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Density-functional study for the oligomers of poly„para-phenylene…:
Band structures and dielectric tensors

Peter Puschnig and Claudia Ambrosch-Draxl
Institut für Theoretische Physik, Universita¨t Graz, Universita¨tsplatz 5, A-8010, Austria

~Received 11 May 1999!

The electronic and optical properties of the oligomers of poly~para-phenylene! ~PPP! in their crystalline
phases are calculated. In particular, the 2-, 3-, 4-, and the technically most important 6-unit oligomerpara-
hexaphenylene~6P! are considered. The electronic band structures are compared with the corresponding
molecular orbitals in isolated molecules and the effect of intermolecular interactions is discussed. Connections
between previous studies on the band structure of three-dimensional PPP and the present work are established.
From the quasiparticle band structures the dielectric tensors are calculated and discussed also with respect to
the corresponding transitions in the isolated molecules.@S0163-1829~99!04935-8#
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I. INTRODUCTION

During the past twenty years, conjugated polymers h
attracted steadily growing interest, both experimental as w
as theoretical. Electroluminescent devices with conjuga
molecules as active materials represent one big area o
plied scientific research on organic molecules.1,2 Phenylene
based materials are especially interesting on account of
high quantum efficiency and blue luminescence. A lig
emitting diode~LED! based on poly~para-phenylene! was
demonstrated to produce intense blue light.3 And devices
with para-hexaphenylene~6P!—an oligomer of PPP contain
ing six phenyl rings—as active layers have been shown
emit polarized light in a highly controlled way.4 Moreover,
such devices open the possibility to convert the emitted b
light into other colors; this way the working principle o
future flat panel color displays was demonstrated.5 In order
to improve the performance of existing devices and to des
more efficient ones, it is important to understand the el
tronic, optical and structural properties of the electroact
materials.

Among the methods to describe conjugated polymers o
microscopic level the solid state approach based on den
functional theory~DFT! is not widely used. This is partly
due to the computational challenge in handling unit ce
with a large number of atoms, but also due to the succes
competing theories. Quantum chemical calculations on fi
isolated oligomers have been proven to accurately chara
ize ground state as well as excited state geometries and
sition energies.6–8 And among physical theories the S
Schrieffer-Heeger model Hamiltonian9 ~and modifications of
it10! successfully described nonlinear localized excitations
an isolated one-dimensional polymer chain, i.e., polaron
solitons for degenerate ground state polymers. But inte
tions with neighboring molecules—though inherently pres
in the solid state—are not accounted for in these two th
retical approaches. Indeed, fully three-dimensional~3D!
DFT calculations for polyacetylene11 have shown that inter
chain interactions destabilize the formation of nonlinear
calized excitations~polarons, bipolarons! and a similar be-
havior can be deduced from calculations on 3D PPP~Refs.
PRB 600163-1829/99/60~11!/7891~8!/$15.00
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12,13! and poly~para-phenylene-vinylene!.14

In contrast to the assumption of perfect crystallinity in 3
DFT calculations, real samples of polymers show a distri
tion of various conjugation lengths, and the limited cryst
line ordering suppresses the interchain interactions. Oli
mers, on the contrary, can be obtained in high purity a
with a very well ordered structure thus setting up defin
intermolecular interactions. The oligomer 6P can be ma
factured in a very pure form and highly oriented films can
obtained from it by vacuum evaporation techniques. Th
the intermolecular interactions in such samples are very w
defined and comparison with DFT calculations for the cr
talline material are appropriate. Moreover, it is possible
influence the orientation of the molecules within the film
suitable film preparation conditions.15 This is also true for
shorter oligomers of PPP as was demonstrated for terph
~3P! and quaterphenyl~4P!.16 These highly ordered films
open the possibility to experimentally confirm the theore
cally predicted anisotropy in the electronic and optic
properties.17

Within this work, these properties are calculated for t
PPP oligomers from first principles. To our knowledge, t
calculations presented here are the first ones for the ol
meric systems taking into account the full thre
dimensionality of the materials in the solid state. Thus,
results contribute to clarify the role of intermolecular inte
actions in polymeric and oligomeric systems.

The paper is organized as follows. In Sec. II, the theor
ical methods are described, followed by a discussion of
crystal structures of the oligophenylenes at room tempe
ture. The electronic band structures of 2P, 3P, 4P, and 6P
presented in Sec. IV, where we analyze in detail the ca
lated band gaps and dispersions, the relations to molec
states of isolated oligophenylenes and the role of interm
lecular interactions. In the next section, the dielectric tens
calculated from the Kohn-Sham orbitals are discussed.
nally a conclusion is given.

II. METHODS

A. Computational details

All calculations have been carried out with the lineariz
augmented plane wave~LAPW! method utilizing theWIEN97
7891 ©1999 The American Physical Society
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7892 PRB 60PETER PUSCHNIG AND CLAUDIA AMBROSCH-DRAXL
code.18 For exchange and correlation effects, the local d
sity approximation~LDA ! as well as a generalized gradie
approximation~GGA! were applied. In the first case, the p
rameterization of Ceperly and Alder data19 has been used
according to Ref. 20. However, all calculations—if not me
tioned explicitly—have been carried out with the PBE-GG
potential.21

A parameter which crucially determines the accuracy
any physical quantity calculated within the LAPW method
the number of basis functions included to diagonalize
Hamiltonian matrix, which in turn is chosen byRKmax: the
product of the muffin-tin radius and the largest recipro
lattice vector in the plane wave expansion. For the car
atomsRKmax of 6.0 has proven to be sufficient, resulting
matrix sizes of 4600, 6700, 8000, and 10 000 for 2P, 3P,
and 6P, respectively.

The Brillouin zone~BZ! integration is performed accord
ing to the tetrahedron method. During the self-consiste
cycle, 4k points in the irreducible BZ~IBZ! have been used
For the calculation of the dielectric function 280, 200, 14
and 105 points in the IBZ have been considered for 2P,
4P, and 6P, respectively.

B. The dielectric function

From the knowledge of the single-particle orbitals a
energies approximated by the solutions of the Kohn-Sh
equations, the dielectric tensor« is computed. It is a well
known fact that DFT calculations notoriously underestim
the band gaps of semiconductors. Fortunately, calculation
the electron self-energies have revealed that the true qu
particle bands differ from the LDA bands for many materia
by a k-independent rigid upward shiftDc of the conduction
bands22,23 ~scissors operator!. However, a simple shift ofEck
would yield too small values for the dielectric tensor co
ponents on account of the relation Im(«);1/v2. It was
shown that a rigorous treatment of the nonlocality of t
self-energy operator requires a rescaling of the ma
elements.24 According to this, the imaginary part of the d
electric tensor« i j in the long-wavelength limit, is given by

Im « i j ~v!5
4p2e2

m2~v2Dc /\!2V
(

v,c,k
^vkupj uck&^ckupi uvk&

3d~Eck1Dc2Evk2\v!. ~2.1!

Here uck& and uvk& are approximated by the Kohn-Sham o
bitals with wave vectork for conduction and valence band
respectively.Eck , Evk are the corresponding band energie
andpi the Cartesian components of the momentum opera
m denotes the free electron mass,e the electron charge,v the
frequency, andV the unit cell volume.

III. CRYSTAL STRUCTURES

In the gaseous state the oligophenylenes are nonpl
molecules with alternating torsion angles between adjac
phenyl rings. This torsion angle ranges from 44° f
biphenyl25 to 30° –40° for the longer oligomers.7 The inter-
ring torsion is the consequence of two competing forces:
the one hand thep-electron system of the carbons at t
interring position tends to planarize the molecule, on
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other hand the electrostatic repulsion of the positiv
chargedortho-hydrogens on neighboring rings forces th
molecule into a nonplanar configuration. In the solid state
expect the interchain interactions~packing forces! to result in
more planar molecules compared to the gas phase. Fo
infinite polymer, DFT calculations12 have shown that the op
timal interring torsion angle is 18° in agreement wi
experiment.26 For the oligomers, on the other hand, x-ray a
neutron diffraction experiments at room temperature reve
planar configuration of the molecules in the monoclin
space groupP21 /a with two molecules per unit cell~see
Fig. 1!. In the case of biphenyl~2P!, one phenyl ring sets up
the inequivalent atoms within one unit cell. The other half
the biphenyl molecule and the second molecule with its
version center in the middle of theab plane are generated b
the inversion, screw axis and glide plane operations of
P21 /a space group. In Table I the experimental values
the lattice parametersa,b,c and the monoclinic angleb are
given. Additionally the anglez between the molecular axi
and thec axis is listed. Single crystal data for 2P~Ref. 27!,
3P ~Refs. 26,28!, 4P ~Ref. 29!, and for the 5-, 6-, and 7-uni
oligomers30 are available from the literature. We observe th
a andb remain almost constant as a function of the oligom
length. The small reduction ina andb with increasing oligo-
mer length indicates a denser packing for longer molecu
within the herring bone arrangement. The increase inc for
longer oligomers is simply a consequence of t

FIG. 1. Monoclinic unit cell of biphenyl with the two molecule
per cell ~top!. Additionally, a projection of the crystal structure i
the plane normal to the molecular axis shows the herring b
geometry~bottom!.
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TABLE I. Experimental unit cell parameters for some oligophenylenes at room temperature fo
monoclinic space groupP21 /a. z is the angle between the molecular axis and thec axis.

Oligomer a (Å ) b (Å ) c (Å ) b (°) z (°)

biphenyl ~Ref. 27! 8.12~2! 5.63~1! 9.51 95.1 22.1
p-terphenyl~Ref. 28! 8.106~4! 5.613~2! 13.613~6! 92.1~2! 15.2
p-quaterphenyl~Ref. 29! 8.110~6! 5.610~4! 17.91~1! 95.80~6! 11.5
p-quinquephenyl~Ref. 30! 8.070~1! 5.581~1! 22.056~4! 97.91~1!

p-hexaphenyl~Ref. 30! 8.091~3! 5.568~1! 26.241~5! 98.17~2! 25.5
p-septiphenyl~Ref. 30! 8.034~5! 5.547~3! 30.577~2! 100.52~5!
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growing length of molecules which are approximately par
lel to c.

A closer look at the x-ray data shows, that the conform
tion of the molecules is planar only on average, and it
associated with high librational amplitudes around the lo
molecular axes.28,25,31The rings are assumed to librate in
double well potential and at low temperatures, when th
rotations are frozen, a phase transition into a nonplanar c
formation occurs, with the unit cell doubled containing fo
molecules.32 Recent Raman studies of 6P under pressure
give rise to a nonplanar configuration at room temperat
and normal pressure.31 However, throughout this work we
have considered only the high-temperature phase with co
nar oligo-phenylene molecules.

For the shorter oligomers, 2P, 3P, and 4P, we have ta
the atomic positions obtained from x-ray diffraction expe
ments. Since the calculated atomic forces turned out to
moderate and could be neglected in a first approximation
did not optimize the atomic positions. For 6P, however, c
culations for both the experimental as well as for a geome
optimized structure were performed. The process of ge
etry optimization takes account of the atomic forces a
shifts the atomic positions according to the direction a
magnitude of the particular force in a damped oscilla
scheme until all forces are vanishingly small.33 A structure
optimization starting with the experimental geometry prov
to be necessary on account of the much larger forces ac
on the atoms compared with the other oligomers. It turn
out that the calculated band gaps of the two structures d
by 0.4 eV. Thus, in view of the technical importance of 6
the time consuming procedure of geometry optimization~in
the order of one month on a vector computer! is justified. In
Fig. 2 intraring as well as inter-ringC-C bond lengths for
the experimental and the geometry optimized structure o
are displayed. Theory predicts the rings to be much m
symmetric as is the case for the experimental data for
shorter oligomers. Moreover, both the inter-ring as well
intraring bond lengths are in accordance with previous D
calculations for PPP~Ref. 12! and with quantum chemica
calculations for oligophenylenes,7 respectively.

IV. ELECTRONIC STRUCTURE

A. From molecular states to crystal bands

Looking at the molecular orbitals~MO’s! of biphenyl, we
can see what type of energy bands can be expected in
solid state. To understand the electronic states of biphe
schematically we think of it as consisting of two benze
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molecules, and let the molecular states of biphenyl evo
from the benzene molecular states~see Fig. 3!.34 One can
distinguish betweenC pp andps orbitals. Energetically, the
p orbitals constitute the highest occupied molecular orb
~HOMO! and the lowest unoccupied molecular orbit
~LUMO!. Benzene belongs to theD6h point group and tak-
ing the six carbonp orbitals as basis functions the HOMO-1
HOMO, and LUMO belong to thea2u , e1g , and e2u irre-
ducible representation ofD6h . The local symmetry of each
of the benzene moieties in biphenyl changes fromD6h to
C2v . Thus, each of the two doubly degenerate statese1g and
e2u are now split up intob1 and a2 states. Combining the
two benzene moieties into biphenyl withD2h symmetry re-
sults in the actual biphenyl MO’s, for which the atomic o
bital compositions of the highest six occupied and low
four unoccupied MO’s are displayed. The 1au and 1b1g
states of biphenyl, originating in thea2 MO’s of benzene, are
close in energy, because the interaction across the inter

FIG. 2. TheC-C bond lengths in crystalline 6P for the exper
mental geometry~full symbols! and the DFT-optimized geometr
~open symbols! are depicted in the upper panel. The relative dev
tion of the bond lengths in the two structures is displayed~lower
panel!. The labeling of the bond lengths is according to the sc
matic picture shown on top of the figure. The geometry for the ri
three rings is identical to the left ones by symmetry.
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bridge is weak. These states are mainlylocalizedat the ben-
zene rings. On the other hand, the interaction of theb1 ben-
zene states forming the 2b3u and 2b2g states of biphenyl is
large—so is their energetic separation. The correspond
wave functions are spread over the whole molecule~delocal-
izedstates!.

B. Band structures

The GGA band structures of 2P, 3P, 4P, and 6P are
sented in Figs. 4 and 5. We start with a description of
electronic band structure of biphenyl. All states depicted
Fig. 3 for the isolated biphenyl molecule are doubled in
crystal on account of the herring-bone structure which
two molecules per unit cell. The splitting of the bands is
measure for the intermolecular interaction.

The eight top valence bands of crystalline biphen
clearly resemble the molecular orbital picture. The two hig
est valence bands~VB’s! originate from the 2b2g MO of the
biphenyl molecule. The next four lower lying bands are d
rived from the 1au and 1b1g MO’s, respectively, wherea
the VB-6 and VB-7 evolve from the MO of 2b3u symmetry.
This assignment is confirmed by electron density plots
these valence bands~Fig. 6! when compared with the sche
matic molecular orbital pictures for the isolated biphen
~Fig. 3!. It is interesting to note that the band splittings due

FIG. 3. Diagram showing the evolution of the molecular orbit
of biphenyl from the MO’s of two benzene rings. According to
Hückel picture, the atomic orbital compositions of the top fo
HOMO’s and lowest four LUMO’s, respectively, are depicte
Filled ~open! circles correspond topp orbitals that have positive
~negative! sign at one side of the molecular plane.
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intermolecular interactions are much larger for the 1au and
1b1g symmetry bands~splitting of >0.4 eV atG), whereas
the interaction is much less~splitting of >0.08 eV atG) for
the 2b2g and 2b3u bands. The reason for this behavior can
deduced from the electron density plots in Fig. 6. The 2b2g
and 2b3u states are mainly located at the molecular axis, th
the interaction with a neighboring molecule is small due

FIG. 4. Band structures of 2P~a! and 3P~b! along high symme-
try directions in the reciprocal space. The band gaps have not b
corrected for the self-energy of the conduction bands.GZ is almost
parallel to the long molecular axis, whereasGX andGY are perpen-
dicular to it.

FIG. 5. Band structure of 4P~a! and 6P~b! along high symmetry
directions in the reciprocal space. The results for 6P are obta
for the geometry optimized structure. The band gaps have not b
corrected for the self-energy of the conduction bands.GZ is almost
parallel to the long molecular axis, whereasGX andGY are perpen-
dicular to it.
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their larger distance. On the other hand, the 1au and 1b1g

MO’s are mainly located at theortho-carbons and point ap
proximately towards the hydrogens of the neighboring m
ecule, hence establishing a weak C-H bond. This bond is
the reason for the pronounced asymmetry between occu
and unoccupied bands. In a purep electron picture there
would be perfect electron-hole symmetry: the unoccup
conduction bands are mirror bands of the occupied vale
bands. On account of the intermolecular interaction the
lence bands no longer have purep character and this sym
metry is destroyed. A proof for this description can be se
in the lower panels of Fig. 6. There we have plotted
electron density of the bands derived from the 2b2g MO
~VB, VB-1! and those derived from the 1au and 1b1g MO’s
~VB-2, -3, -4, -5! in the plane of the molecule. In a purep
electron model the electron density in this plane should
equal to zero. The nonzero electron density as shown in
6 has two reasons: the experimental geometry of biphen
not perfectly planar,27 thus some atoms have a finite distan
from the average molecular plane. But more important,
electron density at the hydrogens explains the intermolec
interaction described above and also accounts for the di
ent values of the band splittings for the top four valen
bands.

FIG. 6. Panels~a! and ~b! show the electron density of th
delocalizedand localized valence bands of 2P, respectively, in
plane parallel to the molecular plane at a distance of 0.6 B
Panels~c! and ~d! display the electron density of thedelocalized
and localizedbands, respectively, but nowin the molecular plane.
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Terphenyl consists of three phenyl rings. If we look
Fig. 3 once again we expect the following electronic stat
three occupieda2 and another three occupiedb1 benzene
states form the six highest VB’s of terphenyl. The threea2
MO’s form orbitals similar to the 1au and 1b1g states of
biphenyl. Consequently, the interaction across the in
ring bridge is weak and the three MO’s~six bands on ac-
count of the second molecule in the unit cell! lie close to
each other. Similar to biphenyl, the intermolecular splitti
of these bands is large (>0.45 eV atG). The remaining
three MO’s of terphenyl are constructed from theb1 states of
benzene. Just as was the case for biphenyl, these states
act across the inter-ring bond and are thus separated
total of about 2 eV with respect to each other. Again t
intermolecular interaction destroys the symmetry betwe
valence and conduction band states.

From what was said above, it should be clear what h
pens upon adding one more phenyl ring to end up w
quaterphenyl or another three phenyl rings to end up w
hexaphenyl. Indeed, the calculated band structures~see Fig.
5! support the qualitative picture developed above. In
case of quaterphenyl, the foura2 benzene MO’s form four
MO’s ~eight VB’s! that show little interaction across the in
terring bridge and consequently nearly no energetic sep
tion. But again these bands show strong intermolecular in
actions. The other four benzene states ofb1 form four largely
~2.3 eV! separated MO’s~eight valence bands, respectively!.
Finally, the electronic band structure of hexaphenyl can a
be derived in the same manner from the MO’s of benzen

Although the description presented above nicely expla
the principal features in the electronic structure of the olig
mers, we want to interpret the calculated band structure
an additional way; i.e., starting with the band structure
PPP. In Fig. 7 thedelocalizedvalence band of coplanar PP
along the polymer axis is depicted. It has a bandwidth
about 3 eV and is derived from theb1 benzene states. Fo
better comparison with the oligomers, the delocalized P
band is drawn for a unit cell with 2, 3, 4, and 6 phenyl rin

r.

FIG. 7. The delocalized VB’s of 2P, 3P, 4P, and 6P alongGZ
are depicted~triangles!. Additionally, these bands are compare
with the delocalized VB of PPP~lines! parallel to the polymer axis.
For better comparison with the oligomers the unit cell of PPP c
tains 2, 3, 4, and 6 rings when compared with 2P, 3P, 4P, and
respectively.
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as repeat unit, thus with12 , 1
3 , 1

4 , and 1
6 length of the Bril-

louin zone along the chain direction. The PPP band~lines! is
compared with the corresponding valence bands of 2P,
4P, and 6P along the molecular axis, respectively. We
see how the oligomer bands, upon increasing the oligo
length, gradually build up the top valence band of PPP. T
total bandwidth of the delocalized levels~triangles! increases
towards the PPP limit and at the same time the energ
distance between the single delocalized bands is redu
There are still gaps between these bands becausep conjuga-
tion is only extended over a finite distance in the oligom
The general picture described above is in accordance
the quasiband model of finite length oligomers.35,36

C. Band gaps and dispersions

As described in the theory part, the conduction ban
have to be corrected by a self-energyDc . We foundDc to be
more or less equal for all oligomers. In accordance with p
vious findings for the self-energy of PPP (Dc51.2),12 it was
taken to beDc51.4 eV for the LDA calculations andDc
51.3 eV for the GGA results, respectively. Experimental
the band gaps follow the so-called 1/n law.17,37,38The posi-
tion of the first absorption peak shows a linear dependenc
a function of the inverse oligomer length, wheren denotes
the number of phenyl rings per molecule. Our results for
band gaps as a function ofn, which are in agreement with th
experimental data, have already been published elsewhe39

Qualitatively, a decreasing band gap with increasing oli
mer length can be understood, if one considers the increa
total bandwidth of the VB’s derived from theb1 states of
benzene. This bandwidth is 1.5, 2.0, 2.2, and 2.4 eV for
3P, 4P, and 6P, respectively, and approaches 3 eV for
infinite polymer~see discussion in the previous subsectio!.

Measurements of the electro-luminescence on orien
films of 6P suggest that the carrier mobility along the m
lecular axis is smaller than its counterpart perpendicula
it.40 The carrier mobility is proportional to the effective ma
which in turn is inversely proportional to the bandwidth
the considered band along a given direction. In Table
these intermolecular bandwidths of the highest VB and
lowest CB for 2P, 3P, 4P, and 6P are listed for three differ
directions in the reciprocal space.GZ is nearly parallel to the
molecular axis, whereasGX andGY are almost perpendicu
lar to the molecular axis. The results for the highest V

TABLE II. Calculated bandwidth of the highest valence ban
~VB! and lowest conduction bands~CB! of biphenyl, terphenyl,
quaterphenyl, and hexaphenyl along theGZ, GX, andGY direction
in reciprocal space.

Biphenyl Terphenyl Quaterphenyl Hexaphen

bandwidth~eV!

VB: GZ 0.14 0.08 0.06 0.04
VB: GY 0.05 0.07 0.07 0.05
VB: GX 0.11 0.03 0.02 0.02
CB: GZ 0.08 0.08 0.05 0.02
CB: GY 0.31 0.35 0.40 0.40
CB: GX 0.17 0.20 0.18 0.16
P,
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~lowest CB!, e.g., for 6P, of 0.04~0.02! eV alongGZ and
0.05~0.40! eV alongGY are of the same order of magnitud
and thus qualitatively support the experimental findin
Therefore, in contrast to what was found experimentally
infinite polymer chains, the carrier mobility for short oligo
mers is likely to be higher perpendicular to the long molec
lar axis than parallel to it.

V. OPTICAL PROPERTIES

The dielectric tensor of a crystal with a monoclinic un
cell has four independent components, which are compu
according to Eq.~2.1! from the band structures discussed
the previous section. The results for the 2-, 3-, 4-, and 6-u
oligomer are depicted in Fig. 8. The results already includ
rigid upward shiftDc51.3 eV accounting for the self-energ
of the conduction bands. Similar to the procedure in the p
vious section about the electronic band structure, we wan
discuss first, what type of optical excitations and polariz
tions we have to expect for an isolated biphenyl molec
and compare these qualitative considerations with theab ini-
tio calculation of the dielectric function~DF! for crystalline
biphenyl @Fig. 8~a!#. If we define the long molecular axis a
thez axis and the axis perpendicular toz and in the plane of
the molecule as they axis, then the dipole operator accoun
ing for a polarization parallel to thez(y) axis belongs to the

FIG. 8. The imaginary part of the DF for 2P~a!, 3P ~b!, 4P ~c!,
and 6P~d!, respectively. The three diagonal components Im«xx ,
Im «yy , and Im«zz of the dielectric tensors are displayed. The r
sults include a shift ofDc51.3 eV accounting for the self-energy o
the conduction bands. The symmetry of the main transitions is
dicated in the MO notation as explained in the text.
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TABLE III. Electric dipole transitions of molecular biphenyl. The long molecular axis is parallel toz, the
y axis is normal toz and in the plane of the molecule. The transitions are characterized according
irreducible representations of theD2h point group of biphenyl.

Representation B1u B2u B3g Ag

Polarization z y forbidden forbidden

2b2g→3b3u 1b1g→3b3u 2b2g→2b1g 1b1g→2b1g

1au→2b1g 2b2g→2au 1au→3b3u 1au→2au

1b1g→2au
n
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B1u(B2u) irreducible representation ofD2h . In Table III, the
low-energy transitions of isolated biphenyl are listed. Tra
sitions belonging to theB3g and Ag representation are
electric-dipole forbidden by symmetry. For an explanation
the molecular orbital terminology see Fig. 3. In summary
can be said, that transitions between twodelocalizedor be-
tween two localized levels are polarized in thez direction,
whereas transitions between localized and delocalized le
are allowed for polarizations along they direction.

The calculation of the imaginary part of the DF includes
sum over all possible valenceuvk& and conduction band
statesuck& and the resulting DF is a combination of all tra
sitions betweenuvk& anduck& @see Eq.~2.1!#. It is interesting
to look at the contributions to the DF of particular ba
combinations and compare these to what has to be expe
from an independent-molecule picture. In an isolated bip
nyl molecule, the HOMO to LUMO transition is polarize
parallel to the long molecular axis~see also Table III!. In the
crystal, the polarization of the lowest energy transition
mains alMO’st the same. Hence there is only a small con
bution to Im«yy , and the ratio of Im«zz and Im«xx is related
to the angle between the molecular axis and the long unit
axis ~Fig. 1!. At about 0.6 eV higher energies the fir
‘‘delocalized-to-localized transitions’’ appear. They set
the major part to thexx andyy component at this energy, bu
have almost no contribution to Im«zz. Excitations that are
electric-dipole forbidden in the molecule (B3g and Ag!, be-
come weakly allowed in the crystalline environment.

The dielectric functions of 3P, 4P, and 6P are similar
the DF of biphenyl. According to the 1/n law the lowest
transition is red shifted. With increasing oligomer length, t
first transition polarized perpendicular to the molecular a
shifts to higher energies with respect the lowest transiti
The peaks in the Im«yy lie 0.6, 0.9, 1.0, and 1.2 eV abov
the absorption onset in 2P, 3P, 4P, and 6P, respectively
addition the intensity of the perpendicular transition d
creases.
n-
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s
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VI. CONCLUSIONS

We have performed first-principles calculations for t
electronic and optical properties of oligophenylenes with
the framework of density functional theory. In particular, t
three-dimensional band structures and the dielectric ten
of biphenyl, terphenyl, quaterphenyl, and hexaphenyl in th
crystalline form were calculated. Comparison of the ba
structures with the molecular states of the isolated oligop
nylenes shows that the main character of thep orbitals is
preserved in the crystal. However, the intermolecular int
actions lead to important modifications with respect to
isolated molecules. The band splittings due to the interac
of two neighboring molecules in the herring bone arran
ment are in the order of 0.120.2 eV for the delocalized
bands, which set up the highest valence bands, and lo
conduction bands. The analogous value for thelocalized
bands is somewhat bigger (0.4 eV!, and can be explained b
a larger overlap of the wave functions of two neighbori
molecules in the latter case. In a first approximation,
dispersions of the top valence and lowest conduction ba
respectively, can be taken as a measure for the carrier
bility. Analysis of these bands along directionsparallel and
perpendicularto the molecular axis shows, that the dispe
sion is higher for the perpendicular case, which can be
derstood by a stronger overlap of the wave functions wit
the herring bone layers rather than between them.

The dielectric tensors of 2P, 3P, 4P, and 6P reflect
pronounced anisotropy in the optical properties of the o
gophenylene molecules. As for the isolated molecules,
lowest transition is polarized parallel to the long molecu
axis. We find that the energy of this transition decrea
linearly with the inverse oligomer length, but appears bro
ened ~0.4 eV! on account of the finite bandwidths due
intermolecular interactions. For the first transition which
polarized perpendicular to the molecular axis, the increas
oligomer length results in a shift to higher energies w
respect to the lowest transition, accompanied by a decre
in intensity.
,
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