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Abstract: A series of twelve 3-substituted-5,5-diphenylhydantoins was synthe-
sized, including some whose anticonvulsant activities have already been re-
ported in the literature. Their antiproliferative activities against HCT-116 hu-
man colon carcinoma cells were evaluated to determine structure—activity
relationships. Almost al of the compounds exhibited statistically significant
antiproliferative effects at a concentration of 100 uM, while the derivative
bearing a benzyl group was active even at lower concentrations. Moreover,
their in vitro antibacterial activities against Escherichia coli ATCC 25922, Sa-
phylococcus aureus ATCC 25923 and clinical isolates of Escherichia coli, Pro-
teus mirabilis, Pseudomonas aeruginosa, Enterococcus faecalis and Saphylo-
coccus aureus were evaluated. Only the 3-isopropyl and 3-benzyl derivatives
showed weak antibacterial activities against the Gram-positive bacterium E.
faecalis and the Gram-negative bacteria E. coli ATCC 25922 and E. cali.

Keywords: phenytoin derivatives, antiproliferative activity; antimicrobial
activity; structure—activity relationship.

INTRODUCTION

The derivatives of hydantoin (imidazolidine-2,4-dione) are well known and
clinically widely used in the therapy of epilepsy and cardiac arrhythmias.
Phenytoin (5,5-diphenylhydantoin, Dilantin®), one of the oldest anticonvulsants,
is very effective in controlling a variety of seizure disorders, while impairing
neurological function only slightly, if at all.1 These effects are due to a selective
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1598 TRISOVIC et al.

block of high frequency neuronal activity. The drug targets the neurona voltage-
sensitive sodium channels (NV SC) to reproduce the normal ion potential and is
known to block the release of neurotransmitters, such as serotonin and nore-
pinephrine. At an appropriate level, it inhibits monoamine oxidase activity and
tends to alter the membrane potential as well.2

After 70 years of phenytoin application, the precise physiological effects of
the drug have not been completely determined and it still remains an important
subject for new investigations. The drug and its metabolite 5-(4-hydroxyphenyl)-
5-phenylhydantoin were reported to possess significant hypolipidemic activity,
which is reflected in the reduction of both serum cholesterol and triglyceride
levels.3 Phenytoin did not show inhibitory effect on the growth of a spectrum of
microorganisms (Mycobacterium smegmatis, Candida albicans, Staphylococcus
aureus, Pseudomonas aeruginosa and Escherichia coli).4 Furthermore, a slight
increased occurrence of E. coli agglutinins was found in patients on long-term
phenytoin therapy.> In dermatology, the drug has been investigated for the treat-
ment of ulcers, epidermolysis bullosa and different inflammatory conditions.6

Hydantoin derivatives are found in many area of medicinal chemistry (sero-
tonin and fibrinogen receptor antagonists,’ inhibitors of the glycine binding site
of the NMDA receptor,8 antagonists of leukocyte cell adhesion, acting as allo-
steric inhibitors of the protein—protein interaction®). In particular, several reports
present interest in cancer research.19.11 Cancer is one of the most devastating
diseases of today. It is manifested as uncontrolled growth of cells and invasion or
intrusion into and the destruction of adjacent tissues. Although the progress is
evident in diagnosis, surgical techniques, patient care and adjuvant therapies,
most of the deaths from cancer are due to metastases.12 Spiromustin, a hydan-
toin-containing nitrogen mustard, rapidly penetrates the blood-brain barrier and
directs drug delivery to brain tumors.13 Carmi et al.1415 demonstrated that 5-
-benzylidenehydantoins could function as bioisosters of 4-anilinoguinazolines,
which are epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors
approved for the treatment of lung cancer. They suggested that the presence of an
aromatic unit at position C5 is an important structural feature for interactions with
molecular targets. Recently, Ananda Kumar and co-workers investigated the anti-
proliferative effect of certain diazaspiro bicyclo hydantoin derivatives against hu-
man leukemia K562 and CEM cells.16:17 They reported that the cytotoxic acti-
vities of compounds bearing a substituent at the N3 position increase in the order
alkene > ester > ether. A similar conclusion was reached in a comparative study
of the cytostatic activities of L- and D-amino acid derivatives of hydroxyurea and
hydantoins. The best antitumor activities were achieved with lipophilic com-
pounds having cycloalkyl, phenyl and benzhydry! substituents.18

A deeper understanding of the SARs and modeling of new derivatives with
potential antitumor activity can be facilitated by accumulation of detailed struc-
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ANTIPROLIFERATIVE AND ANTIMICROBIAL ACTIVITIES OF HY DANTOINS 1599

tural and pharmacological data. In this context, a set of twelve phenytoin de-
rivatives bearing different alkyl (methyl, ethyl, n-propyl, isopropyl, n-butyl, iso-
butyl and benzyl), alkenyl (allyl), ether (ethoxymethyl, benzyloxymethyl), ester
(acetoxymethyl) and alkanoyl (benzoyl) substituents at the N3 position was syn-
thesized (Table I). The antiproliferative activity was evaluated against the HCT-
-116 human colon carcinoma cell line. These structural modifications of the phe-
nytoin molecule led to several derivatives exhibiting different degrees of anti-
convulsant activity (Table1). Poupaert et al.20 observed that the anti-el ectroshock
activity was decreased when the hydantoin ring was N-methylated. The 3-alko-
xymethyl derivatives were reported to be active against electrically as well as
chemically induced seizures.1922 On the other hand, 3-(acetoxymethyl)-5,5-di-
phenylhydantoin resembled the parent compound showing good activity against
maximal electroshock seizures, but was inactive against pentylenetetrazole.23 In
previous papers,24.2° the hypothesis that the ability to form hydrogen bonds plays
the determining role in the anticonvulsant action of these compounds was con-
firmed.

TABLE |. Structures and anticonvulsant potencies of the investigated compounds

o ,?J e}
R

Compound R EDs,®/ mg kg™

1 H ~7.5"

2 CH, 39.6%

3 C,Hs -

4 n-CsH; -

5 i-CoH- -

6 n'C4H9 -

7 i'C4Hg -

8 CeHsCH, >200"

9 CH,=CHCH, 30.4%

10 C,HsOCH, -

1 CeHsCH,OCH, >25%2

12 CH,C(=0)OCH, <12.5%

13 CeHsCO -

#The effective dose required to protect mice against spasms induced by the maximum electric shock (MES)

Certain derivatives of hydantoin, which contained aromatic or heterocyclic
substituents at the nitrogen, were reported to exhibit antimicrobial effects.26
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1600 TRISOVIC et al.

Hence, the in vitro antimicrobial activities of the investigated compounds were
additionally evaluated against E. coli ATCC 25922, S. aureus ATCC 25923 and
clinica isolates of E. coli, Proteus mirabilis, P. aeruginosa, Enterococcus
faecalisand S. aureus.

RESULTS AND DISCUSSION
Antiproliferative screening

The investigation of the antiproliferative activities of the phenytoin deri-
vatives on the HCT-116 cell line at a concentration of 100 uM showed that al-
most all of the compounds, except 2, 3 and 10, exhibited statistically significant
antiproliferative effects, asis shown in Fig. 1. Furthermore, 8 at concentrations of
0.01, 0.1, 1, 10 and 100 uM showed significant antiproliferative effects (Fig. 2),
while compound 9 demonstrated a statistically significant antiproliferative effect
at a concentration of 10 uM. Interestingly, valproate (valproic acid) manifested a
similar dose-dependent inhibition of proliferation of gastrointestinal neuroen-
docrine?” and carcinoid cancer cells.28 Valproic acid is a simple branched-chain
fatty acid, the anticonvulsant efficacy of which is comparable to that of pheny-
toin.29 The other compounds showed no significant inhibition of HCT-116 proli-
feration at lower concentrations.

*xok

60 1 ok
50 A *ok
40 A

30 A

Inhibition of proliferation, %

Compound

Fig. 1. The antiproliferative effect of 3-substituted-5,5-diphenylhydantoins on the HCT-116
cell line. The cells were treated with a 100 uM concentration of the drugs during a24 h
exposure. The antiproliferative effect was measured by the MTT assay. The results
are expressed as the means + SD from cells cultured in triplicate
(*p<0.05,**p<0.01, ***p < 0.001, compound vs. the contral).

N-Alkylation of the phenytoin molecule resulted in a diminished ability to
form hydrogen bonds and also a decreased antiproliferative activity of com-
pounds 2—7 at a concentration of 100 uM. A net stepwise increase in the size of
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ANTIPROLIFERATIVE AND ANTIMICROBIAL ACTIVITIES OF HY DANTOINS 1601

the alkyl substituent resulted in a dlight decrease in the potencies of the com-
pounds with the exception of the isopropyl group. Furthermore, compounds 11
and 12, potent anticonvul sants, manifested a cytotoxic activity to the cancer cells
similar to that of the parent compound 1. The unexpected activity of compound 8
in low concentrations implies that the relative activity of these compounds is not
determined only by the physico—chemical properties of the substituent at the N3
position. It might only be assumed that compounds bearing a benzyl unit (8 and
11) are well located in the molecular target, while the derivative with a rigid
benzoyl group (13) is not well tolerated.

*k *kok *%

’ m N =

60

40

Inhibition of proliferation, %

‘

20 **

0 - -
10

0 0.01 0.1 1 100

Concentration of compound 8, uM

Fig. 2. The antiproliferative effect of 8 on HCT-116 cell line. The cells were treated with
various concentrations of drugs during a 24 h exposure. The antiproliferative effect was
measured by the MTT assay. The results are expressed as the means + SD from cells cultured
intriplicate. (*p < 0.05, **p < 0.01, ***p < 0.001, different concentrations vs. contral).

Antibacterial screening

The investigated phenytoin derivatives were additionally screened for their
in vitro antibacteria activities against three Gram-positive and four Gram-ne-
gative bacteria using the well-diffusion method30 and the microdilution method
with resazurin.3! Overnight cultures of standard strains of E. coli ATCC 25922,
S aureus ATCC 25923 and clinical isolates of E. coli, P. mirabilis, P. aerugi-
nosa, E. faecalis and S. aureus were used for the preparation of the bacterial
suspensions. The in vitro antibacterial activities of the new compounds against
both Gram-positive and Gram-negative bacteria are listed in Table I1. Among the
tested compounds, only 5 and 8 showed significant antibacterial activity against
the Gram-positive bacterium E. faecalis and the Gram-negative bacteria E. coli
ATCC 25922 and E. coli (clinical isolate). The active compounds showed the
best effects against E. coli.

Available online at www.shd.org.rs/JSCS
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1602 TRISOVIC et al.

TABLE II. Antibacterial activity of the tested 3-alkyl-5,5-diphenylhydantoins

C d E. coli ATCC 25922 E. coli P. mirabilis P. aeruginosa
OMPS™ 12 MIC®MBC® ~_ 1IZ  MIC MBC I1Z MIC MBC 1Z MIC MBC
1-4 / >10° >10° - >10° >10° - >10° >10° - >10° >10°
5 21.25+1.50 250 >500 23.00+0.00 125 125
6and 7 - >10° >10° >10° >10°
8 20.05+2.28 500 >500 20.50+0.71 250 250
9-13 - >10° >10° >10° >10°
E. faecalis S aureus ATCC 25923 S aureus

1z MIC® MBC® 1Z MIC  MBC IZ MIC MBC
1-4 _ >10° >10° — >10° >10° _ >10° >10°
5 21.00+0.00 250 500
6and7 - >10° >10°
8 18.75+1.50 500 500
9-13 - >10° >10°

&nhibition zone, mm; ®rinimum inhi bitory concentration, uM; °minimum bactericidal concentration, uM

Compound 8 demonstrated weak antibacterial activity as an additional bio-
logical effect. Compound 5, which was shown to be an exception from the group
of 3-akyl substituted derivatives, exhibited a similar effect. Since cytochrome
P450 enzymes are responsible for the metabolism of an ever-expanding array of
drugs, Suzuki and co-workers32 tested, among others, the inhibitor potencies of 5
and 8 againgt recombinant CYP2C19 and CY P2C9 to probe their interactions
with their active sites. Metabolic profiling and homology modeling studies sug-
gested that the 3-benzyl substituted derivative was preferentially bound in the
active site of CYP2C19 with its C5 phenyl group oriented towards the active
oxygen and the benzyl group bound within a lipophilic pocket of the receptor.
We are of the opinion that these structural features might be responsible for the
biological activity of compound 8. Several examples from the literature indicate
that a benzyl group attached to the nitrogen atom is a promising pharmacophore
for antiproliferative activity to be exhibited.33-3% Since the molecular basis of the
biological activity of 8 remains to be determined, further experiments aimed at
defining the modes of actions are currently in progress.

EXPERIMENTAL
Chemistry

The methods for the preparations of the investigated compounds are presented in Scheme
1. In the synthesis of 2-9, commercially obtained 5,5-diphenylhydantoin (1, Fluka) was
alkylated at the N3 position using the corresponding alkyl halide in K,COs/dimethylform-
amide.32 The alkoxymethyl substituent was introduced by the reaction of phenytoin sodium
sat (15) in dimethylformamide with the appropriate chloromethyl alkyl ether (10 and 11).19
The process for preparing 15 was described in the literature.36 3-Acetoxymethyl-5,5-diphenyl-
hydantoin (12) was prepared by the reaction of 3-(hydroxymethyl)-5,5-diphenylhydantoin and
acetic anhydride, and 3-(hydroxymethyl)-5,5-diphenylhydantoin (14) was initially synthesized

Available online at www.shd.org.rs/JSCS
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ANTIPROLIFERATIVE AND ANTIMICROBIAL ACTIVITIES OF HY DANTOINS 1603

by the addition of 1 to formaldehyde in the presence of sodium hydroxide in ethanol .23 3-Ben-
zoyl-5,5-diphenylhydantoin (13) was synthesized in the reaction of phenytoin sodium salt and
benzoyl chloride in dry benzene.3” The structures of the compounds were determined by their
melting points, and IR, 1H- and 13C-NMR spectra, which were in agreement with literature
data. The 1H- and 13C-NMR spectral measurements were performed on a Bruker AC 250
spectrometer at 250 MHz for the 1H-NMR and 62.89 MHz for the 13C-NMR spectra. FT-IR
spectra were recorded on a Bomem MB 100 spectrophotometer. The spectra were recorded at
room temperature in DM SO-dg. The chemical shifts are expressed in ppm values referenced to
TMS (&4 = 0 ppm) in 1H-NMR spectra, and the residual solvent signal (5 = 39.5 ppm,) in the
13C-NMR spectra. Elemental analysis was realized using an Elemental Vario EL Il micro-
analyzer. The yield and chemical characterization of the newly synthesized compound 7 are
given here.

NH a NH b NH c NH

0 \/*o 0 ko o} ko 0 \/%o
) N ) )
R CH,OH CH,OCCH,
z-9 14 iz I

—~ m/@ —~

X ; A

NH e NH f NH
- — -
N N N
| Na* |
CH,OR, GCeHs

10, 11 15 13

Scheme 1. Synthesis of the investigated derivatives of phenytoin (1). Reagents and conditions:
a) alkyl halide (1.1 eq.), Ko,CO3, DMF, r. t., 24 h; b) formalin, NaOH, EtOH, r. t., 30 min;
c) AcyO, r. t. 24 h; d) NaOH, benzene, reflux, 6 h; €) chlormethyl alkyl ether
(1.1 eq.), DMF, r. t., 24 h; f) benzoyl chloride, benzene, reflux, 6 h.

Characterization

3-1sobutyl-5,5-diphenylhydantoin (7). White crystalline solid; yield 72 %; mp: 119-122
°C; Anal. Calcd. for CigHN5O,: C, 74.00; H, 9.08; N, 6.54 %. Found C 74.08, H, 9.10, N
6.57 %. IR (KBr, cm1): 3293 (N-H), 1705, 1775 (C=0). 1H-NMR (200 MHz, DM SO-dg, &/
/ ppm): 9.66 (1H, s, NH), 7.26—7.44 (10H, m, 2Ph-H), 3.25-3.29 (2H, m, CH>—N), 1.89-2.03
(1H, m, CH-CHN), 0.78 (6H, d, J = 7.0 Hz, 2CH3). 13C-NMR (50 MHz, DMSO-dg, & /
/ ppm): 173.60 (C4), 155.85 (C2), 140.03 (Ph—C), 128.81 (Ph—CH), 128.37 (Ph—CH), 126.82
(Ph—CH), 69.22 (C5), 45.40 (CH>—N), 27.12 (CH), 19.91 (CHy).

In vitro antiproliferative screening

The antiproliferative potential of the investigated phenytoin derivatives was determined
using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay for the
HCT-116 human colon cancer cell line. The relative antiproliferative potency is expressed as

Available online at www.shd.org.rs/JSCS
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1604 TRISOVIC et al.

the percentage of proliferation inhibition of the control HCT cells cultured without com-
pounds in the cell cultivation medium. The HCT-116 cells were maintained in Dulbecco-mo-
dified Eagle medium (DMEM) supplemented with 10 % fetal bovine serum. The cells were
grown in 75 ml culture bottles supplied with 12 ml DMEM, and after afew passages, the cells
were seeded in a 96-well plate. The cells were cultured in a humidified atmosphere of 5 %
CO, at 37 °C. The HCT-116 cells were treated with 0.01, 0.1, 1, 10 and 100 uM concen-
trations of the investigated compounds for 24 h. Untreated cells served as the control. After 24
h of treatment, the cell proliferation was determined by the MTT assay. This test is based on
the color reaction of mitochondrial dehydrogenase from living cells with MTT. Briefly, 10 ml
of MTT solution (5 mg ml-1) was added to each well after 24 h of culture and the cultures
were incubated for an additional 3 h at 37 °C. The produced formazan was dissolved by over-
night incubation in SDS-HCI (10 % SDS (sodium dodecyl sulfate) in 0.01 M HCI) and absor-
bance was measured at the dual wavelengths of 570/650 nm with an ELISA 96-well plate
reader. The percentage of viable cells was calculated as the ratio between the absorbance at
each dose of the compounds and the absorbance of the untreated controlx100.

In vitro antibacterial screening

An overnight culture of standard strains of E. coli ATCC 25922, S. aureus ATCC 25923
and clinical isolates of E. coli, P. mirabilis, P. aeruginosa, E. faecalisand S. aureus were used
for the preparation of bacterial suspensions. The turbidity of the initial bacterial suspensions
was adjusted by comparing with a 0.5 McFarland standard and then diluted 1:100 in sterile
0.85 % saline.

Antibacterial assay was realized by the well-diffusion method® and the microdilution
method with resazurin.3! The diffusion method is a qualitative test which allows the classi-
fication of microorganisms as susceptible or resistant to the test substance according to
diameter of the zone of inhibition. Petri plates with Mueller—Hinton agar were inoculated with
adequate bacteria suspensions. The surface of the mediawas allowed to dry for 3-5 min at room
temperature. Subsequently, wells (7 mm) were made in the plate with a sterile metal cylinder,
which were filled with 100 pl of solutions of the tested compounds; concentration of 1000
uM. The antibacterial activity was evaluated by measuring the diameters of the zones of
inhibition. All tests were performed in triplicate and the results are expressed as mean + standard
deviation. A negative control was prepared with the same solvent used to dissolve the tested
substances (5 % DM SO) to ensure that the solvent had no effect on bacterial growth. Each test
also included a growth control and a sterility control. The minimum inhibitory concentration
(MIC) and the minimum bactericidal concentration (MBC) were determined using the
microdilution plate method. Two-fold, seria dilutions of the tested compounds were
performed in Mueller-Hinton broth. The obtained concentration range was from 1000 to 7.81
UM. The diluted bacteria suspensions (10 ul) were added to each well to give a fina
concentration of 5x10° CFU mL-L. Finally, 10 ul resazurin indicator solution was added.
Resazurin is an oxidation—reduction indicator used for the evaluation of microbial growth. Itis
a blue non-fluorescent dye that becomes pink and fluorescent when reduced to resorufin by
the oxidoreductases within viable cells. The inoculated plates were incubated at 37 °C for 24
h. The MIC is defined as the lowest concentration of a tested substance that prevented the
resazurin color change from blue to pink. Each test included a growth control and a sterility
contral. All tests were performed in triplicate and the MIC values were constant. The MBC was
determined by plating 10 ul of samples from wells where no indicator color change was
recorded onto nutrient agar medium. At the end of the incubation period, the lowest
concentration with no visible growth was defined as the MBC.
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ANTIPROLIFERATIVE AND ANTIMICROBIAL ACTIVITIES OF HY DANTOINS 1605

CONCLUSIONS

In summary, an evaluation of 3-substituted-5,5-diphenylhydantoins as poten-
tial antiproliferative and antimicrobial agents was reported. The trend of the
changes in the biological effects produced by substituents at position N3 was
studied. Compound 8 showed significant antiproliferative activity even in low
concentrations. In addition, it exhibited weak antibacteria activity. Since the
molecular basis of its biological activity remains to be determined, further experi-
ments aimed at defining the modes of its actions are currently in progress.

Acknowledgements. The authors acknowledge the financial support of the Ministry of
Education and Science of the Republic of Serbia (Project 172013).

U3BOJ

YTULIAJ CTPYKTYPE HA AHTUIIPOJIMOGEPATUBHY 1 AHTUBAKTEPUJCKY
AKTHBHOCT 3-CYIICTUTYUCAHUX-5,5-TUGEHUIIXUJAHTONHA

HEMAIbA TPUILOBUR?, BOJAH BOXXIRY, AHA OBPAJIOBUR, OJITMLIA CTE®GAHOBUR?,
CHEXXAHA MAPKOBUR?, JbMJbAHA YOMUR?, BUJbAHA BOXXWUR® u TOPJAHA YITRYMIINR?
! Texnoaouko—meitiarypuiku axyaitiein, Ynusepsuitieiu y beozpaoy, Kapuezujesa 4, 11000 Beozpao,

2 [Tpupoono—maiiemaimiuyicu paxyaitieis, Yuusepauitieini y Kpazyjesyy, Padoja lomanosuha 12, 34000 Kpazyjesar
u’ Buoaowicu (paxyaitieims, Yuusepauitieiri y beozpady, Ciiydeniticku wipz 3, 11000 Beozpad

CuHTeTHCaHa je cepHja ol IBaHAeCT 3-CYNCTHUTYHUCAHHUX-5,5-mudeHnnxuaanTornta, koja o0y-
XBaTa HEKe OJ] ICpHUBaTa Yuje Cy aHTHKOHBYJI3UBHE aKTHBHOCTH I03HaTe y JiutepaTypu. Onpelena
je BUX0BA aHTUIPONIH(EepaTHBHA aKTHBHOCT IpeMa helujcKoj IMHUjH XyMaHOT KapIiMHOMa KOJIo-
Ha, Kako OW ce YTBPIMO YTHIaj CTPYKType Ha akTUBHOCT. CKOpO CBa jeIHbCHha UCIIOJbaBajy aHTH-
npommdeparrBad edekaT y koHueHTpanuju ox 100 UM, 1ok je mepuBaT ca OCSH3MI TPyIIOM aKTHBAaH
¥ y HIDKUM KOHIEeHTpaiujaMa. JlonatHo je ongpehena n anTHOaKTepHjcka akTHBHOCT MPOYYaBaHUX
jenumema npema Escherichia coli ATCC 25922, Saphylococcus aureus ATCC 25923 u kinHnY-
kuMm m3onaruma Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa, Enterococcus
faecalis u Saphylococcus aureus. 3-U3omnporun u 3-GeH31T [epruBaTH MOKasyjy ci1ady akTHBHOCT
npeMa rpaM-no3uTuBHOj Gaktepuju E. faecalis u rpam-nHeratuBuum Gakrepujama E. coli ATCC
25922 u E. coli.

(Mpumsbeno 14. mapra, pesuaupaso 2. maja 2011)
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Novel Bransted-acidic ionic liquids based on benzothiazolium
cations as catalystsfor esterification reactions
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Abstract: Three novel Brgnsted-acidic ionic liquids based on benzothiazolium
cations were prepared, which served as catalysts for the synthesis of benzoic
esters. All three gave good yields of the target esters in esterification reactions.
Moreover, they combine the advantages of both homogeneous and hetero-
geneous solid catalysts in esterification reactions, which enabled them to serve
as homogeneous catalysts to catalyze the reactions and be conveniently re-
covered by simple filtration after the reactions. They could be reused severa
times without noticeable decrease in efficiency.

Keywords: benzoic esters; benzothiazolium salts; catalyst; esterification; ionic
liquid.

INTRODUCTION

Aromatic esters are important intermediates in the chemical and pharmaceu-
tical industries and are usually prepared in acid-catalyzed esterification reactions
of alcohols with benzoic acids.l Inorganic acid catalysts such as H,SO,4 and
H3POy4, resins, supported mineral acids, heteropolyacids and zeolites have been
used for esterifications.2-6 Although high yields could be achieved, the employ-
ment of these catalysts has some obvious drawbacks, such as the usage of organic
solvents and difficultly in the recycling of the catalysts. Thus, it is necessary to
develop new types of catalysts with environmentally friendly, reusable and highly
efficient characteristics.

lonic liquids (ILs), also known as molten salts or room temperature ionic
liquids, have gained increasing attentions in the context of green synthesisin re-
cent years. Owing to their negligible volatility, excellent thermal stability and
structure variety, ILs are considered as environmentally benign media and cata-
lysts for organic synthesis.”-10 Fisher esterification in acidic ILs was verified to
be an environmentally efficient procedure for the synthesis of various esters and

* Corresponding author. E-mail: hangsong@scu.edu.cn
doi: 10.2298/JSC110102144Z
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1608 ZHOU et al.

had many advantages over reactions catalyzed by conventional liquid or solid
acids. In recent years, parallel to the rapid development of ILs, their applications
in esterification have been extensively studied. For example, catalytic amounts of
Brensted-acidic ionic liquids promoted esterification, microwave-accelerated es-
terification in Bransted-acidic ionic liquids and ultrasound-assisted esterification
in Bransted-acidic ionic liquids have been reported.11-13 These method can re-
duce the reaction time, reaction temperature or diminish the consumption of ILs,
but the isolation of ILs from the reaction mixture was not satisfactorily solved,
due to the requirement of relatively complicated separation operations. Although
polystyrene (PS)-supported ionic liquid catalysts can be recycled easily by filtra-
tion, they cannot serve as homogeneous catalysts to promote reactions.14 Davis!®
and Wang et al.16.17 investigated Brensted acidic ILs in some esterification re-
actions and removed the ILs by simple filtration after the reaction. The employed
ILs were not conventional ILs due to their high melting points (some above 100
°C) and their solubility in the reaction mixture could be varied greatly with
small-scale changes in temperature. Hence, they could serve as homogeneous ca
talyststo catalyze efficiently reactions at higher temperatures or as heterogeneous
solid catalysts to simplify the isolation of ILs by filtration at lower temperatures.
They combined the advantages of both homogeneous and heterogeneous solid ca-
talysts. Nonetheless, the reports were still not completely satisfactory, especialy
for highly efficient syntheses of benzoic esters. As aresult, it is very meaningful
to develop new ILs as catalysts for more specific reactions.

Over the last two decades, pyridinium or N-methylimidazolium ionic liquids
have been widely reported and applied to many organic reactions. However, re-
search on the synthesis and applications of benzothiazolium-containing ILs was
lacking until the year of 2010 when Munawar et al. first reported the synthesis
and characterization of a series of benzothiazolium-containing ILs.18 Thus, there
is an urgent need for research into new ionic liquids. Prompted by these findings
and due to our interest in the synthesis of new ILs based on benzothiazolium cat-
ions with the above-mentioned properties, in this paper we wish to complement
the research findings of Munawar by reporting three novel ILs based on benzo-
thiazolium cations (Scheme 1) and their catalytic activity for the synthesis of
benzoic esters as novel catalysts (compound 1c was described as protonated ben-
zothiazole in previous literature).19

s> o laX=CHiSO3 @ o 2aX=CHySO5 7 1,0 3a: X = CHySOg

) X° 1b:X=CFs80; HN” N7 x~ 2b:X=CF80; | || x© 3b:X=CF;80;

HN® 1c: X =p-TSA \=/ 2c: X =p-TSA NG 3c: X =p-TSA
H

1 2 3
Scheme 1. Structures of the ionic liquids used in this study.
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ESTERIFICATIONS IN BENZOTHIAZOLIUM-CONTAINING IONIC LIQUIDS 1609

EXPERIMENTAL
Chemicals and instruments

All chemicals (AR) were commercially available and used without further purification.
The melting points were determined on an XRC-1 melting point apparatus (Sichuan Uni-
versity Instrument Factory, P. R. China). The 1H- and 13C-nuclear magnetic resonance (NMR)
spectra were recorded on an AV-400 spectrometer (Bruker Corporation, Germany) in DM SO-dg
with tetramethylsilane (TMS) as an internal standard. The electrospray ionization mass spec-
trometry (ESI-MS) spectra were recorded on a ZQ 4000 mass spectrometer (Waters Corpo-
ration, USA). The UV—Vis spectra were recorded on a UV-2450 spectrophotometer (Shi-
madzu, Japan) in methanol. The concentrations of the products were determined by high
performance liquid chromatography (HPLC) using an LC-20AT HPL C instrument (Shimadzu,
Japan) with a C18 column (3.9 mmx150 mm, 5 um) using an internal standard.

Preparation of theionic liquids

The ionic liquids with N-methylimidazolium or pyridinium cations, 2a—c and 3a—
(Scheme 1), were synthesized according to literature procedures.20-24 The preparation of the
novel benzothiazolinm cations-based ionic liquids (ILs 1la—c) was as follows: benzothiazole
(100 mmol) was placed in a round-bottom flask equipped with a magnetic stirrer and
dissolved in 50 mL ethanol.. The solution was cooled to 0-5 °C in an ice bath and 20 mL of an
ethanolic solution of methanesulfonic acid (trifluoromethanesulfonic acid or p-toluenesulfonic
acid) (110 mmol) was added dropwise way over a period of 0.5 h. The reaction mixture was
stirred for a further 4 h a room temperature. The ethanol was removed under vacuum
affording crude IL as a white solid, which was washed with diethyl ether (3x10 mL). The
crude ionic liquid was purified by recrystallization from hot ethanol to give colorless flake
crystals in quantitative yield. The ILs were dried at 80 °C under high vacuum for 12 h and
then characterized by TH-NMR, 13C-NMR and ESI-mass spectroscopy.

Procedure for the esterification reactions

A typical procedure for the esterification reactions is as follows. Benzoic acid (50 mmol,
6.1 g), n-butanol (150 mmol, 11.1 g) and IL 1a (25 mmol, 5.8 g) were added to a 50 mL
round-bottom flask equipped with a reflux condenser. The mixture was magnetically stirred
for 8 h in an ail bath at 110 °C. After the reaction, the reaction mixture was cooled to room
temperature whereby a liquid-solid system formed and then the ionic liquid 1a precipitated.
The IL was collected by filtration and reused after removal of water under vacuum at 80 °C
for 4-5 h. The filtrate containing the target ester was analyzed by HPLC. When there was no
phase separation of the reaction mixture, the following procedure was employed for ester
isolation. The reaction mixture was diluted with water (10 mL) and extracted with diethyl
ether (3x10 mL). The combined ether extracts were dried over anhydrous MgSO,, and then
analyzed by HPLC.

UV-Vis acidity determination

The Brensted acidity of the ILs was evaluated by determination of the Hammett acidity
function using UV—-Vis spectroscopy. In the present case, the ILs and the indicator 4-nit-
roaniline were dissolved in methanol at concentrations of 20 and 0.1 mmol L1, respectively.
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RESULTS AND DISCUSSION
Spectral data of the novel ILs la—

Benzothiazolium methanesulfonate (1a). Yield: 95 %, m.p. 105-107 °C. 1H-
-NMR (400 MHz, DMSO-dg, o/ ppm): 2.62 (3H, s), 7.53 (1H, t, J = 7.2 H2),
759 (1H,t, J=7.2Hz), 8.14 (1H, d, J = 8 Hz), 8.21 (1H, d, J = 8 HZz), 9.49 (1H,
). 13C-NMR (100 MHz, DMSO-dg, & / ppm): 39.58, 122.53, 122.76, 125.53,
126.25, 133.40, 152.42, 156.38. ESI-MS (m/z (+)): 137.2, (m/z (-)): 95.0.

Benzothiazolium trifluoromethanesulfonate (1b). Yield: 90 %; m.p. 128-130
°C. IH-NMR (400 MHz, DMSO-dg, &/ ppm): 7.54 (1H, t, J = 7.2 Hz), 7.60 (1H,
t,J=7.2 Hz), 8.14 (1H, d, J = 8 Hz), 8.22 (1H, d, J = 8 Hz), 9.49 (1H, 9). 13C-
-NMR (100 MHz, DMSO-dg, ¢/ ppm): 119.05, 122.53, 122.74, 125.55, 126.27,
133.39, 152.36, 156.38. ESI-MS (mV/z (+)): 136.4, (m/z (-)): 148.9.

Benzothiazolium p-toluenesulfonate (1¢). Yield: 95 %, m.p. 120-122 °C. 1H-
-NMR (400 MHz, DMSO-dg, o/ ppm): 2.31 (3H, s), 7.19 (2H, d, J = 8 Hz), 7.52
(AH,t,J=7.2Hz), 7.56 (2H, d, J =8.0 Hz), 7.59 (1H, t, J = 7.2 Hz), 8.13 (1H, d,
J=8.0Hz),8.21 (1H, d, J=8.0 Hz), 9.52 (1H, ). 13C-NMR (100 MHz, DMSO-dg,
o/ ppm): 20.75, 122.57, 122.69, 125.50, 125.57, 126.31, 128.34, 128.34, 133.38,
138.54, 138.54, 144.26, 152.23, 156.54; ESI-MS (mVz (+)): 136.8, (nVz (-)): 170.9.

Acidities of the novel ILs

An efficient approach to evaluate the acidity of a Bransted acidic ionic liquid
is the Hammett method.2> Hammett acidity function (Ho) is usually determined
by UV—Vis spectrophotometry, wherein a basic indicator is used to trap the dis-
sociated proton.26 With increasing acidity of the acidic ionic liquid, the concen-
tration of the unprotonated form of the basic indicator decreases, whereas the
protonated form of the indicator could not be observed because of its small ab-
sorbance and its location; so the [1]/[IH*] ratio could be determined from the
measured absorbance differences after addition of Bransted acidic ionic liquid,
and then the Hammett acidity function could be calculated from the following
equation:27.28

Ho=pK(1)gg * log ([1/11H"])

where pK(l)aq is the pKa value of the indicator, [I] and [IH"] are, respectively, the
molar concentrations of the unprotonated and protonated forms of the indicator.29
The results obtained are shown in Fig 1. The absorbance of the unprotonated
form of the indicator with three ionic liquids decreased as follows: benzothiazo-
lium p-toluenesulfonate (1c) > benzothiazolium methanesulfonate (1a) > benzo-
thiazolium trifluoromethanesulfonate (1b). The Hammett function was cal cul ated
and the obtained values are listed in Table I. It is clearly shown that the acidity
order of the novel ILs is benzothiazolium trifluoromethanesulfonate (1b) > ben-
zothiazolium methanesulfonate (1a) > benzothiazolium p-toluenesulfonate (1c).
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a: blank
b:1L 1c
c:IL 1a
d:1L 1b
Solvent: methanol

Indicator:4-nitroaniline

Absorbance, AU

0 | v Ll : 1 Ll v 1

250 300 350 400 450 500 550 600

Wavelength, nm

Fig. 1. Absorption spectra of 4-nitroaniline with the novel
ionic liquids (20 mmol/L) in methanol.

TABLE |. Cdculation and comparison of the Hammett acidity functions (Hg) of the novel ILs
in methanol (Ho = pK(1)aq + 10g ([1]/[IH*]); indicator: 4-nitroaniline (pK, = 0.99)

lonic liquid Absorbance [1/% [H7/% Ho
Blank 1.5568 100 0 -
la 1.0159 65.26 34.74 1.26
1b 0.8776 56.37 43.63 1.10
1c 1.1602 74.52 25.47 1.46

Esterification of benzoic acid by n-butanol using variousILs

The esterification of benzoic acid and n-butanol was chosen as a model reac-
tion. The reaction was initialy performed without a catalyst. The result (Table I,
entry 1) showed that the esterification reaction was not realized and no product
was obtained. This indicated that a catalyst for this reaction could be necessary.
The catalytic performance of the ILs 1la— for the esterification of benzoic acid
by n-butanol was investigated (Table I, entries 2—4). The ILs showed good cata-
lytic activity and the ester yields were 93.9, 97.3 and 77.4 %, respectively. It was
found that the catalytic activities of the acidic ILs in the esterification were in ex-
cellent agreement with their acidity order. ILs 1a and 1c formed a heterogeneous
system (Fig. 2) while IL 1b formed a homogeneous system after completion of
the reaction and cooling down to room temperature. As a result, IL 1a or 1c
could be easily separated from the reaction mixture by simple filtration. In order
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1612 ZHOU etal.

to further compare the novel ILs with other pyridinium or N-methylimidazolium
ionic liquids, six ILs (Scheme 1, 2a— and 3a—), reported in the literature, were
used as catalysts for the model reaction (Table I, entries 5-10). As is shown
(Tablell, entries 5-7), when the reaction was promoted by N-methylimidazolium
ILs (2a—), benzoic acid could hardly react with n-butanol, only a trace of pro-
duct was obtained, and the homogeneous reaction system made these IL s difficult
to recover. Moreover, the ester yields were much lower (25.1-35.2 %) when py-
ridinium ILs (3a—) (Table Il, entries 8-10) were employed as catalysts than
when benzothiazolium-based |Ls were used. Taking the product yield of the reac-
tion and the operational simplicity into consideration, benzothiazolium methane-
sulfonate (IL 1a) may be preferential for the synthesis of benzoic esters.

TABLE Il. Comparison of various ILs in the esterification of benzoic acid by n-butanol. Re-
action conditions: benzoic acid, 50 mmol; n-butanol, 150 mmol; catalyst, 25 mmol; 110 °C for 8 h

Entry Catalyst IL precipitated or not (Y/N)? Yidd®, %
1 Without catalyst - 0

2 la Y 93.9
3 1b N 97.3
4 1c Y 77.4
5 2a N 6.1
6 2b N 3.7
7 2c N Trace
8 3a Y 338
9 3b Y 35.2
10 3c N 25.1

#When the reaction mixture was cooled to room temperature; byields based on benzoic acid

Fig. 2. Photographs of the esterification of benzoic acid with n-butanol over IL 1a.

A) Heterogeneous system before reaction. The benzoic acid dissolved in n-butanol and the IL
1a was at the bottom. B) Homogeneous mixture during the reaction. C) Heterogeneous system
after compl etion of the reaction and the system had been cooled to
room temperature, the IL has precipitated.

Various esterification reactionsin IL 1a

For evaluating the catalytic ability of IL 1a, benzoic acids and severa single
alcohols were tried as reactants. The results of the experiments are summarized
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in Table I1l. As is shown, under optima conditions, the catalyst enabled good
yields of al the target esters except t-butyl benzoate (no product was obtained,
entry 8 in Table I1). Yields of 70.3-97.3 % were obtained, which demonstrated
that IL laisan efficient catalyst for the esterification of benzoic acid with single
alcohols. The reaction phenomena varied with the solubility of the catalyst in the
reactants. When benzoic acid reacted with ethanol, n-propanol, i-propanol, n-bu-
tanol, i-butanol, s-butanol, t-butanol (Table I11, entries 2-8), the IL dissolved in
the homogeneous reaction mixture at working temperature and then the reaction
medium switched from a homogeneous system to liquid—solid biphasic system
when the reaction was completed and the system cooled to room temperature
(Fig. 2). However, with methanol (Table 111, entry 1), the esterification systems
were homogeneous throughout the process. A proper explanation to this is that
the solubility of the IL in acohols varies with the polarity of the different aco-
hols and it decreases with decreasing alcohol polarity. The solubility of IL 1ain
the strongly polar methanol was high. However, IL 1la has a much lower solu-
bility in the less polar solvents (i.e., ethanol, n-propanol, i-propanol, n-butanol,
i-butanol, s-butanol and t-butanol) and is immiscible with the product ester at room
temperature; thus, a liquid—solid biphasic system could be formed. Hence, IL 1a
could be removed by simple filtration and recycled; thus, it combines the advan-
tages of both homogeneous catalysts and heterogeneous solid catalysts.

TABLE Ill. Results of the esterifications of benzoic acid (A) with various aliphatic acohols
(B) inIL 1a. Reaction conditions: benzoic acid, 50 mmol

Entry  Alcohol  t/°C z/h nangin,  IL precipitated or Not (Y/N)?  Yield®, %

1 Methanol 120 8 1:4:1 N 97.9
2 Ethanol 110 6 1:4:1.5 Y 97.3
3 n-Propanol 110 8 1:4:1 Y 96.1
4 i-Propanol 110 8 1:4:1 Y 70.3
5 n-Butanol 110 8 1:3:.0.5 Y 93.9
6 i-Butanol 120 8 1:3:.0.5 Y 90.3
7 s-Butanol 120 11 1:3:.0.5 Y 72.6
8 t-Butanol 120 12 1:3:0.5 Y Trace

#When the reaction mixture was cooled to room temperature; byields based on benzoic acid

Reusability of theionic liquid 1a

To investigate the reusability of IL 1a, a recycling experiment was per-
formed. After the reaction of benzoic acid (50 mmol, 6.1 g), n-butanol (150
mmol, 11.1 g) and IL 1a (25 mmol, 5.8 g) at 110°C for 8 h, the reaction mixture
was cooled down to room temperature and IL 1a was recovered by filtration.
After treatment under vacuum at 80 °C for 4-5 h, IL 1a was directly reused for
the next run. The results (Table 1V) showed that IL 1la could be conveniently
reused severa times to catalyze the reaction in high product yields. The observed
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1614 ZHOU et al.

dlight decrease in the ester yield with the increase in reuse run may mostly be due
to catalyst loss during filtration. In spite of this, the reuse performance of IL la
was excellent and 91.1 % yield was retained after three recycles. This indicates
that the ionic liquid is recyclable and stable for these reactions.

TABLE V. Reusability of IL 1a in the esterification of benzoic acid by n-butanol. Reaction
conditions: benzoic acid, 50 mmal; n-butanol, 150 mmol; catalyst, 25 mmol; 110°C for 8 h

Entry Run Yield®, %
1 Fresh catalyst 93.9
2 1% cycle 93.1
3 2" cycle 92.0
4 3%cycle 91.1

2Y ields based on benzoic acid

CONCLUSIONS

In summary, three novel acidic ionic liquids were successfully synthesized
and used as highly efficient catalysts for esterification reactions. The catalytic
procedure could produce a series of benzoic esters in high yield under mild reac-
tion conditions. They combined the advantages of both homogeneous and hetero-
geneous solid catalysts in that they could be recycled by simple filtration and
reused at least three times without obvious activity loss. Thus, a new, simple,
efficient and eco-friendly method has been developed to synthesize a series of
benzoic esters using these novel ILs.

U3BO/
HOBE JOHCKE TEUHOCTHU TUIIA BPEHCTE-JIOPUJEBE KUCEJIMHE CA

BEH30THUA30JINJYM KATIOHOM KAO KATAJIM3ATOPU ¥V
PEAKLIMJAMA ECTEPUOUKALINIE

XIAN S| ZHOU, JIA BING LIU, WEN FENG LUO, YI WEN ZHANG u HANG SONG
School of Chemical Engineering, Sichuan University, Chengdu 610065, P. R. China

Cunrerucate cy Tpu HoBe bpencren—JlopujeBe KucesHe Kao jOHCKE TEYHOCTH, KOje Cy yIo-
TpebJpeHe Kao KaTaIn3aTOpH y CHHTE3! ecTapa OeH3oese kKucenuue. CBa TpH KaTalu3aTopa OMOry-
haBajy Bucoke mpuHoce y peaknujama ecrepuduxamuje. OcuM Tora, KaTaIH3aTOPH HMajy Ipen-
HOCTH M XOMOT€HUX U XETEPOTCHNX KaTallM3aTopa y peakuujama ecrepupukanmje, mro omoryhasa
Jla Ce KOpPUCTE Ka0 XOMOI€HH KaTalM3aTOpPH TOKOM PEaKiHje U KacHHje N30JI0Bambe (HHITPALHjoM
TOKOM 00paje peakuuja U MOHOBHO Kopuiiheme. Mory 6uTi moHoBO KopuinheHe BHIle ImyTa 0e3
3ana)XeHOT TyOUTKa e(hUKACHOCTH.

(Mpumibeto 2. jaryapa, peBuaupano 18. mapra 2011)
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anti-inflammatory and antibacterial propertieswith reduced

gastro-intestinal toxicity and lipid peroxidation
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Abstract: A series of 5-aryl-3-[(2-chloroguinolin-3-yl)methylene] furan-2(3H)-
ones (3a—p) were synthesized. The required 3-(substituted benzoyl)propionic
acids 2a—d were prepared under Friedel-Crafts acylation reaction conditions.
The substituted 2-chloroquinoline-3-carboxaldehydes 1a—d were synthesized
by reaction of substituted phenylethanone oxime with phosphorus oxychloride
in presence of dimethylformamide using the Vilsmeier—Haack reaction method.
These compounds were screened for their anti-inflammatory and antibacterial
activities along with their ulcerogenic and lipid peroxidation potentials. The
compounds that showed significant anti-inflammatory activity were further
screened for their analgesic activity. The compounds were less toxic in terms of
ulcerogenicity as compared to a standard, which was aso supported by lipid
peroxidation studies. The antibacterial activities were performed against Sa-
phylococcus aureus and Escherichia coli. Compounds 3f, 3n and 3o showed
significant activity against both S aureus and E. coli having an minimum
inhibitory concentration (MIC) value of 6.25 ug mL1.

Keywords. furanone; quinoline; anti-inflammatory; analgesic; antibacteria ac-
tivity.
INTRODUCTION

Inflammation occurs due to the biosynthesis of pro-inflammatory prostaglan-
dins from arachidonic acid by the action of the enzyme cyclooxygenase (COX).
In the human system, COX occurs in two isoforms, viz. COX-1 and COX-2.1
Constitutive, COX-1 is responsible for housekeeping functions while inducible
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1618 ALAM etal.

COX-2 isreleased during tissue injury, which causes the overproduction of pros-
taglandins.2 Overexpressive COX-2 is al'so responsible for colon cancer.

Drugs used for treating the signs and symptoms of inflammation are referred
to as NSAIDs. However the traditional non-steroidal anti-inflamatory drugs
(NSAIDs), in addition to suppressing the effects of pathological COX also inter-
fere with the housekeeping functions of the cyclo-oxygenase enzyme, which re-
sults in gastrointestinal tract (GIT) irritation, bleeding and ulceration.3 This ex-
plains why the search for novel anti-inflammatory agent is necessary and hence,
the need to develop and screen agents which would specifically inhibit the action
of COX-2. However, this selective COX-2 inhibition has adverse cardiovascular
effects.# Thus, there is a continuous need for the development of compounds
with a safe analgesic and anti-inflammatory profile.

Quinoline and its derivatives are an important class of pharmaceutical agents
known to occur in several natural compounds and found to possess anti-inflam-
matory® and analgesic® activity in addition to other pharmacological activities.”-10
Similarly, furanone and its derivatives have been reported to have anti-inflam-
matory,11.12 cardiotonic,13 analgesic1214 and COX-2 inhibition15.16 activities in
addition to antioxidant,1/ cytotoxic,8 antifungal,11.12,14,19 antibacterial 11,12,14,20
and antiviral?! activities.

Previoudly, the anti-inflammatory activities of a number of 3-arylidene-5-
-(substituted phenyl)-2(3H)-furanones were studied and the results were encour-
aging.11.12,14,22.23 | view of these observations and as a part of an ongoing re-
search program on development of newer anti-inflammatory and analgesic agents,
the synthesis and pharmacological activities of a series of 2(3H)-furanones fused
with the quinoline moiety are reported herein.

RESULTS AND DISCUSSION
Chemistry

Sixteen new compounds 3a—p were synthesized as outlined in Scheme 1.
The required 3-(substituted benzoyl)propionic acids 2a—d were prepared by
reacting different substituted benzenes with succinic anhydride in presence of an-
hydrous aluminium chloride followed by acylation under Friedel—Crafts reaction
conditions.142224 The substituted 2-chloroquinoline-3-carboxaldehydes la-d
were synthesized by reacting substituted phenylethanone oxime with phosphorus
oxychloride in presence of dimethyl formamide using the Vilsmeier—Haack reac-
tion method.2°26

5-Aryl-3-[(2-chloroquinolin-3-yl)methylene] furan-2(3H)-ones 3a—p were
synthesized by condensing different aromatic aldehydes (1a—d) with a 3-(substi-
tuted benzoyl)propionic acids (2a—d) in presence of triethylamine and acetic an-
hydride under anhydrous conditions following a modified Perkin reaction.14.22
Calculations of &values using incremental parameters for the hydrogen (semi-
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ANTI-INFLAMMATORY AND ANTIBACTERIAL PROPERTIES OF FURAN-2(3H)-ONES 1619

cyclic double bond) suggested the (E)-configuration. All the synthesized com-
pounds were characterized by spectroscopic data, i.e., IR, 1H-NMR, 13C-NMR
and mass, and elemental analysis. The results are given in the supplementary
material to this paper.

i cl.. .M
R . T ,
! E CHC R

HOH
Substifutedphensiethanane 1 (4 S ofituted. phenybetlaroneaxime  2-Chlomguinoline-3-carboxaldehyde la-d

OH
R
R o 0

Substituted Benzene 3.5 ubeti tuted- e reoyl) propicnic acid 2a-d

SO U e

3-{Sthstituted Benzogl) 2-Chlorocuinaline- 5-faryd 3 [2-Chlcroguinolin 3-
[Eiia) Wrnethlene] -
propionic acid 2a-d 3-cathoxaldehsde 1a-d fiman-2(3 H-ore 3ap

3a F=H, R'=H, 3b: R=H, R'=Cl, 3¢: B=H, R'=CCH,;; 3d: F=H R'=CH,
Je R=4-CH, R'=H, 3f: R=4CH, F'=C1, 3g R=4CH, R'=0CH, 3k R=4CH, F'=CH,
3t R=(CH,), ,, B'=H; 3: R={CH,), . R'=C1, 3k: R=CH,), . R'=0CH,; 3. R={CH,), ,, R=CH,
3mc B=4-Br, B'=H; In: R=4Bx, B'=C]; Jo: R=4-Br, R=0CH;, 3 R=4-By, R'=CH,
Scheme 1. The reaction scheme for the synthesis of compounds 3a—p (i — hydroxylamine
hydrochloride and sodium acetate; ii — dimethylformamide and POCls; iii —anhydrous AlCl3
and succinic anhydride; iv — acetic anhydride and triethylamine).

In general, the infrared spectral data of the furanones 3a—p revealed bands at
1790-1740 cm1 (lactone C=0), 1610-1560 cmr (ArC=C), 1070-1060 cm1
(ArC—N) and 827-806 cmr1 (ArC—H). In the IH-NMR spectra, al the com-
pounds showed two singlets of one proton each at around ¢ 6.6 and 8.2 ppm,
which could be assigned to the ring #-H and the olefinic hydrogen of the aryli-
dene substituent. Other peaks were observed at the appropriate positions. Some
points could be made regarding the fragmentation pattern observed in the elec-
tron impact mass spectrum. The 5-aryl-3-[(2-chloroguinolin-3-yl)methylene] fu-
ran-2(3H)-ones 3a—p gave an M* and M+2 (isotopic peak, due to presence of
chlorine) peak of reasonable intensities.
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1620 ALAM etal.

Biological evaluation

Anti-inflammatory activity. The in vivo anti-inflammatory activity of the syn-
thesized compounds 3a—p was evaluated by the carrageenan-induced rat paw
edema method.2” |buprofen was used as the standard drug for comparison (Table
1).The anti-inflammatory activity test showed that 5-(4-bromophenyl)-3-[(2-
-chloro-6-methoxyquinolin-3-yl)methylene] furan-2(3H)-one (30) exhibited the
maximum anti-inflammatory activity (68.9 % inhibition) in addition to 5-(4-bro-
mophenyl)-3-[(2,6-dichloroquinolin-3-yl)methylene] furan-2(3H)-one (3n), 5-(4-
methylphenyl)-3-[ (2-chloro-6-methoxyquinolin-3-yl)methylene] furan-2(3H)-one
(3g9) and 5-(4-bromophenyl)-3-[(2-chloro-6-methylquinolin-3-yl)methylene] fu-
ran-2(3H)-one (3p), showing 59.03, 56.62 and 53.01 % inhibition, respectively.
Theresults are presented in Table .

TABLE I. Anti-inflammatory and analgesic activity along with the ulcerogenic and lipid
peroxidation effect of the synthesized compounds 3a—

%Inhibition+ SEM® __ _ Lipid peroxidation”  /adea G AUl
Compound Severity ol MDA mg* (W”_ ing test) ,
After 2h After 3 h index protein No. of wrlt_hes Protection
per 30 min %
Control - - 0.00+0.00 0.24+0.002° 83+1.31 -
Ibuprofen  67.7+2.05 80.8+2.60 0.83+0.36 0.73+0.001% 29+1.15 65.06
3a 9.5+1.79 16.0+£1.81 0.4+0.10 0.39+0.005* - -
3b 18.6+£3.16 23.4+2.87 0.3+0.12 0.40+0.005®
3c 16.4+1.72 22.8+0.42 0.33+0.12 0.35+0.001* - -
3d 18.8+2.83 29.7£3.39 0.5+0.27 0.39+0.007%* - -
3e 26.614.34 36.0+£3.22 0.52+0.36 0.54+0.001* - -
3f 28+2.74 50.4+1.73 0.41+0.1 0.40+0.002* - -
39 34.1+4.16 53.8+1.38 0.16+£0.12 0.36+0.014* 36+1.89 56.62
3h 44.9+5.22 50.0+2.28 0.41+0.1 0.41+0.002* - -
3i 10.443.86 19.9+£3.06 0.46+0.4 0.55+0.001* - -
3 33.7£2.61 39.7+2.80 0.5+0.27 0.42+0.001* - -
3k 21.5+4.01 36.6+3.51 0.48+0.36 0.53+0.017* - -
3l 20+£1.97 37.0£3.27 0.5+0.27 0.49+0.001* - -
3m 26.6+£3.98 34.5£3.54 0.43+0.36 0.58+0.001* - -
3n 38.2+1.97 56.3+3.49 0.16+0.12 0.29+0.001* 34+1.24 59.03
30 48.6+3.69 68.9+3.07 0.25+0.12 0.38+0.002* 33+1.31 60.24
3p 42.4+1.79 52.0+2.42 0.2+0.12 0.33+0.006% 39+1.94 53.01

®Relative to the standard (ibuprofen) and data were analyzed by one-way ANOVA followed by the Tukey test
forn=6; Prelative to their respective control and the data were analyzed by one-way ANOVA followed by the
Tukey test for n = 6; %lipid peroxidation activity is expressed as nmoles of MDA mg‘l protein. “£” indicates the
minimum and maximum variation in the average values. “—" indicates not tested

Based on the above observations, the following structure—activity relation-
ship can be concluded:
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ANTI-INFLAMMATORY AND ANTIBACTERIAL PROPERTIES OF FURAN-2(3H)-ONES 1621

i) presence of an electronegative group on phenyl moiety of the furanone
ring increases the anti-inflammatory activity as compared to that of an eectro-
positive group;

ii) an increase in number of electropositive groups on the phenyl moiety of
the furanone ring further decreases the activity;

iii) the presence of a methoxy group on the quinoline nucleus showed
maximum activity;

iv) replacement of the methoxy group by a methyl group decreases the ac-
tivity.

All the synthesized compounds were further tested for their ulcerogenic and
lipid peroxidation effects. The test compounds (30, 3n, 3g and 3p) that exhibited
an above 65 % ibuprofen edema inhibition were further evaluated for their anal-
gesic activity.

Analgesic activity. The analgesic activity was evaluated by the acetic acid-
induced writhing test.28 The results indicated that compounds 30 and 3n showed
60.24 and 59.03 % activity, respectively, which were comparable to that of the
standard ibuprofen (65.06 %). Compounds 3g and 3p aso showed good anal-
gesic activity (Tablel).

Acute ulcerogenesis. The synthesized compounds were screened for their
ulcerogenic activity by the Cioli et al. method.29 Compounds 30 and 3n showed
a severity index of 0.25+0.12 and 0.16x0.12, respectively, which were much
lower as compared to that of ibuprofen (0.83+0.36). The results indicated that the
compounds were less toxic in terms of ulcerogenicity as compared to standard,
which was also supported by lipid peroxidation studies (Table ).

Lipid peroxidation. All the compounds screened for ulcerogenic activity
were also analyzed for lipid peroxidation by the Ohkawa et al. method.30 The
lipid peroxidation was measured as nmoles of malondialdehyde (MDA) mg? of
protein. Ibuprofen exhibited high lipid peroxidation 0.73+0.001 whereas control
group showed 0.24+0.002. It was found that al the furanone derivatives fused
with quinoline ring showed less ulcerogenic activity along with reduced lipid
peroxidation (Tablel).

Antibacterial activity. All the compounds tested for antimicrobia activity
showed inhibition of growth. Compounds 3f, 3n and 3o showed significant acti-
vity against both Saphylococcus aureus and Escherichia coli with a minimum
inhibitory concentration (MIC) value of 6.25 ng mL—1 (Table I1). Of the sixteen
new compounds, two compounds, 3i and 3j were found to be more active against
S aureus with an MIC value of 6.25 ng mL—1. Analyses of the results indicated
that:

i) the presence of a chloro group on the quinoline nucleus induced selectivity
of the furanone towards inhibition of S. aureus;
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1622 ALAM etal.

ii) the presence of an electropositive group on the phenyl moiety of the fura-
none ring induced inhibition of S. aureus. However, an electronegative group fa
voured inhibition of E. cali.

TABLE Il. Antibacterial activity, MIC / pg mL"1, results of the 2(3H)-furanones (the studies
were performed in triplicate)

Compound S aureus E. coli
Nitrofurazone 12.5+0.0 6.25+0.0
3a 133.37+16.67 167.67+33.34
3b 50+0.0 50+0.0
3c 133+33.34 50+0.0
3d 133+33.34 166+33.34
3e 25+0.0 50+0.0
3f 6.25+0.0 6.25+0.0
3g 12.5+0.0 25+0.0
3h 25+0.0 50+0.0
3i 6.25+0.0 12.5+0.0
3 6.25+0.0 12.5+0.0
3k 25+0.0 50+0.0
3l 12.5+0.0 25+0.0
3m 12.5+0.0 12.5+0.0
3n 6.25+0.0 6.25+0.0
30 6.25+0.0 6.25+0.0
3p 12.5+0.0 25+0.0

EXPERIMENTAL
Chemistry

Chemicals were purchased from Merck and Sigma-Aldrich as synthesis grade and were
used without further purification. Melting points were determined by the open tube capillary
method and are uncorrected. The purity of the compounds was checked by thin layer chroma-
tography (TLC) on silica gel G plates (Merck No. 5544) using toluene:ethyl acetate:formic
acid (5:4:1) as the solvent system and the spots were located either under ultraviolet light or
through exposure to iodine vapour. The IR spectra were measured as potassium bromide pel-
lets using a Perkin-Elmer 1725X spectrophotometer. The IH-NMR spectra were recorded on
Bruker spectrospin DPX-300 MHz in CDCl3 with tetramethylsilane (TMS) as an interna
standard; chemical shifts () are reported in parts per million (ppm) downfield from TMS.
Mass spectra were recorded at 70 eV on a Jeol IMS-D 300 instrument fitted with a IM S 2000
data system. Spectral data are consistent with the assigned structures. Elemental analyses were
performed on a Perkin-Elmer model 240 analyzer (C, H, N) and were found within the range
of = 0.4 % of the theoretical values.

General procedure for the synthesis of 1-(4-substituted phenyl)ethanone oximes

The 1-(4-substituted phenyl)ethanone oximes were synthesized from different substituted
acetophenones (0.1 mol), hydroxylamine hydrochloride (0.12 mol) and sodium acetate (0.12
mol) using the method reported by Cohn et al.25
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ANTI-INFLAMMATORY AND ANTIBACTERIAL PROPERTIES OF FURAN-2(3H)-ONES 1623

General procedure for the synthesis of the 2-chloroquinolin-3-carboxal dehydes 1a—d

To dimethylformaldehyde (0.15 mol) cooled to 0 °C, freshly distilled phosphorous oxy-
chloride (0.35 mol) was added dropwise under stirring, then the respective oxime (0.05 mol)
was added portion-wise. The reaction mixture was heated at 60 °C for 16 h. It was then
poured into ice water (300 mL) and stirred for 30 min. The 2-chloroquinoline-3-carboxal de-
hyde was filtered and recrystallized from ethyl acetate.?526

General procedure for the synthesis of 3-(substituted benzoyl)propionic acids 2a—d

The 3-(substituted benzoyl)propionic acids were synthesized according to a previously
reported method422.24 ysing dry substituted-benzene (50 mL) under anhydrous conditions in
presence of anhydrous aluminium chloride (0.15 mol) and succinic anhydride (0.1 mol). The
obtained product was crystallized from agueous ethanol to give a colourless compound that
gave effervescence with sodium bicarbonate.

General procedure for the synthesis of 3-[ (2-chloroquinolin-3-yl)methyl ene] -5-(substituted
phenyl) furan-2(3H)-ones 3a—p

Each compound 2a—d (3 mmol) and each compound 1a—d (equimolar, 3 mmol) were
fused together in presence of acetic anhydride (5-8 drops) in a round-bottom flask for half an
hour. To this fused mixture, triethylamine (2 drops) was added and the heating on a heating
mantle was continued for afurther 15 min. After the completion of reaction, the obtained solid
mass was crystallized from methanol and gave the desired products.

Biological evaluation

Animals. The Wistar rats and albino mice used in the present study were housed and kept
in accordance with the Hamdard University Animal Care Unit, which applies the guidelines
and rules laid down by the Committee for the Purpose of Control and Supervision of Experi-
ments on Animals (CPCSEA), Ministry of Social Justice and Empowerment, Government of
India. Wistar rats and albino mice of either sex (Hamdard University, Anima House, New
Delhi, India), weighing 180-200 g (12 weeks) and 22-25 g (8 weeks), respectively, were
used. The animals were housed in groups of six and acclimatized to ambient conditions for at
least 2 days before the experiments. Food and water were freely available up to the time of the
experiments. The food was withdrawn on the day before the experiment, but free access to
water was allowed.

Anti-inflammatory activity. The synthesized compounds were evaluated for their anti-in-
flammatory activity using the carrageenan-induced paw edema method of Winter et al.2” The
animals were randomly divided into groups of six. Group | was kept as control, and received
only 0.5 % carboxymethyl cellulose (CMC) solution. Group |1 was kept as the standard and
received ibuprofen. Carrageenan solution (0.1 % in sterile 0.9 % NaCl solution) in a volume
of 0.1 mL was injected subcutaneously into the sub-plantar region of the right hind paw of
each rat, 30 min after the administration of the test compounds (20 mg kg! p.o.) and the
standard drugs. The paw volume was measured by saline displacement shown on the screen of
digital plethysmometer (Ugo Basile) at 2 and 3 h after carrageenan injection. The edema vo-
lume in the control group (V) and edema volume in the groups treated with test compounds
(V) was measured and the percentage inhibition of edema was calculated using the formula:

Anti-inflammatory activity (% inhibition) = 100((V, —Vy) / V)
where V; is the paw volume of the control group and V; is the paw volume of the test group.

Analgesic activity. The compounds which showed anti-inflammatory activity above 75 %
of the ibuprofen inhibition were screened for analgesic activity. The determination of the
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1624 ALAM etal.

analgesic activity was realized by the acetic acid-induced writhing method.28 Mice were
divided into groups with six in each. Group | was taken as the control and received CMC
suspension only, group |l received the reference drug ibuprofen and the other groups were
treated with the test drugs (20 mg kg1) suspended in 1.0 % CMC orally. A 1 % agueous acetic
acid solution (0.1 mL) was used as writhing-inducing agent. The acetic acid solution was in-
jected intraperitoneally 3 h after the treatment with the reference and test drugs to the various
groups, respectively, and writhings were noted for 10-15 min after acetic acid administration.

Acute ulcerogenesis. Acute ulcerogenesis test was performed according to the method of
Cioli et al.22 Wigtar rats were divided into different groups consisting of six animals in each
group. Ulcerogenic activity was evaluated after p.o. administration of test compounds or
ibuprofen at a dose of 60 mg kg'l. The control rats received p.o. administration of the vehicle
(suspension of 1 % carboxymethyl cellulose). Food but not water was removed 24 h before
administration of the test compounds. After drug treatment, the rats were fed with a normal diet
for 17 h and then sacrificed. The stomach was removed and opened along the greater
curvature, washed with distilled water and cleaned gently by dipping in normal saline. The
mucosa damage was examined by means of a magnifying glass and compared with that after
ibuprofen administration. For each stomach, the mucosal damage was assessed according to
the following scoring system: 0.5: redness, 1.0: spot ulcers, 1.5: hemorrhagic streaks, 2.0:
ulcers> 3 but <5, 3.0: ulcers> 5.

The mean score of each treated group minus the mean score of the control group was
regarded as the severity index of gastric mucosal damage.

Lipid peroxidation. Lipid peroxidation in the gastric mucosa was determined according
to the method of Ohkawa et al.3% After screening for ulcerogenic activity, the gastric mucosa
was scraped with two glass dides and 10 % of that tissue was homogenized at 10,000 rpm in
1.8 mL of 1.15 % ice-cold KCI solution. 1 mL of suspension medium was taken from the
supernatant, 0.5 mL of 30 % trichloroacetic acid (TCA) followed by 0.5 mL of 0.8 % thiobar-
bituric acid (TBA) reagent were added to it. The tubes were covered with aluminium foil and
kept in a shaking water bath for 30 min at 80 °C. After 30 min, the tubes were taken out and
kept in ice-cold water for 10 min. These were then centrifuged at 3000 rpm for 15 min. The
absorbance of the supernatant was read at 540 nm at room temperature against the blank on a
UV spectrophotometer.

The standard curve used for estimating the concentration of MDA was prepared by using
1,1,3,3-tetraethoxypropane. The results are presented as nmol MDA mg® of protein.

Antibacterial activity. The antibacterial studies were performed on the synthesized com-
pounds against the microorganisms S. aureus and E. coli in meat peptone agar medium at a
concentration of 100 pg mi-L. Compounds inhibiting growth of one or more of the micro-
organisms were further tested for their MIC value. The test was performed according to the
turbidity method3! using nitrofurazone as the standard.

SUPPLEMENTARY MATERIAL

Analytical and spectral data of synthesized compounds are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOA

CUHTE3A XNHOJIMH-BE3AHUX ®YPAH-2(3H)-OHA KOJU UMAJY
AHTUNH®JIAMATOPHA 1 AHTUBAKTEPUJCKA CBOJCTBA
V3 CMABEHRY T'ACTPOUHTECTHUHAJIHY TOKCUYHOCT 1
JIMIINAHY ITEPOKCUOATINTY

MOHAMMAD M. ALAM?, DEBA PRIYA SARKAR?, ASIF HUSAINY, AKRANTH MARELLAY, MOHAMMAD
SHAQUIQUZZAMAN?, MYMOONA AKHTER?, MOHAMMAD SHAHARYAR?, OZAIR ALAM® i FAIZUL AZAM?

'Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Jamia Hamdard (Hamdard University), New
Delhi-110 062, India « *Department of Medicinal Chemistry, Faculty of Pharmacy, Seventh of October
University, P. O. Box 2247, Misurata, Libya

Cunrerncana je cepuja 5-apui-3-[(2-xmopoxuHosnus-3-un)meriieH] ¢pypan-2(3H)-ona (3a—
p). Horpebue 3-(cyncruryeHT-6eH30m)-ponnoHcKe kuceinne 2a—d cy nobujene Friedel-Crafts-
-0BOM peakiujoM anmioBarba. CyNCTUTYHCaHU 2-XJIOPOXUHOMMH-3-KapOanaexuan la—d cy cun-
TETHCAHH Y PEaKIHjH CYICTUTYHCAaHUX (peHUIICTaHOH-OKCHMa ca (Gochop-OKCHXIOPHIOM, Y HpH-
cyctBy qumetmi-popmamua, npumernom Vilsmeier—Haack-osor peakipoHor Meroaa. 3a oBa jeau-
Bema je yrBphuBaHa aHTUHH(IAMATOPHA, aHTHOAKTEPHjCKa M YILEpPOreHa aKTHBHOCT, Ka0 H CIIO-
COOHOCT /1a U3a30BY JIMIH/HY MEPOKCUAALH]Y. Jenumbeha Koja Cy mokasana 3Ha4yajHy aHTUHH(IIa-
MAaTOpHY aKTUBHOCT JlaJbe Cy UCIIMTHBAHA Ka0 aHAITCTHILH. JeANbEeba Cy HCTIOJbHIIAa Makby TOKCHY-
HOCT y Tniopehemy ca cTaHAapIHUM MpenapaTuMa, y Morjiely yJIIepOreHOCTH U JIUIUIHE TePOKCH-
nanuje. AHTHOAKTEepHjcKa akKTHBHOCT je TecThpaHa cripam S aureus u E. coli. Jenumemwa 3f, 3n u
30 cy mokasana 3HadajHy akTHBHOCT crpaM oOe 6akTepuje, y3 MUHAMAIHY HHXHOUTOPHY KOHIICH-
Tpaumjy oz 6,25 ug mL-L,

(Ilpumiseno 31. janyapa, peuaupano 4. maja 2011)
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SUPPLEMENTARY MATERIAL TO
Synthesis of quinoline-attached furan-2(3H)-ones having
anti-inflammatory and antibacterial propertieswith reduced
gastro-intestinal toxicity and lipid per oxidation
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J. Serb. Chem. Soc. 76 (12) (2011) 1617-1626

ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

The splitting pattern abbreviations for the NMR signals are as follows: s,
singlet; d, doublet; dd, double doublet; t, triplet; g, quartet; m, multiplet.

3-[(2-Chloroquinoalin-3-yl)methylene] -5-phenyl furan-2(3H)-one (3a). Yield:
52 %; R 0.72; m.p. 136 °C; Anal. Calcd. for CogH12CINO2: C, 71.97; H, 3.62;
N, 4.20 %. Found: C, 71.93; H, 3.61; N, 4.21 %; IR (KBr, cmm1): 1740 (lactone
C=0), 1560 (ArC=C), 1070 (ArC-N), 864 (ArC-H); 1H-NMR (400 MHz, CDCls3,
o/ ppm): 6.84 (1H, s, pH), 7.22—7.28 (5H, m, H-2,3,4,5,6, phenyl ring), 7.43 (2H,
m, H-5,7, quinoline ring), 7.68 (1H, t, J = 7.3 Hz, H-6, quinoline ring), 7.92 (1H,
m, H-8, quinoline ring), 8.28 (1H, s, H-4, quinoline ring), 8.38 (1H, s, olefinic
H); 13C-NMR (100 MHz, CDCl3, § / ppm): 98.86, 125.67, 126.89, 127.60,
127.91, 128.06, 128.10, 128.60, 128.84, 129.04, 129.18, 131.22, 131.85, 138.00,
147.44, 150.44, 158.98, 168.07; MS (m/2): 334 (M), 336 (M+2).

3-[(2,6-Dichloroquinolin-3-yl)methylene] -5-phenyl  furan-2(3H)-one  (3b).
Yidd: 56 %; Rs: 0.74; m.p. 184 °C; Anal. Cacd. for CogH11CIoNO»: C, 65.24 ;
H, 3.01; N, 3.80 %. Found: C, 65.12; H, 3.02; N, 3.81 %; IR (KBr, cm1): 1740
(lactone C=0), 1562 (ArC=C), 1068 (ArC-N), 822 (ArC-H); 1H-NMR (400
MHz, CDCls3, ¢ / ppm): 6.60 (1H, s, pH), 7.26-7.34 (5H, m, H-2,3,4,5,6, phenyl
ring), 7.62 (1H, d, J = 1.9 Hz, H-5, quinoline ring), 7.68 (1H, dd, J = 8.6, 1.9Hz,
H-7, quinoline ring), 7.80 (1H, d, J = 8.5 Hz, H-8, quinaline ring), 7.94 (1H, s,
H-4, quinoline ring), 8.24 (1H, s, olefinic H); 13C-NMR (100 MHz, CDCl3, ¢ /
/ ppm): 99.04, 124.91, 125.18, 126.73, 127.81, 128.91, 129.11, 130.72, 131.95,

* Corresponding author. E-mail: drmmalam@gmail.com
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132.13, 132.64, 133.96, 138.12, 147.67, 150.61, 158.93, 168.13; MS (m/z): 368
(M*), 370 (M+2).

3-[ (2-Chloro-6-methoxyquinolin-3-yl)methyl ene] -5-phenyl furan-2(3H)-one
(30). Yield: 64 %; Ry: 0.82; m.p. 154 °C; Ana. Cacd. for Cp1H14CINO3: C,
69.33; H, 3.88; N, 3.85 %. Found: C, 69.58; H, 3.87; N, 3.86 %; IR (KBr, cnr1):
1740 (lactone C=0), 1562 (ArC=C), 1066 (ArC-N), 816 (ArC-H); 1H-NMR
(400 MHz, CDCl3, 6 / ppm): 3.86 (3H, s, OCH3), 6.62 (1H, s, fH), 7.20-7.26
(5H, m, H-2,3,4,5,6, phenyl ring), 7.54 (1H, d, J = 1.8 Hz, H-5, quinoline ring),
7.60 (1H, dd, J = 8.0, 1.8 Hz, H-7, quinoline ring), 7.72 (1H, d, J = 8.0 Hz, H-8,
quinoline ring), 7.92 (1H, s, H-4, quinoline ring), 8.02 (1H, s, olefinic H); 13C-
-NMR (100 MHz, CDCl3, ¢ / ppm): 55.56, 98.93, 112.11, 123.73, 124.85,
125.19, 126.45, 128.87, 129.23, 129.46, 130.61, 132.17, 132.52, 138.04, 146.44,
150.31, 158.28, 167.95; MS (m/2): 364 (M™), 366 (M+2).

3-[ (2-Chloro-6-methyl quinolin-3-yl)methylene] -5-phenyl furan-2(3H)-one (3d).
Yield: 64 %; Rs: 0.80; m.p. 176 °C; Anal. Calcd. for Co1H14CINO»: C, 72.52 ; H,
4.06; N, 4.03 %. Found: C, 72.53; H, 4.07; N, 4.01 %; IR (KBr, cmr1): 1740
(lactone C=0), 1558 (ArC=C), 1062 (ArC-N), 810 (ArC-H); 1H-NMR (400
MHz, CDCl3, ¢ / ppm): 2.15 (3H, s, CH3), 6.88 (1H, s, fH), 7.18-7.25 (5H, m,
H-2,3,4,5,6, phenyl ring), 7.49 (1H, d, J = 1.6 Hz, H-5, quinolinering), 7.56 (1H,
dd, J=7.8, 1.6 Hz, H-7, quinaline ring), 7.84 (1H, d, J = 7.8 Hz, H-8, quinoline
ring), 8.26 (1H, s, H-4, quinoline ring), 8.34 (1H, s, olefinic H). 13C-NMR (100
MHz, CDCl3, 6 / ppm): 21.06, 100.16, 124.96, 125.10, 125.27, 128.15, 128.90,
129.29, 129.52, 131.48, 131.83, 132.39, 134.12, 136.75, 137.84, 145.95, 150.21,
158.09, 167.83; MS (m/z): 348 (M*), 350 (M+2).

3-[(2-Chloroquinolin-3-yl)methylene] -5-(4-methylphenyl)  furan-2(3H)-one
(3e). Yield: 34 %; Rs: 0.89; m.p. 204 °C; Anal. Calcd. for Co1H14CINO,: C,
72.52 ; H, 4.06; N, 4.03 %. Found: C, 72.33; H, 4.05; N, 4.03 %; IR (KBr, cnmr1):
1742 (lactone C=0), 1562 (ArC=C), 1066 (ArC-N), 812 (ArC-H); 1H-NMR
(400 MHz, CDCl3, 6 / ppm): 2.18 (3H, s, CH3), 6.84 (1H, s, H), 7.20 (2H, d, J =
= 8.3 Hz, H-3,5, phenyl ring), 7.39 (2H, d, J = 8.2 Hz, H-2,6, phenyl ring), 7.46
(2H, m, H-5,7, quinoline ring), 7.70 (2H, m, H-6,8, quinoline ring), 8.18 (1H, s,
H-4, quinoline ring), 8.38 (1H, s, olefinic H). 13C-NMR (100 MHz, CDCl3, 6 /
/ ppm): 21.14, 100.21, 124.13, 125.44, 127.68, 128.04, 128.83, 128.96, 128.99,
129.14, 129.48, 129.54, 131.39, 131.74, 137.77, 147.04, 150.38, 158.49, 167.84;
MS (mV2): 348 (M), 350 (M+2).

3-[(2,6-Dichloroquinolin-3-yl)methylene] -5-(4-methylphenyl)  furan-2(3H)-one
(3f). Yield: 32 %; Ry: 0.9; m.p. 264 °C; Anal. Cacd. for Cy1H13CIoNO2: C,
65.99 ; H, 3.43; N, 3.66 %. Found: C, 65.88; H, 3.42; N, 3.64 %; IR (KBr, cnr):
1744 (lactone C=0), 1562 (ArC=C), 1064 (ArC-N), 822 (ArC-H); H-NMR
NMR (400 MHz, CDCl3, 6 / ppm): 2.22 (3H, s, CH3), 6.77 (1H, s, fH), 7.25 (2H,
d, J = 8.0 Hz, H-3,5, phenyl ring), 7.49 (2H, d, J = 8.0 Hz, H-2,6, phenyl ring),
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7.58 (1H, d, J = 2.1 Hz, H-5, quinoline ring), 7.64 (1H, dd, J = 8.6, 2.1 Hz, H-7,
quinoline ring), 7.84 (1H, d, J = 8.6 Hz, H-8, quinoline ring), 8.02 (1H, s, H-4,
quinoline ring), 8.34 (1H, s, olefinic H). 13C-NMR (100 MHz, CDCl3, § / ppm):
21.18, 100.31, 124.54, 125.32, 126.16, 128.13, 128.96, 129.18, 129.56, 131.34,
132.06, 132.19, 132.73, 133.00, 137.84, 146.98, 150.42, 158.61, 167.93; MS
(m/2): 382 (M™), 384 (M+2).

3-[ (2-Chloro-6-methoxyquinolin-3-yl)methyl ene] -5-(4-methyl phenyl)  furan-
-2(3H)-one (3g). Yield: 48 %; Ry 0.82; m.p. 242 °C; Ana. Cacd. for
CooH16CINO3: C, 69.94 ; H, 4.27; N, 3.71 %. Found: C, 70.12; H, 4.28; N, 3.72
%; IR (KBr, cml1): 1796 (lactone C=C), 1557 (ArC=C), 1060 (ArC-N), 817
(ArC-H); IH-NMR (400 MHz, CDCls, § / ppm): 2.16 (3H, s, CHz3), 3.87 (3H, s,
OCHp3), 6.85 (1H, s, pH), 7.21 (2H, d, J = 8.2 Hz, H-3,5, phenyl ring), 7.38 (2H,
d, J = 8.1 Hz, H-2,6, phenyl ring), 7.32 (1H, d, J = 1.8 Hz, H-5, quinoline ring),
7.68 (1H, s, H-4, quinaline ring), 7.81 (1H, d, J = 8.1 Hz, H-7, quinoline ring),
8.26 (1H, s, olefinic H). 13C-NMR (100 MHz, CDCl3, § / ppm): 21.16, 55.62,
100.24, 111.65, 123.78, 124.61, 126.08, 126.49, 128.90, 129.12, 129.64, 130.72,
132.18, 132.48, 138.11, 146.53, 150.18, 158.45, 167.74; MS (m/2): 378 (M™),
380 (M+2).

3-[(2-Chloro-6-methylquinolin-3-yl)methylene] -5-(4-methylphenyl)  furan-
-2(8H)-one (3h). Yield: 48 %; Ry 0.81; m.p. 190 °C; Anal. Cacd. for
CooH16CINO2: C, 73.03; H, 4.46; N, 3.87 %. Found: C, 72.95; H, 4.45; N, 3.85
%; IR (KBr, cm1): 1795 (lactone C=0), 1558 (ArC=C), 1062 (ArC-N), 820
(ArC-H); 1H-NMR (400 MHz, CDCl3, § / ppm): 2.24 and 2.26 (6H, s, 2xCH3),
6.63 (1H, s, fH), 7.28 (2H, d, J = 8 Hz, H-3,5, phenyl ring), 7.42 (2H, d, J=8.1
Hz, H-2,6, phenyl ring), 7.53 (1H, d, J = 1.6 Hz, H-5, quinoline ring), 7.59 (1H,
dd, J =84, 1.6 Hz, H-7, quinaline ring), 7.74 (1H, d, J = 8.4 Hz, H-8, quinoline
ring), 7.88 (1H, s, H-4, quinoline ring), 8.27 (1H, s, olefinic H). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 21.11, 21.29, 100.08, 124.32, 125.33, 125.74, 128.24,
129.06, 129.14, 129.62, 131.57, 131.90, 132.58, 134.18, 136.94, 137.78, 146.11,
150.05, 158.14, 167.90; MS (m/2): 362 (M*), 364 (M+2).

3-[(2-Chloroquinalin-3-yl)methylene] -5-(2,4-dimethylphenyl)  furan-2(3H)-one
(3i). Yidd: 36 %; Rf: 0.92; m.p. 138 °C; Anal. Calcd. for CooH1gCINO2: C,
73.03; H, 4.46; N, 3.87 %. Found: C, 73.18; H, 4.45; N, 3.86 %; IR (KBr, cm1):
1741 (lactone C=0), 1560 (ArC=C), 1064 (ArC-N), 824 (ArC-H); H-NMR
(400 MHz, CDCl3, 6 / ppm): 2.18 and 2.22 (6H, s, 2 x CH3), 6.61 (1H, s, fH),
7.11-7.18 (3H, m, H-3,5,6, phenyl ring), 7.42-7.76 (5H, m, H-4,5,6,7,8,
quinoline ring), 8.25 (1H, s, olefinic H). 13C-NMR (100 MHz, CDCl3, J / ppm):
21.42, 22.19, 102.20, 124.43, 126.90, 127.19, 127.89, 128.00, 128.29, 128.57,
128.67, 129.13, 131.78, 132.64, 137.01, 137.95, 141.24, 147.34, 150.44, 159.55,
167.94; MS (n/2): 362 (M), 364 (M+2).
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3-[(2,6-Dichloroquinolin-3-yl)methylene] -5-(2,4-dimethyl phenyl) furan-
-2(8H)-one (3j). Yied: 42 %; Ry: 0.87; m.p. 184 °C; Ana. Cacd. for
CooH15CIoNO9: C, 66.68 ; H, 3.82; N, 3.53 %. Found: C, 66.72; H, 3.80; N, 3.54
%; IR (KBr, cm1): 1742 (lactone C=0), 1562 (ArC=C), 1062 (ArC-N), 821
(ArC-H); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.28 and 2.32 (6H, s, 2 x CH3),
6.60 (1H, s, pH), 7.06 (1H, d, J = 1.5 Hz, H-3, phenyl ring), 7.14 (1H, dd, J =
=7.2, 1.5 Hz, H-5, phenyl ring), 7.32 (1H, d, J = 7.2 Hz, H-6, phenyl ring), 7.56
(1H, d, J = 1.7 Hz, H-5, quinaline ring), 7.62 (1H, dd, J = 7.4, 1.7 Hz, H-7,
quinaline ring), 7.80 (1H, d, J = 7.4 Hz, H-8, quinaline ring), 8.10 (1H, s, H-4,
quinoline ring), 8.28 (1H, s, olefinic H). 13C-NMR (100 MHz, CDCl3, § / ppm):
21.49, 22.21, 102.34, 124.56, 126.97, 127.25, 127.98, 128.21, 128.69, 130.81,
131.54, 131.85, 132.73, 133.65, 137.18, 138.11, 141.33, 147.62, 150.73, 159.87,
168.05; MS (nV2): 396 (M), 398 (M+2).

3-[ (2-Chloro-6-methoxyquinolin-3-yl)methyl ene] -5-(2,4-dimethyl phenyl)  fu-
ran-2(3H)-one (3k). Yield: 36 %; Rs: 0.92; m.p. 200 °C; Ana. Calcd. for
Co3H18CINO3: C, 70.50; H, 4.63; N, 3.57 %. Found: C, 70.66; H, 4.62; N, 3.58
%; IR (KBr, cmr1): 1756 (lactone C=0), 1612 (ArC=C), 1060 (ArC-N), 818
(ArC—H); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.28 and 2.34 (6H, s, 2xCH3),
3.98 (3H, s, OCH3), 6.62 (1H, s, pH), 6.96 (1H, d, J = 1.6 Hz, H-3, phenyl ring),
7.11 (1H, dd, J = 7.2, 1.6 Hz, H-5, phenyl ring), 7.26 (1H, d, J = 7.2 Hz, H-6,
phenyl ring), 7.34 (1H, d, J = 1.8 Hz, H-5, quinolinering), 7.52 (1H, dd, J = 7.7,
1.8 Hz, H-7, quinaline ring), 7.64 (1H, d, J = 7.6 Hz, H-8, quinoline ring), 7.72
(1H, s, H-4, quinoline ring), 8.26 (1H, s, olefinic H). 13C-NMR (100 MHz,
CDClg3, 6 / ppm): 21.45, 22.11, 103.04, 111.59, 124.16, 126.33, 127.02, 127.19,
129.56, 131.83, 131.92, 132.08, 133.14, 137.09, 137.67, 142.11, 146.43, 150.76,
158.93, 159.46, 167.71; MS (m/2): 392 (M*), 394 (M+2).

3-[ (2-Chloro-6-methyl quinolin-3-yl)methylene] -5-(2,4-dimethylphenyl)  fu-
ran-2(3H)-one (3I). Yield: 32 %; Ry: 0.91; m.p. 174 °C; Ana. Cacd. for
Co3H18CINO,: C, 73.50; H, 4.83; N, 3.73 %. Found: C, 73.53; H, 4.82; N, 3.72
%; IR (KBr, cm1): 1755 (lactone C=0), 1610 (ArC=C), 1068 (ArC-N), 824
(ArC-H); 1H-NMR: 2.20, 2.24 and 2.30 (9H, s, 3xCH3), 6.60 (1H, s, fH), 7.15—
—7.22 (3H, m, H-3,5,6, phenyl ring), 7.48 (1H, d, J = 1.7 Hz, H-5, quinoline
ring), 7.56 (1H, dd, J = 7.8, 1.7 Hz, H-7, quinoline ring), 7.68 (1H, d, J = 7.7 Hz,
H-8, quinoline ring), 7.78 (1H, s, H-4, quinaline ring), 8.28 (1H, s, olefinic H).
13C-NMR (100 MHz, CDCl3, § / ppm): 20.98, 21.31, 21.84, 101.63, 124.11,
124.38, 126.93, 128.12, 129.16, 130.92, 131.12, 131.65, 132.78, 132.94, 137.16,
137.91, 138.11, 141.69, 146.21, 150.39, 158.64, 167.84; MS (m/2): 376 (M™),
378 (M+2).

5-(4-Bromophenyl)3-[ (2-chloroquinolin-3-yl)methylene] furan-2(3H)-one (3m).
Yield: 30 %; Ry: 0.85; m.p. 216 °C; Anal. Calcd. for CogH11BrCINO2: C, 58.21 ;
H, 2.69; N, 3.39 %. Found: C, 58.38; H, 2.70; N, 3.38 %; IR (KBr, cm1): 1748
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(lactone C=0), 1612 (ArC=C), 1062 (ArC-N), 826 (ArC-H); 1H-NMR (400
MHz, CDCls3, 6 / ppm): 6.71 (1H, s, pH), 7.36 (2H, d, J = 8.8 Hz, H-3,5, phenyl
ring), 7.48 (2H, d, J = 8.7 Hz, H-2,6, phenyl ring), 7.58-7.68 (4H, m, H-5,6,7,8,
quinoline ring), 8.08 (1H, s, H-4, quinoline ring), 8.16 (1H, s, olefinic H). 13C-
-NMR (100 MHz, CDCl3, 6 / ppm): 99.34, 125.66, 126.55, 126.65, 126.88,
127.02, 127.95, 128.04, 128.66, 129.94, 131.95, 132.36, 138.02, 147.51, 150.37,
158.04, 167.66; MS (m/2): 413 (M™), 415 (M+2).

5-(4-Bromophenyl)-3-[ (2,6-dichloroguinolin-3-yl)methylene] furan-2(3H)-one
(3n). Yield: 32 %; Ry: 0.86; m.p. 156 °C; Anal. Calcd. for CogH10BrCloNO2: C,
53.73; H, 2.25; N, 3.13 %. Found: C, 53.62; H, 2.23; N, 3.12 %; IR (KBr, cnr1):
1750 (lactone C=0), 1580 (ArC=C), 1060 (ArC-N), 818 (ArC-H); 1H-NMR
(400 MHz, CDCl3, ¢ / ppm): 6.60 (1H, s, pH), 7.35-7.66 (7H, m, H-5,7,8 of
quinoline ring merged with H-2,3,5,6 of phenyl ring), 8.04 (1H, s, H-4, quinoline
ring), 8.21 (1H, s, olefinic H). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 100.12,
125.69, 126.43, 126.63, 127.09, 128.14, 128.26, 128.48, 130.06, 131.88, 132.29,
134.39, 138.14, 146.53, 150.84, 158.13, 167.74; MS (m/2): 447 (M™), 449 (M+2).

5-(4-Bromophenyl)-3-[ (2-chlor o-6-methoxyquinolin-3-yl)methylene]  furan-
-2(3H)-one (30). Yield: 38 %; Rf: 0.89; m.p. 264 °C; And. Cacd. for
C>1H13BrCINO3: C, 56.98; H, 2.96; N, 3.16 %. Found: C, 56.83; H, 2.97; N,
3.17 %; IR (KBr, cnm1): 1748 (lactone C=0), 1612 (ArC=C), 1064 (ArC—N),
812 (ArC-H); 1H-NMR (400 MHz, CDCl3,  / ppm): 3.78 (1H, s, OCH3), 6.64
(1H, s, pH), 7.34-7.58 (7H, m, H-5,7,8 of quinoline ring merged with H-2,3,5,6
of phenyl ring), 7.94 (1H, s, H-4, quinoline ring), 8.08 (1H, s, olefinic H). 13C-
-NMR (100 MHz, CDCl3, ¢ / ppm): 55.68, 99.14, 111.36, 124.52, 124.89,
125.38, 126.48, 126.51, 127.14, 128.19, 131.75, 133.43, 136.31, 144.46, 149.35,
158.06, 160.08, 167.68; MS (m/2): 443 (M*), 445 (M+2).

5-(4-Bromophenyl)-3-[ (2-chloro-6-methylquinolin-3-yl)methylene] ~ furan-
-2(3H)-one (3p). Yield: 42 %; Ry 0.83; m.p. 174 °C; And. Cacd. for
Co1H13BrCINO2: C, 59.11 ; H, 3.07; N, 3.28 %. Found: C, 58.96; H, 3.08; N,
3.29 %; IR (KBr, cm1): 1748 (lactone C=0), 1602 (ArC=C), 1066 (ArC-N),
810 (ArC—H); IH-NMR (400 MHz, CDCl3, 6 / ppm): 2.20 (1H, s, CHs), 6.60
(1H, s, pH), 7.34 (2H, d, J = 8.6 Hz, H-3,5, phenyl ring), 7.44 (2H, d, J = 8.6 Hz,
H-2,6, phenyl ring), 7.50 (1H, d, J = 1.9 Hz, H-5, quinoline ring), 7.60 (1H, dd,
J = 8.3, 1.9 Hz, H-7, quinoline ring), 7.78 (1H, d, J = 8.4 Hz, H-8, quinoline
ring), 7.96 (1H, s, H-4, quinoline ring), 8.21 (1H, s, olefinic H). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 20.93, 99.44, 125.18, 125.21, 126.32, 126.72, 127.19,
127.98, 128.27, 131.76, 131.84, 131.93, 136.53, 138.19, 146.12, 148.49, 158.19,
167.70; MS (m/2): 427 (M%), 429 (M+2).
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Abstract: The chemical composition of the volatile fraction obtained by head-
space solid phase microextraction (HS-SPME), single drop microextraction
(SDME) and the essentia oil obtained by cold-press from the peels of C. si-
nensis cv. Valencia were analyzed employing gas chromatography—flame ioni-
zation detector (GC—FID) and gas chromatography—mass spectrometry (GC—
—-MS). The main components were limonene (61.34, 68.27 and 90.50 %),
myrcene (17.55, 12.35 and 2.50 %), sabinene (6.50, 7.62 and 0.5 %) and o-pi-
nene (0, 6.65 and 1.4 %) respectively obtained by HS-SPME, SDME and cold-
-press. Then a quantitative structure—retention relationship (QSRR) study for
the prediction of retention indices (RI) of the compounds was developed by
application of structural descriptors and the multiple linear regression (MLR)
method. Principal components analysis was used to select the training set. A
simple model with low standard errors and high correlation coefficients was
obtained. The results illustrated that linear techniques such as MLR combined
with a successful variable selection procedure are capable of generating an ef-
ficient QSRR model for prediction of the retention indices of different com-
pounds. This model, with high statistical significance (R2;, = 0.983, R%oy =
= 0.970, Q2 oo = 0.962, Q? o = 0.936, REP(%) = 3.00), could be used ade-
quately for the prediction and description of the retention indices of the volatile
compounds.

Keywords. Citrus sinensis cv. Valencia; volatile constituents; HS-SPME; SDME;
QSRR.

INTRODUCTION

The genus Citrus (Rutaceae) is represented in Iran by the species C. sinensis,
C. medica, C. limon, C. nobelis, C. aurantifolia and C. aurantium. Citrus fruits

* Corresponding author. E-mail: m_nekoei 1356@yahoo.com
doi: 10.2298/JSC101218141A
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are the most common subtropical crops in the world. There is a great amount of
variation among citrus species and cultivars as a result of frequent bud mutation,
interspecific and intergeneric hybridization, apomixis and a long history of culti-
vation. In Iran, there are many citrus variants the phylogeny of which remains
unknown. The essentia oils of Citrus are placed within the glands in the outer
layer of the fruit skin. This oil is composed of many constituents, including mo-
noterpenes, sesquiterpenes, acohols, esters and aldehydes. The most valuable
oils are those of orange and lemon. Cold-press peel oils are generaly in usein
many food, confectionary, drug, cosmetic and flavoring products.2 Several stu-
dies were performed on the composition of the essentia oils from leaves and peel
of C. sinensis and its hybrids and on their biological activities, such as antifungal,
antioxidant and antiaflatoxigenic.3-10 Although C. sinensis (orange) is one of the
most important horticulture products of Iran, a literature survey revealed that
there are no reports of an adequate comparative study of the volatile constituents
of C. sinensis from Iran in which a variety of extraction techniques were em-
ployed. Conventional sampling methods for the extraction of Citrus essential oil
in previous studies were mainly cold-press and hydro-distillation (HD). The cold-
-press method is mainly used for Citrus fruit peel. However, both volatile and
non volatile compounds are simultaneously extracted by cold-press and their se-
paration would be inevitable. HD usually requires large amount of samples, long
time (severa hours), and high energy. Moreover, many unstable aroma volatiles
may be thermally decomposed and degraded during thermal extraction or distil-
lation.11

Recently, many kinds of extraction techniques, such as single-drop micro
extraction (SDME)12-14 and solid-phase microextraction (SPME),15-18 have been
developed. The SDME technique involves extraction of analytes from a mixture
into a microdrop of an organic solvent suspended from to the tip of a microsy-
ringe. After extraction, the microdrop is retracted back into the microsyringe and
injected into a GC-MS instrument for analysis. The SPME technique is per-
formed using a fused silica fiber that is coated with different stationary phases
and is characterized by its high sensitivity to volatile natural compounds. These
methods are rapid, simple and inexpensive sample preparation techniques for the
extraction and pre-concentration of volatile compounds. Generally, the use of
SDME and SPME to extract analytes from a matrix is mainly performed by di-
rect immersion (DI) and headspace (HS). Especially, HS-SPME is considered as
agood choice for sample preparation in fragrance and aroma analyses.19

The Kovatz retention indices is the key tool for identification of diverse
natural compounds present in a volatile oil separated by a variety of isolation
techniques. The search for quantitative relationships between molecular structure
and retention indices is a basic task in chemistry. Quantitative structure-retention
relationship (QSRR) analysis is now a well-established and highly respected te-
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chnique to correlate diverse simple and complex physico-chemical properties of a
compound with its molecular structure, through a variety of descriptors. The
basic strategy of QSRR analysis is to find optimum quantitative relationships,
which can then be used for the prediction of the properties from molecular struc-
tures. Once areliable relation has been obtained, it is possible to use it to predict
that same property for other structures not yet measured or even not yet prepared.
QSRR for retention indices have been reported for different types of organic
compounds.20-28 The application of these techniques usually requires variable
selection for building well-fitted models. In this work, the elimination selection—
—stepwise regression (ES-SWR) variable selection method was employed. The
proposed methodology was validated using several strategies. cross-validation,
external validation using division of the entire data set into training and test sets
and Y-randomization. The aim of this work was the investigation of the chemical
composition of C. sinensis cv. Valencia volatile compounds and also the cons-
truction an accurate quantitative relationship between the molecular structure and
the retention indices by the stepwise-multiple linear regression (MLR) method.

EXPERIMENTAL
Plant material

The fruits of C. sinensis cv. Valencia were collected from Ramsar, Province of Mazan-
daran, Iran, in January 2008. The material plant was identified and a voucher specimen was
deposited at the Herbarium of the Citrus Research Institute of Ramsar, Mazandaran, Iran.

I solation of the essential oil

The essential oil of C. sinensis cv. Valencia was extracted by cold-press. The volatile
constituents were extracted by HS-SPME and HS-SDME. Accordingly, 1.5 g of the pedl of
C. sinensis was placed in a 20 ml via with screw caps and PTFE/silicone septa. The vial was
immersed in a controlled water bath at 70 °C for 30 min. A 100 pm polydimethylsiloxane
(PDMYS) fiber (Supelco, USA) was used to extract the compounds which evaporated to head-
space of the via (15 min). The analytes were thermally desorbed for 3 min at 250 °C in a
splitless GC injector. The equilibration temperature and time were 50 °C and 30 min, res-
pectively. SDME extraction was performed using 2 ul hexadecane (Merck, Germany) as the
extraction solvent. The temperature and time conditions were similar to the SPME conditions.

Analysis of the volatile compounds

Gas chromatography analysis. Analytical GC was performed on HP-6890 GC system
(Hewlett-Packard, USA) equipped with a flame ionization detector (FID) and a HP-5 capillary
fused silica column (30 mx0.25 mm ID, film thickness: 0.25 um). The oven temperature was
held at 60 °C for 3 min then programmed at rate of 6 °C min' to 250 °C and held isothermally
for 3 min. The carrier gas was nitrogen at a flow rate of 1 ml min'L; the split/splitless injector
temperature was 250 °C.

Gas chromatography—mass spectrometry analysis. The GC-MS anayses were performed
on a HP-6890 gas chromatograph (Hewlett-Packard, USA) coupled to an HP-5973 quadrupole
mass spectrometer (Hewlett-Packard, USA). The analytes were separated on a HP-5MS ca-
pillary column (30 mx0.25 mm with a phase thickness of 0.25 pum). The split/splitless injector
temperature was set at 250 °C and the temperature program was 60 °C for 3 min, 6 °C min1
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ramp rate to 250 °C and held constant for 3 min. The carrier gas was helium (99.999 %) at a 1
ml min® flow rate. In the SPME analysis, splitless injection (3 min) was used at 250 °C. The
mass spectrometer was operated in the electron-impact mode (El) at 70 eV.

Qualitative and quantitative analysis of the compounds

The compounds in each sample were identified by comparison of their mass spectral
pattern and their linear retention indices based on a homologous series of even normal alkanes
(Cg-Cyy4) with those of authentic references® and the Wiley 257 mass spectra database. The
percentage of each compound was cal culated from peak area obtained by FID.

QSRR study

Calculation of molecular descriptors. Molecular descriptors are defined as numerical
characteristics associated with chemical structures. A molecular descriptor isthe final result of
alogic and mathematical procedure which transforms chemical information encoded within a
symbolic representation of a molecule into a useful number, which is applied to correlate phy-
sical properties. The Dragon software (Milano Chemometrics and QSAR Research Group,
Milan, Italy) was used to calculate the descriptors in this study and a total of 1481 molecular
descriptors were calculated for each molecule. Since the values of many descriptors are re-
lated to the bond Iengths and bond angles etc., the chemical structure of every molecule must
be optimized before calculation of its molecular descriptors. For this reason, the chemical
structures of the 25 studied molecules were drawn with Hyperchem software (version 7.0 Hy-
percube, Alberta, Canada) and saved with the HIN extension. To optimize the geometry of
these molecules, the AM1 geometrical optimization was applied. After optimization of the
chemical structures of al compounds, the molecular descriptors were calculated using Dra-
gon. A wide variety of descriptors have been reported in the literature, having been used in
QSRR analyses.30-35

Sepwise multiple linear regression. As described in the introduction section, the ES-
SWR algorithm?? was used to select the most appropriate descriptors. ES-SWR is a popular
stepwise technique that combines forward selection (FS-SWR) and backward elimination
(BE-SWR). It is essentialy a forward selection approach, but at each step it considers the
possibility of deleting a variable as in the backward elimination approach, provided that the
number of model variablesis greater than two.

Model validation. The stability and robustness of the proposed MLR model was illus-
trated using the following evaluation techniques: leave-one-out (LOO) and leave-group-out
(LGO) cross-validation procedures, validation through an external test set and Y-randomi-
zation.

Cross-validation is a popular technique used to explore the reliability of statistical mo-
dels. Based on this technique, a number of modified data sets are created by deleting in each
case one or a small group (leave-group-out) of objects. For each data set, an input—output
model is developed, based on the utilized modeling technique. The model is evaluated by
measuring its accuracy in the prediction of the responses of the remaining data stands that
were not utilized in the development of the mode!.36

The Y-randomization technique ensures the robustness of a QSRR model. The dependent
variable vector (RI) is randomly shuffled and a new QSRR model is developed using the ori-
gina independent variable matrix. The new QSRR models (after several repetitions) are ex-
pected to have low R? and Q2 values. If this is not the case, then an acceptable QSRR model
cannot be obtained for the specific modeling method and data.
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RESULTS AND DISCUSSION

Chemical composition of the essential oil

The volatile components of fruit peel of C. sinensis cv. Valencia that were
isolated by SPME, SDME and cold- press are listed in Table I. Thirteen com-
pounds (representing 99.77 %), ten compounds (representing 98.46 %) and four-
teen compounds (representing 97.9 %) were experimentally identified, respecti-
vely. The oils were rich in monoterpenes. limonene (61.34, 68.27 and 90.5 %), as
the major component, followed by myrcene (17.55, 12.35 and 2.50 %); sabinene
(6.50, 7.62 and 0.5 %); o-pinene (0.0, 6.65 and 1.4 %) in the oils obtained by the
SPME, SDME and cold-press methods, respectively.

TABLE |. Chemica composition of the essentia oil of C. sinensis cv. Valencia isolated by the
SPME, SDME and cold-press methods and the corresponding observed and predicted RI
values by SW-MLR for the training and test set

Compound SPME, % SDME, % Cold-press, %Rl (Exp.)RI? (Pred.) E* / %
la Octane 8.37 0.1 - 800 816.12 201
2a 4-Methylthiazole - 0.14 - 819 856.29 4.55
3b n-Nonane - - 0.2 900 953.18 5.90
4a  o-Pinene - 6.65 14 939 932.38 -0.70
5a Sabinene 6.50 7.62 0.5 975 1010.11 3.60
6b Myrcene 17.55 12.35 25 991 1047.60 5.71
7a  n-Octanal - 0.19 0.8 999 1001.93 0.29
8a a-Phelandrene - 0.33 - 1003 1033.04 2.99
9a iso-Sylvesteren 1.14 - - 1009 1016.00 0.69
10b Limonene 61.34 68.27 90.5 1029 104046 1.01
1la E-p-Ocimene - 0.5 0.1 1050 1025.95 -2.28
12a y-Terpinene 0.5 - 0.2 1060 1053.73 -0.59
13b Terpinolene - - - 1089 1046.97 -3.85
14a Linalool 1.84 - 0.8 1097 1089.45 -0.68
15a a-Thujene - 231 - 1114 1067.35 -4.18
16b trans-Limonene oxide 0.18 - - 1142 1160.10 1.58
17a Citronella 0.29 - 0.2 1153 1146.40 -0.57
18a Decand 1.40 - - 1202 1158.00 -3.65
19b p-Elemene 0.08 - 0.1 1391 138256 -0.60
20a Tetradecane - - 0.2 1400 1360.02 -2.85
2la p-Caryophyllene 0.1 - - 1419 1419.46 0.03
22a trans-Uurola-3,5-diene - - - 1454 1461.25 0.49
23b Valencene 0.48 - - 1496 149375 -0.15
24a Pentadecane - - 0.2 1500 155954 3.96
25a Hexadecane - - 0.2 1600 1600.16 0.00
Total 99.77 98.46 97.9

3predicted by SW-MLR method; Prelative error
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Comparison of the chemical profile with similar reports

An investigation in China revealed that limonene was observed as the domi-
nant constituent (77.49 %) in the peel oil of sweet orange, followed by myrcene
(6.27 %), a-farnesene (3.64 %) and yterpinene (3.34 %).4 The main compounds
in C. sinensis from Uganda and Rwanda were limonene (87.9 and 92.5 %), myr-
cene (2.4 and 2.0 %), a~pinene (0.5 and 2.4 %) and linalool (1.2 and 0.9 %).5 Li-
monene (90.16 and 77.34 %) was the main compound in fresh and dried peri-
carps of C. sinensis in China. Monoterpene hydrocarbons were the most abun-
dant fraction in the oils of three Kenyan C. sinensis varieties, i.e., Salustiana
(96.9 %), Vaencia (94.5 %) and Washington navel (92.7 %) oils. In each oil, li-
monene, a-pinene, sabinene and aterpinene were the major compounds.® The
oil of Italian Citrus sinensis (L.) Osheck cv. Maltese was characterized by limo-
nene (92.6 %) as the major constituent.10

QSRR results

Principal components analysis (PCA) was performed with the calculated
structure descriptors for the whole data set to detect the homogeneities in the data
set and to show the spatial location of the samples to assist the separation of the
datainto training and test sets. The PCA results showed that two principal com-
ponents (PC1 and PC2) described 69.67 % of the overall variables, as follows:
PC1 47.40 % and PC2 22.27 %. As almost all the variables can be accounted for
by the first two PCs, their score plot is areliable representation of the spatial dis-
tribution of the points for the data set. The plot of PC1 against PC2 (Fig. 1) dis-
plays the distribution of the compounds over the space of the first two principal
components.

¢ Training a..-
10 9 4 Test
g 57
~ 0y b
N i s L0
g 0 7. ’ A . ¢
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L 4 &l
-10 4
a
'15 I I 1 T
-25 -15 -5 5 15 Fig. 1. Principa components
analysis of the training and test
PC1 (47.40 %) sets,
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According to the results of PCA, all the data were divided into a training set
of 18 compounds to develop the models and atest set of 7 compounds to evaluate
the models based on two rules:

1. the range of the RI values of both the training set and the test set should be
covered from the lowest to the highest;

2. the points corresponding to the training set in the PCA plot should not be
outside the main clusters. Thetwo setsarelisted in Tablel.

After analysis of the division of the data set into the training and the test sets,
MLR analysis was performed to derive the best QSRR model. The MLR tech-
nique was performed on the molecules of the training set given in Table |. After
regression analysis, a few suitable models were obtained among which the best
model was selected and presented in Eq. (1). A small number of molecular des-
criptors were used to establish the QSRR model. Additional validation was per-
formed on the external data set (test set) consisting of 7 essential oil compounds.
MLR analysis provided a useful equation that could be used to predict the RI of
an essential oil compound based on these parameters. The result of this study was
the development of a new linear QSRR model containing 4 variables. The best
equation obtained for the RI of the essential oil compoundsis:

RI = 758.10 + 5.23(Mor01m) — 155.64(Gu) — 895.46(Mor30v) —
— 246.37(Mor29u) (1)
Niraining = 18; R2raining = 0.983; RMSEqraining=27.801; %REP = 3.00;
Q200 = 0.962; Q2 o = 0.936, R2eqt = 0.970; RMSEieg = 34.505

In Eqg. (1), N is the number of compounds in the training set, R?2 is the
squared correlation coefficient, Q2 oo; Q2 go are the squared cross-validation
coefficients for LOO and LGO, respectively, REP is the relative error of predic-
tion and RMSE is the root mean square error of prediction.

From Eq. (1), it can be concluded that the three of most significant descript-
tors according to the ES-SWR agorithm are 3D-MoRSE descriptors. Further-
more, the other one belongs to the WHIM descriptors. A brief explanation of the
descriptors that were selected is given below.

Three-dimensional MoRSE descriptors are derived from infrared spectra si-
mulation using a generalized scattering function.30 The three descriptors, appear-
ing in the model are MorO1m, Mor30v and Mor29u. MorO1m was proposed as
signal 01 / weighted by atomic mass, which relates to the mass of the molecule.
Mor30v was proposed as signal 30 / weighted by atomic van der Waals volumes,
which relates to atomic van der Waals volumes. Mor29u was proposed as signal
29 / unweighted.

MorO1m displays a positive sign, which indicates that the atomic mass of a
molecule is directly related to its retention index. Mor30v and Mor29u display a
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1634 AZARetal.

negative sign which indicates that the volume of a molecule is inversely related
to the retention index.

Gu (G total symmetry index / unweighted) is the fourth descriptor appearing
in the model. It is one of the WHIM descriptors, which are based on the statis-
tical indices calculated on the projections of atoms along the principal axes. The
algorithm consists of performing a principal components analysis on the centered
Cartesian coordinates of a molecule using a weighted covariance matrix obtained
from different weighing schemes for the atoms. Directional WHIM symmetr
descriptors are related to the number of central symmetric atoms (along the m
component), the number of asymmetric atoms and the total number of atoms in
the molecule. Gu displays a negative sign, which indicates that the retention in-
dex isinversely related to the Gu descriptor.

From the above discussion, it was concluded that the atomic masses and
atomic van der Waals volumes are the main independent factors contributing to
the retention index of the components of the studied essential oils.

As can be seen from the correlation matrix (Table Il), there was no signifi-
cant correlation between the selected descriptors.

TABLE Il. Correlation matrix for the seven selected descriptors

MorO1m Gu Mor30v Mor29u
MorO1m 1
Gu 0.285 1
Mor30v 0.208 -0.411 1
Mor29u -0.694 -0.026 -0.625 1

Equation (1) was used to predict the Rl for the test set. The data set and the
corresponding experimental and predicted Rl values of all the molecules studied
in this work are summarized in Table I. A plot of the values predicted by the
SW-MLR against the experimental values of the retention indices of the training
and test setsis shown in Fig. 2.

# Training

] R®=0.9824
kst A Test
S 1300 -
3
= 1100
2
(=9
900 -
700 T T T T Fig. 2. The RI values predicted by
700 900 1100 1300 1500 MLR modeling vs. the experimen-
Observed (RI) tal Rl values.
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The residuals (observed RI — predicted RI) vs. the observed Rl value, ob-
tained by the SW-MLR modeling, are shown in Fig. 3. The distribution of the
residuals on both sides of the zero line indicates that there is no systematic error
in the SW—MLR mode.

100

® Training
A Test
50 A® e .
4 *
':__e 0 * .. o ‘&- N -
S AN T e =
8 . A
e - ®
e A A »
s ' ' ‘ , Fig. 3. Plot of the residual
ig. 3. Plot of the residuals
5 . .
= 0 1100 1300 L against the experimental va
Observed (RI) lues of the retention indices.

The results illustrated once more that the linear MLR technigue combined
with a successful variable selection procedure is adequate to generate an efficient
QSRR model for predicting the RI values of essential oil components.

For a more exhaustive testing of the predictive power of the model, vali-
dation of the model was also performed using the LOO and the LGO cross-vali-
dation techniques on the training set of compounds. For the LOO cross-vali-
dation, a data point is removed from the set, and the model is recalculated. The
predicted RI for that point is then compared with its actual value. Thisis repeated
until each data point has been omitted once. For LGO, 20 % of the data points are
removed from the dataset and the model was refitted; the predicted values for
those points were then compared with the experimental values. Again, thisis re-
peated until each data point has been omitted once. The results produced by the
LOO (Q? oo = 0.962) and the LGO (Q?_go = 0.936) cross-validation tests illu-
strated the quality of the obtained model.

The model was further validated by applying Y-randomization. Several ran-
dom shuffles of the Y vector (RI) were performed and the low R2 and Q2 values
that were obtained showed that the good results in the original model use were
not due to a chance correlation or structural dependency of the training set. The
results of the Y-randomization test are presented in Tablel11.

The proposed method, due to the high predictive ability and simplicity could
be a useful aid to the costly and time consuming experiments for determining the
RI values of the components of essential oils.
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TABLE Il1. R? and Q2 values after severa Y-randomization tests

Iteration R (o3

1 0.082 0.230
2 0.104 0.075
3 0.332 0.061
4 0.072 0.123
5 0.073 0.135
6 0.305 0.044
7 0.182 0.001
8 0.142 0.023
9 0.168 0.009
10 0.241 0.026

CONCLUSIONS

This paper deals with the characterization of the volatile oils obtained from
the peels of C. sinensis cv. Valencia by the HS-SPME, SDME and cold-press
methods. In the al identified oils, monoterpenes dominated over non-terpenes
and sesguiterpenes. The QSRR method using stepwise-MLR analysis employed
to develop a model for predicting the retention indices of the components of
essential oils. The developed QSRR model with simply calculated molecular
descriptors could be employed to estimate the retention index for new
compounds, even in the absence of standard candidates.

H3BOJ

XEMUJICKU CACTAB ETAPCKOT VJbA Citrussinensis cv. Valencia 1 QSRR AHAJII3A Y
TTPOLIEHM PETEHITMOHUX MHJEKCA ITPUMEHOM METO/JIE
BUIHIECTPYKE JIMHEAPHE PEI'PECHJE

PARVIZ ABEROOMAND AZAR, MEHDI NEKOEI , KAMBIZ LARIJANI u AZAM VAFAEI

Department of Chemistry, Faculty of Basic Sciences, Science and Research Branch,
Islamic Azad University, Tehran, Iran

XeMmujcku cacTaB HCHapJbUBHX (pakndja TOOMjEHHX MHUKPOCKCTPAKIHjOM y YBPCTOj (a3u
(HS-SPME), mukpoekcrpakiujom u3 Kanu (SDME), kao u cactaB erapckor yjba J0OHjeHOT XJiaj-
uuM 1ehewem u3 C. sinensis cv. Valencia je ucnuran merogama GC—FID u GC-MS. T'naBuu cac-
Tojuu ¢y Ounu ymmoneH (61,34, 68,27 u 90,50 %), mupuen (17,55, 12,35 u 2,50 %), cabunen
(6,50, 7,62 u 0,50 %) u o-nmren (0,00, 6,65 u 1,40 %). QSRR ucnutuBame 3a OIPOIEHY PETEHIINO-
HHUX HHIeKca jenumera (RI) je pasBujeHo kopuctehn METOAy BHUIIECTPYKE JIMHEAPHE perpecje
(MLR). Ananu3a rmaBHuX cacrojaka je kopuinheHa y n300opy Mojena ca HHCKOM CTaHAApAHOM
IPEIIKOM M BUCOKUM KOe(HIMjeHTOM Kopenauuje. Pesynraru cy nokasanu ja JIMHEapHe TeXHHKE,
kao wTo je MLR, y xomMOuHaIuju ca ycrneurHuM u300poM HMPOMEHIBHBE MOTY YCIIOCTaBUTH e(du-
kacan QSRR mogen 3a npensuhame Rl pasnuuntix jemumema. OBaj MOJEN e, ca BUCOKOM CTa-
TrcTHuKOM 3Hauajuomhy (R4 = 0,983, R3¢ = 0,970, Q% oo = 0,962, Q? o = 0,936, REP(%) =
= 3,00), MOKe KOPHCTHUTH 3a YCIICUIHO MpeBrljame U OMMCHBAKE PETCHIHOHUX HHIEKCA HCrap-
JBUBHUX CYIICTAaHIIH.

(Ipumibeno 18. neuembpa 2010, peuaupano 27. Gpebpyapa 2011)
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Spectral, thermal and magnetic propertiesof Cu(ll)
and Ni(l1) complexes with Schiff base ligands
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Abstract: Mononuclear copper(l1) and nickel(I1) complexes of the formulae
[Cu(LD] (1), [Ni(LD] (2), [Cu(L3)] (3) and [Cu(L3)H,O] (4) (where L1 =N,N'-
-ethyl enebis(4,6-dimethoxysalicylideanaminato), L2 = N,N’-ethylenebis(5-bro-
mosalicylidenaminato) and L3 = N,N’ -ethylenebis(5-bromo-3-methoxysali-
cylidenaminato)) were synthesized as microcrystalline powders and charac-
terized by IR spectroscopy, therma analysis and magnetic measurements. The
magnetic susceptibility of the Cu(ll) complexes changed with temperature
according to the Curie-Weiss law. The complexes 1, 3 and 4 exhibit magnetic
moments of 2.29, 2.20 and 1.88 g, respectively, at 303 K. These values
practically do not change with lowering the temperature to 77 K. The nickel(I1)
complex 2 is diamagnetic.

Keywords: copper(I1) complexes; Schiff base; magnetic properties.

INTRODUCTION

The interest in the synthesis and characterization of transition metal com-
plexes containing Schiff bases lies in their biological and catalytic activity in
many reactions. The transition metal complexes having oxygen and nitrogen do-
nor Schiff bases possess unusual configuration, structural lability and are sensi-
tive to the molecular environment. The environment around the metal center,
such as coordination geometry, humber of coordinated ligands and their donor
group, is a key factor for a metalloprotein to perform specific physiological func-
tions.1-10 Schiff bases offer opportunities for inducing substrate chirality, tuning
the metal centered electronic factor, enhancing solubility and either performing
homogenous or heterogeneous catalyses. Salicylaldimine metal complexes con-
stitute a family of one of the most important systems due to the number of appli-
cations in catalysis and biomimetic chemistry. These compounds can be used as

* E-mail: beata.cristovao@poczta.umcs.lublin.pl
doi: 10.2298/JSC101112140C
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1640 CRISTOVAO

components for the assembly of supramolecular architectures, displaying inte-
resting structures and properties,11-14

N,N’ -Ethylenebis(4,6-dimethoxysalicylideneiminato)copper(ll) (1), N,N'-
-ethylenebis(4,6-dimethoxysalicylideneaminato)nickel (11) (2), N,N'-ethylenebis-
(5-bromosalicylideneaminato)copper(l1) (3) and agua(N,N’ -ethylenebis(5-bromo-
-3-methoxysalicylideneaminato)copper(l1) (4) have hitherto not been obtained in
powder form. However in the literature there are papers only about their syn-
thesis and crystal structure determination,1>-18 but there is no the information on
their various properties. Therefore, the aim of this work was to obtain complexes
of Cu(ll) and Ni(Il) with the Schiff base ligands as microcrystalline powder and
to examine some of their physicochemical properties, including thermal stability
in air during heating to 973 K, IR spectral characterization and magnetic be-
havior in the temperature range of 76-303 K.

EXPERIMENTAL
Materials

All chemicals and solvents used for the syntheses were of commercially available re-
agent grade and were used without further purification.
Synthesis of the Schiff bases

All the Schiff base ||gandS (Hle = C20H24N206, H2L2 = C16H14Br2N202, H2|_3 =
= CygH1gBroN,0,4) were prepared by known methods!®21 by the 2:1 condensation of 4,6-
-dimethoxysalicylaldehyde, 5-bromosalicylaldehyde or 5-bromo-3-methoxysalicyladehyde,
respectively, and ethylenediamine in methanol. The Schiff bases were separated as yellow
needles and were recrystallized twice from methanol. The compounds were stable at room
temperature and were characterized by IR spectroscopy and elementa analysis. Anal. Calcd.
for CygH24N,Og (HoLY): C, 61.86; H, 6.19; N, 7.22 %. Found: C, 61.80; H, 6.10; N, 7.12 %.
Anal. Calcd. for CigH14BroN,0, (HoL2): C, 45.07; H, 3.29; N, 6.57 %. Found: C, 45.12; H,
3.10; N, 6.45 %. Anal. Calcd. for CigH1gBroN,O,4 (HoL3): C, 44.46; H, 3.71; N, 5.76 %.
Found: C, 44.36; H, 3.61; N, 5.69 %.

Synthesis of the complexes

Complexes 1, 3 and 4 were obtained by the treatment of copper(ll) nitrate trihydrate (1.0
mmol) with H,L1, H,L2 and H,L3 (1.0 mmol), respectively in methanolic solution under re-
flux. For preparation of the complex 2, nickel(I1) nitrate hexahydrate and H,L! were used. The
reaction mixtures were cooled and the resulting precipitates were filtered off, washed with
diethyl ether and dried.

Methods and apparatus applied

The contents of carbon, hydrogen and nitrogen in the analyzed compounds were deter-
mined by elemental analysis using a CHN 2400 Perkin EImer analyzer.

The contents of copper and nickel were established using an ED—XRF spectrophotometer
(Canberra-Packard).

Single-crystal diffraction data for compounds 1-4 were measured at room temperature in
the @ mode on a Oxford Diffraction Xcalibur CCD diffractometer using graphite-monochro-
mated MoK, radiation (1 = 0.71073 A).
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Cu(ll) AND Ni(ll) COMPLEXES WITH SCHIFF BASE LIGANDS 1641

The infrared spectra of the complexes were recorded in the range of 4000-400 cmt
using an M-80 spectrophotometer (Carl Zeiss, Jena, Germany). Samples for IR spectroscopy
measurements were prepared as KBr discs.

The thermal stability and decomposition of the complexes were studied in air using a
Setsys 16/18 (Setaram) TG/DTA/DSC instrument. The experiments were performed under a
dynamic air atmosphere (flow rate 17 mL min1) in the temperature range of 297-973K at a
heating rate of 5 K min'l. The initial mass of the samples (mg) used for the measurements
were following: 1 — 7.33; 2 — 7.24; 3 — 7.44; 4 — 7.25. The samples were heated in Al,O3
crucibles.

The X-ray diffraction patterns of the final product of thermal decomposition were taken
on a HZG-4 (Carl Zeiss, Jena) diffractometer using Ni filtered CuK,, radiation. The measu-
rements were performed in the 260 range 4-80° by means of the Bragg—Brentano method.

The magnetic susceptibility values of the compounds were determined by the Gouy me-
thod in the temperature range of 76-303 K. The calibrant employed was Hg[ Co(SCN),] for
which a magnetic susceptibility of 1.644x10"> cm3 g1 was taken. Correction for diamagnetism
of the constituent atoms was calculated using Pascal’s constants.??2 The effective magnetic
moment values, K , were calculated from the equation:

Hett = 2.83 (T2
where yy, is the magnetic susceptibility and T is the absol ute temperature.

RESULTS AND DISCUSSION

The elemental analyses (C, H, N and M) data and the IR spectra analysis of
the Schiff base complexes, (Tables | and 11, respectively) showed that they may
be represented by the formulae [CuCogH2oN20g] (1), [NiCogH22N20g] (2),
[CuC16H12BroN202] (3) and [Cu(C1gH16BroN20O4)H20] (4). The structures of
1-4 were aso confirmed by single crystal X-ray diffraction. The unit cell para-
meters of 1 (P21/c, a = 7.5548(2) A, b = 15.8484(4) A, c = 15.7716(4) A, ar= 90°,
=91.013(3)°, y=90° and V = 1888.1(1) A3) and 2 (P2;/c, a=7.5342(3) A, b =
= 15.7566(5) A, ¢ = 15.8626(6)A, or = 90°, S = 91.187(4)°, y=90° and V =
= 1882.7(1) A3) are similar to those reported earlier by Assey et al.1516 Com-
pound 1 is isostructural with 2.15.16 |n addition, the unit cell parameters of 3 (P-1,
a=8.3372(9) A, b =9.6880(11) A, c = 11.0308(12) A, « = 115.259(11)°, B =
= 92.689(9)°, = 101.732(9)° and V = 779.9(2)A3) resemble those described by

TABLE |. Elemental analysis data of the Schiff base complexes
Calcd. (Found), %

Complex Color C v N v
[CUC20H22N206] (l) Brown 53.39 4.89 6.23 14.14
(5329) (462) (6.10) (13.94)
(5365) (472 (511  (13.00)
[CUClGleBerzoz] (3) Brown 39.40 2.46 5.75 13.04
(39.14) (217) (544) (12.76)
[CU(C18H16Br2N204)H20] 4 Green 38.21 3.18 4.95 11.24

(3804) (3.04) (482 (11.12)
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Xie et al.17 The unit cell parameters of 4 (Pnma, a = 8.7379(3) A, b = 27.9612(9)
A, c=7977903) A, o= = y=90° and V = 1949.2(1)A3) are similar to those
reported by Xie.18 These metal complexes are soluble in polar organic solvents,
such as MeOH, CHCI3, DMF and EtOH, but less soluble in non-polar solvents,
such as hexane, heptane and toluene.

TABLE II. IR spectral data of the Schiff base ligands and their metal complexes (cml)

Compound v(O-H) v(C=N) v(C-0) v(M-N) v(M-0)
CyoH24N,0g H,L1 3424 1624 1276 — —
C16H14BroN-O5 H,L2 3416 1636 1216 - —
C1gH18BroaN-O4 H,L3 3440 1628 1252 - —
[CuCyoH2oN50Og] 1 - 1608 1232 555 400
[NiCygH2oNoOg] 2 - 1604 1236 548 436
[CUC]_6H lzszNzOz] 3 — 1632 1176 544 448

[ CU(ClgH lGB er 204) H 20] 4 3448 1624 1240 564 464
Infrared spectra

The infrared spectra of the free Schiff base ligands HoL1, H,L2 and HolL3
(Table 11) showed a strong band in the region of 1624-1636 cm1 which is
characteristic of the azomethine (C=N) group. In addition to this characteristic
(C=N) absorption, these ligands also exhibit broad medium bands with a maxi-
mum around 3440 cmL, which can be assigned to phenolic (O—H) group vibra-
tions. According to the literature,23-30 the participation of the nitrogen atom of
the Schiff base ligands in the coordination sphere should reduce the bond order in
the C=N group due to the strong donation of electron density toward the metal
ion, and result in a decrease in the C=N stretching frequency. In the IR spectra of
the Schiff base complexes (Table Il), the band due to v(C=N) showed a negative
shift and appeared at 1632—1604 cm~1, indicating coordination of the azomethine
nitrogen to copper and nickel metals, respectively.8923-30 A strong band ob-
served at 1216-1276 cmi~1 in the free Schiff bases is assigned to the phenolic C-O
stretching vibration. On complexation, this band is shifted to the lower frequency
range of 1240-1176 cm™L, indicating coordination through the phenolic oxy-
gen.929 This was further supported by the disappearance of the broad v(OH)
band around 3400 cm~1 in the complexes, indicating deprotonation of the pheno-
lic proton prior to coordination. That the azomethine nitrogen and the phenolic
oxygen are involved in complexation with the metal ion is also clearly evident
from the appearance of the new medium intensity bands at 548-564 and 400460
cm~1in the spectra, assignable to v(M—-N) and v(M-0).9.:30-32 The bands at 3440
and 3448 cm1 in the spectra of the HoL3 ligand and analyzed complex 4, res-
pectively, have a similar position but their shapes are different. In the spectra of
4, thisintense broad absorption band confirms the presence of water molecul es.30
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Cu(ll) AND Ni(ll) COMPLEXES WITH SCHIFF BASE LIGANDS 1643

Thermal analysis

The thermal properties of complexes 1-4 were investigated by thermogravi-
metric (TG) analysis, differential thermogravimetric (DTG) analysis and diffe-
rential thermal analysis (DTA). The recorded TG/DTG and DTA curves of three
copper(l) Schiff base complexesin an air atmosphere are presented in Figs. 1-3.
It can be seen that the TG curves of 1 (Fig. 1) and 3 (Fig. 2) show no mass loss
up to 573 and 563 K, respectively, indicating the absence of water molecules and
other adsorbed solvent molecules in the coordination sphere. As the temperature

s TG \ Exo’]
DTG | 7
X |25
%
&2
= | \
[ =i
65 J\'/ | /\
oA L
3l23 L 4I23 L 5I23 L 6I23 1 -;3 1 sI23 1 I_‘_‘_.
Temperature, K
Fig. 1. TG, DTG and DTA curves of [CuCygH2,N,0¢] (1).
10— \Exo /T\
TG
I DTG
= |20 H
(-]
T
7 {0 |
S J
§[ /
60

sLM %\! e

323 423 523 623 = 723 823 923
Temperature, K

Fig. 2. TG, DTG and DTA curves of [CuC;gH1,BroN,05] (3).
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Fig. 3. TG, DTG and DTA curves of [Cu(C1gH16BroN,O4)H-0] (4).

was increased, the TG/DTG curves of the copper(l1) complexes exhibit a sharp
mass loss in the temperature ranges of 578-703 K (1) and 563-948 K (3), which
are accompanied with sharp exothermic peaksin the DTA curves at 656 (1), 573
(3) and 825 K (3) that may be due to the decomposition of the ligand molecule.
The complex 2 (nickel (I1)) similar to 1, displays a one-step decomposition. This
step shows drastic mass loss within a wide temperature range of 573-713 K with
aDTG peak at 673 K, also giving rise to a sharp exothermic peak at 678 K in the
DTA curve. This process can be interpreted as decomposition of the ligand mole-
cules. The thermal decomposition of complex 4 occurred in two steps (Fig. 3),
giving one endothermic and two exothermic DTA peaks. The first step displays a
gradual mass loss of 3.90 % within the temperature range of 413-433 K with a
DTG peak at 423 K, which may be attributed to the loss of the one water mole-
cule (calcd. 3.20 %). The recorded DTA curve reveals an endothermic peak at
426 K. The water elimination process occurs at a high temperature. This may in-
dicate the coordination of the water molecules.23 The anhydrous complex is stable
up to 536 K. The next decomposition steps of 4 aso exhibit a gradual loss of
mass within the temperature range of 536-858 K with DTG peaks at 505 and 788
K. They are probably connected with the decomposition of the Schiff base li-
gand. Combustion of the organic ligand is accompanied by strong exo-effect
peaks seen on the DTA curves with maximums at 547 and 783 K.

The complexes decompose to the respective oxides: CuO (in the case of 1, 3,
and 4) and NiO (in the case of 2).32 The mass losses calculated from the TG
curves are in the range of 87.20-82.50 % (the theoretical values are 86.00-82.30
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%). The compositions of the final products were calculated from the TG curves
and experimentally verified by their X-ray diffraction patterns and IR spectra.

According to the beginning temperature of the decomposition of the Schiff
base complexes, the following order of thermal stability may be proposed:

[Cu(LY] (1) > [Ni(LY] (2) > [Cu(L3)] (3) > [Cu(L3)H0] (4)

Magnetic properties

The magnetic behavior of the title compounds was studied in the temperature
range 77-300 K (Table I11). The magnetic susceptibility of the Cu(ll) complexes
changed with temperature according to the Curie-Weiss law. The magnetic pro-
perties of 1 in the form of an yy vs. T plot (v is the molar magnetic suscep-
tibility) is shown in Fig. 4. The observed effective moment of complexes 1 and 3
(having square-planar geometry1517) at 76 K is 2.12 pg, while that at room tem-
perature is 2.20 pg. The copper(l1) ion (3d®) has one unpaired electron in the 3d
shell, therefore its compounds were considered to have magnetic moments close
to the spin-only value, 1.73ug but due to spin orbit coupling, higher values are
often observed.29.33-35 The magnetic moment values calculated for 4 are in the
range of 1.85-1.88 ug. The environment around the copper in 4 is square-
pyramidal .18 The magnetic moments of the copper(l1) complexes were treated by

TABLE IIl. The magnetic data of the Cu(l1) complexes with Schiff bases
[Cu(CoH2N20g)] (1) [Cu(C1eH12BraN20,)] (3) [Cu(CiH16BraN204)(HL0)] (4)

T/K x10° Hest x10° Hest x10° Hest
cm*-mol™ g cm*-mol™ U cm*-mol™ U

76 7697 2.16 7353 2.12 426166 1.85
123 4475 2.10 4622 2.13 411570 1.82
133 4088 2.09 4236 2.12 412301 1.82
143 3851 2.10 3904 211 410964 1.81
153 3501 2.07 3636 211 415280 1.82
163 3464 2.13 3422 211 412067 1.82
173 3289 2.13 3208 211 416636 1.83
183 3152 2.15 3026 211 416376 1.83
193 3039 2.17 2897 2.12 421158 1.84
203 2927 2.18 2758 2.12 420026 1.83
213 2840 2.20 2597 2.10 419467 1.83
223 2740 2.21 2426 2.08 422846 1.84
233 2640 2.22 2351 2.09 423211 1.84
243 2552 2.23 2287 211 426829 1.85
253 2465 2.23 2169 2.10 429249 1.85
263 2402 2.25 2201 2.15 430473 1.86
273 2402 2.27 2083 211 429744 1.86
283 2278 2.27 2040 2.13 433092 1.86
293 2253 2.30 1944 212 436703 1.87
303 2165 2.29 1987 2.20 441532 1.88
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Boudreaux. According to Boudreaux, in complexes having a square pyramidal
configuration, the five-fold degenerate 3d level of Cu(ll) is split by aligand field
of C4y symmetry into four components. The dy?-y?, dy? and dyy levels are non
degenerate, while (dyz, dy7) levels are four-fold degenerate, including spin. The
spin-orbit interaction splits this level into two components, each of which is
further split into two sublevels by the external magnetic field. Boudreauix
caculated theoretically the magnetic moment of square-pyramidal copper(Il)
complexes to be 2.11-2.21 pg at room temperature.3637 These values are
dightly higher than those obtained during the experimental measurements (1.88
ug). The nickel(Il) complex 2 (having a square planar geometry 16) is
d| ammnen C2,4,23,33,38

8000 - —~ 600
7000 -
] L 500 o
T 6000 >
g 1 L =
. 5000 - W s
5 1 5.
o~ Ho0d - L 300 =
> 1 -
" 3000 \:3
S ] =200 =
2000 -
00— L§i
50 100 150 200 250 300 350

T/K
Fig. 4. Dependence between the magnetic susceptibility values vs.
temperature for [CuCygH2N,Og] (1).

CONCLUSIONS

The analytical data showed the presence of one meta ion per Schiff base
ligand molecule and suggested a mononuclear structure for the Cu(ll) and Ni(Il)
complexes obtained as microcrystalline powder. The complexes 1, 2 and 3 are
anhydrous compounds, whereas 4 contains one molecule of coordinated water,
which is lost at 413433 K. The TG and DTG data of the copper(ll) complexes
revealed that their decomposition patterns are different. The complexes 1-3 ex-
hibit only a one-step decomposition, whereas a two-stage decomposition was ob-
served in the case of complex 4. The final products of complex decomposition
were identified as CuO and NiO, respectively. The susceptibilities of al com-
pounds closely follow the Curie law, but the magnetic moments of 1 and 3 are

Available online at www.shd.org.rs/JSCS

2011 Copyright (CC) SCS



Cu(ll) AND Ni(ll) COMPLEXES WITH SCHIFF BASE LIGANDS 1647

dightly larger than that of 4. This may indicate that the orbital contribution in 1
and 3ishigher thanin 4.

U3BO/

CITIEKTPAJIHA, TEPMAJIHA 1 MATHETHA CBOJCTBA KOMITJIEKCA BAKPA(II) 1
HUKIIA(I1) CA HINPOBUM BA3ZAMA KAO JINT AHAUMA

BEATA CRISTOVAO

Department of General and Coordination Chemistry, Maria Curie-Sklodowska University,
Maria Curie-Sklodowska sqg.2, PL. 20-031 Lublin, Poland

CHHTEeTH30BaHU Cy MOHOHYKIeapHu koMiutekcu Gakpa(ll) u mukna(ll) ommre hopmyie

[Cu(LY] (1), [NI(LD] (2), [CU(L3)] (3) u [Cu(L3)H,0O] (4) (rme je L1 = N,N -eTunentuc(4,6-mmme-
Toxcucamuumaesamunaro), L2 = NN’ -erunentuc(5-6pomocanuuummaesamunato), L3 = N,N’-
-eTnienomc(5-6poMo-3-MeTOKCHCATHIIIIHICHAMHUHATO)). KOMIIEKCH Cy KpUCTAIUCATH y OOIHKY
MOHOKPHCTAJIHOT TIpaxa M 3a BHXOBY KapakTepusalujy yrnorpebibenu cy IR ciekrpockonuja, Tep-
MaJlHa aHauu3a ¥ MarHeTHa Meperba. Marnerna cycuentuomiHoct 6akap(ll) kommekca ce Mema
ca TeMIeparypoM y ckiany ca Kupu—Bajcosum (Curie-Weiss) 3akonom. MarHeTHu MoMeHTH (Ug)
ucrnmtuBannx komriekca Ha 303 K cy: 2.29 (1), 2.20 (3) u 1.88 (4). Cpaka ox HaBeICHUX BpE.-
HOCTH Ce HE MeHa ca CHIKaBambeM temieparype Ha 77 K. Kommieke wukna(ll) (2) je nujamarse-

THYaH.
(Mpumsbeno 12. HoemGpa 2010, peBunupano 7. mapra 2011)
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Therole of Duschinsky rotation in inter system crossing:
a case study of uracil
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Abstract: The intersystem crossing rate for the transition between the lowest
excited singlet and triplet electronic states of uracil was studied by means of ab
initio methods. The rate was evaluated using the time-dependent approach
based on the correlation function and its two approximations. the second-order
cumulant expansion and the short-time approximation. The normal modes of
the singlet and triplet states are related by the Duschinsky transformation, i.e.,
by rotation and tranglation. It was found that for singlet—triplet adiabatic energy
gaps below 6000 cmi2, the inclusion of the Duschinsky rotation is necessary for
quantitative results. Above energy gaps of 6000 cml, the rates obtained with
and without the Duschinsky rotation are similar. The cumulant expansion
approximates well the correlation function. The short-time approximation, al-
though crude, can be used as the first estimate of the rate.

Keywords: uracil; excited states; intersystem crossing.

INTRODUCTION

Absorption of ultraviolet light creates excited electronic states in molecules.
These states will eventually decay to the ground electronic state through radiative
or non-radiative processes.1-3 Non-radiative processes can be observed indirectly
as they modify the spectra and rates of photochemical reactions. If a non-ra-
diative transition is between electronic states of the same spin multiplicity, then
the process is an internal conversion (IC), otherwise it is an intersystem crossing
(ISC). Transitions between states with different spin multiplicities are formally
forbidden in non-relativistic quantum theory. In order to treat these transitions,
spin—orbit coupling must be taken into account.

Uracil is pyrimidine nucleobasis that is involved in the formation of nucleic
acids. Its excited states properties are intriguing because athough to a large ex-

* E-mail: etinski @ffh.bg.ac.rs
# Serbian Chemical Society member.
doi: 2298/JSC110713147E
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1650 ETINSKI

tent they are photostable, ultrafast time-resolved experiments showed that elec-
tronic relaxation from the initially excited lnn* state proceeds in multiple
steps.4© Much is known about the relaxation of the singlet excited states of
uracil but knowledge of the dynamics of its triplet states are still limited. Al-
though the triplet state has a low quantum yield, it is of interest when excited-
state nucleic acids chemistry is considered. Triplet excited states usually have
much longer lifetimes than singlet states and their reactivity is also higher.

Nanosecond pump—probe experiments with low-pressure molecular beams
revealed that uracil and its methylated compounds, after initial photoexcitation to
the S, (nn*) state, were captured in the dark electronic state that lived several
tens to hundreds of nanoseconds.”10 Based on guantum-chemical calculations,
Marian and coworkers argued that this state is the lowest triplet state T; (3nr*).11
They proposed two mechanisms for the formation of the triplet: (a) a non-ra-
diative transition from the intermediate singlet S; (nt*) state to the lowest triplet
state, (b) a transition from the initially populated S, state to the second triplet
state To (nm*) followed by internal conversion to the lowest triplet T, state. Due
to the experimental findings that there is a fast depletion of the initially excited
state to the ground electronic state and the S; state, Marian and coworkers sug-
gested that T, state is populated by ISC process from the intermediate singlet S;
state.

In the condensed phase, the S; and T4 states are populated during electronic
relaxation from the initially excited S, state.1214 The quantum yield of the triplet
state depends on the solvent and it ranges from 0.02 in water up to 0.54 in ethyl
acetate for 1-cyclohexyluracil12 and 1.00 for 6-azauracil .13

The rate of the ISC is determined by the properties of the chromophore, such
as spin—orbit and vibronic couplings. For rigid molecules in the body-fixed
rotating molecular coordinate system, the electronic potential energy in the vici-
nity of the minimum can be diagonalized by introducing normal-mode coordi-
nates {Q;}. Electronic transitions are usualy followed by a change in normal
modes. Normal modes of the final state could be displaced and rotated relative to
the normal modes of the initial state. The transformation that relates two sets of
the normal modes is called the Duschinsky transformation.1®

Usualy, non-totally symmetric modes or modes with very small displa-
cements are ignored in electronic relaxation rate calculations. This is justified
when the normal modes of the electronic states are neither mixed nor distorted. In
this case, non-totally symmetric modes have zero Franck—Condon (FC) integrals.
Even when there is a distortion, it is possible to ignore their contribution to the
rate. Sando et al.16 showed that when the Duschinsky rotation is present, non-
totally symmetric modes cannot be ignored in the calculation of the electron
transfer rate, particularly when their number is large. They argued that in real
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INTERSY STEM CROSSING IN URACIL 1651

molecules, low-frequency modes could mix with high-frequency modes so that
their net contribution to the rate increases.

The goa of this work was to establish to what extent the rotation of the nor-
mal modes is important for the quantitative evaluation of the S;—T1 ISC rate in
uracil. By comparing the rates obtained with and without the Duschinsky rota-
tion, the importance of the various approximations for the evaluation of the ISC
rate will be established.

The paper is organized as follows: in the next section, the manner in which
ISC rates can be calculated using the correlation function approach and its ap-
proximations is explained. Then, details of the rate calculations are presented. In
the subsequent section, this method is applied to the calculation of the inter-
system crossing rates for uracil and the results are discussed. Finally, conclusions
are given.

The correlation function method

ISC rates are calculated using truncation of the time dependent perturbation
expansion, i.e., the Golden rule approximation. Thisis justified because all atoms
in uracil are light so that spin—orbit coupling Hgo could be treated as a pertur-
bation. As zero-order states, pure spin Born—Oppenheimer states LSa,{ vaj}> and
‘Tg ,{ka}> were used. Here Sy is a singlet electronic state and T is an a fine-
structure component of a triplet electronic state. {v4} and {vy} are vibrationa
states related to the S; and T states. In this work, potential surfaces are appro-
ximated by a harmonic potential. The norma modes of the triplet {Qr,} and
singlet {Qg} electronic states are related through the Duschinsky transfor-
mation:1°

Qr, =2 JijQs; +Di 6h)
j

where J is the Duschinsky rotation matrix and D is the displacement vector. The
Duschinsky matrix represents to what extent normal modes of the triplet elec-
tronic state are mixed based on the normal modes of the singlet electronic state.
The displacement vector presents the displacement of the triplet potential surface
in respect to that of the singlet.

The rate from the initially populated vibronic state ‘Sa,{vaj}> to the triplet
vibronic states |Tg,{vbk}>, assuming the statistical limit (high density of the
fina states), is given by the Golden Rule Formula:

fasc = 20 |(Sa A} | Fiso | T )| OB~ Enc) @
k

Spin—orbit matrix elements are generally a function of normal mode coordi-
nates. They can be expanded using the Taylor expansion:
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<Sa1{Vaj}‘|:|SO‘T€ {ka}>=<Vaj ‘(Sd| F'so‘TQ‘MQO |Viok ) +
Si|Hso[T, (3
+{vy ‘Z|—So‘b> B

| Qo)+

Keeping only the first term represents the Condon approximation and con-
tributes to the direct spin—orbit coupling. The second and higher order terms re-
present the Herzberg-Teller expansion and they contribute to the vibronic spin—
orbit coupling. It is assumed that a spin—orbit matrix element is expanded at an
optimized geometry of the initial (singlet) electronic state. In this work, only the
direct spin—orbit coupling will be considered. This is justified when the spin—
—orbit matrix element is large.

Assuming only a direct spin—orbit coupling, the ISC rate from the initia
vibronic level, is given by:

fasc = 2n](Sa Ao [T )| X (v vac)| 5B ~ En) @

In this case, the calculation of the rate is reduced to the calculation of the elec-
tronic part ‘ Sa| Hso ‘Tg >‘ and the vibrational part, i.e., the Franck—Condon
integrals <vaj ka> .

Recently, Marian and coworkers developed a new method for the calculation
of 1SC rates using a time-dependent approach.1” It is based on a transformation
of expression (4) into the Heisenberg picture. Instead of the evaluation of an
enormously large number of the Franck—Condon integrals, the method evaluates
the correlation function. The rate is then obtained by performing an integration of
the correlation function. If the initial state is the lowest vibronic state of the sing-
let manifold, then:

~ 2%
KR =|(Sa| Aso |T)|” [ Foorr @ ct (5)
where
Feorr (1) = 2N/2 det(Sr 225)
det(JTQTBTJ + Qg)det(JTQrBT-1J + Qs)
xexp{ DT[QTBTJ(JTQTBTJ +Qs)_1JQTBT —QTBT]D}X (6)

)(eit(AEST +1/ 2Trﬂs)

and ©Q, S and B are diagona matrices with elements (Q);i = wj, (S)ij = sinh(iwjt),
(B);i = tanh(iwit/2), wj isanorma mode frequency, indexes Sand T label normal
modes of the singlet and triplet electronic states, respectively, and superscript T
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indicates the transposition of a matrix. AEsT is the adiabatic energy between
singlet and triplet electronic states.

In order to ease the calculations of the correlation function, two approxima:
tions were derived.1’ The first approximation is based on the cumulant expan-
sion. The expression obtained using the second-order cumulant expansion of the
correlation function is:

i T Foum ()0 = (S Aso| ) T exp(—ik—m2)t (7)

—oo —oo

ke =[(Ss| Fiso [T

where the first and the second cumulants are;

1« M
K=(= —”+C—AEST)t (8)
4;603
1w M2 | it 1-expl-it(as +og)]
Ko =— +
8%“’5“’51 o5 + oy (5 +as)2 9)
+lz A-z[__itJrl—exp(—zlta)a)]
27 w5 o5 5

Vaues of the matrii< M, vector A and scalar C aree M =JTQ72] -Qg2,
A=JTQ72D and C==DTQ12D. There is a particular simple expression for
the rate if the first and sécond cumulants are expanded up to the second order in
time.17 This gives the short-time approximation:
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This expression does not require integration for its evaluation. The first test
results showed that both the cumulant and short-time approximation gave results
that were similar to the complete correlation function results.1/

The calculation of the corréation function and its cumulant expansion in-
volves only matrix multiplication, matrix inversion and calculation of a deter-
minant. They have odd imaginary parts and even rea parts. Due to this, the
evaluation of the rate is reduced to the calculation of the correlation function or
its cumulant expansion in a real positive time interval. The input parameters

Available online at www.shd.org.rs/JSCS

2011 Copyright (CC) SCS



1654 ETINSKI

required for the calculation of the ISC rate are norma mode frequencies of the
initial and final states, their displacements, the Duschinsky matrix, the electronic
adiabatic energy gap and spin-orbit matrix element.

DETAILS OF THE INTERSY STEM CROSSING RATE CALCULATIONS

In this work, the electronic structure data obtained in the work of Marian and co-
workers!! for uracil and its methylated compounds was used. They optimized the S; (Innt*)
and T, (3rnn*) excited states using the coupled-cluster with approximative doubles (CC2)
method. This method represents an approximation of the coupled-cluster singles and doubles
(CCSD) method, in which the singles equations are retained in the origina form and the
doubles equations are truncated to first order in the fluctuating potential .18 The basis set was
Dunning's cc-pVDZ basis set (C, N, O, 9s4p1d/3s2pid; H, 4s1p/2s1p).1920 The excited state
geometries were optimized without symmetry constraints. The molecular geometry of the S;
state was planar while the T, state was non-planar. Since there is a large difference in the S;
and T, molecular geometries, the parameters from the Duschinsky relation, the displacement
and mixing of the normal modes are large. The normal mode frequencies and displacements
of the S; and T, states of uracil are presented in Table I. There are severa |low-frequency
modes that are highly displaced. The Duschinsky matrix for the transition between the S; and
T, states of uracil is shown in Fig. 1. Almost all norma modes of the triplet states have more
than one component in the basis of the singlet state normal modes. The mixing of the normal
modes is particularly large for the low-frequency modes and the two highest frequency modes
that represent N-H oscillation. In addition, some high-frequency modes are mixed with low-
frequency modes.

TABLE I. Frequencies of the normal modes of the S; (nn*) and T, (nr*) electronic states of
uracil and displacements of the T; normal modes in dimensionless harmonic oscillator
coordinates

Sio/cm™ Tiw/cm® Displacement S,wi/cm®  T,w;/cm®  Displacement

35.53 126.58 —2.57 970.84 959.28 -1.37
157.82 158.63 -0.31 1012.93 1014.62 111
287.76 228.99 —2.80 1105.30 1144.59 —0.36
302.49 367.48 —2.38 1150.37 1226.78 0.49
311.36 460.53 -0.13 1276.78 1353.70 -0.08
341.19 480.02 0.46 1306.92 1361.40 -1.23
472.37 497.58 -0.72 1405.45 1378.63 0.43
503.72 530.57 0.33 1427.08 1404.59 0.03
533.69 554.60 1.06 1451.08 1456.93 0.21
550.11 640.72 0.81 1631.67 1609.53 —2.84
593.22 683.30 0.97 1777.20 1769.36 -0.24
690.71 697.63 -0.49 3256.56 3240.67 -0.50
718.40 727.41 -0.18 3276.26 3255.20 0.90
742.69 762.45 -0.61 3626.67 3599.49 0.09
910.20 938.30 -1.38 3630.50 3599.67 —0.04

The adiabatic energy gap between the S; and T electronic states of uracil obtained at the
CC2/cc-pVDZ level is 5150 cmrl. Spin—orbit matrix elements were calculated!! using the
SPOCK program based on the DFT/MRCI electronic structure method.2! SPOCK employs a
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INTERSY STEM CROSSING IN URACIL 1655

one-center mean-field approximation of the Breit—Pauli Hamiltonian.2 SOME were cal-
culated at the S; optimized minimum. The sum of the squares of al spin—orbit matrix ele-
ments between the S, state and all fine-structure components of the T state is 2391 cm2. All
rates that will be presented in this work are the sum of the three rates from the S; state and the
three fine-structure components of the T, state.
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Fig. 1. The Duschinsky matrix related to the transition between the S, and T, states
of uracil. In order to visualize the normal mode mixing, absolute values
of the matrix elements are shown.

All normal modes are included in the rate calculations. The correlation function was
calculated for the first 10 fs using 100 points. It was found that the rate is very robust to the
density of points required for the integration of the correlation function.

RESULTS

The time dependence of the correlation function Feor and its second-order
cumulant expansion F¢ym Wwhen the Duschinsky rotation is excluded and included
are shown in Figs. 2 and 3, respectively. The adiabatic energy gap for the calcu-
lation was 5150 cm~L. The correlation function and its cumulant expansion prac-
tically overlap in Fig. 2. The plotted functions perform one oscillation and then
decay to zero. After 10 fs, their values are practicaly zero. The second-order cu-
mulant expansion approximates the correlation function very well. Comparing
the correlation function when the Duschinsky rotation is excluded and included,
one finds that the amplitude of the correlation function oscillation in the first case
is larger than in the second. The rates obtained using the correlation function and
its second-order cumulant expansion are 6.66x109 and 6.64x10% s-1, when the
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Duschinsky rotation is excluded and 1.53x1010 and 2.60x1010 s-1, when the
Duschinsky rotation is included. The rates obtained using the short-time appro-
ximations are 1.47x1010 and 2.73x1010, respectively. Thereis an order of magni-
tude higher rate when the Duschinsky rotation is included. Only the short-time
approximation gives the same order of magnitude in both cases. In the absence of
the Duschinsky rotation, the correlation function method gives the same result as
the approximate cumulant expansion, as can be deduced from Fig. 2. Thisis an
encouraging result because it is easier to calculate the cumalant expansion than
the correlation function. When the Duschinsky rotation is present, the cumulant
approximation gives a dightly higher value than the exact correlation function.
Although the short-time approximation is a smple approximation, it gives rea-
sonable results. Marian and coworkers 11 calculated the S;—T1 ISC rate for ura-
cil using the time-independent method, i.e., they explicitly summed the Franck—
—Condon factors. As the number of the Franck—Condon factors was enormous,
they limited the number of quanta in the triplet state normal modes to five per
mode. This limitation decreased the number of the final vibronic levels. Using
the same adiabatic energy gap, spin—orbit matrix elements and the Duschinsky
rotation, they obtained 0.93x1010 s-1 for the rate value. This value is the lower
limit for the true value due to the limitations concerning the accessible number of
the final state vibronic levels. The present rates obtained with the Duschinsky
rotation are in accordance with the result obtained by the time-independent method.

1.2-
0.8-
06

044 |

s
& 02] |
L;_% 00 — Fig. 2. Time dependence of
1 / the correlation function Fgy,
024 |/ (black) and the second—order
0.4 P cumulant expansion Fcym
] 7 (gray) — overlapped. The Du-
0.6 ’ v y . ’ . ’ . ' , schinsky rotation was ex-
0 2 4 6 8 10 cluded and the adiabatic

t/fs energy gap was 5150 cmL,

Solvation can modify adiabatic energy gaps. Etinski and Marian?3 found that
hydration could significantly shift electronic excited states. They found that the
Si(nm*) state was blue-shifted by 0.56 eV and that the Sy(nn*) state was red-
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INTERSYSTEM CROSSING IN URACIL 1657

shifted by 0.19 eV. Dueto this, it is of importance to examine in what manner the
adiabatic energy gap modifies the ISC rate. The rate constants calculated using
the three methods: the correlation function, the second-order cumulant expansion
and the short-time approximation for various adiabatic energy gaps are contained
in Table Il. The rate obtained without the Duschinsky rotation is one to three
orders of magnitude smaller than the rate obtained with the Duschinsky rotation
for energy gaps below 6000 cm1. For larger energy gaps, the inclusion of the
Duschinsky rotation does not significantly contribute to the rate values. The least
sensitive to the adiabatic energy gap change is the short-time approximation. It
gives rather good results when the Duschinsky rotation is included.

1.2-
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06
. ]
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=" 0,04 Fig. 3. Time dependence of

1 the correlation function Feg,

'0'2'_ (black) and the second-order

04l cumulant expansion Fgm

] (gray). The Duschinsky rota-

-0.6 T T T T 1 tion was included and the

. > 4 6 8 10" adiabatic energy gap was
t/ fs 5150 Cm-l.

TABLE Il. The intersystem crossing rates calculated by the three methods: the correlation
function (keorr), the second-order cumulant expansion (kg and the short-time approximation
(kg) for different adiabatic energy gaps

AE / e Without the Duschinsky rotation With the Duschinsky rotation
N o/ 10°ST Ko/ 10°ST g/ 107ST Ko/ 10°S™ Koy / 10057 ky/ 10057

1000 0.0483 0.0808 0.124 0.102 0.535 0.716
2000 0.810 0.912 0.241 0.684 0.823 1.02
3000 5.03 5.20 0.449 2.48 1.23 143
4000 19.7 19.9 0.799 6.52 177 1.96
5000 57.8 57.6 1.36 138 248 2.62
6000 137 136 221 25.2 3.36 343
7000 276 275 344 40.7 4.44 4.40
8000 487 485 511 59.9 5.69 5.53
9000 770 769 7.26 81.6 7.10 6.79
10000 1110 1110 9.86 104 8.61 8.17
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According to the simple rule, called the energy gap law,24 it is generally
assumed that the rate of a non-radiative transition between two electronic states
becomes larger if the energy difference between the states decreases. This simple
rule is limited to non-displaced potential energy surfaces. In the present case,
where the potential surfaces are strongly displaced, the rate increases with
increasing energy gap. When the Duschinsky rotation is excluded in the rate
calculation, the increase of the rate is five orders of magnitude for energy gaps
from 1000 to 10000 cm~1. On the other hand, it increases only three orders of
magnitude when the Duschinsky rotation is present. This is due to fact that the
Duschinsky rotation mixes many modes so that the Franck—Condon factors
become less sensitive to an energy gap change.

CONCLUSIONS

We have studied The S1—T1 intersystem crossing rate in uracil was studied
using the time-dependent approach. Three different rate equations were used. The
first uses an exact correlation function and the second and third are approxi-
mations. The first approximation is the second-order cumulant expansion of the
correlation function. The second approximation is an expansion of the cumulant
formula up to the second order in time. Thisis the short-time approximation.

Since the normal modes of the singlet and triplet potential energy surfaces
are different, the Duschinsky transformation between the normal modes was
introduced. It relates the normal modes of the singlet and triplet states by trans-
lation and rotation.

It was found that the time-dependent approach gave similar rates as they
were obtained using the time-independent approach. Furthermore, the issue of the
necessity to include the Duschinsky rotation of the normal modes was examined.
It was found that for adiabatic energy gaps larger than 6000 cm2, there was a
good agreement between the rates obtained with and without the Duschinsky
rotation. In addition, for these adiabatic energy gaps, the rates obtained using the
cumulant expression and the correlation function, when the Duschinsky mixing
was excluded, were practically the same. As it is easier to calculate the cumulant
expansion than the complete correlation function, this result looks promising for
the application of this method to molecules with a large number of hormal mo-
des. For energy gaps below 6000 cm, it is necessary to include the Duschinsky
mixing in order to obtain qualitatively the rate. Although crude, the short-time
approximation is easy to calculate and it can serve as afirst estimate of the rate.
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U3BOA

VJIOT'A POTAIMJE AYINUHCKOI' Y MTHTEPCUCTEMCKUM ITPEJIASBMMA:
CTYIUJA O YPALIMITY

MMXAJJIO ETUHCKH
Dakyaitieiti 3a uauqky xemujy, Yuusepauitieiti y beozpaoy, CitiyOeniticku itipz 12—16, i. iip. 47, 11158 Beozpao

KoHcraHTa Op3uMHE MHTEPCHCTEMCKUX Mpeiaza u3Mely HajHIKer moOyheHOr CHHIVIETHOT U
TPHUIUIETHOT €JIEKTPOHCKOT CTama ypaluia je npoydaBana nomohy ab initio meroma. Koncranra
Op3uHe je u3padyHaTa KopucTehn BpEeMEHCKH 3aBHCaH MpPHUIIa3 3aCHOBAH Ha KOPEIALUOHOj (yHK-
MU U BCHUM [(BEeMa alpoKCHMallijaMa: KyMyJQHTHOM pa3Bojy APYror peia U amnpoKCHMaLfju
KpaTkor BpeMeHa. HopManHu MOJOBH CHHIVICTHOI U TPHUIUIETHOI CTama Cy I0Be3aHH TpaHchop-
Manujom JlymuHcKor, Tj. momohy poramuje u TpaHcianuje. Haleno je na je 3a cunrierno—rpu-
mieTHe ammjaGarcke eHeprercke mporene ucrox 6000 cm™ ykpyunsame poramuje dyumHckor
HEOIXO/IHO 3a J00Mjare KBAHTUTATHBHHX pesynrara. M3max 6000 cm™l, koncranre Gpsume mo-
6ujene ca porauujoMm [JymunHckor u 6e3 we cy ciuune. KymynatHu pa3Boj noOpo ampokcumupa
KOpeJalrony QpyHKIHjy. ApoKCHMAalHja KpaTKOT BpeMeHa, HaKo rpyba, Moe ce KOPUCTHTH Kao
pBa MpOLeHa KOHCTaHTE Op3UHE.

(Mpumsbeno 13. jyma 2011)
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Abstract: The influence of surface properties on the selectivity of the syn-
thesized catalysts was studied, considering that their selectivity towards par-
ticular hydrocarbons is crucia for their overall activity in the chosen Fischer—
—Tropsch reaction. Magnesium- and iron-containing layered double hydroxides
(LDH), with the general formula: [Mg;.4Fe(OH),](CO3)yo-mH,0, x =
= n(Fe)/(n(Mg)+n(Fe)), synthesized with different Mg/Fe ratio and their
thermally derived mixed oxides were investigated. Magnesium was chosen
because of its basic properties, whereas iron was selected due to its well-known
high Fischer-Tropsch activity, redox properties and the ability to form specific
active sitesin the layered LDH structure required for catalytic application. The
thermally less stable multiphase system (synthesized outside the optimal single
LDH phase range with additional Fe-phase), having a lower content of surface
acid and base active sites, a lower surface area and smaller fraction of smaller
mesopores, showed higher selectivity in the Fischer-Tropsch reaction. The re-
sults of this study imply that the metastability of derived multiphase oxides
structure has a greater influence on the formation of specific catalyst surface
sites than other investigated surface properties.

Keywords: Mg—Fe-LDHs; hydrotalcite; acid—base properties; Fischer—Tropsch
reaction; selectivity.

INTRODUCTION

The Fischer—Tropsch (FT) reaction is an aternative route for converting syn-
gas and entails the production of hydrocarbons in the presence of various metal-
based catalysts. This reaction has been commercialy used for many years and is
il attracting much attention as a means of producing transportation fuels from
coal, natural gas and biogas.1-3 Iron-based catalysts are particularly used in the
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1662 HADNADEV-KOSTIC et al.

FT reaction due to their high activity and selectivity in syngas conversion with
low H5/CO ratios. Previous work on iron FT reaction catalyst focused on the
improvement of the performances of Fe catalysts by various metal promoters.34
This paper presents a study of the surface properties and catalytic performance of
Mg-Fe-mixed oxides derived from layered double hydroxides (LDHs), synthe-
sized within and outside the optimal range for attaining an LDH single phase.
The possibility to vary the nature and content of M(l1) and M(l1l) metals, the
synthesis parameters and methods, enabling the design of LDH properties taking
into consideration their future application, made these materials the subject of
numerous investigations, especially in the field of environmental research. The
LDH structure consists of positively charged layers compensated with anions
positioned in the interlayers.® The layered structure collapses during thermal
treatment leading to the formation of non-stoichiometric mixed oxides with a
developed surface area, and specific acid—base and redox properties.6 Mg—Fe-
LDHs described by the formula [Mg1_xFex(OH)2](CO3)y/2-mH20, where x =
Fe/[Mg+Fe] were studied. Magnesium was chosen as the M(I1) ion because of its
basic properties and the ability to enhance the selectivity towards FT products of
iron catalysts.# In addition, according to the literature, mixed oxides obtained by
thermal decomposition of LDHs can promote base-catalyzed reactions, parti-
cularly when the anions arranged in the interlayers are CO32- anions, due to their
important role in the basic properties of LDH structures.” Besides its well-known
high FT activity, iron was selected as the active M(l11) ion due to its redox
properties and the ability to form specific active sites in the layered structure
required for catalytic application.® The acid-base properties in correlation to
other physico-chemical properties of the LDHs and their derived mixed oxides
were examined. For the detection of the acid properties, pyridine adsorption was
selected since, according to the literature,® pyridine molecules are excellent for
the differentiation between Bregnsted and Lewis acid sites on the surfaces of ca-
talysts, as well as for ranking the strength and coordination of Lewis acid sites.
The presence and nature of the base-active sites on the surface of the calcined
samples were detected by phenol adsorption.

The focal point of this study was to investigate the influence of surface pro-
perties on the selectivity of the synthesized samples considering that their selec-
tivity towards particular hydrocarbons is crucial for their overall activity in the
FT reaction. The selectivity of the derived Mg-Fe-mixed oxides in the FT reac-
tion was studied in correlation with different catalyst properties obtained by Mg—
—Fe-LDH synthesis within and outside the optimal range for a LDH single phase,
especially with their textural properties, surface composition and morphology.

EXPERIMENTAL

Layered double hydroxides were synthesized by the low supersaturation coprecipitation
method at a constant pH (9.6-9.9). Aqueous solution of Mg(NOs),-6H,0 and Fe(NO3)3-9H,0
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were continuously dropwise mixed (4 cm3 minY) at a constant pH that was maintained by the
simultaneous addition of Na,CO5; and NaOH solution.’® The metal content was varied and
two different values of x were chosen, one being x = 0.3, inside the optimal range for single
LDH phase synthesis (0.2 < x > 0.33) and the other exceeding this range with x = 0.7. The
samples were denoted according to their starting composition: sample 0.7Mg-0.3Fe (x = 0.3)
and sample 0.3Mg-0.7Fe (x = 0.7). The LDHs were calcined at 500 °C for 5 h in air. Scanning
electron microscopy (SEM) was used to analyze the morphology of the LDHs and derived
mixed oxides and electron dispersive spectroscopy (EDS) for chemical anaysis of the surface
(JEOL, JSM-460 LV instrument). The acceleration voltage was 20 kV, with the working dis-
tance of 10 mm. Textural characterization of calcined samples (denoted K-), reduced samples
(denoted H-) and samples after FT reaction (denoted TR-) was realized by low-temperature
nitrogen sorption a —196 °C using Micromeritics ASAP 2010 instrument. The I[UPAC
classification of pores and the Barret, Joyner and Halend (BJH) method for the pore size
distribution were used for the textural analyses. Thermal analysis, thermogravimetry (TG) and
differential thermal analysis (DTA), of synthesized samples was performed using a Baehr
STA503 instrument (BAEHR, Huellhorst, Germany) in the temperature range from room
temperature to 1000 °C, at a heating rate of 5 °C min'! under a static air atmosphere. The
acid—base surface properties of the samples were investigated by detecting the amount of
pyridine and phenol adsorbed on the surface of the samples using Fourier transform infrared
(FTIR) analysis. The surface acidity of the samples was analyzed by the adsorption of pyri-
dine on the sample surfaces. The calcined samples were degassed under a vacuum atmosphere
(133.3 Pa) at room temperature for 30 min prior to the adsorption of pyridine. The pyridine
was chemisorbed on the surface of the samples a room temperature under the vacuum
atmosphere for 7 h. The surface base properties were analyzed by the adsorption of phenol on
the sample surfaces. The same procedure was used for the adsorption, the only difference
being the phenol chemisorption time was 24 h. The FTIR spectra of the previously adsorbed
pyridine or phenol on the surface of the calcined samples were recorded in the range of 4000—
—400 cm! with a 2 cmr? resolution on a Thermo Nicolet Nexus 670 FTIR spectrophotometer.
Prior to the FTIR analysis, physically adsorbed pyridine or phenol was removed from the
calcined samples under vacuum.! Selectivity tests were performed in a tubular quartz reactor
in which the chosen catalysts were loaded. The entire reactor system was placed inside a
temperature-regulated furnace. All the catalysts were in situ activated, prior to the FT investi-
gation, at 350 °C for 2 h by the reduction treatment with pure hydrogen flow of 20 ml/min.
After the reduction of the samples, the gas flow of reactants H, and CO having ratio of H,:CO
= 1:1 was adjusted and regulated by mass flow controllers. The FT reaction temperature was
either 350 °C, 375 °C or 400°C. After passing through the reactor system, aliquots of the
reaction mixture were taken with the syringe and analyzed. The reaction products were
separated on a 30 m long PONA GC-capillary column and analyzed by gas chromatography
using an HP 5890 Series Il instrument equipped with thermal conductivity (TC) and flame
ionization (FI) detectors. The selectivity (S) of catalysts was calculated using the following
formula:

F xanAx

S=100
hX ( F product NC product Aproduct

] (%]

where S — selectivity, F — detector response factor, x — desired product, nC — number of C
atoms in the product and A — value of the surface under the peak.
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RESULTS AND DISCUSSION

Characteristic X-ray diffraction patterns for LDH were detected in both
samples, LDH being the only crystalline phase in the x = 0.3 sample, whereas in
the x = 0.7 sample, an additional goethite, FeO(OH), phase was also observed as
published elsewhere.10

In order to determine the temperature leading to therma decomposition of
the LDHSs, as well as to the formation and thermal stability of the mixed oxides,
thermal analysis (TG-DTA) was performed. The mass loss and the corresponding
endothermic/exothermic transitions of the synthesized Mg-Fe-LDH samples
were simultaneously monitored. Two distinct transitions were observed on the
TG-DTA curves of both samples (Fig. 1). The first endothermic transition in the
temperature range from 90 to 200 °C accompanied by amass lossis related to the
dehydration of the samples, removal of the interlayer water and physically ad-
sorbed water. The second endothermic transition, also accompanied by a mass
loss, occurring in the temperature range from 300 to 400 °C, was assigned to de-
hydroxylation and decarbonation reactions. At higher temperatures (=500 °C),
broad endothermic peaks without mass |oss were detected, probably due to spinel
formation and Mg oxides. These findings are in good agreement with the litera-
ture.12-14 Since in both samples the second endothermic transition was detected
at temperatures lower than 500 °C, it was concluded that this temperature is suffi-
cient for completion of the formation of mixed oxides and was selected as the
calcination temperature. A comparison between the starting temperatures of spi-
nel formation at ~650 °C, corresponding to the beginning of the third endother-
mic peak in the sample 0.7Mg-0.3Fe, and at =550 °C for the sample 0.3Fe-
—0.7Mg suggests the formation of a mixed oxide phase in the single LDH phase
sample 0.7Mg-0.3Fe which is more thermally stable at higher temperatures.
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Fig. 1. TG-DTA Profiles of 0.7Mg-0.3Fe-LDH and 0.3Mg-0.7Fe-LDH.
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For qualitative and quantitative analysis (EDS), Fig. 2, two locations for
each synthesized sample (LDH-0.7Mg-0.3Fe and LDH-0.3Fe-0.7Mg) were used
for the generation of EDS spectra. The provided elemental information revealed
that the Mg and Fe contents on the surface of the samples are in good agreement
with the targeted Mg/Fe ratios (sample 0.7Mg-0.3Fe: 70 mol % Mg and 30 mol %
Fe, sample 0.3Mg-0.7Fe: 30 mol% Mg and 70 mol % Fe), confirming the suc-
cessful synthesis of both samples. The pore size distributions of synthesized
samples after calcination (K-0.7Mg-0.3Fe and K-0.3Mg-0.7Fe) and after the re-
duction treatment (H-0.7Mg-0.3Fe and H-0.3Mg-0.7Fe) are shown in Fig. 3.
The multimodal pores size distribution of the K-0.7Mg—-0.3Fe sample showed a
small fraction of smaller mesopores (dp = 3 nm) and a broad region with meso-
pores of 10 to 90 nm in diameter, having a maximum at 15 nm and a “shoulder”
at 50 nm, indicating a significant fraction of mesopores. On the contrary, the K-
-0.3Mg-0.7Fe sample showed a region with mesopores from 20 to 70 nm having
a maximum at 40 nm and smaller mesopores were not detected, Fig, 3a. These
results are in good agreement with those of a previous study,10 in which it was
found that the presence of additional phases in a K-0.3Mg-0.7Fe sample nega-
tively influenced the development of surface area (50 m2 g—1 compared to 150
m2 g1 in a K-0.7Mg-0.3Fe sample), thereby disabling the formation of smaller
mesopores and shifting the pore size distribution region to higher vaues.

75001 ——0.7Mg-0.3Fe Fe 65.2 mol%

- -~ 0.3Mg-0.7Fe /
74.8 mol% X

34.8 mol%

1.0 1.2 L4F / 1eV 6 7 T

Fig. 2. EDS Analysis of the synthesized samples: 0.3Mg-0.7Fe-LDH and 0.7Mg-0.3Fe-LDH.
The pore size distributions of both calcined samples after the reduction treat-

ment are shown in Fig. 3. It can be observed that after reduction the pore size dis-

tribution in both samples had changed. A decrease in a fraction of smaller meso-
pores and a shift toward higher values for both peak maximum (=40 nm) and
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“shoulder” (60 nm) was observed for the K-0.7Mg-0.3Fe sample, which explains
the decrease in surface area (105 m2 g-1). In the K-0.3Mg-0.7Fe sample, a slight
shift in the peak maximum towards mesopores of <50 nm diameter and the for-
mation of a small fraction of mesopores with diameter of 3 and 5 nm were de-
tected. The decrease and increase in the mentioned diameter values resulted in an
insignificant change in the surface area, from 50 before to 48 m2 g1 after the re-
duction.10 According to the literature, this behavior is explained by the collapse
of smaller mesopores in the mixed oxides during the reduction treatment and the
formation of mesopores of larger diameters.4

0.9+ 0.9+
— K-0.7Mg-0.3Fe —— H-0.7Mg-0.3Fe

Oy K-0.3Mg-0.7Fe M 084 H-0.3Mg-0.7Fe /
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Fig. 3. Pore size distribution of the sample a) after calcination (K-0.7Mg-0.3Fe and
K-0.3Mg-0.7Fe€) and b) after reduction treatment (H-0.7Mg-0.3Fe and H-0.3Mg-0.7Fe).

The FTIR spectra of the calcined samples and the FTIR spectra of samples
after pyridine/phenol adsorption at room temperature in air are presented in Figs.
4 and 5, respectively. Based on the spectra of calcined samples, it can be con-
cluded that all key absorption bands (3455, 2924, 1642 and 1465 cm1) of the
mixed oxides derived from LDH are present with sufficient intensities.14-16

The FTIR spectra of the pyridine pre-adsorbed samples are presented in Fig.
5a, in which absorption bands at around 1440 and 1460 cn! are observed. Ac-
cording to the literature, if an absorption band around 1540 cm1 is detected, this
is indicative for pyridinium ions adsorbed on Brensted acid sites, while bands
that appear around 1440 and 1460 cm! are attributed to coordinatively adsorbed
pyridine molecule on Lewis acid sites.917 Therefore, the detected surface acid
sites are assigned as Lewis acid sites in both samples. That more intense bands
are visible in the spectrum of the K-0.7M@-0.3Fe-P sample implies a higher num-
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ber of acid sites with stronger surface interaction are present on the surface of this
sample. The smaler number of acid sites present on the surface of the sample
synthesized outside the optimal range for a single phase LDH could be explained
by the negative effect of the formation of the additional Fe-phase and smaller
fraction of LDH-derived mixed oxide phase.

g0 K-03Mg0.7Fe
—— K-0.7Mg-0.3Fe A

Fig. 4. FTIR Absorption bands of the cal-
3600 3000 2400 1800 1200 cined samples (K-0.7Mg-0.3Fe and K-
v/em?t -0.3Mg-0.7Fe).

904 90
—— K-0.7Mg-0.3Fe-P —— K-0.7Mg-0.3Fe-Ph

---- K-0.3Mg-0.7Fe-P ---- K-0.3Mg-0.7Fe-Ph

804

70

604

(b)

1700 1600 1500 ||4'nn 1300 1200 1700 1600 1500 1400 1300 1200
v, cm’ v.em’

Fig. 5. FTIR Spectra of the calcined samples a) pyridine adsorbed (K-0.7Mg-0.3Fe-P and
K-0.3Mg-0.7Fe-P) and b) phenol adsorbed (K-0.7Mg-0.3Fe-Ph and K-0.3Mg-0.7Fe-Ph).

The FTIR analysis of the pre-adsorbed phenol samples (Fig. 5b) showed the
presence of absorption bands at around 1604, 1485, 1265 and 1170 cmL in both
samples, assigned to base active sites.18 According to the literature reference,
phenol molecules chemisorbed on base active sites on sample surfaces generate
the most intense FTIR absorption bands of their functional groups at wave num-
bers intervals ranging from 1605-1594, 14851475, 1260-1224 and 1180-1170
cmrL, In the spectrum of the sample K-0.7Mg-0.3Fe-Ph with a higher Mg con-
tent, more intense peaks related to the adsorbed phenol were detected, indicating
a larger number of base active sites on its surface compared to the K-0.3Mg—
—0.7Fe-Ph sample. This significant decrease in the number of base active sites on
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the K-0.3Mg-0.7Fe-Ph sample surface could be explained by the smaller amount
of Mg, the additional Fe-phase and smaller fraction of the LDH-derived mixed
oxide phase.

These results support the hypothesis that the FT selectivity should be higher
on the K-0.7Mg-0.3Fe-Ph sample due to the higher content of base active sites
and the ability of the Mg oxide phase to enhance the selectivity towards FT
products of iron catalysts.4

The sdlectivity of al samples at different reaction temperatures (350, 375
and 400 °C) with an H2:CO ratio of 1:1 are presented in Fig. 6. The sample with
the highest Mg content (0.7Mg-0.3F€), having a larger number of base sites
compared to the other sample (0.3Mg-0.7Fe) exhibited lower selectivity at all
three reaction temperatures. Comparing the selectivity of samples towards Cs-
and Cs-compounds after 100 min of the FT reaction, the sample 0.7Mg-0.3Fe
showed low sdlectivity towards C4-compounds, while selectivity towards Cs-com-
pounds was not detected despite the variation of the reaction temperature. This
low selectivity could be explained by its stable structure, disabling high catalytic
performance, observed and published elsewhere.10 The sample synthesized out-
side the optimal range and with the highest Fe content showed sel ectivity towards
both C4- and Cs-compounds after 100 min of FT reaction at all reaction tempera
tures. Therefore, athough the K-0.7Mg-0.3Fe sample, synthesized within the
optimal range for single phase LDH, has a larger number of base active sites on
the surface, the K-0.3Mg-0.7Fe sample showed higher selectivity, Fig. 6, at all
three FT reaction temperatures, implying that other surface properties also have a
great impact on catalytic selectivity in the chosen reaction.

0.7Mg-0.3Fe, H,:CO=1:1, 100min 0.3Mg-0.7Fe, H,:CO=1:1, 100min
604 _~ - 60- =
_so{p h 5y 50 =
\e . 5
[=)
~ 404 o I):
g o r T 4y o
=304 L oy O« o o’
o) T o= ' - el =z
2204{|[7C = o i n o
5! =, = . o "
0! ” S o I;—;
& 3
o+ L1 AL, ” —— 0+ . [l” A
350°C 375°C 400°C 350°C 375°C 400°C

FT products

Fig. 6. Selectivity of calcined samples after the reduction process at different FT reaction
temperatures after 100 min of the reaction.
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The results of textural analysis of both reduced samples before and after the
FT reactions at different temperatures are presented in Figs. 7 and 8. The surface
area of the reduced H-0.7Mg-0.3Fe sample had not changed significantly after
the FT reaction at 350 °C, being aso the temperature for the reduction treatment.
With increasing FT reaction temperature, the surface area increased, as well as
the amount of both larger mesopores (3040 nm) and the amount of smaller me-
sopores (2-3 nm), Fig. 8a This could be explained by the “prolonged” calci-
nations, evolution of the remaining, trapped carbonates and by the influence of
the formed FT products. The increase in surface area, together with better acid—
—base properties, did not have positive effects on the selectivity in the FT reaction.

0. 7Me-0.3F¢
140 - [ 0.3Mg-0.7Fe

Fig. 7. Surface aress of the re-

duced, calcined samples be-

fore (H —350 °C) and after FT

reactions at different tempera-

0 , : , , : , : tures (TR — 350 °C, TR — 375
H-350°C TR -350°C TR-375°C TR-400°C °C, TR—400 °C).

In the sample 0.3Mg-0.7Fe, the surface area slightly increased during the FT
reaction, but did not change significantly with change in the reaction tempera-
ture, although a small change in the pore size distribution was observed. With in-
creasing reaction temperature, the fraction of larger mesopores in range from 35
to 45 nm decreased with the simultaneous increase in fraction of smaller meso-
pores in range from 2 to 4 nm (Fig. 8b), resulting in no significant change in the
values of surface area (Fig. 7). It should be noted that TG/DTA analysis revealed
that the formation of the spinel phase commenced at lower temperatures (=550
°C) in the sample 0.3Mg-0.7Fe, indicating a less stable structure compared to the
0.7Mg-0.3Fe sample (=650 °C). Although having a smaller surface area and
smaller number of acid-base sites, the 0.3Mg-0.7Fe sample showed higher se-
lectivity towards the desired products in the FT reaction. This is probably due to
its metastable structure of a non-stoichiometric mixed oxide, which has a greater
influence on the formation of active sites on the catalyst surface than the other
investigated surface properties.
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Fig 8. Pore size distribution of samples a) 0.7Mg-0.3Fe and b) 0.3Mg-0.7Fe after the
reduction treatment and after FT reactions at different temperatures.

CONCLUSIONS

The characterization of the Mg—Fe-LDH samples confirmed their successful
synthesis having an Mg—Fe content in good agreement with desired Mg/Fe ratio
set before the synthesis. The properties of the mixed oxides obtained by thermal
treatment and their surface properties were highly influenced by the Mg/Fe ratio.
Thermal analysis of the synthesized LDHSs revealed the formation of more stable
mixed oxides when originating from the single LDH phase sample compared to
the sample synthesized outside the optimal range. The metastable multiphase sys-
tem (LDH and additional Fe-phase) with alower number of surface acid and base
active sites, a lower surface area and a smaller fraction of the smaller mesopores
showed a higher selectivity in the FT reaction, implying that the metastability of
the derived multiphase oxides structure had a greater influence on the formation
of active sites on the catalyst surface than the other investigated surface pro-
perties.
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U3BO I
Mg-Fe MEIIOBUTH OKCHUJIM TOBUIJEHU PA3I'PAIIbOM JIBOCTPYKUX CJIOJEBUTUX
XUAPOKCUJA: UICITMNTUBABA CBOJCTABA ITIOBPIIMHE
MWJIMLIA C. XATHABEB-KOCTUR', TATJAHA J. BYJINR', PAIIMIJIA T1. MAPUHKOBUE-HEJTYUVH',
AJIEKCAHJIAP I. HUKOJINR® 1 BPAHUCTIAB JOBUR?

" Texnonowru paxyaimieiss, Ynusepsuiieii y Hosom Cady, Bya. yapa Jlazapa 1, 21000 Hosu Cad u*Ilpupodro-
maitemainuyxu Paxyattieis, Ynusepauiteii y Hosom Cady

VYTHunaj cBojcTaBa NOBPIIMHE HA CENEKTUBHOCT CHHTETHCAHHUX KaTallM3aTopa je UCIUTHUBAH Y3H-
Majyhu y 063up 11a je ceneKTUBHOCT npeMa opeheHrM yTribOBOAOHUIIMMA O] IIPECy IHOT 3Hadaja 3a
YKYIIHY aKTUBHOCT y onabpaHoj ®umep—Tponm peaknuju. AHaNIU3UpaHU Cy ABOCTYKHU CIIOjeBHTH
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XHAPOKCHIM ca MarHe3ujymoM u reoxlem, ommre popmyne [Mgq.xFe(OH)ol(CO3)yyo-mH0, X =
=n(Fe)/(n(Mg)+n(Fe)) cuurerucanu mpu pazmuaurum Mg/Fe onqHocnma, Kao ¥ MEIIOBUTH OKCUAN
HACTAJIM HBUXOBOM TEPMHYKOM pas3rpaamoM. VI300p rpajuBHHX MeTajla 3a CHHTE3Yy KaTanu3aropa
3aCHOBAaH je Ha MO3HATHM CBOjCTBMMA rBoxha, Kao ITO Cy BHCOKa akTUBHOCT y Pumep—Tpom
peakLuju ca peoKC KapaKTepHCTHKaMa, Kao M MoryhHoct dopMupama criennpUIHUX aKTHBHHX
LIeHTapa y ciojeButoj cTpykrypu LDH; marunesujym je nmpBencTBeHO ogabpan ycien 6a3HHX CBOj-
craBa oaroBapajyher okcuzaa. TepMudku Mame crabuian BumieasHu cucreM (CHHTETHCAH BaH OII-
cera ONMTHMANHOT 3a cuHTe3y jeanodasuux LDH ca momarHoMm ¢a3om reoxla) mokasyje Behy ce-
nektuBHOCT y Ouinep—Tponun peakuuju, 1 Nope eBUICHTHO Mabe KHCEInX U 0a3HUX LIeHTapa Ha
MIOBPLIMHY U clabuje pa3BHjeHe creluduyuHe MOBpIINHE, Y3 CMambeH yJIeo Mambux Me3omnopa. Pe-
3yJITATH UCTPaKHBamkha YKa3yjy Ja METacTaOWIIHOCT CTPYKType IoOWjeHnX BHIIe(ha3HUX OKCHIA
nmMa Behu ytuiaj Ha GpopMupame crieliuHIHIX TOBPIIMHCKUX LIEHTapa KaTalu3aTopa Hero ocrana
HCIIUTHBaHA CBOjCTBA MOBPILIHHE.

(TMTpumsbeno 29. anpua, pesnauparo 1. jyrna 2011)
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Abstract: Carbon-supported Pt and Pt—-Rh—Sn catalysts were synthesized by the
microwave-polyol method in ethylene glycol solution and were investigated in
the ethanol electro-oxidation reaction. The catalysts were characterized in
terms of structure, morphology and composition employing the X-ray diffrac-
tion (XRD), scanning tunneling microscopy and energy-dispersive X-ray spec-
troscopy techniques. The STM analysis indicated rather uniform particles and
particle sizes below 2 nm for both catalysts. The XRD analysis of the Pt/C ca
talyst revealed two phases, one with the main characteristic peaks of the face-
-centered cubic crystal structure (fcc) of platinum and the other related to the
graphite-like structure of the carbon support, Vulcan XC-72R. However, in the
XRD pattern of the Pt—=Rh—Sn/C catalyst, diffraction peaks for Pt, Rh or Sn
could not be resolved, indicating extremely low crystallinity. The small particle
sizes and homogeneous size distributions of both catalysts could be attributed
to the advantages of the microwave-assisted modified polyol process in ethy-
lene glycol solution. The Pt—-Rh-Sn/C catalyst was highly active for ethanol
oxidation with the onset potential shifted by more than 150 mV to more nega-
tive values and with currents nearly 5 times higher in comparison to the Pt/C
catalyst. The stability tests of the catalysts, as studied by chronoamperometric
experiments, revealed that the Pt-Rh—Sn/C catalyst was evidently less poi-
soned than the Pt/C catalyst. The increased activity of Pt=Rh—Sn/C in com-
parison to Pt/C catalyst was most probably promoted by the bi-functional me-
chanism and the electronic effect of the alloyed metals.

Keywords: Pt—Rh-Sn catalyst; ethanol oxidation; polyol synthesis; microwave
irradiation; STM.
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INTRODUCTION

High surface area carbon-supported Pt and Pt-alloys are widely proposed as
promising anode catalysts in direct alcohol fuel cells (DAFCs).1 Platinum is an
excellent catalyst for the adsorption and dissociation of small organic molecules.
However, platinum itself is known to be rapidly poisoned by reaction interme-
diates, such as CO, that are formed by dehydrogenation of the alcohol molecule?
and limited ability for cleavage of C—C bonds. The most common fuel besides
methanol is ethanol, which is less toxic and can be easily produced by fermen-
tation of sugar-containing biomass. The oxidation mechanism of ethanol in acid
solution may be summarized in the following schema of parallel reactions:®

CH3CH20OH—[CH3CH>OH] 5g — Clyg, C25q4 — CO> (total oxidation) (D)
CH3CH>0OH—[CH3CH20H] 3¢ — CH3CHO — CH3COOH (partial oxidation) (2)

Differential mass spectrometry (DEMS) and in situ infrared spectroscopy
(FTIR) determined acetaldehyde (CH3CHO) and acetic acid (CH3COOH) as the
main products of the oxidation of ethanol in acidic solution, with carbon dioxide
(COy) appearing at very high positive potentials.34 The efficiency of C—C bond
cleavage is the key to enable this reaction to be useful in fuel cell applications
and thus, the mgjor challenge is to achieve total oxidation of ethanol to CO> at
low overpotentials. Efforts in this sense have been focused on the addition of co-
catalysts, such as Ru, Rh, W, Pd, Sn, etc.15-10 The addition of metals such as Sn
or Ru, even though beneficial for the overal electrochemical activity of the
catalysts for ethanol oxidation, does not enhance the yield of COo, i.e., C-C bond
breakage.*11 On the other hand, the addition of Rh to Pt improves the activation
for C—C bond dissociation, but does not enhance the overal electrochemica re-
action.9:10 Thus, a good electrocatalyst for ethanol oxidation should have, besides
Pt, both kind of metals that would improve dehydrogenation, C—C bond disso-
ciation and CO-O coupling.® Different ternary catalysts have been described in
the literaturel (and references therein), but although PtSn appears to enhance
ethanol oxidation better than other bimetallic catalysts and presence of Rh signi-
ficantly increases C—C bond breakage, there are only a few data on ternary Pt
catalyst with Sn and Rh.12-14 Colmati et al.1? investigated the activity for
ethanol oxidation of Pt—Rh-Sn catalysts and found that at potentials higher than
0.45V vs. RHE, the alloy possessed the highest activity for this reaction, while at
potentials more negative than 0.45 V, the activity was lower than that of the bi-
nary PtSn catalyst. Kowal et al.13 indicated that Pt=Rh-SnO, exhibited higher
activity than PtSnO> even at lower potentials. The extent of activity of such
catalyst depends strongly on the SnO, content.14

In general, metal catalytic activity is considerably dependent on the particle
shape, size and particle size distribution.1® A variety of methods can be used for
nanocatalyst preparation, such as wet impregnation, sonochemical method, che-
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mical reduction of metal precursors, etc. In the last decade, Pt or Pt-based nano-
clusters with small particle size and narrow size distribution have often been syn-
thesized by the polyol method.16 This procedure, as most of the other conven-
tional methods, requires longer treatment of metal precursors at a high tempera-
ture. To overcome the arduous processes, in recent years, microwave irradiation
has been widely used for the preparation of nanomaterials. Compared with con-
ventional preparation methods, microwave synthesis has the advantages of very
short heating time and uniform heating of the substance, leading to a small par-
ticle size, narrow particle size distribution and high purity. Yu et al.17 suggested
that these advantages could be attributed to fast homogenous nucleation and
growth of metal particles.

The goa of this work was to examine ethanol oxidation on a carbon-sup-
ported Pt—Rh—Sn catalyst synthesized by the microwave-assisted polyol method.
This procedure for the preparation of the previously mentioned catalyst, to the
best of our knowledge, has not hitherto been described in the literature.

EXPERIMENTAL
Preparation of Pt and Pt—Rh—3/C electocatal ysts

To prepare Pt—Rh-Sn catalyst, a mixture of 0.5 ml of 0.05 M H,5PtClg, 0.5 ml of 0.1 M
SnCl, solution and 0.5 ml 0.05M of RhCl; was mixed with 25 ml of ethylene glycol (EG) ina
100 ml beaker under magnetic stirring. Then 0.8 M NaOH was added drop wise to adjust the
pH to ~12. The same procedure was used to synthesize the Pt catalyst. In each case, the beaker
was placed in the center of a domestic microwave oven and heated 60 s for the Pt and 90 s for
Pt—Rh—Sn catalyst at 700 W. After microwave heating, the mixture was uniformly mixed with
20 ml of an agueous suspension of Vulcan XC-72 carbon (containing 20 mg of carbon in the
case of Pt catalyst and 53.5 mg of carbon in the case of Pt—-Rh-Sn catalyst) and 150 ml of 2 M
H,SO, solution for 3 h under magnetic stirring. The resulting suspension was filtered and the
residue was washed with high purity water. The solid product was dried at 160 °C for 3 h
under a N, atmosphere. The metal loading for both catalysts should have been ~20 wt. %.
Thermogravimetric analysis (TGA) confirmed 19 wt. % for P/C, while for P—=Rh-Sn/C, a
lower loading of metal (=11 wt. %) was found.

Characterization of the Pt/C and Pt—Rh—S/C €electrocatalysts

Thermogravimetry (TG) and differential thermal analyses (DTA) were performed simul-
taneously (30-800 °C temperature range) on a SDT Q600 TGA/DSC instrument (TA Instru-
ments). The heating rate was 20 °C min'l and the sample mass was less than 10 mg. The
furnace atmosphere consisted of air at aflow rate of 100 cm3 min'L,

The unsupported Pt and Pt—-Rh—Sn nanoparticles were characterized by scanning tun-
neling microscopy (STM). Samples were prepared by applying a few drops of a diluted col-
loidal solution of catalyst on a hot HOPG plate. The STM characterizations were realized
using a NanoScope 111 A (Veeco, USA) microscope. The images were obtained in the height
mode using a Pt r tip (set-point current, I, from 1 to 2 nA, bias voltage, V, = -300 mV). The
mean particle size and size distribution were acquired from several randomly chosen areas of
the STM images containing about 50 particles.
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X-Ray diffraction (XRD) patterns of the powder catalysts were recorded with an Ita
Structure APD2000 X-ray diffractometer in Bragg—Brentano geometry using CuK,, radiation
(4 = 0.15418 nm) in the step-scan mode (range: 15-85° 20, step-time: 2.50 s, step-width:
0.02°). The program PowderCell [18] was used for phase analysis and calculation of the unit
cell parameters.

Microstructural examination was performed by scanning electron microscopy (SEM). An
XL 30 environmental scanning microscope with a field emission gun (ESEM—FEG) (manu-
factured by FEI, The Netherlands) equipped with an energy dispersive X-ray (EDX) spec-
trometer was used. The samples were inspected using 5, 10 and 20 kV acceleration voltages at
magnifications of 20000x and 10000x.

The electrocatalytic activity of the catalysts was investigated by potentiodynamic and
chronoamperometric tests using an Autolab potentiostat/galvanostat (ECO Chemie, The
Netherlands) and a three-electrode compartment cell at room temperature. The working
electrode was a thin layer of Nafion-impregnated Pt/C or Pt—=Rh—Sn/C catalyst applied on a
glassy carbon disk electrode with a loading of 10 pg cm2 of the catalyst counted on metal
content. The thin layer was abtained from a suspension of 2 mg of the Pt—=Rh—Sn/C or 1 mg of
Pt/C catalyst in a mixture of 1 ml water and 50 pl of 5 % agqueous Nafion solution, prepared in
an ultrasonic bath, placed onto the substrate and dried at room temperature. A Pt wire and a
saturated calomel electrode (SCE) were used as the counter and reference electrode, respec-
tively. The electrocatalytic activity of the as-prepared Pt/C and Pt—-Rh—Sn/C was studied in 0.1
M HCIO4 + 0.5 M C,HsOH solution. The electrolyte was prepared with high purity water and
deaerated with N,. Ethanol was added to the supporting electrolyte solution while holding the
electrode potential at —0.2 V. The potential was then cycled up to 0.3 V, i.e, the potentia
range of technical interest (E < 0.4 V), at sweep rate of 20 mV s, Current—time transient
curves were recorded after immersion of the freshly prepared electrode in the solution at —0.2 V
for 2 s followed by stepping the potential to 0.2 V and holding the electrode at this potential
for 30 min.

RESULTS AND DISCUSSION
Catalysts characterizations

The particle size and surface morphology of the unsupported Pt and Pt—-Rh—Sn
catalysts were characterized by STM. As observed from the top view of the STM
images (Fig. 1), both catalysts had rather uniform particles of small diameter.
Most of particles were spherical in shape. Cross section analysis (Fig. 1) con-
firmed particle sizes of < 1.7 nm for both catalysts (Table ).

The Pt/C and Pt—-Rh-Sn/C catalysts were characterized by X-ray powder dif-
fraction analysis. The XRD patterns of the carbon-supported catalysts are shown
in Fig. 2. Two phases were identified in the P/C pattern, one with the main
characteristic peaks of the face-centered cubic crystal structure (fcc) of platinum
(1112, 200, 220 and 311) and the other with a diffraction peak at around 26 25°
related to the graphite-like structure of the Vulcan XC-72R carbon support. The
XRD peaks of the P—Rh-Sn/C catalyst were rather broad and diffraction peaks
for Pt, Rh and Sn in the catalyst could not be separately resolved, indicating a
small metal content and a very low crystallinity or an amorphous form of the ca-
talyst. Since TGA analysis revealed the presence of only 11 wt. % of the metals
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in the supported catalyst and the STM analysis showed very small particle size,
the low metal fraction and low crystallinity could be the reason for the obtained
XRD pattern of the Pt—Rh—Sn/C catalyst. The mean particle size for the Pt/C ca-
talyst calculated by the Scherrer formulal® was larger than that obtained by STM
(Table I), possibly because unsupported catalysts were used for the STM ana-
lysis. Still, the agreement can be described as good because the values cal culated
by the Scherrer formula also account for avery probable lattice stress.

2.0

— w_ T
: ! F

= w 7 ¥

-2, 20

o 0.0 20.0

PtEhin i

Fig. 1. STM Images and height profiles of the Pt catalyst (50x50 nm2x4 nm)
and Pt—Rh-Sn catalyst (30x30 nm2x4 nm).

The small particle sizes and homogeneous size distributions of both catalysts
could be attributed to the advantages of the microwave-assisted modified polyol
process in which ethylene glycol (EG) and hydroxide are used as stabilizers. The
metal salts and hydroxide react to form colloidal metal hydroxide particles,
which are reduced to metal nanoclusters by EG.6 In this process, pH value of the
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TABLE I. Characteristics of the Pt/C and Pt—Rh—Sn/C catalysts obtained by STM, XRD and
EDX analysis

Particle size, nm  Unit cell parameter Elemental composition (Pt:Rh:Sn), at. %

Catalyst ———

y STM  XRD (XRD), a/nm Nominal EDX
PU/C 17403 25 0.3944
Pt-Rh-Sn/C 12403 — - 25:25:50 46:32:22

Pt(111) Pt(200) Pt(220) Pt(311)

Pt-Rh-Sn/C

e Tl v el vk Sk ol
20 30 40 50 60 70 80  Fig 2. XRD Patterns of the Pt /C and Pt—-Rh-Sn/C
20/° catalysts.

solution is very important for obtaining stable metal particles. Hydroxide/metal
molar ratio depends on the metal in question and is characteristic of electrostatic
stabilization of metal colloids by the adsorbed anions.16 EG acting as both reac-
tion and dispersion media can efficiently adsorb and stabilize the surface of the
particles?0 and favor the production of monodispersed metal particles with good
dispersivity.17 The high viscosity of this compound also helps in preventing ag-
glomeration of the nanoparticles and for this reason, the water content in the re-
action solution effects this process as well as the reaction temperature in influ-
encing the particle size and size distribution.?! Since EG has a large permanent
dipole, it is very susceptible to microwave irradiation, which can absorb the
energy from the microwave field and the polar reaction solution is heated up to a
high temperature instantaneously.??2 Nevertheless, the heating rate of EG dis-
persion system could be affected by parameters of microwave operation, such as
irradiation time, amount of dielectric and additives.23 The fast and uniform mic-
rowave heating reduces the temperature and concentration gradients, thus accele-
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rating the reduction of the metal ions and the formation of metallic nuclei.24-27
In processes with plurality of pathways and activation barriers, according to Rao
et al.26, microwaves might promote the pathway with the lowest activation barrier.

EDX Analysis of the Pt—=Rh—Sn/C surface composition gave 48 at. % Pt and
32 at. % Rh and 20 at. % Sn for the Pt—-Rh-Sn alloy (Table 1), which deviates
from the nominal composition in the initial mixture (25:25:50).

Bearing in mind the aforesaid, the irradiation time in the microwave heating
together with NaOH/metal and EG/water ratios used in the synthesis of both
catalyst were probably the reason for the so small particle size obtained, and aso
for the yield of the metal and the catalyst composition.

Electrochemical performances

Ethanol oxidation was studied at the as-prepared Pt/C and Pt—Rh—-Sn/C cata
lysts. The cyclic voltammogram for Pt—-Rh—Sn/C after only two cycles to cha
racterize roughly the surface but to avoid significant dissolution of Rh and Snis
shown in Fig. 3. The cyclic voltammograms for Pt/C are given as steady state and
after two cycles for comparison. The steady state CV for Pt/C was similar to
those for polycrystalline platinum or other Pt catalysts supported on high surface
area carbon, with a well-defined region of hydrogen adsorption/desorption, sepa
rated by a double layer from the region of surface oxide formation. These regions
were not well-defined at the beginning of cycling since the surface was still not
fully reconstructed. The CV for Pt-Rh-Sn/C was similar to the CV for PtRh/C10

0.3 —— Pt-Rh-Sn/C 2™ cycle
- PYC
------ PY/C 2™ cycle

0.2+

0.1+

i/ mA

0.0+
-0.1+

-0.2 1

-0.3 — T T T T T T T T T T T T T 1T
-04 -02 00 02 04 06 08 10 12
E/Vvs. SCE

Fig. 3. Basic voltammograms of the Pt/C and Pt—Rh—Sn/C catalystsin
0.1 M HCIO4, v=50mV s1,
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and is characterized by alarge single peak in the hydrogen adsorption/desorption
region, which Lima et al.10 associated with adsorption/desorption of hydrogen on
the intermetallic phase of PtRh. The shift of the reduction peak for Pt-Rh—Sn/C
to more a negative potential value in comparison to Pt/C could be an indication
of aloyed Pt and Rh. The larger double layer in the case of Pt—-Rh—Sn/C com-
pared to Pt/C was due to the lower metal content (11 mass %) of this catalyst in
comparison to Pt/C (20 mass %).

The electrocatal ytic activities of the as-prepared catalysts were studied in 0.1
M HCIO4 + 0.5 M CyHs0H solution and the positive scan voltammetric curves
are presented in Fig. 4. The P—Rh-Sn/C catalyst was highly active in ethanol
oxidation with the onset potential at approximately —0.15 V (shifted by ~0.15 V
towards more negative potentials compared to Pt/C) and rapid kinetics. The hyd-
rogen adsorption/desorption peaks were clearly suppressed because the ethanol
adsorption displaced the adsorbed hydrogen from the interface. The current den-
sities, calculated on Pt content, throughout the studied potential region were five
times higher for the Pt—=Rh—Sn/C catalyst in comparison to the Pt/C catalyst. The
stability of the catalysts was studied in chronoamperometric experiments and the
results are presented in Fig. 5. The higher initial current density at 0.2 V on the
Pt—Rh—Sn/C catalyst in comparison to the Pt/C catalyst is in accordance with the

--=--PY/C
—— Pt-Rh-Sn/C
100 ~
&
1S
<
€
50
04
Fig. 4. Potentiodynamic curves for

02 -01 ' 0!0 ' 011 ' 0.2 0.3 the oxidation of 0.5 M C,HsOH at
the Pt/C and Pt-Rh—-Sn/C catalysts in
E /V(SCE) 0.1M HCIO4, v=20mV sl
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potentiodynamic measurements. The initial current at Pt—=Rh—Sn/C stabilizes at a
value that was significantly higher than that for the P/C catalyst. The Pt—-Rh—
—Sn/C catalyst is evidently more active and |ess poisoned than the Pt/C catalyst.

50

--=-=Pt/C
—— Pt-Rh-Sn/C
., 404
o
IS
< 30+
€
204
104
0 N e e e e e

T T T T T T T T T T T T
0 300 600 900 1200 1500 1800
t/s

Fig. 5. Chronoamperometric curves for the oxidation of 0.5M C,HsOH at 0.2 V
at the Pt/C and Pt-Rh-Sn/C catalystsin 0.1 M HCIO,.

The better activity for the EOR of the ternary Pt—Rh—Sn catalyst in compa-
rison to Pt/C catalyst must be related to the formation of the ternary alloy. Thus,
the presence of Sn and Rh in the catalyst can promote ethanol oxidation by an
electronic effect in the Pt-based electrode material affecting the adsorption pro-
perties of the surface, making this system less prone to poisoning by organic
species than pure Pt. Sn or its oxides can supply surface oxygen-containing spe-
cies at lower potentials by activation of the interfacial water molecule necessary
to complete the oxidation of the adsorbed reaction intermediates leading to
carbon dioxide, in the situation that the C—C bond was broken, or to the for-
mation of acetic acid.1229 This oxidative removal of CO-like species strongly
adsorbed on adjacent Pt active sites proceeds through the so-called bi-functional
mechanism. According to density functional theory (DFT) calculations,14 the role
of Rh was to adsorb and stabilize the key intermediate CH>CH>O in this route,
which leads to the cleavage of C—C bonds. A back donation from the Rh d-band
electrons to Pt was proposed. Thus, the presence of Pt could modify the electro-
nic structure of Rh by partially emptying its d-band states enabling its strong
bonding to CH2CH20, while the activity of Pt was lowered, thereby preventing
the partial oxidation of ethanol on the Pt sites.14
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In comparison with other Pt—Rh—Sn/C catalysts described in the literaturel2-
14 in which the atomic fraction of Sn was equal or higher than that of Pt, while
the atomic fraction of Rh was much smaller than both Pt and Sn, the presently
studied Pt—Rh—Sn/C catalyst with highest fraction of Pt and lowest fraction of Sn
exhibited a comparably high activity for ethanol oxidation.

Colmati et al.12 studied ethanol oxidation at Pt—-Rh-Sn/C catalysts with
molar ratios 1:1:1 and 1:0.3:1, prepared by formic acid oxidation. The ternary
catalyst with the lower fraction of Rh was found to have a higher activity, but
both the Pt—-Rh—Sn/C catalysts exhibited a significantly lower activity in com-
parison with PtSn/C catalyst at lower potentials (< 0.45 V RHE) and the opposite
at higher potential values. The higher activity of PtSn/C was ascribed to the pre-
sence of SnO, that could supply oxygen-containing species for the oxidative
removal of CO and CH3CO adsorbed on adjacent Pt active sites. The introduc-
tion of Rh changes the geometry (Pt—Pt bond distances) and electronic (Pt d-band
vacancy) structure of PtSn catalysts, which could improve the adsorption of etha
nol and the cleavage of C—C bonds, increasing in this way the activity for ethanol
oxidation at higher potentials.12 For ethanol oxidation, Kowal et al.13 and Li et
al.14 used Pt—-Rh—SnO,/C catalysts prepared by the polyol method with conven-
tional heating. XRD Analysis of these catalysts showed the presence of two
phases, Pt—Rh alloy and SnO,. The catalysts were highly active at lower poten-
tials (< 0.5 V RHE). The catalysts were synthesized with different ratios of the
components (Pt:Rh:Sn from 3:1:2 to 3:1:6) and the highest activity for ethanol
oxidation and capability to split C—C bonds, as revealed by infrared reflection-
adsorption spectroscopy (IRRAS), was achieved with Pt-Rh-Sn 3:1:4.14

Although XRD analysis of the present catalyst did not give any information
except for its very low crystallinity, some reasonable assumptions can be made
based on literature data. It can be assumed that, similarly to other Pt—-Rh-Sn
catalysts, the Pt was alloyed with Rh since, according to the Pt—Rh phase dia-
gram,29 these two metals form a solid solution at any ratio. XPS and XRD ana-
lyses of bimetallic PtSn catalysts prepared by microwave or conventiona heating
of ethylene glycol solutions of HoPtClg and SnCl, salts indicated significant
amounts of SnO, and rather low degree of alloying.2>:30 Thus, it can be assumed
that the Sn in the present Pt—Rh—Sn catalyst existed mainly as SnO». Both as-
sumptions mean that the prepared catalyst should be similar to the catalysts
obtained by Li et al.14 but with alarger fraction of Rh and alower fraction of Sn,
but still exhibiting a comparable performance. It was shown that the addition of a
small quantity of Sn greatly enhanced the electrooxidation of ethanol at low
potentials.28:31 On the other hand, a low amount of Rh added to Pt only slightly
improved the CO» yield in ethanol oxidation, while the optimum catalyst com-
position for C—C bond breakage and CO» formation was Pt:Rh 1:1 or even better
3:1.9.10 Hence, the high activity for ethanol oxidation of the present Pt-Rh-Sn/C
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catalyst can be explained by a balanced action and well-tuned content of all three
components. In addition, the particle size effect cannot be ignored since very
small particles of Pt—-Rh-Sn/C catalyst contribute to an increase of the active
surface area of the catalyst.

CONCLUSIONS

A microwave-assisted polyol method was used to prepare carbon supported
Pt and Pt—Rh—Sn nanoparticles with high electrocatalytic activities for the etha-
nol electrooxidation reaction.

The structural (XRD) and surface characterization (STM) of the catalysts
revealed that catalysts with small particles and a rather uniform size distribution
were synthesized by this method. This could be attributed to the advantages of
the microwave-assisted modified polyol processin ethylene glycol solution.

The electrochemical measurements revealed a high activity of the prepared
Pt—Rh-Sn/C catalyst for ethanol oxidation. This catalyst had five times higher
oxidation currents and significantly lower reaction onset potential than the Pt/C
catalyst. Chronoamperometric measurements confirmed notably |ess poisoning of
the Pt—Rh—Sn/C catalyst than of the Pt/C catalyst. Although with significantly
higher fraction of Rh and lower fraction of Sn in comparison to other Pt—-Rh-Sn
catalysts described in the literature, the catalyst prepared in the present study
exhibited a similar shift of onset potential to negative values as well as lower
poisoning. The increased activity of Pt—Rh—Sn/C catalyst in comparison to Pt/C
catalyst was most probably promoted by the bi-functional mechanism and the
electronic effect of the alloyed metals.
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and Science of the Republic of Serbia, Contract No. 172060.

U3BOA

MUKPOTAJIACHA CUHTE3A U KAPAKTEPU3ALIMJA Pt U P—Rh-Sn KATAJIM3ATOPA
3A OKCUJIALINJY ETAHOJIA

CAIA CTEBAHOBUR?, IVIIIAH TPUIIKOBUR, JIEJAH TIOJIETU®, JEJIEHA POT'AH®, AMAJIMJA TPUITKOBUR®
1 BJIAJIMCJIABA M. JOBAHOBUR!

"MXTM — Lenitiap 3a eneximipoxemujy, hezowesa 12, Beozpad, Materials Science Division, Argonne National
Laboratory, Argonne, IL 60439, USAu 3Texnonomlco—mezﬁaﬂypumu axyaitiert,
Yrnueepsuitieii y beozpady, Kaprezujesa 4, Beozpao

Pt i Pt—-Rh—Sn kaTanusatopu Ha yrjbeHHKY pa3BUjeHe HOBPLIMHE Cy CHHTCTH30BaHHU MOJIHOJI-
-MHKPOTJIACHUM IOCTYIKOM y PAacTBOPY ETHJICHIVIMKOJNA M MCIUTUBAHU 32 PEAKIHUjy eleTpoxe-
MHjCKE OKCHJAIMje eTaHoJIa Y KUCEeN0j CPpeauHr. Kartanmn3zaTopu cy OKapakTepHUCaHU CTPYKTYpPHO,
Mop¢osomku U mo cacrapy kopuithereM XRD, STM u EDX Ttexuuka. STM ananusa je motsp-
nuna na cy Pt u P—Rh-Sn uectuue yaudopmHe BennunHe 1 npedHnka mMamer o 2 nm. XRD ana-
nm3a Pt/C katanuzaropa nokasaia je npucyctBo ase ¢ase, jelHe ca INIABHUM KapaKTepUCTHYHUM
[TMKOBMMa 3a IJbOCHO-IICHTPUPaHy KyOHY KpHCTalHy cTpyKTypy mwiatune (111, 200, 220 u 311) u
Ipyre ca IudpakIuOHUM MUKOM Ha 26 oko 25° KapaKTepUCTUYHUM 32 XCKCATOHAIHY CTPYKTYPY
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Bynkana XC-72R (yrspenmunor Hocawa). XRD anamuza Pt—-Rh—Sn/C karanusartopa Huje nokasana
KapaKTepUCTUYHE NMUKOBE, IITO je MHAMKAILMja BEeOMa Maje KPUCTAIHYHOCTH Karamu3aropa. Ak-
THUBHOCT KaTalM3aTopa MCIUTUBAHA j€ NOTCHIHOAWHAMHYKHM U XPOHOAMIIEPOMETPHjCKHM Mepe-
wrMa. P—Rh—-Sn/C karanuszarop je Beoma akTHBaH 3a OKCHJIAIM]Y €TaHOJIA ca TOYETKOM PeaKiuje
Ha TMOTeHIMjaarMa 3a oko 150 MV moMepeHuM Ka HeraTHBHUjUM BPEIHOCTHMA M CTPyjaMa Koje Cy
oko tet myta Behe y mopehemy ca Pt/C karamuzatopoM. CTabMIHOCT KaTalM3aTopa HCIIUTHBAHA
XpOHOaMIIepOMeTpHjcKu mokasana je aa ce Pi-Rh—Sn/C karanuzarop mame tpyje on Pt/C karanu-
3aropa. Maya BelMYHHA W XOMOTCHA IUCTPHOYIHMja YECTHIA MOTY CE€ HPHITUCATH MPEAHOCTHMA
MHKpOTaIaCHe CHHTe3¢ U MOAM(HKOBAHOT MOIKOJ IOCTYIIKA y PacTBOPY eTHJeHInKoja. Beha ak-
tuBHOCT Pt—Rh-Sn/C karanusaropa y nopehemwy ca Pt/C xaranusaropom nocnenuia je 6u-QyHk-
[MOHAIIHOT MEXaHH3Ma H eJIeKTPOHCKOT (Jurana) edexra Merajia y CHHTETH30BaHO] JIETYPH.

(Mpumsbeno 5., pesuaupano 29. anpuna 2011)
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Abstract: In this work, the matrix-assisted laser desorption and ionization time-
-of-flight (MALDI-TOF) mass spectra of two cationic complexes, i.e.,
[PdCI(dien)]Cl and [Ru(en),Cl,]Cl, acquired under different conditions were
analyzed. The spectra were recorded with three matrices with or without tri-
fluoroacetic acid (TFA), i.e, two traditional matrices, i.e., 2,5-dihydroxyben-
zoic acid and a~cyano-hydroxycinnamic acid, and one flavonoid, quercetin.
The spectra acquired with quercetin appeared to be the simplest, whereas in the
spectra obtained with other matrices, peaks arising either from the addition of
matrix molecules or from the fragmentation products were detectable. Addition
of TFA did not complicate the spectra of the Pd(I1) and Ru(lll) complexes
when the traditional matrices were used. On the other hand, the spectra of Pd
complex were simpler, whereas the addition of TFA in the case of the Ru com-
plex resulted in a higher number of peaks, some of which could not be iden-
tified. Taken together, the results of this study once more emphasize the diffe-
rences arising in the MALDI-TOF mass spectra of transition metal complexes
in dependence on the applied matrix.

Keywords: MALDI-TOF MS; metallo-drugs; matrix; peak assignment.

INTRODUCTION

There are serious scientific efforts aimed at synthesizing new transition me-
tal complexes as potential candidates for antitumor therapeutics but which exhibit
fewer toxic effects than the well-established platinum complexes. 14 Pd(I1) com-
plexes are usually very good model compounds for mechanistic investigations
since they exhibit a 104 to 10° fold higher reactivity than the well-known Pt(11)
antitumor complexes, whereby their structural and equilibrium behavior are
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rather similar.® In addition, a number of Ru(lll) complexes showed promising
antitumor and antimetastatic activity.67

Several methods can be used for the analysis and characterization of tran-
sition metal complexes, as well as for monitoring their possible interaction with
biomol ecules; among them, matrix-assisted laser desorption and ionization time-
of-flight mass spectrometry (MALDI-TOF MS) seems to be a promising tool,
due to its capability of analyzing both transition metal complexes and biomo-
lecules.

Generally, mass spectrometry has been routinely applied for the analysis of
metal complexes. For instance, fast atom bombardment (FAB) MS has been ap-
plied for the analysis of platinum(ll) and platinum(l) dinuclear hybrids.8 In
addition, a combination of various M S ionization methods, such as electron ioni-
zation (El), FAB and MALDI, provides important structural information.®

Mild ionization techniques, i.e., those which yield fewer fragmentation pro-
ducts, such as electrospray ionization (ESI) and MALDI,10 are not only suitable
for the analysis of high mass molecules, but have also found their application in
the analysis of inorganic compounds. MALDI was used for the characterization
of transition metal complexes,11.12 and for monitoring the interaction of platinum
drugs with different molecules, such as poly(ethylene glycol)13 and polysty-
rene, 14 as well as with biological systems.15-17

Choice of the matrix for the MALDI-TOF MS analysisis an important issue
since the matrices used for MALDI-TOF mass spectrometric analysis of transi-
tion metals complexes exhibit certain drawbacks, as was recently described.18-20
On the other hand, flavonoids, when used as matrices for MALDI-TOF MS seem
to stabilize Pt, Pd and Ru complexes and enable reproducible and reliable ana-
lysis of these compounds.1820 This is an advantage over the other more com-
monly used methods, since in most cases the ligand—metal bond is preserved
when flavonoids were used as matrices and little or no fragmentation could be
detected. Although being good matrices for transitional metal complexes, flavo-
noids cannot be used as matrices for MALDI-TOF MS analysis of biomolecules;
the application of more “traditional” matrices for this purpose is still required.

The main aim of this work was to analyze the spectra of two cationic com-
plexes ([PACI(dien)]Cl and [Ru(en)>Cl-]Cl) obtained with the assistance of tradi-
tional matrices (DHB and CHCA) and one selected flavonoid, i.e., quercetin.
Moreover, the positive ion MALDI-TOF mass spectra in more acidic environ-
ments, i.e., addition of trifluoroacetic acid (TFA) to the matrix solution, which
was shown to result in better signals for biomolecules, were aso analyzed.?!

EXPERIMENTAL
Chemicals
Paladium(l1) and ruthenium(l11) complexes: [Pd(dien)CI]Cl (diethylenetriamine pala-
dium(ll) chloride) (Mr = 280.5) and [Ru(en),Cl,]Cl (dichlorido (ethylenediemine)ru-
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MALDI-TOF MASS SPECTRA OF Pd(I1) AND Pt(I1) COMPLEXES 1689

thenium(l11) chloride) (Mr = 327.6) were synthesized as described in the literature.23:24
Chemical anaysis, UV—-Vis and H-NMR spectral data of these complexes were in good
agreement with those obtained in previous preparations. TFA, matrices for MALDI-TOF MS,
i.e, 2,5-DHB and o~CHCA, were purchased from Sigma-Aldrich (Munchen, Germany) and
were applied without further purification. Quercetin dihydrate (> 98 %) was also purchased
from Sigma-Aldrich (Munich, Germany) and was used without further purification.

Methods

Preparation of the samples for MALDI-TOF MS. The metal complexes were dissolved in
a combination of methanol/physiological solution (0.9 % NaCl) at the following concen-
trations: [Pd(dien)Cl]Cl, 8.62x103 M (50 % methanol/50 % physiological solution) and
[Ru(en),Cl,]Cl, 6.1x103 M (50 % methanol/50 % physiological solution). The matrices, 2,5-
DHB and o-CHCA, were prepared prior to use. The following solutions of the matrices were
used: 0.5 M 2,5-DHB in methanol and 5 mM o~CHCA in acetonitrile/water (1:1, v/v). For
some experiments, a small amount of TFA (0.1 % final concentration) was added to the
meatrix solution.

The following approach was used for the application of the sample onto the MALDI
target: a small volume (0.5 uL) of the solution of a metal complex was applied onto the
sample plate, which was followed by immediate addition of the same volume of a matrix
solution (DHB, CHCA or quercetin). The mixture was then left at room temperature to co-
crystallize. This approach was shown to result in the best quality of MALDI-TOF mass spec-
tra, as demonstrated in previous studies.19.21

MALDI-TOF MS. The MALDI-TOF mass spectra were acquired on a Voyager Biospec-
trometry DE Pro workstation (Perseptive Biosystems, Framingham, MA, USA). The system
utilizes a 20 Hz pulsed nitrogen laser emitting at 337 nm. The spectra were acquired without a
low mass gate and under delayed extraction conditions in the reflector mode. All spectra
represent the average of 400 single laser shots. The laser intensity was kept sufficiently low to
prevent degradation of the flavonoids and to obtain a good signal-to-noise ratio of the analyte.

Theoretical presentation of the mass spectra. Theoretical presentation of the spectra was
realized with the assistance of the Selket program, version 1.4, available online.

RESULTS AND DISCUSSION

MALDI-TOF MS has been proven itself to be a useful method for the ana-
lysis of biomolecules. The most used matrices for the MALDI-TOF MS anaysis
of various classes of biomolecules are o-cyano-hydroxycinnamic (CHCA), sy-
napinic acid (SA), and dihydroxybenzoic acid (DHB).2! Although matrices usu-
aly serve as an assistance for the desorption/ionization process, they also yield
signals in the mass spectra,24 which, in certain cases, might overlap with peaks of
interest.

Therefore, the first aim in the present study was to assign matrix peaks, in
order to make the identification of peaks arising from an analyte more certain.
This is particularly important when newly synthesized and not yet fully charac-
terized transition metal complexes, as well as their interaction with various bio-
molecules, are to be studied by MALDI-TOF MS. In the second part of the work,
the MALDI-TOF mass spectra of Pd(I1) and Ru(lll) complexes were anayzed
and differencesin the relation to the matrix used are discussed. Finally, the effect
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of the laser intensity on the signal intensity of the positive ion mass spectra of the
selected complexes in relationship with the chosen matrix is addressed.

LDI-TOF MSof DHB, CHCA and quercetin

Spectra of matrices used in this study are given in Fig. 1: in Figs. 1laand 1b
the spectra of DHB are presented without and with TFA, respectively; Figs. 1c
and 1d represent the positive ion mode LDI-TOF mass spectra of CHCA, also
without and with TFA, respectively; the trace in Fig. 1leis the positive ion mode
spectrum of quercetin and for the spectrum given in Fig. 1f, small amount of
TFA was added. The identities of the peaks detected in the presented spectra are
listed in Table I, and they will not be discussed here in more detail.
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Fig. 1. Positive ion mode LDI-TOF mass spectra of DHB without and with TFA (aand b,
respectively), CHCA without and with TFA (c and d, respectively) and quercetin, aso
recorded without and with TFA (e and f, respectively). Peaks are indicated according

to their m/z position and their identities are given in Table .

In agreement with previously published data,24 the most intense peaks in the
positive ion mode LDI-TOF mass spectra of DHB appeared at n/z = 137.3, 154.3
and 177.3. These peaks are generated either by the loss of a water molecule fol-
lowed by addition of a proton, addition of a proton, or addition of a sodium ion
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(Figs. 1a and 1b; cf. Table I), respectively. After the addition of TFA to the so-
lution of DHB, neither significant differences in quality of mass spectra nor the
number of peaks could be detected.

TABLE I. Peaks detected in the positive ion MALDI-TOF mass spectra of the used matrices.
The corresponding spectra are given in Fig. 1; “M” corresponds to the molecule; the frag-
mentation pattern of quercetin is given in the literature?®

Matrix m'z Peak assignment
2,5-DHB 137.3 M —-H, 0 +H"
154.3 M
177.3 M + Na
199.3 M —H"+2Na"
273.4 2M —2H,0 + H*
3135 2M —H,0 + Na'
3315 2M + Na'
a-CHCA 146.4 M —CO, + H"
164.4 M—CN+H"*
1724 M —H,O +H"
190.5 M+H"
2125 M —H"+Na"
294.7 2M + H" — CCNCOOH
335.8 Not assigned
379.9 Not assigned
Q 138.3 and 165.2 02\
283.7 M —H,0+H"
303.6 M+H"
325. 6 M + Na’

The addition of TFA to the solution of CHCA did not significantly change
the pattern of the LDI-TOF mass spectra of this matrix; neither did it result in an
increase in the intensities of the peaks. The most expressed peaks in the spectra
of CHCA were detectable at mz= 172.4 (M —H20 + H*), m/z=190.5 (M + H*)
and at m/z = 379.9, which has not been assigned so far (Figs. 1c and 1d; cf. Table
| for peak assignment).

On the other hand, new peaks appeared in the spectra of quercetin after the
addition of TFA (Fig. 1e without TFA, Fig. 1f with TFA). The most intense
peaks in the spectra of gquercetin correspond to the protonated and sodiated ad-
ducts of quercetin (peak at m/z = 303.8 and at m/z = 325.6, respectively). Certain
high-intensity peaks could be assigned to possible degradation products of quer-
cetin induced by the laser in the acidic solution, most probably according to pat-
tern given in the footnote to Table | (cf. Table I). A number of undefined peaks
were also detectable in the spectra of quercetin, irrespective of the presence of
TFA, which leads to the assumption that quercetin combined with TFA might not
be a good choice for MALDI-TOF MS analysis of transition metal complexes, at

Available online at www.shd.org.rs/JSCS

2011 Copyright (CC) SCS
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least not under the conditions applied in this study. This finding might seem to be
in contradiction to a previous work,18 in which the addition of TFA did not lead
to the fragmentation of quercetin. The possible reason for this might be the
difference in the employed solvents: in the previous work, an aqueous suspension
of quercetin was used as the matrix, whereas in this work, a methanolic solution
of quercetin was preferred in an attempt to increase the miscibility with the me-
thanolic solutions of the transition metal complexes. This difference in the solu-
tions might result in the different behavior of this flavonoid under laser irra-
diation.

Theoretical presentation of the mass spectra of the Pd(I1) and Ru(I11) complexes

Each peak in the MALDI-TOF mass spectra actually represents a group of
signals resulting from a number of combinations of naturally occurring isotopes.
This is particularly expressed when the spectra are acquired in the reflector
mode. Such a picture is in the case of transition metals and their complexes is
even more complicated, since transition metals have a large number of natural
isotopes. Therefore, before considering the experimental spectra, a theoretical
presentation of the mass spectra of the used complexes will be briefly described.

Figure 2 represents theoretical presentations of the mass spectra of
[Pd(en)CI]CI on the left and [Ru(en)2Cl2]Cl on the right panel. These spectra are
given for the purpose of reference and only a few signals are indicated. Figure 2
is accompanied by Table I, which contains a list of the isotopes of Pd and Ru,
with their natural abundances.

; 28095 1
I

g [276.99 8 ” 328.98
5 284.98 g
g 0.5 \ | E 0.5
S 0.5 2 U
3% | 8 32208 ﬂ“ | 33299
< ‘ ‘U Il l' | . W
= ' k)
o LASIA f o
o VT &=

0 ot A 0 |

273 279 285 322 328 334
Mass, m/z Mass, m/z

Fig. 2. Theoretical presentation of the mass spectra of Pd(I1) (left panel) and Ru(lIl) complex
(graph on the right). The spectra were created using the Selket program.

Pd has 6 naturally occurring isotopes with masses ranging from 101.91 to
109.91, whereas Ru has 7 (from 95.91 to 103.91). The most abundant isotope of
Pd is the one with the mass 105.90 and that of Ru has the mass 101.90. It is easy
to assume that the spectrum of both transition metal complexes will be even more
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complex since alarge number of isotope combinations (Pd, or Ru with C, N, H or
Cl) are possible: the theoretical spectrum of the Pd complex contains 10 peaks,
whereas that of Ru has 12 peaks.

TABLE II. List of isotopes of Pd and Ru and their natural abundance. The data were taken
from the Selket program

Metal Relative molar mass Probability (abundance)
Pd 101.91 0.0373216245883644
103.90 0.407610684229784
104.91 0.817050859860959
105.90 1
107.90 0.968166849615807
109.91 0.428832784485913
Ru 95.91 0.175
97.91 0.0591772151898734
98.91 0.401898734177215
99.90 0.39873417721519
100.91 0.541139240506329
101.90 1
103.91 0.588607594936709

In this study, it was decided to take the most intense peak in each peak group
of the MALDI-TOF mass spectra of the Pd and Ru complexes for further dis-
cussion.

MALDI-TOF MS Analysis of the [ Pd(dien)Cl] ClI complex

The positive ion MALDI-TOF mass spectra of [Pd(dien)CI]Cl are given in
Fig. 3: the spectra acquired with the assistance of DHB without and with TFA are
given in Figs. 3a and 3b respectively; the spectrum of the same complex with
CHCA without TFA is shown in Fig. 3c and in Fig. 3d spectrum acquired after
the addition of TFA; the spectra in Figs. 3e and 3f represent the positive ion
mode MALDI-TOF mass spectra of the same complex recorded with quercetin as
the matrix without and with TFA, respectively. The identity of the peaks arising
from the metal complexes analyzed in this study is overviewed in Table l11. Since
the matrix peaks have been discussed above, they will not be addressed here.

There are two major peaks arising from the Pd(I1) complex: at m/z = 209.3
and 246.3. These two peaks are emphasized in the inset in Fig. 1ato demonstrate
the complex structure of the experimentally obtained peak group, as described in
the theoretical presentation of the spectra of the complexes (cf. Fig. 2). The latter
peak (at m/z = 246.3) is generated by the elimination of one easy-leaving Cl—
from the complex, which leaves the singly-positively charged species; additional
loss of neutral HCI from the complex results in the generation of the ion detec-
table at the lower myz ratio. Neither significant changes nor additional peaks were
detected in the spectra of this complex acquired with DHB matrix after the addi-
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1694 DAMNJANOVIC et al.

tion of TFA (Figs. 3a and 3b). In a previous work, the peaks arising from the
Pd(I1) complex were not detectable after addition of TFA to the matrix solu-
tion.19 It seems that the conditions that were previously applied were different
and that the concentration of the Pd(l1) complex in the previous work was suf-
ficiently high to lead to saturation of the detector. In this work, 10-fold lower
concentration of complex was tested, which seemed to result in well detectable
peaks.

201.0 2294 257.8 209.3 246.4
362.5

/ l 362.0 \ /
I\ ok N { l A " A.L.. I S
98.1 177.0 256.0 335.1 414.0 93.0 165.8 238.6 311.4 384.2 457.0
m/z m/z
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™ e

ue6 (d)
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1 l w o Ll R
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JJ.A uL 1.“/ ,l'. _—

69.0 11 2532 345.0 4371 5203 96.0 192.4 286.8 381.2 4756 570G
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Fig. 3. Positiveion MALDI-TOF mass spectra of the Pd complex acquired with DHB (a and
b), CHCA (c and d) and quercetin (e and f). Spectrain a, ¢ and e were acquired without TFA,
whereas a small amount of TFA was added to the matrix solutions for the spectragivenin b, d

and f. Theinsetsin the traces present the expanded mass region from myz~ 200 up to 260.

When CHCA was used as matrix, only one high-intensity peak arising from
the Pd complex at n/z=209.4 was detectable in the MALDI-TOF mass spectra of
[Pd(dien)CI]|CI (Fig. 3c). After the TFA addition, both peaks arising from the
complex could be detected, but at much lower intensity compared to the peak
obtained without TFA. Similar spectra were obtained also in a previous work and
it is important to indicate that this behavior and formation of unusual clusters
with the matrix was the motivation to test new matrices for the reliable MALDI-
TOF MS analysis of transition metal complexes.
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MALDI-TOF MASS SPECTRA OF Pd(I1) AND Pt(I1) COMPLEXES 1695

TABLE I1ll. Peaks detected in the positive ion MALDI-TOF mass spectra of the Pd and Ru
complexes. The corresponding spectra are given in Figs. 3 and 4; “M” corresponds to the
molecule; Q: quercetin

Matrix m/'z Peak assignment
[Pd(dien)CI]CI

2,5-DHB 209.4 M —HCI-CI™

o-CHCA 246.6 M -CI™

Q

Q

2,5-DHB (TFA) 362.5 M —CI™—HCI + 2,5-DHB

a-CHCA 398.1 M + ClI”—HCl + a-CHCA

397.8 Not assigned

[Ru(en).Cl,]Cl

2,5-DHB 1935 Not assigned

2,5-DHB 292.6 M-CI”

a-CHCA

Q

2,5-DHB 3734 M —H"+2Na’

2,5-DHB 412.6 n.a

As will be shown in this section, quercetin with the addition of TFA ap-
peared to be the most suitable matrix for the analysis of [Pd(dien)CI]Cl. The two
peaks arising from the complex were also detected in the spectra acquired with
guercetin (Fig. 3€). After the addition of TFA, the intensity of these peaks arising
from the Pd(I1) complex strongly increased in comparison to the matrix peaks.
This might be surprising, since the addition of TFA leads most probably to the
fragmentation of quercetin induced by the laser irradiation, as observed in the
LDI-TOF mass spectra of quercetin (cf. Fig. 1f). On the other hand, it is possible
that the amount of quercetin, which is still able to absorb the UV light and to as-
sist desorption and the ionization process of the analyte favored by TFA, is quite
sufficient and results in higher peak intensities compared to the spectra obtained
without TFA.

MALDI-TOF MS Analysis of [ Ru(en)>Cl»] CI complex

The positive ion MALDI-TOF mass spectra of [Ru(en)>Cl2]Cl acquired with
DHB (Figs. 4a and 4b), CHCA (Figs. 4c and 4d) and quercetin as matrices (Figs.
4e and 4f) are shown in Fig. 4. The spectrain Figs. 4a, 4¢c and 4e were acquired
without TFA, whereas for the spectra presented in other traces given in Fig. 4, a
small amount of TFA was added.

A peak arising from the Ru(I11) complex is detectable at m/z=292.5and it is
generated by the lost of CI— from the complex, resulting in a single positively
charged ion. The isotopic peak distribution of this positive ion can be observed in
the inset to spectrum in Fig. 4a. There are also other peaks which might arise
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1696 DAMNJANOVIC et al.

from Ru, judging by the characteristic spectra pattern (at m/z = 193.5, 373.4 and
412.6, Fig. 4b), but their identity remains so far unknown.
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Fig. 4. MALDI-TOF mass spectra of the Ru(I11) complex acquired with DHB (a and b),
CHCA (c and d) and quercetin (e and f) matrices. The matrix solutions for the spectrain
a, ¢ and e were prepared without TFA, whereas for the spectrab, d and f, 0.1 % TFA was
added to the matrix solutions. The insetsin the figure represent the expanded regions of
the m/z ratio where characteristic peaks arising from the Ru(l11) complex are detected.

Effect of the laser intensity on the S/N ratio

In the last part of the experiments, the dependence of the SN ratio of peaks
arising from the Pd and Ru complexes on the applied laser intensity was tested
and the changes in the S/N in relationship with the matrix used and the presence
of TFA were compared.

[Pd(dien)CI] Cl. The dependence of the SN ratio of the Pd(l1) complex peak
at m/z = 209.4 on the applied laser intensity when the positive ion MALDI-TOF
mass spectra of this transition metal complex were acquired with the assistance
of DHB (Fig. 5a), CHCA (Fig. 5b) and quercetin (Fig. 5¢) are presented in Fig. 5.
For some of the measurements, a small amount TFA was added to the matrix
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solution. The laser intensity, expressed in internal, arbitrary units, a.u, was changed
gradually and varied from 1500 to 2300 a.u.
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Fig. 5. 9N ratio of the peak arising from the positive ion MALDI-TOF mass spectra of the
Pd(I1) complex at m/z=209.4 acquired either with DHB (@), CHCA (b) or quercetin (c) as
matrices. All the spectra were recorded with or without TFA asindicated in the graphs. The
presented results are an average of three independent measurements.

When DHB was used as the matrix, the first signal at m/z = 209.4 appeared
at about 2100 a.u. without TFA and at about 2000 in the presence of TFA. Sub-
sequently, the SN ratio of the selected peak increased and reached the maximum
aready at about 2100 with TFA, whereas in the absence of TFA, this maximum
was shifted towards higher laser intensities. Moreover, it seems that the maxi-
mum of the SN ratio was not reached in the laser intensity range set for testing
(Fig. 58). Unfortunately, due to instrument limitations, a further increase in the
laser intensity was not possible.

In the case of the CHCA matrix (Fig. 5b), the palladium peak appeared at
much lower laser intensity (already at 1500 a.u.) without TFA, whereas the SN
ratio for this peak was much lower when TFA was added to the matrix solution.
This might be explained by the ionization properties of CHCA: in the presence of
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TFA, the ionization of the matrix itself is enhanced, and it might be that the
matrix peaks suppressed the peak of interest.

The peak arising from the Pd complex was also detectable with the assis-
tance of quercetin as the matrix (Fig. 5¢) and had its maximum intensity at 2000
au. in the absence of TFA, whereas its maximum was shifted towards higher
laser intensity in the presence of TFA. This might be explained by the increased
fragmentation of quercetin induced by the laser in the presence of TFA, which
results most probably in a somewhat lower quercetin concentration for the matrix
function.

[Ru(en),Cl,] Cl. In the case of the Ru(lll) complex used in this study, the
peak at m/z = 292.6 was selected for the analysis of the effect of the laser in-
tensity on the SN ratio in relationship to the matrix used. The results are shown
in Fig. 6; in Fig. 6a DHB was used as the matrix, in Fig. 6b CHCA and in Fig. 6¢
guercetin was tested.

150,
@ A R A
/ . /
20 \/6 100, /
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9D | e withTFA | ’./‘ / —e—with TFA
10 /ﬁ / 50+ // \
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Fig. 6. SN ratio of the peak arising from the positive ion MALDI-TOF mass spectra of the
Ru(l11) complex at m/z = 292.6 acquired either with the DHB (a), CHCA (b), or quercetin (c)
as matrices. All the spectrawere recorded with or without TFA asindicated in the graphs.
The presented results are an average of three independent measurements.
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In a similar manner to the Pd(11) complex, the addition of TFA to the DHB
matrix solution results in a dight shift of the maximum SN ratio towards lower
applied laser intensities in comparison to DHB without TFA. In the latter case,
the maximum S/N ratio was most probably not achieved, due to instrumental
limitations.

When CHCA was used as the matrix, a difference was observed in the pat-
tern of the SN ratio of the peak arising from Ru(I11) complex compared to that of
the Pd(1l) complex, thus with addition of TFA, the SN ratio was in this case
much higher compared to the matrix prepared without TFA (Fig. 6b). The maxi-
mum S/N ratio was achieved at about 1800 a.u., irrespective of the presence of
TFA. This different behavior in comparison to the Pd(11) complex might be ex-
plained by the detectability of the Ru(lll) complex also without matrix12 (and
unpublished observations), which also contributes to the high signal intensity in
the presence of the matrix.

When quercetin was used as the matrix for the analysis of the Ru(l1l) com-
plex, addition of TFA resulted in a shift of the SN ratio towards somewhat higher
laser intensities required for peak to be detectable in the MALDI-TOF mass spec-
tra of the Ru(l11) complex. On the other hand, the maximum S/N ratio was mea-
sured at about 1900 a.u. for both the spectra recorded with and without TFA.

CONCLUSIONS

In summary, matrices used for MALDI-TOF MS analysis of the studied
Pd(11) and Ru(l11) complexes exhibited differences in their behavior with respect
to the quality of the obtained positive ion mode mass spectra. In general, quer-
cetin gave much simpler spectra, resulting in the easy detection and analysis of
the complexes. The generation of clusters with DHB and CHCA matrices com-
plicated the spectra of the transition metal complexes, whereas it seems that
quercetin stabilized both the Pd(I1) and Ru(l11) complexes for their detection by
MALDI-TOF MS. The addition of TFA to the matrix solution did not signifi-
cantly affect the quality of the spectra, but affected the intensity of the signals
arising from the complexes. Taken together, the results presented in this study
once more confirmed the necessity for the establishment of reliable conditions
for the analysis of the novel metallo-drugs by MALDI-TOF MS and for potential
investigations of their interaction with various classes of biomolecules by this
method.

ABBREVIATIONS

CHCA — o+cyano-hydroxycinnamic acid; DHB — 2,5-dihydroxybenzoic acid;
ESI — electrospray ionization; FAB — fast atom bombardment; LDI — laser de-
sorption and ionization; MALDI-TOF MS — matrix-assisted laser desorption and
ionization time-of-flight mass spectrometry; MS — mass spectrometry; SA — sy-
napinic acid; TFA —trifluoroacetic acid.
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M3BOJ

MTOPEBEE MALDI-TOF MACEHIX CITEKTAPA [PdCl(dien)]Cl ¥ [Ru(en),Cl,]Cl
KOMIUIEKCA CHUMJBEHUX Y3 [IOMOR PA3JIMUMTUX MATPULIA

BOJAHA IAMBAHOBUR', BUIbAHA MIETPOBURZ, JACMUHA TUMUTPUR-MAPKOBUR?
1 MAPMJAHA TIETKOBUR®

U la6opaitiopuja sa dusuicy xemujy, Unciiuiliyi 3a nykaeapre Hayke “Bunud”, Ynusepsuiiei y beozpady, Beozpao,

Hnciauinyin 3a xemujy, IIpupoono—maitiemainuyuxu axyaiien, Ynueepsuiueii y Kpazyjesuy, Kpazyjesay u

S®axyaitieit 3a pusuuky xemujy, Ynusepauitiein y Beozpady, Beozpad

V 0BOM pajly cy MCIHTHUBAaHH EKCIICPHMEHTAIIHU YCIIOBH 3a Matrix-assisted laser desorption
and ionization time-of-flight (MALDI-TOF) maceHOCIIEKTpOMETPHjCKY MACTEKLHjy U aHAIHU3y
[PdCI(dien)]Cl u [RuCl,(en)]Cl xomrmekca. CHeKTpu OBHX jeOHIbCHa Cy CHUMIbEHH y3 moMoh
TPaJMIMOHATHUX MaTpuia — 2,5-TMXUAPOKCHOCH30eBe KUCEIMHE M O-LIMjaHOXUIPOKCULIMMETHE
KHCeJIMHEe — U y3 moMoh kBepueruHa. HajjeaHoAcTaBHIjU CHEKTPH ce 100Hjajy y3 momMoh kBepiie-
THHA K0 MAaTPHIIe, JOK CE Ca OCTAIMM MaTpHIlaMa 0jaBJbyjy CHTHAIN KOjU MOTUYY O] joHa (hop-
MHpaHUX JOAATKOM MOJIEKyJla MaTpHIle WX OJ Ipou3Boxa (parMeHranuje Moiekyna. JlomaTtak
tpudyopocupherte kucenuse (TFA) ne komrutikyje criekrpa Pd(l1) u Ru(l1l) ykonuko ce kopu-
CTe TpaAuIuOHaIHe Marpule, 1ok ¢y cnektpu Pd(I1) kommiekca mobujenn y3 nmomoh kBeprernHa
u y3 noxatak TFA jenHoctaBHHju 3a uHTepnperauujy. C npyre crpane, y MALDI-TOF macenum
criekrpuma Ru(lll) kommiekca ce eTekTyjy HOIaTHH CHrHAIM HakoH nongatka TFA. Ha kpajy, y
OBOM pajy je IoKa3aHa HEOIXOJHOCT MpOHATaXema YCIOBa 3a CBaKy KOMOMHALHM]y y30pak/ma-
TpUIA, KA0 W 3HAYajHE Pa3HKe y KBAJIHUTETY, OJHOCHO y Opojy curHama y MALDI-TOF macennm
CIIEKTPHMa KOMIUIEKCa Ipea3HUX MeTalla Kajia ce KOpUCTe Pa3InduTe MAaTPHIlE 32 CHIMAmbE.

(TMpumseno 1. hebpyapa, pesuanpano 15. anpuma 2011)
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Abstract: A series of novel thermoplastic urethane—siloxane copolymers (TPUSS)
based on a a,w-dihydroxy-[poly(e-caprolactone)-b-poly(dimethylsiloxane)-b-
-poly(e-caprolactone)] (a,w-dihydroxy-PCL-PDMS-PCL) triblock copolymer,
4,4’ -methylenediphenyl diisocyanate (MDI) and 1,4-butanediol (BD) was syn-
thesized. The effects of the content (963 mass %) of hard urethane segments
and their degree of polymerization on the properties of the segmented TPUSs
were investigated. The structure, composition and hard segment degree of
polymerization of the hard segments were examined using H- and quantitative
13C-NMR spectroscopy. The degree of crystallinity of the synthesized copoly-
mers was determined using wide-angle X-ray scattering (WAXS). The surface
properties were evaluated by measuring the water contact angle and water
absorption. In the series of the TPUSS, the average degree of polymerization of
the hard segments was varied from 1.2 to 14.4 MDI-BD units. It was found that
average values from 3.8 to 14.4 MDI-BD units were effective segment lengths
for crystallization of hard segments, which resulted in an increase in the degree
of microphase separation of the copolymers. Spherulite-like superstructures
were observed in copolymer films by scanning electron microscopy (SEM),
which are believed to arise from the crystallization of the hard segments and/or
PCL segments, depending on the content of the hard segments. The surface of
the copolymers became more hydrophobic with increasing weight fraction of
PDMS. The synthesized copolymers based on a PCL-PDMS-PCL segment
showed good thermal stability, which increased with increasing content of soft

* Corresponding author. E-mail: marijav@chem.bg.ac.rs
# Serbian Chemical Society member.
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PDMS segments, as was confirmed by the value of the starting temperature of
thermal degradation.

Keywords. urethane—siloxane copolymers; polyaddition; hard segment content;
quantitative 13C-NMR spectroscopy; thermal properties; X-ray scattering.

INTRODUCTION

Thermoplastic polyurethane elastomers (TPUs) have been used extensively
as biomaterial s because of their biocompatibility and good mechanical properties.
TPUs are multiblock copolymers composed of rigid polyurethane sequences,
hard segments (HS) connected via flexible soft segments (SS). A variety of ali-
phatic and aromatic diisocyanates with diol or diamine chain extenders have been
employed for hard segment formation in polyurethane materials based on poly-
ether or polyester macrodiols (typically of molecular weight 1000-5000 g mol-1)
as the soft segment components.

The favorable physical properties of segmented TPUs are the consequence
of microphase separation between the segments. The thermodynamic incompati-
bility of the hard and soft segments at low temperatures results in phase sepa-
ration and, consequently, in the formation of a domain structure. It is believed
that the hard segments, either glassy or crystalline with a melting temperature
(Try) above ambient temperature, form domains of approximately a few to tens of
nanometers in size. These hard domains separate from the soft segments, which
are usually formed of either low glass transition temperature (Tg) amorphous or
low Ty, crystalline segments. Their two-phase microstructure imparts excellent
mechanical properties.1,2 TPUs that are made of crystallizable HS and SS re-
semble a unique crystalline—crystalline multiblock copolymer, where crystalli-
zation of each segment provides nanoscale confinement of the other. The mor-
phology of semicrystalline TPU block copolymersis determined by the following
factors: block lengths, chemical composition, the thermodynamic incompatibility
between the constituent blocks and crystallization of crystallizable blocks.3-5

The introduction of poly(dimethylsiloxane) (PDMS) into a polyurethane
chain has the advantage of imparting some of the attractive properties of PDMS
to the new polyurethane materials, such as high flexibility, biocompatibility,
excellent thermal, oxidative and hydrolytic stability and low surface energy.6-11
PDMS prepolymer used for the preparation of siloxane—urethane copolymers
have number average molecular weight (M ) values in the range 1000-5000 g
mol—1. Due to substantial difference between the solubility parameters of PDMS
and urethane hard segments, materials based on siloxane—urethane copolymers
display the presence of microphase morphology. Early attempts of incorporating
PDMS into a polyurethane backbone were unsuccessful due to the difficulty in
the synthesis of TPUSs with acceptably high molecular weights from a mixture
of polar and non-polar components.12 However, a mixed or special type of polyol
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NOVEL URETHANE-SILOXANE COPOLYMERS 1705

was used in order to increase the compatibility of the reaction mixture and, there-
fore, to achieve higher molecular weights and better mechanical properties,13-18

In the past few years, significant research has been devoted to understand the
correlation between microstructure and properties of segmented polyuretha-
nes.19.20 Mazfi et al. concluded that the structure of TPUs synthesized by two-
step polyaddition method was more regular with narrower HS size distribution
compared to the one-step method.2! Barreiro et al. studied the microstructure of
poly(ester—urethane)s by experimental determination of the distribution of hard
segments length using methods based on the hydrolysis of the polymer and sub-
sequent size exclusion chromatography (SEC) analysis of the hydrolyzed pro-
ducts.22 However, until now 13C-NMR spectroscopy was used to examine the
sequence distribution of hard segments in polyurethane copolymersin only afew
research papers.23:24

In a previous paper, the optimization of the synthesis of TPUSs with a high
PCL-PDMS-PCL content was described.2> In the present work, a series of novel
urethane-siloxane copolymers based on an a,w-dihydroxy-PCL-PDMS-PCL)
triblock copolymer, 4,4 -methylenediphenyl diisocyanate (MDI) and 1,4-butane-
diol (BD) was investigated. The triblock prepolymer contained termina crystal-
lizable poly(e-caprolactone) blocks and a central poly(dimethylsiloxane) block.
The combination of the properties of PCL and PDMS makes these block co-
polymers excellent candidates for employment as surface modifying additivesin
pharmaceutical and biomaterial applications.26-28 The content of hard MDI-BD
segments in the polymer chains was varied from 9 to 63 mass %. Simultaneously,
the length of the hard segments increased with increasing HS content. In this
study, an analysis of the microstructure, i.e., the determination of the distribution
of hard segments length by quantitative 13C NMR spectroscopy, of urethane—
—siloxane copolymers is given. Hence, the influences of the content and average
degree of the repeating units (MDI-BD) of the hard segments on the thermal,
morphological and some physical properties of the synthesized TPUSs are pre-
sented in this paper.

EXPERIMENTAL

Materials

a,c-Dihydroxy-(PCL-PDMS-PCL) (supplied by ABCR, Germany, M, = 5700-6900 g
mol-1) was dried at room temperature under vacuum for 2 h. The (M n) of the a,w-dihydroxy-
-(PCL-PDMS-PCL), determined by TH-NMR spectroscopy, was 6100 g mol-1. The molecular
weights of the central PDMS block and the terminal poly(e-caprolactone) sequences were
2000 and 2050 g mol-1, respectively. 4,4’ -Methylenedipheny! diisocyanate (MDI) (supplied
by Aldrich), with an isocyanate content of 33.6 wt. %, was used as received. 1,4-Butanediol
(BD) (from Aldrich) was purified by vacuum distillation. N,N-Dimethylacetamide (DMAC)
(from Across) was dried over calcium hydride and then distilled under vacuum. The solvent
tetrahydrofuran (THF) (supplied by J. T. Baker) was dried over lithium auminum hydride and

Available online at www.shd.org.rs/JSCS

2011 Copyright (CC) SCS

olele

EYV MG HD



1706 PERGAL et al.

distilled before use. Stannous octanoate (Sn(Oct),) (purchased from Aldrich) was used as the
catalyst without further purification.

Synthesis of polyurethane samples

The thermoplastic polyurethane copolymers were prepared by a two-step catalyzed poly-
merization in solution, starting from 4,4’ -methylenediphenyl diisocyanate, 1,4-butanediol and
a,w-dihydroxy-(PCL-PDMS-PCL). All the copolymers were synthesized in the same manner
under the optimal polymerization conditions;?> the molar ratio of NCO/OH groups was 1.05/1,
the amount of the catalyst was 0.15 mol % Sn(Oct),/a,w-dihydroxy-(PCL-PDMS-PCL) and a
mixture of DMAC/THF (1/1 v/v) was employed as the solvent. As an example, the synthesis
of a copolymer with 87 mass % soft segment is described. A four necked round-bottom flask
equipped with a mechanical stirrer, an inlet for dry argon, a reflux condenser and a dropping
funnel was charged with 18.300 g (3.0 mmol) of a,w-dihydroxy-(PCL-PDMS-PCL), 1.575 g
(6.3 mmol) of 4,4’ -methylenediphenyl diisocyanate, 60 mL of DMAc and 60 mL of THF. The
flask was heated to 80 °C on a silicone oil bath and the reaction was started by the intro-
duction of 0.29 mL of a solution of stannous octanoate in DMAC/THF (1.8 mg, 4.5x103
mmol of Sn(Oct),). The reaction mixture was stirred for 40 min at 80 °C to prepare the NCO-
-terminated prepolymer. The content of NCO during reaction was determined using the di-
butylamine back-titration method.2® The reaction was stopped when the theoreticall NCO
content was attained (1.27 mass %).25 For chain extension, a dilute solution of BD (0.540 g,
6.0 mmol) in DMAC/THF was added dropwise to the prepolymer with the addition of a se-
cond portion of MDI (0.785 g, 3.1 mmol) dissolved in DMAC/THF. The reaction was con-
tinued at the same temperature for 24 h. The viscous polymer solution was precipitated into
methanol/water (1/1 v/v) and the polymer was filtered off and dried to constant weight in a
vacuum oven at 40 °C for 3 days. Polyurethane films were prepared from a 10 mass %
solution in DMAc and cast onto a Teflon® plate. The solvent was evaporated for 48 h at 40 °C
in a force-draft oven. The films were obtained under vacuum at 40 °C for 24 h (0.4-0.5 mm
thick) and stored in a desiccator.

Characterization

The NMR experiments were performed on Bruker Avance 500 spectrometer equipped
with 5 mm inverse detection z-gradient probe. The 1H- and 13C-NMR spectra (at 500.13 and
125.75 MHz, respectively) were measured at 25 °C using DM SO-dg as the solvent. Chemical
shifts are given on the ¢ scale relative to the residual DM SO signal. The copolymers were
dissolved in DMSO-dg at 50 °C at a concentration of 10 % (w/v). The quantitative 13C-NMR
spectra were obtained using the gated decoupling method under the following conditions:
pulse delay time of 10 s, an acquisition time of 1.10 s, a pulse width of 16.8 us, a spectral
width of 29.8 kHz and the number of scans was between 7000 and 21000.

The viscosities of solutions of the copolymersin DMAc were measured at 25 °C using
an Ubbelohde viscometer. The intrinsic viscosities were calculated from these measurements.

Wide angle X-ray scattering (WAXS) was performed using a Diffractometric System
APD 2000 diffractometer with CuK, radiation using a copper anode (tube: 40 kV, 30 mA, A =
= 0.154178 nm). The diffraction patterns were obtained in the Bragg angle range of 5-60°.
The scan speed was 0.02 s per step in all measurements. The peaks in diffraction patterns were
fitted by the Voigt deconvolution technique, using the Peakfit program, resulting in the areas
of peaks. The percent crystallinity was calculated by peak deconvolution and subsequent
determination of the relative areas under the amorphous halo and the crystalline peaks of the
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X-ray diffraction pattern. The ratio of the area under the crystalline peaks to the total (amor-
phous + crystalline) area gave the degree of crystallinity.

The thermal stability of the copolymers was determined using TGA Q500 V6.3 Build
189 instrument in the temperature range from 25 to 700 °C, at a heating rate of 10 °C min'L.
The TGA scans were recorded under a dynamic nitrogen atmosphere with a gas flow rate of
50 mL min-l. The average weight of the samples was about 10 mg.

The free or “air exposed” and cross-section morphology of the copolymer films was
analyzed by field emission scanning electron microscopy (SEM). The samples were adhered
to auminum sample holders and sputter coated with Au to athickness of ca. 5 nm (BAL-TEC
SCD 005). The samples were then inserted into a JEOL JSM-6460LV microscope and the
microphotographs were obtained at a working distance of ca. 14 mm at an acceleration vol-
tage of 20 kV.

Water contact angle (WCA) measurements of the polymer films were realized in a Kriss
DSA100 instrument using the sessile drop method. Single drops of distilled water with a
volume of 20 uL were deposited on the film surface and the contact angles were measured
after 30 s. All measurements were performed in air, at a temperature of 26 °C. The WCA
measurements on polymer films were used to evaluate the surface properties and the wetta-
bility of the polymers by means of the sorption rate after 10 min (WCA,) of deposition of the
water droplet on the film surface. In all cases, at least five measurements were performed and
the average contact angle was calcul ated.

To determine equilibrium water content of the synthesized TPUSs, polymer films were
immersed in phosphate buffered saline (PBS, pH 7.4) at 37 °C, for 2.5, 5, 8, 24, 26, 28 and 48
h, respectively. At each time point, the samples were removed and blotted lightly with filter
paper to remove excess water. The weight of the hydrated samples was then determined and
the water absorption was calculated as follows: (w — wg)*x100/wg, where w is the maximum
wet weight measured and wy is the weight of the dry sample.

RESULTS AND DISCUSSION

A series of novel TPUSs was synthesized using PCL-PDMS-PCL as the soft
segment component and MDI and BD as the hard segment components. The che-
mical structure of the synthesized polyurethanes is shown in Scheme 1. The
samples were synthesized by a two-step polyaddition reaction in solution under
optimized conditions.2> In the synthesis of the TPUSs, the PCL blocks served as
a compatibilizer between the non-polar PDM S blocks and the polar comonomers,
MDI and BD. The TPUSs were synthesized first using an NCO-terminated pre-
polymer obtained from a,w-dihydroxy-(PCL-PDMS-PCL) with slight excess of
MDI and then chain extended with 1,4-butanediol to prepare the final TPUSs.
The molar ratio of the a,w-dihydroxy-(PCL-PDMS-PCL), MDI and BD was va-
ried from 1:2:1 to 1:27:26 (Table I). The hard segment content of TPUSs was in
the range of 9 to 60 mass %. The yields of the synthesized copolymers after pre-
cipitation were in the range of 85-93 % (Table).

The structure and composition of the TPUSs

The molecular structure of the polyurethanes was investigated by 1H and 13C
NMR spectroscopy.
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Scheme 1. The chemical structure of the synthesized polyurethane copolymers
based on soft PCL-PDMS-PCL and hard MDI-BD segments.

TABLE I. Composition of the reaction mixture and the copolymers, the average degree of
polymerization of the hard segments, intrinsic viscosities, yields and degree of crystallinity
determined by WAXS of the synthesized TPUSs

. o Fraction of MDI-BD, HS units o [ Yield® X./%
Sample  Molarratio™ = o masssoNMR MY dlgt o (waxg)
TPUS9 121 8.8 85 12 0.50 87 40
TPUS-13 1:3:2 13.2 153 17 0.55 85 36
TPUS-17 1:4:3 17.2 17.2 1.9 0.58 88 30
TPUS-21 1:5:4 20.9 199 38 0.61 90 26
TPUS-30 1:8:7 30.1 29.4 4.0 0.64 91 g;25°
TPUS40 1:12:11 39.5 38.4 4.7 0.67 91 9 16°
TPUS50 1:18:17 49.7 484 10.2 0.74 93 1057
TPUS-60 1:27:26 59.8 62.6 14.4 0.83 92 13:5°

#PCL-PDMS-PCL:MDI:BD in the reaction mixture; at a 1.05 molar ratio of NCO/OH groups; predeterml ned
by the composition of the reaction mixtures; cdetermined by H-NMR spectroscopy; yetermined by quantita-
tive *c-NMR spectroscopy; Scalculated after precipitation of the copolymers; fdegree of crystalinity of the
MDI-BD segments; %degree of crystallinity of the PCL segments

The 1H-NMR spectra of the copolymers showed characteristic signals at
chemical shift values: —0.04 ppm of the Si—CH3 protons; 0.43 ppm of the S—CH»
protons; 1.27 ppm of the central CH» protons from the e-caprolactone residues
and the central CH» protons from the PDMS propylene groups; 1.51 ppm of the
internal CH» protons from the e-caprolactone residues; 2.25 ppm of the CH>—-COO
protons from the e-caprolactone residues; 3.96 ppm of the terminal CH» protons
from the ¢-caprolactone residues; 3.77 ppm of the CH2 protons from the MDI
residues; 1.70 and 4.09 ppm of the central and terminal CH» protons of the BD
residues, respectively; 3.40 ppm of the CH>-OOC protons from the PDMS
propylene groups; 7.08 and 7.34 ppm of the aromatic protons and 8.50 and 9.50
ppm of the —-NH urethane protons.

As an example, the 1H-NMR spectrum of TPUS-60 is shown in Fig. 1.

The 13C-NMR spectra showed characteristic signals at the chemical shift va-
lues: 0.2 ppm of the SiCH3 carbon; 24.1, 24.9 and 27.8 ppm of the central and
internal CH»> carbons from the e-caprolactone residues; 60.4 and 63.5 ppm of the
terminal CH» carbons from the PDMS propylene groups and terminal CH» car-
bons from the e-caprolactone residues; 33.4 ppm of the CH>—COOQO carbons from
the e-caprolactone residues; 25.3 and 63.7 ppm of the central and terminal CH»
carbons from the BD residues; 40.0 ppm of the CH» carbon from the MDI resi-
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NOVEL URETHANE-SILOXANE COPOLYMERS 1709

dues; 153.6 and 172.7 ppm of the carbonyl carbons from the urethane and esters
groups, respectively; 118.6, 129.1, 135.5 and 137.1 ppm of the aromatic carbons.

i i g f eo o ponfo g | &k
—o{cui-cul-nl -CH,-CH, -E-o)-cu cnz—cnz $i- ())—di-ﬁcnﬂ;(o-b—icndg);o{é-ﬂ-@-ﬂt,—@-i‘\!-'{"-o-ﬂlﬁcuﬁicuz—o]»

CHy/ CHy
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p
m
i
m L i
0 9 8 7 6 5 4

0/ ppm
Fig. 1. TH-NMR Spectrum of the polyurethane copolymer with 40 mass % PCL-PDMS-PCL.

The composition of the polyurethanes, i.e., the content of hard and soft seg-
ments, was calculated from the TH-NMR spectra as the relative intensities of the
methyl proton signals arising from the —SiCH3 groups and the aromatic proton
signals from the MDI moieties. Thus, the mole and weight fraction of hard and
soft segments were calculated, using the formulas:

| (Ar—H)

8 -1 —
XHS = [(SCH3) _ 1(Ar—H) Xss=1 = s
6Xx+6 8

Wiy = XHSM Hs Weg =1 W
XHsM ps + XssMss S
where: xys and xsg are the mole fractions of hard and soft segments, respec-
tively; wys and wsg are the weight fractions of hard and soft segments, respec-
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tively; Mys = 340 g mol—1, the molecular weight of an MDI-BD unit; Msg =
= 6350 g mol-1, molecular weight of a PCL-PDMS-PCL segment and X, =
= 25.3, the degree of polymerization of the PDMS-block in the prepolymer.

The theoretical and experimental mass % contents of the hard segments of
the synthesized copolymers are presented in Table I. These results show that the
weight fractions of the hard segments obtained from the 1H-NMR analysis were
in the range from 8.5 to 62.6 mass %. The obtained values of the weight fraction
of the hard segments were in good agreement with values predetermined from the
reaction mixture composition. For al the samples, except for TPUS-60, the dis-
agreement was in the range of experimental error. It could be concluded that the
composition of the polyurethanes was in good agreement with those expected
from the composition of the feed, except for that of TPUS-60.

The NMR analysis showed that the syntheses of the polyurethane copoly-
mers were successful, resulting in TPUSs with different lengths of the hard seg-
ments. The length of the hard segments in copolymer chains is defined as the
number of repeating units (MDI-BD),, (wheren =1, 2, 3, 4,...) and is designated
as Ln(HS). The length of the hard segments, i.e., the average degree of polyme-
rization, L, (HS), was cal culated from the results of quantitative 13C-NMR spec-
troscopy, which are given in Table |. The 13C-NMR spectra of the non-proto-
nated aromatic region for polyurethane copolymers with different HS content are
shown in Fig. 2, from which it could be seen that the peaks of the original sym-
metrical aromatic carbon atoms contained in MDI split and different signals (r, r’
at 134.9-135.5 ppmand t, t" at 137.1-137.7 ppm) resulted due to the existence of
MDI-BD and MDI-PCL linkages.2324 In addition, two signals, one at § 152.5
and the other at 6 153.4 ppm that are related to -NHCOO- were found, which
could be attributed to the -NHCOO- formed by reaction of MDI with 1,4-buta-
nediol and with e-caprolactone, respectively. The Ly(HS) was calculated from the
ratio of the integral of the aromatic carbon signal from the MDI connected to 1,4~
butanediol (r, Fig. 2) and that of the aromatic carbon signa from the MDI con-
nected to e-caprolactone (r’, Fig. 2). The synthesized TPUSs showed that the
average hard segment lengths increased from 1.2 to 14.4 MDI-BD units with in-
creasing HS content. According to the obtained results, 13C-NMR analysis pro-
vides a relatively simple and reliable method to determine the microstructure of
TPUS copolymers.

The results of the intrinsic viscosity, [ 77], measurements of the polyurethanes
are presented in Table I. The intrinsic viscosities values were between 0.50 and
0.83 dL g. Increasing content of hard segments in the copolymer, i.e., a de-
crease in the flexibility of the copolymer chains, led to an increase of theintrinsic
viscosity.
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Fig. 2. Comparison of quantitative 13C-NMR spectra of the polyurethane copolymersin the
aromatic region showing the splitting for the non-protonated carbons.

Sequence length distribution of the TPUSs

In this study, the hard-segment length distribution in the obtained polyure-
thane copolymers was analyzed according to the Peebles statistical procedure,30
assuming that the polyurethanes were formed by polyaddition reaction without
side reactions and under stoichiometric conditions, and with the relative reac-
tivity of the MDI groups x = 1. The calculated hard-segment length distributions
are presented as weight and mole fraction distributions. Plots of the two distri-
bution functions for several reaction mixture compositions are shown in Fig. 3.
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The distribution of the sequence lengths, as was previously reported,30 fol-
lowed the most probable form:

R=Cy(1-p)° P
where P; is the concentration of sequence lengths that contain exactly i extenders
(BD) and i+1 MDI units, Cq istheinitial concentration of BD.

The weight fraction distributions were calculated from the weight fraction of
MDI residues containing BD units, (i+1) P; / A1, and the weight fraction of the
internal diisocyanate units X;iNY/A; both normalized to the initial concentration
of MDI, Aq.
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It can be seen that on a number basis there were more lone MDI units than
any other HS units regardless of the copolymer composition. The weight fraction
distribution shows that the most probable segment length increased from 2 to 26
with increasing hard segment content from 9 to 63 mass %. The average segment
length was below 5 for the copolymers with a hard segment content of less than
40 mass %. The content of one MDI unit in the copolymer chains was reduced
with increasing hard segment content. In addition, the polydispersity of the HS
distribution increased with increasing hard-segment content. Higher contents of
hard segments introduce longer sequence lengths into the polymer chains, which
would promote microphase separation.

WAXS Analysis of the TPUSs

The information on the crystalline structure of the synthesized copolymers
was obtained from WAXS measurements. The diffraction diagrams for the poly-
urethanes are shown in Fig. 4, from which it can be seen that all the TPUSs dis-
played three crystalline peaks at 26 values of 21.31-21.66, 22.06-22.30 and
22.99-23.98°. The X-ray diffraction pattern of the a,w-dihydroxy-(PCL-PDMS-
-PCL) prepolymer displayed an amorphous halo from the PDMS block and three
peaks at 26 values of 21.21, 21.85 and 23.56°, which originated from the PCL
blocks. For poly(e-caprolactone), PCL, the presence of only one crystalline sys-
tem, ortho-rhombic, was reported.3! Based on the combined X-ray and electron
diffraction data, the unit cell of poly(MDI-BD) is triclinic with dimensions a =
=533A,b=526A,c=38.68A, a=113.6°, B=116.0°, y=94.4°.32

I,____,M TPUS-9

_,_,.__/JUL‘ TPUS-13

__,___—J\k TPUS-17

__,__,.,s._—/-ﬂ\i\‘ TPUS-21

____,,___..-J\J\ TPUS-30

__,_,_._._.r‘J‘V\\_ TPUS-40

RTINS TPUS-50

B o N TPUS-60
T T T ’ T T T T 1 Fig. 4. X-Ray diffraction pat-
10 20 30 40 50 terns of the synthesized poly-

20/° urethane copolymers.

From the X-ray data and the peak positions in the diffractograms of the a,w-
-dihydroxy-(PCL-PDMS-PCL) prepolymer and TPUS copolymers, it may be
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1714 PERGAL et al.

stated that the soft PCL-PDMS-PCL segments in the TPUSs formed a crystalline
structure. Thisis due to crystallization resulting from the PCL component in the
soft segments. The diffractograms of the TPUSs were very similar to the diffrac-
togram of the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer and the main peaks
occurred at almost the same 26 values. Shifts in the peaks positions were ob-
served for every copolymer, which could be attributed to deformations of the unit
cell due to constraints imposed by the segmented structure and strong hydrogen
bonds. In addition, it is visible that with increasing content of hard segments in
the polymers, the areas of the crystalline peaks were reduced compared to the
peaks from the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer. The X-ray dif-
fraction patterns of the TPUS-30, TPUS-40, TPUS-50 and TPUS-60 samples
displayed additional, not very sharp, peaks at 20 19.39 and 25.24°.7 These peaks
positions were reported in the literature for MDI-BD crystalinity. In al the
TPUS diffractograms, an amorphous halo at 26 12° due to the presence of the
PDMS blocks was also observed. The behavior clearly demonstrates that the
PDMS blocks formed a completely separated phase in the copolymers at room
temperature.

The WAXS analyses confirmed that the hard MDI-BD segments partialy
contributed to the total degree of crystalinity of the TPUS samples with a hard
segment content between 20 and 63 mass %. It can be concluded that the average
degree of polymerization from 3.8 to 14.4 MDI-BD units were effective segment
lengths for the formation of crystalline hard segments. The degrees of crystal-
linity, X,\WAXS, of the polyurethanes were in the range from 17 to 40 % (Table 1),
while the degree of crystallinity of the a,w-dihydroxy-(PCL-PDMS-PCL) prepo-
lymer was 57 %. The value of degree of crystallinity of the HS tended to increase
with increasing content of the hard segment length while the value of degree of
crystalinity of the PCL-segments tended to decrease with increasing content and
average degree of polymerization of HS (Fig. 5). The fact that the WAXS degree
of crystallinity decreased with increasing weight fraction of MDI-BD hard seg-
ments in TPUSs was confirmed by the results of DSC analysis (to be published
elsawhere). The total degree of crystallinity for TPUS-60, calculated from the
DSC results, was the lowest in the series of copolymers and was around 30 %,
from which it can be concluded that the presence of the hard segments probably
disturbed the crystal growth of the PCL-segments. The synthesized TPUSs that
consisted of crystallizable hard MDI-BD and soft PCL-PDMS-PCL segments
were double crystalline copolymers.

A decrease in the crystalinity of segmented polyurethanes was previously
reported for copolymers with different segment lengths of PCL,3334 but a sys-
tematic verification of the influence of the polyurethane hard segment length on
the morphology of the PCL-block was not addressed. In a general way, the ob-
served decrease in the degree of crystallinity of the PCL phase with increasing
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urethane content in the copolymers can be explained in terms of the restrictions
introduced by the covalent linkages and, more importantly, by the presence of
strong interchain interactions through hydrogen bonding.3%:36
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Fig. 5. Change in the degree of crystallinity of the PCL and hard segments determined by
WAXS, as afunction of the average degree of polymerization, L,,, of the hard segments.

TG analysis of the TPUSs

The thermal stability and degradation behavior of the synthesized polyure-
thanes were investigated by thermogravimetric analysis under a nitrogen atmo-
sphere. The TG curves for the TPUSs with different contents of hard segmentsin
the integral and differential form are shown in Figs. 6a and 6b, respectively. The
characteristic temperatures for weight losses of 5 %, 50 % and 90 % as well as
the residual weight at 600 °C are considered. The obtained results are given in
Table 1. The Tso, value is considered to represent the beginning of degradation.

The degradation of the copolymers commenced between 281 and 316 °C.
From these data, it could be concluded that the thermal stability of the synthe-
sized TPUSs depended strongly on the concentration of the urethane groups and
decreased with increasing hard segment content in the copolymers. In addition,
the temperature of 50 % weight loss in the TPUS series decreased with in-
creasing content of hard segments. The thermally weakest link in polyurethane
copolymers is the urethane bond, which starts to dissociate at around 200 °C.
Three mechanisms of decompositions of urethane bonds have been suggested and
the reactions may proceed simultaneously: dissociation to the original polyol and
isocyanate, formation of a primary amine, an alkene, and carbon dioxide, and for-
mation of a secondary amine and carbon dioxide.3”
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Fig. 6. TG and DTG curves for the polyurethane copolymers recorded at a
heating rate of 10 °C under a nitrogen atmosphere.

The shapes of the weight loss curves of all the synthesized TPUSs were
similar and overall differences in thermal stability appeared when the hard seg-
ment content increased. The thermal degradation of the synthesized TPUSs was a
three-step process under a nitrogen atmosphere (Fig. 6b). The thermal degrada-
tion of the copolymers commenced via the decomposition of the urethane bonds,
followed by degradation of the soft segments. Further decomposition in the re-
gion between 500 and 600 °C correlates with the aromatic content in the poly-
urethanes.37:38 The obtained results indicated that TPUSs based on PCL-PDMS-
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-PCL are sufficiently stable to be melt processed, for example, by injection mold-
ing and extrusion.

Table Il. Thermal stability of the synthesized TPUSs under a nitrogen atmosphere

tse  tsoe  toowe tmax Residual weight
Sample °C  °C °C °C at 600 °C, %
TPUS9 316 391 536 319/379/397/514 6.8
TPUS-13 306 391 548 310/376/391/515 76
TPUS-17 208 384 -  316/375/395/490 10.7
TPUS-21 301 394 538 316/374/399/525 6.8
TPUS-30 208 391 538 317/379/404/519 5.4
TPUS-40 286 386 555  313/383/538 6.3
TPUS-50 283 381 585  314/382/538 87
TPUS-60 281 367 555  318/382/538 48
a,o-dihydroxy-(PCL-PDMS-PCL) 258 364 520 280/345/397/490 7.4

The residua weights of the TPUS samples at 600 °C ranged from 4.8 to 10.7 %
(Table 11). The residual weight originated mainly from the “organic”-fraction
(MDI-BD and PCL), while the poly(dimethylsiloxane) chains under a nitrogen
atmosphere degraded by depolymerization, giving cyclosiloxanes as the degra-
dation products.39

It could be concluded that introduction of siloxane prepolymer with terminal
PCL sequences enhanced the thermal stability in comparison with TPUs based on
poly(caprolactone)-b-poly(tetrahydrofuran)-b-poly(caprolactone)  diol  (PCL-
-PTHF-PCL).40

Mor phological investigation of the TPUSs by SEM

The “air* surface of the obtained films was investigated by SEM to observe
any possible superstructure. The SEM microphotographs of the synthesized
TPUSs and the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer are shown in Fig.
7. The SEM microphotograph of a,w-dihydroxy-(PCL-PDMS-PCL) exhibited a
spherulitic structure typical for a semicrystalline polymer. The SEM microphoto-
graphs of the polyurethane films displayed a distinct spherulitic-like structure.
There was a significant difference in the morphology between the copolymers
with 9-20 and 3063 mass % hard segments. For this reason, microphotographs
of TPUSs at different magnifications are shown in Fig. 7.

The polyurethane samples with a hard segment content below 30 mass %
showed a spherulite-like structure that is believed to arise from the crystallization
of the PCL segments only, which was aso suggested by the WAXS results. The
mean size of the PCL crystalline superstructures in the prepolymer was 125 pm,
while in the polyurethanes with a hard segment content below 30 mass %, it was
in the range 46 — 64 um. With increasing hard segment content, an enhancement
in the crystallinity of the hard domains was evidenced. Due to this, at hard seg-
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ment contents above 30 mass %, the visible ball-like structure probably arose
from crystallization of both hard and PCL segments, which could lead to sphe-
rulitic structures. The interconnection of the crystallites, visible in SEM the mic-
rographs, was most likely the consequence of the increasing length of the hard
MDI-BD segments (Fig. 7). The main size of these crystalline superstructures in
the TPUSs with more than 30 mass % hard segment was in the range 1 — 14 um.
The lack of crystalline fibrilar growth in these structures might be due to non-
uniformity of the hard segment lengths in the mentioned samples, thereby im-
peding longer range ordering, but thisis only a supposition.41

o L

TPUS-50

Fig. 7. SEM Microphotographs of the air surface of films of the polyurethanes and
the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer.

In addition, Fig. 8 shows the cross-sectional morphologies of polyurethane
copolymers with different HS contents. In addition, it could be seen that the
TPUSs show a unique structure with spherulitic-like structure in the longitudinal
cross-section.#2 The average spherulite sizes in the TPUS copolymers were 2—4
um. The spherulites of a,w-dihydroxy-(PCL-PDMS-PCL) were 136 um in size.
The smaller size of the spherulites in the copolymer than in prepolymer can be
explained by the introduction of the urethane block in polymer chains that res-
tricts crystallization of the PCL-segments.

Water contact angle of the TPUSs

Specia attention was focused on the wettability of the polyurethane surface,
evaluated by water contact angle measurements (WCA). A water contact angle of
90° or more indicates a non-wetting surface. The relationship between the water
contact angle and hard segment content is shownin Fig. 9, from which it can be seen
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Fig. 8. SEM Microphotographs of the cross-section of films of the polyurethanes and
the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer.
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that the value of the WCA for the TPUSs increased from 78.9 to 99.8° with in-
creasing content of PDMS in the copolymers. The wettability of the copolymers
decreased, i.e., the hydrophobicity increased, with increasing weight fraction of
PDMS. The water absorption rates of the TPUS samples, WCA1g, were measured
after 10 min of the deposition of the water drop on the sample surface (Fig. 9),
indicating that polyurethanes with higher HS contents absorbed the water drop
more rapidly, decreasing their original values by 9.6 for TPUS-9 and 17.7 for
TPUS-60. Thus, the polyurethanes with higher PDM S contents are more hydro-
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phobic. The obtained results may be ascribed to the migration tendency of PDMS
to the surface of the TPUSs, caused by the very low surface energy of PDMS.26
The water contact angles for the TPUS-40, TPUS-50 and TPUS-60 samples were
comparable with the contact angles of TPUs used in commercial implantable
devices (75-80°) and culture grade polystyrene (80-85°).43

Water absorption of the TPUSs

Water uptake for the TPUS samplesin PBS at 37 °C as a function of timeis
shown in Fig. 10. The obtained results showed that water absorption increased
dlightly with increasing immersion times. The water uptake of the TPUS samples
after 24 h was between 1.42 and 2.90 %, while it was 1.50 % for the prepolymer.
The value of the water uptake for the TPUSs increased with decreasing content
of PDMS in the copolymers. This occurred because PDMS in copolymer formed
a hydrophobic surface, which caused the reduction in the water uptake of TPUSs.
All the synthesized TPUSs absorbed water. However, in comparison with poly-
urethanes based on more hydrophilic polyols reported by other authors## the
synthesized TPUSs were considered rather hydrophobic due to the hydrophobic
nature of the PDM S and poly(e-caprolactone). Therefore, polyurethanes based on
PDMS with its potent water resistant properties demonstrated a great promise for
use as medical implant.11
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Fig. 10. Water absorption in dependence of the immersion time of the synthesized
polyurethanes and a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer.

CONCLUSIONS

In order to investigate the influence of the hard segment length, i.e., the
average degree of polymerization, L,, (MDI-BD) on the properties of TPUSs,
novel thermoplastic siloxane-urethane copolymers based on biocompatible PCL -
-PDMS-PCL as soft segments with varying contents of hard segments were syn-
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thesized. The weight fractions of the hard segments in the TPUS copolymers
were in the range from 9 to 63 mass % and the average degree of polymerization
of the hard segments varied between 1.2 and 14.4 MDI-BD units and was lower
compared to the statistically calculated values. The increase in the HS degree of
polymerization with hard segment content indicated that the chain-extension step
in the synthesis of TPUSs was successful. The degree of crystallinity calculated
from WAXS data was in the range from 17 to 40 %. The TPUS series represents
a class of crystaline-crystalline block copolymers that consist of crystallizable
hard and soft segments. Due to the increase in the degree of polymerization of
the hard MDI-BD segments, the degree of crystallinity of the HS increased. It
was found that an average number between 3.8 and 14.4 repeating MDI-BD units
were effective segment lengths for a crystalline hard segment to be formed. As
the HS content increased, there was a marked decrease in SS crystallinity. SEM
images confirmed the presence of a spherulitic morphology, which arises from
the crystallization of the hard segments and/or PCL segments depending on the
content of the hard segments. The surface of the copolymers became more
hydrophabic with increasing weight fraction of PDMS. The obtained results indi-
cated that TPUSs based on soft PCL-PDMS-PCL segments are sufficiently stable
to be melt processed, for example, by injection molding and extrusion. The syn-
thesized TPUSs thus combine chemical, thermal, surface and morphological pro-
perties that might be employed in future biomedical applications.
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U3BOJI

YTULAJ CAJIPXKAJA TBPIOT' CETMEHTA HA CBOJCTBA HOBUX YPETAH-
-CHJIOKCAHCKUX KOTIOJIMMEPA HA BA3U ITOJIN(e-KATIPOJIAKTOH)-b-
-TTOJIN(IUMETUJIICUIIOKCAH)-b-TTOJIN (e KATIPOJTAKTOHA)

MAPHJA B. [TIEPTAJTY, BECHA B. AHTURZ, CAIbA OCTOJUR®, MUJIEHA MAPUHOBU R-LIUHIIOBUR?
1 JACHA BOHJIATUR®

! Lenitiap 3a xemujy, MHCuiny i 3a xemujy, fiexHoa0Zujy u meiianypujy, Yuusepauiteiti y beozpady, Ciiyoeniticku
iwpz 12—16, Beozpad, *Momoiipuspednu axyaitiei, Yuusepauitiei y Beozpady, Hemarouna 6, beozpad, * Huciiuiiyit
3a oty u usuuky xemujy, CitiyOeniticku imipz 12—16, Beozpad, *Uncitiuiliy i 3a nykaeapre nayke Bunua, i.iip. 522,

Beozpad u’ Texnonowxo—memianyuxu daxyaiieiss, Ynusepsuiie y beozpady, Kapnezujesa 4, Beozpad

VYV 0BOM pajy MpHKa3zaHa je CTPYKTypa M HEKa CBOjCTBA CEpHje HOBHX TEPMOIUIACTHYHUX
yperaH—cuiiokcanckux koronumepa (TPUSS) Ha 6a3u a,@-1uxuapokcu-[monu(e-KanpoaakToH)-b-
-MoNU(IMMETHIICHITOKCaH)-Dmonu(e-kanponakron)] Tpubiaok koromumepa (o,w-auxuapokcu-PCL-
-PDMS-PCL), 4,4 -metunenaudennnaunsonujanara (MDI) u 1,4-6Gyrananona (BD). Ucnuran je
yTHIA] CajipKaja ypeTaHcKor TBpaor cermenTa (9-63 mMac. %) u meroBe JyKHHE, Tj. CTEMEHA MO~
nuMepu3anyje, upaxene npexo 6poja MDI-BD ocraraka, Ha cBojcTBa cerMeHTHpaHux 1PUSS.
CTpyKTypa, CacTaB M CTEIEH MOTMMepH3alije TBPIOr CErMeHTa cy ucnurany nomohy H- u ksan-
turatusae 3C-NMR crnekrpockonuje. CTeneH KpHCTATMHAYHOCTH KOIOIMMepa je oapehen mero-
nom audpakimje X-3paka Ha BenukuM yriosuma (WAXS). TToBpiuMHCKa CBOjCTBA KOMOJIHMEPa Cy
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WCIHTaHa oApehBameM KOHTaKTHHX YTJIOBa Ca BOJOM H MEPCH-EM arcopmiuje Boae. Y cepuju
KONoJIMMepa Oy KHHa TBPJOT CETMEHTa M3paykeHa mpeko 0poja nmoHaesbajyhux MDI-BD jeauanma
je Bapupana oz 1,2 1o 14,4. VtBpheno je na tBpau cermentu ca 3,8 no 14,4 nonasspajyhux MDI-BD
jenuHuIa ehUKACHO KPHCTAIHILY, IITO je Pe3yJToBalo y noBehiamy cTerneHa MukpodasHe cenapa-
yje kononumepa. SEM ananmsa je mokasana npucycTBO chepyInTHE CTPYKTYpe Y KONOIUMEPHHM
¢GunMoBHMMa, Koja HajBEpOBATHHUjE MOTHYE O] Kpuctanusauuje TBpaux u/mwmm PCL cermenara, 3a-
BHCHO OJI CaJipikaja TBPAMX cerMeHaTa. XuApo(pOoOHOCT MOBPIIMHE KOMOJIMMEpa je paciia ca ImoBe-
hamem macenor yaena PDMS-a y oxmroBapajyhiem y3opky. CHHTETHCAHH HONUypeTaHH Ha Oa3u
PCL-PDMS-PCL mnoxka3zyjy noBehame Tepmuuke crabmiHocTH ca noBehamem cagpikaja mekux PDMS
CerMeHara, IITo je MOTBpH)EeHO MopacToM MOoYeTHE TeMiieparype aerpanaimje, onpehene TG ananmuzom.
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Abstract: The Mediterranean mussel Mytilus galloprovincialis (L.) was col-
lected from the fall 2005 to the winter 2009 from the six sites on the Mon-
tenegrin coastline. Two wild samples were collected from the open sea coast-
line, and two cultivated and two wild were from the Boka Kotorska Bay. The
mussels soft tissue was analyzed for zinc, copper, lead, cadmium, arsenic and
total mercury. Concentrations of these metals, in mg kg dry weight, ranged
from 135-210 for Zn, 6.2-14.5 for Cu, 4.0-11.5 for Pb, 1.7-2.1 for Cd, 5.8—
—12.4 for As and 0.1-0.5 for Hg. The metals were found to be present in the
samples at different levels, but not in concentrations higher than maximum
residua levels prescribed by the European Union (EU) and US Food and Drug
Administration (USFDA) regulations for seafood. This indicates that the con-
sumption of wild or cultivated mussels from the studied area is safe in mode-
rate quantities.

Keywords: M. galloprovincialis, trace elements; mussel quality; heath risks;
Montenegro; Adriatic.

INTRODUCTION

With the increase in consumption of seafood in recent years,1.2 marine mus-
sels have become commercially more important seafood species worldwide.3
Among these, the Mediterranean mussel Mytilus galloprovincialis (L.) is widely

* Corresponding author. E-mail: slavka@tmf.bg.ac.rs
doi: 10.2298/J5C110420095S
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distributed in the coastal waters of the eastern Atlantic—Mediterranean region and
is mainly cultivated in the northwestern coastal waters of Spain and the northern
shores of the Mediterranean Sea# More recently, production of this mussel has
been reported on the shores of the southern Mediterranean countries and on the
Adriatic coast. Until recently, the main seafood product on the Montenegrin
market was fish, but currently, the demand for nutrition sources such as mussels
and other shellfish, has increased.®

The mussel M. galloprovincialisis a native species of this area and there are
some indications that this bivalve was cultivated a hundred years ago. Cultivation
of mussels in Montenegro is a family-run business and all farms are located in
the Boka Kotorska Bay where the hydrological, physical and biological condi-
tions are suitable for the type of rearing used on these farms. There is no modern
mechanization on the farms and almost all the procedures are performed ma-
nually, which results in along production cycle and low productivity. During the
period 2003—2007, the average annual production of mussels in Montenegro was
150 t,°> which is very small in comparison with the largest producers China
(600,000 t year-1) and Spain (200,000 t year—1).4 The farmed mussels are sold
mostly to restaurants, hotels and on the local market stalls and small quantities of
mussels are exported to neighboring countries, primarily to Serbia. Although the
economic value of the aquaculture sector is currently very low, significant po-
tential for the production and export of mussels, M. galloprovincialis, has been
identified.®

Mussels are an important source of Ca and Fe, some vitamins such as niacin
and thiamine, and are a good source of protein for humans.6 Even though mus-
sels are an excellent source of nutrients, they can potentially be toxic because
certain metals, such as Pb, Cd, As and Hg, can accumulate in their soft tissue
over time making them detrimental to human health.”10 As the natural habitats
of M. galloprovincialis (L.) are usualy close to estuaries, they are exposed to
contaminants from land-based activities, as well as to sea based ones, making
them an excellent heavy metal biomonitoring agent.11 Conveniently, M. gallo-
provincialis (L.) are sedentary, long-lived, and easily identifiable and sampled
organisms. They are fairly abundant and available throughout the year, reason-
ably tolerant to environmental change and pollution, and they have good net
accumulation capacities. 11 Due to the propensity of M. galloprovincialis (L.) to
accumulate metals and other contaminants in their soft tissuel?-16 and shells,1”
mussels have actively been used as a biomonitoring agent, as the determination
of contaminant levels in mussel species provides a means of assessing the pos-
sible toxicant risk to public health.481819 Regular consumers of bivalve mol-
lusks in Europe were found to have higher dietary exposures to Cd, up to 4.6 pg
kg1 body weight (b.w.).20 Human exposure to Pb is mainly via food and water.
On average, Pb dietary exposure ranges from 0.36 to 1.24, up to 2.43 pg kg1
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b.w. per day for large mussels consumers in Europe.2! The accepted tolerable
weekly intakes of trace elements via the food change over time; concentrations of
trace el ements which were thought to be safe were later found to be harmful 2223

Since trace elements are non-biodegradable chemicals which cannot be me-
tabolized and do not break down into harmless forms,24 the measurement of their
concentration in mussel soft tissue intended for human consumption has become
increasingly significant. Accumulation of toxic metals to above permissible li-
mits in M. galloprovincialis (L.) would certainly create a notorious food image
from the public health point of view, asit iswell known that chronic exposure to
trace elements is associated with disease,2° as well as other health problems.26

All elements are toxic above some threshold bioavailable level, but Hg, Cd,
As and Pb are particularly toxic*20-23 for animals and humans. Zn and Cu are
two of the essential trace elements for both and zinc toxicity is rare and in addi-
tion, this element appears to have a protective effect against toxicities of cad-
mium and lead.8

In this study, the concentration levels of essential elements, Zn and Cu, and
toxic ones, i.e., Pb, Cd, As and total Hg, were determined in the soft tissue of M.
galloprovincialis collected from natural (wild) and cultivation farms of the south-
eastern Adriatic — Montenegrin coast. The aim was to investigate whether the
concentrations of these metals were within the permissible limits and the mussels
thereby acceptable for human consumption.

EXPERIMENTAL

Sampling, storage and sample preparation

The sampling sites are shown in Fig. 1. Sampling was conducted between the fall 2005
and winter 2009. Wild mussels were collected from four locations (two from the open sea and
two in the enclosed Boka Kotorska Bay) and cultivated mussels from two farms in the Bay.
Mussels of similar shell length (the approximate age of the cultivated mussels was one and
half years and the wild ones having the same shell length were assumed to be of the same age)
were collected at each sampling site (Table I), placed in plastic bags with sea water and trans-
ported to the laboratory. After washing with distilled water, the size and weight of the samples
were determined before dissection making sure that there were no significant differences
regarding the size and weight of the samples among sites and within seasons (p < 0.05). The
average water content in the soft tissues varied between 80.3 % (spring—fall) and 87.7 % (win-
ter). Mussels were dissected by removing the byssus and shell and composite samples of mus-
sl tissue were rinsed with de-ionized water, freeze-dried and homogenized using a mill. About
25-30 mussels from each sampling site were selected, pulverized and analyzed for the trace
elements.

Analysis of trace elements

Preparation of mussel soft tissue (approximately 0.5 g) for trace metal analysis was
performed as follows: the soft tissue was digested with a mixture of concentrated HNO5 (65 %
Merck, Suprapur) and H,O, (30 % Merck, Suprapur) in a Microwave Digestion System
(CEM. CORPORATION, MDS-2100). Prior to microwave decomposition, samples with
added reagents were allowed to digest at room temperature in loosely capped Teflon beakers
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for at least 1 h. Digested samples were diluted to 25 ml with deionized water containing 1.0 %

HNO;.

N42:30'

e

Fig. 1. Sampling sites of the Mediterranean mussel M. galloprovincialis from

the southeastern Adriatic Sea, Montenegro.

TABLE |. Sampling locations and shell length of the Mediterranean mussel M. galloprovin-
cialis collected from the SE Adriatic coast, Montenegro (Nos. follow those indicated in Fig. 1)

No. Location Sampling date Sample nature N Shell length, mm
1 Herceg Novi, in 19 Sep. 2005 wild 25 71.3(68.6-78.8)
BokaKotorska 23 May 2006 70.3 (65.3-74.6)

Bay 24 Sep.2006 74.8 (62.3-79.7)

16 May 2007 69.4 (63.9-74.5)

21 Sep. 2007 72.3 (66.8-76.3)

04 Feb. 2008 68.7 (64.0-72.2)

23 Jun 2008 70.9 (68.0-75.6)

06 Oct. 2008 74.5 (67.8-79.2)

09 Feb. 2009 70.2 (67.4-73.9)

2 Sveta Stasija, in 19 Sep. 2005 wild 25  73.6(68.9-80.3)
BokaKotorska 23 May 2006 72.0 (67.5-79.5)

Bay 24 Sep.2006 72.5 (66.8-78.0)

16 May 2007 70.8 (63.9-75.4)

21 Sep. 2007 71.9 (65.6-76.9)

04 Feb. 2008 67.1 (60.4-72.5)

23 Jun 2008 68.5 (64.3-73.7)

06 Oct. 2008 72.6 (61.0-81.9)

09 Feb. 2009 68.0 (56.9-71.3)
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No. Location Sampling date Sample nature N Shell length, mm
3 Kukuljing, in 21 Sep.2007 Cultured 27  64.8(56.9-71.6)
BokaKotorska 04 Feb.2008 62.4 (53.4-69.8)

Bay 23 Jun 2008 63.7 (54.6-70.1)

06 Oct.2008 67.1(59.5-72.5)

09 Feb. 2009 62.9 (52.1-71.4)

4 KraSic¢i,inBoka 21 Sep. 2007 Cultured 25 66.9 (59.1-72.0)
Kotorska Bay 04 Feb. 2008 63.6 (55.9-70.7)

23 Jun 2008 64.9 (56.0-71.9)

06 Oct. 2008 68.0 (61.3-73.4)

09 Feb. 2009 63.1 (56.8-68.9)

5 Bar, open 19 Sep. 2005 Wild 30 62.8 (53.8-69.6)
coastal area 23 May 2006 61.7 (53.0-66.9)

24 Sep. 2006 63.1 (55.3-70.2)

16 May 2007 61.4 (52.7-68.2)

6 Rt. Djeran, open 19 Sep. 2005 wild 30 635(54.4-72.5)
coastal area 23 May 2006 61.7 (53.4-70.3)

24 Sep. 2006 63.1 (56.2-71.8)

16 May 2007 60.9 (54.5-69.1)

The Zn and Cu concentrations were determined using flame atomic absorption spectro-
metry (Perkin-Elmer, AAnalyst 200) with an air—acetylene flame. Analyses of Pb and Cd
were performed using graphite furnace atomic absorption spectrometry (Perkin-Elmer,
4100ZL., with Zeeman background correction). Hydride generation and cold vapor techniques
were used for the analyses of As and Hg (Perkin-Elmer, AAnalyst 200). Each reported value
is the average of five determinations. All results were measured in mg kg of sample dry
weight (dw). The accuracy of the applied analytical procedure for the determination of trace
elements in mussels was tested using SRM 2976 (Mussel homogenate, NIST) certified refe-
rence material. To avoid possible contamination, al employed glassware and equipment were
acid-washed. To check for contamination, procedura blanks were analyzed after every five
samples. Quality control samples, made from standard solutions of Zn, Cu, Pb, Cd, As and to-
tal Hg, were analyzed after every five samples to check for element recovery, and these per-
centages were 98.5 for Zn, 106 for Cu, 94.3 for Pb, 110.9 for Cd, 92.1 for As and 103.8 for
total Hg. The limits of detection (LOD / mg kgl) and standard errors of the mean for each
element were: Zn, 0.09 and 11.4; Cu, 0.05 and 1.32; Pb, 0.02 and 1.06; Cd, 0.02 and 0.07, As,
0.05 and 1.01 and Hg, 0.05 and 0.06, respectively.

The concentrations of the investigated elements according to dry weight were converted
into those based on wet weight by calculating the ratio between the dry and wet weight for
each sample in each season. The mean and range of the minimal and maximal values of the
studied elements related to dry and wet weight (mg kg1) are presented in Table I1.

In this study, the provisional tolerable weekly intake (PTWI) values were used for the
calculation of the metal concentration levels of concern associated with the consumption of
wild and cultivated mussel from the study area. As there is no data on the average nationa
rate of shellfish consumption (RSC) in Montenegro,2’ the PTW values were employed as
standards for calculating the metal concentration levels of concern associated with possible
amounts of mussel consumed. According to the FAO/WHO,2 PTWI (ug kg! of body weight
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per week) is the term used by the JECFA (Joint FAO/WHO Expert Committee on Food Addi-
tives) to define the level of intake by an adult, whereby the assumed weight of an adult is 60
kg, of an accumulative contaminant which can be ingested without appreciable health risk
over alifetime. The average weekly intake per person for adults ( in mg, 60 kg body weight)
was estimated to be: 420 for Zn, 30 for Cu, 1.5 for Pb, 0.42 for Cd, 0.9 for Asand 0.3 for Hg,
according to the FAO/WHO.28

TABLE I1. Concentrations (mg kg™) of Hg, Cd, Pb, As, Cu and Zn in the whole soft tissues of
M. galloprovincialis collected from the Montenegrin coastal area, southeastern Adriatic Sea
(Nos. follow those indicated in Fig. 1)

Weight

No. Nature bass Hg Cd Pb As Cu Zn

1 Wwild Dry 0.51 2.14 6.40 124 6.54 205.8
(0.1-1.00 (1.0-32) (3.0-10.0) (5.6-17.8) (3.7-11.5) (103-433)

Wet 0.10 0.350 1.06 2.00 1.08 33.90
(0.02-0.17) (0.19-0.59) (0.5-1.7) (0.9-29) (0.6-1.9) (17.0-715)

2 Wild Dry 0.30 1.90 6.50 7.80 6.20 135.5
(0.07-0.95) (1.20-3.20) (1.5-12.2) (1.9-24.8) (3.7-8.9) (60-255)

Wet 0.050 0.310 1.08 1.30 1.02 22.40
(0.01-0.15) (0.20-0.60) (0.25-1.73) (0.34.1) (0.6-1.5) (9.9-42.0)

3 Cultured Dry 0.39 194 5.20 5.97 7.17 186.2
(0.18-0.79) (1.2-3.22) (2.0-7.5) (2.6-10.0) (4.5-13.7) (126-325)

Wet 0.060 0.320 0.860 0.990 1.18 30.70
(0.03-0.13) (0.20-0.53) (0.33-1.24) (0.4-1.7) (0.7-2.3) (20.8-54.0)

4 Cultured Dry 0.44 1.83 4.00 7.97 7.35 180.8
(0.25-0.76) (1.2-2.8) (1.5-75) (2.5-13.0) (3.7-13.2) (101-309)

Wet 0.080 0.300 0.660 1.30 121 29.80
(0.04-0.12) (0.20-0.46) (0.24-1.24) (0.4-2.1) (0.6-2.2) (16.7-51.0)

5 Wild Dry 0.49 213 115 5.80 145 205.9
(0.25-1.06) (1.0-35) (8.5-15.8) (2.7-8.0) (12.6-17.0) (101-300)

Wet 0.090 0.350 1.70 0.960 2.40 34.00
(0.04-0.17) (0.17-0.58) (1.4-2.4) (0.45-1.30) (2.1-2.9) (17.049.5)

6 Wild Dry 0.11 1.70 5.78 9.67 105 210.0
(0.08-0.14) (1.0-2.3) (1.30-7.86) (4.2-20.5) (7.5-12.4) (118-345)

Wet 0.020 0.290 0.950 1.60 1.80 34.60

(0.01-0.02) (0.16-0.38) (0.21-1.30) (0.7-3.4) (1.3-2.0) (19.5-57.0)

RESULTS AND DISCUSSION

In the present study, six trace elements were analyzed in wild and cultivated
mussels: zinc, copper, total arsenic, lead, cadmium and total mercury. The mean,
and minimal and maximal range concentrations of the investigated metals of five
replicates found in the soft tissues of M. galloprovincialis from six sites in the
reported period are given in Table Il. In general, the concentrations of the inves-
tigated elements found in the soft tissues of M. galloprovincialis sasmpled from
different locations and periods from the Montenegrin coastal area showed that Zn
was the element present in the highest mean levels 135 to 210 mg kg1 dw (22.4—
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—-34.6 mg kg1 ww), followed by Cu in the range from 6.2 to 14.5 mg kg1 dw
(1.0-2.4 mg kg1 ww), total As from 5.8 to 12.4 mg kg~ dw (1.0-2.0 mg kg1
ww), Pb from 4.0 to 11.5 mg kg~ dw (0.7-1.7 mg kg1 ww), Cd from 1.7 to 2.1
mg kg1 dw (0.30-0.35 mg kg~ ww) and total Hg from 0.11 to 0.51 mg kg2 dw
(0.02-0.1 mg kg~ ww) (Tablell).

In order to compare the heavy metal concentrations with the legal limits
regulated by law, the dry weight concentrations of the metals were converted into
wet weight concentrations. As in other countries, Montenegrin law29 defines
legal limits for the permissible concentrations of trace elements in shellfish (Ta
ble I11). In comparison with the permissible limits set by the Montenegrin Food
Regulation?® for total Hg (1.0 mg kg1 ww), Cd (1.0 mg kg1 ww), Pb (1.0 mg
kgl ww), total As (4.0 mg kg~ ww), Cu (30.0 mg kg1 ww) and Zn (100 mg
kg~ ww), al the mean and range values (mg kg~ ww) of these metals from all
locations were lower than the limits, except for Pb (Table Il1). In the present
study, the Pb mean concentrations in wild mussels (M. galloprovincialis) from
locations Herceg Novi and Sveta Stasija (1.1 mg kg~ ww) were the same as the
Montenegrin limit, but from the location Bar (1.7 mg kg~ ww), they were higher
than the Montenegrin limit for Pb. At the locations where mussels were culti-
vated, Krasici (0.7 mg kg1 ww) and Kukuljina (0.9 mg kg1 ww), the Pb mean
values in the investigated mussels were below the Pb limit set by the Monte-
negrin Food Regulation.2® The EC30 and USFDA3! have permissible limits for
Pb set at higher values than the Montenegrin Food Regulation? law, i.e. at 1.5
mg kg~ ww and 1.7 mg kg1 ww, respectively. The mean Pb concentration in
the investigated samples from the Bar location was above the EC limit,30 but the
same as the USFDA limit,31 Table I11. In this study mercury was not detected in
10 % of the investigated samples and total mercury concentrations below the
regulatory limits were found in the remaining samples. Total Hg concentrations
in the edible mussel soft tissues ranged from 0.02 to 0.10 mg kg1 ww, as given
in Table 1. The total Hg limit allowed in the European Union, regulated by the
European Commission, is 0.5 mg kg1 ww, except for some species for which it
is 1.0 mg kg1 ww.30 In Montenegro, the total Hg limit, regulated by the Mon-
tenegrin Food Regulation law, is 1.0 mg kg~ ww as given in Table I11. The mean
concentrations of Hg (0.02-0.10 mg kg1 ww) and Cd (0.3-0.4 mg kg1 ww)
were below the legal limits regulated by the presented regulations,2%-31 and the
mean As concentrations (1.0-2.0 mg kgl ww) were also below the lega li-
mits29:31 in the all investigated samples, Tables |1 and I11.

Zn is one of the essential trace elements for both animals and humans. Ne-
vertheless, the consumption of too much Zn is harmful. Zn is required for the
synthesis of enzymes and proteins.26:32 Zn toxicity is rare and Zn appears to have
a protective effect against the toxicities of cadmium and lead.8 The Zn—Cd ratio
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is very important as the toxicity and storage of Cd are greatly elevated with Zn
deficiency.8

TABLE I11. Guidelines for the concentrations of trace elements (mg kg™*) based on wet weight
for food safety set by different countries

Origin Hg Cd Pb As Cu Zn
Permissible limits by Montenegrin Food regulation 1.0 1.0 10 40 30 100
(2002)*

EU (2006)*, Comm. Regulation (EC), No. 188/2006 05 10 150 - -  —
USFDA (2007)*, Food and Drug Administrationof 1.0 40 170 8 - -
the United States

The Zn content in the collected samples ranged from 135-210 mg kg dw
or 22.4-34.6 mg kg1 ww, with lower mean levels in the cultivated samples. The
Joint Expert Committee of the FAO/WHO?28 established a provisiona tolerable
weekly intake (PTWI) for Zn of 7 mg kg1 per week, i.e., 420 mg per person per
week. According to the present study, the concentrations of Zn in the wild and
cultivated mussels in the investigated period were more then ten times below the
toxic limits of 420 mg per person per week.28

Cu is another essential metal which is contained in several enzymes32 and is
necessary for the synthesis of hemoglobin.10 Cu-containing proteins play an im-
portant role in animal biology, including dioxygen transport or activation, elec-
tron transfer and reduction of nitrogen oxides.32 The mean concentrations of Cu
found in the collected samples ranged from 6.2-14.5 mg kg~ dw (1.0-2.4 mg
kg1 ww), with the highest concentrations found in the wild M. galloprovincialis
from the Bar site, 12.6-17.2 mg kg1 dw (2.1-2.9 mg kg1 ww). The concentra-
tions of Cu in the wild and cultivated mussels in the investigated period were
more than one order of magnitude below the toxic limits of 30 mg per person per
week.28

Some types of seafood contain up to 10 times of more As than other foods
and people who consume large amounts of seafood may, therefore, ingest signi-
ficant amounts of As.423 As occurs naturally in the environment, in both organic
and inorganic forms.23:33 Inorganic As is more toxic than organic As.33 The
symptoms and signs of chronic As poisoning include pigmented skin, anemia and
paralysis.8 Asin seafood is primarily present in organic forms.8 This study gives
the results for the total (inorganic and organic) concentrations of As. The JECFA
recently re-evaluated As and the Committee withdrew the previous PTW value
of 15 pg kg~ body weight set for inorganic As,23:34 since alower value of 0.3 pg
kgl body weight (bw) per day was found to increase lung cancer.2334 The
JECFA noted that more accurate information on the content of inorganic As in
foods is required to improve assessments of dietary exposures of inorganic As
species.34 However, the majority of As in seafood is present in the organic ar-
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senobetaine (AB), less toxic, water-soluble form,33.34 which is considered non-
-hazardous and totally safe for human consumption.34 The percentages of inor-
ganic As in seafood are 1-5 %, while in mussels,4 they are 1.9-6.5 %, but the
toxic inorganic fraction of Asincreased with increasing content of total As.34 Ne-
vertheless, seafood also contributes substantially to dietary As, which is one of
the trace elements of concern in relation to food safety.34 No value of Asintake is
reported in this study because the As determined refers to the total As (Tablell).

Pb is known to cause both acute and chronic adverse effects in the hemato-
poietic, nervous, gastrointestinal and renal systems.# Absorbed Pb is bound to
erythrocytes in the blood and initially distributed to the liver, kidney and heart,
where it preferentially binds to cell membranes and mitochondria, causes anemia
due to a decrease in the hemoglobin levels leading to organ damage, but Pb is not
carcinogenic.421 The PTWI value for Pb is 1.5 mg person—1 week—1.28 The mean
Pb content, in the all the collected mussel samples ranged from 0.7-1.7 mg kg1
ww. Calculating the PTWI value for Pb in relation to the highest Pb level at the
Harbor Bar, 1.7 mg kg1 ww, the consumption of 880 g of fresh mussels on a
weekly basis would reaching 1.5 mg person—1 week—1 for Pb, which is definitely
feasible for large mussel consumers.3> The absorption of Pb from ingested food
greatly depends on the levels of other elements present in the diet, such as Ca, Fe
and Zn. It was shown that dietary deficiencies in these essential elements en-
hance Pb absorption.3>

Cd is an element that occurs naturally at low levels in the environment, and
food represents the major source of Cd exposure.#20 Cd is found in marine wa-
ters mostly in the dissolved form, distributed in the marine environment at low
concentrations and mussels accumulate Cd effectively420 and may act as a poi-
son to humans.36 Under chronic Cd exposure of humans, Cd can inhibit the deve-
lopment of bone softening due to decalcification, a characteristic of Itai-itai di-
sease.36 The mean concentrations of Cd found in the analyzed mussel samples
ranged from 0.3-0.4 mg kg1 ww in the investigated period at all locations. With
regards to the mean Cd concentrations, large mussel consumers would reach the
permitted level of 0.42 mg per person per week for Cd by eating 1.2-1.4 kg per
week of fresh mussels. In cultivated mussel samples from the Boka Kotorska
Bay, from the farms Krasici and Kukuljina, the maximum Cd content was found
to be 0.50 mg kgt ww (Table I1), and according to the PTW value, the safe
weekly intake of cultivated mussels from these farms is estimated to be below
790-910 g of fresh mussels per week for a 60-kg adult.

Hg is one of the most closely scrutinized pollutants because of its effect on
marine organisms and its potential hazard to human health. Methyl-mercury,
formed in aguatic sediments through bacterial methylation of organic mercury, is
a toxic compound which affects the kidneys and the central nervous system.4.”
The joint FAO/WHO Expert Committee on Food Additives?8 established a pro-
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visional tolerable weekly intake of 0.3 mg of total Hg, of which no more than
200 pg should be present as methyl mercury.28 This amount equates weekly to 5
ug of total Hg per kg body weight and 3.3 pg of methyl-mercury per kg body
weight.28 However, as there is insufficient data on mussel consumption for Mon-
tenegro,27 consumer exposure to Hg was assessed based on the highest mean va-
lue of Hg concentration found in mussels from two of the investigated samples,
0.20 mg kg1 ww at the wild sites Herceg Novi in the Bay and Bar (a sea port in
the open coastal area of Montenegro), which were compared with the PTW va-
lue for Hg. Based on this data, a weekly consumption of 2.0 kg ww of mussel is
sufficient to reach the PTWI limit for Hg (5 pg kg~ body weight per day), which
is an amount that may result in arisky daily intake of Hg if the exposure is long-
term. In all others samples, including the cultivated ones from Krasici and Kuku-
ljina, a weekly consumption of more than 2.5 kg ww of fresh mussels would be
necessary to attain the PTWI limit for Hg.

In view of the PTWI limits estimated for the consumption of Mediterranean
mussel from the Montenegrin coastline, in terms of Zn, Cu, Pb, Cd, As and Hg,
consumption based on Cd would be the limiting factor for mussels as afood from
the Bay farms, such as Kradi¢i and Kukuljina, in terms of large consumers and
coastal residents. A weekly consumption of 800—900 g of fresh cultivated mus-
sels, or wild mussels from the location Bar, is sufficient to reach the Cd and Pb
PTW limits, which is the amount that may result in arisky weekly intake of Cd
and Pb if the exposure is long-term.

A comparison of the data obtained in this study with those previously re-
ported indicates that the levels of trace elements found in M. galloprovincialis
are comparable to those reported for other areas of the Adriatic and Mediter-
ranean regionst! (Table V).

TABLE IV. A comparison of reported concentrations (mg kg1) of Hg, Cd, Ph, As, Cu and Zn
in the whole soft tissue of M. galloprovincialis from regiona studies with the present results
(WB: weight basis)

Location WB Hg Cd Pb As Cu Zn Ref.
NW Mediter- Dry 0.87 0.4-59 27-117 11.9-39.30.5-28.8 97644 37
ranean

The Bay of Piran, Dry 0.28-1.3 2.9-83 - 11.9-39.3 6.5-7.6 102-108 38
N. Adriatic

Lim Chanel, Dry - 1.0 1.37 - 115 149 39
Croatia

Eastern Adriatic  Dry - 0.7-1.7 1283 - 4.2-17.7 109-189 40
coast, Croatia

Krkariver estuary, Dry - 0823 0541 - 4.6-7.7 124269 41
Adriatic

Portugal southern  Dry 1.2-3.8 - - 4.3-7.2 165-545 42
coast
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TABLE IV. Continued

Location WB Hg Cd Pb As Cu Zn Ref.
Black Sea, Dry 0.026-0.03 0.96-1.74 - - 6.6-8.3 108-190 16
Romania

NW Mediter- Dry 0.18-0.96 1.13-1.821.07-1.43 - - - 43
ranean

E Adriatic, inMali Dry  0.15 04-24 0.24-3.7
Ston Bay Croatia

2.0-11 49418 18

Gulf of Gemlik, Dry - 2.4 0.5 - 55 196 44
SE Marmara Sea,

Turkey

Montenegro, SE  Dry 0.10-050 1.7-2.1 4.0-115 5.8-12.4 6.2-14.5 135210 This
Adriatic (6 sites) study

However, the values obtained for trace elements, i.e., Hg, Cd, Pb and As, in
the mussels from the enclosed Boka Kotorska Bay are similar to the average va
lues found in more urbanized areas of the Adriatic and Mediterranean coast. Only
the wild samples collected from the site close to the Port Bar had higher levels of
the investigated trace elements. The concentrations of trace elements in mussels
from the southeastern Adriatic coast of Montenegro could be attributed to anthro-
pogenic and/or natural metal sources affecting their habitats.

CONCLUSIONS

All concentrations of the investigated element (Zn, Cu, Pb, Cd, As and Hg)
found in the edible tissue of cultivated mussels from farms in the Boka Kotorska
Bay, expressed on a wet weight basis, where lower than the maximum permis-
sible levels for fresh mussels regulated by EU and USFDA laws, implying that
their consumption is not harmful for humans. In addition, the results of an eva-
luation of the risks to human health associated with the consumption of mussels
containing trace elements suggest that there is no health risk for people who con-
sume mussels from this part of the Adriatic in moderation, i.e., the consumption
of 500 g of fresh mussels on a weekly basis or approximately 26 kg per person
per year would not be risky in the long term.

A comparison of the results obtained in this work with aready published va-
lues for this kind of mussel on the Adriatic and Mediterranean coasts shows that
the values obtained herein fall in the range of values most commonly found in
low to moderately polluted areas of the Mediterranean and Adriatic Sea. This
means that the ecosystem of the Montenegrin coastal area and its Boka K otorska
Bay are not seriously polluted with the investigated trace elements.
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U3BOA

KOHLIEHTPAIIUJE TPATOBA EJIEMEHATA (Zn, Cu, Pb, Cd, AsU Hg) Y Y3T'AJAHOJ 1

JVBJbOJ MEIUTEPAHCKOJ IIKOJBKHU (M. Galloprovincialis) Y30PKOBAHOJ HA
JIOKAITUJAMA JYTOUCTOUYHOI JAJIPAHA, IITPHA I'OPA: EBAJIYAIIUJA
KBAJIUTETA 1 YTUITAJ HA YOBEKOBO 3/IPABJBE

CITABKA CTAHKOBUR?, MUXAJIJIO JOBUR?, PAIIIA MUJIAHOB® u JIAHUAJEJIA JOKCUMOBHR*

" Texnonowko—meimasypuixu paxyaimieis, Ynusepsuiieiwi y beozpady, Kaprezujesa 4, 11000 Beozpad, *Uncitiuitiyiti

3a HyKkaeaphe Hayke Bunua, Ynusepsuitiein y beozpaoy, 11 000 beozpao, 3MuHucu7apcm60 30pas.va, CAaHUlapHa

Kkouimipoaa, Osaadurckux 6puzada 1, 11070 Beozpa u *Uncimuitiy i 3a 6uoaozujy mopa,
Yuusepauitei Llpre 'ope, [lobpoitia 66, 85330 Koitiop, Lipra I'opa

Menurepancka mkospka Mytilus galloprovincialis (L), wiu narma, y3opkoBaHa je oj jeceHn

2005. 1o 3ume 2009. roauHe ca MIECT JIOKAIHja LPHOTOPCKOT Mprobasba. Y30pKOBame je BPLICHO
Ha YETUPH JIOKalKje Y BOKOKOTOPCKOM 3alliBy, /IBa Y30pKa ca y3rajaiiiiTa IKOJbKU U [1Ba Ca JIHB-
JbHX CTAQHHUILTA, U [[Ba IPEOCTaNa y30pKa IUBJBUX IIKOJBKH OHila cy ca obaje Ha OTBOPEHOM MOpY.
Meka TKHBa Jarkby aHaJIW3MpaHa Cy Ha IMHK, Oakap, OJIOBO, KaIMHjyM, apCeH U YKYIIHY XKUBY.
KonuenTpanuje oBux merana kperane cy ce y omncery ox 135,5-210,0 3a Zn; 6,2-14,5 3a Cu; 4,0—
—11,5 3a Ph; 1,7-2,1 3a Cd; 5,8-12.4 3a As u 0,11-0,51 3a Hg, uspaxeno y mg kgl cyse mace.
VYTBpheHo je 1a MeTanaM y MCIUTHBAaHUM Y30pLMMa IIKOJBKU HUCY OWIIM M3HA[ MaKCUMAJIHO J103BO-
JbEHUX KOHIICHTpallHja Koje Cy IponucaHe 3akoHHMa EBporicke YHHje W amMepHyKe arcHIuje 3a
xpany u JiekoBe (USFDA) 3a 1mkospke Koje ce kopucte y ucxpanu. OBo ykasyje Ha TO J1a je KOH3y-
MHUparbe rajeHHX WK JUBJBHX JarkbH ca IPHOrOPCKOr nprodaba 6e30e/1HO Y yMEpeHUM KOJIMYHHAMA.
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Oxidative status, 647

Oxidative stress, 1207
Oxomolybdenum(V), 221

Oxytropis pilosa, 505

Parmelia sulcata, 987

Partition functions, 539, 557
Peak assignment, 1687

Pendant octaazamacrocycle, 719
Peroxidise, 505
Pharmaceuticals, 1551
Phenazine, 1191

Phenal, 513, 575

Phenolic acids, 841

Phenals, 685
Phenoxyphosphazenes, 831
S-Phenylalanine, 719

Phenytoin derivatives, 1597
Phosphomolybdic acid, 21
Photocatalyst, 1049

Photol uminescence property, 1497.
Phthalazine, 329

Picolinic acid, 53

pK,, 1455

Plant availability, 781, 1177
Pollution, 625, 933
Polyaddition, 1703
Polychlorinated biphenyls, 447
Polycyclic aromatic hydrocarbons, 447,
733

Polyol synthesis, 1673
Polyoxometalates, 955, 1513
Polyphenol oxidase, 513
Polyphenols, 27

Polystyrene, 155.

Potassium bromide, 685
Potassium titanium oxal ate, 1015
Potato, 513

Potential energy profile, 1395
Potentia energy surface, 743
Potentiometry, 1295

Pouzolzia zeylanica, 709

PR Spectra, 235
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Preconcentration, 1583
Prediction, 417

Prenanthes purpurea L., 841
Probiotic, 699
PROMETHEE/GAIA, 625
Pt nanocatalyst, 1139, 1523
Pt—Rh nanocatalyst, 1523
Pt—Rh-Sn catalyst, 1673
Pt—Ru nanocatalyst, 1523
Pt—Sn nanocatalyst, 1523
PV C membrane, 1295
Pyrazoline, 1069

Pyridine, 499
Pyrimidine-2-thione derivatives, 679

QSAR, 263, 1117

QSRR, 891

Quantitative 13C-NMR spectroscopy,
1703

Quantitative structure—activity relation-
ship, 1003

Quantitative structure—retention relation-
ship, 1597, 1627

Quinazoline-4(3H)-one, 177

Quinoline, 1199, 1617
Quinoline-3-carbonitriles, 823
Quinoxaline, 1191

Radical-scavenging activity, 491
Rare earth complexes, 1365
Reaction mechanism, 1395
Reactive dye, 607

Reducing power, 709
Removable partial dentures, 43
Retention indices, 891

Room temperature, 1339
Ruthenium(l1)—arene, 53

Saccharomyces cerevisiae, 363
Salicylaldehyde thiosemicarbazone, 865
Sdlicylic acid, 1325

Scanning tunneling microscopy, 1673
Schiff base, 75, 1387, 1639

Schubert’ s method, 1325

Sediment, 459, 795

Selective laser melting, 43

SEM, 903

Semiconductor, 1049

Sensor, 1295

Sepiolite, 101

Sesquiterpenoid glucoside, 1465
SiC, 407

Single crystal structure, 529, 1561
Single drop microextraction, 1627
SSitosterol, 1471

Soil sample extraction, 769

Soil zymogenous microorganisms, 425
Soil, 625, 781, 1177

Solid-state isomerisation, 317
Solid-state synthesis, 1339
Solvent effects, 1455

Sorption, 101, 607, 1411, 1427
Spectrophotometry, 1551
Spectroscopic ellipsometry, 1561
Spectroscopy, 831

Spiked urine, 1551

Spin-lattice relaxation time, 189
Spin-probes, 647

Spin-traps, 647

Spiro 1,3-oxathiolane/oxathianes, 1339
Spiro, 831

Stability constant, 1387

Stainless steel, 1027

Standard partial molal volume, 129
Starter, 353

Statins, 85

Steroids, 1471

Stigmasterol, 1471
Structure—activity relationship, 1597
Substituted thiol, 165
Sulfonamide, 1093

Sunflower seed shell, 607
Superoxide dismutase, 505
Surface oxygen groups, 757

Tannery industry, 439

TBAB, 1069

TBPB, 1117

Temperature programmed desorption, 757
Template synthesis, 1103

Test battery, 459

Tetradentate Schiff base, 63

Tetrazole, 165

Thermal analysis, 221, 249, 1103
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Thermal degradation, 1093

Thermal properties, 1703

Thiols, 955

Thiophene, 329

Thiosemicarbazide, 1

Total antioxidant activity, 1379

Total flavonoid content, 505, 1485
Total phenolic content, 709, 1379, 1485
Toxicity, 143

Trace elements, 1725
Transesterification, 249

Transition metal complexes, 1103, 1237
Trandocation, 143

Triatomic molecules, 539

Triazine, 75, 329

Triazole, 329, 341

Triphenylmethylphosphonium iodide, 751

Triple-flame, 1567
Trisaccharides, 841
Typha angustifolia, 1037

Ulcerogenic activity,1057

Ultrasonic irradiation, 679, 1347
Uracil, 1649

Urethane—siloxane copolymers, 1703
UV-Irradiation, 973

Vapour pressure, 305
Vapourliquid equilibria, 305
Vegetable oils, 575

Verapamil, 189
Vibrational—rotational energy, 557
Vinylidene, 743

Viscosity B-coefficient, 129
Viscosity, 129

Volétile constituents, 987, 1627
Volatile droplet, 1567

Volume of distribution, 1003

W, 407

Wastewater treatment, 439, 459
Welding, 1027

White currant, 1465

X-ray crystal structure, 235, 995
X-Ray scattering, 249, 1703

Y oghurt, 353

Zinc(l) cluster, 529
Zn—Co dloy, 1537
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