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The structure, energy, internal rotation, dipole moments and molecular polarizabilities of poly(viny-
lidene cyanide) (PVDCN) of a- and B-chain models were studied with density functional theory at
B3PW91/6-31G(d) level. The effects of chain length on the polymer chain stabilities, chain conformations
and electric properties were examined and compared with those of the piezoelectric PVDF in order to
explore the possible reasons that the piezoelectricity has not been observed in the bulk polymer of
PVDCN experimentally. The results show that the energy barriers (11.5 and 6.9 kJ/mol) of PVDCN in its

i’(fg’z‘/g;lrgi;ricity a- — B-chain and B- — a-chain transitions are smaller than those (16.3 and 8.2 k]/mol) of PVDF, which
PVDCN promises an easier transition between the two conformations. This may be one of the reasons that the

preparation of the stable piezoelectric phase will be difficult. However, an extremely important feature of
the ideal B-chain is that the PVDCN chain is curved with a radius of only about 8.5 A, which is much
smaller than that (30.0 A) in PVDF and is smaller than that (12.6 A) in polymethylvinylidenecyanide
(PMVC). This suggests that the bulk polymer of PVDCN is difficult to be prepared into crystal phase, and
the contribution of the dipole moment per unit to the total dipole will be cancelled if the chain is longer
than 12 units (hemicycle). Therefore, the reasons that the piezoelectricity has not been found may be due
to the orientation difficulties of chains and dipoles.
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© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Ferroelectric polymers are highly attractive materials for mod-
ern technological applications due to their low weight, flexibility,
and chemical inertness coupled with substantial piezoelectric and
pyroelectric properties [1-5]. Especially, their low acoustic im-
pedance matches well with water and organic tissue. Such a for-
tunate combination of properties allows a wide employment of
ferroelectric polymers in modern industry, with applications
ranging from various sensors, actuators, and transducers to ferro-
electric optical memory, sonar equipment, and artificial muscles.
Therefore, the discovery of the enhancement of piezoelectric

Abbreviations: Vinylidene cyanide, VDCN; Poly(vinylidene cyanide), PVDCN;
Polymethylvinylidenecyanide, PMVC; Polyacrylonitrile, PAN; Poly-
(vinylidenecyanide vinylacetate), PVDCN/Vac; Poly(vinylidene fluoride), PVDF;
Poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE); Poly(vinylidene fluoride-
tetrafluoroethylene), P(VDF-TeFE); tgtg’, g refers to gauche and t refers to trans,
and a prime in g’ refers to the dihedral angle being opposite to the g conformation
with respect to the reference plane t.
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activity in poly(vinylidene fluoride) (PVDF) [6] led to the revelation
and applications of pyroelectric [7,8] and ferroelectric properties
[9]. Naturally, the researches have been extended to explore the
chemistry, physics and technology for other classes of novel
ferroelectric polymers, such as PVDF based copolymers [10-27],
odd numbered polyimides [28,29], cyanopolymers [30,31] and
polyurethane [32,33]. Significant progress in new materials and
understanding in structure-property relationships have been
reported in the last decades.

From the structure of PVDF, the ferroelectric property has been
closely related to the polar $-phase to have strong piezoelectric [34]
and pyroelectric properties [7,8,35]. In this phase, the large polar-
ization value arises from a highly ordered arrangement of
intrinsically polar (-CH,-CF,-) monomers, where each VDF
monomer has a non-zero dipole moment directed perpendicular to
the carbon backbone.

From this point of view, if it is possible to synthesize a polymer
containing larger dipole moment in its monomers and to align the
dipoles to form a polar crystal, the polymer may be expected to
exhibit stronger piezoelectricity and pyroelectricity. Since the
repeating unit of vinylidene cyanide (-CH;-C(CN),—, VDCN) has
larger dipole moment (by 4.0 Debye [36] or 4.5 Debye [37]) than
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the VDF monomer (-CH,-CF>- by 1.96 Debye [16] or 2.0 Debye
[38]), the nitrile group substituted polymers, e.g. polyacrylonitrile
(PAN) [39-41], poly(vinylidenecyanide vinylacetate) (PVDCN/VAc)
[42-45], polyphenylethernitrile (PPEN) [46,47] and poly(vinylidene
cyanide) (PVDCN) [46], have drawn much attention because of their
applications in electromechanical transducers, nonvolatile memo-
ries and biomedicine. Furthermore, polymers containing C-C=N
groups have lower density. This results in low acoustic impedance
close to the levels in water and in the human body, making them
very useful in medical applications. Unfortunately, PVDCN was
found thermally unstable and highly sensitive to moisture, and the
piezoelectic or ferroelectric properties have not been observed so
far [46,48].

Contrast to the semicrystalline PVDF, PVDCN is an amorphous
polymer. The origin of the piezoelectricity in amorphous polymers
has not yet become fully understood because of the lack of
structural information. The piezoelectricity in amorphous poly-
mers differs from that in semicrystalline polymers and inorganic
crystals, where the polarization is not in a state of thermal equi-
librium but of quasi-stable of the frozen molecular dipoles [46]. A
theoretical model for the frozen dipole orientation in the amor-
phous polyvinyl chloride (PVC) was presented to explain piezo-
electricity and pyroelectricity [49]. is believed that the
ferroelectricity of polyacrylonitrile (PAN) is related to the dipole
orientation and kinking of the chain above the glass transition
temperature, but the reported magnitude of the coefficients is
quite small [41]. This may be from the lack of molecular orienta-
tion in the polymer. Actually, diffuse X-ray pattern shows that
polymers containing nitrile group are noncrystalline or poorly
crystalline [50]. Recently, Cai et al. [51] presented results of ab
initio total energy calculations on the structure change associated
with the dipole flip—flop transition in a PVDF chain and provided
some detailed explanations to the previous experiments of scan-
ning tunnel microscope (STM) [23,52]. A transient reversal of local
dipole moments (polarizations) in the thin crystalline films of
P(VDF-TrFE) on graphite substrate was demonstrated through the
appearance of structural distortions induced by flipping the po-
larity of STM tip bias [23,52]. Xiao et al. [53] reported that, similar
to PVDF and P(VDF-TrFE), polymethylvinylidenecyanide (PMVC,
—(CH(CH3)-C(CN)2)p-) can be highly ordered when the films are
prepared by the Langmuir-Blodgett (LB) technique. Their elec-
tronic structure analyses show that the samples of P(VDF-TrFE,
70:30) and PMVC are in the all-trans configuration with the
dipoles all aligned. PVDF and its copolymers (P(VDF-TrFE), P(VDF-
TeFE)) have been investigated widely [10-27], however, PVDCN
(an analog of PVDF or PMVC) has not been investigated either
experimentally or theoretically. Although the bulk dielectric and
ferroelectric properties of a polymer can be affected by a number
of external factors (e.g. water content in P(VDF-TrFE) [54] or even
PVDCN being highly sensitive to moisture [48]), the orientation
polarization of molecular dipoles is intrinsically responsible for
piezoelectricity. Therefore, it is desirable to explore the possible
reasons that piezoelectricity in the bulk polymer of PVDCN has not
yet been found.

Encouraged by our previous work on PVDF [16], P(VDF-TrFE)
[17] and P(VDF-TeFE) [18], this work will carry out theoretical cal-
culations on a series properties to explore the reasons. The prop-
erties are the internal rotation potentials, geometries, vibrational
spectra and electrical properties of a- and B-chain PVDCN. Energy
differences, permanent average dipole moment and molecular
polarizability per monomer will be obtained.

2. Theoretical method

DFT at B3PW91/6-31G(d) [55-57] level of theory is employed.
The method is the same as that in the study of PVDF [16], P(VDF-

TrFE) [17] and P(VDF-TeFE) [ 18] for the convenience of comparisons.
This level of theory is chosen because it performed systematically
well [58,59] on reproducing molecular geometries. The models ex-
amined are the o~ and B-chain PVDCN H[CH,C(CN),],H with n =2
through 15 lengths. Calculations were carried out on the internal
rotation potentials (with a dimer model of H[CH,C(CN),-
CH,C(CN),;]H), geometry optimizations, vibration analyses, molec-
ular energies and dipole moment vectors (ux, fy, uz). In frequency

analyses, the molecular exact polarizability tensors, af°!, o&'},‘)' a{,‘},"',

!, ol and a3, were obtained, which, e.g. a°, is defined as the
linear response to an externally applied electric field [60],
pind — oOIEEXt where u™ is the induced molecular dipole moment,
E®*tis the magnitude of the applied electric field and x, y, z represent
the Cartesian components. In the vibrational analyses, the B3PW91/
6-31G(d) frequencies were scaled by a scaling factor 0.9573 [61]. The

Gaussian-03 package [62] was used for all calculations.

3. Results and discussion
3.1. Internal rotation of related dimer model

In order to emphasize the intramolecular rotation interactions,
the dimer model of PVDCN, H[CHC(CN),-CH,C(CN):]H, is
employed, although the rotation of the monomer unit in the poly-
mer chain is much more complex than that in the dimer model. The
potential curve (lower panel) is plotted in Fig. 1(a) and compared
with that of PVDF [16] (Fig. 1(b)). The rotation angle starts and ter-
minates at C-C-C-C eclipsed-conformation (denoted as 0° and 360°
for the C-C-C-C dihedral angle). Newman projections of the
eclipsed, gauche and trans-conformations in PVDCN and PVDF dimer
models are shown in the upper panel of Fig. 1.

Fig. 1(a) shows that the a-conformation (tgtg’') angles for gand g’
are about +47°. It is interesting that this angle is 8° smaller than
that in the PVDF [16]. The p-conformation (ttt) is a distorted all-
trans plane with dihedral angles at +-164°. This is even 11° smaller
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Fig. 1. Newman projections of eclipsed, gauche and trans-configurations (upper panel)
and internal rotation potential energy curves (lower panel) of PVDCN and PVDF [16]
chain units in the H[(CH,C(CN);)],H and H[(CH,CF,)],H models obtained from
B3PW91/6-31G(d) calculations.
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than that in PVDF [16]. The smaller angle illustrates that the
structure departures much more from the ideal (the chain being
assumed to have the local dipole moments parallel to each other,
i.e. C-C-C-C dihedral angle being 180°) f-conformation. Another
feature in the curve of PVDCN is that a slow change of potential
energies occurs in the range of +70° to +82°, which implies that
there exists a more complicated electrostatic interaction. As shown
in Fig. 1, the all-trans “ideal B-chain conformation” of PVDCN is also
a transition state (having sole imaginary frequency) in the path of
internal rotation, which is similar to that of PVDF [16]. The energy
barrier is about 1.3 kJ/mol, which is larger than the negligible value
of about 0.1 k]/mol in PVDF [16]. Nevertheless, the value is still quite
small, e.g. much smaller than the zero-point vibration energy of
a (even a diatomic) molecule. This indicates that the carbon
dihedral angle in the repeating motif of f-chain conformation in
PVDCN would also be an arbitrary angle around 180°. The differ-
ence is that the angle would be in a larger region than that of PVDFE.

Compared with the energy difference, Eg — E, = 8.4 kJ/mol in
PVDF [16], the value is 5.9 kJ/mol in PVDCN. This suggests that the
B-chain PVDCN is also an unstable conformation (with respect to
the a-conformation) but will be slightly more stable than the
B-chain PVDF thermodynamically. Since the ¢-phase PVDF can
form B-phase by mechanical drawing and electric poling in the bulk
thick film [6] or by LB technique or by electric poling in the ultra-
thin film [23,52,53], we can expect that PVDCN (similar to PMVC
[53]) might be higher ordered when the material is prepared by
some proper techniques. However, the existence of such higher
ordered B-PVDCN will be associated with the molecular chain
structure, the interaction with the substrate and the strain effects,
which need to be further investigated experimentally.

The transition energy barriers of the a- — B-conformation and
the B- — a-conformation are 11.47 and 6.86 kj/mol, respectively.
Both of them are smaller compared with 16.3 and 8.2 kJ/mol in PVDF
[16] dimer. Although the magnitude is only —4.8 or —1.3 kJ/mol, the
influence on the stability of f-conformation is even important since
amorphous PVDCN has different polarization mechanism (where
the polarization is not in a state of thermal equilibrium but of quasi-
stable of the frozen molecular dipoles [46]). This implies that the
transitions are easier and it would be more difficult to obtain stable
B-conformation either in bulk or in thin film of PVDCN. This may be
one of the reasons that piezoelectricity has not been found in bulk
polymer of PVDCN.

3.2. Structure and stability

For the PVDCN polymer with different chain lengths, structures
of a- (or tgtg’, where g refers to gauche and t refers to trans, and
a prime in g’ refers to the dihedral angle being opposite to the g
conformation with respect to the reference plane t) and ideal B-
chains (or ttt, where t also refers trans, see Fig. 2 upper panel) within
2-n (n=15) monomer units in the models of H[(CH,C(CN);)],H
were optimized and compared with PVDF[16]. The corresponding [3-
chain is for the ideal conformation (the dihedral angle for all of the
backbone carbons is 180°). The optimized structures from B3PW91/
6-31G(d) for the 15-unit PVDCN and the 20-unit PVDF [16] are
shown in Fig. 2 (lower panel).

Fig. 2(a) and (b) are the B- and a-chain PVDCN with 15 mono-
mers in H({CH,C(CN),),H; (c) and (d) are the - and a-chain PVDF
with 20 monomers in H(CH,CF,),H [16] for comparison. Similar to
the a-chain PVDF homopolymer (Fig. 2(d)), the a-chain PVDCN is
also curved (Fig. 2(b)). For both PVDCN and PVDF in B-conforma-
tion, the chains are also curved mainly due to electrostatic
repulsion between -CN groups and -F atoms on one side of the
backbone chain. It should noted that the -CCN structure is in
a straight line and perpendicular to the backbone chain, the steric
hindrance that lead to the chain bend would be less important. All
the values of the curvature radii are about 8.5 A for the ideal
B-chain PVDCN containing 6-15 monomer units. It is quite in-
teresting that this value is much smaller than that, 30 A, found in
either PVDF [16] or its copolymer P(VDF-TrFE) [17] or P(VDF-TeFE)
[18]. As a comparison, we have calculated (with the same theo-
retical method) the ideal B-PMVC (its LB ultrathin films with highly
ordered chain have been deposited on substrates of freshly cleaved
pyrolytic graphite wafers [53]) chain containing 8 monomer units
with the methyl group alternatively beside the chain. The result
shows that the chain is also curved to the same direction with
a curvature radius of 12.6 A. Compared with PVDCN, the increase of
the radius is due to the steric hindrance of the methyl group on the
inner side of the chain, but the magnitude, 12.6 A, is still quite small
compared with 30 A in PVDF and its copolymers. Therefore, PVDCN
in bulk would not be able to align orderly (to have ferroelectricity)
in the relatively longer chains or to form a crystal as presented by
Ree et al. [41] that the poor ferroelectricity of PAN is due to lacking
of molecular orientation in the bulk of polymer. It has also been
examined that the curvature radius is about 15.3 A in the distortion

o-chain PYDCN
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Fig. 2. Structural model of B- and a-chain PVDCN and B3PW91/6-31G(d) optimized structures of PVDCN and PVDF [16]: (a) and (b) are B- and a-chain of 15-monomer PVDCN; (c)

and (d) are B- and a-chain of 20-monomer PVDF.
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B-PVDCN chain with the dihedral angles (at about +164° as shown
in Fig. 1) determined without any restriction. The value is still quite
small but slightly larger than that in PMVC. Therefore, the attempt
to prepare ultrathin film of PVDCN is suggested with some proper
methods, e.g. LB technique as will be discussed in the next para-
graph. Actually, we have calculated the model that the ideal
B-chain is forced unbent (similar to the unbent polymer chain
arranged on the planar substrate orderly). The additional energy per
monomer unit is 32.0 kJ/mol, which, for example, is much higher
than the internal rotation barrier. Such high energy suggests that
the unbent -chain as well as the crystal phase can hardly be formed
by mechanical drawing and be kept stable in the bulk polymer.
Therefore, the extremely bent structure might be the second and
the main reason that the piezoelectricity in the bulk film of PVDCN
has not been observed. This is because the chains must be arranged
on substrate orderly in the polymer film to have piezoelectricity or
ferroelectricity. Clearly, the chains with smaller curvature (or larger
curvature radius) will be easier to arrange orderly on substrate with
smaller internal strain. Therefore, the magnitude of the curvature
radius of the polymer chain is one of the most important
measurements of the interactions between the polymer chains and
the substrate. Actually, the interactions should also include other
factors, for example, lattice mismatches and different adsorption
sites on the substrate. These factors need further study.

Choi et al. [63,64] suggested that the differences between the
surface and bulk ferroelectric phase transitions would be related
to a reconstructed surface that differs from the bulk with lower
coordination and different electronic structure. Since most of the
molecules are in the surface in the very thin polymer film, PVDCN
ultrathin film may have different electronic structure and be more
stable. From this point of view, we suggest that similar to PVDF and
PMVC [53], piezoelectric ultrathin polymer film of PVDCN, in which
the chains are in partial-trans configurations (or the dipoles align in
partial orders), may be fabricated by the LB technique combined
with the mechanism of the polarization manipulations (STM tip
bias [23,52]). The strong strain (due to the polymer chain inherent
steric hindrance and to the mismatching in the interchain spacing
with substrate) in the film is expected to be released through the
introduction of defects and disorder [65,66]. For example, it is seen
that the PVDF chains may adopt a canted phase with a small
amount of C-C bond twisting [67], and the all-trans P(VDF-TrFE)
in the surface is a distorted ‘zigzag’ structure caused by steric
hindrance between fluorines [26,68].

Fig. 3(a) plotted the energy difference per monomer unit be-
tween the o- and the B-chain PVDCN, i.e. (Eg—E;)/n vs. chain
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Fig. 3. Energy difference per monomer unit between o- and B-chain (Eg — E;)/n, vs.
chain length (left-hand axis): (a) PVDCN; (b) PVDF [16]. Dipole moment per monomer
unit vs. polymer chain length (right-hand axis): (c) B-chain; (d) a-chain PVDCN; (e)
B-chain and (f) ¢-chain PVDF [16].

length. The curve of PVDF (Fig. 3(b)) [16] is also plotted for com-
parisons. It shows that the energy difference increases with in-
creasing chain length and converges to a nearly constant value of
9.8 kJ/mol. This is very similar to that of PVDF (about 10 kJ/mol)
[16]. The result again suggests that the stability of the a-chain is
higher than the corresponding B-chain either in PVDCN or PVDF
polymer.

3.3. Dipole moment and mean polarizability

The electric dipole moment and polarizability are of funda-
mental importance in piezoelectric polymers. In order to examine
the effect of chain length on the electric properties of PVDCN,
the average permanent dipole moment per monomer unit
u=(u2 +u,2, + 12)"2/n (Fig. 3(c) and (d)) and the mean polarizabil-
ities per monomer unit o = (axx + &y + &z7)/3n (Fig. 4(a) and (b))
[58] for different chain lengths (n units) were calculated. These
results as well as those of PVDF [16] for the B- and a-chain are
plotted in Fig. 3(e) and (f) and Fig. 4(c) and (d), respectively.

It is shown that the over-all average dipole moment contribu-
tion per monomer unit decreases with increasing chain lengths for
the o- and B-chain PVDCN and PVDF [16]. Compared with the (-
chain PVDF, however, the contribution in PVDCN decreases very
rapidly with increasing chain length. This is because the curvature
radius of the B-chain PVDCN is much smaller than the B-chain
PVDF. It is also the small curvature radius of -chain PVDCN that
leads to the contribution of the average dipole moment per
monomer even much smaller than PVDF if n> 12 in spite of the
individual dipole moment of C-C=N is larger than that of the C-F.
This is obvious since the dipole moment is in an opposite direction
and it will cancel the contribution if the chain is longer than
a hemicycle as shown in Fig. 2(a). This result suggests that the -
chain PVDCN in the bulk is unable to exhibit significant sponta-
neous polarization in a crystal with longer chains even if it is
prepared.

Fig. 4(a) and (b) shows that the mean polarizability per mono-
mer unit in the B-chain PVDCN is slightly higher than that in the -
chain. This behavior is similar to that of PVDF [16] (Fig. 4(c) and (d)).
However, the magnitude in PVDCN (i.e. 7.27-7.29 x 10742 Cm?V1)
is larger than that in PVDF (i.e. 3.84-3.63 x 10740 Cm?V~1). The
extremely high value may promise its potential applications.
Similar to PVDF [16], the chain length in PVDCN does not produce
a significant change on the mean polarizability for either a- or
B-chain.
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3.4. Vibrational spectra

Vibrational spectrum is one of the most useful tools to examine
polymer chain conformation changes. Unfortunately, we have not
found any reported experimental spectra for the pure PVDCN
polymer so far. Therefore, vibrational spectra for both o- and B-
chain PVDCN (with 2-12 monomer units) were calculated. The
results within the wavenumber 400-2500 cm™! (IR spectra) and
400-3500 cm~! (Raman spectra) are shown in Figs. 5 and 6.
Fig. 5(a) and (b) are simulated IR spectra of the B- and a-chain
PVDCN with 12 monomer units, Fig. 6(a) and (b) are Raman spectra
of the B- and a-chain PVDCN with 12 monomer units.

In Fig. 5(a), the peak at 2286 cm™! is from the C=N stretching
with medium IR intensity. Comparing this mode of the B-chain
PVDCN with that of the a-chain (Fig. 5(b)), the peak position shifts
to the lower value (from 2286 to 2162 cm™!). This is consistent with
the observed C=N stretching, 2240 cm™ !, in the copolymer poly-
(vinylidene cyanide-vinyl acetate) (PVDCN-VAc) [42]. The peak at
1434 cm™~! (Fig. 5(a)) with medium intensity corresponds to the
mode of the CH; in-plane scissoring. Comparing this mode of the -
chain PVDCN with that of the a-chain (Fig. 5(b)), the peak intensity
increases and becomes the strongest while the position shifts
to a lower wavenumber (from 1434 to 1419 cm™!). The peak at
1334 cm™! with medium intensity corresponds to the in-plane
rocking of all the H atoms in —CH,. This can be recognized as
a characteristic frequency since the peak is not found in the a-chain.
The band of frequencies within 1122-1199 cm™! corresponds to the
modes that half of the C atoms in —~CH; groups collectively moving
in-plane and perpendicular to the polymer chain axes, and the
-CH> rocking. Comparing these modes of the f-chain PVDCN with
those of the a-chain (Fig. 5(b)), the intensities decreased and the
position shifted to lower frequencies (i.e. from 1122-1199 cm ™! to
1109-1168 cm™'). The peak at 515 cm~! with relatively higher in-
tensity is another characteristic frequency of f—chain PVDCN, and
comes from the mode that of the -C(CN), wagging out-of-plane.
Another medium intense peak at 982 cm ! is also a characteristic
mode corresponding to all the -CH, groups rocking.

Similar to IR, the most intense Raman peak (2286 cm™,
Fig. 6(a)) comes from the C=N stretching in the f-chain and shifts
to a lower frequency (2162 cm~', Fig. 6(b)) in the o-chains. It is
interesting that the band of frequencies within 2907-3051 cm ™!
comes from C-H stretching mode with weak or medium Raman
activity in the pB-chain, but the band becomes the most intense in
the a-chain, especially the peak at 3052 cm™!. The Raman peak at
982 cm~! with weak intensity corresponds to the backbone C-chain
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Fig. 5. Calculated vibrational spectra of B- and a-chain PVDCN with 12 monomer unit
by B3PW91/6-31G(d): (a) IR of B-PVDCN; (b) IR of a-PVDCN, All of the theoretical
frequencies were scaled by the scaling factor 0.9573 [61].
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Fig. 6. Calculated vibrational spectra of - and a-chain PVDCN with 12 monomer unit
by B3PW91/6-31G(d): (a) Raman of B-PVDCN and (b) Raman of a-PVDCN. All the
theoretical frequencies were scaled by the scaling factor 0.9573 [61].

bending in B-PVDCN. The position of this frequency shifts to a lower
value and splits into two peaks (i.e. 916 and 960 cm™!). These
results might be very useful predictions for the identifications of
PVDCN polymer and of a- or f-configuration.

4. Conclusions

DFT-B3PW91/6-31G(d) has been employed to investigate the
internal rotation potentials, geometries, relative stabilities, vibra-
tional spectra, dipole moments and polarizabilities of the o- and
B-chain PVDCN. In the study of chain structure and the electric
properties, the possible reason(s) that the piezoelectricity in the
bulk of polymer has not been found are examined. The following
conclusions are drawn.

1. The internal rotation potential of the H(CH,C(CN);),H dimer
model shows that the g and g’ conformation angles in the a-
chain tgtg’ are about +47°. The B-conformation is a distorted
all-trans plane with dihedral angles at +164°. These values are
smaller than those, £55° and 4175, in the H(CH,CF,),H dimer
model. The a- — B-chain and B- — a-chain transition energy
barriers are 11.47 and 6.86 kJ/mol for the PVDCN dimer model,
respectively. These barriers are also smaller than those, 16.3
and 8.2 kJ/mol, in the PVDF dimer model, representing that the
transitions are easier and it would be more difficult to obtain
stable f-chain PVDCN. This may be one of the reasons that the
piezoelectricity in the bulk of polymer has not been found.

2. Both of the a- and the ideal B-chain PVDCNs are curved, which
is similar to PVDFs. However, the curvature radius of the ideal
B-chain PVDCN with 6-15 monomer units is only 8.5 A, which
is much small than that of the ideal B-chain PVDF (about
30.3 A) and is smaller than that of the ideal B-chain PMVC
(about 12.6 A). This may be the main reason that f-PVDCN in
the bulk would neither be able to align orderly in the longer
chains to form a crystal phase, nor to exhibit piezoelectricity.

3. The energy difference per monomer unit of PVDCN; (Eg — Ej)/n,
increases with increasing chain length and converges to
a nearly constant value (about 9.8 k]/mol). The value is almost
identical to that of PVDF (about 10 kJ/mol).

4. For the ideal B-chain PVDCN, the magnitude of average dipole
moment contribution per monomer unit decreases rapidly
with increasing the length of chain, which results in the con-
tribution much smaller than that of PVDF if n > 12, even if the
dipole moment of C-CN is higher than that of the C-F. This
result suggests that -PVDCN is unable to exhibit significantly
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spontaneous polarization in the bulk (if it can be prepared)
with longer chains. Similar to PVDF, the chain lengths do not
produce significant impacts on mean polarizability for the o-
and B-chain PVDCN. The mean polarizability per monomer unit
in the B-chain is slightly higher than that in the a-chain.
However, the mean polarizability in PVDCN is almost twice of
the value in PVDE.

. Compared with PMVC, PVDF and P(VDF-TrFE), the piezoelectric

ultrathin film of PVDCN is predicted to be prepared possibly by
the LB technique. However, a certain extent of defects and
disorders would exist to release the steric hindrance (mainly
due to the very small curvature radius of the B-chain).

. By comparing the calculated IR and Raman spectra of the a- and

B-chain PVDCNSs, characteristic vibrational frequencies in
identifications of the PVDCN polymer and of the a- or B-chain
were predicted.

Acknowledgments

This work was supported by the National Nature Science
Foundation (Nos. 50572089 and 50672075). Part of the calculations
was performed in the High Performance Computing Center of
Northwestern Polytechnical University.

Appendix. Supplementary data

Supplementary data associated with this article can be found in

the online version, at doi:10.1016/j.polymer.2008.03.043.

References

Furukawa T. IEEE Trans Electr Insul 1989;24:375-94.

Lovinger A]. Science 1983;220:1115-21.

Kepler RG, Anderson RA. Adv Phys 1992;41:1-57.

Eberle G, Schmidt H, Eisenmenger W. IEEE Trans Dielectr Electr Insul 1996;3:
624-46.

Samara GA. In: Ehrenreich H, Spaepen F, editors. Solid state physics, vol. 56.
San Diego: Academic Press; 2001. p. 239-458.

Kawai H. Jpn ] Appl Phys 1969;8:975-6.

Bergman Jr JG, McFee JH, Crane GR. Appl Phys Lett 1971;18:203-5.
Anderson RA, Kepler RG, Lagasse RR. Ferroelectrics 1981;33:91-4.

Furukawa T, Date M, Fukada E. Appl Phys 1980;51:1135-41.

Lando ]B, Doll WW. ] Macromol Sci Phys 1968;2:205-18.

Farmer BL, Hopfinger AJ, Lando ]B. ] Appl Phys 1972;43:4293-303.

Yagi T, Tatemoto M, Sako JI. Polym ] 1980;12:209-23.

Yagi T, Tatemoto M. Polym ] 1979;11:429-36.

Higashihata Y, Sako ], Yagi T. Ferroelectrics 1981;32:85-92.

Nakhmanson SM, Buongiorno Nardelli M, Bernholc J. Phys Rev B 2005;72:115210.
Wang ZY, Fan HQ, Su KH, Wen ZY. Polymer 2006;47:7988-96.

Wang ZY, Fan HQ, Su KH, Wang X, Wen ZY. Polymer 2007;48:3226-36.
Wang ZY, Su KH, Fan HQ, Wen ZY. Polymer 2007;48:7145-55.

Abe Y, Tashiro K, Kobayashi M. Comput Theor Polym Sci 2000;10:323-33.
Hattori T, Watanabe T, Akama S, Hikosaka M, Ohigashi H. Polymer 1997;38:
3505-11.

Hicks JC, Jones TE, Logan JC. ] Appl Phys 1978;49:6092-6.

Lovinger AJ. Macromolecules 1983;16:1529-34.

Qu H, Garcia T, Yao W, Zhang ], Ducharme S, Dowben PA, et al. Appl Phys Lett
2003;82:4322-4.

Fukuma T, Kobayashi K, Horiuchi T, Yamada H, Matsushige K. Jpn J Appl Phys
Part 1 2000;39:3830-3.

[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]
[36]

[37]
[38]
[39]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

[49]

[53]
[54]
[55]

[56]
[57]

[58]
[59]
[60]

[61]
[62]

[63]
[64]
[65]
[66]

[67]
[68]

2547

Blinov LM, Fridkin VM, Palto SP, Bune AV, Dowben PA, Ducharme S. Phys Usp
2000;43:243-57.

Davis GT. In: Wang TT, Herbert JM, Glass AM, editors. The applications of
ferroelectric polymers. Glasgow: Bell and Bain; 1988. p. 37 [chapter 9].
Ducharme S, Palto SP, Fridkin VM, Blinov LM. Handbook of surfaces and
interfaces of materials, vol. 3. 2000. p. 546-92 [chapter 11].

Lee JW, Ttakase Y, Newman BA, Scheinbeim ]JI. ] Polym Sci Part B Polym Phys
1991;29:273-8.

Lee JW, Ttakase Y, Newman BA, Scheinbeim JI. ] Polym Sci Part B Polym Phys
1991;29:279-86.

Stupp SI, Carr SH. Colliod Polym Sci 1979;257:913-9.

Stupp SI, Carr SH. ] Polym Sci Part B Polym Phys 1978;16:13-28.

Su J, Harrison JS, Clair TS. Proceedings of the 2000 12th IEEE international
symposium on applications of ferroelectrics, ISAF, vol. 2. 2000. p. 811-4.
Zheyi MA, Scheinbiem ]I, Lee JW, Newman BA. ] Polym Sci Part B Polym Phys
1994;32:2721-31.

Furukawa T, Goho T, Date M, Takamatsu T, Fukada E. Kobunshi Ronbunshu
1979;36:685-8.

Pfister G, Abkowitz M, Crystal RG. ] Appl Phys 1973;44:2064-71.

Tasaka S, Miyasato K, Yoshikawa M, Miyata S, Ko M. Ferroelectrics 1984;57:
267-76.

Petchsuk A. Thesis of Dr Philos. The Pennsylvania State University; 2003.
[chapter 1] p. 44.

Furukawa T. Phase Transition 1989;18:143-211.

Ueda H, Carr SH. Polym ] 1984;16:661-7.

von Berlepsch H, Pinnow M, Stark W. ] Phys D Appl Phys 1989;22:1143-52.
Ree H, Salomon RE, Labes MM. ] Appl Phys 1979;50:3773-4.

Jo YS, Inoue Y, Chijo R, Saito K, Miyata S. Macromolecules 1985;18:1850-5.
Jo YS, Sakurai M, Inoue Y, Chujo R, Tasaka S, Miyata S. Polymer 1987;28:
1583-8.

Miyata S, Yoshikawa M, Tasaka S, Ko M. Polymer J 1980;12:857-60.
Furukawa T, Tada M, Nakajima K, Seo 1. Jpn J Appl Phys 1988;27:200-4.
Tasaka S, Inagaki N, Okutani T, Miyata S. Polymer 1989;30:1639-42.

Tasaka S, Toyama T, Inagaki N. Jpn ] Appl Phys 1994;33:5838-41.

Zhang FX, Wang LK. Modern piezoelectricity (II). Beijing: Science Publisher;
2002. p. 243.

Broadhurst MG, Malmberg CG, Mopsik FI, Harris WP. In: Perlman MM, editor.
Piezo- and pyroelectricity in polymer electrets, electrets: charge storage and
transport in dielectrics. Princeton, NJ: The Electrochemical Society, Inc; 1973.
p. 492-504.

Yanko JA, Hawthorne A, Born JW. ] Polym Sci 1958;27:145-7.

Cai L, Wang XW, Darici Y, Zhang J. ] Chem Phys 2007;126:124908.

Cai L, Qu H, Lu C, Ducharme S, Dowben PA, Zhang ]. Phys Rev B 2004;70:
155411.

Xiao ], Rosa LG, Poulsen M, Feng DQ, Reddy DS, Takacs JM, et al. ] Phys Condens
Matter 2006;18:L155-61.

Jacobson PA, Rosa LG, Othon CM, Kraemer KL, Sorokin AV, Ducharme S, et al.
Appl Phys Lett 2004;84:88-90.

Becke AD. ] Chem Phys 1992;97:9173-7.

Becke AD. ] Chem Phys 1993;98:5648-54.

Burke K, Perdew JP, Wang Y. In: Dobson JF, Vignale G, Das MP, editors. Elec-
tronic density functional theory: recent progress and new directions. Plenum;
1998. p. 177-97.

Su KH, Wei ], Hu XL, Yue H, Lii L. Acta Phys Chim Sin 2000;16:643-51.

Su KH, Wei J, Hu XL, Yue H, Lii L. Acta Phys Chim Sin 2000;16:718-23.
Solymar L, Walsh D. Lectures on the electric properties of materials. 4th ed.
Oxford: Oxford University Press; 1988.

Scott AP, Radom L. ] Phys Chem 1996;100:16502-13.

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR, et al.
Gaussian 03, revision B.01. Pittsburgh: Gaussian, Inc.; 2003.

Choi ], Borca CN, Dowben PA, Bune A, Poulsen M, Pebley S, et al. Phys Rev B
2000;61:5760-70.

Choi ], Dowben PA, Ducharme S, Fridkin VM, Palto SP, Petukhova N, et al. Phys
Lett A 1998;249:505-11.

Gaspare LDi, Notargiacomo A, Evangelisti F, Palange E, Pascarelli S, Susini J.
Solid State Commun 2002;122:359-62.

Rojas TC, Molina S, Sacedon A, Valtuena F, Calleja E, Garcia R. Thin Solid Films
1998;317:270-3.

Rosa LG, Losovyj YaB, Choi J, Dowben PA. ] Phys Chem B 2005;109:7817-20.
Hasegawa R, Takahashi T, Chatani Y, Tadakoro H. Polymer ] 1972;3:600-10.


http://dx.doi.org/doi:10.1016/j.polymer.2008.03.043

	Possible reasons that piezoelectricity has not been found in bulk polymer of polyvinylidene cyanide
	Introduction
	Theoretical method
	Results and discussion
	Internal rotation of related dimer model
	Structure and stability
	Dipole moment and mean polarizability
	Vibrational spectra

	Conclusions
	Acknowledgments
	Supplementary data
	References


