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Does the copolymer poly(vinylidene cyanide–tricyanoethylene)
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Abstract The geometry, energy, internal rotation barrier,
dipole moment, and molecular polarizability of the α- and
β-chain models of poly(vinylidene cyanide–tricyanoethy-
lene) [P(VDCN-TrCN)] were studied with density function-
al theory at the B3PW91/6-31G(d) level. The effects of the
chain length and the TrCN content on the copolymer chain
stability, the chain conformation, and the electrical proper-
ties of P(VDCN-TrCN) were examined and compared with
those of poly(vinylidene fluoride–trifluoroethylene) and
PVDCN to gauge whether P(VDCN-TrCN) would be
expected to possess substantial piezoelectricity. The results
of this study showed that the stability of the β conformation
increases and the energy difference per monomer unit be-
tween the β- and α-chains decreases with increasing TrCN.
However, introducing TrCN into VDCN will not signifi-
cantly enhance the radius of curvature of the P(VDCN-
TrCN) chains. The average dipole moment per monomer unit
in the β-chain is affected by the chain curvature and the TrCN
content. The amount of piezoelectricity present in P(VDCN-
TrCN) is slightly smaller than that in PVDCN, and is less than
that in poly(vinylidene fluoride–trifluoroethylene).

Keywords Polymer physical chemistry . Ab initio
calculations . Piezoelectricity . Electronic structure .

Structure–property relations

Introduction

The development of new ferroelectric, piezoelectric, and
magnetostrictive materials with high strain, high elastic
density, and high electromechanical coupling has been a
scientific and technological challenge pursued by a
number of researchers in recent years. This is because
ferroelectric polymeric materials offer many unique features,
such as the ability to cope with high levels of strain without
exhibiting structural fatigue, light weight, low cost, great
mechanical strength, easy processability into thin and flex-
ible films of various shapes and sizes, chemical inertness,
substantial piezoelectric and pyroelectric properties, and—
most importantly—flexible design of the molecular architec-
ture via molecular tailoring [1–5]. The discovery of the
enhanced piezoelectric activity of poly(vinylidene fluo-
ride) (PVDF) [6] led in turn to the discovery and applica-
tions of pyroelectricity [7, 8] and ferroelectrical properties [9].
Naturally, researchers extended their work in this area to
explore the chemistry, physics and technologies associated
with other novel ferroelectric polymers, such as PVDF-
based copolymers [10–26], odd-numbered polyimides [27,
28], cyanopolymers [29], and polyurethane [30, 31]. Signifi-
cant progress in this field in terms of new materials and our
understanding of structure–property relationships has been
reported in the last few decades.

The most well-known and widely used of the various
novel ferroelectric polymers are the family based on vinyl-
idene fluoride (VDF) copolymerized with trifluoroethylene [P
(VDF-TrFE)] [12, 19–22] or tetrafluoroethylene [P(VDF-
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TeFE)] [20, 23, 24]. It has shown that the strongest piezo-
electrical [32] and pyroelectrical [7, 8, 33] properties occur in
the polarized β phases of these copolymers. Their large polar-
izabilities arise from the highly ordered arrangement of intrin-
sically polar −[CH2–CF2]− monomers, where each VDF
monomer has a nonzero dipole moment that is directed per-
pendicular to the carbon backbone.

Given this explanation, we would expect that it might be
possible to synthesize a polymer containing monomers with
large dipole moments and to align the dipoles to form a
polar crystal that exhibits even stronger piezoelectricity and
pyroelectricity. Since the dipole moment of the repeating
unit −[CH2–C(CN)2]− is 4.0~4.5 Debye [34, 35] in the trans
conformation (which is much higher than the value of 1.96
Debye [25] in VDF), it is possible to achieve a large piezo-
electric constant. Therefore, polymers or copolymers con-
taining C-C≡N groups, such as poly(vinylidene cyanide)
(PVDCN) [36, 37], polyacrylonitrile (PAN) [38–40], poly
(vinylidenecyanide vinylacetate) (PVDCN/VAc) [41–44],
and polyphenylethernitrile (PPEN) [36, 45], have received
much attention in the study of electromechanical trans-
ducers, nonvolatile memories, and in the field of biomedi-
cine, which also benefits from their unique features of low
density and low acoustic impedance (close to the levels
exhibited by water and solutions in the human body).

Vinylidene cyanide (VDCN) is known to polymerize
with a wide variety of co-monomers [such as vinylacetate
(VAc), styrene and dienes] to form alternating copolymers
[36, 46, 47]. Among those, the most promising material
is the copolymer poly(vinylidenecyanide–vinylacetate)
P(VDCN/VAc), which has very special features [34,
48–50]: it is a perfectly alternating copolymer [36] and an
amorphous polymer with a high glass-transition temperature
[47], and it possesses strong piezoelectric activity [42, 43,
51], a high dielectric relaxation strength [41, 48], and a large
enthalpy of relaxation. When P(VDCN-VAc) was investi-
gated using NMR [42, 44, 50], the results indicated that a
combination of several factors associated with the micro-
structure and conformation may be responsible for its pie-
zoelectricity. The piezoelectricity (d31) of drawn and poled
films of P(VDCN/VAc) is comparable to that of PVDF in
the temperature range 20–100 °C [43]. In particular, this
copolymer shows a very large dielectric relaxation strength
that reaches as high as 125 [41, 48], which is one of the
largest values seen in polymers. Miyata and coworkers [34,
43] also reported an electromechanical coupling factor of
0.25 for this copolymer, which is greater than that of PVDF.
Such high activity suggests that considerably remanent po-
larization is created during poling.

Copolymerization of different monomers or the blending
of different types of polymers is an important way of im-
proving the material properties of a polymer. The copoly-
merization of different monomers makes it possible to

synthesize a series of highly crystalline ferroelectric
copolymers such as P(VDF-TrFE) and P(VDF-TeFE).
Xiao et al. [52] reported that highly ordered polyme-
thylvinylidenecyanide [PMVC, −(CH(CH3)-C(CN)2)n−]
can be realized if the films are prepared by the Lang-
muir–Blodgett (LB) technique. Analyses of the electron-
ic structures of P(VDF-TrFE, 70:30) and PMVC show
that they are in the all-trans configuration, with all of
the dipoles aligned. PVDF and its copolymers P(VDF-
TrFE) and P(VDF-TeFE) [10–26] as well as the copoly-
mers of VDCN with vinyl acetate (VAc), vinyl benzoate
(VBz), vinyl pivarate (VPiv), and vinyl isopropionate
(VPr) [36, 46, 47] have been investigated in detail.
However, P(VDCN-TrCN), which may be regarded as ho-
mologous to P(VDF-TrFE) if all of the fluorine atoms are
substituted for nitrile groups, has not been investigated
either experimentally or theoretically. It is interesting to
note that introducing TrFE monomer units into VDF
greatly enhances the crystalline and ferroelectric proper-
ties of the copolymer P(VDF-TrFE) [1, 53–56]. For
example, P(VDF-TrFE) was found to display a much
greater degree of crystallinity (up to 90 %) than PVDF,
yielding a higher remanent polarization, a lower coer-
cive field, and much sharper hysteresis loops. TrFE also
extends the working temperature of the copolymer by
about twenty degrees (up to about 100 °C) [57]. Anoth-
er attractive feature is that the co-monomers force the copol-
ymer chain to form an all-trans conformation. Consequently,
we hope that the crystallinity, piezoelectricity, and pyroelec-
tricity are improved by introducing TrCN into VDCN to form
the P(VDCN-TrCN) copolymer.

Since the orientation polarization of molecular dipoles is
responsible for the piezoelectricity in amorphous polymers,
the molecular structure of the polymer must be considered to
be one of the most important influences on piezoelectric
activity. The chain conformation and structure are especially
important for understanding the origin of piezoelectricity in
not only crystalline but also amorphous polymers. Encour-
aged by previous work reported in the literature on the
structure–property relationships for PVDF [25], P(VDF-
TrFE) [26], P(VDF-TeFE) [18], PVDCN [37], P(VDCN-
TrFE) [58], P(VDCN-TeFE) [59], and P(VDCN-TeCN)
[60], which were studied using density functional theory,
this work carried out theoretical calculations relating to
the internal rotation potentials, geometries, and electrical
properties of α- and β-chain P(VDCN-TrCN) using a
first-principles DFT and a number of structural models.
The energies, permanent dipole moments, and molecular
polarizabilities of the models were obtained. The effects
of chain length and content of TrCN on the electrical
properties of α- and β-chain P(VDCN-TrCN) were pre-
dicted and compared with those of PVDCN, P(VDF-TrFE),
and P(VDCN-TrCN).
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Computational details

DFT at the B3PW91/6-31G(d) [61, 62] level was employed,
using the GAUSSIAN-09 software package [63]. This level
of theory is the same as that used in the study of PVDF [25],
P(VDF-TrFE) [26], P(VDF-TeFE) [18], PVDCN [37], P
(VDCN-TrFE) [58], P(VDCN-TeFE) [59], and P(VDCN-
TeCN) [60], thus facilitating comparisons. The internal ro-
tation potentials (IRP) were calculated using the dimer mod-
els H(CH2C(CN)2)–CH(CN)C(CN)2)H and H(C(CN)2CH2–
C(CN)2CH(CN))H. The geometries of α- and β-chain P
(VDCN-TrCN) with different chain lengths (n) and TrCN
contents were optimized, and the molecular energies and
dipole moment vectors (μx, μy, μz) were then obtained. The
chain models were H[(CH2C(CN)2)–(CH(CN)C(CN)2)]mH
(n02m), H[(CH2C(CN)2)2–(CH(CN)C(CN)2)]mH, (n03m),
and H[(CH2C(CN)2)3–(CH(CN)C(CN)2)]mH (n04m) for
different TrCN contents. Those models correspond to the
ideal arrangement of the alternating copolymer based on the
features of the copolymer [36, 46–48, 64]. The exact mo-
lecular polarizability tensors αxx

mol, αxy
mol, αyy

mol, αxz
mol,

αyz
mol and αzz

mol were obtained using frequency analyses.
Each tensor (e.g., αxy

mol) is defined as the linear response to
an externally applied electric field [65] (μx

ind0αxy
molEy

ext,
where μind is the induced molecular dipole moment, Eext is
the magnitude of the applied electric field, and x, y, z represent
the Cartesian components).

Results and discussion

Internal rotation of related dimers

It is well known that the chain conformation depends mainly
on the polymer chain packing, the electrostatic repulsion of
internal dipoles, and the effect of steric hindrance. There-
fore, the rotation of a monomer unit in a polymer chain is
much more complex than that in a dimer model. However,
IRP is the most important intrinsic property that reflects the
conformation distribution of a polymer chain. Therefore, for
computational convenience, the dimer model of the P
(VDCN-TrCN) chain was examined to emphasize the intra-
molecular rotation potentials.

Similar to the copolymers P(VDF-TrFE) [26] and P
(VDCN-TrFE) [58], two dimer models for the chain of P
(VDCN-TrCN), H[CH2C(CN)2–CH(CN)C(CN)2]H (re-
ferred to as model I) and H[C(CN)2CH2–C(CN)2CH(CN)]
H (referred to as model II), were drawn. The rotation angle
starts and terminates at the C–C–C–C eclipsed conformation
(corresponding to a C–C–C–C dihedral angle of both zero
and 360°). Newman projections of the eclipsed, gauche, and
trans configurations for the P(VDCN-TrCN) dimer models
are shown in the upper panel of Fig. 1, while IRP curves are

shown in the lower panel (model I is donoted by solid
circles, and model II by half-solid circles). Also plotted in
the lower panel are the curves for P(VDF-TrFE) from [27]
(solid triangles for the model I, H[CH2CF2–CHFCF2]H, and
half-solid triangles for model II, H[CF2CH2–CF2CHF]H),
while the curve for the only dimer model of PVDCN, as
taken from [37], is depicted by star symbols. The potential
energies of the most stable conformations of P(VDCN-
TrCN) [curve (a) at 280° and curve (b) at 78°], P(VDF-
TrFE)I [curve (c) at 290°], and P(VDF-TrFE)II [curve (d) at
295°] [26] are plotted in the lower panel of Fig. 1, using the
energy of PVDCN [curve (e) at ±47°] [37] as a reference.

In model I of P(VDCN-TrCN), the conformation of the
terminal –CH3 group is determined by geometry optimiza-
tions without any restriction. The terminal –C(CN)2H group
is arranged to ensure that the conformation is the β-form
(all-trans) when the C–C–C–C dihedral angle is 180°. The
results show that both of the terminal groups are in a
staggered conformation with respect to the nearest (directly
bonded) –C(CN)2 and –CH(CN) segments. Similar to P
(VDF-TrFE), these segments differ between the two P
(VDCN-TrCN) dimers, and curves (a) and (b) are also not
symmetric, which contrasts with the symmetric curves seen
for PVDCN [37] and PVDF [25]. This means that the α-
form (i.e., tgtg′, where g refers to gauche and t refers to
trans, and the prime symbol on g' indicates that the dihedral
angle is opposite to that for the g conformation with respect
to the reference plane t) has different conformational angles
in the tg and tg' models. The value for the g conformation is
46°, and that for g' is −80° (or 280°) in model I. These
values are 78° and −53° (or 307°) in model II. The respec-
tive angles are 53° (for g) and 290° (for g') in P(VDF-
TrFE)I, 53° (for g) and 295° (for g') in P(VDF-TrFE)II
[26], ±47° in PVDCN [37], and ±55° in PVDF [25]. There-
fore, the angle in P(VDCN-TrCN)I is 1° smaller (for g) and
33° (for g') larger than that in PVDCN [37]. The same angle
in P(VDCN-TrCN)II is 31° (for g) larger and 6° (for g')
smaller than that in PVDCN. Conformational differences
between models I and II and among the different systems
are also shown in Fig. 1. It is apparent that the most stable β
conformation of P(VDCN-TrCN) will be a slightly distorted
all-trans plane with a dihedral angle of 166° for model I and
162° for model II. These angles are close to that (164°) seen
in PVDCN. Additionally, the “ideal β-chain conformation”
(i.e., all-trans ttt) of P(VDCN-TrCN) in model I or model II
is no longer (compared with PVDCN) a transition state, as
shown in the inset plot of the lower panel of Fig. 1.

For the dimer model I of P(VDCN-TrCN), it is clear that
the tg' conformation is more stable than tg by 1.9 kJ mol−1,
but the tg conformation is more stable than tg' by
15.7 kJ mol−1 for the dimer model II of P(VDCN-TrCN).
The energy differences, Eβ − Eα(g) and Eβ − Eα(g′), between
the β and the α conformations are 0.5 and 2.4 kJ mol−1,
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respectively, for model I. These values are 4.6 kJ mol−1 and
−11.1 kJ mol−1 for model II. All of them are smaller than the
value in PVDCN (5.9 kJ mol−1), which suggests that the β
conformation of the P(VDCN-TrCN) copolymer will be
more stable than PVDCN [37]. The fact that the β confor-
mation of P(VDCN-TrCN) is more stable than the α con-
formation thermodynamically is a useful property for the
material of interest. The energy barriers are 14.5 kJ mol−1

and 9.5 kJ mol−1 for the β→α(g) and β→α(g′) transitions
in model I, and 6.4 kJ mol−1 and 20.5 kJ mol−1 for those
transitions in model II, respectively. It is interesting that
both values in model I and the latter in model II (14.5, 9.5,
and 20.5 kJ mol−1) are larger than 6.9 kJ mol−1, which is the
barrier in PVDCN [37], while the former value for model II
(6.4 kJ mol−1) is very close to that. Therefore, the β→α
transition in P(VDCN-TrCN) should be more difficult to
realize than that in PVDCN once it is formed. This is also
a very useful property that can be used in practical applica-
tions to prevent the piezoelectric phase from depolarizing.

The energy barriers for the α(g)→β and α(g')→β transi-
tions are 15.0 kJ mol−1 and 11.9 kJ mol−1 in model I and
11.0 kJ mol−1 and 25.8 kJ mol−1 in model II, respectively.
These values are comparable with the 11.5 kJ mol−1 seen in
PVDCN [37] and the 16.3 kJ mol−1 seen in PVDF [25],
except for α(g')→β transitions in model II. That implies that
it will be feasible (or slightly more difficult) to prepare the
polarized phase in the copolymer P(VDCN-TrCN).

Structure and stability

In practice, piezoelectric polymer materials are usually
grown on substrates. The interaction between the polymer
chain and the substrate, and the intramolecular stress exist-
ing in the polymer chain are important that will influence the
ordered align of the polymer chains on the substrate. There-
fore, information on the structure, stability, and curvature of
the chain will aid our understanding of these interactions. In
order to explore the structure and stability of P(VDCN-

Fig. 1 Newman projections of
the eclipsed, gauche, and trans
configurations of dimer models
I and II for P(VDCN-TrCN;
left, middle, and right in upper
panel), and a comparison of the
internal rotation potential
energy curves obtained from
B3PW91/6-31G(d) calculations
(lower panel): curves (a) and
(b) are for the models H[(CH2C
(CN)2)–(CH(CN)C(CN)2)]H
(model I) and H[C(CN)2CH2–C
(CN)2CH(CN)]H (model II) of
the chain of the copolymer P
(VDCN-TrCN), curves (c) and
(d) are for the models H
((CH2CF2)–(CHFCF2))H
(model I) and H((CF2CH2)–
(CF2CHF))H (model II) of the
chain of the copolymer P(VDF-
TrFE) [26], while curve (e) is
for the dimer model H((CH2C
(CN)2))2H of PVDCN [37]
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TrCN) with different TrCN contents, the structures of
copolymers with alternate α- (tgtg′) and β- (ttt) chains with
lengths of 2 to n monomers (n02 to 10 or 14) in the models
H[(CH2C(CN)2)–(CH(CN)C(CN)2)]mH (n02m), H[(CH2C
(CN)2)2–(CH(CN)C(CN)2)]mH (n03m) and H[(CH2C
(CN)2)3–(CH(CN)C(CN)2)]mH (n04m) were optimized
and compared with those of PVDCN [37], P(VDCN-TrFE)
[58], and P(VDF-TrFE) [26]. The mole fractions of TrCN in
P(VDCN-TrCN) were 0.50, 0.33, and 0.25. The β-chains
were designed to comply with the ideal conformation (i.e.,
the dihedral angle for all of the backbone carbons was fixed
at 180°) in all of the models examined in this work. The
third –CN group of TrCN (–CH(CN)–C(CN)2–) in P
(VDCN-TrCN) was arranged alternately with respect to
the chain axis to simulate the most probable orientation of
TrCN in the polymerization reactions.

The structures optimized with B3PW91/6-31G(d) for the
9-, 12-, and 14-monomer unit models are shown in Fig. 2.
Figures 2a–b are the β- and α-chains of P(VDCN-TrCN)
with 14 monomers and a mole fraction of TrCN in H[(CH2C
(CN)2)–(CH(CN)C(CN)2)]7H of 0.5. Figures 2c–d are the
β- and α-chains with nine monomers and a mole fraction of
TrCN in H[(CH2C(CN)2)2–(CH(CN)C(CN)2)]3H of 0.33.
Figures 2e–f are the β- and α-chains with 12 monomers
and a mole fraction of TrCN in H[(CH2C(CN)2)3–(CH(CN)
C(CN)2)]3H of 0.25. Similar to the arched α-PVDCN ho-
mopolymer [37], the α-chains of the P(VDCN-TrCN)
copolymers containing TrCN at mole fractions of 0.50 and
0.25 (Fig. 2b and f) also exhibit a bent near-planar structure,
but the latter has a larger radius of curvature than the former.
Interestingly, the chain containing TrCN at a mole fraction
of 0.33 (Fig. 2d) is nearly linear. This linear chain might
favor crystal formation or show enhanced crystallinity.

Similar to the ideal β-chain structures of PVDCN [37]
and P(VDF-TrFE) [26], all of the ideal β-chains in the P

(VDCN-TrCN) copolymer models were curved, mainly due
to the electrostatic repulsion between the C-C≡N groups on
one side of the chain backbone. It is interesting that the
mean radius of curvature of the β-chain increases with
increasing content of TrCN. The values are 8.93, 9.24, and
9.70 Å in P(VDCN-TrCN) with mole fractions of TrCN of
0.25, 0.33, and 0.50, respectively. The mean radius of cur-
vature in the alternate copolymer β−P(VDCN-TrCN) is
slightly larger than that in the PVDCN homopolymer (about
8.5 Å) [37]. This is similar to the results obtained from
previous calculations of the introduction of TrFE into
VDCN, which was found to lead to reduced curvature of
the P(VDCN-TrFE) chains because of the smaller electro-
static repulsion between the negative N and F atoms on one
side of the backbone at larger distances [RN–F≈3.1 Å in P
(VDCN-TrFE)] [58]. This facilitates the directional arrange-
ment of dipoles in the alternating copolymer [58]. However,
introducing TrCN into VDCN does not significantly en-
hance the mean radius of curvature of the copolymer chains.
This may be from the analogical chemical condition in the
PVDCN and P(VDCN-TrCN) systems. Since polymer
chains with low curvature (or a large radius of curvature)
are easier to arrange in an orderly manner on substrates due
to the smaller strain involved, the radius of curvature of the
polymer chain can be regarded as a measure of the interac-
tion between the polymer chains and the substrate if a
piezoelectric film is fabricated. Therefore, similar to the
PVDCN homopolymer, the bulk P(VDCN-TrCN) copoly-
mer with relatively long chains would be difficult to align in
an orderly manner (in order to enhance the amount of ferro-
electricity) or to crystallize (i.e., the bulk copolymer would be
difficult to prepare as a crystal phase).

Figure 3 plots the energy difference per monomer unit
between the β- and the α-chains of P(VDCN-TrCN), i.e.,
(Eβ − Eα)/n vs. chain length. Curves (a), (b), and (c) in Fig. 3

Fig. 2a–f P(VDCN-TrCN) structures optimized via B3PW91/6-31G
(d) calculations: a and b refer to β- and α-chain P(VDCN-TrCN) with
14 monomers and a TrCN mole fraction of 0.5 in the H[(CH2C(CN)2)–
(CH(CN)C(CN)2)]7H model. c and d refer to β- and α-chain P(VDCN-

TrCN) with nine monomers and a TrCN mole fraction of 0.33 in the H
[(CH2C(CN)2)2–(CH(CN)C(CN)2)]3H. e and f refer to β- and α-chain
P(VDCN-TrCN) with 12 monomers and a TrCN mole fraction of 0.25
in the H[(CH2C(CN)2)3–(CH(CN)C(CN)2)]3H model
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relate to copolymer chains containing 2 to n (n≤14) monomer
units, and TrCN mole fractions of 0.50, 0.33, and 0.25. Curve
(d) in Fig. 3 shows the energy difference for the PVDCN
homopolymer [37] for comparison.

Similar to what is seen for the copolymer P(VDCN-
TrFE) [58], the energy difference of each P(VDCN-TrCN)
also converges with n to become almost constant, with some
fairly regular oscillations (the amplitude of the energy oscil-
lations is around ±0.5 kJ mol−1 in each case). For the models
with different TrCN contents, represented by curves (a)–(c)
in Fig. 3, the energy differences increase with decreasing
TrCN content. The average values (3.5, 4.6, and
5.6 kJ mol−1 for (a)–(c), respectively) for the energy differ-
ences are also listed in Table 1, and they are smaller than the
average value of about 9.8 kJ mol−1 for the PVDCN homo-
polymer [37]. This result shows that introducing TrCN into
VDCN causes the formation of the low-energy trans con-
formation (or β-chains) to be favored. However, the energy
difference (3.5 kJ mol−1) for P(VDCN-TrCN) chains with a
mole fraction of TrCN of 0.50 is larger than that of the P
(VDCN-TrFE) chain with a mole fraction of TrFE of 0.50
(0.3 kJ mol−1) [58]. This shows that the effect of the TrCN
monomer on the energy difference of P(VDCN-TrCN) is not
as significant as the effect of the TrFE monomer on the
energy difference of P(VDCN-TrFE) [58]. In other words,
if all of the F atoms in the TrFE monomer in the P(VDCN-
TrFE) copolymer are substituted for –CN groups to form the
P(VDCN-TrCN) copolymer, the resulting increase in the

stability of the β-chains is no larger than the stability of
the β-chains in the P(VDCN-TrFE) copolymer.

Dipole moment and mean polarizability

The electric response properties are of fundamental impor-
tance in an piezoelectric polymer, and are determined by its
conformation, the stability of the molecular aggregate, the
electric dipole, and the polarizability. In order to examine
the effect of chain length and TrCN content on the electrical
properties of P(VDCN-TrCN), the average permanent di-
pole moment per monomer unit μ0(μx

2+μy
2+μz

2)1/2/n and
the mean polarizability per monomer unit α0(αxx+αyy

+αzz)/3n [65] were calculated for the models with different
chain lengths (n units) and different TrCN contents. These
results, as well as those for the β- and α-chains of PVDCN
[37], are plotted in Figs. 4 and 5.

The overall contribution of a monomer unit to the dipole
moment decreases with increasing chain length both for α-
chain PVDCN and P(VDCN-TrCN) containing a mole frac-
tion of TrCN of 0.50~0.25 (Fig. 4, curves a, c, e, g).
However, the values do not always decrease evenly; they
show some fairly regular oscillations due to the complexity
of the α-chain structures. Similar to what is seen for the β-
chainP(VDF-TrFE) [26] and β-chainP(VDCN-TrFE) [58]
systems, the contribution to the dipole moment per mono-
mer unit decreases with increasing chain length for all β-
chain P(VDCN-TrCN) models (Fig. 4, curves d, f, h). This
is also due to the fact that the dipole moment of an individ-
ual monomer unit is perpendicular to the chain, but the β-
chains are curved (due to the electrostatic repulsion between
the C–C≡N groups on one side of each chain), as shown by
curves (a), (c), and (e) in Fig. 2. Figure 4 also shows that the
contribution to the dipole moment per monomer unit
decreases with increasing TrCN content in P(VDCN-TrCN).
This is because the monomer –[CH(CN)C(CN)2]– has a
smaller dipole moment than the monomer −[CH2C(CN)2]
−. The decrease in the dipole moment contribution per
monomer unit with increasing chain length (n) varies with
TrCN content of the β-chain P(VDCN-TrCN). The slopes of
the curves decrease in the following order: homopolymer
PVDCN > P(VDCN-TrCN) copolymer with a mole fraction
of TrCN of 0.25 > that with a mole fraction of 0.33 > that
with a mole fraction of 0.50. This is consistent with the
curvatures of the β-chain P(VDCN-TrCN) models, among
which the P(VDCN-TrCN) with a mole fraction of TrCN of
0.50 has the maximum radius of curvature and the minimum
decrease in the dipole moment with chain length. For β-
chain P(VDCN-TrCN) with 12 monomer units and a mole
fraction of TrCN of 0.50, although the dipole moment
contribution per monomer unit of 4.17×10−30 C m is higher
than that of the β-chain P(VDF-TrFE) with 12 monomer
units and a mole fraction of TrFE of 0.50 (dipole moment

Fig. 3 Energy differences per monomer unit between the β- and α-
chains: (Eβ − Eα)/n vs. chain length obtained with B3PW91/6-31G(d).
Curve (a) refers to the H[(CH2C(CN)2)–(CH(CN)C(CN)2)]mH model
(n02m) of P(VDCN-TrCN); curve (b) relates to the H[(CH2C(CN)2)2–
(CH(CN)C(CN)2)]mH model (n03m) of P(VDCN-TrCN); curve (c)
refers to the H[(CH2C(CN)2)3-(CH(CN)C(CN)2)]mH model (n04m)
of P(VDCN-TrCN); and curve (d) relates to the H[(CH2C(CN)2)]nH
model of the PVDCN homopolymer from [37]
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contribution per monomer unit: 3.88×10−30 C m) [26], this
value is smaller than that of the β-chain PVDCN with 12
monomer units (5.12×10−30 C m) [37] and the β-chain P
(VDCN-TrFE) with 12 monomer units (6.32×10−30 C m)
[58]. Typical numerical results for the P(VDCN-TrCN)
chains with 12 monomer units are listed in Table 1. Com-
pared with the PVDCN homopolymer, the dipole moment
contribution per monomer unit in the P(VDCN-TrCN) co-
polymer is not significantly enhanced. However, if we com-
pare the introduction of the TrFE monomer into VDCN with
the introduction of the TrCN monomer into VDCN, the

dipole moment contribution per monomer unit is smaller
in P(VDCN-TrCN). This result suggests that the piezoelec-
tricity of P(VDCN-TrCN) with a mole fraction of TrCN of
0.50 may be comparable with (or slightly smaller than) that
of PVDCN, but it will be inferior than that of the P(VDCN-
TrFE) copolymer [58]. Obviously, the poor crystallinity and
the rapid decrease in the dipole moment contribution per
monomer unit with increasing chain length of P(VDCN-
TrCN) will cause the piezoelectricity of P(VDCN-TrCN) with
a mole fraction of TrCN of 0.50 to be inferior to that of the P
(VDF-TrFE) copolymer too [26].

Table 1 Energy differences per monomer unit between the α- and β-
chains for P(VDCN-TrCN) copolymers with different VDCN contents,
as well as the dipole moments and mean polarizabilities per monomer

unit for both P(VDCN-TrCN) and PVDCN, as obtained from
B3PW91/6-31G(d) calculations

VDCN content in the copolymer (mole fraction)

1.00 0.75 0.67 0.50

(Eβ − Eα)/n (kJ mol−1) 9.8a 5.6b 4.6c 3.5d

(Eβ − Eα)/n (kJ mol−1)e 9.8 5.8 3.7 0.3

Contribution to the dipole moment per unitf (10−30 C m) 5.12a 4.65b 4.48c 4.17d

Mean polarizability per monomer unit (10−40 C m2 V−1) 7.29a 7.79b 7.95c 8.26d

a PVDCN with the H[(CH2C(CN)2)]nH model, obtained from [37]
b P(VDCN-TrCN) with the H[(CH2C(CN)2)3–(CH(CN)C(CN)2)]mH model, n04m
c P(VDCN-TrCN) with the H[(CH2C(CN)2)2–(CH(CN)C(CN)2)]mH model, n03m
d P(VDCN-TrCN) with the H[(CH2C(CN)2)–(CH(CN)C(CN)2)]mH model, n02m
e The energy difference per monomer unit in P(VDCN-TrFE) for comparison, obtained from [58]
fβ-Chain with 12 monomer units; data are from Fig. 4

Fig. 4 Dipole moment per monomer unit vs. chain length of P(VDCN-
TrCN) and PVDCN (solid and half-solid symbols indicate data for the
β- and α-chains, respectively): curves (a) and (b) refer to PVDCN
(data from [37]), which is included for comparison purposes; (c) and
(d) refer to P(VDCN-TrCN) with a mole fraction of TrCN of 0.50; (e)
and (f) refer to P(VDCN-TrCN) with a mole fraction of TrCN of 0.33;
(g) and (h) refer to P(VDCN-TrCN) with a mole fraction of TrCN of 0.25

Fig. 5 Mean polarizability per monomer unit vs. the length of the
copolymer chain (solid and half-solid symbols indicate data for the β-
and α-chains, respectively): curves (a) and (b) refer to PVDCN (data
from [37]); (c) and (d) refer to P(VDCN-TrCN) with a mole fraction of
VDCN of 0.50; (e) and (f) refer to P(VDCN-TrCN) with a mole
fraction of VDCN of 0.67; (g) and (h) refer to P(VDCN-TrCN) with
a mole fraction of VDCN of 0.75
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The contribution to the dipole moment per monomer unit
in β-chainP(VDCN-TrCN) with 12 monomer units is plot-
ted against the VDCN content in Fig. 6 (curve a). This
figure shows a very weak parabolic dependence of the
dipole moment per monomer on the VDCN content. This
arises because the chain curvature increases slightly with
increasing VDCN content (as discussed in the section
“Structure and stability”), which leads to a decrease in the
dipole moment contribution. This behavior is similar to that
observed for the copolymers P(VDF-TrFE) [26] and P
(VDCN-TrFE) [58] containing different contents of TrFE.
Fitting a parabolic equation to the data allows the contribu-
tion to the dipole moment per monomer unit (in 10−30 C m)
to be estimated for β-chain P(VDCN-TrCN) with 12 mono-
mer units at any mole fraction x of VDCN in the range
x 0 0.50–1.00 (with a correlation coefficient of 0.9999).
Fitting a linear equation (with a correlation coefficient of
0.9999) instead leads to the following equations of best fit:

μ 12monomersð Þ ¼ 3:219þ 1:897xþ 0:005x2 ð1Þ

μ 12monomersð Þ ¼ 3:216þ 1:904x: ð2Þ

Figure 5 shows that the mean polarizability per monomer
unit of β-chain P(VDCN-TrCN) or PVDCN is very similar
to or slightly higher than that of the corresponding α-chain.
Varying the chain length does not significantly change the
mean polarizability of α- or β-chainP(VDCN-TrCN) or
PVDCN. However, the absolute value of the mean polariz-
ability per monomer unit increases with increasing TrCN
content in P(VDCN-TrCN). This is because the mean po-
larizability of the TrCN monomer, –[CH(CN)C(CN)2]–, is
larger than that of the VDCN monomer, –[CH2C(CN)2]–

(see Fig. 5, curve a). These values (in 10−40 C m2 V−1) are
8.26, 7.95, and 7.79 (see Table 1), respectively, for alternate
P(VDCN-TrCN) copolymers with mole fractions of VDCN
of 0.50, 0.67, and 0.75. The values are 7.29×10−40 and
3.63×10−40 C m2 V−1 for PVDCN [37] and PVDF [25],
respectively.

The mean polarizabilities per monomer unit of β-chain P
(VDCN-TrCN) models with different VDCN contents are
plotted in Fig. 6b. Fitting an equation to this data provides
an estimate of the mean polarizability per monomer unit (in
10−40 C m2 V−1) of P(VDCN-TrCN) for any mole fraction x
of VDCN in the range 0.50~1.00. Fitting a linear equation
(see below) allows fairly accurate estimates to be obtained
(the correlation coefficient is 0.9998):

P ¼ 9:240� 1:944x: ð3Þ

Conclusions

DFT-B3PW91/6-31G(d) has been employed to investigate
the internal rotation potentials, geometries, relative stabili-
ties, dipole moments, and mean polarizabilities of α- and β-
chain P(VDCN-TrCN) models with different TrCN con-
tents. The effects of the chain length and TrCN content on
the electrical properties, chain stability, and chain conforma-
tion have been examined. Based on the results obtained, the
following conclusions can be drawn:

1. The conformational angles are 46° (for g) and −80°
(for g') in α-chain (tgtg') P(VDCN-TrCN)I, and 78°
(for g) and −53° (for g') in P(VDCN-TrFE)II, which
should be compared with the angle ±47° in the
dimer of the PVDCN homopolymer. The most sta-
ble β conformation (ttt) for the P(VDCN-TrCN)
copolymer is a slightly distorted all-trans plane with
dihedral angles of 166° for model I and 162° for model
II. These angles are very close to the 164° found for the
PVDCN homopolymer.

2. The energy differences Eβ − Eα(g) and Eβ − Eα(g′)

between the β and α conformations are 0.5 and
2.4 kJ mol−1 (in model I) and 4.6 and −11.1 kJ mol−1

in model II, respectively. All of these values are
smaller than the value in PVDCN (5.9 kJ mol−1).
This suggests that the stability of the β conforma-
tion should be higher in the P(VDCN-TrCN) copol-
ymer than in the PVDCN homopolymer. A situation
where the β conformation of P(VDCN-TrCN) is more
stable than theα conformation thermodynamically is very
useful from the perspective of creating novel materials of
interest.

3. The energy barriers for the β→α(g) and β→α(g′) tran-
sitions are 14.5 and 9.5 kJ mol−1 in model I and 6.4 and

Fig. 6 Curve (a; left-hand axis) shows the dependence of the contri-
bution to the dipole moment per monomer unit on VDCN content in β-
chain P(VDCN-TrCN) with 12 monomer units. Curve (b; right-hand
axis) shows the dependence of the mean polarizability per monomer
unit on the VDCN content in P(VDCN-TrCN). Data are from Table 1
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20.5 kJ mol−1 in model II, respectively. The values for
model I and the latter value for model II (14.5, 9.5, and
20.5 kJ mol−1) are larger than the barrier (6.9 kJ mol−1)
in PVDCN, while the former value for model II
(6.4 kJ mol−1) is almost identical to it. Therefore, the
β→α transition in P(VDCN-TrCN) should be more
difficult to achieve than its equivalent in PVDCN once
it is formed. The energy barriers for the α(g)→β and
α(g')→β transitions are 15.0 and 11.9 kJ mol−1 in
model I and 11.0 and 25.8 kJ mol−1 in model II, respec-
tively. These values are comparable with the values of
11.5 kJ mol−1 for PVDCN and 16.3 kJ mol−1 for PVDF,
except in the case of α(g')→β transitions in model II.
This implies that it will be feasible (or slightly more
difficult) to prepare a polarized phase of the P(VDCN-
TrCN) copolymer.

4. All of the β-chain P(VDCN-TrCN) models with differ-
ent TrCN contents are curved. The radii of curvature of
the β-chain P(VDCN-TrCN) models are slightly larger
than the radius of curvature of PVDCN and increase
with increasing TrCN content. The alternate copolymer
with a mole fraction of TrCN of 0.50 has the largest
radius of curvature (about 9.7 Å). Therefore, introduc-
ing TrCN into VDCN does not significantly increase the
radius of curvature of the copolymer chain. Similar to
the PVDCN homopolymer, the bulk P(VDCN-TrCN)
copolymer with long chains would be difficult to align
in an orderly manner (to enhance its ferroelectricity) and
to crystallize. The energy difference per monomer unit,
(Eβ − Eα)/n, converges to an almost constant value with
increasing chain length, and decreases with increasing
TrCN content. The minimum value, about 3.5 kJ mol−1,
is seen for P(VDCN-TrCN) with a mole fraction of
TrCN of 0.50. This result suggests that P(VDCN-TrCN)
will tend to adopt the trans conformation, in contrast
with the PVDCN homopolymer.

5. For the β-chain P(VDCN-TrCN) models, the dipole
moment contribution per monomer unit decreases rap-
idly with increasing chain length, but increases with
increasing TrCN content. For β-chain P(VDCN-TrCN)
with 12 monomer units and a mole fraction of TrCN of
0.50, the dipole moment contribution per monomer unit
is smaller than those of both β-chain PVDCN with 12
monomer units and β-chain P(VDCN-TrFE) with 12
monomer units. This result suggests that the piezoelec-
tricity of P(VDCN-TrCN) with a mole fraction of TrCN
of 0.50 may be comparable with (or slightly smaller
than) that of PVDCN, and will be less than that of the
P(VDCN-TrFE) copolymer.

6. The mean polarizability per monomer unit of β-chain P
(VDCN-TrCN) is slightly higher than that of the α-
chain. Chain length does not have a significant effect
on the mean polarizability for either α- or β-chainP

(VDCN-TrCN). However, its value increases as the
TrCN content of P(VDCN-TrCN) increases.
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