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The microstructure and conformation of highly piezoelectric poly(vinylidene cyanide-co-vinyl formate),
prepared by radical copolymerization, were studied by !*>C and two-dimensional 'H J-resolved n.m.r.
spectroscopy, respectively. This copolymer was found to have a highly alternating and stereochemically
atactic sequence and a predominantly trans-rich conformation about the main-chain methylene-methine
bond in deuterated dimethyl sulfoxide solution. These structural characteristics do not differ greatly from
those of other previously reported piezoelectrically active vinylidene cyanide copolymers with vinyl acetate,
vinyl benzoate, and vinyl pivalate or from those of piezoelectrically less active vinylidene cyanide copolymers

with styrene and methyl methacrylate.
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INTRODUCTION

Several copolymers of vinylidene cyanide (VDCN), such as
those with vinyl acetate (P(VDCN/VAc))!*?, vinyl benzoate
(P(VDCN/VBe))?, vinyl pivalate (P(VDCN/PiV))*, and
linear-chain fatty acid vinyl esters*, are known to exhibit
fairly high piezoelectric activity in the amorphous state
after drawing followed by simultaneous poling/annealing
treatments at high temperature but just below the glass
transition temperature (7). It has been found from n.m.r.
analyses that these copolymers have highly alternating
and configurationally atactic sequences>®. The side-
chain cyanide groups, which have large dipole moments,
are probably the main contributors to the high
piezoelectric activity of these copolymers®'°. However,
the piezoelectric activity of poly(VDCN-co-methyl
methacrylate) (P(VDCN/MMA))? and poly(VDCN-co-
styrene) (P(VDCN/St))® is quite low even after the
drawing and poling/annealing treatments, even though
both of these copolymers have the side-chain cyanide
groups and highly alternating and stereochemically
atactic sequences®!!. Thus, these copolymers are
essentially similar to each other with respect to
microstructural characteristics. The atactic structure can
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explain only the amorphous nature of these VDCN
copolymers.

Two-dimensional J-resolved (2D-J) H n.m.r. studies
have indicated that piezoelectrically active P(VDCN/VAc),
P(VDCN/VBe), and P(VDCN/PiV) and less active
P(VDCN/St) take a predominantly trans-rich conformation
around the main-chain methylene-methine bond in
solution. The three-dimensional nuclear Overhauser
effect (NOE)/J-resolved 'H n.m.r. spectrum also indicated
that P(VDCN/VAc) exists in a predominantly trans
conformation'*,

Recent studies involving enthalpy relaxation
dielectric relaxation!”'8, solid-state *3C n.m.r. relaxation'®,
and molecular mechanics calculations2%-2! have indicated
that the main chains of the piezoelectrically more active
VDCN copolymers are more flexible than those of the
piezoelectrically less active copolymers. The main-chain
flexibility of VDCN copolymers should depend on
the side-chain bulkiness of the comonomer units.
Poly(VDCN-co-vinyl formate) (P(VDCN/VFo)) is expected
to have higher chain flexibility, and so exhibit higher
piezoelectric activity, because the side chains of its
comonomer units are smaller than those of other
previously investigated VDCN copolymers. In the work
described in this paper, P(VDCN/VFo) was synthesized
and its microstructure and conformation in solution were
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determined on the basis of !3C and 'H n.m.r. analyses.
The results are herein compared with those for other
VDCN copolymers.

EXPERIMENTAL

The sample of P(VDCN/VFo) used here was synthesized
by radical copolymerization of VDCN and VFo
monomers in toluene at 40°C using lauroyl peroxide as
the initiator, in a similar way to that described
elsewhere®. The experimental details of the measurements
of 13C n.m.r.® and two-dimensional J-resolved 'H n.m.r.
spectra?:13 are essentially identical to those reported in
previous papers.

RESULTS

As expected from its chemical constituents, P(VDCN/VFo)
film after drawing/poling treatments at a temperature
just below its T, (136°C) exhibits a high piezoelectric
strain constant d;, of about 8 pCN™1! at 20°C, which
is comparable to but slightly higher than that of
P(VDCN/VACc) (T,=170°C) film*'°. The details of the
physical properties including piezoelectricity, will be
reported elsewhere.

Microstructure

Figure I shows the !*C n.m.r. spectrum of P(VDCN/VFo)
in deuterated dimethyl sulfoxide (Me,SO-d) solution.
The assignments of the resonances to each different
carbon atom are also shown in the figure. The sharpness
and simpleness of each resonance strongly suggest that
almost all monomeric units are arranged only in
head-to-tail placements, as found previously for other
VDCN copolymers. Figure 2 shows the magnified
spectrum of the cyanide carbon resonance, indicating the
three main resonances and several weak peaks. The
features of this area are quite similar to those found for
other VDCN copolymers®>®. As previously reported,
VDCN copolymers have highly alternating sequences,
and the three main peaks appearing in Figure 2 are
reasonably assigned to the VDCN units included in the
(VFo-VDCN-VFo)alternating triad sequence. The weak
peaks should arise mainly from the central VDCN units
in the (VDCN-VDCN-VFo) and (VFo-VDCN-VDCN)
triad sequences. Some of the weak peaks may also arise
from the (VDCN-VDCN-VDCN) sequence, but its
fraction must be very small as the homo-VDCN sequence
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Figure 1 !3C n.m.r. (67.9 MHz) spectrum of poly(vinylidene cyanide-
co-vinyl formate) in Me,SO-dg solution at 100°C
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Figure 2 Cyanide resonance region of the '3C nm.r. spectrum of
poly(vinylidene cyanide-co-viny! formate). The labels (a) to (c)
correspond to the labels given in formulae (1) and (2)

may be subjected to chain scission by atmospheric
moisture at ambient temperature?2.

The three peaks in the main cyanide resonance
arising from the (VFo-VDCN-VFo) sequence reflect the
stereochemical effect of the tactic structure®>™. When
the sequence (VDCN-VFo) is considered to be a
repeating monomeric unit in the alternating chain of
P(VDCN/VFo), the following two different dyad tactic
structures are possible.

(a)
H H CN H H H
| | | | | |
ca ch c? c?® cet c—
| | | | | |
0 H CN H 0 H
i (b) |
H-C=0 H-C=0
@D)
H-C=0
(c) |
H H CN H 0 H
| | | | | |
a CB C7 C6 3 C—
| | | | | |
0 H CN H H H
| (c)
H-C=0
(2)

Here, the tactic structures of formulae (1) and (2) are
defined as e-isotactic (e-meso or m,) and e-syndiotactic
(e-racemo or r,), respectively®. In formulae (1) and (2), the
cyanide carbons denoted by (a) and (b) are considered
to be magnetically non-equivalent, while those denoted
by (c) are equivalent. Hence, the appearance of three
peaks in the cyanide carbon resonance is very reasonable.
Apparently, the resonance of carbons (c) should appear
at an intermediate-field region between the resonances
of carbons (a) and (b). That is, the outside two peaks are
assignable to the two carbons denoted by (a) and (b) in
formula (1), and the centre peak is assignable to the
carbons denoted by (c), as shown in Figure 2. The
assignments (a) and (b) shown in Figure 2 are tentative
and are exchangeable.
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The amount of the e-isotactic structure present,
denoted by o,, is calculated from the relative intensities
of the three peaks using

_ [al+[b]
[a]+[b]+[c]

where [a], [b], and [c] are the relative intensities of the
corresponding three main cyanide carbon resonances.
The o, value, estimated after subtraction of the intensity
contributions from the weak resonances based on the
computer-aided curve resolution”23, is 0.514. This result
indicates that this copolymer is also completely atactic,
as found for many VDCN copolymers.

Figure 3 shows the expanded spectrum of the
methine carbon resonance region of P(VDCN/VFo),
which is also split into three main peaks owing to the
e-tactic triad in the (VFo-VDCN-VFo-VDCN-VFo)
alternating sequence. The three main peaks are tentatively
assigned to g-isotactic (m,m, at 65.43 ppm), e-heterotactic
(m,r,+r,m, at 6529 ppm) and e-syndiotactic (r,r, at
65.15 ppm) species. Since this region of the spectrum
includes contributions from the methine carbons of VFo
units in (VDCN-VFo-VFo) and (VFo-VFo-VDCN)
sequences, the observed resonances were resolved into
their component peaks with Lorentzian line shapes using
the method mentioned above. The result of curve
resolution is shown in Figure 3a. From this curve
resolution, the probability ratio of the triad tactic
structures, namely m,m,(m.r,+r,my)r,r,, is estimated to
be 0.262:0.484:0.254. When a terminal Bernoullian
control model with a single parameter o, can be assumed
as a stereospecific polymerization mechanism, the ratio
mm(m,r, +r.m)r,r,is expected to be 62:26,(1—0,)(1—0,)%
Using 0,=0.514 as determined from the cyanide
carbon resonance, this triad ratio is calculated to be
0.264:0.500:0.236, which is in good agreement with
the observed ratio. This result also indicates that
P(VDCN/VFo} is an atactic polymer.

Figure 4 shows the expanded spectrum for the
backbone quaternary carbon region of P(VDCN/VFo),
indicating clearly six main peaks due to the six possible
e-tactic tetrad structures in (VDCN-VFo) alternating
sequences. It is not easy to resolve these peaks as the
chemical shift differences are too small and also included
are contributions from the quaternary carbons located
in the non-alternating sequences.

(M

£

Figure 3 Methine resonance region of the '3C n.m.r. spectrum of
poly(vinylidene cyanide-co-vinyl formate): (a) result of curve resolution;
(b) reproduced spectrum from (a); (c) observed spectrum; (d) difference
spectrum ((c) — (b))
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Figure 4 Quaternary carbon resonance region of the *C n.m.r.
spectrum of poly(vinylidene cyanide-co-vinyl formate)
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Figure 5 'H nm.r. (270 MHz) spectrum of poly(vinylidene cyanide-
co-vinyl formate) in Me,SO-d¢ solution at 86.5°C
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Figure 6 Contour plot of the methylene proton resonance region of

the 2D-J 'H nmr. spectrum of poly(vinylidene cyanide-co-vinyl
formate)

Chain conformation

In Figure 5 is shown the 'H n.m.r. spectrum of
P(VDCN/VFo) in Me,SO-d, solution. The contour plot
of the methylene proton resonance region of the
2D-J 'H n.m.r. spectrum is shown in Figure 6. The
methylene proton resonance splits into two components,
corresponding to two magnetically non-equivalent
protons H, and Hj, which are assigned in the same
way as before for P(VDCN/VAc)!2, P(VDCN/PiV)!3,



[}
oy i i
CN H, O
B |
HC=0
C(CN)yg C(CN)y C(CN),
It 1
t
HC -0 Hy Hy CH, CH, o-cn
Jg Ig 0
Hy Hy By Hy HE o T
0 g g
CH H
2 né=o0 X
TRANS(T) GAUCHE(G) GAUCHE (%)

Figure 7 Newman projections illustrating the stable conformers along
the H,H;C—CHy bond in the alternating sequence of poly{vinylidene
cyanide-co-vinyl formate)

P(VDCN/VBe)'3, and P(VDCN/St)!3, i.e. the higher-field
and lower-field components are assigned to H, and Hy,
respectively. The assignments of the H, and Hyg
resonances are confirmed for P(VDCN/VAc) by the
conformational analysis on the basis of molecular
mechanics calculations?®. The respective resonances of
H, and Hg in the 2D-J spectrum exhibit two further split
signals differing in chemical shifts, indicating that the
methylene resonances are resolved at the level of the dyad
tactic structure. Similar tactic splittings have also been
observed in the 2D-J spectra of other previously studied
VDCN copolymers'?-13. The values of the vicinal (J ,
Jex) and geminal (J,g) coupling constants may be
precisely determined by taking the cross-section parallel
to the J axis of the 2D-J spectrum at a given location
on the chemical shift axis'®. It was found that the
respective component peaks of the tactically split
resonances have practically the same sets of coupling
constants. The observed J,x, Jgx, and J,5 values are
3.4 Hz 8.9 Hz, and —15.1 Hz, respectively, in Me,SO-d,
solution at 86.5°C.

When the conformation around the methylene—methine
bond in solution is assumed to be the time average of
the three preferred conformers, i.c. trans (T), gauche (G),
and gauche™ (G) as shown in Figure 7, the observed
vicinal coupling constants J,x and Jgy are expressed as
follows

JAXZXTJg+XGJt+XGJg (2)
Jpx=X1J,+ X, +X5], (3)
1=X+ X+ Xg @)

where the subscripts t and g indicate trans and
gauche arrangements, respectively, with respect to the
H,HgC-CHy bond. The J, and J, values are assumed
to be 11 and 2 Hz, which are the typical values used in
the n.m.r. conformational analysis of vinyl polymers2*.
From equations (2) to (4) and using the observed values
of the coupling constants, the conformer fractions Xr,
Xg, and Xg are estimated to be 76.7, 15.5, and
7.8%, respectively, indicating that the main chain
of P(VDCN/VFo) takes predominantly the trans-rich
conformation about the H,H;C—CH bond.

DISCUSSION

P(VDCN/VFo) prepared by radical copolymerization
was found to be a highly alternating copolymer with a
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stereochemically atactic sequence and a highly trans-rich
conformation about the main-chain methylene-methine
bond in solution. These structural characteristics are
quite similar to those of other previously reported
piezoelectrically active and piezoelectrically less active
VDCN copolymers.

In order to obtain high piezoelectric activity, the
C(CN), dipoles of the VDCN copolymers are forced to
align in the film thickness direction by drawing, poling
and annealing treatments under a high direct current
electric field at a high temperature just below the glass
transition temperature!:?. Accordingly, the proper degree
of chain flexibility is indispensable for achieving the dipole
alignment and thus high piezoelectric activity. As the
side-chain size of the monomer unit of P(VDCN/VFo)
is the smallest among the VDCN copolymers investigated
hitherto, P(VDCN/VFo) is expected to have a higher
chain flexibility and hence a higher piezoelectric activity
than the other VDCN copolymers. In fact, high
piczoelectric activity was found for P(VDCN/VFo) after
drawing followed by simultaneous poling/annealing
treatments. The higher main-chain flexibility is suggested
for P(VDCN/VFo) from the conformational analysis.
P(VDCN/VFo) still takes the trans-rich conformation
about the main-chain methylene-methine bond, similar
to other VDCN copolymers, but the fractions of the
gauche and gauche™ conformers are not too small. The
results of n.m.r. conformational analysis have indicated
that P(VDCN/St), which is a piezoelectrically less active
copolymer, takes predominantly (> 80%) the trans-rich
conformation about the methylene-methine bond and
one of the three conformers, ie. the gauche™, is
significantly suppressed (practically 0%) in Me,SO-dq
solution at 86°C'3. The suppression of one or more of
the conformers must limit the flexibility of this bond and
so lower the extent of alignment of the C(CN), dipoles
attainable by poling treatment. It is concluded that the
difference in chain flexibility is one of the possible factors
determining the difference in piezoelectric activity among
VDCN copolymers.
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