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ABSTRACT: Polyvinyl-acetate/-cobalt (PVAc/Co) com-
posite films were prepared using a casting technique. The
structural and physical properties were studied using X-
ray diffraction (XRD), differential scanning calorimetry
(DSC), Fourier transform infrared (FTIR) spectroscopy,
dielectric measurements, direct current magnetic suscepti-
bility (vdc), and electron spin resonance (ESR). The XRD
patterns revealed that the incorporation of Co particles
increases the amorphization of PVAc and Co oxide forma-
tions. The DSC results suggest that the thermal properties
obviously improved. Frequency and filler concentration
dependence of the dielectric constant (e0) and AC conduc-
tivity (rAC) were measured at room temperature in the
frequency range 20 Hz to 3 MHz of pure PVAc and
PVAc/Co composite films. The dielectric constant shows

usual dielectric dispersion behavior. The dielectric con-
stant and AC conductivity increased with the increase in
Co content. The variation of rAC is attributed to hopping
of polarons and bipolarons in the composites. The filling
level dependence of the effective magnetic moment (leff)
has been evaluated. The ESR spectra exhibit a peak of an
increasing depth as Co content increases. The control of
thermal stability, dielectric and magnetic moment of the
composites films is interesting for applications such as
electric and magnetic sensors. VC 2012 Wiley Periodicals, Inc. J
Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Polymers have become increasingly attractive
because of its large number of applications in
applied and basic science. Conductive polymer com-
posite (CPC) materials result from the mixture of
conductive particles dispersed in an insulating
phase. The filler is usually a metal powder, carbon
black, fiber of carbon black, metal fibers, and so
forth, whereas the insulating phase can be a thermo-
setting resin, thermoplastic, elastomer, and so forth.
The composite material combines both the intrinsic
properties of the fillers (mechanical, electrical, mag-
netic, and thermal) and of the matrix (elasticity, easy
to manipulate, and low cost). The various conduc-
tive properties of CPC have allowed them to find a
variety of industrial applications. They are used, for
example, as protection devices against electromag-
netic radiation and for the dissipation of electrostatic
discharge1; they are also used in microelectronics as
electrical conductive adhesive for electrical connec-
tions.2 The control of the conductivity of CPC is also

interesting for applications including sensor, electro-
chromic devices, corrosion inhibitors, electrochemi-
cal actuators, electromagnetic shielding, polymeric
batteries, etc.3,4 The conductivity of these composites
depends strongly on the nature and interaction of
the filler with the polymeric matrix. Cobalt (Co)
metal was selected as a filler due to its interesting
electric and magnetic properties, because it may
exist in different structural forms: tetrahedral,
octahedral, and isolated forms.5 Polyvinyl-acetate
(PVAc) is often used as a primary ingredient for the
formation of glue, which is odorless, nonflammable,
and suitable for use at low temperatures [sensor and
actuators]. PVAc-based composite materials are
significantly manufactured by resin emulsifier,
adhesive, paper, paint, and textile industries.6

This article focuses on the effect of Co addition on
structural, electrical, and magnetical properties of
PVAc.

EXPERIMENTAL

Sample preparation

PVAc and Co powder (99.99%, particle size ¼ 63 lm)
were purchased from Aldrich. The PVAc film and
PVAc/Co composite films were fabricated by the sol-
vent casting technique. At first, PVAc was dissolved
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in benzene, and the solution was then stirred vigo-
rously for 10 h. The necessary weight fractions of Co
were first dispersed in benzene solution under soni-
cation processor and then added gradually into the
polymeric solution with continuous stirring. To
improve the dispersion of Co in polyvinyl acetate so-
lution, ultrasonicator at a frequency of 20 kHz for 10
min was used. Finally, the homogenous PVAc/Co
dispersion was poured out onto leveled glass plates
and evaporated slowly in air to form a PVAc/Co
composite film. Solid films were obtained after sol-
vent evaporation and drying of samples in vacuum
oven. The filler concentration W (wt %) was calcu-
lated from the following equation:

Wðwt %Þ ¼ Wf

Wp þWf
� 100 (1)

where Wp and Wf represent the weight of polymer
and the filler, respectively. The composite films were
prepared for different concentrations viz. 0, 10, 20,
30, 40, and 50 wt %.

Experimental techniques

X-ray diffraction (XRD) was performed for diffraction
angles 2y varying from 4� to 80� using Siemens type F
diffractometer. The whole experiment used CuKa
radiation (k ¼ 1.5406 Å). The XRD patterns were
recorded at room temperature. Differential scanning
calorimetry (DSC) was carried out using an equip-
ment type (GDTD16-Setaram). The DSC curves were
recorded in the temperature range of 30–400�C for
heating rate 10�C/min under continuous nitrogen gas
flow. The infrared spectrophotometer (Perkin Elmer
833) was used for measuring the FTIR spectra in the
wavenumber range of 400–4000 cm�1. The dielectric
measurements were carried out at room temperature
using an AC impedance bridge (WAYNE KERR pre-
cision component analyzer model 6440B) in fre-
quency ranging from 20 Hz to 3 MHz. By sandwich-
ing the sample between two copper electrodes of 1
cm diameter, the capacitance C, resistance R, and im-
pedance Z were recorded for different frequencies.
Using the capacitance values C, the dielectric constant
is calculated with the relation:

e0 ¼ C
Co

and co ¼ eoAd (2)

where d is the thickness of the sample, A is the area
of the electrode, and eo ¼ 8.854 � 10�12 F/m is the
permittivity of free space. The AC conductivity was
calculated using the relation:

rac ¼ 2Pf e0e
0 tan d (3)

where f is the frequency, e0 is the dielectric constant,
and tan d is the dielectric loss. The dc magnetic sus-

ceptibility was measured using a Faraday pendulum
balance technique, which provides accuracy better
than 63.0%. The electron spin resonance (ESR)
spectra were recorded on JEOL spectrophotometer
(type JES-FE2XG) at frequency of 9.5 GHz using
1,1-diphenyl-2-pierythydrazyl(DPPH) as a calibrant.

RESULTS AND DISCUSSION

X-ray diffraction

Figure 1 depicts XRD patterns of the pure PVAc, Co,
and PVAc/Co composite films. The XRD pattern of
pure PVAc shows two broad peaks at angles 2y ¼
14� and 22�, which reveal the amorphous nature of
the PVAc.7 Spectrum of Co metal also shows some
intense peaks at angles 2y ¼ 44.5�, 51.6�, and 76�,
which correspond to the crystalline phases of the
Co.8 The XRD patterns of PVAc/Co composites, at
filling levels 10, 20, 30, and 50 wt % of Co, are pre-
sented in Figure 1. The incorporation of Co into the
PVAc matrix causes an increase in amorphous char-
acter of the PVAc, whereas only one broad peak was
observed at higher filling levels. This behavior dem-
onstrates that the interaction between the filler and

Figure 1 XRD patterns of unfilled PVAc, Co, and PVAc/
Co composite films.
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the polymer takes place in the amorphous region.7

For filling levels 20, 30, and 50 wt %, there are new
peaks observed at 2y ¼ 41.7� and 47.5� suggesting
that the new phases are formed due to the crosslink-
ing of PVAc with Co.9 There is also a new peak at
2y ¼ 38.4� for filling level 30 wt %, which may indi-
cate Co3O4 oxide.

10

It is quite clear that the incorporation of Co to the
polymeric matrix raises the intensity of the reflection
at 2y ¼ 44.5�. For this purpose, the peak intensity, I,
for the composites was determined and tabulated in
Table I. It is clear that the intensity of the crystalline
peak increases by the Co content. The present find-
ings may be attributed to the increase in the mode
of intercalation of Co with the PVAc chain.11

The above analysis concludes that the interaction
between Co ions with different structural forms, tet-
rahedral and octahedral, and PVAc chain takes place
in the amorphous region.

Differential scanning calorimetry

DSC was performed to observe the change in transi-
tion temperature caused by adding Co. DSC thermo-
grams of pure PVAc as well as PVAc/Co composite
films were depicted in Figure 2. The scan of pure
PVAc shows the glass transition temperature (Tg) at
about 43�C, a-relaxation temperature (Ta) at about
83�C, and decomposition temperature (Td) at about
322�C. The dependence values of Tg, Ta, and Td on
filling levels were tabulated in Table I. It is observed
that Tg shows a decrease and then increase in higher
temperatures with rising Co content. This indicates
that the Co prevented the segmental motion of the
polymer chains. As more Co exists, more interaction
between polymer chain and Co ions (Co2þ, Co3þ)
becomes stronger. These strong interactions limit the
movement of the polymer chain segments due to
increase rigidity structure of polymer.12 Moreover,
the thermograms reveal that the PVAc decomposed
at 322�C corresponding to the elimination of acetic
acid and decomposition of polyene sequence. The
dependence of the thermal decomposition tempera-
ture on filling levels shows two decomposition tem-
peratures (Td1 and Td2) for filling level >10 wt %.

The first one (Td1) is nearly unchanged, but the sec-
ond one (Td2) which corresponds to the complete
decomposition of Co carbonate and hydroxide,13

increases with Co content increase indicating that
the incorporation of Co particles increases the ther-
mal stability of crosslinked PVAc films.

FTIR spectroscopy

The FTIR spectra of pure PVAc as well as PVAc/Co
composite films are shown in Figure 3. The FTIR
spectrum of PVAc shows the stretching vibration of
AOH at 3644 and 3475 cm�1. The appearance of the
strong band at 1725 cm�1 is attributed to C¼¼O
stretching. The characteristic peaks at 1259 and 960
cm�1 are due to an asymmetric and symmetric
ACAOACA stretching, respectively.14 Effectively,
Figure 3 shows that when the Co was added to the
PVAc, two alternations of the original spectrum of
PVAc were observed. The first is the shift in

TABLE I
The Filling Level Dependence of the Peak Intensity (I),

Glass Transition Temperature (Tg), Relaxation
Temperature (Ta), and Decomposition Temperatures (Td1

and Td2)

Co (wt %) I Tg (
�C) Ta (�C) Td1 (

�C) Td2 (
�C)

Unfilled – 43 83 322 –
10 30 36 82 319 –
20 50 40 83 316 354
30 56 46 81 319 358
50 57 54 82 323 360

Figure 2 DSC thermo-grams of pure PVAc and PVAc/
Co composite films.
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frequency of the carbonyl and ester groups of the
composites when compared with the unfilled PVAc,
which indicates the interaction between the filler
and the polymeric matrix. The second is the appear-

ance of new bands in the range of 400–500 cm�1.
These new bands may be correlated likewise to
defects induced by charge transfer reaction between
the filler and the polymeric matrix indicating the
formation of the Co oxide. Similar results were
obtained by Nicho and Hu.14 The observed peak at
542 cm�1 corresponding to the m(CoAO) mode con-
firm the formation of Co3O4 spinel oxide.

15

The shift in frequency is correlated with force con-
stant and bond length. The force constant values can
be calculated from the expression16

m ¼ 1

2pc

ffiffiffiffiffi
k

M

r
(4)

where m is the wavenumber, c is the velocity of light,
k is the force constant, and M is the reduced mass.
The values of the force constant are listed in Table II.
It is interesting to note that the force constant
increases with increasing Co content. This increase in
the force constant is due to the interaction of the Co
with the polymer chain which disturbs the delocaliza-
tion of electrons in the carbonyl and ester groups.

Dielectric studies

Dielectric constant (e0)

Figure 4 shows the measured dielectric behavior of
the pure PVAc and the composite samples as a func-
tion of frequency at room temperature. It was
observed that the dielectric permittivity decreases as
frequency increases showing usual dielectric disper-
sion behavior. The decrease in permittivity is rapid at
lower frequencies and slower at higher frequencies.
Similar behavior was observed in other materials.17

Generally, the dielectric properties of the polar poly-
mers depend on whether the dipoles are attached to
the main chain or not, and the dipole polarization
depends on segmental mobility, which is low at tem-
peratures below the glass transition temperature. In
view of this, the observed variation of dielectric con-
stant is understood by invoking the Maxwell-Wag-
ner-Sillars effect of polarization.18 Accordingly, the
enhancement in the dielectric properties is attributed
to the interfacial polarization: a phenomenon that

Figure 3 FTIR spectra of unfilled PVAc and PVAc filled
with different filling levels of cobalt.

TABLE II
The Filling Level Dependence of the Force Constant k for C¼¼O and CAOAC Band Variations

in PVAc/Co Composites

Co (wt %)

C¼¼O band variations CAOAC band variations

Wavenumber (cm�1) Force constant (N/cm) Wavenumber (cm�1) Force constant (N/cm)

Unfilled 1725 12.01 1259 6.4
10 1725 12.01 1272 6.53
20 1750 12.37 1307 6.9
30 1775 12.72 1309 6.92
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appears in heterogeneous media consisting of phases
with different dielectric constant and is mainly due
to the accumulation of charges at the interfaces. In
the present case, like any other polar material, PVAc
is a polar polymer where each dipole can act as an
electron trap and hence the observed high value of
the dielectric constant is understood.

In other words, the decrease in dielectric constant
with increase in frequency for all concentrations can
be appropriately explained on the basis of charge
carriers being blocked at the electrode. This may be
attributed to the tendency of dipoles in a macromol-
ecule to orient themselves in the direction of the
applied field in the low frequency range. However,
as the frequency of the applied field increases, the
dipoles will hardly be able to orient themselves in
the direction of the applied field, and hence, the
value of the dielectric constant decreases at high
frequency.18

Figure 5 represents the variation of e0 as a function
of weight percentage of Co at room temperature and
at certain frequency 10 kHz. It is observed that the
dielectric constant of the samples increases with the
Co content. This increase can be understood from
the polarization of the conductive particles; mobile
charges follow the alternating electric field and accu-
mulate at the interfaces between the particles and
the insulating matrix. Thus, the electric field inside
the particles becomes negligibly small, the polariza-
tion is enhanced and the permittivity is increased
(Maxwell-Wagner-Sillars) polarization.19

AC conductivity (rAC)

The frequency-dependent AC conductivity in the
case of disordered materials such as polymers can

arise from interfacial polarization at contacts, grain
boundaries, and other inhomogeneities present in
the sample.
The variation of AC conductivity (rAC) as a function

of frequency is represented in Figure 6. It is clear that
the logarithm rAC shows an increasing trend with the
increase in frequency for all samples. This behavior is
related to the Maxwell-Wagner type. It is known that
the solid consisting of phases with different conduc-
tivities influences the overall conductivity of the mate-
rial, which increases with frequency. At lower fre-
quencies, the grain boundaries are more active, and
hence, the hopping of Co ions is less at lower frequen-
cies. As the frequency of the applied field increases,
the conductive grains become more active, thereby
increasing the hopping conduction. Similar behavior
was reported by Alder and Fienlieb.20

Figure 7 shows the behavior of the AC conductiv-
ity (rAC) as a function of filler concentrations at cer-
tain frequency 10 kHz. It was observed that the con-
ductivity is enhanced with the increase in Co
concentration till filling level 30 wt %, then slight
falls off for more Co content. Generally, the
observed enhancement in AC electric conductivity
(rAC) by increasing the filler content is attributed to
the electronic interaction processes taking place in
the composites; therefore, the PVAc/Co composite
becomes more conductive with the increase in con-
ductive filler content. The main factor influencing
the composite conductivity is the concentration of
the filler particles. At low filler content, the conduct-
ing particles are separated and the electric charge
may flow by means of hopping through a noncon-
ducting medium between the neighboring particles.
The fall off in conductivity beyond 30 wt % is due
to the fact that Co2þ must be partly changed to
Co3þ. A greatly increased conductivity was observed

Figure 4 Variation of e0 with frequency for: (1) PVAc, (2)
10 wt %, (3) 20 wt %, (4) 30 wt %, (5) 40 wt %, and (6) 50
wt %.

Figure 5 Variation of e0 with Co content at f ¼ 10 kHz.
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for filling level 30 wt % due to the dominance of
Co3O4 spinel oxide.

21

DC magnetic susceptibility (vdc)

The dc magnetic susceptibility (vdc) was measured
at room temperature for the prepared PVAc/Co
composites. Our experimental values of the dc mag-
netic susceptibility were used to estimate the effec-
tive magnetic moment (leff) in Bohr magnetons (lb)
using the following equation22

leff ¼ 2:828
ffiffiffiffiffiffiffiffiffiffi
vdcT

p
(5)

where T is the absolute temperature. The filling level
dependence of the effective magnetic moment is

shown in Figure 8. This behavior shows an increase
in the effective magnetic moment from 1.92 to 5.02
lb with increase of Co particles content from 10 to
30 wt %. The increase in magnetization is related to
an increase in dipolar interaction among Co particles
because particles proximity increases with increase
of Co particles in PVAc. It is clear that the order of
magnitude of magnetic moment confirms the high
spin state of Co2þ ion.22 The nonlinear filling level
dependence of leff has indicated that the present
system does not show magnetic dilution behavior. It
is remarkable that the significant values of leff indi-
cate that the present filler generally increases the
magnetic response of composites. It is well known
that the magnetization of magnetic materials is de-
pendent on the morphology and structure of the

Figure 6 Frequency dependence of rAC for (a): (1) PVAc, (2) 10 wt %, (3) 20 wt % and (4) 30 wt %, (b): (5) 40 wt % and
(6) 50 wt %.

Figure 7 Dependence of rAC in PVAc/Co composite
films on concentration of cobalt metal at f ¼ 10 kHz.

Figure 8 Dependence of leff in PVAc/Co composite
films on cobalt content.
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sample. The lowering of the effective magnetic
moment for filling levels more than 30 wt % of Co
can be caused by a greater probability to form spin-
less bipolarons as a result of the electron-phonon
intra- and inter-chain interactions.23 On the other
hand, when introducing more than 30 wt % of Co in
PVAc, Co2þ must be changed to Co3þ which the ani-
sotropy energy of Co3þ ions is small and orbital
angular momentum of these ions is zero.24

Electron spin resonance

Figure 9 shows the ESR spectra of pure PVAc and
PVAc/Co composites. The ESR spectra of different
filling levels of composites are compared with the
unfilled PVAc to establish the influence of Co on
molecular mobility. It is observed that the ESR spec-

trum of unfilled PVAc shows a very weak ESR spec-
trum assigned to free radicals generated by scission
of macromolecular chain during the preparation and
processing of the sample. However, the spectra for
different filling levels are found to be rather differ-
ent. Thus, the shape of ESR spectra strongly depends
on Co content. Composites spectra are characterized
by very broad ESR signal. The broad signal peak
like ESR indicates Co clusters inside the PVAc. The
filling level dependence of the peak intensity and
position are shown in Figure 10. The peak position
is shifted to high magnetic fields as Co content
increases. The dependence of the intensity of the
peak on the filling levels is given by fitting equation

I ¼ 0:42 W2 þ 43:7 W � 45:4 (6)

where I is the peak intensity and W is the filling
level. The intensity of the peak is correlated to the
number of spin.25 Thus, the spin concentration
increases as Co content increases.

CONCLUSIONS

PVAc/Co composites films were prepared with vari-
ous compositions by solvent casting method. Influ-
ence of Co addition on structure, dielectric, and
magnetic properties of PVAc were studied. XRD pat-
terns reveal the increase of the amorphous nature of
PVAc after incorporation of Co. Also, Co oxides
were formed at higher Co content. DSC measure-
ments reveal an increase in Tg with the increase in
Co content. FTIR spectra show molecular interac-
tions between the functional groups of PVAc and
the Co ions leading to Co oxide formation. The
dielectric dispersion with frequency was observed
and explained on the basis of polaron and bipolaron

Figure 9 ESR spectra for various concentrations of cobalt
metal of PVAc films at room temperature.

Figure 10 Dependence of both signal position (n) and
signal intensity (h) on concentration of cobalt metal.
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hopping mechanism, which is responsible for con-
duction and polarization. The dielectric constant
shows an increasing trend with increasing Co con-
tent. AC conductivity measurements suggest that the
conduction in the present system may be due to the
polaron hopping mechanism. Effective magnetic
moment measurement reveals that the present filler
increases the magnetic response of the polymer.
Finally, we would like to mention that the results of
dielectric, AC conductivity, and magnetic properties
show a strong dependence on the weight percentage
of Co in PVAc matrix. The composite sample at 30
wt % shows maximum response of AC conductivity
and magnetic moment. This dependence makes the
prepared composite film candidate for more applica-
tions in electric and magnetic sensor.
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