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Abstract

The internal rotation, geometry, energy, vibrational spectra, dipole moments and molecular mean polarizabilities of poly(vinylidene fluori-
deetetrafluoroethylene) (P(VDFeTeFE)) of a- and b-chain models were studied with density functional theory at B3PW91/6-31G(d) level and
compared with those of poly(vinylidene fluoride) homopolymer and P(VDFeTrFE) copolymer. The electric properties, chain conformation
and stability of the copolymer influenced by the chain length and TeFE content were examined. Based on the internal rotation curves of
P(VDFeTeFE) dimer models (H[CH2CF2eCF2CF2]H and H[CF2CH2eCF2CF2]H), the conformational angles, relative stabilities of a- and
b-conformation, and the transition energy barriers of b / a and a / b were discussed. The results show that the b-conformation is more stable
than the a-conformation thermodynamically and the b / a transition in P(VDFeTeFE) is more difficult than that in PVDF. Thus the copolymer
should be in favor of preventing the piezoelectric phase from depolarization. The ideal b-chains are curved with a radius of about 30 Å, which is
very close to those in both PVDF and P(VDFeTrFE). Similar to P(VDFeTrFE), the a-chain P(VDFeTeFE) containing 0.50 mole fraction of
TeFE is also a helical structure. However, the a-chain with 0.33e0.20 mole fraction of TeFE are almost linear in structure, which might be
responsible for enhancing crystallinity of the copolymer. The contribution of average dipole moment per monomer unit in the b-chain is affected
by the chain curvature and TeFE content, and there is a weakly parabolic dependence on the VDF content. The chain length and TeFE content
will not significantly affect the mean polarizability per monomer unit. The calculations show that there are some characteristic vibrational modes
that may be used in the identification of the a- and b-phase P(VDFeTeFE) with different TeFE contents.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(vinylidene fluoride) (PVDF), the well-known ferro-
electric polymer [1e4], is a material that is usually synthesized
as a mixture of ordered and disordered phases. It is necessary
that the polymer film should be post-processed into ferroelec-
tric phase (or b-phase) before applications. The post-processing
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procedures are generally complex, for instance, subjecting the
film to mechanical deformation [5,6], electron irradiation [7],
uniaxial drawing [8] and crystallization under high pressure
[9] or high electric field [10,11]. It is desirable to obtain a poly-
mer with piezoelectric phase by simple treatment.

Extensive attention has been paid to the copolymers of
vinylidene fluoride (VDF) with trifluoroethylene (TrFE) [12e
16] and tetrafluoroethylene (TeFE) [14e16]. The copolymers
were demonstrated to possess ferroelectricity over a wide range
of composition [17,18]. The advantage of the copolymers is
that it may crystallize directly from the melting state into a
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piezoelectric crystal phase, which eliminates the complicated
post-processing procedures.

In previous papers of PVDF [19] and P(VDFeTrFE) [20],
based on first principle density functional theory (DFT) calcu-
lations, we presented some explanations of structureeproperty
relationships. Encouraged by the interesting results, we will
extend the study to poly(vinylidene fluorideetetrafluoroethy-
lene) (P(VDFeTeFE)) copolymer system in this work. The
structural and energetic implications with increasing TeFE
content in P(VDFeTeFE) copolymers will be examined in
order to achieve a better understanding of the system.

Compared with VDF, the TrFE monomer exhibits lower po-
larity and TeFE has no polarity. However, both P(VDFeTrFE)
and P(VDFeTeFE) can be grown in higher crystallinity
[21e25] resulting in stronger polarization and piezoelectric
response than the semicrystalline PVDF. Among the known
copolymers, P(VDFeTeFE) is also an important and one of the
most widely used ferroelectric polymers [26,27]. The trans
conformation in the copolymers may be stabilized with
TeFE units and the crystallinity can be as high as 90% [28].
Such P(VDFeTeFE) copolymers were firstly examined in
1968 by Lando and Doll [29], showing that the copolymer
containing at least 0.07 mole fraction of TeFE is able to crys-
tallize into the all-trans conformation of the ferroelectric b-
phase. Kochervinskij et al. have studied the piezoelectricity
and structure of the monoaxial stretched b-P(VDFeTeFE) co-
polymer at different temperatures [30], the conditions of ther-
mal treatment and the structure of the cold-stretched film
[31,32]. X-ray, IR, Raman spectroscopies and other technologi-
cal means have been employed to study the crystal structure,
electrostatic poling, phase transition behavior and ferroelectric
hysteresis loops [15,16,33e41]. The results show that in the
sample with VDFeTeFE of 81/19 (mole ratio) the conforma-
tion change between the trans (low temperature) and gauche
(high temperature) phases occurs in the temperature region
close to the melting point with thermal hysteresis. The sample
with VDFeTeFE of 75/25 (mole ratio) shows similar transi-
tion between low and high temperature phases but via an ad-
ditional disordered cooled phase. The behavior is close to
that observed in P(VDFeTrFE) copolymer with VDFeTrFE
of 65/35 (mole ratio) [38]. In fact, P(VDFeTeFE) copolymers
have been found widely to show ferroelectric phase transition
similar to P(VDFeTrFE) samples [16,28,39e41].

In understanding the structureeproperty relation of
P(VDFeTeFE) theoretically, Farmer, et al. [42] studied the
structure and properties using potential energy calculations to
determine the chain conformation and packing energies. Their
work shows that the introduction of TeFE may cause the all-
trans chains in a lower energy conformation. The greater
proportion of bulky tetra-fluorine atoms in the copolymer will
prevent the chains from accommodating a-chain (or tgtg0,
where g refers gauche and t refers trans, and a prime in g0 refers
the dihedral angle being opposite to the g conformation with re-
spect to the reference plane t) conformation. Therefore, copoly-
mers are able to crystallize directly at room temperature into
a ferroelectric b-phase [43,44] that possesses polar unit cells
(similar to the b-phase of PVDF homopolymer). The
copolymer can also be electro-processed into an enhanced pie-
zoelectric material immediately after crystallization. Recently,
Nakhmanson et al. [14] investigated the polar properties of the
b-phase of PVDF and its copolymers with TrFE and TeFE using
an ab initio multigrid-based total-energy method. Their calcula-
tions show that polarization in such polymers is described by
cooperative, quantum-mechanical interactions between poly-
mer chains, which cannot be viewed as a superposition of rigid
dipoles. For b-PVDF, the monomer dipole moment is increased
by 50% (from 2 to 3 Debye) if the isolated chains are brought to-
gether to form a crystal. In the copolymers, a weakly parabolic
dependence of monomer dipole moments on concentration is
obtained.

However, there are still a number of questions that remain
unclear. For example, TeFE monomer does not inject new
chemical unit into the copolymer chain since the eCF2e seg-
ment is already presented in PVDF. As Lando and Doll [29]
pointed out, P(VDFeTeFE) copolymer can be viewed essen-
tially as PVDF chains with an increased content of head-to-
head but not tail-to-tail defects (eCF2e being viewed as the
head). TrFE addition is subjected to tacticity defects and thus
introduces a new variable (third chemical species eCHFe) to
the copolymer chains, rendering them atactic. However, the
structure of the paraelectric phase in P(VDFeTeFE) appears
to be analogous to that of P(VDFeTrFE) [16]. Comparison of
the structural features between these two types of copolymers
will provide important information for understanding the struc-
ture and phase transition of fluorine copolymers. It will be inter-
esting to understand how TeFE content will affect the
conformation and energy of the copolymer and, specifically,
what role TeFE variety would play in the polymorphism of
P(VDFeTeFE). This work will thus explore the structure and
energy implications in increasing TeFE in P(VDFeTeFE) co-
polymers with the first principle method as that in Ref. [20]
and the results will be compared with P(VDFeTrFE). The sim-
ilarities and distinctions in structural characteristics will be em-
phasized. Internal rotation potentials, geometries and electrical
properties of tgtg0 and ttt (all-trans) chains P(VDFeTeFE) will
be examined. For different conformations, energy differences,
permanent dipole moment, mean polarizability per monomer
and vibrational spectra will be analyzed. Some characteristic
vibrational modes of a- and b-chain, which might be helpful
in identification of the a- and b-phase copolymers, will be
assigned and compared with the experiments.

2. Theoretical method

Density functional theory, owing to including the electronic
correlations, is commonly believed to be the theoretical
method that is able to describe the geometries and vibrational
frequencies of molecules quite well [45] and can be used in
larger molecular systems [45e53]. In fact, DFT has been
widely used in polymer triumphantly [54e61]. Among a
number of methods, B3PW91 has been examined to be the
best in reproducing the equilibrium structures in our system-
atic comparison [62,63] of geometry optimizations. We
therefore employed B3PW91 (a combination of the Becke’s
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three-parameter (B3) exchange functional [64,65] and the cor-
relation functional of Pedew and Wang, PW91 [66]) in the
present study. To compare the results with those of our previ-
ous work on PVDF [19] and P(VDFeTrFE) [20], the same
basis set, 6-31G(d) (valence double x plus d polarization
functions on heavy atoms), was chosen. The GAUSSIAN-03
package [67] was used to perform the calculations on internal
rotation potentials of the dimer models, geometry optimiza-
tions and vibration analyses of the a- and b-chain P(VDFe
TeFE)s with different chain lengths (denoted by n as follows)
and TeFE contents as well as molecular energy and dipole mo-
ment vectors (mx, my, mz). The models are H[(CH2CF2)e
(CF2CF2)]mH (n¼ 2m), H[(CH2CF2)2e(CF2CF2)]mH (n¼ 3m),
H[(CH2CF2)3e(CF2CF2)]mH (n¼ 4m), H[(CH2CF2)4e(CF2-
CF2)]mH (n¼ 5m) and H[(CH2CF2)5e(CF2CF2)]mH (n¼ 6m),
which were designed for different TeFE contents. As those in
Ref. [20] for P(VDFeTrFE), the models are for the ideal ar-
rangement of alternating copolymers for simplifying the calcu-
lations. This is because the clearly reported alternating
piezoelectric copolymer is seen only in vinylidene cyanide
with a number of other co-monomers [68,69]. Although the re-
ported piezoelectric P(VDFeTeFE)s are the random copoly-
mers, it is reasonable that there must be a higher proportion of
alternating arrangement in the material as our models. In vibra-
tion analyses, the exact molecular polarizability tensors, axx

mol,
axy

mol, ayy
mol, axz

mol, ayz
mol and azz

mol, are obtained, in which, e.g. axy
mol,

is defined as the linear response to an externally applied electric
field [70]: mx

ind¼ axy
molEy

ext, where mind is the induced molecular
dipole moment, Eext is the magnitude of the applied electric field
and x, y, z represent the Cartesian components. In simulating the
spectra, the B3PW91/6-31G(d) frequencies were scaled by the
scaling factor 0.9573 [71].

3. Results and discussion

3.1. Internal rotation of related dimers

Internal rotation potential is the most important intrinsic
property to reflect the conformation distribution of a polymer
chain. It is reasonable to examine a dimer model (for conve-
nience) of a polymer chain to emphasize the intramolecular
rotation potentials. In the chain of P(VDFeTeFE) copoly-
mer, both H[CH2CF2eCF2CF2]H (referring as model I)
and H[CF2CH2eCF2CF2]H (referring as model II) dimer
models can be drawn, and will be examined. The rotation
angle starts and terminates at CeCeCeC eclipsed-confor-
mation (denoted as zero and 360� for the CeCeCeC dihe-
dral angle). Newman projections of eclipsed, gauche and
trans configurations in P(VDFeTeFE) dimer models (upper
panel) and the internal rotation potential curves (lower
panel) are shown in Fig. 1(A) in solid circles for model I,
and in Fig. 1(B) in circles for model II. Also plotted are
the curves of P(VDFeTrFE) from Ref. [20] in Fig. 1(C)
in solid triangles for the model of H[CH2CF2eCHFCF2]H
(referring as I) and from present calculations in Fig. 1(D)
in triangles for the model of H[CF2CH2eCF2CHF]H (refer-
ring as II), and the curve of the solely existed dimer model
of PVDF from Ref. [19] in Fig. 1(E) in stars. The most sta-
ble conformations of PVDF (curve (E) at �55�), P(VDFe
TrFE)I (curve (C) at 290�) and P(VDFeTeFE)I (curve (A)
at �177�) are plotted with zero energy. The curve for model
II is plotted with the energy relative to the respective model
I in each system.

It is interesting that the energies of P(VDFeTeFE)II are
systematically higher than those of model I. Similar results
are seen in P(VDFeTrFE) except the energy barrier in 110e
145�. The higher energies are from the different intrinsic struc-
tures of the polymer chains and thus the curve for model I or II
is actually independent, or the energy differences between I
and II will not affect any of the further discussions of the con-
formation transitions.

Fig. 1(A) and (B) shows that the angles for the g and g0 con-
formations in the a-chain (tgtg0) models are �67� in model I
and �63� in model II. Compared with P(VDFeTrFE) and
PVDF, the values are 53� and �70� in P(VDFeTrFE)I, 53�

and �65� in P(VDFeTrFE)II and �55� in PVDF. Therefore,
the respective angle in P(VDFeTeFE)I is 12� larger than
that in PVDF [19], 14� larger than the g conformation and
3� smaller than the g0 conformation in P(VDFeTrFE)I [20].
Similarly, the respective angle in P(VDFeTeFE)II is 8� larger
than that in PVDF [19], 10� larger than the g conformation and
2� smaller than the g0 conformation in P(VDFeTrFE)II. Con-
formation differences between models I and II, and among the
different systems can also be found in detail in Fig. 1. On ex-
amining the structures of P(VDFeTeFE), it is found that the
negative F atoms in different units are in small distances
when the conformation angles are small. This leads to larger
repulsion, and consequently larger stable angles compared
with PVDF and the g conformation in P(VDFeTrFE). How-
ever, in PVDF there exist more attractions between the dense
pairs of positive H and negative F atoms and result in small
stable angles. The b-chain (ttt) conformation is a slightly dis-
torted plane with dihedral angles at �177� in model I and at
�176� in model II. Similar to PVDF [19], the all-trans ‘‘ideal
b-chain conformation’’ of P(VDFeTeFE) (with the carbon
backbone dihedral angle being 180�) is also a transition state
(confirmed by frequencies analysis) in the path of internal ro-
tation with very small energy barrier of about 0.1 kJ/mol. This
predicts that the carbon dihedral repeating motif of the b-chain
copolymer would also be in an arbitrary angle around and very
close to 180�.

The energy differences between the b- and a-conformation
are negative values by �0.7 kJ/mol in P(VDFeTeFE)I and
�3.6 kJ/mol in P(VDFeTeFE)II. This is different from the
positive values of 8.4 kJ/mol in PVDF [19] and, 2.1 (tg) and
7.8 kJ/mol (tg0) in P(VDFeTrFE)I [20]. It must be a desirable
property in the interested material that the b-conformation in
P(VDFeTeFE) is more stable than the a-conformation
thermodynamically. The energy differences in P(VDFeTrFE)II

examined presently are �3.3 kJ/mol (tg) and 7.7 kJ/mol (tg0)
and the results will support and enhance the discussions in
our previous work [20].

The energy barriers of the b / a transitions are 12.4 kJ/
mol in P(VDFeTeFE)I and 9.5 kJ/mol in P(VDFeTeFE)II.
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Fig. 1. Newman projections of eclipsed, gauche and trans configurations of P(VDFeTeFE) dimer models (upper panel) and internal rotation potential energy

curves of P(VDFeTeFE), P(VDFeTrFE) and PVDF chain models (lower panel): (A) H(CH2CF2)e(CF2CF2)H; (B) H(CF2CH2)e(CF2CF2)H; (C)

H(CH2CF2)e(CHFCF2)H (from Ref. [20]); (D) H(CF2CH2)e(CF2CHF)H and (E) H(CH2CF2)e(CH2CF2)H (from Ref. [19]) obtained by B3PW91/6-31G(d)

calculations.
Both of the values are larger than the barrier, 8.2 kJ/mol, in
PVDF [19]. Therefore, the b / a transition in P(VDFe
TeFE) is more difficult than that in PVDF once it is formed.
This will be a very useful property in practical applications
in preventing the piezoelectric phase from depolarization.

Additionally, the same energy barriers found in this work
are 10.7 (b / a( g)) and 7.7 kJ/mol (b / a( g0)) in P(VDFe
TrFE)II. Those in Ref. [20] are 16.2 (b / a( g)) and 5.8 kJ/
mol (b / a( g0)) in P(VDFeTrFE)I. These results suggest
that the phase transition in P(VDFeTrFE) will be more com-
plex as has been found in the experiments [18,26,38,72e75]
and presented in Ref. [20]. However, both of the smaller bar-
riers, 5.8 and 7.7 kJ/mol, are lower than that in P(VDFeTeFE)
or PVDF. It is reasonable to predict that the property of depo-
larization of P(VDFeTrFE) would not be better than either
P(VDFeTeFE) or PVDF.

3.2. Structure and stability

For P(VDFeTeFE) copolymers with different TeFE con-
tents, structures of a-(tgtg0) and b-chain (ttt) within 2en
(n¼ 20 or 21) monomer units in the models of H[(CH2-
CF2)e(CF2CF2)]mH (n¼ 2m), H[(CH2CF2)2e(CF2CF2)]mH
(n¼ 3m), H[(CH2CF2)3e(CF2CF2)]mH (n¼ 4m) and H[(CH2-
CF2)4e(CF2CF2)]mH (n¼ 5m) were optimized and compared
with those of PVDF [19] and P(VDFeTrFE) [20]. The corre-
sponding mole ratios of TeFE in these models are 0.50, 0.33,
0.25, 0.20 and 0.17.

The structures optimized at B3PW91/6-31G(d) level for the
models with 20 or 21 monomer units are shown in Fig. 2(a)e
(h). For the ideal b-conformation copolymers, all of the chains
are curved. It is very interesting to note that the b-chain
P(VDFeTeFE)s containing different TeFE contents have al-
most identical curvature radii by 29w30 Å (Fig. 2(a), (c),
(e), (g)), extremely similar to the values in both b-PVDF ho-
mopolymer [19] and b-P(VDFeTrFE) copolymers [20]. As
that in the b-P(VDFeTrFE) copolymers [20], this is also an
unexpected result since it would be expected that increase of
the ratio of TeFE (having more F atoms to balance the number
of F atoms on both sides of the chain axis) would have reduced
the curvature of b-chains. However, it remains almost un-
changed. In fact, the chains with enriched F atoms have
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Fig. 2. Structures of P(VDFeTeFE) optimized by B3PW91/6-31G(d) calculations: (a) and (b) are for b- and a-chain with 20 monomers containing 0.50 mole

fraction of TeFE in H[(CH2CF2)e(CF2CF2)]mH; (c) and (d) are for b- and a-chain with 21 monomers containing 0.33 mole fraction of TeFE in

H[(CH2CF2)2e(CF2CF2)]mH; (e) and (f) are for b- and a-chain with 20 monomers containing 0.25 mole fraction of TeFE in H[(CH2CF2)3e(CF2CF2)]mH; (g)

and (h) are for b- and a-chains with 20 monomers containing 0.20 mole fraction of TeFE in H[(CH2CF2)4e(CF2CF2)]mH.
slightly smaller average (in 6e20/21 chain units) curvature ra-
dii by 28.81, 29.51, 29.64 and 29.70 Å for the models contain-
ing 0.50, 0.33, 0.25 and 0.20 mole fractions of TeFE,
respectively. The values are 30.31 Å in PVDF and 29.10e
29.83 Å in P(VDFeTrFE). As has been presented in
Ref. [20], the explanation of the over-all smaller radius is
that the pairs of alternate electrostatic attraction (between
the negative F atom and the neighboring positive H atom) in-
creases as shown in Fig. 2(a). The smaller chain-curving for
the smaller TeFE ratio chains is understandable by electro-
static interactions as what in P(VDFeTrFE) [20], i.e. there
is less electrostatic attraction on the inner side of the chain
with less F atom couples and H atom couples, and conse-
quently the radius is the largest by 29.70 Å for the copolymer
with 0.20 mole fraction of TeFE. It should be noted that the
similar curving in these different systems must be an occa-
sional coincidence.

Compared with the arched planar a-PVDF homopolymer
[19], a-P(VDFeTeFE) copolymer chain containing 0.50
mole fraction of TeFE is also helical chain structure
(Fig. 2(b)) as P(VDFeTrFE) with the same VDF content
[20]. This result agrees well with the observation of X-ray dif-
fraction [16]. The chains with 0.33 (Fig. 2(d)), 0.25 (Fig. 2(f))
and 0.20 (Fig. 2(h)) mole fractions of TeFE are nearly in
straight line, but not as straight as the P(VDFeTrFE) chains
with same VDF contents [20]. In fact, the optimized structures
show that the helical-pitch of the a-P(VDFeTeFE) chains in-
crease with decreasing TeFE contents. Therefore, the chains
with low TeFE may be viewed almost as a straight line in
the reached model lengths of this work. This behavior is sim-
ilar to P(VDFeTrFE) with similar VDF contents observed by
neutron diffraction [76] and predicted theoretically by DFT
[20]. Thus higher TeFE content would lead the a-P(VDFe
TeFE) chains to twist more and be in favor of forming the he-
lical structure. This is reasonable since the conformation even
in the pure polytetrafluoroethy1ene (PTFE) is always a slightly
twisted helix [77e79], leading to semicrystalline PTFE bulk
material (crystalline, amorphous and quasi-ordered mixture
[80]). Beall et al. [81] have also observed that increasing the
steric hindrance (implying increasing atactic degree) of poly-
mer chain will increase the free volume in the fluorine poly-
mers. Therefore, P(VDFeTeFE) in the form of the nearly
straight linear a-chain (with low TeFE content) will have
higher crystallinity, which is helpful for electro-processing
the polymer into the satisfactory piezoelectric b-phase.

To explore the variation of the relative stability of the a-
and b-chain at different TeFE contents, the energy difference
per monomer unit, (Eb� Ea)/n, between the b- and a-chain
P(VDFeTeFE) with different mole ratios of TeFE and the
chain lengths were examined and compared with those of
PVDF. Fig. 3(a) shows the energy difference of PVDF [19] ho-
mopolymer for comparison. Fig. 3(b)e(f) plots the energy dif-
ferences, i.e. ((Eb� Ea)/n) vs. chain length n (2� n� 20). The
contents of TeFE in Fig. 3(b)e(f) are 0.50, 0.33, 0.25, 0.20 and
0.17 (mole fraction), respectively.

The figure shows that the energy difference in the copoly-
mer with a constant TeFE content also slightly increases and
converges to a nearly constant value with increasing chain
length for n� 5 (Fig. 3(b)e(f)) as that seen in PVDF
(Fig. 3(a)) [19]. However, all of the values shown in Table 1
(1.4e5.8 kJ/mol) are smaller than that (10 kJ/mol) in PVDF
[19] and those (4.1e8.3 kJ/mol) in P(VDFeTrFE)s [20]. It
is also shown that the energy differences increase with de-
creasing TeFE content. The results indicate that the
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introduction of TeFE units enhances the relative stability of the
b-chain copolymer. This is helpful to understand why the
copolymers would contain at least 0.07 mole fraction of TeFE
[29] to crystallize with the all-trans conformation of the
ferroelectric b-phase. Although the relative stability of b-chain
increases with increasing TeFE content, the tacticity of the a-
chain decreases with increasing TeFE content (e.g. the helical
structure appears in the chain of 0.50 mole fraction TeFE).
Therefore, an optimized composition should exist in
P(VDFeTeFE)s for crystallinity (or electrical properties).

Fig. 3. Energy difference ((Eb� Ea)/n vs. chain length) per monomer unit be-

tween the b- and a-chain obtained from B3PW91/6-31G(d) calculations: (a)

PVDF homopolymer from Ref. [19]; (b) 0.50 mole fraction of TeFE in

P(VDFeTeFE), H[(CH2CF2)e(CF2CF2)]mH (n¼ 2m); (c) 0.33 mole fraction

of TeFE in P(VDFeTeFE), H[(CH2CF2)2e(CF2CF2)]mH (n¼ 3m); (d) 0.25

mole fraction of TeFE in P(VDFeTeFE), H[(CH2CF2)3e(CF2CF2)]mH

(n¼ 4m); (e) 0.20 mole fraction of TeFE in P(VDFeTeFE), H[(CH2CF2)4e

(CF2CF2)]mH (n¼ 5m) and (f) 0.17 mole fraction of TeFE in P(VDFe

TeFE), H[(CH2CF2)5e(CF2CF2)]mH (n¼ 6m).

Table 1

Magnitudes of the energy difference per monomer unit between the b- and a-

chain for different VDF contents (in mole fractions) in P(VDFeTeFE) copol-

ymer and the contribution magnitude of average dipole moment per monomer

unit in the b-chain P(VDFeTeFE) with 15 and 20 monomer units and with dif-

ferent VDF contents obtained from B3PW91/6-31G(d) calculations

VDF content in the

P(VDFeTeFE)/mole fractions

0.50a 0.67b 0.75c 0.80d 0.83e 1.00f

Energy differences per monomer

unit (Eb� Ea)/n, kJ/mol

1.4 1.5 3.6 5.0 5.8 10.0

Average dipole moment

per monomer unitg/10�30 C m

2.65 3.53 3.95 4.22 4.39 5.31

Average dipole moment

per monomer unith/10�30 C m

2.47 3.32 3.73 4.00 4.18 5.10

a P(VDFeTeFE), He[(CH2CF2)e(CF2CF2)]meH.
b P(VDFeTeFE), He[(CH2CF2)2e(CF2CF2)]meH.
c P(VDFeTeFE), He[(CH2CF2)3e(CF2CF2)]meH.
d P(VDFeTeFE), He[(CH2CF2)4e(CF2CF2)]meH.
e P(VDFeTeFE), He[(CH2CF2)5e(CF2CF2)]meH.
f PVDF He[(CH2eCF2)n]eH, homopolymer.
g Chains with 15 monomer units, data are derived from Fig. 4.
h Chains with 20 monomer units, data are derived from Fig. 4.
3.3. Dipole moment and mean polarizability

The average permanent dipole moment per monomer unit
m¼ (mx

2þ my
2þ mz

2)1/2/n is shown in Fig. 4 and the dependence
of contributed magnitude of average dipole moment per mono-
mer unit on VDF content in the b-chain P(VDFeTeFE) is
shown Fig. 5. The mean polarizabilities per monomer unit
a¼ (axxþ ayyþ azz)/3n [69] for different chain lengths (n
units) and different VDF contents are shown in Fig. 6.

For the a-chain P(VDFeTeFE)s, Fig. 4(d), (f), (h), (j) and (l)
shows that the over-all average dipole moment contribution per
monomer unit decreases with increasing chain length. It is in-
teresting that the average dipole moment contribution per
monomer unit of the a-chain P(VDFeTeFE) containing 0.5
mole fraction of TeFE (Fig. 4(d)) is higher than the correspond-
ing b-chain (Fig. 4(c)) if the chain length n is less than seven.
This is mainly due to the contribution of the dipole moment
not being zero in the gauche-conformation of e(CF2CF2)e
but being exactly zero in the all-trans conformation.

Similar to that in b-PVDF [19], the average dipole moment
contribution per monomer unit decreases with increasing chain
length for the b-chain P(VDFeTeFE)s (Fig. 4(c), (e), (g), (i)
and (k)). This is because the dipole moment in the individual
monomer unit is perpendicular to the chain axis but the b-
chain P(VDFeTeFE)s are curved. The decreased magnitude,
�1.18%, of average dipole moment contribution per monomer
unit is similar to that of PVDF (�1.2% [19]) and that of
P(VDFeTrFE) (�1.24% [20]). The result is consistent with
the fact that P(VDFeTeFE)s have similar curvature radii
(28.8w29.70 Å) as the values (w30 Å) in b-chain PVDF
[19] and P(VDFeTrFE)s [20] discussed previously. Similar
to P(VDFeTrFE) copolymers [20], the absolute value of the
dipole moment decreased in P(VDFeTeFE)s with higher

Fig. 4. Average dipole moment per monomer unit vs. P(VDFeTeFE) chain

length: (a) and (b) are for b- and a-chain PVDFs from Ref. [19]; (c) and (d)

are for b- and a-chain P(VDFeTeFE)s containing 0.50 mole fraction of

TeFE; (e) and (f) are for b- and a-chain P(VDFeTeFE)s containing 0.33

mole fraction of TeFE; (g) and (h) are for b- and a-chain P(VDFeTeFE)s

containing 0.25 mole fraction of TeFE; (i) and (j) are for b- and a-chain

P(VDFeTeFE)s containing 0.20 mole fraction of TeFE; (k) and (l) are for

b- and a-chain P(VDFeTeFE)s containing 0.17 mole fraction of TeFE.
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TeFE content. This is because the e(CF2CF2)e monomer with
b-conformation in TeFE has zero dipole moment. For the b-
chain copolymer with 15 and 20 monomer units, the results
are listed in Table 1.

For the b-chain P(VDFeTeFE) containing two units, [i.e.
H(CH2CF2eCF2CF2)H], the contribution magnitude of average
dipole moment is 3.11� 10�30 C m as shown in Fig. 4(c) if the
chain curvature can be neglected, which is consistent with the
prediction of ab initio multigrid-based total-energy method
((2.0þ 0.0)/2 Debye¼ 3.34� 10�30 C m)[14]. Although the
contribution magnitude of the average dipole moment per
monomer unit decreases with increasing the chain length, the to-
tal dipole moment increases with increasing the chain length.

Fig. 5. Dependence of contributed magnitude of average dipole moment per

monomer unit on VDF content in the b-chain P(VDFeTeFE) obtained from

B3PW91/6-31G(d): (a) 15 monomer units and (b) 20 monomer units.

Fig. 6. Mean polarizability per monomer unit vs. length of the copolymer

chains: (a) and (b) are for b- and a-chain PVDF from Ref. [19]; (c) and (d)

are for b- and a-chain P(VDFeTeFE)s containing 0.50 mole fraction of

TeFE; (e) and (f) are for b- and a-chain P(VDFeTeFE)s containing 0.33

mole fraction of TeFE; (g) and (h) are for b- and a-chain P(VDFeTeFE)s

containing 0.25 mole fraction of TeFE; (i) and (j) are for b- and a-chain

P(VDFeTeFE)s containing 0.20 mole fraction of TeFE; (k) and (l) are for

b- and a-chain P(VDFeTeFE)s containing 0.17 mole fraction of TeFE.
For the copolymer chains with 10 and 20 monomers, for exam-
ple, the values (in 10�30 C m) are 27.8 and 49.4 (with 0.50 mole
fraction of TeFE), 39.6 and 66.4 (with 0.33 mole fraction of
TeFE), 41.5 and 74.5 (with 0.25 mole fraction of TeFE), 44.2
and 80.0 (with 0.20 mole fraction of TeFE), and 45.9 and 83.0
(with 0.17 mole fraction of TeFE). Therefore, b-P(VDFe
TeFE) copolymer with longer chain and with lower TeFE con-
tent has higher piezoelectric and pyroelectric properties.

The magnitude of average dipole moment per monomer
unit contributed in b-P(VDFeTeFE) with 15 and 20 monomer
units versus the VDF content (in mole fraction) is plotted in
Fig. 5. The figure shows that the average dipole moment per
monomer unit increases rapidly with increasing VDF content
(or decreases with increasing TeFE). This is because the dipole
moment in TeFE is exactly zero. The curve is nearly a straight
line, but still there exists a very weakly parabolic dependence.
This result is similar to those predicted by ab initio multigrid-
based total-energy method [14] in P(VDFeTrFE) and
P(VDFeTeFE) copolymers. As has been proposed in
Ref. [14], a fit to the curves may provide an estimation of
the contribution magnitude of average dipole moment (in
10�30 C m) per monomer unit in the b-chain P(VDFeTeFE)s
(with 15 and 20 monomer units) at any VDF mole fraction x in
the range between 0.50w1.00. Both of the linear and quadratic
equations are (with the correspondence correlation coefficient
R in the parentheses):

mð15 monomersÞ ¼ �0:013þ 5:303x ðR¼ 0:99987Þ

mð20 monomersÞ ¼ �0:178þ 5:245x ðR¼ 0:99963Þ

mð15 monomersÞ ¼ 0:209þ 4:683xþ 0:415x2 ðR¼ 0:99996Þ

mð20 monomersÞ ¼ 0:225þ 4:119xþ 0:755x2 ðR¼ 0:99997Þ

The quadratic fit is slightly better than the linear. The reason
for the very weakly parabolic dependence is the same as in
P(VDFeTrFE) [20], which is due to the curvature of the chain
slightly decreased with increasing VDF content (as discussed
in Section 3.2) that leads to the average dipole moment contri-
bution increased slightly.

Fig. 6 shows that the mean polarizability per monomer unit
in the b-chain P(VDFeTeFE) is slightly higher than that in the
a-chain. Chain length does not significantly affect the mean
polarizability of either a- or b-P(VDFeTeFE). For b-chain
P(VDFeTeFE)s with different VDF contents, the mean polari-
zabilities per monomer unit are in a small range of 3.63e
3.66� 10�40 C m2 V�1. The sequence in the models is
0.50> 0.33> 0.25> 0.20> 0.17 (mole fraction of TeFE).
The same sequence is also found in a-chain P(VDFeTeFE)
with the mean polarizabilities in the range of 3.60e
3.56� 10�40 C m2 V�1.

3.4. Vibrational spectra

The infrared spectrum must be one of the most important
tools to examine the properties associated with the changes
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of the chain composition and chain conformation of a copoly-
mer. The spectra for both a- and b-chain P(VDFeTeFE)s,
with 5 through 15 monomer units containing different TeFE
contents (0.50, 0.33, 0.25, 0.20, 0.17 and 0.14 mole fractions
of TeFE) were calculated. Some of the results within the
wave number 400e1500 cm�1 are shown in Figs. 7 and 8.
Fig. 7(a) is the simulated spectra of the a-chain PVDF homo-
polymer having 15 monomer units [19] as a reference,
Fig. 7(b)e(e) are for a-chain P(VDFeTeFE) copolymers hav-
ing 12 or 14 or 15 monomer units with different TeFE con-
tents. Fig. 8(a) is the simulated spectra of b-chain PVDF
having 15 monomer units for comparison [19], Fig. 8(b)e(e)
are for b-chain P(VDFeTeFE)s having 12 or 14 or 15 mono-
mer units with different TeFE contents.

Comparison shows that the spectra of a-chain P(VDFe
TeFE) copolymers with different TeFE contents are similar to
the spectra of the a-chain PVDF homopolymer [19]
(Fig. 7(a)). The most distinguishable vibrational modes are
found at peaks 1321 (CeH rocking), 921 (eCH2 rocking) and
628 cm�1 (eCH2 rocking and skeletal bending) (Fig. 7(b)),
which did not appear in the homopolymer PVDF. The peak at
1321 cm�1 is quite weak in intensity but is obviously visible.
The position changes slightly within �5 cm�1 in different
TeFE contents. The peak at 921 cm�1 has a medium intensity.
The position is almost unchanged in the copolymer having
0.20e0.33 mole fraction of TeFE (Fig. 7(b)e(d)) but shifts to
943 cm�1 in the copolymer with 0.50 mole fraction of TeFE
(Fig. 7(e)). The peak at 628 cm�1 also has a medium intensity
and the position shifts to higher wave numbers, i.e. 628, 637
and 639 cm�1 in the copolymers containing 0.20, 0.25 and
0.33 mole fractions of TeFE, respectively. However, in the co-
polymer with 0.50 mole fraction of TeFE (Fig. 7(e)) the intensity
increases but the position remains almost unchanged at
627 cm�1. Other peaks that exist in both PVDF homopolymer
and P(VDFeTeFE) copolymers are also distinguishable. The in-
tensity of the peak at 877 cm�1 (eCH2 rocking) decreases with
increasing TeFE content and the frequency of a-PVDF at
470 cm�1 (CH2 rocking and skeletal bending) shifts to higher
wave numbers (i.e. from 470 to 490 cm�1) in the a-P(VDFe
TeFE). The intensity of the 470 cm�1 peak increases with
increasing TeFE content. These characteristics must be useful
references for further identification of the polymers.

Fig. 8 shows the simulated IR spectra of b-chain P(VDFe
TeFE)s with different TeFE contents. The spectra are also sim-
ilar to those of b-chain PVDF [19] (Fig. 8(a)). The most
distinguishable vibrational modes are found at peaks 1289,
1138, 839 and 430e442 cm�1. The intensity of the peak at
1289 cm�1 decreases and the position shifts to higher wave
numbers [i.e. from 1289 in PVDF (Fig. 8(a)) to 1317 cm�1

in P(VDFeTeFE) containing 0.50 mole fraction of TeFE
(Fig. 8(e))] with increasing TeFE contents. A fit to the curves
may also provide an estimation of the peak position and rela-
tive intensity (I/Imax) of b-copolymer with different TeFE con-
tents at any TeFE mole fraction x in the range of 0.50e0.14.
The linear equations of the peak position and relative intensity
are (with the correlation coefficient R in the parentheses):

1289-peak position¼ 1294:4þ 46:4x cm�1 ðR¼ 0:9935Þ
Fig. 7. Comparison of the IR spectra of a-chain P(VDFeTeFE)s with different TeFE contents obtained from B3PW91/6-31G(d) calculations: (a) PVDF with 15

monomer units (from Ref. [19], where the labeled theoretical wavenumbers had not been scaled by the scaling factor 0.9573, which is not consistent with the text

of that paper. The present labels are the scaled values.); (b) P(VDFeTeFE) with 15 monomer units containing 0.20 mole fraction of TeFE; (c) P(VDFeTeFE) with

12 monomer units containing 0.25 mole fraction of TeFE; (d) P(VDFeTeFE) with 15 monomer units containing 0.33 mole fraction of TeFE; (e) P(VDFeTeFE)

with 14 monomer units containing 0.50 mole fraction of TeFE. All of the labeled frequencies were scaled by the scaling factor 0.9573 from Ref. [71].
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Fig. 8. Simulated IR spectra of b-chain P(VDFeTeFE) and PVDF from B3PW91/6-31G(d) calculations: (a) PVDF with 15 monomer units from Ref. [19]; (b)

P(VDFeTeFE) with 15 monomer units containing 0.20 mole fraction of TeFE; (c) P(VDFeTeFE) with 12 monomer units containing 0.25 mole fraction of

TeFE; (d) P(VDFeTeFE) with 15 monomer units containing 0.33 mole fraction of TeFE and (e) P(VDFeTeFE) with 14 monomer units containing 0.50 mole

fraction of TeFE. All of the labeled frequencies were scaled by the scaling factor 0.9573 from Ref. [71].
I=Imaxð1289Þ ¼ 0:9552� 0:7606x ðR¼ 0:9994Þ

The mode corresponds to all of the CF (where CF refers to the
C atom bonding F atoms) atoms symmetrically (perpendicular
to the chain axis) in-plane stretching. The intensity of the band
at 1138 cm�1 (CH2 rocking) increases dramatically and the
peaks split as well as broaden with increasing TeFE content.
This is quite different from the peak in PVDF homopolymer
with very weak (almost invisible) intensities. The intensity
of the characteristic vibrational peak of b-PVDF at
839 cm�1 (all of the eCH2 groups collectively and symmetri-
cally moving in-plane and perpendicular to the polymer chain
axis [19]) decreases and the position shifts to lower frequen-
cies (839 / 833 / 830 / 821 / 804 cm�1) with increasing
TeFE content. The linear fit equations for the peak position
and relative intensity with x (also TeFE mole fraction) in the
range of 0.50e0.14 are:

839-peak position¼ 852:8� 95:6x cm�1 ðR¼ 0:9982Þ

I=Imaxð839Þ ¼ 0:0657� 0:103x ðR¼ 0:9995Þ

The theoretical results are consistent with the experimental ob-
servations [36], where the peak positions are 842, 839 and
820 cm�1 for copolymers with VDF 81%, 75% and 64%/
TeFE. The intensity of the peak at 1360 cm�1 increases with
increasing VDF content and this is also consistent with the ex-
perimental observations [37]. The split peaks at 430 and
442 cm�1 (CeC skeletal bending) in PVDF merged into one
in the copolymers. The intensity increases and the position
shifts to higher wave numbers [i.e. from 430e442 cm�1 in
PVDF (Fig. 8(a)) to 472 cm�1 in the P(VDFeTeFE) contain-
ing 0.50 mole fraction of TeFE (Fig. 8(e))]. These results are
also useful for identification of b-P(VDFeTeFE)s containing
different TeFE.

4. Conclusions

DFT-B3PW91/6-31G(d) has been employed to investigate
the internal rotation potentials, geometries, relative stabilities,
vibrational spectra, dipole moments and mean polarizabilities
of the a- and b-chain P(VDFeTeFE) with different TeFE con-
tents. Influences of chain length and TeFE (or VDF) content
on the stabilities, chain conformation, electric properties and
vibrational spectra have been examined. The following con-
clusions are drawn.

1. Conformation angles in the a-chain (tgtg0) dimer models
(H[CH2CF2eCF2CF2]H and H[CF2CH2eCF2CF2]H) are
�67� and �63�, which are different from þ53� and �70�

in P(VDFeTrFE) and�55� in PVDF. The b-chain (ttt) con-
formations are in a slightly distorted all-trans plane with
dihedral angles at �177� and �176�. This is closer to the
ideal b-conformation compared with PVDF (�175�).

The energy differences between the b- and the a-confor-
mation in both the dimer models are negative values by
�0.7 or �3.6 kJ/mol compared with the positive one
(8.4 kJ/mol) in PVDF, and those by 2.1 or �3.3 (b / g)
and by 7.8 or 7.7 kJ/mol (b / g0) in P(VDFeTrFE) (in
the model of H[CH2CF2eCHFCF2]H or H[CF2CH2e
CF2CHF]H). These results show that the b-conformation
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in P(VDFeTeFE) copolymer should be more stable than
that in PVDF and most of those in P(VDFeTrFE) thermo-
dynamically. The result is consistent with the experimental
fact that the copolymers may crystallize directly from the
melting state into a piezoelectric crystal phase.

The transition energy barrier of the b / a is 12.4 or
9.5 kJ/mol compared with 8.2 kJ/mol in PVDF and 16.2
or 10.7 (b / a( g)) and 5.8 or 7.7 kJ/mol (b / a( g0)) in
P(VDFeTrFE). This shows that the b / a transition in
P(VDFeTeFE) is more difficult than that in PVDF. There-
fore, the copolymer should be in favor of preventing the
piezoelectric phase from depolarization.

2. The ideal b-chains are curved with a radius of about 30 Å,
which is very close to those in both PVDF and P(VDFe
TrFE). Similar to P(VDFeTrFE), the a-chain containing
0.50 mole fraction of TeFE is also a helical structure. How-
ever, the a-chains with 0.33e0.20 mole fraction of TeFE
are nearly linear in structure, but the chain is not as straight
as that in P(VDFeTrFE) with the same VDF content.

3. The energy difference per monomer unit between the b-
and a-chain decreases with increasing TeFE content, im-
plying that the introduction of TeFE would enhance the
relative stability of the b-chain conformation compared
with the pristine homopolymer. This is helpful to under-
stand the experimental fact that why the copolymers need
to have at least 0.07 mole fraction of TeFE to crystallize
into the all-trans conformation (or ferroelectric b-phase).

4. The contribution of average dipole moment per monomer
unit in the b-chain is affected by chain curvature and by
TeFE content. The chain length and TeFE content will
not significantly affect the mean polarizability per mono-
mer unit. For a given chain length of P(VDFeTeFE),
a weakly parabolic dependence of the average dipole mo-
ment per monomer unit on VDF content is obtained and
explained. Chain length does not significantly change the
mean polarizability of a- and b-chain P(VDFeTeFE)s.
The mean polarizability per monomer unit in the b-chain
is slightly higher than that in the a-chain.

5. By comparing the calculated IR spectra of the copolymers
with different amount of TeFE and with the experimental
data, some of the distinguishable vibrational peaks for a-
and b-P(VDFeTeFE) identifications are proposed. Three
peaks (1321, 921 and 628 cm�1) that existed only in the
a-chain copolymers are found. Peak intensity and position
changes for the 877 and 470 cm�1 peaks are also obtained.
The peaks (or bands) at 1289, 1138, 839 and 430e
442 cm�1 are identified for b-copolymer characteristics.
Linear relationships on the peak position and the relative
intensity (I/Imax) with respect to TeFE content (in mole
fraction x in the range of 0.50e0.14) for the peaks at
1289 and 839 cm�1 are presented.
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