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Abstract: Different composition ratios poly(ethylene oxide) (PEO) and poly(vinylidene
fluoride) (PVDF) blend films (PEO/PVDF) were investigated by employing a differ-
ential scanning calorimeter (DSC), ultraviolet-visible (UV-Vis) spectrophotometer,
and radio frequency impedance analyzer (RF-IA). Crystalline phases of the PEO and
PVDF in the blends, their melting temperatures and the degree of crystallinity were
determined using the DSC thermograms. These structural parameters of the semic-
rystalline polymers explain a significant alteration in heterogeneous chains interac-
tion with the composition variation of the constituents in the PEO/PVDF blends. The
UV-Vis range absorbance spectra of these blend films were reported and analyzed
for the determination of their optical energy band gap values. The decreased band
gap values of the polymer blends as compared to that of the pristine polymers evi-
denced a considerable structural disordering of the polymers functional groups
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which cause the creation of the localized states that assisted the electronic transitions. The RF range dielectric permittivity of the PEO/
PVDF blend films showed a gradual decrease with sweeping the frequencies from 1 MHz to 1 GHz, but it enhanced anomalously at the
starting frequencies when the PVDF amount was relatively increased in the polymer blend. The alternating current (AC) electrical con-
ductivity of these blends exhibited a linear variation with the change of frequency, and it notably altered at a fixed frequency when the
polymer composition ratio in the blend films was varied. These experimental results of the PEO/PVDF blend films are highly creditable
to emerging polymer-based flexible technologies of radio-electronic and optoelectronic devices.

Keywords: PEO/PVDF blend, Crystalline phase, Thermal parameters, Energy band gap, RF dielectric properties.

1. Introduction

Polar polymer matrices of appreciable flexibility, affordable
cost, lightweight, and good reproducible performance in the
pristine form, blends, and their composites, all credited with
the exponential growth of flexible-type electronic and electri-
cal devices."® Among the synthetic polar polymers, the semic-
rystalline PEO material has hydrophilic and biodegradable
character with excellent chain segmental dynamics, good solid
solvent character for alkali metal salts, and outstanding film-
formation ability by both the solution cast and melt-press meth-
ods.’ All these valuable properties of the PEO matrix are ascribed
to its low melting temperature and the presence of an ether
oxygen functional group in the linear chain backbone. These
promising properties of the PEO have established it as the most
appropriate polymer matrix for the creation of a variety of ion-
conducting solid polymer electrolyte (SPE) materials.®® Such
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types of electrolytes have already been proven to be successful
in the fabrication of all-solid-state ion-conducting devices, espe-
cially high-performance rechargeable batteries.® Additionally,
the PEO matrix has been frequently considered in the progress
of polymer nanocomposites (PNCs) for nanodielectric and opto-
electronic applications.”** Besides these useful properties of the
PEO matrix, it has some drawbacks like poor thermal and mechan-
ical stabilities, and also low optical transparency'?"* which needs
to be improved, by polymer blending and incorporation of
additives, as briefly explained in the following part, to augment
its massive technological uses.

In comparison to the important properties of the PEO matrix,
the PVDF matrix also has several creditable properties like high
environmental inertness, stronger hydrophobicity, polymorphic
crystalline character, appreciable optical transparency, and
relatively high dielectric constant with low losses.>'*'” These
promising properties accredited the PVDF matrix as a superior
thermophysical and polar electro-active material for making a
wide range of multifunctional composites in regards to energy
harvesting and storage devices,>***'” memory devices,® and sev-
eral next-generation innovative devices.”*

For the extensive technological uses of the polymer matri-
ces, the polymer blend matrices demonstrate a greater revolu-
tion in developing advanced materials. The useful properties of
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a polymer blend matrix can be classically optimized by adjust-
ing the blended polymers composition ratios during state-of-
the-art blend preparation with the green chemistry process.”**
Earlier studies categorized that the polymers in their blend may
have either good miscibility or partial, depending on the polymer
hydrophobic/hydrophilic character, the strength of heteroge-
neous interactions of the functional groups, and the difference
in glass transition temperatures.” Besides the confirmation of
polymer blend miscibility and related valuable parameters, there
is a prime need to examine and optimize the other useful prop-
erties, and also their dependency on the blend polymer compo-
sition ratio to realize the blend matrix for advanced technological
uses.”*?* Detailed study of structural, morphological, rheologi-
cal, and thermal properties of the polymer blends is important
from an academic and materials engineering point of view.?>**
But the optical and dielectric characterization of individual
polymers and the blend of polymers endorsed their numerous
promising properties for industrial applications."* The dielectric
and electrical properties of the polymeric materials are consid-
ered one of the key parameters to decide their usefulness as
novel electrical insulators and dielectric substrates in the develop-
ment of stretchable-type electronic devices that can suitably
work under the influence of broadband frequency electric
ﬁeld'1,5,9-12,18,20,24—27

In regards to characterization and optimization of the func-
tional properties of polymer blends, a blend of the PEO with
PVDF outcomes was partially miscible, but the degree of misci-
bility varies reasonably when the polymers compositional ratio
was changed.?®*° Besides the partial miscibility of the PEO and
PVDF in the PEO/PVDF blend, it is often used as a host matrix
for the preparation of novel functional polymer nanocomposites
with the inclusion of appropriate inorganic/organic nanomate-
rials,*** and also in the development of a wide range promis-
ing SPEs for ion-conducting devices.>>*!

Recently, we have characterized in detail the compositional
ratios dependent morphological, elemental percentage, and
structural properties of the PEO/PVDF blend films using SEM,
EDX, XRD, and FTIR techniques whereas the low-frequency
range dielectric and electrical properties were explored by
employing the precision LCR meter.** With the usable structural
characteristics and the dielectric properties, we have also pre-
pared and investigated the PEO/PVDF blend matrices-based
several important PNCs*3* and the SPEs.**!

But a survey of the literature infers that the comprehensive
thermal parameters of the PEO and PVDF crystalline phases
and their degree of crystallinity, the ultraviolet-visible (UV-Vis)
wavelength range absorbance and the optical energy band gap,
and especially the broadband radio frequency range dielectric
behaviour of the PEO/PVDF blend films with the composition
variation have yet to be investigated. The characterization of
these properties of the PEO/PVDF blends is important from the
fundamental and academic points of view and also to explore
more industrial applications of such polymer blends. The dielec-
tric measurement techniques are limited under the influence of
high to ultrahigh range radio frequencies harmonic electric field,
highly expensive, and have several difficult measurement pro-
tocols, and hence, the work on dielectric properties of poly-
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mers and their composites at ultrahigh radio frequencies is less
attempted."**?74%*¢ Although there is an intense industrial
necessity of precisely laboratory-measured dielectric and elec-
trical parameters of the polymeric materials with start frequency of
some megahertz and extends up to several gigahertz>*»*+#4347
In this framework, the present manuscript deals with the broad-
band radio frequencies dielectric and electrical behaviour of
the PEO/PVDF blend films along with their optical properties
and the detailed thermal parameters of the polymer crystalline
phases.

2. Experimental
2.1. Materials

The polymer samples used in this work are the PEO (M,= 600,000 g
mol™) and the PVDF (M,,~534,000 g mol™) which were obtained
from Sigma-Aldrich Co. The N,N-dimethylformamide (DMF),
for HPLC and spectroscopic grade, was purchased from Loba
Chemie, India, and used as a common solvent for the prepara-
tion of PEO/PVDF blend films by solution cast method.

2.2.Preparation of PEQ/PVDF blend films

The PEO/PVDF blend films having PEO to PVDF amounts in the
composition ratios 100/0, 75/25,50/50, 25/75,and 0/100, by
weight percentage, were prepared through casting their homo-
geneous solutions. The required amounts of PEO and PVDF for
the different compositional ratio PEO/PVDF blends were dis-
solved in DMF solvent through heating with continuous mag-
netic bar stirring. These homogenized polymer blend solutions
were cast onto glass Petri dishes. Then by heating on a thermo-
stated hot plate atabout 70 C, the solvent was evaporated, and
finally, the materials were turned into the PEO/PVDF blend films.
The detailed procedure of the PEO/PVDF blend films prepara-
tion was described in the previous publication.** The manual
tests like bending and twisting realize that these blend films are
flexible and non-sticky.

2.3. Measurements

The thermograms of these polymer blend films were recorded
by employing the Netzsch Polyma 214 differential scanning
calorimeter (DSC) instrument which was controlled with the
Netzsch Proteus® software. For DSC measurements, the sample
in small pieces weighing about 7.0 mg, was taken in an alumin-
ium pan covered with a pierced lid, and then it was heated inan
Arena® furnace with nitrogen (N.) flow at a rate of 40 mL/min.
Second heating run DSC thermograms of the samples were
recorded at a heating rate of 10 ‘C /min for their thermal analysis.
The previous thermal history of the samples was removed by
the first heating run performed at the rate of 20 C /min.

The spectrophotometer of double beam geometry (Cary 60,
Agilent Technologies, Inc.) was employed and operated in the
ultraviolet-visible (UV-Vis) wavelength A range from 200 nm to
800 nm with a wavelength accuracy of 1 nm. The scan speed
was set at 600 nm/min to firstly record the baseline correc-
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tion, and then the absorbance spectra of the PEO/PVDF blend
films were collected. All the measurements were performed at
ambient temperature and controlled with the Agilent Cary
WinUV® software.

The RF impedance analyzer of harmonic electric field fre-
quencies covering the range from 1 MHz to 1 GHz (Keysight
Technologies, Inc., Model: E4991B) along with its compatible
solid-material dielectric test fixture (Product No.: 16453A)
controlled by E4991B-002 material measurement firmware,
was used for broadband radio frequency dielectric measure-
ments. Before the sample dielectric measurements, the test fix-
ture was calibrated by keeping the electrodes open, short, and
then mounting the load (Teflon) between the electrodes to
comply with the ASTM standards. The real part &’ of complex
dielectric permittivity (£*= £-j¢") and the dielectric loss tan-
gent (tand, that is the ratio of imaginary part to the real part of
the complex permittivity (¢"/e") of the PEO/PVDF films, at a
fixed temperature of 20 ‘C, were recorded as a function of elec-
tric field frequency.

3. Results and discussion
3.1. Crystalline phases and their melting temperatures

The DSC thermograms of different composition ratios PEO/
PVDF blend films, in the temperature range from 35 C to 200 C,
are provided in Figure 1(a). The PEO film, denoted by 100/0 in
the figure, has an intense endothermic peak centered at about
70 C (highlighted by a vertical dashed line) which is assigned
to its crystalline phase melting process.! The pristine PVDF film,
labelled by 0/100, also has an endothermic peak of relatively
less intensity. Butitis a superimposed doublet peak of 161.7 C
and 165.6 C (see inset of Figure 1(a)) which can be allocated
to the melting temperatures of the a-phase and the f-phase
crystallites respectively, revealing the polymorphic character
of the PVDF film.*#°
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It is noted from Figure 1(a) that the endothermic peak related
to the PEO crystallites in the PEO/PVDF blend films has appeared
considerably at a lower temperature than that of the pristine
PEO film, and its intensity is reduced remarkably when the PEO
amount decreased in these blends. Firstly, the decrease in intensity
of the PEO endothermic peak is expected because when there
is a relative decrease of the PEO amount and simultaneous
increase of the PVDF amount in the PEO/PVDF blends resulted
in the lessen of PEO crystallites. Secondly, the appearance of the
endothermic peak of PEO at a lower temperature in the blend, in
comparison to that of the pristine PEO, evidences that the PEO
crystallites turns thermally weaker and also have a large ther-
mal diversity as revealed from the broadening of the peak.
Thirdly, the anomalous shifts of the endothermic peak with the
decrease of PEO concentration in the blends also infer that there
is uneven miscibility variation with the change of constituent
concentration in the PEO/PVDF blends.

Significant alterations in the peak position on the tempera-
ture scale, and also in the intensity and shape of the PVDF endo-
thermic doublet in the PEO/PVDF blends with the variation in
blend composition ratio can also be noted from the inset of Fig-
ure 1(a). These alterations in both the intensities and positions
of the PEO and PVDF endothermic peaks confirm a large mod-
ulation in the crystallites of these semicrystalline polymers and
the related thermal processes when the compositional ratio of
the PEO/PVDF blends was varied from 25/75 to 75/25 wt%.
We propose that all these modifications in the crystallites of
these semicrystalline polymers are caused by heterogeneous
interactions developed between the functional groups of the
PEO and the PVDF chains. Furthermore, the endothermic peaks
of the PEO and the PVDF materials in their blends also support
the results on crystalline structures of these polymers which
were characterized from the XRD and FTIR measurements by
us previously.*

To examine the comprehensive thermal behaviour of the
crystalline phases of PEO and PVDF amounts blended in these
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Figure 1. (a) DSC thermograms of the PEO/PVDF blend films with the PEO to PVDF composition ratios 100/0, 75/25, 50/50, 25/75, and 0/100
(wt/wt%), and (b) plots of the degree of crystallinity X. of the PEO crystallites (Xqpro)), PVDF crystallites (X pvor)), and PEO/PVDF blend crystal-
lites (X.plenay) versus PVDF (wt%) in the polymer blends. The inset of (a) shows the enlarged view of the endothermic peaks of the PVDF.
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blend films, the values of various melting temperatures (7,,)
related to the endothermic process were determined. These are
the onset temperature T, the peak temperature T;,p), and the
end temperature T,,x, and also the temperature range for com-
pletion of the crystallites melting process AT,,=Tyg)-Tmo) and
their values are listed in Table 1. The physical significance of
these different temperature parameters related to the melting
processes of crystalline phases in various semicrystalline poly-
mers is explained in the previous literature.!*" In brief, the
temperatures Ty, Ty, and Ty represents respectively, the
start temperature of some crystallites melting process, the
temperature of the maximum rate of crystallites melting, and
the temperature at which the melting process of all the crystal-
lites is fully completed.

The determination of AT, values signify the temperature
window over which the melting process of various thermal
characteristic crystallites was completed. The higher AT, means
the polymer crystallites of a wider temperature range, and vice-
versa. In other words, the AT,, values explain how the crystal-
lites are thermally identical. If the AT, is very narrow then it
reflects that most of the crystallites are similar as far as their
meting temperatures processes are considered. From Table 1,
one can see that the AT,, value of the PEO crystallites is largely
increased whereas that of the PVDF is significantly decreased
for the 75/25 wt% of PEO/PVDF blend, which means the het-
erogeneous interactions influence the PEO and PVDF crystal-
lites thermal diversely. This behaviour is further modified for
the blend having of 50/50 wt% composition of the constituents. In
this composition, the AT;, value of the PEO amount is yet higher
than the pristine PEO but it is largely reduced for the PVDF amount
as compared to the pristine PEO. When the blend is made of
25/75 wt%, the AT,,, of PEO amount is found close to that of the
pristine PEO and at the same time AT, of the PVDF amount again
increased. These temperature parameters of the PEO crystal-
lites in the PEO/PVDF blends explain that there is some anom-
aly with changing the PEO concentration but relative lowering
of Ty, confirms a reduction in the thermal stability of the crys-
tallites when the different amounts of PVDF were blended with
varying the PEO amounts through the solution casting method.
It has been noted from Table 1 that the values of melting tem-
peratures for the a-phase and -phase of the PVDF crystallites,

respectively denoted by T, and T, also reduced in the PEO/
PVDF blends which illustrates a decrease in their thermal sta-
bilities. These results on the melting temperatures of various
crystalline phases confirm that the heterogeneous chain inter-
action weakens the thermal stability of PEO crystallites as well
as that of the PVDF in the blends. Furthermore, the heteroge-
neous interactions strength are the blend composition concentra-
tion dependent, and effectively affected the melting nature of
the PEO and that of the PVDF crystallites in the blends.

The values of crystalline melting enthalpy AH,, of the PEO
and the PVDF in the PEO/PVDF blend samples were determined
by taking the areas of corresponding endothermic peaks, and
these are given in Table 1. Then from these AH,, values, the
degree of crystallinity X, (%) of the PEO and PVDF crystallites in
the various composition ratio PEO/PVDF blends were deter-
mined from the enthalpy ratio relation X.(%)=(AH,,/AH )% 100.
In this relation, AH,,,, denotes the melting enthalpy values of the
complete crystalline PEO material and that of the PVDF mate-
rial, and these values are taken respectively 213.7 J/g and 104.7
J/g from the previous literature.***! The obtained crystallinity
values of the PEO and PVDF crystallites (which were denoted
by X.pro) and X evpr), respectively) in these blend samples along
with the pristine polymers are recorded in Table 1 and also plot-
ted against PVDF (wt%) in Figure 1(b). It can be noted from
Table 1 that the pristine PEO film crystallinity (93.4 %) is three
times high than that of the pristine PVDF film crystallinity (31.1%).

About the explanation of the crystallinity amount in the PEO/
PVDF blend films with the change in blend composition ratio,
firstly, it can be noted from the lower and middle layers of Fig-
ure 1(b) that there is a linear variation of the crystallinity of both
the polymers with the change of PVDF amount in the blends.
This finding suggests that the interactions between PEO and
PVDF chains uniformly modulate the degree of crystallinity and
it is ruled by the amounts of the polymers in the blends. Sec-
ondly, the values of the total degree of crystallinity of the PEO/
PVDF blends, that is denoted by X, (ienq) (%), are deduced by tak-
ing the arithmetic summation of X o) (%) and X pypr) (%) values
which are given in Table 1. The obtained X genq) (%) values of
the PEO/PVDF blends are provided in Table 2. One can read from
this table that the X yjenq) (%) values are 41.7, 32.4, and 27.3
respectively, for the 75/25, 50/50, and 25/75 (wt/wt%) com-

Table 1. Crystalline phase melting parameters (onset temperature T, peak temperature T, ), end temperature T, and melting temperature range
AT,,), enthalpy of melting AH,,, and percentage degree of crystallinity X. of the PEO (X.pro)) and PVDF (X pvor) crystallites in the PEO/PVDF blend films of

composition ratios 100/0, 75/25, 50/50, 25/75,and 0/100 (wt/wt%)

PEO/PVDF (wt/wt%) Tuo) (°C) Tugey (°C) Tu (°C) AT, (°C) AH,, (//g) X. (%)
PEO endothermic peak
100/0 64.7 70.7 76.6 11.9 199.5 93.4
75/25 52.3 60.4 68.6 16.3 79.93 37.4
50/50 52.4 61.2 65.4 13.0 45.14 211
25/75 51.8 59.3 629 11.1 18.75 8.8
PVDF endothermic peaks
75/25 153.1 156.9, 162.9 168.4 15.3 4.49 4.3
50/50 152.4 158.7 163.0 10.6 11.87 11.3
25/75 153.8 160.0, 165.9 169.5 15.7 19.42 18.5
0/100 154.0 161.7, 165.6 173.4 19.4 32.53 311
Macromol. Res., 30(7), 460-469 (2022) 463 © The Polymer Society of Korea and Springer 2022



Macromolecular Research

Table 2. The values of degree of crystallinity of the blend X, 1), degree of
crystallinity of the ideal blend X jeng®™, and the deviation in crystallinity
from ideal behaviour of the blend AX,jenq) for the PEO/PVDF blend films
of composition ratios 75/25, 50/50, and 25/75 (wt/wt%)

PEO/ PVDF Xc(blend) Xc[blend] (ideal) AXc(blend)

(wt/wt%) (%) (%) (%)
75/25 41.7 77.8 -36.1
50/50 324 62.3 -29.9
25/75 27.3 46.6 -193

positions of the PEO to the PVDF in the blend films. Thirdly, the
upper layer of Figure 1(b) explains that the Xenq values of the
PEO/PVDF films also vary linearly with the change of blended
polymer compositions, and it decreases when the PVDF amount
increased in the blends. Fourthly, we noted from Tables 1 and 2
that the X gienq) value (32.4%) of equal amounts polymers PEO/
PVDF blend is close to that of the pristine PVDF film (31.1%),
whereas the PVDF-rich amount PEO/PVDF film has it slightly
lower. In contrast to this result, the PEO-rich amount PEO/PVDF
blend film has X gienq) value (41.7%) much lower than that of
the pristine PEO film (93.4%). These outcomes evidenced that
the crystallinity of the PEO is largely modified when initially a
low amount of PVDF was blended with keeping a relatively
high amount of the PEO. This finding also suggests that the ther-
mally soft crystallites of the PEO (as recognized from the low
melting temperature T,y =70.7 C) are largely disturbed when
blended with relatively hard crystallites of the PVDF (which are
evidenced by their high melting temperature Ty, ~ 165 C).
Lastly, it can be concluded that there is a dominant influence of
PVDF interactions which largely modulate the PEO crystallites as
compared to the PEO effect on the growth of PVDF crystallites
through a solution cast preparation of the blend film.

To understand more about the crystallinity behaviour of
these semicrystalline polymers blends, we propose that the blend
crystallinity should obey the weight fraction-weighted additiv-
ity relation of the crystallinity of the pure polymer. According
to the concept of an ideal blend, the total crystallinity of the
ideal polymer blend X, pjeng)* can be computed by X piena) "
= Xa) Wa + Xy W, where X,y and Xz, are the crystallinity of
the pristine polymers A and B having the respective weight frac-
tions W, and W in the blend. Using this relation, the Xpjeng) "
values were determined for the PEO/PVDF blends and reported in
Table 2. These values are found respectively 77.8, 62.3,and 46.6
(%) for the 75/25, 50/50, and 25/75 (wt%) compositions of
the PEO/PVDF blends. It is further noted that the X.piena) "™
values are significantly high than the X genq) values of the respec-
tive composition PEO/PVDF blends. Additionally, the deviation
in crystallinity from the ideal behaviour of the blends X enq) (%) is
computed from the relation AX,giend) (%) = X:iend) (%) = Xeqplena)
(%). The obtained AXenq) (%) values, reported in Table 2,
are -36.1,-29.9, and -19.3 (%) respectively, for the 75/25, 50/
50, and 25/75 (wt%) composition amounts in the PEO/PVDF
blends. These negative AX genay (%) values of the blends evi-
dence that the heterogeneous interaction between the func-
tional groups of the polymers chains remarkably hinders the
growth of PEO and PVDF crystallites during the preparation of

© The Polymer Society of Korea and Springer 2022

464

the blends as compared to that grow in these pristine polymer
films.

3.2.UV-Vis absorbance and energy band gap

The absorbance versus wavelength A plots, in the UV-Vis wave-
length range covering 200 nm to 800 nm, for the PEO/PVDF
blend films are presented in Figure 2. This figure evidences that
the PVDF film has comparatively low absorbance, over the entire
experimental wavelength range, then that of the PEO film and also
the PEO/PVDF blend films. This finding reveals better optical
transparency of the PVDF film in comparison to the mild trans-
parent character of the milky-type PEO film."*** Further, the
PEO/PVDF blend films also have poor transparency for visible
range photons which is mainly due to the PEO amount in the
blend films. The difference in the transparency of the PEO, PVDF,
and PEO/PVDF blend films can also be seen with naked eyes
from their digital pictures pasted in the upper layer of Figure 2.
The milky PEO film (a) is opaque whereas the brownish to light
brown PEO/PVDF blend films (b, ¢, d) are changed from opaque
to a little transparent with an increase of PVDF amount in the
blend composition. In comparison to these films, the pristine PVDF
film (e) has relatively better transparency. The UV-Vis absor-
bance characteristics of the PEO/PVDF blend films seem con-
sistent with the appearance of their digital pictures. Additionally,
a steep rise in absorbance of the PEO film, and also that of the
PVDF film, with the decrease in wavelength in the lower UV
region attributes to the electronic transitions (i.e, the jump of
valence band electrons to the conduction band) which is the
characteristic behaviour and well demonstrated for several
types of polymeric materials.!*'3?52%% The PEO/PVDF blend
films also exhibited a relatively large rise in absorbance with the
decrease in wavelength covering the entire experimental range
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Figure 2. UV-Vis absorbance spectra of the PEO/PVDF blend films
with PEO to PVDF compositional ratios 100/0, 75/25, 50/50, 25/75,
and 0/100 (wt/wt%). The upper layer shows the digital picture of
these films. The PEO film (a) is opaque, PEO/PVDF blend films (b, c, d)
are changed from opaque to a little transparent with an increase of
PVDF amount in the blend composition, and the PVDF film (e) has rel-
atively better transparency with naked eyes.
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Figure 3. Tauc’s plots of the PEO/PVDF blend films with PEO to PVDF
compositional ratios 100/0, 75/25, 50/50, 25/75, and 0/100 (wt/
wt%). Slanted dashed lines are the appropriate tangents drawn on the
plots and extrapolated to the x-axis which give the band gap values
corresponding to the zero value of the y-axis.

of the UV region.

The electronic transition behaviour with the variation in con-
stituents composition of the PEO/PVDF blends can be explained
better with the determination of their direct energy bandgap
E,q values using the Tauc's plots ((cthv)?versus photons energy
hv), depicted in Figure 3. The extrapolation of the tangents drawn
on these plots was done (shown by slanted dashed lines) for
estimation of E,q values from the x-axis corresponding to the
zero value of absorbance coefficient a on the y-axis i.e,, at (ahv)?
= 0, which is a common procedure used for the determination
of energy band gap of the polymeric films."»'**>?%%>%¢ The Ej,
values of pristine PEO and PVDF films are found respectively
4.75 eV and 5.32 eV which are noted close to the earlier results
on these polymers matrices-based different polymeric materi-
als."*'**2**The PEO/PVDF blends have E values 4.10 eV, 3.86 €V,
and 3.65 eV corresponding to the constituent compositions 75/
25,50/50,and 25/75 (wt/wt%), which are significantly low in
comparison to these pristine polymers. Further, it is noted that
these Eq values of the PEO/PVDF blends also decrease with the
increase of the PVDF amount in the blends. The 25/75 wt% com-
position ratio PEO/PVDF blend has a band gap value close to that
of several wide band gap metal oxides® which is highly inter-
esting to this composition polymer blend for different semicon-
ductor device applications.

The lowering in bandgap value of the polymer blends and
the polymer composite materials is generally explained by the
consideration of localized energy states in the forbidden energy
bandgap. The structural disordering (some change in position
of atoms and the associated arrangement of electric charges)
occurs due to the constituents heterogeneous interactions mostly
creating the localized energy states in the polymeric compos-
ites.252652% Relatively low bandgap values of these PEQ/PVDF
blend films explain that the heterogeneous interactions between
the functional groups of the PEO and PVDF produced large defects
in the electronic structures of these materials. As a result of this
fact, there was a creation of some localized states in the forbid-
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den energy bandgap of the blends which appreciably assisted
the electronic transitions of the valence band electrons in the
conduction band. Additionally, the variation in E,4 values with
the change of polymer composition ratio in the PEO/PVDF
blends infer that the width of localized states is also modulated
with the blended amounts of these polymers.

3.3.Radio frequencies dielectric properties

Figure 4(a) demonstrates the dispersion of dielectric permit-
tivity &"and dielectric loss tangent tano values as a function of
frequency f for the PEO/PVDF blend films covering the broad
radio range electric field of 1 MHz to 1 GHz, and at a fixed tem-
perature of 20 C. This figure showed that the pristine PEO film
has low values of £'and tandin comparison to that of the PVDF
film, over the entire experimental radio frequency range. The &’
values of the PEO film displayed a little decrease, i.e., from 3.18
to 2.97, when the frequency was increased in three orders of
magnitude ie., from 1 MHz to 1 GHz. But at 1 MHz, the tano
value of the PEO film is about 0.012, which exhibited a gradual
increase when the frequency increased up to 100 MHz, and
thereafter a noteworthy increase which reached the value up
to 0.043 when the frequency of applied radio wave harmonic
electric field was increased to 1 GHz. The critical range in which
the £'and tanovalues observed for the PEO film, recognizes this
film as low permittivity and low loss dielectric material for the
radio frequency electric field."**®

In contrast to the low and stable dielectric permittivity of the
PEO film in the wide radio frequency range, the PVDF film has a
frequency-dependent and also relatively high &' values (see Fig-
ure 4(a)). The &'values of the PVDF film decreased from 7.18 to
3.79 with the increase of applied harmonic electric field fre-
quency from 1 MHz to 1 GHz revealing a radio frequency tunable
dielectric polarization behaviour of this electro-active polymeric
material. The measured tandvalues of the PVDF film, depicted
in the lower layer of Figure 4(a), changed from 0.107 to 0.067
corresponding to the start and end experimental frequencies
and having a relaxation peak around 7 MHz with the tand value
of 0.165, which can be assigned to the a-relaxation process of
the chain motion.”” In the polymers, the c-relaxation process rep-
resents the rotational and segmental motion of the C-C bonds
in the polymer chain.%’ This a-relaxation process frequency shifts
to about 20 MHz for the PVDF-rich amount PEO/PVDF blend
film (25/75 wt%) but its peak intensity turned highly diffused
suggesting that the interaction of PEO chains produce signifi-
cant hindrance to the chain segmental motion of the PVDF chain.
Furthermore, this chain segmental dynamical process is almost
suppressed for the PEO/PVDF blend film having an equal com-
position ratio (50/50 wt%) of the blend polymers. Moreover,
the increasing trend of tand values above 100 MHz for the PEO-
rich amount PEO/PVDF blend film (75/25 wt%), and also that
of the pristine PEO film (100/0 wt%) attributed to the existence
of the dipolar relaxation process of the ether oxygen functional
group which is consistent with the earlier reported around
1 GHz frequency span."

Figure 4(a) also illustrates that the different compositional
ratio PEO/PVDF blend films displayed the &' and the tandval-
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Figure 4. (a) The dielectric permittivity &'and dielectric loss tangent tand spectra in the frequency range of 1 MHz to 1 GHz for the PEO/PVDF
blends films with PEO to PVDF compositional ratios 100/0, 75/25, 50/50, 25/75, and 0/100 (wt/wt%), at 20 C, and (b) depicts variation of &'
and tand values of these blends against PVDF (wt%) at fixed frequencies of 10 MHz and 1 GHz.

ues in between that of the pristine PEO film and the PVDF film
over the lower radio frequency region, covering the range from
1 MHz to 20 MHz. But in the high to ultrahigh radio frequency
range, the &' values for equal amounts constituents (50/50
wt%) blend and also that for the PVDF-rich blend (25/75 wt%)
are observed nearly equal to that of the pristine PVDF film. In
contrast to this result, the PEO-rich blend (75/25 wt%) exhib-
ited the £'values nearly equal to that of the pristine PEO film in
the 200 MHz to 1 GHz ultra-high radio wave range. These results
explain that the dipolar polarization depends on the type of poly-
mers and also the compositional ratio of the polymers in the
PEO/PVDF blends.

It is further noted that the tano values of PEO/PVDF blend
films are appeared in between those of the pristine PEO film
and the pristine PVDF film over a wider frequency range from
1 MHz to 300 MHz, and thereafter at higher frequencies (> 300
MHz) the blends tand values turned close to that of the PVDF
film (see the lower layer of Figure 4(a)). The interesting fea-
ture noted from the tand values of the PVDF-rich and the PEO-
rich these polymer blend films is that the variation in the
dielectric loss function with the increase of frequency is insig-
nificant covering the range from 1 MHz to about 100 MHz, whereas
it remains almost steady over the entire frequency range for the
PEO/PVDF blend film having an equal amount (50/50 wt%) of
the PEO and PVDF polymers. These results explain that the
dielectric loss part of the PEO/PVDF blends is almost indepen-
dent of the harmonic electric field frequency, whereas their &’
values are found considerably tunable with the frequency. This
finding confirms the suitability of these different compositions
PEO/PVDF blend films as high-performance dielectric substrates
for developing advanced flexible-type discrete or integrated
electronic devices, and also as insulators for fabrication of energy
storage capacitive devices workable over a broader range of radio
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frequencies. The significance of various types of polymeric mate-
rials, those were characterized in different frequency ranges, as dielec-
tric and insulators in advances of flexible electronics is principally
demonstrated in the previous literature,->'11745-4758-66

The PVDF concentration-dependent &'and tan dvalues of the
PEO/PVDF blend films at fixed frequencies (ie, 10 MHz and 1
GHz) are shown in Figure 4(b). This figure illustrates a better
understanding of the PEO/PVDF films dielectric behaviour with
a varying composition ratio of the blended polymers. It can be
noted from Figure 4(b) that the &' values of PEO/PVDF blend
films change monotonously, at both these fixed frequencies,
with a variation of the concentration of the constituents in the
blends. The tand values of these polymer blend films at 10 MHz
showed an increase with the increase of PVDF amount, whereas
at 1 GHz a minute anomalous variation is noted. These changes
in the high-frequency dielectric parameters (¢’ and tand) illus-
trate that there is a relative alteration in the strength of hetero-
geneous chains interaction as well as the dipolar ordering in the
PEO/PVDF blends with the variation of blended polymers con-
centration.

3.4. AC electrical conductivity

The alternating current (AC) electrical conductivity (real part
o'=weye") versus frequency f plots of the PEO/PVDF blend
films at a fixed temperature of 20 C are depicted in Figure 5(a).
All these plots showed an increase in o' values with the increase
of fconfirming a strong dependency of conductivity on the fre-
quency over a broad range of radio wave harmonic electric
fields. Similar behaviour of the AC electrical conductivity as a
function of wide range radio wave frequency was also reported
previously for several other polymers and polymer-based
nanocomposites.'****¢%¢ Figure 5(a) further explains that the
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Figure 5. (a) The AC electrical conductivity o' spectra in the frequency range of 1 MHz to 1 GHz for the PEO/PVDF blend films with PEO to PVDF
compositional ratios 100/0, 75/25,50/50, 25/75,and 0/100 (wt/wt%), at 20 C, and (b) depicts the variation of ¢’ values of these blends against

PVDF (wt%) at fixed frequencies of 10 MHz and 1 GHz.

PEO film has relatively low conductivity than the PVDF film
over the entire experimental frequency range. Furthermore, at
1 MHz, the ¢’ is about one and a half order of magnitude high
for the PVDF film than that of the PEO film which is due to rela-
tively high dielectric losses in the PVDF material. This difference
in o’ values of the PEO film and the PVDF film showing a gradual
narrowing with an increase of frequency, and lastly reduced to
about half an order of magnitude at 1 GHz. It is because there is
adominance effect of dipolar rotational losses in the PEO mate-
rial whereas this effect suppresses in the PVDF material in the
same frequency range as can be noted from the tano'spectra of
these materials (see Figure 4(a)). Additionally, it can also be seen
that the o' values of the PEO film and that of the PVDF film
exhibited some non-linearity with an increase in frequency which
is due to the occurrence of dielectric relaxation process in these
polymers (chain segmental relaxation of PVDF in the experi-
mental lower frequency range and the dipolar rotational relax-
ation of PEO in the higher frequency range). But the o' values of
the PEO/PVDF blend films increase almost linearly with an increase
of frequency because they have either a weak relaxation process
or it is completely suppressed. Additionally, the electrical con-
ductivities of these PEO/PVDF blend films over the wider fre-
quency range are found in between that of the PEO film and the
PVDF film, but closer to that of the PVDF film, revealing the charge
conduction mechanism is dominantly ruled by the PVDF struc-
tures in these blends.

Figure 5(b) illustrates the variation of ¢’ values of the PEO/
PVDF blend films as a function of PVDF (wt%) in the blends, at
selectively fixed frequencies of 10 MHz and 1 GHz. The o plot
at 1 GHz reveals that the electrical conductivity has anomalous
variation when the PVDF amount was increased in the PEO/
PVDF blends which reflects some uneven changes in dipolar
losses. But, at 10 MHz, the o' values of the PEO/PVDF blends are
less anomalous and they showed a linear rise with the increase
of PVDF amount up to the 50 wt% in the blends.
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To explore some correlation between the dielectric, electrical,
optical, and thermal properties of the PEO/PVDF blends, herein
firstly we compare the investigated these properties of the pristine
PEO and PVDF materials. It is noted that the pristine PEO film
has relatively low values of €', &, E,4, and T, whereas the high
values of UV-Vis absorbance and X. in comparison to that the
pristine PVDF film. But the PEO/PVDF blend films have the &'and
o' values in between the values of pristine polymers, absor-
bance close to the PEO film, X, close to PVDF film, and E,q rela-
tively very low. Thus, it can be concluded that the dielectric and
electrical properties of the PEO/PVDF blends are controlled by
both the polymers, absorbance is predominantly ruled by the
PEO whereas the X, of the blend is mainly governed by the
PVDF. In addition to these facts, the E,4 values of the blends sig-
nificantly reduced which is effectively ruled by the heteroge-
neous interactions between the PEO and PVDF chains. Lastly, it
can be reported that the prediction of a direct correlation between
the dielectric, optical, and thermal properties of the PEO/PVDF
blends is probable if these properties are compared with a
series of various polymer blends having one of these polymers
as a constituent of the blends.

4, Conclusions

This manuscript reports in detail, the PEO and the PVDF crys-
talline phases and their melting temperatures, and also the
degree of crystallinity of these phases in the solution cast PEO/
PVDF blend films covering the entire range of blend composi-
tion. Polymorphism of the PVDF (a-phase and S-phase) in the
PEO/PVDF blend films largely alter with the change in blend
composition whereas the degree of crystallinity of these polymer
blend films decreased when the amount of PVDF was increased
from 25 wt% to 75 wt%. The absorbance of UV-Vis electromag-
netic radiations and the optical energy band gap studies on the
PEO/PVDF blend films revealed that the heterogeneous chain
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interaction produces effective localized states in the forbidden
energy band gap, which promotes the electronic transition and
thereby significantly reduces the band gap of these blend mate-
rials. The dispersion behaviour of the dielectric permittivity,
dielectric loss tangent, and the AC electrical conductivity over
the broadband radio frequency range (1 MHz to 1 GHz) for the
PEO/PVDF blend films, at a fixed temperature of 20 C, is
reported and thoroughly analyzed. The dielectric permittivity
is found relatively high for the pristine PVDF film at the start-
ing range frequencies and it largely decreased when the fre-
quency of the applied radio wave harmonic electric field was
increased. The PEO film has low permittivity and showed less
alteration with sweeping the frequency of field from 1 MHz to 1
GHz range. The dielectric permittivity of the PEO/PVDF blend
films is found effectively ruled by the PVDF amount in the blends.
Furthermore, the AC electrical conductivity of these polymer
blend films showed almost linear dependency with the variation
of radio wave electric field frequencies. Appreciably the blend
composition dependent thermal behaviour of the crystalline
phases and also the optical, dielectric, and electrical properties
of the PEO/PVDF blend films suggest that these blend materials
could be potential candidates for various technological applica-
tions. Due to the flexible character of these polymer blends, they
can serve as the stretchable and deformable-type dielectric
substrate, electrical insulator, optical band gap controller, and
UV-Vis shielding material in a wide range of emerging device
technologies of the radio frequency electronics and also the
optoelectronics.
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