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The free volume effects on the dielectric properties of the polymer are ambiguous, and the quantitative

effect of free volume on the dielectric properties has rarely been systematically studied, especially in the

high-elastic state dipolar (HESD) polymer. In this work, the free volume of dipolar poly(vinylidene
fluoride) (PVDF) is regulated by the addition of Al,Os, which greatly increase the size of free volume
holes. Then the effect of free volume on the dielectric properties of PVDF/ALOs; composites is

discussed. The greatly enlarged size of free volume holes is believed to potentially generate disparate

effects on dielectric constant under different frequencies in such kinds of HESD polymer-based

composites, bringing about more remarkable frequency dependence of the dielectric constant. The
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influence of atomic-scale microstructure based on free volume further clarifies the free volume effects

on the dielectric properties and provides valuable insights for the research of dielectric behaviour of
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rsc.li/rsc-advances

1. Introduction

The polymer dielectrics display vast potential applications in
power systems and hybrid vehicles.'™* Dipolar polymers such as
PVDF and PVDF-based copolymers serve as promising polymer
dielectrics for high energy density capacitors.®> However, poly-
mer dielectrics suffer from intrinsically limited dielectric
properties to meet the need of practical applications. Conse-
quently, polymer-based nanocomposites are widely developed
to obtain dielectrics with more superior dielectric properties.
Typically, kinds of fillers®®* were employed for polymer-based
dielectrics. Subsequently, the structural design of sandwich-
structured composites®'® was ingeniously adopted to achieve
concomitantly enhanced dielectric constant and breakdown
strength. The inorganic layer was also introduced to act as an
insulating layer for improving dielectric properties and energy
storage performances.'** Despite conspicuous progress having
been achieved, it is still challenging to use these dielectrics in
practical applications due to some limitations.

Beyond that, the microstructure effect on dielectric properties
in dielectrics has attracted more attention recently. Zhang
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polymer composites, which is constructive to design novel dielectric materials and further optimize the
dielectric properties of dipolar dielectric polymer composites.

et al.'** found that the increased free volume could contribute to
the enhancement of dielectric constant in dipolar glass polymers,
which contain strongly polar groups. They adjusted the free
volume of polymer via ultralow filler loading or blending with
other polymers, and observed the enhanced dielectric constant
due to the increased free volume, which illustrates that the effect
of free volume is non-negligible. However, this discussion of free
volume contribution to the dielectric constant was based on
qualitative information of free volume and on account of glassy
dipolar polymers. Conversely, some other previous works'>’
present that the dielectric constant of polymers are reduced by
enlarging the free volume. Hence, the free volume effect on the
dielectric constant of polymer is still ambiguous and rarely dis-
cussed in HESD polymer, e.g. dipolar PVDF. As known, the high
dielectric constant of dipolar polymers essentially originates
from the orientation polarization of intrinsic dipoles, which
relies on the motion state of molecular chains and the motion
space endowed by free volume holes.* Particularly, the glass
transition temperature of PVDF is between —40 °C and —30 °C
(ref. 5) and in high-elastic state at ambient temperature, repre-
senting the intense molecular motion and resultant large free
volume. Therefore, it can be inferred that the dielectric constant
of PVDF may be more sensitive to the free volume variation. For
the design of next generation dielectrics and optimization of
dielectric performances, it is of vital necessity to quantitatively
discuss how the free volume affects the dielectric constant in
such kind of HESD polymer like PVDF.

The free volume theory of polymers developed by Fox and
Flory et al.>>* is based on the idea that the motion of molecules
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in the bulk state is dependent on the existence of holes. Posi-
tron annihilation lifetime spectroscopy (PALS) is well recog-
nized as a unique method to determine and reflect the free
volume of polymers. In previous works,”>* PALS has been
widely utilized to determine the free volume information of
polymer and polymer composites. The introduction of nano-
filler into polymers is an efficient approach to regulate the free
volume of polymer materials.>**° In this work, Al,O; is adopted
as the filler to fabricate PVDF/Al,O;, because the dielectric
constant of Al,O; is approximate to that of pristine PVDF,
minimizing the impact of interfacial polarization. Moreover,
the hydroxyl groups existing on surfaces of Al,O; particles tend
to form hydrogen bonds with PVDF, which tend to induce the
free volume variation. In this way, the fluctuation of dielectric
constant of PVDF-based composite films induced by free
volume variation is believed to be more sensitive and detect-
able. Different from previous works,'**° it is found that the size
variation of free volume holes tends to generate dissimilar
effects on the dielectric constants at low and high frequencies in
high-elastic state dipolar PVDF.

2. Experimental

2.1. Preparation of PVDF/ALO; films

PVDF/Al,O; composite films were prepared through tape
casting method from N,N-dimethyl formamide (DMF, >99.5%,
GC, Aladdin, China) solution of PVDF and Al,0;. Commercial
PVDF powder was purchased from Arkema Industrial Incorpo-
ration (Kynar 761A, M,, = 50-60w, French). Al,O; of a-phase was
purchased from Aladdin Industrial Incorporation (99.99%
metals basis, Shanghai, China). Firstly, the desired amount of
Al,O; powder was dispersed in 20 mL of DMF under ultrasonic
agitation for 2 h using Ultrasonic Cleaners JP-020 (40 kHz,
Shenzhen, China). The sonication frequency and power are 40
kHz and 100 W, respectively. Then 1 g of PVDF powder was
added into Al,O; solution and magnetic stirred for 12 h to
obtain a homogeneous hybrid solution. During this process, the
receptacle for solution was sealed to avoid water absorption.
Then the hybrid solution was cast on a clean glass plate and
dried in a vacuum oven at 40 °C for 24 h. Finally, the films were
peeled off from glass plates for further use. Al,O; volume
contents in PVDF/AL,O; films are 0 vol%, 10 vol%, 20 vol%,
30 vol% and 40 vol%, respectively. For simplicity, the PVDF

PVDF powder

“Bp
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composite film with 10 vol% Al,O; is denoted as PVDF/10A0
and the similar abbreviation for other samples. The prepara-
tion processes of pristine PVDF and PVDF/AO films are dis-
played in Scheme 1.

2.2. Characterization

XRD patterns were acquired on Bruker D8-ADVANCE (Bruker,
Germany) equipped with Cu Ko radiation (A = 1.54 A) and the
voltage and current of the instrument are 40 kV and 40 maA,
respectively. All film samples were sheared into a relatively
regular shape for measurement. The data was recorded over the
range of 5° to 90°, 0.5 s per step and the step of 0.02°. FTIR
analysis was performed on Fourier Transform Infrared Spec-
trometer, Thermo Fisher Nicolet iS50 (USA) and the trans-
mission information was collected. The film samples were
brittle broken with liquid nitrogen and the cross sections of film
samples were examined with scanning electron microscope
(SEM), Hitachi SU8010, Japan. TEM image of AO powder is
obtained on transmission electron microscopy, JEM-3010,
Japan.

PALS measurement was performed to determine the free
volume information of polymer nanocomposites. The
measurements for the samples at ambient temperature and
elevated temperatures respectively performed on
a conventional fast-fast and fast-slow coincidence lifetime
spectrometer, and the lifetime spectrometer for high tempera-
ture measurement is equipped with Lakeshore DT670 sensor
and 335 temperature controller. The corresponding time reso-
lution of the lifetime spectrometer is 250 ps and 210 ps in full
width at half maximum (FWHM), respectively. A 10 puCi>’Na
source was used and pinched by two identical samples during
the measuring process. For each sample of PVDF/AO composite
films, two lifetime spectrums are collected with a total count of
10° for each spectrum. For the positron lifetime measurements
of PVDF film at elevated temperatures, two lifetime spectrums
are collected with a total count of 2 x 10° for each spectrum.
Analysis of positron lifetime spectrums is performed with the
finite-term lifetime analysis PATFIT*' and LT9.0 programs.

Three components (z4, 7, and 73) are obtained from each
spectrum for discrete analysis. The long-lived 73 is on account of
the o-Ps pick-off annihilation, which occurs in free volume
holes.** Assuming that the free volume holes are spherical, the

were
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Scheme 1 Preparation processes of pristine PVDF and PVDF/AO films.
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average radius (R) and volume (V) of single free volume hole can
be obtained from eqn (1) and (2), respectively:*

_ 1 R 1. (2mR . W
B2 T RrAR 2™\ Rt AR
4
V= 5wR3 (2)

where R is the average radius of single free volume hole and AR
with a known value of 0.1656 nm.***

Dielectric spectrums were acquired in the frequency range
from 10° to 107 Hz with the instrument of Align Impedance
Analyzer E4990A, USA. The clamp fixture used for the samples
was High Temperature Dielectric Measurement System HDMS-
1000, Partulab, China. Gold was sputtered on both sides of
samples prior to the measurement. The polarization-electric
field (P-E) loops were collected under 10 Hz on Radial precision
LC ferroelectric tester, Radiant, USA.

3. Results and discussion

The XRD patterns of AO powder, pristine PVDF film and PVDF/AO
composite films are shown in Fig. 1(a). The characteristic peaks of
a-phase of PVDF appear at 18.4° and 39° corresponding to the
crystal plane (020) and (002), and the characteristic peak at 20.1°
is probably attributed to the overlap of characteristic peaks of a-
phase and B-phase, which appear at 19.9° at 20.3° respec-
tively.*****° The FTIR spectrums of AO powder, pristine PVDF and
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PVDF/AO composite films are shown in Fig. 1(b). As the intensity
of absorption peaks is extremely weak compared with PVDF, the
FTIR spectrum of AO is exhibited in Fig. 1(c), confirming the
existence of hydroxyl groups on the surface of AO particles. As
shown in Fig. 1(b), the characteristic peaks of different crystal
forms of PVDF appear in the spectrums. The absorption peaks at
1400, 877 and 480 cm ' correspond to the o crystal form of
PVDF*** and the absorption peak at 1166 cm™ ' is assigned to the
B-phase.® The absorption peaks at 1232, 835, 512 and 431 cm ™"
are assigned to the y-phase. Besides, the absorption peak at
1071 ecm ™' is ascribed to the wagging of ~CH, groups.*® As the
intensity of absorption peaks of AO is weak, the absorption peaks
of AO are not obviously observed in the spectrums of PVDF-based
composite films. The morphology of PVDF/AO composites are
displayed in Fig. S1.t As seen in Fig. S1(a),7 the original AO
powder is endowed with spherical-like morphology and the
diameter of 20-30 nm. The cross section of pristine PVDF film
displays relatively smooth and dense morphology, which is
shown in Fig. S1(b).t In Fig. S1(c)-(f),T the AO nanoparticles are
well dispersed in the continuously self-connected PVDF matrix,
and the cross-sections of PVDF/AO composite films displays
rough morphologies due to the addition of AO filler.

The o-Ps lifetime 7; and average free volume hole radius of
PVDF/AO composites are displayed in Fig. 2. As shown, the 0-Ps
lifetime 75 of pristine PVDF is 2.44 ns, which is in the general
range of polymers. After AO filler is introduced into PVDF, the o-
Ps lifetime 7; and the corresponding free volume hole radius of
PVDF are obviously enlarged, which is in accordance with the
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Fig.1 (a) XRD patterns of PVDF/AO composite films. (b) FTIR spectrums of PVDF/AQ composites in the range of 4000-400 cm™2. (c) The FTIR
spectrum of AO particles, confirming the existence of hydroxyl groups on the surface of AO particles. (d) The wavenumber shift of CF, group,
confirming the weakened hydrogen bonding in PVDF/AO composites compared to pristine PVDF.
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radius for PVDF/AO composites. (b) Temperature dependence of o-Ps

lifetime 73 and free volume radius for pristine PVDF. The lines are drawn to guide eyes.

previous work.** The increase of o-Ps lifetime 75 and free volume
radius is presumably ascribed to the following statements. The
addition of AO filler disrupts the stacking pattern of partial
molecular segments of the matrix, and the filler was embedded
in tightly packed molecular segments. In addition, the hydroxyl
groups existing on AO filler surfaces,* evidenced in Fig. 1(c), tend
to form hydrogen bonding with fluorine atoms of PVDF at the
interfaces between AO particles and PVDF matrix. This is evi-
denced by the position shift of absorption peaks at 1166 cm™*
(-CF,) observed in FTIR spectrums, as presented in Fig. 1(d),
which implies the weakening of hydrogen bonding in adjacent
PVDF molecular chains between hydrogen and fluorine atoms
(see Fig. S21 for schematics of hydrogen bonding in PVDF),

indicating that the addition of AO filler disrupts the hydrogen
bonding of PVDF polymer and reduces the constraint on PVDF
dipoles.”” The softening of hydrogen bonding in PVDF is
advantageous for the motion of molecular chains, thus
increasing the o-Ps lifetime 7; and free volume radius.**™*
Fig. 2(b) presents the temperature dependence of o-Ps lifetime 13
and free volume radius in pristine PVDF, which will be discussed
in the follows.

Fig. 3(a) displays the dielectric spectrums of pristine PVDF
and PVDF/AO composite films. It is interesting that the PVDF/
AO composites with the increment of AO content exhibits
greatly different dielectric constants at low and high frequency.
At low frequency, taking 1 kHz for instance, with the increment
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(a) Dielectric spectrums of PVDF/AO composites with different AO contents. (b) Comparison of experimental and theoretical dielectric

constant of PVDF/AO composite films at 1 kHz. (c) The dielectric constant of pristine PVDF as a function of temperature. (d) The free volume
radius dependence of dielectric constant in pristine PVDF. The lines are drawn to guide the eyes.
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of AO loading, the dielectric constant of PVDF/AO composite
film is enlarged as well. However, at high frequency, taking 10
MH?z as example, the dielectric constant of PVDF/AO composite
films decreases as AO loading increases, exhibiting a converse
trend versus AO loading. This phenomenon is also observed in
previous works.***” To explore this intriguing phenomenon, the
theoretical dielectric constant of PVDF/AO composite films with
different filler contents was firstly predicted from the applica-
tive theoretical model. Here, as the interaction of adjacent AO
nanoparticles are non-negligible when the addition content is
high, the Jayasundere-Smith equation>***° is utilized cause this
equation has taken the interaction of nearby fillers into
account, which is written as follows:

D)

& + 2em

3vr(er — 8m)}

&+ 2em

Vmém + Vpe 3ém
m&m ff3f+2€m

Vm +V 3em 1+
m f€f+2€m

where ¢, ¢f and ¢. represent the dielectric constant of polymer
matrix, filler and polymer composite, respectively, and v¢
represents the volume content of the filler.

The dielectric constant of AO was obtained from the reported
values in the literature® and experimental measurement. The
experimental and theoretical dielectric constant of PVDF/AO
composites at 1 kHz were then compared in Fig. 3(b). Typically,
the dielectric constant of polymer composites will be increased
due to the interfacial polarization occurring at the interfaces
between the polymer matrix and inorganic fillers. As shown in
Fig. 3(b), the experimental dielectric constant is higher than the
theoretical value, and the deviation is more obvious as the filler
content increases. Especially, the dielectric constant of PVDF/
40A0 composite film even exceeds those of pristine PVDF and
AlLO; filler at 10° Hz, implying that the enhancement of dielectric
constant was not just ascribed to interfacial polarization. As
mentioned in previous works,'*** the increased free volume could
contribute to the enhancement of dielectric constant. Thus, the
larger dielectric constant than the theoretical value probably
originates from the increased radius of free volume holes dis-
played in Fig. 2(a). This is considered as the positive effect of free
volume holes on dielectric constant at low frequency. To confirm
this, the size of free volume holes for pristine PVDF is adjusted at
elevated temperatures, which is shown in Fig. 2(b). The corre-
sponding dielectric constant at elevated temperatures is also
measured and displayed in Fig. 3(c). As shown in Fig. 2(b), the
free volume radius is greatly increased with the elevation of
temperature, which is in accordance with the typical temperature
dependence of 0-Ps lifetime in kinds of polymers,** originating
from the strengthened molecular motion motivated by the high
temperature. Correspondingly, as exhibited in Fig. 3(c), the
dielectric constant of PVDF is also increased with the elevation of
temperature. The dielectric constant and free volume radius in
pristine PVDF at elevated temperatures are correlated in Fig. 3(d),
implying the strong dependence of dielectric constant versus the
free volume radius, which stems from the more sufficient orien-
tation polarization of intrinsic dipoles due to the enlarged size of
free volume holes.> This verifies the positive effect of free volume

(3)

& =
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Scheme 2 (a) Orientation polarization of intrinsic dipoles in pristine
PVDF. The external electric field are vertically oriented. The dipoles are
randomly oriented and orientation polarization is insufficient. (b)
Increased orientation polarization of intrinsic dipoles in PVDF/AO
composites due to the increased free volume hole size. The dipoles
are more parallel to the orientation of external electric field due to the
larger space endowed by the size increase of free volume holes in
PVDF/AO composites, leading to more sufficient orientation
polarization.

holes and confirms the plausible interpretation of larger dielec-
tric constant than the theoretical value. The positive effect of free
volume holes is diagramed in Scheme 2. As shown, the dipoles
are randomly oriented, the orientation of which is constricted by
small free volume holes, hence the orientation polarization is
insufficient. In PVDF/AO composite with larger free volume holes,
intrinsic dipoles are more parallel to the orientation of external
electric field due to the larger space endowed by the size incre-
ment of free volume holes, leading to more sufficient orientation
polarization and finally higher dielectric constant than the
theoretical value.

For further confirming the dielectric constant enhancement
at 10° Hz, the P-E loops of PVDF/AO composites are collected at
100 MV m™ ' and displayed in Fig. 4(a). It is shown that the
polarization strength of PVDF/AO composites is greatly
enhanced as the AO content increases, which confirms the
improved dielectric constant. The dielectric constant at 1 kHz
and maximal polarization strength P,,,,x of PVDF/AO composites
versus the filler loading are displayed in Fig. 4(b), which indi-
cates the enhanced maximum polarization strength originates
from the improved dielectric constant.

Typically, the dielectric constant of polymer nanocomposites
will obviously decline due to the suppressed interfacial polari-
zation with the increment of frequency. However, as presented
in Fig. 3(a), with frequency increasing, the dielectric constant of
PVDF/AO composites with high AO loading is even far smaller
than that of PVDF/AO with low AO content, which is not merely
ascribed to the suppressed interfacial polarization, and the
orientation polarization should be equally considered. As PVDF
is a kind of HESD polymer at room temperature, the high
dielectric constant mainly stems from the orientation polari-
zation and its free volume is relatively larger than that of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Polarization—electric field loops of pristine PVDF and PVDF/AO composites. (b) Maximal polarization strength and dielectric constant in

PVDF/AO composites, displaying unified increase versus AO content. The line in (b) is drawn to guide eyes.

glass-state polymer. Moreover, the orientation polarization will
also be greatly restricted under increased frequency.> In this
situation, the positive effect of free volume tends to be greatly
constrained. The increase of free volume could decrease the
number of dipoles per unit volume, which could be clarified by
the following Debye equation:**

e—1 4m w?
TN a L. 4
e+2 3 <“ +ad+3kBT> 4)

where ¢ is the dielectric constant of the materials, N is the
number of dipoles per unit volume, «. is the polarization of
electrons, a4 is the distortion polarization, kg is the Boltzmann
constant, T is the temperature and u is the dipole moment
related to orientation polarization.

According to eqn (4), with the increased free volume hole size
in PVDF/AO composites, the dipole density of PVDF will be
reduced, which means the decrease of N value,” and the
decrease of N will consequently contribute to the decline of
dielectric constant. In other words, at high frequency, with the
greatly weakened orientation polarization of intrinsic dipoles,
the dipolar PVDF can be regarded as a kind of non-polar or weak
polar polymer, thus the dielectric constant will certainly
decrease due to the reduced dipole density brought by the size
increment of free volume holes. This explains the rapid
decreasing dielectric constant with the increased size of free

volume holes under high frequency, and this is the negative
effect of free volume holes at high frequency.

To confirm the negative effect of free volume holes, the
theoretical dielectric constant at 10 MHz is estimated and
compared with the corresponding experimental dielectric
constant, shown in Fig. 5(a). It can be observed, different from
the comparison at 1 kHz, the experimental dielectric constant of
PVDF/AO composites at 10 MHz is much smaller than the
theoretical value, which is obviously not only ascribed to the
weakening of interfacial polarization but also the negative effect
of free volume holes on dielectric constant.

Especially, an intersection region of the dielectric spectrums
for PVDF nanocomposite films is observed between 10° and
10* Hz in Fig. 3(a). This intersection region is considered the
balanced range of positive and negative effects of free volume
holes on the dielectric constant. At frequency lower than this,
the positive effect is dominant but the negative effect is prom-
inent at frequency higher than this region. Considering the
discussions and conclusions in previous works,"*?° it is
concluded that the free volume effects (positive or negative)
depend on the type of polymer (polar or non-polar), intrinsic
free volume level and the frequency.

The frequency dependence of dielectric constant of PVDF/AO
composite films is also discussed. The decrease A¢ and reduc-
tion rate R,, of dielectric constant, defined as Ae¢ = ¢1x — €10m

(a) Experimental value
Theoretical value

@10 MHz

(b)
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(a) Comparison of experimental dielectric constant and theoretical dielectric constant of PVYDF/AO composite films at 10 MHz. (b)

Correlation of decrease of dielectric constant and free volume radius. (c) Correlation of decrease rate of dielectric constant and free volume

radius in PYDF/AO composites. The lines are drawn to guide eyes.
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and Ra, = (e1x — ¢€10m)/€1x, are obtained and exhibited in
Fig. 5(b) and (c). It is shown that the decrease and reduction
ratio of dielectric constant all exhibit remarkable dependence
on the radius of free volume holes. The frequency dependence
is more intense with the size increment of free volume holes. As
discussed above, in addition to interfacial polarization, the free
volume effects caused by the radius variation of free volume
holes also account for the stronger frequency dependence of
dielectric constant in PVDF/AO composites.

4. Conclusion

In summary, the free volume of dipolar PVDF is regulated by the
addition of Al,0; and the free volume effects on dielectric
constant of PVDF/Al,O; composites are discussed, which are
believed to tightly depend on the polymer type (polar or non-
polar), intrinsic free volume level and the frequency. The free
volume holes tend to generate dual effects on the dielectric
constant of PVDF nanocomposites. The larger experimental
dielectric constant of PVDF than the theoretical value at low
frequency is attributed to the positive effect of free volume
holes, namely the strengthened orientation polarization of
intrinsic dipoles. On the other hand, the much lower experi-
mental dielectric constant than the theoretical value at high
frequency is believed to originate from the negative effect of free
volume holes, namely the decrease of dipole density and
restriction on orientation polarization due to frequency
increasing. Consequently, in such kind of HESD polymer, the
dual effects of free volume holes on dielectric constant of PVDF/
Al,O; composites under low and high frequencies tend to
account for the remarkable frequency dependence of dielectric
constant. The atomic-scale microstructure analysis based on
free volume provides valuable understanding and novel
insights for the study of mechanism of dielectric behaviour of
polymer composites and is favorable for further optimizing the
dielectric properties of dipolar dielectric polymer-based
composites.
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