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ABSTRACT: Poly(vinyl alcohol) (PVA) films filled with
(x)CsBr(15 — x)MnCl,, where 0.0 = x = 15%, were prepared
by a casting technique. The crystal structure properties of
the prepared films were examined by XRD, DTA, and FTIR.
A correlation between XRD, DTA, and FTIR of the filled
polymer was discussed. Optical absorption measurements
revealed two optical band gaps (E,; and E,,). The electrical
properties were studied using dc electrical conductivity. The

filling level (FL) dependency of E,, and E,,, thermal activa-
tion energy (AE), and hopping distance (Rp) are given to
illustrate the behavior of the filled polymers. © 2004 Wiley
Periodicals, Inc. ] Appl Polym Sci 94: 21782186, 2004
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INTRODUCTION

Polymeric systems containing small metal particles
are attractive systems because they are expected to
exhibit properties that are of both scientific and prac-
tical interest. The formation of stable metal particles
inside the polymer systems is important for many
applications, such as three-dimensional (3D) storage
of optical data, shielding of electromagnetic radia-
tion," and both pharmaceutical and medical fields.?

Poly(vinyl alcohol) (PVA) is a nontoxic water-solu-
ble synthetic polymer, which is widely used in bio-
chemical and medical applications because of its com-
patibility with the living body.> PVA has good film-
forming and highly hydrophilic properties, and has
been studied as a membrane in various ways. PVA has
recently been exploited as a substrate for enzyme im-
mobilization in the form of photo crosslinkable PVA.*

Manganese is well known as a magnetoactive mul-
tivalent element; thus its halides can be used as fillers
to modify the electric conduction and the optical ab-
sorption of PVA. On the other hand, MnCl, is consid-
ered a good candidate for one- or two-dimensional
phenomena® and for optical memory devices.®

In previous work, our research group investigated
the physical properties of PVA films filled with
MnCl,.” It was revealed that the used filler modified
the structural, optical absorption, and electric proper-
ties of PVA. However, a nonlinear and even non-
monotonic filling level (FL) dependency of the con-
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tents of the active structural forms was found. Seeking
for a linear or monotonic FL dependency of the optical
absorption and electrical properties, we chose to use
the intrasubstituted mixed fillers of CsBr and MnCl,.
In the present work, we continue our effort to study
the effect of the two mixed fillers on the physical
properties of PVA. XRD, DTA, and FTIR were used to
investigate the crystal structure of PVA films.

EXPERIMENTAL
Preparation of samples

The studied films were prepared by the casting tech-
nique. Poly(vinyl alcohol) (PVA), of molecular weight
M,, = 72,000, was provided by Merck (Darmstadt,
Germany). CsBr and MnCl, were supplied by Aldrich
Chemical Co. (Milwaukean, WI). Specified amounts of
PVA, CsBr, and MnCl, were dissolved in distilled
water. The solution, having the proper mass fraction,
(x)CsBr(15 — x)MnCl,, was added to the polymer at a
suitable viscosity. A mixture of the solution was cast
onto a clean glass plate and dried in an oven at 323 K
for 1 week. The prepared films were kept in a dry
atmosphere for 3 weeks to remove the solvent traces.
PVA films with different mass fractions, (x)CsBr(15
— x)MnCl,, were prepared, where x = 0.0, 1.0, 5.0, 7.5,
10, 14, and 15 wt %. The thickness of the films was in
the range of 100 to 140 wm.

Physical measurements

X-ray diffraction (XRD) patterns were obtained using
a Siemens (South Iselin, NJ) type F diffractometer with
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Cu-K, radiation and LiF monochromator. Differential
thermal analysis (DTA) was carried out using a Shi-
madzu (Kyoto, Japan) DTA-50 apparatus, with mea-
suring temperature in the range 30-300°C and a heat-
ing rate of 5°C/min. The IR spectrophotometer (PE
883, Perkin Elmer Cetus Instruments, Norwalk, CT)
was used for measuring the IR spectra in the wave-
number range of 2700-200 cm ™~ '. UV-vis absorption
spectra were measured in the wavelength range of
200-900 nm using a spectrometer (Perkin—Elmer UV-
vis). The dc electrical resistivity was measured using
an autorange multimeter (Keithley 175, Keithley Me-
trabyte, Taunton, MA) with an accuracy of *0.2%.

RESULTS AND DISCUSSION
X-ray diffraction

XRD patterns of the filled PVA are shown in Figure 1.
The observed spectra characterize a semicrystalline
polymer possessing crystalline peaks at a scattering
angle (19° = 20 = 20°) corresponding to a (101) and /or
(101) spacing.® The intensity of the (101) peak can be
taken as a measure of the degree of crystallinity (h)
and plotted as a function of the filling level (FL), as

PVA+(X)CsBr{(15~X)MnCly
- X(wt*%)

Intensity (a.u.)
T — i" T ¥ T
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Figure1 X-ray diffraction patterns of PVA films filled with
(x)CsBr(15 — x)MnCl,.
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Figure 2 Filling-level (FL) dependency on the degree of
crystallinity.

shown in Figure 2. It is clear that the / exhibits a
minimum at x = 1% and a maximum at x = 7.5%.

It is remarkable in Figure 1 that there is a sharp
scattering peak at 20 = 30°, for x = 14 and 15%. This
peak is not attributed to PVA, CsBr, or MnCl, crystals.
However, this peak may indicates the appearance of a
new crystalline phase of the filled samples.”

The present results imply that the XRD profile is
substantially influenced by the FL.

DTA thermograms

The DTA thermogram scans for PVA filled with
(x)CsBr(15 — x)MnCl, are shown in Figure 3. All sam-
ples under study show two endothermic peaks in
addition to one exothermic peak. These transitions can
be interpreted as follows: the glass-transition temper-
ature (T,) of filled PVA was found to be around 35°C,
which agrees with that reported in the literature.'® The
DTA scans of the filled PVA show a semicrystalline
structure with the appearance of an exothermic peak
at about 95°C, corresponding to the crystallization
temperature (T.)."' The endothermic peak at about
206°C was attributed to the melting point (T,,;) of
PVA.2 Moreover, for 1 < x < 15%, there is another
endothermic peak at about 225°C, indicating another
melting point (T,,,) of the filled samples. According to
the derivative DTA curves, the filled PVA films were
found to degrade at a T, of about 270°C.'° The values
of T, T, Ty, T)pp, and T, are detailed in Table 1.

It is observed from Figure 3 and Table I that the
position of T, for PVA films filled with CsBr-MnCl,
mixed fillers is shifted toward lower temperatures
compared with that of the pure PVA."? This suggests
that the segmental mobility of an amorphous pure
PVA increases as a result of the addition of mixed
fillers, becoming less-rigid segments. This indicates
that the mixed fillers CsBr and MnCl, act as plasticiz-
ers. The change in position of T, may be mainly attrib-
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Figure3 DTA thermograms of PVA films filled with mixed
fillers.

utable to the effect of filling on the orientation of the
crystals, crystallinity, and microstructure of the sam-
ple. They expect that T, could be influenced by the size
and perfection of the crystals and thus their melting
point. On the other hand, Popli et al." reported that T,
depends on the crystal thickness. Also, the magnitude
of thermal degradation temperature (T,) of the pure
PVA' is greater than that of the filled samples. It is
suggested that the addition of the mixed fillers to PVA
films decreases the thermal stability.

ABDELAZIZ

Furthermore, it is interesting to find the appearance
of two distinct T,, peaks for 1 < x = 15% samples, as
shown in Figure 3 and Table I. This implies that two
crystalline phases, such as a syndiotactic sequence and
an atactic sequence, may exist after incorporation of
the mixed fillers into the PVA. This result confirmed
the findings reported by Yeh et al.'?

The variation of T,, of PVA crystals is evident with
the variation of the FLs. The distribution of melting
temperatures was converted to a distribution of crys-
talline thickness using the Thomson-Gibbs’s equa-
tion'?

T, = T,[1 — 20,/AHL] (1)

where T,, is the observed melting temperature of a
crystal of lamellar thickness L, T,,° is the equilibrium
melting temperature of an infinitely thick crystal, o, is
the surface area of the chain folds, and AH is the heat
of fusion per unit volume of crystals. The value of
0,/AH used for PVA was 33 X 10°® cm and T,°
= 501.5 K."® The calculated values of the crystal lamel-
lar thickness are listed in Table L. It may be observed
that the crystal lamellar thickness is influenced by the
FLs.

IR spectroscopy

The infrared spectral analysis of the samples was per-
formed over the range of 2700-200 cm™'. Figure 4
shows the absorption spectra for the filled PVA with
two mixed fillers. A slight variation was observed in
the absorption bands of the filled PVA compared with
that previously reported for pure PVA.'” The assign-
ment of these bands for all samples under study is
given in Table IL

By using the ratio I, of the peaks at 942 and 830
cm™' as a measure for the syndiotacticity of the
PVA,'® additional characteristics of the samples may
be shown by plotting the FL dependency of I, as
shown in Figure 5. It is to be noticed that the syndio-

TABLE 1
FL Dependency of Glass Transition; Crystallization (T,), Melting (T,,), and Degradation (T;) Temperatures; and
Crystalline Lamellar Thickness (L)

CsBr T, T. T, T, L

(wt %) (°C) °C) (°C) (°C) (A)
Unfilled 50 109.0 2265 — 326.0 1655
0.0 35 104.67 206.27 — 275.07 1489
1 43 96.76 205.63 — 252.42 1444
5 35 95.29 209.39 233.33 232.68 173.0
75 35 92.82 209.21 225.92 239.16 1716
10 45 98.26 206.00 216.66 244.55 147.0
14 35 89.54 210.86 22222 250.50 187.0
15 45 95.16 210.42 225.92 270.17 183.0
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Figure 4 FTIR spectra of PVA films filled with mixed fillers.

tacticity changes slightly and monotonically, whereas
a minimum syndiotacticity was observed at x = 5%.
Naguro et al.'” reported that the increase in the syn-
diotacticity of PVA samples causes dense molecular
packing in the crystal and also stronger intermolecular
hydrogen bonds, which are responsible for the disap-
pearance of the molecular motion.

Moreover, the ratio Iogy of the intensity of the peaks
at 1339 and 1438 cm ™' may be used as a measure of
the OH mode of deformation attributed to the mixed
fillers.” The FL dependency of Ioy is shown in Figure
5. This indicates that the CsBr-MnCl, mixed fillers
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TABLE 1I
Assignments of the IR Characterizing Peaks
of the PVA System®
Frequency (cm ™) Assignment
830 »(CC)
942 1(CH,)
1107 »(CO)
1339 3(CH + OH)
1438 CH, bending
1565 O—H and C—H bending
1660 Absorbed H,O
1791 »(C=0)

a2 From Rabie et al.’”

affect the bending mode of the OH group of PVA. This
result confirmed findings previously obtained for the
MnCl, filled PVA,” in which the OH bending mode
was substantially affected by the FL of MnCl,.

The percentage crystallinity of the samples was de-
termined by using the following relation®":

Percentage crystallinity = 92(d/c) — 18  (2)

where d is the absorbance of the 1100 cm ™' peak and
c is the absorbance of the 1420 cm ™! peak. The absor-
bance was measured by using the baseline method.
The FL dependency of the percentage crystallinity is
shown in Figure 6. It is clear that the percentage
crystallinity exhibits a minimum value at x = 1% and
a maximum value at x = 7.5%.

The FL dependencies of the intensity of the peaks at
570 cm™!, which was assigned to C—Br vibrating
mode,'® and 1339 cm ™!, which was assigned to O—H
and C—H bending,*' are plotted in Figure 7. Each
exhibits two minima at x = 1 and 14% and maximum
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Figure 5 FL dependency of the I, representing the syn-

diotactic ratio, and Iy, representing the OH bending mode.
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the filled PVA films.

at x = 7.5%, indicating different modes of structural
deformation. It seems important to obtain more in-
sight about the other physical properties of PVA films
filled with CsBr-MnCl, mixed fillers.

Optical absorption spectra

Figure 8 shows the optical absorption spectra of PVA
filled with mixed fillers CsBr and MnCl,. One may
divide these spectra into two regions according to the
wavelength.

The ultraviolet region (UV)

In the UV region of Figure 8, we reported that all the
samples show two absorption bands at nearly the
same position (277 and 323 nm). Among these ob-
served bands, the band at 277 nm arising from
(CH,),C=0,?* is attributed to the electronic transi-
tion*

4A2g - 4T1g(P) (3)

100 -

I(a.u.)

CsBr(wt%)

Figure 7 FL dependency of the absorption peaks at (@)
1339 and (O) 570 cm ™.
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Figure 8 UV-vis spectra of PVA films filled with
(x)CsBr(15 — x)MnCl,.

whereas the weak shoulder at 323 nm is attributed to
the -C(CH=CH),CO structure.?* In other words, the
bands that appeared at 277 and 323 nm, with different
absorption intensities, may be assigned to 7—*, which
comes from unsaturated bonds, mainly C=0O and/or
C=C, which are present in the tail-head of the poly-
mer.”

The visible region

The variation of optical absorption with wavelength
(A) for all the samples is shown in Figure 8. The
recorded optical data were analyzed for both possible
allowed and forbidden optical transitions. The optical
data were analyzed from the classical relation for
near-edge optical absorption in semiconductors®

ahv = A[(hv = E)"] (4)

where « is the linear absorption coefficient, which was
calculated using the following equation®”:

a(v) = In[t,(v)/t,(v)]/(d; — dy) (5)

where t;(v) and f,(v) are the transmittances of two
films (of the same FL) with thickness d; and d,, v is the
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Figure 9 Product of optical absorption coefficient and photon energy versus the photon energy hv.

frequency, & is Plank’s constant, and n depends on the
kind of optical transition that prevails. Specifically, n
is1/2,3/2,2, and 3 for transitions designated as direct
allowed, direct forbidden, indirect allowed, and indi-
rect forbidden, respectively. A is a constant and E, is
defined as the energy band gap between the valence
band and the conduction band. We plotted the
(ahv)'/? versus photon energy (hv) using the absorp-
tion spectra data of these samples. The plots of
(ahv)'/? versus hv give two linear portions, as shown
in Figure 9(a)—(c). The optical band gaps of all samples
were determined and are shown in Figure 10. The
linear extrapolations yield the optical energy band
gaps E,. Figure 10 displays the dependency of the two
optical gaps on the CsBr content. It is clear that E; and
E,, exhibit maximum values at x = 7.5% and mini-
mum values at x = 1%. It is remarkable that these
concentrations, minimum at x = 1% and maximum at
x = 7.5%, were in agreement with the crystallinity
results obtained from XRD (see Fig. 2) and IR absorp-
tion peaks (see Fig. 6). This indicates that the optical
energy gaps are significantly influenced by the crystal
structure.

Dc conductivity

The dc electrical resistivity (p) of the samples was
measured in the temperature range of room tempera-

ture to 400 K. The temperature dependency of the
electrical resistivity was examined according to two
basic existing theories: the Arrhenius model and mod-
ified interpolaron-hopping model. The obtained re-
sults can be concluded as follows.

Arrhenius behavior is observed in the range of 333
to 388 K [see Fig. 11(a)—(c)]. The resistivity data may be
fitted to straight lines, where resistvity can be ana-
lyzed by an Arrhenius equation of the form

p = poexp(AE/KT) (6)

where p, is the preexponential factor and AE is the
thermal activation energy for conduction. The values

31
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Figure 10 FL dependency of the optical energy gaps (O)
E, and (@) E».
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Figure 11 Temperature dependency of the logarithm of electrical resistivity for various filling levels.

of AE were determined and are shown in Figure 12.
The activation energies may correspond to the differ-
ent energy levels. The values of activation energies are
related to the intramolecular conduction process.” It
is remarkable that the FL dependency of AE is nearly
similar in behavior to the FL dependency of the recip-
rocal crystallinity (detected by XRD and IR analysis).
This indicates that the conduction mechanism was
influenced by an amorphous domain. It is known that
the electrical conductivity of polymeric films is attrib-

7 A

AE (eV), R, (nm)

0 T T 1
0 5 10 15

CsBr(wt%)

Figure 12 FL dependency of thermal activation energy (O)
AE and hopping distance (@) R,,.

uted to transport of the charge carriers in the poly-
meric matrix. The ionic mobility is increased by seg-
mental motion of the PVA polymer, where the ionic
conductivity is mainly localized to the amorphous
phase. The increase of conductivity with temperature
is explained as being the result of a hopping mecha-
nism between coordinate sites, local structural relax-
ation, and segmental motions of the polymer. Segmen-
tal motion more readily occurs in the amorphous
phase of PVA polymer matrix.

It is known that double-bond segments and struc-
tural defects (detected by IR spectroscopy and optical
absorption measurements) are considered as suitable
sites for the formation of polarons and/or bipolarons
in the polymeric matrix. Therefore, the electrical resis-
tivity can be expressed by

KT Ry, + ) (2BRO> .
PEACYTY € vy SPlE 7)

where A = 0.45; B = 1.39; Yy and Yy are the concen-
tration of polarons and bipolarons, respectively; R, is
the typical separation between impurities; ¢
= ({£1)"? is the average decay length of a polaron
and bipolaron wave function; ¢ and {, are the decay
lengths parallel and perpendicular to the polymer
chain, respectively. Bredas et al.*’ reported that the
extension of defect should be the same for both pol-
arons and bipolarons. The electronic transition rate
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Figure 13 Temperature dependency of the hopping dis-
tances for various filling levels (in wt %): (a) curve 1: 0.0;
curve 2: 1; curve 3: 5; (b) curve 4: 7.5; curve 5: 10; curve 6: 14;
curve 7: 15.

between polaron and bipolaron states can be ex-
pressed as

y(T) = 1.2 X 10"(T/300 K)"! (8)

Using a computer-aided program, the order of mag-
nitude of p in the present system was adjusted with
the impurity concentration, which actually was the
fitting parameter. The parameter ¢ = 1.06 nm,
whereas ¢, = 0.22 nm,”® which depends on the
interchain resonance energy and the interchain dis-
tance. Taking y, = y;, for simplicity, which is an
acceptable approximation,®' using egs. (7) and (8),
we can obtain the values of the hopping distance R,,.
A linear decrease of R, as the temperature increases,
for various FLs, is observed in Figure 13. This indi-
cates that the concentration of thermally activated
polarons (acting as hopping sites for the charge
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carriers) increases gradually as the temperature in-
creases.

Figure 12 shows the FL dependency of calculated R,
at T = 370 K. It is clear that R, exhibits a maximum at
x = 5% and a minimum at x = 14%, representing the
mirror image of the corresponding dependency of the
peaks at 570 and 1339 cm ™' and Iy (see Figs. 5 and 7).
This indicates that the hopping-conduction mecha-
nism is affected by these localized states; Br, O—H,
and C—H bending; and deformation type of the OH
mode.

CONCLUSIONS

In this work, PVA films filled with (x)CsBr(15
— x)MnCl, were obtained by a cast method. The struc-
tural modifications of the prepared samples were
studied by using XRD, DTA, and IR spectroscopy.
XRD and DTA revealed the appearance of another
crystalline phase beside the original PVA crystalline
phase. Some physical quantities, such as optical en-
ergy gaps, thermal activation energy and hopping
distance, were determined. The changes in the values
of these physical quantities under different FLs were
correlated with the crystal structure. The present of
CsBr-MnCl,-filled PVA system is good candidate for
one-dimensional technical (optical and/or electric) ap-
plications.
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