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ABSTRACT

Mononuclear complexes of VO(IV), Cr(III), Fe(IIl), MoO2(VI), WO2(VI), and UOz(VI) with
pyrazinecarbohydrazone ligand (N'-(1-(5-chloro-2-hydroxyphenyl)ethylidene)pyrazine-2-
carbohydrazide) were synthesized and the prepared complexes were characterized by
elemental analysis, magnetic susceptibility, powder X-ray analysis, various spectroscopic
techniques (IR, 'H NMR, 13C NMR, and Mass spectra), SEM, and thermal analysis. VO(IV)
complex was additionally characterized by ESR study. The ligand behaves as a dibasic
tridentate, coordinating through the phenolate oxygen, azomethine nitrogen, and enolate
oxygen atoms towards the central metal ion. The analytical data suggest 1:1 metal to ligand
stoichiometry for all complexes. The physicochemical data suggested octahedral geometry
to Cr(III), Fe(III), MoO2(VI), WO2(VI), and UO2(VI) complexes while square pyramidal to
VO(IV) complex. The SEM analysis indicated the presence of well-defined crystals free from
any shadow of the metal ion on their external surface with particle sizes of greater than 10
um. Various kinetics and thermodynamic parameters are calculated using Coats-Redfern
method and on the basis of half decomposition temperature the thermal stability order of
complexes was found to be Cr(III) < WO2(VI) < Fe(Ill) < MoOz(VI) < VO(IV) < UO2(VI). The
solid-state electrical conductivity of compounds was measured in their pellet form in the
temperature range form 313-373 K. The conductivity data vary exponentially with the
absolute temperature and obey Arrhenius equation indicating their semiconducting
behavior. The antibacterial as well as antifungal activities of ligand and its metal complexes
were evaluated in vitro against Gram positive bacteria (S. aureus and B. subtilis) and Gram-
negative bacteria (E. coli and S. typhi.) and fungal strains (C. albicans and A. niger). The
activity data revealed metal complexes are found to be more active than the ligand.
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1. Introduction

selective metal extracting agent as well as in spectroscopic
determination of certain transition metals [8,9]. Electrical

The Schiff bases are widely studied ligands, in their neutral
or deprotonated forms, to form stable complexes with most of
the transition and non-transition metal ions. Schiff base
hydrazones also show numerous physiological and biological
applications such as insecticides, herbicides, rodenticides,
tuberculosis, nematicides, plant growth regulators, anti-
bacterial, antiviral, antifungal, antidepressant, antianalgesic,
anticonvulsant, antimalarial, antitumoral, anti-HIV, antipsy-
chotic, trypanocidal, anticoagulant, polymers initiators, anti-
oxidants, plasticizers and stabilizers, and enzymatic inhibitors
[1-7]. Tridentate and tetradentatehydrazones are of particular
interest not only for existing them in keto-enol forms and can
coordinate in neutral, monoanionic, dianionic or trianionic
forms but they also offer a variety of bonding possibilities in
metal complexes which have even coordination number of six
or seven. Furthermore, Schiff base hydrazones bearing nitrogen
containing moiety have attracted considerable attention due to
their impressive chemical and analytical applications as

conductivity is an important physical property of solids not only
for practical applications, but also to interpret various physical
phenomena. Moreover, numerous reports suggest that
pyrazonic acid hydrazone and associated compounds
containing heterocyclic moiety may exhibits wide variety of
biological and pharmacological properties as well [10,11]. In
order to establish a relationship between the chemical
structure and biological activity, divalent metal complexes of
hydrazones including heterocyclic moieties involving nitrogen,
oxygen and sulphur as coordinating functionalities have been
studied extensively, however, complexes of higher valent metal
ions are still unexplored. Recently, we have reported the
biologically active hydrazone Schiff base and its divalent metal
complexes and their interesting electrical and biological
properties prompted us to extend further our work with higher
valent metal ion complexes of pyrazine carbohydrazone of 2-
hydroxy-5-chloroacetophenone to see metalation effect on such
properties compared to non-substituted analog [12,13].
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Scheme 1. Synthesis and tautomeric forms of ligand, HzL.

The literature survey revealed that no work has been
carried out so far on the hydrazone derived from pyrazine-2-
carbohydrazide and 1-(5-chloro-2-hydroxyphenyl)ethan-1-one
and its complexes with higher valent ions. Hence, it was thought
worth considering the investigation of this ligand towards
higher valent metal complexes. Therefore, herein we have
synthesized complexes of Cr(IIl), Fe(Ill), VO(IV), MoO2(VI),
WO2(VI), and UOz(VI) ions with the ligand, N'-(1-(5-chloro-2-
hydroxyphenyl)ethylidene)pyrazine-2-carbohydrazide. The
ligand and its complexes have been screened for in vitro
antibacterial activity against Gram +ve bacteria (S. aureus, B.
subtilis) and Gram -ve bacteria (E. coli and S. typhi) as well as
fungal pathogenic strains (C. albicans and A. niger). Further-
more, the solid-state electrical conductivity of ligand and its
complexes was also studied in the solid pellet form.

2. Experimental
2.1. Materials and physical measurements

Analytical reagent grade metal salts (Vanadylsulphate
pentahydrate, chromiumchloride hexahydrate, anhydrous
ferricchloride and uranylnitrate hexahydrate of 99% purity,
S.D. fine chemicals, India) were used as received. The ligand
pyrazine-2-carbohydrazone of 2-hydroxy-5-chloroacetophen-
one, MoOz(acac)z and WOz(acac)z were prepared according to
literature methods [14-16].

2.2, Instrumentation

The infrared spectra were recorded using KBr on a
Shimadzu 8201 spectrophotometer in the range 400-4000
cm. The carbon, hydrogen, and nitrogen analyses were carried
out on a CarloErba 1108 elemental analyser. *H and 3C NMR
spectra of the ligand were recorded on Bruker Advance II, 400
MHz, NMR spectrophotometer in DMSO-ds with TMS as an
internal standard. Magnetic measurements were carried out by
the Sherwood magnetic susceptibility balance MK-1 at room
temperature. The solid-state diffuse reflectance spectra of the
complexes were recorded in the 200-1200 nm range using MgO
as diluent on a Cary 60 UV-Vis spectrophotometer. The X-band
ESR spectrum of VO(IV) complex was recorded on Varian E-112
spectrometer using TCNE (tetracyanoethylene) as the g-
marker. Thermal analysis of compounds was carried out on
Perkin-Elmer TGA-4000 analyzer in the temperature range 40-
750 °Cin air atmosphere with a heating rate of 20 °C/min. Metal
contents of the complexes were analyzed gravimetrically after
decomposing the organic matter with a mixture of HClO4,
H2S0sand HNOs (1:1.5:2.5) and then igniting to metal oxide. The
chloride contents were determined as AgCl by following a
standard procedure [17]. The solid-state electrical conductivity
of the prepared complexes has been measured by using two
probe techniques over a temperature range 313-373 K. The
samples were in the form of a pellet having diameter 13mm and
thickness of 2-3 mm at pressure of approximately 1x108Pa. The
pellet was placed between two copper electrodes with silver

paste on both sides so that there may have good ohmic contact
between pellet and electrodes. The temperature of sample was
measured with the accuracy +1 °C with a calibrated Ni-NiCr
thermocouple inserted inside the cell. The activation energies
of electrical conductance were calculated using equation ¢ =
o%exp(Ea/KT). X-ray diffraction patterns were obtained with a
Bruker AXS, D8 advance equipped with Si(Li) PDS. Mass spectra
were recorded on a Waters, Q-TOF micromass (LC-MS) spectro-
meter. The surface morphology was observed using a JEOL
Model JSM-6390LV scanning electron microscope.

2.3. Synthesis
2.3.1. Synthesis of the ligand (HzL)

A solution of pyrazine-2-carbohydrazide (1 g, 7.2 mmol)
and 1-(5-chloro-2-hydroxyphenyl)ethan-1-one (1.24 g, 7.2
mmol) in methanol (30 mL) was refluxed in the presence of a
catalytic amount of glacial acetic acid (1-2 drops) for ca. 4 h on
a water bath. After completion of the reaction, methanol was
distilled off using rotary evaporator to nearly half of its volume
and then cooled to room temperature, which resulted in a
lemon-yellow solid. This was filtered, washed with hot ethanol
and crystallized from DMF. The purity of the compound was
checked by TLC (Scheme 1).

N'-(1-(5-Chloro-2-hydroxyphenyl) ethylidene)pyrazine-2-
carbohydrazide (HzL): Yield: 78%. M.p.: 248-250 °C. FR-IR (KBr,
v, cm1): 3336 (OH), 3162 (NH), 1672 (C=0), 1626 (C=N), 1294
(C-0). 'H NMR (DMSO-ds, 400 MHz, §, ppm): 13.11 (s, 1H, OH),
11.60 (s, 1H, NH), 9.28 (s, 1H, J = 1.4 Hz, C3-H), 8.95 (d, 1H, ] =
2.4 Hz, C6-H), 8.83 (dd, 1H, = 1.5, 2.4 Hz, C5-H), 7.67 (d, ] = 2.6
Hz. 1H, C6’-H), 7.36 (dd, 1H, ] = 2.6, 8.8 Hz, C4’-H), 6.95 (d, 1H, ]
= 8.8 Hz, C3'-H), 2.51 (s, 3H, CHs). 13C NMR (DMSO-de, 400 MHz,
S, ppm): 160.2 (C=N), 159.0 (C2’), 157.4 (C=0), 148.1 (C6),
144.1 (C3 and C5), 143.6 (C2), 131.2 (C4"), 128.0 (C6’), 122.3
(C5"), 119.1 (€3, 120.7 (C1’), 14.1 (CH3). MS (ESI, m/z (%)):
291.0622 (calc: 290.9100) [M+1].

2.3.2. Synthesis of VO(IV), Cr(1ll), Fe(Ill), and UOz(VI)
complexes

Metal complexes of VO(IV), Cr(IIl), Fe(Ill), and UO2(VI)
were prepared by following general method. An equimolar
amount of ligand (HzL) (2.91 g, 0.01 mol) and respective metal
salt (0.01 mol) were dissolved separately in DCM and MeOH
mixture (50:50, v:v) (25 mL). Both the solutions were mixed in
warm conditions with continuous stirring. The reaction mixture
was further refluxed for ca. 5 h on an oil bath. The pH of the
reaction mixture was adjusted ca. 7.0 by adding methanolic
solution of sodium acetate (0.5 g) and refluxing further
continued for another 1 h. The reaction mixture was cooled to
room temperature the precipitate separated out was filtered,
washed with cold DCM, methanol, and petroleum ether and
finally dried under vacuum over CaCla.
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Table 1. Physicochemical and conductivity data of ligand and its metal complexes.
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Compound Color Empirical formula Elemental analysis, Found (Calcd.), % Solid state electrical conductance
C H N Cl M c* Ea(eV)

HaL Reddish lemon  Ci3H11CliN4O2 52.98 414 18.98 12.00 - 4.17x10-13 0.440
(53.71) (3.81) (19.27) (12.19) 3.80x10-11

[Cr(L)(CI)(Hz0)2] Deep scarlet C13H13C12N404Cry 37.18 3.01 13.29 17.15 1246  1.52x10-12 0.755
(37.88) (3.18) (13.59) (17.20)  (12.62) 9.64x10-1!

[Fe(L)(C1)(H20)2] Dark umber C13H13C12N404Feq 32.86 2.89 13.25 17.02 13.27  7.44x10-11 0.738
(37.53) (3.15) (13.47) (17.04) (13.42) 2.36x10°

[VO(L)(H20)] Chartreuse C13H11CliN404V1 41.40 2.65 14.70 9.40 1332 6.13x1012 0.929
(41.79) (297) (14.99) (949) (13.63) 8.83x10-10

[MoO2(L)(H20)] Mustard C13H11CliN4OsMo1 36.97 2.38 13.06 8.10 2249  7.42x1011 0.846
(35.92) (255) (12.89) (8.16) (22.08) 5.86x10°

[WO2(L)(H20)] Avocado C13H11CliN4OsW1 29.21 2.03 10.38 6.75 35.05  6.24x10-12 0.553
(29.88) (212) (10.72) (6.78) (35.18) 3.72x10-10

[UO2(L)(CH30H)] Terracotta C14H13CliN4OsU1 21.96 2.07 9.16 5.95 40.19  5.37x10-12 0.518
(28.46) (2.22)  (9.48) (6.00) (40.29) 3.55x10-10

*Q-lcml, at 313 and 373 K.

Table 2. Infrared spectral bands (cm-1) of the ligand and its metal complexes

Compound v(OH-N) v(NH) v(C=0) v(C=N) v(C-0) phenolic v(C-0) enolic v(N-N) v(M-0) v(M-N)

HoL 3336 3162 1672 1626 1294 - 968 - -

[VO(L)(H20)] - - - 1612 1320 1244 982 554 421

[Cr(L)(CI)(Hz0)2] 1618 1330 1270 995 506 426

[Fe(L)(C1)(H20)2] 1614 1306 1265 996 510 429

[MoO2(L)(H20)] 1615 1318 1248 982 512 418

[WO2(L)(H20)] 1610 1314 1246 994 522 412

[UO2(L)(CH30H)] 1604 1324 1258 998 548 428

2.3.3. Synthesis of MoOz and WOz complexes

A hot methanolic solution (25 mL) of MoOz(acac)z(0.44 g, 1
mmol) was mixed in dropwise with a hot methanolic solution of
ligand (HzL) (2.91 g, 0.1 mmol) with vigorous shaking. The
resulting turbid solution was filtered and then refluxed on a
water bath with continuous stirring for ca 4 h. After reducing
volume of the solution to ca. 10 mL and cooling at 10 °C
overnight, the separated colored product obtained was filtered,
washed with methanol followed by petroleum ether and finally
dried in desiccator over anhydrous CaClz. The WO2complex was
prepared under similar conditions as above using WOz(acac)
and HzL.

2.4. Antimicrobial activity

The antimicrobial activities of the ligand and its complexes
were carried out at Department of Microbiology, Shri Shivaji
College, Akola by disc diffusion method against S. aureus (MTCC
96), B. subtilis (MTCC 8979) as Gram positive bacteria and E. coli
(MTCC 443), and S. typhi. (MTCC 442) as Gram-negative and as
well as fungi, C. albicans (MTCC 227) and A. niger (MTCC 282)
at 1.0 mg/mL using disc diffusion method and studied the zone
of inhibition after 24 h of incubation period [18]. The
ciprofloxacin and clotrimazole were used as standard drugs for
antibacterial and antifungal activity. Minimum inhibitory
concentration (MIC) of the compounds against test organisms
was determined by the broth micro dilution method. All these
tests were performed in triplicates under identical conditions
and DMSO used as a negative control and model values were
selected. Activity was determined by measuring the diameter of
the zone showing complete inhibition and has been expressed
in mm.

3. Results and discussion

The reaction between pyrazine-2-carbohydrazide and 1-(5-
chloro-2-hydroxyphenyl) ethan-1-one in methanol yields a
hydrazone ligand. The formation of ligand was confirmed by
elemental and spectral data. All complexes are colored solids,
air stable at room temperature and insoluble in common
solvents such as ethanol, methanol, chloroform, benzene,
cyclohexane, acetone, diethyl ether and but sparingly soluble in
DMF and DMSO. The analytical and physical data of the metal

complexes are summarized in Table 1. The elemental analysis
data confirm the molecular formula and 1:1 metal:ligand
stoichiometry of complexes. The mass spectrum of the ligand
showed a molecular ion peak at m/z 291 which is consistent
with its formula weigh. The tH NMR spectrum of ligand exhibits
two resonances at § 11.60 and 13.11 ppm (singlet, H each) due
to NH and phenolic protons, respectively. A sharp signal
observed at § 2.51 ppm due to the methyl protons of the
hydroxyl acetophenone moiety indicates the formation of
ligands. The insufficient solubility of the complexes, even in
DMSO-ds has prevented us from carrying out 'H NMR and UV-
Visible solution studies of complexes.

3.1. IR spectra

IR spectra of complexes are compared with that of the free
ligand to find out the points of attachment of the ligand to the
metal ions in their complexes and assigning the coordination
mode. The important IR bands are summarized in Table 2. IR
spectrum of the ligand shows a medium intensity band at 3336
cm-! due to intramolecular hydrogen bonded hydroxyl group
v(0-H:-:N) [19]. This band has been disappeared in the spectra
of complexes indicated the deprotonation of the phenolic
proton, followed by coordination of phenolate oxygen atom
with the metal atoms. This is further supported by the upward
shifting of v(C-0) phenolic frequency in the spectra of comp-
lexes by 12-36 cm! from 1294 cm-! attributed the participation
of phenolic oxygen in complexation [20]. The ligand exhibits a
strong band at 1626 cm! due to v(C=N) (azomethine) and this
band has been shifted to lower frequencies in complexes by 8-
22 cm'l, indicating donation of the lone pair of electrons on
azomethine nitrogen to metal center, this has been strength-
hened by the upward shift of v(N-N) band from 968 to 982-998
cm-!in the spectra of complexes also supported the coordi-
nation of the azomethine nitrogen atom to metal [21]. The high
frequency shift of the v(N-N) band is expected because of the
diminished repulsion between the lone pairs of adjacent
nitrogen atoms as a result of coordination via azomethine
nitrogen [22]. The IR spectrum of the ligand shows a strong
band at 3162 and 1672 cm! due to N-H and C=0 groups,
respectively. The absence of these bands in the spectra of
complexes indicates the destruction of carbonyl moiety as a
result of the enolization and subsequent coordination of the
enolate oxygen to metal [23].
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Figure 1. ESR spectrum of [VO(L)(Hz0)] complex.

The appearance of new medium intensity band in the region
1244-1270 cm! in the spectra of complexes due to coordination
of enolic oxygen after deprotonation. The oxovanadium (IV)
complex exhibits an additional band at ~982 cm ! which may be
assigned due to v(V=0) [24]. The [UOz(L)(CH30H)] complex
shows vsym(0=U=0) and vasy(0=U=0) stretches at 810 and 910
cm'L, respectively, observed in normal ranges for the most of the
dioxouranium (VI) complexes [25].

The force constant (Fu-o) value obtained for the complex is
6.65 m.dynes/A while bond length was found to be 1.73 A [26].
The coordination of methanol to uranium ion is further
confirmed by the appearance of a new band at 1005 cm in
UO2(VI) complex, the v(C-0) stretch in methanol appears at
1034 cm-t. Dioxomolybdenum (VI) complex shows bands at 866
cm! due to symmetric and at 925 cm? due to asymmetric
stretching frequency of cis-Mo0O2. Using McGlynn and Jones
method, the Fmo_0 and Rmo_o are calculated and are found to be
6.91 m.dynes/A and 1.73 A, respectively [27,28]. The presence
of a cis-WO2 moiety in the complex WO2(VI) may be inferred
from the appearance of two bands in the region 906-925 cm
[29].

All complexes show a broad band in the 3372-3444 cm!
region, which may be due to coordinated water/methanol [30].
This band was followed by another non-ligand band at ca 1560-
1592 and 848-884 cm ! confirmed the presence of coordinated
water molecule/methanol. Appearance of new weak intensity
non-ligand bands in the region 506-554 and 412-429 cm! in all
complexes are assigned to v(M-0) and v(M-N) stretching
vibrations, respectively [31]. The IR spectral data and valence
requirement of the metal ion suggest the dibasictridentate
behavior of the ligand coordinating through the phenolic
oxygen, azomethine nitrogen and enolic oxygen atoms.

3.2. Electronic spectra and magnetic moments

The reflectance spectrum of Cr(IlI) complex exhibits three
bands at 595, 415, and 262 nm due to 4Azg(F) = 4T2g(F), *Azg(F)
— “Tig(F) and *Az(F) — 4Tig(P), transitions, respectively,
suggesting an octahedral environment around the chromium
ion [32]. The v2/ w1 ratio is found to be 1.36 which is very close
to the value of 1.42 obtained for pure octahedral Cr(III)
complexes [33]. The calculated values of crystal field
parameters Dqg (1718 cm?), B (689 cm?), £(0.71 cmt) are also
in good agreement with those reported for an octahedral Cr(III)
complexes [34]. The complex shows the lower value of B than
that of the free ion which indicates the orbital overlapping,
delocalization of the d-orbital. Furthermore, this is well
supported by its magnetic moment 3.91 B.M. indicating a d3
configuration three unpaired electrons in the complex in
consistent with an octahedral geometry [35]. The Fe(lIll)
complex shows three bands at 850, 592 and 474 nm assignable

to 6A1g — 4T14(G), ®A1g — 4T2g(G) and ¢A1g — *Eg(D), transitions,
respect-tively, indicating octahedral geometry around metal
ion [36]. The magnetic moment value is 5.89 B.M., which is
indicative of octahedral geometry around Fe(Ill)ion [37]. The
oxovanadium complex shows three bands at 769, 610 and 465
nm due to 2Bz — 2E, 2B, — 2B: and 2B — 2Aj, transitions,
respectively. The fourth band appears at 345 nm which may be
due to the charge transfer transition, indicating a square
pyramidal coordination around vanadium ion [38]. The
magnetic moment is 1.78 B.M. which is also close to the spin
only value for one unpaired electron. The dioxouranium
UO2(VI) complex shows a weak band at 447 nm which is assign
to the 1) *;— 3my transition [39]. The MoOz(VI)and WO2(VI)
complexes exhibit one band about at ~417 nm due to metal to
ligand charge transfer transition between the lowest empty d-
orbital of the metal and the highest occupied ligand orbital [40].
The MoOz(VI), UOz(VI), and WOz(VI) complexes are found to be
diamagnetic as expected for their electronic configurations and
most likely to be an octahedral geometry around metal ions.

3.3. ESR spectra

As we could not get a suitable single crystal, the liquid
nitrogen temperature ESR spectrum of VO(IV) complex gave
typical eight-line pattern (Figure 1) similar to those reported
for mononuclear vanadium molecule. The spectrum of the
vanadium complex is somewhat resolved due to hyperfine
coupling with vanadium nucleus. The spectrum is interpreted
in terms of an effective spin of %. In this spectrum, EPR
parameters gjand gL were used to evaluate the geometry of the
complex. In general, value of Lande factor also called ‘g’ factor,
and for a free electron value is 2.00232. The various parameters
were calculated from the spectrum and values are found to be
gi=1.91, gt = 1.98, gav=1.95, A; = 180, A;= 73 and Aay = 108,
respectively. The gj= 1.91 and gt = 1.98 and gav = 1.95 values
obtained for the VO(IV) complex are in agreement with those
generally observed for a vanadyl complex with a square
pyramidal disposition [41]. The gj values (< 2.3) support the
covalent character of the metal-ligand bond in the complexes.
The trend gj < g1 and Ay > A1 in the complex indicated that the
unpaired electron is localized in the dxy orbital and the spectral
features are characteristic of an axially compressed dlxy
configuration for vanadyl complexes [42,43]. The covalent
nature can also be ascertained from the spin-orbit coupling
constant A which is calculated using the equation gav = 2.0 [1 -
(21/10Dq)], the gav value is obtained from the relation, gav=1/3
(g1 + 2 g1) and 10Dq from the electronic spectrum. The lower
value of A (ca. 156 cm!) compared with that of free vanadyl ion
(170 cm1) suggests considerable orbital overlap.
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Figure 2. Scanning electron microscope image of investigated compound.

3.4. X-Ray powder diffraction and SEM analyses

The attempt to growing single crystal of the complexes is
proved futile so far. Therefore, X-ray powder diffraction
analysis of ligand and its [MoO2z(L)(H20)] and [UOz(L)(CH30H)]
complexes were recorded as representatives cases. Comparing
the X-ray diffraction patterns of the ligand with its corres-
ponding metal complexes indicate that the inter-planar spacing
and the relative intensities are different, which could be
attributed to the complex formation. It is found that the ligand
and both complexes have triclinic structure with almost same
configurations. Moreover, using the diffraction data, the mean
crystallite sizes of the compounds, were calculated according to
the Scherer’s formula [44]. The crystal lattice parameters of HzL.
ligand are a = 16.5000 &, b = 7.0800 4, ¢ = 4.8000 &, o = 99.470°,
B =90.390 °, y = 98.600 °, V = 546.59 A3 belongs to triclinic
system, for [MoO2(L)(H20)] complex are a = 11.0800 A, b =
13.2700 A, ¢ = 10.6800 A, a = 113.500°, B = 104.980°, y =
91.105°, V = 1377.79 A3and for [UO2(L)(CH30H)] complex are a
=8.44184,b=6.2004,¢c=10.8470 A, « = 90.880°, p = 107.240°,
¥ = 98.70°, V = 610.318 A3. The average crystallite particle size
of the H:L ligand, [MoOz(L)(H20)] and [UOz(L)(CH30H)]
complexes were found to 24-44 nm and these values, indicating
that the compounds are in nanocrystalline phase [45]. A
comparison of values reveals that there is a good agreement
between the calculated and observed values of Sin26. Some of
the extra peaks present in the complexes compared to ligand
suggest the coordination of the metal ion [46]. The microbial
effect of the metal complexes may change their morphological
profiles due to membrane integrity and cell wall of bacterial
species. Thus, SEM studies may be linked with the interaction of
chemicals with those of bacterial inhibition. SEM images of the
ligand and its VO(IV), MoO2(VI), and UOz(VI)complexes were

recorded to check the surface morphology of the ligand and its
complexes. The micrograph of the ligand and its complexes are
presented in Figure 2. The micrographs indicated the presence
of well-defined crystals free from any shadow of the metal ion
on their external surface with particle sizes of greater than 10
um. The average crystalline size shows that the particles were
agglomerated and these complexes are polycrystalline with
nanosized grains. Thus, the results obtained from SEM are in
good agreement with the powder XRD results. The results of the
energy dispersive X-ray analysis (EDS) plot inserted within
each figure show the presence of metal peak in respective
complex and the estimated value matches with the metal
content obtained in the experimental section.

3.5. Thermal analysis

Thermal analyses of the ligand and its metal complexes
were carried out in the temperature range from 40 to 750 °C
with a heating rate of 10 °C/min in air atmosphere to examine
their thermal stability and to investigate the percentage mass
loss of compounds. The ligand decomposes in one step with
continuous weight loss with increasing temperature with
almost no residue at the end. A close look at the thermograms
of the complexes indicated that they are thermally stable up to
ca. 100 °C. The Cr(III), WO2(VI), and UO2(VI) complexes decom-
poses in two stages whereas VO(IV), Fe(Ill), and MoO2z(VI)
complexes exhibits three overlapping steps decomposition
pattern on increasing the temperature. In the first stage, loss of
coordinated water /chloride/methanol molecule(s) takes place
in the temperature range 130-180 °C. In all complexes, a rapid
mass loss was observed between 270-410 °C due to partial
elimination of ligand followed by a gradual mass loss up to 700
°C due to complete decomposition of organic moieties coordi-
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Table 3. Kinetic and thermodynamic data of complexes.
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Compound Half decomp. Activation energy Frequency factor, Z Entropy change Free energy
temperature (°C) Ea (k] /mol) (1/s) AS* (J/mol.K) AG* (k] /mol)
[VO(L)(H20)] 382 19.49 4.31x103 -258.06 178.97
[Cr(L)(CI)(Hz0)2] 325 18.77 4.41x10-2 -237.87 160.64
[Fe(L)(C1)(H20)2] 345 18.48 6.51x103 -256.34 212.79
[Mo02(L)(H20)] 380 19.37 2.03x10-2 -246.37 160.54
[WO2(L)(H20)] 340 17.44 1.65x10-2 -246.70 166.20
[UO2(L)(CH30H)] 440 16.60 4.63x103 -257.36 259.01
Table 4. Zones of inhibition (mm) of growth of microorganisms.
Compounds S. aureus B. subtilis E. coli S. typhi A. niger C. albicans
HaL 12 11 11 12 12 10
[VO(L)(H20)] 20 19 15 16 20 22
[Cr(L)(CI)(Hz0)2] 15 16 14 15 18 17
[Fe(L)(C1)(H20)2] 15 17 15 14 19 17
[Mo02(L)(H20)] 19 20 16 17 21 19
[WO2(L)(H20)] 16 15 14 15 17 18
[UO2(L)(CH30H)] 15 17 15 14 18 18
Ciprofloxacin 23 25 22 22 - -
Clotrimazole - - - - 22 22
7.0
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Figure 3. Temperature dependence of log .

nated to metal ion. This mass loss may be due to oxidative
degradation of complexes leading to formation of respective
metal oxide as final product (i.e. V20s, Cr203, Fe203, MoO3, WOs,
and U30s). The thermal stability of the metal complexes is
higher than that of the free ligand. This may be due to thatin all
complexes five/six membered chelated rings and the M—N and
M-0 bonds are highly polarized [47]. The analysis of thermo-
grams give further support to the composition and structure of
the complexes proposed on the basis of elemental and other
spectral studies.

The kinetic evaluation of the thermal decomposition of
complexes were carried out and various thermodynamic para-
meters such as energy of activation (E.), frequency factor (Z),
free energy change (AG*) and entropy of activation (AS*) were
evaluated by using Coats-Redfern method [48] and values are
summarized in Table 3. The activation energy of decompo-
sition was found in the range 16.60-19.49 kJ/mol. The thermal
stability order on the basis of half decomposition temperature
(Table 4) is found to be: Cr(III) < WO2(VI) < Fe(III) < MoO2(VI)
<VO(IV) < UOz(VI) (Table 3).

The observed high values of the activation energy of
complexes may be due to the higher stability of the complexes
due to their coordinated bond and it further suggested
predicting the bond strength of ligand towards the metal ions.
Higher value of Eaand lower values of Z favors the reaction to
proceed slower than normal. The negative value of AS*
indicates that the activated complex has a highly ordered or
more rigid structure than that of either the reactants or
intermediate and that the reactions are slower than normal
[49]. The similarity in the values of kinetic parameters indicates

a common decomposition mode in all compounds besides
showing first order kinetics.

3.6. Solid state conductivity

The electrical conductivity (o) was measured as a function
of temperature (T) in the temperature range of 313-373 K and
values are given in Table 1. Figure 3 show that electrical
conductivity of complexes increases with increasing the
temperature and decreases upon cooling over the studied
temperature range, and this indicates their semiconducting
behavior [50]. The general behavior of electrical conductivity
follows the Arrhenius relation o = 6%xp(E2/KT), where o9 is a
constant ,E, is the activation energy of electrical conduction, T
is the absolute temperature and K is Boltzman constant. The
conductivity of the free ligand is increased on complex
formation with transition metal ions. This behavior is
attributed to the inclusion of various metal cations in the m-
electron delocalization of the ligand. The observed electrical
conductivity value of the compounds at 373 K lies in the range
2.36x109 to 9.64x10-11 Q-l.cm! and decreases in the order:
Fe(I1I) > MoO2(VI) > UO2(VI) > WO2(VI) > VO(IV) > HzL > Cr(III)
and activation energy in the range 0.440-0.929 eV and increases
in the order: HzL < UO2(VI) < WO2(VI) < Fe(Ill) < Cr(IIl) <
MoO2(VI) < VO(IV). The observed low value of electrical
conductivity of compounds may be attributed to low molecular
weight of complex due to which the extent of conjugation
becomes low or undesirable morphology due to pressing of the
sample into hard brittle pellet form [51].
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3.7. Antimicrobial activity

The in vitro antimicrobial activity of ligand and its VO(IV),
Cr(I11), Fe(IlI), MoO2(VI), WO2(VI), and UO2(VI) complexes was
carried out and results are presented in Table 4. A comparative
study of ligand and its metal complexes showed that the metal
complexes exhibit higher activity. It is also observed from the
data that the complexes are slightly more effective towards
Gram +ve strains compared to the Gram-ve strains, though the
level of action of a particular compound within the same type of
bacteria is varying. This difference in activity probably may be
attributed to the fact that the cell walls of Gram +ve bacteria
have more antigenic properties as the outer lipid membrane is
of polysaccharides. Although the complexes showed promising
activities against the bacterial strains, however, their activities
were found to be less than the standard -ciprofloxacin
(antibacterial drug) and clotrimazole (antifungal drug). The
activity date shows the highest activity for VO(IV) complex very
closed to standard drug ciprofloxacin followed by the MoO2(VI)
complex while others have no definite trend. Thus, the results
indicate that the ligand and metal complexes exhibit good
biological activity. The observed results are quite promising
compared with the previous studies of non-substituted analog
[12,13] and such better activity may be due to the presence of
electron withdrawing Cl group at para position (H:L) on
aromatic ring in the structure. It has been suggested that the
ligands with the N and O donor system might have inhibited
enzymes production, since enzymes which require free
hydroxyl groups for their activity appear to the especially
susceptible to deactivation by the ions of the complexes [52].

The enhancement in biological activity on complexation of
ligand with metal ions was explained by overtone’s concept and
Tweedy chelation theory [53,54]. According to Overtone’s
concept of cell permeability, the lipid membrane that surrounds
the cell favors the passage of only the lipid-soluble materials,
which makes the lipo solubility is an important factor which
controls the antimicrobial activity. However, chelation reduces
the polarity of the metal ion considerably because of the partial
sharing of its positive charge with the donor groups and also
due to delocalization of m-electron cloud on the whole chelating
ring. This process, in turn, increases the lipophilic nature of the
central metal atom, which favors its permeation more and
efficiently through the lipid layer of cell membrane [55] thus
destroying them more aggressively. However, chelation is not
the only criterion for antimicrobial activity. Factors such as
nature of metal ion, geometry of the complex, steric and
pharmacokinetic factors, etc. also play an important role in
deciding the antimicrobial potency of a compound. Apart from
this, other factors such as solubility nature, conductivity, dipole
moment, steric factor, and concentration influenced by the
presence of metal ions may also be the possible reasons causing
enhancement of the antimicrobial activity of the complexes as
compared to free ligands.

4. Conclusions

In the present study, a heterocyclic hydrazone ligand was
prepared by condensation of 1-(5-chloro-2-hydroxyphenyl)
ethan-1-one with pyrazine-2-carbohydrazide and its metal
complexes have been synthesized and characterized by various
physicochemical and spectroscopic techniques. The octahedral
geometry has been confirmed for Cr(III), Fe(Ill), MoO2z(VI),
WO2(VI), and UO2(VI) complexes whereas the square pyramidal
to VO(IV) complex. The ligand behaves dibasic tridentate
coordinating through phenolate oxygen, azomethine nitrogen
and enolate oxygen atoms.TG studies of the complexes also help
to characterize the complexes. The TG analysis indicated that
the complexes decompose in two or three overlapping steps
whereas partially loss of organic part of the complexes take
place though two overlapping steps; finally, they convert into

the corresponding metal oxide and various kinetic parameters
have been evaluated by using Coats-Redfern method. The solid-
state electrical conductivity of the compounds under studied
temperature reflects their semiconducting behavior. The
results of antimicrobial activity show that the metal complexes
show enhanced inhibitory activity compared to the free ligand
and under identical experimental conditions.
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