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Microwave-assisted multi-component synthesis of indol-3-yl
substituted pyrano[2,3-c]pyrazoles and their
antimicrobial activity
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Abstract: A series of pyrano[2,3-c]pyrazole derivatives of indole was synthe-
sized by multi-component reactions using the conventional and microwave
irradiation approach. Particularly valuable features of this method include high
yield, broad substrate scope, shorter reaction times and straightforward pro-
cedure. Antimicrobial screening of the synthesized derivatives against eight
human pathogens, namely Bacillus subtilis, Clostridium tetani, Streptococcus
pneumoniae, Salmonella typhi, Vibrio cholerae, Escherichia coli, Aspergillus
fumigatus and Candida albicans, was realized by employing the broth micro-
dilution minimum inhibition concentration method, as recommended by Na-
tional Committee for Clinical Laboratory Standards (NCCLS).

Keywords:. indole; pyranopyrazole; multi-component reaction; microwave irra-
diation; antimicrobial activity.

INTRODUCTION

Indole derivatives are atopic of substantial research interest in contemporary
heterocyclic and medicinal chemistry due to their great significance in the view
of their i) occurrence in nature as a prominent sub-structure of alarge number of
akaloids! and ii) wide-ranging biological activities, which include antimicro-
bial,2 antitubercular,3 anticancer,4 antioxidant,® antiviral,6 antimalaria,’ etc.
Moreover, the 4H-pyran nucleus is a fertile source of biologically important mo-
lecules possessing a wide spectrum of pharmacological activities, such as anti-
microbial,8 antiviral,® mutagenic,l0 sex pheromone11l antitumour,12 cancer
therapy13 and central nervous system activity.14

The conventional procedures for the synthesis of indole-based pyrano[2,3-
-C]pyrazole are not satisfactory with regards to operational simplicity, effective-
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doi: 10.2298/JSC110805199K

983

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

2012 Copyright (CC) SCS




984 KATHROTIYA, PATEL and PATEL

ness and yield. An alternative synthetic approach is microwave irradiation.1® In
recent years, microwave irradiation has been demonstrated not only to dramati-
cally accelerate many organic reactions, but also to improve yield and selectivity.
The optimizations of reaction strategies!® via three-component one-pot conven-
tiona synthesis and four-component microwave assisted synthesis were aimed at
improving the yield and selectivity, and reducing the use of hazardous organic
bases, such as piperidine. A literature survey revealed that a number of pyrano-
pyrazole derivatives have been synthesized using various aldehydes® but not a
single report existed in which 2-phenyl-1H-indol e-3-carbal dehyde was used.

It must be emphasized that a combination of the pyranopyrazole template
with other heterocycles is a well-known approach for the build-up of drug-like
molecules, which allows the achievement of new pharmacological profiles, ac-
tion strengthening or toxicity lowering. As part of ongoing research aimed at the
discovery of new active antimicrobial compounds,1” in this work an attempt was
made to study the influence of the combination of the pyranopyrazole moiety and
the 2-phenyl-1H-indole scaffold on antimicrobial effect of the resulting com-
pounds. Hence, herein, the synthesis of some new derivatives of pyranopyrazole
5a-h via the multi-component reaction approach under microwave irradiation is
reported. The newly synthesized compounds were characterized by elemental
analysis, and FT-IR, 1H-NMR, 13C-NMR and mass spectrometry. All the com-
pounds were screened for their in vitro antimicrobial activity against a represen-
tative panel of bacteria and fungi using the broth microdilution MIC (minimum
inhibitory concentration) method.18

RESULTS AND DISCUSSION
Chemistry

The title derivatives were synthesized in two ways, i.e., three-component pi-
peridine catalyzed reaction and microwave-assisted four-component one pot re-
action catalyzed by NaOH. The comparative study based on the optimization of
both methods is depicted in Table I, which indicates that the reactions were effi-
ciently promoted by microwave irradiation. The reaction time was strikingly
shortened from 2—2.5 h (under traditional heating conditions) to 5-6 min (under
microwave irradiation) and quantitative yields were obtained.

The key intermediates substituted 2-phenyl-1H-indole-3-carboxaldehydes
la—h were prepared by the Vilsmeier—Haack Reaction of 2-phenyl-1H-indole ac-
cording to a literature procedure.19 The title compounds 5a—h were synthesized
by microwave-assisted four-component synthesis with good yields (73-84 %)
(Tablel).

The reaction occurred via initial in situ formation of the heterylidenenitriles
(Scheme 1), containing the electron-poor C=C double bond, from the Knoevena-
gel condensation between 2-phenyl-1H-indole-3-carbaldehyde 1a—h and malono-
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nitrile 2 by loss of water molecules. Finally, Michael addition of 3-methyl-
1H-pyrazol-5(4H)-one 3 to the initially formed unsaturated nitrile, i.e., nucleo-
philic attack of the hydroxyl moiety on the cyano moiety afforded the cyclised
4H-pyran derivatives 5a-h. A similar mechanism maybe operative in the four-
component reaction.

TABLE |. Comparison of microwave and conventional method and physical data of the com-
pounds 5a-h

Microwave Conventiona

- . . . M.p./°C

Compd. R Time Isolatedyield Time Isolated yield o
min % h % (after crystallization)
5a H 5 74 2 65 206208
5b CHj 73 61 201-203
5c OCH3, 68 59 200
5d Cl 6 79 25 70 214-216
5e Br 82 73 204-206
5f F 5 80 2 69 210
59 NO, 76 67 209-211
5h SO,CH3 84 74 214
Ar CN Ar

|
cio < NG LA
CN A NG
1la-h 2 o -.c_ T | \,N o N
N~ ﬁ Cr(; ,

-H,0 HO & N
’ dona N H
N Heterylidene
N -nitrile
N
o7 |
3
Ar Ar
NC { N
TN N
H,N” 07 N N
: : N7 o7
5a-h

Ar = 2-(4-(Un)-substitutedphenyl)-1H-indole
Scheme 1. Plausible mechanistic pathway of the synthesis of
pyranopyrazole derivatives 5a—h.

The structures of al the newly synthesized compounds were established by
IH-NMR, 13C-NMR, FT-IR and mass spectrometry, and elemental analysis. The
IR spectrum of compound 5c exhibited characteristic absorption bands at 3415
and 3320 cmr! (asym. & sym. str.) for -NH» and at 2195 (C=N stretching) and
1250 cm1 (asym. str. of cyclic C-O-C ether). The 1H-NMR spectrum of com-
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986 KATHROTIYA, PATEL and PATEL

pound 5c¢ indicated the presence of one singlet peak at 6 4.95 ppm of the -CH
proton and the disappearance of asinglet at 6 10.50 ppm of —CHO, which clearly
confirmed the cyclization of the Knoevenagel intermediate. The singlet at 6 6.82
ppm arose from the NH> protons of the pyran ring. All the aromatic protons
resonated as multiplets at 6 7.03—7.60 ppm. The singlets at 6 1.54 and 11.92 ppm
are due to the presence of the methyl and secondary amine of the fused pyrazole
ring, respectively. The singlet peaks at ¢ 3.08 and § 11.11 ppm are due to OCH3
and the secondary amine of the indole ring, respectively. The 13C-NMR spectrum
of compound 5c exhibited a distinctive signal at ¢ 9.87 ppm for the methyl of the
fused pyrazole ring and at 6 27.52 ppm for the C4 of the pyran ring. All the
aromatic carbons and C=N of 5c showed signals at 6 111.76-155.27 ppm. More-
over, distinctive signals at ¢ 161.32 ppm for C6 (C—NHy), ¢ 55.69 ppm for
OCHg, 0 57.23 ppm for C5 C—C=N), ¢ 97.88 ppm for C3a and ¢ 159.51 ppm for
C7ain the 13C-NMR spectrum confirmed the structure of 5c. Furthermore, the
structures of all the new compounds were confirmed by mass spectral studies.
The mass spectra detected the expected molecular ion signals corresponding to
respective molecular formula of the synthesized compounds. The mass spectrum
of compound 5¢ gave a molecular ion peak at 398 (M*+1), corresponding to the
molecular formula Cy3H1gNs500. The elemental analysis values and the mass
spectral data are in good agreement with the theoretical data.

The analytic and spectroscopic data of al the synthesized compounds are
given in the Supplementary Material to this paper together with representative
spectra of 5e and 5f, the two compounds showing outstanding and excellent anti-
bacterial activity, respectively.

Biological evaluation

The results of the antimicrobia activity screening are presented in Table Il.
Examination of the data reveaed that the mgjority of the compounds showed
good antibacterial and antifungal activity when compared with ampicillin, nys-
tatin and griseofulvin. Compound 5f (R = F) was found to be exceedingly potent
against most of the employed strains.

In particular, compound 5f (R = F) showed outstanding activity (MIC 62.5
ng mL-1) against the Gram-negative bacteria Escherichia coli, as compared to
the standard ampicillin (MIC 100 pg mL-1) and compound 5e (R = Br) displayed
excellent activity (MIC 125 ug mL-1) against the Gram-positive bacteria Bacillus
subtilis, as compared to the standard ampicillin (MIC 250 pug mL-1). Compounds
5b (R =CH3), 5d (R =Cl), 5f (R = F) and 5h (R = NOy) against B. subtilis (MIC
200 pg mL-1) and compounds 5¢ (R = OCH3), 5f (R = F) and 5h (R = NOy)
against Clostridium tetani (MIC 200 pug mL-1) were found significantly active in
comparison to ampicillin (MIC 250 pg mL—1). Against fungal pathogen Candida
albicans, compounds 5b (R = CH3) and 5f (R = F) were found to possess better
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activity (MIC 250 pg mL—1) as compared to the standard griseofulvin (MIC 500
Hg mL-1).
TABLE II. Antimicrobial activity of the compounds 5a—h (minimum inhibitory concentration,

MIC / ug L1); Sp., S pneumoniae; C.t., C. tetani; B.s., B. subtilis; St., S typhi; V.c., V. cho-
lerae; E.c., E. cali; Af., A. fumigatus,; C.a., C. albicans, “—" represents “not tested”

Gram-positive bacteria Gram-negative bacteria Fungi

B.s. Ct. Sp. E.c. St. V.C. Af. Ca.
Compound MTCC

441 449 1936 443 98 3906 3008 227
5a (R =H) 250 250 200 250 200 500 1000 500
5b (R=CHa,) 200 500 200 500 500 200 >1000 250
5¢c (R = OCHy) 250 200 250 200 200 200 >1000 =>1000
5d (R=Cl) 200 500 200 500 500 250 1000 1000
5e(R=Br) 125 250 250 250 250 200 250 500
5f(R=F) 200 200 200 62.5 200 250 1000 250
5g (R = SO,CHy) 500 250 250 250 250 250 1000 1000
5h (R=NOy) 200 200 200 200 250 200 1000 1000
Ampicillin 250 250 100 100 100 100 - -
Griseofulvin - - - — - - 100 500
Nystatin - - - - - - 100 100

Compounds 5a (R = H) and 5¢c (R = OCH3g) against B. subtilis, and com-
pounds 5a (R = H), 5e (R = Br) and 59 (R = SO>CH3) against C. tetani were
found to be equipotent to ampicillin (MIC 250 ug mL—1). In the case of the fun-
gal pathogen C. albicans, compounds 5a (R = H) and 5e (R = Br) were equally
active to griseofulvin (MIC 500 pg mL—1). Unfortunately, none of the synthe-
sized compounds were found sufficiently potent to inhibit Streptococcus pneu-
moniae, Salmonella typhi, Vibrio cholerae or the fungal pathogen Aspergillus
fumigatus.

The investigation of the structure—activity relationship of the antibacterial
screening revealed that the compound with 4-fluorophenyl ring at the 2-position
of the indole nucleus gave excellent results towards E. coli. Whereas, towards B.
subtilis, the compounds with 4-methyl-, chloro-, bromo-, fluoro and nitro-phenyl
ring substitutions were found to be highly active, while compounds with a 4-me-
thoxy substituted and an unsubstituted phenyl ring showed equal activity to that
of ampicillin. Against C. tetani, compounds carrying a 4-methoxy, fluoro and
nitro phenyl ring were found to be more potent than ampicillin, while the com-
pounds with 4-bromo, methylsulphonyl and unsubstituted phenyl ring and ampi-
cillin gave egual results. Antifungal evaluation showed that 4-methyl and fluoro
phenyl ring containing compounds were the most potent, while compounds with
4-bromo and unsubstituted phenyl ring displayed similar activity to griseofulvin

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

2012 Copyright (CC) SCS



988 KATHROTIYA, PATEL and PATEL

against fungal species C. albicans. Except the nitro substituted title compound,
all derivatives displayed excellent antimicrobial activity.

Reviewing and comparing the activity data, it is worthy to mention that the
antimicrobial activity of the target compounds depended not only on the bicyclic
heteroaromatic pharmacophore, but aso on the nature of the peripheral substi-
tuents.

EXPERIMENTAL
Materials, instruments and methods

Required acetophenone, phenylhydrazine, polyphosphoric acid, phosphorous oxy-
chloride, ethyl acetoacetate and hydrazine hydrate were obtained commercialy. Solvents were
purified and dried before use. The microwave-assisted reactions are conducted in a“RAGA’s
modified electromagnetic microwave system” whereby the microwaves were generated by a
magnetron at a frequency of 2450 MHz having adjustable output power levels, i.e.,, 10 levels
from 140 to 700 W and with an individual sensor for temperature control (a fibre optic was
used as the individual sensor for temperature control) with the attachment of a reflux con-
denser under constant stirring (thus avoiding the risk of high pressure development). All melt-
ing points were taken in open capillaries and are uncorrected. Thin-layer chromatography
(TLC, on aluminium plates pre-coated with silica gel, %F,5,, 0.25 mm thickness) (Merck,
Darmstadt, Germany) was used for monitoring the progress of all reactions, and the purity and
homogeneity of the synthesized compounds; the eluent was 5:5 hexane:ethyl acetate and UV
radiation and/or iodine were used as the visualizing agents. Elemental anaysis (% C, H, N)
was realised using a Perkin-Elmer 2400 series-11 elemental analyzer (Perkin-Elmer, USA) and
the values for all compounds are within £0.4 % of the theoretical values. The IR spectra were
recorded in KBr on a Perkin-Elmer Spectrum GX FT-IR Spectrophotometer (Perkin-Elmer,
USA) and only the characteristic peaks are reported in cml. The IH-NMR and 13C-NMR
spectra were recorded in DMSO-dg on a Bruker Avance 400F (MHz) spectrometer (Bruker
Scientific Corporation Ltd., Switzerland) using the solvent peak as an internal standard at 400
and 100 MHz, respectively. Chemical shifts are reported in parts per million (ppm). Mass
spectra were scanned on a Shimadzu LCM S 2010 spectrometer (Shimadzu, Tokyo, Japan).
General procedures for the synthesis of 6-amino-4-(2-(4-(un)-substituted phenyl)-1H-indol-3-
-yl)-3-methyl-1,4-dihydropyrano[ 2,3-c] pyrazole-5-carbonitriles 5a—h

Method a: three-component one pot reaction. 2-Phenyl-1H-indole-3-carbaldehydes 1a—h
(2 mmol), malononitrile 2 (1 mmol), 3-methyl-1H-pyrazol-5(4H)-one 3 (1 mmol) and ethanol
(15 mL) containing piperidine (0.1 mmol) were charged into a 100-mL round bottom flask
with mechanical stirrer and condenser. The reaction mixture was slowly heated and refluxed
for 2-2.5 h. After completion of the reaction (checked by TLC), the reaction mixture was
cooled to room temperature and the solid that separated was filtered and washed with equi-
molar mixture of chloroform and methanol to obtain the pure compounds.

Method b: four-component microwave irradiation method. 2-Phenyl-1H-indole-3-carbal -
dehydes 1a—h (1 mmol), malononitrile 2 (1 mmol), ethyl acetoacetate 4 (1 mmol), hydrazine
hydrate 6 (1.1 mmol) and NaOH (5 mol %) were thoroughly mixed in ethanol (10 mL). The
mixture was irradiated for 5-6 min a 280 W output power. After the completion of reaction
(checked by TLC), the reaction mixture was cooled to room temperature and the solid that
separated was filtered and washed with equimolar mixture of chloroform and methanol to
obtain the pure compounds.
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The physical data of compounds are reported in Table .
Antimicrobial activity

All the employed glass equipment was sterilized before use. Antimicrobial activity of all
the synthesized compounds was carried out by the broth microdilution method. Mueller
Hinton broth was used as the nutrient medium to grow and dilute the compound suspension
for the test bacteria and Sabouraud dextrose broth was used for fungal nutrition. The inoculum
size for the test strain was adjusted to 108 CFU (colony forming unit) per milliliter by com-
paring the turbidity. The strains used for the activity were procured from (MTCC — Microbial
Type Culture Collection) Institute of Microbial Technology, Chandigarh. Each synthesized
compound was diluted to obtain a concentration of 2000 ug mL"1, as the stock solutions. The
results were recorded in the form of primary and secondary screening. Compounds 5a—h were
screened for their antimicrobial activity against a representative panel of bacteria and fungi at
concentrations of 1000, 500 and 250 pg mL-1 as the primary screening. DM SO was used as
the vehicle to obtain the desired test concentrations of the compounds. The compounds found
to be active in the primary screening were further screened in a second set of dilution at con-
centrations of 200, 100, 62.5 and 50 pg mL"1. 10 pL suspensions from each well were further
inoculated and growth was noted after 24 and 48 h. The lowest concentration that allowed no
visible growth (turbidity) of the micro-organisms after the spot subculture was considered as
the MIC for each compound. In the present study, ampicillin was used as standard antibac-
terial drug, whereas griseofulvin and nystatin were used as standard antifungal drugs. The
protocols are summarized in Table 1.

CONCLUSIONS

Rapid, simple, and efficient method has been developed for the synthesis of
some new indole based pyrano[2,3-c]pyrazole derivatives under microwave irra-
diation conditionsin the presence of the non-hazardous base NaOH. The engaged
synthetic strategy alows the construction of a relatively complicated nitrogen
and oxygen carrying heterocyclic system as well as the introduction of various
(hetero) aromatic substitutions into 4-position of the 4H-pyran system. It can be
concluded from antimicrobial screening against a panel of human pathogens, that
most of the synthesized 4H-pyran derivatives were highly active against B. sub-
tilis and C. tetani as well as against C. albicans compared to the standard drugs.
It is worth mentioning that minor changes in molecular structure of these
compounds profoundly influenced the activity. The present study throws light on
the identification of this new structural class as antimicrobials, which could be of
interest for further detailed preclinical investigations.

SUPPLEMENTARY MATERIAL

Analytical and spectral data of the synthesized compound are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ

CUHTE3A 3-UHIOJIUJI CYTICTUTYUCAHUX ITUPAHO(2,3-c]TTUPA30JIA I1O[
HOEJCTBOM MUKPOTAJTIACA U Ib(UXOBA AHTUMHUKPOBHA AKTUBHOCT

HARSHAD G. KATHROTIYA, RANJAN G. PATEL u MANISH P. PATEL
Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar-388120, Gujarat, India

Cepuja mepuBara nupaHo[2,3-cJnupa3ona CUHTETHCAHA je KOHBEHLMOHAJTHUM IOCTYI-

JMMa | TI0J] IejCTBOM MHUKpoTasnaca. [locTynak ca MUKpOTalaciMa KapaKTepHIly BUCOK ITPH-

HOC,

IIMPOK OIICEr CyICTpaTa KOju MOTy Jia ce Kopucre, kpahe peakllMoHO BpeMe U JUpeKTaH

moctymnak. W3BpIIEHO je TecTHpame aHTHMHUKPOOHE aKTHBHOCTH CHHTETHCAHHMX jeNHmberha
npeMa ocam maroreHa Bacillus subtilis, Clostridium tetani, Streptococcus pneumoniae, Salmo-
nella typhi, Vibrio cholerae, Escherichia coli, Aspergillus fumigatus u Candida albicans nocTym-

KOM

MHuKpopasdnaxusama y Oyjony npema npenopyuu NCCLS.

(ITpumibeHo 5. aBrycra, peBuaupano 19. okrodpa 2011)
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Microwave-assisted multi-component synthesis of 3'-indol-3-yl
substituted pyrano[2,3-c]pyrazoles and their
antimicrobial activity
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Vidyanagar-388120, Gujarat, India
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ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

6-Amino-3-methyl-4-(2-phenyl-1H-indol -3-y1)-1,4-dihydropyrano[ 2,3-c] py-
razole-5-carbonitrile (5a). Anal. Calcd. for CooH17Ns50 (FW: 367.14): C, 71.92;
H, 4.66; N 19.06 %. Found: C, 71.86; H, 4.48; N, 19.15 %; IR (KBr, cn1): 3410
and 3385, 3270 (asym. and sym. str. of -NH» and -NH- str.), 2210 (-C=N str.),
1220 (asym. str. of cyclic C-O-C ether); TH-NMR (400 MHz, DM SO-dg,  / ppm):
1.53 (3H, s, CH3), 4.99 (1H, s, H4), 6.82 (2H, s, NH>), 6.84-8.31 (9H, m, Ar-H),
11.21 (1H, s, NH of indole ring), 11.94 (1H, s, NH of pyrazole ring); 13C-NMR
(100 MHz, DMSO-dg, ¢ / ppm): 9.85 (CH3), 27.41 (C4), 57.38 (C5), 97.59
(pyran C5), 111.71, 112.38, 114.55, 119.21, 120.92, 121.08, 126.11, 126.35,
127.25, 130.33, 135.21, 136.05, 136.93, 156.56 (Ar—C and C=N), 158.32 (C7a),
162.38 (C6); MS (nV2): 368 (M*+1).

6-Amino-3-methyl-4-(2-(4-methyl phenyl)-1H-indol-3-y1)-1,4-dihydropyrano-
[2,3-c] pyrazole-5-carbonitrile (5b). Anal. Calcd. for Co3H1gNsO (FW: 381.16):
C, 72.42; H, 5.02; N, 18.36 %. Found: C, 72.33; H, 5.11; N, 18.24 %; IR (KBr,
cmr1): 3395 and 3360, 3285 (asym. and sym. str. of -NH5 and -NH- str.), 2190
(-C=N str.), 1235 (asym. str. of cyclic C-O-C ether); 1H-NMR (400 MHz,
DMSO-dg, 6 / ppm): 1.52 (3H, s, CH3), 2.47 (3H, s, CH3), 4.91 (1H, s, H4), 6.85
(2H, s, NH»), 6.95-8.13 (8H, m, Ar—H), 11.15 (1H, s, NH of indole ring), 11.94
(1H, s, NH of pyrazole ring); 133C-NMR (100 MHz, DMSO-dg, 6 / ppm): 9.96
(CH3), 21.42 (CHg), 27.15 (C4), 58.25 (C5), 97.46 (C3a), 112.05, 112.67,
115.28, 120.11, 120.87, 121.45, 127.05, 127.88, 128.31, 131.18, 135.33, 136.81,

* Corresponding author. E-mail: patel manish1069@yahoo.com
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137.25, 157.36 (Ar-C and C=N), 158.92 (C7a), 161.81 (C6); MS (m/2): 382.1
(M++1).

6-Amino-4-(2-(4-methoxyphenyl)- 1H-indol -3-y1)-3-methyl - 1,4-dihydropyra-
no[ 2,3-c] pyrazole-5-carbonitrile (5¢). And. Calcd. for Co3H1gN50, (FW: 397.15):
C, 69.51; H, 4.82; N, 17.62 %. Found: C, 69.85; H, 4.75; N, 17.59 %; IR (KBr,
cm1): 3415 and 3320, 3250 (asym. and sym. str. of —-NHy and —-NH- str.), 2195
(=C=N dtr.), 1250 (asym. str. of cyclic C-O-C ether); 1H-NMR (400 MHz,
DMSO-dg, 6 / ppm): 1.54 (3H, s, CH3), 3.08 (3H, s, OCH3), 4.95 (1H, s, H4),
6.82 (2H, s, NH»), 7.03-7.60 (8H, m, Ar-H), 11.11 (1H, s, NH of indole ring),
11.92 (1H, s, NH of pyrazole ring); 133C-NMR (100 MHz, DMSO-dg, J / ppm):
9.87 (CH3), 27.52 (C4), 55.69 (OCH3), 57.31 (C5), 97.88 (C34a), 111.76, 112.49,
114.71, 119.09, 121.48, 121.72, 125.37, 125.95, 127.00, 130.54, 135.88, 135.97,
136.74, 155.27 (Ar-C and C=N), 159.51 (C7a), 161.32 (C6); MS (m/z): 398
(M*+1).

6-Amino-4-(2-(4-chlorophenyl)-1H-indol-3-yl)-3-methyl- 1,4-dihydropyrano-
[2,3-c] pyrazole-5-carbonitrile (5d). Anal. Cacd. for CooH16CINsO (FW: 401.10):
C, 65.76; H, 4.61; N, 17.43 %. Found: C, 65.69; H, 4.72; N, 17.57 %; IR (KBr,
cm1): 3410 and 3355, 3280 (asym. and sym. str. of -NH, and -NH- str.), 2200
(=C=N dtr.), 1210 (asym. str. of cyclic C-O-C ether); 1H-NMR (400 MHz,
DMSO-dg, 6 / ppm): 1.57 (3H, s, CH3), 5.00 (1H, s, H4), 6.88 (2H, s, NH>),
7.05-8.11 (8H, m, Ar—H), 11.25 (1H, s, NH of indole ring), 11.96 (1H, s, NH of
pyrazole ring); 133C-NMR (100 MHz, DMSO-dg, 6 / ppm): 10.03 (CHsg), 27.45
(C4), 58.38 (C5), 97.23 (C3a), 112.13, 113.21, 114.77, 119.25, 120.99, 121.37,
125.12, 125.77, 126.89, 131.22, 136.05, 136.28, 138.45, 157.31 (Ar-C and
C=N), 158.66 (C7a), 161.27 (C6); MS (m/2): 402.0 (M*+1).

6-Amino-4-(2-(4-bromophenyl)- 1H-indol-3-yl)-3-methyl- 1,4-dihydropyrano-
[2,3-c] pyrazole-5-carbonitrile (5€). Anal. Calcd. for CooH16BrNsO (FW: 445.05):
C, 59.21; H, 3.61; N, 15.69 %. Found: C, 59.44; H, 3.82; N, 15.38 %; IR (KB,
cm1): 3405 and 3360, 3285 (asym. and sym. str. of -NH, and -NH- str.), 2190
(-C=N str.), 1255 (asym. str. of cyclic C-O-C ether); IH-NMR (400 MHz,
DMSO-dg, ¢ / ppm): 1.61 (3H, s, CH3), 4.96 (1H, s, H4), 6.81 (2H, s, NH)>),
6.95-7.89 (8H, m, Ar—H), 11.20 (1H, s, NH of indole ring), 11.97 (1H, s, NH of
pyrazole ring); 133C-NMR (100 MHz, DMSO-dg, 6 / ppm): 10.15 (CHs), 27.50
(C4), 57.17 (C5), 97.68 (C3a), 111.88, 112.95, 114.03, 120.11, 121.12, 121.89,
125.23, 126.17, 126.93, 130.73, 135.27, 137.34, 138.36, 148.86 (Ar—C and
C=N), 156.27 (C74d), 162.09 (C6); MS (m/2): 445.9 (M*+1).

6-Amino-4-(2-(4-fluorophenyl)-1H-indol-3-yl)-3-methyl - 1,4-dihydr opyr ano-
[2,3-c] pyrazole-5-carbonitrile (5f). Anal. Calcd. for CooH16FNsO (FW: 385.13):
C, 68.56; H, 4.18; N, 18.17 %. Found: C, 68.81; H, 4.03; N 17.98 %; IR (KBr,
cm1): 3400 and 3370, 3285 (asym. and sym. str. of -NH, and -NH- str.), 2190
(-C=N str.), 1255 (asym. str. of cyclic C-O-C ether); 1H-NMR (400 MHz,
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DMSO-dg, 6 / ppm): 1.54 (3H, s, CH3), 5.01 (1H, s, H4), 6.79 (2H, s, NH>),
6.93-8.03 (8H, m, Ar—H), 11.11 (1H, s, NH of indole ring), 11.92 (1H, s, NH of
pyrazole ring); 133C-NMR (100 MHz, DMSO-dg, § / ppm): 9.91 (CHg), 27.36
(C4), 57.49 (C5), 97.48 (C3a), 112.08, 113.25, 114.92, 116.08, 120.06, 120.86,
125.03, 126.28, 126.73, 131.25, 134.93, 136.23, 137.48, 156.49 (Ar—C and
C=N), 159.29 (C7a), 161.45 (C6); MS (m/2): 386.0 (M*+1).
6-Amino-3-methyl-4-(2-(4-(methyl sul phonyl) phenyl)-1H-indol-3-yl)-1,4-di-
hydropyrano| 2,3-c] pyrazole-5-carbonitrile (5g). Anal. Calcd. for Co3H1gN503S
(FW: 445.12): C, 62.01; H, 4.30; N, 15.72 %. Found: C, 61.92; H, 4.19; N, 15.69
%; IR (KBr, cm1): 3385 and 3345, 3270 (asym. and sym. str. of -NH, and
—NH-str.), 2195 (=C=N str.), 1250 (asym. str. of cyclic C-O-C ether); 1H-NMR
(400 MHz, DM SO-dg, ¢ / ppm): 1.58 (3H, s, CH3), 3.35 (3H, s, SO,CH3), 5.07
(1H, s, H4), 6.86 (2H, s, NH>), 6.91-8.09 (8H, m, Ar-H), 11.43 (1H, s, NH of
indole ring), 11.97 (1H, s, NH of pyrazole ring); 13C-NMR (100 MHz, DM SO-d,
o / ppm): 10.00 (CHg), 27.48 (C4), 44.00 (SOoCH3), 57.06 (C5), 97.57 (C3a),
112.19, 114.88, 119.50, 119.66, 121.55, 112.64, 126.79, 127.86, 129.77, 134.03,
136.02, 137.30, 138.00, 140.18 (Ar—C and C=N), 155.25 (C7a), 161.29 (C6); MS
(m/2): 446.1 (M*+1).
6-Amino-3-methyl-4-(2-(4-nitrophenyl)-1H-indol-3-yl)-1,4-dihydropyrano-

[2,3-c] pyrazole-5-carbonitrile (5h). Anal. Calcd. for CooH16NgO3 (FW: 412.13):
C, 64.07; H, 3.91; N, 20.38 %. Found: C, 64.15; H, 4.22; N, 20.06 %; IR (KBr,
cmr1): 3395 and 3350, 3240 (asym. and sym. str. of -NH and -NH- str.), 2185
(-C=N str.), 1245 (asym. str. of cyclic C-O-C ether); IH-NMR (400 MHz,
DMSO-dg, 0 / ppm): 1.55 (3H, s, CH3), 4.99 (1H, s, H4), 6.98 (2H, s, NH>),
7.11-8.15 (8H, m, Ar—H), 11.24 (1H, s, NH of indole ring), 12.01 (1H, s, NH of
pyrazole ring); 133C-NMR (100 MHz, DMSO-dg, § / ppm): 9.78 (CH3), 27.39
(C4), 57.00 (C5), 97.65 (C3a), 112.23, 114.72, 120.13, 120.54, 121.31, 123.25,
125.68, 125.99, 130.72, 135.21, 135.98, 137.53, 139.05, 149.35 (Ar—C and
C=N), 157.43 (C7a), 161.63 (C6); MS (m/2): 413.0 (M*+1).
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REPRESENTATIVE SPECTRA OF COMPOUNDS 5e AND 5f
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Fig. S1. IR Spectrum of compound 5e.

o

238 HEHOEANNTOOMN M o

o & WM A NS N DO O —

DDOMNNODCRHDR D R w

T S i e e e e f

- - Lol ol ol ol o o o R I —
Current Data Parameters
NAME MPE
EXPNO 387
PROCNO 1
F2 - Acquisition Parameters
Date 20110127
Time™ 16.14
INSTRUM spect
PROBHD 5 mm BBO BB-1H
PULPROG 2930
TD 65536
SOLVENT OM50
NS 16
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9504243 sec
RG 101.6
o 60.400 usec
TE 6.00 usec
TE 297.9 K
Dl 1.00000000 sec
TDO 1

CHANNEL £1
NUC1 1H
Pl 12.50 usec
PL1 -1.00 d&
5FOL 400.1324710 MHz
£2 - Processing parameters
SI 32768
SF 400.1300000 MHz
WDW EM
SsB 0
1B 0.30 Hz
= 0
BC 1.00
N

T T T

ST T e B

Fig. S2."H-NMR Spectrum of compound 5e.

T
0

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

2012 Copyright (CC) SCS




SUPPLEMENTARY MATERIAL 5123

v n

A 0

T T T T T T T T T e

180 160 140 120 100 80 60 40 20 ppm

Fig. S3.*C-NMR Spectrum of compound 5e.

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

2012 Copyright (CC) SCS




S124

KATHROTIYA, PATEL and PATEL

586
5.066
4,566
o]

3086 |

Intensity, cps

250
sl
1066

5085

11023

-rgc.-." -

W +Q7: Exp 1, 0.488 to 1,857 min from Sample 125 of 11...

4459

188.9 e

1. . 210.0
1813 186§ 5._‘.,1?_- 2628, 2822 _3006

150 250 300 350 450 500

miz, amu

s o PR 1L
400

Max. 5.4e6 cps.

5834
586578 |
550 600

1.0986

1.05¢6 |
1.00e6

9.50e5

9.00e5

8.5085
8.0085 -
7.5085
7.00e5
65085
6.0085 |
5.5085 1
5.00e5
45085
4.00e5
3.5085 1
3.00e5
25085
2.00e5 |
1.5085
1.00e5 1

5.0084 118.8
Pl Ly

-01: Exp 2, 0.560 to 1.918 min from Sample 125 of ...

4439

2820

52529
Al !..

2790 29733325 3892 *1* %424

242
1609 176.0 2187 ATS8

Max. 1.1e6 cps|

535.0 5608 586.6
B S s

100

250 300 350 400 450 500

miz, amu

150 200

Fig. $4. Mass spectrum of compound 5e.

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

2012 Copyright (CC) SCS




SUPPLEMENTARY MATERIAL

100.0
95 _| |
vmparend™ s )
90 '
85 ") el
4 2
| o
30
75
70 ! i
65 | f |
| A [
60 | | | [
1} ! i
554 | .‘ | |
I | il
50 I | 1 | |
%T I | ill |
45 | l I ! |
40 | Lt I *
35 | | |
30 | | 1 |
i | W
25 i i
20 '
15|
10 |
5.
PR . T =T —————————— B — N
3600 3200 - — ——r—
2800 2400 2000 1800 o 1600 1400 1200 1000 300 00 4000
ID No.:3713/10-11
Fig. S5. IR Spectrum of compound 5f.
o~ o~
o ~ NN NN ANAREEMMT —
L=3) — MOnWAM—AWTnOmon =
— ) T o ol e e el R RN ] —
Current Data Parameters
NRME MeP
EXPNO 384
PROCHO 1
F2 - Bequisition Parameters
Date_ 20110127
Time 11,13
INSTRUM spect
PROBHD 5 mm BBO BB-1lH
PULPROG zg30
™ 65536
SOLVENT OMsO
NS 16
Ds z
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.95B84243 sec
RG 143.7
oW €0.400 usec
LE 6.00 usec
TE 208.6 K
oL 1.00000000 sec
TDO 1
CHRNNEL £1
Nicl 1H
Pl 12.50 usec
PLL =1.00 dB
SFO01 400.1324710 MHz
E? - Processing parameters
51 32768
§F 400, 1300000 MHz
WOW EM
S5B 0
LB 0.30 Hz
GB a
PC 1.00
T T T T T T T T T T T T i 1 1 1
14 13 12 11 10 8 7 6 5 4 3 2 1 ppm
= v=| Ea DR s 1] - Ll

Fig. S6. "H-NMR Spectrum of compound 5f.

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

2012 Copyright (CC) SCS




5126 KATHROTIYA, PATEL and PATEL

IRSSia R

T T T T T T T T T o

180 160 140 120 100 80 60 40 20 ppm

Fig. S7. ®*C-NMR Spectrum of compound 5f.

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

2012 Copyright (CC) SCS



SUPPLEMENTARY MATERIAL 8127

[ +Q1: Exp1, 0893 to 1.980 min from Sample 63.0f ... Max. 1.067 cps]
10367 | —
10087
B.5086 -
9.0006
B.506 -
B.00EE -
75086 -
70086
6.50e6 |
6006 |
§ 5.5086 -
g 50086 -
35086 |
2.5086 - 1
210086 -
15086
1.00e6 -
ﬂu 3367
mfm'. oo 2020 mmm [ 1] =ses _ae7d 4842
ibabshlhl m:bmﬁ* 520 940 360 360 400 420 440 460
M
| W @7 ExpZ. 1.054 Io 2.042 min from Sample B3.of .. Max. 1767 cps
- 3|4
10667
1.0067 -
9.5086 -
9006
8.5086 -
B.00e6 ©
75086
7.00e6 ©
§ on0es:
5.5086 -
z 5.00e6
45086
4.0086 -
25086
2.0086
1.5086 1
1.00e6 - "
e I T ey e Tl T o pp—
100 120 340 180 mmdn:iuzhmﬁﬁnwmﬁn:hahwmm@wnh

Fig. S8. Mass spectrum of compound 5f.

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

2012 Copyright (CC) SCS



Journal of
the Serbian
Chemical Society

-
o pysmmtn ®

1\%9 K

¥

%"ﬁ'rmm Te uu\\-"-‘ﬁ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 77 (8) 993-1001 (2012) UDC 547.022+547.79+547.53.024+
JSCS4327 547.828:54.081

Original scientific paper

The substituent effects on the **C chemical shifts of the
azomethine carbon atom of N-(substituted
phenyl)salicylaldimines
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Abstract: Hammett correlations between the 13C-NMR chemical shifts of the
azomethine carbon atom and the corresponding substituent constants were
established for thirteen Schiff bases. The successful correlation of the chemical
shifts with the electrophilic substituent constants o* indicate a significant reso-
nance interaction of the substituents on the aniline ring with the azomethine
carbon atom in the examined series of imines. The demand for electrons in the
investigated compounds was compared to that of the N-benzylideneanilines and
N-(substituted phenyl)pyridinealdimines. The manner of transmission of the
substituent effects is discussed and they were separated into resonance and in-
ductive effects. The inductive effects prevail over the resonance effects.

Keywords: 13C-NMR chemical shifts; Hammett Equation; substituent cons-
tants; N-(substituted phenyl)salicylaldimines.

INTRODUCTION

N-(Substituted phenyl)pyridine aldimines have been in the field of interest
for years.12 They are important intermediates for the synthesis of aminoalkylpy-
ridines3 and pharmacologically active triazoles and triazolines.#® In this latter
context, it has also been established that substituents both from the aniline ring
and from the aryl group at the azomethine carbon can influence the yields of the
triazole products.4

Schiff bases of salicylaldehydes with anilines, aminopyridines and benzyl-
amines were also investigated because of their photochromic and thermochromic

* Corresponding author. E-mail: drmana@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C120319033D
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properties, as well as the role they play in biological systems,’” in addition to
some other applications.8

Numerous previous investigations of the molecular structures of N-benzyl-
ideneanilines, %11 showed that the substituents in the aniline ring have a signifi-
cant influence on the deflection of the angle & between the rings by their electro-
nic and/or steric effects (the general formulais given in Fig. 1) and consequently
determine the conformation of the corresponding molecules.

The general formula of the investigated N-(substituted phenyl)salicylaldi-
minesisshownin Fig. 1.

4 3
g OH
2!
; 2 3
8 PN 9
C=N
H 7 4

X: H (1); p-CH; (2); p-Br (3); p-Cl (4); p-OCH; (5); p-N(CHs); (6); p-NO; (7);
p-COCHj (8); 2N (9); 3N (10); 2N, 4-CHj3 (11); 3N, SCH;3 (12); 3,5-diCl (13).

Fig 1. The general formula of N-(substituted phenyl)salicylaldimines.

The intention of the present investigation was to study the effects of the sub-
stituents at the aniline ring and of the 2'-hydroxypheny! group present on the azo-
methine carbon (C-7) on the 13C-NMR chemical shifts of the azomethine carbon,
as a continuation of previous studies of 2-, 3- and 4-N-(substituted phenyl)py-
ridine aldimines.1.2 Based on the studied effects, it was possible to draw con-
clusions about the conformations of the investigated molecules.

EXPERIMENTAL

The N-(substituted phenyl)salicylaldimines used in this study were synthesized by pro-
cedures described in the literature451213 Equimolar amounts of salicylaldehyde and
substituted anilines in ethanol were heated to 60—70 °C under constant stirring for 2-3 h. The
products were recrystallized from analytical grade ethanol to constant melting point. The
purity of the obtained compounds was confirmed by their melting points, elemental analyses
and NMR spectra, which were in agreement with literature data. 451213

The 13C-NMR chemical shifts data of the investigated compound were obtained using a
Bruker AC 250 spectrometer at 62.896 MHz. The spectra were recorded at room temperature
in deuterated dimethyl sulfoxide (DMSO-dg) in 5 mm tubes. The chemical shifts are expres-
sed in ppm values referenced to the residual solvent signal at 39.5 ppm.

RESULTS AND DISCUSSION

The 13C-NMR chemical shifts of the azomethine carbon atom (&) in the
solvent DM SO-dg and the differences in the chemical shifts (Adc) together with
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the corresponding o4 and o*1° constants for substituents in the m- and p-posi-
tion of the anilinering are givenin Tablel.

TABLE |. 13C-NMR chemical shifts of the azomethine carbon atoms of N-(substituted phe-
nyl)salicylaldimines in DM SO-dg solution and the corresponding substituent constants

Substituent X dc.7/ ppm Adc7 ! ppm Om OF O Om' OF Gp"
(1) H 162.60 0.00 0.00 0.00
2) p-CH3 161.66 -0.94 -0.17 -031
©) p-Br 162.98 0.37 0.23 0.15
(4) p-Cl 162.93 0.32 0.23 0.11
(5) p-OCHg 160.43 217 -0.27 -0.78
(6) p-N(CHy), 157.55 -5.05 -0.83 -1.70
7 p-NO, 165.35 2.75 0.78 0.79
(8) p-COCH, 164.18 1.52 0.50 0.50
(9) 2N 164.72 213 0.73 0.72
(10) 3N 164.55 1.94 0.62 0.78
(11) 2N, 4CHj4 163.71 111 0.56% 0.412
(12) 3N, 5CH; 164.54 1.93 0.67 0.65
(13) 3,5-diCl 164.59 1.98 0.74° 0.78°

8o and o+ values were calculated as the sum of the oor ¢ substituent constants of a methyl group in the m- or
p-position and the corresponding constant for the aza-substituent; Psand o* values were calculated as double
values of the oor ¢ constants of a chlorine atom in the m- position.

The values of Ad&c are the differences between the 133C-NMR chemical shifts
of the substituted imines and the 13C-NMR chemica shift of the unsubstituted
imine:

Adc = dc(subst.)—OC(unsubst.) D

The general conclusion derived from the datain Table | isthat all the substi-
tuents on the aniline ring of the imine influence via their electronic effects the va-
lue of the 13C-NMR chemical shifts of the azomethine carbon atom. For electron
donor substituents, these were upfield shifts, while downfield shifts were regis-
tered for electron acceptor substituents.

For a quantitative assessment of the effects of substituents on the 13C-NMR
chemical shifts, the Hammett Equation of the type:

Adc = po (2
was applied, where p is the reaction constant reflecting the sensitivity of the 13C-
-NMR chemical shift to the substituent effects.

Using the data from Table |, the following correlation equation for N-(sub-
stituted phenyl) salicylaldimines was obtained:
Adc-7=(4.31%0.26) oryp — 0.47 3
(r=0.981;s=0.44; n=13)
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where r is the correlation coefficient, s the standard deviation and n the number
of dataincluded in the correlation.

In order to examine the influence of the electron-donor and the electron-ac-
ceptor substituents, the obtained data were separated according to their electronic
effects, as shown in Egs. (4) and (5):

For electron-donors:

Adc.7=(6.05+0.56)0p—0.12 4
(r=0.992; s=0.35;n=4)

For electron-acceptors:

Adc.7=(3.31+0.35) opyp—0.47 (5)
(r=0.961; s=0.28; n=10)

From these correlations, it could be noticed that the electron-donor substi-
tuents influence the shifts of the azomethine carbon atom more than electron-ac-
ceptor subsituents.

When o*, the value of the electrophilic substituent constants, are used in-
stead of o (Eq. (3)), an even more precise correlation for N-(substituted phenyl)-
salicylaldimines was obtained:

Adc-7=(2.91%0.08)0" pyp—0.02 (6)
(r =0.996; s=0.20; n=13)

This correlation is presented in Fig. 2.

For electron-donor subsitutents, the following correlation equation was ob-
tained:

Adc7=(296+0.07)0"p + 0.02 @)
(r =0.999; s=0.09; n=4)
while for electron-acceptor subsitutents, the following was obtai ned:
Adc7=(2.89%0.25)0" pyp—0.02 (8)
(r=0.971;s=0.23; n=10)

The better correlation coefficients obtained when the electrophilic substi-
tuent constant ot was employed for both electron-acceptor and electron-donor
substituents undoubtedly shows a considerable resonance interaction of the sub-
stituents on the aniline ring with the azomethine carbon atom.

Based on the obtained results and the correlation (6), it could be concluded
that the electronic effect of substituents influence the 13C chemical shifts of azo-
methine carbon atom, and that this influence depends on the position of the sub-
stituent in the aniline part of the molecule. The fact that the majority of substi-
tuted aldimine molecules are non-planar comes from the deviation of the phenyl
ring from the molecular plane, which creates a special geometry of the molecule.
The change of the angle between the rings (6) is the consequence of the presence
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of substituents. The electron-acceptor substituents cause an increase in the angle
between the rings, while electron-donor substituents decrease this angle, tending
to make the molecular structure more planar.

4-NO,

1 4-N(CH,)

0'4
mip

Fig. 2. Adc.7 asafunction of the substituent constant o*.

It was deemed of interest to compare the obtained values of p* = 2.96, Eq.
(7), for N-(substituted phenyl)salicylaldimines with those found for 2N, 3N, and
4N N-(substituted phenyl)pyridinealdimines, p* = 3.06, 3.01 and 3.40, respecti-
vely, and with that for substituted N-benzylidenanilines,16 p* = 2.81 carrying the
same substituents: H, p-CHs, p-Cl, p-OCH3 and p-N(CH3)2. In the case of both
N-(substituted phenyl)salicylaldimines and the various N-(substituted phenyl)py-
ridineal dimines, there was an increased demand for the e ectrons of the azome-
thine carbon atom relative to the demand of the corresponding carbon in N-ben-
zylideneanilines. Most probably, this could be attributed to the effect of the 2-
hydroxyphenyl and the substituted pyridine groups bound to the azomethine car-
bon atom. It is evident that the electron donating effect of the substituents on the
aniline ring of the azomethine carbon atom for N-(substituted phenyl)salicylal-
dimines lies between the same effect for the N-benzylideneanilines and the
N-(substituted phenyl)pyridineal dimines.

In addition, it was considered very interesting to compare the values of the
reaction constant p* for the series of substituted N-(substituted phenyl)salicylal-
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dimines with those for N-benzylideneanilines and isomeric pyridinealdimines in-
vestigated in previous studies, 1.2 with electron donating substituents in the p-
position of the aniline ring (p-CH3, p-OCH3 and p-N(CH3)»2), where these sub-
stituents probably allow a nearly planar conformation of the investigated com-
pounds. The calculated p* values for the previously examined compounds, with
the same substituents, are as follow: 2.81 for N-benzylideneanilines;! 3.36 for 4-
pyridinealdimines;1 3.05 for 2-pyridinealdimines and 2.92 for 3-pyridinealdi-
mines? and 2.96 for the N-(substituted phenyl)salicylaldimines, giving the fol-
lowing order for p*:
phenyl < 3-pyridine < 2-hydroxyphenyl < 2-pyridine < 4-pyridine.

According to this comparison, it could be concluded that the inductive and
resonance effects of the nitrogen atom in the pyridine ring affect the degree of re-
sonance interaction through the molecule as awhole.

When the literature values!:16.17 of the 13C-NMR chemical shifts of N-ben-
zylideneanilines (H, 160.31; p-CHg, 159.45; p-OCHgs, 158.36; p-NO,, 162.59;
p-N(CH3),, 155.52 and p-Cl, 160.69) are correlated with the 13C-NMR chemical
shifts from both investigated series with the same substituents in the aniline ring,
the following relationships were obtained:

§C-7(20H,X) =(1.09+ 0-03)§C(H,X) —-1251 9
(r =0.999; s=0.153; n=6)

The high correlation coefficient obtained, as well as those reported earlier
for pyridinealdimines,1-2 proved that the mechanism of transmission of polar sub-
stituent effects to the azomethine carbon atom is the same as in the case of the
substituted N-benzylideneanilines. This also implies that the dihedral angle for
these two cases is not significantly different. However, the above intercorrelation
includes both electron acceptor and electron donor substituents.

In order to separate the inductive and resonance effects of the substituentsin
the aniline ring and to observe their individual influence on the 13C-NMR che-
mical shifts of the azomethine carbon atom, it is useful to apply the Taft equation
in the form:

Adc-7= proj+ prY oR* (10)
If the substituents on the aniline ring with dominantly electron-donor pro-
perties (p-CH3, p-OCH3 and p-N(CH3)2) are taken into consideration, using
literature values!8 of oj and or* (substituent constants describing the inductive
and the positive resonance effects, respectively) for N-(substituted phenyl)sali-

cylaldimines, the following correlation is obtained:
Adc-7=(3.51£ 0.01) g + (3.00+ 0.03)or™ —0.03 (1)

(r =0.999; s=0.04; n=4)

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

2012 Copyright (CC) SCS



3C CHEMICAL SHIFTSIN N-(SUBSTITUTED PHENYL) SALICYLALDIMINES 999

Based on the obtained ratio pr*/p;, which was 3.00/3.51=0.86 for the
N-(substituted phenyl)salicylaldimines, it may be concluded that the inductive
effect prevails over the positive resonance effect of the substituents. However,
the same approach for the N-(substituted phenyl)pyridine-4-aldimines, with the
same substituents on the aniline ring, gives the result pr*/p; of 3.35/2.98 = 1.12,1
meaning that the influence of the resonance effect was considerably higher for
these previously examined compounds than for N-(substituted phenyl)salicylald-
imines.

The observation that the positive resonance effect was less pronounced than
the inductive on can be explained by the fact that the hydroxy group in position 2'
decreases the possibility for any resonance interaction in the molecule. This is
probably due to of the existence of a hydrogen bond between it and the nitrogen
atom (Fig. 3), which causes an increase in the demand for electrons of the azo-
methine carbon atom. The lone electron pair on the nitrogen is blocked by the
described hydrogen bond, which prevents the transmission of the resonance ef-
fect of the subsitutents to the aniline ring.

4 3
¥ O
5 5 H
6 1 /82 3
C=N
H 7 4
1 Fig 3. Hydrogen bond between the 2’-hydroxy group

6 \°  and nitrogen in the molecule of N-(substituted phe-
X nyl)salicylaldimine.

The observation that the 2'-hydroxy group causes a decrease in the positive
resonance effects, compared to pyridinealdimines, can also be explained by the
deflection from planarity of the molecule, caused by repulsion between the lone
electron pair of the hydroxylic oxygen and the n-electrons from the azomethine
bond.

CONCLUSIONS

It has been shown that linear free energy relationships can be applied to the
study of the transmission of substituent effects in N-(substituted phenyl)salicyl-
aldimines using the data from 13C-NMR chemical shifts. It can be seen from the
applied linear free energy relationships that both inductive and resonance effects
influence the electron demand of the azomethine carbon.

Reliable correlations with the Hammett o constants for N-(substituted phe-
nyl)salicylaldimines, and the excellent correlation coefficients obtained with o*
and or™ for predominantly electron donating substituents in the aniline ring,
indicate extensive delocalization and significant resonance interactions in these

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

2012 Copyright (CC) SCS



1000 DRMANIC et al.

systems. Therefore, it is probably true that as long as electron-donating substi-
tuents are present in the aniline ring, there is a substantial decrease in the 8 angle,
so the molecule attains nearly planar conformation and the resonance interaction
increases. This is in accordance with the conclusions reported in the literature
that in special cases, strong electron donor substituents present in the aniline ring
and strong electron acceptor substituents on the benzylildene ring can cause near-
planar conformation of the corresponding molecules due to the complete delo-
calization through the whole molecule. 1617 Considering the pr*/p; ratio, it is
seen that the positive resonance effect decreases in the presence of the 2’ -hydroxy
group in the molecule of N-(substituted phenyl)salicylaldimine in comparison to
the N-(substituted phenyl)pyridine-4-aldimine. This fact could be tentatively ex-
plained by the formation of a hydrogen bond between the 2'-hydroxy group and
the nitrogen or by the repulsion of the electrons of the azomethine bond and the
hydroxylic oxygen. Both factors could increase the angle (6) between the phenyl
rings, thereby decreasing the planarity of the molecule and the resonance effects
of the substituents on the aniline ring on the azomethine carbon atom.

Acknowledgement. Authors are grateful to the Ministry of Education, Science and Tech-
nological Development of the Republic of Serbiafor financial support (Project 172013).

H3BOJ

E®EKAT CYIICTUTYEHATA HA 13C XEMUJCKA IIOMEPAHA A3OMETHHCKOT
YITBEHUKA N-(CYTICTUTYHCAHU ®EHWI)CATULTUIIATUMHUHA

CAIIIA ). TIPMAHUR', AIEKCAHIIAP . MAPUHKOBHR', JACMMHA b. HUKOJIUR'
u BPATHCITAB ). JOBAHOBHR
1 Katuegpa 3a opiancky xemujy, Texnonowxo—metmanypwxu Gaxyniteiri, Ynusepsuineiri y beoipagy,
Kapneiujesa 4, Beoipag u ZI/IHcmuw.yru 3a XeMujy, TexXHONOoTujy u Metanpyiujy,
Ynugepsuiuein y beoipagy, Fbeiowesa 12, beoipag
13C-NMR xemujcka nomepama 13 IlIudosux Sasa kopenucaHa Cy ca KOHCTAHTaMma CyTi-
cTUTyeHata kopuinhemem XameToBe jemHauuHe. Jlodpa kopenauuja XeMHjCKUX TOMepama
A30METHHCKOT YI/b€HHMKA Ca eNneKTPOMHIHUM KOHCTAHTaMa CYICTUTyeHaTa (o') mokasyje ma
NIOCTOjY U3pa’keHa Pe30HAHTHA MHTEpaKLKja CyNCTUTyeHaTa Ha aHUJIMHCKOM IIPCTEHY ca aso-
METHHCKHUM YITb€HUKOM. VICIUTHBAH je MpeHOoC eNeKTPOHCKUX edeKaTa CyNCTUTyeHaTa U OHU
Cy pa3[BOjeHH Ha MHIAYKTHBHE W Pe30HaHTHE edeKTe, a MOKA3aHO je Aa Impeosalyjy UHAY-
KTHUBHHU eeKTH.

(ITpumsseno 13. mapTa, pesupupano 3. anpuna 2012)
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Abstract: The conditions required for the isolation of high quality total RNA
from European linden (Tilia cordata) leaves and pollen were determined. Pure
total RNA was isolated from linden leaves utilizing a Qiagen plant mini kit,
while the total RNA isolated from linden pollen using this method was de-
graded. Successful isolation of total RNA from both linden pollen and leaves,
however, was achieved following TRIzol™ preparation of the total RNA. The
total RNA isolated using TRIzol™ was contaminated with genomic DNA but
treatment with the enzyme DNase, in solution or on-column, efficiently
removed the genomic DNA. Furthermore, the conditions for the elimination of
genomic DNA contamination on-column and isolation of pure total RNA from
leaves were optimized. The isolated total RNA from both leaves and pollen
was used successfully in first- and second-strand cDNA synthesis reactions and
in a reverse transcription polymerase chain reaction (RT-PCR), demonstrating
that the total RNA isolated using this method was functional. In conclusion,
pure and functional total RNA from T. cordata |eaves and pollen (27.8+7.9 ug
gl leaves, 25.7+1.1 pg g pollen) could be obtained and was suitable for
application in further molecular biology studies.

Keywords: Tilia cordata; leaves; pollen; total RNA; RT-PCR; cDNA.

INTRODUCTION

The European species of linden, Tilia cordata, is the most common species
of Tilia.1 The outer layer of the linden pollen grain is composed of a complex po-
lymer of carotenoids and carotenoid esters, which are quite resistant to chemical
and biological decay. In addition to carotenoids, linden pollen also contains pro-
teins, nucleic acids, carbohydrates and lipids, making it a complex biochemical

* Corresponding author. E-mail: jognjenovic@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C1111300180
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source.2 The European linden pollen is highly allergenic.34 Seasonal exposure to
alergensin linden pollen can cause asthma, alergic rhinitis and allergic conjunc-
tivitis.3> A study assessing the aeroallergen sensitization in an allergic popu-
lation in Portugal found that linden tree is one of the most representative aero-
allergens.® Contact dermatitis due to T. cordata has also been documented.”8

Hitherto, very little biochemical research has been realized on the molecular
properties of T. cordata leaves and pollen. Genetic analysis revealed that T. cor-
data has a disomic inheritance despite being an allopolyploid.® Regarding protein
analysis of T. cordata, a putative 50 kDa allergen was isolated from linden pollen
but has not yet been fully characterized.> An attempt was made to isolate RNA
from T. cordata leaf and flower.10

To utilize molecular biology techniques in order to prepare a complementary
DNA library from T. cordata genes, it is necessary to obtain a large quantity of
pure and functional total RNA. In the present paper, a method for the tota iso-
lation of pure and functional RNA from T. cordata leaves and pollen is reported.
Furthermore, the optimized conditions for the isolation of functional total RNA
from both leaves and pollen of T. cordata are described.

EXPERIMENTAL

Chemicals. The RNeasy plant mini kit was from Qiagen (Hilden, Germany). TRIzol ™
was from Invitrogen (Carlsbad, CA, USA). The enzymes DNase, DNA polymerase | and
RNase H were from Qiagen, Stratagene (La Jolla, CA, USA), and Invitrogen, respectively.
The RNA marker was from Sigma (St. Louis, MO, USA). The molecular biology reagents
were supplied by Fermentas (Burlington, Canada), Invitrogen, or Qiagen. All other chemicals
were from Sigma. T. cordata leaves were collected and stored at —80 °C, while the linden
pollen was a generous gift from the Torlak Institute of Virology, Vaccines and Sera, Belgrade,
Serbia.

Isolation of total RNA. For the total RNA isolation using the Qiagen RNeasy plant mini
kit, up to 100 mg linden leaves or pollen were ground in liquid nitrogen, lysed, homogenized
and applied onto spin columns according to the Qiagen protocol. The spin columns were elu-
ted using 40 ul RNase-free water. For total RNA isolation using TRIzol ™, from 300 mg up to
1 g linden leaves or pollen were used as the starting material and isolation was performed
following the manufacturer’s instructions. The obtained RNA pellet was resuspended in 150
or 200 pl RNase-free water per 300 mg leaves or pollen, respectively, and stored at —80 °C.

For DNase treatment in solution, 50 pl TRIzol ™-prepared total RNAs were incubated
with 2.5 ul of the stock solution (10 U pl-1) of DNase for 15 min at room temperature
followed by application onto a Qiagen spin column. For on-column DNase treatment, various
amounts of isolated total RNA were applied onto Qiagen spin-columns and 10 pl of the stock
solution of the DNase enzyme were added directly onto the column and incubated at room
temperature for 15 min. Following on-column DNase treatment, the spin columns were
washed and the total RNA eluted according to the Qiagen protocol.

The profile of total RNA was determined by agarose—-formaldehyde denaturing electro-
phoresis 10

RNA purity, concentration and yield quantification. Concentration and purity of RNA
were determined by measuring the absorbance at 260 nm (Aygo NM) and the ratio between the
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absorbance values at 260 nm and 280 nm (Aygo/Aogg), respectively. To determine the concen-
tration of RNA, the following formula was used: Aygpx44 ug mL-Ixdilution factor.11

Total RNA isolated from linden leaves and pollen using TRIzol ™ was used for first- and
second-strand cDNA synthesis following the manufacturer’s protocol (Stratagene).

Reverse transcription polymerase chain reaction (RT-PCR). Following first-strand cDNA
synthesis reaction using total RNA isolated from leaves or pollen as the template, RNase H
digestion was performed by incubating at 37 °C for 20 min. The PCRs were set up as follows:
5 ul RNase H-digested single stranded cDNA, 5 ul 10xPCR buffer, 4 ul 25 mM MgCl,, 1 ul
10 mM dNTP mix, 1 pl (10 uM) of each primer (forward and reverse), 4U recombinant Pfu
polymerase, and water up to 50 pl. After initia incubation at 95 °C for 2 min, 35 cycles of
PCR amplification were performed with the following cycling parameters: 95 °C (30 s), 55 °C
(2 min), 72 °C (2 min). A fina extension at 72 °C for 5 min was performed. In order to am-
plify a fragment of the actin gene in T. cordata, the following actin primer sequences were
used according to van den Berg et al:2 actin primer (forward): 5'-ACCGAAGCCCCT-
CTTAACCC-3' and actin primer (reverse): 5-GTATGGCTGACACCATCACC-3. Following
RT-PCR, aliquots of the samples were migrated by 2 % agarose gel electrophoresis.

RESULTS AND DISCUSSION

Hitherto, only one article has been published describing an attempt to isolate
total RNA from various plant sources, including the leaves and flower of T. cor-
data.13 In that study, the authors did not specify the yield of total RNA obtained.
Furthermore, an Aogoogp Of 1.1 was reported for the total RNA isolated from
leaves and flower, which is a value much lower than that expected for pure RNA
(usually an Aogo/2g0 in the range of 1.9 to 2.1), suggesting that the RNA isolated
was impure.

In the present study, total RNA was initialy isolated from the leaves of T.
cordata using a Qiagen RNeasy plant mini kit. Agarose-formaldehyde gel elec-
trophoresis showed distinct RNA bands, indicating that RNA molecules of va-
rious sizes had been isolated and that no RNA degradation had occurred (Fig.
1A). Total leaf RNA was isolated and eluted from the Qiagen spin-column using
50 mg of the starting material; however, a higher yield of total RNA was ob-
tained using 100 mg of the starting material (Fig. 1A). Furthermore, an increased
yield of total RNA was observed when the leaf lysates were incubated at 65 °C
instead of 56 °C (Fig. 1A). As recommended in the protocol for Qiagen RNeasy
plant mini kit, re-elution of the spin-column increased dlightly the yield of iso-
lated total RNA (data not shown). On the other hand, agarose—formaldehyde gel
electrophoresis for the total RNA isolated from T. cordata pollen indicated RNA
degradation (Fig. 1B). Even under conditions which seemed to improve the yield
of total RNA isolation from leaves, using a higher amount of starting material
(100 mg) or increasing the temperature during lysis of the sample (65 °C), the to-
tal RNA isolated from pollen was completely degraded (Fig. 1B).
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Fig. 1. Electrophoretic profile after isolation of total RNA from linden leaves and pollen using
Qiagen plant mini kit. Total RNA from 50 or 100 mg of T. cordata leaves or pollen was
purified with a Qiagen plant mini kit. The RNA samples were analyzed by 1.2 % form-

aldehyde—agarose electrophoresis and ethidium bromide staining. RNA marker, RNA

control (1.6 kb), and/or DNA marker were run as size standards. T. cordata leaves (A)

or pollen (B) were ground in liquid nitrogen and lysates were incubated at 56 or 65 °C
for 5 min prior to homogenization and application onto Qiagen spin columns.

Subsequently, total RNA isolation using the commercia reagent TRIzol ™
followed by chloroform extraction and 2-propanol precipitation was attempted.
Using this method, total RNA was isolated from both linden leaves and pollen
(Fig. 2) However, the total RNA obtained using this method was contaminated
with genomic DNA. In order to eliminate the genomic DNA, DNase treatment
was performed in solution or on-column, and total RNA was eluted after Qiagen
RNA column clean-up. DNase treatment, both in solution and on-column, was
effective in removing the genomic DNA, whereby the total RNA isolated from
either leaves or pollen remained intact (Fig. 2).

The yields of total RNA isolated from leaves and pollen after DNase treat-
ment to remove the genomic DNA contamination were 27.7 ug g for leaves
and 25.7 pg g1 for pollen. The isolated RNA was of adequate purity (average
AosolAogp of 1.91 for leaves and 1.94 for pollen). Before DNase treatment, the
total RNA isolated from both leaves and pollen was impure with average
Aoeo/Aogp values of 1.58 and 1.11, respectively (Tablel).

While the yields of isolated total RNA from T. cordata leaves and pollen
were similar, the relatively low yields of isolated total RNA compared to the total
RNA isolated from other plant sources can be explained by the fact that linden
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represents a difficult source due to its chemical and molecular composition. Lin-
den pollen is an especialy difficult starting material because it contains a variety
of molecules, including carotenoids, flavonoids, phenols and lipids, all of which
can make the RNA isolation process difficult. Indeed, the isolation of the RNA
from T. cordata pollen with the Qiagen plant mini kit, unlike from T. cordata
leaves, was unsuccessful, rendering almost completely degraded RNA (Fig. 1B).
Furthermore, even using TRIzol™, which allowed for the successful isolation of
total RNA from both leaves and pollen, some RNA isolated from pollen was still
degraded. Hence, T. cordata leaves and pollen probably differ in their molecular
composition and may require different strategies for the most effective bio-
chemical manipulation and possibleimprovement in the yield of isolated total RNA.

leaves pollen

e 1
@ c @D
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2 ® 2 £ E 2 & =
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Fig. 2. Electrophoretic profile after isolation
of total RNA from linden leaves and pollen
using TRIzol™. T. cordata leaves or pollen
(300 mg) were ground in liquid nitrogen and
the total RNA was isolated using TRIzol ™
and chloroform extraction. DNase treatment
was performed either in solution or on-
column. The RNA samples eluted after
Qiagen on-column clean-up were analyzed
by 1.2 % formaldehyde—agarose electropho-
resis and ethidium bromide staining. RNA and
DNA markers were run as size standards.

TABLE I. Concentration and purity of the total RNA isolated from T. cordata leaves and
pollen with TRIzol ™, before and after treatment with DNase (in solution or on-column)

Specimen Sample Aoer/Aogg
Leaves TRIzol™ 1.58+0.19
After DNase treatment in solution 1.74+0.09
After DNase treatment on-column 1.91+0.05
Pollen TRIzol™ 1.11+0.16
After DNase treatment in solution 1.71+0.29
After DNase treatment on-column 1.94+0.21
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The next goal was to optimize the isolation of total RNA and elimination of
genomic DNA using on-column DNase treatment. Up to 100 ug RNA can be
loaded onto Qiagen plant mini kit columns and hence the optimal amount of TRI-
zol ™-prepared total RNA that could be loaded onto a Qiagen spin column in
order to efficiently remove the genomic DNA and isolate the highest possible
amount of pure total RNA was determined. Various amounts of TRIzol ™-pre-
pared total RNA isolated from T. cordata leaves, ranging from 25 up to 150 ul,
were applied onto Qiagen spin columns, treated with DNase enzyme for 15 min
at room temperature, and eluted with RNase-free water. Samples from each on-
-column treatment were loaded and migrated on 1 % agarose gel. Genomic DNA
was efficiently removed and pure RNA that was not degraded was obtained with
samples, ranging from 25 to 150 pl, of TRIzol ™-prepared total RNA applied for
on-column DNase treatment (Fig. 3A). However, the optima amount of TRI-
ZOL ™-prepared total RNA applied for on-column DNase treatment that resulted
in the highest yield of eluted RNA was 100 ul (Fig. 3A). Furthermore, using
three independent measurements of total RNA concentration by spectrophoto-
metry (Aogo), it was confirmed that applying 100 pl of TRIzol ™-prepared RNA
for on-column trestment was an optima amount (Fig. 3B). Interestingly, for
amounts over 100 ul of TRIzol™-isolated total RNA applied on-column, there
was a decrease in the yield of isolated pure RNA.

I DNA markers
 TRIzol™

Concentration, pg/mL

0 50 100 150
V/uL

(A) (B)

Fig. 3. Electrophoretic profile after optimization of the total RNA isolation following on-
-column DNase treatment. DNase treatment was performed on Qiagen mini spin columns
after applying 25, 50, 75, 100, 125, or 150 ul of the total isolated RNA. A) Total RNA
samples were analyzed by 1 % agarose el ectrophoresis and ethidium bromide staining. DNA
markers were run as size standards. B) Yield of total RNA eluted (ug mL-! eluted volume)
after on-column treatment with DNase, determined by measuring the concentration
of eluted RNA using spectrophotometry (Aggo)-
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ISOLATION OF TOTAL RNA FROM T. cordata 1009

Concentration and purity of total RNA isolated from leaves and pollen using
TRIzol™, before and after DNase treatment, on-column or in solution, were
determined by measuring in triplicate the absorbance at 260 nm (Aogg) and the
ratio between absorbance at 260 and 280 nm (Aggo/Aogo), respectively. However,
following DNase treatment on-column, the isolated RNA was pure with an ave-
rage Aggo/Azgo Of 1.91 for leaves and 1.94 for pollen. In terms of concentration,
the Aogg values of the TRIzol ™ samples prior to DNase treatment were not taken
into account because the contamination with genomic DNA obvioudly leads to
overestimation of the real RNA concentration. Three measurements of the Aogg
value following on-column DNase treatment were used to calculate the average
concentration of eluted total RNA following on-column DNase treatment, which
was approximately 55.4+15.8 ug mL—1 for the total RNA isolated from leaves
and 38.6+2.2 ug mL-1 for the total RNA isolated from pollen (Fig. 4A). These
concentration values were further used to determine the average yield of isolated
total RNA and a yield of 27.7+7.9 ug g starting material was obtained for
leaves compared to 25.7+1.1 ug g1 starting material for pollen (Fig 4B).

70+

'E' 60~ | 30- [
2 s0- [
5 40 g 204
g 30- %- 15+
§ 20- > 104
8 10+ 54

0 T 0 T

Leaves Pollen Leaves Pollen

(A) (B)

Fig. 4. Concentration, purity, and yield of total RNA isolated from T. cordata |eaves and
pollen. A) Concentration of total RNA (ug mL-1) isolated from T. cordata leaves or pollen
using TRIzol™ and digested on-column with DNase enzyme. B) Yield of total RNA (ug gt
of starting material) isolated from T. cordata leaves or pollen using TRIzol™ and digested on-
column with DNase enzyme. Values were obtained using RNA samples
from different isolations and three independent measurements.

To check the functionality of the isolated RNA, cDNA synthesis was per-
formed using the total RNA isolated from linden leaves or pollen as a template.
Using total RNA isolated from leaves with TRIzol™ and digested on-column
with DNase, first- and second-strand cDNA synthesis reactions were performed,
which resulted in the synthesis of single- and double-stranded cDNA, respecti-
vely, as shown by the broad range smears on the agarose gel after electrophoresis
(Fig. 5A). Similar results were observed using total RNA isolated from linden
pollen (Fig. 5B). To confirm further the functionality of the RNA preparations,
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1010 OGNJENOVIC et al,

isolated total RNA was used in an RT-PCR reaction aimed at detecting and am-
plifying a fragment of the actin gene in T. cordata leaves and pollen (Fig. 5C).
Indeed, a PCR-amplified fragment of identical size of less than 250 bp was ob-
served in the RT-PCR using either total RNA isolated from leaves or pollen as
template, showing that the isolated total RNA was functional.

Dnase-treated RNA
Second strand cDNA

First strand cDNA
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DNA markers
Dnase-treated RNA
First strand cDNA

Second strand cDNA
DNA marker

Total pollen RNA
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Pollen
Leaves

(A) (B ©
Fig. 5. Electrophoretic profile during cDNA synthesis and RT-PCR using total RNA isolated
from T. cordata leaves and pollen. A) Total RNA isolated from T. cordata leaves using
TRIzol™ was digested on-column with DNase and used as the template for first- and second-
strand cDNA synthesis. B) Total RNA isolated from T. cordata pollen using TRIzol ™ was
digested on-column with DNase and used as the template for first- and second-strand cDNA
synthesis. C) RT-PCR to amplify afragment of the actin gene was realized using total RNA
isolated from leaves or pollen. The samples were analyzed by 1 % agarose (A and B)
or 2 % agarose gel electrophoresis (C) and ethidium bromide
staining. DNA markers were run as size standards.

CONCLUSION

In the present paper, conditions for the isolation of functional RNA from T.
cordata leaves and pollen are reported. This is the first report of the isolation of
total RNA from T. cordata pollen. The total RNA isolated from leaves and pollen
using TRIzol™ and DNase on-column digestion was functional, as confirmed by
cDNA synthesis and RT-PCR reactions of the linden leaves and pollen actin gene
(Fig. 5C). Stemming from these results, it was demonstrated that it is possible to
isolate RNA from T. cordata leaves and pollen and, furthermore, that the ob-
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tained total RNA could be of use for further molecular biology research aimed at
characterizing the biochemical properties of T. cordata.
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U3BOJ

N30JIOBALE ®YHKIHMOHAJIHE YKYITHE PHK U3 JIMIITRA
W TTOJIEHA JIUIIE (Tilia cordata)

JAHA OFI—LEHOBI/IE1, ZIYAD OMAR TANTOUSHi, PATKO JAHKOBl, TAFA RHPKOBWR BEJTHUKOBHR'
u JEJIEHA BYKMI/IPI/IL[/-\Z

"Hemijski fakultet, Univerzitet u Beogradu, Studentski trg 16, 11000 Beograd u *Faculty of Medicine,
University of Ottawa, 451 Smyth Rd. Ottawa, Ontario, Canada

YcnocrasseHH Cy ycioBHM 3a u3onoBawme ykynHe PHK w3 numwha u monena esporncke
nune (Tilia cordata). Kopuurhemem KOMepLHjalHO AOCTYNHOT Tpudopa 3a usonosawe PHK u3
Omspaka M30710BaHa je yMcTa yxynHa PHK w3 numha nune, nok je kopumhemem UCTe METOfe
nobujeHa nerpagupana PHK u3 nonena nume. Ycnemno usonoBawe PHK u3 nuurha v monexa
je nodujeno kopuurhewem TPU3om peareHca. PHK u3omoBaHa 0BUM METOIOM je KOHTaMH-
HupaHa reHomckoM JHK, koja je ycremHo enuMuHncaHa kopuurhewem ensuma JHase. lame
Cy ONTHMH30BaHU M yCJIOBH yKilamama reHomcke JHK nomohy JTHase. Mi3onoBaHa ykynHa
PHK u3 oda u3Bopa je fa/be yCIEIHO UCKOPULINEHa 3a CHHTE3y IPBOT U APYTOT JIaHLa KJIOH-
cke THK, xao 1 y peBepaHo-TpaHckpunTrBHOj PCR peaxuuju, nokasyjyhu Tume fa je kopuui-
hemem oBor MeTozma usosnoeana ¢yHkHoHanHa ykynHa PHK. ¥V 3akmyuky, nodujena je uucra
1 pyukuvonansa PHK us numha u nonena T. cordata (27,8+7,9 ng ¢! numha; 25,7+1,1 pg g’
TI0JIEHA) KOja Ceé MOXKe KODUCTUTH Y Ja/bUM MOJIEKY/TIapHO-OMOIOLIKUM UCTPaKMBabUMa.

(ITpumsbeHo 30. HoBemOpa 2011, peBunupano 23. dedpyapa 2012)
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Microwave synthesis and spectral, thermal and antimicrobial
activities of some novel transition metal complexes
with tridentate Schiff base ligands
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Abstract: Some novel Schiff base metal complexes of Cr(l11), Co(l1), Ni(ll) and
Cu(ll) derived from 2-[(5-bromo-2-hydroxybenzylidene)amino]pyridin-3-ol
(BSAP) and {5-chloro-2-[((2-hydroxy-1-naphthyl)methylene)amino] phenyl} -
phenylmethanone (HNAC) were synthesized by conventional as well as micro-
wave methods. These compounds were characterized by elemental anaysis,
FT-IR, FAB-mass, electronic and ESR spectroscopy, molar conductance, mag-
netic susceptibility, thermal, cyclic voltammetric and electrical conductivity
measurements and XRD analyses. Analytical data revealed that al the com-
plexes exhibited 1:1 (metal:ligand) ratio with a coordination number of 4 or 6.
The IR data showed that the ligand coordinates with the metal ions in a
tridentate manner. FAB-mass and thermal data showed the degradation pattern
of the complexes. The thermal behaviour of the metal complexes showed that
the hydrated complexes lose water molecules of hydration in the first step; with
decomposition of the ligand molecules in the subsegquent steps. The crysta
system, lattice parameters, unit cell volume and number of molecules in a unit
cell in the lattice of the complexes were determined by XRD analysis. XRD
patterns indicated a crystalline nature for the complexes. The solid state ele-
ctrical conductivity of the metal complexes was also measured. Solid state ele-
ctrical conductivity studies reflected a semi-conducting nature of the com-
plexes. The Schiff base and metal complexes displayed good activity against
the Gram-positive bacteria Saphylococcus aureus, the Gram-negative bacteria
Escherichia coli and the fungi Aspergillus niger and Candida albicans. The an-
timicrobial results also indicated that the metal complexes displayed better
antimicrobial activity as compared to the Schiff bases.

Keywords. microwave method; tridentate ligands; thermal analyses; biological
activities.
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INTRODUCTION

Metal complexes have received considerable attention in the last many years,
due to their interesting characteristics in the field of material science and
biological systems. Optoelectronic, electrical and magnetic properties of metals
and metalloids can be tailored by their reaction with different ligands. A large
number of Schiff bases and their complexes may exhibit properties such as re-
versible binding of oxygen, transfer of an amino group, thermal, varied complex-
ing/redox abilities, and as nanoprecursors. The Schiff bases have high affinity for
transition meta ions; hence exhibit potential applications in various areas. Metal
complexes are also suitable as molecular materials, because of the electronic
properties associated with the metal centres. 14

Transition metal complexes with tridentate Schiff base ligands have been wi-
dely investigated since such ligands can bind metal centres at more than one site
and thus alow the successful synthesis of metal complexes with interesting
stereochemistry and model redox enzyme/biological systems. The Schiff bases of
salicylaldenyde with aminopyridines have created a well-known class of
predominantly thermochromic compounds and metall obiomol ecules.58

Similarly, a heterocyclic nucleus, namely pyridine based ligands, have also
been reported in many biochemical reactions to design and develop molecular
systems of biological and medical importance. Such ligating species on coordi-
nation with metal ions may emerge as metal-mediated drugs. A 2-hydroxy-1-
-naphthaldehyde-derived Schiff base has been used as a good chelating agent
with 3d-metal ions. 2-Aminobenzophenone derivatives are important compounds
in organic chemistry because of their application in heterocyclic synthesis and
medicinal compounds.9-12

Microwave-assisted synthesis is a branch of green chemistry. The applica
tion of microwave-assisted synthesis in organic, organometallic and coordination
chemistry continues to develop at an astonishing pace. Microwave-irradiated re-
actions under solvent free or less solvent conditions offer reduced pollution, low
cost and better yield, and simplicity in processing and handling. The main fea
tures of the microwave approach are shorter reaction times, simple reaction con-
ditions and enhancement of yields. There are a few reports on the synthesis of
metal complexes by microwave methods,13-18

In the present paper, the coordination behaviour of Schiff bases (Fig. 1)
derived from the condensation of 5-bromosalicylaldehyde with 2-amino-3-hyd-
roxypyridine (BSAP) and 2-hydroxy-1-naphthaldehyde with 2-amino-5-chloro-
benzophenone (HNAC) towards some transition elements is described, which
may help in more understanding of the mode of chelation of ligands towards me-
tals. For this purpose, the complexes of Cr(lIl), Co(Il), Ni(ll) and Cu(ll) ions
with BSAP and HNAC were synthesized by both conventional and microwave
methods and characterized by various physico-chemical and spectral techniques.
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METAL COMPLEXES WITH TRIDENTATE SCHIFF BASE LIGANDS 1015

The metal complexes prepared with these two new ligands may be used as pre-
cursors for the synthesis of new compounds. Some of them may also exhibit in-
teresting physical and chemical properties and useful biological activities.

T_ S—
) \ /< \/\ /
Q“” \ / O

OH

(3@ (b)
Fig.1. Structure of Schiff base ligands, &) 2-[(5-bromo-2-hydroxybenzylidene)amino]pyridin-
-3-ol (BSAP) and b) {5-chloro-2-[((2-hydroxy-1-naphthyl)methylene)-
amino] phenyl} phenylmethanone (HNAC).

EXPERIMENTAL
Materials

All the chemicals and solvents used were of Anal R grade. All the reagents employed for
the preparation of the Schiff bases were obtained from Sigma Aldrich. Metal salts were pur-
chased from Loba Chemie.

Physical measurements

Elemental analyses were performed on an Elemental Vario EL 111 Carlo Erba 1108 ana-
lyzer. The FAB-mass spectra were recorded on a JEOL SX 102/DA 6000 Mass Spectrometer
using argon/xenon (6 kV, 10 mA) as the FAB gas. The accelerating voltage was 10 kV and
the spectra were recorded at room temperature. The electronic spectra (in DM SO) were re-
corded on Perkin Elmer Lambda-2B-spectrophotometer. The molar conductance measure-
ments were realised using 103 M solution of the complexes in DMSO on an Elico-CM 82
conductivity bridge at room temperature. Magnetic susceptibility measurements were per-
formed on a Gouy balance at room temperature using Hg[Co(SCN),4] as the calibrant. Dia-
magnetic corrections were applied in compliance with the Pascal constant. FT-IR spectrawere
recorded in KBr discs on a Perkin Elmer RX1 spectrophotometer in wave number range
4000-400 cmL. The *H-NMR spectra were recorded on a JEOL AL300 FTNMR spectrometer
employing TMS as an internal reference and DM SO-dg as the solvent. Cyclic voltammetry
was performed with a BAS-100 Epsilon electrochemical analyzer using a three-electrode
electrochemical cell. Ag/AgCI was used as a reference electrode, glassy carbon as the working
electrode and a platinum wire as the auxiliary electrode. 0.1 M NaClO,4 was used as the sup-
porting electrolyte and DM SO as the solvent. All measurements were performed at room tem-
perature under a nitrogen atmosphere. The X-band EPR spectra were recorded at room tem-
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perature on a Varian E-112 spectrometer operating in the X-band region with 100 kHz modu-
lation frequency, 5 mW microwave power and 1 G modulation amplitude using tetracyano-
ethylene (TCNE) as the internal standard. Thermogravimetric analysis was realised under
atmospheric conditions with a heating rate 10 °C min't on TGA Q500 universal V4.5A TA
instrument. Powder X-ray diffraction (XRD) patterns were recorded on a RINT2000 wide
angle goniometer. X-ray diffractometer was operated at 40 kV and 30 mA generator using the
CuK,, line of 1.54056 A as the radiation sources. The samples were scanned between 5 and
70° (20) at 25 °C. The solid state electrical conductivity was measured by impedance spec-
troscopic method using a HIOK| 3532-50 LCR Hitester at a fixed frequency of 1 KHz in the
temperature range of 298-413 K. Microwave-assisted syntheses were performed in an open
glass vessel using a modified microwave oven model 2001 ETB with arotating tray and a 230
V power source. The microwave energy output was 800 W and the microwave frequency
2450 MHz. A thermocouple device was used to monitor the temperature inside the vessel of
the microwave. The microwave reactions were performed using ON/OFF cycling to control
the temperature.

Conventional method for the synthesis of Schiff bases

The 2-[(5-bromo-2-hydroxybenzylidene)amino] pyridin-3-ol Schiff base was synthesized
by the condensation of an equimolar ratio of 5-bromosalicylaldehyde (0.201 g, 10 mM) with
2-amino-3-hydroxypyridine (0.110 g, 10 mM) dissolved in ethanol. The resulting reaction
mixture was refluxed on a water bath for 4.1 h and then allowed to cool overnight. The co-
loured solid precipitate of the obtained Schiff base was filtered, washed with cold ethanol
severa times and dried in air at room temperature and finally preserved under reduced pres-
sure in adesiccator. The purity of the synthesized compounds was checked by TLC using sili-
caged G. Yield: 78.0 %; m.p. 179 °C; Anal. Calcd. for CoHgN,O,Br: C, 49.17; H, 3.07; N,
9.56 %. Found: C, 49.02; H, 3.09; N, 9.50 %. IR (KBr, cm1): 1625 (C=N, azomethine), 1268
(C-0), 1496 (C=N, pyriding). 1H-NMR (300 MHz, DMSO-dg, 6 / ppm), 9.29 (1H, s,
—CH=N), 13.80 (1H, s, —OH, salicylaldehyde moiety), 10.28 (1H, s, —OH pyridine moiety).
FAB-mass (m/z), Calcd.: 292; Found: 294.

The {5-chloro-2-[((2-hydroxy-1-naphthyl)methylene)amino] phenyl} phenylmethanone
Schiff base was synthesized by the condensation of an equimolar ratio of 2-hydroxy-1-naph-
thaldehyde (0.172 g, 10 mM) with 2-amino-5-chlorobenzophenone (0.232 g, 10 mM) dis-
solved in ethanol. The resulting reaction mixture was refluxed on a water bath for 3.8 h and
then allowed to cool overnight. The obtained coloured precipitate of the Schiff base was fil-
tered, washed with cold ethanol several times and dried in air at room temperature and finally
stored under reduced pressure in a desiccator. The purity of the synthesized compounds was
checked by TLC using silica gel G. Yield: 74.9 %; m.p. 160 °C; Anal. Calcd. for
Co4H1gNOCI: C, 74.41; H, 4.18; N, 3.63 %. Found: C, 74.35; H, 4.11; N, 3.58 %. IR (KBr,
cml): 1613 (C=N, azomethine), 1236 (C-0), 1675 (C=0). H-NMR (300 MHz, DM SO-d,
0 / ppm), 8.65 (1H, s, -CH=N), 12.67 (1H, s, “OH phenolic). FAB-mass (m/z), Calcd.: 386,
Found: 388.

Microwave method for the synthesis of the Schiff bases

An equimolar ratio of 5-bromosalicylaldehyde (0.201 g) with 2-amino-3-hydroxypyri-
dine (0.110 g) and 2-hydroxy-1-naphthaldehyde (0.172 g) with 2-amino-5-chlorobenzo-
phenone (0.232 g)was mixed thoroughly in a grinder. The reaction mixture was then irradiated
in the microwave oven by taking 3-4 mL of dry ethanol as a solvent. The reaction was
completed in a short time (4-5 min) with better yields than were obtained in the conventional
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procedure. The resulting product was then recrystallized from ethanol and finally dried under
reduced pressure over anhydrous CaCl, in a desiccator. The progress of the reaction and
purity of the product was monitored by TLC using silicagel G (yield: 87.1-87.4 %).
Conventional method for the synthesis of metal complexes

The metal complexes were prepared by mixing 50 mL of a 10 mM ethanolic
solution of CrCls-6H,0O/CoCl,-6H,O/NiCl,-6H,O/CuCl,-2H,0 with 50 mL of a 10 mM
ethanolic solution of the Schiff bases (BSAP/HNAC) in a1:1 (metal:ligand) ratio (Figs. 2 and
3). The resulting mixture was refluxed on awater bath for 6-9 h. A coloured product appeared
on standing and cooling the solution. The precipitated complexes were filtered, washed with
ether and recrystallized several times from ethanol and dried under reduced pressure over
anhydrous CaCl, in a desiccator. They were further dried in an electric oven at 50-70 °C
(yield: 59.6-69.0 %).
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| 1

HQOH (L H20'y 6 Ha i

Fig. 2. The proposed structures of the Schiff base complexes of BSAP.

*_/_Q /@ : .
/1\ O O I O

CI

Fig. 3. The proposed structures of the Schiff base complexes of HNAC.

Microwave method for the synthesis of metal complexes

The ligands and the metal salts were mixed in a1:1 (metal:ligand) ratio in agrinder. The
reaction mixture was then irradiated in the microwave oven taking 3-5 mL of dry ethanol as
the solvent. The reactions were completed in a short time (610 min) with better yields than
were obtained in the conventional procedure. The resulting product was then recrystallized
from ethanol and washed with diethyl ether and finally dried under reduced pressure over an-
hydrous CaCl, in a desiccator. The progress of the reaction and purity of the product was mo-
nitored by TLC using silicagel G (yield: 78.0-85.0 %).
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Biological activity

Thein vitro biological activity of the investigated Schiff bases and their metal complexes
were tested against the bacteria Escherichia coli and Staphylococcus aureus by the disc dif-
fusion method using nutrient agar as the medium and streptomycin as the control. The anti-
fungal activities of the compounds were also tested by the well diffusion method against the
fungi Aspergillus niger and Candida albicans, on potato dextrose agar as the medium and
miconazole as the control. Each of the compounds was dissolved in DM SO and the solutions
of concentrations 25, 50 and 100 ppm were prepared separately. In atypica procedure, awell
was made on the agar medium inoculated with micro-organism. The well was filled with the
test solution using a micropipette and the plate was incubated 24 h at 37 °C for the bacteria or
72 h at 30 °C for the fungi. After incubation, the diameter of the clear zone of inhibition sur-
rounding the sample was taken as a measure of the inhibitory power of the sample against the
particular test organism.

RESULTS AND DISCUSSION

As aresult of the microwave-assisted synthesis, it was observed that the re-
action time decreased from hours to minutes and better yields of the products
were obtained compared to those attained by the conventional synthesis method.
In the microwave method, homogeneity of the reaction mixture was increased by
the rotation of reaction platform tray. The confirmation of the results was also
checked by repeating of the synthesis process.

All the metal complexes were coloured, solid and stable towards air and
moisture at room temperature. They decomposed on heating at high temperatures
and were more or less soluble in common organic solvents. The results of a com-
parison of the two synthesis methods showed that reactions which required 3.8—
—8.2 h by the conventional method were completed within 4.0-7.9 min by the
microwave irradiation technique and the yields were improved from 59.6-78.0 %
to 78.0-87.6 %. The reaction times and yields for all the synthesised compounds
aregivenin Tablel.

All the metal chelates had 1:1 (metal:ligand) stoichiometry. The observed
molar conductance of the complexes in DMSO at room temperature, given in
Table S| of the Supplementary Material to this paper, were consistent with the
non-electrolytic nature of the complexes except for the Cr(l11) complex of the
BSAP Schiff base ligand, which was e ectrolytic in nature.

FAB-mass spectra

The FAB-mass spectra suggested that all the complexes have a monomeric
nature. These complexes showed molecular ion peaks in good agreement with the
empirical formula suggested by elemental analyses, the results of which are given
in Table S-1 of the Supplementary Material to this paper.

Thus, mass spectra of the complexes [Ni(BSAP)(H20)3] (FW 403.84) and
[Co(HNAC)CI]-2H2,0 (FW 515.25), as representative complexes, showed the
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highest mass peaks at m/z at 406 and 518, respectively, which agree well with the
formulaweights of the complexes.19.20

TABLE I. Reaction times and yields for the conventional and microwave synthesis methods

— - - - >
Compound (colour) Empirical formula Reaction period  Yield, %

(FwW) CM,h MM, min CM MM

BSAP (brown) CoHoN,OBr 41 45 780 876
(293.12)

[Cr(BSAP)(H,0)3]Cl (Greenish brown)  C;oH;N,O,BrCICr 8.2 7.9 59.6 79.8
(432.60)

[CO(BSAP)(Hzo)g] (Dal’k brOWn) C12H13N205BTCO 7.3 7.2 67.5 80.8
(404.08)

[Ni(BSAP)(H,0)4] (Coffee brown) CpHiN,OBINi 7.8 75 662 835
(403.84)

[Cu(BSAP)(H,0)] (black) CpHoN,OBrCu 69 65 620 850
(372.66)
(385.84)

[Cr(HNAC)(H,0)Cl,] (Dark green) CuHNOLCI,Cr 79 78 601 780
(525.75)

[Co(HNAC)CI]-2H,0 (Tobacco green)  CpHigNO,Cl,Co 7.8 7.0 645 789
(515.25)
(533.03)

[CU(HNAC)CI]-2H,0 (Coffeebrown)  CoHioNO,Cl,Cu 7.0 75 662 827
(519.86)

IH-NMR spectra

The proton NMR spectra of the Schiff base ligands were recorded in
DMSO-dg solution using TMS as an internal standard. The IH-NMR spectra
of the BSAP ligand showed signals at ¢ 6.94—7.86 (m) for the aromatic pro-
tons and 9.29 (s) for the azomethine proton. The peaks at ¢ 13.80 (s) and 10.28
(s) were attributed to the phenolic —OH group present in the salicylaldehyde
moiety and the —OH group present in the pyridine moiety, respectively; the -OH
peaks disappeared after DO addition.

The IH-NMR spectra of the HNAC ligand showed signals at ¢ 7.23-7.69 (m)
for the aromatic protons and 8.65 (s) for the azomethine proton. The pesk at
12.67 (s) attributed to the phenolic —OH group, disappeared upon addition of
D,0.21-25 The IR data support these assignments.

IR spectra

The data of the IR spectra of Schiff base ligands and their metal complexes
arelisted in Table S-11 of the Supplementary Material to this paper. The IR spec-
tra of the complexes were compared with those of the free ligands in order to de-
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termine the involvement of the coordination sites in the chelation. Characteristic
peaks in the spectra of the ligand and complexes were considered and compared.

IR spectrum of the BSAP ligand exhibited the most characteristic bands at
1625 cmr1 v(C=N, azomethine), 1268 cm1 v(C-0) and 1496 cm1 v(C=N, pyri-
dine). The formation of the Schiff base, 2-[(5-bromo-2-hydroxybenzylidene)ami-
no]pyridin-3-ol (BSAP) was noted from the absence of C=0 and NH»> peaks in
the ligand. The ligand spectrum showed bands at 3150 and 1361 cmL due to the
stretching and deformation of the phenolic OH. These were absent in the spectra
of the complexes. The band at 1625 cm~1 due to the azomethine group of the
Schiff base was shifted to lower frequencies (1596-1607 cnmrl) after
complexation, indicating the bonding of nitrogen of the azomethine group to the
metal ions. The phenolic C-O stretching vibration that appeared at 1268 cn? in
Schiff base shifted towards higher frequencies (20-27 cnr2) in the complexes. This
suggests deprotonation of the phenolic OH group after its chelation with the metal
ion. The appearance of broad bands at around 3343-3398 cm1 in the spectra of
complexes may be due to water molecules. A band of medium intensity at 807—
822 cmr1 (OH rocking) suggests the presence of coordinated water in all four
complexes. In the low frequency region, the band of weak intensity observed for
the complexes in the region 522-540 cm1 is attributed to M—O and in the region
486-497 cm~1 to M—N. There was no appreciable change in the v(C=N) at 1496
cm1 in ligand on complex formation, which indicates that the pyridine ring nit-
rogen does not participate in the coordination.26-30

IR spectrum of the HNAC ligand showed the most characteristic bands at
1613 cmL v(C=N, azomethine), 1675 cm1 v(C=0) and 1236 cm v(C-0). The
ligand spectrum showed bands at 3230 and 1336 cnm1 due to the stretching and
deformation of the phenolic OH. These were absent in the spectra of the com-
plexes. The band 1613 cm1 due to the azomethine group of the Schiff base was
shifted to lower frequencies (1582-1594 cmr1) after complexation, indicating
bonding of the azomethine nitrogen to the metal ions. This can be explained by
the donation of electrons from nitrogen to the empty d-orbital of the metal atom.
The band at 1675 cm1, due to the carbony! group of the Schiff base, was shifted
to lower frequencies by 23-35 cmr in the spectra of complexes, indicating
involvement of carbonyl oxygen to metal ions in the coordination. The phenolic
C-O stretching vibration that appeared at 1236 cmr1 in Schiff base shifted to-
wards higher frequencies (1927 cm 1) in the complexes. This shift confirms the
participation of oxygen in the C-O-M bond. The appearance of broad bands
around at (3365-3408 cm1) in the spectra of the complexes may be due to water
molecules. A medium intensity band at 785 cmi1 in the spectrum of the Cr(l11)
complex suggests the presence of coordinated water molecules in this complex.
This band was not observed in other complexes, indicating the absence of coor-
dinated water molecules in the Co(ll), Ni(ll) and Cu(ll) complexes. In the low

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

2012 Copyright (CC) SCS



METAL COMPLEXES WITH TRIDENTATE SCHIFF BASE LIGANDS 1021

frequency region, the band of weak intensity observed in the spectra of the com-
plexes in the region 519-529 cm1 is attributed to (M—O) and in the region 485—
—492 e to (M—N).26-30

The IR data of both the Schiff bases and their metal complexes showed that
the Schiff bases (BSAP and HNAC) were coordinated to the metal ion in a tri-
dentate manner.

Electronic spectra and magnetic moment

The electronic spectral data of the metal complexes in DM SO solution are
displayed in Table S-111 of the Supplementary Material to this paper. The nature
of the ligand field around the metal ion was deduced from the electronic spectra.

The electronic spectra of Cr(l11) complex of BSAP showed bands at 16654
cm1, 24212 and 35982 cm~1, which may be assigned to 4A5—4T 24(F) (v1),
HPog—4T1g(F) (v2) and 4Aoq—4T19(P) (v3) transitions, respectively. The
magnetic moment was 3.88 ppg; thus octahedral geometry is suggested for this
complex. The electronic spectrum of Co(ll) complex of BSAP exhibited three
bands at 9486, 15823 and 20618 cml, which were tentatively assigned to
T1g—>%Tog(F) (v1), 4T1g—*A2g(F) (v2) and 4T1q—4T14(P) (v3) transitions,
respectively. The value of magnetic moment was 5.02 pg, which indicates the
presence of Co(ll) complex in an octahedral geometry. The electronic spectrum
of the Ni(Il) complex of BSAP showed three bands at 10691, 20360 and 23838
cnl, assignable to 3Azg—>3ng(F) (vo), 3Azg%3Tlg(F) (vo) and 3A29—>3T19(P)
(v3) trangitions, respectively. The value of magnetic moment was 3.04 pg;
therefore octahedral geometry is suggested for this complex. The electronic
spectrum of the Cu(ll) complex of BSAP showed two bands at 15150 and 19230
cmL, assignable to 2B1g—?Byg and 2B1q—2Ey transitions, respectively. Since
the value of magnetic moment was found 1.92 pg, square planar geometry is
suggested for the Cu(l1) complex.31-34

The Cr(I11) complex of HNAC showed electronic spectral bands at 16871,
23837 and 34942 cmL; these were tentatively assigned to %A 5—4T24(F) (v1),
A 2g—T1(F) (v2) and 4Azg—*T1g(P) (v3) transitions, respectively. The mag-
netic moment value was 3.84 pp; thus, an octahedral structure is suggested for
this complex. The electronic spectrum of the Co(ll) complex of HNAC showed
bands at 14142 and 19514 cnm1, these were tentatively assigned to 4A>—4T1(F)
(v2) and 4A,—4T1(P) (v3) transitions, respectively. The magnetic moment value
was 4.32 ug, which is indicative of tetrahedral geometry. The absorption
spectrum of the Ni(ll) complex of HNAC exhibited bands at 12748 and 20750
cmL, which were tentatively assigned to the transitions 1A1q—1Eq (v1) and
TA1g—1Bog (v2), respectively. It is a diamagnetic complex, therefore square pla-
nar geometry is proposed. The electronic spectrum of the Cu(ll) complex of
HNAC showed two bands at 15110 and 19456 cmL, assignable to 2B13—2Byg
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and 2B13—?Eg transitions, respectively. The value of magnetic moment for this
complex was 1.81 pg; thus, square planar geometry is suggested for the Cu(ll)
complex.31-34

The different parameters such as ligand field stabilization energy (10Dq),
Racah inter-electronic repulsion parameter (B), nephelauxetic ratio (f), percent of
covalent character (%) and ligand field stabilization energy (LFSE) were calcu-
lated. The values of these parameters are presented in Table S-I11 of the Supple-
mentary Material to this paper. The complexes showed lower value of B than
those of the free ions, which indicates orbital overlapping and delocalization of
the d-orbital. The value of Slied in the range of 0.68-0.78, indicating appreciable
covalent character of the metal-ligand bonding.31-34

ESR Spectra

The ESR spectra of Cu(ll) provide information about the extent of the delo-
calization of the unpaired electron. The X-band ESR spectra of the Cu(ll) com-
plexes were recorded in the solid state at room temperature and their 9p» 9o Ag,
0av and G were calculated. The values of ESR parameters ) 9ur Jav» AQ and G
for Cu(ll) complex of BSAP were 2.2530, 2.1205, 2.1647, 0.1325 and 2.1181,
respectively. Similarly, the corresponding values for Cu(ll) complex of HNAC
were 2.2072, 2.1342, 2.1585, 0.0730 and 1.5535, respectively.

ESR spectra of the complexes revealed two g values (g|| and g,). Since the 9,
and g, values were closer to 2 and g, > g,, a tetragonal distortion around the
Cu(Il) ion is suggested. The trend 9> 9.> 0e (2.0023) shows that the unpaired
electron is localized in the dyz—y2 orbital in the ground state of Cu(ll) and spectra
were characteristic of axial symmetry. The value of 9,> 2.3 is characteristic of an
ionic environment and g|<2.3 indicates a covalent environment in metal-ligand
bonding. The 9 values for the complexes were less than 2.3, suggesting the
environment was covalent.

The exchange coupling interaction between two Cu(ll) ions is explained by
the Hathaway Expression:

G = (g; —2.0023)/(g, —2.0023)

According to Hathaway, if the value G is greater than 4 (G>4.0), the ex-
change interaction is negligible; whereas when the value of G is less than 4
(G<4.0), a considerable exchange coupling is present in a solid complex. The G
values for the complexes were less than four, indicating considerable exchange
interaction in the complexes. 3536

Thermal analyses

The thermal behaviour of the metal complexes showed that the hydrated
complexes first lost molecules of hydration, followed by decomposition of the li-
gand molecules in the subsequent steps.
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The thermal degradation behaviour of the Co(ll) complex of BSAP was stu-
died by thermogravimetric analysis. The TGA curve of the complex showed
three stages of decomposition within the temperature range 30750 °C. The com-
plex did not show any lossin weight up to 110 °C, indicating the absence of lat-
tice water molecules. A weight loss was observed after elimination of three coor-
dinated molecules of water between the temperature range 110-225 °C (remain-
ing mass %, obs./calcd.: 87.50/86.63). Above 225 °C, aweight loss was observed
in general up to 380 °C, indicating decomposition of the non-coordinated part of
the ligand (remaining mass %, obs./calcd.: 48.20/45.05). The decomposition of
remaining ligand moiety occurred between 480-620 °C, above 620 °C a hori-
zontal curve was observed suggesting the ultimate pyrolysis product as metal
oxide (remaining mass %, obs./calcd.: 29.64/25.99).

The TGA curve of the Ni(ll) complex of HNAC showed a weight loss be-
tween 72-116 °C. This corresponds to the loss of three lattice water moleculesin
the complex (remaining mass %, obs./calcd.. 90.10/89.87). Above 116 °C, the
complex did not show any loss in weight up to 200 °C. After 200 °C, weight loss
was observed up to 400 °C, which corresponded with the decomposition of ther-
mally degradable part of the ligand (remaining mass %, obs./calcd.: 64.55/62.10).
After this temperature, a weight loss was observed, suggesting the elimination of
the remaining part of the ligand. Above 590 °C, a constant weight region was ob-
served due to metal oxide, as the fina pyrolysis product (remaining mass %,
obs./calcd.: 25.72/20.66).37:38

The thermal analysis evaluation of the thermal stability of the metal com-
plexes aided in the characterization of the metal complexes.

Kinetic study

Kinetic evaluations of the thermal decomposition of the complexes were per-
formed. All stages were selected for the study of kinetics of decomposition of the
complexes. Based on the thermal decomposition data, the kinetic parameter, i.e.,
activation energy (E*), pre-exponentia factor (Z), entropy of activation (ASY),
enthalpy of activation (AH*) and free energy of activation (AG*) were calculated
using the Piloyan-Novikova3® and Coats-Redfern0 Equations. The determined
values of the kinetic parameters are summarized in Table S-1V of the Supple-
mentary Material to this paper.

The high values of the activation energies reflect the thermal stability of the
complexes. The complexes have negative entropy, which indicates that the de-
composition reactions proceed with a lower rate than normal ones. The negative
value of entropy also indicates that the activated complexes have a more ordered
and more rigid structure than the reactants or intermediates. The negative values
of the entropies of activation are compensated by the values of enthalpies of ac-
tivation, leading to almost the same values for the free energy of activation.41.42
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Electrochemical studies

The electrochemical properties of the two complexes of BSAP were studied
by cyclic voltammetry (CV) under a nitrogen atmosphere in DM SO solution in
the potential range —1.0 to 1.2 V vs. an Ag/AQCI reference electrode. The Co(ll)
complex of BSAP showed a reduction peak at Epc = —619 mV with a corres-
ponding oxidation peak at Epg = —428 mV at a scan rate 100 mV s1. The peak
separation AE, was 191 mV for this couple. Thus, the cyclic voltammetric stu-
dies gave evidence to a quasi-reversible Co(l1)/Co(l) couple.

The cyclic voltammogram of the Cu(ll) complex of BSAP exhibited a one-
electron quasi-reversible transfer process with areduction peak at Epc = —725 mV
with an associated oxidation peak at Epa = —444 mV at scan rate 100mV s
which increased with scan rate. The peak separation of this couple (AEp) was 281
mV. The most significant feature of the Cu(ll) complex was the Cu(ll)/Cu(l)
couple. This redox process was consistent with a quasi-reversible process.43:44

X-Ray diffraction study

X-Ray diffraction (XRD) analysis of the Ni(Il) complexes was performed.
The XRD patterns indicate the crystalline nature of the complex. The X-ray
powder diffractogram of the complex were recorded using CuK, as the source in
the 260 range 5-70°. The X-ray crystal system was determined by trial and error
methods for finding the best fit between the observed and calculated sin24. The
Ni(ll) complex of BSAP crystallized in an orthorhombic system. The sin2§ and
hkl values for different lattice planes were calculated for this complex. The
crystal data for this complex were a = 12.67352 A, b=23.79049 A, c = 16.62566
A, V=5012.79 A3, Z = 11, Dgps = 1.4713 g cm3 and Dy = 1.4652 g cn3. The
observed and calculated values of density and sin2 show good agreement. 4546

Electrical conductivity

The temperature dependence of the solid state conductivity (o) of the com-
pounds in their compressed pellet form was measured at a fixed frequency of 1
kHz in the temperature range 297413 K. The values of the solid state electrical
conductivity of the Schiff bases and their complexes increased with increasing
temperature and decreased upon cooling over the studied temperature range, in-
dicating their semi-conducting behaviour. The genera behaviour of electrical
conductivity follows the Arrhenius Equation:

o = opexp (—EKT)
where Ej is the thermal activation energy of conduction, g is the conductivity
constant and K is the Boltzman constant. The plots of ¢ vs. 1000/T for al the
compounds were found to be linear over the studied temperature range. The room

temperature electrical conductivity of all the compounds lies in the range
1.241x10-7-3.525x10-12 Q-1 cm1. These values showed their semi-conducting
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nature. The order of the electrical conductivity at room temperature for the com-
plexes of BSAP and those of HNAC was Co>Cr>Cu>Ni. The activation energy
of the compounds lie in the range 0.221-0.768 eV.4749 Confirmation of the
temperature dependence of the conductivity of the compounds was checked by
repetition of the conductivity measurements.

Antimicrobial activities

The in vitro antimicrobia activities of the synthesized Schiff base ligands
and their corresponding metal complexes against two selected bacteria E. coli
and S aureus and two fungi A. niger and C. albicans were determined. Any che-
motherapeutic agent reduces the growth of microbes by microcidal or microstatic
mechanisms. All of the tested compounds showed good biological activity against
the micro-organism. On comparing the biological activities of the Schiff base li-
gands and their metal complexes with those of a standard bactericide and fungi-
cide, it was shown that the metal complexes had moderate activity as compared
to the standard but all the complexes were more active than their respective li-
gands. The higher inhibition zone of the metal complexes than those of the li-
gands can be explained based on the Overtone concept and the chelation theory.
Upon chelation, the polarity of the metal ion is reduced to a great extent due to
the overlap of the ligand orbital and the partial sharing of the positive charge of
the metal ion with donor groups. Furthermore, it increases the delocalization of
the z-electrons over the whole chelating ring and enhances the penetration of the
complexes into lipid membranes and the blocking of the metal binding sites in
the enzymes of micro-organisms. There are other factors that increase the activity,
viz. solubility, lipophilicity/hydrophilicity, conductivity and M—L bond length.50-53

The bactericidal and fungicidal data of the compounds are summarized in
Tables Il and 11, respectively. The results of the investigations account for the
antipathogenic behaviour of the compounds and this efficacy is positively modi-
fied on complexation.

TABLE II. Antibacterial screening datafor the ligands and their complexes

E. coli S aureus
Diameter of Activity index® Diameter of Activity index
Compound inhibition zone, mm % inhibition zone, mm %

Concentration, ug ml™
25 50 100 25 50 100 25 50 100 25 50 100

BSAP 11 13 16 50 54 57 11 14 16 61 64 67
Cr(l11) 14 16 19 64 67 68 12 15 18 67 68 75
Co(ll) 8 20 24 8 8 8 14 18 20 78 82 83
Ni(I1) 66 19 25 73 79 8 12 15 18 67 68 75
Cu(ll) 17 20 24 77 83 8 15 19 21 83 86 88
HNAC 10 12 15 45 50 54 - 10 12 - 45 50
Cr(l11) 11 13 16 50 54 57 11 14 17 61 64 71
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TABLE Il. Continued

E. coli S. aureus
Diameter of Activity index® Diameter of Activity index
Compound inhibition zone, mm % inhibition zone, mm %

Concentration, ug ml™
25 50 100 25 50 100 25 50 100 25 50 100

Co(I) 15 18 22 68 75 79 14 18 21 78 82 88
Ni(ll) 14 16 20 64 67 71 12 16 18 67 73 75
Cu(ll) 6 19 23 73 79 8 13 17 19 72 77 79
Streptomycin 2 24 28 100 100 100 18 22 24 100 100 100
(standard)

Inhibition zone by test compound (diameter)
Inhibition zone by standard (diameter)

Activity index = %100

TABLE Il1. Antifungal screening data for the ligands and their complexes (diameter of inhi-
bition zone, mm)

A. niger C. albicans
Compound Concentration, pg ml 1
25 50 100 25 50 100
BSAP 11 14 18 12 13 17
Cr(l1I) 12 15 19 14 16 20
Co(I) 14 18 22 16 18 23
Ni(1l) 12 16 20 15 17 22
Cu(ll) 15 20 24 17 19 23
HNAC 12 16 20 11 14 18
Cr(l11) 13 15 21 15 18 22
Co(I) 16 21 26 18 20 25
Ni(I1) 15 20 25 16 18 23
Cu(ll) 14 19 23 19 21 26
Miconazole (standard) 20 25 30 22 24 29
CONCLUSIONS

In the present research study, the aim was to synthesize and characterize
some new compounds prepared by the conventional and the microwave method.
The microwave method is considered a green chemical route. The synthesized
compounds were characterized by various physico-chemical and spectral ana-
lyses. In course of the microwave assisted syntheses, it was observed that the
reaction time was decreased from hours to minutes and the products were ob-
tained in better yield as compared to those of the conventional method. The use
of solvent was also minimized. The synthesized BSAP Schiff base ligand bound
with the metal ions in a tridentate manner, with ONO donor sites of the phenyl-
O, azomethine-N and pyridyl-O, whereas the HNAC ligand also coordinated to
the metal ions in a tridentate manner, with ONO donor sites of phenolic-O, azo-
methine-N and carbonyl-O. Such metal complexes may be stereoselective and
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stereoactive in nature and thus applicable in various catalytic reactions. Thermo-
gravimetric studies reflected their thermal stability. The XRD patterns indicated
the crystalline nature of the complexes. The electrical conductivity data sug-
gested that all the complexes fall into the semi-conducting range. The antimic-
robial data showed that the metal complexes were more biologically active com-
pared to the parent Schiff base ligands against al the tested pathogenic species.
Such studies may assist in the search for some novel chemotherapeutics to ans-
wer the emerging problem of drug resistance in health sciences.

SUPPLEMENTARY MATERIAL

Analytical, conductivity, spectral, magnetic, kinetic and thermodynamic data of the syn-
thesized complexes are available electronically from http://www.shd.org.rs/JSCS/, or from the
corresponding author on request.
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CHUHTE3A IIOMORY MUKPOTAJIACA U CIIEKTPAJTHA, TEPMUYKA U
AHTUMHUKPOBHA CBOJCTBA HEKHMX HOBUX KOMIIJIEKCA ITPEJTIASHUX METAJIA
CATPUIEHTATHOKOOPIJUHOBAHUM IIN®OBUM FA3AMA KAO IMTAHIUMA

RAJENDRA K. JAIN u ANAND P. MISHRA

Department of Chemistry, Synthetic Inorganic & Coordination Chemistry Laboratories,
Dr. H. S. Gour Central University, Sagar M.P. 470 003, India

[TpuMeHOM KOHBEHIIMOHAJTHUX METOa U MHKPOTasaca, CUHTETH30BaHHU Cy HOBH KOM-
wiekcu Cr(I11), Co(II), Ni(II) u Cu(II) ca Illucdosum Ba3ama 2-[(5-Spomo-2-xunpokxcubeH-
3WIUZIeH )aMHUHO |TUpUINH-3-0110M (BSAP) u {5-xmopo-2-[((2-xuppoxcu-1-HadTun)MeTHIeH)-
amuHo]|penun}dpenunmeranonom (HNAC). 3a xkapakTepusanujy KoMiiekca ynorpedseHu cy
eneMeHTanHa MukpoaHanusa, FT-IR u enexTpoHcka crekrpockonuja, FAB-macena cnekTpo-
METpHja, Mepema MoJIapHe YU eleKTPUYHEe IPOBOI/BUBOCTY M MarHeTHE CyCLeNTHOMIHOCTH,
TEPMUYKE METOAE, LUMKIMYHA BoiaTamMeTpwja M XRD anHanmsa. Ha OCHOBY aHaJIMTHUKUX
nmojaTaka HaheHo je ma cy onrosapajyhu joH meTasa U JUraHZ Y OBUM KOMIUIEKCUMa KOOpP-
IUHOBAHU ¥ 1:1 MOJICKOM ONHOCY, TIPH YeMYy je KOOpAMHALWOHU Opoj nuranma 4 wik 6. Ha
ocHOBY IR CIeKTPOCKONCKUX pesysiTaTa 3aKk/bydeHO je fa CE JIUraHj, KOOPOHHYje TPUAEHTaTHO
3a HaBefleHe joHe MeTana. HauuH pasnarama 0BUX KoMIlIekca je onpeheH Ha ocHoBy FAB-ma-
CEHUX W TEPMUUKHX IOflaTaka, P uyeMy je Hal)eHO Aa XUOpaTHCaHU KOMILIEKCH NIPBO Iyde
MOJIEKy/le XUIpaTalldOHe BOME, a 3aTUM [0j1a3d [0 pasiarama jurasnga. I[Ipumenom XRD
aHaynuse ofipeheHe cy KpHUCTaaHe CTPYKTYpe CUHTETH30BaHHUX KOMILIEKCa, Kao ¥ MapameTpH,
3anpeMuHa U Opoj Monexysa y jerWHUYHOj henmuju kpucranHe peuretke. ViamepeHna je enex-
TPUYHA NPOBOA/BMBOCT KOMIUIEKCA Y YBPCTOM CTamwy, IIPHU YEMY Cy OBa MEpema MoKasaia Aa
Cy CUHTETH30BaHU KOMIUIEKCH TOIYNPOBOSHULM. MicuTHBaHA je aHTHOaKTepHjcka aKTUBHOCT
CUHTETHU30BaHOI JIMTaHAA U OArosapajyhux KoMIulekca Ha Ipam-NO3uTHBHe (Staphylococcus
aureus) ¥ Ha rpam-HeratuBHe (Escherichia coli) bakrepuje, kao ¥ aHTU(YHTalHa aKTUBHOCT Ha
cojeBuMa Aspergillus niger u Candida albicans. JloOWjeHH pe3yiTaTH OBUX HCIHUTHBAKA Cy
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MOKa3ajny Ja KOMIUIEKCH HaBeleHWX joHa MeTana MMajy Behy aHTUDAKTepUjCKy OIHOCHO
aHTHUYHTAIHY aKTUBHOCT Y OOHOCY Ha HekoopauHoBaHe [lTudose daze.
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N N
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NN IN
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26.
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Table S-I. Analytical and molar conductance data of the compounds

Compound Elemental analysis, Found (Calcd.), % N -1
Empirical formula (FW) C H N M A/ Q@ cm? mol
BSAP 49.02 3.07 9.50 - -
C1oHgN,O,Br (293.12) (49.17)  (3.09) (9.56)

[Cr(BSAP)(H,0)5]Cl) 33.29 2.98 6.45 11.97 92.5
C1,H;N,0,BrCICr (432.60) (33.32) (3.03 (6.48) (12.01)
[Co(BSAP)(H,0)3] 35.65 3.20 6.87 14.55 17.6
C1,H13N,05BrCo (404.08) (35.67) (3.29) (6.93) (14.58)
[Ni(BSAP)(H,0)4] 35.65 3.19 6.90 14.50 115
C1oH13N,05BrNi (403.84) (35.69) (3.29) (6.94) (14.53)
[Cu(BSAP)(H,0)] 38.67 2.39 7.49 17.0 12.8
C15HgN,0O4BrCu (372.66) (38.68) (2.43) (752) (17.05)

HNAC 74.35 411 3.58 - -
Co4H16NO,Cl (385.84) (74.41) (4.18) (3.63)

[Cr(HNAC)(H,0)Cl,] 54.80 3.07 2.58 9.47 56.6
Co4H17NO3ClI5Cr (525.75) (54.83) (3.10) (2.66) (9.89)
[Co(HNAC)CI].2H,0 55.86 3.17 261 11.29 36.4
Co4H19NO,Cl,Co (515.25) (55.94) (3.72) (272) (11449
[Ni(HNAC)CI]-3H,0 54.00 391 255 10.95 30.6
Co4H2NO5CIoNi (533.03) (54.08) (3.97) (263) (11.01)
[Cu(HNAC)CI]-2H,0 55.36 3.60 2.60 12.02 495

C4H19NO,Cl,Cu (519.86) (55.45) (3.68) (2.69) (12.22)

* Corresponding author. E-mail: rajendrajain85@rediffmail.com
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Table S-1. IR bands (cm?) of the Schiff base ligands and their complexes

Compound VS((%:))/ v(EN) V(CO) pyxfj(i:ne'\'r)i ng V(C=0) V(M-0) v(M-N)
BSAP 3150/ 1625 1268 1496 = S
1361
[CrBSAP)(H,0)JCI - 1596 1290 1495 - 52 4%
[CoBSAP)(H,0)] - 1603 1295 1492 _ 538 486
[Ni(BSAP)(H,0)4] _ 1607 1288 1494 — B4 495
[CUBSAP)(H,0)] _ 1606 1292 1495 - 5% 497
HNAC 3230/ 1613 1236 - 675 - -
1336
[CrHNAC)(H,0)Cl;] — 1589 1260 - 1640 519 488
[COHNAC)CI]-2H,0 — 1504 1255 - 1652 524 492
[NI(HNAC)CI]-3H,0  — 1500 1258 - 1647 527 489
[CUHNAC)CI]-2H,0 - 1582 1263 - 1645 529 485

Table S-ITI. Magnetic moment values, electronic spectral data and ligand field parameters data
of the complexes

Ligand field parameter
10Dq B LFSE
g 4 B ;
cnl  coml kJ mol-1
[Cr(BSAP)(H,0);]Cl 3.88 16654 “4A,—*T,(F) 16654 794.97 0.77 22.82 238.77
24212 4A5—>T14(F)
35982 A, —*T14(P)
[Co(BSAP)(H,0)5] 502 9486 “Tiq—>Tx(F) 10696 822.75 0.73 26.54 102.23
15823 4qu—)4A20(F)
20618 4T10—>4T10(P)
[Ni(BSAP)(H50)4] 3.04 10691 S3A,,—S3T,(F) 10691 808.33 0.78 22.35 153.28
20360 3A20%3T10(F)
23838 3A20%3T10(P)
[Cu(BSAP)(H,0)] 1.92 15150 2B1;—?By - - - - -
19230  2B,—?E,
[Cr(HNAC)(H,0) Cl;] 3.84 16871 4A,—Toy(F) 16871 704.34 0.68 31.62 241.88
23837 4A—*T14(F)
34942 4A20—)4T10(P)
[Co(HNAC)CI]-2H,O  4.32 - 4A,—4T, (F) - - - - -
14142 AA,—4T4(F)
19514  AA,—4T4(P)
[Ni(HNAC)CI]-3H,O Dia 12748 1A,,—>1E, - - - - -
20750 1A 10— leq
- 1A15—>'Byg
[CU(HNAC)CI]-2H,O 1.81 15110 2B14—%Byq - - - - -
19456 2B1g—?Ey

Heif Amax Band

Complex % .
ug  cm assignments
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8130 JAIN and MISHRA

Table SIV. Kinetic and thermodynamic parameters of the complexes
Dec. stage FE* z ASF AH* AG*

Complex Methoa® t/°C kImol'l st JK1mollkImoll kImol?
[Co(BSAP)(H,0)5] P-N 1%/185 31.39 5.47x106 —34928 2262 182.59
C-R 51.64 6.44x10' —213.88 42.87 140.83
P-N [Ind/342 5951 3.78x103 —297.35 47.75 230.32
C-R 87.86 157x106 —132.32 76.11 157.35
P—N 1179/559 64.43 9.33x107 -368.95 4850 355.47
CR 112.79 6.04x10° —181.10 96.86 247.53
[Ni(HNAC)CI]-:3H,O  P-N 1%/98 31.61 3.03x103 29499 2451 133.95
CR 4923 3.90x10* -158.86 42.13 101.06
P-N 11nd/354 4941 1.22x10° -345.22 3741 253.86
CR 71.07 4.23x10' —219.99 59.07 197.01
P-N 11179/537 81.75 1.71x103 -306.27 66.24 314.32
CR 123.04 1.87x1086 -133.16 107.53 215.39
*PN: Piloyan—Novikoval; C-R: Coats-Redfern?
REFERENCES

1. G.O.Piloyan, O. S. Novikova, Russ. J. Inorg. Chem. 12 (1966) 31
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Vertex-degree-based molecular structure descriptors of
benzenoid systems and phenylenes
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Faculty of Science, University of Kragujevac, P. O. Box 60, 34000 Kragujevac, Serbia
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Abstract. Severa recently published papers report expressions for various
vertex-degree-based molecular structure descriptors of benzenoid systems and
phenylenes. Herein, the general expression for these descriptors is deduced,
and it is shown that a simple and generaly valid relation exists between such
structure descriptors of phenylenes and their hexagonal sgueezes.

Keywords. molecular structure descriptor; topological index; degree-based mo-
lecular structure descriptor; benzenoid system; phenylene; hexagonal squeeze.
INTRODUCTION

Let G be a molecular graph! and v its vertex. The degree of the vertex v,
denoted by d(V), is the number of the first neighbors of v. A large number of
molecular structure descriptors (topological indices), defined in terms of vertex

degrees, has been considered in the literature.23 The general form of these des-
criptorsis:

D= D(G)=Zw(d(u).d(v)) (D

where the summation goes over al pairs of adjacent vertices u,v of the molecular
graph G.
In particular, the function win Eq. (1) has the following forms:

1
y(po)=—=
Jra
w(p,q) = (pg)*, for the general Randi¢ index,>
where ] is an adjustable parameter,

w(p,q) = pq, for the second Zagreb index,®

, for the Randi¢ index,4

Correspondence. E-mail: *gutman@kg.ac.rs; ** boris.furtula@gmail.com
doi: 10.2298/JSC111212029G
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1032 GUTMAN and FURTULA

v(p,q) = /M , for the atom-bond connectivity index,’
pq

w(p,g)= % , for the sum-connectivity index,8
p+q

w(p,q) =(p+q)*, for the general sum-connectivity index,?
where ] is an adjustable parameter,

w(p,q) = 1ﬂ , for the geometric-arithmetic index,10
5( p+0)

3
v(p.Q)= [LJ , for the augmented Zagreb index,11
p+q-2

v(p,q) = 2 , for the harmonic index.12
p+q

In the genera case, the calculation of a particular structure descriptor D is
not quite easy, and finding molecular graphs possessing extremal (maximal or
minimal) values of D is even more difficult. However, in the case of benzenoid
systems and phenylenes, this task is much simpler. Namely, the molecular graphs
of the latter systems possess only vertices of degree 2 and 3, and therefore there
are only three types of contributions y(p,q) occurring in the summation on the
right-hand side of Eq. (1). Indeed, if mpo, mp3 and mg3 denote, respectively, the
number of edges connecting two vertices of degree 2, the number of edges con-
necting vertices of degree 2 and 3, and the number of edges connecting two
vertices of degree 3, then:

D =m, y(2.2) + My, (2.3 + My w(3.3) v

and, moreover, smple expressions for the structure-dependency of the coeffi-
cients mpy, Mp3, Mgz are available (see below). In spite of this, recently a number
of papers appeared in which some of the above listed degree-based structure des-
criptors were studied for benzenoids and phenylenes: general Randi¢ index,13.14
atom-bond connectivity index,14-16 general sum-connectivity index,1417.18 geo-
metric-arithmetic index.14.19 All these were preceded by an analogous study of
the Randi¢ index, realized more than ten years ago.20

It will now be shown how the genera solution of this problem can (easily)
be achieved. By this, it is hoped that the appearance of additional publications of
the same kind as those mentioned abovel3-20 will cease.
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GENERAL EXPRESSIONS FOR THE INDEX D OF BENZENOIDS AND PHENYLENES

The structural features of benzenoid systems are described in detail in the
book.21 The analogous properties of phenylenes and their hexagonal squeezes
were established in the paper.20 Self-explanatory examples of benzenoid systems,
phenylenes, and their hexagonal squeezes are provided in Fig. 1.

BS,
PH, PH,
HS, HS;

Fig. 1. Examples of benzenoid systems (BS,; and BS;), phenylenes (PH, and PH,), and
hexagonal squeezes (HS, and HS,). The hexagonal squeeze HS corresponds to the phenylene
PH;; i = 1,2. The edges on the perimeter connecting two vertices of degree 3 are indicated
by asterisks; their count isb. Thus, b(BS;) = 0, b(BS;) = 9, b(PH,) = 6,
b(PH,) = 14, b(HS;) = 0 and b(HS;) = 4.

The basic properties of a benzenoid system are determined?! by the number
of hexagons (h) and internal vertices (n;). For instance, the formula of the respec-
tive benzenoid hydrocarbon is C4n+2-n Hoh+4-n - In the examples depicted in
Fig. 1, h(BS) = 6, h(BS) = 10, nj(BSy) = 4, ni(BS) = 2.

Let b be the number of edges on the perimeter, connecting two vertices of
degree 3 (this parameter is usualy referred to as the “number of bays’). Then, for

abenzenoid system BS, one has:21

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

2012 Copyright (CC) SCS




1034 GUTMAN and FURTULA

m,(BS)=b+6
m,(BS)=4h-2b-2n -4
m,(BS)=h+b+n -1
which combined with Eq. (2) immediately implies:
D(BS) =[6w(2,2)+ (4h—2n — By (2,3)+ (h+n -y (3,3)] +
+b[y(2,2) -2y (2,3) + ¥ (3,3)]

Phenylenes have no internal vertices, and their structura relations are signi-
ficantly simpler. One has;20

m,,(PH)=8-2h+b
m,(PH)=8h-2b-8
m,(PH)=2h+b-2
resulting in:
D(PH)=[(8-2h)¥(2,2) + (8h—-8)w(2,3) + (2h—2) w(3,3)] +
+o[yw(2,2) - 2p(2,3) + ¢ (3,3)] '

Interestingly, the coefficient of the parameter b is same for both BS and PH.
Therefore, if this coefficient, namely w(2,2) — 2y(2,3) + ¢ (3,3) , is positive-va-
lued, then the benzenoid system with h hexagons and n; internal vertices and the
phenylene with h hexagons will have maximal (resp. minimal) D-index if b is
maximal (resp. minimal). If w(2,2) -2y (2,3)+w(3,3) is negative-valued, the
situation isreversed.

Recall that in the case of benzenoid systems, the minimal value of the para-
meter b is zero (as, for instance, for BS;), whereas in the case of phenylenesit is
2h-2 (as, for instance, for PHy).

By this simple reasoning, the general solution of the problem considered is
arrived at, and the benzenoid systems and phenylenes with minimal and maximal
D index characterized.

RELATING THE INDEX D OF PHENYLENES AND THEIR HEXAGONAL SQUEEZES

The concept of “hexagonal squeeze” (HS) was introduced?? in the 1990s,
and since then it has played an important role in the theory of phenylenes. The
way in which a hexagonal sgueeze (which is a catacondensed benzenoid system)
is associated with a phenylene is seen from Fig. 1. It is easy to recognize that for
a hexagonal squeeze HS corresponding to the phenylene PH the following iden-
tities hold: mpo(HS) = mpo(PH) and mp3(HS) = mp3(PH). This means that:

D(PH)—D(HS) =[my,(PH) - my,(HS)]w(3,3) .
Because, in addition:
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m,,(HS) =b(HS) +h-1=b(PH)-h+1

one arrives at the remarkably simple formula:

D(PH) - D(HS) =3(h-1) w(3,3)

the specia cases of which were reported several times.13-15,17-20 We hope that
thiswill not be repeated also in the future.

Acknowledgement. The authors thank the Ministry of Education, Science and

Technological Development of the Republic of Serbiafor support (Grant No. 174033).

U3BOJ

HA CTEIIEHMMA YBOPOBA 3ACHOBAHHU MOJIEKVYJICKU CTPYKTYPHU
JECKPUIITOPU BEH3EHOUJHNX CUCTEMA U ®EHUJIEHA

NBAH I'VTMAH u BOPUC OYPTVYIIA
IIpupooro—maitiemaitiuyiku axyaitieini Yrnueepuineiia y Kpazyjesuyy

Behu Opoj HenaBHO 00jaBbeHHX pajoBa HaBOAM (OpMyJIe 3a pa3IM4UTe, Ha CTEHEHHMA YBO-

poBa 3aCHOBaHE, MOJICKYJICKE CTPYKTypHE IECKpUNTOpe OCH3CHOMAHUX cHCTeMa M (eHmiIeHa. Y
OBOM paJly je JaT OIIITH M3pa3 3a OBE AECKPHUITOPE U IIOKAa3aHO je Ja y ONIITEM CIydajy HOCTOjH
jemHocTaBHa peranyja n3Mel)y oBHX gecKpHunTopa 3a peHIIeHe U 32 FbUXOBE XeKCaroHaJIHEe OCHOBE.
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Quantum-chemical investigation of the photoproduct
of thereaction of two 1-methylthymine molecules:
the pyrimidine(6-4)pyrimidone adduct

MIROSLAV M. RISTIC* MILENA PETKOVIC* and MIHAJLO ETINSKI#

Faculty of Physical Chemistry, University of Belgrade, Sudentski trg 12-16,
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Abstract: One of the products of the photochemical reaction induced by UV
irradiation of the two 1-methylthymine molecules is pyrimidine(6-4)pyrimi-
done. Due to the low yield of this product, it is difficult to examine its geo-
metry and vibrational spectrum. In this study, quantum chemical methods were
used to characterize the structure of pyrimidine(6-4)pyrimidone. Its three con-
formers were optimized and their structures compared. Their vibrational fre-
guencies in the harmonic approximation are discussed briefly. It was shown
that the most significant changes in the infrared spectra arise from the forma-
tion of hydrogen bonds. All calculations were performed both in vacuum and in
D,0.

Keywords. photochemistry, quantum chemistry, density functional theory.

INTRODUCTION

The main chromophores for the absorption of UVA and UVB radiation in
DNA and RNA are the nucleic acid bases. Most of the excited-state population of
the nucleic acid bases in a low-pressure gas phase relaxes radiationlessly to the
electronic ground state on an ultrafast timescale.l This fast relaxation prevents
the creation of UV damage. Nevertheless, in the pyrimidine bases uracil and thy-
mine, a long-lived dark state is formed to a minor extent.25 Recent theoretical
work®-8 and supersonic jet experiments? have shown that this dark state is the T,
state. In apolar solvents, a significant triplet quantum yield was observed, while
in polar protic solvents, the triplet quantum yield was smaller.®

There is evidence that the triplet states of nucleic acids are involved in the
formation of nucleic acids photo-lesions, which are mutagenic and carcinogenic
for skin cells.10-13 The most frequent photoreaction of nucleic acids is an intra-

* Corresponding author. E-mail: milena@ffh.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC120522061R
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strand pyrimidine dimerization. This reaction covalently links two pyrimidine
bases and yields mostly the cyclobutane pyrimidine dimer (CPD) and a small
amount of the pyrimidine(6-4)pyrimidone adduct ((6-4)PP), Fig. 1. The former
product is formed in a [2+2] cycloaddition reaction between adjacent bases,
while the latter arises from a Paterno-Biichi cycloaddition, followed by thermal
ring opening of the oxetane intermediate. The adduct exposed to UVB light can
be further photochemically transformed to its Dewar valence photo-isomer, the
so-called Dewar PP. In mammalian cells, UV-induced bipyrimidine photopro-
ducts are removed via nucleotide excision repair (NER), by either transcription-
coupled repair (TCR) or global genomic repair (GGR).14 The repair kinetics and
efficiencies of UV-induced damage vary considerably from one type of photo-
lesion to another and also between different species.14 Both PP products are less
investigated than CPD because of the low reaction yield and difficult detection.
Hence, more work is required to understand the mechanism of their formation
and repair.

0 0
HN ‘ NH
o o)\N 1 | N/KO
| H H |
CHy  HC CHs CH,
HINS 4 q CPD
26 + 0
o) N CH3
| OH
CHj j\ .
e N
| H

vy N 0
(/\K
CH, N
HaC N “SCH,

(6-4) PRODUCT

Fig. 1. Chemical structures and atom labels of the 1-methylthymine photoproducts:
cyclobutane pyrimidine dimer (CPD) and pyrimidine(6-4)pyrimidone adduct.

In the present study, the pyrimidine(6-4)pyrimidone adduct, created by the
photochemical reaction of two 1-methylthymine molecules, was analyzed by
means of a quantum-chemical method. Thymine is a pyrimidine base that has the
highest yield of dimerization photoproducts. The methylated compound was
chosen for analysis because methylation in position one plays the role of sugar in
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DNA. The ground state structure of (6-4)PP was characterized in vacuum and
also in D70. The solvent D>O was chosen because experiments concerning the
detection of vibrational maotion are usually performed in this solvent. Three con-
formers were found, and their structure and stability were characterized. In addi-
tion, their vibrational spectrawere calculated and assigned.

COMPUTATIONAL DETAILS

All calculations were performed with the GAUSSIAN program package.l® The density
functional theory (DFT) with B3-LYP functionall® was employed for electronic structure
calculations. All calculations were realized in C; point-group symmetry. The optimization was
performed with tight convergence criteria due to the presence of methyl groups and low
frequency modes that involve methy! rotation. The Dunningst’ correlation-consistent basis set
cc-pVTZ (C, N, O, 10s5p2d1f /4s3p2d1f; H, 52pld /3s2pld) was used. In order to take into
account the electrostatic interactions in the polar solvent (D,0), the Onsager Model, 1819 in
which the solute isimbedded in a spherical cavity of a continuum medium characterized by its
dielectric constant, was employed. The dielectric constant of D,O was taken to be ¢ = 78.06.
All vibrational frequencies were calculated within the harmonic approximation.

RESULTS AND DISCUSSION
The molecular geometries

The ground state structure of (6-4)PP was optimized in vacuum and in D>0.
Three conformers were found, which were labeled K1, K2 and K3 according to
their stability. Their electronic energies with and without zero-point correction
and their dipole moments are presented in Table .

TABLE I. Electronic energy (relative to the most stable conformer in D,O), sum of the elec-
tronic and zero-point vibrational energy and dipole moment of the conformers in vacuum and
in Dzo

Parameter K1 K2 K3

Eq/cml 1323 3235 3266
Eguazny / CTL 64309 66244 66227
11D 7.49 3.58 10.41
(SR 0 2872 537

Egitzov.000 / CTL 62985 65859 63544
fipyo ! D 9.71 4.77 14.02

The K1 conformer is the most stable one. Its optimized geometry with the
most significant bond lengthsis presented in Fig. 2. This structure was also found
by Ai et al. using the CASSCF(10,8)/6-31G(d) method.! Its pyrimidone ring is
planar. On the other hand, the pyrimidine ring is non-planar. The dihedral angles
C>N3—C4Cs and Co—N1—Cg—Cs in the pyrimidine ring are 15 and 42 degrees,
respectively. The two rings are almost orthogonal (the dihedral angle Cs—Cg—
—C4—Ng3 is 86 degrees). The C,=0 and C,=0 bond lengths are 1.21 and 1.22 A,
respectively. Ai et al.11 found slightly shorter bonds, namely 1.19 and 1.20 A.
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There is a genera tendency that the CASSCF bonds obtained by Ai et al. are
shorter than are those found in this study. This is because the CASSCF method
does not include the dynamic correlation required for the correct description of
the electronic energy in the vicinity of the potential minimum. The Cg—N4 bond
is 1.35 A while the C4—Nz bond is 1.30 A long. This means that the former
bond isweaker and is not strictly of a double bond character asis presented in the
valence-bond structure in Fig. 1. The Cg—C4 bond is 1.54 A long and it is a
single bond that allows ring rotation. The O—H bond is orientated toward the
oxygen that is connected to the C4 atom. This orientation stabilizes the energy of
the molecule by the formation of an intramolecular hydrogen bond. The hyd-
rogen bond length (defined by the distance between the bridging hydrogen and
the acceptor oxygen) amounts to 2.05 A. There are 102 norma modes, which re-
sultsin large zero-point energy, 62985 cmr1,

Fig. 2. The optimized geometry of the K1
conformer. All bond lengths arein A.

The optimized geometry of the K2 conformer is displayed in Fig. 3. Its elec-
tronic energy is 1912 cm1 higher than that of the K1 conformer. Rotation around
the Cg—Cy4 bond can transform it into the K1 conformer. The dihedral angle Cs—
—Cs—C4—N3z between the pyrimidine and pyrimidone rings is 111 degrees. The
differences in the bond lengths in the K1 and K2 conformers are not larger than
0.01 A. The pyrimidine bonds of the two conformers are more distinctive. Thisis
due to the steric effects induced by the interaction of the methyl group from the
pyrimidone ring and the pyrimidine ring in the K2 conformer. The intramolecular
hydrogen bond is 2.11 A. The zero-point energy of the K2 conformer is 24 cm1
larger than the zero-point energy of the K1 structure.
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The K3 conformer is the least stable. Its electronic energy is 31 cm1 higher
than that of K2 and 1943 cm21 higher than that of the K1 conformer. The opti-
mized geometry of the K3 conformer with the most significant bond lengths is
presented in Fig. 4. The angle between the pyrimidine and pyrimidone ringsis 57
degrees. The dihedral angles Co-N3—C4—Cs and Co—N1—Cg—Cs in the pyrimidine
ring are 3 and 44 degrees, respectively. The K3 conformer has the lowest zero-
point energy of all three conformers, it is 25 cm—1 lower than the zero-point
energy of K1. The hydrogen bond in the K3 conformer is formed between the
two rings and is of O—H---N typein the contrast to hydrogen bondsin K1 and K2
conformers that are formed within the same ring, and both the donor and the
acceptor are oxygen atoms. The hydrogen bond length in the K3 conformer
amounts to 1.9 A. It lowers the dihedral angle between the two rings (it is close
to 90 degrees in the most stable conformation), which increases the tension in the
system, making it less stable.

Fig. 3. The optimized geometry
of the K2 conformer. All bond
lengthsarein A.

Fig. 4. The optimized geometry
of the K3 conformer. All bond
lengthsarein A.
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It is interesting to examine whether solvation in DoO modifies the relative
stability of the three conformers. The K3 conformer has the largest dipole mo-
ment in vacuum (10.41 D) while the K2 conformer has the smallest (3.58 D). The
dipole moment in the K1 conformer is 7.49 D. Therefore, it is expected that sol-
vation would considerably modify the electronic energy of the K3 and K1 con-
formers. The increase of stability due to solvation is 1323, 363 and 2730 cm2 for
K1, K2 and K3 conformers, respectively. The energy of the K3 conformer de-
creased the most so that it became the second most stable conformer, 537 cm1
higher in energy than the K1 conformer and 2335 lower in energy than the K2
conformer. This is expected due to this conformer having the largest value of the
dipole moment. The dipole moments of the conformersin D,O are 9.71, 4.77 and
14.02 D, respectively. Although the solvation modifies the electronic energies,
the bond lengths remain almost unchanged. The largest bond change was 0.01 A.

The vibrational properties

The vibrational spectra were calculated in the harmonic approximation, Fig.
5. As mentioned before, there are 102 vibrational degrees of freedom. Attention
will be focused on the O-H, N-H and C=0 stretching vibrations and changes in
the corresponding peak position and intensity upon conformational change will
be analyzed. The frequencies and their intensities in vacuum and in DoO are
listed in Tablel.

First, the high frequency region above 3000 cm will be analyzed. This is
the region of the X—H stretching modes (X = O, N, C). There are 14 C—H bonds,
resulting in 14 C-H stretching modes. Due to the small difference in electrone-
gativity of hydrogen and carbon atoms, the dipole moment does not drastically
change upon such vibrational mations, which results in the small intensity of the
corresponding peaks. On the other hand, the peak intensities that correspond to
O-H and N—H stretching motion are generally large. Therefore, specia attention
will be paid to these two modes. As mentioned before, hydrogen bonds are
formed in al three cases: in conformers K1 and K2, the proton acceptor is the
oxygen atom of the pyrimidone ring, whereas in the K3 conformer, the proton
acceptor is the nitrogen atom of the pyrimidine ring. Although the electronega
tivity of the oxygen atom is greater than that of the nitrogen atom, O-H --N
bonds are usually stronger than O—H---O hydrogen bonds.20 Thisis also the case
with the (6-4)PP conformers; thus the harmonic von frequencies equal 3659 and
3700 cm1in K1 and K2, respectively, and 3540 cm1 in K3. The stronger hyd-
rogen bond in K3 weakens the covalent O—H bond, which resultsin alower O—H
stretching frequency. In a polar solvent such as D50, it is expected that hydrogen
bonds between the solvent and the solute are formed (in this particular case, the
oxygen atom of the hydroxyl group is supposed to play the role of an acceptor,
and the solvent molecule of a donor). However, in order to account for the for-
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mation of these bonds, it would be necessary to treat the solvent explicitly, which
would require substantial memory and CPU time. These interactions are not in-
cluded in the Onsager Model used in this work; hence, the intermolecular
hydrogen bonds are not included. For this reason, the voy frequency in K1 un-
dergoes a blue shift upon solvation. On the other hand, this band is red shifted in
D0 compared to vacuum for K2 and K3. Inclusion of the polar environment sig-
nificantly increases the peak intensities in al cases. This change is especialy
pronounced for the K3 conformer, where the hydrogen bond is the strongest.

1200 T T T ' T 2000 T T T '/
1000 T 16004
8004
12001
600
400 8007
2004 4004
1200 b L 1k .||| |||M| | S/ fa . 1 2000 b ) 1 J|| ‘||‘“| 1| " - |
10004 1 16001
T 800
5 1200
o 600+
—_
@ 400 800
2004 ] 4004
1200 sy L lILnII|||“£|IJ I i i 2000 b L 4y .ll|||“m|lJ I s . |1
10004 1 1600
800
1200
600
400 8007
200 1 4007
0-

O_
0 500 1000 1500 3000 3500 4000 0 500 1000 1500 3000 3500 4000

-
w/om™ w/cm

Fig. 5. Vibrational spectra of the conformersin vacuum (left) and D,O (right). Upper row K1
conformer, middle row K2 conformer and lower row K3 conformer.
Thereis abreak in frequency axis from 1850 to 2950 cmrl.

The situation with the vy mode is less complicated: neither the nitrogen nor
the hydrogen atoms participate in hydrogen bonding. Therefore, the N-H stretch-
ing frequencies do not differ much between the three conformers, and neither
after placing the molecules in D2O. An exception is the significant intensity in-
crease upon solvation of K2.

Considering the three C=0 stretching modes, the values of the three fre-
guencies do not drastically differ, neither in vacuum nor in D2O. An exception is
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vca=0, i.€, the role of an acceptor in hydrogen bonding weakens the C4=0 bond
in K1 and K2 compared to that in K3; hence, in the last case, the frequency has
the highest value. Inclusion of the solvent generally increases the peak intensity.
An exception is the peak that corresponds to C>=0 stretching motion in K1 and
K2, where the presence of the polar environment decreases the peak intensity.

TABLE II. Vibrational frequencies and infrared intensities of the O—H, N-H and C=0 stretch-
ing vibrations of the three conformers in vacuum/D,O

Parameter K1 K2 K3
Vo.n I et 3659/3691 3700/3686 3540/3416
lvo.n / arb. units (92/117) (73/129) (324/868)
W / cml 3595/3607 3591/3586 3595/3606
Iyn-H / &b. units (73/82) (72/142) (68/72)
Veo-o | cmit 1781/1767 1767/1767 1769/1757
lyeo=o / arb. units (575/418) (433/103) (537/821)
Vea=o | cmit 1771/1761 1765/1761 1792/1776
lyca=o / arb. units (442/963) (210/776) (319/476)
Veo—o / et 1755/1736 1754/1736 1762/1746
lveo=o ! @b. units (479/890) (969/1796) (7411147)
CONCLUSIONS

In this contribution, the geometries and vibrational properties of pyrimidi-
ne(6-4)pyrimidone, a less stable product of a photoreaction of 1-methylthymine,
were investigated. The bond lengths do not differ significantly between the three
conformers and the factor that governs the stability of the conformers is the
mutual orientation of the pyrimidine and pyrimidone rings. Due to the presence of
polar groups, the order of stability of the three conformers changed when the polar
environment was introduced (the polar environment mimics the solvent
molecules, D20).

The corresponding infrared spectra (peak position and intensities) are briefly
discussed. The most noticeable changes concern the O-H stretching motion, since
this hydroxyl group is involved in intramolecular hydrogen bonding. The vibra-
tional frequencies were computed within the harmonic approximation. A detailed
analysis would require inclusion of mode couplings, which would cause not only
red shift of the O—H stretching band comparing to the harmonic value, but also
band broadening and the appearance of additional peaks.
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U3BOJ

KBAHTHO XEMHJCKO UCITUTUBAILE @OTOITPOU3BOOA PEAKITUJE IBA
MOJIEKYJIA 1-METWITUMUHA: THPUMWINH(6-4) ITTUPUMUIOH ALYKTA

MHPOCJIAB M. PUCTHUR, MUJIEHA IIETKOBWh 1 MUXAJJIO ETHHCKH

Qakyniiel 3a usuuky xemujy, Ynusepsutiieil y Beoipagy, Ciygeniticku wwipi 12—16,
u.tip.47, 11158 Beoipag

JemaH opn mpou3Bopa goTtoxeMHujcke peakudje nHuLUpaHe UV 3payemeM IBa MOJeKysa

1-MeTWITHMHHA je TUPUMHIOUH(6-4)MUpUMHULOH. 300r MaJior TPHUHOCA OBOT IPOW3BOZA,
TELIKO je UCIIUTAaTH HEeroBy reOMeTpHjy U BUOpAlMOHHU CIeKTap. Y 0BOM pany KopuirheHe cy
KBAaHTHO XEMHjcke MeToge Ja OM ce KapaKTepus3oBajla CTPYKTYpa MUPUMHIWH(6-4)MHpUMHU-
noHa. HheroBa Tpu KoHdGOpMepa Cy ONTHMH30BaHAa U BHUXOBE CTPYyKType cy nopeheHe. Pas-
MaTpaHa Cy BUOpalMOHa CBOjCTBA M3padyyHaTa y XapMOHHjCKOj anpokcumanuju. [TokasaHo je
Ila ce Haj3HaUajHHje MpOMeHe Y MHQPALUpPBEHUM CIIEKTPHMA jaB/bajy Kao Iocienuia odpa-
30Bama BOJOHUYHUX Be3a. CBU IpOpauvyHH Cy U3BPILEHU U Y Bakyymy Uy D,0.
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A mixture of dicyclohexylamine and oleylamine as a corrosion
inhibitor for mild steel in NaCl solution saturated with CO»
under both continual immersion and top of theline corrosion
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Abstract: This paper presents a comprehensive method to evaluate a mixture of
dicyclohexylamine and oleylamine (DCHA+OA) as a corrosion inhibitor for
mild steel in a CO, environment in the liquid and vapor phase. The volatile
properties of the corrosion inhibitor were investigated in order to determine
whether DCHA+OA could be used to control the severity of a top of the line
(TLC) corrosion attack. Corrosion measurements were performed using elec-
trochemical impedance spectroscopy, linear polarization resistance, potentio-
dynamic sweep measurements, as well as electrical resistance and weight loss
measurements, in order to determine the inhibitive performances of dicyclo-
hexylamine and oleylamine. In order to define the surface morphologica cha-
racteristics, the scanning electron microscopy technique was applied. The elec-
trochemical study and the weight 1oss measurements indicated that DCHA+OA
significantly decreased the corrosion rate in the liquid phase when 50 ppm of
DCHA+OA was added. Scanning electron microphotographs indicated a pro-
tective inhibitor film was formed on the steel surface and revealed that good
protection was achieved, together with a decrease in the corrosion rate, as de-
termined by weight loss and electrochemical techniques. It was shown using
electrical resistance measurements in the vapor phase, that a concentration of
1000 ppm DCHA+OA significantly decreased the corrosion rate at the top of
the line only when it was carried there within its own foam and not due its
volatility.

Keywords. carbon steel; corrosion inhibitors; electrochemical measurements;
scanning electron microscopy; electrical resistance measurements.
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INTRODUCTION

In wet gas transportation, one of the most significant internal corrosion
challenges is the so-called Top of the Line Corrosion (TLC). When the fluid
stream is cooled, water vapor condenses on the sides and at the top of the line,
creating droplets that are very corrosive since they contain dissolved corrosive
gases such as CO, and HoS. It is difficult to mitigate this type of corrosion, as
conventional corrosion inhibitors dissolved in the liquid phase cannot be easily
transported to the top of the line.1~> One possible solution may be the application
of volatile corrosion inhibitors (VCI), which have been successfully used in dif-
ferent applications. The advantage of VCI is that the vaporized inhibitor mole-
cules can reach the top of the line and form a relatively stable and protective
layer on the metal surface.6-8

An aqueous carbon dioxide-saturated system is by far one of the most com-
mon corrosive environments encountered in the oil and gas industry.9-11 The
problems arising from CO» corrosion have led to the devel opment of various me-
thods of corrosion control and one of the most practical methods for protection is
the addition of organic substances as corrosion inhibitors, especiadly in acidic
media.12-14 Injected inhibitor liquids are carried along the line, thereby pro-
ducing a protective film all over the internal pipeline surface.1> Most of the inhi-
bitors are organic heterocyclic compounds with N, S, or O atoms.16-23 The sites
of these elements have higher electron density, so they are considered to be ad-
sorption reaction centers. It was found that most of the organic inhibitors act by
adsorption on the metal surface and by blocking the active corrosion sites.24-26
Inhibitors adsorb on the metal surface by displacing water molecules on the sur-
face and forming a compact film as a physical barrier to reduce the transport of
corrosive species to the metal surface.2” This phenomenon is influenced by the
nature and surface charge of the metal, by the type of aggressive electrolyte and
by the chemical structure of the inhibitors.28 As most corrosion inhibitors are
required to partition to the water phase, the surface tension between the oil/water
interface must be lowered, which is achieved by the addition of a surfactant.29-31

In this study, electrochemical impedance spectroscopy (EIS), linear polariza-
tion resistance (LPR), potentiodynamic sweep (PDS) measurements, as well as
electrical resistance (ER) and weight loss (WL) measurements and scanning
electron microscopy (SEM) were conducted in order to investigate the efficiency
of a mixture of dicyclohexylamine and oleylamine (DCHA+OA) as a corrosion
inhibitor for mild steel in a CO, environment in the liquid and vapor phase. Di-
cyclohexylamine is used for its corrosion inhibition properties, while the oleyl-
amine is used for its surfactant properties. A mixture of DCHA+OA was chosen
considering the fact that dicyclohexylamine has a relatively high vapor pressure
(1.6 kPa) and good inhibition properties in the liquid phase; hence, it was anti-
cipated that even a small concentration of dicyclohexylamine in the vapor phase
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could provide sufficient inhibition at the top. Oleylamine, known as a surfactant,
was added in the mixture in order to maximize the contact surface area between
dicyclohexylamine and the aqueous medium. In addition, dicyclohexylamineis a
water insoluble inhibitor and a surface-active agent, oleylamine, was added to
increase surface area and to cause a micro emulsion to form in the water phase.
The molecular structures of inhibitor components are shown in Fig. 1.

H

A e

Fig. 1. Molecular structures of dicyclohexylamine and oleylamine.

EXPERIMENTAL
Investigation of the efficiency of the corrosion inhibitor in the liquid phase

The carbon steel APl X65 was used in al experiments. The test specimens of surface
area 5.4 cm?, were sequentially polished using 240, 320, 400 and 600 grit silicon carbide
paper, rinsed with 2-propanol in an ultrasonic cleaner for 1 to 2 minutes and then air-dried.
The mixture of corrosion inhibitor dicyclohexylamine and oleylamine (1:1 vol. %) in a con-
centration of 50 ppm was added to a 3 wt. % NaCl solution. The cell temperature was moni-
tored by a thermocouple. When the required temperature was achieved, the pH of the test
solution was adjusted by addition of a deoxygenated sodium bicarbonate solution. The linear
polarization resistance, electrochemical impedance spectroscopy, potentiodynamic sweep and
weight loss measurements were performed in a glass cell, shown in Fig. 2. The test matrix for
this experimental seriesisshownin Tablel.

1. Reference electrode 2. Gas outlet

3. Temperature probe 4, Platinum counter electrode

5. Rotat 6. Gas inlet -

¥, pH - eleiiode 8. Luggin capiliary Fig. 2. Scheme of the glass celé for the
9, Working electrode 10. Hot plate CO, corrosion test of mild steel.
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TABLE |. Test matrix for the CO, experimentsin the liquid phase

Parameter Value

Total pressure, kPa 100

CO,, partia pressure, kPa 96 and 69
Liquid temperature, °C 20 and 70

NaCl solution, wt. % 3
Concentration of DCHA+OA, ppm 50

pH 5

M easurements OCP, EIS, LPR, PDS

Electrochemical measurements. All the electrochemical measurements were performed
using a Gamry, Reference 600 potentiostat/galvanostat/ZRA. An Ag/AgCl (4M KCI) refe-
rence electrode was externally connected via a Luggin capillary. The counter electrode was a
concentric platinum wire. The open circuit potential was monitored for 30 min, in which time
a stable potential was reached, before al the electrochemical measurements were realized.
The electrochemical measurements were typically conducted in the same order: linear pola-
rization resistance, electrochemical impedance spectroscopy and potentiodynamic sweep. The
linear polarization resistance (LPR) measurements were performed from a cathodic potential
of -5 mV to an anodic potential of +5 mV, with respect to the corrosion potential, at a scan
rate of 0.125 mV s, The electrochemical impedance spectroscopy (EIS) measurements were
performed over a frequency range of 10 kHz to 10 mHz using a 10 mV amplitude of sinusoi-
dal voltage. The potentiodynamic sweep (PDS) measurements were realized from a cathodic
potential of —0.25 V to an anodic potential of 0.25 V, with respect to the corrosion potential, at
ascanrate of 0.2 mv sl

Weight loss measurements. Typically after 24 h, pre-weighed samples were taken out of
the 3 wt. % NaCl purged with CO, gas without and with DCHA+OA at 20 °C, and at 70 °C,
rinsed with 2-propanol and wiped with a cloth to remove any salt residue and carbide scales,
then air dried and weighed on an analytic balance (accuracy £0.1 mg).

Surface morphology. A scanning electron microscope (SEM) JEOL JSM-6390 was used
to analyze the morphology of the mild steel surface. Images of the specimens were recorded
after 24 h exposure time in 3 wt. % NaCl purged with CO, gas at 20 °C, and at 70 °C without
and with DCHA+OA.

Electrical resistance measurements. All measurements were realized using a Microcor
Online Corrosion Monitoring System, Rohrback Cosasco Systems. APl X65 steel specimens
were pretreated with 78 wt. % H,SO, for 30 s, rinsed with distilled water for 10 s and then
polished with emery paper grit 600 and rinsed with distilled water. The solutions were
deaerated by purging carbon dioxide gas for an hour before the start of the experiment, and
then the bubbler was placed in the vapor phase. CO, injection was maintained during the
entire test. When the desired conditions were achieved, the ER probe was put into the glass
cell and corrosion rate was monitored. The test matrix for this experimental seriesis shownin
Tablell.

Investigation of efficiency of the corrosion inhibitor in the vapor phase

The experiments were performed in a glass cell containing 3 wt. % agqueous NaCl solu-
tions with 1000 ppm of acetic acid added. The test solution was deoxygenated by bubbling
CO, for an hour and then the CO, gas inlet was placed in the vapor phase. At the same time,
the temperature was increased to 70 °C. Once the experimental conditions were attained, an
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ER probe was installed flush mounted at the bottom of a stainless steel lid. When the bare
steel corrosion rate was obtained, 1000 ppm of corrosion inhibitor DCHA+OA was injected
into the solution.

TABLE Il. Test matrix for the ER measurements

Parameter Value
Total pressure, kPa 100
CO, partia pressure, kPa 69
Liquid temperature, °C 70
NaCl solution, wt. % 3
Concentration of DCHA+OA, ppm 1000
Concentration of acetic acid, ppm 1000
pH 4

M easurement ER

RESULTS AND DISSCUSSION
Efficiency of the corrosion inhibitor in the liquid phase

The objective of this part of the experiments was to determine the basic pro-
perties of the investigated corrosion inhibitor dicyclohexylamine and oleylamine
(DCHA+OA) inthe liquid phase.

Electrochemical measurements. The impedance data were analyzed using
the electric equivalent circuit presented in Fig. 3, where Rq, is the solution resis-
tance, Cgq is the double layer capacitance and Ry is the charge-transfer resis-

tance.32-34
Sy

Rct Fig. 3. Electrical equivalent circuit.

The Nyquist plots of the mild steel in 3 wt. % NaCl saturated with CO», pH
5, without and with 50 ppm DCHA+OA, at 20 °C are shownin Fig. 4.

From the Nyquist plots, it could be seen that the impedance response sig-
nificantly changed on addition of DCHA+OA. The inhibition efficiency (IE / %)
after different exposure times was calculated from the impedance data using the
following equation:

IE /%= et =Roet 10 (1)
Ret

where Roet and Rt are the charge-transfer resistance values without and with
inhibitor, respectively.3> The values of charge-transfer resistance and inhibition
efficiency obtained from the EIS measurements for mild steel in 3 wt. % NaCl at
20 °C and at 70 °C are given in Table [11, from which it can be observed that the
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inhibition efficiency increased upon addition of 50 ppm of DCHA+OA during
the exposure time and reached a maximum inhibition efficiency of 98 % after 49
h of exposure at 20 °C.

1000 - m 3 wt.% NacCl after 1h
® 3wt.% NaCl with 50 ppm DCHA+OA after 2h
- A 3wt.% NaCl with 50 ppm DCHA+OA after 49h
E 800 v 3 wt.% NaCl with 50 ppm DCHA+OA after 72h
G
§ 600+
M A
i A
A
400 + A A
A
A A
A A
200 AAA

I 1] ¥ 1 . 1 " 1
0 200 400 600 800 1000 1200 1400
2
z_ . /Qcm

Fig. 4. Nyquist plots for mild steel in 3 wt. % NaCl solution at 20 °C, pH 5,
without and with 50 ppm DCHA+OA.

TABLE Ill. The values of the charge-transfer resistance and inhibition efficiencies obtained
from EIS measurements for mild steel in 3 wt. % NaCl solution without and with inhibitor
(DCHA+OA), at 20 and 70 °C

c (DCHA+OA) / ppm t/h t/°C Ry / Q cm? IE/%
0 1 20 50 -
50 2 20 90 44
50 49 20 2400 98
50 72 20 600 92
0 1 70 12 -
50 2 70 50 76
50 22 70 500 98
50 32 70 150 92

It can also be seen from Table |11 that the values of charge-transfer resistance
at 20 °C in 3 wt. % NaCl with inhibitor increased with exposure time (up to 49
h), indicating the presence of an inhibitor layer adsorbed at the metal surface that
acts as a barrier layer. After prolonged time (72 h), the charge-transfer resistance
decreased, which could be explained by desorption of the inhibitor film from the
metal surface and lower inhibition performances. A similar behavior was ob-
served at 70 °C, but after shorter exposure times (22 and 32 h, respectively). It
appears that inhibitor molecules probably start to desorb during time due to inter-
actions between the inhibitor molecules already adsorbed at the metal surface and
those present in solution. With increasing amount of adsorbed inhibitor, the inter-
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actions become stronger, leading to secondary desorption after prolonged expo-
sure. As could be expected, the values of the charge-transfer resistance at 70 °C
were lower compared to the values at 20 °C due to the faster corrosion process
and smaller amount of adsorbed inhibitor. It iswell known that the amount of ad-
sorbed inhibitor decreases with increasing temperature.

Similar behavior can be observed from the potentiodynamic sweep curves
shown in Fig. 5. The addition of DCHA+OA shifted the corrosion potential to
dlightly more positive values and decreased the corrosion rate of mild stedl. In the
absence of inhibitor, the corrosion current density was calculated to be 8x10-5 A
cm2, which is about 10 times greater than the corrosion current density with
inhibitor (1.7x10-6 A cm2). According to Fig. 5, it appears that DCHA+OA is a
mixed-type inhibitor, since it reduces both the cathodic and anodic current den-
sities. The decrease in the corrosion current density and increase in the corrosion
potential confirm the inhibition properties of DCHA+OA. However, the rate of
anodic dissolution of steel increased in the presence of inhibitor at more positive
potentials than —300 mV (Ag/AgCl), which was previoudy reported as the
desorption potential 18,35

045 ® bare steel, 20°C
| A DCHA+OA, 20 °C
-0.50
-0.55 -
6 .
D 060 A A A A
2 060 1
> -0.65
< 1 ]
9 070+
< |
< 075+
w .
-0.80
-0.85
-0.90
-0.95 4
1E5  1E4  1E3 001 0.1 1 10 100

il Am?

Fig. 5. Polarization curves of mild steel in 3 wt. % NaCl solution at 20 °C,
pH 5, without and with 50 ppm DCHA+OA.

The vaue of R, was determined using linear polarization resistance (LPR),
while the corrosion rate was cal culated using the following equations:
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i1l Dabe )
T AR, 2.303(by + )
My .
CR—Flcorr (©)]

where, by and b are the anodic and cathodic Tafel slopes, respectively, My isthe
molecular weight of iron, A isthe surface area of the sample, which is 5.4 cm2, p
is the density of iron, n is the number of electrons exchanged in the electroche-
mical reaction and F is the Faraday constant. It was found that corrosion rate of
mild steel in 3 wt. % NaCl, pH 5, at 20°C decreased to below 0.1 mm yr—1 when
50 ppm of DCHA+OA was added compared to the corrosion rate of 0.6 mm yr—1
for bare steel (Fig. 6). The corrosion rate at 70 °C aso decreased from 2.2 mm
yr1 for bare steel to 0.1 mm yr-1 on addition of 50 ppm of DCHA+OA (Fig. 7).
As can be seen in Figs. 6 and 7, the Eqqr value shifted from approximately —0.7
V for the uninhibited system to —0.6 V in the presence of DCHA+OA. Namely,
Ecorr shifted to dightly more positive values from that of the uninhibited elec-
trode when corrosion inhibitor was added. In general, DCHA+OA is considered
as amixed type of corrosion inhibitor because it affects both the metal ionization
and the hydrogen evolution reaction, but the anodic action is more pronounced.

0.6 50 ppm DCHA+OA a

0.5
7 -0.62
>
g 0.4 >
(= - -0.64
~ 0.3 5
n: (3]
O  -0.66 W

0.2

0.1 4! [ <068

0 IE T T =T T '0-7
0 20 40 60 80
r/h

Fig. 6. Corrosion rate and corrosion potentia of mild steel in 3 wt. % NaCl solution at 20 °C,
pH 5, without and with 50 ppm DCHA+OA, measured by LPR during 72 h.

Weight loss measurements. The effect of addition of the DCHA+OA inhi-
bitor on the corrosion of mild steel in 3 wt. % NaCl solution was also studied by
weight loss measurements at 20 and 70 °C after a 24-h immersion period. The
weight loss method was used in order to estimate average corrosion rates.36 The
weight loss (WL) was cal culated from the equation:
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WL =W, -Wp (4)

where Wy and W are the average weight of the specimens before and after ex-
posure, respectively. The corrosion rate, CR, was calculated using the equation:

WL
o 5)
Spt
where, Sis the surface area of specimens, p is the density of iron and t is the
exposure time.18 It can be seen from Table 1V that the corrosion rate significantly
decreased on addition of the DCHA+OA corrosion inhibitor at both tempera-

tures. The results obtained from the weight loss measurements are in accordance
with the results obtained from the EIS and PDS measurements.

CR

50 ppm DCHA+OA . _0.1
- -0.2
- -0.3
- -0.4

CR/ mm yr"
Econ: IV

= 0.5

-e—os - - .= - -0.6

t/h

Fig. 7. Corrosion rate and corrosion potentia of mild steel in 3 wt. % NaCl solution at 70 °C,
pH 5, without and with 50 ppm DCHA+OA, measured by LPR during 24 h.

It can be considered that the inhibition performances of the corrosion inhi-
bitor dicyclohexylamine and oleylamine and the reduced corrosion rate are the
consequence of strong interactions established between the N atoms with unshared
electron pair from the dicyclohexylamine (DCHA) and oleylamine (OA) mole-
cules and the negatively charged metal surface. Moreover, the long alkyl chains
from oleylamine can orientate the inhibitor on the metal surface. In addition, van
der Waals interactions are established between the akyl chains, so they form a
firmly adsorbed hydrophobic layer that protects the steel surface against corro-
sion attack.

Surface morphology. The SEM microphotographs of mild steel surface after
24 h of exposure to 3 wt. % NaCl solution without and with DCHA+OA added at
20 °C and at 70 °C are shown in Fig. 8. In the absence of inhibitor (Figs. 8a and
b), the mild steel surface was strongly damaged due to metal dissolution in the
corrosive solution. The surface after exposure at 20 °C was very rough and uneven
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while the specimen that was exposed at 70 °C (Fig. 8b) had deep and large holes
a the surface. However, the appearance of stedl surface was significantly diffe-
rent after the addition of DCHA+OA to the corrosive solution. As can be seen
from Figs. 8c and 8d, the dissolution rate of mild steel was reduced and a uni-
form, smooth surface appeared due to formation of a protective inhibitor film on
the metal surface. The SEM results are in accordance with the results of the weight
loss and el ectrochemical measurements.

WO aopm 1359

Fig. 8. SEM Microphotographs of mild steel after exposure to 3 wt. % NaCl solution at:a) 20
and b) 70 °C; c) with 50 ppm DCHA+OA at 20 °C and d) with 50 ppm DCHA+OA at 70 °C.

15KV X2,000 —+dym 12 62 SEI

Electrical resistance measurements. The time dependences of the decrease
metal thickness and corrosion rate when 1000 ppm DCHA+OA was added in 3
wt. % NaCl solution are shown in Fig. 9, indicating that the corrosion rate after
20 h was around 0.1 mm yr—1, After the baseline conditions were established, the
corrosion rate of bare steel in solution was around 4.5 mm yr-1. Consequently, it
can be considered that a concentration of 1000 ppm DCHA+OA significantly de-
creased the corrosion rate in the liquid phase. Similar results were obtained using
LPR (Fig. 7) and weight loss measurements (Table V).
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1 i 1000 ppm DCHA+OA
45 /

- 14.5

CRImm yr-!

14

tickhness loss, um

- 135

t/h

Fig. 9. The time dependence of the decrease in metal thickness and corrosion rate for mild
steel in the liquid phase when 1000 ppm DCHA+OA was added to 3 wt. % NaCl
solution at 70 °C, pH 4, with 1000 ppm of acetic acid.

TABLE IV. Weight loss measurements after 24 h for mild steel in 3 wt. % NaCl solution
without and with inhibitor (DCHA+OA), at 20 and 70 °C

¢ (DCHA+OA) / ppm t/°C WL / mg CR/mmyr1
0 20 0.017 0.96

50 20 0.0002 0.012

0 70 0.074 4.3

50 70 0.0016 0.095

Efficiency of the corrosion inhibitor in the vapor phase

The aim of this part of the study was to investigate the volatile properties of
the corrosion inhibitor DCHA+OA using electrical resistance (ER) measure-
ments. The time dependences of the decrease in the meta thickness and the cor-
rosion rate in vapor phase when 1000 ppm DCHA+OA was added to a 3 wt. %
NaCl solution are shown in Fig. 10. The rate of decrease of the metal thickness
was constant when 1000 ppm of corrosion inhibitor DCHA+OA was injected
(Fig. 10), indicating that the inhibitor DCHA+OA has poor volatile properties
and did not protect the carbon steel at the top of the line.

The corrosion rate increased during the first 2 h and reached approximately
0.5 mmyr1 (Fig. 10). After the corrosion rate of bare steel was established, 1000
ppm of corrosion inhibitor DCHA+OA was injected directly into the solution. It
can be seen that the added inhibitor had no effect on the corrosion rate in the
vapor phase.
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1000 ppm DCHA+OA
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04 4

CRImm
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tickhness loss, um
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Fig. 10. The time dependence of the decrease in metal thickness and corrosion rate for mild
steel in the vapor phase when 1000 ppm DCHA+OA was added to 3 wt. % NaCl solutions
at 70 °C, pH 4, with 1000 ppm of acetic acid.

In an additional experiment foam was created inside the glass cell by placing
the bubbler in the liquid phase instead of in the vapor phase after addition of the
corrosion inhibitor DCHA+OA to the solution. The time dependences of the de-
crease in the metal thickness and the corrosion rate in vapor phase when foam
was created after the addition of 1000 ppm DCHA+OA to the 3 wt. % NaCl solu-
tion are shownin Fig. 11.

09 ,é___._-- 1000 ppm DCHA+OA

o 04 - Yo — L 9.05

tickhness loss,um

——w IM_—#' 895
0 5 10 15 20
t/h

Fig. 11. The time dependence of the decrease in metal thickness and corrosion rate for mild
steel in the vapor phase with foam created when 1000 ppm DCHA+OA was added to
3 wt. % NaCl solution at 70 °C, pH 4 with 1000 ppm of acetic acid.
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The corrosion rate in the vapor phase increased during the first 2.5 h and
reached approximately 0.5 mm yr-1 and then decreased to below 0.1 mm yr1
after the foam contacted the ER probe (Fig. 11). Consequently, it could be con-
cluded that a concentration of 1000 ppm DCHA+OA significantly decreased the
corrosion rate at the top only when it was carried to the top within its own foam
and not due its volatility.

CONCLUSIONS

The electrochemical study of the efficiency of the corrosion inhibitor dicyc-
lohexylamine and oleylamine (DCHA+OA) in liquid phase showed that the
corrosion rate of mild steel in 3 wt. % NaCl solution at pH 5 and at 20 °C de-
creased to below 0.1 mm yr—1 when 50 ppm of DCHA+OA was added, compared
to bare steel corrosion rate of 0.6 mm yr-1. The corrosion rate also decreased
from 2.2 mm yr-1 for bare steel to 0.1 mm yr—1 by adding 50 ppm of DCHA+OA
a 70 °C. The protective action of the added inhibitor can be explained by the
strong interactions established between the unshared electron pair of the N atoms
of the dicyclohexylamine (DCHA) and oleylamine (OA) molecules and the nega-
tively charged metal surface. Scanning electron microphotographs of mild steel
surface also revealed that DCHA+OA inhibits the corrosion process and a uni-
form, smooth surface appeared due to formation of a protective inhibitor film on
the metal surface. Electrical resistance measurements in the liquid phase showed
that the corrosion rate at 70 °C after 20 h was below 0.1 mm yr-1 when 1000
ppm of DCHA+OA was added. From el ectric resistance measurements in the va-
por phase, it could be concluded that the inhibitor DCHA+OA has poor volatile
properties and does not protect the carbon steel at the top of the line. On the other
hand, it was shown that a concentration of 1000 ppm DCHA+OA significantly
decreased the corrosion rate at the top when it was carried to the top within its
own foam.
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n3BOJ

CMECA TUITUKIIOXEKCUJTAMUHA U OJIEWJIAMHUHA KAO UHXUBUTOP KOPO3UJE
HUCKOYIJbEHUYHOT YEJIUKA Y PACTBOPY NaCl 3ACHREHOM CA CO;

HWBAHA JEBPEMOBI/I'Bi, AJIEKCAHIPA ,Z[EBEJ]:KOBI/IFS, MARC SINGERZ, MOHSEN ACHOURS,
CPBAH HEIINE’ n BECHA MMIIKOBHR-CTAHKOBHR'

1Texuommxo—mem(wypm1cu paxyniew, Ynueep3utiewi y beoipagy, Kapneiujesa 4, beoipag, ZInstit‘utefor
Corrosion and Multiphase Technology, Ohio University, 342 West State St., Athens, OH 45701, USA u
3ConocoPhillips Company, 226 Geosciences Building, Bartlesville, OK, USA

Y 0BOM pajly MCIIMTHBAHA je 3aIUTHTa HUCKOYIJbEHUYHOT YeIuKa Ofi KOpo3uje Mmoj Jejc-
TBOM CO, mMprMeHOM CcMece JUIMKIOXekcuaaMuHa U onewnamuHa (DCHA+OA) kao UHXU-
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duropa y TeuHoj u racoButoj ¢dasu. Mcnapmusoct cmece DCHA+OA je ucnuTHBaHA y LUBY
noreHuujanne npumeHe DCHA+OA kao j1ako WCHap/bHUBOT HHXUOUTOpA 33 CMamewme Op3uHe
KOpo3yje y ycaoBUMa KoHfeH3anuje. [Ipy HCIUTHBaky MHXMOMTOPCKUX CBOjCTaBa CMECE OH-
IUKIOXeKIMIaMKHa U OJleWIaMUHa IpUMeeHe cy ciefehe TexHUKke KapakTepusalyje: Crek-
TPOCKOIIHMja elIeKTPOXeMHjCKe UMIleflaHlIMje, METOAA JINHeapHe MoJlapyu3allioHe OTIIOPHOCTH,
MeToJia IoJIapy3alyje TMHEAapHO IPOMEH/BUBUM IOTEHLIMja/IOM, MEDEHE €NEeKTPUUHE OTIOP-
HOCTH, TPaBUMETpPHjCcka MeTolja ofpehuBama rydbuTKa Mace, kKao U ckeHupajyha enexTpoHcka
MHKpOCKonHja. Pe3ynTaTi enekTpoXeMHUjCKUX Mepema U rpaBUMeTpHjcke meToze onpehrsa-
’a rydbruTka mace nokasyjy ga gopara cMmeca DCHA+OA y xoHueHTpanuju o 50 ppm 3Hayaj-
HO CMamyje Op3MHY KOpO3Hje Y Te4HOj ¢da3u y OBHOCY Ha cucTteM Oe3 MHxuOUTOpa. MHKpO-
¢ororpaduje nospirHe yenuka notephyjy ma ce y npucyctsy cmece DCHA+OA cmamyje
cTeneH KOpo3uje Kao nocienuna (opMupama 3alITUTHOT UIMa HHXUOUTOPA Ha NOBPUIMHU
HHUCKOYIJb€HUYHOT yenuka. [I[puMeHOM TeXHUKe Mepera elIeKTPUUHE OTIIOPHOCTH Y TaCOBUTO]
¢a3u nokasaHo je ma gomatak cmece uaxuduropa DCHA+OA y xoHuenTpauuju o 1000 ppm
JOBOJM JI0 3HAUajHOT CMamema Op3WHE KOPO3HUje Y YCI0BUMa KOHAEH3aluje, camo y ciydajy
Kaja Ce TPaHCIOPT UHXUOHUTOpA IO IOBPLIMHE YEIMKa OCTBapyje y 00/IMKy NeHe, a He 300T HUc-
Nap/bUBOCTH CAMOT UHXUOUTOPA.

(ITpumibeHo 22. pedpyapa, peupupano 21. maja 2012)
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Application of UV—-Vis spectrophotometric and
chemiluminescent methods for the evaluation of the
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Abstract: Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
-dione) is a natural biologically active substance with antioxidant activity. The
ability of curcumin to inhibit free radical reactions can be used in the pre-
vention of diseases such as cancer and coronary heart disease. UV-Vis
spectrophotometric and chemiluminescent dynamic methods for determination
of the antioxidant activity of curcumin were developed. The spectrophoto-
metric method includes investigation of the interaction between DNA, isolated
from HL-60 cells, and curcumin. The decreasing absorption of curcumin in the
presence of HL-60 DNA against the blank sample can be a measurement for
some complex formation between curcumin and DNA. The chemiluminescent
method involves three tests for the detection of luminol- dependent chemilu-
minescence based on model systems that generate superoxide, hydroxide and
hypochlorite radicals. The strongest decay of chemilunimescence was regis-
tered at the highest concentration of curcumin (100 pmol L-1).

Keywords. curcumin; antioxidant; UV—-Vis spectrophotometry; DNA com-
plexation; chemiluminescence.
INTRODUCTION
Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is
the principal curcuminoid of the popular spice Curcuma longa L. (turmeric),

* Corresponding author. E-mail: stancho_stanchev@yahoo.com
doi: 10.2298/J5C110621032S
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which is a member of the ginger family (Zingiberaceae). The curcuminoids are
polyphenols and are responsible for the yellow color. Curcumin (Fig. 1) can exist
in at least two tautomeric forms - keto and enol. The enol form is more ener-
getically stable in the solid phase and in solution.1

0 0]
o]

0 “ScH
OH
HO

Fig. 1. Chemical structure of curcumin.

Invitro and animal studies suggested a wide range of potential therapeutic or
preventive effects associated with curcumin on numerous diseases, including
multiple myeloma, pancreatic cancer, myelodysplastic syndromes, colon cancer,
psoriasis, Alzheimer’s disease, gastric ulcer and dermal wound healing and liver
protection.2=9 Curcumin has been tested in the clinical stage for anticancer acti-
vity — phase 1 and it showed very low toxicity (even at a dosage of 12 g day—1).10
The major problem is its very low bioavailability dues to poor absorption and
rapid metabolism and elimination. Many methods were used, in order to increase
its bioavailability, such as combination with piperine, which interferes with glu-
coronidation, and application as liposomes and nanoparticles.11

The antioxidant properties of curcumin were evaluated by different methods
(mainly spectrophotometric and spectrofluorimetric), including the determination
of thiobarbituric acid reactive substances (TBARS), as a result of lipid peroxi-
dation caused by AAPH (2,2’ -azobis (2-amidinopropane) hydrochloride),12 the
decrease in the reduction of Tetrazolnitro Blue to formazane caused by super-
oxide radicals, generated in the xantine/xantine oxidase system, and the scaven-
ging of the DPPH radical, based on the decrease in the absorption of the stable
radical at 517 nm.13-14 The other methods are based on electronic paramagnetic
resonance.15-16

A mononuclear (1:1) copper complex of curcumin was synthesized and exa-
mined for its superoxide dismutase (SOD) activity. The complex was found to be
regenerated completely, indicating catalytic activity in neutralizing superoxide
radicals. The SOD mimicking activity of the complex was determined by the
xanthine/xanthine oxidase assay, from which it was found that 5 pg of the com-
plex is equivalent to 1 unit of SOD. The complex inhibited radiation-induced li-
pid peroxidation and showed radical-scavenging ability.14

Curcumin is using as a supplement and food additive because of its broad
antioxidant activity for the prevention of different diseases caused by the over-
production of free radicals. As afood additive, its E number is E100. The aim of
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this study was to develop a spectrophotometric and chemiluminescent method for
the evaluation of its antioxidant activity in different model systems, which could
find application in the quality control of drugs and food additives containing
curcumin.

EXPERIMENTAL
Collection of cells from an HL-60 cell culture

5x106 cells with the ordinary number of chromosomes were centrifuged for 5 min at 300
rpmin 1.5 mL centrifuge test tubes. The supernatant was removed carefully in order to keep
the cell pelletsintact.

Liberation of DNA from the collected cells

Collected cell pellets are suspended in phosphate buffer up to a final volume of 200 pL.
20 pL of QIAGEN-protease (protease K) and 200 pL buffer AL were added to the suspension.
The mixture was vortexed for 15 s in order to obtain homogenous suspension, followed by
incubation at 56 °C for 10 min. The suspension was centrifuged shortly in order to remove the
drops from the inner side of the lid. Ethanol (200 L, 96-100 %) was added to the sample and
the latter was vortexed for 15 s and then centrifuged shortly, in order to remove the drops
fromthelid.

Purification of DNA by QIAmp ion-exchange column

A QIAmp DNA Blood Mini Kit (QIAGEN, UK), consisting of proteolytic enzymes (lyo-
philized QIAGEN-protease) and a series of buffer solutions (buffer AL, buffer AW1, buffer
AW?2), was used for the step-by-step purification of DNA from leukemic HL-60 cellsusing an
ion-exchange column QIAmp (QIAGEN).

The mixture, obtained in the previous step was loaded onto a QlAamp-rotating column
(with a2 mL collection tube), without wetting of the edge of the column. The whole system
was centrifuged at 6000 rpm for 1 min. The collection test-tube was changed with a clean one.

The column was eluted in the same manner subsequently with 500 pL of buffer AW1
and 500 pL of buffer AW2. The centrifugation of the buffer AW2 was performed at 20000
rpm for 3 min. The final centrifugation was performed at full rate for 1 min., in order to
remove the residual quantities of buffer AW2 in a new test tube. The final elution was per-
formed with 200 L of distilled water, followed by incubation for 1 min and centrifugation at
6000 rpm for 1 min. Theyield of the isolated DNA was around 6 ig.

Analysis of the isolated DNA by UV-VIS spectrophotometry

Two samples of DNA were prepared as agqueous solutions, 5 and 20 pL mL-1. These so-
lutions were analyzed on Hewlet-Packard UV—Vis spectrophotometer (Hewlet-Packard, USA,
with a diode array matrix with a 1 cm cell). This spectrophotometer was connected with PC
and the data were collected and processed by integrated software.

The absorptions (A; and Ay) were measured at the wavelengths 248 and 280 nm and the
factor of resolution was calculated as the ratio between A; and A, at A1 and As.

UV-Vis spectrophotometric assay of the interaction between DNA and curcumin

Two samples of curcumin reference substance (Fluka, Switzerland) were prepared in
Eppendorf tubes: sample 1 — containing 100 pL. DNA, 400 pL distilled water and 5 pL 10000
M solution of curcumin, sample 2 — containing 495 L distilled water and 5 uL 10000 M
solution of curcumin (blank sample).

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

2012 Copyright (CC) SCS



1066 STANCHEYV et 4.

Samples 1 and 2 were incubated 24 h at room temperature. Sample 1 was filtered
through paper filter and subsequently diluted to 3 mL with distilled water. The spectropho-
tometric analysis of this sample was made before and after filtration and dilution at A = 422
nm. The absorption of sample 2 (blank sample) was measured at 422 nm after dilution to 3
mL with distilled water.

Chemiluminescent assay

For registration of active oxygen species, a luminol-dependent chemiluminescence was
detected using a chemiluminometer LKB 1251 (Bioorbit, Turku, Finland). The chemilumino-
meter was connected with IBM computer system (IBM, USA) and the obtained data were col-
lected and analyzed with the MultiUse program version 1.08 (Bioorbit). All tests were made at
a fixed temperature of 37 °C. The chemiluminescence responses of all the systems described
below were measured. The ratio in percentage between the magnitude of the chemilumines-
cence in the presence and the absence of curcumin was termed chemiluminescence-sca-
venging index (CL-S).

Xanthine/xanthine oxidase system. This test for the determination of the luminol-de-
pendent chemiluminescence is based on the model system in which superoxide is generated
from xanthine/xanthine oxidase: To 1 mL PBS (0.1 mmol L1 luminol and 1 mmol L1 xan-
thine), curcumin in different concentrations in DM SO was added. In parallel, blank samples
were prepared without curcumin. After 10 min incubation at 37 °C to 20 puL xanthine oxidase
(100 1U L) were added to the samples and the chemiluminescence was measured against
reference sample for 5 min.

Fe—ethylenediaminetetraacetic acid(EDTA)—H,0, system. This test for the determination
of the luminol-dependent chemiluminescence is based on the model system in which hyd-
roxide radicals are generated from Fe-EDTA, ascorbic acid and peroxide. Luminol (100 umol
L"1), Fe3* (100 umol L1 and EDTA, 100 umol LY, ascorbic acid (100 wmol L) and pero-
xide (1 mmol L1) were dissolved in 1 mL phosphate buffer of pH 7.4 (50 mM K,HPO,/
IKH5PO,4). Curcumin in the three different concentrations as a DM SO solution was added.
The chemiluminescence was measured against the reference sample for 1 min.

Hypochlorite system. This test for the determination of luminol-dependent chemilumi-
nescence is based on the model system in which hypochlorite ions are generated. To 1 mL
phosphate buffer of pH 7.4 (50 mM K,;HPO4/KH,PO,), luminol (100 pumol L-1), sodium
hypochlorite (30 umol L-1) and curcumin in the investigated concentrations were added. The
chemiluminescence was measured against the reference sample for 1 min.

RESULTS AND DISCUSSION

UV-Vis spectrophotometric evaluation of the interaction between DNA and
curcumin

Purity of DNA, isolated from HL-60 cells by the above-described procedure
was evaluated by UV-Vis spectrophotometry. Two samples, containing DNA
with concentration respectively 5 uL DNA/mL water and 20 uL DNA/mL water
were analyzed. The absorbances (A1 and Ay) were measured at the wavelengths
248 and 280 nm and the factor of resolution was calculated. Factor of resolution
was measured as the ratio between A and Ay at 248 and 280 nm respectively,
which is an indicator for purity of DNA and normally must be between 1.7 and
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1.9. The measured value in our case is 1.86, which corresponds to the require-
ment of purity.

The absorption maxima of the complex DNA—curcumin were at 248, 250,
252, 260 and 422 nm. The range of the minimal overlapping between DNA and
curcumin is the visible area and for this reason, all the measurements were made
at 422 nm. The absorption of the complex DNA—curcumin decreased by 24.5 %
and after filtration by 66 %, compared to the blank sample 1. The decrease of the
absorbance (resp. concentration) of curcumin in the sample containing DNA and
curcumin, compared to the blank sample, containing only curcumin, can serve as
proof for an interaction between DNA and curcumin. This complex was probably
formed by hydrogen bonds and/or van der Waals interactions between phenolic
hydroxyl groups and the keto-groups of curcumin and the keto-, amino- and
imino-groups of the nucleotide bases.

Chemiluminescent assay

The most significant decay of the luminal-dependent chemiluminescence in
the three tested systems: xanthine—xanthine oxidase, generating superoxide radi-
cals, Fe-EDTA/H>0,, generating hydroxy! radicals, and NaOCI, generating ClO—,
was at the highest concentration (100 umol L-L), referred to DMSO (Fig. 2).
There was no significant decrease in the chemiluminescence between the lowest

1 s

60 Xanthine-xanthine oxidase
| N Fe-EDTA, H,0,

1404 —na0a
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Fig. 2. Chemiluminescent scavenging index (CL-9) as a marker of the antioxidant effect of
curcumin in the three model systems: xanthine—xanthine oxidase, Fe-EDTA—H,0, and
NaOCI at the three concentrations ¢ in umol L-1.
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(1 pmol L-1) and the middle concentration (10 umol L-1) for the systems xan-
thine—xanthine oxidase and NaOCI. In the Fe-EDTA/H>0O> model system, the
decay of chemiluminescence at the highest (100 pmol L-1) and the middle con-
centration (10 pmol L—1) were relatively similar.

The most important functional groups from a structural point of view are
conjugated double bonds, phenol and methoxy groups. Double bonds are pro-
bably oxidized and form epoxides and/or diols, especially under the influence of
superoxide and hydroxy! radicals. The CIO~ can probably cause the formation of
chlorohydrins at the double bonds of curcumin. Phenols have expressed redox
properties, which can explain the neutralization of free radicals, singlet oxygen
species and peroxides. Methoxy groups also have a free radical scavenging acti-
vity.

CONCLUSIONS

Three different model systems generating free radicals, i.e., xanthine—xan-
thine oxidase, Fe-EDTA/H>0, and NaOCl, were used in the investigation of the
antioxidant properties of curcumin, based on the decay of luminol-dependent
chemiluminescence. The decay was most expressed at the highest concentration,
100 pmol L1, of curcumin.

The developed methods could be very useful in the qualitative and quan-
titative control of the natural antioxidant curcumin in medicine and in the drug
and food industries.

The interaction between DNA and curcumin was aso investigated by UV-Vis
spectroscopy. The obtained results evidenced some interaction between curcumin
and DNA, probably based on hydrogen bonding and van der Waals interactions.
This“complex” deserves further investigation, because it can be a part of the me-
chanism of protection of DNA against free radical damage.

N3BOJ

[MTPUMEHA UV-Vis CIIEKTPO®OTOMETPUICKE U XEMOJIYMUHUCLHEHTHE METOJIE
Y EBAJIYAIMJU AHTUOKCUIAHTHOT JEJCTBA KYPKYMHHA

STANCHO STANCHEV', IVANKA PENCHEVA?, SPIRO KONSTANTINOV?,
DANKA OBRESHKOVA" u VERA HADJIMITOVA®

Unstitute of Organic Chemistry and Biochemistry, Czech Academy of Sciences, 2 Flemingovo namesti,
CZ-16610 Prague 6, Czech Republic, ZDepartmcnt of Pharmaceutical Chemistry, Faculty of Pharmacy,
Medical University, 2 Dunav St. BG-1000 Sofia, Bulgaria, 3Department of Pharmacology and Toxicology,
Faculty of Pharmacy, Medical University ,2 Dunav St., BG-1000 Sofia, Bulgaria, *Department of Phar-
maceutical Chemistry, Faculty of Pharmacy, Medical University, 2 Dunav St. BG-1000 Sofia Bulgaria
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Kypxkymun (1,7-0uc(4-xuppoxcu-3-metokcudennn)-1,6xentaguen-3,5-1M0H) je TpHU-
pOnHa, OMONOIIKY aKTHBHA CYNCTAHLA Ca aHTUOKCUIAHTHUM JejcTBOM. CBOjCTBO KypKyMHHA
Ia uHXUOUpa MexaHusme GopMHUpama CI0DONHUX paJWKaga KOPUCTH Ce Yy TpeBeHLHjH
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KaHIlepa ¥ cpuyaHux odonema. Pa3sujene cy YB—BUC crnexkrpodoToMeTpHjcka U XeMOITyMHU-
HHUCLIEHTHA JAWHaMHYka MeToja 3a ojpehuBHE aHTHOKCUIAHTHE aKTHBHOCTH KypKyMHHA.
CnektpodoToMeTpHjcka MeTolla yK/bydyje HUCIUTHBawme HHTepakuuja usmehy IHK, wuso-
nosaHe U3 XJI-60 henuja, 1 KypkymuHa. MepH ce cMameme ancopdanuuje GOPMUPAHUX KOM-
miexca XJI-60 JTHK u xypkyMuHa y ofHOCY Ha ciemy npody. XeMOIyMUHHCLIEHTHA METOAa
yK/byuyje TPU TecTa 3a JETeKUHjy JIYMHUHO/IA, Ha OCHOBY MOIEN CHUCTEMA KOjU TEHEpHUILIe
CyNepoKCHI, XUIOPOKCUL M XUIOXIOpUT pasukane. Hajsehe onamame MHTEH3WTETa XeMOIy-
MMHHCLEHIIH]E je PErMCTPOBAHO Ha KOHIIEHTPALKMOHOM HEBOY of 100 pmol L1 kypkymuna.

(TTpumssero 11. jyna 2011, pesuaupano 8. janyapa 2012)
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Abstract: Melt electrospinning is an even simpler and safer method compared
to solution electrospinning in the production of ultrafine fibers. Poly(lactic
acid) (PLA) is a biodegradable and resorbable aliphatic ester that has received
significant attention in recent years. PLA is easily degradable at high tempera-
tures during the process of melt electrospinning. Highly efficient fibers were
made using a self-designed umbrella-like spray head spinning facility in. Diffe-
rential scanning calorimeter and X-ray diffraction analysis were used to deter-
mine how to alleviate the problematic degradation, as well as which factors
could be relevant to the degradation, temperature and relative molecular mass,
by comparing the results obtained before and after spinning. The results
showed that fibers spun at 245 °C were facile, shorter and fractured while the
relative molecular mass of PLA fibers had decreased markedly as compared
with those spun at 210 °C. In attempts to hinder the degradation, severa ex-
periments were implemented with the addition of antioxidants, raising the spin-
ning voltage, lowering the temperature and reducing the residence time. After
such modifications, it was observed that the relative molecular mass of the
PLA fibers was higher than that of those without the modifications. The addi-
tion of the antioxidant 1010 was found to be the most promising method for the
aleviation of the problematic thermal degradation of PLA.

Keywords: PLA fibers; melt electrospinning; X-ray diffraction; antioxidants.

INTRODUCTION

Since the 1990s, with the quick development of nanomaterials and nanotech-
nology, increasing interest and attention have been focused and paid on electro-

* Corresponding author. E-mail: yongsd@iccas.ac.cn
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spinning, primarily due to its simplicity, validity, and directness in producing
nanofibers.1=3 Electrospinning can be conducted by two methods: solution elec-
trospinning and melt electrospinning 4. Most researchers utilize solution elec-
trospinning because of its simple instrumentation and ease of operation. Melt
electrospinning, on the other hand, is commonly ignored because of its compli-
city in instrumentation and thickness of the resulting fibers.

However, solution electrospinning has some disadvantages. 1) some solvents
are expensive and extremely hazardous to the environment, and thus, must be
recovered through highly complicated retrieval processes;® 2) in the spinning
process, the capillary are often blocked, hence seriously affecting the continuity
of spinning;’ 3) it is difficult to find suitable solvents for some polymer, such as
poly(propylene) and polyethylene, when spun at ambient temperatures although
it is not relevant to this current study; 4) the evaporation of the solvent in the
spinning process can leave defects on the fiber, leading to relatively low mecha-
nical strength® and 5) the concentration of the solution is low, and its correspond-
ing evaporation greatly reduces the yield and production efficiency.

In view of these intrinsic problems with solution electrospinning, melt elec-
trospinning has gradually gained increasing attention since melt electrospinning
produces fibers directly from polymer melts in absence of solvent. Therefore, itis
considered as a safer, economic and environmentally friendly method compared
with solution electrospinning.9.10

The raw material, lactic acid, is derived from natural resources and is easily
prepared in high yield by fermentation of molasses of potato starch or dextrose
from corn.1112, Then lactic acid is polymerized into poly(lactic acid) (PLA)
which can be spun further into PLA fibers.13 PLA is one of the most promising
biodegradable polymers owing to the profile of its mechanical properties, ther-
moplastic processibility and biological properties. L-Lactic acid provides a po-
lymer with higher mechanical strength than the DL-form,12 particularly in terms
of tensile strength™ as the pure L-form has a high degree of crystalinity, and thus
sufficient mechanical strength only in its fully isotactic form.15 In some chitosan-
based composites, the addition of PLA leads to an improvement in the modu-
lus.16 Moreover, the degradation products of polylactides are non-toxic which
enhances practical applications in biomedicine and other fields.11.17 PLA iswell-
known as biodegradable polymer in daily applications, such as disposable cut-
lery, plates, cups, lids, packaging bags, films, and containers for liquid foods.18
In most applications of biodegradable polymers and composites, PLA is one of
the important candidates for high value side and specific applications, such as
tissue engineering, prosthetic devices, implants, catheters, sutures and anticancer
drug delivery.17 In addition to biomedical usages, the employment of the
biodegradability of PLA in packaging!® and agricultural materials is worth high-
lighting because PLA and its fibers can eventually be decomposed into carbon
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dioxide and water through the actions of microorganism actions and finally these
degraded species become recyclable materials.1220.21 Due to the biodegradabi-
lity and recyclability of PLA in nature, PLA has been referred to as the environ-
mental cycle material of the 21t century.22 Many investigations have recently
been conducted on PLA fibers.23-26

It was reported that PLA fibers can be obtained easily through solution
electrospinning, but that it is relatively difficult to accomplish under melt electro-
spinning.2” Recently, PLA fibers were obtained through a series of melt electro-
spinning experiments using a uniquely designed umbrella-like spray head, when
it was found that the molecular mass of PLA fiber was significantly influenced
by the melt electrospinning.28 In order to alleviate the problematic degradation of
PLA in melt electrospinning, severa attempts were undertaken to hinder the
degradation of the polymer, i.e., through the addition of additives, refining the
processing conditions and examination of aspects of the equipment.

EXPERIMENTAL
Materials

L-PLA (melting point: 210 °C) was purchased from Nature Works LLC of America
(trademark: 2002D). The PLA sample was baked at 70 °C for about 4 h before spinning. Anti-
oxidants 1010 and 168 were purchased from Beijing Additive Institute.

Equipment
A diagram of the melt electrospinning equipment,2822 specifically self-designed for this
study, is shown in Fig. 1. The cylinder, piston, and spray head were made of steel. The heating

system included electrical heating rings, therma sensors, and a temperature control sub-
system. The spray head was a cone-type instead of the traditional capillary tube. The melts

S = Piston

77 72

Cylinder

Top electrical
heating ring

Lower electrical Thrm al sensor

heating ring S !
T ':'ii-i"":'
Polymer melt ? A Spray head
)

!. .

Collecting plate = Fig. 1. Scheme of the melt elec-
High voltage power  trospinning apparatus.
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flowed onto the surface of an umbrella-like spray head and then formed Taylor’s cones auto-
matically at the bottom edge of the head in the high voltage electrostatic field.2?

Preparation of PLA fibers

The cylinder was heated to the required temperature (200-250 °C). Then, the granular or
powdery material was put into the cylinder at the pre-set temperature for approximately 10 min
(i.e., until the melts were spread uniformly on the spray head), the high voltage supply device
was switched on and adjusted to an appropriate value (30-100 KV). Thus, the melts were
formed several cones along the bottom edge of the spray head, and severa stripes of the PLA
melt flew to the collecting mesh, as shown in Fig. 2. The distance between collecting mesh
and spray head was set at around 10-23 cm.

Fig. 2. Melt electrospinning with an umbrella-like spray head.

Characterization

The morphologies of the electospun fibers were observed by scanning electron micro-
scopy (SEM, Hitachi S4700). Fiber samples were coated with a 10 nm layer of platinum
before observation. Scanning voltage was 20 KV. The relative molecular mass of the PLA
fibers was measured by a gel permeation chromatograph (Shimadzu LC-6A). X-Ray diffrac-
tion (XRD) patterns of the fibers were recorded using a Rigaku D/Max-111C (CuK, radiation).
The thermal transition curves of the PLA samples was recorded using a differential scanning
calorimetry (DSC, Perkin EImer Pyridl) to demonstrate the crystalline state of the PLA before
and after electrospinning.

RESULTS AND DISCUSSION

Effect of temperature on the spun fiber morphology

It is well-known that temperature has significant effects on melt electrospin-
ning.4>29 Overheating at high temperatures leads to a sharp decrease in the melt
viscosity, indicating a molecular weight decrease; consequently, the polymer
melts flow faster and the residence time in the spinning device is shorter. The
SEM micrograph of the PLA fibers abtained from melt electrospinning with the
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cylinder temperature set at 210° C and at a voltage of 60 KV is shown in Fig. 3.
The average diameter of the resultant fibers was 7.65 um with a fiber diameter
variance of 0.21 pm and the spinning efficiency of electrospinning was 4 g h1
when using the abovementioned conditions. It was noticed that in Fig. 3 that the
surface of the PLA fiber was quite smooth, suggesting the fibers had higher ten-
sile strength compared with those with defects on the surface; such defects results
in the typical poor mechanica properties from solution electrospinning.

However, if the temperature is higher than some limit, the polymer will start
to degrade, especially for an easy-degradable polymer. From a DSC scan, it was
evidenced that PLA starts to degrade significantly at 250 °C.15 An SEM image of
PLA fibers fabricated at a spinning temperature of 245 °C is shown in Fig 4.
Apparently, many of the PLA fibers were broken into short fibers and the fiber
diameter distribution was broader. However, during spinning, fibers were seen on
the collection mesh with continuity and unbroken. It could be reasoned that the
short fibers might be due to the pressing force from the tweezers when the elec-
tron microscopy samples were prepared. Although such an augmentation might

Fig. 3. SEM Micrograph of PLA fibers
spun at 210 °C. The distance between
the spray head and collection mesh was
11cm.

Fig. 4. SEM Micrograph of PLA fibers
spun at 245 °C. The distance between
the spray head and collection mesh was
11cm.
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be reasonable, it must be born in mind bear in mind that the pressing force was
also applied to the fibers resulting from lower temperature spinning (e.g., 210
°C). However, under the same action and pressing force from the tweezers, only
the PLA fibers that had undergone chain scission and a decrease in molecular
mass with the resulting compromised mechanical properties would be brittle with
shorter fibers and hence easily powderized. Thus, temperature is akey parameter
necessary to take into consideration and to be well controlled during PLA melt

spinning.
Effect of temperature on the relative molecular mass of spun PLA fibers

As hesating is a necessary condition to realize melt electrospinning, it isim-
portant to know the extent of degradation of spun fibers. To determine the intrin-
sic relationship between thermal spinning at a certain temperature and the extent
of degradation, the relative molecular mass (Mp, as a function of molecular mass
vs. eluent volume) of PLA before and after melt electrospinning at 245 °C was
measured. A comparison of the M, of the PLA before and after melt electrospin-
ning at 245 °C is shown in Fig. 5 and given in Table I. The My of the PLA had
clearly decreased (by 56.2 %) after melt electrospinning. The possible reason for
thisis that high spinning temperatures (e.g., above 230 °C) causes thermal degra-
dation of the PLA molecules. It was reported from some available experimental
data at temperatures above 200 °C that PLA may experience a minimum of four

] —— PLA particles
6 - —— PLA fibers
5
- 4 7
=2 ]
N
g 5]
14
0 -
1 : : : : : : : : : ,
18 20 22 24 26 28

Elusion time, min

Fig. 5. Comparison of relative molecular mass of PLA before (Particles) and
after (Fibers) melt electrospinning at 245 °C.
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reaction pathways during thermal decomposition:1®

1) intra- and intermolecular ester exchange to produce lactide and cyclic
oligomers;

2) cis-elimination to generate acrylic acid and acyclic oligomers;

3) radical and concerted non-radical reactions to produce CH3CHO and CO;

4) radical reactions to generate CH3CH=C=0 , CH3CHO and COo».

Among these possible pathways, Kopinke30 believed that there are two prin-
cipa pyrolysis mechanisms for polyesters. cis-elimination and trans-esterifica-
tion, but that at temperatures above 300 °C, non-selective radical reactions may
also occur. Therefore, the outcome in Fig. 5 and Table | for PLA breaking down
into short-chain molecules can be readily understood. It can be concluded that
melt electrospinning for pure PLA material will naturally lead to a certain extent
of degradation of PLA at above 200 °C because heating is necessary for PLA
melting and then for the spinning process.

TABLE |. Relative molecular mass of PLA before and after melt electrospinning

PLA My M, My/Mp
Particles 131277 92736 18
Fibers 57497 34733 2.0

XRD and DSC investigations before and after spinning

Degradation leads to a decrease in tensile strength because PLA is either a
crystalline or a partially crystalline polymer and tensile strength is relevant to its
isotactic form.1® The tensile strength of individual fibers is difficult to measure
because the fibers are very fine and thin. The degree of Crystalinity can reflect
the strength in an aspect. Hence, the XRD and DSC patterns of PLA were re-
corded, as shown in Figs. 6 and 7. From Fig. 6, it can be seen that the PLA
particles had a clear crystalline peak before el ectrospinning. After spinning, how-
ever, the sharp crystalline peak had disappeared and a smooth and broad amor-
phous band peaked at round 260 = 17°. The raw PLA from the polymerization
reaction of L-lactic acid can form a high degree or partia isotactic structure of
polymer and the isotactic structure constructs a lattice during polymerization.
Consequently, a sharp crystalline peak existed in the XRD scan of the raw PLA.
Comparatively, after electrospinning, the relative molecular mass of PLA became
lower due to the thermal decomposition of the molecular chains. Although the
chains underwent strong orientation, they could not crystallize as well because
the chains were short and the decomposition impurities generated amorphous do-
mains and caused high defects in the existing lattices. The DSC thermograms of
PLA before and after spinning (Fig. 7) demonstrates this well. It can be seen that
the PLA particles have two sharp melting peaks at 140 and 146 °C. However,
after spinning, the sharp melting peak had disappeared. The small and smooth
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melting peak indicates an incomplete crystalline state. Although crystalization
occurred, the amount of crystallinity was too small to be registered in the XRD
patterns.

6000 - Particles
] Fibers
5000 4
5 ]
Bh‘ 4000 A
5 3000
2000 4
1000
0 T T T T T T ' I ! _-—-I
10 20 30 40 50
26/ deg
Fig. 6. XRD Patterns of PLA particles and fibers.
0.2 Particles
0.0 Fibers

Heat Flow,W/g

20 40 60 80 100120140160180200220240260
Temperature, 'C

Fig. 7. DSC Thermograms of PLA particles and fibers.
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Methods in alleviating the problematic degradation of PLA spun fibers

In order to minimize the side effects of thermal decomposition or to aleviate
the thermal degradation for PLA in the melt electrospinning process, the initial
electrospinning process was modified in terms of addition of antioxidants, the
equipment and the processing conditions.

For the additives, antioxidant 1010 and antioxidant 168 were added to
reduce the chain scission reaction. The antioxidant 1010 is a hindered phenalic
antioxidant, the molecule of which looses a hydrogen atom to form a stable ary!l
radical. Thisradical captures chain-free radicals generated from thermo-oxidative
degradation of PLA, thus partialy terminating reactions at the chain break.
Antioxidant 168 is a phosphite ester antioxidant. It is able to trap peroxyl radi-
cals3! and effectively decompose hydroperoxides produced during the processing
of polymeric materials and hence inhibits the PLA from undergoing thermal
degradation.

In terms of equipment, alow- and a high-temperature electrical heating ring,
rather than two high-temperature heating rings, were installed and used to reduce
the high temperature shock/input for avoiding unwanted longer residence times
of PLA feed in the cylinder. The gap between the spinning head and the cylinder
was increased to ensure that the viscous melt could flow down continuously and
constantly along the conical surface of the spray head, thereby decreasing the
residence time of the PLA in the hot cylinder.

Asfor the processing conditions of electrospinning, the spinning temperature
was reduced from the usua 230 down to 210 °C. A new high voltage supply
device with a maximum output of 100 kV replaced the initial one that had a
maximum output 60 kV. The spinning voltage could then be increased from
lower to higher, that is, from the initial 60 up to 100 kV.

Effect of additives on degradation of PLA

Antioxidants as additives can alleviate the problematic degradation of PLA
fibers. After adjusting the heating temperature and adopting a new electrospin-
ning device, a considerably higher efficiency (about 6 g h™1) of fiber formation,
as opposed to 4 g h~1 obtained using the initial device settings, was obtained. The
detailed effects of temperature and voltage on PLA fiber properties was reported
previously.2® In the present study, the impact of antioxidants on PLA degradation
was examined in detail (shown in Fig. 8 and Table I1). The mass ratio of the anti-
oxidant and PLA in the feed was 3:1000. In case of a mixture of antioxidants, the
mass ratio of antioxidant 168 to antioxidant 1010 was 1:1. The spinning voltage
was set a 100 kV with a spinning distance of 12 cm. On comparing curves aand b
in Fig. 8, it could be seen that the antioxidant 168 had little effect in moderating
the degradation of PLA fibers. A comparison of curves a and c indicates that the
1:1 mixture of antioxidant 168 and antioxidant 1010 had enhanced effectsin alle-
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viating degradation. In the case of the mixed antioxidants, the relative molecular
mass (curve ¢) was 18.05 % higher than that of the antioxidant-free counterpart
(curve @). The antioxidant 1010 showed the most distinct effect in hindering the
degradation of PLA fibers among the cases shown by curves b, ¢ and d. The Mp,
of the PLA fibers processed in the presence of antioxidant 1010 (curve d) was 35.5
% higher than that of the fibers fabricated in the absence of antioxidant (curve a).

3.0

a)
— 1)
©)
—d)

2.5 1

2.0 1

1.5

1.0 4

Intensity, a.u.

0.5 1

0.0 1

-0.5 T T T T T T T T T T T T T T T 1
20 21 22 23 24 25 26 27 28
Flusion time, min
Fig. 8. Comparison of the relative molecular mass of PLA fibers spun under the same

temperature and processing parameters: a) PLA fibers; b) PLA fibers + antioxidant 168;
¢) PLA fibers + antioxidant 168 + antioxidant 1010; d) PLA fibers + antioxidant 1010.

Finally, a comparison of Figs. 5 and 8a shows that the PLA fibers produced
in this study in the absence of antioxidant had a relatively lower molecular mass
than those obtained in a previous study performed several months earlier. It is
possible that the PLA used in the present study, which had been stored under
natural conditions, had been degraded by the oxygen in the air in presence of
moisture.

TABLE Il. Relative molecular mass of PLA fibers electrospun under the same temperature
and processing parameters

PLA M, M, Mw/M,
PLA fibers 35367 7970 4.2
PLA fibers + antioxidant 168 36919 7403 6.0
PLA fibers + antioxidants 168 and 1010 41751 6437 45
PLA fibers + antioxidant 1010 48482 9664 49
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CONCLUSIONS

The problematic degradation of facile degradable PLA in melt electrospin-
ning was studied and alleviated by means of hindering thermal degradation of the
spun PLA fibers by the addition of antioxidants, and modification of the equip-
ment and processing parameters, particularly, temperature. Lowering the tempe-
rature and addition of antioxidant were found effective in alleviating the degra-
dation of PLA in melt electrospinning. The effects of two antioxidants, indivi-
dually and as a mixture, were compared and it was found that antioxidant 1010
had a remarkable capability to hinder the thermal degradation of PLA during
melt electrospinning.
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M3BOJ

M3PAJIA BJIAKAHA TOJIM(MJIEYHE KUCEJIMHE) TIOCTYIIKOM EJIEKTPOCITMHUHT A
13 PACTOIIA TIPUMEHOM TJIABE Y OBJIUKY KUIIIOBPAHA 1
CMAIBEISE ITPOIIECA TEPMUUKE JIETPATALTUJE

YONG LIUY, FENGWEN ZHAO!, CHI ZHANG?, JANMING ZHANG? and WEIMIN YANG"

1CoIIege of Mechanical and Electrical Engineering, Beijing University of Chemical Technology, Beijing
100029, China, 2Engi neering Research Center of Biomass Materials, Ministry of Education, Southwest
University of Science and Technology, Mianyang, Sichuan 621010, China u 3College of Polymer Science
and Engineering, Qingdao University of Science and Technology, Qingdao 266042, China

W3pajna yarpa-GpUHAX BllakaHa MOCTYIIKOM €JIEKTPOCIIMHMHIA M3 PACTOIA je jeIHOCTABHUJH U
CUTYPHHjH MOCTYIAK y OHOCY Ha SNEKTPOCIMHUHT U3 pacTtBopa. [Tomu(mneuna kucennna) (PLA)
je anudarcku nonuectap Koju y MoClebe BpeMe IpuBiIaun cBe Behy naxmy 300r cBojux OHome-
rpagabuiaanx u pecopOyjyhux cBojcraBa. PLA mako merpaanmpa Ha BHCOKHM TeMIeparypama y
MPOLIECY M3pajie BIaKaHa CICKTPOCIIMHUHTOM U3 PacTora. Y OBOM pajy je IpHKa3aHa u3pajia BHCO-
KO-KBJIUTETHHUX BJIaKHA KOpUIINCHEM CIELHUjaHO AW3ajHUpaHe IiaBe y OOJMKYy KuiiobpaHa. Y
HaMepH Jia ce eIMMUHUILIE TePMUYKa JAerpajialiija pacTola IojJuMepa, aHaIM3UpaH je yTULAj TeM-
nepaType Ha MOJIapHY Mace, TepMHYKa CBOjCTBA M CTENEH KPUCTAIMHMYHOCTH MOJIMMEpPA, Tope-
hemem DSC tepmorpama 1 WAXS nudpaxrorpama HOJIMMEPHUX y30paka Mpe U mocie 00JIHKO-
Bama. Pesynratu cy mokasanu ma ce no6ujajy kpaha u omreheHa BiakHa YKOJIMKO ce 0OIMKOBame
u3Boau Ha Temmeparypu 245 °C, nok je monapna maca [1JIA 3Ha4ajHO omana y OJHOCY Ha BIaKHa
nobujena Ha Ttemmeparypu 210 °C. Jla Om ce cMmamuia TepMuduKka Jerpajandja IOIAMepa
MPUMEHBECHE Cy Pa3IMYUTe eKCIICPHIMEHTAIHE TeXHUKE: MoBehambe HalmoHa MPU H3BJIAaYCHy Bllaka-
Ha, CHIKEHE TEMIepaType U BpeMeHa 3a/ipKaBarba PAacTola MOJIUMepa Kao U JJ0aTaK aHTHOKCH-
naHaca. [ToGoJblame eKCIepUMEHTAIHUX yCI0Ba H3BOleha eJICKTPOCIIMHUHTA JIOBEJIO je 10 HOBe-
hama momnapue mace PLA Bnakana. [Ipumena antnokcuaanca 1010 nana je Hajbosbe pesynrate y
MOTJIE/Ty CMambeha TepMuuKe nerpaganuje PLA.

(Mpumsbeno 11. jyna 2011, pesuaupano 20. mapra 2012)
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Abstract: In this paper, forty-two selected correlation models for liquid mixture
viscosities of organic compounds were tested on 219 binary and 41 ternary sets
of experimental data taken from the literature. The binary sets contained 3675
experimental data points for 70 different compounds. The ternary sets con-
tained 2879 experimental data points for 29 different compounds. The Heric I,
Heric—Brewer 11, and Krishnan—Laddha models demonstrated the best corre-
lative characteristics for the binary mixtures (overall absolute average deviation
< 2 %). The Heric |, Heric-Brewer |1, Krishnan-Laddha and Heric || models
demonstrated the best correlative characteristics for the ternary mixtures (over-
all absolute average deviation < 3 %).

Keywords. binary mixture; ternary mixture; liquid mixture viscosity; corre-
lation model.

INTRODUCTION

The study of thermodynamic properties of liquid mixtures contributes to an
understanding of the behavior of various liquids and functional groups. This in-
formation is very useful in the design of industrial processes and in the develop-
ment of the liquid state theories and predictive methods. Knowledge of the liquid
mixture viscosities are required for the solution of many engineering problems,
including heat and mass transfer, and fluid flow.

A number of correlation models have been developed for liquid mixture vis-
cosities.1-18 These equations are empirical or at the best semi-theoretical. The
aim of this work is to compare the correlation capabilities of these models on the
experimental viscosities of binary and ternary liquid mixtures of alkanes, haloal-
kanes, alcohols, aromates, amines, ketones, etc.

* Corresponding author. E-mail: dule@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C120127038K
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Selection of models

There are numerous correlation models for liquid mixture viscosities. From
these, the models Dolezalek—Schulze,! Grunberg—Nissan,2 Tamura—Kurata,3
McAllister 3,4 McAllister 4,4 McAlliste—Chandramouli-Laddha,® Katti—
Chaudhri,6 Auslander,” Modified Wilson,8 Heric I,° Heric 11,9 Heric—Brewer 1,10
Heric—Brewer 11,10 Krishnan-Laddha, 11 Stephan-Heckenberger,12 McAllister—
Soliman-Marschall (McASM),13 Mehrotra, 14 Baylaucg-Daugé-Boned,® Dimit-
rov—Kamenski 1,16 Dimitrov—Kamenski 11,16 Dimitrov—Kamenski 111,16 Dimit-
rov—K amenski 1V,16 Dimitrov—Kamenski V,16 Dimitrov—Kamenski V1,16 Dimit-
rov—K amenski V11,16 Dimitrov—K amenski V111,16 Dimitrov—K amenski 1X,16 Di-
mitrov—Kamenski X,16 Dimitrov—Kamenski X1,16 Dimitrov—Kamenski XI1,16
Dimitrov—Kamenski X111,16 modified Dimitrov—Kamenski,16 Focke-Du Plessis
1,17 Focke-Du Plessis 11,17 Focke-Du Plessis 111,17 Focke-Du Plessis 1V,17
Focke-Du Plessis V,17 Focke-Du Plessis V1,17 Focke-Du Plessis VII,17 Focke—
—Du Plessis VIII,17 Focke-Du Plessis 1X,17 and Focke-Sandrock—Kok,18 in
chronological order, were selected for the present study. The equations related to
the selected models are given in the Supplementary material to this paper. The
number of parameters in these models varies from one to nine.

McAllister 3, McAllister 4, Stephan—Heckenberger, Dimitrov—Kamenski
I-X1Il and Focke-Du Plessis I-1X are models for binary mixtures, whereas
McAllister—Chandramouli—Laddha, Heric 11 and Modified Dimitrov—Kamenski
are models for ternary mixtures. All models except the Auslander, Modified Wil-
son, Stephan—Heckenberger and Focke-Sandrock—K ok are linear or can be linea
rized per parameters. A preliminary investigation indicated that these non-linear
equations do not result in correlations significantly better than those obtained
with linear egquations with the same number of parameters. The linear models
were investigated in this work as correlations with the nonlinear models resulted
in problems of convergence and global optima. These models are based on the
model of idea mixture with additional correction terms and therefore their
parameters have not physical meaning.

SELECTION OF EXPERIMENTAL DATA POINTS

The performance of selected linear models was tested on 219 binary and 41 ternary sets
of literature experimental data. The binary sets contained 3675 experimental data points for 70
different compounds. The ternary sets contained 2879 experimental data points for 29
different compounds. The selected binary and ternary liquid mixtures are presented in Tables
Sl and Sl in the Supplementary material to this paper.

RESULTS AND DISCUSSION

The results for the selected linear models are presented in Table |, where Ny
is atotal number of data points in the correlation. Only sets of experimental data
with n=Ny,+2 were used in the correlation, where N, is the number of model
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parameters. Sets with experimental data for different temperatures and pressures
were correlated with only one set of parameters. The deviation from the experi-
mental values is expressed as the absolute average deviation pg, for each data set
point:

P = (100/ n)Z|(77l,m,i,@<p —Thm,ica ) / ﬂl,m,i,exp| (1)
i=1

where 7 m is the viscosity of aliquid mixture, and n is the number of experimen-
tal data points per set. The overall absolute average deviation Py, for each model
is expressed as:

N N
P =D N Pai/ D0 )
i=1 i=1

where N is the number of data sets.

TABLE I. Results for the selected linear models

. Binary mixtures Ternary mixtures
No. Correlation model P 1% N P/ % N
1 Dolezalek—Schulze 6.83 3675 8.32 2879
2 Grunberg—Nissan 3.37 3675 4,24 2879
3 Tamura—Kurata 5.14 3360 8.75 2879
4 McAllister 3 5.29 3264 - -
5 McAllister 4 6.07 3249 - -
6 McAllister—Chandramouli—Laddha - - 7.84 2861
7 Katti—Chaudhri 2.45 3264 4,18 2879
8 Heric | 1.73 3264 2.91 2879
9 Heric Il - - 2.62 2861
10 Heric—Brewer | 8.21 3660 9.30 2861
11 Heric-Brewer |1 1.23 3249 2.46 2861
12 Krishnan-Laddha 1.76 3264 2.92 2879
13 McAllister—Soliman—Marschall 531 3264 7.69 2861
14 Mehrotra 2.98 3675 5.10 2879
15  Baylaucq—Daugé-Boned 4.30 4386 12.00 810
16 Dimitrov—Kamenski | 20.72 3675 - -
17 Dimitrov—Kamenski |1 10.48 2212 - -
18 Dimitrov—Kamenski 11 16.03 3576 - -
19 Dimitrov—Kamenski |V 13.08 3675 - -
20 Dimitrov—Kamenski V 10.32 2212 - -
21 Dimitrov—Kamenski VI 20.10 3675 — -
22 Dimitrov—Kamenski VI 13.72 2212 — -
23 Dimitrov—Kamenski V111 3.77 3660 - -
24 Dimitrov—Kamenski | X 9.42 2212 - -
25 Dimitrov—Kamenski X 44.67 3675 - -
26 Dimitrov—Kamenski XI| 3.63 2212 - -
27 Dimitrov—Kamenski XII 32.96 3660 — -
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TABLE I. Continued

. Binary mixtures Ternary mixtures
No. Correlation model P/ % N P/ % Nag
28 Dimitrov—Kamenski XI11 2.10 2212 - -
29 Modified Dimitrov—K amenski - - 11.17 2879
30 Focke-Du Plessis | 15.89 3576
31 Focke-Du Plessis || 9.86 3401
32 Focke-Du Plessis |11 16.96 3375 - -
33 Focke-Du Plessis IV 20.61 3576 - -
34 Focke-Du Plessis V 15.64 3401 - -
35 Focke-Du Plessis VI 11.85 3393 - -
36 Focke-Du Plessis VI 25.15 3401 - -
37 Focke-Du Plessis VIII 29.67 3393 - -
38 Focke-Du Plessis I X 47.03 3357 — —

The results presented in Table | indicate that the Heric |, Heric—Brewer I,
and Krishnan—L addha models have the best correlation ability for the binary mix-
tures (with overall absolute average deviations of 1.73, 1.23 and 1.76 %, respecti-
vely), while the Heric |, Heric I, Heric-Brewer 11 and Krishnan-Laddha models
demonstrated the best correlation ability for the ternary mixtures (with overall
absolute average deviations of 2.91, 2.62, 2.46 and 2.92 %, respectively). These
models also have the best correlation results for different group of mixtures, such
as n-alkanet+n-akane (34 data sets), n-alkylal cohol +n-alkylalcohol (31 data sets),
etc. For many experimental data sets, the models with rational form gave average
percent errors of about 1 %. However, in some instances, the denominator had a
very small value that resulted in very large percent and average percent errors,
making the models with rational form unreliable. The large differences in visco-
sities of the pure substances (2,6,10,15,19,23-hexamethyltetracosane + butane,
2,6,10,15,19,23-hexamethyltetracosane + hexane) resulted in poor correlation re-
sults for al models. The experimental datain al sets have monotonically descent
or monotonically ascent trend between the viscosities of pure components at
constant temperature and constant pressure and therefore models with smaller
number of parameters gave better results.

CONCLUSIONS

Selected correlation models were tested on 219 binary and 41 ternary mix-
tures with 3675 and 2879 experimental data points, respectively. The Heric I, He-
ricBrewer 11, and Krishnan-Laddha models have the best correlative characte-
ristics (overall absolute average deviations < 2 %) for binary, while the Heric I,
Heric—Brewer 11, Krishnan—-Laddha, and Heric |1 models (overall absolute ave-
rage deviations < 3 %) for ternary mixtures.
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SUPPLEMENTARY MATERIAL

The equations of the selected correlation models as well as the data of selected binary
and ternary liquid mixtures [1-49] are available electronically at http://www.shd.org.r¢/JSCS/,
or from the corresponding author on request.
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NOMENCLATURE
m Number of mixture components
n Number of experimental data points per set
N Number of data sets
Ny Total number of data pointsin acorrelation
N, Number of model parameters
M Molar mass, g mol1
Tm Temperature of mixture, K
Pm Pressure of mixture, bar
X Mole fraction
1] Volume fraction
n Viscosity, mPas
P Density, g cm3
v Molar volume, cm3 mol-1
Pav Absolute average deviation, %
P Overall absolute average deviation, %.

U3BOJ
KOPEJIMCAILE BUCKO3UTETA TEHHHUX CMEIIA

AHBEJIA B. KHE)KEBH’FI'CTEBAHOBHBi, TOPAH M. BAEI/I'EZ, MMWPJAHA Jb. KI/IJEB‘{AHI/IHZ,
CJIOBOJAH II. IIEPBAHOBUR u OYIIAH K. FPOBI[AHI/IEZ

"Metro Vancouver, 4330 Kingsway, Burnaby, British Columbia, V5H 4G8, Canada u
ZTexuonomKo—Memanypmxu Qaxyninein, Ynusep3utieii y Beoipagy, Kapueiujesa 4, 11000 Beoipag

Y oBom pany TectHpaHa cy 42 opabpaHa Mojiena 3a KOpeaHcame BUCKO3UTeTa TEUHHMX CMella Ha
JIUTEpaTypHUM eKCIIEPUMEHTATHUM Nofanuma 3a 219 duHapHux U 41 TepHepHy cMely. BuHapHU ceToBH
uMajy 3675 eKCIepMMEHTaJHMX MNojataka 3a 70 pasIM4YMTHX CYICTaHIM, a TepHepHH 2879 exc-
NepUMEHTATHHX TofaTtaka 3a 29 pasnmuuurux cyncraHud. Heric I, Heric—Brewer I u Krishnan-Laddha
MOJIeNH TI0Ka3aau Cy Hajoosbe KopenanuoHe OCODMHE ca YKYIHOM CPEJHOM MPOLEHTYalTHOM TPEIIKOM
MamwoM of 2 % 3a bunapHe cmerue. Heric I, Heric—Brewer 11, Krishnan—-Laddha u Heric II Mmozenu noxa-
3a/1u cy Hajbosbe KopenaluoHe OCOOMHE ca YKYyIHOM CPEHbOM MTPOLIEHTYalHOM IPELIKOM MawoM of 3 %
3a TepHEpHe cMelle.

(ITpumibeH 27. janyapa, peBunupan 18. anpuna 2012)
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Dolezalek-Schulze*:

Mm= len|l+zlexpiji Aj = A (1)
—11—1
J#i

Grunberg-Nissan*:

IN(7 m) = Z&In(n|.)+(1/2)ZZX|XA, . A=A @)
i v
Tamura-Kurata™
Mm = Zwm.+ZZ(X.XJ¢¢J OA, A=A (3)
v
McAllister 3*

* Corresponding author. E-mail: dule@tmf.bg.ac.rs
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responding paper: J. Serb. Chem. Soc. 77 (8) (2012) 1083-1089.
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NG 1 p1m) =X 0001/ p12) + 381002 1 p12)+ X3 IN(Mp / M) —
—In(x + x2M2/M1)+3x12x2In[(2+ M,/ Mq)/3]+ 4)
+ 3x1x§ IN[A+2M, /Mq) /3] + 3x12x2A12 + 3x1x§A21
McAllister 4*
IR 1 p1m) =X 001 212+ 5510021 p1.2) + X5 IN(Mp / M) —
— N0 + %M, [ Mq) +456% IN[(3+ M, / My) / 4] +

®)
+6X2X5 IN[(1+ M / Mq) / 2] + 43 In[(1+3M, / My) / 4] +
3 2.2 3
+AX X A1112 +6X0 Xo Ao + X0 Aoy
M cAllister-Chandramouli-Laddha’:
m m
N ! AL m) = D% N0, M 1) = InO % M) +
i=1 i=1
m m >
+3> > X0 In[vi; (M + M) /3] + (6)
i=1j=1
j#i

m2m1l m

+6Z Z Z XinXkIn[Vijk(MiJerJer)/?’]
i=1 j=i+lk=i+2

Aj=In(vij),  Ajk =In(vijk)
K atti-Chaudhri®:

NG m ! oom) =D %I [ o)+ @ 2D D xxA, A=A (@

i—1 i=1 j=1
J#i
Auslander”:
D %O AX)mm—m;) =0 (8
i-1  j=1
M odified Wilson®:
IN(m) =D % IN0m) =Y % In(x + > xA) 9
i—1 i-1 =1
j#i

Heric 1%
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INGHm / o1m) = D% 00 1 1)+ @D XX LA+ (% —%)B]

i=1 i=1j=1 (10)
j#i
Aj=Ai, Bj=B5;
Heric 11°:
3 3 3
INGHm / o1m) = D% 00 1 1)+ DD %X LA+ B(X — X))] + X X%C (11)
i=1 i=1 j=1
>

Heric-Brewer 1%

M= %M + 11 2D XA+ (% —X)Bj + (X —%)°Gjl,
i= i=1};1 (12)

Aj=Ai, Bj=Bj, Gj=GCj
Heric-Brewer 11%°:
m m m
INGH m ! P m) =D % InG i 1 o)+ @12 X[ A; + (% —x))Bj +
i=L i=1j=1 (13)
j#i
+04-x))°Cjl . Aj=Aj ., Bj=Bj; , G;=Cj
K rishnan-Laddha'™:

m m
NG m ! o1m) = D% N0 MG 1) = InCY % M) +

i=1 i=1
+(2,303/2)ZZXixj[Aj +(% —x))B] (14)
E
Aij = Aji ) Bij = le

Stephan-Heckenberger™:
2
In(m m) = ZXi In(rp ;) +In{1+ X% /[A+ BT, +(C + DT)xf‘]} (15)
i=1
McAllister-Soliman-Marschall (McASM)®:
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m 3 m=1l m
NG m! prm) =D %000 o) +3D, D %X Aj +
i=1 i=1 j=i+1

m=1l m 3 2
20 > 06X %% By /LM I M )% + %1+
i=1 j=i+1

m2 ml1l m

+6) D DL XXiXAjk

i=1 j=i+lk=i+2
Mehrotra®*:

log(77 m[mPas] +0,8) = Zm‘)ﬁ (M / My,)%*log(r ;[mPas] +0,8) +

i=1

+§Zm: XX (M;M; / M2)05 A,

Mm= in: % M;
i=1
Baylaucg-Daugé-Boned™:
N0 = % 1007, + (2. Y %% )[(A+ By I ToJ[L @+ CY XM )]

i=1 j=1 i=1
J#

Dimitrov-Kamenski 1

XX A

=X + X +
Mm=X11+X07 2 X+ %B
Dimitrov-Kamenski 11
XX (A+ BT,,)
=X + X +
m=X7 1+ X0 2 X+ %(C+ DT)

Dimitrov-Kamenski 111

XX At XX (% — %) B
X+ XoC + X Xo (X% — %) D

Mm=XTN1+Xm 2+

Dimitrov-Kamenski 1V
X1+ X2A
X+ Xo A+ X XoB

m.m= (47 1.+ X7 2)

Dimitrov-Kamenski V/*&:
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X+ X2(A+ BTm)

= (% + X 23
m.m= 047 1+ X7 2) X+ Xp(A+ BT..) + %% (C + DTr) (23)
Dimitrov-Kamenski VI
X1 + Xo A+ X X B
M m= 04 1+ Yol ) 22— 122 (24)

X+ XA

Dimitrov-Kamenski V11

X + X (A+ BT, + CTr%) + XX (D+ETy, + FTr%)
X + X (A+ BTy, + CTrﬁ)

M,m= (a7 1+ X7 2) (25)

Dimitrov-Kamenski V1113
X+ Xo A+ X XoB

X + X 26
mm= (a7 1+ %7 2) X+ XpAT 3C (26)
Dimitrov-Kamenski I X®:
X+ X A+ X XoB
= (X7 1+ X 27
mm = (a7 1+ X7 2) N+ XA+ % (C + DT (27)
Dimitrov-K amenski X*¢:
X + X A+ X XoB
28
Mm= (77|1| ) X+ XA (28)
Dimitrov-Kamenski X1
_ (XX Xt Xo At X %o (B+CTry) 29
,m (77|1|2) X+ XA (29)
Dimitrov-Kamenski X1
X+ X A+ X XoB
30
Mm = (77' 177' )x1+ Xo A+ XX (% — X)C (30
Dimitrov-Kamenski X111
X1 + Xo A+ X3 X (B + CT,
Mm=01n%)———2—"1 2( m) (31)
T X+ Xo A4 X Xo (% — Xo)(D + ETyyy)
Modified Dimitrov-K amenski'®:
Mm= 77:%”:%’7?% +
(32

X Xo A+ X X3B + X5 X3C
1+ XoD + X3E + % X% (X — X0 ) F + X X3 (% — X3)G + XoX3(Xo — X3)H

Focke-Du Plessis |*:
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2 2
Xl A+ 2X1XZB + ch
=X + X + 33
Mom =X 1+ X0 2 X+ %D (33)
Focke-Du Plessis 11Y:
3 2 2 3
XA+ 3% XB + 3% x5,C + x5D
=X + X + 34
Mom =X 1+ X7 2 A= (34)
Focke-Du Plessis 111
4 3 2.2 3 4
X' A+ AX X5 B + 6XX5C + 4% X5D + X5 E
=Xl 1+ Xl 2 + 12 122 12 2 (39)
X + X F
Focke-Du Plessis IV’
X A+ X,B
M =XM1+ Xl 2 +—— (36)
Xl + 2X1X2C+ X2D
Focke-Du Plessis V!":
2 2
X A+ 2% X,B+ X5C
T m =70 1+ Xl o + a2 (37)
X +2%%D+X5E
Focke-Du Plessis VI
3 2 2 3
X A+ 3% Xo B+ 3% X5C + X5D
Mo =X 1+ X7 o + 2 T (38)
X +2%%E+X5F
Focke-Du Plessis VIIY:
X A+ X,B
Mm =XM1+ %2+ 55— (39)
X[ +3X XC +3%x5D + X5E
Focke-Du Plessis V111
2 2
X A+ 2% X,B+ X5C
Mm =XM1+l 2+ e (40)
X[ +3X XD + 3 x5 E + x5F
Focke-Du Plessis IX!":
3 2 2 3
X A+ 3% XoB + 3% X5C + X5D
Tm =X 1+ Yol 2 + a2 2 (41)
X +3X X E +3x x5 F + x5G
and Focke-Sandrock-K ok®®:
S 02 o 6/5
M= % 1Q XA 1P° . Ai=n, (42)

i=1 =1
where mis a number of mixture components, Ty, is atemperature of a mixture, pn,
is apressure of amixture, x is amole fraction of the component i, ¢ isavolume
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fraction of the component i, M; is a molar mass of the component i, 7 is a
liquid viscosity of a mixture, 7; isaliquid viscosity of the component i, pmisa
liquid density of amixture, p; isaliquid density of the component i, and A, B, C,
D, E, F, G and H are parameters. A volume fraction of component i is defined as:

m

j=1
where v is a molar volume of pure mixture component, and m is a number of
mixture components.

TABLE Sl. Selected experimental data points for viscosities of the binary liquid mixtures (the
reference numbers reffer to the Reference list in the paper J. Serb. Chem. Soc. 77 (8) (2012)
1083-1089)

No. Mixture Reference n T/K p/ bar
1 1,1,2,2-Tetrachloroethane+2-propanone 19 6 298.15 1
2 1,2-Ethandiol+water 20 77 293.15-353.15 1
3 1,2-Ethandiol +water 21 15 303.15 1
4 1-Butanol +1-decanol 22 16 308.15-313.15 1
5 1-Butanol +1-decanol 23 16 293.15-298.15 1
6 1-Butanol +1-nonanol 22 16 308.15-313.15 1
7 1-Butanol +1-nonanol 23 16 293.15-298.15 1
8 1-Butanol+1-pentanol 22 16 308.15-313.15 1
9 1-Butanol +1-pentanol 23 16 293.15-298.15 1
10 1-Chlorobutane+pentyl ethanoate 24 11 298.15 1
11 1-Chlorohexadecane+1,4-dimethylbenzene 25 7 298.15 1
12 1-Chlorohexadecane+benzene 25 7 298.15 1
13 1-Chlorohexadecane+cyclohexane 25 11 298.15 1
14 1-Chlorohexadecane+methylbenzene 25 7 298.15 1
15 1-Chlorohexadecane+methylcyclohexane 25 7 298.15 1
16 1-Chlorohexane+1,2-dimethylbenzene 25 7 298.15 1
17 1-Chlorohexanetbenzene 25 7 298.15 1
18 1-Chlorohexanet+cyclohexane 25 11 298.15 1
19 1-Chlorohexane+methylbenzene 25 7 298.15 1
20 1-Chlorohexane+methylcyclohexane 25 7 298.15 1
21 1-Decanol+1-undecanol 22 16 308.15-313.15 1
22 1-Decanol+1-undecanol 23 16 293.15-298.15 1
23 1-Heptanol +1-nonanol 26 22 293.15-298.15 1
24 1-Heptanol +1-octanol 22 16 308.15-313.15 1
25 1-Heptanol +1-octanol 23 16 293.15-298.15 1
26 1-Heptanol +1-undecanol 26 22 293.15-298.15 1
27 1-Hexanol +benzene 27 14 298.15 1
28 1-Methylnaphthal ene+methylcyclohexane 28 162 303.15-343.15 1-1000
29 1-Nonanol +1-decanol 23 16 293.15-298.15 1
30 1-Nonanol +1-undecanol 26 22 293.15-298.15 1
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TABLE Sl. Continued

No. Mixture Reference n T/K p/ bar
31 1-Pentanol+1-heptanol 26 22 293.15-298.15 1
32 1-Pentanol+1-nonanol 26 22 293.15-298.15 1
33 1-Pentanol +1-octanol 22 16 308.15-313.15 1
34 1-Pentanol+1-octanol 23 16 293.15-298.15 1
35 1-Pentanol+1-undecanol 26 22 293.15-298.15 1
36 1-Propanol+1-butanol 22 16 308.15-313.15 1
37 1-Propanol +1-butanol 23 16 293.15-298.15 1
38 1-Propanol+1-heptanol 26 22 293.15-298.15 1
39 1-Propanol +1-nonanol 26 22 293.15-298.15 1
40 1-Propanol+1-pentanol 22 16 308.15-313.15 1
41 1-Propanol+1-pentanol 23 16 293.15-298.15 1
42 1-Propanol+1-pentanol 26 22 293.15-298.15 1
43 1-Propanol+1-undecanol 26 22 293.15-298.15 1
44 1-Propanol+benzene 29 14 295.15 1
45 1-Propanol +water 21 12 303.15 1
46 2,6,10,15,19,23-Hexamethyl- 30 24 273.15-333.15 1
tetracosane+butane
47 2,6,10,15,19,23-Hexamethyl- 30 23 273.15-333.15 1
tetracosanet+hexane
48 2-Bromobutanet+hexane 10 11 298.15 1
49 2-Butanone+1-chlorohexadecane 25 11 298.15 1
50 2-Butanone+1-chlorohexane 25 11 298.15 1
51 2-Butanone+benzene 25 7 298.15 1
52 2-Butanone+ethyl ethanoate 25 11 298.15 1
53 2-Butanone+methylbenzene 25 7 298.15 1
54 2-Butanone+methylcyclohexane 25 11 298.15 1
55 2-Butanone+propy! propanoate 25 11 298.15 1
56 2-Methyl-2-propanol +benzene 29 15 298.15 1
57 2-Propanonet1,2-dimethylbenzene 25 7 298.15 1
58 2-Propanonet1,2-dimethylcyclohexane,cis 25 11 298.15 1
59 2-Propanonet1,4-dimethylbenzene 25 7 298.15 1
60 2-Propanonet+1-chlorohexane 25 11 298.15 1
61 2-Propanone+2-propanol 31 10 298.15 1
62 2-Propanonet+benzene 25 7 298.15 1
63 2-Propanone+cyclohexane 31 10 298.15 1
64 2-Propanone+cyclohexane 25 11 298.15 1
65 2-Propanone+ethanol 31 10 298.15 1
66 2-Propanonetethyl ethanoate 25 10 298.15 1
67 2-Propanonet+hexane 31 10 298.15 1
68 2-Propanone+methanol 31 10 298.15 1
69 2-Propanone+methylbenzene 25 7 298.15 1
70 2-Propanonetpropyl propanoate 25 11 298.15 1
71 2-Propanonettetrachloromethane 31 10 298.15 1
72 2-Propanonetwater 19 6 298.15 1

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

2012 Copyright (CC) SCS




SUPPLEMENTARY MATERIAL 8139

TABLE Sl. Continued

No. Mixture Reference n T/K p/ bar
73 3-Methyl-1-butanol +benzene 29 21 293.15 1
74 3-Pentanol +benzene 29 25 293.15 1
75 4-Methylcyclohexanone+hexadecane 10 11 298.15 1
76 4-Methylcyclohexanone+hexane 10 12 298.15 1
77 4-Methylcyclohexanone+tetradecane 10 11 298.15 1
78 Benzene+1,2-dichloroethane 19 6 298.15 1
79 Benzene+benzyl benzoate 32 7 298.15 1
80 Benzenetcyclohexane 33 5 298.15 1
81 Benzenetcyclohexane 19 6 298.15 1
82 Benzene+ethanol 34 11 298.15 1
83 Benzene+ethyl benzoate 32 8 298.15 1
84 Benzenet+hexane 10 12 298.15 1
85 Benzenet+hexane 35 10 298.15 1
86 Benzene+methylbenzene 35 10 298.15 1
87 Benzenettetrachloromethane 19 6 298.15 1
88 Benzenettrichl oromethane 19 6 298.15 1
89 Benzyl ethanoate+1,4-dioxane 6 9 313.15 1
90 Benzyl Ethanoate+m-M ethylphenol 6 7 313.15 1
91 Benzyl ethanoate+phenylamine 6 9 303.15 1
92 Butylamine+1-butanol 36 22 303.15-313.15 1
93 Butylamine+1-decanol 36 22 303.15-313.15 1
94 Butylamine+1-heptanol 36 22 303.15-313.15 1
95 Butylamine+1-hexanol 36 22 303.15-313.15 1
96 Butylamine+1-octanol 36 22 303.15-313.15 1
97 Butylamine+1-pentanol 36 22 303.15-313.15 1
98 Butylamine+1-propanol 36 22 303.15-313.15 1
99 Butylaminetethanol 36 22 303.15-313.15 1
100 Chlorobenzene+tetrachloromethane 19 6 298.15 1
101 Cyclohexane+2-propanol 31 10 298.15 1
102 Decanet+docosane 37 21 323.15-343.15 1
103 Decaneteicosane 37 28 313.15-343.15 1
104 Decanetpentadecane 38 22 293.15-298.15 1
105 Decanetpentadecane 39 22 308.15-313.15 1
106 Decanettetracosane 37 14 333.15-343.15 1
107 Decanettridecane 38 22 293.15-298.15 1
108 Decanettridecane 39 22 308.15-313.15 1
109 Diethyl carbonate+1,4-dimethylbenzene 40 13 298.15 1
110 Diethyl carbonate+dodecane 40 12 298.15 1
111 Diethyl carbonate+octane 40 16 298.15 1
112  Dimethyl carbonate+1,4-dimethylbenzene 40 12 298.15 1
113 Dimethyl carbonate+dodecane 40 12 298.15 1
114 Dimethyl carbonate+octane 40 17 298.15 1
115 Dimethyl sulfoxidetacetic acid 19 6 298.15 1
116 Dimethyl sulfoxidet+methanol 31 10 298.15 1
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TABLE Sl. Continued

No. Mixture Reference n T/K p/ bar
117 Dimethy! sulfoxide+methanol 19 6 298.15 1
118 Dimethyl sulfoxide+methyl cyanide 19 6 298.15 1
119 Dimethyl sulfoxide+trichloromethane 31 10 298.15 1
120 Dimethyl sulfoxide+water 19 6 298.15 1
121 Ethanol+1-propanol 21 12 303.15 1
122 Ethanol+2-propanol 31 10 298.15 1
123 Ethanol+cyclohexane 31 10 298.15 1
124 Ethanol +heptane 34 12 208.15 1
125 Ethanol +water 21 80 283.15-323.15 1
126 Ethyl ethanoate+1,2-dimethylbenzene 25 7 208.15 1
127 Ethyl ethanoate+1-chlorohexadecane 25 11 298.15 1
128 Ethyl ethanoate+1-chlorohexane 25 11 298.15 1
129 Ethyl ethanoate+benzene 25 7 298.15 1
130 Ethyl ethanoate+cyclohexane 25 11 298.15 1
131 Ethyl ethanoatet+methylbenzene 25 7 298.15 1
132 Ethylbenzene+hexadecane 41 24 293.15-298.15 1
133 Ethylbenzene+octane 41 23 293.15-298.15 1
134 Ethylbenzene+tetradecane 41 24 293.15-298.15 1
135 Heptane+1-methylnaphthalene 28 162 303.15-343.15 1-1000
136 Heptanet+benzene 34 13 298.15 1
137 Heptane+decane 42 11 293.15 1
138 Heptane+dodecane 42 11 293.15 1
139 Heptane+methylcyclohexane 28 162 303.15-343.15 1-1000
140 Heptanetoctane 42 11 293.15 1
141 Heptane+tetradecane 42 11 293.15 1
142 Hexadecane+2-bromobutane 10 12 298.15 1
143 Hexadecane+benzene 10 11 298.15 1
144 Hexadecanet+hexane 10 22 298.15 1
145 Hexadecanettetrachloromethane 10 12 298.15 1
146 Hexadecane+tetradecane 10 13 298.15 1
147 Hexane+benzene 43 21 298.15-323.15 1
148 Hexanet+benzene a4 14 298.15 1
149 Hexane+cyclohexane 31 10 298.15 1
150 Hexane+decane 12 11 293.15 1
151 Hexanetethanol 31 10 298.15 1
152 Hexanetethylbenzene 43 24 298.15-323.15 1
153 Hexanet+heptane 42 11 293.15 1
154 Hexane+methylbenzene 43 27 298.15-323.15 1
155 Hexane+octane 42 11 293.15 1
156 Hexane+trichloromethane 31 10 298.15 1
157 M ethanol+1-propanol 21 14 303.15 1
158 M ethanol +2-propanol 31 10 298.15 1
159 M ethanol +ethanol 31 10 298.15 1
160 M ethanol +ethanol 21 106 283.15-323.15 1
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TABLE Sl. Continued

No. Mixture Reference n T/K p/ bar
161 M ethanol +water 21 70 283.15-323.15 1
162 Methyl cyanide+1-chlorobutane 24 16 298.15 1
163 Methyl cyanidet+pentyl ethanoate 24 12 298.15 1
164 Methyl cyanidet+tetrachloromethane 24 11 298.15 1
165 Methy! ethanoate+hexane 31 10 298.15 1
166 Methyl ethanoate+trichloromethane 31 10 298.15 1
167 Methylbenzene+benzyl benzoate 32 7 298.15 1
168 Methylbenzene+decane 41 24 293.15-298.15 1
169 Methylbenzene+dodecane 41 24 293.15-298.15 1
170 Methylbenzenet+ethyl benzoate 32 7 298.15 1
171 Methylbenzene+hexadecane 41 24 293.15-298.15 1
172 Methylbenzenetoctane 41 24 293.15-298.15 1
173 Methylbenzene+tetradecane 41 24 293.15-298.15 1
174 o-Chlorophenol +1,4-dioxane 19 6 298.15 1
175 Octane+decane 42 11 293.15 1
176 Octane+pentadecane 38 22 293.15-298.15 1
177 Octane+pentadecane 39 22 308.15-313.15 1
178 Octane+tetradecane 42 11 293.15 1
179 Octanettridecane 38 22 293.15-298.15 1
180 Octanettridecane 39 22 308.15-313.15 1
181 Octane+undecane 38 22 293.15-298.15 1
182 Octane+undecane 39 22 308.15-313.15 1
183 Propy! propanoate+1,4-dimethylbenzene 25 7 298.15 1
184 Propy! propanoate+1-chlorohexadecane 25 11 298.15 1
185 Propyl propanoate+1-chlorohexane 25 11 298.15 1
186 Propyl propanoate+1-hexanol 27 16 298.15 1
187 Propyl propanoate+benzene 44 12 298.15 1
188 Propy! propanoate+benzene 25 7 298.15 1
189 Propyl propanoatet+hexane 44 14 298.15 1
190 Propyl propanoate+methylbenzene 25 7 298.15 1
191 Propy! propanoate+methylcyclohexane 25 11 298.15 1
192 Tetrachloromethane+2-propanol 31 10 298.15 1
193 Tetrachloromethane+benzene 10 11 298.15 1
194 Tetrachloromethane+benzene 33 5 298.15 1
195 Tetrachloromethane+cyclohexane 31 9 298.15 1
196 Tetrachloromethane+cyclohexane 33 5 298.15 1
197 Tetrachloromethane+hexane 10 10 298.15 1
198 Tetradecane+2-bromobutane 10 11 298.15 1
199 Tetradecane+hexadecane 42 11 293.15 1
200 Tetradecane+hexane 10 12 298.15 1
201 Trichloroethene+1,4-dimethylbenzene 45 9 303.15 1
202 Trichloroethene+benzene 45 10 303.15 1
203 Trichloroethene+methylbenzene 45 10 303.15 1
204 Trichloroethenettetrachloromethane 45 7 303.15 1
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TABLE Sl. Continued

No. Mixture Reference n T/K p/ bar
205 Trichloroethene+trichloromethane 45 11 303.15 1
206 Trichloromethane+1,4-dioxane 19 6 298.15 1
207 Trichloromethane+2-propanone 19 6 298.15 1
208 Trichloromethane+benzene 35 10 298.15 1
209 Trichloromethane+methanol 31 10 298.15 1
210 Trichloromethane+methylbenzene 35 10 298.15 1
211 Tridecane+pentadecane 38 22 293.15-298.15 1
212 Tridecane+pentadecane 39 22 308.15-313.15 1
213 Triethylamine+chlorobenzene 40 10 298.15 1
214 Triethylamine+methanol 31 10 298.15 1
215 Triethylamine+trichloromethane 31 10 298.15 1
216 Undecane+pentadecane 38 22 293.15-298.15 1
217 Undecane+pentadecane 39 22 308.15-313.15 1
218 Undecanettridecane 38 22 293.15-298.15 1
219 Undecane+tridecane 39 22 308.15-313.15 1

TABLE SlI. Selected experimental data points for viscosities of the ternary liquid mixtures
(the reference numbers reffer to the Reference list in the paper J. Serb. Chem. Soc. 77 (8)
(2012) 1083-1089)

No. Mixture Reference n T/K p/ bar
1 2-Propanol+2-butanol +ethanol 46 48 293.15-308.15 1
2 2-Propanone+ethanol +2-propanol 47 39 298.15 1
3 2-Propanonetethanol+methanol 47 39 298.15 1
4 2-Propanonet+hexane+cyclohexane 47 39 298.15 1
5 2-Propanone+hexane+ethanol 47 39 298.15 1
6 2-Propanonettetrachloromethane+cyclohexane 47 38 298.15 1
7 Decaneteicosanettetracosane 37 37 333.15-343.15 1
8 Dimethy| sulfoxide+2-propa- 47 23 298.15 1
nonettrichloromethane
9 Dimethyl sulfoxide+tetra- 47 22 298.15 1
chloromethane+methanol
10 Dimethyl sulfoxide+tetra- 47 23 298.15 1
chloromethane+trichloromethane
11 Dimethyl sulfoxide+tri- 47 39 298.15 1
chloromethane+methanol
12 Ethanol +1-propanol +water 21 62 303.15 1
13 Ethanol +2-propanol+cyclohexane 46 38 298.15 1
14 Ethanol +benzene+heptane 34 27 298.15 1
15 Ethanol +cyclohexane+2-propanol 47 39 298.15 1
16 Ethylbenzene+tetradecane+hexadecane 48 58 293.15-298.15 1
17 Hexane+cyclohexanet+ethanol 47 39 298.15 1
18 Methane+methylcyclo- 15 810 303.15-343.15 1-1000
hexane+methylnaphthalene
19 M ethanol +1-propanol +water 21 61 303.15 1
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TABLE SlI. Continued

S143

No. Mixture Reference n T/K p/ bar
20 M ethanol +ethanol +1-propanol 21 68 303.15 1
21 M ethanol +ethanol +2-propanol 47 38 298.15 1
22 M ethanol +ethanol +water 21 357 283.15-323.15 1
23 Methyl ethanoate+cyclohexane+ethanol 47 23 298.15 1
24 Methyl ethanoate+trichloromethane+methanol 47 31 298.15 1
25  Methylbenzene+ethylbenzene+hexadecane 48 58 293.15-298.15 1
26  Methylbenzenet+ethylbenzene+tetradecane 48 58 293.15-298.15 1
27 Methylbenzenetoctane+ethylbenzene 48 58 293.15-298.15 1
28 M ethylbenzene+octane+hexadecane 48 58 293.15-298.15 1
29 Methylbenzene+octanettetradecane 48 58 293.15-298.15 1
30 M ethylbenzene+tetradecane+hexadecane 48 58 293.15-298.15 1
31 Octanetethylbenzene+hexadecane 48 57 293.15-298.15 1
32 Octanetethylbenzenet+tetradecane 48 57 293.15-298.15 1
33 Octanettetradecane+hexadecane 48 18 293.15-298.15 1
34 Propy! propanoate+1-hexanol+benzene 27 80 298.15 1
35 Propy! propanoate+hexane+benzene 44 72 298.15 1
36 Tetrachloromethane+cyclohexane+2-propanol 47 38 298.15 1
37 Trichloromethane+2-propanol +2-butanol 49 56 293.15-308.15 1
38 Trichloromethane+ethanol +methanol 47 31 298.15 1
39 Triethylamine+ethanol +1-propanol 47 15 298.15 1
40 Triethylamine+methanol +ethanol 47 31 298.15 1
41  Triethylamine+methanol +trichloromethane 47 39 298.15 1
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Abstract: Powder mixtures of a-Bi,O3 containing 2, 5 and 10 mol % of TiO,,
ZrO, or HfO, were homogenized, heated at 820 °C for 24 h and quenched in
air. The X-ray powder diffraction technique was used to characterize the pre-
pared samples. In all cases, metastable Bi,Oz polymorphs, y-Bi,O3 or 5-Bi,Os,
were found as single or major phases. The addition of Ti%* stabilizes the y-Bi,O4
polymorph, while both Zr#* and Hf4* stabilize the $-Bi,O3 polymorph. In the
samples with 2 and 5 mol % of TiO, the presence of even two y-Bi,O3 phases
(the Bi2TiOy9 compound and a very low Ti-doped y-Bi»,O3) was established.
Similarly, in the sample with 2 mol % of HfO,, two $-Bi,O3 phases were found.
The phase composition of the prepared samples, the values of the unit cell
parameters and the appearance of two polymorphs with identical crystal
structure but different unit cell parameters are discussed and compared with
known data.

Keywords: bismuth(ll1) oxide; dopants, 4" group elements; X-ray powder
diffraction; phase composition; unit cell parameters.

INTRODUCTION

Due to the great diversity of the polymorphic modifications and many useful
physical properties, pure or doped bismuth(l11) oxide, BioOs, is permanently in
the focus of scientific interest. In addition to four well-known polymorphs: a-, -,
y- and §-BipO3,14 three new BiyO3 polymorphs were described recently.56
There is general agreement that only the a-Bi>O3 form is stable at room tempe-
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rature.2.7.8 However, various metastable or high-temperature polymorphs, such
as -, y- and 0-Bi»0O3, can be readily stabilized by addition of proper dopants,
which can be cations of any charge, usually added as the corresponding oxi-
des.46.7.9-11 Some bismuth(l11) oxides of this kind, such as y-Bi»O3, have valu-
able optical (photorefractive, photoluminescent, photoconductive) properties,12
some other, such as f- and 0-Bi>Og3, belong to the group of high oxide ion
conductors. 1314

Although the BioO3-TiO> system should be considered as well-characte-
rized since detailed phase diagrams are known,1® in a previous study® the quite
unusual co-existence of two Ti-doped y-BioO3 phases was observed in the BioOs-
rich region. At the same time, BioO3—MO» systems, where M = Zr or Hf, are not
so well known and the data are often contradictory, both for the Bi>Ogz-
rich710.11,16 and MO,-richl7.18 region. For these reasons, a systematic crystal-
lographic study of BioO3 samples low-doped (2, 5 and 10 mole %) with Ti, Zr
and Hf as 4th group elements is described herein.

EXPERIMENTAL

Four commercia powders. Bi,Os (> 99 % purity), TiO, (99.8 %), ZrO, (> 99 %) and
HfO, (> 98.5 %) were used in this study. By means of the X-ray powder diffraction technique
(XRPD), Bi,O5 and TiO, were identified as being in the a-Bi,O5 (bismite) and rutile form,
respectively; ZrO, was mostly present as the baddel eyite modification, but contained about 5
mass % of the high-temperature tetragona polymorph (JCPDS card No. 42-1164), whereas
HfO, was in the monoclinic, analogous to baddeleyite, modification (JCPDS Card No. 34-
0104) with about 1.5 mass % of ZrO, as an impurity.

Powder mixtures of a-Bi,O3 containing 2, 5 and 10 mole % of TiO,, ZrO, or HfO, were
dry homogenized in an agate mortar, pressed into tablets (d = 8 mm, h = 1.5 mm) under a
pressure of 50 MPa, calcined in Pt-crucibles at 820 °C for 24 h and air-quenched to room
temperature.

After regrinding, XRPD data of the prepared samples were collected on a Philips PW1710
diffractometer equipped with a graphite monochromator (Cu-Ka radiation, 4 = 1.5418 A) in
the 26 range 10-90° (step-length: 0.02° 26, scan time: 1 s). The program PowderCell1® was
used for a semi-quantitative phase analysis. The unit cell parameters were calculated by the
| east-suares method using the program L SUCRIPC.20

RESULTS AND DISCUSSION

The results are summarized in Table | and can be commented as follows.

BioO3-TiO> system. The definite composition of the body-centered cubic
y-Bi»03 phase in this system is Biq»TiOxg (14.3 mol % TiOy),3 which was con-
firmed several times by crystal structure determination.® As briefly mentioned in
the Introduction, if the quantity of TiO» was reduced to 7.7 mol %, a mixture of
two phases, both with the y-Bio>O3 structure, was previously obtained.® The same
feature was observed in this study (Fig. S1 of the Supplementary material to this
note), but the results showed that the actua range of the two-phase region ex-
tends toward very low TiO, content. Thus, a quantity of only 2 mol % (0.35 mass %)
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was sufficient to obtain mixed-phase specimens. One unit cell parameter (aTi,
Tablel) isin agreement with the literature data for the unit cell parameter of the
Bi12TiOpg phase (a = 10.18 — 10.19 A), while the other (ass, Table |) corresponds
to the unit cell parameter of undoped y-BioO3 (a = 10.26 A).9 As expected, with
increasing Ti-content, the amount of the Bi12TiOy phase increased, showing the
significance of the initial mixture stoichiometry. The co-existence of two phases
with a y-Bi»O3 structure was also noticed and discussed by Guha et al.2l in the
Bi>Os-rich region of the BioO3—ZnO, system. After comprehensive research,
they concluded that one phase was Bi3zgZnOsg (equivaent to Biq2TiO2g), where-
as the second phase was described as a y-Bi»Og3 solid solution with no more than
2.2 mol % of ZnO. Very likely, an analogous solid solution exists in the BioO3—
—TiO, system, athough this was not predicted in the phase diagram. Preliminary
results of EDS analysis also revealed traces of Ti in the present y-Bi>O3 solid
solution.

TABLE I. Phase composition of the investigated samples and calculated unit cell parameters
of the Bi,O3 phases

Unit cell parameters of Bi,O3

Dopant Amount of Phase compasition and mass phases, A, and unit cell volume
dopant, mol % ratio of present phases, % of ﬁ"B’izO?) phass, V/ / A3
TiO, 2 Mixture of two y-Bi,O3 phases, ar; = 10.186(1),
BilzTiOZO:y'Bi203($) =24:76 Agg = 102627(6)
5 BixTiOxg:y-Bis0O5(ss) = 75:25  arj = 10.1877(7), axs = 10.263(2)
10 Mixture of Bi15TiOxg and BigTizOso, ari = 10.1790(9)
BilzTiOZOZBi4Ti3012 =90:10
ZrO, 2 Single $-Bi,03 phase ag = 7.731(1), c3 = 5.629(2),
V =336.4
5 Single 8-Bi,05 phase ag=7.714(2), ¢y = 5.632(3),
V=3351
10 Single 5-Bi,O5 phase ag=7.722(1), ¢y = 5.637(2),
V=336.1
HfO, 2 Mixture of two f-Bi,O3 phases, a1 = 7.716(3), cpy = 5.636(4)
ﬂl-Bi203:ﬁ2-8i203 =84:16 V= 3355, aﬂz = 7726(4)
Cpo = 5768(5), V=344.2
5 Mixture of 5-Bi,O3 and J-Bi,O3 ag = 7.735(2), ¢z = 5.654(2),
with traces (< 5 mass %) of V=338.3
5-Biy05%
10 Mixture of -BiyOs, 6-BiOzand  ay = 7.744(2), ¢y = 5.649(3),
HfO,, V = 338.8, a; = 5.568(4)

ﬁ-Bi203:5-Bi203:Hf02 =86:10:4
#Dueto the low content, it was not possible to calculate the precise |attice constant of the -BioO3 phase

The appearance of BisTizO12 in the sample with 10 mol % of TiO, was also
surprising because under similar conditions BigTiO14, but not BisTizO12, may
arise according to the phase diagram.1®
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BioO3—ZrO, system. As seen from Table | and Fig. S2 of the Supplementary
material, in the BioO3—ZrO» system containing < 10 mol % of ZrO,, single-phase
S-Bi>O3 specimens that can be described as solid solutions with the general for-
mula Bio_ZryO3+y2 Were obtained in all cases. Therefore, stabilization by Zr4*
is the simplest way to obtain a tetragonal S-BioO3 phase at room temperature.
While the values of the c-axis were nearly constant (Table 1), the values of the a-
axes and unit cell volume pass through minimum at about x = 0.05. When com-
pared with the unit cell volume of undoped $-BizO3,22 the unit cell volumes of
the Zr-doped f-Bi»O3 were smaller due to the smaller radius of Zr4* with respect
to Bi3*.23 This also confirmed the presence of Zr4* in the prepared solid solu-
tions. These results are in general agreement with data published by Abrahams
and co-workers,10 but their samples with x < 0.05 were not single-phase and
contained a-BioO3 as a secondary phase. A plausible explanation for such dis-
crepancy could be different heat treatments applied.

BioO3-HfO, system. Apparently, Hf4* also tend to stabilize $-Bi»O3, since
this phase predominated in all samples (Table I, Fig. S3 of the Supplementary
material). With one exception, the unit cells of Bio_yHfyO3z4x2 Were larger than the
unit cells of the corresponding Bio_yZrxO3+x2 S0lid solutions and undoped $-BioOs,
implying a larger effective ionic radius of Hf4* in the BioO3 host lattice. In com-
parison to the BioO3—ZrO5 system, the main differenceis that single-phase samples
were not obtained, while in samples with higher Hf-contents, cubic 6-Bi>O3 ap-
peared as a minor phase. In fact, trace amounts of HfO, were also observed in the
sample doped with 10 mol % of HfO,, suggesting that thermodynamic equilib-
rium was not achieved. However, due to the long annealing time applied, this
should be related to the upper limits of solubility of Zr4+ and Hf4+ in the corres-
ponding solid solutions with 5-BioO3 structure. According to Sorokina and Sleight,
the solubility of Hf4* is smaller than that of Zr4* and the limiting formulae are
Bi184Zr0.1603.08 and Biq gaHf 0603.03.11 Similarly, Ayala and Lopez-Garcial’
found that the maximum concentration of Hf4* ions in Bio_yHfyO3z+y/2 solid solu-
tion was only about 5 mol %. An increased tendency of Hf4+ to stabilize the cu-
bic -BioO3 phase, as described in previous papers,242° could also have some
influence. The unit cell parameter of the J-phase in the sample doped with 10
mol % of HfO, was higher than the values reported (5.266-5.459 A) for the
corresponding J-phases containing Hf4*11 but lower than the values (5.655—
-5.665 A) for undoped 5-Bi»03.2:26

The most interesting result of this study was the appearance of two £-Bi>O3
phases in the sample with 2 mol % of HfO». To the best of our knowledge, this
has never been reported before and shows that there are some anal ogies between
y- and S-Bio0Og, i.e, that the coexistence of two crystallographically identical
phases with different unit cell parameters in very low-doped samples can be
expected. Unit cell parameters of major, f1-BioO3 phase (Table 1) are close to the
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literature values!’ and JCPDS Card No. 43-0207 but the obtained very high unit
cell parameters of the minor f2-BioO3 phase are difficult to explain. The proper
rationalization of this system requires additional studies and will be the issue of
our future work.

In conclusion, the described differences between BioO3 samples doped with
Ti and doped with Zr or Hf can be judged as expected. However, the somewhat
distinct behavior of Zr- and Hf-doped samples could be considered as quite sur-
prising, bearing in mind the close chemica similarity, and identical metal and
ionic radii of the elements. Nevertheless, similar discrepancies were observed
previously during the investigation of BioOz-MO, systems, M = Zr or Hf,11 and
studies of mechanochemically treated 2BiyO3-3Zr0,26 and 2BiyO3-3HfO,27
mixtures.

SUPPLEMENTARY MATERIAL

Figures S1, S2 and S3, showing the experimental X-ray powder diffraction patterns, are
available electronically at http:/www.shd.org.rs/JSCS/, or from the corresponding author on
request.
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U3BOJ
®A3HU CACTAB Y30PAKA Bi 03 JOIIMPAHUX Ti, Zr U Hf

IIEJAH TIOJIETH', JbMJbAHA KAPAHOBHR?, MUOLIPAT 31YJUR’ u YENOMUP JOBAJIEKUR"

1Ka17wgpa 3a oUWy U HeoplancKy xemujy, TexHoTOwWKo—MeTanypuKu Gakyniieid, Yiusep3uiieid y
Beoipagy, Kapneiujesa 4, 11000 Beoipag, “Jladopaiopuja 3a kpucitanoipadujy, Pygapcko—ieonousku
paxyniuewi, Ynusep3uitein y beoipagy, Bywuna 7, 11000 Beoipag, 3HHcmuL_uym TEXHUUKUX HAYKA
CAHY, Knes Muxaunoea 35, 11000 Beoipag u " HCIUTAY T 30 MYTTAUGUCUUTTUHADHA UCTUDANUBATHA,
Ynuseepsuineii y beoipagy, Knesa Buwecnasa 1a, 11000 Beoipag

XomoreHu3oBaHe cMmelle mpaxoBa a-Bi,O3 ca 2, 5 u 10 mol % TiO,, ZrO, unu HfO,
3arpeBaHe cy TokoM 24 h Ha 820 °C u Haro xnaheHe Ha Basmyxy A0 COOHe TeMIeparype.
Tako MpUIPEM/bEHH Y30pPLU OKapaKTEPUCAHU Cy METOJIOM PeHAreHcke Audpakxuyje Ha IoIu-
KPHUCTAJIHUM y30pLHMa. YOUEHO je Ja y CBHUM ClIy4yajeBHMa [0J1a3H 0 CTaduIv3aluje MeTa-
crabunaux mopudukanuja, y-Bi,O3 wnu f-Biy03, koje ce mojawbyjy Kao jenvHe W JOMH-
HanTHe (ase. [ToxasaHo je ma mopmarak Ti*t crabumusyje y-moamduKaLMjy, IOK MPHCYCTBO
Zr* w Hf* crabunmsyje p-momucuxanvjy. Y ysopuuma ca 2 u 5 mol % TiO, HaheHo je
MPUCYCTBO 4Yak ABe y-Bi,03 dase (jenumweme Biy;TiOyp u monupanu y-Bi;O3 ca Beoma manum
cagpxajem Ti). CnuyHo ToMe, y y30pky ca 2 mol % HfO, unentudukosase cy gse 5-BiO3
(ase. Y pany cy auckyToBaHH (hasHM cacTaBM y3opaka, BpEJHOCTH IapameTapa jeIMHUYHHX
henuja, kao ¥ ucTOBpeMeHa MojaBa JBe MogU(pHKaLUje ca UIEHTUYHOM KPUCTATHOM CTPYK-
TYpOM a Pa3HYUTHUM IIapaMeTpuMa jeJuHu4YHe henuje.

(ITpumibeHo 14. centemdpa, pesuaupano 17. neunemdpa 2011)
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Fig. S1. XRPD Patterns for Bi, O3 specimens doped with 2, 5 and 10 mol % of TiO, (only
strong reflection are indexed). Characteristic parts of the patterns are enlarged in the insets.
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Fig. S2. XRPD Patterns for Bi,O5 specimens doped with 2, 5 and 10 mol % of ZrO,
(only strong reflection are indexed).
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Fig. S3. XRPD Patterns for Bi,O3 specimens doped with 2, 5 and 10 mol % of HfO, (only
strong reflection are indexed). Characteristic parts of the patterns are enlarged in the insets.
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Abstract: Paper and cardboard factory sludges are generated by various pro-
cesses during pulp, cardboard and paper production, and the increasing quan-
tities produced make the disposal of this sludge a problem. This study investi-
gates the use of cardboard factory sludge as a stabilizing agent in the solidifi-
cation/stabilization (S/S) treatment of zinc polluted sediment. Semi-dynamic
and toxicity leaching tests were conducted to assess the effectiveness of the
solidification/stabilization treatment and long-term zinc leaching behaviour. A
diffusion-based model was used to elucidate the controlling leaching mecha
nisms. The applied S/S treatment was effective in immobilizing zinc, and the
controlling leaching mechanism appeared to be diffusion, which indicates that
a slow leaching of zinc could be expected when cardboard mill sludge is ap-
plied asa S/S agent.

Keywords: solidification/stabilization; leaching mechanism; leaching test.

INTRODUCTION

Zinc from various sources (industrial, mining, municipal sewage, agricultu-
ral and other activities) has entered water ways over time. Depending on their
physico-chemical behaviour, heavy metals may adsorb onto suspended solids and
subsequently accumulate in sediments, where they can pose a significant conta-
mination problem.l However, heavy metals are not bound to sediments forever.
With variations in the physical-chemical characteristics of the water conditions,
some of the metals will re-enter the supernatant water and become available to
living organisms.23 Symptoms of zinc toxicity in human beings include vomi-

* Corresponding author. E-mail: miljana@uns.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC111111022P
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ting, dehydration, electrolyte imbalance, abdominal pain, nausea, lethargy, dizzy-
ness and lack of muscular coordination. Zinc imparts an undesirable, bitter astrin-
gent taste to water in elevated concentrations. Concentrations of zinc above the
recommended maximum value also cause adverse effects on the morphology of
fish by inducing cellular breakdown of the gills.1.4

It is now widely accepted that the toxicity and the mobility of elements de-
pend strongly on their distribution in sediments. Hence, identification of the main
binding sites and phase associations of heavy metals in sediments, based on the
results of sequential extraction procedures, can help in understanding the remo-
bilisation potential and the risks induced.® Based on the Tessier procedure,® the
European Community Bureau of Reference produced a definition of an extraction
protocol (the BCR protocol) and a purely operational definition of sequential
fractionation. This method partitions the heavy metals into four fractions: ex-
changeable and carbonate bound, iron and manganese oxides bound, organic
matter bound and residual metal. The distribution of metals in different phases
obtained by the sequential extraction procedure offers an indication of their avail-
ability, which in turn allows a risk assessment of their presence in aguatic envi-
ronments. The Risk Assessment Code (RAC) gives an idea of the possible risk by
applying a scale to the percentage of metals present in the exchangeable and car-
bonate fractions, i.e., labile phases.” According to the RAC, if this fraction is
<1 %, thereis no risk for the aguatic system, 1-10 % exhibits a low risk, 11-30 %
medium risk, 31-50 % high risk and > 75% a very high risk.

In some cases, due to different factors, sediments may need dredging and re-
mediation treatments. Currently, dredged sediment in Serbiais deposited in land-
fills whether it is contaminated or not. However, landfill capacity is limited, and
can cause a serious threat if it is contaminated. In this study, stabilization/soli-
dification (§/S) was used in order to remediate zinc-contaminated sediment, since
this is a widely accepted treatment process for the immobilization of heavy me-
tals contained in wastes.89 At the moment, there is not enough data about /S
treatments of contaminated sediments, especially those contaminated with zinc.
There are a few studies regarding soil treatment with paper mill sludge but none
for sediment treatment, and the conclusions obtained for soils that can be found
in the literature may not be completely valid for sediments.

Paper and cardboard factory sludges are generated by various processes in
the production of pulp, cardboard and paper, and the increasing quantities pro-
duced make the disposal of this sludge a problem.10.11 Waste is mainly generated
from pulping, de-inking unit operations and wastewater treatment. The amount
and composition of the waste depends on the paper grade produced, the raw ma-
terials used, the process techniques applied and the paper and cardboard proper-
ties to be achieved. The wastes can be reused and valorised in a safe and environ-
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mental way, but landfill disposal of paper and cardboard sludges is the only
waste disposal method used in Serbia.

The paper and cardboard factory sludges could be effective stabilizers due to
their organic matter, silicate and carbonate contents. Organic matter is able to form
stable complexes with several metals; the silicates are materials with high cation
exchange capacity (CEC) and the bicarbonate/carbonate system is able to increase
the pH value of soil. These chemical properties were able to reduce the harmful
mobile metalsin polluted soils when paper factory sludge was added to them.12

The long-term performance of SIS waste forms is difficult to predict. The
mechanisms governing heavy metals leachability of contaminants from mono-
lithic solidified waste forms, and the evaluation of the long-term behaviour of
S/S wastes can be effectively examined using the American Nuclear Society’s
(ANS) semi-dynamic leaching test.13 The ANS 16.1 provides substantially more
information regarding the “real time” rate at which heavy metas are released
from a solidified product as compared to other leaching tests (toxicity characte-
ristic leaching procedure — TCLP). The leaching results extend over a 90-day
period instead of a single result at the end of the test (toxicity characteristic
leaching procedure). The ANS 16.1 method was modified by including acetic
acid (AA) and humic acid (HA) solutions as leachates instead of deionised water
(DI). This was applied with the objective to mimic the worst possible conditions
for S/S waste disposed in a landfill. It should be noted that this was used for the
first time in the experiments with cardboard factory sudge and sediment.

The most commonly used leaching test, recommended by the USEPA, is the
TCLP test, but it only provides one result to define waste toxicity.14 The TCLP
was specifically designed to mimic acidic conditions in a sanitary landfill and
identify wastes that have potential to contaminate ground water.

In view of the above, the objectives of this study were: 1) to define the zinc
distribution in dredged sediment and evaluate its environmental risk based on the
results of the sequential extraction procedure; 2) to assess the effectiveness of
zinc immobilization using S/S treatments with cardboard factory sludge; 3) to
evaluate the effectiveness of zinc immobilization by the S/S treatments under
conditions which mimic a landfill environment and 4) to determine the control-
ling leaching mechanisms of zinc in the treated sediment samples.

EXPERIMENTAL

The cardboard factory sludge used was obtained after physical-chemical wastewater
treatment from cardboard mill situated in Belgrade and its chemica characteristics were: pH
8.6+0.3, CEC 14.8 (cmol kg1), water content 39 %, organic matter 31 %, carbonates 25 %,
silicates 47 % and Zn 10.1 mg kg1 The dudge was dried, crushed and passed through a 2.0
mm sieve, then characterised and used in the experiments.
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Fresh sediment was collected using an Eijkelkamp core sampler, from the middle sedi-
ment on a stretch of the Veliki Backi Canal (Serbia), and was placed in a sealed plastic, acid-
rinsed box (15 cmx15 cm and 20 cm deep) immediately after sampling.

Sediment initial water content was 75 %. Organic matter content, 4.48+0.1 %,1> was
deter-mined as loss on ignition. Sediment pH of 7.3+0.4,16 was measured according to ASTM
D 4972-01. The given values represent the means of three measurements.

The pseudo-total zinc content was assessed in triplicate after aqua regia digestion!’ and
determined using an atomic absorption spectrometer (AAS, Perkin Elmer AAnalyst 700,
USA) or an inductively coupled plasma mass spectrometer (ICP-MS, Perkin Elmer ELAN
5000, USA) according to the standard procedures.’® The standard deviations (% RSD) ob-
tained (n = 3) were below 10 %. The results of the sediment zinc pseudo-total concentrations
are discussed in reference to the Canadian guidelines!® and the Dutch regulations,2° since Ser-
bia has neither an established system of continual sediment quality monitoring nor regulations
covering quality standards.

The microwave assisted sequential extraction procedure (MWSE) was performed using
identical operating conditions for each individual BCR fraction.?! Mean values were used and
the RSD values (n = 3) were below 5 %. The sum of the four steps of the sequentia procedure
and the pseudo-total zinc contents differed by less than 10 %. Zinc contents in the sequential
extraction procedure steps were analyzed by AAS or ICP-MS according to standard proce-
dures.18

Sediment and cardboard factory sludge were dried to constant mass at 105 °C. The sedi-
ment and cardboard factory sludge were mixed in proportions of 95:5 (M1), 90:10 (M2),
80:20 (M3), 70:30 (M4) and 50:50 (M5) by mass. The samples were prepared in the form of
monolithic cubes ((3+0.1)® cm®) by compaction. The compaction was performed according to
ASTM D 1557-00,2 providing a compaction force of 2700 kN m m3. The samples were
cured at 20 °C in sealed sample bags for 28 days and then subjected to the leaching tests, i.e.,
the standard TCLP leaching method and ANS 16.1.

According to the USEPA protocol, 4 a 0.1 M acetic acid solution of pH 2.88 was used to
extract the control sample and the S/S-treated samples since the pH was above 5. The sedi-
ment samples were extracted at a liquid to solid (L/S) ratio of 20 in capped polypropylene
bottles on a rotary tumbler at 30 rpm for 18 h. After extraction, the final pH of the leachate
was measured and the liquid was separated from the solids by filtration through a 0.45 pm
pore size membrane filter. This test was applied on every sample in triplicate and the RSD
values were below 5 %.

The ANS 16.1 test was applied in duplicate only on the M2 sample using deionised wa-
ter as the leachate, and the RSD values were below 10 %. The ANS 16.1 method was modi-
fied by including 0.014 M acetic acid pH 3.25 and humic acid solutions (20 mg TOC L1, pH
6.55) as leachate instead of deionised water (DI). All materials in contact with the leachate
were pre-cleaned with HNO3; and subsequently rinsed with deionised water. All results are
expressed with respect to sediment dry matter.

Evaluation of the leaching behaviour diffusion model

The long-term leachability of zinc from the S/S treated sediments was evaluated using
the ANS method 16.1.13 By applying this test, the cumulative fraction of zinc leached versus
time was obtained. The ANS has standardized the Fick’s Law-based mathematical diffusion
model asfollows:
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where a, is the contaminant loss (mg) during the particular leaching period with subscript n;
A is the initial amount of contaminant present in the specimen (mg); V is the specimen
volume (cmd); Sis the surface area of the specimen (cm?); A(t),, is the duration of the leaching
period in seconds; T, is the elapsed time to the middle of the leaching period n (s), and D is
the effective diffusion coefficient (cm2 s1).

The relative mobility of zinc can be evaluated by this coefficient, which varies from Dg =
=10° cm? s, (very mobile) to Do = 1071° cm? s1 (immobile).23
Determination of the controlling leaching mechanism

The type of leaching mechanism that controls the release of metals can be determined
based on the values of the slope of the logarithm of the cumulative fraction release, log (By),
versus the logarithm of time, log (t):2*

Iog(Bt)=Slog(t)+Iog{Umaxd [%H @

where Dy is the effective diffusion coefficient in m? s1 for component x; B; is the cumulative
maximum release of the component in mg m-2; t is the contact time in seconds; U g, is the
maximum leachable quantity in mg kgt and d is the bulk density of the product in kg m-3.

When the slope () is close to 1 (0.60-1.00), the process is defined as dissolution. In
such a case, the dissolution of the materia proceeds faster than diffusion. If the slope is
around 0.50 (0.40-0.60), the release of heavy metals will be slow and diffusion will be the
controlling mechanism. If the slope is less than 0.40, the release of metal is probably due to
surface wash-off.24

RESULTS AND DISCUSSION

Pseudo-total metal concentrations and sequential extraction of the
untreated sample

The pseudo-total zinc concentration in the sediment was 1137+54 mg kgL
According to Dutch standards,20 the sediment is polluted with zinc (class 4).
Class 4 sediments are of unacceptable quality and have the highest urgency for
action: dredging, disposal in special storage reservoirs and, if possible, sediment
clean-up measures.20 Compared with the Canadian Sediment Quality Guidelines
for aguatic life protection,1® the metal contents are above the PEL value. Sedi-
ment concentrations above the PEL values are expected to be frequently asso-
ciated with adverse biological effects. Although the PEL is considered to be ap-
plicable to a variety of sediment types, it cannot define uniform values of sedi-
ment pollution as the bioavailability (and hence toxicity) of the contaminants
may be different.19
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The percentage of extracted zinc in the most available, mabile fraction was
24.4 %. The percentages of zinc in the other modified BCR fractions according
to their relative contents are as follows: 12.7 % in the reducible fraction, 1.9 % in
oxidisable form, and 61.2 % in the residual fraction.

The sequential extraction results are not in full agreement with the results of
the pseudo-total metal concentration in the sediment, which only confirms the
opinion that the total metal concentration is not sufficient to define the real
danger presented to the environment. According to the risk assessment code (RAC),
24.4 % of zinc in the carbonate phases comes under the medium risk category.”

The total non-residual fraction (exchangeablet+reducible+oxidisable) of zinc
was 39 %. This indicates that these zinc fractions in the sediment are potentially
available for exchange and/or release into the environment.

Leaching tests: ANS 16.1 and TCLP

Samples of sediment-cardboard factory sludge mixtures were subjected to
the semi-dynamic leaching test ANS 16.1.13 This test has not been previously ap-
plied to mixtures of metal-contaminated sediments with cardboard factory dudge.
The total cumulative fractions of zinc leached (%) after completion of the ANS
16.1 test using deionised water, acetic acid and humic acid solutions as |eachates
are presented in Table.

TABLE I. Total cumulative fraction of zinc leached (CFL) after completion of the ANS 16.1
test using deionised water, acetic acid and humic acid solutions as leachates and the mean
effective diffusion coefficient D, for untreated (SO) and treated sediment samples (M1, M2,
M3, M4 and M5)

Parameter SO M1 M2 M3 M4 M5
Deionised water
CFL/ % 17.1 5.13 452 4.30 3.21 4.40

Do/cm?sl  4.84x108 7.94x1013 501x1018 3.16x1012 251x1013 6.34x1013
Acetic acid solution

CFL/% 19.8 717 6.33 6.05 4.49 6.40

Do/cm?sl  562x10%  6.62x1010  4.01x1010 2.04x1010  7.95x1011  3.12x1010
Humic acid solution

CFL/% 18.3 6.16 5.42 5.16 3.85 5.34

De/cm?sl  272x107  3.16x1011  252x1011  1.58x1011  7.93x1011  1.96x1011

The amount of zinc released during the ANS 16.1 tests for the untreated
samples did not exceeded 20 % of the total mass of the contaminant in the waste,
which is the upper limit for the diffusion model to be still applicable.13 The card-
board factory sludge exhibited good sorption properties, significantly reducing
zinc leachability compared to the untreated sample. This is in agreement with
literature data 10.12,25-30
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The humic acid leachate extracted more zinc than deionised water from all
samples. Humic acids are very important in the formation of stable organo-mine-
ral complexes because of their physico-chemica and biological stability. Due to
their amphipathic nature and structural features, HAs play an important role in
environmental processes governing the fate and transport of organic and inorga-
nic pollutants in natural systems. They include binding sites with different com-
plexion strength and are able to form inert and labile complexes with inorganic
cations and organic compounds. Based on some previous studies, zinc shows a
pronounced tendency for complexing with humic acids.31-34

The amount of metal leached increased with high sorbent loading (M5). Si-
milar results were reported by other authors.35-37 This may be attributed to two
reasons: i) alarge amount of adsorbent effectively reduces the unsaturation of the
adsorption sites and correspondingly, the number of such sites per unit mass de-
creases resulting in comparatively lower adsorption at higher adsorbent amounts,
and ii) higher amounts of adsorbent create particle aggregation, resulting in a de-
crease in the total surface area and an increase in diffusion path length, both of
which contribute to decreasing the amount adsorbed per unit mass.

The diffusion coefficients De for the treated samples, calculated using Eq.
(1), arelisted in Table I. The mobility of zinc in this study was reduced by treat-
ment possibly due to the high sorption capacity of the sludge.10:12.25-30 The dif-
fusion coefficients are in agreement with the results of the cumulative release of
zinc from the treated samples. The diffusion coefficients for metas in the treated
samples ranged from 10710 to 10713 cm2 s~1 (low mobility).

At present, TCLP is used by the USEPA to evaluate whether a particular §/S
processis effective in treating a given waste in terms of reduction of the contami-
nant mobility and toxicity.14 The results of the TCLP leaching test are presented
inTablell.

TABLE Il. Results of the TCLP leaching test (mg L1, mean value = SD) for untreated (SO)
and treated sediment samples (M1, M2, M3, M4 and M5)
SO M1 M2 M3 M4 M5
0.94+0.022 0.40+0.01 0.32+0.01 0.28+0.01 0.21+0.01 0.25+0.01
2data obtained from triplicate, standard deviation

A comparison of the concentrations obtained in the TCLP test showed that
the zinc concentrations in the treated samples were below the concentration ob-
tained for untreated sediment, meaning the zinc had been successfully incorpo-
rated into the treated matrix.

Overadl, bearing in mind the high initia zinc concentration of the sediment
sample, the treatment was very effective. This may be difficult to readily explain
due to the degree of complexity in natural sediment samples. In nature there are
many constituents that could participate in and influence zinc leachability. Fur-
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ther research is required to obtain some of this information in order to evaluate
zinc speciation and subsequent mechanisms of incorporation and release in these
samples.

Controlling leaching mechanism

The controlling leaching mechanisms were evaluated using the diffusion mo-
del (Eq. (2)). The slope (S) and R? values obtained from the diffusion model are
presented in Table l11.

TABLE Il1. Slope (S and R? values obtained from the diffusion mode! for untrested (SO) and
treated sediment samples (M1, M2, M3, M4 and M5)

Parameter SO M1 M2 M3 M4 M5
Deionised water

S 0.22 0.43 0.47 0.47 0.48 0.47

R? 0.99 0.99 0.99 0.98 0.99 0.99
Acetic acid solution

S 0.20 0.41 0.40 0.53 0.54 0.60

R? 0.98 0.99 0.96 0.98 0.96 0.92
Humic acid solution

S 0.29 0.42 0.45 0.54 0.56 0.58

R2 0.98 0.96 0.99 0.99 0.97 0.99

The slope values for the mixtures ranged from 0.41 to 0.60 for all the treated
samples. This indicates that diffusion was the dominant leaching mechanism. In
the untreated sediment sample, the slope values ranged from 0.20 to 0.29, indi-
cating that the dominant leaching mechanism was surface wash-off.

Further research should be focused on a more detailed analysis aimed at elu-
cidating the encapsulation of zinc into the sediment structure and its leaching me-
chanism, relying on studies of mineralogy (qualitative and quantitative X-ray dif-
fraction) as well as micromorphology (scanning electron microscopy and optical
microscopy).

CONCLUSIONS

Assessment of the sediment quality based on the pseudo-total zinc content
showed it to be severely contaminated according to the corresponding Dutch
standards and Canadian guidelines. The zinc seems to pose a medium risk based
on the modified BCR sequential extraction procedure and the risk assessment
code.

The immobilization treatment applying cardboard factory sludge appeared to
be effective in the remediation of the zinc-contaminated sediment. Based on the
cumulative fraction of zinc leached, the diffusion coefficients and the results of
the TCLP tests, it appears that the treatment efficiently reduced zinc mobility. In
al samples, the controlling zinc leaching mechanism after S/S treatment ap-
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peared to be diffusion. Hence, only small amounts of zinc could be expected to
leach into the environment over time from the treated sediment.

Due to the large volumes of waste generated in the paper, cardboard and
pulp industry, it is necessary to continue to increase environmental awareness
about the different applications of wastes, while taking into account the environ-
mental and economic factors influencing these waste treatments. Conventional
waste management methods, which might have been acceptable in the past,
might not be optimal to meet present and future requirements. The utilisation of
cardboard factory sludge to ‘‘remediate’’ a contaminated sediment could be an
interesting approach.
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Education and Science of the Republic of Serbia (Grant Nos. 11143005 and TR37004).

U3BOJ

KOPUIIREWBE OTITAJA KAPTOHCKE MHAYCTPUIE 3A PEMEJJUJALINTY
CEAUMEHTA KOHTAMHWHHNPAHOI' ITUHKOM

MUJbAHA TIPULIAY, MUJIEHA IIA)IMALII/IJAZ, BOXO JTIAJIMALIAJA?, JEJIEHA TPUYKOBHWHR? u CHEXXAHA
2
MAJIETUR

1 Ynueepsuiteii y Hosom Cady, Qaxyaitieini iexnuukux nayxa, Tpz Jocuitieja Obpaoosuhia 6, 21000 Hosu Caod u
2 Yuueepsuitieiti y Hosom Caoy, Ipupooro—maitiemaitiuxu pakyaitieid, [eiiapiiiman 3a xemujy, Ouoxemujy u
3awitiuiniy xusoitine cpeoure, Tpz [Jocuitieja Obpadosuha 3, 21000 Hosu Cad

Otnan y MHIYCTPHUjH Hamupa, KapToHA U ITyJIIe HacTaje Kao mocieanna OpojHUX mporeca, a
merosa cBe Beha mpoaykiyja JOBOIM 10 HacTajama MpodieMa mheroBe AUCIO3UIMje. Y OBOM panry
je npukasaHa MoryhHocT Kopuinhema OTHaIHOT MyJba KapTOHCKE MHIYCTPHje Kao CTaOMIN3aIno-
HOT areHca y TpetMaty conuanduxanuje/cradunusanuje (C/C) cenumenra 3araljeHor ruHkoM. Ja
Ou ce ucnmraita eGUKaCHOCT MPUMCHCHOT TPETMaHa U HPOIICHA [OTCHIMjalla H3Iy)KUBaba [MHKA
y Jdy’KeM BPEMEHCKOM HEpHOAY TPUMEHEHU CYy CEMUAMHAMHYKH TECT HU3IY)KUBambha H TECT M3IY-
KUBamka TOKCHIHOCTH. Mozen 6a3upaH Ha Au(y3Hju je MOCITYKHO 3a MPOIEHy MEXaHn3Ma KOjH je
JOMHHAHTaH TOKOM H3Iy)KHBama. [IpHMEHmEHH TPEeTMaH ce MOKa3ao eQUKACHUM 3a MMOOWIHM3a-
LHjy IMHKA, a JOMUHAHTAaH MEXaHHW3aM HM3JTyKuBama je audysuja. Pesynraru ykasyjy Ha TO aa 6u
Tpebaio OYCKUBATH CIIOPO H3JIY)KHBaE LIHHKA KaJla Ce OTIaJHU MYJb KAPTOHCKE HHIYCTPHjE MPH-
MeHH Kao crabuin3anuonu areHe y C/C tpermany.

(Mpumsbeno 11. HoBemGpa 2011, peunupano 6. mapra 2012)
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Abstract: The objective of the study was to determine the origin and to recon-
struct the geological evolution of lignites from the Drmno field (Kostolac Ba-
sin, Serbia). For this purpose, petrological and organic geochemical analyses
were used. Coal from the Drmno field is typical humic coal. Peat-forming
vegetation dominated by decay of resistant gymnosperm (coniferous) plants,
followed by prokaryotic organisms and angiosperms. The coa forming plants
belonged to the gymnosperm families Taxodiaceae, Podocarpaceae, Cupres-
saceae, Araucariaceae, Phyllocladaceae and Pinaceae. Pedtification was rea-
lised in a neutral to slightly acidic, fresh water environment. Considering that
the organic matter of the Drmno lignites was deposited at the same time, in a
relatively constant climate, it could be supposed that climate probably had only
asmall impact on peatification. Therefore, variations in compositions of mace-
rals and biomarkers indicate changes in the water level, due to seasonal drying
of the mire, which caused vegetation differences in the palaeoplant commu-
nities and changes in the redox conditions (from anoxic to slightly oxic) during
peatification. Diagenetic transformations of the organic matter were mainly
governed by microbial activity, rather than thermal alteration.

Keywords: lignites, Kostolac Basin; organic meatter; macerals; biomarkers;
pal aeoenvironment.
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INTRODUCTION

Standard methods for the investigation of peat and coal bearing sediments
include a complex of petrological, palynological, palaeobotanical and geoche-
mical techniques to acquire information about the sedimentary environment, type
of vegetation and its transformation during diagenesis.

The maceral composition is directly dependent on the type of the source ma-
terial and the environmental settings. Therefore, maceral analysisis widely used
to interpret the conditions of peat formation.1 In addition to maceral percenta-
ges, two parameters based on the maceral composition, the tissue preservation
index (TPI) and the gelification index (Gl), are of great importance. The TPI pro-
vides vauable data about peat forming plant communities, water column level,
pH and climatic settings.>~" The Gl could be used as an indirect measure for the
water column level, as well as for an estimation of the redox conditions of the
environment and microbial activity.4-7

Elemental analysis, Rock—Eval analysis and other bulk geochemica para-
meters (e.g., ash content, organic carbon and sulphur contents, and group com-
position of soluble organic matter) provide basic data for characterizing coals.8.9

In the past few decades, molecular organic geochemistry has played an im-
portant role in the exploration of coals and fossil fuels generally. It involves the
analysis of the soluble organic matter and identification of organic compounds
with hydrocarbon skeletons related to biological molecules present in the tissues
of living organisms.10.11 These biomarkers allow for the recognition of the main
input of organic matter (OM), an estimation of the palaeoenvironment in which
they were deposited and determination of the thermal maturity. For these pur-
poses, numerous biomarkers, n-alkanes, isoprenoid aliphatic akanes, steroids,
hopanoids, sesquiterpenoids, diterpenoids, non-hopanoid triterpenoids, were used.

The production of energy in Serbia is based on coa sources (52 %), fol-
lowed by crude oil (28 %), natural gas (13 %) and hydroenergy (7 %).12 The
largest resources of coals in Serbia represent soft brown coals, i.e., lignites (92
%).13 The main lignite deposits are located in the Kosovo, Kolubara, Kostolac
and Metohija Basins, and in the Kovin deposit.14 Although the lignite deposits
are widespread in Serbia, petrological and geochemical data are either scarce or
completely missing.1516 The objective of this study was to determine the origin
and to reconstruct the geological evolution of lignites from the Drmno field,
Kostolac Basin (Serbia), based on comprehensive petrological and organic geo-
chemical analyses.

Geological settings of the Kostolac Basin

The Kostolac Coal Basin, covering an area of 145 km2, is located about 90
km east of Belgrade. It is divided into three coal fields: the Drmno field in the
eastern, the Cirikovac field in the central and the Smederevsko Podunavlje field

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

2012 Copyright (CC) SCS



ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1111

in the western part of the Basin (Fig. 1). The Drmno and Cirikovac fields are ex-
ploited, while the Smederevsko Podunavlje field is still under preliminary explo-
ration.

19 20° LEGEND:
Kostolac

P-17/2002
*

Danube rver

CIRIKOVAC
field

SMEDEREVSKO
POMORAVLJE

P-w‘zmz Borehole

[ ) Bounbdary of field
L

Boundary of
waste disposal

1 | |
6 8 10 km

Fig. 1. Location and coal fields of the Kostolac Basin.

The basement of the Kostolac Basin is formed of Devonian crystalline rocks
overlain by Neogene sediments. The total thickness of the Neogene sediments
ranges from 300 to 5000 m in the central part of the depression.1” The complete
Neogene generally dips towards NW at the low angle of 5-15°; the coal seams
following the same dip, as well. The Neogene complex consists of several units:17

1. Lower Miocene, formed of fluvio-lacustrine and marine metaclastic rocks,
siltstone, sandstone, and shales (“redeposited series’), breccia-type material
(“transitional zone”), and red to violet sandy marlstone, sandstone, and conglo-
merate (“red series’);

2. Ottnangian—Karpathian, consisting of fluvial brackish and marine conglo-
merate, sandstone, siltstone, shale, and marlstone, with local transitions to lami-
nated limestone and tuffaceous sandstone;
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3. Badenian, formed of marine sandstone, marlstone, and siltstone;

4. Sarmatian, consisting of clayey and sandy marlstone, marly clay, marly
and clayey sandstone, subordinately of gravel and quartz sand, in a shallow
brackish—marine environment;

5. Pannonian, made of clastic sediments with two coa seams, the lower up
to 6 m in thickness, and the upper of maximum 1 m in thickness;18

6. Pontian, consisting of clastic sediments, with economic coa resources. The
total thickness of the Pontian sediments is more than 200 m. The Pontian coal-
bearing series consists of five coal seams, namely seam |11 (the oldest and deep-
est) and the seams l1-a, 11, I-a, and I. Only coal seams |1l, Il and | have been ex-
plored in the Drmno, Cirikovac and Klenovnik open pits. The average thickness
of coa seam Il throughout whole basin is 19.38 m, while it is 1.43 m for lla,
4.14 mfor 11, 1.53 for laand 13.90 m for | coal seam.19 Average huminite reflec-
tance of coal from the Drmno and Cirikovac fidlds (seams |1 and 111) is 0.30 %;19.20
thus, placing the coal in the soft brown coal (lignite) stage of coalification;

7. Romanian, includes sand, clay, silt, and gravel, disconformably overlying
Pannonian or Pontian sediments;

8. Quaternary, formed of fluvial gravel, sand and sandy clay, eolian loess
and loess-like clays, all of Pleistocene age.

The lignite samples investigated in this study are of Upper Pontian age (c. 6
Ma) and originated from the borehole P-17/2002 of the Drmno field (Kostolac
Basin; Fig. 1). The samples were collected from the two coal seams, |1 at a depth
interval 23.20 to 24.90 m, and Il at a depth interval 100.60 to 123.70 m (Table
1). The thickness of each sample interval was determined as per the changes in
macroscopic lithology of the coal.

TABLE . Thelist of investigated samples

Coal seam Sample Depth interval, m Lithology

I 1 23.20-23.40 Mixture of xylitic and matrix coal
2 23.40-24.40 Mixture of matrix and xylite-rich coal
3 24.40-24.53 Xylite-rich coal
4 24.80-24.90 Matrix coal

I 5 100.60-101.00 Mixture of matrix and xylite-rich coa
6 102.10-102.20 Xylite-rich coal
7 103.00-104.20 Matrix coal
8 104.80-104.90 Xylite-rich coa
9 112.00-112.60 Mixture of matrix and xylite-rich coal
10 121.40-123.70 Mineral-rich cod

EXPERIMENTAL

For the maceral analyses, the coal samples were crushed to a maximum particle size of 1
mm, mounted in epoxy resin and polished. The maceral analysis was performed on a LEITZ
DMLP microscope under monochromatic and UV reflected light on 500 points. The maceral
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1113

description used in this article follows the terminology developed by the International
Committee for Coal Petrology for low-rank coal .2

Elemental analysis was applied to determine the contents of sulphur and organic carbon
(Corg)- The organic carbon content was determined after removal of carbonates with dilute
hydrochloric acid (1:3, v/v). The measurements were performed using aVario EL 111, CHNOS
elemental analyser, Elementar Analysensysteme GmbH. The measurements of the ash content
followed the standard procedure 1SO 1171 (1997).%2

Soluble organic matter (bitumen) was extracted from pulverized lignites (<150 pm)
using a Dionex ASE apparatus with a mixture of iso-hexane and acetone (1:1, v:v) at atem-
perature of 80 °C and a pressure of 8 MPa. After extraction, most of the solvent was removed
using a vacuum rotary evaporator. The extract yields were weighed. The asphaltenes were
precipitated from the bitumen with petroleum-ether and the remainder (maltenes) was sepa-
rated into three fractions (saturated hydrocarbons, aromatic hydrocarbons and NSO com-
pounds) using column chromatography over silica gel and aluminium oxide. The saturated
hydrocarbons fraction was eluted with iso-hexane, the aromatic hydrocarbons with dichloro-
methane and the NSO fractions (polar fraction, which contains nitrogen, sulphur and oxygen
compounds) with amixture of dichloromethane and methanol (1: 1, v:v).

The saturated and aromatic fractions isolated from the bitumen were analyzed by gas
chromatography-mass spectrometry (GC-MS). A gas chromatograph Agilent 7890A GC (H5-
MS capillary column, 30 mx0.25 mm, He carrier gas 1.5 cm3 minl, FID) coupled to an Agi-
lent 5975C mass selective detector (70 eV) was used. The column was heated from 80 to 310 °C
at arate of 2 °C min'l, and the final temperature of 310 °C was maintained for an additional
25 min. The individual pesks were identified by comparison with literature datal023-26 and on
the basis of the total mass spectra (library: NIST5a). Biomarker parameters were calcul ated
from the GC-M S chromatogram peak areas (software GCM S Data Analysis).

RESULTS AND DISCUSSION
Maceral analysis

Coa from the Drmno field is typical humic coal with huminite concentra-
tions between 50.8 and 89.3 vol. %, liptinite less than 7 vol. % and inertinite
between 4.0 and 12.5 vol. %. The most abundant huminite macerals are textinite,
ulminite and densinite. Liptodetrinite and sporinite dominated among liptinite
macerals, whereas inertodetrinite and fusinite are the most abundant inertinite
macerals (Table l1).

The tissue preservation index (TPI),27:28 taken as the ratio between struc-
tured and unstructured macerals of the huminite and inertinite group, ranges from
0.7to 4.2 (TableI1). The variations of the TPI with depth could reflect, at least to
some extent, the differences in the type of peat forming plant communities. On
the other hand, it was suggested that tissue preservation depends mostly on the
relative height of the water level, pH and climatic settings, rather than from the
botanical properties of the vegetation.29 Namely, lowering the water level within
the basins during the dry seasons contributes to the establishment of more oxic
conditions, resulting in more extensive tissue degradation. Considering that the
OM of the Drmno lignites was deposited in the same time, in the relatively
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1114 STOJANOVIC et al.

constant climate, it could be supposed that the climate probably had only a small
impact on peatification. Therefore, the variations in the maceral composition and
the TPI could be attributed mainly to changes in the water column level, due to
seasonal drying of the mire, which caused vegetation differences in the palaeo-
plant communities and changes of redox potential (Eh) during peatification.

TABLE II. Maceral composition (vol. %) and petrographic indices of the Drmno field coas

Sample
Macerd 1 2 3 4 5 6 7 8 9 10
Textinite 171 19.7 483 16.1 173 143 157 158 114 3.7
Ulminite 106 54 158 11.8 155 26.7 13.1 328 389 15.3
(Total telohuminite) 277 251 64.1 279 328 410 28.8 48.6 503 19.0
Attrinite 30 136 39 145 79 66 35 24 06 27
Densinite 300 258 94 310 315 323 391 19.7 171 226
(Total detrohuminite) 33.0 394 133 455 394 389 426 221 177 253
Gelinite 40 23 31 30 32 30 05 40 72 55
Corpohuminite 15 18 20 50 54 64 09 63 47 10
(Total gelohuminite) 55 41 51 80 86 94 14 103 119 65
Total huminite 66.2 68,5 826 814 80.8 89.3 728 81.0 79.9 50.8
Sporinite 14 15 13 20 14 06 07 05 11 038
Cutinite 01 02 00 04 02 00 02 00 01 03
Resinite 01 00 02 04 02 04 02 05 02 04
Suberinite 01 02 00 09 02 02 02 04 09 00
Alginite 04 05 00 00 02 00 02 00 00 03
Liptodetrinite 12 21 11 27 19 12 12 11 02 13
Other —liptinite 10 12 07 04 02 04 07 05 00 00
Total liptinite 43 57 33 68 43 28 34 30 25 31
Fusinite 15 23 27 06 05 04 11 11 40 18
Semifusinite 03 10 04 04 04 00 12 04 38 12
Macrinite 00 02 02 00 02 00 02 05 02 08
Funginite 12 03 02 17 09 08 05 07 04 05
Inertodetrinite 10 39 24 14 30 07 92 13 41 61
Total inertinite 40 77 59 41 50 19 122 40 125 104
Total coal 745 820 917 923 90.1 94.0 884 88.0 949 64.3
Clay 218 111 14 53 83 35 61 97 43 316
Pyrite 23 22 18 09 05 19 32 18 08 19
Carbonates 07 08 09 04 04 00 16 00 0.0 09
Other minerals 07 39 42 11 07 06 07 05 00 13
Total mineral 255 180 83 7.7 99 60 116 120 51 357
TPIZ 08 07 42 07 09 11 07 21 25 07
GI° 19 09 05 15 18 30 17 28 28 26

&Pl = (textinite+ulminite+oorpohuminite+fusinite+semifusinite)/(gelinite+macrinite+detrohuminite);27’28 PGl

= (ulminite+densinite+gelinite+corpohuminite)/(textinite+attrinite+inerti nite)27'28

The gelification index (Gl),2728 expressed as the ratio of gelified (ulminite,
densinite, gelinite and corpohuminite) to non-gelified (textinite and attrinite) ma-
cerds, is used as an indirect measure for the height of the water level, because
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1115

gelification of the tissues requires the continuous presence of water. Lignites
from the Drmno field have a Gl value ranging between 0.5 and 3.0 (Table II).
The variation of this ratio with depth also indicates changes in the height of the
water level and consequently changes of the Eh conditions during peatification.
Based on the generally higher TPl and Gl values in coal seam |1l than in coal
seam |1, it could be assumed that the water column level during peatification was
lower in coal seam Il.

The content of mineral matter shows a comparatively wide range 5.1-35.7 %
(Table I1). An increase in the mineral content is often related to more intensive
degradation of organic matter and/or contribution of clastic material. The domi-
nation of clays and very low carbonate content in the mineral matter (Table I1)
suggest a neutra to dlightly acidic environment. As expected, a significant posi-
tive correlation (correlation coefficient, r = 0.98) is observed between the mineral
matter content (Table I1) and the ash content (Table [11).

TABLE I11. Values of group organic geochemical parameters

Coal SampleASh Co® S Bitumen Asp® Saturated Aromatic NSO
seam P€ o, d2 %, db %, db  ppm %  HCL % HC,% %
T 1 3562 3841 085 15333 5022 256 267 3554
2 1844 4913 342 12292 4203 571 360 4867
3 872 5809 180 98666 6454  2.33 379 2933
4 98 5512 158 11628 5123 263 358 4256
1l 5 1052 5458 063 10631 4141  3.90 451 5018
6 453 N.De ND. 79400 7093 13.22 217 1369
7 1317 5132 103 6645 4220 325 420 50.35
8 1726 5104 132 40000 6363 650 371 2615
9 966 5667 090 18272 4587  6.90 340 4383
10 4704 3072 123 14950 4240 223 550  49.87

3Dry basis; Porganic carbon content; Sasphaltenes; “hydrocarbons; ®not determined

Group organic geochemical parameters

The contents of organic carbon (Corg) are within the limits typical for lig-
nite’:30 and vary between 30.72 and 58.09 % (Table I11). The significant negative
correlation between Cyrg and the mineral matter content (r = 0.98) indicates that
the differences in the Corg contents of the lignites are mainly controlled by the
varying amounts of mineral matter. The content of sulphur does not exceed 2 %,
with exception of sample 2 (Table I11). This result implies the relatively low sul-
phate content of the waters within the peat (peatification in fresh water environ-
ment).3.31

The yield of the soluble organic matter (bitumen) varies over a wide range
6645-98666 ppm, in concordance with the variation in Corg. The soluble organic
matter is mainly represented by asphaltenes (41.41-70.93 %) and polar, NSO
compounds (13.69-50.35 %). The relative contents of saturated and aromatic
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1116 STOJANOVIC et al.

hydrocarbons are low, which is in accordance with the low maturity of the orga-
nic matter (Table I11).

Molecular composition of the organic matter

General characteristics. The main constituents of the saturated fraction of
the coals are diterpenoids, followed by n-alkanes and hopanoids. Steroids and
non-aromatic, non-hopanoid triterpenoids were identified in relatively low amounts
(Fig. 2). The main components in the aromatic fractions of the Drmno coals are
diterpenoids. Other constituents of the aromatic fractions are non-hopanoid triter-
penoids, sesquiterpenoids, aromatized hopanoids, long-chain acyclic akan-2-ones,
monoaromatic steroids and perylene (Fig. 3).
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Fig. 2. TIC (total ion current) of a saturated fraction typical for the investigated samples. Peak
assignments: n-alkanes are labelled according to their carbon number; Pr — pristane;

Ph — phytane; D1 — isopimaradiene; D2 — norabietane; D3 — norpimarane; D4 — beyerane;
D5 —isophyllocladene; D6 — pimarane; D7 — 160(H)-phyllocladane; D8 — 16 o(H)-kaurane;
T1—des-A-olean-13(18)-ene; T2 — des-A-olean-12-ene; T3 — des-A-olean-18-ene;

T4 —des-A-urs-13(18)-ene; T5 — des-A-urs-12-ene; T6 — des-A-lupane; S8, fa and
off designate configurations at C,7 and C,; in hopanes, R designates
configuration a C,, in hopanes.

The domination of diterpenoids in both the saturated and aromatic fractions
shows that the main sources of organic matter were gymnosperms (conifers). The
presence of hopanoid biomarkers indicates the contribution of prokaryotic orga-
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1117

nisms, such as bacteria and fungi, whereas the identification of non-hopanoid tri-
terpenoids implies a contribution of angiosperms to the lignite organic matter
(Figs. 2 and 3).
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Fig. 3. TIC (total ion current) of an aromatic fraction typical for the investigated samples.
Peak assignments. 1 — cuparene; 2 — calamenene; 3 — cadina-1(10),6,8-triene; 4 —5,6,7,8-
-tetrahydrocadalene; 5 — cadalene; 6 — isocadalene; 7 — phenanthrene; 8 — 19-norabi eta-
-8,11,13-triene; 9 — 6,10,14-trimethyl pentadecan-2-one; 10 — 18-norabieta-6,8,11,13-tetraene;
11 — 16,17-bisnordehydroabietane; 12 — hibane; 13 — 16,17-bisnorsimonellite; 14 — 18-no-
rabieta-8,11,13-triene; 15 — dehydroabietane; 16 — 1,2,3,4-tetrahydroretene; 17 — simonellite;
18 —totarane; 19 — sempervirane; 20 — retene; 21 — ferruginol; 22 — pentamethylocatahyd-
rochrysene; 23 — 2-methylretene; 24 — 3,4,7,12a-tetramethyl-1,2,3,4,4a,11,12,12a-octahydro-
chrysene; 25 — 3,3,7,12a-tetramethyl-1,2,3,4,43,11,12,12a-octahydrochrysene; 26 — penta-
methyldecahydrochrysene; 27 — triaromatic des-A-lupane; 28 — 3,4,7-trimethyl-1,2,3,4-tet-
rahydrochrysene; 29 — 3,3,7-trimethyl-1,2,3,4-tetrahydrochrysene; 30 — perylene; 31 — 24,25-
-dinoroleana-1,3,5(10)-12-tetraene; 32 — D-ring monoaromatic hopane; 33 —24,25-dinorlupa-
-1,3,5(10)-triene; 34 — 1,2,4a,9-tetramethyl-1,2,3,4,48,5,6,14b-octahydropicene; 35— 2,2,48,9-
-tetramethyl-1,2,3,4,4a,5,6,14b-octahydropicene; 36 — 24,25-dinoroleanapentaene;

37 — 4-methyl-24-ethyl-19-norchol esta- 1,3,5(10)-triene; 38 — 7-methyl-3' -
-ethyl-1,2-cyclopentanochrysene; 39 — Cg; n-alkan-2-one; 40 —1,2,9-
trimethyl-1,2,3,4-tetrahydropicene; 41 — Cy3 n-alkan-2-one.

n-Alkanes and isoprenoids. n-Alkanes are relatively abundant in the total ion
current (TIC) of the saturated fraction (Fig. 2). Based on the vz 71 mass chroma-
togram of the saturated fraction (Fig. 4a), n-alkanes were identified in the range
C17 to Css. The n-akane patterns of the coal samples are dominated by long-
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chain homologues (Cy7—Cgz1) with a maximum at n-Cpg and a marked odd over
even predominance, indicating a significant contribution of epicuticular waxes. 11
The values of the CPI (carbon preference index) and OEP 2 (odd—even predomi-
nance) range between 3.21-5.61 and 3.24-6.30, respectively (Table V), which
are in accordance with the low rank of the lignites.

TABLE IV. Vaues of parameters calculated from distributions and abundances of n-alkanes,
isoprenoids and terpenoids

Coal seam Sample CPI2 OEP 1P OEP2¢  Pr/Phd Di/(Di+Tri)e

[l 1 3.23 0.89 3.58 0.27 0.66
2 5.24 1.65 457 0.38 0.84
3 437 0.94 3.36 1.20 0.99
4 5.08 0.92 5.13 1.26 0.95
" 5 4.36 1.65 4.39 0.41 0.97
6 N.D.f N.D. N.D. N.D. 0.99
7 497 1.40 6.30 0.08 0.96
8 3.21 1.25 3.75 N.D. 0.99
9 3.92 1.89 3.24 N.D. 0.88
10 5.61 5.50 452 0.62 0.62

&Carbon preference index determined for the full distribution of n-alkanes Cp3-Ca3 (mass chromatogram mvz 71),
CPI = 1/2[3o0dd(n-Cp3—n-Cgz)/Zeven(n-Cop1-C3p) + Zodd(n-Coz—n-Cgz)/Zeven(n-Cogz—-Cag)l; bOEP 1 =
= U4[(n-Cp116 N-Cy3+n-Cop)/(N-Coo+n-Coy)l; COEP 2 = V4[(n-Co5+6 N-Co7+n-Cog)/(N-Cogtn-Cog)l; dpr/ph =
= pristane/phytane; €Di/(Di+Tri) = Zaromatic diterpenoids/(Zaromatic diterpenoids + Zaromatic triterpenoids),
caculated from the TIC of aromatic fraction, Zaromatic diterpenoids = (18-norabieta-6,8,11,13-tetraene + 19-no-
rabieta-8,11,13-triene + 18-norabieta-8,11,13-triene + 2-methyl-1-(4' -methylpentyl)-6-isopropylnaphthaene + de-
hydroabietane + simonellite + retene + sempervirane + totarane + hibaene + ferruginol + 6,7-dehydroferruginol
+ 2-methylretene + 12-hydroxysimonellite + 16,17-bisnordehydroabietane + 16,17-bisnorsimonellite + 1,2,3,4-tet-
rahydroretene), aromatic triterpenoids = (24,25-dinoroleana-1,3,5(10),12-tetraene + 24,25-dino-
roleana-1,3,5(10),12,14-pentaene + 24,25-dinorursa-1,3,5(10),12-tetraene + 24,25-dinorlupa-1,3,5(10)-triene +
pentamethylocatahydrochrysene + pentamethyldecahydrochrysene +  3,4,7,12atetramethyl-1,2,3,4,43,11,12,12&
-octahydrochrysene + 3,3,7,12atetramethyl-1,2,3,4,4a,11,12, 12a-octahydrochrysene + 3,4,7-trimethyl-1,2,34-tet-
rahydrochrysene + 3,3,7-trimethyl-1,2,3,4-tetrahydrochrysene + 1,2,4a,9-tetramethyl-1,2,3,4,4a,5,6,14b-octa-
hydropicene + 2,2,4a,9-tetramethyl-1,2,3,4,4a,5,6,14b-octahydropicene + 1,2,9-trimethyl-1,2,3,4-tetrahydro-
picene + triaromatic des-A-lupane); frot determined due the absence of n-alkanes and isoprenoids

The mid-chain n-alkanes (n-C21—Cos), originating from vascular plants, mic-
roalgae, cyanobacteria, sphagnum and aquatic macrophytes,32-34 are present in a
lower amount in comparison with the long-chain homologues. The dlight predo-
minance of odd over even carbon-numbered n-alkanes in the mid-range n-alkanes
(parameter OEP 1; Table 1V) in the samples from coal seam |11 suggests a micro-
bia origin. Moreover, the relatively high abundance of Coz and Cys n-alkane
homol ogues implies an input of aquatic macrophytes to the organic matter.

Short chain n-alkanes (<n-Cyg) are found mostly in algae and microorga-
nisms.11 In the studied lignites, short chain n-alkanes are absent or present in low
quantities (Fig. 4a), which is consistent with the results of the maceral analysis
(low liptinite content; Table11).
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Fig. 4. GC-MS Mass chromato-
grams of n-alkanes, m/z 71 (a),
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6,10,14-trimethyl pentadecan-2-
one; for other peak assignments,
see thelegend to Fig. 2.
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The isoprenoids pristane (Pr) and phytane (Ph) are present in Drmno lignites
in low amounts or are not identified (Fig. 2; Table IV). Low concentrations of
pristane and phytane are often reported in immature organic matter.35-37 This is
probably related to the fact that isoprenoid precursors incorporate into the macro-
molecular kerogen matrix either by esterification38 or natural sulphurization3®
during early diagenesis and the release of saturated isoprenoids occurs after the
thermal maturity of the organic matter increases.3” The Pr/Ph ratio is widely used
as indicator for the Eh settings of the depositional environment. However, this
parameter is known to be also affected by maturation.1! For this sample set, the
influence of maturity on the pristane/phytane ratios can be ruled out. Therefore,
the Pr/Ph ratio varying between 0.08 and 1.26 (Table 1V) may be considered as
an indicator of changing of Eh settings from anoxic to dlightly oxic during peat
deposition in the Drmno seam.40 This result is consistent with the variations in
the TPI and GI parameters.

Sesquiterpenoids, diterpenoids and triterpenoids with a non-hopanoid skele-
ton. In al samples, aromatic sesquiterpenoids were observed in low quantities
(Fig. 3). Cadalene predominates over isocadalene, calamenene and 5,6,7,8-tetra-
hydrocadalene. Other sesquiterpenoid constituents of the lignite extracts are cu-
parene and cadina-1(10),6,8-triene, whereas dihydro-ar-curcumene, 1-methyl-7-
-isopropyltetrahydronaphthalene and 1-methyl-7-isopropylnaphthalene (eudalene)
were identified only in two samples. Sesquiterpenoids are used as markers for
higher land plants. However, sesquiterpenoid biomarkers are often not useful for
an unambiguous determination of the precursor plant community,2541.42 with
exception of cuparene, the presence of which clearly indicates a contribution of
Cupressaceae, afamily of gymnosperms, to the precursor OM 43,44

Diterpenoids are the main constituents of both the saturated and aromatic
fraction, indicating a significant contribution of gymnosperms to the precursor
OM. Pimarane and particularly 16o(H)-phyllocladane are dominant by far in the
saturated fractions. Other diterpenoid-type constituents of the saturated fraction
are norpimarane, norabietane, beyerane, 16o(H)-kaurane, isopimaradiene, iso-
phyllocladene and abietane (Fig. 2). The high amount of 16a(H)-phyllocladane
indicates that the coa forming plants belonged to the conifer families Taxodi-
aceae, Podocarpaceae, Cupressaceae, Araucariaceae and Phyllocladaceae, while
the high abundance of pimarane suggests Pinaceae, Taxodiaceae and Cupres-
saceae 41,43,45,46

The aromatic diterpenoids consist of norabieta-6,8,11,13-tetraenes, norabi-
eta-8,11,13-trienes, 2-methyl-1-(4'-methylpentyl)-6-isopropylnaphthalene, 16,17-
-bisnordehydroabietane, dehydroabietane, simonellite, retene, sempervirane, to-
tarane, hibaene, ferruginol, 6,7-dehydroferruginol, 12-hydroxysimonellite, 16,17-
-bisnorsimonellite and 2-methylretene. Simonellite is the predominant aromatic
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1121

diterpenoid, with the exception of two samples in which the most prominent are
dehydroabietane and retene, respectively (Fig. 3).

Almost of al the aromatic diterpenoids are non-specific conifer markers,
because they are the diagenetic products of a great variety of abietane-type pre-
cursors that are common constituents of all conifers except Phylloclada-
ceae 414647 |n contrast, the presence of cuparene, ferruginol, totarane and hi-
baene in the aromatic fraction of the Drmno lignite extracts clearly indicates the
contribution of Cupressaceae, Taxodiaceae, Podocarpaceae and Araucariaceae
to the precursor biomass, 43 which is consistent with the observation derived from
the analysis of the saturated diterpenoids.

The non-hopanoid triterpenoids are present in relatively low amounts in the
saturated fraction of the Drmno lignites and consist of olean-12-ene, olean-13,18-
-ene, des-A-oleanenes, des-A-ursenes and des-A-lupane. A marked domination
of des-A-ring degraded compounds is observed, and only in two samples were
non-degraded oleanenes identified (Fig. 2).

Although the non-hopanoid triterpenoids represent a minor component of the
saturated fraction, these compounds are slightly more abundant in the aromatic
fraction of the coal extracts (Fig. 3). This result shows that angiosperms also con-
tributed to the organic matter. The higher abundance of aromatized in compari-
son to non-aromatized angiosperm triterpenoids indicates significant aromatiza-
tion of the triterpenoids during diagenesis. The same result that aliphatic angio-
sperm-derived triterpenoids are more easily atered to aromatic derivatives, in
comparison with gymnosperm-derived diterpenoids, resulting in the selective
loss of such aliphatic compounds, was also reported by Kalkreuth et al. (1998)48
and Nakamuraet al. (2010).49

All samples contain des-A-ring degraded aromatic triterepenoids, repre-
sented by tetramethyloctahydrochrysenes and trimethyltetrahydrochrysenes. In
four samples (1, 2, 9 and 10), which have generally higher amounts of triter-
penoids (see next paragraph and Table V), in addition to the des-A-ring de-
graded aromatic triterepenoids, pentacyclic aromatic triterpenoids (ring-A-mono-
aromatic triterpenoids, tetramethyloctahydropicenes and trimethyl-tetrahydropi-
cenes) were also identified. Degradation of the A-ring of triterpenoids followed
by intensive aromatization suggests microbia activity, which is consistent with
relatively abundant hopanoids (Figs. 2 and 3).

In order to estimate the contribution of gymnosperm and angiosperm vege-
tation in the ancient peat bogs, the ratio of diterpenoid and angiosperm-derived
triterpenoid aromatic biomarkers (Di/(Di+Tri) was used, Table V). The values of
this parameter show the dominant role of gymnosperms for peat formation in the
Drmno field. The lower values of Di/(Di+Tri) ratio in upper part of upper seam
(samples 1 and 2) and lower part of lower seam (samples 9 and 10), indicate the
higher contribution of angiosperms to precursor biomass (Table V). This result
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implies changes in palaeoenvironment in the mire during coal formation, con-
sistent with conclusions derived from the TPI, the Gl and the Pr/Ph ratio.

Seroids and hopanoids. The analysis of the aliphatic fraction revealed low
contents of steroids (Fig. 2). Steroid biomarkers (based on the m/z 215 mass
chromatogram of the saturated fraction; Fig. 4b) consist predominantly of Cpg
A%, A2- and Ad-sterenes. Cog-sterenes (A%, A2- and AS) were identified in low
amounts, whereas the corresponding Co7 homologues are present in severa
samples. The marked predominance of Cog sterenes (Fig. 4b; Table V) clearly
indicates peat formation from terrigenous plants.

TABLE V. Values of parameters calculated from the distributions and abundances of steroids
and hopanoids

Cod seam  Sample  %C,®  %Ch®  %Cyf iﬁd ( ﬁcﬁffg)e
1 2.30 6.44 91.25 0.07 0.80

| 2 243 5.28 92.29 0.08 0.72
3 0.00 0.00 100.00 0.17 053
4 455 3.00 92.45 0.11 0.90
5 1.45 5.93 92.62 0.24 0.70
6 N.D.f N.D. N.D. N.D. N.D.

" 7 1.07 3.59 95.34 0.25 0.87
8 0.00 15.94 84.06 0.22 0.84
9 0.26 6.00 93.74 0.18 0.77
10 0.00 3.04 96.96 0.09 0.78

3/4Cy7 = 100C,7(A2 + A% + AD)-sterenes/S(Co7—Cog) (A2 + A% + AD)-sterenes; Po6Cog = 100C,g(A2 + A% + A9)-
sterenes/S(Cp7—Cog)(AZ + A% + AD)-sterenes; C%Cpg = 100C,g(A2 + A% + AD)-sterenes/s(Cy7—Cog) (A2 + A% +
AD)-sterenes; dSter/Hop = [2(Cp7—Cog)(AZ + A% + AD)-sterenes]/[£(Cog-Cap)17a(H)214(H)-hopanes + (Cog—
—C30)17p(H)21a(H)-hopanes + 2(Cyg—C31)174(H)215(H)-hopanes + Cy717a(H)-hopane + C7178(H)-hopane
+ £(Cpg-Cap)-hop-17(21)-enes + Cy7-hop-17(21)-ene +Cyy-hop-13(18)-enel; SCanlA(AB+ap) = Capl7AH)214H)-
hopane/(C3g174(H)214(H)-hopane + C3pl7a(H)214(H)-hopane). The sterenes were quantified from the m/z
215 mass chromatogram, and the hopenes and hopanes from the m/z 191 mass chromatogram; fnot determined
due the absence of sterenes and hopanes

Hopanoids are more abundant than steroid biomarkers in the Drmno lignite
extracts (Ster/Hop ratio < 0.25; Table V). This result indicates a bacteria-in-
fluenced facies and argues for the role of microorganisms in the degradation of
plant tissue.

Based on the nvVz 191 mass chromatogram of the saturated fraction, the ho-
pane composition in all samples is characterized by the presence of
17a(H)215(H), 175(H)21a(H) and 174(H)21/4H) compounds with 27 and 29-31
carbon atoms, with exception of C31178(H)21a(H) moretane. Other hopanoid-
type constituents of the saturated fraction are Cy7 hop-13(18)-ene, Co7 hop-
-17(21)-ene and Cy7hopan-21-one. Several samples contain Czoo/A(R)-hopane
and Cgp hop-17(21)-ene (Fig. 4c).
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The presence of unsaturated hopenes and the domination of Sf-isomers in
range Co7, Cog—C3g over aff-hopanes confirm an immature stage of the organic
matter. The ratio of 174H)214(H) to (174H)214H) + 17a(H)215(H)) Czp-ho-
panes (Table V) is within the limits established for lignite, 0.5-0.7,50 or even
higher, consistent with deposition of the OM in an anoxic to slightly oxic envi-
ronment.>1

The Cy7174(H)-hopane and the Cy9174(H)214(H)-hopane dominate the dis-
tribution of Cy7—Cs1 BA-homologues (Fig. 4c). The predominance of the short-
chain homologues can be interpreted as being indicative of rather oxidizing pa
laeoconditions, but may aso indicate that the precursor hopanoid lipids were
functionalized at position 29, such as aminobacteriohopanepentol that is abun-
dant in methanotrophic bacteria (e.g., Methylococcus capsulatus or Methylo-
monas methanica).52 This particular hopanoid functionalized at position 29
cannot, however, be taken as the exclusive precursor of Cog hopanes, considering
the high sensitivity of the side chains from biologic hopanoids.>3

The identification of the D-ring monoaromatic hopanes, 7-methyl-3'-ethyl-
-1,2-cyclopentanochrysene and 4-methyl-24-ethyl-19-norchol esta-1,3,5(10)-tri-
enell in the aromatic fraction of all the investigated samples (Fig. 3) suggests
partial aromatization of the hopanoids and steroids during diagenesis, in accor-
dance with the aromatization of the diterpenoids and particularly the triterpe-
noids.

Alkan-2-ones. Based on the m/z 58 mass chromatogram of the aromatic
fraction (Fig. 4d), n-alkan-2-ones were identified in the range Cos to Css, with
the even Cog—C3g homologues being absent in several samples. Similar to the
distribution of the n-alkane, the n-alkan-2-ones patterns of the coal samples are
dominated by odd long-chain homologues Cog—C33. Although the distributions of
the n-alkanes and the n-alkanones are generaly similar, two main differences
could be seen. First, even Cpg—C3p homologues of n-alkan-2-ones are absent in
several samples, although n-alkanes with the same number of carbons were
identified. Secondly, in almost al of the samples, n-akanes have maximum at
Cog, followed by Co7, whereas the most abundant n-alkan-2-one is Cz; followed
by Cs3. The obtained results indicate that n-alkan-2-ones probably have few
sources. a) the direct contribution of ketones from higher plant waxes, which
consist of Co3—Cg3 homologues with a significant odd C number predominance
and Cyax a Copg or Cgp; b) microbially mediated S-oxidation of the correspon-
ding n-alkanes in the sediments or prior to incorporation into the sediments; c)
oxidative decarboxylation of n-fatty acids and oxidized alcohols as well as elon-
gation of a suitable fatty acid precursor and subsequent decarboxylation, which
would yield longer-chain alkanones with a pronounced odd C predominance and
Cy7, Cog and Cz; as major constituents.26

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

2012 Copyright (CC) SCS



1124 STOJANOVIC et al.

In addition to n-alkan-2-ones, 6,10,14-trimethylpentadecan-2-one (6,10,14-
-TMPD-2-one), an isoprenoidal ketone, was also found in half of the studied
samples (Fig. 4d). Since pristane was identified in low amounts, it could be sup-
posed that the main pathways of TMPD-2-one formation are bacterial degrada-
tion38 and photosensitized oxidation>* of free phytol and/or photodegradation of
chlorophyll-a.>>

The presence of akan-2-ones in the lignite extracts confirms microbial acti-
vity, assumed also basis on the distribution of hopanoids and angiosperm derived
triterpenoids.

CONCLUSIONS

The origin and geological evolution of organic matter of upper Miocene
lignites from the Drmno field, Kostolac Basin (Serbia) were evaluated using coa
petrology and the composition of biomarkers.

Coa from the Drmno field is typical humic coal. The composition of the
biomarkers shows that the peat-forming vegetation dominated by decay resistant
gymnosperm plants, followed by prokaryotic organisms and angiosperms. Based
on the composition of the saturated and aromatic diterpenoids, it was established
that the coal forming plants belonged to the gymnosperm families Taxodiaceae,
Podocarpaceae, Cupressaceae, Araucariaceae, Phyllocladaceae and Pinaceae.

Peatification was performed in a limnic, neutral to dightly acidic environ-
ment. The variations in the maceral and biomarker ratios showed that the lignite
seams were formed under variable Eh conditions (anoxic to slightly oxic), pro-
bably as a result of seasonal drying of the mire. The water column level was
lower in coal seam Il than in coal seam Il during peatification. Changes in the
water level aso caused vegetation differences in the palacoplant communities.

Group organic geochemical parameters and biomarker compositions indicate
low OM maturity (phase of intensive diagenetic processes). The abundance of
hopanoid biomarkers, intensive degradation of the A-ring of triterpenoids fol-
lowed by aromatization and the presence of alkan-2-ones indicate that the diage-
netic changes in the organic matter were mainly governed by bacterial activity,
rather than thermal degradation.
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U3BOJ

JIMTHUTU JIEXXUIITA TPMHO (FACEH KOCTOJIAILL): ITOPEKJIO U ITAJTEOYCJIOBHU
CTBAPAILA HA OCHOBY INIETPOI'PA®CKHUX U OPTAHCKO-TEOXEMHUJCKHUX
HCTPAXHUBAIHLA

KCEHHUJA CTOJAHOBI/I'Bi, JPATAHA )KI/IBOTI/I'EZ, AJIEKCAHIIPA LHAJHOBI/I'F13, OJITA LlBETKOBI/IT)S,
HANS PETER NYTOFT* u GEORG SCHEEDER®
1Xemujc1cu Qaxyniteini Ynugepsuitieitia y beoipagy, Ciiygentticku wpi 12—16, 11000 Beoipag, ZPygapCKo—
ieonowku Qaxyniteins Ynusepsuiieitia y Beoipagy, Bywuna 7, 11000 Beoipag, 3H6Hu7ap 3a xemujy UXTM,
Yrusepsumen y Beotpagy, Cutygenuicxu wipi 12—16, 11000 Beoipag, *Geological Survey of Denmark and
Greenland, Oster Voldgade 10, DK-1350 Copenhagen, Denmark u °Federal Institute for Geosciences and
Natural Resources, Steveledge 2, 30655 Hannover, Germany

ITum pagja 610 je ma ce yTBPAY NMOPEKIIO U Te0JIOLIKA €BOTYLIMja JIUTHUTA JIeKHUITa Jpm-
Ho daceHa Kocronan. [IpumMemeHe cy netporpadcke U OpraHCKo TeoXeMHUjcke MeToze. JIMTHU-
TH JeXUIITa JIpMHO Cy THIMYHU XYMYCHHU yI/beBH. [JIaBHU U3BOP OPraHCKe CyICTaHLe dune
Cy TUMHOCIIepMe (ToloceMeHHIe), a 3aTUM TPOKAPHUOTCKH OPraHU3MHU U aHTHOCTIepMe (CKpH-
BeHOceMeHHIe). YTBpheHOo je ma mMpeKypCcOpCKH OpPraHCKd MarepHjai motude ox ciemehux
(amunuja rumuocnepmu: Taxodiaceae, Podocarpaceae, Cupressaceae, Araucariaceae, Phyllocla-
daceae u Pinaceae. Tanoxemwe U XxyMU(pUKalKja OpraHcke CyINCTaHLe JUTHATA OfBUjallu Cy ce
Y CIaTKOBOJHOj, HEYTpalIHOj 0o c1abo KHUCenoj CpeArHHU. Y3umMajyhu y 0d3up fa ce cTBapame
JIMTHUTA Y JIEXUIITY [JPMHO OJWrpaBajlo y MCTO BpeMe, IPEeTIOCTaB/beHO je fa KIMMAaTCKU
¢aKxTop HHje MOrao 3HauyajHUje YTULATH Ha CacTaB OpraHCKe CymNcTaHle. Pasnmuke y cactaBy
Marepana 1 SHoMapkepa y UCTIUTHBAHUM JIMTHUTHMA TTOC/IenuIIa cy Konedama HUBOA BOJEHOT
cTyba y CpeIHHU TaJ0XKeHa yClel Ce30HCKUX TPOMeHa Y KONMWYKMHY NafaBuHa. OBO Kornedatbe
BOZIEHOT CTyda y3pOKOBAJIO je IPOMEHe KaKo y cacTaBy IajeoBereTalyje, Tako U y pefoKc mo-
TeHIMjaly CpelUHe TaloXewa (0J aHOKCHUHE JI0 Oaro okcuuyHe). JlujareHTCKe IPOMEHE Op-
TaHCKe CYIICTaHIle OfBHjajlie Cy Ce Y3 WHTEH3UBHY MHUKDOOHY aKTHBHOCT, IOK je TepMHYKa
Ierpanmanyja duma rotoBo He3HavajHa.

(TTpumisero 26. HoBemBpa 2011, pesunupano 17. pedpyapa 2012)
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