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Abstract: This paper reports the results of an FT-IR and NIR study of N-me-
thylformamide in carbon tetrachloride solution in presence of ethers as the O-
-electron donors, i.e., diethyl ether (DEE), diisopropyl ether (DiPE), methyl t-
-butyl ether (MtBE), dibutyl ether (DBE), dipentyl ether (DPE), tetrahydrofu-
ran (THF) and tetrahydropyran (THP). The spectroscopic characteristics of the
N-H---O hydrogen bonded complexes are given. In addition, the equilibrium
constants for 1:1 complex formation were determined at 25 °C using Mid-IR
and NIR measurements.

Keywords: hydrogen bonding; N-methylformamide; ethers molecular complex.

INTRODUCTION

This paper is a part of continuing and systematic investigations of secondary
amides in solution from both spectroscopicl-6 and thermodynamic’® points of
view. In the case of ethers, numerous measurements of the hydrogen bond for-
mation constants have been reported.10-13 This study should contribute to a bet-
ter understanding of N-H---O hydrogen bonding of N-methylformamide (NMF)
with ethers. It seemed interesting to perform experiments using two different
spectroscopic techniques: Mid-IR and NIR.

EXPERIMENTAL

N-Methylformamide (Frinton, >99 %), and carbon tetrachloride (J. T. Baker, >99.9 %)
were used without further purification. Diethyl ether, dibutyl ether, dipentyl ether, tetrahyd-
rofuran, tetrahydropyran (Fluka, >98 %), diisopropyl ether (Carlo Erba >98 %) and methyl t-
-butyl ether (Riedel-de Haén >99 %) were redistilled and dried prior to use.

* Corresponding author. E-mail: jovicb@ih.ns.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC1002157J
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158 JOVIC et al.

In order to avoid self-association, the amide concentration in the carbon tetrachloride
solutions was below 0.0030 mol dm3. The concentration of the ethers was varied between
0.20 and 1.0 mol dm3.

The Mid IR and NIR spectra were obtained using a Thermo-Nicolet Nexus 670 instru-
ment. A DTGS detector was employed in the Mid-IR measurements and a MCTA detector
cooled with liquid nitrogen was used for the NIR measurements. The samples were placed in
1-5 cm (IR) and 10 cm (NIR) UVIRSIL cells and the spectra were recorded at 298 K. The re-
ported frequencies and half-widths were reproducible to within 0.2 and 1 cm-1, respectively.
The integrated molar absorption coefficients were obtained within £5 %. The equilibrium
constants were determined with an average relative standard deviation of 6 %.

RESULTS AND DISCUSSION

The hydrogen bonding between N-methylformamide and ethers can be repre-
sented by the scheme given in Fig. 1.

//o
DEE-R,=R_ =CH_CH,
H—C R, DBE-R, =R =CH_(CH,),
\ / DPE-R =R =CH_(CH,),
N—H:-0 DIiPE-R =R =CH(CH)),
/ \ MtBE-R1=CH3’ R2=C(CH3)3
THF-R=(CH,),
H3C R, THP-R=(CH,),

Fig. 1. Hydrogen bonded complexes between NMF and dialkyl ethers.

The equilibrium of NMF—ether hydrogen bond formation can be represented as:
M-H+A — M-H---A (1)
where M-H is NMF monomer, A is an O-electron donor (ether) and M-H---A'is
the molecular complex. In the case when the electron donor is present in excess
over the amide concentration, then:
0

K=MZoM )
CmCA

Using the Becker procedure,14 the formation constant was determined from
the absorbance of the monomer band:

0 —
KA 0A @)

ACA
where A0 is the monomer absorbance for a carbon tetrachloride solution con-
taining c,(\),| , mol dm=3, of NMF and A is the absorbance of the same band for a
solution with both NMF (c,?,, ) and ether donor (c%). The spectroscopic characte-
ristics of the monomer (free) v(NH) band of N-methylformamide are given in
Table I. NH) and vy, are the wavenumber and halfwidth of the band, respect-
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N-METHYLFORMAMIDE-ETHER SYSTEMS 159

tively, £ and BO represent the molar absorption coefficient and the integrated ab-
sorption coefficient, respectively. The characteristics for the band of the corres-
ponding first overtone are also given in Table I. In addition, the, IR and NIR
spectra of NMF monomer are given in Fig. 2.

TABLE I. Spectroscopic characteristics for the monomer (free) v(NH) band and the corres-
ponding first overtone of N-methylformamide

Vo(NH) /em™1 v cml £x1073 / cm2 molt B%x10-6/ cm mol-!
3466.1 12 74.9 3.3
6792.8 32 17.2 0.6
040+ 3466cm’
0.35 4
0.304
0254
< 0.20
0154
0.10 4
0.05 4
000 T T T T T ]
3300 3400 3500 3600
viem'
0.30 4
0.28
0.26
0.24 4
< & 6792 cm’”
0.20
018 4
0.18
0.14 1 T 1 1
8600 6700 6800 6900 7000
v lam’

Fig. 2. IR and NIR spectra of N-methylformamide monomer in CCl, solution, in the regions
of the N-H stretching vibration band and the first overtone, at 298.15 K.

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

2009 Copyright (CC) SCS




160 JOVIC etal.

The IR spectra and the first derivative NIR spectra of NMF in the presence
of different ethers are shown in Figs. 3 and 4, respectively. The spectroscopic
parameters for the N-H---O molecular complexes obtained in the IR and NIR
measurements are summarized in Table II. The equilibrium constants from both
IR and NIR experiments are given in Table IlI.

7/ DBE
7

3300 3400 , 3500 3600
v/iem

Fig. 3. IR spectra of N-methylformamide in the presence of seven different
ethers at the same concentration.

0.00015 —
0.00010 +

0.00005

0.00000 - ; : T
6600 0 000

1st Derivative

-0.00005 |

-0.00010

-0.00015 -

v/cm”
Fig. 4. First derivative NIR spectra of NMF in the presence of different ethers.
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N-METHYLFORMAMIDE-ETHER SYSTEMS 161

TABLE II. Spectroscopic parameters for the N—H---O hydrogen bonded complexes obtained
in IR spectroscopy

O-electron donor Aviem?t ypleml ex10°3/cm2 moll  B%10€/cm molt
Dibutyl ether 101.3 83 73.3 8.2
Diethyl ether 99.0 71 88.5 8.5
Diisopropyl ether 106.5 92 202.8 234
Dipentyl ether 102.6 77 62.3 6.7
Methy! t-buty! ether 113.5 71 116.8 115
Tetrahydrofuran 101.8 75 97.2 9.9
Tetrahydropyran 102.9 75 96.6 10.7

TABLE I1l. The equilibrium constants from both IR and NIR measurements

K / dm3 mol!
O-electron donor R NIR
Dibutyl ether 0.84 0.76
Diethyl ether 1.23 1.11
Diisopropyl ether 0.85 0.97
Dipentyl ether 0.92 0.79
Methyl t-butyl ether 0.72 0.99
Tetrahydrofuran 1.44 1.56
Tetrahydropyran 1.22 1.27

The obtained IR spectroscopic parameters clearly indicate N-H---O hydro-
gen bonding between NMF and the ethers.

The stability of molecular complexes increases in the order: MtBE < DBE
DIiPE < DPE <THP < DEE < THF. The differences in the stability of the N-H---O
complexes for the five studied dialkyl ethers can be interpreted using the Taft
equation:1®

log K 298 = log K 99g + po*+Es (6)

where Kggg represents the formation constant of the complex with dimethyl
ether and o* and Eg represent the inductive and steric factors for the alkyl
groups, respectively. If logK,gg is correlated with both o* and Eg, a good
correlation is obtained:

logK 595 =0.2+0.2800*—0.182E¢ , R = 0.95 @)

Several investigators10-13 obtained equilibrium constants for hydrogen
bonding between phenols and various (cyclic and aliphatic) ethers and they
established that donor-acceptor interactions are sensitive to both steric and induc-
tive effects.

In order to determine the possible contribution of the charge transfer mecha-
nism to the associations in this study, the correlation between donor ionization
potential, Ip, and the function of the frequency shift, (vo/AV)1/2, was examined.
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162 JOVIC etal.

Puranik and Kumar,16 based on the Mulliken perturbation theory,17 proposed a
relationship between Ip and (1/AV)Y2. For the same acceptor and a series of
electron donors, the relationship has a simple form:

V,
Ip=C, (-2 4c, ®)
Av

where 1y is the frequency of the NH monomer band; C1 and C, are constants for
a given acceptor. The plot of Ip vs. the experimental (1p/A1)Y/2 for N-methyl-
formamide—electron donors (except MTBE and DPE) is given in Fig 5.
9.55—-
9.50—-
9.45—-
9.40—-

9.35 +

Il eV

9.30
9.25

9.20 [¢)

9.15 , . , . ; . , . . ,
5.70 575 5.80 5.85 5.90 5.95

(V/Al/)1/2

Fig. 5. Plot of Ip vs. experimental (1p/A1)Y2 for N-methylformamide—electron donors.

The following equation was obtained based on the least-squares treatment of
the data in Table II.

I =1.444(Z—0)1’ 2,0.98,R=0.99 (9)
|4

The linear relationship between the donor ionization potential (Ip) and the
function, (v/AV)Y2, indicates that the charge transfer mechanism significantly
contributes to the hydrogen bonding in the studied systems.

A comparison of the equilibrium constants obtained in this study with those
obtained for N-methylpropionamide—ether complexes®® showed that the cons-
tants for N—H---O hydrogen bonding in NMF-ether complexes are significantly
higher. The difference in the stability of NMF and N-methylpropionamide com-
plexes with ethers can be attributed to the more expressed steric hindrance in the
latter complexes.
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N-METHYLFORMAMIDE-ETHER SYSTEMS 163

An attempt was made to estimate the equilibrium constant using Eq. (3) ap-

plied to the monomer first overtone. The equilibrium constants from the IR and
NIR measurements agreed quite well.

N3BO/
N-H---O BOOAOHHWYHA BE3A. FT-IR U NIR CITEKTPOCKOIICKO UCIITUTBABE
CUCTEMA N-METUJI®OPMAMUI-ETPU
BPAHMCJIAB JOBUR', ATTEKCAHIAP HUKOJIMR !, ERNA DAVIDOVIC? u CJIOBOJAH ITIETPOBUR®

Iﬂpupobno—/namemamulmu paxyaiuei, 21000 Hosu Cao, 2« avoslav Ruzicka™ Polytehnic of Vukovar, 32000
Vukovar, Croatia u 3TexH0/zomlco—Melﬁa/zypm}cu akyaiteia, 11000 Beozpao

3a KapaKTepmam/ij ocoOunHa MOJICKYJICKUX KOMILIEKCa N'MCTI/IJ’I(i)OpMaMI/II[a ca ceaM pas-

JIMYUTUX eTapa npaheHe Cy MpoMEeHe Ha OCHOBHO] BaeHTHOj (uctexxyhoj) tpauu NH Bubpauuje u
Tpauu mpBor Bumier ToHa. OapeleHe cy CHeKTPOCKOIICKE KapaKTEPUCTHKE W KOHCTaHTe (opMupa-
wa 1:1 monekysckux komiiekca Ha 25 °C xopumrhemem FT-IR u NIR TexHuka.

1
2.
3.

(IlpumibeHo 7. mapTa, peBuaupauo 3. cenremopa 2009)
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An efficient acetylation of dextran using in situ
activated acetic anhydride with iodine
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Abstract: A facile, efficient, cost-effective and solvent-free acetylation method
has been developed for the acetylation of dextran. Dextran acetates were suc-
cessfully synthesized using different molar ratios of acetic anhydride in the
presence of iodine as a catalyst without the use of any solvent. The reactions
were realized at 50 °C for 3 h under stirring and nitrogen. This efficient method
yielded highly pure and organosoluble dextran esters. The reaction appears
highly effective for obtaining higher degrees of substitution (DS) with great ef-
ficiency. Under solvent-free conditions, dextran triacetates were efficiently
synthesized. It was also observed that the molar ratio can easily control the DS
of pendant groups onto the polymer backbone. Hence, a range of products with
varying DS were successfully designed, purified and characterized. Covalent
attachment of the pendant groups onto the polymer backbone was verified by
spectroscopic techniques. Thermogravimetric analysis indicated that the ob-
tained dextran esters were thermally as stable as dextran. The DS of the pen-
dant groups onto the polymer backbone was calculated using standard acid
base titration after saponification. Furthermore, all products were thoroughly
characterized by thermal analysis (TG and DTG), and FTIR and H-NMR
spectroscopic analysis.

Keywords: acetic anhydride; acetylation; dextran; iodine; polysaccharide.

INTRODUCTION

Dextranl2 is a very important polysaccharide commonly used in routine
medical, microsurgical and laboratory procedures.34 Dextran derivatives are
used for reducing platelet adhesiveness,>6 wound healing,” tumor targeting of
gene expression® and osmotic pressure control in biological molecules® and hu-
man enzyme regulation.10 Dextran derivatives have well reported antiprolife-

* Corresponding author. E-mail: majaz172@yahoo.com
doi: 10.2298/JSC1002165H
165
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166 HUSSAIN et al.

rative and anti-tumor properties.}1 Dextran is receiving attention in the formu-
lation of macromolecular prodrugs of acid sensitive drugs to target them to the
colon and in this way, highly sensitive anticancer drugs, such as mitomycin C,
can be safely targeted to its site of action.12 Nowadays, dextran is being used for
sustained release studies of several sensitive drug molecules after their covalent
attachment (mostly esters) onto polymer backbone.13 From these research areas,
it isclear that esterification of dextran isavery important reaction in drug design.
Hence, it is of high importance to develop highly efficient and soft esterification
methods.

Regarding the esterification of polysaccharides, a few methods are reported
in the literature, such as using acetyl chloride with pyridine,14 acetic anhydride
with pyridine and 4-(dimethylamino)pyridineg, 1516 carboxylic acids in situ acti-
vated with tosyl chloride2’-19 iminium chloride?0 and 1,1’ -carbonyldiimida-
zolel?.21,22 and acetic anhydride activated with strong acids or metal catalysts.

In present study, our interests were focused on the search for efficient reac-
tion methodologies for the esterification of the biologically important polysac-
charide dextran. Hence, the value of the conventional reagent acetic anhydride
was explored using iodine as the catalyst.23 This esterification method appeared
more advantageous regarding cost effectiveness because the other esterification
methods available until now need expensive acylation reagents, i.e., p-toluene-
sulfonyl chloride,19 1,1’ -carbonyldiimidazole,20 etc. Secondly, the esterification
of polysaccharides under homogeneous reaction conditions is a current area of
research. However, the fact that solvent systems used to dissolve polysaccharides
are quite expensive cannot be neglected; therefore, such methods cannot be readi-
ly commercialized. Another important aspect of commercial synthesis of poly-
saccharide acetates is that an acidic catalyst is employed, which significantly de-
stroys glycosidic linkages of polysaccharides. Hence, the aim of this study was to
exploit the use of amild catalyst, i.e., iodine. Being a cheap, commercially avail-
able, environment friendly and most importantly powerful reagent, iodineis cur-
rently being extensively explored regarding its catalytic properties on various
substrates in different low molecular weight organic transformations.2425 Like-
wise, the focus of this investigation was to examine the possibility of employing
the acid anhydride/iodine system for the acetylation of dextran.

EXPERIMENTAL

Reagents and chemicals

Dextran (M,, 40000, Fluka) was dried under vacuum at 110 °C for 8 h prior to use. Ana-
Iytical grade organic solvents and other reagents obtained from Fluka were used without
further purification.

Measurements

The FTIR spectra were recorded on an IRPrestige-21 instrument (Shimadzu, Japan)
using the KBr pellet technique. The IH-NMR spectra of the products were acquired on a
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AN EFFICIENT ACETYLATION OF DEXTRAN 167

Bruker 400 MHz instrument in suitable deuterated solvents. Thermogravimetric (TG) analysis
and derivative thermogravimetric (DTG) analysis were realized on a SDT Q600 (USA) ther-
mal analyzer. Thermal decomposition temperatures (ty) of the dextran esters were determined
from the DTG curves. The t4 is reported as the onset of significant weight loss from a heated
sample. Samples (10 mg) were measured under air at heating rate of 10 °C/min from 35 up to
600 °C.

Esterification of dextran using acetic anhydride and iodine under solvent-free conditions,

a typical example (sample 4)

lodine (0.50 g, 0.0041 mol) was filled into a pre-dried round bottom flask. Acetic an-
hydride (4.0 mL, 0.038 mol) was added and the reaction mixture was kept under stirring for
15 min. Pre-dried dextran (1.0 g, 0.0062 mol) was added and the resulting mixture was re-
fluxed for 4 h. The excess of iodine (catalyst) was removed by adding a saturated aqueous so-
dium thiosulfate solution to the reaction mixture. The thus formed white precipitates of dex-
tran acetate were filtered off, washed thrice with cold water and then reprecipitated from
acetone into cold water. The precipitate of sample 4 was then dried under vacuum at 50 °C for
24 h.

Yield: 77 %; DS (degree of substitution): 2.90 (the DS was calculated by acid base titra-
tion after saponification). FTIR (KBr, cm1): 2931 (C-H stretching of sugar units), 1751 (C=0
stretching ester), 1246 (C—O-C stretching of ester), 1431 (CH, stretching of sugar units). 1H-
-NMR (400 MHz, acetone-dg, 6 / ppm): 3.15-4.93 (anhydroglucose unit—H), 2.02 (acetyl-H).
Calculation of degree of substitution, a typical procedure

For the purpose of DS calculation, 100 mg of sample was dissolved in 50 mL aqueous
1.0 M NaOH solution , stirred overnight and its pH was registered using a pH meter. HCI
(0.010 M) was added to achieve pH 7, followed by a known quantity (20 mL) of 1.0 M NaOH
solution. The excess base was findly titrated with 0.10 M HCI until neutralization. The DS of
the free acid moieties was then calculated. The DS of acetyl moiety was calculated by
H-NMR spectrum15 from spectral integral ratios of the protons of the AGU and methy! of the
acetyl moiety.

RESULTS AND DISCUSSION

An acid anhydride and an alcohol react together in the presence of iodine as
a catalyst. The general mechanism is outlined in Fig. 1 using acetic anhydride as
the example.242> |odine first activates acetic anhydride in the presence of al-
coholic groups, as the oxygen of R—OH attacks the carbony! carbon resulting in
sp3 hybridization. The acetic ester of the respective alcohol is formed by reaction
of the iodide ion with the iodine atom that was attached to the oxygen of the
carbonyl group, resulting in free iodine. Acetic acid is formed as a by-product. At
the end of the reaction, addition of a saturated aqueous solution of sodium
thiosulfate removes al the freeiodine.

Bearing in mind the immense importance and proved efficiency of iodine as
a catalyst for acetylation of alcohols under solvent-free conditions, the aim was
to explore its potentia for employment in the acetylation of polysaccharides such
as dextran. Dextran was reacted with acetic anhydride under solvent-free condi-
tions using different mole ratios of acetic anhydride (see Fig. 1). All the reactions
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168 HUSSAIN et al.

were performed at 50 °C for 3 h under a nitrogen atmosphere. The reaction con-
ditions and the results of dextran acetylation are summarized in Tablel.

@ &

50 °C,3h

Dextran Dextran ester

(.C. )
b\ GGy O g iy

o CH HaC
3 ch . C [e) CH3 H3C’>
O0—H O>—H
| )—°
R R HO

(b)
Fig. 1. @) Dextran acetylation with acetic anhydride catalyzed by iodine under solvent-free

conditions and b) the generalized mechanism for acohol (dextran) acetylation.

TABLE I. Conditions and results of acetylation of dextran with acetic anhydride in situ acti-
vated with iodine under solvent-free conditions

Sample Mole ratio® Yield, % DS° DS®
1 13 50 175 172
2 1:4 53 1.88 1.83
3 15 70 2.69 271
4 1:6 77 2.90 2.85
5 1.8 83 3.00 2.98
6 1:10 85 3.00 2.99

Anhydroglucose unit (AGU):acetic anhydride; ®Ds calculated by acid-base titration after saponification; °Ds
calculated by H-NMR spectroscopy

All the obtained dextran acetates (1-6) were of high purity and soluble in
organic media, e.g., dimethyl sulfoxide (DMSO), N,N-dimethylacetamide (DMA)
and dimethylformamide (DMF). Samples 4—6 were additionally soluble in chlo-
roform. All samples were insoluble in agueous media. The dextran acetates were
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purified by re-precipitation and their purity was verified by spectroscopic tech-
niques. It was found that on increasing the molar ratio of acetic anhydride to dex-
tran, the degree of substitution (DS) aso increased, which means that in this way,
the DS can be controlled. This observation is obvious from the results given in
Table |. The products were obtained with excellent yields.

The results significantly indicated that this method is highly efficient for the
synthesis of dextran acetates as samples 4—6 were obtained with aimost complete
substitution under solvent free-conditions. As dextran is a 1-6-linked polymer, a
primary hydroxyl, which is generally more reactive toward acetylation, is absent
in dextran. In addition, even dextran triacetate was achieved by using less than
1:8 anhydroglucose unit, AGU:acetic anhydride. Therefore, this method has the
potential to be exploited for acetylation of polysaccharides in industry. All dex-
tran acetates were thoroughly characterized by means of thermal analyses, and
FTIR and 1H-NMR spectroscopy.

FTIR spectroscopic studies were performed using the KBr pellet technique
to observe the ester peaks and hydroxyl group absorptions. A distinct ester peak
appeared at 1747 cm1 for sample 5 (Fig. 2). The spectrum did not display hydro-
xyl group absorption at about 3500 cm—21, which is indicative of complete substi-
tution of the hydroxyl functions with acetate moieties. This shows the purity of
the product and the success of the reaction. No peak was observed for any kind of
possible impurity. For reference, the spectrum of the unsubstituted dextran poly-
mer isbeing also provided in Fig. 2.
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Fig. 2. FTIR (KBr) spectra of unsubstituted dextran polymer (===) and dextran acetate 5 (—).

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

2009 Copyright (CC) SCS @



170 HUSSAIN et al.

From DTG analysis, a thermal decomposition temperature (tg) of 385.5 °C
was obtained for dextran acetate 5. Typical TG and DTG curves of sample 5 are
shown in Fig. 3. Dextran acetate 5 showed increased stability when compared to
the unsubstituted dextran polymer (tq = 315.35 °C, Fig. 4).
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Fig. 3. Simultaneous DTG and TG curves of dextran acetate 5.
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Fig. 4. Simultaneous DTG and TGA curves of unsubstituted dextran polymer.

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

2009 Copyright (CC) SCS




AN EFFICIENT ACETYLATION OF DEXTRAN 171

IH-NMR spectroscopy was thoroughly performed to check the success of
the reaction and purity of the samples. A typical TH-NMR spectrum of dextran
acetate 1 recorded in CDCl3 is shown in Fig. 5. The spectrum revealed the suc-
cess of the reaction as methyl protons of the acetyl moiety appeared at 2.05 ppm.
The signals of AGU-H appeared well resolved at about 3.15-4.90 ppm. 1H-NMR
spectroscopy was aso performed to calculate the DS of pendant acetyl groups
onto dextran. The DS was successfully calculated from the ratios of the integra-
ted peak areas. The results of the DS calculated from the IH-NMR results were
found to be comparable with the DS values obtained by acid base titration after
saponification (see Table).

H-1-6
AL
r I
?
R=H, Acetyl E
H-Acetyl
J 1
T T T T T T T T T T T
3 /ppm 5.0 4.0 3.0 2.0 1.0

Fig. 5. 400 MHz *H-NMR spectrum (CDCls) of dextran acetate 1.

CONCLUSIONS

In the present research work, a new method for the esterification of dextran
was successfully designed, in which dextran was allowed to react with acetic an-
hydride in situ activated by the versatile reagent iodine. Highly pure and organo-
soluble dextran acetates were successfully synthesized, purified and characte-
rized. This easily applicable method appeared highly efficient for the acetylation
of dextran. As al reactions were performed at 50 °C for only 3 h, the reaction
was highly efficient, fast, time saving and energy effective. Dextran acetylation
up to complete substitution of free hydroxyl by acetyl moieties was successfully
achieved under solvent-free conditions. Asiodine is a cheap, commercially avai-
lable and environment-friendly reagent, this reaction methodology could be
adopted on acommercial scale for the acetylation of polysaccharides.
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M3BOJ

EOHUKACAHO ALETUJIIOBAKBE NEKCTPAHA V MACU AKTUBUPABLEM
AHXWUJPUAA CUPRETHE KHUCEJIMHE JOJIOM

MUHAMMAD A. HUSSAIN®, DURE SHAHWARY, MUHAMMAD N. TAHIR?, MUHAMMAD SHER",
MUHAMMAD N. HASSAN' i ZAKIA AFZALY

1Department of Chemistry, University of Sargodha, Sargodha 40100, Pakistan u 2Institute of Inorganic and
Analytical Chemistry, Johannes Guttenberg University, Duesbergweg 10-14, 55099, Mainz, Germany

VY pany je mpukaszaH jeaHocTaBaH, epuKacaH U jeTHH MOCTYIAK alleTUIOBabha JSKCTpaHa y
Macu Tj. 6e3 IpucycTBa pacTBapada. ALEeTaTd AEKCTpaHa Cy YCIEIIHO CHHTETHCAHU KOpHIIhemeM
Pa3IMYUTHX MOJICKMX OJHOCA aHXHJIpHIAa cUphieTHE KHCEIMHE M aHXUJIPOTIIYKO3HE jeJUHUIIE W3
MOJIMMEPHOT JIaHIIa U y TPUCYCTBY joJa Kao Karanusaropa. Peakuuje aleTuioBama JCeKCTpaHa cy
u3Bohene Ha Temneparypu 50 °C tokom 3 h y3 memame y uHepTHOj arMochepu a3ota. JobujeHu
€CTpH JIEKCTpaHa Cy OWJIM BHCOKE YHCTOhe M pacTBOPHH Yy OPTaHCKHM pacTBapaunMa. Peaxmmja
alleTHIIOBaka je BpIio eduKkacHa U 10OUjeHHU Cy MPOU3BOM BUCOKOT CTEMEHa CYNCTUTYIHje Kao U
TpHaLeTaTH JeKcTpana. Takohe je youeHo na ce momohy MOJICKOr OJjHOCA aHXHIpuaa cupeheTHe
KHCEJIMHE M aHXUJPOTIYKO3HE jelMHHUIIEe IEKCTpaHa MOXKEe JIAKO KOHTPOJHMCATH CTENeH CYITH-
tyuuje (DS) XMAPOKCHIHUX Ipyla y MOJIUMEPHOM JaHiy. Jlakie, cepuja y3opaka JeKCTpaHa pas-
JIMYUTOT CTENeHa CYICTUTYIHjE je AW3ajHhpaHa, CHHTETHCaHa, MpeuuinheHa U oKapaKTephcaHa.
KoBaneHTHH KapakTep Be3a CYIICTUTYHCAHUX I'pyIia M MOJIEKyJia JeKCTpaHa je moTBpheH criekTpo-
CKOIICKMM TeXHHKama. TepMorpaBUMeTpHja je Iokasaia Ja Cy CHHTETUCAHU eCTPHU JICKCTPaHa CIIM-
YHE TEPMHYKE CTAOMIHOCTH Kao W IOJIa3HM TIOJMMEp, OJHOCHO JeKcTpaH. CTereH CylCTUTynuje
XMIPOKCHIHUX TPpyHa Ha IOJMMEPHOM JIaHIy je oapehuBaH kopucTehH CTaHIApIHH IOCTYyIaK
THUTpAIHje KUCEIMHOM HaKOH canoHu¢uKkaruje. CBH y30pIH alleTHIOBAHOT AEKCTpaHa Cy y IMOT-
MyHOCTH OKapakTepucanu TepmudkoMm anamu3oMm (TGA u DTG), FTIR u H-NMR CHEKTPOCKO-
TIHjOM.

(IlpumibeHo 7. anpuiia, peuaupaso 2. jyna 2009)
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Immobilization of urease in alginate, paraffin and lac
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Abstract: The enzyme urease (EC.3.5.1.5) from jack bean mea was immobi-
lized by various techniques, such as entrapment in calcium alginate gel spheres
in aqueous suspension, lac impregnated mudlin cloth as dry films and by em-
bedding in paraffin wax impregnated muslin cloth. The activity of the free and
immobilized enzymes as a function of pH, temperature, storage stability, kine-
tic parameters and periodic use were compared. The immobilized enzyme
showed good storage stability. After repeated use, the alginate beads turned
brown and deteriorated, hence the storage stability was not good. The paraffin
films were preserved dry because during wet preservation, the film slightly
softened and the protein leached out dlightly. The aginate beads had moderate
mechanical stability. The lac films were tougher than the paraffin wax filmsin
terms of mechanical stability. The K,,, and V5 values were altered after immo-
bilization. The K, values for calcium alginate and lac were low, while it was
larger in paraffin film as compared to the free enzyme. This may be due to the
fact that immobilization on calcium aginate and lac in presence of CaCl, and
methanol exposed certain active sites of the urease. While immobilization on
paraffin masks the active sites and may lead to reduced binding of the substrate.

Keywords: enzyme; immobilization; urease; calcium alginate; paraffin wax; lac.

INTRODUCTION

Immobilized enzymes are rooted deeply in the field of biotechnology due to
their inherent properties, such as specificity, stability and reusability. The storage
stability of free enzymes in solution is poor. Recovery from solution with their
activity retained is not possible. Amongst supports used for immobilization, bio-
logical macromolecules (such as cellulose, chitin and chitosan) and their deriva
tives have been studied the most extensively through physical adsorption or che-
mical linkages.14 A few reports have appeared on the immobilization of enzy-
mes on cellulosic supports, calcium alginate gel-spheres and paraffin wax.4~/
Studies are reported on the use of polymeric supports in the form of granules,
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powder, membrane, fibers and tubes.”~12 Immobilization of chymotrypsin and
trypsin on spherical particles of an anionic polymeric latex were also reported
previously.1314 Urease was immobilized earlier on many supports, such as PVC,
cellulose, alginatel®>18 and some natural seed coats.19 The present investigation
was undertaken with the view of studying the retention of urease activity, reusa-
bility, storage stability, changes in kinetic parameters and also superiority of the
matrices, viz., calcium alginate beads, paraffin film and reinforced lac film for
immobilization. Paraffin wax (m.p. 58-60 °C) is non-toxic and therefore finds
diverse uses, including medication, etc.20.21

Hitherto, there have been no reports of immobilization of enzymes on bio-
materials such as natural lac (shellac). It is a naturally occurring resinous sub-
stance (chiefly derived from polysaccharides) and is a mixture of resin 60 %, co-
loring matter 10 %, wax 6 %, gum 5.5 %, sugar 4 % and remaining mud and dirt.
Lac being non-toxic was tried for immobilizing enzymes. In this paper, the re-
sults of a systematic study of native and immobilized urease on different matrices
and the effects of various factors, such as pH, temperature, storage stability and
reusability on enzyme activity, are reported.

EXPERIMENTAL
Materials and methods

The enzyme urease from jackbean meal and its substrate urea (Loba Chem. Pvt. Ltd.
India) were used. Sodium alginate, Nessler's reagent, tris buffer (0.20 M) and al other em-
ployed chemicals were of Analar grade. Paraffin wax (m.p. 58-60 °C) was a Ranbaxy product
and lac was obtained from alac infected tree belonging to the genera Albizzia lebbeck and was
used after purification by solvent extraction in methanol. Muslin cloth (Tata fabric pure cot-
ton) was used for reinforcing.

Preparation of urease immobilized in calcium alginate gel spheres

Sodium alginate (200 mg) with 10 mg of urease in 10 ml agueous medium was tho-
roughly mixed until a honey-like consistency was attained. The mixture was then filled in a
syringe and allowed to drop into 50 ml of CaCl, solution (2 % w/v) from a constant height to
form beads.” The beads were then stirred slowly for 20 min and then removed from the so-
lution and subsequently washed with buffer before use.

Preparation of immobilized enzyme in reinforced paraffin film

To 4.0 g of molten paraffin wax in athermostated water bath (at 65 °C), 1.0 g of enzyme
powder was added under continuous stirring at alow speed. Sun dried muslin cloth previously
washed in distilled water was cut into 1 cm? pieces which were added to the continuously
stirred molten wax at 65 °C. After 3-5 s, these pieces were removed using pointed B. B. for-
ceps, dightly shaken to remove dripping wax and allowed to dry at room temperature. In this
way, 1 cm? reinforced films of paraffin wax with enzyme were made.

Procuring lac

Lac is produced by non-motile females of tiny insects belonging to the genera Trac-
chardia or Laccifier lacca to protect themselves against adverse conditions of weather, espe-
cialy winter. Lac insects are parasites on trees, e.g., Albizzia lebbeck, Schleicheia oleosa, S.
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trijuga, Acacia catechu, A. arabica, Zizyphus jujuba, Z.mauritiana, Grewia sp., etc. Albizzia
lebbeck, Schleicheia oleosa, S. trijuga, Accacia catechu, A. arabica, Zizyphus jujuba, Z. mau-
ritiana, Grewia sp., Ficus religiosa, Shorea talura, Butea monosperma, B. frondosa, etc.

Natural lac, procured by scrapping infected twigs, was melted, squeezed through a cloth
to obtain buttons. These was then dissolved in methanol and kept for 2 days. The thus ob-
tained clear solution was centrifuged at high speed for 20 min to alow settling of impurities,
if any. The clear supernatant was then poured into a porcelain evaporating dish and the
methanol was allowed to evaporate in open air for 2 days, whereby a crust of pure crystalline
lac was obtained on the evaporating dish. This was scrapped and used for the experiments.

Preparation of immobilized enzyme in reinforced lac

Purified lac (2.0 g) was dissolved in 5 ml of methanol. To this was added 1.0 g of urease
powder and the mixture was stirred continuously on a magnetic stirrer. Cloths squares (as
previously treated) were dipped into this mixture for 3-5 s and then allowed to dry and harden
for aday at room temperature. These films were then weighed to find the amount of trapped
enzyme. The enzyme in the washing was measured colorimetrically using the Lowry me-
thod?2 to obtain the amount of bound enzyme using BSA as the standard.

Assay of native urease

For measurement of the urease activity, the ammonia liberated on incubating the enzyme
with urea for a fixed time was determined using Nessler's reagent.1® One unit of urease ac-
tivity liberates 1.0 mol of ammoniaper min from 0.10 M urea under standard assay conditions.

Assay of immobilized urease

The aginate beads (17 beads) with urease entrapped were taken in 1 ml phosphate buffer
(0.20 M, pH 7) solution and reacted with 1.0 ml of a 3 % urea solution for 15 min. The same
procedure was used to follow the reaction and the measurements were performed in the same
manner as for the native enzymes studies. Here the beads were removed before chilling the
solution and adding H,SO, to stop the reaction.

One film of paraffin wax and lac were each taken in 1 ml phosphate buffer (0.20 M, pH
7) and reacted with 1.0 ml of a3 % urea solution for 30 min. The same procedure was used to
follow the reaction and the measurements were performed as in the above-described experi-
ment. The films were taken out from the reaction mixture to stop the reaction. The experi-
ments were conducted in triplicate to confirm the reproducibility of the results.

Storage stability

For storage stability studies, the immobilized enzyme was kept at room temperature. The
activity was measured for a month. Fresh preparations of immobilized enzymes were taken as
controls for each assay. The enzyme immobilized on paraffin wax films was preserved in buf-
fer, distilled water and under dry condition while the enzyme entrapped in beads was pre-
served in CaCl, solution because wet beads gave better result than dry beads.

Thermal stability

To determine the optimal temperature up to which the immobilized enzyme can
withstand thermal stress, free and immobilized enzyme were suspended in phosphate buffer
(0.20 M, pH 7) and incubated at different temperatures (30 to 80 °C) for 30 min before the
activity was measured.
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Determination of the kinetic parameters

For the determination of the kinetic parameters, the substrate concentration was varied
and the optimum pH for native and immobilized enzyme was determined by varying the pH of
the assay buffer. The relative enzyme activity was determined for each pH by the method
described above for the assay of the enzyme. The absorbance was read at 500 nm. The rate of
the reaction was measured as mmoles of ammonia produced / min/ mg enzyme. The values of
K and Vo Were determined using Lineweaver—Burke plots.

RESULTS AND DISCUSSION

The structural integrity and activity of the urease were retained due to mild
and precise physical condition during the immobilization procedure. The calcium
alginate beads were chemicaly inert to the entrapped enzyme. The porosity of the
gel was such that it allowed easy movement of the substrate molecules through
the beads. The beads were quite stable in tris buffer (pH 7) and in phosphate buf-
fer with pH > 7.8. However at higher pH values, the beads showed softening and
stickiness of the surface. The entrapment of urease in aginate gel was approxi-
mately 60 %. The immobilized enzyme retained 41 % of its activity. Urease is a
thermostable enzyme that is denatured at/above 80 °C23 and, therefore, it could
be easily immobilized on paraffin wax. Alginate beads are hydrophilic in nature
while paraffin and lac are hydrophobic so only the surface molecules react. The
reinforced films of paraffin were durable; the enzyme embedded could catalyze
and retained 45-50 % of its activity.24.2>

As the above immobilization procedures were not applicable for thermola-
bile enzymes, immobilization on lac films was a step refinement as it involved
extremely mild physical conditions. The lac films were tougher, thermostable and
the enzyme could easily catalyze and retained 28-30 % of its activity.

The results of the studies performed with these preparations were compared
with those of native enzymes to determine the utility of immobilized urease in
the hydrolysis of urea.

Storage stability and reusability

The native enzyme retained the same activity for about seven days, after which
it slowly decreased and was lost completely after a month. The enzyme immobi-
lized on calcium alginate retained the same activity for a fortnight, then de-
creased and was lost in 30 days. The beads darkened (slightly brown) and dete-
riorated (beads were stored at room temperature in CaCl» solution).

The enzyme immobilized on paraffin wax films preserved in buffer retained
the same activity for a week and had retained about 73 % of its activity after a
month. When the films were preserved in distilled water, 70 % activity of the im-
mobilized enzyme was observed even after a month. When preserved under dry
condition, the enzyme retained 88 % of its activity. During wet preservation, the
film softened somewhat and the protein leached out slightly (Fig. 1).
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The storage stability of the enzyme immobilized on lac films when preserved
in dry condition was the greatest and the immobilized enzyme had retained 98 %

of its activity even after a month.
100 A
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Fig. 1. Plot of the percentage of the
maximum activity vs. time (days) for
estimating the storage stability of ure-
ase on paraffin wax as dry films (m),
films kept in buffer («) and films
20 T 7 T T T T 1 kept in digtilled water; (o), native en-
zyme (o), Ca-alginate (A), lac as a
Number of days dry film ().

40

Percent maximum activity

The immobilized enzyme lost activity after every use. The urease entrapped
in alginate could be reused at the most five times, while the enzyme immobilized
on paraffin and lac could be reused more than eight or nine times with less than
40 % activity. The native enzyme, being water soluble, could not be recovered
and reused (Fig. 2).

100

\\\ .

60 + 0
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40 -

Percent maximum activity
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\
\ Fig. 2. Plot of the percentage of the
A maximum activity vs. the number of
0 . . . . , times used for reusability studies of
0 2 4 6 8 1% urease immobilized on calcium agi-
Number of times used nate (A), paraffin wax (m) and lac (¢).

Thermal stability

The temperature dependence of the relative activity of the enzyme is shown
in Fig. 3. When kept for 30 min, the optimum temperature was found to be 55 °C
for both the immobilized and native enzymes at pH 7, while the enzyme immo-
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bilized on lac showed a comparatively higher relative activity up to 60 °C. Both
the native and the immobilized enzyme were stable up to 70 °C, although a re-
markable drop in percent maximum activity from 97 to 50 % was observed for the
immoabilized and native enzyme. Thermostability studies could not be realized for
the enzyme immobilized on paraffin films (melting point 58-60 °C).

100 |

Percent maximum activity
(=2 (-3
(=] o
L 1
¥

F 3
[=]
1

Fig. 3. Plot of the percentage of the
maximum activity vs. temperature for

20 . : . . ,  temperature stability of free (o) and
30 40 50 & 70 80 yrease immobilized on calcium algi-
Temperature, "C nate (A) and lac (#).

Mechanical stability

Five to six beads of calcium alginate were centrifuged at 1200 rpm for 2-5
min. All the beads remained intact and none were broke or adhered. In addition,
beads subjected to stirring for 5-10 min at slow speeds showed no breakage; si-
milarly five to six films of paraffin wax were resistant to breakage when centri-
fuged but broke when subjected to stirring using a magnetic stirrer. The lac films
were very tough, durable and highly resistant to mechanical wear when centrifu-
ged as well as when stirred vigorously.

pH activity profile

The pH dependence of the relative activity of the enzyme was compared
with that of the enzyme immobilized on the different supports. The reaction was
performed in the pH range 5.6—7.8. The optimum pH for the native and the en-
zyme immobilized on calcium alginate, paraffin and lac were 6.8, 7.0, 7.0 and 7.2,
respectively. This showed that immobilization shifted the optimum pH range in
the basic direction by 0.2 units for calcium aginate and paraffin and 0.4 units for
lac. Thus, there was an increased possibility of using urease over a broader range
of pH (6.8—7.2) compared to native urease (Fig. 4).
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Kinetic parameters

Thekinetic behavior of native and the immobilized enzyme is shown in (Fig. 5).
The values of Ky and Vipax are given in Table I. They are in accordance with the
Michaelis-Menten rate equation.

100 4
80
60

§

20 T T

Percent maximum activity

Fig. 4. Plot of the percentage of the
maximum activity vs. pH, for the pH
profile of free () and urease immo-
bilized on calcium alginate (A), pa-
raffin, wax (m) and lac ().

80

60

-1

40

V "/ min mmol

-1

20

Fig. 5. Double reciprocal plot of rate

a V (mmol of NHj3 produced per min

% and mg of enzyme) vs. the concen-

r ¢ . T T y  tration of urea for free (o) and ure-

10 0 10 2 %0 0 ase immobilized on calcium aginate
c." 10" mol" dm’ (A), paraffin wax (m) and lac (¢).

TABLE I. Kinetic parameters of free and enzymes immobilized on calcium alginate, paraffin
wax and lac

Support material Km / mol dm Vimax / mmol mint mg'1
Native enzyme 0.25 0.154
Caalginate 0.18 0.154
Paraffin wax 0.20 0.100
Lac 0.13 0.125
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It can be seen that the Ky, values for the immobilized enzyme decreased,
which shows that immobilization led to a masking of certain active sites of en-
zymesin all cases. The Ky, values in the case of calcium alginate and lac as sup-
port materials were low compared when paraffin wax was used as the support.
This might be attributed to the use of chemicals, viz. CaCl, and methanol, res-
pectively, during the immobilization procedure.
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Enszum ypeasa (EC.3.5.1.5) u3 nacyJspa je UMOOMIIH30BaH PA3IMIUTAM TEXHHKaMa: y chepHOM
refy KallujyM-aJTdHaTa y BOACHO] CYCICH3H)H, Y JaKy KOJHM je Y BUAY TaHKOT (pIIIMa UMIIPETHH-
paHo mwiaTHO U y napaMHCKOM BOCKY 3a HMIIPErHaLHjy ruiatHa. YmnopehuBaHa je akTUBHOCT CJIO-
6o1HOT 1 UMOOHIIM30BaHOT eH3uMa Y QyHKIMjU pH, TeMneparype, CTaOHIHOCTH MIPU YyBamby, KH-
HETHYKHX IapameTrapa u ydectanocT ynorpede. FiMoOmin3oBan eH3uM je OHO crabHiIaH TOKOM
qyBama. [1ociie BUIIECTPyKe yrnoTpede, 3pHa allrMHaTa Cy IpOMeHIIa 60jy y OpaoH U pacrana cy
ce, ITO Ce OAPa3iIo Ha CTAOHIHOCT OBOT MaTpukca. IlapaduHcku ¢uiaM Tpeba na ce dysa CyB,
TOILITO YyBame y BIXHUM YCIOBUMA OMEKIIaBa (GMIM U JOBOIH 10 TyOUTKa MpOoTeHHa. 3pHa ai-
IMHaTa Cy MMajla 33/10BoJbaBajylly MexaHu4Ky crabmiHocT. Jlak ce moka3ao MexaHWuKH 4Bphnm
on mapaduHckor Bocka. Km 1 Vinax BPEIHOCTH 3a €H3UM Cy Ce IIPOMEHMUIIE T10CiIe HMOOUITH3ALH]E.
K BpemHOCT y KallujyM-aJirHHATY U JIaKy je Ouila HHCKa, JIOK je y mapaduHckoM ¢Guimy Owia
CIIMYHA Kao KoJ cioboHor en3uma. OBo ce Moke objacHuTH npucyctBoM CaCly u Meranouna, Koju
OJIAKILIABAjy H3Jlarame akTHBHUX MecTa ypease. MMoOwinmzauuja y nmapaduHy MacKupa aKTHBHA
MECTa, IITO MOKE IOBECTH JI0 CMahCHOT BE3MBaba CyNCTpara.

(IIpumibeno 14. maja, peBuaupano 16. jyna 2009)
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Abstract: In this work, the binding of coenzymes to yeast alcohol dehydroge-
nase (EC 1.1.1.1) were investigated. The main criterions were the change in the
standard free energies for individual reaction steps, the internal equilibrium
constants and the overall changes in the reaction free energies. The calculations
were performed for the wild type enzyme at pH 6-9 and for 15 different mutant
type enzymes, with single or double point mutations, at pH 7.3. The abundance
of theoretical and experimental data enabled the binding of coenzymes to en-
zyme to be assessed in depth.

Keywords: coenzyme binding; Gibbs free energy; yeast alcohol dehydrogenase.

INTRODUCTION

Yeast alcohol dehydrogenase (EC 1.1.1.1, isoenzyme 1) catalyzes the oxida-
tion of primary and secondary alcohols (B) by NAD™ (A) into the corresponding
aldehydes or ketones (P) and NADH (Q):

Ris Ri .
_CH-OH + NAD* === _C=0 + NADH + H Q)
Rz Ra

Reaction (1) is fully reversible and the equilibrium is shifted far to the left at
neutral pH.1

In this paper, the investigation of coenzyme binding in the above reactions is
reported, using the changes in the standard free energies as the main criterion of
enzyme thermodynamics. The change in the standard free energies was calcu-
lated for individual reaction steps, the internal equilibrium constants in the reac-
tion and the overall changes in the reaction free energies. The calculations were
performed for the wild type enzyme at different pH values, mostly from pH 6-9,

* Corresponding author. E-mail: jkandrac@polj.ns.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C1002185L
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and for mutant enzymes at pH 7.3. An abundance of theoretical and experimental
data enabled the coenzyme binding to be investigated in depth.

In addition, the changes in the standard enthalpies and standard entropies of
the reaction were calculated for the binding of coenzymes to the free enzyme.

METHODS

The standard transformed Gibbs energies of enzyme-catalyzed reactions, A,G®’, are
connected with apparent equilibrium constants of reactions, K’, at any specified pH and ionic
strength, by the relationship:

AG’(pH,1) = -RTIn K’ (2)

From Eqg. (2), the apparent equilibrium constants may be easily calculated from the
ArG®” values, and vice versa.

The Gibbs free energies of the activated states, AG*, are connected with kinetic cons-
tants, k, by the relationship:

AG* = -RTIn k (3)

By subtracting the sum of the standard transformed Gibbs energies of formation of the
reactants, A¢G°’, from the sum of the standard transformed Gibbs energies of formation of the
products, it is possible to determine the standard transformed reaction Gibbs energy, A,G°’, of
any enzymatic reaction for which the free standard transformed Gibbs energy of formation of
all reactants and products are known.2-4

AG®’(pH, 1) = ZA:G°’(products) — A¢G°’(reactants) 4
The influence of ionic strength is calculated from:>8

i 2

pKy (1) =pK, (1 =0)+0.510651 vz

1+41.6v1
where K; is the dissociation constant of the reactant at a given ionic strength, v; is the
stoichiometric number of species i. A{G;°’ is related to the most basic species of the reactant.
From A{G;°’(1), the value of A:G;°’(I = 0) can be calculated and from this further A¢G,°’(l = 0),
from:

)

AG,®(1 = 0) = AG1°"(I) — RTIn 10pK,(I = 0) (6)

Then the standard transformed Gibbs energy of formation of the mixture of both ionic
species is calculated at a given pH and ionic strength:>6

AG,” A.G)”
A.G” =—RT In (ex 71 )_ex L 7
f (exp( RT) p( RT ) ()
An expanded form of Eq. (7) is:
: J
A.G® =-2.47897In (exp(~0.403393(A, G, (1 =0,pH 0)—2.91482(z% - N, . ) ———+
f 21 1 HQ 111.6V1
+Nyy iy RT In10pH)+exp(-0.403393(A; G, (I =0,pH 0) - (8)
JI
—2.91482(22—N )———=+N, ., RT In10pH))
2 " NH() 11691 H(2)
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Most experimental data reported in this work were conducted in aqueous buffers of ionic
strength around 0.10 mol dm3. Since small changes in ionic strength make little contribution
to thermodynamic parameters, specification of the ionic strength in the experiments reported
was omitted throughout this work.

RESULTS AND DISCUSSION
Binding energies for the coenzymes

Yeast alcohol dehydrogenase, at neutral pH values, operates by an ordered
addition of reactants on the aldehyde and a preferred order of addition of reac-
tants on the alcohol side of the reaction, with some dissociation of coenzyme from
the central complex EAB.7 A kinetically detectable isomerization of the enzyme—
NAD™ binary complex occurs on the alcohol side of the reaction (Scheme 1).1

i ka1 ks X ks ¥y

E = *EL 3 r *EL 3 r EAR % EFQ = £ED = x E
ke ka Jaz 1o ¥ ¥y

Scheme 1.

The standard free energy of binding for NAD* to the free enzyme may be
calculated from the equilibrium constant kq/ko using Eq. (2). In the same way, the
standard free energy of binding for NADH may be calculated from the equilib-
rium constant kg/k; using the same equation.”-8 In an Ordered Bi-Bi mechanism,
it may be expected that the binding energies for coenzymes to enzyme are inde-
pendent of the nature of substrates. Table I shows that this indeed is true in most
cases. The maximal difference in the binding energies for NAD* with widely dif-
ferent substrates is less then 3.7 kJ mol=1, and for NADH less than 2.3 kJ mol-1,

TABLE I. Binding energies for coenzymes operating with different substrates (collected at pH
7.0 and 25 °C, and calculated from the Iiteraturel)

Alcohol AG®* /kimol* | Aldehyde AG®™® [ kJ mol™
Ethanol 19.91 Acetaldehyde 28.00
Propan-1-ol 20.72 Butyraldehyde 29.44
Butan-1-ol 21.67 Acetone 27.16
Propan-2-ol 19.54 Butan-2-one 27.51
Butan-2-ol 19.42 DACA® 29.23
Allyl alcohol 18.61

Ethylene glycol 17.91

*Values of AG®* for the binding of NAD™ calculated from the relationship: AG®” = -RT In (ky/kp); “values of
AG®’ for the binding of NADH calculated from the relationship: AG®” = —RT In (kg/k7); Cdimethylz:lmino—t:inna—
maldehyde

pH-Dependence of the binding energies for the coenzymes

The binding energies for the coenzymes, NAD* and NADH, were calculated
for the oxidation of propan-1-ol with the oxidized coenzyme.® The binding ener-
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gies for NAD™* were calculated from the equilibrium constant k1/ks (in Scheme 1)
with the aid of Eqg. (2) (Fig. 1, bottom). The binding energies for NADH were
calculated from the equilibrium constant kg/k7, again with the aid of Eq. (2) (Fig.
1, top). It is obvious from Fig. 1 that the equilibrium binding energy for NADH
changes linearly with pH, with a slope of 2.25 kJ mol-1 per pH unit.

30 ¢

Sfope = - 2.25 kJ/mol

lwe]
2]

AG" {kJ mal?
[
[ae )

Fig. 1. pH-Dependence of the binding
energies for coenzymes. Top: Free ener-
gy change for the binding of NADH to

15 : : : ' the free enzyme. Bottom: Free energy
6 7 8 9 1¢  change for the binding of NAD™ to the
pH free enzyme.

On the other hand, the pH-dependence for the equilibrium binding energy for
NAD is a complex function, suggesting that several amino acid side chains on the
enzyme participate in the binding of the oxidized coenzyme. In order to analyze
this function in detail, the equilibrium constant kq/k, was split into two functions,
the second order rate constant k1, and the first order rate constant ko. The former
was calculated from the initial rate kinetics, from the relationship In (k1) =
=In (V1/Ka), while the latter was calculated from In (ko) = In (k1) — In (k1/ky).

The pH dependences of the free energy changes associated with both rate
constants are shown in Fig. 2. The activation energy, AG*, calculated from kq

54 34
ks 3
5 52 32t o
E E
2 2
H 50 H 30
8 ©
48 1 1 1 1 28 1 1 1 ]
6 7 8 9 10 6 7 8 9 10
pH pH

Fig. 2. pH-Dependence of the binding of the oxidized coenzyme. Left: free energy change of
activation associated with the rate constant k; (s'l) for the dissociation of the enzyme-NAD"
complex. Right: free energy change of activation associated with the rate constant
kq (mol'1 dm® s'l) for the association of NAD ™ with the free enzyme.
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BINDING OF COENZYMES TO YEAST ALCOHOL DEHYDROGENASE 189

(Eq. (3)), follows a complex titration curve governed by the dissociation of at least
two amino acid side chains on the protein. The activation energy, AG*, calculated
from ky (Eq. (3)), also follows a complex titration curve governed by the disso-
ciation of at least two amino acid side chains. Thus, the association of NAD*
with the free enzyme and dissociation of the enzyme—NAD* complex appear to
be regulated by the dissociation of 2—4 amino acid side chains on the enzyme.

Temperature dependence of the equilibrium constants for coenzymes

The temperature dependence of the binding energies for the coenzymes was
calculated from the initial rate data with the aid of the van’t Hoff relationship:

The Keq Vvalues for the ki/kp function were calculated for the oxidation of
ethanol and propan-1-ol, while the Keq values for the kg/ky function were cal-
culated only for the reduction of acetaldehyde; both constants may be formally
regarded as equilibrium association constants with dimensions mol-1 dms3.

From the straight line in Fig. 3 (bottom), the standard enthalpy, AH®’, for the
binding of NAD* (67.4 kJ mol-1) and the standard entropy, AS®’, for the same
reaction (158.1 entropy units) can be calculated. Similarly, from the straight line
in Fig. 3 (top), the standard enthalpy, AH®’, for the binding of NADH (46.1 kJ
mol-1), and the standard entropy, AS®’, for the same reaction (60.9 entropy units)
were calculated.

INKeq =

-6
iy
T F
8 F
9 r
¢ -10
C
TN Fig. 3. Temperature dependence of the
equilibrium constants for the binding
12+ of coenzymes at pH 7.05, calculated
o from the data of Dickenson and Dick-
13 ' ' ' ! inson.10.11 Top: binding of NADH to
0.0031 00032 00033 00034 00035 the free enzyme. Bottom: binding of
T /KA NAD™ to the free enzyme.

Theoretical data are available in the literature that permit the estimation of
the pH-dependence of standard enthalpy of the reaction, A;H°’, and of the stan-
dard entropy of the reaction, A,S°’; theoretically, the A{H°” function is a constant
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value for pH 5-9 (45.8 kJ mol-1), while the AS°” function increases linearly
from 41.1 e.u. at pH 5 to 117.7 e.u. at pH 9.6 Unfortunately, there are not enough
high quality experimental data available for the A;H°” and A,S°’ values to permit
direct comparison between theoretical and experimental results.

Reaction rates in the mechanism of the YADH reaction

The individual rate constants in the overall mechanism of the action of yeast
enzyme for the oxidation of ethanol to acetaldehyde were estimated by a combi-
nation of the initial rate kinetics and the fitting of the rate constants to the reac-
tion progress curves by appropriate computer fitting programs.12 The values of
these constants and the corresponding changes in the Gibbs free energies are
given in Table II.

TABLE Il. Thermodynamic properties of yeast alcohol dehydrogenase reaction at pH 7.0 and
25 °C, in the alcohol to aldehyde direction (adapted from the literature!?)

Constant type Constant AG* /kImoll  AG°’/kJ molt
Reaction rate k; = 7x10% mol'1 dm3 51 33.95 -
k, = 2.1x103 s1 54.05 -
Dissociation Ko/ky = 0.3x10% mol-1 dm3 - -20.08
Reaction rate ks; = 0.39x103 st 58.22 -
Kay = 2.925x10% 51 4752 -
Dissociation Ka1/kzy = 75 - 10.70
Reaction rate k3o = 1x103 mol-1 dm3 s1 38.77 -
kgp = 2.11x103 s 54.04 -
Dissociation Kgolksz = 2.11 mol-t dm3 - -15.26
Reaction rate kg = 4.0x10% 51 52.45 -
klO = 35X104 S_l 47.08 -
Dissociation K1o/kg = 8.8 - 5.37
Reaction rate ks = 1.09x10° st 49.97 -
kg = 5x10% mol'1 dm3 s1 34.78 -
Dissociation Ks/kg = 2.2x10% mol-1 dm3 - 15.18
Reaction rate ky = 0.39x103 s1 58.23 -
kg = 2.81x10% mol-1 dm?3 st 30.51 -
Dissociation ks/kg = 14 mol-t dm3 - 27.73
Total: 23.64
Keq = 6.8x10 23.7

ACalculated from the steady-state kinetic constants with the aid of the Haldane relationship7

From the changes in the standard free energies, a complete energy profile of
yeast alcohol dehydrogenase reaction was constructed, which is shown in Fig. 4.
There are six forms of enzyme including the free enzyme, with six equilibriums
between them. If the complete reaction is followed in the alcohol to aldehyde
direction, negative free energy changes are found for the association constant of
NAD* to free enzyme, E+A == EA, and for the internal equilibrium *EA +
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+ B == EAB. Positive free energy changes are found for the dissociation
constant of the enzyme-NADH complex, EQ == E+Q, and for the two internal
equilibriums, EA < *EA and EAB “— EPQ. The entire reaction proceeds
endothermally in the alcohol to aldehyde direction, with a positive change in the
Gibbs free energy of 23.6 kJ mol-1,

60

e

E+A+B U A
EQ
*EA
EFQ
EA EAB

Progress of reaction

Fig. 4. Thermodynamic energy profile of yeast alcohol dehydrogenase reaction for the oxi-
dation of ethanol to acetaldehyde, at pH 7.0, 25 °C, calculated from the data in Table II.

w
=4

AG™ f kd maolt

o=

-30

Binding of oxidized coenzyme to mutant enzymes

The active site of yeast alcohol dehydrogenase is drawn schematically in Fig.
5. The substrate binding pocket is lined with bulky amino acid side chains of
Met294, Trp57 and Trp93. A proton relay system is formed by the hydrogen-
bonded triad His67---Asp49---Thr84. The pyrophosphate binding region has His47
and Arg369, while the adenine binding pocket is lined with the amino acids Gly224,
Phe243, and Ser198.1

In the 1990-es, a number of site-directed mutants of yeast alcohol dehydro-
genase were constructed, purified, and kinetically characterized in the laboratory
of B. V. Plapp.l‘o’_1 The thermodynamic properties of these mutants are sum-
marized in Table Ill. The standard reaction free energy change for all mutants,
AG®’, differs by less than 10 % from that of the wild type enzyme; this is in
accordance with the notion that a catalyst can accelerate a reaction but cannot
change its equilibrium. A different situation occurs when the free energy of co-
enzyme binding is examined. A difference in free energy of binding for both
forms of coenzyme between a mutant and a wild type exceeds 50 % when
Serl76, Gly183, Asp223, and in the double mutant Asp201 and Gly203 are
replaced by another amino acid. This is interesting, since none of these amino
acids appears to be directly involved in the binding of coenzymes, except
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Asp223; replacement of this amino acid by Gly and the loss of charge, decreases
the binding energy by approximately 50 %.

NH;

Gly 224 R

Phe 243 I\"“t | J

M M
Ser 193
. aH - %o
S fep 223
/.-"
oH-- 07
His 47
u}
}—mu 63
ul
NH— g 360
CoHe e HTTTH—H
Ser 269 II'=J;Hi551 Leu &l
Ser 271
CHa
| Thr 48 fap 40
HaM 5 —Cuys d4b
H_%_$—én_n*”“n—|+ o0 EED
R —LCyw 174 "His 67
flet 294
Trp &7 Trp 03

Fig. 5. The active site of yeast alcohol dehydrogenase.
The numeration of the amino acids from the literature.

TABLE I1l. Thermodynamic properties of mutant enzymes catalyzing the oxidation of ethanol
to acetaldehyde, at pH 7.3, 25 °C, calculated from the initial rate Kinetic data

AGo’b AGoyC ArGO,d

No. Mutant® Omolt Kimolt kI mol™ Numeration®  Source
1 Wild type 1734 2575 2016 _ 13
2 His47Arg 20.47 27.39 18.48 47 14
3 Thr48Ser 16.68 25.31 21.36 48 15
4 Asp49Asn 12.77 20.67 19.96 49 16
5 Trp57Met 14.58 23.99 20.89 57 15
6 Glu68GIn 20.67 25.91 21.68 68 16
7 Trp93Ala 18.70 2411 — 93 15
8 Ser176Phe 8.78" 11.97' 18.73 198 17
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TABLE Ill. Continued

AG®  AG™C AG>?  Numeration

a
No. Mutant kImol*  kImol* kImol* (asin Fig. 8% Source
9 Gly183Ala 9.55' 14.41" 18.19 205 17
10 Gly202lle 13.46  20.29 18.75 224 17
11 Gly203Arg 16.89  27.09 21.28 225 17
12 Asp223Gly 10.255"  15.41' 19.96 243 18
13 Ser246lle 1554  20.67 16.515 269 17
14 Thr48Ser:Trp93Ala 19.96  25.83 18.69 48,93 15

15 Asp201Gly:Gly203Arg  10.255' 1541"  17.87 223,225 17

Numeration of amino acids as given by the authors; bcalculated from the relationship AG' = RTIn (ki/ky); “cal-
culated from the relationship AG' = —RTIn (kg/k;); “calculated from the Haldane relationship; *numeration of the
amino acids as given in Fig. 5 by Leskovac et al;” 'values that are different from the wild type enzyme by more
than 50 %

On the other hand, mutation of His47 into Arg does not affect the binding of
coenzymes, probably because both amino acids are charged.

CONCLUSIONS

From the evidence summarized in Table I, the ratios of rate constants kq/ko
and the rate constants kg/ky may be identified with the equilibrium association
constant for the binding of NAD* or NADH to the free enzyme, respectively.

From the evidence presented in Figs. 1 and 2, it appears that the association
free energy for the binding for NADH to the free enzyme decreases linearly from
pH 6-10. On the other hand, the association free energy for the binding for NAD*
is a complex function, and 2—4 amino acid side chains are involved in the binding
of NAD®*. The temperature dependences of the equilibrium constants for the
binding of NAD* or NADH to the free enzyme are shown in Fig. 3. From the
appropriate plots, the enthalpy and entropy for both reactions were calculated.

The energy profile of the entire yeast alcohol dehydrogenase reaction when
ethanol is oxidized to acetaldehyde, constructed from the detailed thermodyna-
mic data in Table I, is shown in Fig. 4.

Finally, Table Il shows the association free energy for the binding of NAD*
or NADH to the free enzyme, for 15 single or double mutants of the yeast en-
zyme, revealing the amino acid side chains important for the binding of the coen-
zyme.

In conclusion, this communication presents a complete and comprehensive
survey of binding data for the enzyme, based only on thermodynamic data. This
is the first survey of this kind reported so far in the literature.
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U3BO [
BE3UMBAIE KOEH3MMA HA AJIKOXOJI-IEXUAPOI'EHA3Y N3 KBACIA

BJIAJIUMUP JIECKOBAIT, CBETJIAHA TPUBURZ, JIPATUIbA TTEPUUKH',
MWPA TTOTIOBHR? u JVJIUIAH KAHJIPAY
Textonouru ¢hakyaitieiti, ZHpupobﬂo-Mazﬂemalﬁuwcu ¢hakyaitieiti u ‘gHomoﬁpugpebHu ¢hakyaitieid,
Ynueepsuiteii y Hosom Caody, Peiiybaukxa Cpouja

VY 0BOM pajy je UCTpaXHMBAaHO BE3UBAIE KOCH3MMa Ha alKOXOJ-ISXHIPOreHasy M3 KBacua
(EC 1.1.1.1). TnaBHH KPUTEPHjyMH Cy OHIJIM NPOMEHE y CTAHAAPAHUM CIOOOJHHM CHEprujama 3a
TI0jeINHE PEAKIFOHE CTYIHEBE, YHYTPALIhe KOHCTAaHTE PAaBHOTEKE U IIPOMEHA CI000/HE eHepTHje
yKyIHe peakiuje. M3padyHaBama cy CrpoBelieHa 3a HAaTUBHY BpCTy eH3uMa mpu pH 6-9, u 3a 15
BpCTa Pa3NUUUTHX MyTaHTHHX €H3MMA, Ca jJeJHOM WM ABe MyTtanwje, mpu PH 7,3. O6uibe Teopwu;j-
CKUX U eKCIIEpMMEHTAHHX IIo/1aTaka OMOryhuso je 1a ce IeTajbHO UCTPaXkH Be3MBambhe KOCH3UMa
Ha SH3HM.

(Mpumsbeno 26. maja, peBuaupano 23. jysia 2009)
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Abstract: The daily intake of dietary fibresin highly industrialized countriesis
at alow level and, therefore, adversely affecting human health. The objective
of this research was to analyze the influence of different commercial fibres (ori-
ginating from sugar beet pulp fibrex, and Jerusalem artichoke inulin HPX and
GR) in yeast dough at alevel of 5 %, on the rheological properties of dough
and the quality of bread during frozen storage. Frozen dough characteristics
were determined using a Brabender maturograph and test baking was followed
according the AACC procedure. The dough was frozen at —18 °C and stored
over a period of 60 days. The results concerning the dough (proving time and
stability) and bread quality (volume and crumb quality) were statisticaly ana-
lyzed by multivariance Manova and discriminative analysis, which indicated
that there was a significant difference between dough without fibres and dough
with different fibres (fibrex, inulin HPX and GR). The discrimination coef-
ficient points that the greatest influence of fibres on the final proof and proving
stability is after 30 days (6.250) and after O days (6.158), respectively, but the
greatest influence of fibres on bread volume and bread crumb quality (15.488
and 3.638, respectively) can be expected on non frozen dough, due to above
mention their adverse the effect on gluten network.

Keywords: fibrex; inulin; frozen dough; bread quality.

INTRODUCTION

Bread has always been one of the most popular and appealing food products
due to its superior nutritional, sensorial and textural characteristics. Bakery
products, particularly bread, take a significant share in the food guide pyramid
for daily food choices recommended by US Department of Health and Human
Services, 13 and therefore can be a convenient food for adjusting the daily food
intake according to specific needs. Dietary fibres in bread are a versatile func-
tional food ingredients giving many benefits to human health 46 and playing a

* Corresponding author. E-mail: jelenafilipovic@fins.uns.ac.rs
doi: 10.2298/JSC1002195F
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196 FILIPOVIC, FILIPOVIC and FILIPOVIC

very important role in the human diet, helping in solving some digestive pro-
blems and also positively contributing to along list of non infectious diseases.3.7:8
The social and scientific modernization for the development of alternative or no-
vel methods for the production and preservation of bakery productsis freezing.®

Fresh bread is a product with a short shelf life and during its storage, a num-
ber of chemical and physical aterations occur, known as staling. Due to these
changes, its freshness and crispiness deteriorate while crumb firmness and rigi-
dity increase. Over the past few years, the bakery industry has exploited the ad-
vantages of freezing technology.910 It is well recognized that temperature affects
the performance of dough and yeast during preparation.10 Frozen bakery pro-
ducts are expected to be characterized by quick preparation time and affordable
price. They look and taste asif they were freshly and homemade.®

In frozen dough preparation, when prolonged frozen storage intervenes be-
tween dough formation and bread baking, many factors contribute to a dete-
rioration of the products and adversely influence dough behaviour during freez-
ing and thawing, resulting in the loss of consumer acceptability for bakery pro-
ducts.56.11 |n the technology of frozen dough, the main problem is damage to the
gluten network due to crystallization and recrystallization of water, which results
in loss of bread quality.12.13 |t has been shown that the influence of fibre cha-
racteristics on yeast activity and bread quality during 30 days freezing was bene-
ficial.14 The possibility of mathematical interpretation of commercial fibres on
yeast dough during frozen storage is of particular interest both for those involved
in frozen dough preparation and in thawing and baking and could positively
contribute to a better quality of the final products. There are not many reports on
the effects of different fibresincorporated into frozen yeast dough.

Objective of this paper is to present an anaysis of the influence of three
commercial fibres (fibrex, inulin HPX and GR) at a level of 5 % on dough rheo-
logy and the quality of bread during the freezing process. Regarding the mathe-
matical analysis, this information is required either for the successful incorpo-
ration of different fibres types and/or an analysis of the effects of fibres on frozen
dough to enable the production of consumer-acceptable, fibre-enriched bakery
products.

EXPERIMENTAL
Material

For commercial bread production, white flour from alocal industrial mill (moisture, ash
and protein contents were 13.5, 0.45 and 11.2 % d.d., respectively), salt and compressed yeast
were used. Fibrex with a particle size of less than 150 ym was a commercia product originna-
ting from sugar-beet and produced by Denisco Sugar AB; while Inulin HPX and inulin GR
fine, white powders characterized by an average degree of polymerization of more than 10 su-
gar units and 2 to 5 sugar units, respectively, were commercia products made from the root of
Jerusalem artichoke and produced by “Orafti Active Food Ingredients’, Belgium.
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Dough preparation

Dough samples were prepared in a Farinograph bowl at a temperature of 30 °C according
to the following dough formula: flour (100-95 %), fibres (fibrex, inulin HPX or inulin GR)
(0-5 %), salt (2 %) and yeast (2.5 %). Water was added according to the Farinograph absorp-
tion, i.e., to 500 BU: no fibres (60.4 %), fibrex 5 and 10 % (68.0 %), inulin HPX 5 % (56.6 %)
and inulin GR 5 and 10 % (52.3 %). Round shaped dough, weighing 150 g, with or without 5
% of different fibres, was placed in afreezing chamber (Koma, Koeltechnishe Industrie, B.V.,
The Netherlands) at a temperature of —18 °C. After freezing, the samples were packed in PVC
bags and stored at —18 °C for 0, 1, 30 and 60 days. After the required freezing period, dough
pieces were kept for 2 h at ambient temperature and then placed in a maturograph fermen-
tation chamber at 30+1 °C.

Dough characteristics

The rheological properties of the frozen and non-frozen dough during fermentation were
determined in a Maturograf (Brabender, Duisburg, Germany). The procedure is not stan-
dardized, usualy it is adjusted to bread making procedures.’®> The constituents and preparation
of the dough for Maturograf determination were the same as those described for dough pre-
paration. The Maturograph measures the behaviour of yeast dough during the final proofing
under constant conditions, (temperature 30+1°C and relative humidity 80-85 %). After thawing
(2 h), adough piece was placed in the dough container under a stamp weighing 150 g. Depen-
ding on the dough’s gas production, gas retention and elasticity characteristics, the pressure
stamp is raised progressively to certain levels giving information about fermentation and dough
handling.

Baking test

AACC Baking test (method 10-09.01) was applied to eliminate as much as possible the
human element introduced by the operator. Dough or a dough piece after thawing was moulded
by hand. The dough loaf was placed seam down in a greased tall baking form pan (length,
10.5 cm, width, 6.0 cm, bottom length, 9.3 cm). The end of proof was determined according to
the Maturograph data. The dough constituents were the same as those used for dough prepa-
ration. The bread was baked for approximately 15 min in a Chopin laboratory oven at 260 °C,
until the mass of baked bread ranged between 135 and 137 g. The quality of the bread was
scored 24 h after baking. Bread volume and crumb quality was evaluated by five trained pa-
nellists. The bread volume was determined by the seed displacement method. Crumb grain is
defined as the cell structure exposed when a loaf of bread is diced. The best score is charac-
terized by relatively large cells with thin walls (score 2.5), whereas a close grain consisting of
small cells with thick walls has the worst score (0). Crumb elasticity is determined entirely by
the sense of touch. The fingers are pressed lightly against the cut surface of aloaf and scored,
the best being 4.5 and the worst 0. Crumb quality number is the sum of the scores for crumb
grain and crumb elasticity, the maximum grade is 7 and minimum 0.1°
Statistical analysis

All samples were prepared and analyzed in total 6 times and the average result is reported.

The results concerning dough (proofing time and stability) and bread quality (volume
and crumb quality) were statistically tested by analysis of multivariance Manova and discri-
minative tested. ANOVA functions and Roy test with 0.05 significance level were used as the
univariant statistical procedures to assess significant differences among the means.16
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RESULTS AND DISCUSSION
Mathematical analysis of effect of fibres on behaviour of frozen dough at final proof

It has been claimed that freezing adversely affects the protein matrix and
yeast viability.6:7 Good dough handling is beneficial in the bread making process,
positively contributing to an improved gas-retention capacity. Therefore, dough
behaviour at the final proof is presented by the proof duration and proofing
stability, (Table I). The mean value and standard deviation show that the duration
of the final proof depends on the sample in respect to the type, i.e., on the type of
fibres and the length of storage at low temperatures. Keeping dough with inulin
HPX under frozen conditions for a longer period, from 30 to 60 days, leads to a
decrease in the duration of the final proof. According to the statistical data, the
sample with inulin HPX differed significantly from the other samples. The final
proof of the dough with inulin HPX and GR was shorter than that with fibrex
(Table I, Figs. 1 and 2). These data may indicate that inulin either HPX or GR
positively contribute to preserving the yeast fermentative activity during freezing,
contrary to fibrex. The longest final proof time of the dough with fibrex can be
negatively connected with the great ability of absorbing water from fibrex (68 %),
resulting in the inability of the gluten to take water and forcing the baker to add
more water to the dough with fibrex.

TABLE |. Effect of fibres on dough properties during freezing

Final proofing time, min Proofing stability, min

Time, days — . value  Confidence interval p®  Mean vaueConfidenceinterval p®
0 % Fibres
0 82+1.5" 80.75 8391 0833 15+2.4° 12.8 179 0.956
1 110+4.6 105.2 1148 0996 5+2.4°% 2.79 7.88 0.956
30 128+2.8% 125.0 131.0 0.996 2415 0.750 391 0.833
60 68+20 46.55 89.45 0996 7+2.12 4.80 9.20 0.988
5 % Fibrex
0 82+3.7° 7876 8657 0626 7+23 521 10.1 0.998
1 127+3.2° 124.3 131.0 0.959 2+1.3 0.670 3.33 0518
30 132+10% 121.4 143.2 0.943 5+2.8 211 7.89 0.976
60 133+9.5% 123.0 1430 0518 3+1.1% 1.85 415 0.573
5% Inulin HPX
0 81+3.4 78.05 85.28 1.00 4+1.0 3.58 575 0.272
1 112+4.1 108.3 1170 0964 8+54°2 2.37 13.6 0.968
30 98+1.5 96.75 99.91 0.833 1+1.1 -0.150 2.15 0573
60 45+6.5 38.13 51.87 0.996 6+1.5 475 791 0.833
5% Inulin GR

0 85+3.2% 82.30 89.03 0959 9+2.9° 6.58 12.8 0.946
1 115+3.4% 112.0 119.3 1.00 5+3.0% 1.69 798 0.750
30 121+1.6 119.6 123.0 0.682 1+1.6 —0.380 3.05 0.682
60 67+1.7 65.24 68.76 0754 9+3.7° 5.82 135 0.993

ap-Te'st of conclusion
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Fig. 2. Trust interva of thefinal proof of dough with fibresfrozen for 1 day (7;) and 30 days (7).
The influence of different fibres on the behaviour of dough at the final proof
fermentation was analyzed by the multivariant procedure and discriminative ana-

lysis (Tables Il and 111).16 The Manova test showed that there was a significant
difference in the effect of different fibres on the dough properties during frozen
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storage (0, 1, 30 and 60 days) since p = 0.000, and the aternative hypothesis that
there was a significant difference in the effect of the fibre type on the observed
parameters during freezing was confirmed by the Roy test, sincep < 1 (Tablell).
In non-frozen dough, the fibres do not have a significant influence on the fina
proof since p > 1, while the fibres have afar greater influence on the dough pro-
perties during freezing for 1, 30 and 60 days since p < 1 (Table I1). The discrimi-
nation coefficient indicates that the greatest influence of fibres on the final proof
and proofing stability was after 30 days (6.250) and after O days (6.158), respec-
tively (Table V).

TABLE Il. Statistical analysis of the effects of fibres on the final fermentation on freezing of
dough with fibres (F — Fisher test, p — confidence of the test)

Test o/ days Final proofing time, min Proofing stability, min
F p F p
Manova 4 20.0 0.0 10.6 0.0
Roy test 0 197 0.15 230 0.0
1 24.3 0.0 321 0.04
30 455 0.0 5.74 0.005
60 62.6 0.0 8.46 0.001

TABLE Ill. Discriminative analysis of the effects of fibres on the fina proof of frozen dough
with fibres (Fisher test; p = 0.0 (confidence of the test))

7/ days Fina proofing time, min Proofing stability, min

4 25.1 11.4

TABLE IV. Discriminative analysis of the effects of fibres on the final proof of frozen dough
with fibres

7/ days Fina proofing time, min Proofing stability, min
0 4.77 6.16
1 3.88 3.07
30 6.25 1.39
60 3.19 2.24

Based on the overall statistical calculation of discriminative analysis it can
be stated that fibrex and inulin HPX affect the final proof after 1 day. The largest
homogeneity is 100 % (Table V) indicating that the influence of these fibres is
constant and uniform and depends on the fibre characteristics, i.e., on their inter-
action with the gluten network. On the contrary, inulin GR showed different cha-
racteristics.

The discriminative analyses the presented date proved that fibres affect the
final proof mostly at the beginning of freezing. Later, some interactions between
the fibres and other dough constituents, such as ice crystals and yeast cells, also
contributed to the quality of frozen dough during freezing.
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TABLE V. Characteristics and contribution of the fibre characteristics to the final proof after
freezing of the dough (how many samples differ from related value)

Final proofing time, min Proofing stability, min
tldays 0% 50 O 5% Conri-o g, 5o 5% - 5% Contri-
Fibres  Fibrex Inulin Inulin  bution Fibres Eibrex Inulin  Inulin  bution
HPX GR % HPX GR %
0 Lower Higher The The 265 The Lower The Higher 476
lowest highest highest lowest
1 The The Lower Higher 215 Higher The The Lower 253
lowest highest lowest highest
30 Higher The The Lower 347 Higher The The Lower 200
highest lowest highest lowest
60 Higher  The The Lower 174 Higher The Lower The 251
highest lowest lowest highest
Homo- 100 100 100  66.7 - 100 100 833 66.7 -

geneity
%

Statistical analysis from Table | prove that the type of the fibres and the
length of freezing have an influence on the dough characteristics and that the
dough with fibrex had the shortest proof stability during freezing for 1, 30, 60
days, particularly concerning both types of inulin. The greatest influence of fibres
on the stability of fermentation was after O days of frozen storage (Table V),
because the fibres were not well incorporated into the gluten structure and had a
negative effect on the gluten matrix, which was also confirmed by the fibre con-
tribution, which was 47 %, Table V. The dough with inulin HPX and GR had ho-
mogeneities of 83.3 and 66.7 %, respectively, which are not stable proofing sta-
bilities (Table V).

Mathematical analysis of the effect of fibres on the quality of bread made of
frozen dough

The effect dough freezing on bread quality was assessed through the bread
volume and crumb quality, Table VI. The mean value and standard deviation
showed that the bread volume depended on the type of the sample, i.e., on the
type of incorporated fibre and the length of the low temperature storage.

The effect of the different fibres on the baking properties of bread made
from frozen dough was analyzed by the multivariate procedure and discri-
minative analysis (Tables VII and V111).16 Differences in the effect of the fibres
on the behaviour of dough after freezing (0, 1, 30 and 60 days) were examined by
the Manova procedure. The Manova test (Table VII) showed that there was a
significant difference between the effects of the studied fibres since p = 0.0. The
aternative hypothesis that there is a significant difference in effect of fibres on
observed parameter during frozen storage is tested by the Roy test. It was shown
that during 1 and 30 days of freezing, the fibres did not have a significant in-
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fluence on the bread quality since p > 1, while the fibres had a far greater in-
fluence on the bread volume and bread crumb quality after frozen storage for 30
and 60 days since p < 1 (Table VII). The discrimination coefficient proved that
the greatest influence of the fibres on bread volume and breadcrumb quality
(15.488 and 3.638) can be expected with non-frozen dough (Table 1X), due to
their above-mentioned adverse the effect on the gluten network.

TABLE VI. Effect of fibres on the baking properties of bread after freezing (p — test of con-
clusion)

) davs Bread volume, ml Bread crumb quality®
Y Meanvalue Confidenceregion p Meanvalue  Confidence region
0 % Fibres
0 392+155° 3762  408.8 0.996 6.4+0.2 6.11 6.59
1 340+35.2% 303.7 377.6 0.999 6.40.4 5.92 6.80
30 297+19.9° 276.6 3184 0.99 52+1.3 3.92 6.58
60 287+15.8 2709 3041 0.99 4.6+0.3 431 4.99
5 % Fibrex
0 257+39.1 2165 2987 0.996 52+1.3 3.93 6.57
1 292+32.9 258.0 327.0 0.99 5.7+0.9 4.75 6.65
30 245+15.8 2284 2616 0.99 5.3+1.0 4.20 6.40
60 2774435 231.8 3232 0953 4.9+1.0 3.92 6.04
5 % Inulin HPX
0 407+5.2% 4016 4124 0.99 6.9+0.1 6.83 7.00
1 363+4.5% 359.1 3685 0.883 6.9+0.1 6.79 7.01
30 312+6.4% 3055 3191 099  6.3:05° 5.78 6.82
60 256+6.7% 2497 2638 0998  6.6£0.3% 6.27 6.93
5% Inulin GR
0 366+4.0° 3625 3709 0.99 4.5+0.1 4.35 4.65
1 325+3.9 3209 3291 0.99 5.1+0.7 4.36 5.84
30 280+5.6 2741 2859 099  50+1.0° 3.08 6.10
60 233+4.2 2286  237.4 0943 2.9+0.5 242 3.38

Bread crumb quality; maximum 7.0, minimum 0

TABLE VII. Statistical analysis of the effects of fibres on the properties of bread made from
frozen dough (F — Fisher test, p — confidence of the test)

Bread volume, ml Bread crumb quality®
Method
7/ days F p 7/ days F p

Manova 4 12.395 0.000 4 5.867 0.000
Anova 0 60.488 0.000 0 day 21.000 0.000

1 9.106 0.001 1 day 1.481 0.249

30 28.013 0.000 30 day 0.875 0.470

60 6.336 0.003 60 day 11.173 0.000

EMaximum 7.0, minimum O
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TABLE VIII. Discriminative analysis of the effect of fibres on the properties of bread made
from frozen dough (Fisher test, p = 0.0 (confidence of the test))

7/ days Bread volume, ml Bread crumb quality®
4 26.5 6.83
®Bread crumb quality; maximum 7.0, minimum 0

TABLE IX. Difference in the influence of the fibre types on the bread properties

7/ days Bread volume, ml Bread crumb quality®
0 155 3.64
1 0.641 0.271
30 8.18 1.36
60 8.23 1.12

®Bread crumb quality; maximum 7.0, minimum O

The dough with incorporated inulin HPX had the greatest volume and dif-
fered significantly from other samples (Table VI and X) during the first 30 days
of freezing, Figs. 3 and 4. The adverse influence of fibrex on the gluten structure
found by Wang et al.3 was confirmed in this study as the lowest bread volume
was registered when dough containing these fibres was kept at low temperatures
for the first 30 days of frozen storage. However, after 60 days, the beneficial ef-
fect of fibrex on the yeast activity positively contributed to the bread volume. As
it was stated concerning the final proof data, inulin HPX was better incorporated
into the gluten matrix, thus contributing the best to the bread volume as opposed
to other types of fibres, with which dominating influence on the bread volume
was the length of frozen storage. Dough with incorporated inulin GR had the
lowest volume after 60 days of frozen storage (Table VI and X), as these fibres
act as an inclusion element thus contributing to structure deterioration and poor
volume.18

In period of 60 days of frozen storage, inulin HPX also positively contri-
buted to the bread volume and crumb quality (Tables VI and X). The bread was
evaluated with excellent grades, 6.3 to 6.9 out of a maximum of 7. Dough con-
taining fibrex was evaluated as having the same quality regardless of the duration
of the freezing period. Concerning fibrex and inulin HPX, the crumb quality re-
mained constant regardless of the duration of frozen storage, contrary to samples
without fibres or with inulin GR fibres. Bread with inulin GR was graded as good
and attributed with the highest homogeneity. The protective effects of fibrex and
inulin HPX against the adverse influence of low temperatures on dough was
proved by the relatively uniform breadcrumb scores, particularly the high scores
for inulin HPX was proved by the highest homogeneity (Table X). The greatest
fibre contribution was registered by the bread volume and crumb quality numbers
of 47.9 and 56.9 %, respectively, with non-frozen dough (Table X).
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TABLE X. Characteristics and effects of the fibre characteristics on the baking properties of
bread made from frozen dough (how many samples differ from related value)

Bread volume, ml Bread crumb quality®
0, 0, 1- 0, 0, -
ridays 0% 5% 5? 5|/9 Cboqtrl 0% 5% 5|/_o 5|/9 Cbor)trl
Fibres Fibrex Inulin  Inulin  bution Fibres FEibrex Inulin  Inulin  bution
HPX GR % HPX GR %
0 Higher The  The Lower 479 - - - Good 56.9
lowest highest
1 Higher The The Lower 10.8 - - - - 4.24
lowest highest
30 Higher The The Lower 174 Good Good Excel- Good 21.3
lowest highest lent
60 The Higher Lower The 239 - - Excel- - 175
highest lowest lent
Homo- 100 100 100 100 - 833 66.7 100 100 -
geneity
%
AMaximum 7.0, minimum O
Legend:
= /_/—'\\ 1-0% fibres
/ \ 3. 5% inulin HPX
/ { - 5% inulin GR
300 — :
|
i / ;
£ 2
E f /
R
260 | m
. r{(S;]
|
t‘xl
240 —
p e ol
] 4
220 - = T T T T T T T T ]
200 240 280 320 360 400 440

7,/ min

Fig. 3. Trust interval of bread volume with fibres after 0 () and 60 (7s) days of frozen storage.
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Legend:
320
5 ,ﬂ'} 1-0% fibres
- f
il E’ 3. 5% inulin HPX
L 5% inulin GR
300 —|

C

Tan / min

260 —| —

(3% ]

240 —|

200 240 280 320 360 400 440
7o / min

Fig. 4. Trust interval of bread volume with fibres after 0 () and 30 (z) days of frozen storage.

This indicates to the positive effects of HPX fibres on decreasing the nega-
tive effects of freezing. Inulin HPX was incorporated the best into the gluten mat-
rix; hence, the resulting bread had the largest volume (Table V1). The volumes of
the other breads with different types of fibres depended on the length of frozen
storage, because ice crystals interfere with the gluten structure, which consequen-
tly decreases the volume of the bread (Table V1).

CONCLUSIONS

Statistical interpretation of the data proved that the fibre type and storage
period influence the characteristics of dough and bread; at the beginning, the fib-
re characteristics exhibit a dominating adverse effect on the gluten network, but
later, their interactions with other dough constituents positively contribute to dough
and bread quality.

Multivariate and discriminative analyses indicated that there was a signifi-
cant difference between the dough rheology without fibres and dough with three
types of fibres (fibrex, inulin HPX and GR).
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The discrimination coefficient proved that the highest effect of fibres was on
the final proof after 30 days of freezing (6.250) and on the proofing stability of
non-frozen (fresh) dough (6.16), while the effect of the fibres on the bread
volume and crumb quality were the greatest in non-frozen (fresh) dough (15.5
and 3.64, respectively).

The tatistical date proved that the long chains of inulin HPX were incur-
porate well into the gluten matrix and probably protected the yeast cells from the
ice formed during freezing for 1, 30 and 60 days; hence, bread with the largest
volume was obtained. The protective role of inulin HPX can be seen in the well-
-preserved quality of the final product after 60 days of frozen storage of the dough
and the quality was the same as bread made of non-frozen dough without fibres.

Theinulin GR fibres were incorporated into the gluten structure contributing
to a deterioration of the gluten structure, which resulted in a diminution of the
properties of the frozen dough, which in turn had an adverse effect on the bread
volume and crumb quality.

The results from all sample highlighted the complex role of fibres in frozen
dough.

Acknowledgement. These results are part of a project supported by the Ministry of Sci-
ence and Technological Development of the Republic of Serbia, TR 20068.

U3BO [
YTHUIAJA BJIAKAHA HA OCOBUMHE 3AMP3HYTOI' TECTA U KBAJIUTET XJIEBA

JEJIEHA CDI/IJ'II/IHOBI/ITll, HAJIA CDl/lJ'll/ll'lOBl/l”ﬁ2 u BJIAJUMUP lDl/lJlMHOBI/I"ﬁ3

II/Ichﬁmﬁym 3a iipexpambene iwiexnoaozuje, Bya. yapa Jlasapa 1, 21000 Hosu Cao, *Texnoaouru ¢hakyaitieit, Ynu-
eepauitieiti y Hosom Caoy, by uapa Jlazapa 1, 21000 Hosu Cao u SMauniier 3a600, Bya. Ocaobobersa 666, Hosu Cao

Y BHCOKOPa3BHjEHNM 3eMJbaMa 3alaKeH je CMAakECHH AHEBHH YHOC NMpexXpaMOCHHX BIIaKaHa
KOj€ TIO3UTHBHO YTHUY Ha JbY/CKO 3apaBibe. Llnsb oBOT HCTpakiBama je aHaiau3a ytuiaja 5 % pas-
anuuTuX Bpcra Biakana (Fibrex, komepuujamnu npousBox u3 BiakHa ImehepHe pere W HHYJIHH
HPX Benuke u unyaun GR Mase MOJIEKYJICKE Mace IOPEKIOM U3 apTUYOKe) HA KBAJHMTET TECTA,
IpH 4eMy cy npalieHe peoIolKe 0COOUHE 3aMP3HYTOT TECTa M KBAJIUTET XJieba ca BIakHuMa. Peo-
Jonike ocobrHe Tecta ca BiakHuMa npefieHe cy Ha bpabGeHnepoBoM MaTyporpamy, a xieo je rnedeH
o craunapaaoj AACC meroau. Tecto je 3amp3aBano Ha —18 °C u uyBano 60 nmana. Peonomke
0COOMHE TecTa ca BIAKHMMa (IyKHWHa 3aBpIIHE (epMEeHTAlMje M CTAOHINTET (epMEHTaluje) u
KBAJIUTET XJieha ca BIaKHAMA (3ampeMHHa M BPEIHOCHH OPOj CPEINHE) CY CTATHCHYKU TECTHPAHH
MyJITHUBapHjaHoM MeTojoM Manova u JIUCKpUMHHATHBHOM aHAJIM30M, IIPH 4eMy je JO0Ka3aHO 1a
[OCTOjH 3HAaYajHa pa3iuka u3Melhy Tecra O6e3 BlIakaHa U TECTa ca pa3IMYuTOM BpcTOM BiakaHa. Ko-
ehuIjeHT TUCKPUMUHALM]E je TT0Ka3ao Ja je Hajeehu yTuiaj Blakana Ha 3aBpIIHY (epMeHTalnjy
je mocne 30 mana uyBama (6,25) a Ha crabunurer dpepmenranuje (6,16) u kBamurer xseba (3ampe-
muHa xyeba 15,5 u BpenHocHu 6poj cpenune 3,64) Ko HE3aMP3HYTOT TECTA.

(IIpumibeno 25. maja, peBuaupano 26. aBrycra 2009)
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Abstract: The essentia oils from five samples of leaves of Rhododendron au-
reum from the Irkutsk region, Pribaikal’ e, Russian Federation, were isolated by
hydrodistillation and analyzed by a combination of GC and GC/MS. Com-
pounds representing 70.5-78.3 % of the oils were identified. Twenty-seven
compounds were identified according to their chromatographic retention in-
dices and mass spectra. The major components of the oils were calarene (10.4—
—66.4 %), f-bourbonene (0.5-27.4 %), o-selinene (2.1-8.0 %) and kaur-16-ene
(2.0-6.3 %). It was found that the chemical composition of Rh. aureum essen-
tia oil depends on the altitude of the growing plants.

Keywords: Rhododendron aureum; gold rosebay; essential oil; calarene.

INTRODUCTION

Rhododendron is a genus from the Ericaceae family which includes about
eight hundred species of evergreen, half-deciduous and deciduous shrubs and trees.
Rhododendrons are distributed mainly in the temperate zone of the northern he-
misphere, with the greatest diversity of species occurring in southern China, the
Himalayas, Japan, Southeast Asiaand North America.l A resent feasibility study re-
veded several opportunities for the commerciaization of Rhododendron as mulch,
biofuel, charcoal, foliage, a source of phytochemicals and wood for turnery.2

* Corresponding author. E-mail: oldaniil@rambler.ru
doi: 10.2298/J5C10022090
209
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210 OLENNIKOV etal.

The leaves of Rhododendron species contain essentia oils, the volatile com-
pounds of which have been widely studied by different scientists. The following
presents information about the dominant components and their contents in the es-
sential oils from some Rhododendron species. Rh. adamsii — trans-nerolidol (18.2—
—29.5 %) and p-farnesene (6.9-17.1 %); Rh. anthopogon — a~pinene (37.4 %) and
[S-pinene (16.0 %); Rh. aureum — hexanoic acid (10.0 %) and carvacrol (7.8 %);
Rh. calophytum — 3,7,11,15-tetramethyl-2-hexadecen-1-ol (5.68 %) and 1,3,5-tri-
methylbenzene (5.53 %); Rh. dauricum — S-caryophyllene (28.3 %) and o-humu-
lene (15.0 %); Rh. ledebouri — s-myrcene (13.3 %) and borny! acetate (11.8 %);
Rh. sichotense — o-pinene (44.3 %) and S-pinene (13.1 %); Rh. sutchuenense —
— caryophyllene (12.5 %) and guaiol (8.8 %); Rh. simsii — phytol (15.2 %) and
3,7-dimethyl-1,6-octadien-3-ol (12.6 %); Rh. mucronulatum — e~humulene (28.8
%) and p-caryophyllene (14.6 %); Rh. naamkwanense — [Z,Z,Z]-9,12,15-0ctade-
catrienoic acid (45.3 %) and phytol (8.6 %).3-8 Tasdemis et al. analyzed the vo-
latile components of hexane- and CH>Cl»-extracts from five Rhododendron spe-
cies growing in Turkey.® They found that the dominate compounds in the he-
xane-extract of Rh. ponticum |leaves were 5,15-rosadiene (42.8 %) and 2-ethyl-
hexanol (13.3 %) and in the CH>Cl-extract, 1-butanol (17.0 %) and j<butyro-
lactone (13.5 %); in the hexane-extract of Rh. luteum leaves, ethyl acetate (13.3
%) and 6-methyl-5-heptene-2-one (11.1 %) were dominant and in the CHoCl»-
-extract, 1-butanol (58.7 %) and benzyl alcohol (17.1 %); in the hexane-extract
from Rh.xsochadzeae leaves, 6-methyl-5-heptene-2-one (11.9 %) and calarene
(7.1 %) were dominant while, in the CH,Cl»-extract, phenethyl acohol (100 %);
in the hexane-extract of Rh. ungernii leaves, 6-methyl-5-heptene-2-one (29.4 %)
and 2-ethylhexanol (24.4 %) dominated while in the CHoCly-extract, 2-(2-
-ethoxyethoxy)ethanol (12.8 %) and phenethyl alcohol (11.5 %); in the hexane-
-extract of Rh. smirnovii leaves, 6-methyl-5-heptene-2-one (21.7 %) and viridi-
florol (15.4 %) were dominant. The total content of identified compounds was
75.3—100 % in the hexane-extracts and 60.1-100 % in the CH>Cl>-extracts.

Gold rosebay, kashkara (Rhododendron aureum Georgi) is asmall evergreen
shrub of the Ericaceae family with a dark-brown bark, stems procumbent usually
crooked and lifted at 20—100 cm from the ground branches; the blossom period is
May—June and fruiting in July—August. It grows on stony slopes and rocks in the
mountainous regions of eastern Siberia and the Far East, reaching the Western
Sayan and the Abakan Range, mainly in the al pine zone.10 The harvesting season
of rhododendron is in August—September. In Russia, mass harvesting occurs in
the Pribaikal’ e (Irkutsk region) and Zabaikal’ e (Buryatia and Chita region).

In Tibetan medicine, Rh. aureum is used under the names shu-mkhan or da-li
for the treatment of rheumatism and for cardiovascular and diuretic means.11.12
Experimentally, it was found that Rh. aureum drugs have pronounced effects on
the heart in patients with cardiovascular insufficiency, reducing shortness of bregth,
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palpitations, edema and venous pressure, and increasing the speed of blood flow
and diuresis. Rh. aureum extracts have bactericidal effects against pathogenic
microflora, especialy streptococcus and staphylococcus, due to the presence of
phenols and essential oil.13

Chemical studies on Rh. aureum found the presence of: diterpenes (andro-
medotoxin), triterpenes (campanulin, smmiarol, uvaol, oleanolic acid), smple phe-
nols (rhododendrol, rhododendrin, hydroquinone, arbutine, 1-O-4-glucopyrano-
syl-5-methoxy-3-hydroxy-benzene,  5-methoxy-1,3-dihydroxybenzene) and
flavonoids (quercetin, hyperin, avicularin, polystachoside).14-17 Earlier research on
the essential oil from Zabaikal’e Rh. aureum samples has already been realized®
but not the study of the essential oil from Pribaikal’ e samples.

This paper reports the results of an analysis of the essential oil of Rh. aureum
growing in the Irkutsk region of Pribaikal’e.

EXPERIMENTAL
Plant material

The plant materials of Rh. aureum leaves were collected from different locations on Pri-
baikal’ e (Irkutsk region, Russia), in August 2008 (Table 1). The samples were gathered after
the flowering period. A voucher specimen is kept at the Siberian Institute of Plants Physiology
and Biochemistry, Siberian Division, Russian Academy of Sciences.

TABLE |. Characteristics of the Rh. aureum samples

Sample No. Locdlity Altitude, masl. Collected date Essential oil
content / %
RA-1 Village Rechka Vydrinnaia 460 23 VIl 2008 0.25
RA-2 Village Sliudianka 1172 16 VI1I 2008 0.20
RA-3 Village Sliudianka 1350 16 VII1 2008 0.15
RA-4 Village Sliudianka 1402 16 VII1 2008 0.14
RA-5 Village Sliudianka 1452 16 VII1 2008 0.09

Isolation of the essential oil
Fresh leaves (200 g) were subjected to hydrodistillation in a Clevenger-type apparatus

for 150 min, which gave the essential oil. The amounts of essentia oil extracted from the
different samplesare givenin Tablel.

Gas chromatography

The GC analysis was performed on an Agilent 6890N series gas chromatograph fitted
with a HP-5M'S fused capillary column (30 mx0.25 mm, film thickness 0.50 um, 5 % diphe-
nyl- and 95 % dimethylpolysiloxane stationary phase). The ail solutions (0.20 pl) in hexane
(= 1 %) were injected in the split mode (1:20). The carrier gas was helium at a flow of 1.0 ml
min'L. The column temperature was programmed from 150-250 °C at 2.0 °C min'L; the injec-
tor temperature was 250 °C and the detector (FID) temperature was 300 °C.

Gas-chromatography/mass spectroscopy

The GC/MS analysis was performed on the same gas chromatograph but instead of the
FID detector, it was coupled to an Agilent Technologies 5973 N mass selective/quadrupole
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detector. The same column and chromatographic conditions as above were employed. Theion
source temperature was 230 °C. The EIMS spectra (70 eV) were obtained in the scan mode in
the m/z range 41-450.
Component identification and quantification

Identification of compounds was realized by comparison of the peak retention times with
those of analytical standards of available terpenoids and by comparison of the mass spectra
with those found in the literature,18 the mass spectrometry data bank (NIST 05) and a com-
puter search of the Wiley library. For quantification purposes, the relative percent peak areas
registered using the FID were used.

RESULTS AND DISCUSSION

The chemical compositions of the essential oils of Rh. aureum leaves are
presented in Table Il. In the samples of essentia oils, forty components were
detected, of which twenty-seven were identified. The identified components
accounted for 70.5-78.3 % of the total oils. The content of hydrocarbons was
60.5-78.2 % and of oxygenated terpenes 0-11.6 %; the dominant constituents
were sesguiterpene compounds.

TABLE Il. Chemical compositions (area, %) of the essential oils from Rh. aureum leaves
from Pribaical’e

No. Compound RA-1 RA-2 RA-3 RA-4 RA-5
1  cyclo-Sativene - - - 0.1 0.8
2 a-Ylangene 0.6 0.4 0.5 0.7 6.0
3 a-Copaene 0.4 0.1 2.0 12 10.3
4 a-Bourbonene 0.7 - - - -
5  p-Bourbonene 4.1 0.5 129 7.8 274
6 Aristolene 0.5 13 0.6 0.9 -
7 ni?(CiusHa) 2.1 - 33 - -
8 Caarene 34.4 66.4 26.2 41.3 10.4
9 cis-Calamene 0.6 — - - 0.2
10 n.i (CisHa) - 8.2 - 34 -
11 trans-a-Bergamotene 0.1 - - - 0.6
12 n| . (C15H24) 20 - - - -
13  a-Humulene 0.3 - - - 0.3
14  Aromadendrene 11.1 - 0.5 7.1 0.8
15 a-Amorphene 0.2 0.3 04
16 Germacrene D 0.1 1.6 0.5 1.7
17 pB-Selinene 16 1.0 16 15 0.3
18 o-Selinene 8.0 35 3.8 49 21
19 Isoledene 0.3 - - - -
20 .. (CisHa) 2.4 - - - -
21  a-Muurolene - - - 0.4 -
22 y-Cadinene 11 0.9 2.8 0.9 19
23 J-Cadinene 0.1 0.5 11 0.3 12
24  p-Cadinene 1.2 1.2 0.7 1.2 2.9
25 o-Cadinene — — — 0.2 0.4
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TABLE Il. Continued

No. Compound RA-1 RA-2 RA-3 RA-4 RA-5
26 o-Caacorene 0.4 0.2 - 0.3 04
27  n.i. (CisHz0) 2.7 - - 0.4 -
28  Spathulenol - - 11.6 - -
29 Caryophyllene oxide 0.3 - - 0.3 -
30 n.i.(CyisHx0) 19 - - 3.0 -
31  n.i.(CisHx0) - 22 - - -
32  ¢-Muurolol — - - 0.5 -
33  ¢-Cadinol - - - 0.2 -
34 n.i . (C20H24) - - - 09 -
35 n.i. (CisH40) - - - 14.1 -
36 n.i.(CyisH0) 2.7 31 - - -
37  n.i. (CisHx0) 4.8 3.0 117 13 16.7
38 n.i. (CxH30) 89 5.2 12.8 38 11.7
39 n.i. (CyxHs0) 2.0 — - - -
40 Kaur-16-ene 4.4 2.0 6.3 2.8 35
Total identified compd. 70.5 78.3 72.2 73.1 71.6
Total unidentified compd. 29.5 21.7 27.8 26.9 284
ot identified

The essentia oils from the different samples of Rh. aureum leaves were
characterized by a high level of variability. In the essential oil of sample RA-1,
the major compounds were calarene (34.4 %), aromadendrene (11.1 %), a-seli-
nene (8.0 %), kaur-16-ene (4.4 %) and S-bourbonene (4.1 %); in sample RA-2,
they were calarene (66.4 %), a-selinene (3.5 %) and kaur-16-ene (2.0 %); in sam-
ple RA-3, they were calarene (26.2 %), -bourbonene (12.9 %), spathulenol (11.6
%) and kaur-16-ene (6.3 %); in sample RA-4, they were calarene (41.3 %),
S-bourbonene (7.8 %), aromadendrene (7.1 %) and a-selinene (4.9 %); in sample
RA-5, they were g-bourbonene (27.4 %), calarene (10.3 %), a-copaene (10.3 %)
and ylangene (6.0 %).

A comparative study of atitude and the composition of the essential oils re-
vealed an important feature, i.e., with changing altitude the terpene synthesis also
changed. In samples RA-1-RA-4, the aristolane derivative calarene was domi-
nant but in sample RA-5, the prevailing compound was S-bourbonene, which re-
presents a group of bourbonane derivatives. The content of essential oil was
inversely related to the value of the altitude, i.e., with increasing altitude, the oil
content decreased from 0.25 to 0.09 % (Table I). There was aso a change in the
appearance of the essentia oils. The essential oils from samples RA-1-RA-4 were
solid, poorly-colored substances with a weak odor, while the oil from sample
RA-5 was a green liquid with a strong specific smell. The reason for thisis likely
to be the change in environmental conditions and the occurrence of stress factors
affecting the plants on a cellular level, which led to profound changes in the ter-
pene biogenesis of the plants.
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Previously, astudy of Rh. aureum essential oil was conducted on specimens
growing in the Tunkin Valley (Zabaikal’e, Buryatia, Russian Federation). It was
found that in October samples of Rh. aureum, the essential oil was dominated by
the compounds calarene (5.6 %), a-terpineol (1.2 %) and S-selinene (0.7 %) and
in the November samples by hexanoic acid (10.0 %), carvacrol (7.8 %) and a-pi-
nene (5.4 %).6 These data show that despite the geographical proximity to Za-
baikal’ e, the Rh. aureum growing in Pribaikal’ e refers to another chemotype.

M3BOJ

XEMUJICKU CACTAB ETAPCKOT YJbA BUJBKE Rhododendron aureum
U3 IIPUBAJKAJICKE OBJIACTH (PYCKA ®EIEPALIAIA)

DANIIL N. OLENNIKOVl, LUBOV' V. DUDAREVAZ, SEMION N. OSIPENKO® u TAT'YANA A. PENZINA®

1Laboratory of Medical and Biological Research, Department of Biologically Active Substances, Institute of
General and Experimental Biology, Siberian Division, Russian Academy of Sciences, Sakh’yanovoi st., 6,
670047, Ulan-Ude, 2Laboratory of Physicochemical Research Methods, Siberian Institute of Plant Physiology
and Biochemistry, Siberian Division, Russian Academy of Sciences, Lermontova st., 132, 664033, Irkutsk-33,
3Laboratory of Plant Physiological Genetics, Siberian Institute of Plant Physiology and Biochemistry, Siberian
Division, Russian Academy of Sciences, Lermontova st., 132, 664033, Irkutsk-33 u 4Greenhouse group,
Siberian Institute of Plant Physiology and Biochemistry, Siberian Division, Russian Academy of Sciences,
Lermontova st., 132, 664033, Irkutsk-33, Russian Federation

JlecTunanujoM BOJEHOM IapOM j€ M30JIOBAHO €TAapCKO yJbe M3 MeT y3opaka Jimimha Ouibke
Rhododendron aureum, koja pacre y o6nactu Wpkytcka, [pubajkain, Pycka denepanumja. Yibe je
anammsupano Meronama GC u GC/MS. VnenTudukoBana cy jenumema koja unne 70,5-78,2 %
YKYIHOT cajpxaja yiba. UnentudukoBano je 27 jeumena Ha OCHOBY BbUXOBUX XpoMaTorpackux
PETCHIIMOHNX BpeMEHa M MaceHHX criekrapa. [JlaBHH cacTojud yiba cy kamape (10,3-66,4 %),
p-6ypbonen (0,5-27,4 %), a-cenunen (2,1-8,0 %) u kayp-16-en (2,0-6,3 %). Xemujcku cacras
erapckor yJba Rh. aureum 3aBucu ox HagMOpCKe BECHHE Ha KOjOj OMJbKa pacte.

(Mpumsseno 3. jyna, pesuaupano 21. jyna 2009)
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Template synthesis and characterization of biologically active
transition metal complexes comprising 14-membered
tetraazamacrocyclic ligand
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Abstract: A novel series of complexes of the type [M(CygH24N4)X5], where
M = Co(ll), Ni(I1), Cu(ll), Zn(I1) and Cd(ll), X = CI", NO3", CH3COO and
(CogH24Ny) corresponds to the tetradentate macrocyclic ligand, were synthe-
sized by template condensation of 1,8-diaminonaphthalene and diacetyl in the
presence of divalent metal salts in methanolic medium. The complexes were
characterized by elemental analyses, conductance and magnetic measurements,
as well as by UV/Vis, NMR, IR and MS spectroscopy. The low values of the
molar conductance indicate non-electrolyte type of complexes. Based on these
spectral data, a distorted octahedral geometry may be proposed for al of these
complexes. All the synthesized macrocyclic complexes were tested for in vitro
antibacterial activity against some pathogenic bacteria strains, viz Bacillus ce-
reus, Salmonella typhi, Escherichia coli and Staphylococcus aureus. The MIC
values shown by the complexes against these bacteria strains were compared
with the MIC shown by the standard antibiotics linezolid and cefaclor.

Keywords: antibacterial activity; diaminonaphthalene; macrocyclic complexes;
spectroscopic studies.

INTRODUCTION

The design and study of well-arranged metal-containing macrocycles is an
interesting field of chemistry.l Some synthetic macrocyclic complexes (e.g., Cu-
-complex) have been investigated for accelerating the photodegradation of ha-
zardous pollutants.2

In situ one-pot template condensation reactions lie at the heart of macro-
cyclic chemistry.34 Therefore, template reactions have been widely used for the
synthesis of macrocyclic complexes, in which transition metal ions are generally
used as the template agent.® There is continued interest in the synthesis of macro-

* Corresponding author. E-mail: dpsinghchem@yahoo.co.in
doi: 10.2298/J5C1002217S
217

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

2009 Copyright (CC) SCS Br Mo D




218 SINGH et al.

cyclic complexes because of their potential application in fundamental and ap-
plied sciences.5.7 Synthetic macrocyclic complexes mimic some naturally occur-
ring macrocycles because of their resemblance with many natural macrocycles,
such as metalloproteins and metalloenzymes.8 Macrocyclic nickel complexes
find use in DNA recognition and oxidation.® Macrocyclic copper complexes find
use in DNA binding and cleavagel® and copper containing proteins have been
identified.11 Macrocyclic metal complexes of lanthanides, e.g., Gd3* are used as
MRI contrast agents.12 The macrocyclic metal chelating agent, DOTA, is useful
for detecting tumour lesions.13 The chemistry of macrocyclic complexes is aso
important due to their use as dyes and pigments,14 as well as NMR shift re-
agents.1> Some macrocyclic complexes have received special attention because
of their mixed soft-hard donor character and versatile coordination behaviourl6
and because of their pharmacological properties, i.e., toxicity against bacterial
and fungal growth.1”

Prompted by these facts, in the present paper, the synthesis and characte-
rization of cobalt(l1), nickel(l1), copper(ll), zinc(11), and cadmium(l1) macrocyc-
lic complexes derived from 1,8-diaminonaphthalene and diacetyl (2,3-butane-
dione) are discussed. The complexes were characterized using various physico
-chemical techniques, such as IR, NMR, elemental analyses, magnetic suscepti-
bility and conductivity measurements. All the synthesized macrocyclic com-
plexes were tested for in vitro antibacterial activity against some bacteria strains
using spot-on-lawn on Muller Hinton Agar. Four test pathogenic bacterial strains,
viz. Bacillus cereus (MTCC 1272), Salmonella typhi (MTCC 733), Escherichia
coli (MTCC 739) and Staphylococcus aureus (MTCC 1144) were considered for
the determination of the MIC (minimum inhibitory concentration) values of the
synthesized complexes. The MIC values exhibited by the complexes against these
bacterial strains were compared with the MIC values shown by the standard anti-
biotics linezolid and cefaclor.

EXPERIMENTAL

Materials

All the chemicals and solvent used in this study were of AnalaR grade. 1,8-Diamino-
naphthalene and diacetyl were procured from Acros, the metal salts were purchased from s.d.-
-fine, Merck, Ranbaxy and were used as received.
Isolation of complexes

All the complexes were synthesized by the template method, i.e., by condensation of 1,8-
-diaminonaphthalene and diacetyl in the presence of the respective divalent metal sats. To a
stirred hot methanolic solution (=~ 50 cm3) of 1,8-diaminonaphthalene (10 mmol) was added a
divalent cobalt, nickel, copper, zinc or cadmium sat (5 mmol) dissolved in the minimum
quantity of MeOH (= 20 cm3). The resulting solution was refluxed for 0.5 h, after which di-
acetyl (10 mmol) was added to the refluxing mixture and the refluxing was continued for 8-10
h. The mixture was concentrated to half its volume and kept in a desiccator overnight. On
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overnight cooling, a dark coloured precipitate formed which was filtered, washed with me-
thanol, acetone and diethyl ether, and dried in vacuo. The obtained yield was ~ 60-75 %. The
complexes were soluble in DMF and DMSO. They were found to be thermally stable up to
~ 260-280 °C, after which decomposition occurred.

The template condensation of 1,8-diaminonaphthalene and diacetyl in the presence of di-
valent metal salts, in the molar ratio 2:2:1, is shown in Scheme 1.

NH, NH, (ﬁ c")
OO + 2H,C—C—C—CH,

MeOH MXz-nHzo

X
H3c—c/N\.IL/N SSc—CH;

X

Scheme 1. Synthesis of the macrocyclic
complexes, where M = Co(ll), Ni(ll),

OO Cu(Il), zZn(l1), Cd(I1); X = Cl~, NOs,
CH3COO—;n=2,3,4,6.

Analytical and physical measurements

Microanalyses for C, H, and N were performed using an elemental analyzer (Perkin
Elmer 2400) at the SAIF, Punjab University, Chandigarh. The magnetic susceptibility measu-
rements were performed at SAIF, 11T Roorkee using a Vibrating Sample Magnetometer (Mo-
del PAR 155). The metal contents in the complexes were determined by a literature method.18
The IR spectra were recorded on a FT-IR spectrophotometer (Perkin Elmer) in the range
4000-200 cm-! using Nujol Mull. The TH-NMR spectra (at room temperature, in DM SO-dg)
were recorded on a Bruker AVANCE Il 400 NMR spectrometer (400 MHz) at the SAIF, Pun-
jab University, Chandigarh. The electronic spectra (in DMSO) were recorded on a Cary 14
spectrophotometer at room temperature. The FAB (Fast atom bombardment) mass spectra (at
room temperature) were recorded on a TOF MS ES+ mass spectrometer. The conductivity
was measured using a digital conductivity meter (HPG system, G-3001). The melting points
were determined in capillaries using an electrical melting point apparatus.

In vitro antibacterial activity

All synthesized macrocyclic complexes were tested for in vitro antibacteria activity
against some bacterial strains using spot-on-lawn on Muller Hinton Agar.19
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Four test pathogenic bacterial strains, viz Bacillus cereus (MTCC 1272), Salmonella
typhi (MTCC 733), Escherichia coli (MTCC 739) and Staphylococcus aureus (MTCC 1144)
were considered for the determination of the MIC (minimum inhibitory concentration) of se-
lected complexes.

The test pathogens were subcultured aerobically using Brain Heart Infusion Agar (HiMe-
dia, Mumbai, India) at 37 °C for 24 h. Working cultures were stored at 4 °C in Brain Heart
Infusion (BHI) broth while stock cultures were maintained at —70 °C in BHI broth containing
15 % (v/v) glycerol (Qualigens, Mumbai, India). The organism was grown overnight in 10 ml
BHI broth, centrifuged at 5000 g for 10 min and the pellet was suspended in 10 ml of phos-
phate buffer saline (PBS, pH 7.2). The optica density at 545 nm (OD-545) was adjusted to
obtain 108 Cfu/ml, followed by plating serial dilution onto plate count agar (HiMedia, Mum-
bai, India).

The minimum inhibitory concentration (MIC) is the lowest concentration of an antimic-
robial agent that prevents the development of viable growth after overnight incubation. The
antimicrobial activity of the compounds was evaluated using spot-on-lawn on Muller Hinton
Agar (MHA, HiMedia, Mumbai, India). Soft agar was prepared by adding 0.75 % agar in
Muller Hinton Broth. The soft agar was inoculated with 1 % of 108 Cfu/ml of the test patho-
gen and 10 ml was overlaid on MHA. From a 1000X solution of the compound (1 mg/ml of
DMSO) 1, 2, 4, 8, 16, 32, 64 and 128X solutions were prepared. Dilutions of standard anti-
biotics (linezolid and cefaclor) were aso prepared in the same manner. 5ul of the appropriate
dilution was spotted onto the soft agar and incubated at 37 °C for 24 h. The zones of inhibition
of the compounds were considered after subtraction of the inhibition zone of DMSO. The ne-
gative control (with no compound) was a so observed.

RESULTS AND DISCUSSION
Chemistry

The analytical data show the suggested formula for the macrocyclic com-
plexes as [M(CagH24N4) X 2], where M = Co(ll), Ni(ll), Cu(ll), Zn(I1) and Cd(Il),
and X = Cl= NO3~ CH3COO~ and (CgH24N4) corresponds to the tetradentate
macrocyclic ligand. The tests for anions were positive only after decomposing
the complexes with conc. HNOg, indicating their presence inside the coordi-
nation sphere. The low molar conductance values (10-17 Q-1 cm? mol-2) of the
complexes determined in DM SO indicate their non-electrolyte nature.20 Various
attempts to obtain a single crystal suitable for X-ray crystalography, such as
crystallization using mixtures of solvents and low temperature crystallization,
were unsuccessful in order. However, the analytical, spectroscopic and magnetic
data enabled the possible structure of the synthesized complexes to be predicted.
All complexes gave satisfactory results of elemental analyses, as shownin Tablel.

IR spectra

It was noted that a pair of bands were present in the spectrum of 1,8-diami-
nonaphthalene at 3350 and 3390 cm1 corresponding to v(NH>), which were
absent in the infrared spectra of al the complexes. Furthermore, no strong ab-
sorption band was observed near 1716 cmL, indicating the absence of the C=0
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TABLE I. Analytica data of the synthesised divalent cobalt, nickel, copper, zinc and cad-
mium complexes derived from 1,8-diaminonaphthal ene and diacetyl

Molecular Found (Calcd.), %

Complex weight M C H N Colour
[Co(CaH24N4)Cl] (1) 546 10.68 6144 436 10.09 Black
(20.79) (61.53) (4.39) (10.26)
[Co(CasH24N4)(NO3),] (2) 599 9.79 56.00 393 1396 Black
(9.83) (56.09) (4.00) (14.02)
[Co(CasH24N4)(OAC),] (3) 593 990 6459 496 9.37 Black
(9.93) (64.75) (5.06) (9.44)
[Ni(CxH24N4)ClJ] (4) 545 10.63 6158 4.40 10.08 Grey
(10.76) (61.65) (4.40) (10.27)
[Ni(CyH24N4)(NO3),] (5) 598 9.70 56.09 391 1401 Reddishbrown
(9.81) (56.18) (4.01) (14.04)
[Ni(CgH24N4)(OAC),] (6) 592 9.86 6483 500 9.29 Dark grey
(9.91) (64.86) (5.07) (9.45)
[Cu(CaH24N4)Cl] (7) 550 1143 61.03 429 10.04 Black
(11.55) (61.09) (4.36) (10.18)
[Cu(CxH24N4)(NO3),] (8) 603 10.39 55.61 3.86 13.87 Black
(10.53) (55.72) (3.98) (13.93)
[Cu(CasH24N4)(OAC),] (9) 597 1063 64.22 499 920 Dark grey
(10.64) (64.32) (5.02) (9.38)
[ZNn(CygH24N,)(OAC),] (10) 599 10.85 64.03 497 9.19 Black
(10.91) (64.10) (5.01) (9.34)
[Cd(CxsH24N4)(OAC),] (11) 646 1731 59.34 450 859 Black

(17.40) (59.44) (4.64) (8.67)

group of the diacetyl moiety. The disappearance of these bands and appearance
of anew strong absorption band near 1590-1629 cnr1 confirms the condensation
of the carbonyl group of diacetyl and the amino group of diaminonaphthalene,
and the formation of the macrocyclic Schiff’s base,21 as these bands may be as-
signed to v(C=N) stretching vibrations.2223 The lower value of (C=N) may be
explained based on a drift of the lone pair density of the azomethine nitrogen
towards the metal atom,2425 indicating that coordination occurred through the
nitrogen of the C=N groups. The medium intensity bands present in the region
2830-2950 cm1 may be assigned to v(C—H) stretching vibrations of the methyl
group of the diacetyl moiety.26 The various absorption bands in the region of
1400-1588 cm1 may be assigned to v(C=C) aromatic stretching vibrations of
the naphthalene ring.27.28 The bands in the region 740-785 cm! may be as-
signed to v(C—H) out of plane bending of the aromatic ring.29:30 The presence of
the absorption bands at 1408-1440, 1290-1320 and 1010-1030 cm 1 in the IR
spectra of all the nitrato complexes suggest that both the nitrate groups are co-
ordinated to the central metal ion in a unidentate fashion.31 The IR spectra of all
the acetate complexes show an absorption band in the region 1650-1680 cm1
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that is assigned to the v(COO") 5 asymmetric stretching vibrations of the acetate
ion and another in the region 1258-1290 cm1 that can be assigned to the
v(COO)s symmetric stretching vibration of the acetate ion. The difference be-
tween vas and 15, which was around 390-370 cm?, i.e., greater than 144 cmrl, in-
dicates the unidentate coordination of the acetate group with the central metal ion.32

The far infrared spectra show bands in the region 420-450 cm—1 correspond-
ing to v(M—N) vibrations.33-35 The presence of bands in all complexesin the re-
gion 420-450 cml, originating from (M—-N) azomethine vibrational modes,
identify coordination of the azomethine nitrogen.36 The bands present in the ran-
ge 300-320 cm1 may be assigned to v(M—CI) vibration.33-35 The bands present
in the region 220250 cm! in all nitrato complexes are related to v(M-0)
stretching vibration.33.34

1H-NMR spectra

The TH-NMR spectrum of the zinc(I1) complex shows multiplets at 6.65—
—7.32 ppm, corresponding to the aromatic ring protons (12H) of the naphthalene
moiety3’. The singlet at 2.12 ppm may be assigned to the methyl protons (12H)
of diacetyl.38

Mass spectra

The FAB mass spectra of the Co(ll), Ni(Il), Cu(ll), Zn(l1) and Cd(Il) macro-
cyclic complexes were recorded using an NBA (nitrobenzyl alcohol) matrix. The
peaks at 136, 137, 154, 284 and 307 are due to the matrix. All the spectra exhi-
bited parent peaks due to molecular ions [M]* and [M+2]*. The proposed mo-
lecular formula of these complexes were confirmed by comparing their molecular
formula weights with the m/z values. The molecular ion [M]* and [M+2]* peaks
obtained for the various complexes are given in Table Il. The data are in good
agreement with the proposed molecular formula for these complexes, i.e.,
[M(C2gH24N4)X>2]. This confirms the formation of the macrocyclic frame. In
addition to the molecular ion peaks, the spectra exhibited other peaks assignable
to various fragments arising from the thermal cleavage of the complexes (Table
I1). The peak intensities give an idea of the stability of the fragments.

Magnetic measurements and electronic spectra

Cobalt complexes. The magnetic moment of the cobalt complexes was mea-
sured at room temperature and lay in the range of 4.90-4.99 g, which corres-
ponds to three unpaired electrons. The electronic spectra of the cobalt(ll) com-
plexes recorded in DM SO exhibits three absorption peaks in the region 1227.0—
—1077.6 nm (v1), 740.7-643.1 nm (v2) and 540.5-487.8 nm (v3). The spectra
resemble those of complexes reported to be octahedral .39 Thus, assuming the ef-
fective symmetry to be Dyp, the various bands may be assigned to the transitions:
4T 19— 4T2g(F) (vD); 4T1g = YA2g(F) (v2) and 4T1g — 4T 14(P) (vs), respectively.

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

2009 Copyright (CC) SCS

olcle

EY HMC HD



TRANSITION METAL COMPLEXES COMPRISING 14-MEMBERED TETRAAZAMACROCYCLIC LIGANDS

TABLE II. FAB mass spectral data of the synthesised divalent cobalt, nickel, copper, zinc and

cadmium complexes derived from 1,8-diaminonaphthalene and diacetyl

223

Complex

Molecular ion peak

[M]" and [M+2]" at m/z

Important peaks due to
complex fragmentation

[Co(CysH24N4)Cl] (1)

[Co(CzsH24N4)(NO3)7] (2)

[Co(CsH24N4)(OAC),] (3)

[Ni(CzsH24N,)Cl] (4)

[Ni(CysH24N4)(NO3)] (5)

[Ni(CzsH24N4)(OAC),] (6)

[Cu(CysH24N4)CI] (7)

[Cu(CzsH24N4)(NO3)] (8)

[Cu(CxH24N4)(OAC),] (9)

[Zn(CzsH24N4)(OAC),] (10)

[Cd(CsH24N4)(OAC),] (11)

[M]* = 545.6(*Cl),

[M+2]" = 547.6(*Cl)

[M]* =598.6

[M]* = 592.9

[M]* = 544.4 (*Cl),

[M+2]" = 546.4(*Cl)

[M]*=597.5

[M]* = 590.9

[M]* = 548.6 (*ClI),

[M+2]*=550.6 (*'Cl)

[M]* = 602.6

[M]" =595.5

[M]" =598.7

[M]*=6455

[CO(C23H24N4)CI]+ = 5101,
[CO(C28H24N4)—H]+ = 4736,
[C28H24N4]+ :+414.6,
[(CasH12N4)—H]" = 353.6
I:C(:)(ngH24N4)(NO?,)]+ = 5366,
[CO(C28H24N4)—H]+ = 4736,
[C28H24N4]+ :+414.6,
[(CasH12N4)-H] = 353.6
[Co(CasH2aN,)(OAC)]* = 533.9,
[C:C)(ngH24N4)—H]+ = 4739,
[C28H24N4]+ = 4149,
[(C24H12N4)—H] "= 353.9
[N| (C23H24N4)C|]+ = 5089,
[N| (C28H24N4)]+ = 4734,
[(CagHaaN)]* = 414.7,
[C24H12N4—H]+ =353.7
[Ni(C28H24N4)(NO3)]+ = 5355,
[Ni (C28H24N4)]+ =473.5,
[C28H24N4]+ :+414.8,
[(CasH12Ng)-H] = 353.8
[Ni(CasHaaNo) (OAC)]* = 531.9,
[N| (C23H24N4)]+ = 4729,
[C28H24N4]+ = 4142,
[(C24H12N4)—H] "= 353.2
[CU(C23H24N4)CI]+ = 5131,
[CU(C28H24N1)]+ = 4776,
[CoakaNdl = 414.1,
[(CasH12Ng)-H] = 353.1
[CU(C28H24N4)(NO?,)]+ =540.6,
[Cu(CagH24N,)] "= 477.6,
[C28H24N4]+ :+414.0,
[(CasH12Ng)-H]" = 353.0
[Cu(CasH2aN,)(OAC)]* = 536.5,
[C:U(ngH24N4)]+ =477.5,
[C28H24N4]+ = 4139,
[(CasH1oNg)—H] "= 352.9
[Zn(C23H24N4)(OAC)]+ = 5397,
[Zn(C28H24N4)—H]+ = 4797,
[C28H24N4]+ :+414.3,
[(CasH12Ng)—H]" = 353.3
[Cd(C23H24N4)(OAC)]+ = 5865,
[Cd(C28H24N4)]+ = 5275,
[(C28H24N4)_H]1: 4141,
[(C23H24N4)—H] =353.1
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It appears that the symmetry of these complexesis not idealized octahedral (Oy,),
but is Dgn. The assignment of the first spin-allowed band seems plausible since
the first band appears approximately at half the energy of the visible band.40

Nickel complexes. The magnetic moment of the nickel complexes at room
temperature was observed in the range 2.94-3.10 ug. These values are in tune
with a high spin configuration and show the presence of an octahedral environ-
ment around the Ni(Il) ion in all the complexes. The spectra of Ni(ll) complexes
recorded in DM SO solution exhibited awell discernable band with a shoulder on
the low energy side. The other two bands generally observed in the region 606.1—
—581.4 nm (vp), and 359.7-353.4 nm (v3) were assigned to 3Ag — 3T14(F) (v2)
and 3Apg — 3T1g(P) (v3), respectively. The first two bands result from the split-
ting of one band, v1, and are in the ranges = 1036.3-980.4 and 843.9-809.7 nm,
which can be assigned to 3B1g — 3Eg and 3B1g — 3B2g, respectively, assuming
the effective symmetry to be D4 (component of 3T,g in O symmetry).3% Thein-
tense, higher energy bands at 289.5 nm may be due to a n—n* transition of the
(C=N) group. Various bands do not follow any regular pattern and seem to be
anion independent. The spectra are consistent with the distorted octahedral nature
of these complexes.

Copper complexes. The magnetic moment of copper complexesisin the ran-
ge 1.76-1.80 ug. The electronic spectra of the Cu(ll) complexes exhibited bands
in the region 563.4-512.8 nm, with a shoulder on the low energy side at ~ 689.7—
—625.0 nm, which showed that these complexes are distorted octahedral .38:3°
Assuming tetragonal distortion in the molecule, the d-orbital energy level se-
quence for these complexes may be: x2—y2 > 72 > xy > xz > yz and the shoulder
can be assigned to: 72 — x2—y2 (?B1g — 2Byg) and the broad band contains both
the xy — x2=y2 (°B1g — %Eg) and xy, yz — x2=y2 (°B1g — 2Apg) transitions41
The band separation of the spectra of the complexes is of the order 4000 nm,
which is consistent with proposed geometry of the complexes.#1 Therefore, it
may be concluded that all the complexes formed by macrocycles with Cu(ll) me-
tal are distorted octahedral.

Biological results and discussion

The MIC (minimum inhibitory concentration) shown by the complexes against
the studied bacterial strains was compared with the MIC exhibited by the stan-
dard antibiotics linezolid and cefaclor in Table I11. Complex 6, [Ni(CogH24N4)(OAC)2],
showed a minimum inhibitory concentration ranging from 8-64 pg/ml. The com-
plex also showed a minimum inhibitory concentration of 16 pg/ml against the
bacteria strain Escherichia coli, which is equa to the MIC shown by the stan-
dard antibiotic linezolid against the same bacteria strain. The MIC of complex
10, [ZNn(CogH24N4)(OAC)], against E. coli was found to be 16 pg/ml, which is
equal to the minimum inhibitory concentration shown by the standard antibiotic
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linezolid against the same bacterial strain. For complexes 1, 3, 4, 7 and 9 from
Table I, a minimum inhibitory concentration of 32 pug/ml was registered against
the bacterial strain Salmonella typhi, which is equal to MIC shown by the
standard antibiotic linezolid against the same bacteria strain (Table I1). In the
whole series, based on the MIC, complex 6, [Ni(CogH24N4)(OAC)2], was found to
be the most effective complex asit showed a MIC of 8 pg/ml against the bacterial
strain Staphylococcus aureus. Complexes 4, [Ni(CogH24Ng)Cl2], and 7,
[Cu(CogH24N4)Cl5], showed an MIC of 32 pg/ml against the bacterial strain
Bacillus cereus (Table 111). Complexes 3, 5 and 8 exhibited an MIC of 32 pug/ml
against the bacterial strain S. aureus. Complexes 1, 2, 3 and 4 showed an MIC of
32 pg/ml against the bacterial strain E. coli (Table I11).

TABLE I1I. Minimum inhibitory concentration (MIC) shown by complexes against the test
bacteria using the agar dilution assay

MIC / pg ml™

Complex Bacillus  Staphylococcus Escherichia Salmonella

cereus aureus coli typhi
[Co(CaeH24N4)Cl] (1) 64 64 32 32
[Co(CasH24N4)(NO3),] (2) 64 >128 32 >128
[Co(CygH24N4)(OAC),] (3) 16 32 32 32
[Ni(CgH24N,)Cl,] (4) 32 64 32 32
[Ni(CgH24N4)(NO3),] (5) 64 32 >128 >128
[Ni(CH24N4)(OAC),] (6) 16 8 16 64
[Cu(CaeH2sN4)CL] (7) 32 128 128 32
[Cu(CxsH24N4)(NO3),] (8) >128 32 64 64
[Cu(CygH24N4)(OAC),] (9) 128 64 64 32
[Zn(CysH24N4)(OAC),] (10) 128 16 16 64
Cefaclor* 8 2 8 16
Linezolid* 4 4 16 32

lStandard antibiotics

Bearing in mind the rising problems of antimicrobial resistance, these chemi-
cal compounds may be used for the formulation of novel chemotherapeutic agents.
Further investigation will be necessary to identify the active component.

CONCLUSIONS

Based on various studies, such as elemental analyses, conductance measure-
ments and magnetic susceptibilities, as well as IR, NMR, electronic and mass
spectral studies, a distorted octahedral geometry may be proposed for all these
complexes. The proposed structure is shown in Fig. 1.

It has been suggested that chelation/coordination reduces the polarity of the
metal ion, mainly because of the partial sharing of its positive charge with a do-
nor group within the whole chelate ring system.#2 This process of chelation thus
increases the lipophilic nature of the central metal atom, which in turn, favours
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its permeation through the lipoid layer of the membrane, thus causing the metal
complex to cross the bacterial membrane more effectively thereby increasing the
activity of the complexes. In addition to this, many other factors, such as solu-
bility, dipole moment and conductivity as well as the influence of the metal ion,
may be possible reasons for the remarkable antibacterial activities of these com-

plexes. 43

X
N N
Hsc——clt/ \/ \'?—CHs
M
H3C_C\\1 /X\N/C——CH3

Fig. 1. Proposed structure of the complexes (M =
Co(ll), Ni(ll1), Cu(ll), Zn(1l), Cd(ll) and X = CI", NOs,
CH3COO).

ABBREVIATIONS

MIC — Minimum inhibitory concentration
MTCC — Microbial type culture collection
MHA — Muller hinton agar

CFU — Colony forming unit

1B — Bohr magneton

DMF — N,N-Dimethylformamide

DM SO — Dimethyl sulphoxide

BHI — Brain heart infusion

DOTA - 1,4,7,10-Tetraazacycl ododecane-1,4,7,10-tetraacetic acid
NMR — Nuclear magnetic resonance

MRI — Magnetic resonance imaging

IR —Infrared
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U3BOA

TEMITUJIATHA CUHTE3A 11 KAPAKTEPU3ALIMJA BUOJIOIIKN AKTUBHUX
KOMIUIEKCA ITPEJIABHUX METAJIA KOJ1 CAJAPXE UETPHAECTOUYJIAHE
TETPAA3AMAKPOIIMKIIMYHE JINT'AHJIE

DHARMPAL SINGH?, KRISHAN KUMAR?Y, RAMESH KUMAR? 1 J TENDER SINGH?

!Department of Chemistry, National Institute of Technology, Kurukshetra- 136 119 u
2D. M. Division, National Dairy Research Institute, Karnal-132 001, India

TemmnatHOM KoHzeH3anujoM 1,8-1namuHoHadTaNeHa U THaleTUIa y IPUCYCTBY IBOBAJICHT-
HHX METAJIHUX COJIM Y METaHOJIy CHHTETHCaHa je HoBa cepuja komiuiekca tuma [M(CogHagN4)Xo],
rae je M = Co(ll), Ni(Il), Cu(ll), Zn(ll) u Cd(ll); X = CI", NOz ", CH3COO', a (CysH24N4) oaro-
Bapa TEeTPaJCHTaTHOM MaKpPOLMKINYHOM JHraHy. KOMIUIEKCH cy OKapakTepucaHu eJIeMEHTaTHOM
aHAIN30M, MEpeHeM POBOIBUBOCTH 1 MarHeTHUM MeperuMa, UV/Vis, NMR, IR u MS crniekrpo-
ckonujoM. Maya BpeJHOCT MOJIapHE NMPOBOJJBMBOCTH yKa3yje Ha KOMILIEKC THIIA HEEJIEKTPOJINTA.
Ha ocHOBY CHeKTpaJHHX IOJaTaka Mpe/JIoKeHa je JUCTOProBaHa OKTaelapcka reoMeTpHja 3a CBe
komiuiekce. CBH MakpOUHMKINYHA KOMIUIEKCH CY TECTHpaHH Ha iN Vitr0 aHTHOAKTEPHjCKY aKTHB-
HOCT IpeMa COjeBHMa HEKHX IaToreHux Oakrepuja, Tj. Bacillus cereus, Salmonella typhi, Esche-
richia coli u Staphylococcus aureus. MIC komuiekca npema OBUM GaKTEpHjCKUM COjeBHMa yrope-
hene cy ca MIC cranmapaHuX aHTHOMOTHKA JIMHE30JIU U Ie(aKIIop.

(MTpumssbeno 7. mapra, peBuaupato 7. maja 2009)
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Abstract: Eight new complexes of Cu(ll), Co(ll), Ni(ll) and Zn(Il) with isoni-
cotinic acid hydrazide (isoniazid, (INH)) and isonicotinic acid (1-naphthyl-
methylene)hydrazide (INNMH), having the formula of the type [M(INH)(ac),]
or [M(INNMH)(ac),] (M = Co(ll), Ni(Ill) and Zn(Il)) and [Cu(INH)(ac),],,
[Cu(INNMH)(ac),],, were synthesized and characterized. All complexes were
characterized based on elemental analyses, and IR, UV-VIS-NIR and EPR
spectroscopy, as well as by thermal analysis and determination of their molar
conductivity and magnetic moments. The structure of INNMH was established
by single crystal X-ray analysis. In all complexes, both ligands were coordi-
nated to the metal via N and O. The complexes of Cu (II) were dimeric, with
four bridges between acetate ions and Cu(ll).

Keywords: isoniazid; isonicotinic acid (1-naphthylmethylene)hydrazide; tem-
plate synthesis; X-ray study; transition metal complexes.

INTRODUCTION

Isonicotinic acid hydrazide (isoniazid, INH) is a known tuberculostatic agent.
It forms metal chelates with many bivalent ions. These complexes have been used
in the determination of the structure of isoniazid.12

Numerous research papers have described the bactericide and fungicide pro-
perties of various mixed ligand complexes of metal ions with isoniazid and hyd-
razone derivatives.3.4

* Corresponding author. E-mail: lucica_32@yahoo.com
doi: 10.2298/JSC1002229K
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Hydrazones play an important role in inorganic chemistry, as they easily
form stable complexes with most transition metal ions. The development of the
field of bioinorganic chemistry has increased the interest in hydrazone com-
plexes, since it was recognized that many of these complexes may serve as mo-
dels for biologically important species.>=9 In context to previous research,10.11 g
number of complexes of transition metals with isonicotinoylhydrazone ligands
were obtained and characterized.

In the present paper, the synthesis and characterization of eight new com-
plexes of Cu(ll), Co(ll), Ni(ll) and Zn(ll) acetate with isoniazid (INH) and
isonicotinic acid (1-naphthylmethylene)hydrazide (INNMH) are reported. The
structural formula of isoniazid is shown in Fig. 1a and a molecular drawing and
the atom labeling scheme of isonicotinic acid (1-naphthylmethylene)hydrazide
are shown in Fig. 1b.

(a) (b)

Fig. 1. a) The structural formula for isoniazid, INH, and b) the crystal structure
of isonicotinic acid (1-naphthylmethylene)hydrazide, INNMH.

EXPERIMENTAL

Isonicotinic acid (1-naphthylmethylene)hydrazide, INNMH, was obtained by refluxing a
mixture of isoniazid and 1-naphthaldehyde (1:1 molar ratio) on a water bath for 5 h. Methanol
(30 ml) was used as the solvent. After cooling, a brilliant yellowish white precipitate formed,
which was filtered, washed with methanol and dried under vacuum over CaCl,. Single crystals
were separated from the solid and subjected to a single crystal X-ray study whereby their
crystal structure was determined.
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Synthesis of the complexes

To a methanolic solution (30 ml) of the required metal acetate with crystal water (0.001
mol) was added a methanolic solution of isoniazid (INH) in a 1:1 molar ratio. The resulting
precipitates 1-4 were filtered, washed with methanol and dried under vacuum over CacCl,.

For the complexes with the hydrazone, isoniazid (0.0020 mol in 30 ml of methanol) was
added to a methanolic solution of 1-naphthaldehyde (0.0020 mol in 30 ml methanol). The
mixture was stirred at 50 °C for 30 min, cooled to room temperature and to this was added
under stirring, a methanolic solution of Cu(ll), Co(ll), Ni(Il) or Zn(ll) acetate (0.0010 mol in
15 ml methanol). Immediately, the metallic complexes precipitated. The solid products 5-8
were filtered, washed with methanol and dried under vacuum over anhydrous CaCl,.

Instrumentation

The elemental analyses (C, H, N) were realized with an elemental combustion system
CHNS-O, using a Costech device, type ECS 4010, and the metal contents were determined by
gravimetric methods.12

The IR spectra (4000-400 cm1) were recorded in KBr pellets using a Bio-Rad FTS-135
spectrometer. The UV-VIS-NIR electronic spectra (200-2200 nm) were recorded by diffuse
reflection using a Jasco V 670 UV-VIS-NIR spectrophotometer.

The magnetic susceptibility of the complexes was determined at room temperature, using
the Faraday method. The electronic paramagnetic resonance (EPR) spectra of the Cu com-
plexes were recorded at room temperature on a Jeol JESS FA 100 spectrometer, with a 100 Hz
field modulation.

The thermal analyses were performed with a Perkin Elmer Diamond instrument at a
heating of 5 °C/min under a dynamic air atmosphere (150 ml/min). All complexes were
investigated in the temperature range 20-800 °C, with the exception of the cobalt complexes,
which were investigated up to 960 °C.

Single-crystal X-ray diffraction was used for crystal structure determination of isoni-
cotinic acid (1-naphthylmethylene)hydrazide. The XRD data were collected at room tempe-
rature on a Stoe IPDS I diffractometer operating with an Mo Ko (4 = 0.71073 A) X-ray tube
with a graphite monochromator. Data collection and cell refinement were realized using Stoe
X-AREA.13 The structures were solved by direct methods and refined with anisotropic dis-
placement parameters based on F2, using SHELXS-9714 and SHELXL-97%5 crystallographic
software packages.

RESULTS AND DISCUSSION

By the reaction of Co(ll), Ni(ll) and Zn(ll) acetate with INH, complexes of
the type [M(INH)(ac)2]-xH20 (x =3, M =Co and x =2, M = Ni and Zn; INH =
= isoniazid) were obtained and by the reaction of Cu(ll) acetate with INH in 1:1
molar ratio, the dimer [Cu(INH)(ac)»]»-3H20 was obtained. The complexes were
insoluble or slightly soluble in usual organic solvents (methanol, ethanol, DMF,
acetone, diethyl ether and chloroform).

The structure of INNMH (isonicotinic acid (1-naphthylmethylene)hydrazide)
was determined in a single crystal X-ray diffraction study. Details of crystal
structure determination are summarized in Table I, and the bond lengths and an-
gles in Table II.
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The complexes with INNMH were obtained by template synthesis. The com-
pounds were soluble in DMF and insoluble in other common (methanol, ethanol,
acetone, diethyl ether and chloroform.) organic solvents. Molar conductivity
measurements in DMF showed that they were non-electrolytes.

TABLE I. Crystallographic data, details of data collection and structure refinement parameters

for INNMA

Chemical formula Ci7Hi3 N3 Oy
M /g mol™ 275.30
T/K 293(2)
AlA 0.71073
Crystal system Monoclinic
Space group P21/n
alA 9.1732(9)
b/A 11.342(1)
c/A 13.161(1)
al® 90.00
pl° 99.400(7)
yl° 90.00
VA 1350.9(2)
Z 4
plgem? 1.354
F (000) 576
Rint 0.0421
Reflections collected 5171
Unique reflections 3440
Goodness-of-fit on F2 1.073

TABLE II. Bond distances and angles for INNMH

C1-01 1.2158(2)
C1-N2 1.3567(2)
C1-C2 1.5071(2)
C2-C6 1.383(2)
C2-C3 1.386(2)
C3-C4 1.384(2)
C4 -N11.333(2)
C5-N1 1.338(2)
C5-C6 1.388(2)
C7-N3 1.2680(2)
C7-C8 1.4693(2)
C8-C9 1.375(2)
C8-C13 1.434(2)
C9-C10 1.402(2)
C10-C11 1.354(3)
C11-C12 1.408(3)
C12-C17 1.422(2)
C12-C13 1.429(2)

C13-C14 1.418(2)
C14-C15 1.368(3)
C15-C16 1.400(3)
C16-C17 1.352(3)
N2-N3 1.3781(16)
01-C1-N2 124.00(13)
01-C1-C2 120.83(1)
N2-C1-C2 115.16(1)
C6-C2-C3 118.18(1)
C6-C2-C1 123.25(1)
C3-C2-C1 118.36(1)
C4-C3-C2 118.74(1)
N1-C4-C3 123.97(1)
N1-C5-C6 123.57(1)
C2-C6-C5 118.86(1)
N3-C7-C8 121.11(1)
C9-C8-C13 119.25(1)
C9-C8-C7 119.92(1)

C13-C8-C7 120.70(1)
C8-C9-C10 121.83(2)
C11-C10-C9 119.95(2)
C10-C11-C12 121.04(2)
C11-C12-C17 121.43(2)
C11-C12-C13 119.72(2)
C17-C12-C13 118.83(2)
C14-C13-C12 118.01(1)
C14-C13-C8 123.86(1)
C12-C13-C8 118.12(1)
C15-C14-C13 120.81(2)
C14-C15-C16 120.97(2)
C17-C16-C15 120.03(2)
C16-C17-C12 121.28(2)
C4-N1-C5 116.69(1)
C1-N2-N3 118.50(1)
C7-N3-N2 115.72(1)

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

2009 Copyright (CC) SCS




COMPLEXES WITH ISONICOTINIC ACID HYDRAZIDES 233

Results of the elemental analyses of the obtained complexes are listed below
(ac = CoH3027).

[Cu(INH)(ac)2]2-3H20 (1). Anal. Calcd. for CupCogH3oNgO13: C, 34.711;
H, 4.665; N, 12.157; Cu, 18.382. Found: C, 34.989; H, 4.873; N, 12.449; Cu,
18.618.

[Co(INH)(ac)2]-3H20 (2). Anal. Calcd. for CoC19H19N30g: C, 34.246; H,
4.894; N, 12.005; Co, 16.832. Found: C, 34.011; H, 4.678; N, 12.120; Co, 16.630.

[Ni(INH)(ac)2]-2H>0O (3). Anal. Calcd. for NiC1gH17N3O7: C, 31.427; H,
4.487; N, 10.999; Ni, 15.370. Found: C, 31.771; H, 4.621; N, 11.100; Ni, 15.600.

[Zn(INH)(ac)2]-2H20 (4). Anal. Calcd. for ZnC1gH17N307: C, 30.559; H,
5.390; N, 10.703; Zn, 16.652. Found: C, 30.711; H, 5.604; N, 10.912; Zn, 16.705.

[Cu(INNMH)(ac)2]2:4H20 (5). Anal. Calcd. for CupCgoH44NgO16: C, 51.192;
H, 4.607; N, 8.538; Cu, 12.909. Found: Cu, C, 51.316; H, 4.982; N, 8.611; 12.800.

[Co(INNMH)(ac)»]-4H20 (6). Anal. Calcd. for CoCo1H6N30g: C, 46.650;
H, 5.038; N, 7.780; Co, 10.909. Found: C, 46.510; H, 5.103; N, 7.610; Co,
10.872.

[Ni(INNMH)(ac)»]-2H,0 (7). Anal. Calcd. for NiC21H29N307: C, 51.649;
H, 4.751; N, 8.614; Ni, 12.029. Found: C, 51.712; H, 4.842; N, 8.702; Ni,
12.200.

[Zn(INNMH)(ac)2]-2H20 (8). Anal. Calcd. for ZnCy1H25N307: C, 50.949;
H, 4.687; N, 8.497; Zn, 13.220. Found: C, 50.732; H, 4.502; N, 8.378; Zn, 13.310.

Some physical properties (color, melting point, molar conductivity) of the
complexes are given in Table IlI.

TABLE I1l. Selected physical and chemical properties of the complexes 1-8 (INH = isoniazid;
INNMH = isonicotinic (1-naphthylmethylene)hydrazide; ac = CH;COO")

Complex Color  Melting point, °C Ay" / cm® mol™  Werr / P
[Cu(INH)(ac),],-3H,0 (1) Green 277 - 2.180
[Co(INH)(ac),]-3H,0 (2) Brown 280° - 4.32
[Ni(INH)(ac),]-2H,0 (3) Green 299° - 3.386
[Zn(INH)(ac),]-2H,0 (4) Yellowish 263 - Diamagnitic
[Cu(INNMH)(ac),],-4H,0 (5) Green 193 9.04 2.39
[Co(INNMH)(ac),]-4H,0 (6) Brown 233 8.88 5.02
[Ni(INNMH)(ac),]-2H,0 (7) Grey 317 8.85 2.801
[Zn(INNMH)(ac),]-2H,0 (8)  Yellowish 206 8.44 Diamagnetic

310" M Solution in DMF; Pcarbonization

IR spectra

The main bands in the IR spectra of INH and its metal complexes 1-4 are
presented in Table IV and the bands in the IR spectra of INHNA and its metal
complexes 5-8 are given in Table V.
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In the IR spectrum of isoniazid, very intense bands appeared at 3302, 3112,
1667 and 1555 cm=1, which were assigned to the vibration frequencies v(NHgs)
and v(NHsym) and to amide-I and amide-I1-groups. The average intensity band at
887 cm~1 was assigned to the N-N vibration frequency.16

TABLE IV. Selected infrared frequencies (cm-1) of isoniazid (INH) and its complexes 1-4 (ac
= CH3CO0")

v(C=0) v __v(Co0)

Complex vOH) VINH) - aide 1 Amide nt YN Ry

INH _ 3302 1667 1555 887 - - -
3112

[Cu(INH)(ac),],-3H,0 (1) 3429 - 1627 1499 837 1561 1418 143
[Co(INH)(ac),]-3H,0 (2) 3363 3245 1650 1549 832 1506 1416 180
[Ni(INH)(ac),]- 2H,0 (3) 3380 3257 1660 1550 857 1580 1416 164
[Zn(INH)(ac),]-2H,0 (4) 3421 3211 1634 1547 855 1580 1408 172

TABLE V. Selected infrared frequencies (cm™) of isonicotinic acid (1-naphthylmethylene)-
hydrazide (INNMH) and complexes 5-8 (ac = CH;COO")

v(C=0)  v(C=N) v(COO)

Complex VOH) VIN-H)  Amide1  Azomethine Vis  Vem AV

INNMH - 3175 1675 1552 - - -
3011

[CU(INNMH)(ac),],-4H,0 (5) 3416 - 1623 1521 1557 1419 138

[CO(INNMH)(ac),]-4H,0 (6) 3416 3196 1654 1516 1598 1419 179
3047

[NI(INNMH)(ac),]- 2H,0 (7) 3416 3201 1649 1516 1577 1419 158
3057

[Zn(IHNMH)(ac),]-2H,0 (8) 3416 3180 1654 1506 1593 1398 195
3052

In the complexes 1-4, the band corresponding to the amide-I group is shifted
towards lower values by Av between 7 and 40 cm~1, which indicates the involve-
ment of the carbonyl group in the coordination.1’” The v(N-H) vibration frequen-
cies are strongly displaced in all complexes. The movement of the band 3302
cm~1 to lower wave numbers suggests the involvement of the amino nitrogen in
the coordination to the metal ions. This conclusion is supported by the movement
of the N-N) frequency vibration towards lower values in the complexes.

The spectrum of complexes show bands which could be assigned to both
bridging and chelating binding coordination mode of the acetate anion.18 A cor-
relation between the infrared antisymmetric and symmetric absorption frequen-
cies of the carboxylate group and the type of carboxylate group has been deve-
loped. The acetate ion in aqueous solution is characterized by bands at 1578 and
1411 cm=1, which are commonly assigned to the antisymmetric (vas) and the
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symmetric (vsym) stretching vibrations of the carboxylate group. These frequen-
cies and, in particular, their difference, Av = vas — veym, have been used as empi-
rical indicators of coordination modes of the acetate group. According to Deacon
and Phillips,18 a difference larger than 200 cm~1 indicates a monodentate coordi-
nation, whereas a difference smaller than 150 cm~1 indicates a bridging coordina-
tion mode. Moreover, it is accepted that a values of Av smaller than 200 cm-1
can indicate a bidentate coordination mode. In complexes 1-4, the frequencies of
the vibration v,5(COO) appears in the range 1561-1596 cm~1, while those cha-
racteristic of the veym(COO), ranged from 1408 to 1418 cm~1. For complex 1, a
value of Ay <150 cm~1, which is indicative of a bridge in the coordination of the
acetate group.18 However, for the complexes 2-4, Avis >150 cm~1, which leads
to the conclusion that the acetate group is a chelating binding ligand in these
complexes.

Bands in the region 3363-3429 cm~1 in the IR spectra of the complexes sug-
gests the presence of crystallization water.1® In the region 400-500 cm—1, there
are bands that can be attributed to modes of vibration v(M-N) and v(M-0). All
this data supports the idea that in the metal complexes, the isoniazid was coordi-
nated through the amino nitrogen and the carbonyl oxygen.

In the IR spectrum of INNMH, intense bands appear at 1675 and 1552 cm1,
which were assigned to the vibrations v(C=0 amide 1) and v(C=N azomethine).

For the complexes 5-8, the band corresponding to amide | was shifted by
21-53 cm~1 toward lower frequencies, which indicates the involvement of car-
bony! group in coordination.17 In addition, a shift towards lower values by 31-46
cm~1 was observed for the bands characteristic of the azomethine group of metal
complexes with INHNA. This suggests involvement of the azomethine nitrogen
in the coordination with the metal ions.1? The v,5(COQ) vibration band appeared
in the domain 1557-1598 cm~1 in the spectra of the complexes 5-8, while those
characteristic of the veym(COO) appeared in the 1398-1419 cm-1 range. For
complex 5, Av was <150 cm~1, suggesting that the acetate group is coordinated
in a bridge. In complexes 6-8, Av was >150 cm~1 which leads to the conclusion
that the acetate group in these complexes was in a chelating binding mode.18

The IR spectral data showed that isonicotinic acid (1-naphthylmethylene)-
hydrazide was coordinated to the metal ions through the azomethine nitrogen and
the carbonyl oxygen.

Magnetic properties

The magnetic moments calculated for complexes 1 and 5 (at room tempe-
rature) of 2.18 and 2.39 up, respectively, reasonably correspond to octahedral
geometry of the Cu(Il) complexes.20

For the Co (Il) complexes 2 and 6, the magnetic moments were 4.32 and
5.02 up, respectively, indicating a high-spin character, excluding the oxidation to
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Co(IN). These values are within the range (4.3-5.7 ug) corresponding to an octa-
hedral geometry for the Co(l1) ion.20

For the Ni(Il) complexes 3 and 7, the values for the magnetic moments were
3.38 and 2.80 up, respectively. These values are within the range (2.8-3.5 up)
found for paramagnetic complexes of Ni(Il) with octahedral geometry.20

The Zn(I1) complexes 4 and 8 were diamagnetic, as expected for complexes
of metal ions with a d10 configuration.

Electronic spectra

The data of the electronic spectra of the ligands and those of complexes 1-8
are given in Table VI. The spectrum of isoniazid presented two bands in the UV
interval at 42372 and 37037 cm1, assigned to 1 — n* and n — «* transitions,
respectively, and that of INNMH also exhibited two bands at 39682 and 30864
cm1, assigned to the same transitions, © — n* and n — = *, respectively.

TABLE VI. Electronic spectral data and geometries for the ligands and their complexes

Complex v/icm® Assignments Geometry 10Dg/cm™ B S

INH 42372 n—* - - - -
37037 n—n*

[Cu(INH)(ac),]»-3H,0 (1) 34482 n—7n*  Octahedral - - -

29411  non*
13404  xy — x*—y?
11467 7% — x—y?
[Co(INH)(ac),]-3H,0 (2) 40983  m—m*  Octahedral 2188 592 0.609
36764  n—n*
24390 “Tyy — “Ty(P)
11037 “Ty4(F) — “Ayy
8849 Ty, — Ty
[Ni(INH)(ac),]-2H,0 (3) 40000 mw—>m*  Octahedral 9225  893.20.867
33745  non*
25641 *Agy — *Ti4(P)
15432 Ay — Ty
9225 Ay, — Ty

[Zn(INH)(ac),]-2H,0 (4) 39062 n—n*  Octahedral - - -
34246 n— *
INHNA 39682 T — m* - - - -

30864 n—a*
[Cu(INNMH)(ac),],-4H,0 (5) 39062 n—7n*  Octahedral - - -
28409 n—a*
14204 xy — x*—y?
7246 75Xy
[Co(INNMH)(ac),]-4H,0 (6) 45045 n—n*  Octahedral - - -
28409 n—ma*
17667 “Tyy— “Tiy(P)
10000  *Tyy — Ty
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TABLE VI. Continued

Complex vlicm™®  Assignments Geometry 10Dq/cm® B S
[Ni(INNMH)(ac),]-2H,0 (7) 37593 n—m*  Octahedral 10309 10140.984
28901 Ay — *Ty(P)
17241 °A,— Ty,
10309 Ay — °Ty
[Zn(INNMH)(ac),]-2H,0 (8) 31250 n— m* Octahedral - - -

The electronic spectrum of complex 1 had two bands at 13404 and 11467
cm=1, which can be attributed to the transitions xy — x2-y2 and z2 — x2-y2,
characteristic for a Cu(ll) ion in an octahedral environment. The electronic
spectrum of complex 5 showed a broad band at 14204 cm=! attributed to the
transition xy — x2—y2, also corresponding to an octahedral Cu(ll) ion.21

The electronic spectrum of the complex 2 displayed three bands at 24390, 11037
and 8849 cm-1, attributed to the d—d transitions: 4T1g — 4T14(P), 4T14(F) —
— 4Ayg, and 4T1q — 4Tg, respectively The electronic spectrum of complex 6
displayed two bands at 17667 cm~1 and 10000 cm~1. These transitions are con-
sistent with the characteristic octahedral geometry.21

Both electronic spectra of the Ni(ll) complexes, 3 and 7, exhibited three
bands at: 25641, 15432 and 9225 cm~1, and 28901, 17241 and 10309 cm1, res-
pectively, attributed to the transitions 3Azg — 3T14(P), 3Azq — 3T1g and 3Ay —
- 3ng, respectively, which are characteristic of an octahedral geometry.21

The values for the parameters 10Dg, B and g for the Co and Ni complexes
were calculated using formulas of Konig22 and they are presented in Table V1.

In the spectra of the Zn(I1) complexes 4 and 8, as expected, there were only
the bands characterizing the ligand, but displaced to lower values compared with
the corresponding bands in the spectrum of the free ligand, which proves the co-
ordination of the ligands to the metal ion.

EPR spectra

The EPR spectra of the Cu(ll) complexes 1 and 5 (Figs. 2a and 2b, res-
pectively), measured at room temperature using polycrystalline powders, were
analyzed. Complex 1 exhibited no signal, while for complex 5, the “g” parameter
had only one value (gisotropic = 2.1). These values and the spectral rate indicate
that both Cu(Il) complexes could be dimeric.

Thermogravimetric analysis

The results of the thermal analysis of complexes 1-8 are given in Table VII.

The TG curves of these complexes indicated the presence of water molecules
outside the coordination and the final products were the corresponding metal oxi-
des. The decomposition occurred in three stages, represented generally as follows:

[M(L)(ac)2lx-yH20 — x[M(L)(ac)2] — xMO )
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Fig. 2. The room temperature EPR spectra for complex 1 (a) and 5 (b).
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where L = INH or INNMH; M =Co, x =1,y =3 for INH and y = 4 for INNMA;
M = Nior Zn, x = 1, y = 2 in for both ligands; M = Cu, x =2, y = 3 for INH and
y =4 for INNMA.

The mass losses were accompanied by exothermic effects.

TABLE VII. Thermal data for the complexes 1-8
Decomp. temp.

Weight loss, %

Complex °C Lost fragment Experimental Theoretical
[Cu(INH)(ac),]»-3H,0 (1) 19-119 3H,0 8.619 8.019
119-800 2INH, 2CO, 52.389 53.78
>800 residue 2CuO 32.054 31.406
[Co(INH)(ac),]-3H,0 (2) 25-113 3H,0 15.767 14.67
113-928 INH, 2CO, 60.384 61.125
>928 residue CoO 23.849 20.350
Ni(INH)(ac),]-2H,0 (3 20-103 2H,0 10.238 10.685
[
103-400 INH, 2CO, 63.968 63.942
400-800 residue NiO 21.223 24.009
[Zn(INH)(ac),]-2H,0 (4) 18-227 2H,0 11.605 10.10
227-360 2CO, 31.039 30.83
360-472 INH 38.864 38.45
472-800 residue ZnO 23.74 22.82
[Cu(INNMH)(ac),],-4H,0 (5) 20-201 4H,0 8.52 7.267
201-280 INNMH 29.519 28.046
280-807 INNMH 27.982 28.046
>807 residue 2CuO 32.106 33.764
[Co(INNMH)(ac),]-4H,0 (6) 51-202 4H,0 10.38 11.155
202-407 INNMH, 2CO, 75.705 74.97
407-943 residue CoO 13.91 15.34
Ni(INNMH)(ac),]-2H,0 (7 20-110 2H,0 9.323 7.378
[Ni( )(ac).]
110-800 INNMH, 2CO, 74.224 75.0014
>800 residue NiO 15.978 15.711
[Zn(INNMH)(ac),]-2H,0 (8) 18--272 2H,0 6.595 7.281
272-513 INHNA, 3CO, 80.659 82.875
513-800 Residue ZnO 12.746 13.44

CONCLUSIONS

Eight new complexes of Cu(ll), Co(ll), Ni(Il) and Zn(Il) with isoniazid (INH)
and isonicotinic acid (1-naphthylmethylene)hydrazide (INNMA) ligands were
synthesized and characterized. Based on all results obtained by elemental
analysis, IR, electronic and EPR spectroscopy, magnetic measurements and ther-
mogravimmetric analysis, the structural formulae presented in Figs. 3a—d are pro-
posed for complexes 1-8.

The structure of the INNMH was established in a single crystal X-ray study.
Both ligands act as a bidentate through the oxygen and nitrogen in the Co(ll),
Ni(Il) and Zn(11) complexes. The Cu(ll) complexes are dimeric, with four brid-
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ges between the acetate ions and Cu(ll). The number of water molecules of crys-
tallization was determined by differential thermal analysis.

Supplementary material. Crystallographic data for the structure in this article have been
deposited with the Cambridge Crystallographic Data Centre, CCDC number: CCDC 727344.
This data can be obtained free of charge at http://www.ccdc.cam.ac.uk/deposit (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Tel:
(44) 1223 762910; Fax: (44) 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).
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Fig. 3. The structural formula proposed for the a) [Cu(INH)(ac),], complex, b) [M(INH)(ac),]
type of complexes, M = Co(ll), Ni(ll) or Zn(I1), ¢) [Cu(INNMH)(ac),], complex and
d) M(INNMH)(ac),] type of complexes, M = Co(ll), Ni(Il) or Zn(Il).
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U3BOA

CHHTE3A U CTPYKTYPHO ITPOVUYABAE KOMIUIEKCA Cu, Co, Ni 11 Zn CA XUPA3UJIOM
N30HUKOTUHCKE KUCEJIMHE U (1-HA®TUIIMETUJIEH)XUJIPO31JIOM
N30HUKOTHUHCKE KHCEJIMHE

ANGELA KRIZA!, LUCICA VIORICA ABABEI? NICOLETA CIOATERA®, ILEANA RAU* 1
NICOLAE STANICAS

lUniversity of Bucharest, Chemistry Faculty, 23, Dumbrava Rosie Street, Bucharest, 2The House of Teaching
Staff Giurgiu, 8, Nicholae Droc Barcian Street, Giurgiu, 3University of Craiova, Chemistry Faculty, 107 I,
Calea Bucuresti Street, Craiova, 4Polytechnic Institute of Bucharest, Faculty of Applied Chemistry and
Materials Science, 1, Polizu Steet, 011061 Bucharest and >Romanian Academy, Chemistry-Physics Institute,
202 Independence Avenue, 77208 Bucharest, Romania

Jobujeno je u okapakteprucado ocam HoBux komruiekca Cu(ll), Co(ll), Ni(ll) u Zn(Il) ca u3o-
nujazunoMm (INH) u (1-madrunmerwnen)xuapasuaom u3oHukoTHHCKE Kucenmuae (INNMH) ormire
dopmyne [M(INH)(ac),], [M(INNMH)(ac),] (M = Co(ll), Ni(ll) u Zn(ll)), onrocro [Cu(INH)(ac),],,
[Cu(INNMH)(ac),],. Ceu koMIuIeKCcH Cy OKapakTepucaHu ejieMeHTanrHoM ananusom, IR, UV-VIS—
—NIR n EPR cnexrpockonujom, Kao ¥ TEPMHYKOM aHANIN30M, ofpehuBameM MoJapHe MPOBOJJBHU-
BocTH M MarHeTHHUX MoMeHaTa. Ctpykrypa INNMH xunpasona je yrBphena peHAreHCKOM CTpyK-
TYpHOM aHaJM30M Ha MOHO-KpucTainy. O0a quranaa ce KoopauHyjy 3a mertan npeko N,O y cBum
kommikecuma. Komruiekcu Cu(ll) cy aumepHu, ca uetupu arerato joHa koju npemotityjy Cu(ll).

(IIpumibeno 15. anpuna, pesuanpano 11. centemopa 2009)
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Computer programs for calculating pKa: a comparative study
for 3-(3-(2-nitrophenyl)prop-2-enoyl)-2H-1-benzopyran-2-one
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Abstract: Coumarin-based compounds containing a chalcone moiety exhibit
antimicrobial activity. These substances are potential drugs and it is important
to determine their pK, values. However, they are almost insoluble in water. The
dissociation constant was experimentally determined by potentiometric titration
for 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H- 1-benzopyran-2-one because this com-
pound shows good activity and solubility. A number of different computer pro-
grams for the calculation of the dissociation constant of chemical compounds
have been developed. The pK, value of the target compound was calculated
using three different computer programs, i.e., the ACD/pK,, CSpKaPredictor
and ADME/ToxWEB programs, which are based on different theoretical ap-
proaches. The analysis demonstrated good agreement between the experimen-
tally observed pK, value of 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzopy-
ran-2-one and the value calculated using the computer program CSpKa.

Keywords: coumarin-based compounds; dissociation constant; computer pro-
grams; potentiometric titration.

INTRODUCTION

The presence of a reactive a,f-unsaturated keto function in chalcones was
found to be responsible for their antimicrobial activity. The properties of this
keto function may be altered depending on the type and position of substituents
on the aromatic rings.1

From 3-acetyl-4-hydroxy-2H-1-benzopyran-2-one using an appropriate aro-
matic aldehyde with pyridine and piperidine as catalysts, two of chalcones were
synthesized. The course of the reaction is presented in a previous work.2

Bearing in mind the potential of these compounds to be employed as drugs,
it is important to investigate their dissociation constant (pKg). Knowledge of the
acid dissociation constant of amolecule is acritical step toward understanding its
structure and reactivity.3

* Corresponding author. E-mail: selmaspirtovic@yahoo.com
doi: 10.2298/J5C1002243S
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The acid—base ionization/dissociation constant, pKg, is a measure of the ten-
dency of amolecule or ion to keep a proton (H*) at its ionization center(s) and is
related to the ionization ability of chemica species. The pKg value is the core
property of an electrolyte that defines chemical and biological behavior. In biolo-
gical terms, the pKg isimportant in determining whether a molecule will be taken
up by aqueous tissue components or lipid membranes and is related to log P (the
partition coefficient).

The widespread application of pKgin chemistry and drug design explains the
need for quick procedures to quantify the acid dissociation constant. As experi-
mental measurements are time consuming and difficult, computational methods
are very valuable tools for calculation of pKj for large sets of compounds, parti-
cularly at the screening stage. A number of different computer programs for pre-
diction have recently been developed.4

In this study, three computer programs, based on different theoretical ap-
proaches for predicting pK values, were compared with experimental data.

The aim of thiswork was to correlate the experimentally determined and cal-
culated pKy values for 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzopyran-2-one
using three different computer programs.

EXPERIMENTAL
Potentiometric determination of pK,

The pK, value for 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzopyran-2-one was eva-
luated by potentiometric titration with a 0.005 M solution NaOH. From the stock solution
(0.090 g 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzopyran-2-one in 8.25 g DM S0), solu-
tions with different H,O contents were made:

—6.45 % H,0 (1.0 mL stock solution of 3-[3-(2-nitropheny!)prop-2-enoyl]-2H-1-benzo-
pyran-2-one, 12.6 g DM SO and 0.94 g H,0);

—7.83 % H,0 (1.0 mL stock solution of 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzo-
pyran-2-one, 12.4 g DM SO and 1.14 g H,0);

—31.2 % H,0 (1.0 mL stock solution of 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzo-
pyran-2-one, 9.0 g DM SO and 4.53 g H,0);

—40.0 % H50 (1.0 mL primary solution of 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-ben-
zopyran-2-one, 7.72 g DM SO and 5. 81 g H,0).

The substance was dissolved in the organic solvent (DMSO) and diluted with water to
avoid precipitation. This is followed by four titrations of the system water/DMSO, with dif-
ferent DM SO contents.

The solution was then titrated with 0.25 mL aliquots of a0.005 M NaOH solution, under
constant stirring using a magnetic mixer; the pH was measured after each added aliquot. The
procedure was repeated until the pH value of the titrated solution reached and kept a constant
value with further addition of aliquots. The dissociation constant of the tested coumarin deri-
vative, with a given content of the solvent DM SO/H,O was read from the potentiometric cur-
ve, using the semi-neutralization point where pH = pK,. Through extrapolation of the results
for pK, at different DMSO contents, the pK, value of the tested substance in pure agqueous
medium was obtained.>®

The program CurveExpert 1.3. was used for statistical analysis of the data and regression
analysis.
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Calculation methods

A number of different computer programs for the calculation dissociation constants of
chemical compounds have been developed. The quality of these programs was evaluated by
how well the computed pK, values agreed with the experimentally determined pK, value for
the investigated compound. In this work, the SMILES (Simplified Molecular Input Line Entry
System) notation created by the structure drawing program CambridgeSoft’s ChemDrawPro
was used as the chemical structure input.

ACD/pKa is a program which quickly and accurately predicts the acid-base ionization
constant of a wide range of organic compounds. It uses Hammett equations derived from a
library of highly curated compounds to predict an aqueous pK, value. In addition, two refe-
rence databases are available that offer quick look-ups of published data: one contains
> 31000 experimental pK, values for approximately 16000 compounds in aqueous solutions;
the other provides experimental data for more than 2000 molecules in non-aqueous solvents.
This software is used by the mgjority of pharmaceutical and APl companies worldwide and
has been tested on awide variety of chemical classes.”?

The CSpKaPredictor program selects descriptors and searches for the optimal relation
between pK, values obtained through experiment and pK, values obtained using the SpKa
predictor. The program uses 519 topological and “E-state” descriptors that determine the
electron availability for non-covalent, inert-molecular interactions in each atom.10 158 of the
519 descriptors are new molecular descriptors developed at ChemSilico. In order to validate
the prediction results, cross-validations between the experimentally obtained pK, values and
the values predicted using the CSpKapredictor were performed.

ADME/ToxWEB consults powerful ADME and Tox prediction on-line systems from the
Pharma Algorithms Company. ADME/ToxWEB is a scalable version of ADME Boxes and
Tox Boxes designed to fit into departmental and corporate collaborative networks. ADME/
/ToXWEB has the flexible modular architecture of ADME and Tox Boxes while also offering
powerful interface customization possibilities and direct programmatic access to its modules.
With this prediction system, users can predict all the following: toxicity, acute toxicity (mouse
and rat); genotoxicity, health effects (blood, liver, lungs); ADME, overall oral bioavailability,
pK, values, log D values, substrate and inhibitor specificity, solubility in pure water and in
buffer, active transport properties, absorption, physicochemical properties, etc.

RESULTS AND DISCUSSION

Given that the derivates are ailmost insoluble in water, the dissociation cons-
tant was determined by the conventional method adjusted to the tested com-
pound. The values of pKy for 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzopy-
ran-2-one in the system DM SO:H»0 were established through potentiometric tit-
ration by determining the pH values at the point of semi-neutralization, where
pH = pKa. The potentiometric titrations of 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-
-1-benzopyran-2-one with NaOH in the system DM SO:H>0 were performed in
triplicate. The changes of the pH during the titration of 3-[3-(2-nitrophenyl)prop-
-2-enoyl]-2H-1-benzopyran-2-one in the DM SO:H»0 system having different con-
tents of water are shown in Tablel.

The titration curves for 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-benzopyran-
-2-one with NaOH in systems having different ratios of DMSO:H>0 are shown
in Figs. 1a-1d.
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246 SPIRTOVIC-HALILOVIC and ZAVRSNIK

TABLE I. Changes of pH during the titration of 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-1-ben-
zopyran-2-one in DM SO:H»0 systems having different contents of water

V(NaOH) / mL 6.45 % H,0 7.83 % H,0O 31.1% H,0 40.0 % H,O
0 4.22 4.18 4.36 4.47
0.25 4.39 4.19 4.39 454
0.50 4.49 4.23 451 4.62
0.75 457 4.35 4.56 4.79
1.00 4.65 4.44 4.66 4.84
1.25 4.70 4.56 4.85 5.01
1.50 4.80 4.66 5.04 523
1.75 4.89 4.76 5.26 541
2.00 4.99 4.92 5.93 6.32
2.25 514 5.10 6.93 7.48
2.50 5.40 5.55 7.59 7.94
2.75 6.10 7.88 8.17 8.64
3.00 8.28 9.41 9.59 9.99
3.25 9.50 14.13 11.35 12.02
3.50 14.14 14.31 12.20 12.14
3.75 14.23 14.49 12.51 12.48
4.00 14.28 14.58 12.63 12.53
4.25 14.35 14.61 12.70 12.54
4.50 14.36 14.63 12.72 12.55
4.75 14.38 14.63 12.74 15.55
5.00 14.38 14.63 12.75 12.55
5.25 14.38 14.63 12.75 12.55

eedooede

LBy Y Y N A B

00 10 20 30 40 50 60
Velume of NaOH, car’

€)
15.00 . ® ] [ N ]
11.00
% 2.00 o s
"~ 2t Fig. 1. Titration curves of 3-[3-(2-nitrophenyl)-
O prop-2-enoyl]-2H-1-benzopyran-2-one with NaOH
05 10 20 30 40 so 1N systems having a different ratio of solvents.
Wolume of MaOH, e’ a) HzoDMSO = 6.4:93.6 and b) HzoDMSO =
(b) =7.8:92.2
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o Y Fig. 1 continued. Titration curves of 3-[3-(2-nit-
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a0 T i e e e e with NaOH in systems having a different ratio of
Volume of MaOH, e’ solvents. C) HzODMSO = 31.1:68.9 and d)
(d) H,O:DM SO = 40.0:60.0.

Through extrapolation of the results for pKy at different DMSO contents
(60.0-93.6 %), Fig. 2, the theoretic pK5 value of the tested substance in pure
agueous water medium (DM SO, 0 %), pK~ 6.0, was obtained.

e —— Fig. 2. Plot of the pK, value obtained at different
v DMSO contents (60.0-93.6 %) vs. the content of
DMSO. By extrapolation to zero content of
L'ws-s.ov "Te20  ees 740 800 860 920 880 DM SO, the pKa value of the tested substance in
DMSO content. % pure agueous medium, pK, = 6.0, is obtained.

All the computer programs showed themselves to be relatively smple. The best
correlation between the experimentally determined and the calculated pKj values
was found for the CSpKa program, ApKj (log pKg(exp) —log pKa(cal)) = 0.56.

CONCLUSIONS

Three calculation methods, based on different theoretical approaches, were
studied and the calculated pKg values for 3-[3-(2-nitrophenyl)prop-2-enoyl]-2H-
-1-benzopyran-2-one were correlated with the experimentally determined pKg
values. The analysis showed that the agreement between the experimentally ob-
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248 SPIRTOVIC-HALILOVIC and ZAVRSNIK

served pKy value and the value calculated by the CSpKa program was the best.
To obtain areliable picture on the applicability of the calculation methods in pKy
studies of this kind of coumarin compounds, a larger number of substances with
varying pKy values should be studied.

N3BOJI

KOMITJYTEPCKU ITPOI'PAMU 3A PAUYHAISE pKy KOMITAPATMBHA CTYIUJA
3-[3-(2-HUTPO®EHUWI)ITPOII-2-EHOWJI]-2H-1-BEH30ITMPAH-2-OHA

SELMA SPIRTOVIC-HALILOVIC n DAVORKA ZAVRSNIK

Department of Pharmaceutical Chemistry, Faculty of Pharmacy, University of Sarajevo,
Cekalusa 90, Sarajevo, Bosnia and Herzegovina

Jenumema KyMapuHCKOT THIIA, Ca XaJIKOHCKOM TPYIIOM y CBOjOj CTPYKTYpH, HOKa3aia Cy
AQHTUMHKPOOHY akTHBHOCT. OBe CYICTaHIEC Cy HNOTCHIHMjAHHU JICKOBH, I1a UM je BaXXHO OIPEIUTH
pKa Bpennoctu. Bpemnoct pKy 3a 3-[3-(2-murpodenmt)npon-2-enoun]-2H-1-6ensonupan-2-oxn
EKCTIIEPHUMEHTAHO je ofpeleHa MOTeHINOMETPH)CKOM THTPALIjOM U H3padyHaTa y3 ynotpedy Tpu
pasnu4uTa KoMmIjyTepcka mporpama. OBa CyINCTaHIA je CKOPO HEpacTBOPHA y BOAM, Ta je HeHa
KOHCTaHTa Jucolmjanyje oapelheHa y3 ynorpedy KOHBeHIHOHaIHE MeToze. Pa3Bujen je Behu Opoj
Pa3IMYUTHX KOMI[jYTEPCKHX Hporpama 3a padyHame KOHCTAHTE IHCOLHUjalHje XEMHjCKHX jeIH-
Berba. Y HalleM pajy KopuiihieHa Cy TpU KOMI[jyTepcka mporpaMa 06asupaHa Ha pasinduTHM Teo-
pujckum npucrynuma: ACD/pK, nporpam, CSpKaPredictor u ADME/ToXWEB mnporpam. V Ha-
[IeM WCTIUTHBAaKY YTBpheHo je HajOosbe cnarame m3Mel)y ekcriepuMmeHTanHo pobujene pKy Bpea-
Hoctu 3a 3-[3-(2-Hutpodenun)npor-2-eHom)]-2H-1-6eH3onupan-2-0H ¥ BPEIHOCTH J00HjeHe
KoMmIjyTepckuM mporpamom CSpK aPredictor.

(Mpumsbeno 1. jyna, peumupano 20. aBrycra 2009)
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A Kinetic study of CO oxidation over
the perovskite-like oxide LaSrNiO,
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Abstract: The effect of reactant/product concentrations, reaction temperature
and contact time on CO oxidation was investigated, using the perovskite-like
oxide LaSrNiO, as the catalyst. It was found that the reaction order of CO
(reactant), as well as that of CO, (product), is negative, the reaction orders for
CO and CO, being —-0.32 and —0.51, respectively. However, the reaction order
for O, is positive, having a value of 0.62. The negative reaction order of CO
and CO, might be due to their competitive adsorption with O,, preventing the
proceeding of oxygen dissociation (the rate-determining step of the reaction).
The activation energy (E,) of the reaction was calculated to be 49.3 kJ mol;
this small activation energy suggests that LaSrNiO, is a potential candidate for
the CO oxidation reaction. The optimum weight hourly space velocity (WHSV)
of the reaction was found to be 0.6 g s cm3. The reaction conditions in the
present case were (0.5-1 % CO + 0.5-2 % O, + 0-2 % CO,), with He as the
balance gas.

Keywords: CO oxidation; perovskite-like oxide; LaSrNiOy; kinetics; mechanism.

INTRODUCTION

Carbon oxide is one of the gases that are toxic and unwanted in the environ-
ment. The oxidation of CO is not only of interest to eliminate this poisonous
compound from exhaust, but also can act as a test reaction for surface structure—
activity correlation studies.1 Many catalysts2-10 have been investigated and used
for the CO oxidation reaction. Among them, noble metal catalysts (e.g., Au) can
show full CO conversion even at ambient reaction temperature, but they are
susceptible to sintering and are expensive, and furthermore, their activity is
lowered with increasing reaction time.” Comparatively, perovskite-type catalysts
show full CO conversion at relatively high temperatures (> 300 °C), but they
have a long catalyst life and their activity can be retained irrespective of the
reaction time.1

*Corresponding author. E-mail: wangkejun@sina.com
doi: 10.2298/JSC1002249W
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250 WANG and ZHONG

Perovskite-type oxides (ABO3) are one kind of excellent catalysts for oxide-
tion reactions; they have attract much attention in catalysis since the work of Lib-
byl and Voorhoeve et al.2 To date, many studies!—6.12-17 have focused on the
catalytic properties of perovskite-type oxides (ABQO3) in CO oxidation reaction,
but little on perovskite-like oxides (A2BQOy), consisting of alternating layers of
perovskite (ABO3) and rock-salt (AO), which also show high activity in oxide-
tion reactions.18-23 In fact, the perovskite-like oxides (A,BO,) possess better
properties than perovskite-type oxides (ABO3) to some extent, such as: thermal
stability,24 ion exchangeability,2® and so on. Thus, investigating the catalytic
properties of perovskite-like oxides (A2BO4) in CO oxidation is of interest.

In the present study, the effects of reactant/product concentration, reaction
temperature and contact time (W/F) on the activity of LaSrNiO4 for CO oxida-
tion were investigated. By changing the concentration of CO, O, and CO3 in the
feed gas, the reaction order and the kinetics of CO oxidation are discussed and
deduced. The activation energy of the reaction was also calculated, in order to il-
lustrate the usability of this system in practice.

EXPERIMENTAL
Materials
La(NO3)3-6H,0, A.R., Beijing Chemical Works, Sr(NO3)3-2H,0, C.P., Tianjin No.3
Chemical Reagent Factory, Ni(NOs),-6H,0, A.R., Beijing No. 57601 Chemical Works and
CO/H,/He, H.R., Dalian Guangming Special Type Gas Co., Ltd., were employed.

Instrumentation

X-Ray diffractometer: type D/MAX-IIB, Rigaku; gas chromatograph: type 103, Shan-
ghai Analyze Apparatus Company; temperature programmed desorption (TPD) and tem-
perature programmed reduction (TPR): a self-made setup equipped with a thermal conduc-
tivity detector (TCD) were used.

Preparation method

The sample of LaSrNiO, was prepared by the citric acid combustion method as fol-
lows: 2528 stoichiometric amounts of La3*, Sr2* and Ni2* nitrates were first dissolved in deio-
nized water, then a solution of citric acid 100 % in excess of the cations was added. The re-
sulting solution was evaporated to dryness and subsequently, the precursors were thermal de-
composed, calcined at 500 °C for 2 h, and finally pelletized and calcined in air at 900 °C for 5 h.
Characterization

The characterization of the crystal structure and the physico—chemical properties
of LaSrNiOQy, such as XRD, O,-TPD and H,-TPR, were previously described in detail2526 and
will not be repeated herein.

Activity test

The activities of CO oxidation over LaSrNiO,4 were performed in a single-pass flow mic-
ro-reactor made of quartz with an internal diameter of 6 mm. The reactants (0.5-1 % CO +
0.5-2 % O, + 0-2 % CO,, balanced with helium) were passed through 0.2 g of catalyst at a
rate of 10-30 mL/min in the temperature range of 250-325 °C. The gas compositions were
analyzed before and after the reaction by an online gas chromatograph equipped with mole-
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KINETICS OF CO OXIDATION 251

cular sieve 5A column and thermal conductivity detector (TCD). Here, the change of CO
concentration was used as the means to evaluate the activity, i.e., Xjcoy = ([COliy — [COlou)/
/[CQ]in, where [CO]J;, and [CO], are the concentration of CO measured before and after the
reaction, respectively. Before the data were obtained, reactions were maintained for a period
of ~0.5 h at each temperature to ensure steady-state conditions.

RESULTS AND DISCUSSION
Effect of O, partial pressure

The effect of the O2 partial pressure on the activity of CO oxidation is shown
in Fig. 1. The CO conversion increased almost linearly with the O, partial pres-
sure, indicating that O, partial pressure has large and positive effect on the CO
oxidation reaction. With increasing O partial pressure, the dissociation rate of
0O, molecule increases, as reported elsewhere.2” As a result, a greater number of
oxygen atoms are incumbent on the catalyst surface, giving more opportunities
for CO molecular contact and reaction, and thus improving the CO conversion.

60

(o]
o
1

CO Conversion, %
S
o
1

= -o,aj /
Q
KO
30 ~ 12 n=0.62 ) )
1 s Fig. 1. Effect of oxygen partial
-1.65.5 PR PR pressure on CO conversion and
| : Ln'( p ') : the In (reo) — In (po,) plot
20 . : . : . —2 (inset) over LaSrNiO,. Feed gas:
05 1.0 1.5 20 1% CO/He + 0.5-2 % O,/He;
¥(0O,) / vol% W/F =0.6gscm3,t=300°C.

The Kinetic calculation in this study refer to the work reported by Teraoka et
al.,28 in which the subject was also a kinetic study of a catalytic reaction (i.e.,
NO decomposition) over perovskite-type oxides. Thus, to determine the reaction
order of O2 in the CO oxidation reaction, it was assumed that the kinetics of CO
oxidation (2CO + Oy — 2CO») obeys the power rate law:

rco = k[COJM[O2]"[CO2]P
where Kk is the rate constant; [CO], [O>] and [CO2] are the concentrations of CO,
02 and COs3 in the feed gas, respectively; m, n and p are the apparent reaction

order for CO, Oz and COy, respectively. When determining the reaction order of
the reactant (i.e., O»), the In r — In [O5] values were plotted. The O, concentra-
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252 WANG and ZHONG

tion was varied in the feed while maintaining the total flow rate constant. In the
same way, the reaction order for CO and CO> can also be determined.

The In r — In [O2] plot is also shown in Fig. 1 (inset). The plot gave a straight
line with a slope of 0.62, indicating the reaction order with respect to O is posi-
tive with a value of 0.62. This is different from that reported by Zhang-Steen-
winkel et al., who observed that O, is near-zero order when the CO/O2 ratio is
stoichiometric.13

Effect of CO partial pressure

The effect of the CO partial pressure on the activity of CO oxidation is shown
in Fig. 2. It was found that the CO conversion decreased with increasing CO par-
tial pressure and the reaction order with respect to CO was calculated to be —0.32.
This is also different from the results reported by Zhang-Steenwinkel et al.,13
who found that the reaction rates were facilitated by the CO partial pressure with
a first reaction order. The decrease of the CO conversion found in the present
study could be explained by the fact that with increasing CO partial pressure, the
CO/0O9, ratio increases, which means a decrease of the O, partial pressure; hence,
the chance for Oo adsorption and dissociation decreases, resulting in a decrease
of the CO conversion. This is in accordance with the above result, i.e., a decrease
of the O partial pressure (which means an increase of the CO/O5 ratio) leads to a
decrease in the CO conversion. However, it should be emphasized that the total
amount of CO oxidized increases with increasing CO partial pressure. For exam-
ple, at 0.5 vol. % CO partial pressure, the CO conversion was 69.86 vol. %;
while at 1 vol. % CO partial pressure the CO conversion was 56.33 vol. %. Thus,
the total amount of CO oxidized at 0.5 vol. % CO partial pressure was
(0.5x69.86) vol. %, which is lower than that at 1 vol. % CO partial pressure

70 -
X
S"
o 651
a
o
>
c
[}
© 6o-
) Fig. 2. Effect of CO partial
© pressure on CO conversion
and the In (reg) — In (peo)
plot (inset) over LaSrNiO,.
85 . ' . - - Feed gas: 0.5-1 % CO/He +
0.50 0.75 1.00 +2% O,/He; WF==0.60s
¥(CO) / vol% cm3, t =300 °C.
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((1x56.33) vol. %). In all, this result indicates that the CO reaction order cal-
culated is negative in the present case (m = —0.32, see inset in Fig. 2).

Effect of CO» partial pressure

It was reported that CO2 desorption is the rate-determining step in CO oxi-
dation,13 which certifies the importance of the CO partial pressure to the reac-
tion rate. Hence, it was considered worthwhile to investigate the influence of
CO2 on the reaction. The change of CO conversion with CO» partial pressure is
shown in Fig. 3 (here, the CO, partial pressure includes the CO, added in the
feed gas and that produced by CO oxidation. For example, when adding 1 % CO»
to the feed gas, the CO conversion was 60.76 % (=0.61), then, the CO, partial
pressure was considered to be 1.61 %). It can be seen that the CO conversion
decreased progressively with increasing CO» partial pressure, showing the inhibi-
tory action of CO» due to the difficulty of CO, desorption from the active sites,
which decreases the chance for O, dissociation and hence for CO oxidation. Based
on the activity data, the CO, reaction order in the reaction, p, was calculated to be
—0.51 (see inset in Fig. 3). This certifies that the CO, partial pressure has indeed a
large negative effect on the CO oxidation reaction.
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' : : : + 0-2 % CO,/He; W/F = 0.6 g
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Effect of reaction temperature

The plot of CO convention vs. reaction temperature is shown in Fig. 4. The
CO conversion increase slightly at low temperatures (t < 275 °C), then a substan-
tial increase was observed at t > 275 °C, indicating that CO oxidation over pe-
rovskite type oxides mainly occurred at high temperatures (t > 275 °C). This is
similar to the results reported by Ciambelli et al.1 The reason might be that above
this temperature (275 °C), the oxygen that was chemically adsorbed on the cata-
lyst surface was activated,29 leading to the creation of oxygen vacancies and,
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hence, improving the activity, since oxygen vacancies are a crucial parameter of
the oxidation reaction.

100 -
15 ||
‘3-‘3 75 72 1.0
: X 05
5 £ E, = 49.4 kJ mol "
g 50 - 00 = 11.8 keal mol ™
8 1.68 1,‘76 -13,84—11 19
& T 107K
3 254
o
O o Fig. 4. Effect of reaction tem-
0 - = perature on CO conversion and
: i : . : i : the In k — 1/T plot over
250 275 300 325 LaSrNiO,. Feed gas: 1 % CO/He
t/°C +2% O,/He; W/F =0.6 g scm,

On the other hand, according to the reaction order of CO, O, and CO, cal-
culated above, the kinetics of CO oxidation could be written as:

~rco = k [COT [0, “[CO]

Therefore, the k value at different temperatures could be deduced. By plotting the
function of In k vs. 1/T (see inset in Fig. 4), the activation energy (Ej) is deduced.
The calculated E, value is 11.8 kcal mol=1, which is far lower than that of
LaAlg.ggsFeo.01503 (18.1 kcal mol-1) — the lowest activation energy for CO oxi-
dation in the LaAl;_Fe,O3 system, as reported by Ciambelli et al.,! indicating
that LaSrNiOg4 is a more suitable catalyst for CO oxidation.

Effect of contact time (W/F)

The effect of contact time (W/F, W = catalyst weight (g); F = flow rate of the
reactant (mL/min)) on the CO oxidation reaction is shown in Fig. 5. An abrupt
increase in CO conversion was observed from W/F = 0.4 to 0.6 g s cm=3 and then
remained almost constant from W/F = 0.6 to 1.2 g s cm=3. At a low contact time
(W/F = 0.4 g s cm=3), the CO cannot be oxidized sufficiently before elution due
to the high flow rate. In other words, the catalyst is overloaded and the active
sites cannot be regenerated in time for CO oxidation under this condition. As a
result, only a low conversion of CO was observed. With increasing contact time
or decreasing flow rate (W/F = 0.6 g s cm=3), the amount of active sites used for
CO oxidation could be regenerated in time, which thus leads to the abrupt in-
crease in the CO conversion. However, only a minor increase in the CO con-
version was observed when the contact time was increased further (from 0.6 to
1.2 g s cm=3), which might mean that the catalyst had reached its maximal capa-
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bility for CO oxidation at W/F = 0.6 g s cm=3. That is to say, the optimum contact
time for CO oxidation is 0.6 g s cm=3 under the present conditions.

60 -
u
O\O
S 50-
&
7]
(0]
>
c
O
Q 40
O
O
Fig. 5. Effect of contact time
30 ———r——+———+— (W/F) on CO conversion over
0.4 0.6 0.8 1.0 12 LaSrNiO,. Feed gas: 1 % CO/He
WF'/gscm™ + 2 % O,/He, t =300 °C.

Reaction mechanisms based on the kinetic analysis

The reaction steps for CO oxidation from the literatures3 could be described
as follows:

0;+2s é 20, Ky = al ; K.1=L
k4 k. iy
COZS%CO2+S K, = :‘; : K. 4= ’;44

Here, “s” is a surface active site. To determine the kinetics of CO oxidation,
each step has been assumed to be the rate-determining step; accordingly, the fol-
lowing four equations could be deduced:

Case 1. The dissociation of oxygen is the rate-determining step:

Nk
T kL P e R
_3k_4 Pco
(=374 222 4k pog +K_aPeo, )
k2 Pco

Case 2. The adsorption of CO is the rate-determining step:
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Nk, pco

1/2 1/2 k_gk_4 Pco
1+ki""po, W12 i +tk-aPco,
1

0,

—r=

(R2)

Case 3. The formation of COys is the rate-determining step:

1/2 12
Nk3ki' k2 Pco Po;)

—r=
12 172
1+ki/ Po/2 +KaPco +k_4Pco,

(R3)

Case 4. The desorption of CO, is the rate-determining step:

Nkt 2kok3 pco p})’j
—r

= R4
1+ki'? pgf+k2 Pco +Ki' *kokspeo pgf "9

Of all these cases, only the rate equation (R1) shows a negative reaction or-
der for CO, which was the case in the present study. Hence, oxygen dissociation
is considered to be the rate-determining step and Eq. (R1) is the expression of
rate equation. The apparent reaction order for CO in Eq. (R1) is between -2 and
2, which contains the value (-0.32) found in this study. The apparent reaction
order for Oy is 1, which is higher than that found in this work (0.62). The reason
might be ascribed to the competitive adsorption of CO (reactant) and CO» (pro-
duct) with O, for the active sites, thus decreasing the opportunity for oxygen ad-
sorption and hence the reaction order. The apparent reaction order for CO, is
—0.51, which is within the range appearing in Eg. (R1) (-2-0). In addition, the
low value of CO; reaction order, =2, in Eq. (R1) suggests that, in some cases,
CO2 desorption could predominate in the reaction and become the rate-deter-
mining step.

Altogether, the present study suggests that the dissociation of oxygen is the
rate-determining step of CO oxidation. Therefore, it is possible that LaSrNiO,4
shows an efficient activity for CO oxidation since it contains large numbers of
oxygen vacancies,26 which were reported to be very active sites for oxygen dis-
sociation.2” This might also be part of the reasons why noble metals can show
high activity for CO oxidation even at low temperatures, since they are efficient
materials for promoting oxygen dissociation at low temperatures.

CONCLUSIONS

CO oxidation on the compound oxide LaSrNiO4 was investigated. Based on
the CO conversion found under different conditions, the reaction order of CO, O»
and CO2 were determined. It was found that the reaction orders of CO and CO»
are negative, while that of O» is positive with the value of 0.62, suggesting that
oxygen dissociation is the rate-determining step of the reaction. The Kinetics of
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CO oxidation was discussed assuming each elementary step to be the rate-deter-
mining step. The activation energy of the reaction is very small (11.8 kcal mol-1),
which suggests that LaSrNiO4 maybe a potential candidate for CO oxidation. The
optimum contact time of the reaction found in the present case is 0.6 g s cm=3.
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M3BOJ

KNHETHUKA OKCUJALIMIE YI'JBEHUK(I1)-OKUIA HA OKCUIUMA
CJIMYHVIM ITEPOBCKUTY LaSrNiO4

KEJUN WANG u PING ZHONG
College of Chemistry and Life Science, Gannan Normal University, Ganzhou 341000, China

HWcnuTaH je yTulaj KOHLECHTpalHje peakTaHTa/lIpon3Bo/Ia peakiiyje, peakoHe TeMIIepaType
u Bpemena konrakra (W/F) Ha kuHeTHKy Katanutuuke okcupanje CO Ha OKCHIUMa CIMYHUM
nepoBckuty LaSrNiO,. VTBplheH je Heraruan mapuujaiHu pejl peakiyje Kako y OJAHOCY Ha peak-
tauT CO (-0,32) tako u y omHocy Ha mpoussox peakuuje CO, (-0,51), mok je pen peakumje y
onnocy Ha O, mo3utuBaH, 0,62. Heratuuu pen peakunuje y onsocy Ha CO u CO, notuue Bepo-
BaTHO O] HUXOBE KOMIeTeTuBHe ancoprnuuje ca O, Koja je cropu crynam peakuuje. BpemHoct
u3pauyHaTa 3a eneprujy akrusauuje (£,) je 49,3 kI mol'l u yxasyje na 1o ma LaSrNiO,4 Moxe 6utu
MOTeHIMjaTHK KaTtanu3arop 3a okcumanujy CO. OntumanHo Bpeme KOHTaKTa 3a peakuujy je 0,6 g S
cm3. CacraB peakumone cmemre y xemmjymy kao Hocehem racy je 6mo: 0.5-1 vol % CO +
+0.5-2 vol % O, + 0-2 vol % CO,.

(TMpumibeno 27. oktobpa 2008, peBuaupato 3. centembpa 2009)
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DFT Studies on the electronic structures of indoline dyes
for dye-sensitized solar cells
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Abstract: A series of indoline dyes with promising efficiency for dye-sensitized
solar cells (DSSCs) were studied using the density functional theory at the
B3LYP/6-31g (d) level. The ground-state geometries, electronic structures and
absorption spectra of these dyes are reported. The calculated results indicate
that the energy levels of the HOMOs and LUMOs of these dyes are advantage-
ous for electron injection. Their intense and broad absorption bands as well as
favorable excited-state energy levels are key factor for their outstanding effi-
cienciesin DSSCs.

Keywords: density functional theory; indoline dyes; dye-sensitized solar cells;
electronic structures.

INTRODUCTION

Due to the increasingly serious energy-demanding and environmental-con-
cerning nature of conventional energy systems, new systems based on renewable
sources have drawn more and more attention. Over the past years, significant em-
phasis has been put on the development and understanding of light-driven charge
separation in molecular systems as methods of converting and storing solar ener-
gy. Dye-sensitized solar cells (DSSCs) have attracted widespread interest for the
conversion of sunlight into electricity because of their high efficiency and low
cost.1+4

Generally, transition metal coordination compounds (ruthenium polypyridyl
complexes) are used as effective sengitizers, due to their intense charge-transfer
absorption over the whole visible range and highly efficient metal-to-ligand char-
ge transfer.> However, Ru polypyridyl complexes contain a heavy metal, which
is undesirable from the environmental point of view.6 Moreover, the synthesis
processes of such complexes are complicated and costly. In addition to Ru com-

* Corresponding author. E-mail: xujie0@ustc.edu
doi: 10.2298/JSC1002259X
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plexes, pure organic dyes as sensitizers are also under intensive investigation due
to their high molar extinction coefficients, flexible structural modifications and
low costs,” and some of them have reached good efficiency.8-11 Indoline dyes
have been reported as high-efficient sensitizers for DSSCs because of their strong
and intense absorption bands in the visible region.9.12,13

An accepted model for a DSSC is as follows:. a sensitizing dye molecule ab-
sorbs visible or near infrared light and injects an electron into a semiconductor
from its excited state(s).14 Once the electron is transferred into, for example, so-
lid TiOo, it proceeds through the semiconductor to an externa circuit. Sub-
sequently, the oxidized sensitizer receives an electron from an electron donor,
such as an iodide ion, present in the electrolyte. Therefore, the performance of
DSSC strongly depends on the following factors: 1) the absorption efficiency of
the sensitizing dye for the solar light spectrum; 2) electron transfer, probably
from the excited state of the sensitizing dye to TiO» (efficiency of the charge se-
paration); and 3) probability of the electron transfer from the electron donor to
the oxidized dye.3 All these factors are closely associated with the structure of
the ground and excited electronic states of the sensitizing dye. From this point of
view, it is imperative to investigate the electronic structures of both the ground
and excited states of the sensitizing dye molecule for an understanding of the me-
chanism of the charge separation and the electron transfer, which are the key pro-
cesses in this type of solar cells. In order to design and synthesize more efficient
sensitizing dyes, it is also necessary to understand the electronic structures of the
existing efficient sensitizing dyes.

The density functional theory (DFT) has emerged as a reliable standard tool
for the theoretical treatment of structures as well as electronic and absorption
spectra. Its time-dependent extension, called time-dependent DFT (TD-DFT),
can give reliable values for the valence excitation energies with standard ex-
change-correlation functionals. The computational cost of a TD-DFT calculation
is comparative to that of a Hartree—Fock based single excitation theory, such as,
configuration interaction singles (CIS) or the time-dependent Hartree—Fock (TD-
-HF) method, and maintains a uniform accuracy for open-shell and closed-shell
systems. In recent years, TD-DFT has been extensively used to study the struc-
tures and absorption spectra of sensitizing dyes for DSSCs. Ru complexes have
been widely investigated by TD-DFT calculations.#15-22 TD-DFT calculations
have also been applied to the study of some pure organic dyes which act as sen-
sitizers in DSSCs.23-26 Zhang et al.2> employed DFT and TD-DFT calculations
to study the absorption spectra and electronic structures of a series of coumarin
dyes. However, there have been relatively few attempts to investigate the electro-
nic structures of indoline dyes.

In this study, a series of indoline dyes (shown in Fig. 1) were examined
using DFT and TD-DFT. The ground-state geometries, electronic structures and
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ELECTRONIC STRUCTURES OF INDOLINE DYES 261

UV-Vis absorption spectra were obtained. The theoretical calculation studies
provide an in-depth understanding concerning molecular structures and physical
properties, which is helpful for the interpretation and prediction of optical ab-
sorption spectra of this series of indoline dyes at a molecular level.

1 o)
Indoline Dye R, R» Rj
1 —CH,COOH —CH,CH, =
2 —CH,COOH —CH,COOH =
3 —CH,CH,COOH —CH,CH,4 =
4 —CH,COOH —CH,CH, S
Fs
N
° \
CH2CH3

Fig. 1. Chemical structures of the indoline dyes D102, D131 and D149.

COMPUTATIONAL METHOD

All the calculations were performed using the Gaussian 03 program package.?” The
ground-state geometries were fully optimized without any symmetry constrains at the DFT
level of theory with the Becke?® three parameters hybrid functional and the Lee, Yang and
Parr correlational functional B3LY P29 sing a standard 6-31g (d) basis set on al atoms. The
excitation energies and oscillator strengths for the lowest 30 singlet-singlet transitions at the
optimized geometry in the ground state were obtained in TDFT calculations using the same
basis set as for the ground state. According to the calculated results, the UV—Vis absorption
spectra were smulated by a Gaussian convolution with a full width at half-maximum of 0.4
eV (3200 cm1).4 Solvation effects were introduced by the SCRF method, via the conductor
polarizable continuum model (CPCM)3031 implemented in the Gaussian program, for both
geometry optimizations and the TD-DFT calculations.

RESULTS AND DISCUSSION
Molecular structures

The framework of the indoline dyes in this study is formed by a phenyl-
ethenyl group, an indoline ring and two or three rhodanine rings. The optimized
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ground-state geometries of the four indoline dyes are shown in Fig. 2. The phy-
sical separation of the electron-donating (ED) and electron accepting groups (EA)
for these dyes are quite similar (11.33+0.01 A) although their substituent groups

Fig. 2. Optimized ground-state geometries of the indoline dyes. (Continued on next page).
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Fig. 2. Optimized ground-state geometries of the indoline dyes. (Continued).

differ from each other. The C10-C11 bond lengths for these dyes are 1.364-1.365
A, exhibiting a delocalized n-bond character. The dihedral angles of the C—C and
C=C bonds at the methine bridge between the indoline and rhodanine rings
(£C8-C7-C10-C11) for D1, D2, D3 and D4 are 3.50, -0.22, 3.88 and 1.59°, res-
pectively. In comparison to D1, the rhodanine rings are distorted by 3.72° in res-
ponse to the orientation of the second carboxy! group for D2 and by 1.91° in res-
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ponse to an increased rhodanine ring for D4, but very slightly in response to the
increased methylene for D3. The N13-C17 bond for D1 (1.456 A) are shorter
than that for D3 (1.476 A), indicating that the increased methylene in carboxyl
group would be disadvantageous to the electron injection through the anchoring
carboxyl group in DSSCs. The dipole moments for D1, D2, D3 and D4 are
14.562, 15.697, 13.035 and 15.227 D, respectively.

Electronic structures

The molecular orbitals involved in the analyzed transitions were examined
by the DFT method. The vertical excitation energy and oscillator strength along
with the main excitation configuration are listed in Table |. The major electronic
absorption bands are assigned to those excitations with significant oscillator
strengths. The electronic structures of these dyes are quite similar athough their
substituent groups are distinct from one another. The HOMO and LUMO orbitals
of D1 are shown in Fig. 3 as a representation. The electron distribution of the
HOMO orbital is delocalized over the n-system with the highest electron density
centered on the central nitrogen atom. It is noticed that the LUMO orbital have
larger compositions of the terminal carboxyl group compared with the HOMO
orbital. Therefore, the HOMO-LUMO excitation induced by light irradiation
could shift the electron distribution from the middle of the molecule to the an-
choring moieties, thus favoring electron injection from dye to TiO». The absolute
energies of the HOMOs are —4.95, —4.98, —4.93, and —4.93 eV, while the absolute
energies of the LUMOs are —2.56, —2.59, —2.50, and —2.56 eV for D1, D2, D3,
and D4, respectively. The calculated energies of D1 herein are quite consistent

TABLE I. Excitation energy (E and calculated 1), oscillator strength (f) and main configu-
ration of indoline dyes (H = HOMO, L = LUMO, L+1 = LUMO+1, etc.)

Dye E/eV Z/nm f Configuration Assignment
D1 212 5857 0913 H — L (+89 %) T — m*
2.82 439.3 0.546 H-1— L (+75%); H — L+1 (+16 %)
295 4200 0.386 H— L+1 (+73%); H-1 — L (+16 %)
3.26 380.2 0.549 H-2 — L (+68 %); H — L+2 (+19 %)

D2 233 5328 1024 H— L (+86 %) T — ¥
310 3996 0.281 H-1— L (+91 %)
348 3563 0202 H— L+1(+81%): H — L+2 (+7 %)

D3 213 5811 0944 H — L (+89 %) T —

283 4375 0520 H-1— L (+76 %); H — L+1 (+15 %)

298 4155 0433 H — L+1 (+74 %); H-1 — L (+14 %)

325 3811 0.522 H-2 — L (+66 %); H — L+2 (+23 %)

D4 208 59.7 1.103 H — L (+90 %) T —

265 467.7 0.701 H-1— L (+58 %); H — L+1 (+34 %)

276 4495 0.405 H — L+1 (+58 %); H-1 — L (+31 %)

3.07 4033 0.163 H-2 — L (+86 %)

325 3812 0353 H-—L+2(+72%); H-1— L+1(+18 %)
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with the experimental data (cited as D149, HOMO: —4.901 eV, LUMO: -2.873
eV).32 For comparison, the HOMO level for N719 (calculated at the DFT level of
theory in a water environment) is -5.3 eV with the LUMO at —2.7 €V.33 The
HOMO (conduction band) energy level of TiO, calculated for a TizgO7g Cluster
exposing the anatase (101) surface3* is located at —6.55 €V, and the corres-
ponding LUMO at —2.77 eV.

w

&

Fig. 3. HOMO and LUMO of the indoline dyes computed on the ground-stated geometries.

The HOMO and LUMO levels of adye used in a DSSC must match with the
conduction-band-edge energy level (E¢p) of the TiO, and the redox potential of
electrolyte for an efficient charge separation and dye regeneration. The HOMO
level has to be sufficiently more positive than the redox potential (0.40 V vs.
NHE for 1-/137) and the LUMO of the dye has to be sufficiently more negative
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than the Eqp of TiOo. Usually, an energy gap of more than 0.2 V between the
LUMO level of the dye and the Eq, of TiO2 (-0.50 V vs. NHE) is necessary for
an effective electron injection from the excited dye to the conduction band of
TiO,.24 The energy levels of the excited state of the four dyes are depicted in
Fig. 4. The HOMO levels are more positive than the redox potentia of 1-/I3~
(0.40 V vs. NHE), meaning that the resultant dye* can be deoxidized by I~ in the
electrolyte. The LUMO levels are sufficiently more negative than the E¢ (0.5 V
vs. NHE) to inject electrons from the dyes. The relatively large energy gaps be-
tween the LUMO and the Eq, values could improve the voltage and, conse-
quently, the total efficiency.

-3

-1.94 -1.92 -2.00 -1.94
-2 4 LUMO —_—
1N
I
Z 14
; -0.5
2 e
> .
“Lu- 0 cb of TiO, o3
0.45 . 0.43
HOMO 0.48 B
D1 D2 D3 D4
14

Fig. 4. Energy level diagram of the conduction bands of TiO,, and the ground state
and single excited states of the indoline dyes.

UV-Vis absorption spectra

The simulated absorption spectra of the four indoline dyes in solutions are
shown in Fig. 5. The first optically alowed electronic transition of D1, D2, D3
and D4 are predicted to populate the HOMO — LUMO transitions at 585.7,
532.8, 581.1 and 596.7 nm, respectively. The observed experimental imax values
are at 526, 531, and 532 nm for D1, D2 and D3 (D4 has a dlightly red-shifted
absorption spectrum peak, but the Amax value is not valuable).® 1t seems that the
calculated results did not reproduce the corresponding experimental spectra very
well. The inclusion of the solvent is important to calculate spectra in good agre-
ement with the experiment. However, the experimental data® were obtained in
tert-butyl alcohol/acetonitrile (1/1); while the present calculation was carried out
with only the solvation effect of acetonitrile.
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Fig. 5. Simulated absorption spectra of the indoline dyes.

CONCLUSIONS

In this paper, the ground-state geometries and electronic structures of four
indoline dyes in acetonitrile were investigated by DFT calculations. The high ab-
sorption coefficients of these dyes in visible region make them very suitable for
efficient light harvesting. The absolute energies of the HOMOs are —4.95, —4.98,
—4.93, and 4.93 eV, while the absolute energies of the LUMOs are —2.56, —2.59,
—2.50, and —2.56 €V for D1, D2, D3, and D4, respectively, indicating that elec-
tron transfer from the excited dyes to the TiO, conduction band is available.
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U3BOJ
DFT UICTIUTUBABA EJIEKTPOHCKE CTPYKTYPE MHAOJHUX BOJA
COJIAPHE REJIMJE OCETJBMBE HA BOJY
JE XU, GUIJIE LIANG, LUOXIN WANG, WEILIN XU, WEIGANG CUI, HUI ZHANG 1 ZENGCHANG LI

Key Lab of Green Processing & Functional Textiles of New Textile Materials, Ministry of Education,
Wuhan University of Science & Engineering, 430073, Wuhan, Hubei, China

Cepuja nanonaux 00ja Koje nmajy obehasajyhy edukacHoct 3a conapre henmje oceT/prBe Ha
00jy ucnuTHBaHa je moMohy Teopuje QyHkimoHana rycture Ha B3LYP/6-31g (d) uusoy. Ipu-
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Ka3aHH Cy T€OMETpHUje OCHOBHHX CTamba, CICKTPOHCKE CTPYKTYpE M allCOPHLIHOHU CHEKTPH OBHUX
00ja. Pesynratn mszpauyHaBama ykasyjy Ha To 1a cy HOMO u LUMO eHepreTcku HUBOU OBHX
00ja 1moroHM 3a NpHjeM enekTpoHa. HuxoBe MHTEH3MBHE M IMPOKE arCOpIMOHE TPake, Kao U
(haBOPU30BaHU CHETTETCKH HUBOM EKCIIUTOBAHOT CTama Cy KJbYYHH (DAKTOPH 32 HUXOBY H3y3€THY
edukacnoct y DSSC.
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Abstract: A new carbonaceous material was successfully prepared by the py-
rolysis of scrap tire rubber at 600 °C under a nitrogen atmosphere. The physical
characteristics of the prepared carbonaceous material were studied by scanning
electron microscopy (SEM), X-ray powder diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS). It was proved that the carbonaceous material had
a disordered structure and spherical morphology with an average particle size
about 100 nm. The prepared carbonaceous material was also used as electrodes
in electrochemical systems to examine its electrochemical performances. It was
demonstrated that it delivered a lithium insertion capacity of 658 mA h g1
during the first cycle with a coulombic efficiency of 68 %. Cyclic voltammo-
grams test results showed that a redox reaction occurred during the cycles. The
chemical diffusion coefficient based on the impedance diagram was about 1010
cm? s1. The pyrolytic carbonaceous material derived from scrap tire rubber is
therefore considered to be a potential anode material in lithium secondary bat-
teries or capacitors. Furthermore, it is advantageous for environmental pro-
tection.

Keywords: pyrolytic carbon; scrap tire rubber; carbonaceous materias; electro-
chemical performance; coulombic efficiency; chemical diffusion coefficient.

INTRODUCTION

The lithium-ion battery has developed rapidly in the past decades due to its
advantages of high electromotive force and high energy density. In today’s com-
mercial lithium-ion batteries, carbonaceous materials are widely used as the ano-
des. As compared with lithium metal, carbonaceous anodes reduce the formation
of lithium dendrites on the surface of the anodes during the cycling process,
which effectively enhances the safety and prolongs the cycle of lithium-ion bat-
teries. In general, carbonaceous materials are classified into two groups. highly
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doi: 10.2298/JSC10020271L
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graphitized carbons and dlightly graphitized carbons of disordered structures.
Graphitic carbons are the dominant anode material in today’s lithium-ion techno-
logy because of their good characteristics of arelatively flat potential and stable
structure upon cycling. However, the formation of graphitic carbons usually re-
quires high reaction temperatures and their reversible capacities which, normally
below 372 mA h g1, are limited compared with lithium metal.

Low-crystalline carbons, also named disordered carbons, have received con-
siderable interest because of their appealing features, such as higher specific ca-
pacities of lithium insertion; good cycling performances; structural characteristics
controllable by changing the organic precursors, heat-treatment temperature and
soaking time.1.2 Disordered carbons synthesized by the pyrolysis of organic pre-
cursors can accommodate much larger amounts of lithium than graphitic carbons,
because disordered carbons contain predominantly planar hexagonal networks
but lack extended graphitic crystallite ordering. Moreover, the short-sized gra-
phite layers in disordered carbons are relatively facile for the insertion of lithium
ions compared with graphitic carbons.3

Scrap tires are usually considered as waste materials. Owing to their flexible
nature and resistance to degradation, under-grounding tires would occupy large
volumes of land and tires tend to cause destabilization of compacted landfill
sites. Scrap tires would also lead to significant fire hazards and generate high le-
vels of pollution to the air, soil and waters. In fact, scrap tires may represent a
source of many valuable products. According to recent management strategies
that focus on valuable resources recycling and environmental protection, pyro-
lysisisregarded as one of the most promising techniquesin terms of the recovery
of valuable products from scrap tire rubber.4

Disordered carbons prepared by the pyrolysis of condensed aromatics®6 and
a multitude of natural precursors’—11 have been reported. These disordered car-
bons showed high initial insertion specific capacities and good electrochemical
performance but low initia coulombic efficiencies. In this paper, the results of
the structural characteristics and electrochemical performance of carbonaceous
material pyrolyzed from scrap tire rubber are reported. The as-prepared carbo-
naceous material in the present study was designated as TRC. To evaluate the
electrochemical properties of TRC, the widely used commercial powdered gra-
phite carbons (abbreviated as CGP and F-0), activated carbon (abbreviated as
AC) were used for comparative purposes.

EXPERIMENTAL

Preparation of the carbonaceous material

The scrap tire rubber employed in this work was in powdered form of particle size about
0.3 mm. A tube furnace was used to produce the carbonaceous material. Before pyrolysis, the
rubber powder was washed with anhydrous ethanol. Subsequently, the above rubber precursor
was heated at 600 °C for 2 h in flowing nitrogen at a heating rate of 2 °C min-L. After natural
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cooling to room temperature, the residual solid sample was mixed with a 1.0 M acetic acid
solution in a 250 mL screw cap glass bottle to leach the inorganic elements to a minimum.
The mixture was milled by magnetic force for 24 h and then end-over-end shaken for 6 h at
room temperature. Afterwards, the mixture was filtered through a low-ash filter paper and
then washed with distilled water until the pH value of the filtrate was neutral.
Analytical and testing instruments

SEM Images were obtained with a Hitachi X-650B microscope. The XRD data was col-
lected between the scattering angles (26) 0 and 90° using a Rigaku D/Max 2550 powder dif-
fractometer equipped with Cu-Ka radiation source (4 = 0.15418 nm). The XPS was collected
on aVG Escaab MK |1 instrument.
Assembly of cells and performance evaluation

The electrochemical properties of various carbonaceous materials were evaluated with a
lithium metal foil as the counter electrode. The working electrode was prepared by mixing
TRC (or CGP, F-0 and AC), acetylene black and an aqueous binder LA132 (from Indigo,
China) at aweight ratio of 87:5:8, in an appropriate amount of distilled water to make surry.
After mixing well, the slurry was pasted onto a 12 um copper foil and dried at 120 °C to give
the electrodes. All electrodes were cut into disks with a diameter of 14.5 mm (thus the area of
1.65 cm?), pressed, dried at 90 °C under vacuum for 4 h, and weighed to determine the active
mass of carbon.

All the operations on the cells assembly were realized in an argon-filled dry glove box.
The electrolyte was 1.0 M LiPFg dissolved in a mixture of ethylene carbonate (EC), dimethyl
carbonate (DMC) and ethylene methyl carbonate (EMC) with a volume ratio of 1:1:1. A po-
rous Celgard 2400 polypropylene membrane was used as the separator. The constant current
charge—discharge and room temperature cycling performance of the cells were tested on a
Neware battery tester (China) and cyclic voltammograms (CVs) were measured using an
Arbin Instrument (USA). Electrochemical impedance spectra (EIS) were investigated by a
Solartron 1260/1287 (UK) impedance analyzer in the frequency range of 10-1-106 Hz.

RESULTS AND DISCUSSION
SEM Characterization of the carbonaceous materials

The SEM microphotographs of CGP, F-0, AC and TRC are shown in Fig. 1.
The carbonaceous materials showed different morphologies. The SEM image of
TRC revealed a spherical morphology and the TRC spheres were comparatively
smooth with an average particle size of ca. 100 nm. According to Aurbach,12 car-
bonaceous materials with a smoother surface give a better lithium-ion in-ser-
tion/desertion performance. This is because a smooth surface is advantageous for
the formation of an effective passivation layer. In addition, carbon spheres are
thought to be beneficial for obtaining an improved performance because of their
high pack density, low surface-to-volume ratio, good structural stability, etc.13
Therefore, this morphological feature of the TRC material derived from the pyro-
lysis of scrap tire rubber is expected to be favorable for good cycling stability.
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Fig. 1. SEM Images of 8 CGP, b) F-0, c) AC and d) TRC.

XRD Characterization

The XRD patterns of CGP, F-0, AC and TRC are presented in Fig. 2. As
Sandi et al.14 indicated, CGP and F-0 show a highly graphitized carbon structure,
while AC and TRC display disordered carbon systems. The diffraction peak of
(100) at around 43° indicates the presence of planar hexagonal cluster structures,
while the broad reflection of (002) at around 24° indicates stacking of the gra-
phite sheets in TRC, as shown in Fig. 2d. The dgg2 of TRC is about 3.65 A,
which is a little larger than that of pure graphite carbon, as revealed in Figs. 2a
and 2b. The larger interlayer distance of TRC is facile for the insertion and de-
sartion of lithium ions and the retention the structural stability of TRC during
cycles.

As indicated by Liu et al.,15 the empirical parameter R can be used to esti-
mate the concentration of nonparallel single layers of carbon in carbonaceous
materials pyrolyzed at |low temperatures. In the present study, the R value of TRC
was found to be about 3.10. As shown in Figs. 2c and 2d, the R value of AC was
higher than that of TRC, indicating more graphitized carbon single layers in
TRC. The amount of the precursor loaded for pyrolysisis considered to be a con-
dition for alarge value of R. The reason is that large sample (more than 10 g pre-
cursor) when heat-treated can generate a higher partial vapor pressure of volatile
organic products which may be able to redeposit in a process similar to the che-
mical vapor deposition (CVD) action. The capacity of a sample is correlated with
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the value of R that lies on the fraction of the single layers. Samples with lower R
values have more single layers and generally give alarger reversible specific ca
pacity. For al single layers R = 1,15 as shown in Figs. 2a and 2b. Therefore, the
single-layer fraction in TRC is small, which is one of the possible reasons that
TRC has arelatively lower reversible specific capacity.
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Fig. 2. XRD Patterns of @) CGP, b) F-0, c) AC and d) TRC.

XPS Measurements

The X-ray photoelectron binding energy spectrum of Cigin TRC isgivenin
Fig. 3. The spectrum shows that the TRC mainly consists of four kinds of carbon,
including elemental carbon (C-C), phenol or ether (C-O), carbonyl (C=0) and
carboxyl (COOH), which correspond to binding energies at 284.8, 286.2, 287.9
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and 289.6 eV, respectively. Surface functional groups such as C-O, C=0 and
COOH were mainly formed during the pyrolysis process. As Ogihara et al. dis-
cussed,3 these surface functional groups would cause a loss of reversible capacity
because of their potential reactions with lithium.

4800

4000

: 3200

u

Intensity / a

n
B
(=4
o

1600

800 1 n 1 L 1 L J
Binding Energy / eV

Fig. 3. X-Ray photoelectron binding energy spectrum of Clsin TRC.

Cyclic voltammetry

The CVs of CGP, F-0, AC and TRC are shown in Fig. 4 (1). The scan rate
for al the electrodes was 0.2 mV s=1. As can be seen from Fig. 4 (1), the four
carbonaceous materials showed different electrochemical behaviors. The charge
—discharge curves of CGP, F-0, AC and TRC, as shown in Fig. 4 (2), also display
their different electrochemical properties. The CGP and F-0 electrodes exhibited
the same oxidation-reduction behavior, i.e., Li-ion insertion—extraction, in the
electrodes. The AC electrode exhibited no redox peaks, which is due to the pro-
cess of electrostatic adsorbing—desorbing of PFg~ in AC. The TRC electrode ex-
hibited two reduction peaks in the potential regions of 1.4-0.4 V and 0.4-0 V.
The currents (i) at 1.4-0.4 V varied amost linearly with the scan rate (v), espe-
cialy at the potentials of 0.6 and 0.4 V, as shown in Fig. 5. This result demon-
strates a surface reaction behavior,16 which is consistent with those of Ogihara.3
In the potential region 1.4-0.4 V, a solid-electrolyte interface (SEI) film formed.
The SEI films were mainly produced by the electrochemical reduction of solvent
species at 1.2 V, the emphraxis of EC-solvated lithium on the carbonyl edges
(Cedge=0), and the reaction of lithium ions with Cegge=O to give the reversible
redox reaction Cedge=O/Cedge—OL .17 Consequently, the high capacity in the po-
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tential region of 1.4-0.4 V is the result of the electrochemically reversible redox
0of Cedge=O/Cedge—OL i, Which is cyclable and occurs only on the electrode sur-
face. In the potential region of 0.4-0 V, as suggested by other authors,18-20 this
is regarded as lithium ion insertion into the graphite layers (CgLi) and/or electro-
chemical deposition of metallic lithium clusters (Li%). Simultaneously, a LiF re-
sistive filmisformed irreversibly at around 0.2 V.17
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Fig. 4. 1) Cyclic voltammograms and 2) charge-discharge curves
of @ CGP, b) F-0, c) ACand d) TRC.
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Fig. 5. Scan rate (v) dependence of the current (i) for TRC at potentials
of 1.4,1.2,1.0,0.8,0.6,0.4,0.2and 0.0 V.

Cycling properties

The variations of the charge and discharge capacities with cycle number, to-
gether with the coulombic efficiency, for TRC are shown in Fig. 6. The cells
were cycled between 0 and 3V vs. Li/Li* at a current density of 0.45 mA cn2. A
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Fig. 6. Variation of the charge and discharge capacities with cycle numbers,
together with the coulombic efficiency for TRC.
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capacity of 658 mA h g1 was obtained during the initial discharge with a coulom-
bic efficiency of 68 %. The initia coulombic efficiency was much higher than
that of many other carbonaceous materials obtained by pyrolysis.”,10.11,21,22 The
TRC electrode exhibited a rapid capacity fading in the first two cycles, although
the irreversible capacities gradually decreased in the subsequent cycles. A suffi-
cient passivation layer was not formed because of the structural characteristics of
TRC and electrochemical parameters, such as large surface area, abundant func-
tional groups, and/or large current density are thought to be the reasons. The low
coulombic efficiencies of the first two cycles are considered to be caused by the
fact that the applied current was consumed not only when lithium ions were in-
serted into the TRC during the discharge process, but also by other side reactions,
such as solvent decomposition. After the 2nd cycle, the fading of both the charge
and discharge capacities become slow and the coulombic efficiency reaches up to
95 %, which were because highly passivated surface films formed, the effect of
side reactions abated and the structure of TRC became much more stable with
cycling.

Impedance measurements

The impedance diagrams obtained for cells with a TRC electrode before
cycling and after four cycles are shown in Fig. 7. The semicircles in the medium
frequency region correspond to the process of insertion of lithium ions. The se-
micircle in the high frequency region for the cell after four cyclesis considered to
correspond to the formation of an SEI film on the electrode surface. The diagram

-2400 -

-2000 |-
—l— before cycling
+
600 L after four cycles
a
~ -1200 |-
N
-800 |-
A/H i\A\
N W
0 ﬁ.&i‘. |
400 800 1200 1600 2000 2400
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Fig. 7. Impedance diagram of the TRC electrode system before cycling and after four cycles.
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also demonstrates that the impedance of the cell greatly increased upon cycling.
This would be caused by the micro-exfoliation of the carbon particles during the
repeated insertion-desertion process. As indicated by Levi et al.,23 the micro-ex-
foliation would result in an increase of the surface area electrode and lead to a
continuous reduction of the solvent species. As a result, the electrode becomes
more covered by solution-reduced products and exfoliated carbon; hence the im-
pedance of the cell increases. The chemical diffusion coefficient of lithium was
calculated from the straight line of the impedance spectrum?4 shown in Fig. 7.
This value corresponds to 2.0x10-10 cm2 s-1, which is larger than the value ob-
tained by Sandi et al.14

CONCLUSIONS

Scrap tire rubber was proved to be a suitable precursor for the production of
carbonaceous el ectroactive materials for lithium-ion batteries. The prepared sam-
ple showed a disordered structure and spherical morphology with a relatively
smooth surface and comparatively uniform particle size distribution. The higher
chemical diffusion coefficient of lithium indicated the rapid transfer of lithium
ions during cycling. As suggested by Aurbach et al.,25 the structural characteris-
tics of carbonaceous materials have an important influence on the voltage profile,
reversibility and the final stoichiometry of the lithium-inserted carbon. The elec-
trochemical performances of TRC were largely determined by its surface mor-
phology and structural characteristics. A structure with a certain degree of crys
tallization and a certain number of poresis necessary for TRC to give a high ca-
pacity because the cavities in the TRC may be favorable for a greater accommo-
dation of lithium ions. The disordered pyrolytic carbon TRC derived from scrap
tire rubber showed a first-cycle coulombic efficiency of more than 65 %, which
is much higher than other carbonaceous materials of the same family obtained
from other precursors, although it exhibited arelatively low reversible capacity.

More importantly, not only the electrode materials could be obtained from
scrap tire rubber by pyrolysis, but also the serious “black pollution” by scrap tires
would be effectively solved by this method, which is thus advantageous for envi-
ronmental protection.

N3BOJ
CUHTE3A U KAPAKTEPU3ALIMJA HOBOI' YI'JBEHUYHOI' MATEPUJAJIA
3A VIIOTPEBY YV EJJEKTPOXEMUJCKMM CUCTEMUMA
Z1 J LIN*?, XUE BU HUY?, YONG JIAN HUAI*? u ZHENG HUA DENG?

1Chengdu Instutute of Organuc Chemustry, Chunese Academy of Scuences, Chengdu, Suchuan 610041, and
Graduate School of Chunese Academy of Scuences, Beujung, 100039 u 2Zhongke Laufang Power
Scuence & Technology Co., Ltd, Chengdu, Suchuan 610041, P.R. China

CHHTETHCAH je HOBH YIJbCHHYHH MaTepHjal [MHUPOIM30M OTIafaKa ayTOMOOWIICKHX T'yma Ha
600 °C y armoctepu azora. Pusnyke KapaKTepUCTHKE YIJbEHUYHOT MaTepujaja Cy UCIUTHBAHE
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ckernpajyhom enekrporckom mukpockonujom (SEM), nudpakmujom X-3paka (XRD) u portoenex-
TpoHCKOM criekTpockomnujom X-3paka (XPS). Tloka3ano je ma marepujai mma HeypeheHy CTpyk-
Typy u cdepHy Mopdonorujy ca nmpocedHoM BenuuuHoM dectuna ox oko 100 nm. Cunrerucanu
YIJbEHHYHU MaTepujaj je KopumheH M Kao eNEeKTPoJa y ENEeKTPOXEMHjCKHM CUCTeMUMa Jia Ou ce
HCITUTAJIC FEroBe eJICKTPOXEMH]jCKe KapaKTepUCTHKe. Pe3ynraTu cy mokasanu Jia je KalnanureT UH-
Tepkananuje nutujyma 658 mAh/g Tokom mpBor muKiIyca y3 KyJOHOBCKY edukacHocT ox 68 %.
LukirgHOM BOJTaMETPHjOM je TOKa3aHO J1a c€ TOKOM IMKIIyca OAWTpaBa pemOKC peakiuja. Ha
OCHOBY MMIICIAHCHHX Meperba ofpelieH je koeduumjent nudysuje matnjyma og oko 107° cm?/s.
Ha ocHoBy oBHX pe3yaraTa Moxke ce pehu na Ou ce yribeHHYHHM MaTtepHjan JoOMjeH MUPOIU30M
oTHajgaKa ayTOMOOJHMCKHX T'yMa MOrao KOPUCTUTH Kao aHOJHM MarepHjai y JIMTHjyMCKuUM Oate-
pujama, mTo 61 NCTOBPEMEHO OHO ¥ JONIPUHOC OYyBamy )KUBOTHE CPEIUHE.

(TTpumsbeno 19. pebpyapa, pesumuparo 4. jyna 2009)
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Derived thermodynamic properties of
alcohol + cyclohexylamine mixtures
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Abstract: Thermal expansion coefficients, a, excess therma expansion coeffi-
cients, o, isothermal coefficients of pressure excess molar enthalpy, (0H5/op)+ ,
partial molar volumes, V;, partial molar volumes at infinite dilution, \7{"’, par-
tidl excess molar volumes, V;F, and partial excess molar volumes at infinite
dilution, V; E were calculated usi ng experimental densities and excess molar
volumes, VE, data All calculations are performed for the binary systems of
cyclohexylamine with 1-propanol or 1-butanol or 2-butanol or 2-methyl-2-pro-
panol. The Redlich—Kister polynomial and the reduced excess molar volume
approach were used in the evaluation of these properties. In addition, the aim of
this investigation was to provide a set of various volumetric data in order to
asses the influence of temperature, chain length and position of hydroxyl group
in the alcohol molecule on the molecular interactions in the examined binary
mixtures.

Keywords: binary mixtures; densities; volumetric properties; alcohols; cyclo-
hexylamine.

INTRODUCTION

Knowledge of derived thermodynamics properties such as partial molar
volumes, excess partial molar volumes, thermal expansion coefficients, excess
thermal expansion and isothermal coefficient of pressure excess molar enthal py
is of practical interest and importance in the investigation of specific interactions
of complex liquid mixtures, such as mixtures containing alcohols.1

In last few years, considerable work has been performed in order to better
understand the molecular structures of solutions with strong interactions.

The densities of binary mixtures of cyclohexylamine with 1-propanol or 1-bu-
tanol or 2-butanol or 2-methyl-2-propanol or 1-pentanol were already experi-

* Corresponding author. E-mail: mirjana@tmf.bg.ac.rs
# Serbian Chemical Society member.
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mentally determined and details of this research were given previously.23 In this
paper, the results of density measurements and calculated data of excess molar
volumes were used for additional analyses.

In this work, the aforementioned thermodynamic derived properties for bi-
nary systems of cyclohexylamine with 1-propanol or 1-butanol or 2-butanol or
2-methyl-2-propanol or 1-pentanol were evaluated using the Redlich—Kister
Equation and the reduced excess molar volume approach.

The derived properties were used to assess the influence of temperature,
chain length and position of the hydroxyl group in the alcohol molecule on mole-
cular interactions in the examined binary mixtures.

RESULTS AND DISCUSSION

The excess molar volumes, VE, of the binary mixtures were calculated from
density data by applying Eqg. (1):

VE = (M1 +XM5)/ p=xMy/ pr =X Mo/ ps 1

where x1, X2, M1 and M» are the mole fraction and molar mass of components 1
and 2, while p, p1 and p» stand for the measured densities of the mixture, and the
pure components 1 and 2, respectively.

The obtained VE values were fitted to a modified Redlich-Kister (RK)
polynomial:4

VE=xxo 3B, (Xg—%Xo)P 2
=XXp 2.Bp(X—X2) 2
p=0

where B, denotes a temperature dependent parameter:
k
B.=>B T9 ©)
p Pq
g=0
where T stands for the absolute temperature.
The results were also explained using the reduced excess molar volume,

VE/x1(1 —x1), which has a better physical significance and is more sensitive than
VE to interactions which occur in dilute regions:

VE/x(1-x)= zl_:OAn x" (4)

where the optimal number of parameters A, was 3. The values of the adjustable
parameters of Eq. (4), Bpg and Ap, were given previously.2

The thermal expansion coefficient, , for a pure component and for a mix-
ture can be computed using the expression:

a=@Inp/aT) (5)
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CALCULATION OF DERIVED PROPERTIES OF MIXTURES 285

which takes into account the temperature dependence of the density. The ex-
pression relating the molar volume of a mixture and its excess molar volume, in
accordanceto Eq. (1), is:

N . . E
V= ZXiVi +V (6)
i=1
where V;’is the molar volume of pure component i and N is the number of
components in amixture. Differentiation of Eq. (6) and dividing by V leads to:®

a=VY@VE/aT),, + %a—x-v-(’) 7
= P, X; i7iVi
i=1

where a and ¢ are the thermal expansion coefficients of the mixture and the pure
component, respectively. Comparison of the o values with literature data®38 of
pure components at selected temperatures showed very good agreement up to
7x103 K1,

The excess thermal expansion coefficient, aF, is calculated as:

£ N
a-=0-3.60 (8)
i=1
where ¢, isthe volume fraction of component i:

N
G =XV 1 2%V 9)
i=1
In addition, the isothermal coefficient of the pressure excess molar enthalpy,
(oH Ey dp)T x » can be derived from volumetric measurements using the follow-
ing expression:

(@HE/9p)r x=VE-T@VE/T), (10)

Values of o, oj and (IHE/ dp)t x for the examined binary mixtures over the
entire studied temperature range are summarized in Table | (supplementary ma-
terial, electronic version only at http://www.shd.org.rs/jscs/) and are graphically
represented in Fig. 1 for 303.15 K. For all liquids, a increases with increasing
temperature and decreases with the chain length of the 1-alcohols. The values of
a for 2-butanol and 2-methyl-2-propanol are higher than those of the 1-alcohols
for the same temperature. Fig 1a shows that for 1-alcohol molecules, the value of
a for the mixtures slightly decreases with mole fraction of the alcohols. However,
the branched alcohols behave in a rather different way, particularly for the sys-
tem with 2-methyl-2-propanol where « sharply increases as the concentration of
2-methyl-2-propanol increases. For the system with 2-butanol, o is nearly cons-
tant with dlight sigmoid shape. As can be seen from Fig 1b, all the excess thermal
expansion coefficient, «F, curves for the systems 1-alcohol + cyclohexylamine
have sigmoid shape with small values which dlightly increase with increasing tem-
perature.
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Fig. 1. Plots of &) the therma
expansion coefficient, o, b) ex-
cess thermal expansion coeffi-
cient, «F and c) isothermal
coefficient of pressure excess
molar enthalpy, (OHE/op)tyx, at
303.15 K for the systems. 1-
-propanol (1) + cyclohexylami-
ne (2), line 1; 1-butanol (1) +
cyclohexylamine (2), line 2; 1-
-pentanol (1) + cyclohexylami-
ne (2), line 3; 2-butanol (1) +
cyclohexylamine (2), line 4; 2-
-methyl-2-propanol (1) + cyclo-
hexylamine (2), line 5.
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As can be observed from Fig 1c, for all systems except for the system with
2-methyl-2- propanol the isothermal coefficient of pressure excess molar en-
thalpy, (aH /9p)T x, become more negative with increasing temperature. For
the system 2- methyl 2-propanol + cyclohexylamine, this quantity is positive and
rises with increasing temperature.

Furthermore, the partial molar volumes, V;, and Vs, of components 1 and 2,
can be calculated using the equations:

Vi=VE+V +@-x) @V Erax) o 1 (12)
Vo=V E+vy—x @V E/ox) 1 (12)

Differentiation of Eq. (2) with respect to x1, leads to the following equations
for the partial molar volumes:

V1=V +(1-x) (ZB (2% — 1)p+x122pB (2% -DPY (13)

p=0 p=1
V2=V3 +(1-x) 2 3By (@ -DP =X 328, (20 -DPY)  (14)
p=0 p=1

In Egs. (13) and (14), By, is the temperature dependent parameter defined by
Eq. (3).

Table | (supplementary material, electronic version only at http://
Ilwww.shd.org.rs/jscs/) also presents the partial molar volumes, V; , for both
components in the investigated mixtur%, calculated by Egs. (13) and (14) using
the RK parameters listed previously.2

Plots of the partlaJ molar volumes, V; and V,, and partial excess molar
volumes, Vl and V2 , are presented in Figs. 2 a—d, respectively. From Figs. 2a
and 2b, it is clear that the influence of temperature on the partial molar volume
V, and V, for al mixtures is low and that a dightly increasing trend appears
When the temperature is increased. Flgur$ 2c and 2d show that for all systems,
the partial excess molar volumes, and V2 , over the whole concentration
range are negative, indicating that the interactions of unlike moleculesis stronger
than those of like molecules.

A great part of investigations of voI umetric behavior is related to the derived
volumetric properties, V;™ and V . Setting X% =0 and x; =1 leads to the
equations for the partial molar volum%at infinite dilution, V;™ andV5":

VI =V 3By (-D)P (15)
p=0
—o0 m
Vo =V2°+ ZBp (16)
p=0
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In this work, the partial excess molar volumes, V,® and V., were calculated
from the equations:

V=V, -V, (17)

Vs =V,-V5 (18)

where V; and V, are the partial molar volumes calculated from Egs. (13) and

(14), respectively. The results for V are also given in Table | (supplementary
material, electronic version only at http Iiwww.shd.org.rg/jscy).

Using the values of V;™, and V5~ obtained from Egs. (15) and (16), the par-

tial excess molar volumes at infinite dilution, V , and V2 , were calculated
by the following equations:®

VT =V, -V (19)

Vo T =V ,-V5 (20)

The partial excess molar volumes at infinite dilution, V;=* and V-, are of
fundamental importance since they provide insight into the solute-solvent in-
teractions independent of the composition effect, while in the limit of infinite di-
lution, the solute—solute interactions disappear. Bearing in mind that the RK
Equation and its derivatives do not always provide the best representation of

these properties, two other aternatives through the reduced excess molar volu-
mes'0 and apparent molar volumes?11 were also included in this study.

110 4 B ’_,3/) I
1054 —— —
] Fig. 2. Plots of partial molar
=% . volumes, @) V; and b) V,, and
g 94 T — —— —— patial excess molar volumes.
AR E— e c) V;F and d) V5 at 303.15 K
S { 42// for the systems: 1-propanol (1)
™~ 85 . .
] + cyclohexylamine (2), line 1;
80 1-butanol (1) + cyclohexylami-
751 o ne(2,line 2; 1-pentanal (1) +
N cyclohexylamine (2), line 3;
] 2-butanol (1) + cyclohexylami-
65 T T T T T T T 1 I .
00 02 04 06 08 1o e (2), line 4 2—methy|-2-p_ro—
x, panol (1) + cyclohexylamine
(a) (2), line5.
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[ Fig. 2 continued. Plots of par-
g tial molar volumes, a) V; and
: b) V,, and partial excess molar
"o volumes. ¢) V£ and d) VS at
b5 303.15 K for the systems: 1-
~ .
W -propanol (1) + cyclohexylami-
N ne (2), line 1; 1-butanol (1) +
+ cyclohexylamine (2), line 2;
l-pentanol (1) + cyclohexyl-
i : . . i : i : i . amine (2), line 3; 2-butanol (1)
0.0 02 04 086 08 1.0 + Cyclohexylam| ne (2)’ line 41
* 2-methyl-2-propanol (1) + cyc-
(d) lohexylamine (2), line 5.

__ Firgt, the values of the partial excess molar volumes at infinite dilution,
VlE'°° and V2E'°°, were calculated by the RK Equation using the following
equations:
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—E,oo m p
Vit = 2Bp(-D) (21)
p=0
—E,oo m
p=0

Table | (supplementary material, electronic version only at http://
/lwww.shd.org.rg/jscs/) also contains the partial molar volumes at infinite di-
lutions, V;* and \7iE’°°, for components 1 and 2 evaluated using the RK para-
meters.

Analytical extrapolation of Eq. (4) for the reduced excess molar volumes to
X1 = 0 gives \71E'°° , While extrapolation to x; = 1 leads to\72E'°° .

The apparent molar volumes of components 1 and 2 can be expressed as:

Vg =Vr +(V E/x) (23)
Vg, =V5 +(V E/xy) (24)

Graphical or analytical extrapolation of Vg tox1=0 and Vg, toxg =1 leads
to the values of the limiting apparent molar volumes, which are also called the
pattial molar volumes at infinite dilution, Vi~ and V5. The values V¢l'°° and
\Y ¢2: were calculated using Egs. (19) and (20).

The results of VlE'°° and VZE""’ obtained from the reduced excess molar vo-
lumes extrapolation of Eqg. (4) are given in Table |l (supplementary material,
electronic version only at http://www.shd.org.rs/jscs/). Similar results were ob-
tained using the extrapolation of the apparent molar volume and the RK alter-
natives.

As can be seen from Table Il (supplementary material, electronic version
only at http://www.shd.org.rg/jscs/) and Fig. 3, the trends of both partial volumes,
V;=%and V;”, at infinite dilution are the same, and increase with increasing
chain length of the 1-alcohols.

The partial molar volumes at infinite dilution, V;™ and V5~ , are lower than
the molar volume of the pure liquids for al the investigated systems. The dif-
ference between the molar volumes of 1-propanol, as the lowest alcohol, and
cyclohexylamine in their pure state was the highest, but after mixing V;™ had the
lowest value, comparing with the other 1-alcohols. The value of V4™ increases
with increasing number of C atoms in the 1-alcohals, since the difference in the
molar volumes of both componentsis significantly lower.

This phenomenon indicates that after the mixing process, the molar volumes
of both components in the mixture are smaller than the molar volumes in their
pure liquid state, showing compression in volume,~ which indicates a better
packing efficiency in the mixture than in the pure state.
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Fig. 3. Influence of increasing the number of C atomsin 1-alcohol + cyclohexylamine systems
on V5= (W), V;” (0), V.~ (@) and V5~ (O), at 303.15K.
The symbols refer to experimental points.

Figure 3 aso shows that for all systems with 1-alcohols, the \71E'°° and \72E’°°
values are negative, increasing with increasing length of the 1-alcohols, indi-
cating that the interactions of unlike molecules are stronger than those of like
molecules, according to the previously given explanations. This also means that
intermolecular hydrogen bonds are not broken in dilute regions.

The values of both properties \7iE'°° and ;™ for the mixtures with 2-butanol
and 2-methyl-2-propanol are in accordance with the explanations already given
previoudly.

Finally, from Table 11 (supplementary material, electronic version only at
http://www.shd.org.rg/jscs/) and Fig. 4, it is clear that the influence of tempe-
rature on \7iE‘°° and V;* for all mixtures is low, with a dightly increasing trend
with increasing temperature, because of the larger expansion capability of the
molecules in the pure state compared to in the mixture in the infinite dilution
regions.
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Fig. 4. Influence of temperature on \71°° for the systems: 1-propanol (1) + cyclohexylamine (2)
(M); 1-butanol (1) + cyclohexylamine (2)2 (@); 1-pentanol (1) + cyclohexylamine (2) (A),
2-butanal (1) + cyclohexylamine (2) (¥) and 2-methyl-2-propanol (1) + cyclohexylamine (2)
(®). The symbols refer to experimental points.

CONCLUSIONS

The aim of this work was to include thermodynamically derived properties
in the analysis of the complex behavior of liquid mixtures.

For this reason, the therma expansion coefficient, o, the excess thermal
expansion coefficient, oF, the isothermal coefficient of the pressure excess molar
volumes, (0H Ey ap)T «» the partial molar volumes, V; , the partlal molar volumes
at infinite dilution, V;™, the partial excess molar volumes, V and the partial ex-
cess molar volumes at |nf|n|te dilution, V , were ca culated using experimen-
tal densities and excess molar volumes, V data of binary mixtures of cyclohex-
ylamine with 1-propanol, or 1-butanol, or 2—butano|, or 2-methyl-2-propanol. The
Redlich-Kister polynomial and the reduced excess molar volume approach were
used in the determination of these properties. In this way, the influence of tem-
perature, chain length and position of the hydroxyl group in the alcohol molecule
on the molecular interactions in mixtures, including the infinite dilute region, was
examined.
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N3BO I

WU3BEJAEHE TEPMOJUHAMMNYKE OCOBMHE CMEIIA
AJIKOXOJI + TUKJIOXEKCUJIAMIH

HNBOHA P. PAIOBWHh, MUPJAHA Jb. KWJEBYAHUMH, AJIEKCAHJAP XX. TACHUR,
BOJAH 1. BOPBEBWH u CJIOBOJAH I1. LIEPBAHOBUR

TexHoaowko-meiianypuiku axyaitieisi, Yrnueepauitieii y beozpaoy, Kapnezujesa 4, 11120 beozpao

TepMHUKH KOSHIMjEHT eKCIan3uje, ¢, NOMyHCKH TEPMHUKH KoeHIHjeHT, oF, n3otepMcKu
KOe(UUMjEHT TpUTHCKa JolyHCKe Monaphe entanmnje, (OHE/OP)Ty, mapuujanne monaphe 3ampe-
MuHe, Vj, napuyjaiHe MolapHe 3ampeMuHe Ipu GeckoHauHoM pasGuaxetsy, V™, mapuujanHe no-
IIyHCKE MOJIapHe 3anpeMune, Vi, ¥ HaplyjaiHe JOIyHCKe MOJapHe 3allpeMUHE NP 6ECKOHAYHOM
pasbnaxemwy, V, Ee, Cy M3padyHare U3 eKCIHEePUMCHTAIHHX IOJaTaka 3a I'yCTHHE U MojaTaka 3a
jomyrcke monapre 3anpemune VE. CBu mpopauyHu cy m3BeplieHM Ha GMHAPHHM CMEIIAMA I[H-
KJIOXeKCHIaMuHa ca 1-nponanonoM, uiu 1-6ytaHonoM, uinu 2-0yTaHOIOM, WIH 2-MEeTHII-2-1poria-
Hosom. TTonmmrom Redlich—Kister-a u npucryn penykoBaHe IOIyHCKE MOJIApHE 3alPEMHHE CY KO-
putihieH y u3padyHaBarwy OBUX ocobGuHa. IIpu ToMe, IHJb OBOT HCTpaXXKHBamba je 1o Ja ce oape-
I CeT Pa3IMYMTHX BOJNYMETPHjCKUX IMOJATaKa Jia OU ce MPOLECHHO YTHIAj TeMIIepartype, IyKHHE
JIaHIA ¥ TI0JI0Kaja XHIAPOKCHUIIHE TPYHe Y MOJCKYJy alKOXOja Ha MOJIEKYJICKE HHTEpakuuje y
HCIUTHBAHNM OMHAPHUM CMelaMma.

(IIpumibeHo 2. anpuia, pesuaupaso 19. asrycra 2009)
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Table I. Partial molar volumes, V;, partial excess molar volumes, \7iE, thermal expansion
coefficients, «, excess thermal expansion coefficients, «F, and isothermal coefficients of

pressure excess molar enthalpy, (6HE/6P)r, for alcohol (1) + cyclohexylamine (2) binary
mixtures at different temperatures (288.15 to 323.15) K and atmospheric pressure

o of ) (6HEIop)T X A V, V,E V.E

X1 10°k?  10%k?T  JMmPalmo? cm®malt emimolt cm3-%nol'l cm?’-rznol’1
1-Propanol (1) + cyclohexylamine (2)
T=288.15K
0.0000 1041 0 0 70.303° 113.827 -4.1012° 0
0.0509 1.034 —5.77 0.0439 70.458 113.823 -3.9462 -0.0032
0.1017 1.029 -9.73 0.0265 70.610 113811 -3.7939 -0.0160
0.1486 1.025 -11.89 —0.0338 70.784 113786 —-3.6201 -0.0411
0.1992 1.023 -12.85 -0.1351 71.006 113739 -3.3985 -0.0880
0.3007 1.021 -11.51 -0.4031 71541 113558 -2.8633 -0.2691
0.4009 1.021 —7.78 -0.6734 72.148 113227 -2.2563 -0.5999
0.4998 1.021 -3.75 —0.8650 72766 112.718 -1.6382 -1.1090
0.6002 1.020 -1.48 -0.9235 73.350 112.002 -1.0543 -1.8250
0.7000 1.015 -1.7 -0.8197 73.830 111.108 -0.5740 —-2.7183
0.7997 1.008 -3.89 —-0.5725 74170 110.093 -0.2345 -3.7336
0.8500 1.005 -4.95 -0.4137 74282 109566 -0.1224 -4.2603
0.8998 1.002 -5.23 -0.2526 74.355 109.059 -0.0496 -4.7673
0.9502 1.001 -3.91 -0.1054 74.394 108585 -0.0107 -5.2419
1.0000 1.001 0 0 74.404 108.193° 0 -5.6334°
T=293.15K

0.0000 1.047 0 0 70576 114423 —-4.1970 0
0.0509 1.040 -5.23 0.0288 70.757 114419 -4.0168 -0.0038
0.1017 1.035 -8.73 -0.0011 70.929 114405 -3.8447 -0.0182

* Corresponding author. E-mail: mirjana@tmf.bg.ac.rs
# Serbian Chemical Society member.
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I RADOVIC et al.

TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vs
X1 10°k?  10°k*  aMmPatmol™ emPmol? emPmol™ em®mol? cm®*mol™
1-Propanol (1) + cyclohexylamine (2)

T=29315K
0.1486 1.032 -10.53 -0.0709 71117 114378 -3.6560 —0.0454
0.1992 1.030 -11.17 -0.1803 71.352 114.328 -3.4218 -0.0950
0.3007 1.029 -9.42 —0.4582 71902 114142 -2.8709 -0.2812
0.4009 1.029 551 -0.7315 72515 113.808 -2.2579 -0.6151
0.4998  1.029 -15 -0.9211 73134 113299 -1.6397 -1.1242
0.6002 1.027 0.63 -0.9739 73.715 112586 -1.0579 -1.8376
0.7000  1.022 0.16 -0.8619 74194 111695 -05791 -2.7281
0.7997 1.015 2.4 -0.6041 74534 110.678 -0.2390 -3.7456
0.8500 1.011 -3.72 —0.4390 74648 110145 -0.1257 -4.2779
0.8998  1.008 —4.32 -0.2708 74.722  109.628 -0.0515 -4.7950
0.9502 1.006 -3.40 -0.1152 74.762 109.137 -0.0113 -5.2865
1.0000  1.006 0 0 74773  108.721 0 —5.7025

T=29815K
0.0000  1.052 0 0 70.295 115.026 —4.2873 0
0.0509 1.046 —4.70 0.0135 71.066 115.021 -4.0826 -0.0044
0.1017 1.041 —7.74 —0.0292 71.257 115.005 -3.8915 -0.0204
0.1486 1.039 -9.19 —0.1086 71460 114976 -3.6887 —0.0496
0.1992 1.037 -9.52 —0.2262 71.706 114.924 -3.4426 -0.1017
0.3007 1.036 -7.35 -0.5142 72272 114733 -2.8769 -0.2926
0.4009 1.036 -3.28 —0.7906 72890 114396 -2.2585 —0.6293

1-Propanol (1) + cyclohexylamine (2)

T=298.15K
04998  1.037 0.73 -0.9781 73508 113.888 -1.6406 -1.1381
0.6002 1.034 271 -1.0252 74.087 113177 -1.0611 -1.8485
0.7000  1.029 1.99 —0.9047 74564 112290 -0.5840 -2.7360
0.7997 1.021 —0.94 —0.6362 74905 111.270 -0.2434 -3.7555
0.8500  1.017 -2.51 —0.4647 75.019 110.733 -0.1290 -4.2931
0.8998 1.014 -3.42 —-0.2893 75.095 110.206 -0.0534 -4.8201
0.9502 1011 -2.9 -0.1252 75.137 109.698 -0.0119 -5.3279
1.0000 1.011 0 0 74582  109.258 0 —5.7679

T=30815K
0.0000  1.063 0 0 71468 116.248 -4.4513 0
0.0509 1.058 —3.66 -0.0180 71.719 116.243 42003 -0.0055
0.1017 1.054 -5.81 —0.0869 71.945 116.224 -3.9735 -0.0244
0.1486 1.052 —6.57 —-0.1860 72175 116191 -3.7441 -0.0574
0.1992 1.051 -6.29 -0.3203 72443 116134 -3.4760 -0.1141
0.3007 1.051 -3.31 —0.6290 73.035 115935 -2.8837 -0.3136
0.4009 1.052 11 -0.9118 73.662 115594 22567 -0.6547
0.4998  1.052 5.09 -1.0951 74278 115.087 -1.6404 -1.1620
0.6002 1.049 6.79 -1.1303 74852 114383 -1.0665 —1.8656
0.7000 1.044 5.59 —0.9926 75326 113502 -0.5931 -2.7462
0.7997 1.035 1.94 —0.7022 75.667 112480 -0.2517 -3.7686
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TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vo
X1 10°k?  10°k*  aMmPatmol™ emPmol? emPmol™ em®mol? cm®*mol™
1-Propanol (1) + cyclohexylamine (2)

T=308.15K
0.8500 1.031 -0.12 -0.5175 75784 111932 -0.1353 —4.3163
0.8998  1.026 -1.64 -0.3272 75.862 111.386 -0.0570 -4.8623
09502  1.023 -1.91 -0.1456 75906 110.847 -0.0131 -5.4016
1.0000 1.022 0 0 75.919 110.361 0 —5.8876

T=313.15K
0.0000  1.069 0 0 71790 116.869 -4.5251 0
0.0509  1.064 -3.15 —-0.0341 72.063 116.863 —4.2521 —0.0060
0.1017 1.061 —4.86 -0.1164 72,307 116.843 -4.0086 —0.0263
0.1486  1.059 -5.28 -0.2257 72548 116.808 -3.7670 -0.0610
0.1992  1.058 -4.7 -0.3685 72.826 116.749 -3.4887 -0.1198
0.3007  1.058 -1.32 -0.6879 73431 116545 -2.8845 -0.3232
0.4009  1.059 3.25 -0.9739 74.061 116.202 -2.2542 -0.6660
0.4998  1.060 7.22 —1.1550 74676 115695 -1.6395 —1.1719
0.6002 1.057 8.78 —1.1841 75247 114995 -1.0686 -1.8718
0.7000 1.051 7.34 —1.0376 75718 114118 -0.5973 —2.7486
0.7997  1.042 3.35 -0.7359 76.059 113.094 -0.2557 —-3.7720
0.8500  1.037 1.04 —0.5445 76.177 112541 -0.1383 —4.3243
0.8998  1.032 -0.79 -0.3466 76.256 111.986 -0.0588 —4.8793
0.9502  1.029 -1.44 -0.1561 76.302 111431 -0.0136 -5.4337
1.0000 1.027 0 0 76.315  110.927 0 -5.9419

1-Butanol (1) + cyclohexylamine (2)%

T=288.15K
0.0000 1.041 0 0 87.398 113827 -3.7317 0
0.0499  1.030 —6.75 0.0930 87.553 113.823 -35771 -0.0035
0.1019  1.022 -10.8 0.0899 87.707 113.810 -3.4224 -0.0164
0.1499  1.017 -12.31 0.0217 87.871 113787 -3.2591 -0.0400
0.1997  1.013 -12.25 —0.0930 88.064 113745 -3.0652 -0.0814
0.2995  1.007 -9.39 -0.3822 88.529 113588 -2.6007 -0.2382
0.4000 1.002 -5.25 —0.6546 89.076 113.291 -2.0534 -0.5354
0.4994  0.996 —2.02 -0.8266 89.647 112.822 -1.4830 -1.0043
0.6006  0.988 -0.59 -0.8621 90.193 112152 -0.9366 —1.6744
0.6977  0.978 -11 -0.7602 90.626 111.350 -0.5032 —2.4768
0.7497  0.972 -1.63 —-0.6585 90.807 110.879 -0.3231 —2.9480
0.7984  0.966 -2.39 —-0.5410 90.938 110430 -0.1919 —3.3968
0.8500  0.960 —2.76 —-0.4008 91.037 109.968 -0.0931 -3.8585
0.8993  0.954 —2.77 -0.2608 91.095 109.565 -0.0350 —4.2611
0.9508  0.949 -1.74 -0.1193 91.123 109.218 -0.0063 —4.6085
1.0000 0.945 0 0 91.130  109.003 0 —4.8234

T=293.15K
0.0000  1.047 0 0 87.715 114423 -3.8425 0
0.0499  1.037 -5.86 0.0666 87.906 114419 -3.6514 -0.0044
0.1019  1.029 —9.53 0.0532 88.088 114.404 -3.4692 -0.0195
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TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vo
X1 10°k?  10%k?  aMPalmol? cm®*malt cm®*moalt cm®mal? cmPmol™
1-Butanol (1) + cyclohexylamine (2)*

T =293.15K
0.1499 1.024 -10.99 -0.0152 88.270 114378 -3.2878 -0.0457
0.1997 1.020 -11.04 -0.1253 88.476 114.333 -3.0809 -0.0897
0.2995 1.014 -8.51 -0.4034 88.954 114.172 -2.6034 -0.2507
0.4000 1.009 —4.49 -0.6725 89.504 113874 -2.0533 -0.5493
0.4994 1.003 -1.08 —-0.8500 90.073 113406 -1.4845 -1.0169
0.6006 0.995 0.62 -0.8933 90.617 112739 -0.9401 -1.6845
0.6977 0.984 0.16 -0.7925 91.050 111937 -0.5073 —2.4858
0.7497 0.978 -0.49 -0.6871 91.231 111465 -0.3269 —2.9580
0.7984 0.972 -1.48 -0.5630 91.362 111.014 -0.1950 —3.4092
0.8500 0.965 -2.18 -0.4139 91.462 110548 -0.0952 -3.8756
0.8993 0.959 -2.53 -0.2653 91.521 110.138 -0.0361 —4.2851
0.9508 0.954 -1.75 -0.1178 91551 109.781 -0.0066 —4.6427
1.0000 0.950 0 0 91.557 109.553 0 —4.8702

T=298.15K
0.0000 1.052 0 0 88.050 115.026 —3.9406 0
0.0499 1.043 —4.99 0.0397 88.271 115.021 -3.7196 -0.0051
0.1019 1.036 -8.27 0.0158 88.476 115.004 -3.5141 -0.0221
0.1499 1.030 -9.68 -0.0528 88.674 114975 -3.3167 -0.0506
0.1997 1.026 -9.85 -0.1582 88.893 114929 -3.0977 -0.0972
0.2995 1.019 —7.65 -0.4249 89.384 114.763 -2.6067 -0.2625
0.4000 1.014 -3.75 —-0.6906 89.938 114463 -2.0527 -0.5630
0.4994 1.008 -0.18 -0.8738 90.506 113996 -1.4848 —1.0298
0.6006 1.000 18 -0.9251 91.048 113.331 -0.9427 -1.6947
0.6977 0.990 14 -0.8255 91.479 112532 -0.5111 -2.4937
0.7497 0.983 0.62 -0.7161 91.660 112.060 -0.3306 —2.9661
0.7984 0.977 -0.6 -0.5854 91.792 111607 -0.1983 -3.4190
0.8500 0.970 -1.63 -0.4272 91.893 111136 -0.0975 -3.8898
0.8993 0.964 2.3 —0.2698 91.953 110.719 -0.0374 —4.3065
0.9508 0.958 -1.78 -0.1162 91.983 110.350 -0.0070 -4.6759
1.0000 0.954 0 0 91.990 110.106 0 —4.9194

T =308.15K
0.0000 1.063 0 0 88.781 116.248 —4.0982 0
0.0499 1.056 -3.28 -0.0154 89.041 116.242 -3.8379 -0.0061
0.1019 1.049 -5.81 —-0.0609 89.281 116.223 -3.5985 -0.0258
0.1499 1.044 —7.13 -0.1298 89.504 116.190 -3.3750 -0.0581
0.1997 1.039 -7.51 -0.2256 89.745 116.139 -3.1344 -0.1092
0.2995 1.032 -5.96 -0.4691 90.264 115965 -2.6153 -0.2836
0.4000 1.026 -2.29 -0.7279 90.829 115659 -2.0501 -0.5900
0.4994 1.020 1.62 -0.9227 91.397 115192 -1.4822 -1.0565
0.6006 1.013 412 —0.9902 91.934 114533 -0.9450 -1.7152
0.6977 1.002 3.84 —0.8930 92.361 113.742 -0.5177 —2.5065
0.7497 0.995 2.81 -0.7755 92,541 113272 -0.3380 —2.9768
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TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vo
X1 10°k?  10°k*  aMmPatmol™ emPmol? emPmol™ em®mol? cm®*mol™
1-Butanol (1) + cyclohexylamine (2)%

T=308.15K
0.7984 0.988 114 —0.6313 92.674 112817 -0.2052 -3.4312
0.8500 0.981 -0.53 —0.4545 92776 112.339 -0.1030 -3.9094
0.8993  0.973 -1.85 -0.2790 92.838 111.907 -0.0407 —4.3418
0.9508  0.967 -1.83 -0.1129 92.871 111509 -0.0080 —4.7396
1.0000  0.963 0 0 92.879 111.223 0 —5.0250

T=31315K
0.0000  1.069 0 0 89.178 116.869 -4.1578 0
0.0499 1.063 —2.44 —0.0437 89.448 116.863 -3.8879 -0.0063
0.1019 1.056 —4.61 —-0.1002 89.698 116.842 -3.6379 -0.0269
0.1499  1.051 -5.87 -0.1693 89.931 116.809 -3.4044 -0.0606
0.1997  1.046 —6.37 —-0.2602 90.182 116.755 -3.1543 -0.1138
0.2995  1.038 -5.13 -0.4918 90.715 116576 —2.6206 —0.2930
0.4000 1.032 -1.57 -0.7469 91.288 116.266 —2.0480 —0.6031
0.4994 1.027 25 -0.9477 91.857 115799 -1.4792 -1.0703
0.6006  1.019 5.27 -1.0236 92391 115.144 09448 -1.7255
0.6977  1.009 5.04 -0.9276 92.815 114358 -0.5205 25113
0.7497  1.002 3.9 —0.8060 92.994 113.890 -0.3417 —2.9793
0.7984  0.994 2 -0.6549 93.127 113436 -0.2090 -—3.4334
0.8500  0.986 0 —-0.4685 93.230 112954 -0.1061 -3.9149
0.8993  0.979 -1.63 —0.2837 93.293 112514 -0.0426 -4.3556
0.9508 0.972 -1.84 -0.1113 93.327 112.099 -0.0086 —4.7701
1.0000  0.968 0 0 03.336  111.788 0 —5.0814

1-Pentanoal (1) + cyclohexylamine (2)

T=288.15K
0.0000 1.041 0 0 104.434 113.827 -3.2902 0
0.0506  1.027 -7.79 0.1404 104539 113824 -3.1855 -0.0025
0.1001  1.015 -12.78 0.1912 104.644 113815 -3.0809 -0.0111
0.1500  1.006 -15.45 0.1704 104.772 113.797 -2.9528 -0.0296
0.2002  0.998 -16.21 0.0921 104.929 113763 -2.7959 -0.0631
0.2997  0.987 -13.82 -0.1696 105.326 113629 -2.3984 -0.1980
0.3995 0.979 -8.61 -0.4705 105.819 113.361 -1.9054 -0.4659
0.5004  0.970 -3.65 -0.7025 106.360 112915 -1.3643 -0.9116
0.6003  0.959 -11 -0.7812 106.870 112.289 -0.8543 -1.5380
0.6998  0.944 -1.57 —0.6790 107.288 111513 -04370 -2.3131
0.7962  0.928 -3.99 —0.4365 107.562 110.705 -0.1631 -3.1216
0.8500 0.919 -5.21 -0.2727 107.653 110.283 -0.0719 -3.5437
0.8995 0.912 -5.44 -0.1321 107.701 109.952 -0.0239 -3.8751
09501  0.906 -4.04 —-0.0280 107.721 109.707 -0.0034 -4.1196
1.0000  0.903 0 0 107.725 109.578 0 —4.2484

T=29315K
0.0000  1.047 0 0 104.799 114.423 -3.4079 0
0.0506  1.033 —7.03 0.1185 104.936 114420 -3.2708 —0.0033
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TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vo
X1 10°k?  10%k?  aMPalmol? cm®*malt cm®*moalt cm®mal? cmPmol™
1-Pentanoal (1) + cyclohexylamine (2)

T =293.15K
0.1001 1.022 -11.6 0.1575 105.067 114.409 -3.1401 -0.0140
0.1500 1.013 -14.09 0.1322 105.216 114.388 -2.9911 -0.0355
0.2002 1.005 -14.86 0.0550 105.389 114.351 -2.8181 -0.0724
0.2997 0.994 -12.82 -0.1946 105.806 114.210 -2.4011 -0.2136
0.3995 0.985 -8.14 -0.4799 106.305 113.938 -1.9016 —0.4849
0.5004 0.975 -3.55 -0.7012 106.845 113.494 -1.3619 -0.9292
0.6003 0.964 -1.05 -0.7792 107.351 112.873 -0.8562 —1.5502
0.6998 0.949 -1.26 -0.6855 107.765 112104 -0.4423 -2.3192
0.7962 0.934 -3.31 —0.4550 108.039 111.296 -0.1685 —3.1276
0.8500 0.925 -4.39 -0.2957 108.131 110.867 -0.0760 —3.5559
0.8995 0.917 —4.64 -0.1551 108.181 110.524 -0.0264 —3.8994
0.9501 0.911 -3.48 -0.0442 108.203 110.258 -0.0042 —4.1650
1.0000 0.907 0 0 108.207 110.097 0 —4.3266

T=298.15K
0.0000 1.052 0 0 105.180 115.026 -3.5162 0
0.0506 1.039 —6.29 0.0962 105.346 115.022 -3.3503 —0.0040
0.1001 1.028 -10.44 0.1231 105500 115.009 -3.1964 -0.0166
0.1500 1.019 -12.75 0.0933 105.668 114.985 -3.0284 -0.0408
0.2002 1.012 -13.52 0.0172 105.856 114.945 -2.8405 -0.0809
0.2997 1.000 -11.85 —0.2200 106.291 114.798 —-2.4052 —0.2280
0.3995 0.990 —7.68 -0.4895 106.797 114523 -1.8990 -0.5026
0.5004 0.980 —3.46 —0.7000 107.336 114.079 -1.3600 —0.9463
0.6003 0.968 -1.01 -0.7772 107.838 113.463 -0.8579 -—1.5629
0.6998 0.954 -0.96 -0.6922 108.249 112.699 -0.4468 —2.3266
0.7962 0.938 —2.63 -0.4738 108.523 111.891 -0.1732 -3.1349
0.8500 0.930 -3.58 -0.3190 108.617 111.457 -0.0796 —3.5685
0.8995 0.922 -3.85 -0.1785 108.668 111.103 -0.0285 —3.9225
0.9501 0.916 —2.92 —0.0608 108.691 110.819 -0.0048 —4.2066
1.0000 0.911 0 0 108.696 110.629 0 —4.3972

T =308.15K
0.0000 1.063 0 0 105.994 116.248 -3.7048 0
0.0506 1.051 -4.84 0.0506 106.207 116.243 -3.4920 -0.0052
0.1001 1.041 -8.16 0.0527 106.399 116.228 -3.2998 -0.0209
0.1500 1.032 -10.11 0.0135 106.599 116.199 -3.0997 -0.0496
0.2002 1.025 -10.9 —0.0602 106.812 116.153 -2.8861 —0.0951
0.2997 1.012 -9.94 -0.2722 107.281 115.995 -24178 -0.2530
0.3995 1.001 —6.77 -0.5091 107.801 115.714 -1.8978 -0.5348
0.5004 0.990 -3.27 -0.6975 108.341 115269 -1.3578 —0.9790
0.6003 0.978 -0.93 -0.7730 108.838 114.659 -0.8604 —1.5896
0.6998 0.964 -0.36 -0.7059 109.245 113.903 -0.4538 —2.3453
0.7962 0.948 -1.3 -0.5123 109.518 113.096 -0.1806 —3.1530
0.8500 0.940 -1.99 —0.3669 109.613 112.654 -0.0853 —3.5946
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TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vo
X1 10°k?*  10°k*  IMPalmol? cmPma™® em®mol™ cm®*mol? cm®mol™
1-Pentanol (1) + cyclohexylamine (2)

T=308.15K
0.8995  0.932 -2.28 -0.2264 109.667 112.284 -0.0319 —-3.9649
0.9501 0.925 -1.82 —0.0948 109.693 111.970 -0.0059 —4.2781
1.0000 0.919 0 0 109.699 111.733 0 -4.5155

T=313.15K
0.0000 1.069 0 0 106.427 116.869 —3.7850 0
0.0506 1.058 —4.13 0.0272 106.657 116.864 —3.5543 —0.0056
0.1001 1.048 —7.04 0.0166 106.865 116.847 -3.3469 -0.0226
0.1500 1.039 -8.82 -0.0274 107.078 116.816 —-3.1338 —0.0532
0.2002 1.032 -9.61 —0.0999 107.302 116.768 -2.9094 -0.1010
0.2997 1.018 -9 —0.2990 107.785 116.606 -24263 —0.2637
0.3995 1.006 -6.32 -0.5191 108.313 116.320 -1.8992 —0.5491
05004  0.995 -3.19 —0.6962 108.854 115.875 -1.3575 —0.9946
0.6003 0.983 -0.88 -0.7708 109.350 115265 -0.8613 -1.6038
0.6998  0.969 -0.07 -0.7129 109.756 114513 -0.4561 —2.3567
0.7962 0.954 -0.65 -0.5320 110.029 113.705 -0.1832 —-3.1638
0.8500  0.945 -121 -0.3914 110.124 113261 -0.0873 —3.6081
0.8995  0.937 -151 —0.2509 110.179 112.885 -0.0331 —3.9842
0.9501 0.929 -1.29 -0.1122 110.205 112,561 -0.0063 —4.3081
1.0000 0.923 0 0 110.212 112.306 0 —4.5631

2-Butanol (1) + cyclohexylamine (2)

T=288.15K
0.0000 1.041 0 0 88.673 113.827 -2.7586 0
0.0495 1.039 -2.31 -0.0177 88.773 113.823 -2.6582 -0.0034
0.1011 1.037 -3.88 -0.0625 88.921 113811 -25102 -0.0156
0.1505 1.036 4.6 -0.1253 89.076 113.789 -2.3551 -0.0380
0.1995 1.036 —4.68 -0.2013 89.244 113.753 -2.1871 -0.0738
0.3004 1.037 -3.34 -0.3765 89.631 113.622 -1.8003 -0.2042
0.3996 1.039 -1.12 —0.5335 90.046 113.398 -1.3858 —-0.4290
0.4974 1.041 0.77 -0.6323 90.454 113.064 -0.9778 -0.7622
0.5997 1.042 18 —0.6446 90.838 112597 -0.5937 -1.2298
0.7000 1.041 1.25 —0.5546 91.134 112.047 -0.2972 -1.7794
0.7999 1.039 -0.37 -0.3789 91.327 111474 -0.1048 -2.3522
0.8488 1.038 -1.19 —0.2745 91.382 111.216 -0.0495 -2.6106
0.8997 1.038 -1.63 —0.1652 91.415 110.987 -0.0161 -2.8400
0.9498 1.038 -1.38 -0.0692 91.429 110.823 -0.0024 -3.0037
1.0000 1.039 0 0 91431 110.718 0 -3.1081

T=293.15K
0.0000 1.047 0 0 89.082 114423 -2.8071 0
0.0495 1.044 —2.67 —0.0045 89.194 114420 -2.6957 -0.0037
0.1011 1.042 —4.55 —-0.0382 89.352 114.407 -2.5373 -0.0167
0.1505 1.041 -5.52 -0.0924 89.515 114.383 -2.3741 -0.0403
0.1995 1.041 -5.84 —0.1609 89.690 114.346 -2.1999 -0.0774
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TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vo
X1 10°k?  10%k?  aMPalmol? cm®*malt cm®*moalt cm®mal? cmPmol™
2-Butanol (1) + cyclohexylamine (2)

T =293.15K
0.3004 1.041 -4.97 -0.3221 90.084 114213 -1.8052 -0.2104
0.3996 1.043 -3.29 —0.4646 90.502 113987 -1.3878 -0.4367
0.4974 1.044 -1.97 -0.5481 90.910 113653 -0.9799 -0.7698
0.5997 1.044 -1.54 -0.5452 91.293 113.187 -0.5968 —1.2361
0.7000 1.043 —2.48 -0.4462 91.589 112639 -0.3010 -1.7846
0.7999 1.041 -4 -0.2756 91.782 112.063 -0.1078 —2.3598
0.8488 1.040 —4.46 -0.1823 91.838 111801 -0.0517 -2.6220
0.8997 1.040 —4.23 —0.0928 91.872 111565 -0.0174 —-2.8584
0.9498 1.041 -2.91 -0.0267 91.887 111.391 -0.0028 -3.0327
1.0000 1.044 0 0 91.890 111.269 0 -3.1539

T =298.15K
0.0000 1.052 0 0 89.500 115.026 —2.8609 0
0.0495 1.049 -3.02 0.0090 89.624 115.022 -2.7375 -0.0040
0.1011 1.047 -5.21 -0.0136 89.793 115.008 -2.5678 -0.0179
0.1505 1.045 -6.43 -0.0589 89.965 114983 -2.3961 -0.0427
0.1995 1.045 —6.98 -0.1199 90.146 114945 -2.2155 -0.0812
0.3004 1.045 —6.59 -0.2667 90.548 114809 -1.8128 -0.2168
0.3996 1.046 -5.42 -0.3946 90.969 114581 -1.3926 -0.4445
0.4974 1.046 —4.68 -0.4624 91.376 114.248 -0.9847 -0.7775
0.5997 1.046 —-4.83 -0.4441 91.759 113783 -0.6026 —1.2427
0.7000 1.044 -6.16 -0.3359 92.054 113.234 -0.3067 -1.7913
0.7999 1.042 —7.58 -0.1706 92.249 112654 -0.1121 -2.3713
0.8488 1.042 —7.69 -0.0886 92.306 112.386 -0.0547 —2.6394
0.8997 1.043 -6.78 -0.0192 92.342 112140 -0.0190 -2.8855
0.9498 1.045 —4.43 0.0166 92,358 111.952 -0.0033 -3.0742
1.0000 1.049 0 0 92.361 111.809 0 -3.2167

T =308.15 K
0.0000 1.063 0 0 90.366 116.248 —2.9837 0
0.0495 1.059 -3.72 0.0367 90.516 116.244 -2.8332 -0.0048
0.1011 1.056 -6.51 0.0370 90.711 116.228 -2.6389 -0.0207
0.1505 1.054 -8.22 0.0097 90.901 116.200 -2.4489 -0.0481
0.1995 1.053 -9.22 -0.0356 91.095 116.159 -2.2546 -0.0894
0.3004 1.052 -9.74 -0.1530 91.514 116.018 -1.8357 —-0.2302
0.3996 1.052 -9.57 -0.2509 91.939 115788 -1.4105 -0.4605
0.4974 1.052 -9.95 -0.2867 92.347 115455 -1.0030 -0.7931
0.5997 1.050 -11.24 -0.2367 92,728 114991 -0.6219 -1.2570
0.7000 1.048 -13.32 -0.1098 93.025 114.440 -0.3244 -1.8089
0.7999 1.046 -14.55 0.0448 93.225 113842 -0.1243 —2.4063
0.8488 1.047 -13.98 0.1038 93.286 113556 -0.0632 -2.6921
0.8997 1.049 -11.78 0.1318 93.326 113.282 -0.0235 —2.9660
0.9498 1.053 —7.39 0.1054 93.345 113.054 -0.0046 —3.1942
1.0000 1.060 0 0 93.350 112.855 0 -3.3935
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TABLE I. Continued

a oF OHER)Ty. Vi v, ViF Vo
X1 10°k?  10°k*  aMmPatmol™ emPmol? emPmol™ em®mol? cm®*mol™
2-Butanol (1) + cyclohexylamine (2)

T=313.15K
0.0000  1.069 0 0 90.817 116.869 —3.0529 0
0.0495  1.065 —4.06 0.0508 90.982 116.864 -2.8873 -0.0052
0.1011  1.062 -7.14 0.0629 91.190 116.847 -2.6795 -0.0221
0.1505  1.060 -9.09 0.0449 91.390 116.818 -2.4797 -0.0510
0.1995  1.058 -10.31 0.0075 91501 116.775 -2.2782 -0.0938
0.3004  1.057 -11.27 —-0.0948 92.019 116.632 -1.8510 -0.2372
03996  1.056 -11.58 -0.1773 92446 116400 -1.4235 -0.4687
04974  1.055 -12.5 —0.1966 92853 116.068 -1.0163 -0.8011
05997  1.053 -14.35 -0.1304 93.234 115604 -0.6355 —1.2648
0.7000  1.050 -16.8 0.0061 93.533 115049 -0.3364 —1.8199
0.7999  1.049 -17.94 0.1551 93.737 114439 -0.1322 —2.4298
0.8488  1.050 -17.04 0.2023 93.801 114142 -0.0686 —2.7274
0.8997  1.052 -14.2 0.2092 93.843 113850 -0.0264 -3.0194
0.9498  1.057 -8.83 0.1508 93.864 113596 -0.0055 -3.2728
1.0000 1.066 0 0 93.870 113.362 0 —3.5075

2-Methyl-2-propanol (1) + cyclohexylamine (2)

T =2308.15K
0.0000  1.063 0 0 92.833 116.248 -3.4054 0
0.0508  1.068 -85 0.1874 92939 116.244 -3.3006 —0.0050
0.1002  1.074 -16.19 0.3500 93.142 116.227 -3.0978 -0.0217
0.1502  1.081 -2351 0.5020 93.364 116.195 -2.8758 —0.0536
0.2001  1.088 -30.53 0.6477 93596 116.145 -2.6437 -0.1030
0.3005 1.105 -43.97 0.9423 94.074 115985 -2.1654 -0.2637
03991 1.122 -56.84 1.2505 94534 115736 -1.7051 -0.5123
0.4996 1141 —69.35 15772 94974 115377 -1.2659 -0.8719
05998 1.164 —79.42 1.8698 95.368 114.893 -0.8714 -1.3551
0.6997  1.194 -84.09 2.0368 95708 114261 -0.5320 -1.9872
0.7999 1.235 —78.08 1.9322 95981 113437 -0.2585 28114
08712  1.277 —62.86 1.5790 96.125 112704 -0.1149 —3.5445
0.8992  1.296 -53.77 1.3533 96.167 112.376 -0.0724 -3.8723
0.9504  1.339 -30.83 0.7831 96.221 111.710 -0.0185 —4.5385
1.0000 1.389 0 0 96.239 111.019 0 —5.2294

T=313.15K
0.0000  1.069 0 0 93.386 116.869 —3.5203 0
0.0508  1.075 —7.99 0.1727 93499 116.864 -3.4088 -0.0052
0.1002  1.082 -15.39 0.3290 93.708 116.847 -3.1991 -0.0225
0.1502  1.089 -22.61 0.4814 93936 116.814 -2.9717 -0.0551
0.2001  1.096 —29.68 0.6325 94.172 116.764 -2.7355 -0.1054
0.3005 1.112 -43.48 0.9463 94.656 116.601 -2.2512 -0.2681
03991  1.129 -56.7 1.2727 95.122 116.349 -1.7854 -0.5197
04996  1.149 —69.25 1.6055 95569 115983 -1.3381 -0.8860
05998 1.173 —78.78 1.8853 95.976 115485 -0.9314 -1.3844
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TABLE I. Continued

¢ o (@HED)Ty Vi Vs Vi- Vo
kKt 10°k?  amPatmol?t em®mol™ em®mol™? emPmol? cm®mol®

X1

10
2-Methyl-2-propanol (1) + cyclohexylamine (2)

T=313.15K
0.6997  1.204 -82.44 2.0224 96.332 114.822 -0.5757 -2.0474
0.7999  1.247 —75.4 1.8839 96.624 113940 -0.2834 —2.9293
0.8712  1.289 -59.98 15188 96.780 113.142 -0.1270 -3.7275
0.8992  1.309 -51.07 1.2948 96.827 112.781 -0.0804 -4.0879
0.9504  1.350 —29.01 0.7420 96.887 112.043 -0.0207 -4.8261
1.0000  1.399 0 0 96.907  111.266 0 —5.6027

T=31815K
0.0000 1.075 0 0 93.966 117.497 -3.6291 0
0.0508  1.081 —7.48 0.1578 94.082 117.492 -35137 -0.0054
0.1002  1.088 -14.6 0.3077 94.297 117.474 -3.2992 -0.0230
0.1502  1.095 —21.72 0.4604 94528 117.441 -3.0681 -0.0562
0.2001  1.103 —28.85 0.6170 94.767 117.390 -2.8290 -0.1071
0.3005 1.119 -3 0.9504 95256 117.225 -2.3395 -0.2715
03991  1.137 —56.57 1.2953 95729 116970 -1.8674 —0.5266
0.499%6  1.157 —69.12 1.6343 96.186 116.596 -1.4105 —0.9009
05998  1.182 —78.13 1.9011 96.606 116.081 —-0.9903 -1.4161
0.6997 1.214 —-80.78 2.0078 96.979 115386 -0.6175 -2.1114
0.7999  1.259 —72.74 1.8349 97.290 114447 -0.3065 —3.0501
08712  1.301 -57.12 1.4576 97.458 113587 -0.1382 —3.9098
0.8992 1.321 —48.39 1.2353 97508 113196 -0.0876 —4.3005
09504  1.362 -27.22 0.7002 97573 112393 -0.0226 -5.1044
1.0000  1.409 0 0 97595 111.539 0 —5.9579

T=32315K
0.0000  1.081 0 0 94572 118130 -3.7317 0
0.0508  1.087 —6.98 0.1426 94.689 118125 -3.6153 —0.0054
0.1002  1.095 -13.83 0.2861 94906 118.107 -3.3982 -0.0233
0.1502  1.103 —20.85 0.4391 95.139 118074 -3.1651 —0.0568
0.2001  1.110 —28.02 0.6013 95380 118.022 -2.9242 -0.1081
0.3005  1.127 —42.52 0.9545 95.874 117.856 -2.4302 -0.2740
03991 1144 —56.42 1.3182 96.353 117597 -1.9511 -0.5329
0.4996  1.165 —68.99 1.6636 96.821 117.214 -1.4832 -0.9164
05998 1.191 —77.47 19171 97.256 116.680 -1.0479 -1.4502
0.6997  1.225 -79.14 1.9930 97.647 115951 -0.6573 -2.1791
07999 1271 —70.12 1.7851 97.976 114957 -0.3280 -3.1736
08712 1314 -54.31 1.3955 98.156 114.039 -0.1483 —4.0915
0.8992  1.333 —45.77 1.1749 98.210 113.620 -0.0941 -4.5100
09504 1374 —25.46 0.6578 98.280 112.757 -0.0243 -5.3735
1.0000 1.419 0 0 98.304 111.835 0 —6.2949

Calculations for system 1-butanol + cycl ohexyl amine are based on literature experimental data partlal molar vo-
lume at infinite dilution V1 at xl = O partlal molar volume at infinite dilution Vz ax,=1; partlal excess
molar volume at infinite dilution Vl at xq = 0; “partial excess molar volume at infinite dilution V2 ax;=1
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TABLE II. Molar volumes, V1° and V2°, partiadl molar volumes at infinite dilution, \71"" and
V5, and partial excess molar volumes at infinite dilution, V,~* and V,~*

Vy V, Vi Vy” v, E Ve

T/K cm3-r1nol'1 cm3-r2nol 1 cm3-1rnol'1 cm3-?nol 1 cmsl-mol'l cmgz-mol'1

1-Propanol (1) + cyclohexylamine (2)
288.15 74.404 113.827 70.388 107.992 —4.0167 —5.8346
293.15 74.773 114.423 70.662 108.534 —4.1111 -5.8894
298.15 75.148 115.026 70.946 109.083 —4.2023 —5.9428
303.15 75.530 115.634 71.241 109.638 —4.2896 —5.9959
308.15 75.919 116.248 71.555 110.206 —4.3637 -6.0421
313.15 76.315 116.869 71.886 110.800 —4.4289 —6.0689

1-Butanol (1) + cyclohexylamine (2)
288.15 91.130 113.827 87.493 108.706 —3.6363 —5.1205
293.15 91.557 114.423 87.820 109.244 -3.7373 -5.1794
298.15 91.990 115.026 88.166 109.811 -3.8246 -5.2152
303.15 92.431 115.634 88.519 110.380 -3.9118 —5.2538
308.15 92.879 116.248 88.890 110.959 —3.9889 —5.2896
313.15 93.336 116.869 89.281 111.544 —4.0544 —5.3251

1-Pentanol (1) + cyclohexylamine (2)
288.15 107.7247 113.827  104.588 109.374 -3.1369 —4.4529
293.15 108.2070 114423  104.961 109.918 —3.2460 —4.5056
298.15 108.6963 115.026  105.338 110.466 -3.3586 —4.5601
303.15 109.1931 115634  105.730 111.024 -3.4627 —4.6106
308.15 109.6986 116.248  106.145 111.589 —3.5537 —4.6595
313.15 110.2117 116.869  106.576 112.182 —3.6354 —4.6873

2-Butanol (1) + cyclohexylamine (2)
288.15 91.431 113.827 88.651 110.572 —2.7800 -3.2544
293.15 91.890 114.423 89.067 111.125 —2.8223 —3.2985
298.15 92.361 115.026 89.471 111.672 —2.8903 -3.3541
303.15 92.847 115.634 89.889 112.209 —2.9587 -3.4249
308.15 93.350 116.248 90.327 112.736 -3.0222 -3.5120
313.15 93.870 116.869 90.786 113.252 —3.0831 —3.6169

2-Methyl-2-propanol (1) + cyclohexylamine (2)

303.15 95.591 115.634 92.137 110.729 -3.4535 —4.9046
308.15 96.239 116.248 92.663 110.969 -3.5752 -5.2791
313.15 96.907 116.869 93.215 111.220 —3.6922 —5.6494
318.15 97.595 117.497 93.790 111.494 —3.8057 —6.0032
323.15 98.304 118.130 94.395 111.795 —3.9089 —6.3352

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

2009 Copyright (CC) SCS




i Journal of

E: the Serbian
S Chemical Society
oINS

J. Serb. Chem. Soc. 75 (2) 295 (2010)

JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS

Errata (printed version only)

Issue No. 1 (2010), Val. 75:

page 145:
—Line 21 from the bottom should be deleted.

page 146:
—The lines before line 1 from the top should be inserted as follows: “Branko

Drakuli¢, Institute of Chemistry, Technology and Metallurgy, Center of Che-

mistry, Belgrade, Serbia”

page 152:
— Lines 20 and 21 from the top should read: “Alessandro Pedretti, Dipar-

timento di Scienze Farmaceutiche “Pietro Pratesi”, Universita degli Studi di
Milano, Italy*
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