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ABSTRACT

Polyvinylidene fluoride (PVDEF) was blended with different ratios (5%, 7%, and 10% w/w) of chitosan (CS). The dielectric properties of pure
PVDF and CS/PVDF films were investigated in (30 °C-140 °C) and (10> Hz-10° Hz) ranges. Both frequency and temperature dependence of
the real part, M’, and the imaginary part, M", of the dielectric modulus were analyzed. The ac conductivity (cac) of all samples was studied
to throw light on the conduction mechanism. Results of the UV-vis spectra of the films were discussed to determine important optical
parameters when CS is blended with PVDEF. There is a good consistency between the dielectric and optical results.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0022490

I. INTRODUCTION

The study of polymer blends'” is interesting because of its low
cost and easy processing. In addition, blending polymers enables us
to have systems of suitable properties that are significantly different
from those of the starting components.

Polyvinylidene fluoride (PVDF) has a semi-crystalline structure
and different properties” '’ such as dielectric, ferroelectric, piezo-
electric, and pyroelectric properties. On the other hand, chitosan
(CS) as a biopolymer has attracted significant interest due to its
advantages,”’ll such as being water-soluble, biodegradable, bio-
compatible, non-toxic, and abundantly available and having excel-
lent film-forming properties in addition to its biomedical applica-
tions.

Many researchers studied the physical properties of differ-
ent blends either on PVDF or CS."*'™'® Chen et al' reported
on the dielectric properties of polypropylene (PP)/PVDF blends
and PP/PVDF/styrene maleic anhydride (SMA) ones. The results
showed that PP/PVDF/SMA blends have a high dielectric constant
and lower dielectric losses than PP/PVDF. To prepare a mixed
matrix membrane, CS was blended with different concentrations
(0.5 wt. %, 1 wt.%, 1.5 wt.%, 2 wt.%, and 2.5 wt.%) of PVDF."

It was found that the blending of CS increased the hydrophilicity,
pore size, surface roughness, and surface free energy of the PVDF
membrane. Johns and Nakason'® studied the dielectric properties of
natural tuber (NR)/CS blends. As the CS content increased, more
dipoles were incorporated into the blend that affects the dielec-
tric constant, losses, and AC conductivity. The thermal properties
of PVDF/polyvinyl alcohol (PVA) were reported,” and the results
showed that the effective thermal diffusivity depends on the ther-
mal diffusivity of constituents as well as on their relative volume
fraction.

Different blend membranes were obtained'’ based on CS
with varied sulfonated polyvinylidene fluoride (SPVDF) by using
the casting method. Physico-chemical interaction between SVDF
and CS has been suggested. These blends could be used as
a polymer membrane for fuel cell applications. Lima et al.'’
investigated the dielectric permittivity and DC conductivity of
collagen/CS blends. They observed that the collagen and CS
might interact to form stable films due to the formation of a
polyanion-polycation complex of these polymers. With the addi-
tion of CS to collagen, the cations become dominant and, there-
fore, both the dielectric permittivity and the DC conductivity
increased.
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The study of the dielectric properties of polymeric materials is
important since it provides us with essential knowledge of the polar-
izing effect and helps promote an understanding of the conductivity
behavior of such materials. In addition, the investigation of the opti-
cal properties of polymeric materials is essential owing to their appli-
cations in optical devices. To our knowledge, there are no reports
on the dielectric modulus and optical properties of blending PVDF
with different amounts (5%, 7%, and 10% w/w) of CS. Moreover,
the distinguished advantages of these two polymers encouraged us
to throw light on both the dielectric and optical properties of these
films to show any possible applications, if there are any.

Il. EXPERIMENTAL

Chitosan (CS) was blended with PVDF at 5%, 7%, and 10%
(w/w) concentrations. CS/PVDF films were fabricated by grind-
ing CS for 15 min in a ball mill to obtain smaller particles and
subsequent mixing of these particles, in their solid form, with the
PVDF dope (w/w) and then suspending the CS/PVDF dope mix-
ture in dimethylformamide (DMF). The suspended dope solutions
were then mixed using a magnetic stirrer for 24 h, followed by son-
ication (1 h) and degassing (1 h) to eliminate the entrapped air
bubbles. The mixtures were then poured into a clean glass Petri
dish and dried at 60°C under vacuum for 24 h until a constant
weight was obtained. Table I shows the compositions of the prepared
samples.

Dielectric measurements were performed over a wide range of
frequency using a Hioki (Ueda, Nagano, Japan) model 3532 High
Tester LCR, with an accuracy of 10™* pF. The temperature was
scanned with a T-type thermocouple of an accuracy of +1.0°C.
The dielectric modulus was calculated in terms of the complex elec-
tric modulus (M™), that is defined as the inverse of the complex
permittivity (¢*),

! . i 1
M =M +iM" = —, (1)
€>('
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where M’ and M"' are the real and imaginary parts of the dielectric
modulus, respectively. The dielectric constant (¢") and losses (¢”) of
each sample were calculated as
Cd
&=, ¢ =¢tné, 3)
A
where C is the capacitance, d is the thickness of the sample, ¢ is the
permittivity of vacuum, A is the cross-sectional area of the film, and
tan § is the loss tangent. Optical measurements were performed at

TABLE I. The compositions of CS/PVDF prepared films.

Sample (wt. %) S1 Sz S3 Sy
PVDF 100 95 93 90
CS 0 5 7 10

scitation.org/journal/adv

room temperature using a Shimadzu UV-3600 UV-VIS-NIR spec-
trophotometer in the wavelength range 200 nm-900 nm with an
accuracy of 0.2 nm.

I1l. RESULTS AND DISCUSSION
A. Dielectric measurements

Both the real part (M) and the imaginary part (M"') repre-
sentations of the dielectric modulus are a good tool to analyze the
dielectric behavior of dielectrics. It is usually noted that the complex
permittivity, £*, becomes high due to carrier transport, space charge
accumulation, and electrode polarization. In addition, the dielec-
tric modulus was used to understand the phenomenon of relaxation
in dielectric materials in the case of the absence of a well-defined
peak in the dielectric losses, €. To remove electrode polarization of
the studied samples and throw light on the relaxation process and
conduction mechanism, both frequency and temperature depen-
dence of M’ and M" and ac conductivity, 0ac, have been studied as
follows.

B. Frequency dependence

Figures 1(a)-1(d) depict the variation in the real dielectric mod-
ulus, M, vs the frequency, f, at different temperatures for pure PVDF
and CS/PVDF films. As seen, the values of M’ changed with increas-
ing f due to the charge carriers of short-range mobility. The values of
M’ tend to zero at low frequency, indicating the removal of electrode
polarization. It is also observed that M’ of pure PVDF increased by
blending with CS. The s-shape of M” is a characteristic trend of the
ionic mechanism."” One noticed that there is dispersion in M’ of
all the studied samples around 1.0 kHz. This dispersion could be
attributed to the relaxation process around such frequency, as shown
in Fig. 2.

The frequency dependence of M” for PVDF and some
CS/PVDF films at some selected temperatures is represented in
Figs. 2(a)-2(d). A peak is observed for all samples around 1.0 kHz
due to Maxwell-Wagner-Sillars (MWS) interfacial polarization.”’
This peak is shifted to a higher frequency with increasing tem-
perature. The position of this peak is determined to estimate the
activation energy (E;) of this relaxation process as

E,
T=T06Xp(ﬁ), (4)

where 7 is the limit of the relaxation time at high temperatures and
K is Boltzmann’s constant.

Figure 3 displays the plot of log(t) vs 1000/T. The slopes of
these lines express the values of E; (see Table II). The evidence
that the relaxation process is MWS interfacial polarization in type
is the value of the relaxation time (1) in addition to the value of
10 ~ 1071 5.°' As seen, the values of E, are less than 1.0, similar
to those of the activation energy E,, (see Fig. 9), which has been
determined from the ac conductivity, 0ac, which is temperature-
dependent. This result reflects the existence of a hopping mecha-
nism that can be attributed to mainly electronic and partially ionic
conduction.”

The frequency dependence of the ac conductivity (o) at differ-
ent temperatures for some selected CS/PVDF films is displayed, for
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instance, in Figs. 4(a) and 4(b). As seen, 0, increased with increas-
ing f. It was observed that the 0, of all investigated samples could be
described by™>**
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FIG. 2. [(a)—(c)] Frequency dependence of M"" on pure PVDF and CS/PVDF films
at different temperatures.

where w is the angular frequency, ot is the total ac conductivity, o4 is
the low-frequency conductivity, A is constant, and s is the exponent
factor. As seen, 0, increases with increasing frequency and temper-
ature. It is noticed that the conduction mechanism is hopping for
all studied samples. The s values were calculated from the slope of
log(0ac) vs log(w).

The dependence of the frequency exponent, s, on temperature
for some films is shown in the upper panel of Fig. 5. The values
of s decreased with increasing temperature. Hence, it can be sug-
gested that the correlated barrier hopping conductivity (CBH) is
suitable to describe the conduction mechanism. In the CBH model,

the exponent s is related to the binding energy of the carriers, Wy,
4,25,26
as

s=1-6kT/Wa, (6)
16} :
' ¢ S, A g,
20F ¢ S, v S,
0 4
5528 F * A
i=
32}
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FIG. 3. Change in the relaxation time, T, against temperature for pure PVDF and
CS/PVDF films.
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TABLE II. The dielectric and optical parameters of pure PVDF and CS/PVDF blends:
the relaxation activation energy (E;), the binding energy of the carriers (Wy), the
indirect energy bandgap (Eg), and the Urbach energy (Ey).

Blend sample E; (eV) Wwu (eV) Eg (eV) Ey (eV)
N 0.368 0.082 4.0 0.67
N 0.252 0.084 4.3 0.53
S3 0.546 0.146 3.7 0.52
Sy 0.473 0.220 3.6 0.49

where k is Boltzmann’s constant and T is temperature. The Wy val-
ues were calculated from the slope of (1 — s) against T (see the lower
panel of Fig. 5). The calculated values are listed in Table II. One can
notice that Wy increased with an increasing CS content.

C. Temperature dependence

Figures 6(a)-6(d) displays the temperature dependence of
M’ of pure PVDF and some CS/PVDF samples at some selected
frequencies. It is observed that the values of M’ for all films
decreased with increasing temperature while it increased with
increasing frequency. At low frequency, M’ tends to reach a small
value, reflecting the removal of the electrode polarization. In addi-
tion, M’ reaches constant values at higher temperatures and fre-
quencies owing to the thermally activated behavior of dielectric
materials.””

The temperature dependence of M" for all samples is shown
in Figs. 7(a)-7(d). An asymmetric peak is observed, which shifted

5f
~~ -6
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< . 40
L2 7t o 50
A 60
a 70
-8t * 80
<90
* 100
5t
- o 110
& v 120
©
E v 130
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FIG. 4. [(a) and (b)] Frequency dependence of the ac conductivity, oqc, for (a)
S, and (b) S at different temperatures. The solid red lines represent the fitting,
according to Eq. (5).

scitation.org/journal/adv

toward higher temperatures with increasing frequency for the inves-
tigated films. The broadening of this peak reveals the spread of
the relaxation times so that the type of such relaxation is non-
Debye. More evidence that the type of relaxation is due to MWS
polarization is that the intensity of such a peak increases at low
frequency and shifts to a higher temperature as the frequency
increased.

It is important to throw light on the nature of the conduc-
tion mechanism; Figs. 8(a)-8(d) represent the variation in the oac
of all samples vs 1000/T. As the temperature increases, 0ac increases
because the mobility of the chain segments becomes soft to move
and the side groups of the polymers become easy to rotate. In addi-
tion, increasing the temperature allows the free charges to hop from
one site to another, leading to an increase in the value of Oac.”” Based
on the Arrhenius relation, the behavior of 0, (T) for all investigated
samples is described within the temperature (343 K< T' < 413 K) as

E,
Gac = 0 exp(—ﬁ), (7)

where both k and T have their usual meaning. o, is the pre-
exponential factor, and E, is the activation energy.

The thermally activated energy, E., was calculated at different
frequencies and is presented in Fig. 9. As can be seen from this fig-
ure, the value of E, decreased with increasing frequency and varied
from 0.1 eV to 0.3 eV with increasing frequency and within the
temperature range (343 K < T < 413 K).

0.8 A
0.6}
. 04F o 4
02F
(@
0.0 L 1 L 1
0.8F I T T T
0.6
%)
i samples
04} A s,
e S,
0.2} ¢ S,
320 340 360 380

T(K)

FIG. 5. [(@) and (b)] Upper panel shows the temperature dependence of
the frequency exponent, s, for pure PVDF and CS/PVDF films. The lower
panel displays the variation in (1 — s) vs the temperature of the investi-
gated samples. The solid red lines in the lower panel show fitting, based on
Eq. (6).
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D. Optical properties
0.02F a2 & & ' UV-vis absorption spectroscopy was used to test the blend-
¢ 0 a0 ¢ % g 8 g ing of PVDF with CS. Both the absorbance spectra and extinc-
‘E 0.01k . R ¢ tion coefficient (k) of pure PVDF and CS/PVDF films are shown
’ o : in Figs. 10(a) and 10(b). Above 300 nm, both S3 and S4 samples
s exhibit higher absorbance and k than pure PVDF. On the other
0.00 F (@) 8, ° f(kHz) = hand, S, shows lower absorbance and k than PVDF. A clear band
. L A A L . . 040 of transition was observed in both the absorbance and the k for
0.03 . 4 T T T T T ’ pure PVDF and CS/PVDEF films around 270 nm. This band could be
e o b 88458 é g g § g . (1)30 attributed to the t-n" transition similar to that reported for different
0.02} . s |k polymers.”
N ® a 2 4.0 According to the UV-vis spectra, the indirect optical energy
2 o 4 ¢« 70 bandgap (E,) can be estimated by using the following expression:**"
0.01F gap (Lg y g g €xXp
‘ < o 10
000 b)S e w0 (ahv)'”* = (v — Ey), ®)
00k 3
! : ! ! : ! ° 70 where 8 is a constant and Eg is the indirect bandgap transitions. The
0O * 0 lot of (ahv)"? against hv at room temperature enables us to esti
4 A4, o 400 plot of (ahv)™ against hv at room temperature enables us to esti-
0.02 ¢ ¢ g g€ % £ggeg mate the values of Eg by extrapolating the linear part of (ahv) '* to
T s 2 % ¢ ¢ zero, as displayed in Fig. 11. The obtained Eg values are listed in
S ® . * Table II.
2 0.01F ¢ R The dependence of the absorption coefficient, a, on hv verifies
©$ o 4 the Urbach relation,”
0.00 4 ° Iy r
. . . . . . In(a) =In(ao) + , 9)
20 40 60 80 100 120 140 Ey

t (OC) where Ey is the Urbach energy and r and ap are constants. The
values of Ey were taken from the slopes of the straight lines, as
seen in Fig. 12, and are given in Table II. As can be seen in
Table 11, the Ey values decreased with an increasing blending ratio

FIG. 6. [(a)—(c)] Temperature dependence of M’ on pure PVDF and CS/PVDF films
at different frequencies.
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FIG. 7. [(a)-(d)] Temperature dependence of M’ on pure PVDF and CS/PVDF films at different frequencies.
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according to Eq. (7).

of CS into PVDF in contrast to the trends of E;. On the other
hand, the trend of changing Ey is similar to that of E, (see Fig. 9)
and Eg (see Table II) except for the S, sample. The decrease in
Ey with blending CS with PVDF may reflect the redistribution of
optic states, allowing a large number of possible transitions, either
tail-to-tail or band-to-tail. Generally, the change in the values of
both Ey and E; of PVDF with an increasing CS content could
be attributed to the same mechanism. This means that adding CS
to PVDF increases the charge carriers and the optical transitions.

0.30f Samples

0.25} X

: —o—S5,
< o020} A-S,
A —v—S
o 015} 4 A '

0.10} A

A
0.05 : .
10° 104 10°
S (Hz)

FIG. 9. Variation in the thermal activation energy, Ea, vs frequency for both PVDF
and CS/PVDF films.

scitation.org/journal/adv

N
[

Absorbance
(3]
o

0.2

24 26

2:8
1000/T (K™)

FIG. 8. [(a)-(d)] Temperature dependence of the ac conductivity, oac, on pure PVDF and CS/PVDF films at some selected frequencies. The solid red lines display the fitting,
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FIG. 10. [(a) and (b)] Upper panel (a) shows the absorbance of the UV-vis of the
studied samples while the lower panel (b) presents the change in the extinction
coefficient, k, with the wavelength of the investigated films.
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FIG. 12. Change in the absorption coefficient against hv to determine the Urbach
energy gap of pure PVDF and some selected CS/PVDF films. The solid blue lines
show the fitting, according to Eq. (9).

Besides, the variation in the E; values of the PVDF matrix is irregu-
lar with the blending of CS. In addition, decreasing E; and increasing
0ac indicated good consistency between both dielectric and optical
results.

IV. CONCLUSIONS

We succeeded in blending PVDF with different amounts of CS
(5%, 7%, and 10% w/w). The dielectric results revealed that the real
part of the dielectric modulus, M’, increased with blending CS with
PVDF. On the other hand, the imaginary part of the dielectric mod-
ulus, M"’, showed a relaxation process that can be attributed to MWS
interfacial polarization. The value of the relaxation time is consistent
with this type of relaxation. The relaxation activation energy, E;, is
less than 1.0 eV and depends on the amount of CS. The frequency
dependence of the ac conductivity, ac, was described according to
the frequency exponent law (#w*®), where the values of s decreased
with increasing temperature and decreased with an increasing CS
content. The correlated barrier hopping, CBH, is the conduction
mechanism for all the investigated samples. In addition, the tem-
perature dependence of the o, of the samples is thermally activated
with the activation energy, E. < 0.50 eV. The E, value of PVDF

ARTICLE scitation.org/journall/adv

decreased by adding CS and may indicate that the conduction is
mainly electronic and partially ionic.

The optical absorbance and extinction coefficient, k, showed
a band transition around 270 nm due to m-n"* transition. At A
> 350 nm, both the absorbance and the k of PVDF increased with CS
except for sample S,. The indirect bandgap transition, Eg, was cal-
culated using Tauc’s relation and found that E; of PVDF decreased
with increasing CS except for S,. In addition, the Urbach energy,
Ey, was calculated based on UV-vis spectra. It was noted that Ey of
PVDF was regularly decreased by adding CS to PVDEF. The results
of this work indicate a better consistency between the optical and
dielectric properties of CS/PVDF films. Finally, the enhancement of
either dielectric or optical properties of blending CS to PVDF may
improve its performance for suitable applications.
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