the anodes prepared by the sol—gel procedure and thermal de-
composition, as well as for the anode before and after AST. This means that the
transport of the reacting species involves diffusion through the electrolyte in the
coating pores. The diffusion limitations were more pronounced for the sol-gel
prepared anode than for the thermally prepared one, which indicates the wider
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pores and cracks of the latter. Due to anode deactivation, the diffusion tails for
both the sol—gel and thermally prepared anode commence at higher frequencies if
compared to the tails before AST, which indicates that the reacting species reach
active sites situated deeper in the coating.

6.4.1. Changes in the capacitive behavior

The best description of the impedance behavior of the active and deactivated
coatings at 0.50 V (Figs. 22 and 23) was obtained using a transmission-line equi-
valent electrical circuit (EEC).2 This kind of circuit indicates the capacitive res-
ponses of active sites situated on the outer and inner active surface, similarly to
Eqgs. (2) and (3). For the active (before AST) sol-gel and thermally prepared ano-
de, as well as for the deactivated (after AST) sol—gel prepared coatings, a first-
-order transmission line was used, Ro(Qout(Rp(QOin))) (the inscription according
to ref. 46), where Rq is the ohmic resistance of the electrolyte, R}, is the pore
resistance of the coating layer facing the electrolyte, while Qg and Qjy, are cons-
tant phase elements (CPE) related to the capacitance of the coating outer and in-
ner active surfaces, respectively.

For the deactivated thermally prepared anode, a second-order transmission
line EEC was applied to describe the anode impedance behavior at 0.50 V. This
EEC indicates the separable EIS response of distinctive inner coating layers; hence
the circuit inscription is R(Qout(Rp(Qin(R’(Qin’)))))- R’ is the resistance closely
related to the pore resistance of the inner layer to which Qj, relates, while Qi is
the CPE related to the capacitance of an inner layer placed deeper in the bulk of
the coating.

The values of the parameters of the EEC elements are given in Table I. The
high R, values obtained for both the sol-gel and thermally prepared active coat-
ings indicate that the active surface of the inner coating is hardly accessible to the
electrolyte. A lower R, value was obtained for the thermally prepared anode,
which supports the conclusion that this anode consisted of wider pores and cracks
than the sol—gel prepared one, as concluded from the CV and polarization meas-
urements. Considering Oyt as the capacitance of the surface layer (n values close
to 1), values of 7.6 and 5.4 mF cm 2 (per apparent surface area) were calculated
for the sol-gel and thermally prepared anode, respectively. These values agree
with those registered by CV for 1451 = 0 h (Fig. 20), which confirms the difficult
electrolyte penetration to the active surface of the inner coating due to narrow
pores of high R, values. The sweep rate applied in the CV was rather high for the
active sites of the inner coating to be seen in the CV response. This is also seen
from Y values of Qj, for active coatings, with n values close to 0.5, which indi-
cate that Qj, represents not only the capacitive behavior, but also the fre-
quency-dependent diffusion processes in coating pores. Mobility of the ions of
different radii is different, and can be considerably slower within the pores than
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in electrolyte bulk.#7 This results in the formation of an instant electric micro-
-field within the pores, which slows down the faster ions and speeds up the slower
ones. At higher frequencies, the ions cannot follow the fast alternation of poten-
tial, which is seen as a diffusion limitation represented by the values of the » pa-
rameter close to 0.5.48 The value of Y i of the Qj, element indicates that almost
one-third of the active sites of the coating are hardly accessible to the electrolyte
(if Yo in is compared to Y( jn + Y0, out)-

TABLE I. Parameters of the equivalent electrical circuits used for the description of the

impedance behavior of the investigated anodes at 0.50 Vgcg in 1.0 mol dm HCIO, (Reprin-
ted with permission of Elsevier)3¢

Anode prepared by:
Parameter Sol-gel procedure Thermal decomposition
Before AST After AST Before AST After AST

Ro/Q 1.3 1.2 1.2 1.4
R,/ Q 994 3.9 926 5.2
R/Q - - - 360
Oout YO,Om/kQ'1 s" 6.0 0.12 42 0.095

n 0.93 0.78 0.93 0.80
Qin YO,in / kQ_l s 2.6 1.6 1.7 1.3

N 0.66 0.86 0.44 0.83
Qi Yoin /kQyl gn - - - 1.2

n - - - 0.40
2C/mF cm? 11.0 22 7.5 3.3

As the result of deactivation, Ry, and Yy of Qgy¢ considerably decreased for
both the sol—gel and thermally prepared coating (Table I), which is the cones-
quence of the dissolution of Ru species from the outer coating surface. The coat-
ing porosity increased but the number of active sites decreased. A lower Y value
of QOuyt was obtained after AST for the thermally prepared anode, which implies
a faster dissolution of Ru species from outer coating surface than in the case of
the sol-gel prepared anode. For the sol-gel prepared anode, the Yy of QOj, de-
creased, also for the same reason, but the decrease in the Y value of Qj, for the
thermally prepared anode was negligible. In addition, the n values of Qj, in-
creased after AST for both the sol-gel and thermally prepared anode, which sup-
ports the fact that the electrolyte penetrates to the inner active sites of deactivated
coatings easier than to those of the active coatings. It can be seen that the sum of
the Yy values of Qj, and Qj,” for the deactivated thermally prepared coating
(2.5 k1 §) is considerably higher than the Yy value of Qj, for the deactivated
sol-gel prepared coating (1.6 kQ~1 s”), despite the lower Yy value of Qj, for the
thermally prepared coating before AST (1.7 k@1 s”). This shows that Ru disso-
lution prevails at the inner active surface of the sol-gel prepared coating, which
is not the case for the thermally prepared coating. As a consequence, a conside-
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rably greater number of active sites remain on the inner active surface of the ther-
mally prepared coating than on the inner active surface of the sol—gel prepared
coating. This is also seen from the values of the overall coating capacitance, ZC,
given in Table I. The overall capacitance was calculated as the sum of the Y
values of Qgut, Oin and Qjy’, since these elements are in parallel. A larger XC
value was obtained for the sol-gel prepared coating before AST than for the ther-
mally prepared one, but the reverse was obtained after AST.

The resistance registered after AST for the thermally prepared anode, being
the sum of R, and R’ (365 Q), was considerably greater than the R, of the sol-gel
prepared anode (3.5 Q2), although the thermally prepared anode consisted of wider
pores and cracks. This increased resistance could only be due to an insulating
TiO; layer growing in the coating/substrate interphase.

6.4.2. Pore resistance and charge transfer resistance during deactivation

The impedance behavior of active coatings at 1.25 V (Figs. 22 and 23) is de-
scribed through the simple EEC Rq(RtQ), where R is the charge transfer re-
sistance and Q is the CPE related to the coating resistance. As the active sites from
the coating surface dissolve during AST, the EEC should be transformed into
RO(RpQout)(Ret,inOin)- The physical meanings assigned to the EEC elements are
based on the assumption that charge transfer at the deactivated anodes occurs
mostly at the inner active sites, since the active sites disappeared from the outer
surface during deactivation. Boodts and coworkers used a similar EEC to simul-
ate the behavior of deactivated oxide coatings of different composition.?-18

The changes in Ry, Rt (i.e., Retin) and the coating capacitance of both the
sol—gel and thermally prepared anode during AST are given in Fig. 25. The coat-
ing capacitance was calculated with Oyt and Qjy in series. The changes in the
coating capacitance are similar to the changes seen in Fig. 20. Since R, does not
depend on the anode potential, the R, value for the active coating was taken from
the EIS measurements at 0.50 V (Table I).

The Rt value for the thermally prepared anode is higher than the value ob-
tained for the sol-gel prepared anode, which indicates a higher activity of the lat-
ter. In the AST period below 29.7 h, R¢t and R, considerably decreased. As the
surface active sites dissolved, the pores and cracks became wider and a larger
number of active sites from the inner active surface are exposed to the electro-
lyte. The charge transfer resistance is Rctin, owing to the effect recognized in
Section 3.3 as the “opening of the inner coating structure”. Once the inner active
sites are opened for electrolyte penetration, they begin to dissolve, which results
in the increase in Rt and Ry, for the AST period between 29.7 and 30.1 h. In the
AST period between 30.1 and 31.1 h, the opening of the subsequent inner active
surface, placed deeper into the bulk of the coating, is seen for sol-gel prepared
anode as an additional decrease and subsequent increase in Ry, while R}, continu-
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ously increases. This effect was not seen for the thermally prepared anode. The
significantly greater R¢; value after AST (31.1 h) was caused by the increasing
content of TiO; in the coating/substrate interphase of this anode during AST.

1000,

7 .
——-A-R, A 1200
. ,

a / 4150

j

o i Fig. 25. The change in the pore re-
— sistance, Ry, charge-transfer resis-
Al b . | tance, Ry, (a) and coating capa-

citance, C, (b) during AST for
RuO,-TiO,/Ti anodes prepared
by the sol-gel procedure and ther-
mal decomposition. Empty sym-
bols: sol-gel procedure, solid sym-

log (C/ mF cm?)

o
=

: % 70 G 35 bols: thermal decomposition. (Re-
' ' /h ' ' printed with permission of Else-
tAST vier).36

The obtained results show that the first stage in the deactivation mechanism
for both the sol-gel and thermally prepared anode was Ru dissolution from the
surface layer of the coating. In the case of the thermally prepared anode, the pa-
rallel progressive oxidation of the Ti substrate occurred in the subsequent stage,
which additionally enlarged the insulating TiO, layer in the coating/substrate in-
terphase. For the sol—gel prepared anode, this parallel process was less pronoun-
ced. This difference could explain the fact that the sol-gel prepared anode lasted
longer in NaCl electrolysis, as was registered earlier, especially when thick coat-
ings are considered.23.28

6.5. The stability of the ternary RuO»-TiO»—IrO; coating

The stability to ATA can be improved by the addition of IrO;, which is be-
lieved to be more stable against dissolution during simultaneous vigorous oxygen
evolution.!” For this reason, commercial activated titanium anodes, available for
cathodic protection purposes contain iridium oxide in small amounts, in addition
to ruthenium and titanium oxide. Particularly, a good activity of ATA in seawater
is important for their application in cathodic protection. The results of accelerated
stability test performed in seawater on a ternary and a binary coating are shown
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in Fig. 26, as the time dependence of the anode potential at a constant current
density. Since IrO; is more stable during the simultaneous evolution of oxygen
and chlorine, the durability of the ternary coating was longer than that of the bi-
nary coating. A tentative explanation for considerably larger stability of the ter-
nary coating could be as follows. The reactions of RuO; dissolution and oxygen
evolution proceed in parallel.!! The mechanism for RuO, dissolution could be:

RuO; + H)O — RuO,—OH + H* + ¢~ %)
RuO,—OH=RuO3 + H" + ¢~ 6)
RuO3 + Hb O =RuO3-OH +H" +¢" @)
RuO3-OH = RuO4+ H" + ¢~ (8)

while for the oxygen evolution reaction, the proposed mechanism!! suggests that
Steps (7) and (8) should be replaced by:

2RuO3 = 2Ru0, + O, 9)

The Steps (5) and (6) are the same for the two mechanisms, with the forma-
tion of RuO,—OH, Step (5), as the rate-determining step. The species in the sub-
sequent Steps (7)—(9) decompose giving either oxygen or RuO4, which is soluble
in acid solutions. However, when IrO, is present in the coating, oxygen evolution
occurs mainly at the IrO, active sites. This hinders the decomposition reactions
on the RuO; active sites and considerably extends the service life of the coating.

12 - . —
TifTi  ;Ru, O,

at - [T, Ru,ir, 0

030172

Fig. 26. Time dependences of the po-
tential of the sol-gel anodes with ternary
and binary coating during the accelerated

0 T T u T E T

o E 10 15 20 Stability test in seawater at a current density
tsr/h of 0.60 A cm2.37
CONCLUSIONS

The results obtained in investigations of activated titanium anodes prepared
by the inorganic sol-gel procedure are reviewed. Microscopic investigations of
oxide sols and coatings showed that the ageing time of the sols defines the coat-
ing morphology and, consequently, the electrochemical behavior of a coating.
Better electrochemical characteristics, including anode stability in electrolysis, was
registered for a combination of small RuO; and large TiO; particles.
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Anode deactivation is manifested by an increased coating resistance and by a
deceased electrochemically active surface area. The increase in the coating resis-
tance is more pronounced for traditional thermally prepared coatings, while sol—
—gel prepared coatings show a more pronounced decrease in the electrochemi-
cally active surface area. The initial increase in coating resistance is caused by
the dissolution of Ru species from the coating surface facing the electrolyte,
which restricts the coating activity to the active sites of the inner coating. For the
thermally prepared anode, there is additional increase in coating resistance due to
the enlargement of an insulating TiO,-rich layer in the coating/substrate inter-
phase. This enlargement is considerably less pronounced during the deactivation
of sol—gel prepared anodes. Thus, the main cause for deactivation of a thermally
prepared anode is a TiO, layer in the interphase, while the dissolution of a Ru
species prevails in the deactivation process of sol-gel prepared coatings, which
makes the coating surface layers enriched in TiO,.

Investigations of a ternary, sol-gel prepared RuO,-TiO,-IrO; coating on ti-
tanium showed that it has similar basic electrochemical properties as a binary
RuO,-TiO; coating. However, the results of an accelerated stability test on the
binary and ternary coating showed that the ternary coating was considerably
more stable during exploitation in seawater than the binary one. This is the con-
sequence of the greater stability of IrO, under vigorous oxygen and chlorine evo-
lution in comparison to RuO;. This fact makes the ternary coating a better can-
didate as the anode in real applications for cathodic protection.
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U3BO/J

TUTAHCKE AHOJAE AKTUBUPAHE OKCH/IHOM ITPEBJIAKOM
JOBUJEHOM COJI-TEJI IOCTYIIKOM

BJIAJIUMUP B. TAHUR' u BPAHUCIIAB XK. HUKOJIUR?

THTM — Lenitiap 3a eaeximipoxemujy, Bbezowesa 12, Beozpad u °Texnonouiko—meimianypuiku (axyaiiei,
Kaprezujesa 4, Beozpao

VY pany je mar je mperjeq CBOjcTaBa aKTHBUPAHUX THTaHCKUX aHoAa, RuO,—Ti0,/Ti u RuO,—
—Ti0,—IrO,/Ti, moOHjeHNX CON-TelN MOCTYNKOM OJ HEOPTraHCKUX OKCHAHUX conoBa. RuO, u TiO,
CoNoBH J00ujeH: cy (OpCHpPaHOM XHIPOJIM30M OJAroBapajyhux xjmopuaa mMerana y KHCENoj cpe-
muHE. Mopdornoruja noOujeHHX CoNoBa MCIHMTHBAHA je TPAHCMHUCHOHOM EJIEKTPOHCKOM MHKpO-
ckonujoM. Xemujcku cataB RuO, cona HCIMTHBAH je AU(PaKINjoM X-3paKka U TepMOTIPaBUMETPH]-
CKOM aHaIM30M. MexaHn3aM ryOuTKa enekTpokaTanuTrike aktuBHoctH RuO,—Ti0,/Ti anona nc-
MUTHBaH je mpahemeM MpoMeHa eJICKTPOXEMH]CKUX CBOjCTaBa aHOJE y peaKirjaMa U3Bajama XJo-
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pa ¥ KHCEOHHKA, Kao ¥ Ha MOTEHIHjally OTBOPEHOT KOJIa, TOKOM JAerpajaanmje aHoae. OBe elxeKkTpo-
XEMHjCKE KapaKTEePUCTHKE aHOJE MCIUTUBAHE CY METOJaMa LIUKIMYHE BOJITAMETPH]E, CIIEKTPOCKO-
MUje eNEeKTPOXEMHUjCKe MMIICAaHIUje U HOJIApH3aLHOHUM MepembnMa. [IpoMeHe y eneKTpoxeMuj-
CKHMM CBOjCTBHMa aHO/Ie JOOMjeHE CON—Tel MOCTYIIKOM MopeljeHe ¢y ca mpoMeHama Koje Cy peruc-
tpoBaHe 3a RuO,-TiO,/Ti aHony noOWjeHy TpaJWIMOHAIHHM ITIOCTYIKOM TEPMHUUKE Pas3rpajmbe
xJjopuaa Merana. Ha OCHOBY OBHMX MCIUTHBamba MPOM3MIA3H J1a je OCHOBHU y3pPOK I'yOHTKa eJeK-
TPOKAaTaJIMTHYKE aKTUBHOCTH aHOJE JOOMjeHe COJ-Tel HOCTYIKOM CJIEKTPOXEMHU]CKO pacTBapame
RuO,, mok je y3pok nmerpamandje aHome AOOWjeHE TEPMHUYKOM PasTPalmOM PAacT HEMPOBOIHOT
TiO, cmoja y mehydasu mpesnaka/Turtancka mojuiora. Pesynratu yOp3aHoOr Tecta CTaOMIHOCTH
RuO,-TiO,/Ti n RuO,-TiO,-IrO,/Ti aHOzme moKa3yjy na je TpojHa NpeBlaKa 3HATHO CTaOWMIHU]ja
0J1 IBOjHE, 300T Behe cTaOMITHOCTH OKCHAA UPUIHjyMa Y mopelermby ca OKCHIOM pyTEeHHjyMa.

(ITpumubeHo 3. MapTa, peBuaupano 2. centembpa 2008)
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Abstract: The reaction between NaAsO, and oxalic acid was studied by pH-met-
ric and conductometric measurements, applying the methods of continual va-
riation and pH-metric and conductometric titration. It was found that oxalic
acid forms a complex anion of the type [AsOC,04]". The relative stability cons-
tant of the complex at ionic strengths, 7, of 0.10 (log K, = 4.70), 0.20 (log K, =
=4.51), 0.50 (log K, = 4.24) and 0 (log K?=5.05) and thermodynamic para-
meters were calculated using the data obtained by pH-metric measurements at
25.0+0.1 °C (AH = 10.5 kJ mol'!, AG = -29.0 kJ mol"!, AS = 133 J mol"! K-1).

Keywords: arsenic(IIl); oxalic acid; complex; conductometry; pH-metry.

INTRODUCTION

Literature data are available for Mo(VI) and W(VI) complexes, i.e., com-
plexes of a metal in the form of an oxyanion, with different monobasic acids
(HAc), such as formic, acetic, propionic and ascorbic.!=3 The ligand to metal ra-
tio in these complexes, [WO3Ac;]?~ and [MoO3Ac;]?, is 2:1. With oxalic acid,
Nap;WO4 and NapMoQOy form [WO3C,04]2~ and [M0oO3C,04]%~ complexes, res-
pectively.# Tetracycline (H3Tc) forms the complexes [WO3(HT()]2-, [WO3(HoTo)o]
and [MoO3(H;,T¢),]? in the reaction with NayWO4 and NayMoQy4.5 Also, NayHAsO4
forms a complex with oxalic acid which has the formula [HAsO3C,04]% and a
relative stability constant of log K = 5.50 at an ionic strength / = 0 and 25 °C.6
With monobasic acids (HAc), i.e., formic, acetic and propionic acid, NaAsO;
forms [AsOAc,]~ complexes.” With the carbonate ion, it forms the [As(OH),CO3]~
complex, starting from the As(OH)3 form of the As(III) acid.8

* Corresponding author. E-mail: ssunaric@medfak.ni.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC08111130
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All the above-cited results were obtained by pH and conductometric measu-
rements and methods, as in this work.

However, no literature data exist on the complex formed between NaAsO;
and oxalic acid.

According to literature data,”!0 different forms of As(Ill) acids exist in aque-
ous solutions, i.e., H3AsO3, HAsO,, As(OH)3, AsO(OH) and H3[As(OH)g]. The
acids of As(III) have not been isolated as pure acids, liquid or solid. The disso-
ciation constant of arsenite acid in the form of HAs(OH)4 or HAsO», at 25 °C and
the ionic strength 7 =0, is pK; = 9.22, 9.08 or 9.3, depending on the author.10 The
theoretical calculated dissociation constant of HAsO, is pK; = 10.01 at 25 °C.!!
According to new data, pK; for H3AsO3 is 9.22 or 9.25 at 25 °C.12 In alkaline
solution, the m-arsenite ion, AsO3 , is present.’

The dissociation constants of HyC>Oy4 are Kj = 5.6x1072 and K, = 5.4x10-°
at 25 °C and ionic strength /= 0.13

The aim of the present work was to investigate behavior of the NaAsO,—oxa-
lic acid system, in which As is trivalent. The inorganic forms of arsine are more
toxic than its complex organic compounds, especially the trivalent form-arsenite.
Arsenic compounds are present in the environment and in biological systems. For
most humans, the greatest single exposure source is through food and water. Oxalic
acid and oxalates are present in many plants and vegetables. Therefore, studies of
reaction of arsenic compounds with oxalic acid can help in the understanding of
the biogeochemistry, toxicity and metabolism of arsenic compounds.

EXPERIMENTAL
Apparatus

A Jenko pH-meter 6071, calibrated with Sigma buffers of pH 7.00 and pH 4.00, was
used for the pH measurements. The conductivity was measured using a Hanna Instruments
conductometer. The solutions were thermostated using a Sutjeska thermostat with temperature
regulation +0.1 °C.

Reagents and solutions

The oxalic acid (H,C,04-2H,0, Lafoma) solutions (0.20 mol dm™3) were standardized by
potentiometric titration with NaOH. The concentrations of the NaAsO, (Merck) solution
(0.040 mol dm=3) were determined gravimetrically. The NaCl solutions (2.5 mol dm?) were
prepared by dissolving the required amount of dry NaCl (Merck). All reagents were of p.a.
quality. The deionized water was used for preparation of the solutions.

For the determination of the composition of the complex using the Job method and by
pH metric and conductometric measurements, solutions of NaAsO, and H,C,04 of initial
concentration 0.020 mol dm= were prepared.

NaCl solutions of initial concentrations 2.5, 0.50 and 0.10 mol dm™ were employed for
maintaining the ionic strength of the solutions constant during the pH measurement.

For the pH-metric and conductometric titrations, H,C,0,4 and NaAsO, solutions of initial
concentration 0.20 and 0.020 mol dm™3, respectively, were used.
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Measurements

For the conductometric and pH-metric titrations, a series of experimental solutions in
volumetric flasks were made. Each of the solutions contained an aliquot of 0.20 mol dm
H,C,04 and 25 cm? of 0.020 mol dm™ NaAsO,. Deionized water was added to obtain a total
volume of 50 cm?.

The compositions of the complex formed from oxalic acid and NaAsO, was determined
by the Job method!? using the pH-metric and conductometric measurements described in pre-
vious papers. 6.7

The base of these methods is the reaction of complex formation in which H of the ligand
is a direct component of the reaction, as in the case of the oxalate complex with Na,HAsOy,
i.e., with HAsO™:

HAsO} +2H* + C,05 — HAs0;C,03 + H,0 (1)

which was cited in previously papers.!>#7 In this reaction, the change of the H' concentration,
i.e., pH, is a measure of the amount of formed complex. Also, a change of the solution con-
ductivity is caused by a concentration change of the very mobile H*, as well as of other ions,
i.e., the conductivity change is also a measure of the amount of complex formed.*%7 Since in
the reaction solution all the present H" exert an influence on the pH and on the conductivity,
together with all the other ions present, the change of pH and of conductivity during Reaction
(1) can be calculated using measurements of pH and conductivity of the following three
solution systems:

a) x cm? of the initial H,C,0, solution and (50 — x) cm? of the initial NaAsO, solution,

b) x cm? of the initial H,C,0, solution and (50 — x) cm? of water and

¢) (50 —x) cm3 of the initial NaAsO, solution and x cm? of water.

In the series of solutions a, b and ¢, x was varied from 5 to 45 cm3. In order to calculate
the relative stability constant of the complex, the experiments were performed at different
ionic strengths. Measuring the pH values of the solutions for ionic strengths of 0.10, 0.20 and
0.50 mol dm3, Job curves were constructed. The initial solutions of NaAsO, and H,C,0,
were 4.0x10"2 mol dm3and that of NaCl 0.50, 1.0 and 2.5 mol dm™, for the preparation of
solutions with ionic strengths 0.10, 0.20 and 0.50 mol dm3, respectively. Three series of solu-
tions systems were made:

d) xcm? HyC,0,, 10 cm® NaCl and (25 — x) cm? NaAsO,,

e) xcm? H,C,0,, 10 cm? NaCl and (25 — x) cm? water and

f) (x+ 15) cm3 water, 10 cm3 NaCl and (25 — x) cm3 NaAsO,.

In these solutions, x was varied from 2.5 to 22.5 cm?® and deionized water was added to a
final volume of 50 cm?3.

The pH and conductivity were measured after thermostating the solutions for 24 h at 25 °C.
Also the pH values were measured for solutions with / = 0.10 mol dm, at 20 and 30 °C, to
determine the thermodynamic parameters of complex formation.

RESULTS AND DISCUSSION

The results given in Table I show that the solutions of the mixtures of
NaAsO, and HyC,O4 (a) have higher pH values than the corresponding HyC>O4
solutions (b), analogous to reactions with other complexing agents, as well as
oxalate, as explained in previous papers*%7 and Reaction (1). The decrease in
the H" concentration can be ascribed to the following reaction:
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Na* + AsO; +2H* + C,05 — Na' + [AsOC,04] + HyO 2)

A reaction occurs between Czoézf, AsO; and H*. This reaction can
develop as a third-order reaction, but it is more probable that it develops as two
second-order reactions.

TABLE I. pH and conductivity (y) values of the solution mixtures: NaAsO, and H,C,0y4 (a),

H,C,04 and H,O (b) and NaAsO, and H,O (c). Concentrations of the stock solutions:
c(H,C,04) = c([NaAsO,) = 2x102 mol dm3. Total volume: 50 cm?3; ¢ = 25.0+0.1 °C

Solution
V/em3* a b c
pH 7/ mS cm! pH x/mS cm! pH z/mS cm’!

5 9.51 1.31 2.80 0.69 10.35 1.29
10 9.01 1.27 2.59 1.30 10.26 1.14
15 8.12 1.20 2.38 1.95 10.20 0.97
20 4.12 1.07 2.29 2.51 10.17 0.80
25 3.15 1.05 2.20 3.09 10.10 0.71
30 2.71 1.74 2.14 3.61 10.02 0.58
35 2.49 2.58 2.09 4.11 9.91 0.40
40 2.37 345 2.04 4.62 9.86 0.30
45 2.29 3.97 1.99 5.28 9.69 0.15

*Volume of the oxalic acid solution for mixtures a and b, and volume of deionized water for mixture ¢

The decrease in the H* concentration is proportional, according to Eq. (2), to
the quantity of the formed complex and was calculated using the equation:

Ac(H") = ca(H") = (cp(H") + cc(HT)) )

where c,(H"), c¢p(H") and c.(H") are the H" concentrations in solutions a, b and
c, respectively.

The change in conductivity, Ay, due to the formed H,O was calculated
according to the equation:

Ay=Ja= 0o+ 20 4)
where y,, v, and . are the conductivity of solutions a, b and ¢, respectively.

The dependencies of Ac(H") and Ay on the mole fraction of HyC,04 (x) are
shown in Figs. 1 and 2, respectively. The Job curves have a maximum at x = 0.5,
which indicates the formation of a complex in which the C2042f: AsO3 ratio is
1:1. This result is in agreement with Eq. (2). The results obtained for complexes
with monobasic acids (HAc) and NaAsO; in the literature,’ indicate the for-
mation of complexes in which molar ratio NaAsO;:HAc is 1:2. In the case that
only the neutralization reaction occurs:

NaAsO, + HAc — HAsO, + Na™ + Ac™ (5)

the molar ratio for monobasic acids, NaAsO,:HAc, must be 1:1 and for dibasic
acid, such as oxalic, NaAsO,:HyC>Oy4, 1:0.5.
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Fig. 2. Job curve obtained by
conductometric measurements.

Fig. 1. Job curve obtained by
pH-metric measurements.

The results of the conductometric titration (Fig. 3) are in agreement with those
obtained using the Job curve. An expressed equivalence point at the molar ratio
CzO%i:NaASOQ of 1:1 was obtained, indicating the formation of the AsOC,04
complex.

Second, not expressive, equivalent point which can be observed on the con-
ductometric titration curve (Fig. 3) corresponds to the NaAsO,:H,CrO4 = 2:1
molar ratio. The 2:1 molar ratio corresponds to an existence an acid—base reaction:

2Na® +2 AsO3 +2H' + C,05 — 2HAsO; + C,05 + 2Na* (6)

i.e., the neutralization reaction; it is dominant in excess NaAsO; but negligible in
excess HyCrOy, due to complex formation.

45
401
3.5:
3.0-.

2.5

x / mScm”

Fig. 3. Conductometric titration
of 2.0x102 mol dm= NaAsO,
(25 em?) with 2.0x10°! mol dm3
H»>C»04.

3
lem

Oxalic acid
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The conductometric titration curve which shows a slight increase in the con-
ductivity of the solution up to the first equivalence point (Voxalic acid = 1.25 cm3),
corresponding to the formation of the weakly dissociated arsenite acid, indicates
the occurrence of this reaction. Since the NaAsO; salt was used, it is more likely
that Reaction (6) occurs with HAsO».

The decrease in conductivity until the second equivalence point is a conse-
quence of the formation of the [AsOC,0O4]~ complex, because the number of ions
before and after the addition of oxalic acid remains practically the same, while
the mobility of [AsOC,O4] is smaller than that of AsO7 . After the second equi-
valence point, the conductivity of the solution increases because of the surplus
H»C,0y4. If only the acid—base reaction had occurred, the conductivity of the so-
lution would have started to increase immediately after the first equivalence point.
The reaction of complex formation (Eq. (2)) is independent of the form of the
arsenite acid.%10

On the basis of the above discussion, it can be concluded that arsenite acid is
formed when there is more NaAsO; than HyC>O4, whereas a complex formation
reaction occurs with increasing acid/arsenite ratio.

A pH-metric titration curve of a solution of NaAsO, with a solution of HyC7Oy4
is shown in Fig. 4. The equivalence point on the curve occurs when the ratio
NaAsO»:HrCyOy4 is 2:1, which indicates the formation of arsenite acid. This
means that, in addition to the complex formation reaction, a neutralization reac-
tion also occurs. This reaction was also evidenced by the results of the conduc-
tometric titration.

104

1 BN
9 N

N
\

pH

| Fig. 4. pH-metric titration of

: L, : : : : 2.0x102 mol dm3 NaAsO,

0 1 2 3 4 5 6 (25 cm?) with 0.20 mol dm
Icm3 H2C204.

Oxalic acid

The absence of a second equivalence point, corresponding to complex for-
mation, indicate that the second dissociation constant of HyC,Oy4, kp, and the
equilibrium constant, K., of the complex reaction have similar values, resulting




OXALIC ACID AND NaAsO,; REACTION 1 1 19

in a relatively long slope of the titration curve after the well-formed first equi-
valence point (Fig. 4).

Using the calculation method from previous papers’-14:16-18 and the data ob-
tained by pH measurements in solutions with a molar ratio HyC04:NaAsO; > 1
(pH < 2.9), the relative stability constant of the complex was calculated using
Eqgs. (7)—(12) for different values of the ionic strength, regulated by the corres-
ponding addition of a NaCl solution.

The equilibrium constant of the Reaction (2) is:

c(AsOC,04)c(H,0) c¢(H,0)
Ke = - 2- raC Rk Sy
C(AsO7)(CL0T )e(HN? " e(H™)
where K is the relative stability constant of the 1:1 complex ([AsOC;04]").
The relative stability constant was calculated according to the equations for

the total metal, ligand and H' concentrations and for the dissociation constants of
the ligand:

co(HoC204) = c¢(HyCr04) + c(HC,04) + ¢( CzOﬁ_) +c(AsOC,04) (8)

(7

o(H") = c(HC,03) +2¢(C,07) )
co( AsO; ) =c(AsO3 ) + c(AsOC,04) (10)
k= c(HCZOZ)c(HJF) (1)
c(H,C504)
2- +
k2 _ C(C204 )C(H ) (12)
¢(HC,03)

The total stoichiometric concentrations are marked by the subscript “0”.

The dissociation of HAsO, was neglected since the reaction of complex for-
mation occurs between the arsenite oxygen and the oxalate ion, according to Eq. (2).

The equilibrium constant, K, according Eq. (7), depends of the HT concen-
tration and can be calculated for the corresponding pH value.

The H' activity factor was calculated using the equation:

o T
log /> =0.509z [1 T O.ZIJ (13)
for the employed ionic strength, /.

The H' concentration was calculated from the pH and the H" activity factor
and used for the calculation of the concentration of the corresponding ions and of
the complex relative stability constant for three ionic strengths. On the basis of
the average values of K;, acquired from 5 repeated measurements at the given
ionic strength of the solutions, on the temperature 25+0.1 °C, the relative stability
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constant of the complex at / = 0, K, was graphically determined using the
equation:

log Ky =log K, —S\/Z (15)

The obtained results are given in Table II (log K, o = 5.05).

TABLE II. The average values of relative stability constants of the [AsOC,04]" complex for
different values of the ionic strength, 7; ¢ = 25+0.1 °C ; pH < 2.9; SD: standard deviation

I (K1 £SD)x10% log K 1
0.10 4.99+0.08 470
0.20 3.2240.07 451
0.50 1.74+0.04 424

In order to determine the thermodynamic parameters of the complex, mea-
surements of the pH of the solutions in which the NaAsO,:H,C,Oy4 ratio was 1:1
were made to make complex formation dominant. The thermodynamic parame-
ters of the complex were calculated from the values of relative stability constants
at 293, 298, and 303 K as the average value of three measurements. At constant
ionic strength of 0.10 these values are AH = 10.5 kJ mol~!, AS =133 J mol-! K-!
and AG = -29.0 kJ mol-! (298 K).

The obtained results are given in Table III and Fig. 5.

TABLE III. The average values of thermodynamic parameters for the complex reaction
obtained from three measurements; c(H,C,0,4) = c¢(NaAsO,) = 4.0x102 mol dm™3, 7= 0.10

T/K AG /kJ mol! AH / kJ mol! AS/J mol'! K-
293 —28.2 10.5 132
298 -29.0 10.5 133
303 -29.8 10.5 133
5.16
5.12
<
=]
2 508
5.04
T T T T T
3.30 3.40 350 Fig. 5. Temperature dependence of the logarithm of the

T'110° K" relative stability constant.
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The obtained values for log K; can be compared to the corresponding values
for oxalate complexes of W(VI) (log K; 7.52 and 6.45 at pH 4.55 and 5.55,
respectively), Mo(VI) (log K; 7.29 and 5.60 at pH 4.55 and pH 5.48,
respectively)* and As(V) (log K, 4.85 and 4.56 at pH 3.07 and 2.97,
respectively).® Since there is no significant difference in the log K; values, it may
be concluded that the interaction of the oxygen from the oxy anions and the H*
ion from the acid has a greater influence on the reaction than the type of metal in
the oxy anion.

U3BOJ

KOHAYKTOMETPUJCKA U pH-METPUJCKA UCIIUTUBABA
PEAKIMJE OKCAJIHE KMUCEJIMHE U NaAsO,

MUPJAHA B. OBPAJIOBUR!, CJIABULIA M. CYHAPURZ, CHEXXKAHA C. MUTUR' u JIPATAH C. BECEJJMHOBUR?
100ce 3a xemujy, [Ipupoono—mattiematiiuuiu axyaiteii, Buwezpaocka 33/224, Huw,
200dcex 3a papmayujy, Meduyuncku gaxyaitieits, Byaesap Op 3opana Bunbuha 81, Huut u
Dakyaitieiti 3a puauuky xemujy, ii. iip. 550, beozpao

Reaxunja NaAsO, ca oKcalHOM KHCEIMHOM HCIIMTaHa je mepermeM pH u mpoBOIBHBOCTH,
METOJOM KOHTHHYaJHe BapHjaiuje 1 pH-MeTpujcKuM 1 KOHAYKTOMETPHjCKUM TUTparijama. Nale-
HO je ja okcanHa kucenuHa rpaxu kommieke [AsOC,04]". Na ocHoBy pH-merpujckux mepema
H3padyHaTa je pelaTUBHA KOHCTaHTa CTaOMIHOCTH KoMmiulekca Ha 25+0.1 °C mpu joHCKMM jaun-
nama on 0,10 (log K = 4,70), 0,20 (log K = 4,51), 0,50 (log K; = 4,24) n 0 (log K. o = 5,05), xao u
TEpPMOIMHAMUYKY TIapaMeTpH peakilije KoMILIeKcupama Ha 25+0,1 °C (AH = 10,5 kJ mol!, AG =
=-29,0 kJ mol'!, AS =133 J mol"! K1).

(ITpumsbeno 10. janyapa, peeuaupano 15. maja 2008)
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Abstract: The fabrication of microstructured surfaces using biological tem-
plates was investigated with the aim of exploring of a facile and low cost ap-
proach for the fabrication of structured surfaces with superhydrophobic proper-
ties. Two soft lithographic techniques, i.e., replica moulding and nano-imprint-
ing, were used to replicate the surfaces of a biological substrate. Leaves of the
Agave plant (Agave attenuate), a cost-free biological template, were used as a
model of a biosurface with superhydrophobic properties. The replication pro-
cess was performed using two polymers: an elastomeric polymer, poly(dime-
thylsiloxane) (PDMS), and a polyurethane (PU) based, UV-curable polymer
(NOA 60). In the first replication step, negative polymer replicas of the surface
of leaves were fabricated, which were used as masters to fabricate positive po-
lymer replicas by moulding and soft imprinting. The pattern with micro and na-
nostructures of the surface of the leaf possesses superhydrophobic properties,
which was successfully replicated into both polymers. Finally, the positive re-
plicas were coated with a thin gold film and modified with self-assembled mo-
nolayers (SAMs) to verify the importance of the surface chemistry on the hy-
drophobic properties of the fabricated structures. Wetting (contact angle) and
structural (light microscopy and scanning electron microscopy) characterisation
was performed to confirm the hydrophobic properties of the fabricated surfaces
(> 150°), as well as the precision and reproducibility of the replication process.

Keywords: superhydrophobic surfaces; lotus-effect; replica moulding; nano-im-
printing; Agave attenuate.
INTRODUCTION

The fabrication of three-dimensional (3-D) nanostructured materials exhibit-
ing well-defined and controllable nanometre-scale features is one of the greatest
challenges that has faced chemists and materials scientists in last two decades.! A

* Correspondence: e-mail, dusan.losic@unisa.edu.au
doi: 10.2298/JSC0811123L
1123



1124 LOSIC

wide range of very expensive fabrication techniques have been developed in the
microelectronics industry, including deep and extreme UV photolithography, phase
shift photolithography, electron beam writing, focused ion beam lithography and
X-ray lithography.?2 To broaden the accessibility and diversify the capability of
nanofabrication techniques, alternative, simple and cost-effective techniques, such
as imprint lithography, soft lithography, capillary force lithography and polymer
transfer printing, have been developed.3# In particular, soft lithography, which is
based on a soft polymer mould, such as poly(dimethylsiloxane) (PDMS), has been
widely adopted for transferring patterns onto various surfaces and for the easy
replication of complex nanostructures (replica moulding) with a variety proper-
ties. It has also been applied in the manufacture of electronic and microfluidic
devices, optics and biosensors.5—0

Wettability is one of the fundamental properties of solid surfaces and con-
trolling the wetting of surfaces is an important problem relevant to daily life, agri-
culture, industry and fundamental research.” It is generally accepted that super-
hydrophobic and self-cleaning properties are based on the hierarchical roughness
of the surface on a micro and nano scale, combined with the chemistry of low
surface energy compounds.!0-12 Water forms spherical droplets on such surfaces
with a high contact angle (> 150°), and can easily roll of the surface taking with
it dust particles.!-10-13 Fabrications of synthetic superhydrophobic surfaces based
on polymers, metals, metal oxides, carbon nanotubes and waxes, which mimic
the properties of “lotus” surface, have been reported in recent years.814-18
Electrochemical oxidation, chemical etching, chemical and electrochemical depo-
sition, plasma etching, plasma deposition, laser ablation, chemical vapour depo-
sition (CVD) and sol-gel processing were the techniques commonly employ-
ed.1419-21 The general approach of these methods was the fabrication of micro-
to nano-structured surfaces combined with chemistry to decrease the surface ener-
gy. However, processing through many of these methods is expensive, time con-
suming, with problems of structural instability, difficulty in the control the for-
mation of the structure and complexity of scale up.

Biological materials and processes are a relatively new source of inspiration
for the design and fabrication of nano-structured materials.22-23 Many organisms
synthesize inorganic structures into intricate architectures with ordered micro-to-
-nano scale features, which cannot typically be replicated through laboratory syn-
thesis. Therefore, the use of cheap biological materials as templates for the en-
gineering of structures at the nano scale is a promising and cost effective fabrica-
tion strategy. The superhydrophobic and self-cleaning properties induced by sur-
face roughness are widely adopted in nature, including plant leaves, butterfly wings,
water strider legs efc.824-25 Hundreds of different plants having the ability to
completely clean their leaves from contamination (dust particle, spores and pa-
thogens) by a simple rain shower or fog have been reported.2427 Among them, a
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most impressive example is the Lotus plant (Nelumbo nucifera) the superhydro-
phobic properties of which were the first documented and named as the “lotus
effect”.11

In previous studies it was demonstrated that unicellular algae diatoms, as
outstanding examples of micro- and nano-structured materials in nature, could be
used as templates for nanofabrication.28-31 The results revealed the possibility of
the generation of multiple copies of diatoms based on a replication process that
involved the use of the diatom nano-structured silica as a master mould and the
transformation of their structure into polymers or metals with unique optical and
separation properties.28-30 In the present work, this bio-inspired approach was
extended to the fabrication of micro- to nano-structured surfaces with larger di-
mensions using other biological substrates. The aim was to demonstrate a facile
method by applying biological templates, such as plant leaves, for the rapid fab-
rication of artificial superhydrophobic surfaces. A schematic diagram of the fab-
rication is outlined in Fig. 1. The leaves of Agave plant (Agave attenuate) were
used as a model of a structured biological template. The transference of the pat-
tern of the leaf was performed using a soft-lithography approach with two rep-
lication steps for the production of negative and positive replicas using two po-
lymers, i.e., poly(dimethylsiloxane) (PDMS) and a UV-curable polyurethane (PU)
polymer (NOA 60). The morphological and wettability properties of the surfaces
of the plant and fabricated replicas were investigated using light microscopy, field
emission scanning electron microscopy (SEM) and contact angle (CA) measurements.

Ageya Lesl Fig. 1. Schematic outline of the fab-

au rication of highly hydrophobic sur-

Replica \ faces by replication from biological
Moulding templates (Agave leaves). In the first

b d step the replica moulding process us-
ing Agave leaf surface (a) to fabricate
i ¢ negative replicas with two different

polymers including PDMS (b—c) and

1. Replica
G (negative) € PU polymer (d—e). In the second step,

Replica v the negative replicas were used to fab-
Moulding ricate positive replicas: PDMS was used
= BB v p for the preparation of PU positive rep-

lica (f-g) and PU for the preparation

f POMS v Imprinting  of PDMS positive replica where the im-
i 2. Replica PU . printing process was applied (h—i—j).

(positive) 11 The positive PU replicas were coated

9 PDMS v with a thin gold film and modified

lPFDT/Au/PU % i with 1H,1H,2H,2H-perfluorodecanethiol

(PFDT) (k) to improve their hydro-

k phobic properties.
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EXPERIMENTAL
Materials

The leaves from Agave plant (Agave attenuate) were freshly collected from local garden
(Flinders University Campus, Adelaide, South Australia). To remove possible contaminants,
leaf samples were cleaned by running water, followed by rinsing with a stream of nitrogen. A
minimum of 50 mmx50 mm square areas of leaf were cut from several different regions and
the top side of the plant surface was used as a template for the replications. The poly(dime-
thylsiloxane) PDMS replicas were prepared from polymer precursor (Sylgard 184 parts A and
B) purchased from Dow Corning (USA). The polyurethane based (mercapto ester type) UV-
-curable polymer (NOA 60) was obtained from Norland Inc. (USA). 1H,1H,2H,2H-Perfluo-
rodecanethiol (PFDT) was supplied from Aldrich (Australia).

Fabrication

The replication process, which combined two soft-lithographic methods, i.e., replica mould-
ing and nano-imprinting, is schematically shown in Fig. 1. In the first step, replica moulding
or master processing was performed to replicate the leaf surface (Fig. 1a) into negative rep-
licas using two polymers, i.e., PDMS (Figs. 1b—1c¢) and UV-curable PU (Figs. 1d-1e). In the
second step, both negative replicas were used as masters for the fabrication of the corres-
ponding positive replicas to match the topography of the original plant surface. A replica
moulding process was used to prepare a PU positive replica (Figs. 1f~1g) using the PDMS
negative replica as the master (Fig. 1¢) and a nano-imprinting method was applied to fabricate
PDMS positive replicas (Figs. 1h—1j) using a hard PU negative replica as the stamp (Fig. 1e).

The replica moulding fabrication process was adopted from previous studies.>28 Briefly,
degassed poly(dimethylsiloxane) PDMS prepolymer (Sylgard 184 part A, base) was mixed
with a cross-linking catalyst (Sylgard 184 part B, a curing agent which consists of dimethyl,
methylhydrogen siloxane) at a 10:1 (w/w) ratio, then poured carefully over leaf samples and
cured for at least 6 h at 60 °C. After curing, the cross-linked elastomeric PDMS was peeled
from the surface and cleaned by sonication, water, and ethanol to remove any remains of the
leaf (Figs. 1b—1lc). A second negative replica was prepared by pouring UV-curable pre-
polymer (NOA 60) over leaf samples and curing under a UV lamp (4 = 365 nm). The precur-
ing process was carried out for 20 min followed by postcuring for at least 3 h. The polymer
mould was then peeled off the leaf, yielding the negative relief of the initial leaf surface (Figs.
1d—1e). The negative replicas were cleaned and reused for repeated replications.

A PU positive replica (Figs. 1f~1g) was prepared from a PDMS negative replica (Fig.
1¢), which was the mould (master). A PDMS positive replica was prepared by nano-imprint-
ing using a PU negative replica (Fig. 1e) as the stamp employing a previously described pro-
cedure.32 Briefly, the precured PDMS was uniformly dispersed on glass or another supporting
substrate. A small pressure of the stamp was applied on the PDMS film after an initial curing
for 2 h at room temperature. This was followed by complete curing for at least 8 h at 40 °C
(Figs. 1h—1j). When the curing process was completed, the PDMS film was separated from
the stamp (Fig. 1j). A thin gold film (= 10 nm) was deposited on the positive polymer replica
made of PU using the sputter deposition system (Anatech, USA). The gold-coated replica sam-
ples were modified with a self-assembled monolayer of 1H,1H,2H,2H-perfluorodecanethiol
(PFDT) by keeping the samples in 5 mM PFDT solution for 30 min, followed by gentle rins-
ing with ethanol and drying with a stream of nitrogen.33
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Characterisations

The static contact angles of water drops on the samples of the leaf surfaces and their re-
plicas were determined with a custom-built contact angle goniometer. Cut samples of 1 cm?
were affixed to a glass slide and a 5 pl droplet of high purity water (resistivity 18 MQ cm)
was applied to the surface. After 30 s, the droplets had equilibrated; digital images of the drop
profile (624x580 pixels, 8-bit monochrome) were captured with a progressive scan CCD ca-
mera (JAI CVM10BX). The contact angle was determined by in-house edge detection soft-
ware by drawing a tangent close to the edge of the droplet. The mean value of the obtained
contact angles was calculated from at least 10 individual measurements taken from different
locations on the examined substrates. Measurements were made at 22 °C and 40-50 % RH.

An optical microscope (Nikon) with a colour CCD camera and colour monitor, as part of
the Nanoscope IV, Multi Mode AFM system (Veeco, USA), was used for primary surface
observation of all the fabricated samples. Photographic images were taken by a camera con-
nected to the microscope and a PC. More details of the surface morphology of the prepared
samples were obtained by field-emission scanning electron microscopy, Philips XL 30 micro-
scope. The samples were mounted on microscopy stubs with a carbon sticky tape and coated
with a thin sputtered platinum layer (3—5 nm) to provide a conducting surface. The SEM im-
ages were acquired with accelerating voltages from 5-10 kV.

RESULTS AND DISCUSSION

Morphological and hydrophobic characteristics of Agave plant surface

Agave attenuate, a succulent plant from the large Agavaceae family, known
as “lion’s tail”, “swan’s neck”, or “foxtail” is one of the most attractive ornamen-
tal plants in indoor and outdoor gardens (Fig. 2a). The plant produces large giant
rosettes with smooth and pale green leaves of average size of about 10-20 c¢cm in
width and 50-80 cm in length. Water droplets in contact with the leaf surface
form nearly spherical beads, as shown in Fig. 2b (inset). The static contact angle
of a water drop placed on the leaf surface was measured as 155+3°, which con-
firms their superhydrophobic properties. The water drops easily roll off the sur-
face and the leaf remains completely dry even during rain, suggesting a very low
sliding angle and excellent water-repellence. Experiments with powder dirt par-
ticles dispersed on leaf surface demonstrated that particulate contaminants could
be easily picked up by these water droplets and removed from the leaves when
the water droplets roll off, thus showing their self-cleaning properties. The wet-
ting properties of Agave attenuate plants have not hitherto been investigated.
Hence, this study for the first time provides evidence of their superhydrophobic
and self-cleaning properties.

The surface of Agave attenuate leaves were characterised by SEM and ty-
pical images are presented in Fig. 2c. The images from both sides of the leaf show
the same characteristic hill-like topography with structures that represent papi-
lose epidermal cells responsible for the formation of the micro- and nano-struc-
tures of the cells. The cells have a hexagonal geometry of irregular size, in range
of 20-50 um. A circular structure, called papillae, with a diameter of 10—15 pm
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and an elongated shape was observed on the middle of the each cell (Fig. 2c, in-
set 1). These structures were surrounded with numerous, irregularly oriented, smaller
crystal-like structures (short ribbons) that were dispersed as brushes across the
cell surface (Fig. 2c, inset 2). Their average size was estimated to be several hun-
dred nm wide and a few um long. They most likely represent wax nanocrystals,
which in many plants are made from highly hydrophobic organic compounds.34
The results presented here confirm that the Agava leaf possesses a two-scale
structured surface, suggesting their ability to act as a good substrate for repli-
cation and the fabrication of artificial superhydrophobic surfaces.

Fig. 2. Agave attenuate plant in a garden (a), a plant leaf
with water droplets (b), illustrating excellent water repel-
lent and hydrophobic properties and low and high resolu-
tion SEM images (c) showing the typical topography of the
plant surface, with microstructured features (papilla) (line 1)
and nano-structured wax crystals (line 2) marked in the inset.

Morphological and hydrophobic characteristics of the replicated films

Low magnification light microscopy images of the leaf surface and the fab-
ricated replicas with their corresponding contact angle measurements are shown
in Fig. 3 and Table I, respectively. Images of the plant surface (Fig. 3a) show an
array of sculptured microstructures of epidermal cell, which represent papillae
structures, seen in greater detail on previous SEM images (Fig. 2¢). Images of the
negative polymer replicas (PDMS and PU) prepared by replica moulding are pre-
sented in Figs. 3b—3c. The structures seen on the images represent the epidermal
cells with papillae structures as holes or depressions on the surface, which are not
clearly recognised by optical microscopy. No morphological differences were seen
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between the two replicas made from different polymers, which was additionally
confirmed by SEM. However, a considerable difference is observed in their static
CA values. The water drop on the PU polymer replicas shows a lower CA (113+6°)
(Fig. 3c, inset) than on the PDMS replicas (132+8°) (Fig. 3b, inset). This dis-
agreement is explained by the difference in the chemical composition and differ-
ences in the surface energy of these two polymers.
Agava leaf surface Negative replica

B R

Positive replica

dw\‘ W;:f«. ha

YA iy )
Negative replica Positive replica

Fig. 3. Low resolution light microscopy images of Agave leaf surface and the corresponding
replicas. Typical topography of the leaf surface with papillae microstructures (a); PDMS (b)
and PU (c) negative polymer replicas fabricated by replica moulding process of the leaf;
positive PU replica fabricated from PDMS (d); positive PDMS replica fabricated by imprint-
ing using PU negative replica as a stamp (e); positive PFDT/Au/PU replica fabricated by
coating with a thin gold film modified with 1H,1H,2H,2H-perfluorodecanethiol (g).
The images of water droplets on all surfaces are presented (right bottom on
each image) to quantify their hydrophobic properties.

TABLE 1. Values of the static contact angles (mean values+SD) measured on Agave leaves,
the corresponding negative and positive polymer replicas (PDMS, PU and PFDT/Au/PU) and
the corresponding control flat substrates

Leaf Negative replica Positive replica Control (flat surfaces)
surface PDMS PU PDMS PU PFDT/Aw/PU PDMS PU PFDT/Au/PU

Contact 15543 13248 113+6 150+6 135+6 15245 120+5 95+4 118+3
angle, deg.

Images of the positive polymer replicas prepared with both polymers (PDMS
and PU) are presented in Figs. 3d-3e. The characteristic topography and the cell
structures corresponding to the original leaf surface, seen in Fig. 3a, are ob-
served. Again, no morphological differences in these positive replicas were seen
between two polymers (Figs. 3d—3e) but a considerable difference was observed
in their CA values. The PU positive replica showed a lower CA (135+£6°) in com-
parison with the PDMS positive replica (150+6°), which is caused by the differ-
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rences in their surface energies. The very similar CA value of the PDMS replica
to that of the original leaf surface (155+3°) clearly demonstrates that it is possible
to fabricate a surface with highly hydrophobic properties by a simple and reliable
replication of a plant surface. To demonstrate that the hydrophobic properties of
the positive replicas are dependent on the surface chemistry, PU replicas were
coated with a thin gold film and modified with a self-assembled monolayer of
1H,1H,2H,2H-perfluorodecanethiol. A significant increase in the CA value from
135+6 to 152+5° was observed and the hydrophobic properties matched those of
the original plant. These results clearly show that modifications using molecules
with a lower surface energy increase the contact angle of the surface, which con-
firms that surface modification is a practical method to alter the wetting proper-
ties of a structured surface to obtain the desired hydrophobic properties.

To characterise the precision of the replication process, more detailed SEM
images of the fabricated replicas were obtained, which are presented in Figs. 4a—4i.
The characteristic topography of the Agave leaf surface with the hierarchical or-
ganisation of the structures, which includes the circular papillae microstructures
(1) and nanostructured wax crystals (2), is presented in Figs. 4a—4c. The SEM
images of the corresponding PU polymer replica are shown in Figs. 4d—4f. The
epidermal cell and the 3-dimensional papillae structures seen on the leaf surface
(Figs. 4a—4c) were replicated as hexagonal depressions with large circular holes
in the middle. The large circular holes (Figs. 4e—4f, line 1) represent the replica
of the papillae microstructures (Fig. 4c, line 1). The smaller holes and protrusions
around the big holes (Fig. 4e, line 2) represent replicas of the wax nanostructures
(Fig. 4c, line 2). The images of the corresponding positive replica (PDMS) fabri-
cated by imprinting using a negative PU replica (Figs. 4d—4f) are presented in
Figs. 4g—4i. It is evident that both papillae microstructures (Fig. 41, line 1) and
wax nanostructures (Fig. 41, line 2) from leaves had been successfully and with
excellent precision replicated into PDMS. However, there are a few minor
variations in comparison with the original leaf surface. The slightly curved shape
of epidermal cells seen on original leaves (Figs. 4a—4b) and positive replica
(Figs. 4g—4h) was not fully preserved in the positive replica. In addition, the
smaller wax crystal structures were replicated with a lower density around the
papillae structures than in the original plant surface, which is not surprising
because of the limitations of using PDMS polymers to replicate nanostructures
smaller than 50 nm. The slightly lower density of these nanostructured replicas
from wax structures observed on both replicas may explain the slight
disagreement in the CA between the PDMS polymer replicas (150+£6°) and the
original plant surface (155+3°).

A schematic model of the surface structures of the plant surface and the cor-
responding replicas based on SEM images is shown in Figs. Sa—5c to understand
better their hydrophobic properties. The two scale geometry and double rough-
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ness with micron (papillae) and nano-sized (wax) structures from the leaf surface
(Fig. 5a) are replicated into the corresponding negative replica (Fig. 5b) and fully
preserved within the positive replica (Fig. 5¢). According to both Wenzel and
Cassie—Baxter theories, a double roughness surface greatly amplifies the apparent
contact angle.!1,12

N 2 2 ~~

Fig. 4. SEM Images of Agave leaf surface and the corresponding replicas showing the repli-
cation process in more detail. Leaf surface(a—c), PU negative (d—f) and PDMS positive
(g—) replicas. Papillae structures with micro (1) and nanofeatures (2) are marked.

In the Wenzel approach, it is assumed that liquid drop fills both the peaks
and valley of the rough surface (Fig. 5d). From an energy consideration, the ap-
parent contact angle of the drop 6y, is given by the equation:

cos By, =rcos 0 (D)

where 7 is the ratio of the actual area of the liquid—solid contact to the projected
area on the horizontal plane and 6 is the equilibrium contact angle of the liquid
drop on a flat surface.

According to the Cassie—Baxter theoretical model, the formation of a sphere-
cal droplet of water on a surface is explained by the state in which air bubbles are
trapped in the surface structures and the water drop sits on the bubbles (Fig. 5e).
This model assumed that the water drop settles on the peaks of the roughness
geometry with the contact angle given by the equation:

cos Ocp=fscos O+ fs— 1 2)
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where f; is the fraction of projected planar area of the drop in contact with a solid.
In the limit of fy — 0, the contact angle 8cg approaches 180° leading to super
hydrophobic behaviour.

Leafsurface

a microscale  nanoscale

b Negative replica

c Postive replica

L0

e

Fig. 5. Model of the two scale structured surface of leaf (a) and the prepared replicas (b—c)
showing their micro and nanostructures. Schematic drawing (d, e) of a drop in contact with a
surface (a or ¢) according to the Wenzel and the Cassie—Baxter model.

A significant increase of the CA of fabricated replicas in comparison with
flat surface (PDMS, PU and PFDT/Au/PU, Table I) was observed, which clearly
demonstrates the central importance of the roughness in the amplification of con-
tact angles. The difference in the CA of the positive replicas with the same topo-
graphy can be explained by differences in their chemical composition and surface
chemistry, which are also important factors defining the CA. The differences in
surface energy of PDMS (= 20 mN m!) and PU polymers (= 40 mN m!) is
confirmed by the differences in the CA of their flat surfaces.3435 However, if it
is assumed that the equilibrium CA of water on paraffin waxes is about 110°,
which is lower than that for PDMS (120°) and PFDT (118°), then their positive
replicas should have a higher CA than agave leaf.37 This disagreement is explain-
ed by the imperfection of the replications of the nano-sized wax structures, pre-
viously noted on the SEM images (Fig. 4), which slightly lowered their CA values.

The advantage of this fabrication method in comparison to previous studies
where only PDMS was applied is the straightforward separation in both replica-
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tion steps (moulding or imprinting), which does not require the application of an
anti-stick layer.38 Experiments with PDMS and an anti-stick agent, could not pro-
vide satisfactory and reproducible results, as was also reported in a previous study.38

To achieve anti-stick free separation, in this work two polymers with differ-
rent mechanical (elastic vs. hard) and chemical properties were applied, which
makes the separation process simple and easy. Additional benefits obtained when
using two polymers is the increased flexibility in fabrication and the ability to
combine moulding and imprinting techniques. In comparison with the replication
of plant leaf surfaces using the recently reported metal and electroforming pro-
cess, this process with hard polymers is advantageous because polymer moulding
is a cheaper, shorter and simpler process.3? Regarding the robustness of the PU
polymer, the prepared negative replica could be reused as a replication master or
stamp many times and was comparable to the metal mould. To investigate their
robustness for mass fabrication, the replication process using PU negative repli-
cas was repeated several times and no morphological differences were observed
in the SEM images of the fabricated positive replica after the moulding and im-
printing process. Therefore, the proposed method has potential for application in
the mass-production replication of highly hydrophobic surfaces from plant leaves
with dimensions possibly exceeding 10 cmx10 cm. The hard polymer replica also
has potential to serve as a master for the replication of leaves surface to other ma-
terials, including metals, metal oxides and carbons.

To demonstrate the self-cleaning properties of the fabricated polymer films,
a larger area (150 mmx150 mm) of a PDMS positive replica was prepared on
glass by subsequent imprinting using a PU negative master. The prepared surface
was contaminated by alumina particles (size = 1 um) and then a qualitative self-
-cleaning test was performed by exposure to artificial rain at an inclination angle
of 15°. The water droplets washed away and removed the particles from the
surface in a comparable way to natural Agave leaves, which proves the self-clean-
ing properties of the prepared polymer films. The thin PDMS film could be re-
moved from the underlying glass surface and attached to other substrates which
have potential for water repelling applications on specific surfaces (including curved
surfaces).

CONCLUSIONS

Two soft lithographic approaches, replica moulding and nano-imprinting
were explored for the fabrication of polymer films with microstructured patterns
and superhydrophobic properties by replication from plant surfaces (4gave ate-
nuate). The replication process using two polymers with different chemical and
mechanical properties, i.e., elastomeric PDMS and hard, UV-curable, polyure-
thane based (NOA 60) polymer, was demonstrated. It was shown that the fabri-
cated polymer replicas matched the hierarchical topography of the plant surface
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with excellent precision, providing accurate replication of their micro and nano-
structures and highly hydrophobic properties, close to those of the original plant.
Hydrophobic properties of fabricated replicas were influenced by the surface
chemistry of the polymers selected for replication. However, it was shown that
these properties could be controlled by further surface modifications of the poly-
mer using self-assembled monolayers based on gold/alkanethiol surface chemistry.

The described method is simple, based on low cost, commercially available
materials with the capability to be adapted for rapid and mass fabrication of su-
perhydrophobic and self-cleaning surfaces for use in a variety of applications.
The advantages of the method in comparison with existing replication methods
were demonstrated. In addition to water repellence, other properties such as trans-
parency, colour, flexibility, anisotropy and breathability could be incorporated
into the fabricated superhydrophobic surfaces using these polymers.

Acknowledgments. The financial support from the Australian Research Council (ARC)
and the University of South Australia is gratefully acknowledged.

U3BOJ

[MPOJEKTOBAIE MUKPOCTPYKTYPUPAHUX ITOBPIIIMHA KOPUIITREBLEM
BHUOJIOIIKUX MATPULIA: JETHOCTABAH IIOCTYIIAK U3PAJIE
CYIIEPXUAPOPOBHHUX IIOBPIIIMHA

JIVIIAH JIOIIW R
University of South Australia, lan Wark Research Institute, Mawson Lakes Campus, Adelaide, SA 5095, Australia

IMpoyuasaHo je noOHjarmbe MUKPOCTPYKTYPUPAHUX TTOBPIIHHA KOpUIThermheM ONOTOMKIX m1ad-
JIOHA Cca ITJBEM JIa C€ MCIHTA JIaK U jeTHH HaYMH 33 IPOU3BOAIY CTPYKTYpPHPAHHUX MOBPIINHA CY-
nepxuapodobHux cBojcraBa. [la Ou ce mobuie peruimke w3 OMOJOMIKOT MOIOra KOpUIIheHe Cy
JBe MekaHe nuTorpad)cke TeXHHKE, JTHBEHE PEIUIMKe U HaHO-yTHCKuBame. Jlnmhe Onsbke Arasa
(Agave attenuate), GecruiaTHa OHOJIOIIKA MAaTPHUIIA, YIOTPEOJbEHO je Kao MoAeN cynepxuapopodHe
6uo-noBpmmHe. Pernka je popmupana kopunrhesbeM JiBa monuMepa: eaacToMEpHH MOJIUMeEp, 10-
mu(aumernicwiokcan) (PDMS) u nonmuyperan (PU) Ha 6a3u UV ocetssuBor nonmmepa (NOA 60).
VY npBoj (a3u npaBibema PEINIMKE ca IMOBPIIMHE JINCTA Y3€TH Cy HeTaTUBH IOJMMEPHUX PEIUINKa,
KOju cy KOpHIIheHH Kao OPHTHHAIU 32 I00Hjame MO3UTHBA TMOJIMMEPHHUX PEIUINKA JTHBEHEM WIIH
MEKaHUM YTHCKHMBambeM. MHUKPO- 1 HaHO-CTPYKType Kallyla ca MOBPIIMHE JIUCTOBA MOCENyjy Cy-
nepxunpodobHa CBOjCTBA, LITO je YCIEUIHO peruuupano y oba moaumepa. Haj3an, no3utusu pe-
IUIMKA TPEBYYCHU Cy TaHKUM (QUIMOM 37ata u MoaudukoBaHu camoypelhyjyhum MoHOCIOjeBHMA
(SAMs) na 6u ce MOTBpAMO 3HAYaj XeMUje ITOBPIIMHE 3a XHAPO(hoOHA CBOjCTBA TOOUjEHUX CTPY-
ktypa. OnpehuBambeM KOHTaKTHOT yIJla M IPHMEHOM ONTHYKE M EIEeKTPOHCKE CKeHHpajyhe MHK-
POCKOIIHjOM OKapaKTepHCAaHH Cy OBJIaXHBAaKkE€ H CTPYKTypa, na Ou ce moTBpawia XxuapohoOHa
CBOjcTBa J0OMjeHHX moBprHa (>150°) U Mperu3HOCT ¥ PeNpPOAYKTUBHOCT PEIUIHKALIH]e.

(ITpumsbeno 2. mapra, peBuaupaso 27. maja 2008)
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Its story and its significance
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The book was written on the jubilee of the 100 years of the death of Dimitrii
Mendeleev.*

The book has 346+12 pages, including an Index and Notes collected at the
end of the book. The text is divided into ten chapters, covering a very broad
selection of facts and ideas.

Eric Scerri is a well known historian and philosopher of science. This book
is a large achievement in his work, covering both of his interests. The philosophy
and history of chemistry and physics are interlaced throughout the book. It is
shown how the abstract definitions of substance and element influenced the ad-
vent and subsequent development of the Periodic Table. To the same extent, the
underlying information in the Periodic Table prompted a change of philosophical
paradigm, too.

For the chemist’s community, the book has multiple significances. As a his-
tory book, it presents in great details several less successful attempts to organize
knowledge about chemical elements. It may give the impression that the works of
Charles Gerhardt, Alexandre Emille Beguyer de Chancourtois, John Newlands,
William Odling, Gustavus Hinrics and Julius Lothar Meyer are presented in too
much details. However, at the end, they serve to emphasize the importance of the
philosophical standpoint of Mendeleev, as a key factor that enabled his success-
ful building of the Periodic Table and his marvelous predictions of yet undis-
covered elements. The definition of elements as the Basic Substances (not Simple
Substances), accepted by Mendeleev, was in recent history challenged several
times but it has proved its value.

For all chemists, it will be of interest to find a very simple account of the
basic facts in quantum mechanics, which are highly exploited in the explanation
of chemical findings. In majority of chemistry (text)books, the presentation of

#2007 was also the jubilee year of the Serbian Chemical Society — 110t anniversary.
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quantum mechanical theories concerning bonding, and structure of atoms and
molecules is usually given as a set of bare statements. In a concise manner, all of
it is here truly explained. After reading this book, many will reconsider their
understanding of orbitals, the Pauli principle, efc.

In this book, I admire the interesting passages about the (non)reduction of
chemistry to physics. The underlying conclusion is that this question belongs to
philosophy, not to science. It is also shown that the chemist’s view that elements
exist in compounds cannot be denied on experimental grounds.

The book is easy to read for anyone who has elementary knowledge of che-
mistry and physics. Hence, it can be of interest to anyone who wants to know
more on the significance of the Periodic Table. It is valuable for students and
teachers in sciences, as well as in the philosophy, and any other discipline that
has some reference to chemistry.

Ivan Juranié¢”, Professor
Faculty of Chemistry
University of Belgrade, Serbia

# Serbian Chemical Society member.
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