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Microstructures and Dielectric Properties of the Ferroelectric
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ABSTRACT: Ferroelectric fluoropolymers containing vinylidene fluoride (VDF), trifluoroethylene (TrFE), and
chlorotrifluoroethylene (CTFE) have been prepared over a wide composition range by a two-step approach
consisting of copolymerization of VDF and CTFE and a subsequent reductive dechlorination reaction. Due to the
similar reactive ratios between VDF and CTFE and quantitative dechlorination yields, the chemical structures
and compositions of the resulting terpolymers can be precisely controlled. The structural characteristics including
microstructure, chain conformation, and crystallinity of the polymers have been carefully elucidated as a function
of the chemical composition byH and 1°F NMR, Fourier transform infrared spectroscopy, and wide-angle
X-ray diffraction. The influence of the polymer compositions on thermal transitions and dielectric constants
has also been investigated. A Curie temperature of@and dielectric constant of 50 measured at ambient
temperature and 1 kHz have been achieved at the terpolymer composition of 78.8 mol % VDF, 14 mol % CTFE,
and 7.2 mol % TrFE.

Introduction energy barrier in the £P phase transition and large dielectric
responses at ambient conditions. Indeed, the P(VDIFE)

Poly(vinylidene fluoride) (PVDF) based ferroelectric poly- - - S -
mers have been the subject of intense research since thecopolymers treated by high-energy electron irradiation exhibit

. . > ) . orders of magnitude improvement in elastic energy density (
discovery of pmzpelgctncny in PVDF by Kawai et al. n 1%2‘)'. J/cn®) and electrostrictive strain-(G%) 81t has been established
Part of the motivation for these research efforts is the wide

variety of applications of these materials in advanced electro- that the defects introduced by irradiation break up the macro-

mechanical devices such as transducers, actuators, artificiaP cOP'° polar regions into nanoscopic domains and convert .the
muscles, sensors, and microfluidic systérithas been shown ponmelr2 from a normal ferroelectric statg to a ferroelectric
that the copolymers of vinylidene fluoride (VDF) and trifluoro- 'rl'erllgl)z(;)sr,.sh'gsvz ;ﬁrsnu"’orgﬁzztlﬁ)cr:rlzg bzﬁana'(/r::j'i[f ?] ;Eelvel?cfric
ethylene (TrFE), P(VDFTrFE)s, exhibit excellent piezoelectric P loop yhig .
sensitivity for the stress and strain sensirfegpr example, the constant at room temperature. Similar results have been obtained

) ) o - in PVDF—based terpolymers, poly(vinylidene fluoride-
piezoelectric coefficiengss for P(VDF—TrFE)s is 0.24 V m/N, . . -
which is 2 orders of magnitude greater than that of PZT (the trifluoroethyleneeo-chlorotrifluoroethylene)s P(VDFTrFE

most widely used piezoceramic sensor material) witizof CTFE)s, in which the bulky chlorotrifluoroethylene (CTFE)

0.0023 Vm/N® Nevertheless, these polymers exhibit a Curie components in the terpolyr_ner fl_mctior_l as random _defects to
transition from ferroelectric to paraelectric {P) phases at reduce crystal siz& The high dielectric constants in these

temperatures much higher than room temperature. At the Curiepolymers are attracti\{e for applications in glectrical energy

transition, the dielectric constant of the copolymer reaches astorag.e such as stationary power generat]on aﬂd mlnlature
maximum due to the increase in mobility of the-€ dipoles. capacitors for portable electronics and electric vehl%ﬂdﬂ;g.h

The lowest Curie temperature observed is about@@or the dielectric constant polymers also hold great potential as

P(VDF—TrFE) with 45 mol % TrEEE Consequently, the di- nonvolatile memory elements and gate dielectrics with low

electric responses of the—& dipoleé in P(VDI‘—TrF,E) co- operational voltages for applications in integrated flexible logic

polymers to the electric field is rather weak at ambient circuits, flat panel devices, and sensor arreys.

temperature, as revealed by a relatively low dielectric constant ~ The ferroelectric P(VDFTrFE-CTFE) terpolymers are gen-
(~14)7 erally produced by free-radical polymerization of the three mon-

Recently, several promising approaches have been develope@Mers using emulsion, suspension, and solution metHgés.
to reduce the size of the crystalline domain in P(VDRFE)s Unfortunately, due to the large difference in the reactivity
as a way of increasing the dielectric response. These methodd€tween TrFE and other two comonomers, el TFE) = 0.5

include electron irradiatiohmechanical deformatiohgchemical and rp(VDF) = 0.7} access to these polymers is often
cross-linking and blendin®, and crystallization at various ~challenged by factors such as inhomogeneous composition
conditions? It is envisaged that the small ferroelectric domains  distribution, significantly varied dielectric properties depending
are more easily oriented by an applied field, leading to a reduced®n Polymerization method and conversion, and the limited
numbers of the polymers available for structupgoperty
_ correlation study. Overcoming these restraints, which have
m;tgeo_p‘é"&gg‘u_CO”eSpO”dence should be addressed. E-mail: wang@ prevented the ferroelectric fluoropolymers from reaching their
t Department of Materials Science and Engineering. full potential, requires development of new polymerization

* Department of Electrical Engineering. strategies. More recently, we presented a new synthetic approach
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Scheme 1. Synthesis of the Ferroelectric P(VDFCTFE—TrFE) Terpolymers
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toward the ferroelectric terpolymers exhibiting high dielectric The dielectric constants of the polymers were acquired using a HP
constants and low loss tangents at ambient temperttune.  multifrequency LCR meter (HP 4284A) at room temperature with
this paper, we describe the detailed studies on the synthesis an@ 1 V bias.

structural characterization of a library of the ferroelectric
terpolymers composed of VDF, TrFE, and CTFE. The micro-
structure, chain conformation, and thermal and dielectric proper- ~ Synthesis of P(VDF-CTFE)s and P(VDF—CTFE—TrFE)s.

ties have been investigated as a function of the polymer The synthetic strategy outlined in Scheme 1 involves the co-

Results and Discussion

composition. polymerization of VDF and CTFE using BPO as the initiator
followed by a reductive dechlorination reaction to yield the
Experimental Section P(VDF—CTFE-TrFE) terpolymer. Since VDF and CTFE pos-

Materials. Unless otherwise noted, all solvents and reagents were S€SS Similar reactivity ratios in free radical polymerization,

purchased from Aldrich and used as received. All manipulations -€- 1 = 0.70 (VDF) andr; = 0.72 (CTFE)° the chemical

of gas-condense transfer were carried out with rigorous exclusion compositions of the P(VDFCTFE) copolymers are readily

of oxygen and moisture on a dual-manifold Schlenk line with®10  controlled by varying the monomer feeding ratios. The resulting
Torr high vacuum. Benzoyl peroxide (BPO) was purchased from P(VDF—CTFE) copolymers then undergo a dechlorination
Aldrich and purified by recrystallization from methanol and acetone. reaction using AIBN as a radical initiator and telputyl)tin
Tetrahydrofuran (THF) was distilled from sodium benzophenone hygride as a reduction agent, which reduces the chlorine groups
ketyl under nitrogen. Vinylidene fluoride and chlorotrifluoroethylene quantitatively and converts CTFE to TrRETherefore, by
were purchased from SynQuest Laboratory Inc. and purified by a varying the ratio between the reduction reagent and the concen-

freeze-thaw process prior o use. tration of CTFE in P(VDFCTFE) copolymers, the contents

Preparation of P(VDF—CTFE)s. A stainless steel vessel f TIEE tin the t | thus b tel
equipped with a magnetic stir bar was charged with 0.12 g (0.5 of = component in the terpolymers can thus be accurately

mmol) of BPO, and 30 mL of acetonitrile was added. The vessel controlled. A library of 47 P(VDFCTFE)s and P(VDF

was sealed, submerged in liquid nitrogen, and degassed on a vacuurfe TFE-TrFE)s with different chemical compositions has been
line. Then 18.4 g of VDF and 7.3 g of CTFE were added to the prepared, and the details are tabulated in the Supporting Informa-
reactor at liquid nitrogen temperature. The vessel was warmed totion. The terpolymers are soluble in common organic solvents,
ambient temperature and heated foh at 80°C. After this time, such as THF, DMF, DMSO, methyl ethyl ketone (MEK), etc.
the volatiles were vented, and subsequent precipitation into GPC measurements in THF, using polystyrene as a standard,
methanol, washing by hexane, and drying in vacuo, afforded 9.4 g jdicated a typical number-averaged molecular weityhj) ©of

of a white solid identified as P(VDFCTFE).H NMR (DMSO- around 60 kDa with a polydispersity of about 1.8.

ds, ppm): 6 8.1 (d, 2H,0-CgHs), 7.7 (t, 1H,p-CeHs), 7.5 (t, 2H, o :
m-CeHe), 2.6-3.6 (M, 2H, —CRCH,CFs—, head-to-tail structure The compositions of the polymers are determinedHbyand

of VDF segment), 2.22.5 (m, 2H, — CR,CH,CH,CFo—, tail-to- %F NMR. Figure 1 shows _thé9F NMR spectrum of the
tail structure of VDF segment). P(VDF—-CTFE) copolymer with a composition of VDF/CTFE
Preparation of P(VDF—CTFE—TrFE)s. To a 50-mL round- = 81.2/18.8 mol %, and the assignments of the peak are listed

bottom flask was added P(VDR:TFE) C0p0|ymer5 (08 g), AIBN in Table 1. The chemical compositions of the P(V‘EE—FFE)S
(42.8 mg, 0.25 mmol), and THF (20 mL). The reaction solution are calculated according to the integrals of the characteristic
was bubbled with argon for 20 min and was followed by freeze  peaks of VDF and CTFE i#F NMR spectra by the following
pump-thaw cycles and a final argon backfill to provide a positive equation?!

atmosphere. After the mixture was stirred at 8D for 30 min,

tri(n-butyl)tin hydride (0.14 mL, 0.51 mmol) was added by syringe. _

The solution was kept stirring at 60C for 24 h before it was mol% VDF _ it 1, #3131, 3

quenched with methanol. The precipitate was washed with hexane mol% CTFE I+ 1s+2(1,—13) 2

and dried in vacuo to yield 0.7 g of P(VDFECTFE-TrFE)s as a
white solid. Tin byproducts were removed by dissolving the
polymers in THF and stirring of the polymer solution with aqueous
potassium fluoride. After purification, residual tin byproducts were

wherel; is the integral intensity of the resonance area-6p
to —97 ppm,l, = —106 to —113.5 ppm,lz = —114.3 ppm,

not found in the polymers by NMRH NMR (DMSO-ds, ppm): l4= —116.6 ppm)s = —118 to—123.3 ppm, ands = —129.4

0 8.1 (d, 2H,0-CgHs), 7.7 (t, 1H,p-CeHs), 7.5 (t, 2H, m-CeHs), to —137.2 ppm. The transformation of the copolymers into the
5.3-5.7 (m, 1H,—CFHCR— of TrFE segment), 2:63.6 (m, 2H, P(VDF—-CTFE-TrFE) terpolymers via the dechlorination reac-
—CFR,CH,CF,—, head-to-tail structure of VDF segment), 22.5 tion was confirmed by the appearance of the signals around

(m, 2H, —CR,CH,CH,CF,—, tail-to-tail structure of VDF segment). 5.6 ppm corresponding to the protons from TrFE in#HeNMR
Characterization. H and*®F NMR spectra were recorded on a  spectra. The molar fraction of TrFE in the terpolymers can be
Bruker AM-300 spectrometer instrument. Size exclusion chroma- assessed readily by the ratios of the integration values of the
tography (SEC) was performed in a THF mobile phase with a gistinct peaks centered at 5.6 ppm from TrFE to the signals
Waters 1515 isocratic pump. The thermal transition data were 5round 3.1 and 2.3 ppm assigned to the methylene protons of
obtained by a TA Instruments Q100 differential scanning calorim- o 1 tail and tail-to-tail sequences of VDF units, respectively.

eter (DSC) at a heating rate of I®/min. Wide-angle X-ray . : .
diffraction (WAXD) measurements were conducted using a Scintag Polymer Microstructure Studied by NMR. Itis found that

diffractometer with Cu K radiation. Peak deconvolution was ~CTFE is attacked exclusively at its @Earbon by the growing
performed using a peak fitting program and Pearson VII peaks. ~CHCF" radical, leading to tail-to-tail placements. As illus-
FTIR spectra were recorded on Varian Digilab FTS-800 spectrom- trated in the'®F NMR spectrum (Figure 1), the microstructure
eter in the temperature range from room temperature to°C35 of the P(VDFCTFE) copolymer is dominated by the preser&’csv
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Figure 1. 1%F NMR spectrum of the P(VDFCTFE) copolymer containing 81.2 mol % VDF and 18.8 mol % CTFE.

Table 1. Chemical Shifts and Assignments ofF NMR Peaks of the P(VDF-CTFE) Copolymer

spectrum range line seguence designétion chemical shift (ppm) percentage (%)
I a —CR,CH,CF,CH,CR— VDF—-VDF/H-T —92.36 26.40
b —CFCICHCFCH.CR— CTFE-VDF/T-T —93.16 t0—93.67 19.02
c —CH,CH,CF2CH.CR— VDF-VDF—VDF/T-T—H —94.26 t0—97.13 6.203
12 d —CFR,CFCICF,CFCICR— CTFE-CTFE/H-T —106.05 to—107.82 3.289
e —CR,CH,CF,CFR,CFCI— VDF—-CTFE/T-T —108.0 to—109.34 12.78
f —CR,CFCICF,CFCICH— CTFE-CTFE-VDF/H-T-T —109.34t0—113.10 2.579
I3 g —CR,CHCF,CFR.CH,— VDF—-VDF/T-T —114.27 2.275
la h —CH,CR,CF>,CH,CH,— VDF—-VDF/T-T —116.57 2.336
Is i —CH,CRCF,CFCICH— VDF—CTFE/T-T —118.25t0—119.98 9.922
j —CRCRCFCICH,CR— CTFE-VDF/T-T —120.35t0—123.32 10.30
lg k —CR,CH,CFCICF,CH,— VDF—-CTFE-VDF/T-T—H —129.46 t0—130.53 0.238
| —CH,CF,CFCICF,CH,— VDF-CTFE/H-T —136.57 to—137.17 0.285

aThe head (H) of the unit is defined as the G#hile the tail (T) is defined as the G+or CFCI.

of VDF—-VDF head-to-tail {CH,CFCH,CF,—) sequence 19F NMR spectrum of the terpolymer prepared by terpolymer-
showing around-92.4 ppm (peak a in Figure 1) and VBF ization and the peak assignments are given in the Supporting
CTFE tail-to-tail -CRCH,CCIFCF,—) structure appearing Information. VDFVDF head-to-tail sequences account for 46%
around—93.4,—108.7,—119.1, and-121.9 ppm (peaks b, e,  of the polymer chains synthesized by direct terpolymerization,
i, and j in Figure 1). The weak resonance at 126 ppm (peak | in while the terpolymer prepared by the reduction reaction contains
Figure 1) is attributed to a very low content@.285%) of about 28% VDFVDF head-to-tail sequences. Beside 6.4%
VDF—CTFE head-to-tail{ CH,CF,CFCICR—) sequence, which  VDF—TrFE tail-to-tail structures, there is about 8.9% VBF
presumably are the end groups or branching points resulting TrFE head-to-tail { CH,CF,CHFCF,—) sequence existing in
from the chain-transfer steps involving the chloro monomer the terpolymer prepared by direct terpolymerization; this is in
units. Consistent with thé’F NMR results, the major peaks marked contrast to the terpolymers generated from reduction
showing around 3.1 ppm in théH NMR spectra of the reaction, which show no evidence of the existence of VDF
copolymers are associated with the methylene protons of head-TrFE head-to-tail structures from th8 NMR measurements.
to-tail VDF—VDF structure. The'® NMR spectrum of the VDF—CTFE exists predominantly as tail-to-tail structures in
P(VDF—CTFE-TrFE) terpolymer with a composition of 81.2/  the both terpolymers. The discrepancy in microstructure leads
7.2/11.6 mol % prepared by reduction of the P(VBETFE) to significantly different thermal and dielectric properties in these
copolymer is illustrated in Figure 2. The chemical shifts and two terpolymers. In general, with the same chemical composi-
assignments of the peaks observed in the spectrum are sumtion, the terpolymers prepared via direct terpolymerization
marized in Table 2. The peaks are identified according to the possess a lower percentage of sequence defects such as head-
spectra of P(VDFCTFE)s and the corresponding P(VBF to-head and tail-to-tail structures in polymer chain, resulting in
TrFE) copolymers yielded from complete dechlorination whose a higher degree of crystallinity and Curie transition temperature
details are shown in the Supporting Informatfdit was found compared to the terpolymers synthesized via the dechlorination
that the main structure of the terpolymer includes \\DFDF reaction.

head-to-tail sequence and tail-to-tail sequences of YDFFE Chain Conformation Studied by FTIR. As identified in

and VDFTrFE (—CF,CH,CCIFCR—, —CF,CH,CHFCR—). the FTIR measurements, the polymer chain conformation is
It is of interest to note that the terpolymers prepared via the strongly influenced by the polymer composition. Figure 3
reductive route exhibit different microstructures from the ones presents the infrared spectra of the terpolymers containing 78.8
produced by direct terpolymerization of three comonomers. The mol % VDF, where the absorption bands at 129(Té:rariseCDV
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Figure 2. 1%F NMR spectrum of the P(VDFCTFE-TrFE) terpolymer with a composition of 81.2/7.2/11.6 mol %.

Table 2. Assignments of®F NMR Resonances of the P(VDFCTFE—TrFE) Terpolymer

peak no. sequence designation chemical shift (ppm) percentage (%)
1 —CR,CHCF,CH.CRH— VDF—VDF/H-T —92.36 27.25
2 —CHFCHCF,CH,CR— TrFE-VDF/T-T —93.16 t0—93.63 19.40
—CCIFCHCF,CH.CR— CTFE-VDF/T-T
3 —CHCH,CF,CH,CR— VDF—-VDF-VDF/T-T—H —94.35 t0—96.46 5.646
4 —CR,—CCIFCF,CCIFCR— CTFE-CTFE/H-T —105.9 t0o—108.0 1.719
5 —CRCH,CF,CRCCIF— VDF—CTFE/T-T —108.81 3.755
6 —CR,CCIFCF,CCIFCH— CTFE-CTFE-VDF/H-T-T —109 to—112 1.956
7 —CR,CHCF,CRCHF— VDF-TrFE/T-T —112.68 to—112.84 8.294
8 —CR,CHxCF,CRCH>— VDF—VDF/T-T —114.21 2.117
9 —CH,CRCF2CH,CH,— VDF—VDF/T-T —116.52 2.041
10 —CH,CRCF,CCIFCH— VDF—-CTFE/T-T —118.96 2.831
11 —CR,CRCCIFCH,CR— CTFE-VDF/T-T —119.81 3.300
12 —CRCHFCF,CHFCR— TrFE-TrFE/H-T —121.68 2.940
13 —CR,CHFCF,CHFCH— TrFE-TrFE-VDF/H-T-T —122.79 3.308
14 —CH,CRCF,CHFCH— VDF—TrFE-VDF/T-T —129.95 2.842
15 —CRCFCICF,CHFCH— CTFE-TrFE-VDF/H-T-T —130.94 2.354
16 —CH,CRCCIFCRCH,— VDF—CTFE-VDF/H-T—H —136.97 0.046
17 —CRCRCHFCH.CR— TrFE-VDF/T-T —198.72 5.063
18 —CH,CRCHFCRCH,— VDF—TrFE/H-T —212.50 0.090

aThe head (H) of the unit is defined as the G#hile the tail (T) is defined as the G+or CFCI.

from the CF; stretching vibration of all-trans{t 4) conformation

in the 8-phase, and the bands at 505 ¢nare attributed to the
bending mode of CFin the tttg'tttg~ conformation of the
y-phase?® With the increase of TrFE content, the intensities
of the absorption band at 1290 chincrease, whereas the

VDF = 78.8 mol%

TTTG

intensities of the weak absorption bands at 614 tweorre- 16 l (E;I;))
sponding to the tgtg~ conformation in thex-phase show little L 212
composition dependence. P(VBRrFE) copolymers yielded 15.2
from complete reduction of P(VDFCTFE)s exhibit largely an 7
all-trans conformation of thg-phase. On the other hand, the ’
peaks corresponding to all-trans conformation are almost absent 2'3

and the peaks from tttgttg~ conformation in they-phase 0
become prominent in the P(VDFCTFE-TrFE) terpolymers
containing less than 10 mol % TrFE. This is consistent with
those reported earlier by Zhang et al., indicating that the L
crystalline form of the terpolymers changes from ferroelectric 1600 1400 1200 1000 800 600 400
B- to y-phases upon introduction of bulky CTFE componétits. Wavenumber (cm™)

As exemplified in Figure 4, infrared spectra are also examined Figure 3. FTIR spectra of the terpolymers containing 78.8 mol %
over a broad temperature range to elucidate the chain conformaVDF (Tn, all-trans conformation; G, gauche conformation).
tion. The absorbance at 505, 614, and 1290 care analyzed
to determine the relative fractions of tttitg~, tg*tg~, and temperature, the polymer with a composition of 81.2 mol %
all-trans conformations in the polymer, respectively. At room VDF, 7.2 mol % CTFE, and 11.6 mol % TrFE contai{:}%v
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Table 3. Lattice Constants and Crystallinity of the Terpolymers

09 &
* —
i ok polymer composi tion lattice crystallit d f
i kg K ) ystallite degree o
08 I * x X (mol %) spacing lattice parameter “gize  crystallinity
07}k x VDF TrFE CTFE d(nm) a b t (nm) X (%)
5 sl > T 736 64 200 48 972 561 150 17.7
5 o[ e, X o TG'TG 736 129 135 483 966 558 123 32.7
S osl * e T.GT.G 736 160 104 477 954 551 112 35.8
= I E.0 N 3703 736 197 67 464 928 536 111 40.4
R e N 736 264 0 454 908 524 113 42.4
£ L \ 788 50 162 491 982 567 157 28.5
S 03t 788 54 158 492 984 568 156 32.2
g I \.\. 788 72 140 487 974 562 132 36.3
o 02r - 788 152 6.0 466 932 538 108 425
04 . N 788 212 0 452 904 522 132 50.2
T oo ® o-Bacg-e-e 792 52 156 491 982 567 148 29.2
00k e-0-0-0-0-0-0-"" "~u 792 72 136 4585 970 5.60 14.2 32.9
R T S 792 99 109 474 948 547 1138 33.1
20 40 60 80 100 120 140 792 132 76 465 930 537 107 41.8
0 792 208 O 447 894 516 122 52.9
Temperature ('C) 812 67 121 476 952 550 15.1 25.3
Figure 4. Temperature dependence of the all-trans,'tttg-, and 812 7.0 11.8 483 966 5.58 15.1 32.2
tg*ttg~ conformation fractions in the P(VDFCTFE-TrFE) terpolymer 81.2 11.6 7.2 453 9.06 5.23 11.4 34.3
with a composition of 81.2/7.2/11.6 mol %. 81.2 18.8 0 443 886 511 9.62 52.5
approximately 60% of the all-trans conformation and 40% of [
the tttgtttg~ sequence. The marked decrease in the all-trans ~ 160F
fraction and increase in the tttgtg~ fraction starting around "
60°C is considered to be associated with Curie transition, which _ 1401
roughly matches the endothermic peak at°@3observed in e r
the DSC thermogram. Above 12Q, where the polymer begins g 1201 VDF
to melt, the all-trans structure tends to disappear and the £ I (mol%)
. . b
tttg*tttg~ sequence governs the polymer chains, as expected ing 100 —=—736
the disordered melting state, where the polymer chains rotate § " _:_ HQ;
freely and favor a laterally expanded, helical conformaton. G, 80r v—799
To a large extent, the-phase yielded with increasing temper- £ i —e—T707
ature is at the expense of the ferroelecftiphase and not of = 60 4—80.5
the antipolara-phase. r —»—81.2
Crystalline Structures Studied by WAXD. WAXD is used 40 - .
to investigate the evolution of crystalline structures of the r
terpolymers with chemical compositions. The WAXD patterns 20 —
. 0 5 10 15 20 25 30
of the terpolymers generally display an unresolved peal@at 2 ,
angle of 18.58 arising from composite (110) and (200) reflections TtFE (mol%)

of the ferroelectric phas¥.The d-spacing of these peaks can Figure 5. The melting temperature as a function of chemical com-
be computed using Bragg’s law,= 2d sin 6, whered = 1.54 position of the terpolymer.
A. It is assumed that the crystalline geometry is orthorhombic,
which has spacing formulas of = 8 =y = 90° and 187’ = interpreted as an indication of uniform polymer crystalline
h/a? + k3/b? + 12/c2. Using the (200) and (110) peaks and above morphology, owing to the random distributed CTFE and TrFE
equations, the unit-cell dimensions can be calculated for the components generated by the reductive reaction. The melting
terpolymers. The crystallite size is calculated by using Scherrer'sand Curie temperatures are plotted against the terpolymer
formula,t = A/B cos 6, wheret is the crystallite sizej} is the chemical compositions in Figures 5 and 6. It is shown that both
wavelength (1.54 A)B is the normalized fwhm (in radians), melting and Curie temperatures increase with increasing TrFE
and 6 is the diffraction angle (in radiansgy. The degree of content under certain VDF concentrations. These results agree
crystallinity can be determined by the ratio of the crystalline quite well with the FTIR spectra showing all-trans conformation
peak area to the sum of the areas of the crystalline peaks andf the -phase for high concentration of TrFE component in
the amorphous halo, as fitted from the (200) and (110) peak. the polymers. Compared to the tttfg~ conformation of the
The results of lattice spacingl) lattice parametersa(and b) y-phase, the3-phase possessing longer trans sequence in the
of the unit cell, crystallite sizet), and degree of crystallinity  polymer chains results in an increased activation energy barrier
(Xc) are summarized in Table 3. Due to replacement of bulkier for phase transition and in turn high melting and Curie
chlorine atoms by fluorine, the spacing and volume of the crystal temperatures. For example, for the terpolymers containing 78.8
lattice progressively decrease with the increase of TrFE content,mol % VDF, as the TrFE concentration increases from 5 to 21
which also implies that chlorine atoms are embedded in the unit mol %, Curie transition and melting temperatures shift from
cells2*2Consistent with FTIR results, the degree of crystallinity 23 and 63°C to about 98 and 152C, respectively, coinciding
increases with decreasing CTFE concentration, further confirm- with the transformation of primary conformation fropm to
ing that the existence of bulky CTFE components in the ter- S-phases.
polymers reduces crystallinity and crystalline size. As a direct consequence of crystalline structure, the dielectric
Thermal Transitions and Dielectric Properties. As shown properties of the terpolymer appear to be strongly correlated
in the Supporting Information, the observed relatively sharp to the chemical compositions. Figure 7 depicts the dependence
melting and Curie phase transitions in DSC studies can be of room-temperature dielectric constants on the terpoly&BK/
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Figure 7. Composition dependence of room-temperature dielectric
constant measured at 1 kHz.

compositions. Under a certain amount of VDF content, with

decreasing TrFE concentrations in the terpolymers, the room-
temperature dielectric constants correspondingly increase from

11 to 50 as a result of a gradual shift of Curie transition
temperatures from about 10CQ to ambient temperature. Room-

temperature dielectric constants larger than 40 (measured at 1

kHz) were achieved on the terpolymers containing-8@ mol
% VDF, 6-9 mol % TrFE, and 13416 mol % CTFE. The

highest room-temperature dielectric constant of about 50 at 1

kHz was revealed for the terpolymer having 78.8 mol % VDF,
7.2 mol % TrFE, and 14 mol % CTFE. This composition is
quite different from the one prepared by direct terpolymerization,
which shows a dielectric constant in the vicinity of 50 at a
composition of 62 mol % VDF, 26 mol % TrFE, and 12 mol %
CTFEX For the polymers exhibiting the same dielectric
constant, the one from the reductive reaction contains abedit 3

times less TrFE content than the terpolymers prepared via ©)
terpolymerization. This difference can be explained by the (10)
statement above, in which TrFE is present primarily as structural
defects in the case of the terpolymer yielded from the reduction

of P(VDF—CTFE)s, while TrFE exists as both head-to-tail

normal and tail-to-tail defect sequences in the terpolymer from

the direct terpolymerization process.
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Conclusions

A new synthetic route to the ferroelectric polymers exhibiting
high dielectric constants has been demonstrated in this work.
The approach based on the quantitative dechlorination of
P(VDF—CTFE) copolymers results in terpolymers with pre-
cisely controlled chemical compositions, thereby providing us
an unprecedented opportunity to develop a library of the
ferroelectric polymers for evaluating their structua@operty
relationships. As more TrFE is incorporated into the chain via
increasing dechlorination ratios, crystallinity and thermal transi-
tion temperatures increase due to the conformation change from
ferroelectricy- to f-phases, leading to a shift of Curie transition
temperatures from 23 to 102C and a variation of room-
temperature dielectric constants from 50 to 11. Consequently,
this method could be used to fine-tune the electroactive and
thermal properties of the polymers to address the requirements
of different applications. Compared with the polymer prepared
via direct terpolymerization, the terpolymer synthesized by the
dechlorination approach possesses a higher percentage of
regiodefects at the same chemical composition, giving rise to a
lower Curie transition temperature and thus a higher dielectric
responses at ambient conditions.
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