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Abstract: The polymer blend (PB) films consisted of poly(vinylidene fluoride) (PVDF)
and poly(ethylene oxide) (PEO) with different compositional ratios (i.e., PVDF/PEO
=100/0, 75/25, 50/50, 25/75, and 0/100 wt%) have been prepared by solution
casting method. These PB films were characterized by scanning electron micros-
copy (SEM), energy dispersive X-ray (EDX) spectroscopy, X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, and dielectric relaxation spectros- k>
copy (DRS). The pristine films of PVDF and PEO have spherulite morphologies, which
change enormously with the variation of their compositions in blend films. The EDX
spectra confirm the linear variation of the amount of respective polymer elements,
with the change of its compositional ratio in the PB films. The XRD and FTIR results
confirm that the semicrystalline PVDF film has predominantly a- and S-phase crys-
tals. The degree of crystallinity of these PB films exhibits non-linear increase, with &, 9
increasing amount of PEO in the films. The relative fraction of the $-phase crystal of 0 25 50 75 100
the PVDF in these complex PB films has been determined from the fractional rela- PEO (wt%)

tions based on the areas and intensities of crystalline peaks, observed in their XRD

patterns which is found the maximum (~50%) for the 75 PVDF /25 PEO blend film. The dielectric dispersion of these PB films in the fre-
quency window of 20 Hz-1 MHz at 27 °C reveals that the real part of the complex permittivity is governed predominantly by the interfacial
polarization effect at lower audio frequencies, whereas it mainly depends on the polymer compositional ratio at higher radio frequencies.
The segmental relaxation process peak of the PEO chain observed in the loss part of the electric modulus spectra, shifts toward the lower
frequency side with a significant suppression of intensity as the amount of PVDF enhances in the PB films. This result confirms that the
PEO dynamics face considerable hindrance by the PVDF structures. The dc electrical conductivity of these PB films increases non-linearly
with increasing amount of PEO in the films, and varies by more than an order of magnitude with the variation of the compositional ratio
over the entire range. The temperature-dependent study of 50 PVDF/50 PEO blend film confirms its thermally activated dielectric prop-
erties and the structural dynamics with the relaxation activation energy of 0.23 eV. The compositional ratio-dependent dielectric proper-
ties of PVDF/PEO blend films offer a promising potential for their use as dielectric permittivity- and electrical conductivity-tunable
insulating materials, with engineered functionality for flexible electronics and electrical devices.

Keywords: PVDF/PEO blend, PVDF S-phase, degree of crystallinity, dielectric properties, electrical conductivity.

1. Introduction

In the last one decade, pristine poly(vinylidene fluoride) (PVDF;
[-CF,-CH,-],,) film and its matrix based polymer nanocomposite
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(PNC) films prepared by different methods have been extensively
studied in order to examine and explore their promising prop-
erties. These films have diverse applications in the flexible elec-
tronics and electrical engineering devices, especially in the design
and development of electroactive sensors and the high energy
storage/harvesting devices."** The PVDF film exhibits outstanding
physicochemical properties (viz. high resistance to chemical and
thermal environment, weathering, and ultraviolet radiations),>***"’
relatively high dielectric constant and very low dielectric loss
over the broad frequency range."”'***** Further, the promising
electroactive properties (piezo-, pyro- and ferroelectric) of its
PNCs?%'*'720 have lead to the wide-range technological applica-
tions of these advanced multifunctional materials>**1'8%-2>
Most of the useful properties of the semicrystalline PVDF and
its matrix based PNCs are associated with the relative fractions
of the PVDF polymorphs crystal phases (a, 3, ¥, and ). These
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crystal phases mainly evolved during the preparation and/or
subsequent modifications by various treatments of these mate-
rials2* The most relevant crystal structures of the PVDF from the
technological point of view are the a- and B-phases. The a-
phase of PVDF is non-polar, highly stable, and has ‘trans-gauche-
trans-gauche’ (TGTG") chain conformation which is also similar
for the 8-phase, whereas the S-phase is polar and relatively less
stable having ‘trans-trans-trans-trans’ (TTTT) conformation, and
further the y-phase has T;GT,G' chain conformation."**!¢ Various
experimental results have established that the high dielectric
permittivity, and the piezo-, pyro-, and ferroelectric properties of
the PVDF are predominantly associated with its S-phase crystal
structure.>**”'%** Therefore, it is technologically required to
enhance the fraction of S-phase of the PVDF by transformation
of its a-phase via various physical processing treatments or by
the incorporation of different nanofillers (inorganic or organic)
during the process of its matrix-based composite film prepara-
tiOn.4'6'7'14'16'18'24'26'27

Numerous studies have confirmed that the physicochemical
properties and crystal phases of a PVDF film can be modified by
blending it with other non-polar or polar polymers, and also
simultaneous loading of the organic and/or inorganic nanofillers
in the polymer blend matrix for the enhancement of their tech-
nological uses.**** Among the polar polymers, poly(ethylene oxide)
(PEO; [-CH,-CH,-0-],) is one of the most suitable hydrophilic matrices
frequently used for the preparation of highly flexible-type solid
polymer electrolyte (SPE) materials.***” But the PEO based SPEs
have poor thermal and mechanical properties due to the low
melting temperature of the PEQ matrix (~65 °C).***’ In contrast to
PEO, the hydrophobic PVDF matrix is highly stable against thermal
and mechanical deformation, and therefore, it is also considered as
a promising material as a host matrix for the preparation of
SPEs.*®* In the past few years, the blend of PVDF with PEO had
been frequently used as a host matrix for the preparation of novel
SPEs with a strategy to improve the thermal, mechanical, and
electrochemical properties, and also enhancing their ionic con-
ductivity for the design and development of safer and high per-
formance ion conducting devices for energy storage/conversion.***
In the preparation of these electrolytes, several researchers pre-
ferred the PEO-rich PVDF/PEO blend as host matrix because of
the better compatibility and miscibility between the PVDF and
PEO in such blends,*****>* but some researchers used the PVDF-
rich PVDF/PEO blend matrices.”*® The effects of the entire range
of the blend compositional ratios on the properties of these blend
based SPEs have also been studied by some others.* In these SPESs,
alarge cross-linkage of PEO and PVDF chains occurs through ion-
dipolar coordination which results in high degree of homogeneity
and relatively good miscibility of these hydrophobic and hydro-
philic polymers in their solid and gel ion-dipolar complexes,***2463
But, numerous studies on the pristine PVDF/PEO blend films have
concluded that these films are either partially miscible in the
PVDF-rich blends or have poor miscibility in the PEO-rich blends
which further greatly changes with the variation in the composi-
tional ratio of these polymers in their blends.***

In regards to the behaviour of various polymer blends, previ-
ous studies have revealed that the structural properties of a
blend matrix are greatly affected by the individual polymer struc-
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tural parameters (i.e, crystallinity, chain flexibility, polarity, polar
group interaction ability, strength of hydrophilic and hydrophobic
character etc.), the method adopted for the blend preparation, and
also the possible electrostatic interaction of the inorganic or
organic nanofillers with the blend matrix in their PNCs.2%34475+57
The recent work on the PVDF/PEO blends confirmed that the
PVDF matrix acts as a confinement geometry for the PEO chains.”>**
It was also concluded that the crystallization kinetics and phase
morphology of the PEO structures confined between the PVDF
crystals are highly dependent on the amount of PEO blended
with PVDF and the procedure followed during the film forma-
tion from the blend solution.>® Therefore, understanding the
morphological, structural, dielectric, and electrical properties
of different compositional ratios PVDF/PEO blend films and their
chain segmental dynamics is of great importance for the reali-
zation of these PB films promising applications to be used as base
matrices in the development of various technological advanced
functional materials, especially for the next-generation energy
storing devices and electroactive sensors.

Considering the above mentioned facts related to the poten-
tial applications of PVDF and PVDF/PEO blend matrices, in this
paper, an attempt has been made to explore the effects of poly-
mers compositional ratio on the morphology, polymorphic crys-
tallite phases, degree of crystallinity, complex dielectric permittivity,
electrical conductivity, and the PEO chain segmental dynamics
of the solution cast PVDF/PEO blend films. Survey of literature
reveals that all these properties of the PVDF/PEO blend films
over the entire compositional range have not been systemati-
cally studied yet to the best of our knowledge, which are now first
time addressed in-depth in the present manuscript. The funda-
mental aspects of various dielectric polarization processes involved
in the dielectric dispersion and their correlation with the struc-
tural properties over the whole composition of the blends are
the main focus of the present study.

2. Experimental
2.1. Materials

PVDF fine powder (M, ~534 kg mol*) and PEO granular pow-
der (M,,=600 kg mol™") were acquired from Sigma-Aldrich, USA.
The PVDF/PEO blend films of compositional ratios 100/0, 75/
25,50/50, and 25/75 wt% were prepared by dissolving these
polymers in N,N-dimethyl formamide (DMF; spectroscopy grade,
Loba Chemie, India) as a common solvent and then following
the exact steps of solvent drying in the solution casting method
as demonstrated earlier.> Initially, the required amounts of
these polymers were dissolved together for each blend compo-
sitional ratio in the DMF by heating at 80 °C in stoppered coni-
cal glass flasks under continuous magnetic stirring until clear
homogeneous polymeric solutions were attained. After that,
these solutions were casted on to glass petri dishes and the sol-
vent was allowed to evaporate at 70 °C on the microprocessor
temperature controlled hot plate. Finally by cooling down the
solvent evaporated materials to room temperature, the free-
standing PVDF/PEO blend films were obtained. In this solution
cast film preparation process, the PVDF crystallizes from the solu-
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tion, whereas PEO crystallizes from the melt confined between
the PVDF crystals because of the drying of the solution at 70 °C
which is above the melting temperature (~65 °C) of the PEO.
The pristine PEO film (i.e, PVDF/PEO=0/100 wt%) was pre-
pared by dissolving required amount of PEO in acetonitrile (ACN;
Gradient Grade, Loba Chemie, India) and then following the
simple solution casting method of solvent drying at room tem-
perature. The thicknesses of the PVDF/PEO blend films of com-
positional ratios 100/0, 75/25, 50/50, 25/75, and 0/100 wt%
are 0.20, 0.18, 0.18, 0.25, and 0.30 mm, respectively. All the films
were further vacuum dried at 45 °C for 24 h in order to remove
the solvent traces if any.

2.2. Measurements

The surface morphology and the elemental compositional study
of the gold sputtered PVDF/PEO blend films were carried out by
using the scanning electron microscope (SEM; Carl ZEISS EVO
MA15) equipped with energy dispersive X-ray (EDX) analyzer.
The X-ray diffraction spectra of the blend films were recorded
inreflection mode of Cu-Ka radiation over the angular range 26
from 10° to 40° by using a PANalytical X'pert Pro MPD diffrac-
tometer for the examination of crystalline phases and degree of
crystallinity of these materials. The Fourier transform infrared (FT-
IR) spectrometer (Agilent Technologies FT-IR spectrometer;
Cary 630) was used in attenuated total reflectance (ATR) mode
for recording the FT-IR spectra of the blend films over the wav-
enumber extending from 400 to 4000 cm™. Agilent technologies
4284A precision LCR meter equipped with 16451B solid dielec-
tric test fixture of circular electrodes (38 mm diameter active
electrode) was used for the dielectric and electrical measurements
of the PB films by performing the dielectric relaxation spectros-
copy (DRS) over the frequency window of six orders range (i.e,,
2x10" to 1x10° Hz), at 27 °C. The temperature variation DRS
study for the equal weight amount PVDF/PEO blend film was
also performed. The details of the determination of various
dielectric and electrical spectra of these films were the same as
reported elsewhere.”’

3. Results and discussion
3.1. Physical properties of the films

Figure 1 shows the digital photographs of different compositional
ratio PVDF/PEO blend films. From these pictures, one can see that
the pure PVDF film has relatively high optical transparency, whereas
it greatly reduces with the increase of PEO concentration in the
blends. The 75 PVDF/25 PEO and 50 PVDF/50 PEO blend films are
brownish, and the 25 PVDF/75 PEO film is light brown, whereas
the pure PEO film is milky white. Further, by the physical bending,
it was noted that the PVDF film is relatively more rigid and less
flexible, whereas the flexibility of the PVDF/PEO blend films
enhances as the amount of PEO increases in the blends.

3.2.SEM and EDX spectra

The microstructures of the solution casted PB films including
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Figure 1. Digital photographs of the pristine PVDF film, PVDF/PEO blend
films, and the pristine PEO film.

pure PVDF, pure PEO, and the different compositional ratio
PVDF/PEO are examined from their SEM images depicted in
Figure 2(a)-(e). It can be noted from Figure 2(a) that the top
surface of the PVDF film (i.e, the solvent evaporated surface of
the film in the petri dish) has different microsizes grain-like
spherulites (some are encircled) which are attributed to its o-
phase crystals. Some oriented fibril-like small textures between
the spherulites can also be noted (some structures are distin-
guished by rectangular boundaries) which represent the S-
phase crystals. These characteristic morphological features of
the solution casted PVDF film had also been observed by the
earlier investigators.”***** Further, the grain-like features con-
firm that the a-phase spherulites of the PVDF contain acicular
crystallites emanating in a radial direction from the centre.*
Figure 2(e) shows that the solvent evaporated surface of the
pristine PEO film has relatively bigger size spherulites with
microcracks and pores confirming its semicrystalline structure
quite in agreement with that demonstrated earlier.*>** The for-
mation of microcracks and pores at the PEO surface are expected
owing to the fast evaporation of the solvent (ACN) during the
film casting process.

Figure 2(b)-(d) shows the entirely different and highly com-
plex surface morphology of the PVDF/PEO blend films as com-
pared to that of the microstructures of pristine PVDF and pristine
PEO films. As seen in Figure 2(b), the surface of 75 PVDF/25
PEO blend film is relatively smooth with several irregular shape
clusters regarding the nature of PVDF and PEO crystals. This
may be owing to the disappearance of bigger size pristine poly-
mers spherulites leaving only local inhomogeneity in the blend
film.*3*2%5 The 50 PVDF/50 PEO blend film morphology (Fig-
ure 2(c)) confirms that there are rough spherulites and small
size pores, with a large homogeneity of the structures with highly
symmetrical morphology which fairly matches with the results
of nearly same compositional ratio blended PVDF/PEO films.*"*
Figure 2(d) shows that the surface of 25 PVDF/75 PEO blend
film has different sizes PEO aggregates which represent the excess
amount of PEO that remains immiscible. In this blend film, these
types of PEO aggregates are expected probably due to the high
concentration of PEO that has not become competent with the
PVDF. During the process of film preparation, the cooling of
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Figure 2. SEM images of (a) the pristine PVDF film, (b-d) PVDF/PEO
blend films (b; 75/25, ¢; 50/50, d; 25/75 wt%), and (e) the pristine PEO film
at different scales and magnifications. Insets show the micrographs at
2 pm with increased magnifications.

blend material to the room temperature after the solvent (DMF)
evaporation at 70 °C, the molten PEO recrystallizes and agglom-
erates which may result in such type of morphology of the PEO-
rich PVDF/PEO blend film.**

The EDX mapping of the PVDF/PEO blend films was per-
formed in regards to the analysis of sample purity and the blended
amounts of the polymers based on the presence of various
elements in the polymer matrix and their weight% and atomic%
with the change in the compositional ratio of the blend films.2*5>7
The EDX spectra of the PVDF/PEO blend films are shown in
Figure 3(a)-(e) where the Y-axis has the counts (number of X-
rays received and processed by the detector) corresponding to
the various elements present in the films and the X-axis shows
the energy level of those counts. The analytical compositions
(weight% and atomic%) of the blend films obtained from the
EDX spectra are given in Table 1. The EDX spectrum of pristine
PVDF film (Figure 3(a)) shows strong peaks of the carbon (C) (at
0.28 keV) and fluorine (F) (at 0.68 keV) elements as expected in
this film from its chemical formula, without any other impurity
peaks. Similarly, the pristine PEO film has the C and oxygen (0)
elements according to its chemical formula and there is no sig-
nature of other elements in its EDX spectra (Figure 3(e)). The
characteristic X-ray energy peak corresponding to the O ele-
ment is observed at 0.53 keV for the PEO film. All the PVDF/
PEO blend films exhibit only the energy peaks of C, F, and O ele-
ments (Figure 3(b)-(d)), which also evidence the purity of these
polymer blend films. The additional peaks observed around 1.63
and/or 2.15 keV (Figure 3(a)-(e)) are of gold (Au) element
which have appeared due to the gold sputtering which was done
over the sample surface for the EDX mapping.

The obtained amounts of the C, F,and O elements (i.e., weight
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Figure 3. The EDX spectra of (a) the pristine PVDF film, (b-d) PVDF/PEO
blend films (b; 75/25, ¢; 50/50, d; 25/75 wt%), and (e) the pristine PEO film.

percentage (wt%) and atomic percentage (At%)) of the PVDF/
PEO blend films are given in Table 1. The elemental amount of
pure PVDF (Table 1) is found in agreement of the literature.?*
As seen from Table 1, the wt% of the F element decreases, whereas
the O element increases with the increase of PEO amount in the
blend films, which is expected according to the composition
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Table 1. The electron energy shells corresponding to X-ray emission for C, F,
and O elements, their weight percentages (wt%),and the atomic percentages
(At%) in the PVDF film, PVDF/PEO blend films, and the PEO film obtained
from the EDX spectra

Element X-ray shell wt% At%
Pure PVDF film
C K 33.99 44.88
F K 66.01 55.12
Total 100.00 100.00
75 PVDF/25 PEO blend film
C K 36.20 46.68
F K 55.28 45.07
0 K 8.52 8.25
Total 100.00 100.00
50 PVDF/50 PEO blend film
C K 41.56 51.46
F K 39.35 30.80
0 K 19.09 17.74
Total 100.00 100.00
25 PVDF/75 PEO blend film
C K 50.21 58.69
F K 20.66 15.45
0 K 29.13 25.86
Total 100.00 100.00
Pure PEO film
C K 58.53 65.00
0 K 41.47 35.00
Total 100.00 100.00

O (wt%)

F (wt%)

0 25 50 75 100
PEO (wt%)

Figure 4. The plots of the F and O elements (wt%) versus PEO (wt%)
in different compositional ratios PVDF/PEO blend films.

weight ratios of the PVDF and PEO in the blends. Figure 4
depicts the plots of the F and O wt% versus PEO (wt%) in the
PVDF/PEO blend films. These plots are quite linear over the
entire range of PEO concentration in the blend films. This find-
ing confirms that the amounts of PVDF and PEO have uniform
distribution in their blend matrices.
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3.3.XRD spectra

The XRD spectra of pristine PVDF film, PVDF/PEO blend films,
and the pristine PEO film, as a function of the scattering angle
26, are presented in Figure 5. All these films exhibit some intense
and sharp peaks, and also several weak diffraction peaks con-
firming their semicrystalline structures. The values of angular
positions (260), intensities ([), and full width at half maximum
(FWHM) for the major crystalline peaks of these PB films were
evaluated using X'pert pro® software. The obtained values of
these parameters are listed in Table 2 along with the (hkI) indi-
ces corresponding to the reflection planes of the PVDF and PEO
crystals. The values of crystal structure parameters namely, basal-
spacing (d) and crystallite size (L) for these films (Table 2)
were determined using the Bragg’s Eq. (1) and the Scherrer Eq.
(2), respectively;

d=2/2sin@ 1)
L =0.941/BcosO (2)

The enlarged view shown in the lower layer of Figure 5(a) con-
firms that the diffractogram of pristine PVDF film has major
intense diffraction peaks at 26=18.82° 20.53°, and 27.13°. In
addition to these intense peaks, some weak diffraction peaks at
20=33.63°, 36.62°, 38.29°, and 39.08° are also noticed in the
XRD spectrum of pristine PVDF film. Survey of literature verifies
that the PVDF film prepared by any of the film preparation
methods was firstly characterized by the XRD measurements
in order to confirm the nature of crystal phases formed in the
film and to identify its suitability as a base matrix in the prepa-
ration of electroactive polymer nanocomposites.” The charac-
terization of the fraction of crystal phases is technically needed
because most of the applications of PVDF film itself and also of
the composite materials based on its matrix depend on the exis-
tence of a particular type of crystal phase in the films.** In the recent
review on the electroactive crystal phases of PVDF,? it was sum-
marized that the major diffraction peaks exhibited at 26=17.66°,
18.30°,19.90°, and 26.56° are corresponding to the a-phase crys-
tal of reflection planes (100), (020), (110), and (021) respectively.
Further, the peak of its S-phase crystal of reflection planes (110),
(200) has mostly been assigned to 20.26°. The y-phase crystal
peaks of PVDF are commonly exhibited at 18.5° (020), 19.2°
(002), and 20.04° (110). But in the same review,? it was also
concluded that the XRD results of various researchers have lead
to some confusion between the assignments of a- and S-phase
crystals of the PVDF film. Further, some recent studies have
undoubtedly assigned the peaks of 20 values 20.6°,°'%%” 20.5°,°
20.45°% 20.4°% to the B-phase crystal of the PVDF instead of
its most accepted 26 value 20.26°? which may be because of a
small difference in these peak positions.

In the present study, according to the literature, the intense
diffraction peak observed in the XRD pattern of PVDF (lower
layer of Figure 5(a)) at 26=20.53° (110), (200) is assigned to
the S-phase crystal,®'#***”%° whereas the another intense peak
at 20=18.82° (020) is attributed to the a-phase crystal.*** Fur-
ther, the relatively less intense peak appeared at 26=27.13° (022)
also represents the a-phase crystal of the PVDF film which is in
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Figure 5. (a) The XRD patterns of different compositional ratios PVDF/PEO blend films. The enlarged view of pristine PVDF film is shown in the lower
layer labeled with its crystallite phases. (b) The XRD pattern of the 50 PVDF/50 PEO blend flim highlighting the areas with the crystalline peaks
and hump. (c) The plots of the degree of crystallinity (X.) and the relative fraction of the f-phase crystal (Fj) of PVDF versus PEO (wt%) concen-
tration of the PVDF/PEO blend films. Error bars for X. and Fj; are marked in the plots.

agreement with the earlier study.?* These XRD results confirm
that the prepared PVDF film is polymorphs of a- and S-phases.
Further, from the XRD pattern of the PVDF, it can be noted that
the peaks intensities of 18.82° and 20.53° are nearly equal, whereas
the 27.13° peak intensity is about one-third than that of the intense
peaks of the film. Figure 5(a) shows that the pristine PEO film
scattering pattern has highly intense characteristic diffraction
peaks at 19.26° (120) and 23.44° (112), (032) which confirm its
high degree of crystallinity, and this XRD pattern is in good agree-
ment with the results reported elsewhere.®*%*

The alteration in a- and 8-phases of the PVDF crystallites due
to its blending with the PEO at different compositional ratios
can be examined by noting the relative changes in these poly-
mers characteristic peaks positions and their intensities given
in Table 2. From Figure 5(a), it is observed that the a-phase crys-
tal peak (18.82°) of the PVDF is overlapped by the intense crys-
talline peak (19.26°) of PEO which results in a new peak between
these two characteristic peaks, and there is a slight shift of the
B-phase crystal peak (20.53°) to the lower angle with anoma-
lous variation in its intensity as the PEO concentration increases in
the blend films. Further, the intensity of PEO peaks greatly enhances
with the increase of its content in the PVDF/PEO blend films
which is as expected because of the relatively very high peaks
intensities of the pristine PEO (Table 2). It has also been noted
that the a-phase crystal peak (27.13°) of the PVDF is suppressed
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in all these compositional ratios PVDF/PEO blend films. From
Table 2, it can be further noted that the pristine PVDF peak of 8-
phase (20.53°) has appeared at 20.20° and 20.17° for the 75 PVDF/
25 PEO and 50 PVDF/50 PEO blend films, respectively, which is
in good agreement with the most acceptable value of S-phase
crystal peak position of the PVDF (ie, 20.26°) as summarized
in the review.? But for 25 PVDF/75 PEO blend films, it is very
weak and found at 19.95° which infers the coexistence of small
fraction y-phase crystal (20.04°)? with that of the -phase crys-
tal of the PVDF.2'*” These structural properties infer that there
is a partial phase transformation and alteration of the PVDF crys-
tals on its blending with PEO which is largely influenced by the
compositional ratio of the polymers in these PB films. From
Table 2, it can be noted that there is a variation in the d, L, and I
values of the various crystal reflection planes with the increase
of PEO concentration in the blends which also infers existence
of some kind of specific molecular interactions mainly between
the >CF, groups of PVDF and the C-O-C units of PEO chains.
The percentage degree of crystallinity X, (%) of these poly-
mers and their blend films was determined using the total area of
crystalline peaks Ap and hump area A, from the relation (3);*#5*%¢

X (%) =A,/(Ap+Ay) x 100 3
The Ap and Ay portions of the 50 PVDF/50 PEO blend film as a
representative are highlighted in its XRD pattern shown in Fig-
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Table 2. Crystal reflection plane indices (hkl), Bragg's angle 26, basal spacing d, full width at half maximum FWHM, crystallite size L, and peak intensity /
of the diffraction peaks of the PVDF film, PVDF/PEO blend films, and the PEO film

hkl 26 (deg) d (nm) FWHM (x107 rad) L (nm) I (counts) Comments
Pure PVDF film
(020) 18.82 0.4713 10.63 13.81 870 a-phase
(110), (200) 20.53 0.4322 15.38 9.57 890 f-phase
(022) 27.13 0.3285 26.53 5.62 310 a-phase
75 PVDF/25 PEO blend film
PVDF (020) + PEO (120) 19.14 0.4635 4.64 31.63 1907 PVDF and PEO peaks coalesce
PVDF (110), (200) 20.20 0.4392 18.38 8.00 1033 peak shifts towards lower angle
PEO (112), (032) 23.35 0.3806 9.56 15.46 811 peak shifts towards lower angle
50 PVDF/50 PEO blend film
PVDF (020) + PEO (120) 19.14 0.4635 4.40 33.39 3936 PVDF and PEO peaks coalesce
PVDF (110), (200) 20.17 0.4399 16.30 9.02 723 peak shifts towards lower angle
PEO (112), (032) 23.39 0.3800 9.98 14.81 3014 peak shifts towards lower angle
25 PVDF/75 PEO blend film
PVDF (020) + PEO (120) 19.07 0.4651 3.87 37.90 8800 PVDF and PEO peaks coalesce
PVDF (110), (200) 19.95 0.4448 12.95 11.35 287 peak shifts towards lower angle
PEO (112), (032) 23.34 0.3808 10.23 14.46 6420 peak shifts towards lower angle
Pure PEO film
(120) 19.26 0.4604 4.56 32.24 7838 crystalline phase
(112), (032) 23.44 0.3792 12.99 11.39 7835 crystalline phase

ure 5(b). The 4 and Ay portions are separated by drawing the
best arbitrary chosen line (dotted) between the XRD pattern
and the baseline using the OriginPro® version-8 software from
which the values of these areas are determined. The evaluated
X_values for these PVDF/PEO blend films are given in Table 3
and also graphically represented in Figure 5(c). The X, versus PEO
(wt%) plot confirms that the degree of crystallinity of these PB
films non-linearly increases with the increase of PEO amount in
the films.

In general, the relative fractions of various crystal phases
present in a PVDF film and its based PNC films are determined
by noting the absorption bands intensities of these phases from
their FTIR spectra and substituting these values in the Lam-
bert-Beer’s law with the assumption that the FTIR absorption
of these materials follows this law.2'71819262767 [ case of PVDF/
PEO blend films, this law cannot be applied because of the fact
that the PEO has an intense absorption band of its C-O stretch-
ing vibrational mode at 840 cm™ %7 and at the same wave-
number the PVDF exhibits its main characteristic /y phase
absorption band due to the CF, stretching.*'*¢” We noticed that
there are numerous studies on the PVDF/PEO blends and these
blend matrices based SPE materials,**> but the estimations of
the relative fractions of the crystal phases of PVDF were not
attempted even though the researchers have measured the FTIR
and/or XRD spectra of the materials in these studies except
one.*? In this study, the authors determined the relative frac-
tion of B-phase in the PVDF/PEO blend films but they did not
consider the above mentioned fact regarding overlapping of
the 840 cm™ vibrational band of both the polymers. For such
type of complex systems, here we propose two simple rela-
tions for estimation of the relative fraction of f-phase (Fj) crys-
tals of PVDF and its transformation (i.e, relative changes) in the
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PVDF/PEO blend films with respect to that of the pristine PVDF
film when the films are prepared by the same method under
identical conditions. These relations are based on the areas of
crystal phases peaks and their intensities in the XRD patterns of
the PVDF/PEO blend films as given in the following Eqgs. (4)
and (5), respectively;

F5(%) = Acgpy/Acery x 100 (4)
Fg (%) = Is/1yx 100 5)

where in Eq. (4), A is the area of -phase crystal peak in the
XRD pattern of PVDF/PEO blend film and A is the total area
of all the crystal phases peaks of the pristine PVDF film (i.e,, Agq
(18.82°)+Acp (20.53°)+Acr (27.13°)). Similarly, in Eq. (5), Iy is
the intensity of f-phase crystal peak of the PVDF/PEO blend film
and I is the total intensity of the peaks of pristine PVDF film
(ie, 1, (18.82°)+1;(20.53°)+1,(27.13°)). Recently, the F; (%) values
were also determined using I values from the XRD patterns of the
PVDF matrix based electroactive nanocomposites.’* In the pres-
ent study, the / values of the PVDF crystal phases peaks observed
in its XRD pattern are taken equal to the peak height from the
dotted line (i.e, the line separating the amorphous part (hump)
and the crystalline part) to the top of the peak as marked for the
B-phase in Figure 5(b). The I values noted from the XRD pat-
terns for the crystal phases of PVDF/PEO blend films are listed in
Table 2.

The estimated values of F; from Egs. (4) and (5) for the PVDF/
PEO blend films are recorded in Table 3. One can see from Table
3 that the F;values obtained from the peaks areas and the peaks
intensities are nearly the same which also confirm the validity
of their relations given in Egs. (4) and (5) for the correct esti-
mation of Fj. Further, the average values of these Fj; (%) values
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Table 3. The values of degree of crystallinity X. (%), and the relative fraction of f-phase Fj; (%) calculated from the -phase crystal peaks areas (Eq. (4)),
intensities (Eq. (5)) of the diffraction peaks in the XRD patterns, and the amount of -phase crystal transformation AF (%) = Fypiend) (%) - Fpevor (%) of

the PVDF/PEO blend films
Polymer films X. (%) Fy (%) Fy %) AFy (%)
From Eq. (4) From Eq. (5) (Avg) (Avg)
Pure PVDF 321 38.4 43.0 40.7 -
75 PVDF/25 PEO 34.7 50.3 49.9 50.1 9.4
50 PVDF/50 PEO 42.7 30.5 349 32.7 -8.0
25 PVDF/75 PEO 55.1 11.2 13.8 12.5 -28.2
Pure PEO 73.6

of the PVDF/PEO blend films are determined and the same are
also plotted in Figure 5(c). This shows that the PVDF-rich blend
film has high Fj, whereas 50/50 wt% and PEO-rich blend films
have low F;in relation to that of the F; value of the pristine
PVDF film which directly provides the information about the
amount of S-phase crystal changed in the PVDF/PEO blend films
with the variation of the blend compositional ratio. The average
value of the 5-phase crystal alteration in the PVDF/PEO blend
films is determined from the relation AF; (%)=Fjiend) (%)-Fpevon
(%). The values of AF; (%) given in Table 3 show that the addi-
tion of 25 wt% amount of PEO in the PVDF enhances the S-phase,
whereas the 50 wt% blending of PEO with PVDF has a negative
effect on the S-phase transformation. In the PEO-rich PVDF/
PEO blend film (ie, for 75 wt% blending of PEO), the AF is

highly negative which reveals that there is a huge destruction
of the B-phase crystals at this composition of the blend film.

3.4.FT-IR spectra

Figure 6 depicts the FT-IR spectra of PVDF/PEO blend films
over the wavenumber range extending from 400 to 4000 cm™.
The wavenumbers segments from 1500 to 2750 cm™ and 3200
to 4000 cm™ are omitted from these spectra owing to absence
of any absorption peak in these spans, and also to get enlarged
view of prominent characteristic peaks in the range 400-1500
cm’, so that the vibrational bands related to the presence of
various crystal phases of the PVDF can be clearly identified.
The wavenumbers of various characteristic IR absorption band

T e
[ PEO ' (A P i
||||||||| | IR METETE B T
B ~—
. [25PVDF/75 PEO \ ~ A\
:; - /
& [
Q s [
Q
=) :
E 50 PYDE/S0 PEO NI/ _\(’\
g g =
5 s
= :
£ b [ S P
2 e
N !
75 PVDF/25 PEO \’_\
||||||||| |||||j|||||
CEIA TN
[ =N A
7 &
||||||||| Loy va vy i Loy /a0l L PRI i P iy 1
3200 300 2800 1400 1200 1000 800 600 400

Wavenumber (cm™)

Figure 6. FTIR spectra of the pure PVDF film, PVDF/PEO blend films, and the pure PEO film. The wavenumbers of various vibrational bands are

marked in the figure for pristine PVDF and PEO films.
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peaks of the pristine PVDF and also the PEO are marked in their
respective spectrum, and these values are also listed in Table 4
with the band assignments as reported in the literature for the
PVDF251819456167 and PEQ,*6¢4687! Further, the a, 5-, and y-phases
bands of the PVDF noted in its spectrum are also marked in the
figure for their exactlocation and the relative intensity compar-
ison.

It can be read from the lower layer of Figure 6 that the pris-
tine PVDF exhibits various characteristic vibrational bands at
416,493,531,610, 763,794,973 cm™, and doublet at 1382-1404
cm™ which attribute to its non-polar a-phase crystals.? The band
exhibited at 439 cm™ represents a combined effect of 5- and
y-phase crystals, whereas a shoulder band at 840 cm™ and very
weak band at 1279 cm™ belong to the S-phase crystal of the
semicrystalline PVDF which are consistent with the assigned vibra-
tional band of this polymer in the literature.>81%27.526167.7375 gy .
ther, the bands appearing at 870, 1069, 1171, and 2923 cm are
corresponding to the >CF, vibrational mode, CH, wagging
mode, >CF, stretching mode, and CH, asymmetric stretching
mode, respectively.>***”*”> The PEO spectrum has peaks at
840,956, a triplet centered at 1093 (1057, 1142), 1239, 1280, 1342
and 1465 cm™ corresponding to C-O stretching, CH, asymmetric
rocking, symmetric and asymmetric C-O-C stretching, CH, sym-

metric twisting, CH, asymmetric twisting, CH, bending, and C-H
bending of CH,, respectively as assigned earlier.®”*

The addition of PEO in the PVDF has lead to huge alteration
in the characteristic vibrational modes of the PVDF which further
changes with the variation of PVDF/PEO blend compositional
ratio as can be noticed from Figure 6. The vanishing and shift-
ing of characteristic bands and appearance of some new bands
corresponding to the pristine PVDF and PEO bands in the PB
films, and also the increase or decrease of intensities of some
bands and their broadening have affirmed the significant inter-
actions between the PEO and PVDF chain segments. In the review
article,? it was concluded that the IR bands of wavenumbers
408,532, 614, 766, 795, 855, and 976 cm™ represent the a-phase
crystal of PVDF, whereas the 510, 840, and 1279 cm™, and 431,
512,776,812, 833, 840, and 1234 cm™ belong to the -phase
and y-phase, respectively. It was also confirmed that the band
at 445 cm™ and the shoulder band at 1279 cm™ are exclusively
for the B-phase, although 840 cm™ is common for both the - and
y-phases, it is strong for just the f-phase, whereas it appears as
a shoulder of 833 cm™ band for the y-phase alone. The FTIR
bands at 439, 840, and 1171 cm™, as listed in Table 4, validate
the existence of f-phase crystals in the PB films.

The FTIR spectrum of 75 PVDF/25 PEO blend film (Figure 6)

Table 4. Wavenumbers corresponding to different vibrational modes and their assignments to the functional groups of PVDF, PEO, and PVDF/PEO

blend films

Wavenumber (cm™)

PVDF and PEO band assignment Pure PVDF 75 PVDF/ 50 PVDF/ 25 PVDF/ Pure Comments
25 PEO 50 PEO 75 PEO PEO
PVDF a-phase 416 (a) - - - - Vanished
PVDF p- and y-phases 439 (B/y) 435 - - - Red shift
PVDF CF, bond wagging 493 (a) 478 485 484 - Red shift
PVDF CF, bond bending 531 (a) - - - - Diminished
PVDF CF; skeletal bending 610 (a) - 619 - - Blue shift
PVDF CF; skeletal bending 763 (a) - - - - Diminished
PVDF CH; rocking 794 (a) - - - - Diminished
PVDF PEO CH, rocking, CF, stretching, skeletal C-C 840 (B/7) 840 841 840 840 No change
stretching C-O stretching
PVDF CH, stretching 870 (a) 874 871 879 - Blue shift
PEO C-O stretching vibration with CH, asymmetric - 960 962 960 956 Blue shift
rocking motion
PVDF CH, rocking 973 (a) - - - - Vanished
PVDF CH, wagging 1069 (a) 1074 Blue shift
PEO triplet  C-O-C symmetric and asymmetric stretching - - 1058 1058 1057  Blue shift
(intense centre peak of amorphous phase and - 1102 1099 1096 1093
two shoulders of crystalline phase) } 1149 1143 1143 1142
PVDF CF, symmetric stretching 1171 (B) 1174 1182 - - Blue shift
PEO CH, symmetric twisting - 1233 1239 1241 1239  Anomalous
PEO CH, asymmetric twisting - - 1280 1280 1280  No change
PEO doublet CH; bending and wagging (crystalline phase) - 1342 1342 1342 1342 No change
- 1357 1357 1357 1357
PVDF CF, symmetric stretching 1382, 1404 (a) 1403 1404 1407 - Anomalous
PEO C-H bending of CH, - - 1463 1464 1465  Red shift
PVDF CH, symmetric stretching 2855 - - - - Vanished
PEO CH, asymmetric stretching - 2882 2883 2880 2879  Anomalous
PVDF CH, asymmetric stretching 2923 - - - - Vanished
Macromol. Res., 27(10), 1009-1023 (2019) 1017 © The Polymer Society of Korea and Springer 2019
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reveals that the addition of PEO (25 wt%) in the PVDF intensi-
fies the 840 cm™ band with more distinguishable doublet and
also vanishes several lower wavenumbers bands of the PVDF as
mentioned in Table 4. Further, for the PEO its crystallite shoulder
peak (1357 cm™) in the doublet is absent, and the shoulder
peaks (1057 and 1142 cm™) of the triplet are weakened along
with a huge broadening confirming a large alteration of the PEO
crystallites in the PB film. As the PEO amount increases, the
shoulder peaks of doublet and triplet enhance confirming the
increase of PEO crystallites which is in agreement with the X
(%) values of these blend films determined from their XRD pat-
terns. In these blend films, the intensity of 840 cm™ peak of PVDF
crystal (S-phase) gradually enhances with the increase of PEO
amount which is owing to its coalescing with the PEO band at
the same wavenumber. Further, the PVDF doublet (2923 cm™ and
2855 cm™) have also merged with the PEO peak at 2879 cm™

In addition to above listed changes, Table 4 shows that the
416,531,763, and 794 cm™ bands corresponding to the a-phase
crystal of PVDF have highly diminished in all the blend films,
whereas the vibrational band at 493 cm™has appeared at lower
wavenumber (Le., in the range 478-486 cm™) in the blend films.
Further, the 439 cm™ band of PVDF is found at 435 cm™ which
is prominent in the 75 PVDF/25 PEO blend film, and the 610 cm™
band of PVDF has appeared at 619 cm™ which is only in the 50
PVDF/50 PEO blend film. The 840 cm™ peak corresponding to
the S-phase crystal of PVDF also shows a prominent increase in
intensity with the increase of PEO concentration up to 75 wt%
into the blend matrix. The alterations of some peaks positions
between 1233-1280 cm™ in the PVDF/PEO blend films indicate
the presence of y-phase but the contribution of the CH, symmet-
ric and asymmetric twisting due to PEO interactions in these
bands cannot be neglected for this change.** Besides the bands
shifting, there are some variations in the intensities of 870, 1069,
1171 cm™ bands, and also 1340, 1382-1404 and 2855-2883 cm™
bands as compared to that of the pristine PVDF and the PEO,
respectively, which confirm enormous alteration in the polymer-
polymer interaction with the variation in compositional ratio
of these PB films. Finally, it is concluded that upon addition of
PEO in the PVDF and their concentration variation over the
entire compositional ratio, some of the peaks have either weak-
ened or disappeared, and some new peaks have appeared con-
firming the alteration in relative amounts of crystallite phases
of the PVDF, which is in agreement with the earlier study on the
PVDF/PEO blend films having the PVDF-rich composition.®*
Further, these structural results are consistent with the XRD
results on the crystallinity and crystal phases of these PVDF/
PEO blend films as discussed in detail above.

3.5. Dielectric spectra

Figure 7(a) shows the complex dielectric permittivity (real part
£'and imaginary part £") and tané=¢"/ &' spectra of PVDF/PEO
blend films over the frequency range from 20 Hz to 1 MHz, at
27 °C. The &'value of pristine PVDF film is 4.19 at 20 Hz, and it
decreases gradually with the increase of frequency and finally
approaches 3.40 at 1 MHz. The frequency-dependent &' values
of the pristine PVDF film are found in good agreement with the

© The Polymer Society of Korea and Springer 2019

1018

earlier results.”>’® So far, enormous work had been carried out
on the frequency- and temperature-dependent dielectric dis-
persion of the PVDF films prepared by various methods, and
their 10 Hz to 100 Hz frequency window &'values were reported
in the range from ~4 to 15, at ambient temperature which exhibit
alittle decrease against the increase of frequency.®” 1336061757784
In fact, the &' of a PVDF film strongly depends on the type of
crystal phases present therein and the relative fraction of these
phases.”® The a-phase is non-polar, whereas the -phase is polar
and therefore, the PVDF film having dominance of -phase exhibits
relatively higher &' values.>* In the present study, the F; value
is found ~0.41 for the PVDF film (Table 3) which is low as com-
pared to the ~0.6 value of the F, (i.e., 1-Fj) for this bi-phase film,
and therefore, the frequency-dependent &' values of this PVDF
film are found in the range 4.19 to 3.40 with change of frequency
from 20 Hz to 1 MHz which are low and comparable to that of
the a-phase crystal dominated PVDF film.”® Further, From Fig-
ure 7, it can be noted that the frequency-dependent £” and tané
values of the PVDF film are low and exhibit the minimum around
15 kHz. The frequency-dependent tané values and the shape of
its spectrum for the PVDF film are found reasonably in good
agreement with the earlier results."*”””> Among the synthetic
polymers, the PVDF film has relatively high &’'and very low tané
values and also bears high thermomechanical properties.
Therefore owing to such type of properties, it offers a potential
candidacy for the preparation of promising PNCs suitable in the
design and fabrication of high quality capacitors for the electrical
energy storage®”"3'*778587 with their workability over the broad
frequency range.

The &'values of the pristine PEO film are slightly higher than
2 in the high frequency range from 100 kHz to 1 MHz as can be
noted from the inset of Figure 7, but these values non-linearly
increase with the decrease of frequency in the audio frequency
(AF) region which approaches 12.3 at 20 Hz. This type of dielec-
tric dispersion behaviour of the semicrystalline PEO film is
mainly due to enhancement of the interfacial polarization (IP)
effect at the boundaries of its crystalline and amorphous domains
which contributes in the bulk material £'values with the decrease
of the frequency in the low frequency region as demonstrated
earlier.®*®® In contrast to the PEQ, the increase in &' values of
pristine PVDF film with the decrease of frequency in the AF-region
is very small, which reveals that there is insignificant contribu-
tion of IP effect and the dispersion is found almost frequency-
independent over the frequency range, ie.,, 20 Hz-1 MHz. Fur-
ther, the £"and tand values of PEO film are relatively very high
as compared to that of the PVDF film at lower frequencies, and
its tand spectrum exhibits a dielectric relaxation peak around
20 kHz which is associated to its chain segmental dynamics as
reported in the earlier studies.®****® Because of these differences
in the dielectric polarization processes of the PVDF and the
PEO films, the dielectric study of their blends is expected to be
interesting.

For the PVDF/PEO blend films, the low frequency &' values
enhance with the increase of PEO amount in the blend films,
whereas they gradually decrease in the high frequency region
which can be read from the enlarged view of the &' spectra
given in Figure 7. This finding confirms that the IP effect contri-
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Figure 7. (a) Complex dielectric permittivity (real part £'and imaginary part £') and loss tangent tand spectra of the PVDF film, PVDF/PEO blend
films, and the PEO film at 27 °C. The inset shows the enlarged view of &' values in 100 kHz to 1 MHz range. (b) The variation of £"and £" values
with increase of PEO concentration in the blend films at fixed frequencies are marked by solid lines for the blend films, which were connected to

those of the pristine polymers by dotted lines.

bution dominates over the dipolar polarization of these poly-
mers blends at low frequencies but at high frequencies their &’
values are simply governed by the weight fraction additive mixing
rule which holds for the composite dielectric materials. This
effect also reflects in the £" spectra of these PVDF/PEO blend films
(Figure 7). Further, the PEO chain segmental relaxation process
peaks in the tand spectra of these blend films are not noticeable
over this experimental frequency range, at the ambient tem-
perature.

Figure 7(b) shows the variation of &' values of the PVDF/PEO
blend films with a change of PEO concentration (wt%) at differ-
ent fixed frequencies. This figure confirms that the £'decreases
linearly with the increase of PEO concentration in the blends at
10 kHz, 100 kHz, and 1 MHz frequencies which is applicable to
all the frequencies lying between these limiting values. Fur-
ther, the rate of increment of the ¢'values at these frequencies
is almost the same. This finding confirms that the &' value can
be tuned in the range 2 to 4 at the higher radio frequencies with
the change of the compositional ratio of the PVDF /PEO blend. But
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at lower audio frequencies (50 Hz and 100 Hz in Figure 7(b))
the &'values linearly enhance with the increase of PEO concen-
tration in these blends and also with different rates of incre-
ment. These results infer that the presence of PEO in the PVDF
matrix greatly enhances the IP effect and its contribution in the
low frequency dielectric polarization processes, and hence the
IP effect atlow frequencies can be controlled by suitably adjust-
ing the compositional ratio of these polymers in their blend films.
Further, from Figure 7(b) it was noticed that the &'values at 1
kHz are almost independent of the blend compositional ratio. In
regards to the confirmation of the dependence of £" values on
the compositional ratio of the PVDF and PEO in their blend
films, Figure 7(b) is plotted. It is observed from the figure that
the £" values on the logarithmic scale enhance linearly with the
increase of PEO amount in the blends atlower frequencies, whereas
at 10 kHz and 100 kHz, these values are independent of compo-
sitional ratio, but at 1 MHz the &” decrease with the increase of
PEO concentration. The different behaviour of these composi-
tional ratio-dependent ¢'and &" values of the PVDF/PEO blend
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films at various frequencies suggests their numerous dielectric
applications tunable with compositional ratio of the blend and/or
frequency of electric field used for the excitation of these mate-
rials.

3.6. Electric modulus spectra

The complex electric modulus (real part M’ and imaginary part
M") spectra of the PVDF/PEO blend films are shown in Figure 8.
These spectra are derived by transforming the frequency-depen-
dent complex dielectric permittivity data of these materials. Because
of the inverse relationship between the electric modulus and
dielectric permittivity, the spectra of electric modulus remain
free from electrode polarization (EP) effect, electrode/dielectric
contact of the sample holder during the measurements, and also
from the type of electrode material and their geometry, and
therefore the electric modulus function is commonly preferred
for the analysis of relaxation processes in the composite mate-
rials. 1375762658892 Figyre 8 shows that the M’ (f) values of pure
PVDF film have a little enhancement with the increase of fre-
quency from 20 Hz to 1 MHz which is expected because of slow
decrease in its &' (f) values. Similarly, the M’ (f) values of the
PVDF/PEO blend films and also for the pure PEO film initially
enhance by a large amount with the increase of frequency, and
finally approach steady state at high frequencies which are also
expected according to their &'(f) values (Figure 7). The non-zero
M'values (i.e, the continuous increasing behaviour of the spec-
tra up to 10 kHz) of the PVDF/PEO blend films reveal that the
observed &’ spectra of these materials are free from the electrode
polarization effect as demonstrated earlier for the polymeric
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Figure 8. Complex electric modulus (real part M' and imaginary part M")
spectra at 27 °C of the PVDF film, PVDF/PEO blend films, and the PEO film.
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nanodieletrics.’”*%%® Further, from the M’ spectra, one can note
that there is a decrease in M'values at a fixed frequency in the
low frequency-region as the PEO content in the PVDF/PEO blend
films enhances, whereas it shows an inverse trend in the high
frequency region.

Figure 8 shows that the M" spectrum of pristine PEO exhib-
its a sharp and intense relaxation peak around 50 kHz, and a rela-
tively less intense peak around 100 Hz which are attributed to
the polymer chain segmental motion and the IP relaxation pro-
cesses, respectively.®? There is no relaxation process in the pure
PVDF film over the frequency range 20 Hz to 1 MHz at room
temperature which is in agreement with the earlier results.**"**
It is reported that the PVDF relaxation peak is exhibited at ~3
Hz at 30 °C, whereas it appeared at about 6 kHz when the film
temperature is 100 °C.** Further, the PVDF/PEO blend films
exhibit relaxation peak in the frequency range 100 Hz to1 kHz,
and the peak intensity gradually enhances and its broadness
reduces with the increase of PEO amount in these blend films.
The relatively more broadness of the relaxation peak for the
PVDF-rich blend film indicates the highly asymmetrical distri-
bution of its relaxation process. Further, a small shift of the peak
towards higher frequency side is also noted with the increase
of PEO concentration in the PVDF/PEO blend films. This relax-
ation peak of the blends can be assigned to the PEO chain segmen-
tal dynamics probably confined in the PVDF crystals. The modulus
relaxation time T, of this dynamical process is determined from
the M" peak frequency f,, value using the relation 7,=1/wj
where w,,,=21f,..x, and the obtained ), values of the blend films
are recorded in Table 5. The ), values of the PVDF/PEO blend
films are found about two orders of magnitude higher than that
of the pristine PEO film which firmly confirms the confined
dynamics of PEO structures in the PVDF matrix as suggested
earlier.”

3.7. AC conductivity spectra

The spectra of real part o'=we,&" and imaginary part o"=we,&’
of the ac electrical conductivity for the PVDF/PEO blend films
over the frequency range 20 Hz to 1 MHz, at 27 °C, are depicted
in Figure 9. It is observed that the o'(f) increase non-linearly
with the increase of frequency, whereas the o"(f) exhibit a linear
behaviour over the entire frequency range. The frequency-
dependent o' values of the PVDF films and the shape of its o’ spec-
trum at room temperature are also found consistent with ear-
lier studies.”**0838791 Fyrther, it is observed that the ¢’ values
of all these polymer blend films also vary linearly in the lower
frequency range, i.e, 20 Hz to 1 kHz. Therefore, by using the

Table 5. Values of electric modulus relaxation time 7, and the dc electrical
conductivity oy at 27 °C of the pure PVDF film, PVDF/PEO blend films, and
the pure PEO film

Polymer films Tn (107 5) Oa (102 S/cm)
Pure PVDF 0.66
75 PVDF/25 PEO 65.5 1.03
50 PVDF/50 PEO 44.7 2.09
25 PVDF/75 PEO 31.7 4.88
Pure PEO 0.37 14.02
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Figure 9. The ac electrical conductivity (real part o' and loss part o) spec-
tra at 27 °C of the PVDF film, PVDF/PEO blend films, and the PEO film.
Inset shows the enlarged view of low frequency ¢" spectra of the films. The
solid lines in 0" spectra represent the linear fit of the low frequency data.

straight line fit of the linear portions of these ¢' spectra, the dc
electrical conductivity o, values of the PVDF/PEO blend mate-
rials were determined and the same are recorded in Table 5. It
can be noted from Table 5 that the o, value of pure PVDF film is
6.6x10" S/cm which is very low and it increases with the
increase of PEO concentration in the PVDF/PEO blend films.
Further, from Table 5, it can be noted that there is a difference
of about two orders of magnitude between the conductivities
of the pure PVDF film and the pure PEO film, at 27 °C. This result
is interesting in regards to design the conductivity-tunable flexi-
ble dielectric based on the PVDF/PEO blend.

Figure 10 illustrates the t;; and o, versus PEO (wt%) plots
for the PVDF/PEO blend films, at 27 °C. It can be noted that on
the logarithmic scale, the o, values exhibit a non-linear increase
of about two orders of magnitude with the increase of PEO con-
centration in the blend films over the entire concentration range,
whereas the 1), values exhibit a linear decrease within one order
of magnitude for the PVDF/PEO blend films. Further, it is noted
that the 7, values of these PB films are about two orders of magni-
tude higher as compared to that of the pristine PEO film. These
results confirm that the PVDF/PEO blend films can be used as
dc electrical conductivity- and the structural dynamics-tunable
dielectric materials by simply varying their compositions.

3.8. Temperature-dependent dielectric properties

The effect of temperature on the dielectric dispersion of 50 PVDF/

Macromol. Res., 27(10), 1009-1023 (2019)
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Figure 10. The plots of relaxation time 7,and dc electrical conductivity

04 versus concentration of PEO (wt%) at 27 °C for the PVDF/PEO
blend films.

50 PEO blend film has been investigated as a representative
sample for the PVDF/PEO blend films. Figure 11(a) shows that
the ¢'values of the blend film have a small increase at high fre-
quencies but there is a significant increase of ¢’ values at low
frequencies with the increase of temperature from 27 to 60 °C.
Further, the tand values also have some increase below 100 kHz
with the increase of temperature of the film but there is no distin-
guishable relaxation peak in these tané spectra. Figure 11(b)
shows the M" spectra of the 50 PVDF/50 PEO blend film at dif-
ferent temperatures. A sharp and intense relaxation peak
appeared in the M" spectra has a gradual increase in its magni-
tude and shifts towards higher frequency side with the increase
of temperature of the film. The enhancement in &'value and the
decrease of relaxation time 7,=1/2nf,,., with the increase of
temperature of the PB film confirm its thermally activated dielec-
tric polarization and structural dynamics as mostly observed in
the PNC materials.”**””** Figure 11(c) shows the Arrhenius
plot of 7, values which fairly obeys the exponential relation
=1 exp(E./ksT) from which the relaxation time activation
energy E, is determined. The E, value for this blend film is
found 0.23 eV which is very low confirming the suitability of the
PVDF/PEO blend film as a host matrix for the preparation of
solid polymer electrolytes.

4, Conclusions

This paper reports the relative fraction of the crystal phases of
PVDF film and their alteration due to its blending with PEO. The
detailed morphology, degree of crystallinity, chemical compo-
sition, and the dielectric and electrical properties of the various
compositional ratio PVDF/PEO blend films prepared by solu-
tion casting have been investigated. The PVDF film contains
mainly the a- and S-phases with its 37% total degree of crystal-
linity which further enhances non-linearly with the increase of PEO
concentration in the blends. The simple fractional relations for
the determination of the relative fraction of the S-phase in the
PVDF/PEO blend films with respect to that of the pristine PVDF

© The Polymer Society of Korea and Springer 2019
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Figure 11. (a) The real part of the complex dielectric permittivity £'and loss tangent tané spectra of the 50 PVDF/50 PEO blend film, (b) the imag-
inary part M" of complex electric modulus spectra at different temperatures, and (c) the Arrhenius plot of the relaxation time.

film have been proposed which are based on the areas and
intensities of the crystalline peaks in their XRD patterns. The 75
PVDEF/25 PEO blend has about 50% f-phase fraction, and it is
relatively very small (12.5%) for the 25 PVDF/75 PEO blend
film. The results on the dielectric properties confirmed that the
&' values of the PVDF/PEO blend films at radio frequencies
(20 kHz-1 MHz) can be tuned in the range 2 to 4 with the
adjustment of these blended polymers compositional ratio. The
lower audio frequency range ¢’ values of the blend films are rel-
atively high which are predominantly governed by the large
contribution of the interfacial polarization effect. The PEO chain
segmental dynamics is found greatly hindered in the blend
films because of the PEO chains confinement in the matrix of
PVDF crystallites. The dc electrical conductivity of these blend
materials enhances from 6.6x10* to 1.4x10™ S/cm with the
increase of PEO contents in the PVDF/PEO blend, which also con-
firm the conductivity-tunable behaviour of these blend films to
be used as flexible dielectric materials. The temperature-depen-
dent dielectric properties of the 50 PVDF/50 PEO blend film
confirm that the blend has thermally activated behaviour of
dielectric polarization and the PEO chain segmental dynamics,
and the relaxation activation energy of this blend is found sig-
nificantly low (0.23 eV). The polymer compositional ratio-depen-
dent dielectric and electrical behaviour of these PVDF/PEO blend
films has been explained in detail for exploring their suitability
as dielectric materials for the advances in flexible electronics
and energy storing/harvesting devices.
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