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INTRODUCTION

Polyvinylidene fluoride (PVDF) is a chemically in�
ert but electronically active thermoplastic polymer. It
has a variety of applications [1–8]. It is commonly
used in chemical, medical and defense industries. The
piezoelectric and pyroelectric responses of PVDF rival
those of ceramics. Lower cost, large area, flexibility,
and low acoustic impedance are among the advantages
of PVDF over ceramics due to its polymeric nature.
Strong piezoelectric properties, stability to UV radia�
tion and high continuous�use temperature make
PVDF suitable for various IR integrated optics appli�
cations [5]. The cylindrical microlenses and microlens
arrays can be fabricated by CO2 laser irradiation of
polyvinylidene fluoride substrate. The natural flame
retardancy and flexibility of PVDF leads to many uses
in the jacketing of fiber optic cables, fiber optic race�
ways and copper cable used in plenum areas of build�
ings. The mechanical properties and cytotoxicity (bio�
compatibility) of polyvinylidene fluoride and hy�
droxyapatite (HAP) composites are used in bone
restoration and filling [6]. Microfabricated piezoelec�
tric PVDF structures could find applications in the
fabrication of mechanically active tissue engineering
scaffolds, and the development of dynamic sensors at
the cellular and subcellular levels. Polymer electrolytes
based on polyvinylidene fluoride have wide applica�
tions in lithium batteries and proton fuel cells [7]. 

The chemical structure of PVDF (–CH2–CF2–),
intermediate between polyethylene and polytetrafluo�
roethylene, gives the polymer chain both flexibility
and some stereo�chemical constraints. Consequently,
PVDF exhibits polymorphism with at least five phases

found experimentally depending on the crystallization
temperature, mechanical stress, casting solvent, elec�
tric field and other crystallization conditions [9]. Five
crystal phases with different conformations are all�
trans (ttt) planar zig�zag β�phase, tgtg' (g denotes
gauche form) α� and δ�phases, and t3gt3g' γ� and ε�
phases [10, 11]. Since the C–F bond is a polar bond,
different phases of PVDF possess different amount of
net dipole moment. The β�phase has the highest di�
pole moment per unit, as in this conformation all the
diploes are aligned in the same direction [12]. In the
cases of polar β�, γ� and δ�phases, the polymer chains
pack into crystals with parallel dipoles, hence the crys�
tal possesses a net dipole moment whereas, in the cases
of non�polar α� and ε�phases, they do with anti�par�
allel dipoles hence the net dipole moment vanishes.
Among these phases, the β�phase has the highest
spontaneous polarization in a unit crystal cell [13].
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
β�phase has attracted technological interest. 

FTIR spectroscopy is a major technique for inves�
tigating polymer sample in terms of composition as
well as constituents’ distribution. Apart from different
chemical distributions in the sample, the spectrosco�
pist is also able to visualize areas with different degree
of crystallinity or preferred orientation and by these
means ensure reliable data about the quality of the in�
vestigated sample, manufacturing process, etc. Raman
spectroscopy is a nondestructive analytical technique
and is complementary in nature to infrared spectros�
copy. This can provide information from functional
groups with vibration modes that are weak or unre�
solvable by FTIR. Normal mode analysis helps in pre�
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cise assignments and identification of spectral features
of a molecule of known structure and force field. In
general, the IR absorption, Raman spectra from poly�
meric systems are very complex and cannot be unrav�
eled without the full knowledge of dispersion curves.
One cannot appreciate the origin of both symmetry
dependent and symmetry independent spectral fea�
tures without the knowledge of dispersion curves. The
dispersion curves also facilitate correlation of the mi�
croscopic behavior of the long chain molecule with the
macroscopic properties such as entropy, enthalpy, spe�
cific heat etc. In continuation of our work on normal
coordinate analysis and phonon dispersion in a variety
of polymers in different conformations [14–17], we
present here a complete normal mode analysis of
PVDF (β�form) with phonon dispersion in the first
Brillouin zone using the Urey–Bradley force field
(UBFF) [18]. 

The infrared and Raman spectra of PVDF have
been studied by many workers [19–22], however, these
studies suffer from one or the other infirmities. Enom�
oto et al. [19] have reported limited studies on the vi�
brational spectrum of PVDF. They have worked out
the spectra of the polymeric form without introducing
phase factor between successive units. Boerio and
Koenig [20] have performed normal mode analysis us�
ing valence force field that does not take into account
non�bonded interactions in both gem and tetra posi�
tions and tension terms. They have also not reported
the dispersive behavior of the polymer. Lack of infor�
mation on the dispersive behavior of normal modes in
many polymeric systems has been responsible for in�
complete understanding of polymeric spectra. The
study reported by Wang et al. [21] using DFT is fo�
cused mainly on piezoelectric behavior. They simulat�
ed the vibrational spectra, which is limited only to
zone center frequencies, and in practice, there are ab�
sorption bands beyond the zone center. The problem
of PVDF has been attempted by Tadokoro et al. [22]
also. They have considered the crystalline form and
evaluated the dispersion curves. This is a difficult
problem because of the large number of interactions
involved, which are even difficult to visualize. Even the
physical dimensions of the secular equation become
intractable. Since they have used valence force field,
which takes into account only limited interactions, it
is very difficult to comment on its veracity. Normally
one starts with a full solution for an isolated chain,
which broadly gives profile of the dispersion curves as
least for weak interactions. A transition from linear
chain to crystalline form only results in splitting at the
zone centre and zone boundaries depending on the
crystal field symmetry as reported by neutron inelastic
and coherent scattering [23]. These are a couple of
other things, which have to be checked for a three�di�
mensional system, e.g., the regions of high density�of�
states (von�Hove type singularities) in the dispersion
curves should be reflected in additional absorption
bands in Raman or IR spectra. There should be many

more absorption bands in Raman or IR spectra be�
cause of the presence of regions of high density�of�
states in the dispersion curves reported by Tadokoro
et al. [22]. Their absence does not support the three�
dimensional model used by them. In addition to the
above, we feel that for detailed spectroscopic and dy�
namic study of macromolecules, a force field is re�
quired that not only predicts structures and thermody�
namic quantities but also reliably reproduces data to
spectroscopic standards, i.e., vibrational frequencies.
The Urey–Bradley force field (UBFF) used by us has
certain advantages over the valence force field:
(1) Relatively less number of parameters are required
to express the potential energy. (2) No quadratic cross
terms are included in the potential energy expression.
(3) The force constants are supplemented by the re�
pulsive forces between non�bonded atoms, which sim�
ulate the van der Waals force between them. It gives a
better description of intra and inter unit interactions
and arbitrariness in choosing the force constants is re�
duced, thereby enabling us to arrive at a better force
field. In view of the above, it was felt necessary to have
a re�look at the dispersive behavior of a linear chain of
PVDF, particularly van Hove type singularities, which
give rise to additional absorption bands, which also af�
fect thermodynamic behavior. We have also calculated
the values of heat capacity in the range 10–210 K and
matched with the experimental values obtained from
ATHAS data bank reported by Wunderlich et al. [24].
To the best of our knowledge, such detailed studies
leading to correlation between the microscopic behav�
ior and macroscopic properties of this polymer have
not yet been reported.

THEORY

Calculation of Normal Mode Frequencies

The calculation of normal frequencies has been
carried out according to Wilson’s GF matrix method
[25] as modified by Higg’s [26] for an infinite chain.
This method consists of writing inverse kinetic energy
matrix G and the potential energy matrix F in terms of
internal coordinates R. In the case of an infinite isolat�
ed helical polymer, there are an infinite number of in�
ternal coordinates, which lead to G and F matrices of
infinite order. Due to the screw symmetry of the poly�
mer, a transformation similar to that given by Born and
Von Karman can be performed which reduces the in�
finite problem to finite dimensions.

The transformation consists of defining a set of
symmetry coordinates

,

where δ is the vibrational phase difference between the
corresponding modes of the adjacent residue units.

∞

=−∞

δ = δ∑( ) exp( )n

s

S R is
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The elements of the G(δ) and the F(δ) matrices
have the form

 

For any given phase difference δ (other than 0 or π),
the G(δ) and the F(δ) matrices are complex. In order
to avoid the difficulties involved in handling complex
numbers, methods have been devised to transform the
complex matrices into equivalent real matrices by
constructing suitable linear combinations of the coor�
dinates. One method of transforming a complex ma�
trix to its real matrix equivalent is through a similarity
transformation. It can be shown that any complex ma�
trix H = M + iN can be replaced by the real one 

 

In the present case, we can write G(δ) = GR(δ) + iGI(δ)
and F(δ) = FR(δ) + iFI(δ), where GR(δ), FR(δ), GI(δ),
FI(δ) are real and imaginary parts of G(δ) and F(δ).

The product H(δ) = G(δ) F(δ) becomes:

where

The matrix H (δ) now has dimensions 2N × 2N. The
eigenvalues therefore occur in pairs of equal values.
The difficulty of dealing with complex numbers is thus
avoided.

The vibrational secular equation that gives normal
mode frequencies and their dispersion as a function of
phase angles has the form

(1)
The vibration frequencies ν(δ) (in cm–1) are related to
the eigen values λ(δ) by the following relation:

(2)
Potential energy for the Urey–Bradley force field

used in the present work can be written as 

(3)

where the symbols have their usual meanings. The
primed quantities are introduced as internal tensions.
Non�bonded interactions involve attraction and re�
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pulsion of atoms due to nth overlap of their electron
shells. These effects are usually expressed by the 6�exp
or 6–12 type potentials. The tension terms are as�
sumed zero. 

Force Constant Evaluation

The force constants were obtained by the least
square fitting. In order to obtain the “best fit” with the
observed frequencies, the following procedure was
adopted. Initially, approximate force constants were
transferred from polyethylene [27] and those related to
fluorine by polytetrafluoroethylene [28]. Thus, start�
ing with the approximate F matrix F0 and the observed
frequencies λobs (related through a constant), one can
solve the secular matrix equation: 

(4)

Let  in the above equation, it can be
shown that in the first order approximation 

,
where j is computed from L0.We wish to compute the
corrections to F0 so that the errors Δλ are minimized.
We use the theory of least square and calculate 

, (5)
where p is a weighting matrix and j' is the transpose of
j. The solution to this equation is obtained by inverting
(j'pj) to give 

(6)
If the number of frequencies is greater than the num�
ber of matrix elements, the matrix j'pj should be non�
singular and we obtain the correction ΔF, which will
minimize the sum of weighted squares of the residuals.
If the corrections ΔF are fairly large, the linear relation
between force constant and frequency term in the ma�
trix Eq. (4) breaks down. In such a situation, further
refinement using higher order terms in Taylor’s series
expansion of Δλi is needed. This procedure was devel�
oped by Kings and others [29].

Calculation of Heat Capacity

Dispersion curves can be used to calculate the spe�
cific heat of a system. For a one�dimensional system,
the density of state function or the frequency distribu�
tion function expresses the way energy is distributed
among the various branches of normal modes in the
crystal. It is calculated from the relation

(7)

The sum is over all the branches j. If we consider a
solid as an assembly of harmonic oscillators, the fre�
quency distribution g(ν) is equivalent to a partition
function. The constant volume heat capacity can be
calculated using Debye’s relation

(8)

0 0 0 0GF L L= λ

i iobs ioΔλ = λ − λ

j FΔλ = Δ

Δλ = Δ' '( )j p j pj F
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with g(νi)dνi = 1.
The constant volume heat capacity C

v
, given by

Eq. (7) is converted into constant pressure heat capac�
ity Cp using the Nernst–Lindemann approximation 

Cp – C
v = 3RA0( T/C

v
Tm), (9)

where A0 is a constant, having value 3.9 × 10–3 K Mol/J
and Tm is the estimated equilibrium melting tempera�
ture, 483 K in this case. 

RESULTS AND DISCUSSION

PVDF (β�form) has an orthorhombic crystal struc�
ture with space group Cm2m�C2v having lattice con�
stants a = 8.58 Å, b = 4.91 Å and c (fiber axis) =
= 2.56  Å [22]. There are six atoms in one repeat unit
of PVDF (–CH2–CF2–) (Fig. 1) which give rise to
14 optically active vibrations of non�zero frequencies.
The four modes for which ω → 0 as δ → 0 are called
acoustic modes. They are due to translation (one par�
allel and two perpendiculars to the chain axis) and one
due to rotation around the chain axis.

The vibrational frequencies were calculated from
the secular equation [1] for values of δ varying from 0
to π in steps of 0.05π. Initially approximate force con�

2
pC

stants were taken from the potential field data of poly�
ethylene [27] and those involving fluorine atoms from
polytetrafluoroethylene [28]. These were later refined
to give the “best fit” to the observed IR and Raman
spectra [22, 30]. We have used the Urey–Bradley force
field. The assignments were made on the basis of po�
tential energy distribution (PED), band shape, band
intensity and appearance/disappearance of modes in
similar molecular groups placed in similar environ�
ment. The final force constants along with the internal
coordinates are given in Table 1. There is a wide differ�
ence in the force constants used by earlier workers [20,
22] and the present one. This is much too obvious be�
cause the Urey–Bradley force field covers a wide po�
tential surface including non�bonded interactions and
tension terms. This is widely reflected in the off�diag�
onal elements of F�matrix and the profile of the dis�
persion curves. The matched frequencies along with
their potential energy distribution (PED) are given in
Table 2.

The dispersion curves are plotted in Fig. 2a from 0
to 1500 cm–1. Since all the modes above 1500 cm–1 are
non�dispersive in nature, the dispersion curves are
plotted only for the modes below 1500 cm–1. For the
sake of simplicity, the modes are discussed under three
heads: CH2 modes, CF2 modes and skeletal modes. All
the modes of CH2 and CF2 have been confirmed by
L�vector analysis.

CH2 Modes

The CH2 asymmetric and symmetric stretches cal�
culated at 3020 and 2984 cm–1 match well with the ob�
served frequencies at 3022, 2980 cm–1 in IR and 3020,
2984 cm–1 in Raman spectra. These are highly local�

Fig. 1. Chain structure of PVDF (β�form).

Table 1.  Internal coordinate and Urey–Bradley force con�
stants

Internal coordinates Force constants

ν[C–H] 4.50

ν[C–C] 1.87

ν[C–F] 3.12

φ[H–C–C] 0.54(0.30)

φ[H–C–H] 0.36(0.28)

φ[C–C–F] 0.48(0.64)

φ[C–C–C] 0.30(0.20)

φ[F–C–F] 0.75(0.90)

τ[C–C] 0.034

Note: 1. ν, φ and τ denote stretch, angle bend and torsion, respec�
tively.
2. Non�bonded force constants are given in parentheses.
3. Unit of force constants for stretch is md/Å, for angle bend is
md/Å rad–2 and for torsion is mdÅ.
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ized modes and hence non�dispersive in nature. The
CH2 scissoring mode is calculated at 1436 cm–1 and is
assigned to the peak observed at 1428/1435 cm–1 in the
IR/ Raman spectra. This mode also, does not couple
with others and hence non�dispersive. The mode ob�
served at 1398 cm–1 in IR has major contribution from
CH2 wagging. This mode has a small contribution
from C–C stretching also and is in agreement with the
assignment made by earlier workers [20, 22]. The
mode observed at 1273 cm–1 in IR has been assigned to
C–F and C–C stretching by Tadokoro et al. [22] and
to C–F stretching, CF2 rocking by Boerio and Koenig
[20]. Our calculations show that this is a CH2 twisting
mode, which is in the same range as in other polymers
shown in Table 3. Our assignment has further support
by the fact that the C–F stretching vibrations occur in
the frequency region about 1050 cm–1 [31]. The
modes calculated at 1185 and 877 cm–1 consists of
CH2 rocking, which is in the usual range. In both these
modes, C–F stretching is mixed with CH2 rocking.

It is interesting to compare the CH2 modes in poly�
ethylene (PE) [32] and other halide derivatives of
polyethylene, i.e., polyvinylidenefloride (PVDF) and
polyvinylidenechloride (PVDC) [33] (Table 3). In PE,
the CH2 group is placed between two identical groups
whereas in PVDF it is sandwiched between two CF2

groups. The latter provides a much stronger interac�
tion and hence, as expected, the frequencies of CH2

group modes appear higher in PVDF than in PE. Sim�
ilar trend is seen in case of PVDC also (except for wag�
ging). This difference could be due to PVDC going in�
to helical structure. 

CF2 Modes

The C–F asymmetric and symmetric stretching is
calculated at 1185, 877 cm–1 and 1070, 760 cm–1, re�
spectively. The intense peaks at 1176, 884 cm–1 and
1071, 840 cm–1 in IR [22] are assigned to these vibra�
tions. The stretching vibrations of carbon�fluorine,
which is highly polar bond give strong intensity in in�
frared spectra as the IR is associated with the change
in permanent dipole moment. On the contrary, the
Raman lines are less intense as they are governed by
changes in induced dipole moment during vibrations
[34]. The CF2 stretching vibrations are strongly cou�
pled in contrast to the CH2 stretching vibrations. This
coupling takes away the group character of these fre�
quencies and adds to the dispersive behavior. The same
is evident from the PED given in Table 2. In addition
to the C–F stretching, the CF2 deformation modes are
also highly coupled and these dominate in the lower
frequency range. The mode calculated at 511 cm–1 is
assigned to CF2 scissoring and is in agreement with
other authors [20, 22]. This mode exhibits the largest
dispersion of 145 wave numbers. The CF2 rocking and
wagging modes are calculated at 489, 417 cm–1, re�
spectively, and are assigned to the peaks at 468,
442 cm–1 in IR. These two peaks are characteristic of
β�chain as in case of α�phase a single peak of medium
intensity is found at 490 cm–1 [21]. A comparison of
the CH2 and CF2 modes in α� [35] and β�form of
PVDF is given in Table 4. The CF2 twisting mode cal�
culated at 277 cm–1 is assigned to peak observed at
268 cm–1 in the Raman spectra. It shows a large dis�
persion of 80 wave numbers, reaching 357 cm–1 at the
zone boundary. Table 5 shows the growing tendency of
increased coupling on increasing fluorine substitution
and this effect is reflected in the dispersion curves of
PTFE [28]. 

Skeletal Modes

The modes that involve the motion of the backbone
atoms are termed as skeletal modes. The mode calcu�
lated at 976 cm–1 corresponds to the peak observed at
980 cm–1 in the Raman spectra. It has major contribu�
tion from skeletal stretches and a small contribution
from CF2 wagging. Boerio and Koenig [20] and
Tadokoro et al. [22] have assigned this mode to CH2

twisting. On observing the dispersive behavior of this
mode, we see that at δ = 0.70π, this mode exchanges
character with the mode at 877 cm–1 consisting of
C⎯F stretching and CH2 rocking. After the exchange
of character, this has contribution from CH2 rocking.
Interestingly it is analyzed through L�vector analysis
that the rocking character of this mode is converted in�
to twisting one at δ = 0.75π. The character of this
mode remains twisting until the zone boundary. This
explains the assignment made by other authors [20, 22]

Table 3.  Comparison of CH2 modes of PVDF, PVDC and PE

CH2 modes PVDFa PVDCb PEc 

Asymmetric stretch 3022 2982 2883

2919*

Symmetric stretch 2980 2947 2848

2851*

Scissoring 1428 1403, 1358 1416

1473*

Wagging 1398 1409, 1403, 1358 1175

1370*

Twisting 1273 1265, 1180 1050

1296*

Rocking 1176, 884 980, 752 1170

734*

Note: 1. All frequencies are in cm–1.
2. a, b and c marked frequencies are taken from Refs. [22], [33] and
[27], respectively.
3. Unmarked and * marked frequencies correspond to zone centre
and zone boundary, respectively.
4. PVDF – Polyvinylidene fluoride, PVDC – Polyvinylidene
chloride, PE – Polyethylene.
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to twisting mode. Other skeletal stretch modes are cal�
culated at 1070 and 760 cm–1. In both these modes,
skeletal stretch C–C and skeletal bending C–C–C is
present along with the C–F stretching. The backbone
torsion appears in modes at 877 and 489 cm–1. All
these modes are highly coupled mixed modes and
show appreciable dispersion. 

Characteristic Features of the Dispersion Curves

Dispersion curves provide knowledge of the degree
of coupling and information concerning the depen�
dence of the frequency of a given mode on the se�
quence length of ordered conformations. Thus, the
study of phonon dispersion in polymeric systems is an
important study. The CH2 twisting mode at 1271 cm–1

shows a large dispersion of 83 wave numbers. As phase
factor δ increases, the contribution of twisting de�
creases slowly whereas that of C–F stretching comes
in. The mode at 1185 cm–1 consists of C–F stretch,
CH2 rocking and CF2 rocking. Both these modes di�
verge from each other right at the zone centre. Such a
divergence is generally the result of repulsive coupling.
This widens the PED within the entire zone in the di�
verging modes. The mode at 1185 cm–1, as it progress�
es in the Brillouin zone suffers a repulsion at δ = 0.65π
with the zone centre mode at 1069 cm–1. As usual, it
undergoes an exchange of character at the repulsion
point. In this case, it was difficult to decide whether
there is a crossing or repulsion. For this, calculations
at very close intervals of δ = 0.001π have been per�
formed and the change in potential energy was closely
watched. This combined with symmetry consider�
ations confirmed that they were indeed repulsions not
crossings over. On the basis of quasi particle�particle
scattering, this phenomenon of exchange of character
may be viewed as a collision of two quasi particles in
the energy momentum space, approaching each other
and moving apart after exchanging their energies. This
special characteristic of dispersion curves, repulsion
and exchange of character is seen in other pair of
modes also viz. modes at 1185, 1070 cm–1 and 976,
877 cm–1. All such modes are listed in Table 6 along
with their PED’s before and after the exchange of
character. No crossings are observed in the dispersion
curves. The lower frequency modes are generally more
sensitive to chain conformation and exhibit greater
dispersion. The CF2 scissoring mode at 511 cm–1

shows a large dispersion of 145 wave numbers. It has a
little contribution of C–C–F bending and a trace of
skeletal C–C–C bending also. This mode disperses a
little initially but shows appreciable dispersion after
δ = 0.40π beyond which the contribution of C–C–C
bending starts increasing sharply. At the zone bound�
ary, this contribution becomes 22%. With the advance�
ment of δ, the contribution of scissoring decreases in
this mode and shifts gradually to the mode at 417 cm–1

whereas the contribution of wagging in the mode at

Table 4.  Comparison of CH2 and CF2 modes in α� and β�
form of PVDF

CH2/CF2 modes

PVDF
(β�form)a

PVDF
(α�form)b

IR Raman IR Raman

CH2 Asymmetric stretch 3022 3030 3071 3072

3068 3068

CH2 Symmetric stretch 2980 2984 3016 3016

3011 3010

CH2 Scissoring 1428 1435 1407 1403

1401 1402

1353 1354

1337 1342

CH2 Wagging 1398 1400 1407 1403

1401 1402

1353 1454

1337 1342

CH2 Twisting 1273 1274 1004 1014

913 913

CH2 Rocking 1176 1180 831 829

884 885 768 769

CF2 Asymmetric stretch 1176 1180 1291 1294

1254 1253

CF2 Symmetric stretch 884 885 1151 1161

1077 1078

CF2 Scissoring 508 514 508 510

465 464

CF2 Wagging 442 445 465 464

279 279

CF2 Twisting – 268 339 339

279 279

CF2 Rocking 468 475 392 392

389 389

Note: 1. All frequencies are in cm–1.
2. a and b marked frequencies have been taken from Refs. [22] and
[35], respectively.

Table 5.  Comparison of CF2 modes of PVDF and PTFE

CF2 modes

PVDF
Cal. Freq. (cm–1)

PTFE*
Cal. Freq. (cm–1)

δ = 0 δ = π δ = 0 δ = π

Asym. stretch 1185 1039 1444 1230
Symm. stretch 1070 964 725 1155
Asym. stretch 877 884 1444 1230
Symm. stretch 760 768 725 1155
Scissoring 511 656 383 280
Rocking 489 515 527 300
Twisting 277 357 304 185

Note: 1. * Marked frequencies have been taken from Ref. [28].
2. PVDF – Polyvinylidene fluoride, PTFE – Polytetrafluoroeth�
ylene.
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417 cm–1 shifts to the upper mode in a gradual manner.
This phenomenon continues until δ = 0.45π where the
mode at 417 cm–1 suffers a repulsion and an exchange
of character with the CF2 rocking mode just above it
(489 cm–1). Another interesting phenomenon ob�
served in the dispersion of CF2 modes is seen in the
CF2 twisting mode at 277 cm–1. At the point of repul�
sion and character exchange of the above�mentioned
modes, the twisting mode also becomes a rocking
mode whereas the wagging mode at 417 cm–1 at the
zone centre becomes a twisting mode at the zone
boundary. The character of these modes at different
phase angles is listed in Table 7. To sum up, the forego�
ing discussion shows that the vibrational dynamics of

an infinite system especially away from the zone centre
and the zone boundary is a very complex phenome�
non. The modes are not normal modes and are not
controlled by symmetry. Their repulsive behavior, ex�
change of character etc. are difficult to analyze, much
more so if the system is semi�crystalline in nature.

Frequency Distribution Function and Heat Capacity

Frequency distribution function has been obtained
from the dispersion curves and plotted in Fig. 2b. The
peaks in the frequency distribution curves correspond
to the regions of high density of states (van Hove type
singularities) [36]. These peaks compare well with the
observed frequencies. The knowledge of density of
states can be used to obtain the thermodynamic prop�
erties such as heat capacity, enthalpy etc. We have cal�
culated the heat capacity of PVDF in the temperature
range 10–210 K. K. Loufakis and B. Wunderlich [24]
have reported experimental and theoretical heat ca�
pacity data for PVDF. The analysis is based on separa�
tion of the vibrational frequency spectrum into group
and skeletal vibrations. The former are taken from
computations fitted to IR and Raman data and the lat�
er by using the two parameter Tarasov model [24] and
fitting to low temperature heat capacities. However,
this approach has its own limitations, especially when
the modes are strongly coupled. Separation of vibra�
tional spectra into group and skeletal spectrum is jus�
tified only in the high frequency region where the
modes are pure. Below 1200 cm–1 the modes get
heavily mixed up as is evident from Table 2. Calculated
heat capacity is shown in Fig. 3 by a continuous line
and points represent the experimental data of PVDF.

Table 6.  Characteristic features of dispersion curves

Pair of modes that repel and exchange character

Freq.
(δ = 0) (δa/π)

Before Exchange After Exchange

(δb/π) Freq. % PED (δb/π) Freq. % PED

1185 0.65 0.60 1064 ν[C–F] (35) + φ[C–C–H] (45) +
φ[C–C–F] (15)

0.70 1046 ν[C–F] (35) + ν[C–C] (46) +
φ[F–C–F] (14)

1069 0.65 0.60 1050 ν[C–F] (31) + ν[C–C] (44) +
φ[F–C–F] (14)

0.70 1037 ν[C–F] (35) + φ[C–C–H] (45) + 
φ[C–C–F] (15)

976 0.70 0.65 916 ν[C–C] (70) + φ[C–C–F] (18) 0.75 917 ν[C–F] (49) + φ[C–C–H] (43) + 
φ[C–C–F] (15)

877 0.70 0.65 905 ν[C–F] (52) + φ[C–C–H] (34) 0.75 903 ν[C–C] (72) + φ[C–C–F] (19)

489 0.45 0.40 486 φ[C–C–F] (69) + τ[C–C] (23) 0.50 492 φ[F–C–F] (70) + ν[C–C] (12)

417 0.45 0.40 481 φ[F–C–F] (70) + φ[C–C–F] (25) + 
ν[C–C] (17)

0.50 484 φ[C–C–F] (70) + τ[C–C] (23)

Note: 1. All frequencies are in cm–1.
2. Only dominant PEDs are given.
3. a corresponds to repulsion points.
4. b corresponds to points before/after repulsion.

40

T, K
100

60

200

20

0

Heat capacity Cp, J/Mol K

50 150

Fig. 3. Variation of heat capacity Cp with temperature: line
represents calculated heat capacity, points represent ex�
perimental heat capacity.
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The agreement obtained between the calculated values
of the specific heat and the experimental measure�
ments is reasonably good. A constant scaling factor of
1.707 has been used. This scaling factor takes into ac�
count the constant separation between the experimen�
tal and theoretical curves, which may arise from possi�
ble constant errors in the experimental measurements
or in theory. Slight deviations could arise for two rea�
sons, one the neglect of interchain interactions and
other because of the force field being temperature in�
dependent. The former leads to lattice modes, which
are of the same order of magnitude as the torsional
modes. These are not included in the present model,
and the heat capacity is sensitive to it. The evaluation
of lattice modes is not only prohibitive dimensionally
but also due to the enormity of interactions, which are
difficult to visualize. As for the latter, the temperature
dependence of force field is difficult to build in the po�
tential field. 

CONCLUSIONS

The Wilson’s GF matrix method as modified by
Higg’s along with the Urey–Bradley force field has
successfully explained the spectroscopic data on
PVDF. The calculated values of heat capacity as a
function of temperature within the range 10–210 K al�
so agree with the experimental measurements report�
ed by Wunderlich et al. [24]. It shows that the one�di�
mensional dynamics reasonably well explains the vari�
ation of heat capacity.
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