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High Dielectric VDF/TrFE/CTFE Terpolymers Table 1. Summary of VDF/CTFE Copolymers Prepared by Borane/
Prepared by Hydrogenation of VDF/CTFE Oxygen Initiator and Bulk Polymerization Process
. R ; R monomer ratio composition
Copolymers: Synthesis and Characterization (MOI%) g (m0I%) " oA
run VDF CTFE (%) VDF CTFE (x10*g/molp (°C) (J/g)
Zhiming Wang, Zhicheng Zhang, and 1 970 30 32 914 86 c- 126.3 20.5
T. C. Mike Chung* 2 962 38 35 868 132 2.2 99.4 13.6
) ) . . 3 938 62 47 834 166 2.1 779 32
Department of Materials Science and Engineering, 4 906 9.4 45 808 192 25 nid. n.d
The Pennsylania State Uniersity, 2 g‘i-g ig-g 2421 ;i; ggg g% n-g- n-g
i i i . . . . . n.d. n.
University Park, Pennsybma 16802 7 77.9 221 65 64.7 353 2.3 n.d n.d
Receied April 2, 2006 aPolymerization condition: 1.0 mmol of triethylborane, 28, 5 h.
b i ;
Revised Manuscript Receéd May 13, 2006 Measured by GPC The product is insoluble in THF.Rubbery product.

Introduction. A few years ago, we reported a new family of Table 2. Summary of Thermal Transition Temperatures of VDF/
ferroelectric and high dielectric fluoro-terpolyméromprised TIFE/CTFE Terpg'¥g‘gr(58§ r;,‘igrg;j ggp'*oﬁ’;rfegre”at'on of VDF/
of vinylidene difluoride (VDF), trifluoroethylene (TrFE), and —

a chlorine-containing monomer, such as chlorodifluorethylene hydrogenation  _copolymer composition — Tm T
(CDFE) and chlorotrﬁ‘luoroethylene (CTFE). The slightly bl)J/Iky run ©6) VDF/TIFE/CTFE (moleratio) (°C)  (°©)
chlorine atom serves as a kink in the polymer chain, which alters 4 80.8/0/19.2 rubbery

the chain conformation and reduces the crystalline domain size, 2:% gg gg:gﬁf’zllg:g %%bery 39
but not overall crystallinity. The combination moves the 4.3 65 80.8/12.5/6.7 110 54
ferroelectric-paraelectric phase transition to near ambient 4-4 82 80.8/15.9/3.4 128 63
temperature with a very small energy barrier. In some specific 4-5 100 80.8/19.2/0 146 9

terpolymer compositions, we observed a high dielectric constant

(>70) and a large electrostrictive responselfs) at ambient introduced into the autoclave to oxidize organoborane and
temperaturé.Overall, the terpolymer exhibits desirable ferro- initiate polymerization. This bulk polymerization was continued
electric relaxor behaviors with a broad dielectric peak that shifts at ambient temperature fé h before venting any unreacted
toward higher temperatures as the frequency increases and hagionomers. The resulting copolymer (11.3 g) was recovered,
a slim polarization hysteresis loop at near the dielectric peak washed with methanol, and dried in a vacuum oven atG0
(around ambient temperature) that gradually evolves into a for 8 h. According to chlorine analysis aAtl NMR measure-
normal ferroelectric polarization hysteresis loop with reduced ments, the copolymer composition was comprised of 80.8 mol
temperature. % VDF and 19.2 mol % CTFE.

The VDF/TrFE/CTFE terpolymers were prepared by a direct ~ b. Hydrogenation of VDF/CTFE Copolymer. About 1 g
terpolymerization process using a control borane/oxygen radical of the resulting VDF/CTFE copolymer (80.8/19.2 mol %) was
initiator34in solution or bulk (homogeneous solution) at ambient dissolved in 25 mL of THF, and then 0.206 mL (0.77 mmol)
temperature. Different from the conventional emulsion and of tri(n-butyl)tin hydride and 0.015 g (0.091 mmol) of AIBN
suspension (heterogeneous) processes at elevated températures,were added to the copolymer solution. The hydrogenation
the resulting VDF/TrFE/CTFE terpolymers show narrower reaction took place at 60C for 12 h. After the solvent was
molecular weight and composition distributions and high €vaporated, the resulting VDF/TrFE/CTFE terpolymer was
purities, without any contaminants from surfactants or suspen- washed with a large quantity of methanol and dried. According
sion agents, which are difficult to remove but detrimental in to the chlorine analysis andH NMR measurements, the
electric applications. However, one major concern in this direct terpolymer composition was comprised of 80.8 mol % VDF,
process is the limited supply of TrFE monomer that is 11.2 mol % TrFE, and 8.0 mol % CTFE (run 4-2 in Table 2).
dangerou&in transport and storage and is very costly. In this  c. Dielectric Measurement. For electrical measurements,
paper, we will discuss a new chemical route to prepare VDF/ polymer films ¢-30 um thickness) were prepared either by
TrFE/CTFE terpolymer, which involves two reaction steps: solution-casting on a glass slide frasN-dimethylformamide
copolymerization of VDF/CTFE and partial hydrogenation of solution containing 810 wt % polymer or melt-pressing
CTFE units10 The resulting VDF/TrFE/CTFE terpolymer  polymer powder at 200C. The polymer films were annealed
shows similarities and differences from the corresponding at 110°C under vacuum for 5 h. Gold<(1 um thickness) was
terpolymer prepared by the direct polymerization process. sputtered onto both surfaces of the polymer film. The dielectric

Experimental Details. a. Synthesis of VDF/CTFE Copoly- ~ constant was measured by an HP multifrequency LCR meter
mer. In a typical copolymerization (run 4 in Table 1), 0.10 g €quipped with a temperature chamber.

(1.0 mmol) of triethylboron initiator was added into a 75 mL Results and DiscussionThe new chemical route involves

stainless steel autoclave equipped with a magnetic stirrer undertwo reaction steps, as illustrated in Scheme 1. First is the

an argon atmosphere. The autoclave was then cooled by liquidcopolymerization of VDF and CTFE monomers (easily avail-

nitrogen before vacuum distilling in 19 g (0.59 mol) of VDF able) using solution (or bulk) radical polymerization process.

and 7.1 g (0.061 mol) of CTFE monomers. The mixture was The resulting VDF/CTFE copolymer is then subjected to partial

warmed to ambient temperature, and 0.27 mmol of oxygen washydrogenation to form a VDF/TrFE/CTFE terpolymer that
exhibits desirable dielectric properties.

*To whom all correspondence should be addressed: e-mail Table 1 summarizes the experimental results of VDF/CTFE
chung@ems.psu.edu. copolymers prepared by a borane/oxygen control radical initia-
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Figure 1. Plots of the incorporation of CTFE and TrFE comonomer
units vs comonomer feed ratios during the copolymerization with VDF
monomers.

Scheme 1

CH,=CF
2 2 Borane/O,
+ —_—

CF,=CFCl

-(CHZ-CFZ)X-(CFZ-CFCl)y
Hydrogenation

~+CHy-CF,){CF-CFH)CF-CFChy;

tor. The reaction is carried out in solution or bulk at ambient
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temperature control usually associated with bulk or solution
polymerization of fluoromonomers.

Figure 1 shows the plot of CTFE incorporation in the VDF/
CTFE copolymer vs CTFE comonomer feed ratio during
triethylborane/@ mediated control radical copolymerization,
which is also compared with that of the corresponding VDF/
TrFE copolymerization. To ensure a constant monomer feed
ratio during copolymerization, all reactions were terminated at
a low monomer conversion<(L0%). Note that CTFE shows
similar (slightly higher) reactivity with VDF, but TrFE exhibits
much lower reactivity than VDF. In other words, compared with
the VDF/TrFE copolymer prepared under the same batch
copolymerization condition, the VDF/CTFE copolymer main-
tains relatively narrow copolymer composition distribution even
with a high monomer conversion, and the copolymer composi-
tion is easily controlled by the comonomer feed ratio. As shown
in the Supporting Information, the homogeneity of the VDF/
CTFE copolymer is evidenced by sharp thermal transition
temperatures in the DSC curve.

Figure 2 compare¥d and'®F NMR spectra of a VDF/CTFE
copolymer (run 4) and its corresponding VDF/TrFE copolymer
after complete hydrogenation. In thid NMR spectrum of the
VDF/CTFE copolymer (Figure 2, left, a), there are only two
chemical shifts at 2.9 and 2.3 ppm for VDF units with a head-
to-tail (CR,—CH,—CF,—CHj,) sequence and a head-to-head
(CR—CH,—CH,—CF,) sequence, respectively. There is no
proton chemical shift for CTFE units. Therefore, the VDF/CTFE
copolymer composition (80.8/19.2 mol %) was determined by
the 1%F NMR spectrum (Figure 2, right, a), which shows three
major chemical shifts at 9196, 109-111, and 126-122 ppm,
corresponding to three fluorine species (iEF,, CF,—CFCI),
respectively. The copolymer composition was determined by

temperature. The propagating copolymer increases in moleculartheir intensity ratio and the number of fluorine atoms each unit
weight with reaction time and monomer conversion but main- represents. The detail chemical shift assignments and the

tains a relatively narrow molecular weight distribution. The
polymer molecular weight reach&é, > 20 000 g/mol (mea-
sured by GPC) in about 5 h. The relatively slow propagating

calculation of copolymer composition are discussed in the
Supporting Information. After hydrogenation, &IF chemical
shifts associated with CTFE units disappear, and a ne@He-

rate, compared to that of the regular free radical polymerization CF, chemical shift at~200 ppm is observed (Figure 2, right,
mechanism, removes the safety concern for heat transport and). It is easier to determine the VDF/TrFE composition by the

VDF/CTFE=80.8/19.2 ) |
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Figure 2. H and%F NMR spectra of a VDF/CTFE (80.8/19.2 mole ratio) copolymer and its corresponding VDF/TrFE copolymer after complete

hydrogenation (solvent: acetodg):
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Scheme 2
CHZZCFz + CHF:CFQ '(CHz-CFz)X'(sz-CFC])y

copolymerization l l hydrogenation

~CH,-CFy) ACHF-CFy) ~CH,-CF,){CF,-CFHy;

IH NMR spectrum (Figure 2, left, b), with a distinctive new
chemical shift at 5.35.7 ppm corresponding toHF—CF, units

in the presence of two chemical shifts at2384 and 2.3-2.6
ppm for (~CH,—CF,—) units with head-to-tail and head-to-
head sequences, respectively. The resulting VDF/TrFE mole
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copolymer composition before and after hydrogenation is quite

VDF/TrFE/CTFE=80.8/15.3/3.4

127.81°C

consistent, and the hydrogenation of the VDF/CTFE copolymer
to the VDF/TrFE copolymer using the combination of rti(
butyl)tin hydride and AIBN radical initiat8r'%is quantitative.

A DSC measurement was used to examine the crystalline
structure of the copolymers before and after hydrogenation. As
shown in Table 1, both melting temperature and crystallinity
systematically decrease with the increase of the incorporated
CTFE units due to the bulky ClI atom. The VDF/CTFE
copolymer containing more than 16.6 mol % CTFE units
becomes completely amorphous. On the other hand, the
hydrogenation to remove Cl atoms results in the VDF/TrFE
copolymers with semicrystalline structure in all compositiBn?
Several DSC curves (meltingerystallizing cycle) of the result-
ing VDF/TrFE copolymers are shown in the Supporting
Information. It is clear that a cocrystallization takes place
between TrFE and VDF units. It is interesting to note that the
resulting VDF/TrFE copolymer reaches the lowest melting
temperature~145°C) at about an 80/20 mole ratio, which is
about 5°C below than that of the corresponding VDF/TrFE
copolymet® prepared by direct copolymerization process,
indicating some subtle difference in the semicrystalline structure
of VDF/TrFE copolymer.

Some of the resulting VDF/TrFE copolymers show a ferro-
electric—paraelectric (Curie) phase transition, which is associ-
ated with the crystalline phase change from pofjrpghase to
nonpolar {) phase and the polymer chain conformation change
from all-trans to trans-gauch&l” As expected, the Curie
temperatureT;) reduces with the increase of TrFE content in
the PVDF chain. However, it reaches a lowest poin®6 °C)
after incorporating about 20 mol % of TrFE units, which is a
dramatic difference from the VDF/TrFE copolymers prepared
by the direct polymerization process, in which the Curie
temperature of similar copolymer composition is higher than
130 °C and continuously decreases +®5 °C for the VDF/
TrFE copolymer (60/40 mole rati®)!® before reaching a
constant. On the other hand, the similar VDF/TrFE (64.7/35.3)
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Figure 3. DSC heating-cooling curves of (bottom) a partially hydro-
genated VDF/TrFE/CTFE terpolymer (80.8/15.3/3.4 mol %) and (top)
a completely hydrogenated VDF/TrFE (80.8/19.2 mol %) copolymer.

It is logical to further manipulate the VDF/TrFE (80/20 mol
%) copolymer microstructure to reduce its P phase transition
temperature. The goal is to achieve the desirable ferroelectric
relaxor behaviors with an P phase transition at ambient
temperature, low activation energy in phase transition, and a
slim polarization hysteresis loop. As shown in our previous
papers; 3 the incorporation of few percentages of CTFE units
in the VDF/TrFE copolymer is very effective in altering the
Curie temperature and the activation energy for thé¢*Fphase
transition, without significant reduction of overall crystallinity
and dielectric constant. Therefore, we carried out a systematic
study by partial hydrogenation of the VDF/CTFE (80/20 mol
%) copolymer to form VDF/TrFE/CTFE terpolymers with
various concentrations of CTFE units.

Figure 3 compares DSC (heatingooling) curves of a
partially hydrogenated VDF/TrFE/CTFE terpolymer (80.8/15.3/
3.4 mol %) and a completely hydrogenated VDF/TrFE (80.8/
19.2 mol %) copolymer. Both semicrystalline polymers are
prepared from the same amorphous VDF/CTFE (80.8/19.2 mol
%) copolymer. All thermal transitions (Curie, crystallization,

copolymer, prepared by hydrogenation of the corresponding and melting) are sharp, indicating a homogeneous polymer
VDF/CTFE copolymer, shows a much higher Curie temperature microstructure and semicrystalline morphology, which should
at~120°C. There is a significant change in the polymer chain be attributed to an effective copolymerization and hydrogenation
microstructure in the current VDF/TrFE copolymer. As il- reaction. Table 2 summarizes meltinG,] and Curie T)
lustrated in Scheme 2, compared with the VDF/TrFE copolymer temperatures of several VDF/TrFE/CTFE terpolymers with two
by direct process, a completely reverse VODRFE (head-to- corresponding VDF/CTFE and VDF/TrFE copolymers. The
head) sequence exists in the VDF/TrFE copolymer prepared bystarting amorphous VDF/CTFE (80.8/19.2 mol %) copolymer
hydrogenation of the VDF/CTFE copolymer, which is prepo- changes to semicrystalline after reducing CTFE content to about
sitioned CRL—CF, sequences during the VDF/CTFE copolym- 8.0 mol %. A newT,, at 100°C and a newl. at 39°C are
erization step. Although a small portion of €FCF, sequences  observed for this VDF/TrFE/CTFE (80.8/11.2/8.0 mol %)
may also originate from head-to-head regio-defective VDF terpolymer. BothT, and T; continuously increase with the
unitst® during the polymerization, which is only less than 6% reduction of CTFE content. After complete hydrogenation, the
of VDF units and happens in both cases. resulting VDF/TrFE (80.8/19.2) copolymer shows the higf@B\/
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Figure 4. Dielectric constant vs temperature and frequency for three

VDF/TrFE/CTFE terpolymers: (a) 80.8/15.9/3.4 mol %, (b) 80.8/12.5/
6.7 mol %, and (c) 80.8/11.2/8.0 mol %.

TmandT, at 146°C and 116°C, respectively. The CTFE unit
with a bulky CI atom serves as a kink to shorten the VDF/
TrFE sequence and to prevent the extension of crystallization,
which results in the reduction of the lamella thickness of the
crystal and the energy for changing polymer chain conforma-
tion.

Figure 4 shows the dielectric constant vs temperature and
frequency for three resulting VDF/TrFE/CTFE terpolymers (runs
4-2, 4-3, and 4-4 in Table 2). In general, the terpolymers exhibit
common ferroelectric relaxor behaviors with a broad dielectric

peak that shifts toward higher temperatures as the frequency
increases. The dielectric peak moves to a lower temperature

with increasing CTFE content and reaches to near ambient
temperature for the VDF/TrFE/CTFE (80.8/11.2/8.0 mol %)
terpolymer, which is consistent with the Curie temperature
measured by the DSC method. Overall, the highest dielectric
constant is between 60 and 40 in the frequency range 16Hz
MHz, which is well below that observed in the corresponding
terpolymers prepared by the direct polymerization proééss.

The head-to-head sequence between VDF and TrFE units,

illustrated in Scheme 3, results in opposite dipole orientation
and reduces the overall dielectric constant in the VDF/TrFE/
CTFE terpolymer prepared by the postpolymerization process.
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Scheme 3
Direct-polymerization process
-(CH,-CF,)-(CHF-CF,)-(CF,-CFCl)-

Post-polymerization process
-(CH,-CF,)~(CF,-CHF)-(CF,-CFCI)-

A
E, ,F H,' ,F
/,“/ /,“/

i F, F
f

Conclusion. This paper discusses a new chemical route
involving VDF/CTFE copolymerization and partial hydrogena-
tion of CTFE units to prepare VDF/TrFE/CTFE terpolymers
that exhibit several common features of a typical relaxor
ferroelectric behavior, such as a diffuse phase transition, high
dielectric constant at ambient temperature, and dielectric
relaxation (large frequency dependence). In addition, we also
observed the similar bulky CTFE effect in the VDF/TrFE/CTFE
terpolymer, with the reduction of melting and Curie temperatures
(relative to the thickness of ferroelectric crystalline domains).
However, the microstructure of this terpolymer with a head-
to-head VDF-TrFE sequence is very different from that of a
head-to-tail VDF-TrFE sequence in the corresponding terpoly-
mer prepared by direct terpolymerization. Consequently, the
dielectric constant and Curie temperature vs terpolymer com-
position are very different. The overall dielectric constant is
significantly reduced in the current terpolymer.
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