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P.J. Šafárik University, Moyzesova 11, SK-041 54 Košice, Slovakia;
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The complex catena-poly[bis(benzoato-O)-bis(3-pyridinemethanol-N,O)-zinc(II)], [Zn(benz)2(3-pymeth)2]n
was prepared and characterised by elemental analysis, IR spectroscopy, thermal analysis and an X-ray struc-
ture determination. Zinc is octahedrally coordinated. Two coordination sites are occupied by oxygen atoms of
two monodentate benzoate groups, two by the nitrogen atoms of 3-pyridinemethanol, and two by methanolic
oxygen atoms of 3-pyridinemethanol from neighbouring structural units. Due to the bridging 3-pyridine-
methanol ligand, molecules of the complex are connected into infinite chains along the c axis. The bridging
function is reflected in the IR spectrum by a very sharp absorption band due to the stretching vibration
of the methanolic O–H group. Non-isothermal kinetics of the thermal decomposition were studied using
the model-free isoconversional method. Based on isoconversional dependencies, a multi-step mechanism
with parallel reactions was recognised for the decomposition of the complex.

Keywords: Zinc benzoate; 3-Pyridinemethanol; Crystal structure; FT-IR; Thermogravimetry; Model-free
kinetics

INTRODUCTION

Zinc is an essential and beneficial element in human growth. It is the second most abun-
dant transition metal in the human organism following iron. This element is known
to regulate activity in over 300 metalloenzymes and as a component of ‘‘zinc fingers’’
participates in the reliable transfer of genetic information [1–3].

In addition to physiological functions, zinc and its compounds have important roles
in clinical medicine. Antibacterial and antiviral activity and the wound-healing effect
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of zinc-containing ointments has been known for several centuries [4–9]. Zinc may be
used as a therapeutic agent and it may act as an antisickling agent and play a role
in the prevention of pain crises in sickle-cell disease. Zinc has been successfully used
in the treatment of acrodermatitis enteropathica, Wilson’s disease, gastrointestinal
disorders, infertility and other diseases [10].

In addition to conventional zinc compounds (zinc sulfate, zinc oxide), complexes
with organic ligands are also often used in clinical medicine and cosmetics. The complex
of zinc (II) with pyrithione is used in shampoos as an anti-dandruff agent [11].
The complex of zinc (II) acetate with erythromycin is used for acne therapy [12,13].
It is still of interest to find new compounds with enhanced activity against various
strains of bacteria. In this task it is important to study synergetic or antagonistic
effect between zinc and the molecules which themselves have antibacterial properties,
e.g., benzoic acid. Benzoic acid is used in combination with salicylic acid in dermatol-
ogy as a fungicidal treatment (Whitfield’s ointment) for fungal skin diseases (ringworm)
[14]. It can be found in cosmetics, deodorants and toothpaste [15,16]. More widespread
is the use of benzoic acid and its salts to preserve food from growth of micro-organisms
and it can be found in beverages, fruit products, chemically leavened baked goods and
condiments, and is used in the beverage industry (E-codes 210-213) [17–21].

As a part of our continuing research concerning properties, crystal structures
and biological activity of zinc(II) complexes with carboxylic acids we have described
properties of two molecular zinc(II) benzoate complexes with the pyridine-based
ligands nicotinamide and methyl-3-pyridylcarbamate [22]. The present article is
an extension of our research and describes the properties of the polymeric com-
plex catena-poly[bis-(benzoato-O)-bis(3-pyridinemethanol-N,O)-zinc(II)], [Zn(benz)2(3-
pymeth)2]n. The biological activity of these complexes against common strains of
bacteria is under investigation.

EXPERIMENTAL

Synthesis

Some 25 cm3 of an aqueous solution of sodium benzoate (0.500 g, 3.47mmol) was
mixed with 25 cm3 of an aqueous solution of zinc sulfate (0.280 g, 1.73mmol). The
pH of the solution was adjusted to 6 using free benzoic acid. After 30min stirring,
the solution was filtered and 3-pyridinemethanol (0.378 g, 3.47mmol) was added to
the filtrate. The reaction mixture was stirred for 3 h then filtered and left to stand at
room temperature. After two days colourless prisms crystallised. The crystals were filte-
red off, washed with water and dried. Yield 79%. Anal, Calcd. for C26H24N2O2Zn (%):
C, 59.38; H, 4.60; N, 5.33; Zn, 12.43. Found: C, 59.12; H, 4.23; N, 5.45; Zn, 12.78. IR
(KBr disc): 3436m, 3057w, 2932w, 2866w, 1618vs, 1607vs, 1552vs, 1482w, 1437 s,
1392vs, 1351s, 1313m, 1249m, 1216m, 1197m, 1177w, 1113m, 1059s, 1033w, 993vw,
951vw, 926w, 824s, 794m, 718vs, 703s, 650s, 618w, 557w, 454m, 414w, cm�1.

Physical Measurements

The infrared spectrum of the complex was recorded with an EQUINOX 55 (Bruker)
FT-IR spectrophotometer using KBr discs (complex/KBr mass ratio 1 : 100).
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



Thermogravimetric (TG) measurements were carried out in a static air atmosphere
with a heating rate of 5, 10 and 20�Cmin�1 using a Derivatograph MOM apparatus.
The sample size was 50mg. Elemental analysis (C, H, N) was performed with a
Perkin-Elmer 2400 CHN instrument. Zinc was determined spectrophotometrically by
the dithizone method with a Varian 635 spectrophotometer.

Structure Determination and Refinement

The complex crystallised as air-stable, colourless prisms. Diffraction experiments were
performed at 150K with a Nonius-Kappa CCD diffractometer (MoK� radiation,
�¼ 0.71070 Å) equipped with a graphite monochromator and a low-temperature goni-
ometer. Unit cell parameters were determined by a least-squares fit to 7627 reflections
(� from 1 to 27.5�). Details of the data collection are summarised in Table I. Data
were corrected for Lorentz and polarisation factors. Zinc was located from a

TABLE I Crystal data and structure refinement details

Empirical formula C26H24N2O6Zn
Formula weight 525.84

Crystal parameters
Crystal shape Prisms
Crystal colour White
Crystal size (mm) 0.37� 0.32� 0.3
Crystal system Monoclinic
Space group C2/c (No. 15)
Unit-cell dimensions
a(Å) 17.7530(4)
b(Å) 11.3440(2)
c(Å) 13.0920(3)
� (�) 118.794(1)

V(Å�3) 2310.60(8)
Molecules per cell, Z 4
Dx (g cm�3) 1.512

Measurement of intensity data
Instrument Nonius Kappa CCD
Temperature (K) 150(2)

Radiation � (Å) 0.71070
Monochromator Graphite
Scan mode ’ and !
� range (�) 3.21–27.49
Reflections measured 15 385
Independent reflections 2617
Reflections observed 2304 (I� 2�(I))
Linear absorption coefficient � (mm�1) 1.109
F(000) 1088
Reflections for cell measurement 7627
Indices limits
h �23 to 23
k �14 to 14
l �16 to 17

Refinement method Full-matrix least-squares on F2

Parameters 208
Goodness-of-fit on F2 1.0110
R1 0.0270 (observed); 0.0320 (all)
wR2 0.0801 (observed); 0.0841 (all)
Max./min. height in final
difference synthesis (e Å�3)

0.302/� 0.462
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Patterson synthesis using SHELXS97 [23]. Fourier maps, calculated using SHELXL97
[24], allowed the location of all non-hydrogen atoms. Full-matrix least-squares refine-
ments on F2 were carried out with anisotropic thermal parameters for non-hydrogen
atoms. Hydrogen atoms were located from a difference Fourier synthesis and refined
isotropically. Final reliability values are summarised in Table I while selected bond
distances and angles are listed in Table II. Figures were prepared using DIAMOND
[25] software.

RESULTS AND DISCUSSION

Description of the Structure

A view of the structure of the complex [Zn(benz)2(3-pymeth)2]n is shown in Fig. 1. The
complex crystallises in the monoclinic space group C2/c with four formula units in
the unit cell. Zinc is octahedrally coordinated and lies in a special position on a crystal-
lographic two-fold axis. Two coordination sites are occupied by oxygen atoms
of monodentate benzoate groups, two by the nitrogen atoms of the pyridine ring of
3-pyridinemethanol and two by the methanolic oxygen atoms of pyridinemethanol
ligands from neighbouring structural units (see Fig. 1). The bridging function of 3-pyr-
idinemethanol allows the molecules of the complex to form infinite chains running
along the c axis (Fig. 2). This bridging function was also observed in copper(II)
complexes [26,27]. However, in contrast to the Cu(II) complexes, whose oxygen
atoms of 3-pyridinemethanol ligands occupy positions opposite each other in the octa-
hedron (trans), in the studied zinc(II) complex the oxygen atoms lie in cis positions.
In addition to bidentate coordination of the 3-pyridinemethanol described above,
only monodentate coordination of this ligand was found in the complex tetrakis-�-
acetato-bis(3-pyridinemethanol)dicopper(II) [28].

The distances of the coordinated benzoate oxygen atoms from zinc are 2.046(1) Å, in
the range of values observed for octahedral zinc benzoate complexes with monodentate
carboxylate coordination [29–31], and are longer than values observed for tetrahedral

TABLE II Selected bond distances (Å) and angles (�) in the complex [Zn(benz)2(3-pymeth)2]n

Bond distances
Zn–O(2) 2.046(1) O(1)–C(1) 1.251(2)
Zn–N(1) 2.141(1) O(2)–C(1) 1.268(2)
Zn–O(3) 2.204(1) O(3)–C(13) 1.423(2)
N(1)–C(12) 1.342(2) C(1)–C(2) 1.508(2)
N(1)–C(8) 1.347(2)

Bond angles
O(2)–Zn–O(2) 174.62(5) O(2)–Zn–O(3)iii 87.93(4)
O(2)–Zn–N(1)i 93.71(4) N(1)–Zn–O(3)iii 176.86(3)
O(2)–Zn–N(1) 89.95(4) O(3)ii–Zn–O(3)iii 89.63(5)
N(1)–Zn–N(1)i 94.47(6) O(1)–C(1)–O(2) 125.4(1)
O(2)–Zn–O(3)ii 88.25(4) O(1)–C(1)–C(2) 118.6(1)
O(2)i–Zn–O(3)ii 87.94(4) O(2)–C(1)–C(2) 116.0(1)
N(1)i–Zn–O(3)ii 176.86(3) O(3)–C(13)–C(9) 110.9(1)
N(1)–Zn–O(3)ii 87.99(5)

i¼�x, y, � zþ 0.5; ii¼�x, 1� y, � z; iii¼x, 1� y, 0.5þ z.
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complexes [32–37]. Uncoordinated carboxylate oxygen in complexes is often involved in
a weak interaction with the metal ion, leading to distortion of the coordination polyhe-
dron [38]. However, in the studied complex this distance is too long [3.419(2) Å] for
effective interaction and the angles in the zinc polyhedron differ only slightly from
the ideal 90� value (see Table II).

Uncoordinated carboxylate oxygen atom O(1) and the hydrogen atom of a methano-
lic group H(12), are linked by a hydrogen bond [O(3)–H(12) � � �O(1)i¼ 1.69(3) Å;
O(3)–H(12) � � �O(1)i¼ 168(3)�; i¼�x, y, 1/2� z; see dashed lines in Fig. 1]. No other
intramolecular or intermolecular hydrogen bonds, which would increase the dimension-
ality of the system, were found.

Spectroscopic Studies

IR data for the complex are listed in the Experimental Section. Solid state FT-IR spec-
tra of the complex show the presence of coordinated benzoate and 3-pyridinemethanol
ligands. The stretching vibration of the methoxy group of pyridinemethanol was found
at 3436 cm�1. In comparison to the free, uncoordinated 3-pyridinemethanol
molecule where this band is broad, in the complex it is intense and sharp. Similar
intense and sharp bands for the stretching vibration of the –OH group were observed
in complexes with bridging hydroxo groups [31]. Aromatic and aliphatic C–H stretch-
ing vibrations are observed at 3057, 2932 and 2866 cm�1.

In the IR spectra of carboxylates the stretching vibrations of the carboxylate
group �as(COO) and �s(COO) are characteristic. In the complex these bands are

FIGURE 1 The structure of the complex [Zn(benz)2(3-pymeth)2]n with the atom labelling scheme.
Symmetry codes: (i) � x, y, � zþ 0.5; (ii) � x, 1� y, � z; (iii) x, 1� y, 0.5þ z; (iv) � x, 1� y, 1� z.
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at 1618 and 1392 cm�1, respectively. The high separation of the bands
�¼ �as(COO)� �s(COO)¼ 226 cm�1 is consistent with monodentate carboxylate
coordination [39,40]. In the region between 1600 and 1400 cm�1 and below
1300 cm�1 a number of bands due to stretching vibrations of aromatic rings as well
as deformation vibrations of C–H bonds and the aromatic ring are observed and
values are listed in the Experimental Section.

Structure and Thermal Stability Correlation

Phenomenological Aspects

Thermal analysis curves (TG/DTG) of the complex [Zn(benz)2(3-pymeth)2]n are
presented in Fig. 3. The two-step decomposition process is consistent with the
crystal structure of the complex described above, where two pairs of the same
ligand (3-pyridinemethanol or benzoate), are related through a crystallographic

FIGURE 2 (a) View of one of the 1D chains running along crystallographic c axis; (b) view along the c axis
showing the packing of the chains. Zinc atoms are displayed as black spheres, oxygen atoms as grey spheres,
nitrogen atoms as hatched spheres and carbon atoms as white spheres. Hydrogen atoms are omitted for
clarity.
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two-fold axis. The first step in the thermal decomposition in the range 120–280�C was
accompanied by a weight loss of 42%. In the next step, in the range 280–480�C, a
weight loss of 43% was observed. In the final solid residue (15% of the initial mass),
zinc oxide was detected by X-ray powder diffraction [41].

From the observed weight losses in the first and second steps of the thermal decom-
position it was not possible to distinguish unmistakably, which ligand (3-pyridine-
methanol or benzoate) was liberated, respectively. The calculated weight loss is similar
for both ligands (41.5 and 43%). However, considering the higher volatility of the
3-pyridinemethanol (b.p. �137–140�C) and literature data [42], we suggest that in the
first step 3-pyridinemethanol ligands are liberated while in the second step pyrolysis
of benzoate takes place.

Kinetic Aspects

To study the non-isothermal kinetics the isoconversional (model-free) Ozawa–Flynn–
Wall method was used [43,44]. Isoconversional methods were recommended for kinetic
studies by the ICTAC kinetic project [45,46]. Before evaluation of the kinetics,
the experimental TG curves, obtained at heating rates 5, 10 and 20Kmin�1 were
transformed into degree of conversion data according to Eq. (1),

�ðtÞ ¼
%ms �%mt

%ms �%mf
ð1Þ

where %ms is the initial percentage mass, %mt is the percent mass at time t and %mf is
the final percentage mass. The obtained degrees of conversion for respective heating
rates are shown in Fig. 4(a).

FIGURE 3 Experimental TG (solid line) and DTG (dashed line) curves of the complex
[Zn(benz)2(3-pymeth)2]n obtained during heating in air at 10Kmin�1.
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During evaluation, the integrated form of the kinetic equation under non-isothermal
conditions [47] was expressed as in Eq. (2),

gð�Þ ¼
AEA

R�

Z 1

x

e�x

x2

� �
dx ¼

AEA

R�
pðxÞ ð2Þ

where x ¼ EA=RT , A is the frequency factor, EA is the activation energy, R is the molar
gas constant, � is the fraction of the reacted material, T is the absolute temperature and
g(�) is the functional form describing the kinetic model of the solid-state process.

FIGURE 4 (a) Three experimental �–temperature dependences for decomposition of the complex
[Zn(benz)2(3-pymeth)2]n in air obtained at different heating rates (5, 10 and 20Kmin�1); (b) determined
functional dependence of the activation energy, EA, on the extent of conversion, �.
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For numerical evaluation of the temperature integral in Eq. (2), the Doyle approxi-
mation, Eq. (3), was used [48].

log pðxÞ ¼ �2:315� 0:4567x ð3Þ

By combining Eqs. (2) and (3) the following expression, Eq. (4), is obtained

log gð�Þ ¼ log
AEA

�R

� �
� 2:315�

0:4567EA

RT
ð4Þ

For a number of experiments with different heating rates, �, we can write, for the same
extent of reaction �, Eq. (5):

� log � ¼
0:4567EA

RT
þ constant ð5Þ

A plot of log � versus 1/T for a given value of � gives the activation energy EA. Func-
tional dependence of activation energy EA on the extent of conversion � is shown in
Fig. 4(b). The EA dependence rises from about 60 kJmol�1 in the conversion range
0.05<�<0.45 to near 80 kJmol�1 for 0.55<�<0.95. The obtained dependencies
indicate unambiguously a multi-step mechanism for decomposition of the complex.
Moreover, functional dependence of activation energy on � increases and according
to Vyazovkin [49] this means that parallel reactions take place during thermal decom-
position.
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