
Polymer 47 (2006) 7988e7996
www.elsevier.com/locate/polymer
Structure and piezoelectric properties of poly(vinylidene fluoride)
studied by density functional theory

Zhi-Yin Wang a, Hui-Qing Fan a,*, Ke-He Su b,*, Zhen-Yi Wen c

a School of Materials Science and Engineering, Northwestern Polytechnical University, Xi’an, Shaanxi 710072, China
b Department of Applied Chemistry, School of Natural and Applied Sciences, Northwestern Polytechnical University, 127 West YouYi Road, Xi’an,

Shaanxi 710072, China
c Institute of Modern Physics, Northwest University, Xi’an, Shaanxi 710068, China

Received 2 June 2006; received in revised form 1 September 2006; accepted 3 September 2006

Available online 29 September 2006

Abstract

The internal rotation, geometry, energy, vibrational spectra, dipole moments and molecular polarizabilities of poly(vinylidene fluoride)
(PVDF) of a- and b-chain models were studied by density functional theory at B3PW91/6-31G(d) level. The effects of chain lengths and mono-
mer inversion defects on the electric properties and vibrational spectra were examined. The results show that the tgtg0 conformation angle
between g and g0 is about 55� and the ttt conformation is a slightly distorted all-trans alternating planar zigzag with �175� repeating motif.
The average distance between adjacent monomer units in the b-PVDF is 2.567 Å. The energy difference between the a- and b-chains is about
10 kJ/mol per monomer unit. The dipole moment will be affected by chain curvature (with a radius of about 30.0 Å for ideal b-chain) and by
defect concentration other than localization. The chain lengths and defects will not significantly affect the mean polarizability. The calculations
indicated that there are some additional characteristic vibrational modes that may help identification of the a- and b-phase PVDF.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, polymers have received more attention as new
ferroelectric or piezoelectric materials than ceramic-based ma-
terials [1e13]. The advantages are well known by their unique
features, such as large strain without structure fatigue, light
weight, low cost, great mechanical strength, easy processabil-
ity into thin and flexible films of various shapes and sizes, and
most importantly, flexible architecture design via molecular
tailoring. Therefore, the discovery of piezoelectricity in poly-
(vinylidene fluoride) (PVDF), [He(CH2eCF2)neH], firstly
reported by Kawai in 1969 [1], has attracted a great deal of
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attention for potential applications [2,3]. Within the last
decades, PVDF has been widely investigated on its important
pyro- and piezoelectric properties [4e6]. Many of them have
been employed in practical applications [3,7e11], e.g. ultra-
sound transducer in nondestructive evaluation and medical
ultrasound [6,12,13].

PVDF is well known for its polymorphism. Five crystal
phases with different conformations are all-trans (ttt) planar
zigzag b-phase, tgtg0 ( g denotes gauche form) a- and
d-phases, and t3gt3g0 g- and 3-phases [8,14]. Since the CeF
bond is a polar bond with typical dipole moment of
m¼ 6.4� 10�30 C m [15], the all-trans conformation has the
highest dipole moment (m¼ 7.0� 10�30 C m) per unit due to
the alignment of all dipoles in one direction [16]. If the poly-
mer chains pack into crystals with parallel dipoles, the crystal
possesses a net dipole moment such as in the cases of polar
b-, g- and d-phases. Whereas, if they do with anti-parallel
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dipoles the net dipole moment vanishes as in the cases of non-
polar a- and 3-phases. Among these phases, the b-phase has
the highest spontaneous polarization in a unit crystal cell
[17]. The large value of unit cell polarization for an oriented
and polarized sample is from the closer packing of polymer
chains in a unit cell. Therefore, the polar b-phase has shown
technological interest in obtaining excellent properties of
pyro- and piezoelectrics. Although this phase can be obtained
by different techniques [18e23] (among those, the most im-
portant one being the polarization under mechanical stretching
of a-phase films to a certain percent at a given temperature
[21e23]), the mechanisms of phase stability and phase transi-
tions are not clearly understood.

From molecular structure point of view, important factors
affecting the electrical properties of PVDF include chain
length (or molecular weight distributions [24]), crystallization
phases, and inverted monomer unit defects. Among them the
defect concentration of PVDF is typically on the order of
5%. Its effect on the crystallization behavior had been studied
before [25]. Defects may be included in the crystallites if the
thickness of lamellas is larger than their average distance
apart. However, the degree of crystallization decreases with
increasing defect concentration. For understanding the struc-
tureeproperty relationship, theoretical investigations were car-
ried out using semi-empirical quantum mechanical methods,
empirical molecular dynamics simulations (MDS) and ab initio
quantum mechanical methods. Hasegawa et al. [26] reported
that the total potential energy difference between the a- and
b-phases is 0.3 kcal/mol by MDS. Using MDS, Takahashi
[27] predicted that the polar b-phase crystal is unstable with-
out long-range electrostatic interaction. He suggested that
electrostatic interaction controls the stability of the spontane-
ous polarization in the ferroelectric phase of PVDF. On the
basis of HartreeeFock (HF) calculations and experimental
phonon frequencies, Karasawa and Goddard [28] reported
energy differences among four different polymorphs of PVDF
(including a- and b-phases). Their results are within 1 kcal/
mol per monomer. They have also established two force fields
for MDS and predicted PVDF structures and properties. Li
et al. [29] calculated the b-chain (containing 11 monomer units)
of PVDF by HF/STO-3G and forecasted that the dipole
moment per monomer unit would increase if the length of
polymer chain increases. Wang et al. [30,31] calculated the
vibrational modes of b-chain with 11 monomer units using
HF/3-21G method. They proposed that frequencies in the
1330e1020 cm�1 range might be responsible for the sponta-
neous polarization. Farmer et al. [32], using MD potentials
to determine the chain conformation and packing energies,
confirmed that conversions between the a- and b-phases
should be energetically feasible, but increasing the concentra-
tion of head-to-head defects in PVDF would favor the forma-
tion of b-phase. Correia and Ramos [33] studied the effect of
both chain length and monomer inversion defect on electrical
properties of individual PVDF by a method combining MDS
with a self-consistent semi-empirical quantum mechanical
method. They predicted that the contribution of monomer
unit to dipole moment of the polymer has different outcome
(it would decrease for a- and increase for b-PVDF, but either
of them will converge to a constant), and the dipole moment
would decrease with increasing defect concentration.

From reviewing of literature, it is clear that many investiga-
tors believe energies due to short-range non-bonded interac-
tions determine the stability of different PVDF phases
[34,35]. For example, Furukawa concluded that the b-phase
is primarily stabilized by the van der Waals interaction, and
the coulomb interaction causes instability [34] based on the
potential energies of PVDF calculated by Hasegawa et al.
[26]. Tashiro and Kobayashi suggested that intramolecular ste-
ric repulsion between non-bonded fluorine atoms might be one
of the most important factors governing the transition behavior
of fluorine polymers based on the stability of the trans and
gauche conformations in the ferroelectric phase transition of
the related copolymers [35]. However, energies calculated by
the previous studies have significant errors because of the
crude approximations in the empirical and semi-empirical
quantum mechanical methods applied. Thus it is desirable to
re-examine the issue using more reliable state-of-the-art quan-
tum mechanical methods. In this study, we performed calcula-
tions on internal rotation potentials, geometries, and electrical
properties of a- and b-PVDF chains by using the first principle
density functional theory (DFT) at B3PW91/6-31G(d) level of
theory. For different conformations, energy differences, per-
manent dipole moment, molecular polarizability per monomer,
and vibrational spectra were obtained. The effects of chain
length and monomer inversion defects on electrical properties
and vibrational spectra of the a- and b-chains were examined.
Characteristic vibrational modes of the a- and b-chains were
assigned and compared with the experimental spectra.

2. Theoretical method

The advent of density functional theory has provided an al-
ternative means for including electron correlations in the study
of moderately large molecules [36e39]. In our previous sys-
tematic comparisons [40,41], a number of theoretical methods
including DFT at BPW91, B3LYP and B3PW91 levels of
theory, second order MøllerePlesset perturbation theory
(MP2), and quadratic configuration interaction at QCISD and
QCISD(T) levels with basis sets ranging from 6-31G(d,p) to
6-311G(2d,p) levels, have been examined for geometry
optimizations for all of the first and second row inorganic
molecules collected in the CRC Handbook of Chemistry and
Physics [42]. It was shown that B3PW91 reproduces the equi-
librium structures systematically better than the other
methods. We therefore employed B3PW91 (a combination
of the Becke’s three-parameter (B3) exchange functional
[43] and the correlation functional of Perdew and Wang,
PW91 [44]) in the current study. To balance accuracy and
computational cost, 6-31G(d) (valence double x plus d polari-
zation functions on heavy atoms) basis sets was used. The
Gaussian-03 package [45] was used for all the calculations.
We did not use p polarization functions for hydrogen atoms
so that we can use established frequency scaling factor
[46,47]. Calculations were performed for internal rotation
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potentials, geometry optimizations and vibration analyses of
PVDF a- and b-chain with different lengths as well as molec-
ular energy and dipole moment vectors (mx, my, mz). For vibra-
tional analyses, the molecular exact polarizability tensors,
axx

mol, axy
mol, ayy

mol, axz
mol, ayz

mol and azz
mol, were obtained, which,

e.g. axy
mol, is defined as the linear response to an externally

applied electric field [48]:

mind
x ¼ amol

xy Eext
y

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. For vibrational assignments, B3PW91/
6-31G(d) frequencies were scaled by scaling factor 0.9573
[46,47].

3. Results and discussion

3.1. Internal rotation

The internal rotation of PVDF chains is a key step for tran-
sition from one phase into another. Farmer et al. [32] reported
an energy barrier of about 10 kcal/mol by an empirical poten-
tial calculation. The barrier calculated by our B3PW91/6-
31G(d) is about 16.3 kJ/mol for the a / b transition in
a two-monomer-units model H(CH2CF2)e(CH2CF2)H as
shown in Fig. 1. The rotation begins and ends up at CeCe
CeC cis-conformation (denoted as 0� and 360�). It is interest-
ing to note that present energy barrier is much smaller than
that in Ref. [32]. It is also shown in Fig. 1 that our calculated
b / a transition energy barrier is 8.2 kJ/mol, almost half of
the value in Ref. [32].

In an X-ray crystallography investigation, Hasegawa et al.
[26] proposed that the a-phase is a distorted tgtg0 structure
with a carbon dihedral repeating motif of 45�. Lando and co-
workers [49,50] agreed with the Hasegawa conformation but
pointed out that statistical packing plays a role and proposed

Fig. 1. Internal rotation potential energy curve of PVDF chain units in

H(CH2CF2)e(CH2CF2)H.
a more ‘ideal’ tgtg0 conformation with g and g0 angles of about
60�. Hasegawa et al. also proposed that the b-phase conforma-
tion is a slightly distorted all-trans alternating planar zigzag
with an alternating �172� repeating motif [26]. The present
work (Fig. 1) shows that the tgtg0 conformation (a-chain) be-
tween g and g0 angle is about 55� and the b-chain conforma-
tion is a slightly distorted all-trans alternating planar zigzag
with �175� repeating motif. For b-chain, the present result
is close to that of Hasegawa et al. [26]. For a-conformation,
it is in between the values of Lando and coworkers [49,50]
and Hasegawa et al. [26]. As shown in Fig. 1, the all-trans
‘‘idea b-chain conformation’’ (with a carbon dihedral angle
of ideal 180�) is actually a transition state (confirmed by fre-
quencies analysis) in the path of internal rotation with very
small energy barrier of about 0.1 kJ/mol, predicting that the
carbon dihedral repeating motif of b-chain conformation
would be actually in an arbitrary angle at around 180�.

3.2. Geometry and stability

As shown in Fig. 2(a), the chains containing 2e21 mono-
mer units (using ideal b-chain with Cs symmetry) were exam-
ined in this study. The results indicate that the average distance
of adjacent monomer units decreases with increasing chain
length and converges to a nearly constant value of 2.567 Å.
It is in excellent agreement with the experimental value of
2.56 Å from X-ray diffraction [51]. This result implies that
the method employed in this work is quite reliable. The dis-
tances between the adjacent fluorine couples are almost a con-
stant with an average value of 2.674 Å. Those between the
adjacent hydrogen couples are also nearly a constant, but the
average value is 2.482 Å, smaller than that between adjacent
fluorine couples, predicting that the chain must be bent into
a circular structure as shown in Fig. 5(c).

The average energy differences, (Eb�Ea)/n, between a- and
b-chain PVDFs are shown in Fig. 2(b) for chains containing
5e20 monomer units (n¼ 5e20). It is shown that the energy

Fig. 2. (a) Average distances of adjacent monomer unit vs. chain lengths of b-

PVDF (right-hand axis) and (b) energy differences per monomer unit between

a- and b-PVDF chains [He(CH2eCF2)neH] ((Eb� Ea)/n) vs. chain lengths

(left-hand axis).
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difference increases with increasing chain length and con-
verges to a nearly constant value of about 10 kJ/mol. The mag-
nitude is obviously larger than those from literature (from 0.3
[26] to 1 kcal/mol [28]) obtained by MDS. This suggests that
the a-chain might be even more stable than previous predic-
tions. This may explain why it is necessary to subject PVDF
film to severe mechanical stretching and electric poling to
prepare polar b-phase [21e23].

3.3. Dipole moment and mean polarizability

Determined by conformation, stability of molecular aggre-
gate, electrical dipole and polarizability, the electrical
response properties are of fundamental importance in piezo-
electricity polymers. Since a typical polymer contains molec-
ular chains with some statistical distribution of chain length
and in order to examine the effects of chain length on the elec-
trical properties of PVDF, we calculated the average perma-
nent dipole moment m¼ (mx

2þ my
2þ mz

2)1/2/n and the mean
polarizabilities a¼ (axxþ ayyþ azz)/3n [48] for different
chain lengths (n units) as shown in Figs. 3 and 4. It is shown
in Fig. 3 that contribution per monomer unit decreases with in-
creasing chain length for both b- and a-chains. The magnitude
is about �1.2% per monomer in the b-chain. This is because
the dipole moment in individual monomer unit is perpendicu-
lar to the chain and the chain is curved, mainly due to electro-
static repulsion between F atom couples on one side as shown
in Fig. 5(c). The curvature radius for the chains containing 6e
20 monomer units is almost a constant of about 30.0 Å (actu-
ally within a very small range of 29.8e30.9 Å). This result for
b-chain PVDF is different from that obtained by the empirical
MDS [33], where the chain was predicted to be in beeline and
consequently the dipole contribution per monomer unit was
a constant. The magnitudes of contribution to the 20 units
model are 3.81� 10�30 C m for a- and 5.01� 10�30 C m for
b-chain. Thus, one of the most important means for achieving

Fig. 3. Dipole moment per monomer unit vs. PVDF chain length: (a) b-chain

and (b) a-chain.
higher spontaneous polarization is to force the polymer chains
in beeline by mechanical stretching.

For a single monomer unit in b-PVDF chain, which elimi-
nates the value reduction from chain curvature, the dipole mo-
ment is calculated to be 6.53� 10�30 C m as shown in Fig. 3.
This is in excellent agreement with the value of 6.4� 10�30

[15] and 7.0� 10�30 C m [16] (evaluated with all unit dipoles
in one direction), but is smaller than the result obtained from
CNDO calculations of 8.3� 10�30 C m [33].

Fig. 4 shows that the mean polarizability per monomer unit
in b-PVDF is slightly higher than that in a-PVDF. Chain
length does not seem to produce a significant effect on the
mean polarizability for either a- or b-PVDF. The mean polar-
izabilities per monomer unit are 3.56� 10�40 C m2 V�1 for
a- and 3.63� 10�40 C m2 V�1 for b-PVDF.

3.4. Inversion monomer defects

The effect of inversion monomer defects in both a- and
b-chains on electrical properties of PVDF is examined for
polymer chains having 15 and 20 monomer units with 1e3
inverted monomer units. The optimized structures of a- and
b-chains with three inverted units and without inverted mono-
mer unit defects are shown in Fig. 5. The positions of the three
inverted units in the 20-monomer a- and b-chains are marked
by arrows in Fig. 5(b) and (d). The molecular dipole moments
are shown in Fig. 6 and the polarizabilities are shown in Fig. 7.

Fig. 6 plots the molecular dipole moments of a- and
b-PVDF chains with 15 and 20 monomer units vs. the number
of inverted monomer unit defects located at the end (e), in
the middle (m), and at an arbitrary isolated (i) position of
the chain. It is shown that for both chain lengths, the dipole
moment of a- and b-PVDFs decreases with increasing defect
concentration but the dipole moment is not significantly
affected by defect locations. Typical numerical results are
listed in Table 1. They show that molecular dipole moment

Fig. 4. Mean polarizability per monomer unit vs. the PVDF chain length: (a)

b-chain and (b) a-chain.
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Fig. 5. B3PW91/6-31G(d) optimized structures of 20-monomer PVDF: (a) defect-free a-chain, (b) a-chain containing three isolated inversion monomer defects,

(c) defect-free b-chain, and (d) b-chain containing three isolated inversion monomer defects. The arrows indicate the position of the inversion monomer defects.
is reduced with increasing defects concentration for both
chain lengths.

Fig. 7 plots the molecular mean polarizability of polymer
chain (with 15 monomer units) as a function of the number
of defects for both a- and b-PVDF. It shows that neither the
defect location nor concentration has significant impact for

Fig. 6. Molecular dipole moments of a- and b-chain PVDFs vs. the number

of inverted monomer units and their positions (e, m and i denote the defect

located at the end, in the middle and at isolated position(s) of polymer chains,

respectively): (a) down triangle denotes b-chain with 20 monomer units, (b) up

triangle denotes b-chain with 15 monomer units, (c) closed marks denotes

a-chain with 20 monomer units, and (d) pentacle marks denotes a-chain

with 15 monomer units. The lines are a guide to the eye.
 the molecular mean polarizability of the a-chain. The presence
of inverted monomer units slightly decreases the value of
b-chain.

3.5. Vibrational spectra

The vibrational spectra for both a- and b-chain PVDF with
5e15 monomer units, with and without defect(s), were

Fig. 7. Molecular mean polarizability of PVDF chains with 15 monomer units

vs. the number of defects: (a) closed marks indicates b-chain and (b) trigonal

marks indicates a-chain. (e, m and i denote the defect located at the end, in the

middle and at isolated position(s) of polymer chains, respectively).
Table 1

Magnitudes of molecular dipole moments for different chain lengths and defect concentrations

Number of monomer units a-Chain PVDF b-Chain PVDF

na m/(10�30 C m) (Dm/m)� 100b na m/(10�30 C m) (Dm/m)� 100b

15 0 60.98 0.0 0 79.66 0.0

1 54.57 �10.5 1 70.79 �11.1

2 46.50 �23.7 2 60.56 �24.0

3 38.20 �37.4 3 50.24 �36.9

20 0 76.20 0.0 0 100.23 0.0

1 73.73 �3.3 1 93.12 �7.1

2 63.68 �16.4 2 83.93 �16.3

3 55.12 �27.7 3 75.16 �25.0

a Denotes the number of defects, n¼ 1 for one defect in the middle of the polymer chains, and n¼ 2e3 for defects at isolated positions.
b Denotes the percentage of dipole moment reduced.
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Fig. 8. Calculated IR spectra of a-chain PVDF by B3PW91/6-31G(d): (a) 5 monomer units, (b) 10 monomer units, (c) 15 monomer units, (d) 15 monomer units

with one inverted monomer unit defect located in the middle of the chain, (e) 15 monomer units with two isolated inverted monomer unit defects, and (f)

experimental.
calculated. Some of the infrared vibrational spectra of a-
PVDF are shown in Fig. 8. Fig. 8(a)e(c) are the simulated
spectra for chains having 5, 10 and 15 monomer units, respec-
tively. Fig. 8(d) and (e) are the simulated spectra for chains
with 15 monomer units having 1e2 inverted monomer unit de-
fects. Fig. 8(f) is the experimental spectrum (Aldrich catalog
No. 18270-2, CAS Number 24937-79-9, av. MW ca.
53,4000, film by N,N-dimethylformamide casting, resolution
2 cm�1, Thermo Nicolet Co.).

Comparison shows that the calculated spectra are in good
agreement with experiments, especially in the regions of
1085e1500 cm�1. The spectra can be divided into five bands
denoted in Roman numbers in the diagram for convenience of
discussion.

From the results of our calculations, we can make detailed
vibrational assignment for some of the observed bands in ex-
perimental spectrum. Band I is from CeH stretching mode
with relative weak IR intensities. The calculated frequencies
are about 150 cm�1 higher than experimental. This is a well-
known [47] deficiency of theoretical calculations. Band II
with higher relative intensity corresponds to CeH rocking
modes, the calculated frequency range 1398e1500 cm�1

matches experimental result 1362e1462 cm�1 very well.
Band III covers a larger range (1000e1350 cm�1, bandwidths
D¼ 350 cm�1) and is consistent with experiments (930e
1340 cm�1, D¼ 410 cm�1) as well as previous calculations
[31]. CH twisting and wagging modes are responsible for
this band. Although the calculated intensities in the frequency
range of 1085e1350 cm�1 match the experiments well, those
in the range of 1000e1085 cm�1 are significantly lower than
experiments. This difference may be from the defects in the
commercial PVDF as shown in (d) and (e). Bands IV (760e
950 cm�1, D¼ 190 cm�1 in (c), and 760e920 cm�1 in (f))
and V (450e640 cm�1, D¼ 190 cm�1 in (c), and 460e
620 cm�1 in (f)) are the vibrational modes mainly from the
eCH2 and eCF2 rocking and skeletal bending. The inherent
frequencies of a-PVDF at 525 (CF2 bending), 616 and
772 cm�1 (CF2 bending and skeletal bending) are in excellent
agreement with the experimental observations (530, 615 and
765 cm�1, respectively) [52]. Fig. 8(d) and (e) shows that
the introduction of defects has improved the theoretical spec-
trum in bands II and III, making them more close to the
observations. The improvement becomes more evident with
higher defect concentration. Therefore, the broadening (with
respect to (c)) of the bands may be largely due to the localized
modes associated with inversion monomer defects [53,54] in
the commercial PVDF.

Fig. 9 shows the simulated IR spectra of b-chain PVDF.
Fig. 9(a)e(c) is the spectra for chains having 5, 10 and 15
monomer units, respectively. Fig. 9(d) and (e) are the spectra
of 15 unit chains having 1 and 2 inverted monomer unit
defects, respectively. Fig. 9(f) is the partial spectra of (c) in
the range of 830e890 cm�1.

The IR spectra for different chain length and inverted
monomer units in b-chains are similar to those of the a-chains.
The most distinguishable vibrational modes are found in bands
III, IV and V. In band III, peaks at 1347 and 1288 cm�1 have
the highest intensity. The 1347 cm�1 mode corresponds to
all of the CF (C bonded to F atoms) atoms symmetrically
moving in-plane and perpendicular to the polymer chain. The
1288 cm�1 mode corresponds to all of the out-of-plane eCH2

twisting and CeF bond stretching (only CF moving in the CF2

plane). The peak at 930 cm�1 with medium intensity and the
very weak peaks at 836, 842 and 847 cm�1 in band IV are
also characteristic modes of b-chain PVDF. The 930 cm�1

peak corresponds to all of the eCH2 rocking collectively
asymmetrical to the symmetry plane of the molecular point
group Cs (i.e. a mode having A00 symmetry). The 836, 842
and 847 cm�1 modes correspond to all of the eCH2 groups
moving asymmetrically in-plane and perpendicular to the
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Fig. 9. Calculated IR spectra of b-chain PVDF by B3PW91/6-31G(d): (a) 5 monomer units, (b) 10 monomer units, (c) 15 monomer units, (d) 15 monomer units and

one defect located in the middle of chain, (e) 15 monomer units and two isolated defect in the chain, and (f) partial spectrum of b-chain with 15 monomer units.
polymer chain (Fig. 9(f)). Another medium strong peak at
876 cm�1 is also a characteristic mode corresponding to all
of the eCH2 groups collectively and symmetrically moving
in-plane and perpendicular to the polymer chain in band IV,
although the wave number is very close to a medium strong
peak in the a-phase spectrum in Fig. 8(c) at 877 cm�1. Band
V has two medium peaks close to each other at 449 and
463 cm�1 and one very weak peak at 508 cm�1 distinguishable
to that in the a-phase (where a single medium intense peak
at 490 cm�1 was found). The 449 and 463 cm�1 modes are
from eCF2 and eCH2 in-plane rocking, and the 508 cm�1 is
from CF2 scissoring with all of the eCH2 collectively and
symmetrically moving in-plane and perpendicular to the
polymer chain.

The experimental and theoretical results obtained from
different studies show some intrinsic vibrational bands of
b-PVDF at 511 (CF2 bending) [52,55], 840 (CH2 rocking)
[52,55,56] and 1279 cm�1 (CF out-of-plane deformation)
[30,31,55]. Our calculated frequencies at 508, 836, 847, 876
and 1288 cm�1 are consistent with experimental observations
except the very weak intensities of the 836 and 847 cm�1

modes. The calculations indicate other peaks at 1347, 930,
463 and 449 cm�1 are potential references for further identifi-
cation of the b-PVDF.

Nevertheless, several problems may be encountered in an-
alyzing the spectrum of a given PVDF sample since the prep-
aration of an ideal b-phase PVDF is generally difficult. The
spectrum will be largely dependent on molecular mass distri-
bution, head-to-head and tail-to-tail defects, crystalline nature
and orientation, thickness of sample, and on the experimental
conditions such as sample types and light polarizations. For
example, the b-phase spectral data even depended strongly
on the diameter of diaphragm [57] in the IR spectrometer
and melting process [58].

Fig. 10 shows the simulated Raman spectra of a- and
b-chain PVDF with 12 monomer units. It is shown that the
spectra are quite different. The peaks for b-PVDF at 876 (all
eCH2 collectively and symmetrically moving in-plane and
perpendicular to the polymer chain), 1076 (all eCH2 rocking)
and 1207 cm�1 (CeH twisting) may be characteristic
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Fig. 10. Simulated Raman spectra of PVDF (with 12 monomer units): (a) b-chain and (b) a-chain.
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vibrational modes. The peaks for a-PVDF at 407 (CH2 wag-
ging out-of-plane), 614 (skeletal bending), 813 (eCH2 rock-
ing) and 1170 cm�1 (CH2 twisting) might also be used for
identification.

4. Conclusion and remarks

In this study, DFT-B3PW91/6-31G(d) has been employed
to investigate the internal rotation potentials, geometries, rela-
tive stabilities, vibrational spectra, dipole moments and mean
polarizabilities of the a- and b-chain PVDF. Effects of chain
length and monomer inversion defects on the electric proper-
ties and vibrational spectra have been discussed. The follow-
ing are conclusions and remarks derived from our theoretical
calculations.

1. The internal rotation potential of the H(CH2CF2)e
(CH2CF2)H model shows that the tgtg0 conformation
between g and g0 angle is about 55� in the a-chain. The
b-chain conformation is a slightly distorted all-trans alter-
nating planar zigzag with �175� repeating motif. The
a / b transition energy barrier is 16.3 kJ/mol (compared
to 10 kcal/mol in literature), and b / a is 8.2 kJ/mol
(compared to about 16e17 kJ/mol in literature).

2. In ideal b-chain PVDF, the average distances of the adja-
cent F atom couples and H atom couples are 2.674 and
2.482 Å, respectively. The average distance of the adjacent
monomer unit is 2.567 Å, in good agreement with the
experimental value of 2.56 Å from X-ray diffraction. The
curvature radii for ideal b-chains containing 6e20 mono-
mer units are almost a constant of about 30.0 Å.

3. The energy difference per monomer unit between b- and
a-chains increases with increasing chain length and con-
verges to a nearly constant value of about 10 kJ/mol (com-
pared with 0.3 kcal/mol in literature).

4. Dipole moment contribution per monomer unit in a- and
b-chain is 3.81� 10�30 and 5.01� 10�30 C m, respec-
tively, for a 20-monomer unit chain. The decrease of
dipole moment contribution per monomer with increasing
chain length is found mainly due to chain bending. How-
ever, chain length does not produce a significant impact on
mean polarizability for a- and b-chain PVDF. For a 15-
monomer units chain, the mean polarizability per mono-
mer unit in b-chain, 3.63� 10�40 C m2 V�1, is slightly
higher than the value, 3.56� 10�40 C m2 V�1, in a-chain.

5. The molecular dipole moment decreases with increasing
defect concentration for both a- and b-chains PVDF, but
it is not affected significantly by defect locations in the
polymer chain. The presence of inverted monomer units
hardly changes the molecular mean polarizability in a-
chain, but it will slightly decrease the mean polarizability
of b-chain.

6. The calculated IR spectra are in good agreement with
experiments. Detailed vibrational assignments were given
based on our calculated results. Vibrational bands with
potential a- or b-PVDF identification were proposed. The
results also show that the invert monomer unit defects in
the a- and b-chains will split the peaks and broaden the
bands. Calculated Raman spectrum provides more infor-
mation for the identification of the a- or b-phase PVDF.
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