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ABSTRACT: Poly(vinylidene fluoride) (PVDF) films filled
with BiCl; in the mass fraction range of 0.1 < W < 10 were
prepared. o- and B-Crystalline PVDF phases were detected
and characterized by spectroscopic analysis. Fourier trans-
form infrared analysis detected the presence of o- and B-
phase head-to-head and tail-to-tail polymer chain defects.
The band detected at 1670 cm™! was assigned to C=C, indi-
cating polarons in the polymeric matrix. The degree of crys-
tallinity increased by increasing the filling level (FL), and
the maximum relative f-phase content was found at w=>5%
FL. This result was confirmed by X-ray diffraction (XRD)
and differential scanning calorimetry (DSC) analysis. The X-
ray analysis confirmed the presence of o and B phases, and

no peaks corresponding to pure BiCl; were found. DSC
therograms showed a sharp endothermic peak at T; =444 K
for different FLs because of the melting. This peak was used
to calculate the activation energy and the order of the reac-
tion. The DC electrical resistivity was attributed to the one-
dimensional interpolaron hopping mechanism. The FL de-
pendence of log p and hopping distance (R,) at 373 K was
observed, indicating the FL affected the distribution of the
hopping sites. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci
102: 2125-2131, 2006
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INTRODUCTION

PVDF morphology and piezoelectric properties have
become subjects of active research in the last three
decades.! In addition to these properties, PVDF also
exhibits at least five crystalline phases known as
form I (B),> form II (oc) form III (y),* polar 1T (o), 5
and polar form III (yp) Form I is distinguished from
the others in apphcatlons such as piezoelectricity,”
pyroelectricity,” ferroelectricity,” microwave modula-
tion,'® nonlinear optical properties,'’ and infrared to
visible converter.'?

The polymer chains of PVDF are packed in the crys-
tal in one of two ways. The dipoles are either parallel,
and the crystal possesses a net dipole moment (polar
forms B, v, o, and y,) or antiparallel, so that the net
dipole moment is zero (nonpolar form o).

The crystalline B, vy, o, and y, phases of PVDF,
which are permanently polarized, are ferroelectric.
That is the basis of a number of technical applications
of this material.

Recent investigations by our research group revealed
that metal halide fillers significantly modify the struc-
ture and physical properties of PVDF films."*™*>
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The present work was devoted to studying the
effect of BiCl; filler on the content of the o- and P
phases and the structural and physical properties of
PVDF films.

EXPERIMENTAL

PVDF films were prepared by a casting method. PVDF
powder (SOLEF 1008) was dissolved in dimethyl-
formamide (DMF). BiCl; also was dissolved in DMF.
The BiCl; solution was added to the dissolved poly-
mer at a suitable viscosity. The mixture was cast to a
glass dish and kept in a dry atmosphere at 333 K
for 7 days to ensure the removal of the solvent
traces. The films had a thickness in the range of
0.11-0.15 mm. PVDF films were prepared with mass
fractions of BiCl; of 0.0%, 1.0%, 2.5%, 5.0%, 7.5%,
and 10%.

A Fourier transform infrared (FTIR) spectropho-
tometer (Perkin Elmer 883, Tokyo, Japan) was used to
measure the FTIR transmittance spectra in the wave
number range of 200-2000 cm ™. The X-ray diffraction
scans were obtained using a Seimens type F diffrac-
tometer with Cu Ko radiation and a LiF monochroma-
tor. JEOL 5300 scanning electron microscope, operat-
ing at an accelerating voltage of 15 kV was used to
observe the morphology of the PVDF films. The surfa-
ces of the samples were coated with a 3.5-nm layer of
gold to minimize sample charging effects from the
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electron beam. Differential scanning calorimetry
(DSC) for the prepared films was carried out using a
Shimadzu-DSC-50 in the temperature range of
398-573 K with a heating rate 5°C/min. The DC elec-
trical resistivity was measured using an insulation tes-
ter (level type T M14) whose accuracy was within
*0.2%.

RESULTS AND DISCUSSION
Fourier transform infrared analysis

Figure 1 shows the IR spectra of the PVDF films filled
with different FLs of BiCl; in the 200-2000 cm ™'
region. The main characteristic peaks of PVDF were
observed. The bands at 610, 763, and 879 cm ™! corre-
sponded to the o phase, whereas the bands at 420, 510,
and 1404 cm ™' were a result of the B phase of PVDF.
The peak at 510 cm ', belonging to the B phase,
was assigned to CF, bending and CH, wagging
modes, whereas the peak at 610 cm ™' was a result of
CF, bending and skeletal bending of the o phase.'®
The band at 670 cm ™' was taken as a measure of the
concentration of the head-to-head [(h-to-h)] and tail-
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Figure 1 IR transmittance of PVDF filled with different
FLs of BiCls.
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Figure 2 Absorbance FL dependence of the peak intensity
at 670 cm .

to-tail [(t-to-t)] polymer chain defects.'” Figure 2
shows the absorbance FL dependence of the peak in-
tensity at 670 cm ! of (h-to-h). It is observed that the
maximum and the minimum values of (h-to-h) occur-
red at 2.5% and 5% FL, respectively.

The IR band appearing at 925 cm ™' was assigned
to the totally symmetric vibrations of perchlorate
anion. This band shifted with FL changes from 925 to
952 cm !, which means the filler reacted with the
polymer matrices.'®

In the IR spectra of the samples under investigation
there was a strong and broad band around 1300 cm ™.
In partially crystalline samples this amorphous band
overlapped the crystalline bands in this region and
changed the spectral feature depending on the degree
of crystallinity of the sample."

The small adjacent band at 1670 cm ™' was assigned
to C=C bond resulting from dehydrofluorination
(removal of HF).?° This band indicated the presence of
polarons in the polymeric matrix.
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Figure 3 FL dependence of the relative intensity, F(B).
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The relative amount of the B phase, F(B), that is, the
ratio of the amount of the B phase to the total amount
of the B and o phases, could be determined by using
the peak transmittances at 510 cm ! (for the B phase)
and 765 cm ™" (for the o phase)*' through the equation
F(B) = As10/(As10 + 1.26A7¢5), developed by Osaki and
Ishida.** Figure 3 shows the FL dependence of the rel-
ative intensity, F(B). It is clear that F(B) was nearly
constant up to W =5%; further increases in W resulted
in a sharp drop in the F(B).

X-ray diffraction

Figure 4 shows the X-ray diffraction (XRD) scans for
various filling levels. The different crystal structures
of PVDF (a, B, and y phases) had similar peaks, but
each phase had one or two peaks that made them
identifiable. The most prominent peak for all phases
occurred at approximately 20 =20°. Table I lists the
more prominent peaks observed in the PVDF diffrac-
tion scans.”® No peaks corresponding to pure BiCls
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Figure 4 X-ray diffraction scans of PVDF filled with dif-
ferent FLs of various mass fractions of BiCls.
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TABLE I
Assigned X-ray Diffraction Peaks Characterizing o and
Crystalline PVDF Phases

W (wt %) 26 (%) Assignment

0.0 184 (020) o
20.0 (110) B

26.8 (021) o

39.2 (002) o

1.0 184 (020) o
20.5 (110) B

27.5 (021) o

39.5 (002) o

25 20.6 (110) B
27.8 (021) o

329 (121) o

39.8 (002) o

5.0 20.0 (110) B
26.5 021) o

33.0 (130) o

38.4 (002) o

7.5 21.0 (110) B
26.8 (021) o

33.9 (130) o

38.4 (002) o

10 21.0 (110) B
272 (021) o

33.8 (130) o

39.0 (002) o

were found in the polymer composites, indicating
complete dissolution of the compound in the poly-
mer matrix.

The area under the peak, Ag, at 20 =20.5° can be
taken as a measure of the degree of crystallinity for
the B phase. Figure 5 shows the FL dependence of the
area under the peak for the B phase. It is remarkable
that the maximum value of Ag occurred at 2.5%,
which is useful in some applications. This maximum
confirmed the Fourier transform infrared analysis
(FTIR) results. The decrease of the degree of crystallin-

10

9

e B - -}

(=21

=

Degree of crystallinity

(%}

0 2 4 B 8 10 12
W (wB5)

Figure 5 FL dependence of degree of crystallinity for the
B phase at 26 = 20.5°.
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ity for FL up to 2.5 wt.% can be explored by assuming
that the excess BiCl; molecules may have attached to
the PVDF chain via fluorine bridges. These results can
be interpreted by considering the Hodge et al.** crite-
rion, which establishes a correlation between the area
of the peak and the degree of crystallinity.

Scanning electron microscopy

Scanning electron micrographs (SEMs) of the present
system are displayed in Figure 6, which shows the
microstructures of PVDF (dark area) and the filler
(light area).” The SEMs suggest the FL dependence
of the morphological structure.

The SEM of pure PVDF shows connecting uniform
spherical domains with a pore shape. It was observed
that the micrograph exhibited nearly the same mor-
phology as that of pure PVDEF, found previously in
the literature.®®”” In contrast, the micrograph of
W=1% was characterized by randomly distributed
granules.

An interesting pattern was observed for W=>5%: a
highly condensed number of small granules nearly
equal in size.

The micrograph of the film of W=7.5% showed
large granules and granule groups randomly distribu-
tion in a medium that appeared to be pure PVDEF. The
filler distributed uniformly in the polymeric matrix.
Some pores between the polymer/filler interface
could be observed, which was attributed to the partial

Figure 6 SEM micrographs of PVDF filled with various
mass fractions of BiCls.
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Figure 7 DSC thermograms of PVDF films filled with
various mass fractions of BiCls.

compatibility between the polymer and the filler. The
1% FL was found to be similar to pure PVDF and the
10% FL to be similar to 7.5% FL. Thus, the 1% and
10% micrographs are not presented.

Differential scanning calorimetry

The differential scanning calorimetry (DSC) thermo-
grams of PVDF films filled with different FLs of
BiCl; over the temperature range of 298-573 K are
presented in Figure 7. A sharp endothermic peak
was observed at T,, = 444 K because of the melting.
The pure PVDF and some samples showed double
melting peaks in the DSC scans.

There is considerable controversy in the literature
about the double melting that takes place in many
semicrystalline polymers. The origin of the double-
melting peaks can be mainly ascribed to®% (1)
melting, recrystallization, and remelting during the
DSC heating; (2) polymorphism; and (c) variation
in morphology (lamellar thickness, perfection of
crystals).

The order of reaction values, 1, at T,, was calculated
using the Kissinger method.>" The order of reaction
values was n < 1. This indicates that most of the reac-
tants were melted at T,, and that there was a small
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Figure 8 FL dependence of activation energy () and
degree of crystallinity (@).

amount of undecomposed reactants at T,,, supporting
the multiplicity of the T,, peak.

The activation energy, E, was estimated by the
Arrhenius equation® using the melting peaks. The FL
dependence of E is shown in Figure 8. It appears that
the activation energy decreased with increasing FLs.
From the melting thermogram, it was also possible to
evaluate the area under the peak under consideration,
and the degree of crystallinity could be calculated.
The FL dependence of the degree of crystallinity is
also shown in Figure 8. It was observed that the
degree of crystallinity increased by increasing the FL.

DC electrical conduction

DC electrical resistivity (p) of the present samples
was measured in the temperature (T) range of
300-400 K. The reciprocal temperature dependence of
log p, shown in Figure 9, did not exhibit an Arrhenius
character. The mono- and/or difluoronated alkenes
and the (h-to-h) and (t-to-t) polymer chain defects in
the polymeric matrix of the present system, which
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Figure 9 Reciprocal temperature dependence of log(p).
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were evidenced by IR (band at 670 cm 1), can be con-
sidered suitable sites for polarons and/or bipolarons.
This allowed us to use the modified interpolaron hop-
ping model of Kuivalainen et al.* to interpret the
present resistivity results. According to this model,
conduction is attributed to a phonon-assisted charge
carrier hopping between polaron and/or bipolaron
bound states in the polymer. According to this model
the electrical resistivity can be expressed as:

p = [KT/A1e*y(T)(RZ/2)]
< {[(yp + vop)? /yo¥pllexp(2B1Ro/E)]} (1)

where A; is 0.45; By is 1.39; y, and yy,, are the concen-
trations of polarons and bipolarons, respectively; R, is
(3/4nCimp)l 3, which is the typical separation between
impurities whose concentration is Cimp; & is (éuﬁj)l/ 3

which is the average decay length of a polaron and

"

£5 4

4.0 T T T T .
300 315 330 345 360 375 380
T(K)

Figure 10 Temperature dependence of R,.
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Figure 11 BiCl; FL dependence of log p (M) and R, (@) at
T =373 K.

bipolaron wave function, respectively; and & and &
are the decay lengths parallel and perpendicular to
the polymer chain, respectively. Bredas et al.**
reported that polarons and bipolarons induce defects
of the same extension. The electronic transition rate
between polaron and bipolaron states can be expressed
as:

Y(T) = 1.2 x 107(T /300 K)" ™* )

where 7 is a constant of approximately 10, estimated
by Kivelson.” In the present work the order of magni-
tude of p was adjusted using a computer-aided pro-
gram. According to eq. (1), the plotting of log p versus
reciprocal temperature, T, should give a straight line,
if the measured p is dominated by polaron hopping.
The parameter £ =1.06 nm, whereas £, =0.22 nm,>®
which depends on the interchain resonance energy
and the interchain distance.”” Taking y;, = Ypp for sim-
plicity, which is an acceptable approximation,® and
using egs. (4) and (5), we can obtain the values of the
hopping distance, R,.

The temperature and filling level dependences of R,
are shown in Figure 10. A linear temperature depend-
ence of R, was observed. It is remarkable that the cal-
culated values of R, were in the range of 1.9-11 nm.
Given that the monomer unit length was approxi-
mately 0.25 nm,* it could be observed that the hop-
ping distance was in the range of 7.6-44 monomer
unit lengths. This indicates that the present conduc-
tion mechanism was of an intrachain one-dimensional
hopping type.

The FL dependence of log p and R, at a constant
temperature (T =373 K) is shown in Figure 11. It is re-
markable that the logarithm of resistivity was in the
range of 9.6-10.7 Qcm.

It also was observed that the minimum value at
W=5% of log p and R, correlated with the
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corresponding peak of the structural defect. Thus, the
hopping process could be characterized especially by
h-to-h as hopping sites.

CONCLUSIONS

The spectroscopic, thermal, electrical, and structural
analyses of PVDF films filled with different FLs of
BiCl; showed that:

e From IR analysis, the band at 1670 cm™' was
assigned to C=C stretching of the difluorinated.
This band indicates the presence of polarons in
the polymeric matrix. The maximum value of (h-
to-h) was observed at 2.5%, which corresponded
to the maximum values of the B phase at this FL
supported by the X-ray analysis.

o XRD revealed two main characteristic peaks, at
26 =20.5° and 26°, for the o and B phases, respec-
tively. No peaks corresponding to pure BiCls
were found, indicating complete dissolution of
the compound in the polymer matrix. The maxi-
mum degree of crystallinity of the [ phase
occurred at 2.5% FL. This maximum confirmed
the FTIR results. This maximum degree of crystal-
linity can be useful for several applications. The
decrease in the degree of crystallinity for FL up to
2.5% can be explored by assuming that the excess
of BiCl; molecules may have attached to PVDF
chains via fluorine bridges.

e The SEM micrograph of pure PVDF showed con-
necting uniform spherical domains with a pore
shape. An interesting pattern was observed for
W=5%, which contained a highly condensed
number of small granules nearly equal in size.

o The DSC revealed a sharp peak at T,, =444 K be-
cause of melting. The origin of the double-melting
peaks can be mainly ascribed to: (1) melting,
recrystallization, and remelting during DSC
heating; (2) polymorphism; and (3) variation in
morphology.

o Electrical conduction was attributed to one mech-
anism of dimensional phonon-assisted charge
carrier hopping between polaron and/or bipo-
laron bound states in the PVDF matrix.
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