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ABSTRACT: The influence of intramolecular dipole-
dipole interaction changes on structure formation peculiar-
ities and some electrophysical properties were investigated
with example of copolymers of vinylidene fluoride with
tetrafluoroethylene and hexafluoropropylene with different
compositions. The decrease of such dipole-dipole interac-
tions in vinylidene fluoride/tetrafluoroethylene copolymers
leads to an increase of the a and b parameters of the ferro-
electric phase lattice and were accompanied by a shift of
the Curie point to lower temperatures. The presence of
peak-halo at angles near 20 = 18° were attributed to a
paraelectric phase localized in the interfacial domains at the

crystal-amorphous phase boundaries. Similar peak-halos
for vinylidene fluoride/hexafluoropropylene copolymers
crystallizing into the nonpolar o phase were associated
with the presence of an antiferroelectric phase formed by
the chains in the planar zigzag conformation. The tempera-
ture range where dielectric anomalies were detected was
characterized by conformational changes at which the
decrease in planar zigzag conformation isomers took place.
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 116: 695-707, 2010
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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) and its copolymers
are of interest because of the discovery of ferroelec-
tricity and strong piezoelectricity and pyroelectric-
ity."™ These crystalline polymers form at least four
crystallographic modifications: o, o, [, and y.5f14
The o and o, forms are characterized by a TGTG™
chain conformation but have nonpolar and polar
cells, respectively. The polar B and y phases have
planar zigzag and T3;GT3G™ conformations, respec-
tively. The crystallization of PVDF from the melt at
moderate pressures is accompanied by the formation
of a polymorphous o phase, which is converted to
the polar o, form by the action of a high electric
field.">" The polar B form usually forms under the
action of the uniaxial drawing of PVDF isotropic
films' or by nonisotermic c 0yst.alliz.a\’rion from the
melt at a high rate of cooling.”’** If the supercooling
of the melt is low, the y phase forms.'**®
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Some peculiarities have been detected during
PVDF crystallization from solutions.**™*' For exam-
ple, the ratio of the o and y phases was found to be
the function of water additive conductivity during
the crystallization of PVDF in a solution of mono-
chlorbenzene and dimethylformamide (DMFA; with
the addition of 0.5% of water). The increase in the y
phase can be initiated by the addition of KBr to
dimethylacetamide.”” The introduction of LiCl into
this solvent will promote the crystallization of the B
and y modifications in the mixture.”” The type of
polymorphous modification of PVDF during the
crystallization from dimethyl sulfoxide is deter-
mined by the type of substrate.”® The o phase arises
on Teflon, steel, and aluminum (with oxide film on
the surface), but the polar P phase preferentially
forms on Cu, Si, and Au.*® The type of crystalline
modification for PVDF solution in methylethylketone
can depend on the molecular weight of the chain.*
The conclusion was obtained with samples with the
equal contents of HHTT defects able to affect the
polymorphism.***? A decrease in the film-forming
temperature (in a solution of dimethylacetamide)
from 170 to 60°C changes the polymorphous modifi-
cation from vy to B.>*** The precipitation temperature
change has an affect on the surface roughness of the
forming film.* It cannot be ignored that the gelling
stage has an important part in this process.’**” The
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purity of surface on which the film precipitates
is one more factor that affects the polymorphous
modification type. This has been checked for PVDF
solutions in dimethyl sulfoxide® and in an acetone/
DMFA mixture.*” The presence of bound water
molecules in the solution is important for the forma-
tion of the crystal structure, too.*”*' This conclusion
can be qualitatively confirmed by the characteristics
of the equilibrium swelling of PVDF, t00.*?

The influence of intramolecular dipole-dipole
interactions on the structure and electrophysical
properties of copolymers was investigated in this
study with an example of two vinylidene fluoride
(VDF) copolymers. VDF copolymers with tetrafluoro-
ethylene (TFE) and hexafluoropropylene (HFP) of dif-
ferent compositions were used. Both comonomers
were nonpolar; therefore, the increase of their frac-
tions in the statistic copolymer caused a decrease
of intrachain dipole-dipole interactions. The TFE
replacement by HFP allowed us to simultaneously
trace the role of steric factors in the structure forming
in copolymers of the same composition. The VDE/
TFE copolymers [and VDEF/trifluoroethylene (TrFE)]
crystallized from the melt at a moderate pressures
into a ferroelectric B phase.® This was true only for
copolymers where the fraction of the named comono-
mers was greater then the critical value. For instance,
crystallization into the B phase of the VDF/TrFE
copolymers from the melt was observed at composi-
tions of 83 : 17° or 88 : 12.** The crystallization of the
VDE/TEE copolymers into the isotropic polar B phase
was observed at critical composition of 93 : 7.°

The structure formation of the VDF/TFE
copolymer of 94 : 6 composition near a critical one
(during the crystallization from the melt) was inves-
tigated in more detail in this study. The
pressure decrease in the melt promoted the appear-
ance of nonpolar a-phase crystals along with the
polar B-phase crystals. The crystallization of the
mentioned copolymer with the formation of films
from solutions in different solvents occurred in the
mixture of the polar B and y phases. The decrease of
the intramolecular dipole—-dipole interactions at the
TFE fraction augmentation in the discussed copoly-
mer leads to the expansion of the lattice in the a2 and
b directions. A similar tendency (although to a
smaller degree) was detected at the increase of the
HEFP fraction in the VDF/HFP copolymers, which
crystallized in the nonpolar o phase. The steric hin-
drances of HFP groups in these copolymers lead to
decreases in the crystallinity and crystal dimensions
and to a rise in the average interchain spacing in the
amorphous phase. The X-ray diffraction patterns of
all of the investigated copolymers contained a peak-
halo in the area near 20 ~ 18°. This was attributed
to the presence of a paraelectric or antiferroelectric
phase in the obtained films.
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EXPERIMENTAL
Samples

The VDF homopolymer (F2E, Russia) and its copoly-
mers with TFE and HFP were studied. All of the pol-
ymers were characterized by '"F-NMR to determine
the molar proportion of comonomers and to evaluate
the number of chemical defects of HHTT type.**™*
Two VDF/TFE copolymers were explored. For the
first one, the molar fraction of TFE was about 6%,
and the number of HHTT defects was 4.5 mol %.*
The other one from the set had 29% TFE, and the
number of HHTT defects was 2.5 mol %. A part of
TFE had a dyad form.* Two other VDF/HFP copoly-
mers had HFP fractions of 7 and 14 mol %.*

The samples of the isotropic PVDF films and VDF/
TFE copolymers were prepared by two methods: crys-
tallization from the melt and from the solution. By the
first method, the polymer was melted, and the films
were formed under a pressure of 15 MPa. Cooling
conditions were varied. The films of the VDF/TFE (94
: 6) copolymer were crystallized at atmospheric pres-
sure, too. Acetone, DMFA, or their mixture with ethyl
acetate (EAC) were used as solvents. The polymer
concentration was 8-10 wt %. The films were dried in
vacuo to a constant weight after the completion of the
formation process. The films of the VDF/HFP copoly-
mers were prepared by extrusion.

Methods

Wide-angle X-ray scattering (WAXS) was performed
with an X-ray diffractometer KARD-6 with a two-
dimensional area detector and a graphite monochro-
mator.*” Cu Ko radiation (wavelength = 1.542 A)
was used. The diffraction peaks were analyzed by
profile fitting. The crystal size (Ic) was estimated
with the Scherrer formula:

0.9k\
o= M

cos 04/ B> — Bf

where A is the wavelength, k is the diffraction order,
B is the full width at half-maximum (fwhm) for the
sample measured, and B, is the fwhm for the instru-
mental resolution function. The stack packing of the
lamellar crystals was studied by small-angle X-ray
scattering. The measurements were made on an
AMUR-K (Shubnikov Institute of Crystallography,
Moscow, Russia) diffractometer with a linear posi-
tion-sensitive detector. A slit collimation was used,
and the standard desmearing procedure was per-
formed. The data was performed in I-s coordinates,
where [ is the intensity and the scattering vector (s)
was
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Figure 1 Diffraction patterns of an isotropic film of
VDE/TFE (94 : 6) produced from the melt by nonisother-
mal crystallization under 15 MPa of pressure with quench-
ing into water at room temperature.

sin 6

The large period (L) was determined as follows:
L = 27 /Smax

where sp,x is the scattering vector corresponding to
the maximum intensity. The particles’” micrometer
size was observed by small-angle polarized light
scattering. The average radius (R) of the spherulites
was obtained at the scatterin§ pattern (between
crossed polarizers) from a ratio: *®

4nRsin 0,
L2

41 @)

where L is the wavelength in the medium and 6,, is
the radial scattering angle corresponding to the
maximum intensity. To measure the switching of
polarization, the aluminum electrodes (100 nm thick)
were evaporated onto the samples. The Curie
transitions were registered by the temperature
dependence of the dielectric permittivity (frequency
= 1 kHz) at a heating rate of 2°/min. The currents
of switching were measured by means of the
Sawyer-Tower method.

RESULTS

We will analyze the peculiarities of the forming
structure, which were not discussed earlier. In par-
ticular, we give great attention to the structure and
identification of the nonordered phase in these poly-
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mers. As noted previously, the crystallization with a
copolymer composition of 93 : 7 from the melt under
moderate pressure leads to the formation of the po-
lar B modification.*!? It is known that the external
pressure toward PVDF favors the formation of the
polar B phase.”**™! So it was interesting to answer
the following question: does the pressure at crystalli-
zation from the melt influence the structure of the
VDE/TFE copolymer if its proportion (94 : 6) is close
to critical (93 : 7°)?

Figures 1 and 2 show the X-ray diffraction from
films of the copolymer crystallized at pressures of 15
and 0.1 MPa. It was clear that in the first case, the
ferroelectric B phase was formed, whereas the
second one was a mixture of the o and B phases.
This conclusion was confirmed by the data of IR
spectroscopy (Fig. 3). The spectra showed bands of
the conformations of TGTG™ (o phase) and a planar
zigzag (P phase). It was possible to compare the
structural characteristics of the o phase formed in
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Figure 2 Diffraction patterns of an isotropic film of
VDE/TFE (94 : 6) produced from the melt by nonisother-
mal crystallization under atmospheric pressure.
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Figure 3 IR spectroscopy data of an isotropic film of
VDE/TFE (94 : 6) produced from the melt by nonisother-
mal crystallization under atmospheric pressure.

the VDF/TFE copolymer (Fig. 2) to that of the
homopolymer (Fig. 4). The comparison of X-ray pat-
terns showed that in the former case, the number of
peaks (especially at wider angles) was lower and its
fwhm was substantially larger. This meant that the
o phase of the copolymer was less perfect. Galperin
and Kosmyini®* showed that there are two types
of o phases with different ordering. These can be
realized by changing the parameters of a cell.

Let us consider that the o phase in the copolymer
is also described by a monoclinic cell as a
homopolymer. In this case, the parameters of the
cell for the homopolymer are a = 0497 nm, b =
0.963 nm, ¢ = 0.463 nm, and B = 90.5°. These corre-
sponded to the previous data.” These parameters in
the copolymer were the following: 2 = 0.501 nm, b =
0.968 nm, ¢ = 0.464 nm, and B = 98°. In comparison
with the homopolymer, the copolymer had a small
increase in the cell size in the 4 and b directions and
a significant increase in the p angle. It was interest-
ing to compare the WAXS and spectroscopic data
for the B-phase fraction [F(B)] in its mixture with the
o phase. According to WAXS, only about one third
of crystals is formed in polar B modification (Table
I). Otherwise, according to IR spectroscopy, the rela-
tion between the intensities of the 530- and 508-cm ™
bands (the last one characterizes the planar zigzag
conformation of the B phase) gave F(B) = 0.84. The
two methods showed a substantial difference
between the values of F(f3).

The contradiction disappears if we propose that
the absorption band of 508 cm ™' was responsible for
the planar zigzag conformation both in the crystal
and amorphous phases.'” This means that the sam-
ples of the copolymer had an enhanced content of
planar zigzag conformation in the amorphous phase.
These fragments could be placed on the crystal
boundaries and could be included in the o-phase

Journal of Applied Polymer Science DOI 10.1002/app
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crystals (of the TGTG™ conformation) as conforma-
tional defects. The last suggestion explains the
small size of the domains of coherent scattering for
the a-phase crystals. These structure peculiarities
and different cell parameters can lead to unusual
properties in these copolymers. These copolymers
had a high sensitivity to external forces, for example,
this phase transformation to the f phase at heating.>
Similar o« — P transformation took place under
irradiation.”*

The lamellar crystals in this copolymer formed a
supramolecular structure of spherulite type. An in-
herent four-clover picture of H, (at crossed polar-
izers) light scattering had a strong intensity that was
typical for spherulites of the o phase, where the
difference between the radial and tangential polar-
ization of a particle was high. The spherulite
size (Rsph) obtained by eq. (2) was 4-8 pm for
different samples. We observed H, scattering
corresponding to a bimodal size distribution of
spherulites in some tests. Low-intensity scattering at
the wider angles was observed from the small
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Figure 4 Diffraction patterns of an isotropic PVDF film
crystallized isothermally at 150°C from the melt.
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TABLE I
Structural Parameters of Initial Isotropic Films of VDF/TFE and VDF/HFP Copolymers Formed with Different
Methods

Copolymer composition

71:29 93:7 86 : 14
94 : 6 VDF/TFE VDF/TFE VDE/HFP VDE/HFP
From Quenched Quenched
From solution in From from the from the From
solution in DMFA and solution in melt at 15 melt 0.1 at solution in
DMFA EAC acetone MPa MPa acetone Extrusion  Extrusion
L (nm) 11.6 12.8 — 135 11.8 30.0 10.5 16.0
Ioon” (nm) 33 2.8 2.1 3.9 2.8 5.9 — —
loo2” (nm) — — — — 4.9 — 4.0 1.8
I, (nm) 8.3 10.0 — 9.6 8.0 24.1 6.5 142
l10.200" (nm) 5.7 6.3 6.5 7.9 9.5 8.8 — —
l110” (nm) — — — — 10.5 — 10.7 6.8
Rsph (mcm) 2.6 — — 1.4 6.0 — — —
F(B) 0.73 0.77 0.68 1.0 0.32 1.0 — —
dr 0.33 0.34 — 0.30 0.33 0.18 0.38 0.11
b1 0.44 0.38 0.29 0.46 0.38 0.34 0.21 0.17
b2 0.56 0.47 0.85 1.0 0.46 0.83 0.43 0.38
bp 0.20 0.18 0.55 0.46 0.32 0.59 0.51 0.55
I, (nm) 2.8 2.8 1.3 35 4.1 2.3 2.5 2.6

[ is the crystal size in the direction designated by the subscript belonging to the phase designated by superscript. I, is
the thickness of amorphous layer between the neighbouring crystals along their c-axis.

spherulites (~1 pum), which were characterized by
the small value of their intrinsic birefringence.

The nature of the amorphous phase for the VDF/
TFE copolymer crystallized in the B phase (Fig. 1) is
discussed separately. It could be associated with the
peak-halo around the angle of 18°, as is common for
VDF copolymers with TrFE.>>® The peak 100 (Fig. 4)
was within this angular region, whereas the amor-
phous halo shifted to wider angles. A specific feature
of the peak-halo of VDF/TFE was that its fwhm
was about two times lower than the halo for PVDF.
The crystallinity of the VDF/TFE (94 : 6) isotropic
film was 46% according to WAXS measurements. It
was interesting to observe the existence of this peak-
halo for other methods of crystallization of this copoly-
mer. We used crystallization from solution, which
allowed us to obtain different polymorphic modifica-
tions.*>*”%% The change in the solvent affinity can
influence on polymer morphology.®>** Three solvents
were used: DMFA with its good affinity to PVDF, ace-
tone, and a mixture of DMFA and EAC (a bad sol-
vent). The X-ray data showed that crystallization of
VDEF/TFE (94 : 6) in all cases lead to a mixture of the
and y phases. It was shown in the example of films
formed from DMFA solution (Fig. 5) because there
were peaks of both phases on the diffractograms. The
ratios of the B and y modifications and their crystallin-
ity were calculated for initial films of three types.

Table I illustrates that the aggravation of the solvent
affinity lead to some decrease in the crystallinity,
whereas the proportion of the  and y phases remained
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Figure 5 Diffraction patterns of an isotropic film of
VDE/TFE (94 : 6) produced from a solution of DMFA.
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Figure 6 Diffraction patterns of an isotropic film of
VDE/TFE (71 : 29) produced from an acetone solution.

the same. For this method of crystallization, the diffrac-
tion pattern was also characterized by the mentioned
peak-halo (Fig. 5). At the same time, F(B) (in the mix-
ture with the y modification) did not depend on the sol-
vent type (Table I). The lamellar stacking of crystals
was similar for all of the three solvents because L was
the same (Tabl.1). However, the secondary structures of
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0 15 4n 43

28, deg

Figure 7 Diffraction patterns of an extruded film of
VDE/HEFP (93 : 7).
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Figure 8 Diffraction patterns of an extruded film of
VDE/HEFP (86 : 14).

micrometer size were different according to small-angle
polarized light scattering. The films crystallized from
DMFA solution contained spherulites with 2-3-pm
radii. Such structures were not found for the films pre-
pared from DMFA+EAC or from acetone. The scatter-
ing intensity measured for the parallel polarizers was
very low. In the first approximation, it may have been
connected with the small difference between the crys-
tals and the matrix refraction.”®

Figure 6 shows that the increase in TFE in this co-
polymer up to 29 mol % lead to the formation of the
ferroelectric B phase at crystallization from acetone.
The peak-halo at angles ~ 18° is also present as well
as in copolymer or 94/6 composition (Fig. 1) and in
the copolymer VDF/TFE of 71 : 29 composition (Fig.
6). It was also observed in the 93 : 7 (Fig. 7) and 86 :
14 (Fig. 8) VDF/HFP copolymer compositions.

DISCUSSION
Copolymers of VDF and TFE

When the VDF/TFE copolymers were crystallized in
the polar B phase, there should have been a
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Figure 9 Temperature (T) dependence of the dielectric
permittivity (1 kHz) for initial films of VDF/TFE: (1) 94 : 6
(crystallization by quenching from the melt) and (2) 71 : 29
(crystallization from an acetone solution).

ferroelectric—paraelectric transition that could be reg-
istrated by a dielectric anomaly. This transition can
be seen in Figure 9, where the temperature depend-
ence of the linear dielectric permittivity (¢') for the
VDEF/TFE copolymers is shown. The ¢ anomaly in
copolymer with 29 mol % TFE moved by 30° to
lower temperatures. Figure 10 shows the field
dependences of the switching currents in isotropic

jmadm’

Figure 10 Field dependence of the switching current sponta-
neous polarization in isotropic films of VDF/TFE copolymers:
(1) 94 : 6 and (2) 71 : 29 (temperature = 22°C, frequency = 50
Hz). E is the strength of electric field, j is the current density.
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Figure 11 Comparison of the diffraction patterns for the
intermolecular peaks of isotropic films of VDF/TFE
copolymers: (1) 94 : 6 and (2) 71 : 29.

films of these copolymers. In copolymers with 29
mol % TFE, the coercive field was 30 MV /m. For the
copolymer with a smaller fraction of TFE, this field
was certainly higher because the switching of the
spontaneous polarization was not found at the same
field. This result agree with earlier data.*® The
X-ray patterns for these copolymers (Fig. 11) are also
different. The increase of TFE fraction leads to a sig-
nificant shift of the 110, 200 peaks to smaller angles.
We obtained the following cell parameter values for
the orthorhombic VDF/TFE copolymer (94 : 6): a =
0.865 nm, b = 0499 nm, and ¢ = 0.251 nm. The
increase in the fraction of TFE up to 29 mol % leads
to a decrease in the packing density along the a and
b cell directions: 4 = 0.913 nm and b = 0.527 nm.
This result agrees with ref. 6. It means that inter-
chain potential played an important role in the ferro-
electric—paraelectric transition and in the switching
of spontaneous polarization.

The structure of the paraelectric phase in the
VDE/TFE copolymer was not investigated previ-
ously. Earlier, it was investigated only for the VDEF/
TrFE copolymer.66 In this study, we tried to fill this
gap. In the region of 20 ~ 18° for the  phase of the
VDF/TEE copolymers, there are not any peaks (Figs.
2 and 6), and the halo in this region for the copoly-
mer of VDF/TrFE was connected with the amor-
phous phase.”®® As mentioned previously, the 100
peak of the nonpolar o modification was located in
this region (Fig. 4)." From the other side, the main
peak of the hexagonal paraelectric phase was located
in this region, t00.%° So, for the VDF/TFE copoly-
mers, which were crystallized in the polar modifica-
tion, the peak-halo may have shown the presence of
the paraelectric (antiferroelectric) phase.

The coexistence of ferroelectric and paraelectric
phases at temperatures lower than the Curie point
was noted before.””*” If the peak-halo refers to the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 12 Temperature (T) dependence of (a) the X-ray

diffraction and (b) interplane parameter d for a peak-halo
ina ﬁl5r3n of a VDF/TFE copolymer (94 : 6): (1) 160 and (2)
184°C.

paraelectric phase, it can be checked by tempera-
ture-dependent X-ray diffraction. It is shown in Fig-
ure 12.° At 160°C, the ferroelectric f-phase 110 and
200 main peak and a peak-halo are present. This
means that a mixture of the ferroelectric and
paraelectric crystals existed at this temperature. The
peaks of the ferroelectric phase disappeared at
temperatures higher than the melting temperature
(Curie point), and only the peak-halo remained. A
dielectric anomaly characterized for the ferroelec-
tric—paraelectric transition was observed in the same
temperature region (curve 1 in Fig. 9). It was
interesting to follow where the domains of the para-
electric phase were localized. Some information
about that could be extracted from the VDF/TFE
94 : 6 copolymer (see Fig. 12). The temperature
dependence of the interplanar spacing (d-spacing)
for the mentioned peak-halo is shown in Figure
12(b). A drastic increase in d was observed in the
area of melting (the Curie point). Thus, the character
of packing in the supposed paraelectric phase was
controlled by the presence of crystals of the ferro-
electric phase. On the other hand, these objects were
crystallizing polymers, which had an interphase
layer with an intermediate density of packing
between the crystal and amorphous domains.”® It
was clear that the melting of the crystals leads to the
destruction of these interphase layers. So, the
mentioned paraelectric phase could have been
localized exactly in these interphase layers.

If this hypothesis were true, the sizes of the
paraelectric phase domain and the interphase layer
should have been the same. The size of the
suggested paraelectric domains (I,) could be eval-
uated from the width of the peak-halo. Table I
shows the [, changes from 2 to 4 nm. The size of the
interphase layer according to small-angle X-ray scat-
tering was approximately the same.”” There is a rea-

Journal of Applied Polymer Science DOI 10.1002/app
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son to conclude that the paraelectric phase domains
are localized in the interphase layers between the
crystal and amorphous phases. The following facts
confirm this hypothesis. It is known that an inten-
sive dynamic is observed for the paraelectric phase
of these polymers.®® Also, the exact interphase layers
of PVDF were zones of realization of a high-ampli-
tude cooperative processes of polymer segment reor-
ientation.® Probably, antiferroelectric phase domains
indicated in previous studies®”'™ also localized in
these layers.

Copolymers of VDF and HFP

The discussed peak-halo was also present in the
VDE/HEFP copolymers (Figs. 7 and 8). These copoly-
mers, as shown in Figures 4, 7, and 8 and in qualit?/
correspondence with data from the literature,m* 6
were crystallized in the o phase. In this phase,
however, there is a peak 100 at an angle of 20 ~ 18°.
Nonetheless, we considered that in these copoly-
mers, there was also the mentioned peak-halo.
Really, the structural factor (Fj) values for the
peaks 100, 020, and 110 were in the following
relation: Figo < Foao < Fi10."”” However, the afore-
mentioned relation of the integral intensity was
disturbed for the VDF/HFP copolymers: Fio9 > Fozo
and Fj1o. This means that the discussed peak-halo
was probably localized in the mentioned angle
region. Its angular position changed with increasing
HFP fraction (Table II). The displacement of the
peak-halo to lower angles (similar to ref. 78) means
that the interchain packing density of the corre-
sponding lattice decreased. We propose that this
was the result of the incorporation of massive
fragments of CF; to this lattice. These fragments
could be incorporated also into the o-phase lattice.
Table II shows that an increase in the fraction of
HFP leads to displacement of all of the peaks to
lower angles.

TABLE II
Peak Angles of the o Phase and Amorphous Halo of
PVDF and P(VDF/HFP) Copolymers

93:7 86 : 14
Peak PVDF*  P(VDF/HFP)  P(VDF/HFP)

100 (peak-halo) 17.77 17.44 17.01
020 18.43 18.29 18.23
110 20.01 19.85 19.84
021 26.74 26.67 26.63
130 33.27 33.00 —
200 36.11 35.90 —
040 37.34 36.99 —
Amorphous halo 18.7 18.2 17.8

? The sample was formed by isothermal crystallization
at 150°C under 15 MPa of pressure.
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Figure 13 Temperature (T) dependence of the dielectric
permittivity (1 kHz) for initial films of VDF/HFP: (1)
93 :7 and (2) 86 : 14.

The parameters of cells for the adopted monoclinic
lattice were the following: a = 0.520 nm, b = 0.969
nm, ¢ = 0.478 nm, and B = 105°. A comparison with
our data for the homopolymer showed that the
incorporation of HFP fragments into the chain of
PVDF leads to a decreased density of packing in the
a and b axes and to an increase in the B angle from
90.5 to 105°. The incorporation of HFP groups into
the a-phase lattice leads to decreases in the number
of characteristic peaks and the sizes of the crystals in
comparison to the homopolymer. A similar situation
was observed for samples of polyethylene with dif-
ferent numbers of chain branching.” The of localiza-
tion of the CF; fragments is maximal for nonordered
phases because the angle positions of the amorphous
halo and peak-halo changes significantly as the HFP
fraction increases (Table II). An increase in the CF;
concentration in the amorphous phase influenced
the characteristics of mobility of the chain in these
copolymers also.®”

If one supposes that at room temperature, the
VDE/HEFP copolymers crystallizes into the o phase,
an increase of temperature should not have resulted
in an ¢ anomaly, as is typical for the ferroelectric—
paraelectric phase transition. Nevertheless, the
experiment do not confirm it. Figure 13 shows the
temperature dependences of & for both copolymers.
An ¢ anomaly in the range 50-80°C indicates the
ferroelectric phase transition, which is also con-
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firmed by the differential scanning calorimetry
data.® The temperature of this phase transition was
approximately the same as that of the low-ordered
ferroelectric phase (cooled phase), which is often
observed in VDF/TrFE>®*" The mechanism of
formation of this phase in our polymers was similar
to the one observed in many amorphous nonorg-
anic ferroelectrics.” The spontaneous polarization
domains likely represented nanocrystals. As a result,
the peaks from them were widened and were not
registered by X-ray methods (Figs. 7 and 8).

IR spectroscopy indicates the presence of these
domains due to the appearance of the absorption
bands at 1280, 840, 470, and 442 cm™', which were
found in the investigated copolymers. These bands,
which are always observed in these polymers on
crystallization in the ferroelectric phase,"*'® corre-
sponded to the planar zigzag conformations. Thus,
the structure of the investigated copolymers at room
temperature was characterized by the presence of a
mixture of the o-phase crystals and nanocrystals of
the polar B modification. Because the latter were
formed by chain segments in planar zigzag confor-
mation, the mentioned nanocrystals could generate
the antiferroelectric phase, which may exist in the
class of polymers studied.>”* The increase in the
HEFP fraction from 7 to 14% resulted in the growth
of the polar B-phase fraction. Really, it is evident
from Figure 14 that the increase in the HFP fraction
from 7 to 14 mol % leads to an increase in the ratios
of the optical densities of the absorption bands at
442 and 410 cm ! (Dap/Duig) and at 470 and 410
em ™! (Dy70/Da1o), where the bands at 442 and 470
cm ' characterized chains with planar zigzag confor-
mation and the band at 410 cm ™' characterized the
TGTG™ conformation o phase. On the other hand, it
follows from Figures 7 and 8 that the mentioned
HEFP fraction increase in the copolymer results in the

1.0- i
D 410 1
| a0 /|
IJ.""\ L 430 442 /1
05- ;" . :
UD T T 1
400 450 50
vV, cm’

Figure 14 IR spectra of P(VDF/HFP) copolymers: (1)
86 : 14 and (2) 97 : 3.
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Figure 15 Temperature (T) dependence of the D ratios at
some bands of the IR spectra of a P(VDF/HFP) 93 : 7
copolymer.

rise of the ratios I,;,/lpzo and I,;/l110, where I, is
the integral intensity of the peak-halo and Iy, and
I110 are the integral intensities of the 020 and 110
peaks of the same o phase. Thus, mentioned correla-
tion indicated that the peak-halo in the VDF/HFP
copolymers should have been associated with the
presence of chain segments in an anomalous planar
zigzag conformation. Moreover, an unexpected
conclusion followed from the considered data. All
methods (including WAXS and differential scanning
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calorimetry) showed that the crystallinity in the
VDE/HFP copolymer of 93 : 7 composition was
noticeably higher. So, an increase in the crystal
fraction of the nonpolar (o) phase suppresses the for-
mation of the supposed antiferroelectric phase
domains.

The transitions in this phase were determined from
the temperature dependences of the IR spectra in the
interval, where dielectric and thermal anomalies were
observed. In particular, the bands at 410, 430, 442,
and 470 cm ™' were analyzed. The first band charac-
terized the TGTG™ conformation (o phase), the sec-
ond one characterized the T3GT3G™ conformation (y
phase), and the two latter bands were responsible for
the planar zigzag conformation (B phase).>® Because
the initial films were in a metastable (as-extruded)
state and nonreversible changes in the texture and
thickness were possible on heating, the spectral data
were expressed as a ratio of the optical density (D)
values of the conformation-sensitive absorption
bands. The temperature dependences of such values
are shown on Figures 15 and 16 for copolymers hav-
ing ratios of 93 : 7 and 86 : 14, respectively, for their
components. The following general regularities were
noted for both of them. An increase in the Dyz9/ D44
and Duzo/Dayo ratios (Fig. 15) with temperature for
the copolymer with 7 mol % HFP was consistent with
the conformation transitions such as (—TT—), —
(T3GT3G™). On the other hand, an increase in the ratio
D419/ Dasy under the previous conditions pointed to

Dy30/Dyss

24 * 3

204

0.8

20 &) a0 a0 1] 70 Ad 80

Figure 16 Temperature dependence of the D ratios at
some bands of the IR spectra of a P(VDF/HFP) copolymer
(86 : 14).
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the transition (—TT),, — (TGTG"). The former type of
isomeric transformations was observed also in the
VDE/HEFP copolymer with an 86 : 14 component ratio
(upper curve in Fig. 16). From Figures 15 and 16, it is
clear that a decrease in the Dj9/D43g ratio with
increasing temperature was observed for both copoly-
mers. This implied that the temperature increment
caused the conformation transformations expressed
by (TGTG™) — (T3GT3G"). This conclusion in some
way correlates with the earlier mentioned data that
high-temperature PVDF crystallization in the mixture
of the o and y phases always increased the fraction of
the latter modification."” The aforementioned confor-
mation rearrangements could also be registered by
the analysis of the temperature dependence of the
other absorption band’s parameters. In particular, the
temperature increase was accompanied by a noticea-
ble widening of the absorption bands of the doublet
of symmetric and antisymmetric stretching vibrations
of methylene groups. This could be explained by the
appearance of isomeric rearrangements because
the frequencies of those bands for three various
conformations were markedly different.'?

It is necessary to underline the reversibility of the
conformation changes discussed. The verification of
this fact was accomplished by a comparison of pa-
rameters of selected bands before and after heating.
The heating was accompanied by both reversible
and nonreversible structural changes, even at
temperatures much lower than the melting point.
The latter are analyzed in Figures 15 and 16 by
comparison of the optical band ratios at room tem-
perature before (point 1) and after (point 2) the heat-
ing of the investigated films. A considerable
decrease in the Dyo/Dy3g ratio was observed. At the
same time, a lack of coincidence could be seen
between the virgin D ratios in the 7 mol % HFP
copolymer (Dazp/Dazo, Fig. 15) and in the 14 mol %
HEFP copolymer (Das>/Dajo, Fig. 16).

The analysis of X-ray patterns showed that the ini-
tial extruded film of the VDF/HFP copolymer of
93 : 7 composition is characterized by a certain orien-
tation because the a-phase peak intensity depended
on the azimuth angle (¢). The orientation function (f.)
was estimated through the off-orientation angle (y)
according to Hermans equation:

fe=((3cos®y) —1)/2 ®)

The mean square ((cos®y)) was calculated as follows:

n/
f2C052 ¢ x sind x I(dp)dd
(cos?y) =+ @)

[ sind x I(¢)dd
0
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Calculation according to eqs. (3) and (4) for the
020 and 110 peaks gave f. = 0.39.

Azimuth scanning showed that the peaks being
considered could be expressed as the sum of two
components: isotropic and anisotropic. Evaluations
showed that the fraction of the latter is equal to 8%.
The orientation state was estimated in detail with the
azimuth dependence of the integral intensity of some
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Figure 17 Azimuth dependence of the integral intensity
of (a) the peak-halo, (b) peak 002, and (c) peak 110 in
extruded films of a P(VDF/HFP) copolymer (93 : 7).
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peaks of X-ray patterns during scanning from 0°
(equator) to 90° (meridian) with steps of 15°. These
data are exhibited in Figure 17. The 110 peak had a
maximum intensity on the equator, whereas the
002 peak had a maximum intensity on the
meridian. These facts point to the preferential orienta-
tion of the crystal c axis with regard to the extrusion
direction. It was surprising that the integral
intensity of the peak-halo behaved the same way as
the 002 peak during the changing of ¢. We could
explain this only by supposing that the peak-halo
belonged to areas of the interfacial boundary crystal-
amorphous phase with an intermediate form of
order. These domains must have been characterized
by preferential orientation with regard to the
extrusion direction as the core crystal.

The presence of the mentioned orientation was
revealed also by IR spectroscopy because the absorp-
tion bands were characterized by dichroism. This
belonged not only to the a-phase bands but also to
the polar B-phase bands. The latter implied that the
supposed antiferroelectric phase really could be
localized in the interfacial regions. All of this means
that marked changes in the D ratios of the conforma-
tion-sensitive absorption bands after the heating
cycle were associated with a partial orientation loss
because the heating was free (without the fixing of
the film ends). The orientation loss was initiated just
by the appearance of mobility in the domains of the
supposed antiferroelectric phase. For the copolymer
of 93 : 7 composition, which crystallized in the o
phase, it is necessary to take into account the
appearance of mobility being fixed by the dielectric
method in crystal.*

The paraelectric (antiferroelectric) phase had an in-
termediate form of ordering between the crystal and
isotropic amorphous phases, and it had different
dynamic characteristics. Therefore, the aforemen-
tioned problem is related to the registration of two
types of amorphous phases in the crystallized poly-
mers.®*®> According to this concept, the paraelectric
(antiferroelectric) phase could have been an analogue
of the rigid amorphous phase.®>™® Thus, it is difficult
to evaluate the crystallinity because the paraelectric
phase could be attributed to either the amorphous
domains or the crystalline phase. We evaluated two
types of crystallinity with WAXS data: The @, is the
crystallinity corresponding to the case in which the
peak-halo is attributed to amorphous phase. The @, is
the crystallinity corresponding to the case in which
the peak-halo belongs to crystalline phase. Table I
shows that ¢, > ¢;. Table I also shows the fraction of
the suggested paraelectric (antiferroelectric) phase ¢,,
which depended on both the type of the copolymer
and the crystallization conditions.

Table I also shows the value of L, which had the
same values in all of VDF/TFE (94 : 6) samples and
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did snot depend on the crystallization conditions and
phase proportion. The size of the amorphous layer
(I,) between the neighbor lamellar crystals in the stack
was estimated to be [, = L — Iy, where Iy is the lon-
gitudinal crystal size (in the direction of the macro-
molecule axis). lpy for the P phase was estimated
from the width of the 001 peak. The 001 peak was for-
bidden because of symmetry for the a-phase crystalli-
zation, and the longitudinal size was estimated from
the width of the 002 peak. Table I shows that I,
depends on the nonpolar comonomer fraction in the
VDF chain.®® The linear crystallinity (¢r = lpo/L) was
also estimated. It was shown that ¢y, ¢ > ¢p. This
means that the crystalline phase could exist not only
as stacks of lamellar crystals but also as isolated crys-
tals in the amorphous matrix. These isolated crystals
did not give an X-ray scattering maximum at small
angles because they did not demote conditions for
the one-dimensional diffraction.

CONCLUSIONS

The lowering of pressure during the crystallization
from the melt for the VDF/TFE copolymer of 94 : 6
composition leads to the crystallization in the mix-
ture of the metastable o modification and ferroelec-
tric B phase. The variation of solvent affinity to the
copolymer for crystallization from solution influ-
enced the morphology of the micrometer size par-
ticles. The appearance of the peak-halo for all of the
investigated copolymers indicated the presence of a
paraelectric and/or antiferroelectric phase in the
volume. The antiferroelectric phase in the VDF/HFP
copolymer was formed by microcrystals where
chains had a planar zigzag conformation. The
temperature of the antiferroelectric-paraelectric tran-
sition correlated with the chain packing density in
the amorphous phase. The decrease in the intramo-
lecular dipole-dipole interaction in the studied
copolymers was accompanied by an increase in the
average dimensions of spaces between the neighbor-
ing lamellar crystals. It was shown by the example
of the VDF/HFP copolymers that groups with high
steric hindrances reduce the crystallinity and
crystal dimensions and diminish the chain packing
density in the amorphous phase.
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