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Abstract

Polymer nanocomposite (PNC) films have been prepared by the solution-cast method using a polymer blend of poly(ethylene
oxide) (PEO) and poly(methyl methacrylate) (PMMA) (PEO/PMMA = 50/50 wt%) as organic host matrix and x wt% Al,O3
nanoparticles (x =0, 1, 3, and 5) as inorganic nanofiller. The morphological and structural behavior of these PNC films has been
examined by employing the scanning electron microscope (SEM), X-ray diffractometer (XRD), and Fourier transform infrared
(FTIR) spectrometer, whereas their dielectric polarization and relaxation processes are characterized by carrying out the dielectric
relaxation spectroscopy (DRS) over the frequency range 2 x 10" to 1 x 10° Hz. Impact of Al,O5 nanofiller on the spherulite and
porous morphology, degree of crystallinity, polymer-polymer and polymer-nanoparticle interactions, complex dielectric permit-
tivity, ac electrical conductivity, and the polymers structural dynamics has been explored. It is revealed that initially 1 wt%
dispersion of Al,O5 in the PEO/PMMA blend matrix significantly reduces the crystallinity and dielectric permittivity, and hinders
the cooperative chain segmental dynamics of the polymers which unevenly changes with the further increase of Al,O; concen-
tration up to 5 wt%. The dielectric and electrical parameters of these materials have also been compared with the PNC materials
based on other polar polymer host matrices containing different oxide inorganic nanoparticles. The results of this work provide a
guideline to design and fabricate the alumina nanoparticles loaded flexible-type polymer nanodielectric materials for advanced
technologies.
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1 Introduction

The degree of miscibility and structural dynamics in the poly-
mers blend films consisted of semicrystalline poly(ethylene
oxide) (PEO) and amorphous poly(methyl methacrylate)
(PMMA) depends on the compositional ratio of these poly-
mers in the blend films and also the film preparation methods
[1-9]. These technologically important structural properties of
the PEO/PMMA blend which can be tailored predominantly
by taking into consideration the appropriate compositional

P4 R. J. Sengwa
rjsengwa@rediffmail.com; rjs.ph@jnvu.edu.in

Dielectric Research Laboratory, Department of Physics, Jai Narain
Vyas University, Jodhpur 342 005, India

CSIR — National Institute of Science Communication and
Information Resources, New Delhi 110 012, India

@ Springer

ratio have realized it as a novel, efficient, and cost-effective
material as host matrix for the preparation of solid polymer
electrolyte (SPE) films to be used as separator/ion conductor
in the design and fabrication of flexible-type all-solid-state ion
conducting devices [10—-15], and also in the solar energy har-
vesting devices [16]. Besides the poor thermal and mechanical
properties and a relatively high degree of crystallinity, the
PEO is frequently used as a base matrix for the SPEs because
of its high solvating power for the alkali metal salts and ex-
cellent flexible-type film forming ability [17]. Although the
PMMA film is thermally more stable and has an almost amor-
phous structure which confirms its suitability as a host ma-
trix for the SPEs [18, 19], it is less flexible and highly fragile
when twisted or bent, restricting its vast technological ap-
plications in the flexible electronics. Hence, in order to sup-
press the individual drawbacks and the enhancement of
their optimum useful properties, the PEO/PMMA blend as
the base matrix is preferred for the preparation of techno-
logical important electrolyte materials [3, 10—16].
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The compositional dependent investigation on the
thermomechanical properties of PEO/PMMA blend matrices
revealed that plasticization of the PMMA occurs by the pres-
ence of blended PEO which reduces its brittleness, whereas
the mechanical and thermal stabilities of PEO are greatly im-
proved by the simultaneous existence of PMMA in their blend
matrix [3]. In addition to the overall improvement of the ther-
mal and mechanical properties, the degree of crystallinity of
the PEO greatly reduces on its blending with the PMMA [3,
6], and therefore the reduced crystalline phase of PEO/PMMA
blend matrix promotes a large number of favorable paths for
the ion transportation and hence this polymer blend is often
considered as a novel host functional matrix for the SPE ma-
terials [3, 10-16, 20-22]. So far, various spectroscopic and
thermomechanical investigations on the PEO/PMMA blends
of various compositional ratios have established that a homo-
geneous and predominantly amorphous structure of this blend
is formed for the PEO concentrations up to 30 wt%, whereas
the blend miscibility gradually reduces as the PEO concentra-
tion exceeds above this critical limit [ 1-9]. Further, it has also
been confirmed that the cooperative chain segmental dynam-
ics of the PEO and PMMA in their blend matrix strongly
depends on the composition of the polymers in the blend [3,
4, 6, 7, 9]. For improving the performance of the PEO/
PMMA blend based SPEs, various inorganic nanofillers
have also been dispersed in these ion-dipolar coordinat-
ed materials which result the nanocomposite solid poly-
mer electrolytes (NSPEs) with promising properties
[10-13, 20, 22, 23]. The electrochemical performance
of such NSPEs depends on their amorphous phase, the
polymer chain segmental dynamics, the available num-
ber of favorable ion conductive paths, and transient-type
ion-polymer-nanofiller interactions [10, 13, 20, 22].

Besides the use of PEO/PMMA blends in the SPEs and
NSPEs, this flexible blend matrix is highly interesting from
the dielectric and electrical insulation point of view, and there-
fore there is an intense need of in-depth characterization of the
dielectric and electrical properties of PEO/PMMA blend ma-
trix dispersed with different nanofillers in order to understand
the physics of such hybrid nanocomposite materials for con-
firmation of their technological applications [5, 6]. The syn-
thetic polar and non-polar polymers are frequently used direct-
ly or indirectly, in almost all the areas of materials research
because of their wide range of properties and design flexibil-
ity. However, for tailoring the useful properties of polymer
matrices according to the technological requirements, various
kinds of organic and inorganic nanomaterials have been used
so far as filler for the development of multifunctional proper-
ties bearing polymer nanocomposite (PNC) materials [24-27].
It has already been established that the interfacial electrostatic
interactions exhibited between the nanofiller and the function-
al group/s of the polymer chain greatly modify the structural,
thermal, mechanical, permeable, environment/corrosion

resistance, flammability, optical, dielectric, and electrical
properties of the PNC materials [25, 28-36]. These hybrid
materials comprise most of the important technological prop-
erties of the flexible and lightweight polymer matrix and also
the rigid inorganic nanofiller due to which they are recognized
as multifunctional advanced polymeric nanodielectrics
(PNDs) for their potential applications in the fabrication of
high-performance flexible electrical and electronic devices
[23, 24, 31, 33, 35-37]. Recently, authors have prepared and
characterized numerous PND materials based on various poly-
mer matrices and the polymer blend matrices, including the
PEO and PEO/PMMA blend, dispersed with a variety of in-
organic nanofillers in order to explore their technological ap-
plications, mainly related to the dielectric permittivity and
electrical conductivity properties [5, 6, 32, 33, 37-45].

Among the ceramic nanomaterials, the alumina (Al,O3)
nanopowder is cost-effective and bears highly promising
thermomechanical properties [46]. Further, it is a transition ce-
ramic material with a variety of meta-stable structural phases
each having a different degree of crystallinity and the
thermomechanical properties [47, 48]. Because of these facts,
the ALLO; nanopowder is largely used as an inorganic nanofiller
for the preparation of various PNC materials [31, 37, 44, 45,
49-54] and also the novel NSPEs [10, 22, 23, 55-59].

Our survey of the literature reveals that the PEO/PMMA
blend matrix incorporated with Al,O; nanoparticles has not
been studied for its dielectric and electrical properties so far.
To fill this knowledge gap, the aims of the present work are:
firstly, to prepare different concentrations Al,O5 nanoparticles
filled partially miscible PEO/PMMA blend matrix (50/
50 wt%)-based PNCs, and to characterize them by employing
various advanced techniques in order to confirm the impact of
Al,O5 mainly on the structural and dielectric properties of the
blend matrix; and secondly, to compare the experimental re-
sults of PEO/PMMA-x wt% Al,O5 films with the literature
values of several other PNC films having different polymer
matrices and the various inorganic nanofillers in order to con-
firm the impact of interfacial effect on the dielectric and elec-
trical properties of various PND materials; and finally, to ex-
plore in depth the useful properties of these hybrid nanocom-
posite polymeric materials in regard to their potential candi-
dature in preparation of NSPEs, and also as PNDs for flexible
electronics.

2 Experimental details

2.1 Materials and preparation of PNC films

For the preparation of PNC films, PEO powder of average
molecular weight 600 kg mol ™' (CAS 25322-68-3), PMMA

powder of average molecular weight 350 kg mol ' (CAS
9011-14-7), and Al,O5; powder of particles sizes less than
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50 nm (CAS 1344-28-1) were procured from Sigma-Aldrich,
USA. Acetonitrile and tetrahydrofuran used as solvents for the
PEO and PMMA, respectively, were received from Loba
Chemie, India.

The solution-cast method was used for the preparation
of PNC films consisted of PEO/PMMA blend matrix (50/
50 wt%) incorporated with x wt% Al,O3 (x=0, 1, 3, and
5 wt% amounts of Al,O; with respect to the weight of
PEO/PMMA blend). Initially, equal weight amounts of
PEO and PMMA were dissolved in acetonitrile and tetra-
hydrofuran, respectively, and the same were mixed to get
the polymer blend solution. The required amount of
Al,O3 nanopowder for x wt% concentration was first dis-
persed into acetonitrile under vigorous magnetic stirring
and then it was mixed slowly with the previously pre-
pared polymer blend solution. This Al,O; nanoparticle
dispersed polymeric solution was further stirred continu-
ously using magnetic stirrer until the homogeneous solu-
tion turns highly viscous. Subsequently, the viscous solu-
tion was cast on to Teflon petri dish and after evaporation
of solvent at room temperature, the free-standing PNC
film was obtained. The same steps were followed for the
preparation of PNC films of different Al,O;

concentrations. The thicknesses of PEO/PMMA-x wt%
Al,O3 films for x values 0, 1, 3, and 5 were 0.21, 0.20,
0.20, and 0.25 mm, respectively. Prior to characterization,
the solvent traces were removed by vacuum drying of the
PNC films at 40 °C for 24 h.

2.2 Characterization techniques

The Carl ZEISS EVO 18 SEM was used for the morpholog-
ical study of the PNC films. PANalytical X'pert Pro MPD
diffractometer of copper-K, radiation was employed for
recording the X-ray diffraction (XRD) patterns to examine
the crystalline phases of the films and their degree of crys-
tallinity, whereas an Agilent FTIR spectrometer (Cary 630)
was used for recording the FTIR spectra in the wavenumber
range from 400 to 4000 cm ' to confirm the polymer-
polymer and polymer-nanoparticle interactions in these
PNC materials. Agilent technologies precision LCR meter
(4284A) equipped with a solid dielectric test fixture
(16451B) was used for the dielectric and electrical charac-
terization of the PNC films over the frequency range from
20 Hz to 1 MHz.

Fig. 1 SEM images of (PEO/PMMA )-x wt% Al,O; films forax=0,bx=1,cx=3,andd x=5
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3 Results and discussion
3.1 SEM micrographs and morphological analysis

Figure 1 depicts the SEM micrographs of (PEO/PMMA)—x
wt% Al,Os5 films. It can be noted from Fig. 1a that the surface
of pristine PEO/PMMA blend film is rough, porous, and there
are homogeneously distributed microsize PEO spherulites.
The presence of PEO spherulites reveals that the 50/50 wt%
blend of PEO and PMMA is partially miscible. It is because of
the fact that for the highly compatible and miscible blend of
PEO/PMMA, almost all the PEO spherulites which represent
the PEO crystallinity must vanish owing to the stretching of
PEO chain, when PMMA forms the molecular interactions
with PEO quite uniformly over the entire structure of the
blend, as reported earlier for the PMMA-rich PEO/PMMA
blend [1, 3, 6]. Further, it is found that the addition of merely
1 wt% Al,O3 in the PEO/PMMA blend microstructures re-
sults in significantly different morphology of the PNC film
(Fig. 1b) as compared to that of the PEO/PMMA blend film
(Fig. 1a). It can be seen that the number of PEO spherulites per
unit area decreases by collapsing together resulting in a
spongy morphology with the formation of bigger size pores.
This finding confirms that the polymer-nanoparticle interac-
tions bridge the PEO and PMMA more strongly with their
chains stretching, owing to which the PEO spherulites de-
crease. The sizes of PEO spherulites, their density and distri-
bution, and the pore sizes change with the further increase of
Al,O3 amounting up to 5 wt% in the PEO/PMMA blend (Fig.
Ic, d). These SEM images also reveal that the Al,O5 nanopar-
ticles are quite homogeneously dispersed in the PEO/PMMA
blend matrix and the nanofiller aggregates are insignificant
with the loading of Al;O5 up to 5 wt%. The observed changes
in the microstructures of the blend polymer composite on
Al,O3 addition are increase of homogeneity, amorphous
phase, and porosity which confirms the hybrid polymer com-
posite as a potential candidate for the base matrix in the prep-
aration of novel NSPE materials as used earlier [10, 23].

3.2 XRD patterns and structural analysis

Figure 2a shows that the XRD pattern of Al,O3 nanopar-
ticles over the Bragg’s angle range 10-80° has several
low intensity diffraction peaks which are in good agree-
ment of the peak position and intensities of the y-phase
Al,O;5 diffractogram [37, 47, 48]. The XRD patterns of
(PEO/PMMA)—x wt% Al,O5 films are shown in Fig. 2b.
It was earlier explored that the semicrystalline PEO film
exhibits the highly intense and sharp characteristic dif-
fraction peaks at 19.22° and 23.41° which are associated
with (120) and concerted (112),(032) reflection planes of
the PEO crystallites, respectively [37]. Therefore, the dif-
fraction peaks observed at 19.54° and 23.66° in the XRD

pattern of pristine PEO/PMMA blend film (i.e., x=0)
represent the presence of PEO crystalline phase in the
blend. It can be noted from the figure that the addition
of 1 wt% Al,O5; nanoparticles in the PEO/PMMA blend
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Fig. 2 The XRD patterns of a Al,O3 nanopowder; b (PEO/PMMA)—x
wt% AlyOs films of x values 0, 1, 3, and 5 with highlighted areas of the
crystalline peaks and the hump; and ¢ percentage degree of crystallinity
versus Al,O; concentration plot for the PNC films
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reduces the diffraction peak intensities by about half
which confirms that the polymer-nanoparticle interactions
break some domains of PEO crystallites and therefore, the
crystalline phase of the composite decreases. From Fig.
2b, it is noted that on further increase of Al,O; nanopar-
ticle concentration up to 5 wt% in the PEO/PMMA blend
matrix, there is a little variation in the intensities of the
diffraction peaks which also infers minor alteration in the
behavior of polymer-nanoparticle interactions.

The percentage degree of crystallinity X, (%) of these PNC
materials and their constituents were determined using the
relation X, (%) = (Ap/(Ap + Ap)) x 100, where Ap is the sum
of'the areas of all the crystalline peaks and Ay is the area of the
hump under the XRD pattern [20]. The Ap and Ay values of
these materials were calculated from their XRD patterns by
using the OriginPro® version-8 software. In Fig. 2a and b, the
Ap and Ap portions are highlighted by shaded portions be-
tween the XRD patterns and the baselines for the Al,O5 pow-
der and also for the (PEO/PMMA)-x wt% Al,O5 films.
Figure 2c¢ depicts the variation of X, (%) with the Al,O5 con-
centration x (wt%) of the PNC films. It is found that the X,
value of 1 wt% Al,O5 containing PNC film is low by 16% as
compared to that of the PEO/PMMA blend film. On further
increase of Al,Oz concentration, the X values of these PNC
films slightly increase and is about 40% for both the 3 and
5 wt% Al,O5 dispersed PNC films, yet significantly lower

than that of the pristine blend film (X, = 51%). These results
confirm that the Al,O3 nanoparticles added PEO/PMMA
blend-based composite materials are more amorphous as com-
pared to the amorphous phase of the pristine blend which is
consistent with their SEM results.

3.3 FTIR spectra and polymer-nanofiller interaction

Figure 3 presents the FTIR spectra of (PEO/PMMA )—x wt%
Al,0O5 films over the wavenumber range from 400 to
4000 cm ', The wavenumbers of various absorption bands
of the PEO/PMMA blend film are marked in the figure which
are attributed to the characteristic vibrational modes corre-
sponding to the twisting, wagging, bending, scissoring,
stretching, and rocking of the various structural groups/parts
of the PEO and PMMA monomer units as defined in the
literature [6, 15, 19, 22, 60]. A close look on the FTIR spectra
of these materials reveals that the spectrum of each PNC film
fairly resembles with that of the pristine PEO/PMMA blend
film, but the intensities of several peaks vary significantly with
the increase of Al,O5; concentration without any observable
shift in any of the peak positions. The variations in the peak
intensities clearly imply the interaction of Al,O; nanoparticles
with the functional groups of PEO and PMMA chains in their
blend matrix. Further, the comparative results of FTIR, XRD,
and SEM of these materials confirm that the nanocomposites
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Fig. 3 FTIR spectra of (PEO/PMMA)—x wt% Al,O5 films for x values 0, 1, 3, and 5. Wavenumber values of various vibrational bands of the pristine

PEO/PMMA blend are marked in the figure
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are appropriately formed due to homogeneous dispersion
of Al,O; nanoparticles in the PEO/PMMA blend and
also their large-range interactions with the microstruc-
tures of the blended polymers.

3.4 Complex dielectric permittivity

Figure 4 depicts the real part €’ of complex permittivity and
the dielectric loss tangent tand (defined by "/’ where " is the
loss part of complex permittivity) spectra of (PEO/PMMA )—x
wt% Al,Oj3 films at 30 °C, and also with temperature variation
in the range 30-60 °C for the (PEO/PMMA)-3 wt% Al,0O;
film as a representative sample. Figure 4a shows that the &’
values of these materials at fixed temperature (30 °C) are
almost frequency independent in the radio frequency range
(RF-region) (i.e., from 20 kHz to 1 MHz), whereas the ¢’
increases significantly with the decrease of frequency from
20 kHz to 20 Hz in the audio frequency range (AF-region).
The enhancement of €’ values in the low frequency domain for
these PNC materials is due to interfacial polarization (IP)
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Fig. 4 The spectra of real part ¢’ of the complex dielectric permittivity
and the loss tangent tand of a (PEO/PMMA )—x wt% Al,O5 films for x
values 0, 1, 3, and 5 at 30 °C, and b (PEO/PMMA )-3 wt% Al,O3 film at

effect which is also known as Maxwell-Wagner-Sillars
(MWS) dielectric polarization process as noted in most of
the composite materials [31-33, 37-44, 49, 61-66].
Maxwell and later on Wagner and Sillars demonstrated the
dielectric polarization theory of composite materials in the
low-frequency region and according to this theory, under the
slowly varying electric field, the charge accumulation, electric
field redistribution, enhanced polarization, and boosted di-
electric response will occur at interfaces between the different
constituents that possess distinct permittivity in a blend or
hybrid composite material as also reported recently [49, 65,
66]. Further, in addition to these changes, there is also sup-
pression of leakage conductance and loss due to blocking of
charge transportation by the interfaces in such hybrid dielec-
tric materials under the influence of low-frequency electric
field [65].

It can be noted from Fig. 4a that for these PNC films, ata
fixed frequency, the values of ¢’ anomalously change with
the increase of Al,O5; concentration in the PEO/PMMA
blend matrix which reflects a huge variation in the dipolar
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temperatures 30, 40, 50, and 60 °C. The insets show the enlarged view of
' at high frequencies and the peaks of the tand plots
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ordering of the polymer structures in the films. The &’
values of these PNC materials at radio frequencies are
found in the range 1.25 to 1.75 which are significantly
low, but at audio frequencies, the ¢’ increases and displays
the values in the range 2 to 3 at 20 Hz. These ¢’ values
categorize the studied PNC materials as low-dielectric con-
stant nanodielectrics. The tand spectra of these materials
presented in the lower layer of the figure exhibit relaxation
peak below 10 kHz which is attributed to cooperative chain
segmental relaxation process of the PEO and PMMA mol-
ecules in their complex structures [6, 42]. The values of
segmental dynamic process relaxation time 7, were deter-
mined using the tand peak frequency f, values in the rela-
tion 7, = 1/w,, where w, = 27f,, and it is observed that these
75 values for the PNC materials unsystematically increase
with the enhancement of nanofiller concentration which is
discussed in detail in the later section.

In order to examine the temperature-dependent dielectric
behavior of these PNC materials, the (PEO/PMMA)-3 wt%
Al,O5 film was considered as an appropriate material due to
its relatively high dielectric permittivity value, and therefore it
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was studied with the temperature variation as a representative
sample. Figure 4b shows that the " of (PEO/PMMA)-3 wt%
Al,O5 film has a little increase with the increase of its temper-
ature from 30 to 60 °C, and the tand peak of this film has a
gradual shift towards higher frequency side with a small en-
hancement in its magnitude with the temperature increase.
These results confirm that both the dielectric behavior and
the structural dynamics of the PNC material are thermally
activated processes, i.e., these values enhance with the in-
crease of temperature which is owing to the enhancement of
free volume in the material.

In order to understand the effect of nanofiller concen-
tration x (Wt%) and the temperature 7' (°C) on the com-
plex permittivity behavior of these PNC materials, the €’
and &” values as a function of x (wt%) for the (PEO/
PMMA)—x wt% Al,O5 films and also as a function of T
(°C) for the (PEO/PMMA)-3 wt% Al,O; film at some
selective frequencies are depicted in Fig. 5. It can be not-
ed from Fig. 5a that the ¢’ values anomalously vary with
the increase of Al,Os; concentration in the PEO/PMMA
blend matrix at all the fixed frequencies which reveal that

b
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Fig.5 Dependence of ¢’ and £” values on a x (Wt%) concentration of Al,O3 nanofiller for (PEO/PMMA )—x wt% Al,O; films forx values 0, 1, 3, and 5, at
30 °C, and b temperatures 7' (°C) for (PEO/PMMA)-3 wt% Al,O3 film, at several fixed frequencies
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the polymer-nanoparticle interactions depend on the filler
concentration and alter the polymer dipolar ordering un-
systematically. Further, Fig. Sa shows that the £” values of
these PNC films vary anomalously with the increase of
nanofiller concentration at 50 Hz, 100 Hz, and 1 kHz,
whereas at 10 kHz and 100 kHz, they gradually decrease.
Further, at 1 MHz, the " values are almost independent
of nanofiller concentration and these values are relatively
very low. Figure 5b shows that at all the fixed frequen-
cies, the ¢’ and &” linearly increase with the increase of
temperature of the (PEO/PMMA)-3 wt% Al,O; film but
the rate of increase gradually enhances as the frequency of
applied electric field decreases. Further, at radio frequen-
cies, the relative increase in ¢’ and " values with the
increase of temperature is very small, and therefore this
3 wt% Al,O3 containing PNC material can be used as
temperature independent nanodielectric over the range
30-60 °C and also as low-dielectric permittivity material
at radio frequencies.
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Fig. 6 Frequency-dependent real part M’ and loss part M" of complex
electric modulus of a (PEO/PMMA )—x wt% Al,Os films for x values 0, 1,
3,and 5 at 30 °C, and b (PEO/PMMA)-3 wt% Al,O; film at temperatures

3.5 Electric modulus spectra

The electrical relaxation processes associated with the struc-
tural and charge dynamics in a hybrid composite material can
be analyzed in depth by deriving its electric modulus spectrum
from the complex permittivity spectrum [33, 38, 41, 67-70].
The obtained spectra of the real M’ and imaginary M" parts of
the complex electric modulus of (PEO/PMMA )—x wt% Al,O3
films at 30 °C, and also with the temperature variation in the
range 30-60 °C for the (PEO/PMMA)-3 wt% Al,O; film are
depicted in Fig. 6. The M’ values nonlinearly increase with the
increase of frequency in the AF-region, whereas over the RF-
region, the M’ values are almost frequency independent for
these materials which is expected from the shape of their com-
plex dielectric permittivity spectra because these functions are
mutually reciprocal as reported in the literature [33, 70]. The
M" spectra of the PNC films (Fig. 6a) exhibit more noticeable
relaxation peak in the intermediate frequency range as com-
pared to that observed in their tand spectra (Fig. 4a). Similar to
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the peaks in tand spectra, the M" peak positions on the fre-
quency scale also vary unevenly with the increase of Al,O;
concentration in the PEO/PMMA blend matrix, whereas a
gradual enhancement and shift towards higher frequency side
can be noticed from the inset of Fig. 6b as the temperature of
the PNC film increases. The values of modulus relaxation
time 7 for these PNC materials were determined by taking
the M" peaks frequency f,n) values from their M” spectra and
using the relation 7y = 1/271f,m).

The 7y values along with the 7, values (determined from
the tand spectra as stated in the previous Section 3.4) as a
function of x (wt%) concentration of Al,Oz for these PNC
materials are plotted in Fig. 7a. Further, the logarithmic 7
and 7y versus 1000/T plots for the 3 wt% Al,O3 containing
PNC film are depicted in Fig. 7b. It can be seen from Fig. 7a
that the 7; is always greater than the corresponding 7, at all
the concentrations of Al,O3 in the PNC films. This relative
characteristic behavior of these relaxation times (i.e., 75> Ty
has also been noted in several PNC materials [6, 37, 38, 42].
Furthermore, it can be noted from Fig. 7b that the temperature-
dependent relaxation times of the PNC film obey the
Arrhenius behavior. The activation energy values determined

LB B LR |
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Tt ()
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1000/T (K™

Fig. 7 a Al,O; concentration-dependent relaxation times 7 and 7y of
(PEO/PMMA )—x wt% Al,Os films for x values 0, 1, 3, and 5 at 30 °C, and
b the Arrhenius plots of the relaxation times 7, and 7y of (PEO/PMMA)—
3 wt% Al,O; film
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from the slopes of the Arrhenius plots are found low (£, =
0.17 eV and E,)=0.19 eV) confirming that the potential
barrier for the relaxing polymer chain segments and the
transporting charges is significantly low. Such low potential
barrier of these PNC materials also favors their suitability as
base matrices for the preparation of NSPEs with doping of
alkali metal salts as investigated earlier [10, 22].

3.6 Conductivity and impedance spectra

The spectra of alternating current (ac) electrical conductivity
(¢’ and ¢") and complex impedance (Z' and Z") of the (PEO/
PMMA)—x wt% Al,O5 films are reported in Fig. 8. These
spectra are significantly important in regard to the use of such
materials as nanodielectrics in the design and development of
electronic devices, namely capacitors, antennas, organic field
effect transistors, and also as coating material for electromag-
netic interference shielding because the performance of such
devices is strongly determined by the conductivities of these
dielectric materials [29, 31, 65]. Figure 8 explains that the
electrical conductivity and impedance values of these PNC
films slightly changes with the variation of Al,O3 nanofiller
concentration up to 5 wt%, whereas the effect of temperature
variation on these properties of a PNC film is found insignif-
icant over the range 30—60 °C. Further, the ¢’ values at 20 Hz
are of the order of 10 '? S/cm which confirms that these
nanodielectric materials can be used as prominent electrical
insulators at the low-frequency electric field and also as the
direct current (dc) electric field-activated microelectronic de-
vices. The high impedance values at low frequencies too fa-
vors their high electrical insulation behavior which signifi-
cantly improves for 5 wt% Al,O5; containing PEO/PMMA
blend-based PNC film.

3.7 Comparison of dielectric properties with other
PNC materials

The literature values of the real part " of complex dielectric
permittivity at 100 Hz, 1 kHz, and 1 MHz frequencies, dc
electrical conductivity 4. and relaxation time 7, of the polymer
chain segmental dynamics without and with inorganic oxide
nanofiller-based films, at room temperature, are listed in
Table 1 and these are compared with the data of the PNC
materials studied in this work. The dielectric parameters includ-
ed in Table 1 are of the host matrices of PEO and its 50/50 wt%
blend with PMMA, poly(vinyl pyrrolidone) (PVP), and poly(-
vinyl alcohol) (PVA) dispersed with 5 wt% oxide nanofillers,
namely alumina (Al,O5), silica (Si0,), zinc oxide (ZnO), and
tin oxide (SnO,). The " and o4 values of PVA and PVA/PVP
blend-based PNCs and also polyimide (PI) and 5 wt% Al,O3
containing PI-based nanodielectric have also been given in
Table 1 although these materials do not exhibit relaxation pro-
cess in the frequency range 20 Hz to 1 MHz, at room
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Fig. 8 Frequency-dependent real part o’ and loss part o” of the complex
ac electrical conductivity, and the real part Z' and reactive part Z” of the
complex impedance of a (PEO/PMMA)-x wt% Al,Os films for x values

temperature. The €’ values of the nanofillers Al;O5, SiO,, ZnO,
and SnO, are 9.7, 3.8, 10.26, and 34.5, respectively, at | MHz
and 27 °C [22, 53]. Further, the particle sizes of these Al,Os,
Si0,, ZnO, and SnO, nanofillers used for the preparation of
PNC films are less than 50, 15, 100, and 100 nm, respectively,
as given in the literature [22]. The films of polymers, polymer
blends, and their PNCs given in Table 1 were prepared by the
solution casting using appropriate solvents, except the PEO—
5 wt% SiO, and PI-5 wt% Al,O3 films which were prepared
by melt-mixing and via the in situ polymerization, respectively,
as reported in the literature (references given in Table 1).
Further, the PEO/PMMA-5 wt% SiO, film was prepared by
solution-cast followed by melt pressing in order to get its
smooth surfaces. Therefore, the effect of film preparation
methods has also been considered during the analysis of com-
parative variation in dielectric parameters of these materials
along with the effects of polymer structures, various polymer
blends, and oxide nanofillers. In Table 1, the dielectric param-
eters of these PNC materials for 5 wt% concentration of the
nanofillers are reported for the comparison, although the
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0, 1, 3, and 5 at 30 °C, and b (PEO/PMMA)-3 wt% Al,O5 film at
temperatures 30, 40, 50, and 60 °C. The inset shows the power law fit
of the ¢’ data at low frequencies

dielectric and electrical data for the different concentrations of
these nanofillers over the wide frequency range are available in
the respective references mentioned in the table.

From Table 1, it can be noted that the £’ values of solution-
cast PEO-based PNC films [37, 38], at fixed frequencies, are
lower than that of the pristine PEO film [38] except at 1 MHz for
the PEO-5 wt% SiO, film which was prepared by melt-pressing
method [40]. The lowering of &' values of these PNC films
clearly reflects that all these nanofillers destruct the dipolar or-
dering of PEO structures which also vary with the type of oxide
nanofiller used in these films. Results clearly reveal that the
nanoparticle sizes and their dielectric constant significantly in-
fluence the ¢’ values of these nanofillers incorporated PEO-
based PNC films. It is also noted that the presence of inorganic
nanofillers reduces the electrical conductivity of these PNC
films and also hinders the PEO chain segmental dynamics as
revealed from the relatively many times increased 7; values.

The film of PEO blended with PMMA, in equal weight
amounts, exhibits a huge lowering of the ¢" and o4, values,
whereas its 7, value enhances largely as compared to that of
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Table 1 Values of the real part &’
of complex dielectric permittivity
(at 100 Hz, 1 kHz, and 1 MHz),
dc electrical conductivity oy, and
chain segmental dynamics
relaxation time 7, of the polymers,
polymers blends (50/50 wt%),
and polymer nanocomposite
(PNC) films at room temperature
(~27-30°C)

Polymer/PNC films e 04 (x10712 S/em) 7, (us)  References
100Hz 1kHz 1 MHz
PEO 9.93 7.30 2.61 38.8 8.7 [38]
PEO-5 wt% Al,O3 427 3.17 1.95 10.5 94.0 [37]
PEO-5 wt% ZnO 4.80 421 22 9.0 20.0 [38]
PEO-5 wt% SiO, 9.80 6.59 3.12 0.8 78.8 [40]
PEO/PMMA 2.58 2.23 1.64 2.0 54.5 Present work
PEO/PMMA-5 wt% Al,O5 1.91 1.63 1.33 6.0 196.4 Present work
PEO/PMMA-5 wt% SiO, 6.39 3.88 2.59 3.6 780.6 [6]
PEO/PMMA-5 wt% SnO, 12.76 8.72 2.33 39.6 9.30 [42]
PEO/PVP 2.60 2.19 1.91 1.3 1212.0  [71]
PEO/PVP-5 wt% ZnO 3.84 3.03 243 35 573.0 [71]
PEO/PVP-5 wt% SiO, 2.86 231 1.98 1.3 375.6 [32]
PEO/PVA 5.11 4.52 2.80 133 11.0 [45]
PEO/PVA-5 wt% Al,O; 6.37 5.16 2.90 419 45 [45]
PEO/PVA-5 wt% ZnO 5.80 4.55 2.75 159 4.0 [41]
PEO/PVA-5 wt% SiO, 5.20 4.6 2.8 7.6 9.7 [72]
PVA/PVP 3.94 3.47 2.83 2.7 - [44]
PVA/PVP-5 wt% Al,O3 3.50 333 2.85 0.29 - [44]
PVA/PVP-5 wt% ZnO 5.92 4.56 348 6.8 - [33]
PVA/PVP-5 wt% SiO, 397 3.54 2.87 23 - [39]
PVA 4.64 433 341 0.26 - [54]
PVA-5 wt% AlL,O3 6.28 5.63 4.25 0.32 — [54]
PVA-5 wt% ZnO 6.60 5.64 3.82 10.1 - [73]
PVA-5 wt% SiO, 342 323 2.74 1.1 - [74]
PI 335 333 3.28 0.08 - [49]
PI-5 wt% Al,O4 3.62 3.58 3.51 0.15 - [49]

the pristine PEO film. These parameters confirm that there is
less dipolar ordering and relatively slow charge conduction
process in this blend, and also more hindrance to the cooper-
ative chain segmental dynamics of the polymers which is ex-
pected owing to bulky repeat unit of PMMA as compared to
that of the PEO. From Table 1, it can be seen that the addition
of Al,O5 in the PEO/PMMA blend reduces the ¢’ values while
the SiO,- and SnO,-added PNC films have a large enhance-
ment in their ' values [6, 42]. The 4. of all these PNC films
are high as compared to that of the pristine PEO/PMMA blend
which confirms that the charge conduction process enhances
in the presence of these oxide nanofillers. Further, the 7
values of these PNC materials reveal that the cooperative
chain segmental dynamics of the PEO/PMMA is greatly hin-
dered by the Al,O; and SiO, nanoparticles, but it is signifi-
cantly promoted by the SnO, nanoparticles which may be due
to its high dielectric constant.

From Table 1, one can see that the blending of PEO with
PVP also lowers the ' values of PEO which is in agreement to
that of the PEO/PMMA blend. The o4, value of PEO/PVP blend
is very low and the 7; value is extremely high as compared to that
of the pristine PEO film which is because of the bulky size of the
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repeat unit of PVP. When ZnO and SiO, nanoparticles were
added in the PEO/PVP blend matrix, then the PNC films of these
materials exhibit a slight increase in €’ values, a small change in
04c» and a large decrease in 7, values [32, 71]. The decrease of 7
reveals that the presence of ZnO and SiO, accelerates the coop-
erative chain segmental dynamics in the PEO/PVP blend. In
comparison to the PEO/PMMA and PEO/PVP blends, the €’
values of PEO/PVA blend and its nanofiller dispersed PNC films
are slightly high at all the frequencies [41, 45, 72]. Further, the
o4c values for Al,O; and ZnO nanoparticle-loaded PEO/PVA
blend-based PNC films were enhanced, whereas it reduced for
the SiO, nanoparticle-added PNC film as compared to that of the
pristine PEO/PVA blend film. Interestingly, the 7, value of PEO/
PVA blend is much lower than that of the PEO/PMMA and
PEO/PVP blend films, and also the addition of Al,O3, ZnO,
and SiO, nanoparticles accelerates the cooperative chain seg-
mental dynamics of the PEO/PVA structures. The relative chang-
es in the dielectric parameters of these blends and their PNC films
in which PEO is one of the common constituents are expected
because the pendant group of PVA chain monomer unit is much
smaller as compared to that of the PMMA and PVP chain repeat
units.
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In case of PVA/PVP blend and its PNC films, it can be
noted from Table 1 that there is also a variation in the €’ and
o4 values with the type of oxide nanofiller loaded in this
blend matrix [33, 39, 44]. Further, the ¢’ and og4. values of
pristine PVA film and the Al,O3, ZnO, and SiO, nanoparticles
loaded its PNC films [54, 73, 74] also reveal that these dielec-
tric parameters depend greatly on the inorganic nanofiller used
in the preparation of these nanodielectric materials. The &’
values of pristine PI film are almost frequency independent,
whereas the addition of 5 wt% Al,Os slightly enhances its &’
and oy values [49]. The films of PVA, PVA/PVP blend, and
PI and also their PNCs do not exhibit the relaxation process
over the frequency range 20 Hz to 1 MHz corresponding to
the polymer chain segmental dynamics [33, 39, 44, 49, 54, 73,
74]. The dielectric and electrical parameters of the various
PNC films listed in Table 1 and also in-depth exploration of
their dependence on the polymers structures and the type of
nanofillers are interesting in regard to choose a technological-
ly required material, that could be used as flexible polymeric
nanodielectric in the hybrid material-based electrical and elec-
tronic devices, including some biodegradable advanced mul-
tifunctional devices for next-generation flexible electronics
[31, 33, 36, 75-79].

4 Conclusions

The morphological, structural, dielectric, and electrical behav-
ior of (PEO/PMMA)—x wt% Al,O3 films having x=0, 1, 3,
and 5 were reported. It is found that the dispersion of Al,O;
nanoparticles in the PEO/PMMA blend significantly modifies
the size and shape of PEO spherulites in the PNC films which
is due to the formation of polymer-nanoparticle interactions
and simultaneous alteration of the PEO/PMMA blend
polymer-polymer interactions. These materials are semicrys-
talline and their crystalline phase is because of the PEO spher-
ulites, and the incorporation of Al,O; reduces the degree of
crystallinity. The dielectric permittivity of the PNC films is
almost frequency independent over the radio frequency re-
gion, but it increases with the decrease of frequency in the
audio frequency region which is due to the dominant contri-
bution of interfacial polarization. Further, the dielectric per-
mittivity of the PNC films anomalously varies with the in-
crease of nanofiller concentration, whereas it has a linear in-
crease with the increase of film temperature. In these mate-
rials, the cooperative chain segmental dynamics of the poly-
mers decreases with the increase of nanofiller concentration as
evident from the increase of dielectric relaxation time of this
process. The relaxation time activation energy of the 3 wt%
Al,O5 containing PNC film is found £, ~ 0.18 eV confirming
a significantly low potential barrier for the chain segmental
dynamics. The RF-region real part of dielectric permittivity is
less than 2 which categorizes these PNC films as low-

dielectric constant flexible nanodielectrics, whereas the AF-
region dielectric permittivity of these materials is frequency
tunable in the range of 1.5 to 3 and also depends on the
nanofiller concentration. The low activation energy and re-
duced crystallinity also suggest the suitability of these PNC
matrices as a potential candidate for the preparation of nano-
composite solid polymer electrolytes. The dielectric and elec-
trical parameters of these polymeric nanodielectrics were also
compared with that of the other PNC films based on different
polar polymers and their blend films dispersed with Al,O3,
Si0,, ZnO, and SnO, nanoparticles, and the effect of various
nanofillers on the dielectric permittivity, electrical conductiv-
ity, and the polymer chain segmental dynamics were
recognized.
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