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’ INTRODUCTION

Advanced pulsed power and power conditioning technologies for
power generation/regulation and all electric vehicles/ships require a
capacitor material to achieve a high discharged electric energy
density (Ue) as well as low loss performance.1-3 Since the energy
density of a dielectric capacitor material is proportional to its
permittivity and the square of the electric field, many efforts have
been devoted to the enhancement of thematerial’s permittivity and/
or dielectric breakdown strength.4-14 Recently, the combination of
high permittivity nanoparticles and a high breakdown strength
polymer matrix provides a potential to achieve high permittivity
nanocomposite materials for high energy density capacitors.7,8,15-18

Usually, the content of nanoparticles has to be above a certain
threshold (i.e., the minimum percolation volume fraction of 30-35
vol% for spherical nanoparticles) to effectively increase the apparent
permittivity.19,20 For such a high volume fraction, the high permit-
tivity nanoparticles tend to agglomerate and phase separate from the
polymer matrix, resulting in poor processability, high defect density,
and low breakdown strength because of the well-known effect of
surface plasmon-enhanced local fields near agglomerated particles.21

Ferroelectric polymers based on poly(vinylidene fluoride)
(PVDF) and its copolymers appear to be another choice because
of their relatively high permittivity (10-20) and high dc break-
down strength (ca. 700MV/m for a test area of 2 cm2).5,6,11,22,23 By
modifying PVDF with bulky comonomers such as chlorotrifluor-
oethylene (CTFE) and hexafluoropropylene (HFP), P(VDF-
CTFE) and P(VDF-HFP) random copolymers recently have
achieved a discharged energy density as high as 17-25 J/cm3 at
∼600 MV/m for millisecond discharge.5,6 Nevertheless, ferro-
electric polymers have relatively high losses due to the delayed
dipole switching with respect to the alternating electric field. For
example, the typical dielectric loss at low fields, tanδ, for PVDF and
its copolymers is about 0.02,24 substantially higher than that of the
current state-of-the-art capacitor film, biaxially stretched polypro-
pylene (BOPP, tan δ∼ 0.0002).25 At high electric fields, depend-
ing on the polymorphism (β- vs R-crystals), their ferroelectric
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ABSTRACT: An antiferroelectric-like polymer approach was
proposed for high electric energy storage and low loss perfor-
mance by using a novel confinement concept. A poly(vinylidene
fluoride-co-trifluoroethylene-co-chlorotrifluoroethylene)-graft-
polystyrene [P(VDF-TrFE-CTFE)-g-PS] graft copolymer with
14 wt % PS side chains was successfully synthesized. On the
basis of the electric displacement-electric field loop study, a
novel antiferroelectric-like behavior with extremely low rema-
nent polarization was achieved in this graft copolymer even
when the poling field reached as high as 400 MV/m. Compared
with a P(VDF-TrFE) random copolymer having the same TrFE
content, a similar discharged energy density but a much lower hysteresis loss was observed. This novel antiferroelectric-like behavior
at high poling fields was explained by the confinement (or insulation) effect. After crystallization-inducedmicrophase separation, PS
side chains were segregated to the periphery of P(VDF-TrFE) crystals, forming a nanoscale interfacial confining (or insulation)
layer. Because of the low polarizability of this confining layer, the compensation polarization at the amorphous-crystalline interface
was reduced, and thus the local polarization field became weaker than the local depolarization field. Upon discharging, therefore, a
fast dipole reversal and an antiferroelectric-like behavior were achieved even at high poling fields. This study will help us design new
polar dielectric polymers for high electric energy storage and low loss applications.
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losses can be as high as 40-80% because of the ferroelectric
hysteresis loops during switching (see Scheme 1A).6,26,27 This
ferroelectric loss is also discharge time dependent; an additional
40% loss in discharged energy density when the discharge time
decreases from 1 ms to 1 μs.6

New strategies are actively pursued to reduce dielectric and
ferroelectric losses in ferroelectric polymers, and the key is to
understand fundamental dipole reorientation and switching me-
chanisms in response to an oscillating electric field. In our recent
reports,27,28 we have indicated that reducing the compensation
polarization in ferroelectric polymers by confining ferroelectric
domains can facilitate a fast dipole reorientation during discharge.
In turn, the ferroelectric loss will be reduced and the discharged
energy density will increase. Onemethod for confining ferroelectric
domains is to reduce the crystallite size (i.e., the upper limit for
ferroelectric domains), and a relaxor-like ferroelectric behavior29

with narrower hysteresis loops (see Scheme 1B) than those for
normal ferroelectrics (see Scheme 1A) is obtained. This is exactly
demonstrated in the above-mentioned P(VDF-CTFE) random
copolymer with 9 mol % CTFE5,6 and was further explained by
computer simulation using the nanodomain concept.30

Here, we propose another novel approach—antiferroelectric-
like polymers—to enhance the discharged energy density and to
reduce the ferroelectric loss (see Scheme 1C). Antiferroelectric
phases in ceramics31-35 and liquid crystal36 have attracted much
attention because they have extremely low remanent polarization
and relatively narrow electric displacement-electric field (D-E)
hysteresis loops, indicating a relatively low ferroelectric loss.32-36

Antiferroelectric-like behavior was also reported in PVDF and its
random copolymers by showing propeller-shaped double hyster-
esis loops.26,27,37-40 However, most antiferroelectric phases in
ceramics/liquid crystals or antiferroelectric-like behavior in
polymers only exist at relatively low electric fields (<100 MV/m
for ceramics/liquid crystals and <200 MV/m for polymers). At
high enough fields, antiferroelectric phases will transform into
normal ferroelectric phases, and the antiferroelectric-like beha-
vior eventually will be lost. Therefore, it is still challenging for
conventional antiferroelectric materials to achieve high dis-
charged energy density at high electric fields.

In this work, we confined (or insulated) PVDF lamellar
crystals with a low polarizability polystyrene (PS) interfacial
layer to reduce the compensation polarization in PVDF copoly-
mers during bipolar poling processes. The antiferroelectric-like
behavior was observed even at a poling electric field as high as
400 MV/m. Moreover, a significant reduction in the ferroelectric
loss was achieved with only a slight decrease in the discharged
energy density when compared to the PVDF copolymer without
confinement.

’EXPERIMENTAL SECTION

Materials. P(VDF-CTFE) samples (Dyneon 31008 and 31508 with
7.0 and 11.2 mol % CTFE) were provided by courtesy of 3M. Their
number-averagemolecular weights (Mn) were ca. 70 400 and 93 400 g/mol,
and the polydispersity indices (PDI) were 2.3 and 2.1 for Dyneon
31008 and 31508, respectively. Statistically, each main chain contained
ca. 73 and 150 Cl sites in Dyneon 31008 and 31508, respectively.
P(VDF-HFP) 96/4 pellets were purchased from Aldrich, which con-
tained 4 mol % HFP comonomer as determined by fluorine nuclear
magnetic resonance (19FNMR). Its number-averagemolecular weight is
130 000 g/mol, and the weight-average molecular weight is 400 000 g/mol.
Styrene (Aldrich, 99%) was passed through a silica gel column to
remove the inhibitor before use. Azobis(isobutyronitrile) (AIBN) was
recrystallized from methanol and stored in the refrigerator. Cu(I)Cl
(Aldrich, 99.995þ%), Cu(II)Cl2 (Aldrich, 99.999%), 2,20-bipyridine
(BPy, Acros, 99þ%), tri(n-butyl)tin hydride (nBu3SnH, Aldrich,
99.99%), N-methylpyrrolidinone (NMP, Aldrich, HPLC grade), tetra-
hydrofuran (THF, Aldrich, HPLC grade), and N,N-dimethylforma-
mide (DMF, Acros, HPLC grade) were used as received without further
purification.
Dechlorination of P(VDF-CTFE). The dechlorination of the

P(VDF-CTFE) was adapted from a previous report,10 and here we
use P(VDF-CTFE) 88.8/11.2 as an example. First, a 500 mL round-
bottom flask was charged with 4.0 g of P(VDF-CTFE) copolymer, 1.371 g
(8 mmol) of AIBN, 100 mL of THF, and 100 mL of NMP. The reaction
solution was purged with nitrogen for about 1 h. Afterward, the reaction
mixture was stirred at 60 �C for 30 min, and 4.397 mL (16.02 mmol) of
nBu3SnH was added dropwise using a syringe. The dechlorination
reaction was carried out at 60 �C for 24 h before it was quenched with
methanol. The reaction mixture was precipitated in a 1:1 vol/vol
methanol/water mixture and washed with n-hexane. The crude product
was redissolved in DMF and precipitated in 1:1 methanol/water for
three times. Finally, the product was dried in a vacuum oven at room
temperature for 3 days before its usage as a macroinitiator for the graft
copolymerization of styrene. Note that P(VDF-CTFE) 88.8/11.2 was
only partially dechloronated, and a terpolymer, P(VDF-TrFE-CTFE)
88.8/7.7/3.5, where TrFE represented trifluoroethylene, was obtained.
P(VDF-CTFE) 93/7 was fully dechloronated, and a copolymer P(VDF-
TrFE) 93/7 was obtained.
Graft Copolymerization of Styrene from P(VDF-TrFE-

CTFE) Terpolymer Using ATRP. The graft copolymerization of
styrene from P(VDF-TrFE-CTFE) using atom transfer radical polym-
erization (ATRP) was modified from a previous report (Scheme 2).41

First, a 500 mL Schlenk flask was charged with 2.0 g of P(VDF-TrFE-
CTFE), 2.33 g (14.89 mmol) of 2,20-bipyridine, 0.4 g (4.02 mmol) of
CuCl, and 54.3 mg (0.402 mmol) of CuCl2. The reaction mixture was
degassed for three times with dry nitrogen-vacuum cycles. 23 mL (205
mmol) of styrene and 28 mL of NMP were purged with dry nitrogen for
about 1 h and transferred into the Schlenk flask by a nitrogen-protected
syringe. After all reaction agents were well mixed, the polymerization was
carried out at 120 �C for 24 h. The viscous reaction mixture was diluted
with acetone and passed through a column filled with fumed silica gel,
followed by precipitation in a 1:1 methanol/water mixture. The crude
product was redissolved inDMF and precipitated in a 1:1methanol/water
mixture for three times. Finally, the resulting graft copolymer, P(VDF-
TrFE-CTFE)-g-PS(14%), was dried in a vacuum oven at room tempera-
ture for 2 days. Finally, the dechlorination reaction of the as-synthesized
P(VDF-TrFE-CTFE)-g-PS(14%) was carried out in a similar method as
that for the dechlorination reaction of P(VDF-CTFE) described above.
Film Fabrication and Processing. Thick films with a thickness

around 80-100 μm were prepared by hot-pressing the P(VDF-TrFE-
CTFE)-g-PS(14%) graft copolymers at 240 �C followed by immediate
quenching into ice/water. Then, the hot-pressed thick films were

Scheme 1. Schematic Electric Displacement- Electric Field
(D-E) Hysteresis Loops for (A) Normal Ferroelectrics, (B)
Relaxor Ferroelectrics, and (C) Antiferroelectricsa

aThe shaded areas represent the discharged energy density, and the
loops represent the ferroelectric loss.
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uniaxially stretched at 110 �C to a∼600% extension ratio at 12.7 mm/min.
The solution-cast P(VDF-HFP) 96/4 film (ca. 50 μm thick) was prepared
by slow solution-casting from 4 wt % solution of P(VDF-HFP) 96/4 in
THF at room temperature, and it was then uniaxially stretched (∼650%
extension ratio) at 60 �C to achieve a final thickness around 8 μm.27 For
detailed structural characterization results of this film, refer to ref 27.
Instrumentation and Characterization. 1H and 19F NMR

spectra were recorded on a Bruker spectrometer (500 MHz, DMX
500). Differential scanning calorimetry (DSC) thermograms were
obtained using a TA Instruments Q20 DSC at a scanning rate of
10 �C/min. Fourier transform infrared (FTIR) was performed on a
Nicolet Nexus 870 FTIR spectrometer. Two-dimensional (2D) small-
angle X-ray scattering (SAXS) was performed on a Rigaku SAXS
instrument with an 18 kW rotating anode X-ray generator (MacroMax
002þ) operating at 45 kV and 0.88 mA. 2D wide-angle X-ray diffraction
(WAXD) experiments were performed on an Oxford Xcalibur diffract-
ometer with an ONYX CCD area detector. The X-ray wavelength (λ)
was Cu KR 0.1542 nm. One-dimensional (1D)WAXD profiles were
obtained by integrating the corresponding 2D WAXD images. The
d-spacing was calibrated using silver behenate with the first-order reflec-
tion at a scattering vector q = 1.076 nm-1, where q = (4π sin θ)/λwith θ
being the half scattering angle.

The real and imaginary relative permittivity, εr0 and εr0 0, in a frequency
range from 20 to 106 Hz were measured using an Agilent 4284A
Precision LCR meter at a bias voltage of 1 V. Polarization hysteresis
loops at room temperature were collected using a modified Sawyer-
Tower circuit at 10 Hz.6 Gold electrodes were sputtered onto both
surfaces of the film with a thickness around 50 nm. The gold electrode
area was ca. 0.0531 cm2 for the D-E loop measurements. Stored and
released energy densities (Ue) were obtained by integrating the corre-
sponding charging and discharging curves, Ue =

R
E dD. Details should

refer to the experimental setup for energy density measurements in the
Supporting Information.

’RESULTS AND DISCUSSION

Synthesis of P(VDF-TrFE-CTFE)-g-PS Graft Copolymer. On
the basis of a previous study,27 we purposely choose P(VDF-
TrFE) as the main chain polymer for grafting polymerization
mainly because of two reasons. First, a certain amount of TrFE
commoners in the PVDF main chain can facilitate the formation
of β-crystals.23 Second, a high β crystal content with small
crystallite sizes is necessary for high discharged energy density
with a relatively low loss.27 The precursor polymer, P(VDF-
TrFE-CTFE) terpolymer, was synthesized by partial dechlorina-
tion of a P(VDF-CTFE) with 11.2 mol % CTFE.10 Calculation
from 1H NMR in Figure 1A showed that this terpolymer had 7.7
mol % TrFE, 3.5 mol % CTFE, and 88.8 mol % VDF. The CTFE
units were used as the initiation sites for the grafting polymer-
ization of styrene by using ATRP (see Scheme 2).41 Although it
was desired to utilize a P(VDF-TrFE-CTFE) terpolymer with a
higher TrFE content (e.g., >30 mol %) for the preferred β-
crystals, we were limited by the commercially available P(VDF-
CTFE) copolymer with a maximum CTFE content of 11.2 mol %.
In the future, we will continue to study P(VDF-TrFE-CTFE)-
g-PS graft copolymers with higher TrFE contents.
Successful grafting of PS side chains from the Cl sites in

P(VDF-TrFE-CTFE) was proved by 19F NMR, as shown in
Figure 1B. Comparing the 19F NMR spectra for P(VDF-TrFE-
CTFE) and its PS-graft copolymer, the Cl-related F signals
disappeared at chemical shift ranges from -108 to -112
ppm and -119 to -123 ppm, respectively, and a new peak
appeared at -121 ppm, which was assigned as the F atoms
related to the PS side chains. A control experiment by replacing
P(VDF-TrFE-CTFE) with PVDF under the same ATRP reac-
tion condition was also performed, and no PS could be grafted

Scheme 2. Synthesis of P(VDF-TrFE-CTFE)-g-PS Graft Copolymer Using ATRP, Followed by Dechlorination with nBu3SnHTo
Avoid Thermal Cross-Linking during Later Melt Processing

Figure 1. (A) 1H and (B) 19F NMR spectra of P(VDF-CTFE-TrFE) 88.8/7.7/3.5 and P(VDF-CTFE-TrFE)-g-PS(14%), respectively. In the 1HNMR
spectra in (A), PS and P(VDF-CTFE-TrFE) peaks are highlighted with green and blue colors. In the 19F NMR spectra in (B), Cl-related F atoms are
highlighted with magenta color and F atoms related to PS side chains are highlighted with green color.
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from the neat PVDF. This result indicated that PS side chains
were exclusively grafted from the Cl sites in P(VDF-TrFE-
CTFE). Calculation from 1H NMR in Figure 1A showed that
14 wt % PS (average 3.2 styrene repeating units per PS side
chain) was grafted onto the P(VDF-TrFE-CTFE) main chain.
Therefore, the graft copolymer was denoted as P(VDF-TrFE-
CTFE)-g-PS(14%).
Figure 2 shows SEC results for P(VDF-TrFE-CTFE)-g-PS-

(14%) and its precursor terpolymer, P(VDF-TrFE-CTEF) 88.8/
7.7/3.5. Because the refractive index (n) of P(VDF-TrFE-CTFE)
88.8/7.7/3.5 (n = 1.40-1.42) was lower than that of DMF (n =
1.43 at 25 �C), a broad negative peak was observed when using a
differential refractive index (RI) detector. After grafting 14 wt %
PS side chains, nearly no RI peak was observed because the
overall refractive index of the graft copolymer matched that of
DMF due to a higher refractive index for PS (n = 1.59).
Therefore, we used aUV detector in SEC for the graft copolymer.
However, the increase in hydrodynamic volume was not much
because of its graft copolymer architecture. From the SEC
results, no PS homopolymer was observed, and this was further
confirmed by thin layer chromatography using toluene as the
developing solvent on a silica gel plate.
Microphase and Crystalline Morphology Characteriza-

tion. Before we proceed to study the crystalline morphology, it
is desired to understand whether there is any microphase
separation in the melt of the graft copolymers before crystal-
lization. Figure 3 shows the SAXS profile for the P(VDF-TrFE-
CTFE)-g-PS(14%) graft copolymers at 180 �C. Only a broad
correlation-hole scattering could be observed with the center at
q* = 0.25 nm-1 (i.e., d-spacing of 25.1 nm), suggesting that the
PS side chains did not microphase separate from the P(VDF-
TrFE) main chain but forming a density fluctuation-induced
disordered phase in the melt.42,43 We speculate that too short PS
chain, too many grafting sites on the main chain, and broad
molecular weight distributions resulted in the disordered phases
in the graft copolymers.
Thick films (∼100 μm) of the P(VDF-TrFE-CTFE)-g-PS-

(14%) graft copolymer was prepared by hot-pressing the sample
at 240 �C followed by quickly quenching into ice water. The

sample was then oriented by uniaxially stretching the thick film to
an extension ratio of 500% at 110 �C to obtain a final film
thickness of ∼20 μm. Here, we chose a P(VDF-TrFE) 93/7
copolymer with 7 mol % TrFE as a control because the TrFE
content was close to that in P(VDF-TrFE-CTFE)-g-PS(14%)
(TrFE% = 7.7 mol %). The P(VDF-TrFE) film was processed
using the same processing condition as that for P(VDF-TrFE-
CTFE)-g-PS(14%).
The crystalline morphology in these films was characterized by

two-dimensional (2D) wide-angle X-ray diffraction (WAXD).
The crystals were oriented parallel to the drawing direction after
mechanical stretching, as evidenced by the (hk0) reflections
concentrated on the equator for films P(VDF-TrFE) 93/7 and
P(VDF-TrFE-CTFE)-g-PS(14%), respectively (see Figure 4A,B).
This crystal orientation is particularly preferred because all the
dipoles, which are nearly perpendicular to the chain axes, can be
readily responsive to the external electric field.26 The actual R and
β crystal contents and the crystallite sizes were calculated from the
1DWAXD profiles in Figure 5 (integrated along the z direction in
the 2D WAXD patterns in Figure 4) and are summarized in
Table 1. Details on the peak-fitting calculation can be found in our
previous reports.26,27 The overall crystallinity (32.6 wt %) in the
P(VDF-TrFE-CTFE)-g-PS(14%)was lower than that (45.2wt%)
in P(VDF-TrFE) 93/7 because the 14wt% PSwas included in the
amorphous part in the crystallinity calculation. Note that the
dielectric and ferroelectric properties of these films are primarily
determined by the overall crystallinity rather than the crystallinity
only with respect to PVDF. The β crystal content (6.5%) in

Figure 2. SEC curves for P(VDF-TrFE-CTFE) 88.8/7.7/3.5 (RI
signal) and P(VDF-TrFE-CTFE)-g-PS(14%) (RI and UV signals).
DMF is used as the solvent at a flow rate of 1.0 mL/min.

Figure 3. Lorentz-corrected SAXS profile for the P(VDF-TrFE-
CTFE)-g-PS(14%) graft copolymer at 180 �C and cooling naturally
back to 25 �C.

Figure 4. 2D WAXD patterns for (A) P(VDF-TrFE) 93/7 and (B)
P(VDF-TrFE-CTFE)-g-PS(14%) when the X-ray beam was directed
along the x direction. (C) shows the mechanical drawing direction and
the crystal orientation in the films. Dipoles (black arrows) are oriented in
a plane parallel to the external electric field (E) (the red arrow).
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P(VDF-TrFE-CTFE)-g-PS(14%) was lower than that (17.6%) in
P(VDF-TrFE) 93/7 because the phase transformation from R- to
β-crystals was hindered by attaching large PS side chains to the
P(VDF-TrFE-CTFE) main chain. The estimated crystallite sizes
(14-19 nm) in P(VDF-TrFE-CTFE)-g-PS(14%) was similar to
that (17 nm) in P(VDF-TrFE) 93/7.
Dielectric and Antiferroelectric-like Properties. The effect

of grafting PS side chains on the dielectric response at low electric
fields (bias voltage = 1 V) was studied by measuring the real part
(εr0) and the imaginary part (εr00) of the relative permittivity as a
function of frequency, and the results are shown in Figure 6. The
εr0 gradually decreased with increasing the frequency (Figure 6A),

which is typical for ferroelectric polymers. Intriguingly, grafting
only 14 wt % PS decreased the εr0 by nearly 30%, i.e., from 12.6 for
P(VDF-TrFE) 93/7 to 9.0 for P(VDF-TrFE-CTFE)-g-PS(14%)
at 1.0 kHz (Figure 6A). The relaxation peaks at 1 MHz in
Figure 6B originated from molecular motions of defects in PVDF
crystals.26,45,46 These defects included chain folds at the amor-
phous-crystalline interface, conformational disorder at interfaces
between R/β or R/γ crystalline phases, and grain boundaries
among small crystallites. Again, grafting only 14wt%PS decreased
the εr00 by nearly 40%, i.e., from 2.1 for P(VDF-TrFE) 93/7 to 1.2
for P(VDF-TrFE-CTFE)-g-PS(14%) at 1MHz.We speculate that
after P(VDF-TrFE) crystallization PS side chains were excluded to
the periphery of P(VDF-TrFE) crystals, forming a nanoscale
confining layer at the amorphous-crystalline interface (see the
schematic in Figure 11B). It is this confining layer that reduced the
molecular motions and thus amorphous dipole orientation at the
amorphous-crystalline interface.
The ferroelectric and antiferroelectric-like behaviors in P(VDF-

TrFE) 93/7, P(VDF-HFP) 96/4, and P(VDF-TrFE-CTFE)-
g-PS(14%) were studied byD-E loop measurements. Figure 7A
shows the hysteresis loops for P(VDF-TrFE) 93/7. Below
200 MV/m, propeller-shaped double hysteresis loops were
observed, indicative of a two-step dipole reorientation process
with the first step returning to the so-called antiferroelectric-
like state.26,27,38,39 Note that this antiferroelectric-like state is
different from conventional antiferroelectric phases in ceramics
and liquid crystals because it does not represent a new crystal-
line phase for PVDF and its copolymers (note that antiferro-
electric or paraelectric β-phase does not exist). Instead, it
represents a state that part of aligned dipoles and/or aligned
ferroelectric domains revert to the opposite direction and the net
dipole moment appears to be nearly zero. On the basis of a
previous report,27 this should be typical for PVDF and its

Figure 5. 1D WAXD profiles for P(VDF-TrFE) 93/7 and P(VDF-
TrFE-CTFE)-g-PS(14%). Peak-fitting is performed to determine R and
β crystal contents.

Table 1. Crystallinity, Melting Points, r and β Crystal Contents, and Estimated Average Crystallite Sizes for r and β Crystals in
the Hot-Pressed and Stretched P(VDF-TrFE) 93/7 and P(VDF-TrFE-CTFE)-g-PS(14%) Films

films crystallinity (wt %)a Tm (�C)a R (wt %)b β (wt %)b D(110)R (nm)b D(110/200)β (nm)b

P(VDF-TrFE) 93/7 44.1 156/168 27.7 17.6 17 17

P(VDF-HFP) 96/4 43.3 146 35.2 2.7 10 ( )); 23(^)c 11 ( ))
P(VDF-TrFE- CTFE)-g-PS(14%) 31.8 (39.6) 158 31.5 6.5 14 19

aDetermined by differential scanning calorimetry (DSC). The crystallinity is the overall crystallinity, including PS in the amorphous part. The
crystallinity inside the parentheses refers to the true crystallinity after normalized to the PVDFweight percentage. The heat of fusion of the perfect PVDF
crystal is 102.5 J/g, assuming the same for all crystalline forms.44 bDetermined by 1D wide-angle X-ray diffraction (WAXD) in Figure 5. The crystallite
size was estimated by the Scherrer equation. cThe solution-cast and stretched P(VDF-HFP) 96/4 film has two types of crystal orientation with respect to
the uniaxial drawing direction. The parallel crystals have a D(110)R of 10 nm, and the perpendicular crystals have a D(110)R of 23 nm.

Figure 6. (A) Real part (εr0) and (B) imaginary part (εr0 0) of the relative permittivity for P(VDF-TrFE) 93/7 and P(VDF-TrFE-CTFE)-g-PS(14%).
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copolymers with a reduced compensation polarization at relatively
low poling fields. At high poling fields (>200 MV/m), this
antiferroelectric-like behavior disappeared because the compensa-
tion polarization became strong enough and ferroelectric behavior
dominated in samples (see the normal ferroelectric hysteresis
loops at >200 MV/m in Figure 7A). For P(VDF-TrFE-CTFE)-g-
PS(14%) in Figure 7B, however, propeller-shaped double hyster-
esis loops persisted up to at least 400 MV/m. The inset of
Figure 7B shows a typical antiferroelectric-like D-E loop with
very small remanent polarization at the zero field (compare with
Scheme 1C). With a gradual increase of the poling field, the effect
of double hysteresis loop became gradually reduced. One might
argue that this difference between P(VDF-TrFE) 93/7 and P-
(VDF-TrFE-CTFE)-g-PS(14%) could be attributed to the low
β crystal content in the graft copolymer. To address this problem,
D-E hysteresis loops for the solution-cast and stretched P(VDF-
HFP) 96/4 film, which had similarR and β crystal contents (R%=
35.2 wt % and β% = 2.7 wt %) as the graft copolymer (R% = 31.5
wt % and β% = 6.5 wt %), are shown in Figure 7C. Although the
antiferroelectric-like behavior was seen below 300 MV/m, double
hysteresis loops completely disappeared above 350 MV/m. This
result indicated that the high field antiferroelectric-like behavior in
P(VDF-TrFE-CTFE)-g-PS(14%) could not be simply explained
by a low β crystal content in the sample.
Figure 8 further quantifies our observation in Figure 7 by

plotting the maximum and remanent electric displacement (Dmax

and Drem) as a function of electric field for P(VDF-TrFE) 93/7,
P(VDF-TrFE-CTFE)-g-PS(14%), and P(VDF-HFP) 96/4.
Between 100 and 200 MV/m, there was a steplike increase in
Dmax for P(VDF-TrFE) 93/7. This could be attributed to the
crystalline dipole switching (or alignment) with increasing the
electric field as well as an increase in the induced compensation
polarization in the amorphous phase (see Figure 11A). As a
result, the Drem also increased in this electric field range because
of an increased number of persistent and aligned dipoles even
when the electric field decreased to zero. Below 200 MV/m, a
relatively low Drem and high Dmax were consistent with the
antiferroelectric-like behavior seen in Figure 7A. On the contrary,
P(VDF-TrFE-CTFE)-g-PS(14%) exhibited slow and monotonic
increases in bothDmax andDrem as a function of electric field. We
speculate that the induced compensation polarization was re-
duced by the low polarizability PS-rich interfacial layer between
the crystalline and amorphous P(VDF-TrFE). Again, the extre-
mely lowDrem and relatively highDmax in P(VDF-TrFE-CTFE)-
g-PS(14%) were a clear indication of the antiferroelectric-like
behavior. For P(VDF-HFP) 96/4, both Dmax and Drem were low
below 300 MV/m due to the antiferroelectric-like behavior seen

in Figure 7C. Above 350 MV/m, both Dmax and Drem exhibited
apparent increases because of the disappearance of double
hysteresis loops.
Further differences between P(VDF-TrFE-CTFE)-g-PS and

P(VDF-HFP) 96/4 are demonstrated in the following experi-
ments. First, P(VDF-HFP) 96/4 and P(VDF-TrFE-CTFE)-g-
PS(14%) films were stepwise poled unipolarly up to 600 MV/m
at a step of 50 MV/m (see Figure S4 in the Supporting
Information). Then, both films were poled bipolarly at 250
MV/m for four continuous cycles, and the results are shown in
Figure 9. For P(VDF-HFP) 96/4, the double hysteresis loop only
appeared in the first cycle and disappeared in the rest cycles (see
Figure 9A). However, the double hysteresis loops still persisted
even at the fourth cycle for P(VDF-TrFE-CTFE)-g-PS(14%)
(see Figure 9B). We speculate that this difference should
originate from possible phase transformations in the solution-
cast and stretched P(VDF-HFP) 96/4 film after stepwise uni-
polar polarization up to 600MV/m, but not in the P(VDF-TrFE-
CTFE)-g-PS(14%) film. This is evidenced by comparison of the
FTIR spectra before and after stepwise poling for P(VDF-HFP)
96/4 and P(VDF-TrFE-CTFE)-g-PS(14%), respectively, in
Figure 10A. For P(VDF-HFP) 96/4, the β crystal absorption
bands at 1279, 1073, and 842 cm-1 slightly increased their
intensity (Figure 10A), suggesting slightly more β crystals were
induced by electric poling to 600 MV/m. For P(VDF-TrFE-
CTFE)-g-PS(14%), however, the FTIR spectrum after poling to
600 MV/m nearly overlapped with the spectrum before poling

Figure 7. BipolarD-E hysteresis loops for (A) P(VDF-TrFE) 93/7, (B) P(VDF-TrFE-CTFE)-g-PS(14%) graft copolymer, and (C) solution-cast and
stretched P(VDF-HFP) 96/4 (adapted from ref 27). The poling field has an increment of 50 MV/m at each step until the film breaks down electrically.

Figure 8. Maximum electric displacement (Dmax) and remanent electric
displacement (Drem) as a function of electric field for P(VDF-TrFE) 93/7,
P(VDF-TrFE-CTFE)-g-PS(14%) graft copolymer, and P(VDF-
HFP) 96/4.
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(Figure 10A), indicating that noRfβ phase transformation was
observed due to the existence of relatively large PS side chains. All
these experimental results clearly indicated that P(VDF-TrFE-
CTFE)-g-PS(14%) was substantially different from P(VDF-
HFP) 96/4. Note that paraelectric R PVDF crystals should not
result in the large hysteresis loops at high electric fields for
P(VDF-HFP) 96/4 (see Figure 7C). Instead, the polar δ crystals
were responsible for large hysteresis loops after phase transfor-
mation from the R crystals above 150 MV/m. The Rf δ phase
transformation is evidenced in Figure 10B. It was seen that after
poling to 600 MV/m the absorption band (Bu species for the R-
phase) at 489 cm-1 decreased the intensity while the absorption
band (Au species for the R-phase) at 763 cm-1 increased the
intensity. This result is consistent with the R f δ observations
reported in the literature.23

Double hysteresis loops in P(VDF-TrFE) copolymers were
first observed in 1981 by Yamada et al.47 and later by Furukawa
et al.38-40 and Koizumi et al.48 Yamada et al.47 and Koizumi
et al.48 attributed the double hysteresis loops to the coexistence
of the low temperature ferroelectric phase and high temperature
paraelectric (disordered) phase, while Furukawa et al.38-40 pro-
posed a new antiferroelectric phase to explain the same phenom-
ena. However, these explanations seemed to be restricted to
P(VDF-TrFE) random copolymers. Recently, we proposed a
universal mechanism to explain double hysteresis loops and
generalized it to PVDF homopolymer and its random
copolymers.27 Following that work, the fundamental physics

underlying this antiferroelectric-like behavior at high poling fields
for P(VDF-TrFE-CTFE)-g-PS(14%) can be explained by the
schematic models in Figure 11. Figure 11A shows the polariza-
tion mechanism for normal ferroelectric PVDF and its copoly-
mers, which has been explained in detail in a previous report.27

This model is adapted with modifications from the Lorentz local
field model described in textbooks.49,50 In brief, an external
electric field, E, induces dipole orientations in both crystalline
and amorphous phases. The alignment of dipoles inside the
crystal produces a macroscopic polarization, Pin, which in turn is
compensated by the polarization of the amorphous phase, Pcomp.
The Pin generates a local depolarization field, Edepol = Pin/ε0,
where ε0 is the vacuum permittivity. The electric displacement
on the electrodes generates a local polarization field, Epol = (Qþ
Pcomp)/ε0 = (ε0E þ Pcomp)/ε0, where Q is the vacuum polariza-
tion (ε0E). During dynamic switching processes, Pin may not
equal Pcomp, and the competition between local depolarization
and polarization fields dictates the dipole switching behavior.
When Epol > Edepol, oriented dipoles will remain aligned, result-
ing in a highDrem. When Epol < Edepol, part of the aligned dipoles
will revert to the opposite direction, resulting in an antiferro-
electric-like state with a nearly zero polarization (i.e., a lowDrem).
Pin is primarily a function of the dipole moment per repeat unit
per chain and the number density of oriented dipoles in the
crystal, and thus may not be easy to tune via changing molecular
parameters for a given polymer (note that Pin changes with the
poling field). Pcomp is a function of the number density of

Figure 9. After stepwise unipolar poling up to 600 MV/m at a step of 50 MV/m, (A) P(VDF-HFP) 96/4 and (B) P(VDF-TrFE-CTFE)-g-PS(14%)
were bipolarly polarized at 250 MV/m for four continuous cycles.

Figure 10. (A) FTIR spectra for P(VDF-HFP) 96/4 and P(VDF-TrFE-CTFE)-g-PS(14%) before and after stepwise unipolar poling up to 600MV/m
at a step of 50 MV/m. Vertical bars indicate absorption bands for the β crystals. (B) shows a magnified region (400-950 cm-1) for P(VDF-HFP) 96/4
in (A). Baselines have been subtracted for both curves.
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polarizable dipoles (N0,am), the polarizability (Ram), and the local
electric field (EL,am) of the amorphous phase at the amorphous-
crystalline interface; Pcomp=N0,amRamEL,am. Therefore, Pcomp can
be easily adjusted by varying N0,am and Ram, and an effective way
to induce the antiferroelectric-like state is to reduce Pcomp, as we
mentioned before.
As shown in Figure 11B, a low polarizability PS-rich interfacial

layer is utilized to confine the P(VDF-TrFE) crystal after the
crystallization-induced microphase separation. Although we per-
formed transmission electron microscopy study on microtomed
thin sections stained by RuO4, no clear nanocrystalline lamellae
were seen. It was possible that the PS grafts were too short (only
three repeating units) and thus were miscible with surrounding
amorphous P(VDF-TrFE) chains. This made RuO4 staining
difficult or not enough to provide good contrast. However, the
crystalline lamellar morphology in the crystallized P(VDF-TrFE-
CTFE)-g-PS(14%) was evidenced by the SAXS at 25 �C. In
Figure 3, a weak second-order reflection was seen at 2q* =
0.50 nm-1 after crystallization. We also calculated the average PS
grafting density in P(VDF-TrFE-CTFE)-g-PS(14%) to see if it
was reasonable to assume the nanocrystalline structure in
Figure 11B. Since the number-average molecular weight of
P(VDF-TrFE-CTFE) is 93 400 g/mol, one chain contains
1400 total repeating units. If we assume a totally random
distribution of 3.5 mol % CTFE along the main chain, every 28
VDF/TrFE repeating units will contain one CTFE. After grafting
styrene from CTFE, there should be 28 VDF/TrFE repeating
units per PS side chain. If we assume a TGTG0 conformation in
the R or δ crystal forms (c-axis = 0.496 nm), the lamellar
thickness should be 3.5 nm. If we assume a zigzag conformation
in the β form (c-axis = 0.256 nm), the calculated lamellar
thickness is 7.1 nm. These lamellar thicknesses should be reason-
able for randomly grafted copolymers (e.g., linear low-density
polyethylene51). If the grafting is nonstatistical, the lamellar
thickness could be even higher. Therefore, it is reasonable to
assume the nanocrystalline lamellar morphology for P(VDF-
TrFE-CTFE)-g-PS(14%), as shown in Figure 11B. The polariz-
ability of the amorphous PS-rich phase near the ferroelectric
crystal becomes much smaller because of the low polarizability of
PS. As a result, the Pcomp in P(VDF-TrFE-CTFE)-g-PS(14%)
greatly decreases (see Figure 11B), as compared with that in
P(VDF-TrFE) (see Figure 11A). During reverse poling (or
discharged), the Epol will be lower than the Edepol, and finally

the crystalline dipoles aligned at a high electric field will easily
revert to the opposite direction, resulting in an antiferroelectric-
like behavior at high poling fields with a low Drem and a reduced
ferroelectric loss. Note that Pcomp is experimentally measurable
from D-E hysteresis loops, whereas Pin is very difficult to
determine experimentally. Currently, we are performing compu-
ter simulation to better understand the competition between
Edepol (or Pin) and Epol (or Q þ Pcomp) under different electric
fields. However, this topic is outside the scope of current work
and will be introduced in future publications.
Using the above electrostatic models, we can unify the under-

lying mechanism for the antiferroelectric-like behaviors in
P(VDF-FHP) 93/7, P(VDF-TrFE-CTFE)-g-PS(14%), and
P(VDF-HFP) 96/4. For P(VDF-TrFE) 93/7, Pcomp is low at low
electric fields. For P(VDF-TrFE-CTFE)-g-PS(14%), Pcomp is
low after grafting nonpolar PS side chains up to 500 MV/m.
For P(VDF-HFP) 96/4, Pcomp is low at a low β crystal content up
to 300 MV/m. Therefore, whenever Pcomp is low, the antiferro-
electric-like behaviors will be observed (see Figure 7).
Electric Energy Storage and Discharge. When an electric

field is applied on a dielectric material with a high density of
orientational permanent dipoles, the dipoles are oriented along
the field, and amajority part of the electric energy is stored during
this poling/orientation process. This part of stored electric
energy can only be released when the oriented dipoles quickly
switch back to an antiferroelectric-like or a random state at a zero
electric field during the discharge process. During the reverse
poling process, dipoles will be poled along the reverse direction
and the electric energy storage starts in the reverse direction.
Therefore, the dipole switching behavior is critical to the electric
energy storage and discharge behaviors, and an antiferroelectric-
like dipole switching behavior is desirable because of a low
fraction of undischarged energy density.
The charged and discharged electric energy densities were

directly integrated from the bipolar D-E loops, and results are
shown in parts A and B of Figure 12, respectively. Above 200
MV/m, there was a large decrease in the stored energy density for
P(VDF-TrFE-CTFE)-g-PS(14%) when compared with P(VDF-
TrFE) 93/7, and the percentage of decrease (∼45%) was much
larger than the weight fraction of PS (14 wt %). Therefore, it was
reasonable to attribute this large decrease in the stored energy
density to the significantly reduced compensation polarization,
Pcomp (see Figure 11B). Contrary to the stored energy density,

Figure 11. Schematic models of polarization mechanisms for (A) P(VDF-TrFE) and (B) P(VDF-TrFE-CTFE)-g-PS. Note that after PVDF
crystallization the grafted PS side chains form a nanoscale interfacial layer (green color) around the ferroelectric crystal (blue color). Note that the
(folded) PVDF chain axes are in the horizontal direction in the crystals (not drawn for clarity).
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the discharge energy density for P(VDF-TrFE-CTFE)-g-PS-
(14%) was just slightly lower than that for P(VDF-TrFE) 93/7,
and the percentage of difference above 200 MV/m was only
13%. This again could be attributed to the low remanent polariza-
tion because of the antiferroelectric-like behavior for the graft
copolymer. The unreleased part of energy density is defined as
unreleased% = 100(1 - Ue,released/Ue,stored), and results are
shown in Figure 12C. The unreleased energy density was
attributed to both ferroelectric and conduction losses during
the bipolar switching process at high fields.6,52 Note that the
conduction loss became significant for polymers above 300-400
MV/m.52 From Figure 12C, the ferroelectric/conduction loss
was much lower in P(VDF-TrFE-CTFE)-g-PS(14%) than in
P(VDF-TrFE) 93/7. The differences between P(VDF-TrFE-
CTFE)-g-PS(14%) and P(VDF-HFP) 96/4 are also shown in
Figure 12. Although the stored energy densities were similar, the
released energy density for P(VDF-TrFE-CTFE)-g-PS(14%)
was consistently higher than that for P(VDF-HFP) 96/4. Above
300 MV/m, the unreleased% for P(VDF-HFP) 96/4 was higher
than that for P(VDF-TrFE-CTFE)-g-PS(14%) because of the
gradual disappearance of the antiferroelectric-like behavior in
P(VDF-HFP) 96/4 as the poling field exceeded 300 MV/m.

’CONCLUSIONS

In summary, an antiferroelectric-like behavior with relatively
narrow hysteresis loops and low remanent polarization was
achieved in a P(VDF-TrFE-CTFE)-g-PS(14%) graft copolymer.
The fast dipole reorientation to the antiferroelectric-like state
upon discharging was explained by the reduced compensation
polarization based on a confined ferroelectricity model, where
the nanoscale P(VDF-TrFE) crystal was confined with a thin PS-
rich interfacial layer (Figure 11B). It was because of the lower
polarizability of the PS-rich interfacial layer than that of the
amorphous P(VDF-TrFE) that the compensation polarization
was significantly reduced. During reverse poling, the depolariza-
tion field could be higher than the polarization field. A signifi-
cantly reduced ferroelectric loss and relatively high discharged
energy density were observed in the P(VDF-TrFE-CTFE)-g-
PS(14%) graft copolymer because of this antiferroelectric-like
behavior even at high poling fields.
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