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ABSTRACT: The crystallization kinetics of poly(vinylidene fluoride), PVDF, in blends
with the ionic liquid 1-ethyl-3-methylimidazolium chloride [Emim][CI] has been studied
as a function of [Emim][CI] content up to 40 wt%. Blends were produced by solvent
casting technique from diluted solutions and solvent evaporation at a temperature higher
than the melting point of PVDF followed by cooling to room temperature. Polymer phase,
morphology and crystallization behavior were evaluated. When crystallizing from the
molten blend it was observed that [Emim][CI] induces nucleation of PVDF in the
electroactive and highly polar -crystalline phase while pure PVDF crystallizes in the o
phase with the same thermal treatments. It is shown that PVDF crystal growth segregates
an amorphous phase rich in IL molecules to the surface of the films and that the ionic
liquid also remains in the spaces between the lamellae or between spherulites as
demonstrated by scanning electronic microscopy (SEM) and polarizing optical
microscope (POM) images. DSC results of isothermal crystallization show the
dependence of equilibrium melting temperature and Avrami exponent with the

[Emim][CI] content.



1. INTRODUCTION

Smart and multifunctional materials are gaining increasing interest for applications due
to their ability to change their properties through external physical stimuli such as
electrical and magnetic fields 2. Among the different smart material types, electroactive
polymer based materials, and in particularly poly(vinylidene fluoride) (PVDF),
copolymers and blends have attracted special attention due to their piezoelectric
properties, leading to the generation of a mechanical deformation in response to applied
electrical field and vice-versa 3. PVDF is a semi-crystalline polymer that can crystallize
in five distinct crystalline phases associated with the different PVDF chain
conformations, being the p phase the one with the largest piezoelectric response . Further,
PVDF possess high dipole moment, high dielectric constant, good thermal and chemical
stability and excellent mechanical properties >°. The excellent properties of PVDF allow
its applicability in different areas, ranging from sensors ’ and actuators > °, to batteries &
% and biomedical applications 11, among others.

Recently, a new generation of PVDF based materials has been developed, resulting from
the combination of PVVDF with ionic liquids (ILs). Those represent an interesting class of
smart materials, based on the structural modification induced in PVVDF by the presence
of the IL and the ion transport properties. Thus, bending actuators 2, magnetoionic
responsive materials 12, thermochromic materials 3 and humidity sensors # have been
recently reported.

ILs are usually salts composed entirely by organic cations and organic/inorganic anions,
displaying a high ionic conductivity, high chemical and thermal stability, negligible vapor
pressure and a wide electrochemical window *°. The influence of the ILs incorporation
into the PVDF properties has been addressed. It has been reported that the incorporation
of the IL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide [Emim][TFSI]

into PVDF induces the formation of a miscible and conductive IL-polymer blend at the
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nanometer range, decreasing the fragility of the material as a result of the IL contribution
to the the rearrangements of the PVDF chain segments 8. The influence of IL cation and
anion type on the electroactive phase content, thermal and dynamic mechanical properties
of PVDF was also assessed, being observed that 1-ethyl-3-methylimidazolium chloride
[Emim][CI] enhanced more significantly the B-phase content, showing also a marked
nucleating effect in the crystallization process 6. Further, the IL incorporation typically
enhances the electrical conductivity of PVDF, induces a plasticizing effect, decreasing
the Young Modulus and yielding stress and strains, and leads to a lower glass transition
temperature of the amorphous phase 2 1617

On the other hand, in spite of the number of studies on the IL-PVDF interaction, few
information related to the IL influence on the PVDF crystallization kinetics has been
reported, which is particularly relevant as demonstrated by the extensive studies on the
effect of low-molecular weight fillers (multi-walled carbon nanotubes, MWCNTSs 28,
clays *°, ferrite nanoparticle ?°, among others) on the crystallization behavior of PVDF.
In fact, it is very important from the scientific and technological points of view to
understand the mechanism by which the IL can affect the nucleation and crystal growth
of PVDF and the crystal phase in which PVDF chains are packed 2.

It this sense, different IL/PVDF composites were prepared to study the effect of
imidazolium IL with poly(ethylene glycol) segment on the polar B phase crystallization
behavior of PVDF 22, It was shown that the temperature of the crystallization exotherm
on cooling, T, decreases with increasing IL content increasing at the same time the
fraction of PVDF crystals in B phase.

It was also observed that 1-hexadecyl-3-methyl-imidazolium bromide ([Cismim][Br])
offers dual role of nucleation and plasticization at different loading concentration in the

PVDF polymer matrix 3.



Studies of the non-isothermal crystallization kinetics of the PVDF copolymer
poly(vinylidene fluoride)-hexafluoropropylene (PVDF-HFP) blended with N,N-diethyl-
N-(2-methacryloylethyl)-N-methylammonium  bis(trifluoromethylsulfonyl)  imide
([Demm][TFSI]) showed that the presence of IL actually delays the crystal growth
process leading to a decrease in crystallization temperature (T¢), keeping the overall
crystallinity of the samples almost unaltered 4,

The crystallization kinetics of PVDF blended with the ionic liquid (1-hexyl-3-
methylimidazolium chloride, [Hmim][CI]) was studied in ?° probing that [Hmim][CI]
promotes the formation of B-phase PVDF during the recrystallization process.

The goal of the present work is to study the crystallization in melt miscible polymer
blends and, since this IL affects the nucleation and growth of PVDF crystals, to
characterize by DSC the isothermal crystallization kinetics of PVDF chains from molten
PVDF/[Emim][CI] blends and correlate it with the polymer crystalline phase formed and
its microstructure, providing therefore, novel insights on the relevant issue of the

crystallization kinetics and morphology of PVDF/IL blends.



2. EXPERIMENTAL

2.1.Materials
Poly(vinylidene fluorde), PVDF 6020 (Mw = 670 — 700 kDa), N,N-dimethylformamide

(DMF) (99.5% purity) and 1-ethyl-3-methylimidazolium chloride, [Emim][CI] with a

purity of 99% were acquired from Solvay, Merck and lolitec, respectively.

2.2.Sample preparation

The samples were prepared following the general guidelines presented in 25, In short,
PVDF/IL films were prepared by casting from a solution in DMF. In a first stage, previous
to PVDF dissolution in DMF (15/85% wi/w), different IL contents ranging from 5 up to
40% (w/w) were dissolved in DMF. After this step, the polymer was added and kept under
magnetic agitation during 3 hours at 25 °C. After complete homogenization of the
polymer and IL, the solution was spread on a glass plate and solvent evaporation took
place at 210 °C below the IL degradation temperature (> 240 °C) 2’ in an air oven (P-
Selecta). Transparent PVDF/IL films were obtained with a thickness of ~ 50 um. In order
to reduce water uptake, all samples were stored under vacuum. The samples will be

identified by the IL content.

2.3.Characterization techniques

Fourier transform infrared spectroscopy (FTIR) spectra were recorded using a Spectrum
100, Perkin-Elmer, in attenuated total reflection (ATR) mode over a range of 4000 to 400
cm™ with a resolution of 4 cm™. FTIR spectra were performed after 64 scans for each
sample.

Differential Scanning Calorimetry (DSC) was carried out with a DSC Mettler Toledo
823e for low-temperature measurements conducted (-100 °C to 25 °C at 20°C/min) in the

region of the glass transition and a DSC 8000 of Perkin-Elmer for scans in the



crystallization and melting region, in both cases under flowing nitrogen (N2) atmosphere.
The mass of the samples was between 5 and 10 mg. Cooling and heating thermograms
were recorded between 25 and 200 °C at a heating rate of 20 °C/min. For isothermal
crystallization experiments, samples were heated to 200 °C for 5 min and cooled down to
the crystallization temperature at the highest cooling rate at which the DSC is kept under
control during the whole cooling scan: 90 °C/min.

Optical microscopy (OM) was performed with a Nikon Eclipse E600 microscope, with
polarized light, between crossed polarizers, and equipped with a Linkam THMS600
thermostatic plate refrigerated with a flow of cooling air.

The morphology of the PVDF/IL films was examined with a field emission scanning
electron microscope (FESEM; ZEISS Ultra-55) at 2 kV accelerating voltage. Previously,
a conductive layer of sputtered platinum was deposited on the surface of the samples.
X-ray microanalysis was performed on platinum covered sample surfaces with an energy
dispersive X-ray spectrometer from Oxford Instruments. The accelerating voltage during
acquisition was set to 20 kV and the exposure time was adjusted to 200 seconds for all
collected EDS spectra.

Atomic force microscopy (AFM) was performed with a Multimode 8 (Bruker) operating
in PeakForce nanoindentation mode in air. Maps of height, elastic modulus and adhesion
were simultaneously obtained with a RTESPA-300 pyramidal silicon probe (Bruker) with
a force constant of 40 N/m and a nominal resonant frequency of 300 kHz. Sapphire and
polypropylene samples were used as materials of known modulus to calibrate respectively

deflection sensitivity and tip radius.
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3. RESULTS

3.1.Polymer phase and morphology of PVDF/IL blends

In order to study the influence of [Emim][CI] content into the chemical characteristics of
PVDF and to evaluate the influence of the different IL contents into the PVDF crystalline
phase, infrared analysis was performed. Figure 1 shows the infrared spectra of
PVDF/[Emim][CI] blends with different IL contents.

Independently of the IL content, the main PVDF absorption bands are observed in the
FTIR spectra: In the region of 600-400 cm™ (Figure 1a) the absorption bands at 532, 489
and 410 cm are attributed to the a phase of PVDF 28, With increasing IL content from 5
wit% to 40 wt%, the o phase absorption bands disappears while the new absorption bands

at 470 and 444 cm are both attributed to the p phase of PVDF 2,
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Figure 1. Infrared spectra of the PVDF/[Emim][CI] blends from 600 to 400 cm™ (a), 900-
700 cmt (b) and 1300-1100 cm (c). (d) Electroactive phase content as a function of the

IL content (d).

The absorption band at approximately 878 cm™ is attributed to C—-C—C asymmetrical
stretching vibration of PVDF (Figure 1b). This fact can be ascribed to the superposition
of the spectrum of PVDF with that of [Emim][CI], the later showing a broad bulge in this
region of the spectrum. Additionally, it is observed the absence of the absorption bands
at 795 and 760 cm™ ascribed to the a crystalline phase. An increase in the absorption band
intensity at 840 cm™ assigned to the C-F stretching vibration characteristic of the all-trans
planar zigzag (TTT) B phase conformation is observed % # with increasing IL content. The
same occurs for the absorption band at 1275 cm™ (Figure 1c), also attributed to the B
phase conformation. From Figure 1c it is also observed at approximately 1600 cm™ the
C=N stretching vibration of the IL imidazolium ring %°.

Thus, the IL [Emim][CI] induces the crystallization of PVDF into the electroactive 3
phase, as a result of the electrostatic interaction between the [Emim][CI] with the PVDF
polymer chain of > CF, moieties over a side of the main chain, resulting in an appropriate

anion-cation pair 6%,




The quantification of the electroactive p phase of the PVDF/[Emim][CI] blends was

evaluated using equation (1) *:

Ap

F(B) = W 1)

where A, and Ag are the absorbances at 766 cm™ and 840 cm™, corresponding to the o
and B phase, respectively, and K, (6.1 x 10* cm?mol) and Kg (7.7 x 10* cm?/mol) the

corresponding absorption coefficients *.

Figure 1d shows that the ratio of  to a crystals in the crystalline phase rapidly increases
with increasing IL content in the PVDF/[Emim][CI] blend. For neat PVDF, a  phase
content of ~33% is obtained from the melt. The incorporation of 5 and 10% wt.
[Emim][Cl] induces a P phase content increase to 52%, and 90%, respectively. As
expected, due to the absence of the o phase absorption bands, higher IL contents (25 and
40% wt.) induces full PVDF crystallization into the electroactive  phase. These results
are indicative that IL incorporation into the PVDF solution influences the PVDF
crystallization process from the melt. The ion-dipole interactions between [Emim][Cl]
and PVDF are stronger than the cation-anion interactions in the IL, inducing the
interaction of the PVDF CF2 groups and the CH. groups with the positive and negative
IL charges, respectively, inducing the fully PVDF crystallization into the B phase
conformation 3L,

[Emim][CI] is a glass-forming liquid. Figure 2a shows the glass transition of this IL. The
glass transition temperature T4, measured as the midpoint of the heat-flow change in the
transition is -95°C. Interestingly, the thermograms of the PVDF/[Emim][CI] blends do
not show any indication of a glass transition in the temperature interval between -120 and
-60°C (Figure 2a shows the DSC thermograms measured between -120 and 0 ° C). The

homogeneous mixture of two amorphous glass-forming materials yields a single glass
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transition taking place at a temperature interval between those of the pure components.
The glass transition temperature of the amorphous fraction of pure PVDF is -43°C (Figure
2), that is similar to the one reported in the literature °, nevertheless, the glass transition
that appears in the blends increases with increasing IL content (Figure 2b).

The reason for this behavior is related with the crystalline form in which PVDF crystalizes
in the blends. As shown above, the FTIR spectra demonstrate that pure PVDF crystallizes
in the o phase while in the mixtures an increasing fraction of 3 phase is formed. The glass
transition observed in PVDF corresponds to amorphous regions confined in the regions
between crystal lamellae. From the shift of the glass transition towards higher
temperatures with the addition of the IL, it can be deduced that the mobility of the
amorphous regions between 3 phase lamellae is more restricted than that between o ones
due to the different crystalline packing and stronger electrostatic interactions due to the
higher polar character of the 3 phase. It is interesting to observe that the glass transition
of [Emim][CI] completely disappears and that it seems that there is no plasticization effect

on the glass transition of PVVDF segments in the amorphous phase.

Figure 2. a) Thermogram of DSC in the region of the glass transition of the PVDF/IL

Temperature / °C

[Emim][CI] content / %

samples and b) glass transition temperature as a function [Emim][CI] content.
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The microstructure of PVDF/[Emim][CI] blends with different IL contents were analyzed
by FESEM (Figure 3) and OM (Figure 4) images in samples subjected to isothermal
crystallization at 150°C. The typical PVDF spherulitic structure is shown in Figure 3a). It
is to notice that some micrographs show a few inter-spherulitic pores as a result of phase

separation processes and spherulitic growth kinetics, at it will be discussed further.

40 pm

40 pm

Figure 3. FESEM images at 500x of the surface of the blends crystallized at 150 ° C. (a)
Net PVDF, (b) 5 wt% (c) 10wt %, (d) 25 wt%, and (e) 40 wt% IL content. (f)

Magnification at 1000x for PVDF/IL samples with 10 wt% IL content.
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The number and size of the spherulites are affected by the IL content in the blend.
Furthermore, phase separation is clearly observed as the appearance of dark surfaces that
extend over the spherulites of the PVDF, with increasing area as the content of IL in the
samples increases, getting to cover completely the surface of the blend in the mixture with
40 wt% of IL, indicating that part of the IL is moved to the surface of the sample by the
growth of PVDF crystals. This fact is also confirmed by the optical microscope images
presented in Figure 4 in which samples containing 5 wt% and 25 wt%, crystallized at 150
°C, are observed under polarized light. The dark spots shown in the image correlate with
the dark zones observed in FESEM. The partial transparency of these dark zones, which
under the polarized light allows observing the PVDF spherulites below them, probes that
they consist of a non-crystalline layer covering the surface. The different size of the
spherulites in the samples containing different IL fractions must be ascribed to the

different nucleation rate, i.e., to the different number of spherulites growing

simultaneously.

Figure 4. Optical microscopy images under polarized light of PVDF/IL samples
crystallized at 150 ° C containing 5 wt% (a) or 25 wt% (b) IL content, prepared after the

same protocol as the samples of Figure 3.
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The distribution of [Emim][CI] in the samples can be assessed by EDS analysis in the
FESEM set up. Figure 5 shows a FESEM micrograph with the location of four points and

their corresponding EDS spectra for the surface of PVDF/[Emim][CI] blend films with

10 wt% IL content.

Spectrum 2

PVDE+10%IL 0a 1 ¥ Fiuorine  Spectrum 1| 53
) . (0.67 keV) Chlorine ]

11 Lf/ (Z.G\Zke\/) / J/
ided & Ra o

Figure 5. Elemental analysis by EDS of specific places of the surface of the PVDF/IL
sample containing 10 wt% IL content, showing the fluorine (pink) and chlorine (green)

peaks in dark and bright areas that appear on the surface.

It is observed an inhomogeneous distribution of IL within the P\VDF polymer detected by
the chlorine peaks. It is also noteworthy that as chlorine signal rises up, the fluorine peak
(ascribed to the polymer) decays. Since the peaks obtained in the spectra are the result of
an interaction volume of approximately 1 um?, small dark areas yield a low chlorine peak
(the IL on the surface is low when compared to the underlying PVVDF), result which is
similar to those corresponding to brighter areas. However, larger dark areas show a
substantial increase in the chlorine peak (and therefore a decrease in that of fluorine). This
fact is also demonstrated for the other blends with different IL contents.

The cross-section of the sample was accessed using focused ion beam (FIB) technique.
Figure 6a shows the FESEM image of the cut performed in the sample, the topography
of the surface can also be observed, showing circular spots distributed on the surface.

EDS analysis was performed in the vertical walls of the practiced trench in the different
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sections indicated by points in Figure 6b. Figure 6¢ shows the EDS spectra demonstrating

the presence of chlorine inside the sample, which indicates that part of the [Emim][ClI]

remains in inter-lamellae or inter-spherulite regions.

i . Spectrum 1
Fluorine
(0.67 keV)
/ Chlorine
(2.62 keV)
MG & rereereereeerreryree .
: : 5 e ey
Spectrum 2

0 2 4 6 8 keV

Figure 6. Micrograph obtained by means of focused ion beam (FIB) with FESEM and
EDS analysis of a cross-section of a PVDF/IL sample containing 10wt% IL content.

Fluorine (pink) and chlorine (green) peaks are highlighted in the EDS spectra.

In addition, morphological characterization by AFM images was performed for neat
PVDF and PVDF/IL blends with 10 wt% of [Emim][CI], as shown in Figure 7. Together
with the height images, nanoindentation mapping of the sample surface was performed in
which the elastic modulus and the adhesion of the tip to the surface in the retraction path
were recorded. Computed surface roughness (Ra) of height AFM images ranged from 5
to 10 nm, being generally neat PVVDF less rough than blends. The appearance of the thin

layer that covers partially the surface of the blend is in this case clearly detected by: i)

15



a)

Height
Height (nm)

Height

DMT Modulus

Adhesion

softer regions in which the elastic modulus falls below the elastic modulus corresponding
to neat PVDF; and ii) the adhesion signal. Nanoindentation was performed with a tip
adequate to measure elastic modulus in the order of GPa, which are those obtained for
PVDF crystals. Figure 7a shows the sharp transition along the straight line from an IL
coated region to another one in which the PVDF spherulite is uncovered.

Mapping of the elastic modulus with a distance between nanoindentation points of 1 nm
shows clearly the crystalline lamellae in Figure 7b at higher magnification. The
oscillation of the elastic modulus (sharp peaks in Figure 7a and dark and light bands in
Figure 7b) are associated with an indentation where the tip of the AFM penetrates
crystalline lamellae and others where it penetrates in the amorphous inter-lamella layers.
In fact, the shapes of the lamellae observed in the elastic modulus image correlate

properly with features in the height image.

PVDF + 10%lIL Sectionplots D) PVDF

DMT Modulus

Figure 7. a) AFM pictures of height, elastic modulus and adhesion obtained by
nanoindentation for PVDF/IL samples with 10 wt% IL content in the transition zone from
a IL covered (left-hand side on section plots) to IL uncovered zones (right-hand side) of

the surface. This transition is also highlighted in red on the DMT modulus plot; and b)

16



AFM pictures for height and elastic modulus for neat P\VDF and PVDF/IL samples with

10 wt% IL content.

The modulus spectrum is qualitatively very similar in the neat PVDF and PVVDF/IL blends
(Figure 7b) although when comparing them it is necessary to highlight once again that in
the case of the neat PVDF the crystallization is in a-phase, while in the PVDF/IL blends

with more than 5 wt% of IL, it is in B crystalline phase.

3.2.Crystallization kinetics

Melting and crystallization in heating and cooling scans respectively were evaluated by
DSC and OM images. The liquid mixture of P\VDF and [Emim][CI] is homogeneous at
least with the resolution of optical microscopy. On the other hand, the crystallization
temperature measured by DSC on cooling decreases as the content in IL increases (Figure
8) as predicted by thermodynamic equilibrium laws for a two-component system miscible
in liquid phase and immiscible in solid phase, a phenomenon known as freezing point
depression 32, Thus, the crystallization on cooling and subsequent melting temperature of
PVDF should decrease if the ionic liquid dissolves homogeneously in the liquid PVDF,
above the melting temperature, as it is observed in the mixtures with [Emim][CI]. The
inset in Figure 8a) shows a schematic representation of the phase diagram of a blend
which is miscible in the liquid phase but not in the solid phase. By cooling of a blend rich
in PVDF, as it is the case of our blends, PVDF crystals form in equilibrium with a liquid
blend which becomes richer in the IL. This equilibrium takes place at a temperature lower
than that of pure PVDF. Thus, the observed depression of both crystallization and melting
temperatures is a strong indication of the formation of PVDF crystals from a

homogeneous liquid phase containing IL.
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Figure 8. DSC thermograms of cooling (a) and heating (b) showing the crystallization
and melting peaks, respectively, for all samples. Inset of a): schematic representation of
the phase diagram of a blend, which is miscible in the liquid phase but not in the solid

phase,

In the case of optical microscopy, grayscale images were obtained during cooling from
200 °C to 80 °C at 20 °C/min and then on heating at the same rate. Figure 9 shows some
representative images in the case of the PVDF/IL blend containing 25 wt% IL content.
The average gray intensity and its derivative with respect to the temperature were
represented, arbitrarily taking values 0 and 1 at temperatures below and above the phase
transition. The maximum or minimum in the derivative of gray scale define the

crystallization and melting peaks respectively.
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Figure 9. (a) Image captured with the polarized light optical microscope in the
PVDF/[Emim][CI] sample containing 25 wt% IL at temperatures of 120 °C during
cooling scan. (b) Gray scale value and its temperature derivative as a function of
temperature. The red line corresponds to cooling scan while the black line corresponds to

heating ones.

Figure 10 shows the equilibrium diagram that can be determined for the crystallization
and melting temperature measured by both DSC and OM at 20 °C/min. In the case of
crystallization and melting temperatures measured by DSC, the maximum of the
exothermic or endothermic peaks measured in the cooling and heating scans were

obtained, respectively (Figure 10).
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Figure 10. Phase equilibrium diagram showing melting and crystallization temperatures

as a function of [Emin][CI] content in the PVDF/IL samples.

Figure 10 shows that the crystallization and melting temperatures, Tcand Trm respectively,
depend on IL content. DSC and OM measurements agree with each other in the
dependence of both T and Tm with the IL content of the blend. The decrease of T with
IL content, due to cryogenic descent, has been already indicated above. In the melting
temperatures, the same phenomenon appears but in this case the extrapolation of the
values obtained in the blends is not coincident with the value of T of pure PVDF since
the polymer is crystallized in the B phase in the blends while it crystallizes in the o phase
in pure PVDF and the melting temperature of the  phase is higher 4.

Isothermal crystallization experiments were performed in DSC by cooling the sample
from the liquid state at the maximum rate at which the DSC maintained the temperature
control during the whole cooling process, 90 °C/min. The range of crystallization
temperatures was restricted to the temperature interval above the onset of the exothermal
peak measured on cooling at that cooling rate thus ensuring that the whole crystallization

process takes place at the programmed temperature. At the end of the isothermal stage,
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the melting temperature was measured by a heating scan from T.. These heating
thermograms are shown in Figure 11a) for the PVDF/IL blend with 25 wt% IL content,

while some examples of the isothermal traces are shown in Figure 12.

Figure 11. (a) Heating DSC thermograms measured after isothermal crystallization at
different crystallization temperatures (indicated in the figure, temperatures in °C) in the

PVDF/IL samples with 25 wt% IL and (b) Hoffman-Weeks diagram.

It has been reported in the literature that the melting temperature of the  phase of PVDF
in pristine PVDF is not significantly different from that of the o phase 4, while that of
phase y is of the order of 8 °C higher when the latter is formed by isothermal
crystallization at high temperature from the melt * *. It is worth noticing that in the
temperature interval in which melting takes place after crystallization at the highest
temperatures is too high to allow any re-crystallization during the heating scan that could
make double peaks to appear.

The dependence of the melting temperature on Tcallows the Hoffman-Weeks diagram Tm
vs T¢ to be constructed, in which by extrapolation to Tm = T¢, the equilibrium melting

temperature, (T,2), can be determined through the following equation 3*:
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T =2%+T3(1-3) 2

where 6 is the thickening ratio.

In the heating thermograms in the range 152 °C < T < 158 °C, two or even three
endothermic peaks appear that could be ascribed to the formation of a different crystalline
phases, including the formation of y phase. Table 1 shows the equilibrium melting
temperature, (T,2) and thickening ratio, 8, obtained by fitting equation 1 to the data in
figure 11b) for all PVDF/IL blends. The T interval used for the fitting is shown in the

Table 1.

Table 1 - Equilibrium melting temperature (T,2) and thickening ratio, 8, obtained through

the equation 2.

Samples Fitting Tcinterval /°C | T /°C 5
0% 135-158 178 4.6
5% 140-158 195 2.4
10% 140-158 191 2.4
25% 135-154 245 15

40% 130-144 230 1.7

For neat PVDF, T;0 is 178 °C, which is in agreement with values reported in the literature
for PVDF crystallized in the a-phase 3%, Also, the thickening ratio value is 4.6 due to
chain mobility effects by the longer residence time at crystallization temperature .
For PVDF/IL blends, the extrapolation points in the Hoffman-Weeks diagram leads to
somewhat higher values when compared to neat PVDF. For PVDF/IL blend with 5wt%
IL, this behavior is more similar to neat PVDF as it crystallizes in the a-phase. For 10wt%
IL content, the heating thermograms are very complex with up to three endothermic

peaks, probably representative of regions that crystallize in two phases (a and -phase).
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It is interesting to see that when the PVDF crystallizes during the cooling scan at 20 °
C/min, the melting temperature of the PVDF/IL blend with 25 wt% IL is lower than that
of PVDF/IL blends with lower IL content (5 or 10 wt%), as shown in Figure 10 and as
corresponds to the equilibrium diagram. Nevertheless, after isothermal crystallization the
melting temperatures are in the mixture of 25 wt% of IL significantly higher than those
of the other IL contents or that of neat PVDF.

With respect to the position of the higher temperature peak in the thermograms obtained
for the samples with 25% or 40% [Emim][CI], a change of slope is observed around 135
°C in the 25% sample and around 130 °C in the 40% one (Figure 11b): for the higher
crystallization temperatures, the values in the Hoffman-Weeks diagram extrapolates to
quite high values of Tom, around 230 to 240°C which have been reported as representative
of B and y phases *, while the maxima measured in the heating thermograms after
crystallization at lower temperatures extrapolate to values of Tom much lower, in the range
of that expected for the o phase and similar what it is found for pure PVDF and the blends
containing 5% or 10% [Emim][CI]. The values of T2 listed in Table 1 for the samples
containing 25% or 40% IL correspond to the fitting in the high-temperature range. Even
if the FTIR results shown in Figure 1 did not show indications of the formation of y phase
in these samples after crystallization on cooling, it cannot be discarded the formation of
this crystalline structure at high temperatures, since crystallization in y phase has been
reported when PVDF crystallizes isothermally from the melt at the highest crystallization
temperatures % 3%, The presence of multiple melting peaks on heating after isothermal
crystallization seems to support the formation of multiple crystalline phases.

Thus, the crystallization kinetics is affected by the [Emim][CI] content in the blend.
Isothermal crystallization experiments were conducted in a wide range of temperatures.

First, the onset of the exothermic crystallization peak in cooling scan at the rate of 90
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°C/min (the maximum speed at which the DSC maintained temperature control over the
entire study interval) was observed to decrease as the IL content in the mixture increases,
parallel to that shown in Figure 1la for crystallization peaks. The crystallization
temperature of the isothermal tests was always maintained above that onset to ensure that
the crystallization process actually occurs in an isothermal manner and that the process
has not been initiated before reaching the crystallization temperature.

Figure 12 shows the isothermal crystallization peaks at 140 °C in all PVDF/[Emim][CI]
blends except for the one with 40 wt% IL content. It is observed that during an initial
period of time there is no growth of the crystalline fraction for PVDF/IL blends. This
latency time, ti, increases as the crystallization temperature increases (data not shown).
This is a well-known phenomenon and is associated with the probability of the formation
of stable nuclei which decreases the lower is the supercooling with respect to the

equilibrium melting temperature 3.
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Figure 12. Isothermal crystallization peaks at 140 °C for all PVDF/IL samples except for

the one with 40 wt% IL content.

24



It is observed that t| does not decrease with the presence of the ionic liquid in the mixture,
rather the opposite (Figure 9), which means that the ionic liquid does not favour the
nucleation of the PVDF crystals. The crystallization temperature range analysed
corresponds to the higher temperatures in the crystallization temperature window, and in
this interval always an increase in Tc makes the kinetics slower. On the other hand, the
area of the crystallization peak decreases slightly as T. increases (data not shown).

The experimental results can be fitted with the Avrami equation 4%-4:

Xct
Xcoo (T)

=1—exp(—K(t—t)") ©)
where n is the Avrami’s exponent related to the geometry of crystal growth, the nucleation
mechanism and how the rate of incorporation of a polymer chain to growing crystal is
controlled *, and K is the rate constant. The fit has been usually performed by linearizing
equation (3). Nevertheless, fitting of the experimental isotherms to equation (3) can be
carried out by direct non-linear least squares fitting and the interval in which the results
cannot be predicted by the model can be observed directly in the original diagrams 3% 44,
To do that, the heat flow delivered by the sample according to equation (3) is calculated
by:

0 2Xc

4(6) = Xeoo(T) 2 AHP 6 ©

where q(t) is the heat flow emitted by the sample at time t, Xc» is the maximum

crystalline fraction at the crystallization temperature, AH% the melting enthalpy and p and

pc are the density of the semi-crystalline PVDF and that of the crystal phase, respectively.

The crystalline mass fraction was converted to relative volumetric fraction taking into
account the fully crystalline and fully amorphous polymer densities of PVDF **. Figure

12 shows the comparison of the experimental data of PVDF and the blends with the IL
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and the model equation at 140 °C. In PVDF / IL blends with higher IL content (40 wt%),
when the crystallization temperature increases, the experimental isotherm could not be
reproduced by the Avrami equation.

The values of the Avrami exponent and the kinetic constant as a function of T¢ for the

PVDF/IL blends with different IL content are shown in Figure 13.
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Figure 13. n (a) and K (b) parameters obtaining from adjusting the experimental results

to the Avrami model.

Figure 13a) shows the evolution of the Avrami exponent, n, as a function of crystallization
temperature showing a clear dependence on the IL content. Nevertheless, while n rapidly
decreases when increasing the IL content at high crystallization temperatures, at low T¢
it seems that the ionic liquid does not affect the crystallization kinetics so much. This
feature can be related with the different behavior in the Hoffman-Weeks diagram
described above.

Regarding the kinetic constant, K, it seems that there is a difference between the curvature
of the InK vs 1/T diagram of neat PVDF and that of the PVDF/IL blends (Figure 13b),
being the differences more significant in the slope of the diagram at high temperatures,
which can be related to the different crystalline phase which is formed in pure PVDF and

in the blends.
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4. DISCUSSION

Film formation from the mixture of PVDF and [Emim][CI] in solution occurs by
evaporation of the solvent at 220 °C leading to a liquid mixture of the components.
Crystallization during cooling forms the PVDF crystals which grow in equilibrium with
the homogeneous liquid solution. In that process, as predicted by the thermodynamics
equilibrium criteria, the crystallization and subsequent melting temperatures decrease
with the IL content as shown in the thermograms of Figure 8. The fact that the blends do
not show a crystallization or melting peak in the temperature range of those appearing in
pure PVDF demonstrates that PVDF chains separate from the liquid mixture of PVDF
and the IL to incorporate to the growing crystalline lamellae.

From this assumption, during cooling, nucleation and subsequent growth of PVDF
crystals occurs. FTIR spectra show that from 10 wt% up of [Emim][Cl], the ionic
interaction of PVDF chains with [Emim][Cl] induces nucleation in the B-crystalline
phase. Crystal growth is in the form of spherulites, as observed in the optical microscopy
images of Figures 3 and 4. Crystallization in B phase is also supported by DSC
experiments. From the study of crystallization kinetics in isothermal experiments, the plot
of the melting temperature against crystallization temperature (Hoffman-Weeks diagram)
allows an estimation of the equilibrium melting temperature that changes sharply by
passing from 10 to 25 wt% of the ionic liquid content, which supports the change of the
crystalline phase formed. The crystallization kinetics itself reflects this change of
behavior. The Avrami model allows a precise adjustment of the crystallization isotherms
in the DSC for pure PVDF and for PVDF/IL samples with 5 and even 10 wt% IL content,
but for higher IL contents the heat flow curves become very asymmetric (Figures 12 and

13) and the Avrami model stops reproducing the experimental behavior. In Figure 12 the
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settings up to 25% content are shown, the sample curve with 40% cannot be simulated
with the model.

This again is indicative that the nucleation and growth of the PVDF crystals occurs from
a liquid mixture in which the PVDF chains are homogeneously mixed with those of the
[Emim][CI], if at the initial temperature there is already separation of liquid phases one
would expect a kinetics of crystallization less dependent on the composition of the
mixture, although some effects would occur due to the interfacial interaction and
nucleation differences if the PVDF in dispersed aggregates

In the PVDF/IL samples in which the model fitting can be performed, a clear effect of the
IL content in the blends is observed, which causes the exponent of the Avrami equation
to decrease. The effect on the kinetic constant, although also significant, depends on the
crystallization temperature because the curvature of the representation of InK vs 1/T also
clearly changes with blend composition. The simultaneous formation of various
crystalline phases during isothermal crystallization, in particular o. and  phases in 5%
and 10% samples can be observed in the FTIR spectra and in the presence of more than
one endotherm in the heating scans after isothermal crystallization. Nevertheless, only a
peak is observed in the isothermal DSC traces and the shape of this thermogram can be
accurately reproduced with a single Avrami curve, so differences in the crystallization
kinetics of the two phases cannot be distinguished by DSC.

Clear differences between the spherulites of the mixture containing 5% of IL, which
crystallizes in a-phase and that which contains 25 wt% of IL, which crystallizes in -
phase, are not visible, only a smaller size of spherulite which must be interpreted as a
major nucleation in the samples with 5 wt% of IL (Figure 4).

Nevertheless, during crystal growth the remaining liquid phase becomes richer in

[Emim][CI] and eventually saturates segregating at least a part of the IL. The location of
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the IL in the films at the end of the isothermal crystallization (the crystallization
temperature of the results shown in Figures 3 to 7 was 150 °C) has been assessed by
microscopy techniques. It seems clear that although a certain content of IL remains in the
spaces between the lamellae or between spherulites, a significant fraction of IL or a
mixture of IL and PVDF chains in the amorphous phase is segregated towards the surface
of the membrane (Note that the membrane is very thin: its thickness is in the order of
magnitude of the diameters of the spherulites), as evidenced by the FESEM images of
both the surface and the cross section and the EDS analysis that show the presence of
chloride. The thickness of this coating cannot be measured accurately but the FESEM
picture in Figure 6a allows to estimate that its thickness is below one micron and probably
less than 100 nm. In any case it is worth noticing that no glass transition corresponding
to pure [Emim][CI] can be observed in the low-temperature DSC thermograms of Figure
2a. The dispersion of segregated [Emim][CI] in very small domains and the strong
interaction with PVDF segments can explain this feature. On the other hand, the glass
transition of the amorphous phase of the PVDF does not progressively decrease with the
increase of IL content (Figure 2), that is to say that the IL dispersed in the interlamellae
or interspherulite regions does not plasticize the amorphous phase of the PVDF what is
indicative of the complex interaction between the Emim and Cl ions and PVDF chain
segments.

There could still be the question of whether the phase that contains the IL after
crystallization forms aggregates that cross the entire thickness of the sample, but the
images of the optical microscope of Figure 4 prove that it is not so, that under a layer that
contains the IL the PVDF spherulites are clearly observed.

Therefore it can be concluded that the structure of the once crystallized film consists of a

continuous layer of spherulites of PVDF in the -phase, which may contain IL in the
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space between spherulites or even between lamellae but some of the [Emim][CI] is
secreted forming aggregates or a thin layer on the film surface. The nanoindentation
measurements clearly show the difference between the surface stiffness in the areas where
the PVDF spherules appear and the deformability, with elastic modulus below the
measurement threshold in the regions where the layer has formed mostly by IL (Figure

7).

5. CONCLUSION

The microstructure and crystallization kinetics of PVDF in blends with [Emim][Cl]
crystallized from the melt has been studied by FESEM, OM, DSC and FTIR. PVDF
crystals nucleate and grow from the liquid mixture of PVVDF chains and IL molecules and
the interaction with [Emim][CI] ions induces crystallization in the B-crystalline phase,
what is probed by the FTIR spectra of the blends and the changes in the crystallization
kinetics. The fraction of IL in the blends is important in this sense. A 10 wt% of IL is
enough to induce the formation of a 90% of B phase in the samples cooled down form the
melt. Nevertheless, the DSC heating scans performed after isothermal crystallization at
different temperatures show different melting peaks that could be indicative of the
formation of different crystalline phases in different temperature intervals. PVDF crystal
growth segregates an amorphous phase rich in IL molecules. The ions containing chloride
are detected in the core of the film although the resolution of the microscopy techniques
did not allow determining in which proportion it resides in interlamellae and in the

interspherulitic regions. Chloride is also detected at the surface of the film.
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The crystallization kinetics of PVDF with IL (ionic liquid 1-ethyl-3-methylimidazolium
chloride [Emim][CI]) has been studied in which that [Emim][CI] induces nucleation of
PVDF in the electroactive and highly polar B-crystalline phase while pure PVDF
crystallizes in the a phase with the same thermal treatments. The PVDF crystal growth

segregates an amorphous phase rich in IL molecules on the surface of the films.
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