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We present an ab initio dynamics investigation within a density-functional perturbation theory
framework of the properties of the conjugated polymer poly-para-phenylene vinylene �PPV� in both
the isolated chain and crystalline states. The calculated results show that for an isolated chain, most
of the vibrational modes correspond to experimentally observed modes in crystalline PPV. However,
additional hitherto unidentified modes have been observed in experiment and our calculations on
crystalline material have allowed us to assign these. We also present the results of calculations of the
polarizability and permittivity tensors of the material, which are in reasonable agreement with the
typical values for conjugated polymers. Dynamical Born effective charges �S. Baroni, S. de
Gironcoli, A. Dal Corso, and P. Giannozzi, Rev. Mod. Phys. 73, 515 �2001�� are calculated and
compared with atomic charges obtained from Mulliken population analysis �M. D. Segall, C. J.
Pickard, R. Shah, and M. C. Payne, Mol. Phys. 89, 571 �1996�� and we conclude that effective
charges are more appropriate for use in the study of the dynamics of the system. Notable differences
are found in the infrared-absorption spectra obtained for the isolated chain and crystalline states,
which can be attributed to the differences in the crystalline packing effects, which clearly play a key
role in influencing the lattice dynamics of PPV.
© 2005 American Institute of Physics. �DOI: 10.1063/1.1955516�

I. INTRODUCTION

A great deal of interest has been stimulated in conju-
gated polymers in the last two decades due to their conduc-
tive behavior after doping with electron donors or
acceptors.1,2 Considerable attention has also been paid to
their undoped state in which the materials demonstrate fas-
cinating semiconducting properties with electronic band gaps
ranging from approximately 1 to several eV. As an example,
poly-para-phenylene vinylene �PPV, Fig. 1� is considered as
a typical material since it has a nondegenerate ground state
which exhibits good stability and high conductivity after
doping. Moreover, it takes the form of quasi-one-
dimensional molecules arranged in a three-dimensional crys-
tal structure �Fig. 2� and this arrangement is ideal for study-
ing the properties in different aggregate states. Furthermore,
the material is easy to process and there are quite a large
number of possible substitutions which give the opportunity
to tune the optoelectronic properties. Especially since the
discovery of electroluminescence,3 considerable progress has
been made in using the material in displays, light-emitting
diodes �LEDs�, and field-effect transistors �FETs�,4–6 but
there is still more to do to optimize the lifetime of devices.

It is well known that investigation of the dynamical
properties �such as vibrational spectra, polarizability, and
Born effective charges� of conjugated polymers is one of the
most important tools for probing the structural and micro-
scopic optoelectronic properties of the materials in various
phases, and in both the pristine and doped states.7,8 The un-
derstanding of the relevant properties requires a detailed
knowledge of the dynamical properties. However, it is often

the case that information on the anisotropy of the dynamical
properties obtained by different methods has been quite
inconsistent.9 Further, for a large system, the experimental
determination of anisotropy is either extremely difficult or
only describes the conformational averages. This seriously
limits the understanding of the relationship between elec-
tronic structure and material properties. Due to the fact that a
realistic theoretical description involves heavy computational
cost, many calculations of the dynamical properties of poly-
mers have been based either on simple models, such as an
isolated, perfectly straight chain where the solid-state effects
are not included, or only average axial static properties,
while ignoring the anisotropy information. Nevertheless,
some recent progress has been made in understanding the
dynamical properties for molecules or molecular crystals10–13

and for conjugated polymers.14,15 However, uncertainties re-
main concerning the microscopic basis of chain-chain inter-
actions in the crystalline state. For example, a recent study16

of the vibrational properties of PPV shows that the calculated
phonon modes of an isolated chain are in quite good agree-
ment with the experimental results for a polymer crystal,
indicating that the isolated chain model in some circum-
stances can be a good approximation. However, there are still
some experimental vibrational modes which have not been
identified in the one chain model, indicating as one would
expect that crystalline packing effects are also significant in
some cases. Very recently,17 a theoretical study of dielectric
and vibrational properties was carried out, but only for some
of the simpler amino acid molecules.

In this work we present an ab initio investigation of the
dynamical properties of the conjugated polymer PPV. We
first focus on the vibrational properties of an isolated PPVa�Electronic mail: guang.zheng@durham.ac.uk and gzheng25@yahoo.com
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chain. Then a crystalline state calculation is performed to
investigate the unidentified phonon modes seen in experi-
ments on PPV samples. The paper is organized as follows:
Sec. II presents the theory and computational details, and
then in Sec. III we present the results and their discussion. A
short summary concludes the paper in Sec. IV.

II. THEORY AND COMPUTATIONAL DETAILS

According to perturbation theory, when an electric field
� is applied, the change of the dipole moment d can be
written as a power series,

di − d0i = �ij� j + �ijk� j�k + ¯ , �1�

where i, j, and k run over the x ,y, and z axes of the system,
d0 is the dipole moment at zero field, �ij is the polarizability
tensor, and �ijk is the first-order hyperpolarizability.

The polarizability tensor �ij may be defined as

�ij =
�2E

��i � � j
, �2�

where E is the total energy of the system. Thus the polariz-
ability tensor can be directly evaluated by finding the
second-order derivatives of the total energy, which we obtain
in this work by the use of linear response, or density-
functional perturbation theory �DFPT�.18,19 In practice, we

are only required to know the first-order changes in the
charge density and potential in order to evaluate the change
in energy to the second order.

We also calculate the components of the polarizability
tensor using the finite difference �FD� method, where appro-
priate. In this method, the change of dipole moment as a
function of electric field is obtained and then the coefficients
�ij are derived from Eq. �1�. However, since the computa-
tional cost of the FD method is very considerable and it is
not possible to use the method for mixed perturbations, or
the response to electric field in crystalline systems, we em-
ploy only DFPT for the study of the vibrational properties
and effective charges.

DFPT is one of the most robust methods for the calcu-
lation of lattice dynamics. It is possible to calculate a number
of properties by considering different perturbations. For ex-
ample, a perturbation of the ionic positions can be used to
obtain the dynamical matrix and information on the phonon
modes. The squares of the angular frequencies of the phonon
modes are the eigenvalues of the dynamical matrix which
can be obtained by using a linear-response determination of
the second-order change in the total energy induced by
atomic displacements,

FRiRj
=

�2E

�Ri � Rj
, �3�

where E is the vibrational potential energy, and Ri and Rj are
the ion coordinates.

The perturbation resulting from an applied electric field
allows us to evaluate the dielectric response. The electronic
dielectric permittivity tensor �ij is the coefficient of propor-
tionality between the macroscopic displacement field and the
macroscopic electric field, in the linear response regime,18

FIG. 1. �a� The repeat unit �monomer� of an isolated PPV chain. The black
and white circles denote carbon and hydrogen atoms, respectively. The ori-
entation of the PPV with respect to the chosen frame of reference is shown.
�b� The numbering scheme for a unit cell of the PPV crystal. The filled and
unfilled circles denote carbon and hydrogen atoms, respectively.

FIG. 2. Herringbone crystal structure of PPV �Ref. 26�. Polarizabilities
quoted are relative to the coordinate system shown in this figure. The mono-
clinic unit cell has a=8.07 Å, b=6.05 Å, c=6.54 Å, and the angle �=52°.
�a� Top view of the polymer; �b� side view of PPV.
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�ij =
�Dmac,i

��mac,j
= �ij + 4	

�Pmac,i
��mac,j

, �4�

where Dmac is the displacement and Pmac the polarization. In
the limit of low frequencies of the applied field, the elec-
tronic contribution to the dielectric permittivity tensor can be
written as

�ij

 = �ij +

4	

�0
�ij , �5�

where �0 is the volume of the supercell and �ij is the polar-
izability tensor defined as in Eq. �2�. The Born effective
charge tensor of the ith ion Zi,jk

* is the partial derivative of the
macroscopic polarization with respect to a periodic displace-

TABLE I. The calculated frequencies of the phonon modes �in cm−1� of an isolated PPV chain �1D PPV� at the
� point obtained in this work. For comparison, other theoretical and experimental results are also listed in the
table. “ip” stands for in-plane vibrational modes and “op” indicates out of plane phonon modes. The four
unidentified vibrational modes appear as 1 ,2 ,3, and 4 under the description heading.

Symmetry Description This work Calc.a Calc.b Calc.c Expt.c Expt.b Expt.d

Bg op 121.7 147
Au ip 220.9 220 328.1 311 327
Ag op 323.9 310
Bg op 324.6 327
Au ip 406.2 390 431.2 425 428 429 430
Bu ip 432.6 430
Au op 553.3 532 556
Ag ip 639.7 622 619.9 603 634
Ag ip 672.6 659 692.3 660 662
Bg op 720.9 696
Bg op 794.9 785
Bu ip 810.6 799 771.5 787 784 785 784
Au op 841.2 818 838
Bg op 882.4 853
Ag ip 893.7 899 968.2 896 887 966 963
Au op 957.2 911
Bg op 963.0 926
Au op 968.2 930
Bu ip 1011.2 978 1012.6 1026 1013 1013 1014
Bu ip 1113.4 1076 1117 1107 1107

1 1169.9 1178 1180
Ag ip 1151.3 1111 1174.3 1163 1170 1174 1172
Ag ip 1208.4 1185 1192 1197
Bu ip 1224.7 1187 1181 1179 1194

2 1205 1210 1211 1211
Ag ip 1294.3 1262 1303.5 1295 1301 1304 1301
Bu ip 1296.9 1268 1269.3 1269 1271 1271 1271
Ag ip 1314.1 1274 1330.1 1330 1329 1327 1329

3 1302 1302
Bu ip 1376.0 1367 1341.1 1333 1340 1339 1340
Bu ip 1442.2 1458 1416.7 1436 1424 1424 1424
Bu ip 1505.7 1485 1528.4 1516 1518 1518 1519

4 1415
Ag ip 1523.7 1493 1549.6 1538 1546 1550 1547
Ag ip 1553.1 1546 1586.5 1587 1582 1586 1582
Ag ip 1637.4 1635 1629.2 1636 1625 1628 1626
Ag ip 3038.9 2951
Bu ip 3051.3 2975 3027.9
Ag ip 3074.1 3058
Bu ip 3078.3 3064 3065.9
Ag ip 3101.2 3116
Bu ip 3102.9 3125 3125.1

aReference 16.
bReference 28.
cReference 27.
dReference 29.
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ment of that ion at the limit of zero applied electric field, and
in DFPT the tensor is equivalent to the linear relation be-
tween the force upon an atom and the applied electric field,18

Zi,jk
* =�0

�Pmac,j
��ik

=
�Fik

�� j
, �6�

where �0 is the volume of the supercell and �ik is the dis-
placement of the atom ion i in the direction k.

The Born effective charge is a very important quantity in
polar semiconductors and insulators. The long-range behav-
ior of the Coulomb forces gives rise to macroscopic electric
fields for longitudinal-optic �LO� phonons at the � point and
the coupling between longitudinal phonons and the electric
field give rise to LO-TO splitting at the � point. This split-
ting is determined by the Born effective charge and by the
static dielectric constant of the crystal.19

All calculations were performed with the plane-wave
pseudopotential implementation of density-functional theory
�DFT� using the CASTEP code.20,21 Plane-wave basis sets
have many benefits compared to conventionally used quan-
tum chemistry basis sets; in particular, there exists a simple
parameter, the cutoff energy, to determine the completeness
of the basis. This gives us confidence that the wave function
can describe any properties without bias towards any other
particular result.13 In our calculations, the many-body ex-
change and correlation interactions are described using the
local-density approximation �LDA�. Such calculations are
capable of giving accurate and reliable structural and elec-
tronic information. Norm conserving Kleinman-Bylander22

pseudopotentials are used to describe the electron-ion inter-
actions. A cutoff energy of 1000 eV is used which converged
the total energy of the system to 1.0 meV/cell. The
Monkhorst-Pack k-point sampling scheme23 was employed
to perform the integrations in k space over the first Brillouin
zone with the grids for each cell chosen to be dense enough
to also converge the total energy to 1.0 meV/cell. In this
work, a 1�1�8 mesh was used for an isolated PPV chain,
and 30 k points are used for the crystalline state. The thresh-
old value of the ionic forces is 0.05 eV/Å3. The Kerker
density-mixing scheme24 was used to achieve self-
consistency.

The use of a plane-wave basis set requires periodic
boundary conditions in all three dimensions. To achieve this
the PPV chain was artificially repeated in the two dimensions

normal to the polymer axis with a sufficiently large unit cell
to make neighboring interactions negligible. For an isolated
PPV chain, the unit cell dimension is 15�15�d Å3, where
d is the repeat distance along the polymer chain. In our cal-
culations, the ground-state lattice constant d is found to be
6.65 Å, and the torsion configuration of the polymer is
planar.25 For a detailed study of the geometrical properties,
the readers are referred to Ref. 25. In the solid state of PPV,
we calculate a herringbone crystal structure,26 with a
=8.07 Å, b=6.05 Å, and c=6.54 Å, the monoclinic angle
between b and c is 123°, the setting angle � is 52° �Fig. 2�,
and the unit cell has P21/a symmetry.

TABLE II. The calculated and experimental wavelengths �in cm−1� of the
four unidentified PPV phonon modes at the � point.

Modes Expt. Expt. Theory This worka

1 1178b 1176c 1169.9d 1170.6
2 1211b 1210e,d 1205d 1207.9
3 1302e 1302f 1297.3
4 1415f 1408.9

aAb initio calculation for crystalline PPV in this work.
bExperimental value from Ref. 28.
cExperimental value from Ref. 31.
dTheoretical data from effective conjugation coordinate �ECC� in Ref. 28.
eExperimental value from Ref. 27.
fExperimental value from Ref. 29.

FIG. 3. Representation of the atomic displacements of PPV in a unit cell in
the crystalline state. At a particular time t, the vibration direction is shown
by the arrows. Shown are the calculated phonon modes at �a� 1170.6 cm−1,
�b� 1207.9 cm−1, �c� 1297.3 cm−1, and �d� 1408.9 cm−1.
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III. RESULTS AND DISCUSSION

A. Vibrational properties

The vibrational properties of PPV have been previously
studied, both theoretically and experimentally, by a number
of groups.16,27–29 In the present work we calculate vibrational
normal-mode frequencies and displacements by directly
evaluating the matrix of force constants using DFPT. Table I
shows our calculated vibrational frequencies at the � point
for a PPV chain, along with previously published results. We
adopt the symmetry labeling of Refs. 16 and 28 based on the
C2h point group. Table I shows that the frequencies of the
ring C–C stretch modes are in the range of 1314.1–
1553.1 cm−1, while the vinylene stretch frequency is at
1637.4 cm−1, close to the experimental value.30 These results
are in good agreement with other theoretical and experimen-
tal data.16,28,29 The higher-frequency phonon modes �from
3038.9 to 3102.9 cm−1� are due to C–H stretch vibrations. It
is found that most of the out-of-plane modes are softer than
the in-plane ones, since the former mainly involve bond-
length and bond-angle alternations.

The results of the isolated chain calculations are in very
good agreement with recent publications, and it is possible to
assign most of the experimental vibrational frequencies.
However, there are still four experimental modes denoted as
1 ,2 ,3, and 4 in Table I which are not assigned by the
isolated chain model calculation.16 To see whether those
modes derive from the crystalline nature of the measured
samples, we have performed calculations for crystalline PPV
and have found that the four experimental frequencies are
successfully reproduced in our calculation, as shown in Table
II. The atomic displacements of PPV in a crystalline unit cell
are illustrated in Fig. 3. The main feature of the vibrations is
that all of them involve neighboring chain-chain interactions.
Especially for some hydrogen atoms, direct hydrogen-
hydrogen interactions seem to exist. A feature of the
1170.6-cm−1 mode �in Fig. 3�a�� is that all the atoms in the
two neighboring chains vibrate in the same direction, and in
the central chain, all the atoms vibrate in the central plane. At

a particular time, the vibration direction of each individual
atom is shown in the corresponding figure. In the case of the
1207.9-cm−1 mode �Fig. 3�b��, the atoms in the central chain
vibrate out of the central plane. The properties of the
1297.3-cm−1 vibration are similar to that of the 1170.6-
cm−1 mode; the atoms in the two neighboring chains movein
the same direction. In the central chain, there exist stretch
vibrations with a larger amplitude between both phenyl and
vinyl atoms. For the 1408.9-cm−1 mode, the stretching vibra-
tions exist in the two chains in the unit cell. The correlated
motion of the modes seen only in crystalline material sug-
gests that interchain interactions play a key role in determin-
ing their frequencies.

B. Polarizability and permittivity

We have also carried out calculations of the polarizabil-
ity � and permittivity � tensors of PPV. Figure 1 shows the
coordinate system used to define the tensors relative to an
isolated polymer chain. The z direction is shown in Fig. 1,
and the x and y directions are, respectively, perpendicular
and parallel to the plane of the phenyl ring. For the crystal-
line state, the orientations of the polymer chains are shown in
Fig. 2. Two distinct methods have been employed for the
calculation of the polarizability of PPV: one is linear-
response DFPT and the other is the FD-DFT approach,
which has been shown13 to be capable of yielding values in
good agreement with experiment for molecules. The polariz-
ability and the permittivity tensor components calculated us-
ing DFPT are given in Table III. For comparison, we have
also calculated the FD-DFT polarizability for a styrene mol-
ecule, which is realized by saturating the two dangling bonds
with hydrogen atoms in the PPV repeat unit shown in Fig. 1.
The calculated dipole moment as a function of applied field
is shown in Fig. 4. An analysis of the individual components
of the induced dipole moment as a function of electric field
gives the relevant polarizability tensor components listed in
Table III.

As the experimental determination of the full polariz-

TABLE III. The calculated polarizabilities �DFPT and �FD �in Å3� and permittivity ��� tensor components for a PPV isolated chain �1D PPV� and the
crystalline state. � is calculated using Eq. �5�. �av

FD is calculated using the FD method for a styrene molecule, which is formed by saturating the two dangling
bonds with hydrogen atoms in the PPV monomer shown in Fig. 1. �av and �av are Tr��� /3 and Tr��� /3, respectively.

�DFPT �av
DFPT �FD �av

FD

1D PPV 7.54 −0.05 0.09 Styrene 18.9 −1.72 0.02
−0.05 14.49 −1.64 −1.72 34.1 −0.09
0.09 −1.64 160.56 60.8 0.02 −0.09 45.3 32.8

Crystal 37.65 −0.06 −3.39
−0.06 31.94 0.005
−3.39 0.005 110.81 60.1

� �av Polythiophenea � �av
1D PPV 1.14 −0.009 0.002

−0.009 1.27 −0.031
0.002 −0.031 4.03 2.15

Crystal 2.76 −0.003 −0.159 PT crystala 2.6
−0.003 2.49 0.00 3.3
−0.159 0.00 6.19 3.8 10.8 5.6

aAb initio calculation for crystalline polythiophene �PT� �Ref. 33�.
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ability tensor information is rather difficult, it is instructive
to compare the DFPT results with the corresponding finite
difference results of styrene. It is found that �DFPT for the
polymer is much more anisotropic than for styrene. The re-
sults show that there is a major difference between relevant
values in the polymer and styrene. For the molecular case,
the diagonal components of � are much less anisotropic than
for one-dimensional �1D� PPV. For an isolated PPV chain, as
can be seen in Table III, the major contribution to the aver-
age of polarizability �av

DFPT=Tr��DFPT� /3 is the component
�zz in the z direction. Our value of �av

DFPT is reasonable when
compared with typical data for the axial polarizability for
conjugated polymers.14,15 However, there is currently no
other similar work on the anisotropy of polarizability which
we can use for comparison. It is apparent that �zz��yy and
�yy ��xx for both the isolated chain and crystalline states.
Although the three principal components differ from those of
an isolated chain, �av

DFPT is very similar for the crystalline
state.

The diagonal elements of the electronic permittivity of
PPV also show quite strong anisotropy with �zz��yy and
�xx��yy. The predicted value of the average of PPV permit-
tivity �av is in good agreement with the typical permittivity
value of approximately 3.32 A similar permittivity anisotropy
can be found for crystalline polythiophene �PT�.33 In both
PPV and PT, the permittivity principal component value �zz

is much larger than those in the other directions.
The linear response of the electronic charge density to

the applied electric field can be visualized by making a plot
of the first-order perturbation of the charge density, which is
the linear �i.e., first order� variation in the electronic charge
density resulting from the perturbing potential. The simple
way to regard it for an electric field is to consider how the
charge density would vary under application of the field, i.e.,
where the electrons would flow from and where they would
flow to. The first-order density obtained by the DFPT treat-
ment is plotted in Fig. 5 and it is found that the density
corresponding to the perturbations in the x axis are highly

polarized. A more quantitative analysis of this response can
be gained by examination of the effective charges on the
constitute atoms.

C. Born effective charge

In Table IV, the principal components of the Born effec-
tive charge tensors for an isolated chain and crystalline states
of PPV, together with atomic charges obtained by Mulliken
population34 analyses, are presented. Note that we show the
charges for symmetry-related atoms in the table. In the cal-
culations we do not enforce symmetry so as to investigate if
any symmetries are broken �we find that none are�. The
slight differences in charges on symmetry-related atoms in-
dicate the computational accuracy of the data presented �ap-
proximately two decimal places�. It is found that all the Mul-
liken population atomic charges, except for certain carbon
atoms, possess roughly the same value for each atom type �H
or C� in both the isolated chain and the crystal. This suggests
that the electronic structure of each atom is similar regardless
of the two different packing states. However, discrepancies
exist between the Mulliken atomic charges and the average

FIG. 4. The magnitude of the induced molecular dipole moment for styrene
as a function of an external electronic field applied in the z direction. In the
inset are the responses to the x and y components of dipole with respect to
x and y fields, respectively. The individual components of the dipole mo-
ment are used to determine elements of the polarizability tensor.

FIG. 5. The first-order electronic charge densities �i.e., the first-order varia-
tion in the charge densities resulting from the perturbing potential� for an
isolated PPV chain. �a�, �b�, and �c� correspond to perturbations in the x, y,
and z directions, respectively. The dark represents positive charge displace-
ment, and light negative.

024904-6 Zheng et al. J. Chem. Phys. 123, 024904 �2005�

Downloaded 07 Dec 2010 to 129.234.252.66. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



dynamical Born effective charges. For hydrogen atoms in the
crystal, there are marked differences between the average
Born effective charges and the atomic population charges.
For an isolated chain the discrepancies are even more
marked, with the effective charges being only about one-
tenth of the Mulliken charges. For the carbon atoms, there
are clear disagreements; there are different charge signs for
atoms C1, C4, C7, and C8 in the isolated chain and for C1, C4,
C7, C8, C1�, C4�, C7�, and C8� in the crystalline state. It is noted
that the alpha carbons C1 and C4 for an isolated PPV chain;
C1, C4, C1�, and C4� for PPV crystal� have almost no Zat
charge and quite some positive Zav

* charges. The polar distri-
bution of charges for alpha carbons may be responsible for
the differences of Zav

* for the equivalent atoms C7 and C8 for
the 1D PPV. It would be gratifying to confirm this from
direct experiments.

The discrepancies between the effective charges and
population atomic charges highlight their different origins.
The Mulliken population charges are based on the partition
of the Kohn-Sham orbitals and provide information on the
static electronic structures, whereas the Born effective
charges are based upon the dynamics of the system, and
provide information concerning dynamical properties. There-
fore when a dynamical property is involved, effective
charges are normally more appropriate for use in the study of
the physics of the system.

The infrared �IR� absorption coefficient can be expressed
as17

Im � �
�

	�
�,�

Z�,��
* em����	2, �7�

where m is the mode of vibration, Z�,��
* is the effective

charge, and em is the phonon eigenvector. For complex sys-
tems such as conjugated polymers, the IR spectrum can be
helpful and very useful in interpreting the vibrational prop-
erties. The calculated IR spectrum of an isolated chain is
plotted in Fig. 6, and for a crystal in Fig. 7. Due to there

being two chains per unit cell there are more peaks in Fig. 7.
The peaks in the IR spectrum for crystalline state are shifted
and broadened when compared with that of Fig. 6, especially
in the region in which the four unidentified modes lie �that is
from 1170.6 to 1408.9 cm−1�; there is a big relative increase
for the IR absorption in that region. These differences can be
attributed to interchain interactions in the crystalline state. In
addition, in the crystalline calculation there is an absorption
peak at 2078.3 cm−1 which originated from asymmetric vi-
brations among the atoms shown in the inset of Fig. 7, which
has not been reported in experiments.

IV. CONCLUSION

We have presented an ab initio dynamics investigation
of the properties of the conjugated polymer poly-para-
phenylene vinylene in both the isolated chain and crystalline
states. We have calculated the vibrational properties of PPV
by directly evaluating the dynamical matrix of force con-
stants using a DFPT determination of the second-order

TABLE IV. The trace of the Born effective charge tensor Z��
* for both an isolated PPV chain �1D PPV� and the

crystalline state, together with the Mulliken atomic population charges. Zav
* is the trace/3 of the effective charge

principal components. Zat is the atomic charge from Mulliken population analysis. All the values are in units
of e.

1D PPV Crystal

Atom Zav
* Zat Atom Zav

* Zat Atom Zav
* Zat

H2 0.046 0.30 H2 0.131 0.28 H2� 0.134 0.27
H3 0.038 0.31 H3 0.100 0.27 H3� 0.097 0.27
H5 0.046 0.30 H5 0.157 0.26 H5� 0.159 0.26
H6 0.037 0.31 H6 0.084 0.26 H6� 0.082 0.27
H7 0.062 0.27 H7 0.084 0.27 H7� 0.085 0.27
H8 0.041 0.27 H8 0.067 0.26 H8� 0.065 0.25
C1 0.154 −0.02 C1 0.201 −0.03 C1� 0.198 −0.03
C2 −0.113 −0.29 C2 −0.155 −0.24 C2� −0.158 −0.24
C3 −0.209 −0.29 C3 −0.145 −0.28 C3� −0.147 −0.28
C4 0.188 −0.02 C4 0.173 −0.03 C4� 0.176 −0.02
C5 −0.113 −0.29 C5 −0.120 −0.22 C5� −0.122 −0.22
C6 −0.193 −0.29 C6 −0.114 −0.27 C6� −0.117 −0.27
C7 0.005 −0.28 C7 0.095 −0.25 C7� 0.095 −0.26
C8 0.043 −0.28 C8 0.034 −0.28 C8� 0.033 −0.28

FIG. 6. IR absorption spectrum for an isolated PPV polymer chain. The
absorption spectrum has been Gaussian broadened at T=300 K.
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change in the total energy induced by atomic displacements.
We found that most of the vibrational frequencies in an iso-
lated PPV chain can be associated with specific modes seen
in experimental studies of crystalline PPV. The higher-
frequency phonon modes are due to the C–H stretch, while
the vinyl C–C stretch mode has a higher frequency than the
phenyl ring C–C stretch modes. Calculations for the crystal-
line state allow us to assign several previously unidentified
experimentally observed modes which are not seen in the
isolated chain calculation. Information has also been ob-
tained on the polarizability and permittivity tensors of the
PPV. The results are in reasonable agreement with typical
values of the axial polarizability and permittivity of conju-
gated polymers. Analyses of the first-order electronic charge
densities give insight into the behavior of the electronic po-
larizability. Dynamical Born effective charges have been cal-
culated and compared with the Mulliken population atomic
charges. Although there are differences, it is argued that ef-
fective charges are more appropriate for use in the study of
the dynamics of the system. Notable differences are found in
the predicted IR absorption spectra obtained for an isolated
chain and PPV in the crystalline state. The results demon-
strate that the chain-chain interactions in the crystal play a
key role in determining the dynamical properties.
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