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ABSTRACT: Pyroelectric coefficients of PVDF and P(VDF-TFE) synthesized with di-fert-butyl
peroxide (DTBP), ammonium persulfate (APS), or diisopropyl peroxydicarbonate (IPP) as initiator
are compared in conjunction with the content of the polar crystalline phase in the polymers. PVDF
synthesized with APS shows higher pyroelectricity than PVDF synthesized with DTBP at all temper-
atures tested. This is due to higher content of B-crystalline phase in PVDF synthesized with APS
than that synthesized with DTBP as was revealed by X-ray diffraction and DSC measurements.
When synthesized using the same initiator, P(VDF-TFE) always shows higher pyroelectricity than
PVDF in the tested range of TFE content. This is also due to the higher B-crystalline content
in the copolymer as was revealed by DSC and X-ray diffraction.

Introduction

Poly(vinylidene fluoride) (PVDF)"* and poly(vinyl-
idene  fluoride-co-tetrafluoroethylene)  [P(VDF-
TFE)]* are crystalline polymers which show high
pyroelectricity when poled under high d.c. electric
field. Orientation of the polar crystalline micro-do-
mains under the poling field is responsible for the
pyroelectricity in these polymers.*® Melt crystallized
PVDF film consists of the a-, B-, and the y-crystal-
line phases and the amorphous phase.’”" It has
been known that the a- and the amorphous phases
are nonpolar while the B- and the y-phases are po-
lar and responsible for the pyroelectricity.*® It has
also been known that the amount of the polar pha-
ses in a PVDF sample depends upon the content
of head-to-head, tail-to-tail, and head-to-tail bonds
in the polymer chains."*" The content of such
bonds in a polymer chain is largely determined by
the conditions under which the polymer has been
synthesized and the initiator used in the polymeri-
zation.

In this report, pyroelectric coefficients of PVDF
and P(VDF-TFE) synthesized with several different
initiators are compared in conjunction with the con-
tent of the polar crystalline phase in the polymers.

Experimental

PVDF and P(VDF-TFE) have been synthesized
using three different initiators, i.e. di-fert-butyl per-
oxide (DTBP), ammonium persulfate (APS), and
diisopropyl peroxydicarbonate (IPP). Details on the
polymerization has been described elsewhere.” In
the copolymers, the molar ratio of tetrafluoroethyl-
ene (TFE) varied up to 37%. The homopolymers
synthesized using DTBP, APS, and IPP as initiator
are designated as PVDF-d, PVDF-a, and PVDF-i,
respectively. The copolymers synthesized using
DTBP, APS, and IPP as initiator are designated
as P(VDF-TFE)-d, P(VDF-TFE)-a, and P(VDF-TFE)-
1, respectively.

Polymer films were prepared by casting from the
polymer solution in N,N-dimethylformamide (DMF)
followed by heating above the melting point, typical-
ly at 200 C for 30 min. Circular aluminum electro-
des with an overlapping area of 1.33 cm? were eva-
porated on both sides of the film and the electrical
leads were attached using conducting epoxy paste.
The samples were poled under d.c. electric field
of 1 MV/cm at 80 C for 30 min. The pyroelectric
coefficient was measured using stepwise heating te-
chnique.*'® More details about poling and measure-
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Figure 1. Pyroelectricity as a function of the mea-
suring temperature in PVDF and P(VDF-TFE) synthe-
sized using DTBP as initiator. —a—, PVDF; ---a---,
P(VDF-TFE) (99.5~0.5%); ---C+--, P(VDF-TFE) (90.6~
9.4%); —@—, P(VDE-TFE) (88.4~11.6%).
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Figure 2. Increase of pyroelectric coefficient with the
content of TFE in the homo- and co-polymers synthe-
sized using DTBP(»), APS(a), and IPP( ™) as initiator.
Measured at 35 T.

ment of pyroelectricity have been described else-
where-3.16.17

An X-ray diffractometer (Rigaku, D-MAX IIIB)
was used to obtain X-ray diffraction patterns. DSC
thermograms were obtained using a differential
scanning calorimeter (Perkin Elmer, DSC-2) at a
heating rate of 20C/min in the temperature range
from 300 to 600K.
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Figure 3. Pyroelectricity as a function of the mea-
suring temperature in PVDF and P(VDF-TFE) synthe-
sized using APS as initiator. —.—, PVDF; -0 - , P
(VDF-TFE) (95.65~44%); ---a---, P(VDF-TFE)
86.2~13.8%); —@—, P(VDF-TFE) (62.9~37.1%).
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Figure 4. Pyroelectricity as a function of the mea-
suring temperature in P(VDF-TFE) synthesized using
IPP as initiator. —a—, P(VDF-TFE) (91.3~8.7%);
<@+, P(VDF-TFE) (78.5~21.5%).
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Results and Discussion

Pyroelectric coefficients of PVDF-d and P(VDF-
TFE)-d are shown in Figure 1. Among these poly-
mers, the homopolymer, i1.e. PVDF-d shows the low-
est pyroelectric coefficient at all temperatures test-
ed. In the copolymers, the pyroelectric coefficient
increases with the content of TFE units at least
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Figure 5. Comparison of the pyroelectricity in PVDF
synthesized using two different initiators, ie. DTBP
(—a—) and APS(:--@---).
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Figure 6. DSC thermogram of PVDF-d. Scan rate:
20 C/min.

up to 11.6% of TFE as shown in Figure 2 for the
pyroelectric coefficient at 35 C. Pyroelectric coeffi-
cients of PVDF-a and P(VDF-TFE)-a are shown in
Figure 3. In the polymers synthesized using APS
as initiator, the pyroelectric coefficient also increas-
es with the content of TFE units at least up to
37.1% of TFE as shown in Figure 2 for the pyroelec-
tric coefficient at 35 C. Thus among the polymers
synthesized with APS as initiator, the homopoly-
mer, i.e. PVDF-a exhibits the lowest pyroelectricity
at all temperatures tested. Film casting was not
successful with PVDF-i due to severe cracking as
the film dried, presumably due to low molecular
weight of the polvmer. With the copolymers synthe-
sized using IPP as initiator, 1.e. P(VDF-TFE)-i. the
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Figure 7. DSC thermogram of PVDF-a. Scan rate: 20
C/min.

pyroelectric measurements for a few successful
cases are shown in Figure 4. The pyroelectricity
in these copolymers also increases with the content
of TFE as shown in Figure 2.

Among the copolymers, ie. POVDF-TFE)-d, P(VDF-
TFE)-a, and P(VDF-TFE)-i, the highest room-tem-
perature pyroelectricity was observed in P(VDF-
TFE)-i. The pyroelectric coefficients of PVDF-d and
PVDF-a are compared in Figure 5 as a function
of the measuring temperature. It should be noted
that PVDF-a shows higher pyroelectricity than
PVDF-d at all temperatures tested. It is believed
that PVDF-a has higher content of B-crystalline
phase than PVDF-d. This can be confirmed from
the DSC thermograms of the two homopolymers
shown in Figure 6 (PVDF-d) and in Figure 7
(PVDF-a). The endothermic peak at 430 K in Figure
6 1s believed to be due to melting of the a-crystal-
line phase, i.e. the nonpolar form in PVDF-d, while
the endothermic peak at 446 K in Figure 7 is due
to melting of the B-crystalline phase, i.e. the polar
form in PVDF-a, The X-ray diffraction patterns also
show that PVDF-a has higher content of B-crystal-
line phase than PVDF-d does. As shown in Figure
8, PVDF-d consists of mainly the a-crystalline
phase. The strong peaks at 16441, 20.005, and
26.425 degrees are due to reflections by (020), (110),
and (120) planes of the a-crystalline phase.**" On
the other hand, PVDF-a consists of mainly the $-
crystalline phase as shown in Figure 8. The strong-
est peak at 20—=21.000 degree is due to overlap
of (200) and (110) reflections by the B-crystalline
phase.**™ The X-ray diffraction patterns of the co-
polymers, which are not shown here, also exhibited
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Figure 8. X-ray diffraction pattern of PVDF-d.
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Figure 9. X-ray diffraction pattern of PVDF-a.

that these copolymers consists of mainly B-crystal-
line phase. Thus all the copolymers, regardless of
the initiator used in the course of synthesis, consist
of more B-crystalline phase than the homopolymer
does.

Conclusion
PVDF-a shows higher pyroelectricity than PVDF-d
does at all temperatures tested because PVDF-a

contains more B-crystalline phase than PVDF-d as
was revealed by X-ray diffraction and DSC measu-
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rements. When synthesized using the same initia-
tor, P(VDF-TFE) always shows higher pyroelectri-
city than PVDF in the tested range of TFE content.
This is also due to the higher B-crystalline content
in the copolymer as was revealed by DSC and X-
ray diffraction.
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