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Graphical Abstract:

PVDF was obtained from controlled radical polymerization in scCO,. RESS was successfully
used to prepare PVDF nanoparticles with a median particle size of 47 nm. RESS enables the
transformation from a to B phase. Piezoresponse force microscopy analysis confirmed the
formation of piezoelectric PVDF particles via RESS.
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This contribution reports on the impact of the rapid expansion of supercritical solutions (RESS) on poly(vinylidene fluoride)

(PVDF) properties in terms of particle size, molar mass distribution, crystal phase and finally piezoelectric behavior. Based

on the usage of a phase PVDF powders, submicron particles were obtained involving crystal phase conversion to the B

form. Moreover, state of the art piezoresponse force microscopy analysis verifies the formation of piezoelectric PVDF

particles via RESS.

Introduction

The excellent resistance to chemical, thermal, ultraviolet,
weathering and radiation environments led to wide-ranging
applications of the semicrystalline hydrofluorocarbon
poly(vinylidene fluoride) (PVDF).! Popular items are e.g.
coatings, piping equipment, or membranes.”? PVDF is
recognized for at least 5 polymorphs (a, B, y, 6, and € phase)
and exhibits unique piezo-, pyro-, as well as ferroelectric
properties, particularly in its B phase.g’a"8 Since each crystal
phase is associated with varying characteristic features, several
studies concentrate either on targeted synthesis or conversion
of PVDF crystal phases.3'9"17 For example, the crystal phase
transformation of a into B phase can be achieved by means of
drawing, annealing or poling at different temperature and
pressure conditions. PVDF applications exploiting piezoelectric
properties in special devices like sensors, capacitors or
actuators are highly interesting. The potential for future
applications is remarkable.® So far, the electrical properties of
PVDF have mainly been investigated in polymer films. "%
PVDF is commonly produced by emulsion polymerization,
which is associated with large quantities of waste water, the
need for fluorinated stabilizers and substantial amounts of
energy for polymer drying.z‘r"26 Therefore, alternate
polymerization strategies are considered. In recent years, the
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synthesis of polymers in supercritical carbon dioxide (scCO,)
has gained attention due to many advantages of the solvent:
CO, is considered to be environmentally benign, is further a
non-flammable, chemically inert, inexpensive and non-toxic
solvent, which allows processing at moderate conditions (T¢ =
304.13 K, pc = 7.38 MPa) in addition to unproblematic solvent
separation.27'29 The homogeneous phase polymerization of
fluorinated monomers in scCO, was reported in 1992 and was
followed by the synthesis of PVDF.>>** In addition to
polymerization under supercritical conditions, even the
production of semiconducting polymer particles has been
reported in scCOz.35

The rapid expansion of supercritical solutions (RESS) is
usually applied to the micronization of pharmaceuticals, such
as t:arbamazepine.36 It is also known that carbamazepine
crystal phase conversion is enabled by using scCOz.ge'37 In the
RESS process, the solute of interest is dissolved in a
supercritical fluid and the supercritical solution is rapidly
expanded through a nozzle down to ambient conditions. This
brings appreciable supersaturation, produces fast nucleation
and uniform crystal growth and hence small particles with a
narrow size distribution. Until today a large number of
publications report about the production of submicron drug
particles using supercritical fluids, but only a few studies
reported about the application of RESS on polymers.38'39'40 For
example, PVDF processing in scCO, aiming for the modification
of certain polymer properties is not investigated in detail, yet.
Recently, we reported that PVDF may be micronized via
RESS.*® The emphasis was on the influence of polymer
properties such as molar mass, polymer end groups and
degree of crystallinity on the obtained particle size. The
particle size was shown to decrease either by increasing molar
mass, in case of identical polymer end groups, or by increasing
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the degree of crystallinity, in case of similar molar mass and
different end groups.40

In this contribution we describe the impact of RESS on
PVDF properties for a model polymer with a number average
molar mass of M,, = 2000 g mol™. The end groups are CICgF,,
and | originating from the chain transfer agent used in polymer
synthesis. RESS is introduced as a promising method to
generate piezoelectric polymer particles by crystal phase
transformation from a into B phase PVDF.

Experimental

Controlled radical polymerization of vinylidene fluoride

PVDF samples were obtained from solution polymerization of
vinylidene fluoride (VDF, 99 %, provided by Dyneon GmbH) in
scCO, (grade 4.5, 99.995 % Linde AG) at 393 K and 150 MPa
with 0.07 mol-L™" di-tert-butyl peroxide (DTBP, 99 % AKZO
Nobel) as initiator. The VDF concentration is 3.5 mol-L™%. To
control polymer molar mass 0.23 mol-L™ CICgF1,1 (98 %, Apollo
Scientific Limited) was used as chain transfer agent (CTA). The
CTA allows for controlled reversible - deactivation radical
polymerization, so-called controlled radical polymerizations,
and therefore, the synthesis of low dispersity polymer.
Moreover, the controlled radical polymerization of VDF excels
robust, solvent- as well as stabilizer-free characteristics. For

. 33,34
more details refer to reference.

Rapid expansion of supercritical solutions (RESS)

In a typical RESS experiment, the polymer is dissolved in scCO,
(grade 3.0, 99.90 % Linde AG) at 323 K and 20 MPa. The
homogeneous supercritical mixture is subsequently rapidly
expanded through a heated capillary nozzle (338 K, inner
diameter = 50 um) to atmospheric conditions. As a
consequence, spontaneous phase transition occurs and
polymer particles are formed. The RESS process is carried out
for 45 minutes. Further details on the experimental set-up and
the general experimental procedure can be found
elsewhere.***

Analytical Methods

In order to determine the particle size of the obtained polymer
particles, scanning electron microscopy (SEM) was performed.
The sample preparation included the loading of polycarbonate
membranes (What-man®NucleporeTM, 47 mm diameter with
a 0.2 um pore size) within the RESS expansion chamber
followed by platinum sputtering (approx. 2 nm). The SEM
micrographs (secondary electrons) were taken with the
support of the Laboratory for Electron Microscopy (KIT) using a
LEO 1530 microscope (Carl Zeiss AG, Germany) at acceleration
voltages of 2.0 kV and 5.0 kV. By means of ImagelJ 1.46r, a free
image processing and analysis program, the particle surface
area was measured. The corresponding diameters of size
equivalent spheres were afterwards used to calculate the
particle size distribution (PSD, Qg) of the sample. The particle
diameters X109, X590 and Xxqy serve for PSD characterization. For
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example, x;, is defined as the diameter where 10 % of the
particles have a smaller diameter than x;o. The remaining 90 %
show larger diameters.

Polymer molar mass distributions (MMD) were measured
via size-exclusion chromatography (SEC) using N,N-dimethyl
acetamide (99 % pure, Acros) containing 0.1 % LiBr (99 %,
Riedel-de Haén) as eluent. The SEC set-up detailed in reference
34 was calibrated using low dispersity polystyrene standards
(PSS).

Infrared spectra were measured using a FTS 7000 (BIO-
RAD) FT-IR spectrometer equipped with a photoacoustic
spectroscopy (PAS) cell (model 300, MTEC). The spectra were
recorded under He atmosphere. Pure graphite was utilized as
background spectra. FTIR spectroscopy as well as X-ray powder
diffraction (XRD) were used to study the type of crystallinity
for all samples.

XRD analyses were conducted by a STADI-P diffractometer
(STOE) with Ge-monochromized Cu-Ka radiation
(A =1.54060 A). The diffractograms have been recorded in a
2 theta range of 0-69° with a step size of 0.03° (1200s).

Finally, to check for the piezoelectric response of the
particles, piezoresponse force microscopy (PFM) was used.*
This technique is based on a standard scanning force
microscope (SFM), operated in contact-mode with an
alternating voltage (Vp, = 15 V, f ~ 50 kHz) applied to the tip
resulting in an alternating electric field inside the sample
which, because of the small radius of the tip (~ 50 nm), is
concentrated in a tiny volume at the sample's surface. In the
case of piezoelectric samples, the latter undergoes a periodic
deformation, taking along the tip which results in a bending of
the cantilever that is finally read-out via beam deflection
combined with a segmented photodiode and demodulated
using a lock-in amplifier. The characteristics of PFM is roughly
speaking summarized as follows: the lateral resolution
(governed by the tip radius) is typically few 10 nm and the
sensitivity is sufficient to detect piezoelectric responses as
small as 0.1 pm/V. PFM consequently allows a highly resolved
lateral mapping of the piezoelectric properties of a sample.
Simultaneously to the PFM signal, the topography of the
sample can be read-out independently. For an estimate of the
magnitude of the piezoresponse measured, lithium-niobate
was used as a reference sample. Since every scanning force
microscopy and thus also PFM requires flat surfaces, suitable
samples had to be obtained from the powder-like material.
This could be realized by spreading minimal doses of the
material on a microscope slide, which was previously covered
with an UV-curing adhesive. Very gentle pressing with another
microscope slide assured for the flatness of the surface. The
sample was finished by short UV illumination. For the
generation of poled areas, voltage pulses (+/- 100 V for 10 s)
were applied to the tip, yielding highly localized electric fields
beneath the tip which exceeded the coercive field of the
material.

Results and discussion

This journal is © The Royal Society of Chemistry 20xx
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In the following section three samples were differentiated: the so-
called “raw material” is the PVDF polymer received by controlled
radical polymerization in scCO, prior to RESS. The PVDF fraction
which remained in the extractor column of the RESS apparatus and
which was thus not micronized, is referred to as “residue”. For the
RESS product the term “RESS” is used. At the same time, three
colors are utilized in the subsequent graphs: the raw material is
represented in grey, the residue in blue and the RESS sample in red.

raw material
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Figures 1 and 2 summarize the significant effect of RESS on
the polymer powder size. The raw material is a white powder
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featuring rather large agglomerates / aggregates. One example
is demonstrated in Figure 1a with a diameter of nearly 15 um.

Fig. 1 SEM images of PVDF a) prior and b) after micronization via
RESS. Please note the differing scale bars.

Fig. 2 PSD of PVDF particles obtained by RESS.

Fig. 3 MMDs of PVDF prior to micronization (raw material), as
residue and after micronization (RESS).

Table 1 M,, and D data of SEC analysis associated to Figure 3.

sample M, (g-mol'l) b
raw material 2000 1.3
residue 2500 1.3
RESS 1400 1.3

A typical SEM image of micronized polymer particles is
additionally shown below (Figure 1b). In Figure 2 the
associated PSD with ranging particle sizes from 38 nm (x4p) to
60 nm (xq¢) is presented. This size distribution is based on the
evaluation of approximately 30.000 particles of 35 SEM
micrographs, taking into account varying sample collection
times and lengths during the RESS experiment. The resulting
median particle size (xso) is 47 nm which means that the
average particle size was reduced by a factor of 300.

It is known that the polymer solubility in CO, increases with
decreasing molar mass.* Since a sufficient solubility is crucial
for the RESS process itself, our present investigation regards
comparatively low molar mass PVDF. The number average
molar mass (M,) of the raw material is 2000 g-mol'1 and shows
a dispersity (D) of 1.3 (cf. Table 1). The MMDs of all samples
are depicted in Figure 3. Compared to the distribution of the
raw material, the red line representing the material after
micronization is shifted to the left implying that low molar
mass species are preferentially extracted due to higher
solubility. The polymer which remained in the extractor of the
RESS apparatus thus consists of the higher molar mass species
of the initial raw material. The dispersity was not changed by
RESS. M,, and D data values are listed in Table 1.

Whether RESS is able to change crystal phases of PVDF was
investigated applying FTIR in combination with XRD analyses.
This procedure is in line with current literature and allows for

the correct identification of the phases.43 Figure 4a
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demonstrates the FTIR analyses of the three samples. Note,
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the photoaccoustic cell allows for analysis of the solid material
without any processing, e.g. as required for ATR. For reasons
of clarity just a few representative absorption bands were
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Fig. 4 Crystal phase characterization of unprocessed PVDF, residue and via RESS micronized particles by a) FTIR and b) XRD.

While the residue spectrum shows no change in
comparison to the raw material, the analysis of the
micronized particles is altered. Typical a bands like 615, 760
or 795 cm™ have disappeared and a new strong absorption
band has emerged at 840 em™. This band corresponds
either to the B or the y phase. Under consideration of some
distinguishable FTIR bands of the y phase which cannot be
found in Figure 4a (e.g. 776 and 812 cm'l), it is assumed
that the particle formation via RESS has led to the
formation of B phase particles.n’u'46 This assumption was
confirmed by XRD.**! The patterns of raw material and
residue are similar featuring characteristic a phase planes:
(100), (020), (110) and (021) (cf. Figure 4b). Consistent with
FTIR analysis, the RESS diffractogram distinctly presents the
B phase in a single peak at 2 theta =20.26° ((110)/(200)).
Both FTIR and XRD measurements were repeated after a
period of three months indicating no significant crystal
phase change.

To our knowledge, the origin of the PVDF phase
transformation is not yet fully understood. Previously, it
was reported that treatment of a PVDF films with scCO,
and rather slow controlled depressurization did not result in
a phase transformation.*® However, successful phase
transformation from a into B phase PVDF has already been
induced by ultra-fast cooling / quenching of the melt.**°%>3
The formation of B phase PVDF strongly depends on the
quenching temperature assuming that the maximum
nucleation rate of the B phase occurs at lower
temperatures than that of the a phase. Thus, In the case of
a high cooling rate, a phase nucleation is suppressed and B
phase formation is preferred. Applying RESS, the phase
transformation is suggested to be the result of super-
cooling due to the extremely high rate of expansion which
triggers the crystallization of the solute.”® At the same time,
however, it should be noted that further experiments are
needed in order to understand cause and mechanism of the
phase transformation. This is emphasized by studies on the
polymorphic control of pharmaceuticals via RESS. For

4| J. Name., 2012, 00, 1-3

example, it was found that the crystalline form of the
pharmaceuticals barbital, tolbutamide and carbamazepine
particles depend on the specific extraction conditions of the
RESS process.“’55

The piezoelectric properties of the PVDF particles in
their B form obtained via REES could be established by PFM
measurements. Therefore, three identical data sets
investigating the raw material (1), the residue (Il) and the
micronized particles (lll) were recorded (Fig. 5). Each data
set consisted of three steps: characterization of the sample
(topography (a) and piezoresponse (b)), application of
voltage pulses at four positions (c), and again recording
topography (not shown) and piezoresponse (d) of the
sample. Comparison of the two topographical images
confirmed having recorded the same position before and
after the application of the voltage pulses. Figure 5 shows
the results of the experiments. Obviously, despite the
careful sample preparation, the topography for all three
samples showed a roughness of ~ 1 um, which is the
maximum corrugation a SFM can handle, leading to long
image acquisition times of 20 min per 5 x 5 um2-scan.
Initially, the piezoresponse (b) of all three samples featured
no distinct patterns but basically shows an information-free
noise image. After the application of voltage pulses,
however, only the sample with the micronized particles (lll)
exhibited locally poled areas, whereas for both, the raw
material () and the residue (Il), no change in the
piezoresponse image could be observed. Control-
experiments at different positions of the samples yielded
the same results. The piezoresponse image of the REES
sample needs a little more discussion. At first glance, it is
striking that (Il d) is a lot less noisy when compared to all
other piezoresponse images shown. This is due to the fact
that the sensitivity of the detection was reduced by a factor

This journal is © The Royal Society of Chemistry 20xx
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of ten, thus preventing saturation of the PFM signal. The
amplitude of the piezoresponse is of the order of 10 pm/V.
The contrast (black/white dots) meets the expectations
from the polarity of the poling voltage pulse. Upon closer
view, it can be perceived that the poled areas are not

(a) Topography

(I) Raw Material

(Il) Residue

(Ill) RESS

(b) Piezoresponse

- RSC Advances

ARTICLE

circular dots but exhibit a distinct structure which is most
probably caused by the roughness of the sample.

(d) Piezoresponse

(c) Voltage Pulses

+100V
10s
o

-100V
10s

+100V
10s

-100V
10s

+100V
10s

-100V
10s

Fig. 5 PFM analysis of PVDF raw material (1), residue (lI) and micronized particles (Ill) described through four columns: respective
sample a) topography, b) piezoresponse image prior to the application of voltage pulses, c) localization of the four voltage pulses
and d) piezoresponse after the application of voltage pulses. Note: to avoid saturation of the PFM signal, the sensitivity for (llid)
was reduced by a factor of 10 when compared to all other piezoresponse images shown.

Conclusions

RESS was successfully applied on PVDF (M, = 2000 g~mol"1)
obtained from controlled radical polymerization in scCO..
The rapid expansion of the scCO,-PVDF mixture led to the
formation of submicron polymer particles with a median
particle size of 47 nm. With regard to the raw material
used, particles with a clearly reduced average molar mass
were generated which is attributable to the higher solubility
of lower molar mass PVDF in scCO,. It was also stated, that
the dispersity of the samples was not affected by the
extraction. The samples were further analyzed by FTIR and
XRD revealing a transformation from a to B phase PVDF. An

This journal is © The Royal Society of Chemistry 20xx

unambiguous proof of the piezoelectric property of the
RESS-processed B phased particles was obtained by means
of PFM measurements. Pursuing investigations will focus on
the thorough study of the crystal phase transformation and
the fascinating electrical properties of the obtained
particles.
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