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Abstract

Ferroelectric poly(vinylidene fluoride—hexafluoropropylene) films were prepared by low-temperature crystallization from the
acetone and ethyl acetate solutions. Crystalline modifications of the obtained films were different (mixture of 3- and y-phases in
case of acetone and predominantly «-phase in case of ethyl acetate). The dielectric spectroscopy studies showed that the
relaxation strength of the main relaxation above the glass transition temperature (associated with the cooperative mobility in
the amorphous phase) unusually increases with increasing temperature. Thermodynamic relationships suggest that this effect
may be explained by assuming that there is a certain long-range order in the amorphous phase. This order may be due to the
presence of the local field near the polar planes of the crystals, which form ferroelectric domains.
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Introduction

Ferroelectric polymers have attracted considerable attention of
researchers due to their possible applications in various fields
of technology [1-3]. Among them, poly(vinylidene fluoride)
(PVDF) and its copolymers is the most prominent. At high-
voltage polarization, they exhibit piezo- and pyroelectricity
that allows them to be used in various technical devices.
Despite the fact that piezoelectric constants in these polymers
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are more than an order of magnitude lower than in classical
inorganic ceramics, in some cases, the preference is given to
polymers because of their specific properties, for example,
high-impact viscosity and low mechanical Q-factor. The latter
provides a wide dynamic range, which allows creating
polymer-based shockwave sensors [4]. Another important
property of the materials under study is their low acoustic
impedance close to that in water, which allows their applica-
tion in hydroacoustics [5]. High thermoplasticity of the poly-
mers under consideration enables to fabricate active devices
with a large surface area using extrusion techniques. All these
features create possibilities for the development of alternative
sources that convert sea (river) energy into electrical energy
[6]. All of the above properties enable such materials to be
used on ships for preventing bio-corrosion [7]. After direction-
al structural modification of the polymers under consideration,
due to their large electrocaloric effect, miniature micro-coolers
can be developed [8]. Due to high breakdown voltage, the
polymers can also be used in effective capacitive energy stor-
age devices [9].

All of these applications are based on the ferroelectric na-
ture of the considered polymers, and therefore the investiga-
tions of the details of the domain structure formation in them
are of special interest. The crystalline polymers under consid-
eration are structurally different from the ferroelectric inorgan-
ic crystals and ceramics. They generally consist of at
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minimum two phases—crystalline and amorphous—in ap-
proximately equal fractions. This means that the materials
have structural heterogeneity. If the polymer is above the glass
transition temperature (~—40 °C), the chains of the amor-
phous phase are in a liquid-like state, since they participate
in cooperative motions with short relaxation times [10]. This
means that along with structural heterogeneity, there is also a
dynamic heterogeneity in such polymers.

Among numerous VDF copolymers, attention should be
paid to VDF copolymers with hexafluoropropylene (HFP),
since they achieved high electrical breakdown fields that al-
lows employing them as high-energy-density capacitors [9].
Since the noted dynamic heterogeneity may affect the above-
mentioned breakdown fields, we studied in detail the molec-
ular mobility in this class of fluoropolymers by broadband
dielectric spectroscopy. By the example of this copolymer,
we also checked the possibility of obtaining various polymor-
phic modifications at the crystallization from a solution. We
demonstrate that this could be achieved by using solutions in
specific solvents. It is observed that the relaxation strength and
the activation barrier of the micro-Brownian mobility in the
amorphous phase are noticeably lower for the films crystal-
lized in the non-polar «-phase. The analysis showed that this
is mainly due to the changes of the effective dipole moment of
the kinetic units. An unusual increase in the relaxation
strength with increasing temperature should be attributed, ac-
cording to thermodynamic relations, to the formation of a
certain long-range order in the regions of the amorphous phase
adjacent to the polar crystals.

Materials and methods

The films of VDF/HFP 93/7 copolymer were prepared by a
crystallization from the acetone (film I) and ethyl acetate (film
IT) solutions at a room temperature. To study the electrical
characteristics of copolymer films, 50-nm-thick Au electrodes
were deposited on the films by thermal sputtering.

Broadband dielectric spectroscopy measurements were
performed on a Novocontrol Concept 40 broadband dielectric
spectrometer with temperature control in isothermal regime.
The frequency range was from 10" to 10’ Hz, and the tem-
perature was varied from — 100 to 20 °C.

IR spectra were recorded with a Bruker Equinox 55s (with
Fourier transform) spectrometer. Shooting was performed in
transmission and attenuated total reflection ATR (ZnSe crys-
tal) regimes; the latter was used to probe 0.5-2 um thick
surface layer of polymer.

Differential scanning calorimetry (DSC) analysis was con-
ducted on DSC-822¢ (Mettler-Toledo, Switzerland) at a
heating/cooling rate 10 °C/min in argon atmosphere.

The powder X-ray diffraction (XRD) measurements were
performed with a Bruker D8 Advance diffractometer (Vario
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Ko, geometry) equipped with a Koy Ge(111) focusing mono-
chromator and a LynxEye 1D position-sensitive detector in
transmission mode. The scanning range was from 7 to 60°.

Experimental results and discussion

The main objective of this work was to clarify the differences
in the conformational structure and the micro-Brownian coop-
erative dynamics of the chains in the amorphous phase in two
different samples above the glass transition point (cy,-relaxa-
tion). These samples, as will be shown below, crystallize in
different polymorphic modifications, but it is completely un-
clear how this will affect the microstructure of the amorphous
phase and, accordingly, the character of the noted dynamics.
The analysis was carried out using the data of temperature-
frequency dependences of the components of the complex
dielectric constant, which are shown in Fig. 1 for one of the
studied samples (II). The loss spectra reveal two clearly re-
solved relaxation peaks contributed by the «-relaxation and
«-relaxation. As follows from the same dependences for
sample I (Fig. 2), only one region of molecular mobility is
seen (& -relaxation), which overlaps with the onset of the
high-temperature space charge relaxation process in the low-
frequency region. In such conditions, it was important to find
the correct way to obtain the parameters of the «,-process. For

f[Hz]

Fig. 1 Frequency dependences of the real ¢’ (a) and imaginary " (b)
components of the complex dielectric permittivity for sample II at
different temperatures indicated on the plot
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Fig. 2 Frequency dependences of the dielectric loss ¢ for samples I and
1T at 20 (a) and — 20 °C (b)

this, we have analyzed the frequency dependences of the com-
ponents of the complex dielectric constant at temperatures
near and slightly higher than the glass transition temperature,
where the contribution from high-temperature relaxation pro-
cesses can be neglected.

The dielectric spectroscopy data in the region of the -
relaxation were fitted by the Havriliak-Negami function:

Ae
(l + (ina)b>C 7

e (W) = €0 +

(1)

where Ae = ¢, — ¢, is the dielectric relaxation strength (g, and
€, are low- and high-frequency limits of the dielectric func-
tion), 7, is the most probable relaxation time, and b and ¢ (0 <
b, bc <1) are the shape parameters describing symmetric and
asymmetric broadening of the complex dielectric function.

It is seen from the presentation of experimental data on the
complex plane (Fig. 3) that the absolute values of the static
dielectric permittivity €, and their temperature dependencies
for the samples are noticeably different.

Figure 4 shows the temperature dependences of most

probable reorientation frequencies [, = # of polymer

segments in Arrhenius coordinates. For both samples, the
curved character of the dependences indicates that the
micro-Brownian cooperative dynamics of the amorphous
segments is registered above the glass transition temperature

[10]. Such dependences obey the Vogel-Thamman-Fulcher
(VTF) law [11]:

fu= oo (-2, @)

where T is the Vogel temperature, which is usually nearly
50 °C lower than the glass transition temperature, as esti-
mated by DSC, and B characterizes the activation barrier for
the mobility.

These and other parameters, obtained from the fits, are
given in Table 1 for both samples. It follows from the table
that the activation barrier in sample I turns out to be a quarter
higher than that in sample II. Figure 5 demonstrates the tem-
perature dependences of the dielectric relaxation strength Ae
of'the o,-relaxation, which, as can be seen, differ significantly
for both samples. Thus, the data presented above indicate
significant differences in the cooperative dynamics of the
chains in the amorphous phase of the samples under consid-
eration. The task of the further analysis was to clarify the
causes of the noted phenomenon.

We can expect that the studied samples differ in structure
due to the polymorphism at the PVDF crystallization [1, 2]
and to the specific effect of the solvents on the final struc-
ture of the polymers [1, 2, 10]. In order to confirm this
hypothesis, the crystalline properties of the films were
characterized with XRD and IR spectroscopy. As shown
in Fig. 6, the copolymer II crystallizes predominantly in
the non-polar «-phase. The smallest-angle peak observed
at 20=16.2" (halo) is associated with the presence of the
metastable paraelectric phase. The appearance of this phase
is due to the low crystallization temperature, since it was
also found in VDF copolymers with tetrafluoroethylene
(TFE) under the same crystallization conditions [12]. The
comparison of the data with our previous paper [12] shows
that the positions of the peaks assigned to the paraelectric
phase and to the o-phase are shifted to the smaller angles in
the studied copolymer. This means that the lattice both in
the crystalline and in the paraelectric phases is less densely
packed than in pure PVDF [1, 2, 10]. We believe that the
reason for this is the presence of HFP groups which have
large steric hindrances.

Structural differences in the films were studied in detail by
IR spectroscopy, which provide conformation-sensitive IR
bands [1, 2]. The bands typical for different polymorph mod-
ifications of the PVDF are marked on the curves in Fig. 7. It
can be seen that sample I crystallizes in the mixture of 3- and
y-phases, while sample II predominantly in the o-phase.
Using this method, the presence of certain isomers in the chain
is recorded, irrespectively of the phase (crystalline or amor-
phous) where the macromolecules are located. This leads to
the important conclusion that if the crystal is formed, for ex-
ample, in the x-phase with TGTG  chain conformation [1, 2,
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Fig.3 Cole-Cole diagrams €"” (¢') 2-
for samples I and II at several "
temperatures indicated on the
plot. Lines are fits to Eq. (1)

sample |

Sponm

10], then the chains in the amorphous phase will also have this
conformation.

The crystalline properties of the samples were also charac-
terized by DSC. As shown in Fig. 8, the melting temperatures
of the films differ insignificantly, but the heat effect for sample
II is higher than that for sample I. Correspondingly, the crys-
tallinity of the latter is reduced (Table 1), but the low-
temperature endotherm is more pronounced.

Comparison of the data in Figs. 1, 2, and 3 shows that
the crystallization of the copolymer in the a-phase is ac-
companied by the appearance of a new (low-frequency)
«,-relaxation. This relaxation is related to the mobility in
the crystalline region of the «-phase [13—-16], and the
most supported mechanism is a diffusion of the longitu-
dinal component of the dipole moment of the monomeric
PVDF unit in the 7GTG conformation along the c-axis
[17].
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Fig. 4 Temperature dependences of the reorientation frequencies in
Arrhenius coordinates for samples I and II. Lines are fits to Eq. (2)
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The values of the fragility m [18]

d(logr,)
m = 18T 3)
) 1.,

are displayed in Table 1. The comparison of the parameters of
cooperative dynamics (,-process) in the samples under con-
sideration shows that although the values of the fragility m are
close to each other, the magnitude of the activation barrier
(parameter B) differs significantly. It turns out to be higher
in sample I, where, according to our data, the parts of the
chains in the amorphous phase have planar zigzag or
T3GT;G  conformations. This circumstance leads to a higher
glass transition temperature (Table 1). Another feature of the
polymers under consideration is that their micro-Brownian
dynamics (x,-process) is characterized, as seen, by the high
activation barrier. It is interesting to compare this parameter
with the data for similarly crystallized VDF/TFE copolymers,
where the fraction of VDF is approximately the same as in the
studied copolymer [12]. It turned out that in the VDF/TFE
copolymer, the activation barrier is about two times lower.
The most probable reason for this is the strong steric hindrance
of the kinetic units at micro-Brownian mobility of the chains
above the glass transition temperature because of the presence
of HFP groups. At the same time, the high barrier for the
reorientation of the segments in the amorphous phase will
reduce the mobility of the impurity and injected carriers in
the amorphous phase of the copolymer. Probably, this circum-
stance is the cause of very high electric breakdown fields in
this class of polymers [9].

In this paper, we will focus on the analysis of the temper-
ature behavior of the dielectric relaxation strength Ae of the
a,-relaxation, which, as noted, is related to the cooperative
mobility of the chains in the amorphous phase above the glass
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Table 1  Parameters of the o,-relaxation and characteristics of the thermal effects in VDF/HFP samples I and II. Here, T, is the glass transition
temperature, m is the fragility, 7, is the melting temperature, AH is the enthalpy, and x4 is the crystallinity

Sample B T, K Fragility, m %f AHy, J/g T, °C AHp, J/g X dsc
I 1307 + 122 231 82 0.072 0.9 1222 26.6 0.25
II 1041 + 137 225 80 0.017 0.4 119.2 33.8 0.32

transition temperature. It is usually estimated using the general
relationship [19]

3¢, n? +247N M%g

Ae =e;n? =
FTEESTTCT® 3V kT

(4)

where the high-frequency permittivity £, ~n”, and N is the
number of kinetic units (dipoles) with a “vacuum” dipole
moment i in the volume V.

For a condensed state, the correlation factor g in the Fuoss-
Kirkwood representation

g =1+ Z(cos7) (3)

takes into account the nearest environment of Z neighboring
molecules characterized by an average angle . As follows
from Eq. (4), the temperature increase should lead to the de-
crease in Ae, which is usually the case for most polymer
dielectrics [20]. Equation (4) is valid for polar media (includ-
ing polymers) under the assumption that the local field is
described by the Onsager equation.

In the crystalline polymers, the concentration of the mobile
polar groups decreases due to the volume occupied by the
crystals. Since the crystallinity Xg4sc 1S somewhat higher in
sample II than in sample I (see Table 1), then there must be

a
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Fig. 5 Temperature dependences of the dielectric relaxation strength Ae
for the «, -relaxation for samples I and II; in the insert—temperature
dependences of the static dielectric constant eg for the o, -relaxation for
samples [ and 1T

a slight decrease of Ae for the «,-relaxation. As follows from
Fig. 5, it is really observed but, in our opinion, this reason is
not the main one. Indeed, the difference in the curves in Fig. 5
turns out to be temperature-dependent, which cannot be ex-
plained only by the change in the concentration of the kinetic
polar segments of the amorphous phase. As noted above, the
chains have different conformations not only in crystals but
also in the amorphous phase, i.¢., the chains in the amorphous
phase are predominantly in the 73GT;G (y-phase) and planar
zigzag (3-phase) conformations in sample I, and in the 7GTG
~ conformation in sample II [1, 2, 10]. This all means that the
dipole moments i can also differ for the chains in the amor-
phous phase of samples I and II, which leads to the change in
the relaxation strength of the «,-relaxation.

Under the conditions of polymorphism in ferroelectric
PVDF [1, 2] and the presence of the crystalline phase, the
dielectric properties of the amorphous phase cannot be de-
scribed by the Onsager internal field. In such a heteroge-
neous medium as a crystalline ferroelectric polymer, it is
necessary to take into account other factors that can con-
tribute into the local field E;. From general considerations,
we can write [21]

Ep =Ec+YEp, (6)

where E¢ is the external field. The additional components
of the local field

ZED = El +Esc +Efa (7)

020
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110
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Y T L T ) T ¥ 1
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Fig. 6 X-ray diffraction pattern for sample 11
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Fig. 7 IR spectra of the copolymer films in the ranges of 400700 (a),
700-1000 (b), and 10001500 (c) cm

where E; is the component of the local field, which takes into
account the linear contribution of the considered dielectric. If
the polymer contains polar crystals (domains) in the bulk, then
their contribution to the local field will be £ As noted above,
the studied polymers are heterogeneous, and the crystalline and
amorphous phases differ in conductivity and in permittivity.
This creates a precondition for the appearance of Maxwell-
Wagner polarization. It was observed, for example, in PVDF
[16, 22], VDF/TFE [23], and in VDF/HFP copolymers [24].
The space charge with bulk density p(x, ) formed in the bulk of
the film will also participate in the formation of the local field:
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Fig. 8 DSC thermograms of samples I and II at melting

d p(x, 1)
Esc ) =
(x,1) fo €0t

dxfdr, 0<x<d (8)

If the crystallization proceeds with formation of polar
crystals, then the fluctuating chains of the amorphous
phase, which have increased free volume, may form aniso-
tropic regions near the polar planes of the crystals (Fig. 9).
This means that the field £, contributes to the local field,
which determines the molecular mobility of the chains in
the amorphous phase. We can assume that £/is equal to the
depolarization field £, of the polar crystal. In this case,

we write
i i Edep
amorphous
g N&%domain
+ +

crystalline
domain

N2

A A A A

Fig. 9 The model of polar PVDF crystal in the conformation of planar
zigzag with formation of a certain long-range order in adjacent chains of
the amorphous phase
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By Egp— (9)

where P is the polarization of ferroelectric crystal with
dielectric permittivity ¢, If we assume that for the perfect
B-crystal P=0.13 C/m” [1, 2], then it follows from Eq. (9)
that near the polar planes of the crystals with ¢,=35, the
field £,~3 GV/m.

All of the above means that the local field, which deter-
mines the relaxation of the chains in the amorphous phase
above the glass transition temperature, is different in samples
I 'and II. Indeed, in sample I, where the film crystallizes in the
mixture of 3- and y-phases, E;# 0, since the both phases have
polar unit cells [1, 2, 10]. In contrast, in sample II £,= 0, since
the crystallization occurs in the centrosymmetric x-phase,
where the unit cell has a zero dipole moment [1, 2, 10]. In
light of what has been said, it can be argued that the more
intense temperature growth of Ae for sample 1 should be
related to the contribution of the field of the polar domains
Erto the resulting local field. As noted above, Eyreaches very
high values near the surface of the polar crystal. Above the
glass transition point, the amorphous phase is characterized by
the increased free volume, and therefore the high dipole mo-
ment of its chains due to the orientation polarization can ac-
quire a predominant direction due to the interaction with £y
(Fig. 9). The appearance of the local areas with a certain long-
range order like in the nematic liquid crystal must lead to the
decrease of the entropy of the system down to the value Sy. In
this case, under the application of the external electric field E,
the entropy of the dielectric will change to the value S [19].

Oey E?

S:So—ﬁ-aTg

(10)
As seen, if the derivative giT is positive, then the entropy in
the field E will increase. It is possible only if before the appli-
cation of the field the dipoles in the amorphous phase had some
long-range order [19] that reduced the entropy of the system.
As follows from Fig. 3 and from the inset in Fig. 5, eg increases
with temperature. As seen from Table 1, the derivative is three
times higher for the sample with polar crystals than for the
sample crystallized predominantly in the non-polar «-phase.
It can be assumed that in the latter case, the less pronounced
long-range order in the amorphous phase is due to the field of
the space charges and to the presence of a small amount of y-
phase crystals. This can be seen from the presence of the weak
absorption bands 430, 510, 813, and 840 cm’! typical for the
T3GT;G conformation [1, 2, 10] in sample II.

If part of the chains of the amorphous phase (near the sur-
faces of polar crystals) in the polymers under consideration
has a long-range order, then the thermal effect should be ob-
served when this order is destroyed. We believe that the DSC
data indicate this. As follows from Fig. 7, a weak endothermic

process is seen in both samples in addition to the main broad
melting peak in the region of ~50 °C. In our opinion, this
process is responsible for the destruction of the marked
long-range order. As noted above, this order is more pro-
nounced in sample I, and therefore, the thermal effect for the
marked process should be higher. Indeed, it follows from our
data (see Table 1), taking into account the selected method of
drawing of the baseline for the low-temperature (It) endother-
mic process. If the structuring effect for the chains of the
amorphous phase near the crystal surfaces occurs in the poly-
mers under consideration, then it should be observed both in
PVDF itself and in its other copolymers. It follows from our
previous papers [22-25] and from the papers of other authors
[13—16], that in all these objects, the o,-relaxation is charac-
terized by an increase in the relaxation strength with temper-
ature. At the same time, according to our DSC data [22-25],
the low-temperature endotherm is observed in all of the stud-
ied copolymers, which is associated with the destruction of the
long-range order in the structured regions of the amorphous
phase. It also can be seen on the example of VDF/TFE 94/6
copolymer (Fig. 10). The original film of the copolymer
(heating 1), as in our case, was crystallized in a mixture of
[3- and 'y-phases with polar crystals (Fig. 10). As seen from the
inset to the figure, a weak endothermic process is noted for the
initial film. After the crystallization from the melt at atmo-
spheric pressure, this process disappears. IR spectroscopy data
(Fig. 10, heating 2) shows that at this method of crystalliza-
tion, non-polar o-phase crystals begin to form, which, as men-
tioned above, do not create a local electric field. Thus, these
data qualitatively coincide with the results obtained on the
studied copolymers and confirm the hypothesis about the
structuring of part of the chains of the amorphous phase near
the polar planes of the ferroelectric domains.

b

480
1.2
D
084 |

heating 1 '/
— — heating 2 !
0.4+ |
0 T T T T T T 1
500 600 . [cm'1] 700 800

Fig. 10 IR spectra and DSC thermograms (in the inset) of the VDF/TFE
94/6 copolymer films in initial state (heating 1) and after the crystalliza-
tion from the melt at atmospheric pressure (heating 2) [25]
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