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Abstract

According to IR spectroscopy data, crystallization of polyvinylidenefluoride from dimethylformamide and dimethylsulfoxide
solutions at 100 °C and 80 °C is accompanied in the last case by the formation of polymorph modification mixtures of y and f3
phases. In the presence of a number of ionic liquids, the same crystallization is accompanied by conformation transition in
polymer chains from T;GT;G  to the conformation of a planar zigzag. We think that it takes place due to ion-dipole interactions
between cations of the imidazole ring with fluorine atoms of polymer chains in the amorphous phase. X-ray data show that polar
crystals of the (3 phase of non-doped polymer contain many conformational defects in the form of T;GT5G ™ isomers. At polymer
doping with ionic liquid, the number of such defects is lowering. Due to this, the density of crystals formed grows. Conformation
changes noted affect the signal of electromechanical response fixed by piezoresponse force microscopy. In particular, it has been
shown that in the film under conditions of crystallization chosen process of self-polarization, which is registered by the method of

Kelvin mode, takes place.

Keywords Ferroelectric polymers - Structure - Polarization - Piezoelectricity

Introduction

Polyvinylidenefluoride (PVDF) and its copolymers are related
to the class of ferroelectric polymers which are widely used in
various branches of technology [1-3]. It is known that poly-
morphism is typical of PVDF crystals, and there are at any rate
4 its modifications: o, {3, v, and o, [1, 2, 4]. For ferroelectric
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state formation, polar 3 phase has an important role since two
chains of every elemental cell have the conformation of a
planar zigzag. Earlier it was shown that the o phase, where
two chains of a crystallographic cell with TGTG ™ conforma-
tion have dipole moments of opposite directions, is the most
stable. Taking into account the important role of the polar 3
phase in the phenomena studied, « — {3 transformation is
usually realized by low-temperature uni-axial stretching of
the film with o phase [1, 2, 4]. Another method of film crys-
tallization is its polar modification by copolymerization of
PVDF with tetrafluoroethylene or trifluoroethylene [1, 2, 5].
Introduction of oxide nanoparticles in PVDF also favors its
crystallization in the polar 3 phase [6]. On the other hand, for
modification of the chain structure of polymers, it is possible
to use ionic liquids (IL) [7-9]. Recently, it was shown that
ionic liquids may be utilized for modification of PVDF chain
properties [9, 10]. In this work, with the use of the same
polymer, an effect of ionic liquids of another type on processes
of structure formation at PVDF crystallization from solution
has been studied. It was shown that IL molecule structure may
noticeably affect polymer polar modification formation. In
particular, an increase in the flexible methylene link length
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Fig. 1 IR-spectra of PVDF films crystallized at temperatures 80 °C (1) and 100 °C (2) from their solutions in DMSO in the following spectral diapasons:
400700 (a), 700—1000 (b), and 10001500 (¢) cm ' curves of X-ray diffraction of the same films (d)

in IL, other things being equal, favors complete transition of y

Samples and methods of the experiment

phase crystals to 3 ones with the conformation of a planar

zigzag. At the same time, it is accompanied by the formation
of the domain structure with less expressed average size non-

uniformity.

Fig. 2 Structural formulae of

doping agents introduced
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PVDF (Solvay firm, Solef 6010) has been used in the work.
Imidazole Im (Lancaster Synthesis, 99%) has been purified by
sublimation; 1-butyl-3-methylimidazolium nitrate BMImNO;
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(Merck, >95.0%) and 1-tetradecyl-3-methylimidazolium nitrate
TdMImNO; (Merck, >95.0%) were dried at 55 °C/1 Torr, using
a trap with P,Os, installed into a vacuum line; sodium nitrate
(reagent grade) and DMF (Panreac, 99.8%) were used without
additional purification. 0.12 g PVDF was dissolved in 3.6 ml
DMF at 60 °C. If needed, 0.006 g of the filler (Im, sodium nitrate
NaNO;, BMImNO;3, or TAMImNO3) was added. Films were
prepared by isotherm crystallization at indicated temperatures
from solutions on a glass plate by slow solvent evaporation.
Thickness of films prepared was constant (12 pum). IR spectra
were recorded with a Bruker Equinox 55s spectrometer (with
Fourier transform). Shooting was performed in transmission
and attenuated total reflection ATR (diamond crystal) regimes;
the latter was used to probe the 0.5-2-um-thick surface layer of
polymer. Films formed had the same thickness. So, along with
usual spectra, we could obtain difference spectra as well. The
latter were obtained by subtraction spectra of doped films from
those for films without additives.

Piezoresponse force microscopy (PFM), local polariza-
tion switching spectroscopy, and Kelvin probe force mi-
croscopy (KPFM) measurements were carried out with
MFP-3D (Asylum Research, USA) and Ntegra Prima
(NT-MDT, Russia) commercial scanning probe micro-
scopes, using the CSG30/Pt conductive probe with the
spring constant of 0.6 N/m. The drive amplitude for PFM
scanning was 0.5 V, and frequency was 50 kHz (far from
contact resonant). For KPFM measurements, the probe
scanned the surface topography using a tapping mode.
One-volt AC voltage was applied to the probe near its fre-
quency (~48 kHz) to measure the sample surface potential
distribution through a DC voltage feedback loop. All
KPFM mappings were performed with the lift height of
30 nm, and 3-V DC voltage was applied to the probe.
During the piezoelectric hysteresis loop measurements
(remnant loops), an AC voltage was superimposed onto a
triangular square-stepping wave (f= 0.5 Hz, writing time =
read time = 25 ms, bias window were up to =170 V (for
sample ) and + 120 V (for sample V)). For the estimation of
the piezoelectric constants (effective ds3), deflections and
vibration sensitivity of the cantilever alignment were cali-
brated by GetReal procedure in IGOR Pro software
(Asylum Research, USA).

Results

Such solvents DMF and DMCO, which have high affinity to
PVDF, have been used in this work [11]. These solvents boil at
high temperatures. That is why film crystallization can pro-
ceed only at high temperatures. In this connection, while using
DMSO, it was checked whether crystallizing temperature may
influence the microstructure of films formed. In Fig. 1, IR-
spectra of films obtained at various temperatures are

presented. Analysis shows that crystallizing at 100 °C leads
to the formation of predominantly non-polar crystals of the «
phase, which have characteristic absorption bands [1, 2, 4]. It
also follows from this figure that a decrease in film formation

o
490
(a)
0.6 F
B
o V442
110430

-1

0.4 , cm

Intensity, arb. units

a
02}
I
0-0 " 1 n 1 n 1 " 1 " 1 n ]
400 450 500 550 600 650 700
v, em’!

Intensity, arb. units

1 " 1 " 1 n 1 " 1 " ]

0.0
400 450 500 550 600 650 700
v, cm™!

Intensity, arb. units

1 " 1 L 1 " 1

0.0 L— —
1200 1220 1240 1260 1280 1300 1320

v, em™

Fig.3 IR spectra of PVDF films crystallized at 80 °C from their solutions
in DMF (1), and with additives of imidazole II (a) and NaNOj III (b, ¢);
insets in a and b are difference ATR spectra to sample I
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temperature results in their crystallization as a mixture of 3
and <y phases [1, 2, 4]. The appearance of absorption bands
marked in the figure characteristic of planar zigzag conforma-
tions (3 phase) and TsGT;G  (y phase) [1, 2, 4] indicates it.
Qualitatively similar conclusion was made by authors of
works [12—15].

IR spectroscopy gives information about the conformation
of isomers which are present both in crystalline and amor-
phous phases. Since the proportion of the crystalline phase
in polymers studied is not great (~ 50%), we wanted to assess
the structure of crystals themselves. In Fig. 1d, X-ray diffrac-
tion patterns of the same films, which spectra are presented in
Fig. 1, are shown. Analysis of the data obtained shows that
crystallization at high temperatures results in the formation of
non-polar crystals with chain conformation TGTG . Peaks
from the film crystallized at low temperature indicate the for-
mation of polar crystals of  and -y phases [1, 2, 4, 16, 17].
Non-trivial conclusion follows from these data: when ferro-
electric polymer in polar modification crystallizes, chains in
the amorphous phase have predominantly the same conforma-
tion as that in the crystal. Checking films formed at 80 °C from
PVDF solutions in DMF and DMSO showed that crystalliza-
tion proceeds identically, i.e., with the formation of 3 and y
phases. From these data, it is possible to make the conclusion
that, as applied to solvents chosen, crystallization temperature
is a determining parameter for PVDF microstructure
formation.

Investigation of an effect of ionic liquids IL introduced into
PVDF solution has been carried out taking as an example the
process of polymer crystallization from DMF solutions without
IL under identical conditions (80 °C). In Fig. 2, the structural
formulae of dopants introduced are shown. It is seen that apart
from imidazole and NaNOs, there are two ionic liquids IL
which noticeably differ in the length of the flexible methylene
link in position 1. As will be seen later, just the latter affects
PVDF structure formation processes most of all. To determine
the contribution of ionic centers in polymer crystallization pro-
cess at films formation, apart from imidazole IL, non-charged
Im was also tried. In Fig. 3a, the IR spectra of marked films are
shown. It follows from them that Im introduction results in
crystallization as the mixture of & and 3 phases. It is seen from
difference absorption spectra, growing of bands responsible for
PVDF chain conformation TGTG , a characteristic of non-
polar o phase, is observed [1, 2, 4, 17-19].

As it follows from Fig. 3 b and c, the introduction of salt
NaNO; into the crystallized film results in a change in the
process of film crystallization. From the difference spectrum
of the film formed (see inset in Fig. 3b), it can be clearly
observed. As compared with spectra of films synthesized
without NaNQj; addition, in case of salt introduction, intensi-
ties of bands related to the 'y phase (430 and 482 em ') and «
phase (530 and 615 cm ") of films formed decreased while
those related to bands sensitive to the conformation of the
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planar zigzag (442, 510, and 470 cm ") increased. A change
in the ratio of intensities of bands 1232 and 1275 cm ™' (Fig.
3¢) leads to the same conclusion.

According to literature data [1, 2, 4, 18, 19], bands 430,
482, and 1232 ¢cm ! should be attributed to chain confor-
mation T;GT3G  in the vy phase crystals. Thus, the
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introduction of the salt noted leads to shifting of conforma-
tional equilibrium between isomers T;GT3G and a planar
zigzag to the side of increasing of the latter. According to
our opinion, such a different influence of two additives on
PVDF structure formation may be due to the fact that salt
introduced in the initial solution is in the form of ions con-
centration of which is determined by its dissociation de-
gree. These ions are sources of the local electric field in a
crystallized solution of extremely polar polymer. That is
why they may affect the structure formation of the terminal
structure. Data on an effect of outer electrical fields on
phase transformations in considered polymers where poly-
morphism effects are strongly expressed [20]. Taking into
account these data, let us consider an effect of BMImNO;
and TdMImNOj; additives on PVDF crystallization pro-
cesses noted above. Their detailed elaboration can be seen
in Fig. 4. It follows from the figure that with respect to the
initial film, considerable differences in their IR spectra are
observed. The same takes place in the case of NaNO; ad-
ditive. From the comparison of these data with those for the
film doped by Im (Fig. 3a), it follows that molecule transi-
tion from the neutral condition into cationic one (Fig. 2)
must be responsible for this fact. It is also interesting to
follow the role of IL chemical structure in the process of
the film structure formation. Figure 4 data show that for all
conformation sensitive bands, the same regularity is ob-
served. PVDF film crystallization in the presence of IL
TdMImNO; (V) is accompanied by a more considerable
conformational transformation TsGT;G — (-TT-),. It is
reflected quantitatively by the data on ratios of optical ab-
sorption bands mentioned above (Table 1). In Table 2, char-
acteristics of difference spectra for conformation sensitive
absorption bands for all kinds of dopants are presented. Let
us remember that difference spectra for films of the same
thickness were registered when the spectrum of the non-
doped film obtained from DMF solution was used as a
“standard.” It can be seen that for all pairs of bands differ-
ences calculated grow regularly in dopants series Il —
I — 1V — V. It follows from Table 2 that bands chosen
characterize conformations of a planar zigzag (decreased)
and T;GT5G  (subtracted). That is why this difference char-
acterizes completeness of conformational transition

T3GT3G — (-TT-), at this or that dopant. It follows from
Table 2 that transition noted is the weakest for imidazole 2,
and its maximum is in the case of cationic ionic liquids. It
also follows from the table that an increase in the length of
the flexible methylene link in position 1 of the imidazole
ring increases conformational transition to its maximum.
This is a new result which was not noted previously.

Discussion

Consideration of data obtained should be done not only for sys-
tems formed by crystallization from a solution like in our case.
Indeed, there is a group of works where structural properties of
composites on the base of PVDF are discussed. For example, it
has been found that at the introduction of organically modified
nanoparticles of clay [21-27] or ferrite nanoparticles [28-30],
crystallization proceeded in polar 3 modification. It should be
remembered that at usual crystallization from melt, homopoly-
mer is formed in the non-polar phase. Analysis of data on z-
potential of ferrite nanoparticles showed that they carry a nega-
tive charge [29]. In case of crystallization from solutions [9, 10,
31, 32], ionic liquid IL introduced will dissociate and in this way
will generate carriers of charges. Therefore, all conclusions from
cited works should be interpreted from the common position of
ion-dipole interactions since PVDF contains in its chains CF,
groups with great dipole moments. According to conclusions
of authors of works [28-30], the negative charge on the surface
of ferrite nanoparticle interacts with dipole moments of CH,
groups of PVDF chains. Due to this, the latter crystallizes to
the polar (3 phase. As for crystallization from solvents, our data
do not confirm this hypothesis. IL studied by us contains imid-
azole cation and NaNOj anion. If anions were determining in
their influence on PVDF crystallization, the extent of v — f3
transformation would be maximal in the case of polymer doping
by NaNO; salt in a solvent. Indeed, at the same weight propor-
tion of the dopant and the same dissociation extent, anion con-
centration in this case will be maximal and accordingly, Y — 3
transformation must be more pronounced. Table 1 data do not
confirm this. More to it, transformation noted turns out to be
maximal in case of dopant V, for which NOs  concentration will
be minimal (Fig. 2). To our opinion, the predominant role in

Table 1 Intensity ratios of

conformation sensitive absorption ~ Dopant Designation ~ Dyqo/ Da70/ Dgao/ Dia7s/ D50/
bands in PVDF films at their Dus0* Dus>* Ds76 Dipso* Dsoo
crystallizing from DMFA (I)
solution and in the presence of - I 0.90 0.40 0.41 0.60 6.0
various dopants Imidazole i 1.20 0.58 0.63 1.20

NaNO; i 1.70 0.72 0.54 1.80

BMImNO; v 1.85 0.77 0.76 1.60

TdMImNO; \% 2.50 1.30 0.81 2.02 9.3

*Bands in numerator and denominator relate to the conformation of a plane zigzag and T;GT;G , respectively
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Table 2 Structure formation

A (D470 - D482) A (D842 - D813) A (D1275 - D1232)

parameters according to the data Dopant A (D442 — Da3p)
of differential spectra for PVDF
films crystallized at 80 °C from II 0.016
DMF solutions with various 11 0.027
dopants v 0.041
\% 0.046

0.038 0.021 0.031
0.117 0.186 0.521
0.130 0.302 0.650
0.16 0.346 0.770

crystallization process belongs to imidazole cation. Its ion-dipole
interaction with fluorine atoms in PVDF chains will be deter-
mined because the value of the CF, group dipole moment (2,1 D)
is more than an order of magnitude higher than that for the CH,
group.

It is possible to find the definite proof of interactions noted
by comparison of our data with those of authors of work [33].
IR spectra of cationic IL like in our case, but with anion PF¢~
have been studied there. In this connection, it is interesting to
correlate the frequency positions of our IL characteristic bands
and those from work [33]. These data are presented in Table 3
from which it follows that in the case of anion PFg , frequen-
cies of bands responsible for vibrations in inorganic cation are
shifted to higher frequencies as compared with those of IL.
Somewhat earlier, the same result was also obtained by au-
thors of work [34]. More to it, it was shown that values of high
frequency shift depend on the number of F atoms in the anion.
Thus, it follows from considered data that fluorine may con-
siderably influence vibration states of imidazole cation frag-
ments [33, 34]. In our case, where fluorine is also present in
polymer chains, it is interesting to compare absorption bands
observed in IL IV before and after introduction it in PVDF.
These data are also presented in Table 3. At comparison of
frequencies in the first and last but one column, it is seen that
after the introduction of IL in PVDF, bands turn out to be
shifted to higher frequencies. This shift is about the same as
if in our IL anion (NO;") is replaced by PF¢ (Table 3). Thus,

the presence of F atoms which are strong electron acceptors in
the PVDF chain affects vibration level energy of ionic liquid
IL introduced.

Accordingly, the data presented indicate that when PVDF
crystallizes in the presence of cationic ionic liquids, interac-
tions of cations with fluorine atoms are determining. Just be-
cause of such interactions, polymer chains obtain planar zig-
zag conformation during crystallization. There is a separate
question, why an increase in methylene link length in IL re-
sults in more complete transition y — 3. To our opinion, it
may be explained qualitatively taking into account stereo-
chemical effects. As it follows from Fig. 2, imidazole cation
in IL IV has two methyl groups which are known to have
strong stereo-chemical hindrances at packing in a condensed
state. Because of this, ion-dipole interactions cannot take up a
compact position near fluorine atoms in the chains of PVDF
amorphous phase. If methylene link length increases in ring
position 1 at the transition from BMImNO; to TdAMImNOs,
stereo-chemical hindrances will partially decrease. It proceeds
because the potential barrier for a methylene group rotation
around C—C axis of the side chain is low. Due to this, imidaz-
ole cation has higher probability to be closer to fluorine atoms,
and higher ion-dipole interactions will strengthen conforma-
tion transition y — {3, that is observed experimentally.
Apparently, this effect will compensate for partial decreasing
of imidazole ring cation concentration at the transition from
dopant IV to V, since their weight proportion was the same.

Table 3 Frequencies and shifts of

main absorption bands in ionic BMImNO; BMImPFs BMImPF¢ Attribution IV + IV + PVDF
liquid 1-butyl-3- v [33] —BMImNO;5™ PVDF -1V
methylimidasolium nitrate v, em! v, em! Av,em! v, cm- Av,em’!
BMImNO; (IV) and 1-butyl-3-
hexafluorinephosphate v (CH;-N)
BMImNO;PFs [33], as well as 1457 1467 +10 5 CH, 1469 +12
those at introduction of (IV) in
PVDF 5 CH;
vD 1560 v 1568 +8
1565 1568 +3 Imidazole 1575 +10
1571 1576 +5 Ring 1585 +14
2872 2879 +7 v CH, 2880 +8
2933 2939 +6 v CH; 2940 +7
2958 2968 +10 2966 +8
3091 3122 +31 Fermi 3120 +29
resonance
3143 3170 +27 v CH + ring 3170 +27
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As noted, the introduction of imidazole (II) into the crys-
tallized system gives a minimal effect for the considered con-
formational transition. But from Fig. 3a and Table 1, it follows
that imidazole, however, also increases the proportion of
chains in the conformation of the planar zigzag. This may be
due to the formation of hydrogen bonds between protons in
imidazole (Fig. 2) and fluorine atoms in CF, groups according
to the type of NH ...FC. This kind of interaction may also
stabilize the conformation of the planar zigzag. The correct-
ness of this hypothesis was previously proved when the dop-
ing of copolymers VDF with rhodamine 6G dye was studied
[35, 36].

As it has been noted in the introduction, the polymer stud-
ied is a ferroelectric, and piezoelectricity realized in it is used
in sensors of various kind [1-3]. In this connection, it is inter-
esting to follow how this structure modification may affect its
piezoelectrical characteristics. For this aim, the method of lo-
cal piezoresponse force microscopy was chosen. Since polar
crystals are included in the domain which can be registered by
this method, it is interesting first to check how the above
conformational transition will affect such crystals characteris-
tics. It is seen in Fig. 5, from which it follows that PVDF
crystallizing in the presence of dopant IV results in shifting
of main reflex 110,200 of y and 3 phases to higher angles. It
means that the packing density of crystals formed in the pres-
ence of IL turns out to be higher. The following structure
formation scheme seems the most probable. In a non-doped
film, crystals of the (3 phase contain many defects in the form
of T;GT5G isomers that is known from IR spectroscopy data.
Doping leads to falling down a number of such defects in
crystals. It will be understood as conformational transition
T3GT;G — (-TT-),, which we register by the method of IR
spectroscopy. Since the packing density of crystals of y phase
with conformation T3GT3G  is lower than that for crystals of
{3 phase with the conformation of a planar zigzag [4, 16, 17],
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Fig. 5 X-ray diffraction curves of PVDV film samples crystallized from
DMEF solutions without dopant 1 and with ionic liquid (IV)

peaks observed must shift to greater angles. Just this is ob-
served in the experiment (see Fig. 5).

Topography images of the tested area (8 x 8 um?) of poly-
mer films are presented in Fig. 6 a and b. The computed root
mean square (RMS) roughness of the investigated area, and it
is 4.4 nm for the initial sample (sample 1) and 5.2 nm for
polymer doped with IL (sample V). Figure 6 presents typical
vertical (¢ and d) and lateral (e and f) piezoresponse signals as
well as piezoresponse signals at second harmonic (g and h) for
sample I (Fig. 6c, e, and g) and sample V (Fig. 6d, f, and h).
Vertical PFM contrast is roughly proportional to the effective
ds; coefficient and is determined by the projection of the po-
larization vector P on the normal to the polymer surface. On
the other hand, the lateral piezoresponse image reflects the
effective shear d;s, d»4 piezoelectric coefficient proportional
to the corresponding in-plane component of the polarization.
For second harmonic, the cantilever oscillation in a contact
mode scanning probe microscopy is used to determine local
electrostrictive properties [37, 38].

Histograms of the vertical, lateral, and second harmonic
PFM images are shown in Fig. 7 a and b for pure and doped
polymer films, respectively. The peak distribution maximum
corresponds to the most probable domain configurations, and
its width reflects the number of available domain states. It can
be noticed that these histograms possess symmetric shapes
(gauss distribution) with peak maxima appearing at either
positive (only for the vertical PFM image for the pure polymer
film, sample I) or negative side with respect to the zero pie-
zoelectric response value. Moreover, the appearance of non-
zero piezoresponse in these samples in the unpoled state im-
plies the existence of self-polarization in the samples.
Analysis of histograms shows that effective local vertical
(d53) and lateral (d;s, d»4 [39, 40]) piezoelectric coefficients
and the second harmonic signal is the largest for the pristine
polymer (sample I) film (Fig. 7).

As it is known, the latter is responsible for electrostriction
phenomenon which for polymers studied makes a consider-
able contribution to macroscopic piezo-response [39—42]. As
it follows from works [39, 40], the amorphous phase of con-
sidered polymers is responsible for electrostriction. It is un-
derstood from the general expression for piezoconstant d:

oD 0 by OB 0P )
Tox T ax Ty Tax

where D and X are electrical displacement and external me-
chanical stress and E, e,/ and P are field, dielectric permittivity,
and spontaneous polarization, respectively. The first term is

responsible for electrostriction. The high value of the derivative

% may be realized only at the expense of orientation polariza-

tion of amorphous phase chains when the polymer is at the
temperature higher than its glass point. The higher the
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proportion of the amorphous phase, the higher the
electrostriction contribution is expected to be. Comparison of
curves on the second harmonic (Fig. 7) shows that the signal
intensity in the film with IL (V) turns to be about 3 times lower
than that in the non-doped film (I). This may be qualitatively
explained by the fact that in the amorphous phase chains in
conformation T3GT;G  are less equilibrated with regard to
external influence than those with the conformation of a planar
zigzag [1, 2, 4, 43]. If aforesaid is true, in the sample crystal-
lized in the presence of IL, crystallinity is expected to be higher.
With the use of IR spectroscopy, we checked this supposition.

Fig. 6 Surface topography (a, b)
and signals of vertical (¢, d) and
lateral (e, f) piezoresponse on the
main frequency as well as on the
second harmonic (g, h) in the
initial sample (1) and after ionic
liquid introduction (V)
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In Table 1, ratios of optical densities of “crystallinity” bands
(840 and 510 cm™ ") and those of “amorphity” (600 1 876 cm ™)
[1, 2, 4] are presented. Indeed, it is seen that for both pairs of
bands PVDF crystallization in the presence of IL V is accom-
panied by an increase in crystallinity. From Fig. 7, it also fol-
lows that electrostriction contribution has negative values in
both films. It agrees qualitatively with data of other authors
[41]. In this connection, the electrostriction contribution in
piezoresponse will depend on the concentration of T;GT>G
isomers. Since their proportion is lowering at PVDF crystalli-
zation in the presence of ionic liquid (Tables 1 and 2), the value

60 nm
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of the signal of the second harmonic must decrease, too, that is
observed in the experiment (Fig. 7).

Another conclusion also follows from this picture. For
sample V, distribution curves get narrower. Thus, chain en-
richment of PVDF chains with isomers in the conformation of
a planar zigzag noted earlier results in more uniform distribu-
tion of domains. Width values of full-width-at-half-maximum
(FWHM) distribution curves listed in the table at histograms
presented in Table 4 allow it to be seen quantitatively.

In Fig. 8, scans topography (a and b), surface potential (c
and d), and their distribution histograms for the original (I) and

Piezoresponse, nA

Table4 The FWHM values obtained from histograms presented in Fig.
7

Parameter FWHM
No. VPFM (nA) LPFM (nA) 2 Harm (nA)
Sample 1 0.70 £ 0.01 1.21 £0.01 0.18 £ 0.01
Sample V 0.39 £ 0.01 048 +£0.01 0.11 £ 0.01
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Fig. 8 Topography (a, b), signals
of the surface potential (¢, d), and
histograms of the surface
potential distribution (e) for
samples [ u V, respectively

300 nm 350 nm
120 100
1.0V 1.75V
0.9 1.70

60 ]
O  Sample I
o Sample V
Gauss Fit

Intensity, arb. units

doped film (V) are shown. Histograms presented here show
that the doped film areas of positive charge localization have
the narrower distribution (Fig. 8¢). As it follows from afore-
said, the same effect also took place for domain size distribu-
tion (Fig. 7). For the same films, loops of piezoelectrical hys-
teresis obtained in SS-PFM regime are presented in Fig. 9. For
non-doped films, strong curve asymmetry at SS-PFM to y-
axis is presented. As it follows from our earlier data, the curve
shift noted above must be connected with the formation of the
space charge field [44]. The presence of crystals, containing
two phases in the non-doped film, may be the cause of

@ Springer

1.0 1.6 1.8

Surface poteﬂtial, \%

stronger asymmetry of piezo-electrical hysteresis. It may be
the result of the presence of various polar planes, which are
deep traps for quasi-free carriers in a polymer. Apparently,
film doping lowering the proportion of the y phase decreases
this asymmetry (Fig. 9, curve for sample V). Simultaneously,
it may be seen that an increase in a number of chains in the
conformation of a planar zigzag in such sample is accompa-
nied by lowering of the coercive field.

The radial field distribution is given by the following ex-
pression, which is obtained under the assumption that the tip is
a charged sphere [45]:
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Fig. 9 Remnant PFM hysteresis for samples I and V
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Here, r is the distance from the tip along the surface
(228 nm for sample I and 273 nm for sample V at maximum
DC voltage), R is the probe tip radius (30 nm), ¢ is the tip
distance from the surface, C; is the capacitance of the system
consisting of the tip and the dielectric semi-infinite crystal,
and €. and ¢, are relative permittivity values of the polymer
sample along polar and non-polar directions, respectively.

As it follows from Fig. 9, values of coercive fields turn to
be about two orders of magnitude lower than those in work
[10], where the PVDV film with IL had extremely high coer-
cive field (~200 MB/m). Such a difference may have various
causes. One of them is associated with the fact that hysteresis
loops obtained by us and in work [10] have been received by
different methods. Another cause may be connected with the
difference in the thickness of films: in our case, it was 30 um
while in work [10] thickness was 0.43 um. We used Ag elec-
trodes while in the cited work Al electrodes were used. As it
was shown by us recently, in the last case, the formation of
new functional groups is possible. They shift experimentally
observed coercive field to greater values [46]. At a low thick-
ness of the film measured, surface effects will be higher. That
is why in work [10] such high coercive fields could be
observed.

Conclusion

It has been found that introduction of organic ionic liquids in
the solution of ferroelectric polyvinylidenefluoride (PVDF)
results in the growth of a number of its isomers in the form
of a planar zigzag at crystallizing of this polymer.

Simultaneously an increase in the crystallinity degree is ob-
served. By the method of local piezoresponse force microsco-
py, it was found that this process is accompanied by a change
in its domain structure. It comes to the fact that the domain
size distribution gets narrower. The distribution of domains of
the surface potential changes, too. It was found that the mech-
anism of piezoelectricity in PVDF should have a high contri-
bution to the effect of electrostriction, which is determined by
the response to the external influence of the chains of the
amorphous phase. This is proved by the fact that as the crys-
tallinity of the films increases, the piezoelectric response sig-
nal on the second harmonic decreases. Curves of piezo-
electrical hysteresis have strong asymmetry which decreases
at polymer crystallizing in the presence of ionic liquid. It was
shown that doped films of ferroelectric PVDF have the lower
coercive field than non-doped ones.
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