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a b s t r a c t

Ferroelectric polymers, such as poly(vinylidene fluoride) (PVDF), are attractive electroactive materials
that can be integrated in advanced electronic devices. Unfortunately, to obtain the ferroelectric phase in
PVDF, additional processing methods or expensive copolymerizations with trifluoroethylene have to be
employed. Moreover, the highly fluorinated polymers lack functionalities to gain improved properties,
such as wettability and possibilities for crosslinking and nanoobject dispersion. In this work, the syn-
thesis and electroactive behavior of poly(vinylidene fluoride-co-vinyl alcohol) (P(VDF-co-VA)) co-
polymers are demonstrated using a cheap vinyl acetate-based precursor. We show that the switching
properties can be tuned by varying the vinyl alcohol content in the copolymers. Linear dielectric behavior
is observed for copolymers with 10 mol % VA due to a mixture of a- and b-crystals. Intriguingly, the
incorporation of 15 mol % VA results in the direct crystallization into the ferroelectric b-phase from the
melt. Consequently, this P(VDF-co-VA) copolymer with hydroxyl functional groups in the polymer
backbone is ferroelectric without additional processing and demonstrates a coercive field and a remnant
polarization of 80 MV m�1 and 2.8 mC cm�2 at 200 MV m�1, respectively, showing its high potential for
advanced electronic applications.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Ferroelectric polymers, including poly(vinylidene fluoride)
(PVDF) and its copolymers with trifluoroethylene (TrFE), are a class
of materials showing a spontaneous electrical polarization that can
be switched by the application of an electric field, while having
excellent processability into light, though and flexible films [1e3].
Therefore, bulk materials and thin films of PVDF based polymers
find applications among others in memory storage devices, sensors,
ferroelectric field-effect transistors and photovoltaics [4,5]. To
obtain the desired electroactive properties, the highly fluorinated
polymers have to crystallize in the ferroelectric b-phase, wherein
the chains adopt an all-trans conformation [6]. Since PVDF crys-
tallizes preferentially in the non-polar a-phase via melt
crystallization, numerous techniques to process PVDF in the b-
phase are successfully investigated to control film thickness, crystal
orientation and porosity [7,8]. An additional method to easily
obtain the ferroelectric phase in PVDF is via copolymerizationswith
TrFE [9].

Regardless of the processing conditions, P(VDF-co-TrFE) co-
polymers, in the composition range of 50e80 mol% VDF, are always
in the ferroelectric crystalline phase at room temperature [10].
Herein, the slightly bulkier TrFE units act as defects and increase
the unit cell dimensions, which results in easier chain rotations
around the polymer backbone leading to crystallization into the
thermodynamically favorable all-trans conformation [11]. Even
though P(VDF-co-TrFE) copolymers are already in industrial pro-
duction, the hazardous storage and transport conditions of TrFE
and the risk of explosions during synthesis make TrFE an expensive
monomer, which rises the costs of the ferroelectric polymers [4].
Other approaches, like VDF copolymerization with chlorotri-
fluoroethylene (CTFE) followed by dechlorination, provide a safer
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alternative, yet strategies to get complete dechlorination with no
dehydrofluorination have to be developed [12,13].

Copolymers of VDF with bulkier constituents, such as hexa-
fluoropropylene (HFP) or monomers bearing functional groups (2-
trifluoromethacrylic acid, allyl dimethyl phosphonate, etc.) usually
yield smaller crystallites and the non-ferroelectric a-phase caused
by the exclusion of the comonomers in the crystal lattice [14e16].
Even though reported in the literature, copolymers of VDF with
non-fluorinated VAc attracted little attention, probably due to
bulkiness and the high reactivity ratio between VDF and VAc and
the possibility of chain transfer to monomer [17e19]. Nevertheless,
controlling the amount of VAc and the subsequent hydrolysis of
VAc units to vinyl alcohol (VA) provides an appealing method to
mol%VAc ¼ x
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include defects in the polymer backbone, while still having coc-
rystallization of VDF and VA due the small size of the VA monomer.
Especially, since VAc is low-cost and easy in handling and storage, it
provides major advantages over fluorinated monomers, such as
TrFE and CTFE. Moreover, the introduction of alcohol moieties in
the PVDF backbone gives opportunities to perform chemical
modifications (e.g. isocyanate crosslinking), to induce better wet-
ting to substrates and to strongly interact with nanoparticles.

2. Materials and methods

2.1. Materials

Vinyl acetate (Fluka, >99%) was dried over CaCl2 and distilled
under reduced pressure. Benzoyl peroxide (BPO) was recrystallized
by adding methanol to a BPO solution in chloroform. Vinylidene
fluoride (VDF, Synquest Labs, 98%), dimethyl carbonate (DMC,
Acros, >99%, extra dry), hydrochloric acid (37%, Boom) were used as
received. All other solvents were analytical grade.

2.2. Synthesis of P(VDF-co-VA) copolymers

The synthesis of P(VDF-co-VA) copolymers is shown in Scheme
S1. Experimental details are outlined in the supporting information.
1H-,19F-, and COSY NMR spectra were recorded on Varian (VXR)
spectrometer operating at 400 MHz for the 1H nucleus and
376 MHz for the 19F nucleus. The molar content VAc was calculated
according to the following equation:
x ¼
ð5:00

4:90
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ð5:38

5:18

ðm; �CH�; �VDF�
ft ¼

ð5:00
4:90

ðm; �CH�; �VAc� VAc� VAc�Þ
x

fd ¼

ð5:38
5:18

ðm; �CH�; �VDF� VAc� VAc� VDF�Þ
x

fs ¼

ð5:75
5:45

ðm; �CH�; �VDF� VAc� VDF�Þ
x

For the calculation of the molar content VAc, it is assumed that
VAc sequences no longer than triads exist.

2.3. P(VDF-co-VA) copolymer film processing

A solution of the P(VDF-co-VA) copolymer in cyclopentanone
(50 mg/mL) was cast on an aluminum Petri dish. The solvent was
allowed to evaporate at 130 �C, from where the film was heated to
the 160 �C. After removing the heating source and cooling down to
ambient temperature, a free-standing film was obtained using a
lift-off method in water.

2.4. Fourier transform infrared spectroscopy

The FTIR spectra of the copolymers were recorded on a Bruker
Vertex 70 spectrophotometer using 32 scans at a nominal resolu-
tion of 4 cm�1 using a diamond single reflection attenuated total
reflectance (ATR).

2.5. Wide-angle X-ray scattering

Wide-angle X-ray scattering (SAXS and WAXS) measurements
was performed at beamline BM26B28 at the European Synchrotron
Radiation Facility (ESRF) in Grenoble with a wavelength l ¼ 0.97 Å.
The WAXS pattern was acquired over a time interval of 30 s using a
Pilatus 300 K detector (1472 � 195 pixels of 172 mm � 172 mm)
placed at a distance of 0.28 m. The scattering vector q is defined as
VAc� VAc� VDF� Þ þ
ð5:75

5:45

ðm; �CH�; �VDF� VAc� VDF� Þ



Fig. 1. 1H NMR spectra of P(VDF85-co-VAc15) and P(VDF85-co-VA15) showing the suc-
cessful hydrolysis.
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q¼ 4p/l(sin q) with 2q being the scattering angle. Deconvolution of
the WAXS profiles was achieved using MATLAB. The experimental
profiles were deconvoluted by using the sum of a linear background
and pseudo-Voigt peaks describing the scattering from the amor-
phous and the crystalline phases.

2.6. Thermal characterization

DSC thermograms were recorded on a TA Instruments DSC
Q1000. TGA thermograms were recorded on a Parkin Elmer Ther-
mogravimetric Analyzer TGA7 under a N2 atmosphere. The heating
and cooling rate was set to be 10 �C min�1.

2.7. Electrical characterization

D-E and I-E loopswere obtained using a state-of-the-art aixACCT
TF2000E ferroelectric tester where AC electric fields (up to 10 kV)
were applied across the polymerfilmswith a triangularwaveformat
a frequency of 10 Hz. Chromium (5 nm)/gold (100 nm) electrodes
with a diameter of 2 mmwere deposited on both sides of P(VDF-co-
VA) copolymer films by vapor deposition. Chromiumwas used only
as adhesion layer. Silicon oil was used to prevent flashovers.

3. Results and discussion

In this work, we show the copolymerizations of VDF with VAc
followed by the hydrolysis to P(VDF-co-VA) copolymers and
demonstrate its electroactive behavior. The copolymers described
in this work are designated according to the copolymer composi-
tion ratio determined by 1H NMR spectroscopy. As proof of concept,
solution copolymerizations of VDF and VAc are performed in
dimethyl carbonate (DMC) using benzoyl peroxide as initiator
(Scheme S1). Asandai and co-workers compared a large range of
solvents for photopolymerizations of VDF and they found that DMC
shows is the best trade-off between chain transfer and having fast
reaction rates [20]. Since there is a strong tendency for the prop-
agation of VAc, the amount of VAc added to polymerizationmixture
is low and the reaction time is kept short to avoid compositional
drift [18,19]. After the polymerization, the presence of unreacted
VAc was confirmed using 1H NMR spectroscopy, indicating the
absence of PVDF homopolymers. Subsequently, the P(VDF-co-VAc)
copolymers were hydrolyzed in a dioxane/hydrochloric acid
mixture to yield P(VDF-co-VA) copolymers. Even though, base hy-
drolysis is commonly used to hydrolyze PVAc, acidic conditions
prevent dehydrofluorination processes, while preserving the white
color of the final product. Even though cheap resources are used to
synthesize P(VDF-co-VA) copolymers, future work should be
devoted in optimizing the reactor conditions, such as using a flow
process or batch polymerization with a constant inlet of VAc, to
increase VDF conversion.

Unravelling the complete microstructure of PVDF-based co-
polymers is a challenging task due to the large number of possible
monomer sequences caused by the monomer distribution, mono-
mer inversions, initiator fragments and backbiting reactions
[21e23]. Therefore, we primarily focus on proving the inclusion of
VAc (and consequently VA) units in the polymer backbone.

In Fig. 1, the 1H NMR spectrum of P(VDF85-co-VAc15) shows the
characteristic VDF signals (head-to-tail addition) located in be-
tween 2.70 and 3.10 ppm, whereas the protons corresponding to
the tail-to-tail additions are at 2.20e2.55 ppm overlapping with
the signals from the methylene protons from VAc. The methyl
peak appears at 2.00 ppm, which is similar to PVAc homopoly-
mers since no significant changes in the local environment of the
protons are experienced. On contrary, the methine group of VAc is
separated in three isolated signals at 4.90e5.00 ppm,
5.18e5.38 ppm and 5.45e5.75 ppm, showing different linkages in
the P(VDF-co-VAc) polymer backbone. The weak signal at
4.90e5.00 ppm corresponds to methine protons included in at
least triads of VAc-VAc-VAc sequences just as for PVAc homo-
polymers. Interestingly, the amount of dyads (5.18e5.38 ppm) or
isolated VAc units (5.45e5.75 ppm) is much higher, indicating the
randomness of the copolymerization [17]. The amount of VAc in
the copolymer was determined to be 15 mol% by integrating the
methine protons and compare them the VDF protons in the
backbone (Eq. S1). 1H NMR correlation spectroscopy (COSY)
(Fig. S4) was used to correlate the backbone methylene protons to
the methine protons of VAc. Having in mind the symmetrical
nature around the methine proton at 5.45e5.75 ppm, indeed, a
single cross peak with the VDF methylene protons (2.41 ppm) is
observed, proving the isolation of methine protons in the VDF-
VAc-VDF sequence. As expected, the methine protons in the -VDF-
VAc-VAc-VDF- dyads show two cross peaks in the 1H NMR COSY.
Similar to the isolated VAc units, one correlation (5.30e2.35 ppm)
connects the methylene of VAc next the -CF2- unit to the methine
protons, whereas the other cross peak (5.30e1.98) ppm) is
correlating the methine proton to the methylene of the sequential
VAc entity. Since the methine proton signals located in between
4.90 and 5.00 ppm are sandwiched between VAc units only one
correlation (4.94e1.90 ppm) appears.

After acidic treatment of P(VDF85-co-VAc15), the complete up-
field shift of the methine protons to 3.90e4.50 ppm and the
disappearance of the methyl peak indicate the complete hydrolysis
to P(VDF85-co-VA15) as shown in Fig. 1. As already observed for the
P(VDF85-co-VAc15) copolymer, the signals corresponding to the
different sequences of VA can be distinguished using 1H NMR COSY.
A strong cross peak is observed for the isolated VA units at
4.34e2.26 ppm correlating with the methylene next to the -CF2-
unit. As abovementioned, the dyads show two cross peaks of
methine protons at 4.22e2.18 ppm and 4.22e1.66 ppm, showing
the interactions with the methylene next to the -CF2- unit and with
the methylene of the sequential VAc entity, respectively.

In addition to the P(VDF85-co-VA15) copolymer, a P(VDF90-co-
VAc10) copolymer with 10 mol% of VAc is prepared and subse-
quently hydrolyzed to P(VDF90-co-VA10). Interestingly, the lower
content of VAc in the copolymerization results in the absence of
VAc triads in the polymer backbone as demonstrated in the 1H NMR
(COSY) spectra (Figs. S1 and S2).
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P(VDF-co-VA) copolymer films were cast from cyclopentanone
at 130 �C, which is above the crystallization temperature of the
polymers. Subsequently, the films were heated to 160 �C followed
by quenching to ambient temperature to ensure complete removal
of solvent and to obtain the crystalline structure from the melt.
Finally, free standing films are obtained using a lift-off method in
water.

To ensure that no degradation processes occur in the application
range of the ferroelectric materials, good thermal stability of the
P(VDF-co-VA) copolymers is confirmed with thermal gravimetric
analysis (Fig. S14). The differential scanning calorimetry (DSC)
profiles of the P(VDF-co-VA) copolymers are depicted in Fig. 2b. As
expected, due the introduction of comonomers in PVDF backbone
the crystallization and melting temperatures (Tc and Tm) are
significantly reduced to Tc ¼ 93 �C and Tm ¼ 125 �C for P(VDF85-co-
VA15) and Tc ¼ 105 �C and Tm ¼ 135 �C for P(VDF90-co-VA10),
whereas PVDF homopolymers show crystallization and melting
temperatures that are at least 30 �C higher [1]. Interestingly, the
crystallization andmelting temperature is lower than for P(VDF-co-
TrFE) copolymers with comparable compositions and no Curie
transition is observed in contrast to the copolymers with TrFE.
Noteworthy, the bulky VAc units impede crystallization of the
P(VDF85-co-VAc15) copolymer and consequently a completely
amorphous copolymer is obtained, whereas P(VDF90-co-VAc10) still
crystallizes albeit at a lower temperature. Similar observations are
made for P(VDF-co-HFP) copolymers, wherein a molar content of
>19 mol% HFP prevents crystallization yielding a fully amorphous
elastomer [14].

Fourier transform infrared (FTIR) spectroscopy and Wide-angle
X-ray scattering (WAXS) are used to identify the crystalline phases
in the P(VDF-co-VA) copolymers after melt crystallization. In
Fig. 2a, the FTIR spectrum of the P(VDF85-co-VA15) copolymer
demonstrates the all-trans conformation of the polymer chains due
Fig. 2. a) FTIR spectra, b) DSC thermograms and WAXS pro
to the absorption bands located at 510, 840, 1273 cm�1, indicating
b-phase formation [6]. In addition, no characteristic absorption
bands corresponding to the crystalline a-phase or g-phase are
observed, proving that P(VDF85-co-VA15) crystallized solely in the
b-phase. Furthermore, the WAXS profile (Fig. 2d) shows one peak
at q ¼ 14.55 nm�1 (d ¼ 4.32 Å) identifying the (110/200) crystal
planes, which belong to the ferroelectric crystalline phase. On the
contrary, the FTIR spectrum of P(VDF90-co-VA10) shows, next to the
b-phase absorption bands, characteristic signals corresponding to
the a-phase located at 612, 760 and 796 cm�1. In addition, the
WAXS profile depicted in Fig. 2c, confirms the coexistence of the a-
and b-phase in the P(VDF90-co-VA10) copolymer due to appearance
of the (100), (020) and (110) reflections at 12.70, 13.20 and
14.25 nm�1, respectively, besides the scattering corresponding to
the (110/200) crystal planes of the b-phase appearing as shoulder
to the (110) a-phase reflections. The difference in crystalline phases
for the copolymers is ascribed to the molar content of vinyl alcohol.
The lack of defects in P(VDF90-co-VA10) results in crystallization
into the a-phase, like pure PVDF, whereas vinyl alcohol rich parts
still crystallize in the b-phase. The coexistence of the a- and b-
phase in P(VDF90-co-VA10) is also clearly visible in the deconvo-
luted WAXS profiles. The overall volumetric crystallinity is deter-
mined to be 55% fromwhich 82% are a-phase crystals and 18% is in
the b-phase. P(VDF85-co-VA15) crystallizes in the b-phase with a
degree of crystallinity of 38%. Melt crystallization of P(VDF-co-VA)
copolymers directly into the b-phase is unique for PVDF-based
copolymers. PVDF usually crystallizes in the kinetically favorable
a-phase, whereas P(VDF-co-TrFE) copolymers first crystallize into
the paraelectric phase before undergoing a crystalline phase
transition to the ferroelectric phase at lower temperatures. In
literature, to overcome crystallization into the a-phase, ultrafast
cooling and confined crystallization effectively reduce the crys-
tallization temperature of PVDF [24,25]. Another approach to
files for c) P(VDF90-co-VA10) and d) P(VDF85-co-VA15).
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induce b-phase formation is via the addition of charged nanofillers
or ionic liquids [6,26,27]. In here, the negatively charged surfaces
from the nanoparticles or ionic liquid counterions interact with
positively charged CH2 units in the PVDF backbone, inducing an all-
trans conformation [6,28]. Unfortunately, a drawback of these
methods is that external processing equipment or additional ma-
terials have to be used in order to obtain the b-phase. In our case,
the introduction of defects and the slightly increased interplanar
distances of the P(VDF-co-VA) copolymer compared to PVDF in the
b-phase drives the formation of the ferroelectric crystalline phase
directly from the melt, while having functionalities to further
enhance or tune the materials properties.

The electroactive behavior of the P(VDF-co-VA) copolymer
films was investigated by applying an electric field up to
200 MV m�1 in a triangular wave form at a frequency of 10 Hz,
measuring the polarization as the integral of the resulting current.
Indeed, a typical hysteresis loop, demonstrated in Fig. 3, confirms
the ferroelectric behavior of the P(VDF85-co-VA15) copolymer,
wherein the coercive field is found to be 80 MV m�1 and the
remnant polarization is 2.8 mC cm�2. Probably, since the inter-
planar distance of the P(VDF-co-VA) copolymer is in between the
interplanar distance of PVDF and P(VDF-co-TrFE), the coercive
field is in between that of PVDF and P(VDF-co-TrFE), whereas the
lower degree of crystallinity and physical pinning of VA units (due
to the lower dipole moment compared to VDF and TrFE) in the
crystalline structure enhances dipole reversibility resulting in a
lower remnant polarization [29,30]. In contrast, as demonstrated
in Fig. 3, the P(VDF90-co-VA10) copolymer shows linear dielectric
behavior, even though the coexistence of the a- and b-phase in
the films. The linear increase of polarization as function of electric
field is a result of the zero net dipole moment a-phase plus the
isolation and small number of b-crystals resulting in a much lower
polarization at similar electric fields than the ferroelectric
P(VDF85-co-VA15) copolymer.
Fig. 3. Bipolar Polarization/Current-Electric Field loops for a) P(VDF90-co-VA10) and b) P(V
P(VDF90-co-VA10) and P(VDF85-co-VA15) copolymers obtained from unipolar loops. All meas
Additionally, the charge-discharge efficiency is calculated from
the unipolar polarization-electric field loops as demonstrated in
Fig. 3c. As expected, ferroelectric P(VDF85-co-VA15) shows much
lower efficiencies (47% vs 72%, respectively) above the coercive field
than linear dielectric P(VDF90-co-VA10) due to the high remnant
polarization. Nevertheless, similar discharge energy densities are
obtained due to the non-linear behavior of ferroelectric materials
resulting in a high polarization. Interestingly, the high efficiencies
for P(VDF90-co-VA10) shows its potential to be used in capacitive
energy storages applications. At 300MVm�1, the discharged energy
density is determined to 5.4 J cm�3 for P(VDF90-co-VA10), whereas
the golden standard, biaxially oriented polypropylene, displays a
discharged energy density of 1.3 J cm�3 at the same field [31].

4. Conclusions

We demonstrate the electroactive behavior of P(VDF-co-VA)
copolymers. Using VAc as a cheap comonomer and an easy free
radical polymerization in solution, P(VDF-co-VAc) copolymers are
successfully synthesized and subsequently hydrolyzed to P(VDF-co-
VA). When 15 mol % VA is included in the copolymer, melt crystal-
lization directly into the b-phase results in ferroelectric behavior,
excluding the requirement of the extra processing methods. The
coercive field and remnant polarization are determined to be
80 MV m�1 and 2.8 mC cm�2 at 200 MV m�1, respectively. On con-
trary, the inclusion of 10 mol % VA leads to a mixture the a- and a
small amount of b-crystals resulting in linear dielectric behavior
with high charge-discharge efficiencies and a discharged energy
density of 5.4 J cm�3 at 300 MV m�1, showing the versatility in
electroactive behavior of P(VDF-co-VA) copolymers by simply
changing the VA content. We envision that P(VDF-co-VA) co-
polymers, due to the introduction of hydroxyl groups in the polymer
backbone, provides a platform for advanced materials with tunable
electroactive properties in bulk and thin film applications.
DF85-co-VA15). c) Discharge energy densities and charge-discharge efficiencies for the
urements were obtained at room temperature using a triangular wave form at 10 Hz.
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