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The electronic and optical properties of the oligomers of maya-phenyleng (PPB in their crystalline
phases are calculated. In particular, the 2-, 3-, 4-, and the technically most important 6-unit olggreaer
hexaphenylend6P) 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 molecyl®8163-18209)04935-9

. INTRODUCTION 12,13 and polypara-phenylene-vinylene**
In contrast to the assumption of perfect crystallinity in 3D
During the past twenty years, conjugated polymers hav@®FT calculations, real samples of polymers show a distribu-
attracted steadily growing interest, both experimental as weffion of various conjugation lengths, and the limited crystal-
as theoretical. Electroluminescent devices with conjugatedn€ ordering suppresses the interchain interactions. Oligo-
molecules as active materials represent one big area of a lers, on the contrary, can be obtained in high purity and

lied scientific research on organic moleculé?henylene ith a very well ordered structure thus setting up defined
p 9 ' y intermolecular interactions. The oligomer 6P can be manu-

bgsed materials are especially interesting on account of. thejt ctured in a very pure form and highly oriented films can be
high quantum efficiency and blue luminescence. A lightoptained from it by vacuum evaporation techniques. Thus,
emitting diode(LED) based on poljpara-phenyleng was  the intermolecular interactions in such samples are very well
demonstrated to produce intense blue liyt&nd devices defined and comparison with DFT calculations for the crys-
with para-hexaphenylen&P)—an oligomer of PPP contain- talline material are appropriate. Moreover, it is possible to
ing six phenyl rings—as active layers have been shown tdnfluence the orientation of the molecules within the film by
emit polarized light in a highly controlled wéﬂ/Moreover, suitable f[lm preparation conditior!3.This is also true for
such devices open the possibility to convert the emitted blugorter oligomers of PPP as was demonstrated for terphenyl
light into other colors; this way the working principle of (3P) @nd quaterpheny(4P).”™ These highly ordered films

future flat panel color displays was demonstratdd.order ~OPEN the possibility to experimentally confirm the theoreti-

. o . ._cally predicted anisotropy in the electronic and optical
to improve the performance of existing devices and to deS|gr6 roperties'/
more effic@ent ones, it is important tp understand the elgzc- Within this work, these properties are calculated for the
tronic, optical and structural properties of the electroactivegspp oligomers from first principles. To our knowledge, the

materials. _ _ calculations presented here are the first ones for the oligo-
Among the methods to describe conjugated polymers on g gric systems taking into account the full three-

microscopic level the solid state approach based on densigimensionality of the materials in the solid state. Thus, the
functional theory(DFT) is not widely used. This is partly results contribute to clarify the role of intermolecular inter-
due to the Computatlonal Cha”enge In hand“ng unit Ce”SactionS in po'ymeric and 0|ig0meric Systems_
with a large number of atoms, but also due to the success of The paper is organized as follows. In Sec. Il, the theoret-
competing theories. Quantum chemical calculations on finitgca| methods are described, followed by a discussion of the
!solated oligomers have been proven to accuratel_y characteérystm structures of the oligophenylenes at room tempera-
ize ground state as well as excited state geometries and trafiye, The electronic band structures of 2P, 3P, 4P, and 6P are
- N _g i . . 1- 1 -1
sition energie$~® And among physical theories the Su- presented in Sec. IV, where we analyze in detail the calcu-
Schrieffer-Heeger model Hamiltoniatend modifications of |ated band gaps and dispersions, the relations to molecular
it'% successfully described nonlinear localized excitations iNstates of isolated oligophenylenes and the role of intermo-
an isolated one-dimensional polymer chain, i.e., polarons ofecular interactions. In the next section, the dielectric tensors

solitons for degenerate ground state polymers. But interacalculated from the Kohn-Sham orbitals are discussed. Fi-
tions with neighboring molecules—though inherently presentajly a conclusion is given.

in the solid state—are not accounted for in these two theo-

retical approaches. Indeed, fully three-dimensio3D) Il. METHODS
DFT calculations for polyacetylefehave shown that inter-
chain interactions destabilize the formation of nonlinear lo-
calized excitationgpolarons, bipolaronsand a similar be- All calculations have been carried out with the linearized
havior can be deduced from calculations on 3D FREfs. augmented plane wavyeAPW) method utilizing thewiEN97

A. Computational details
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code!® For exchange and correlation effects, the local den-
sity approximation(LDA) as well as a generalized gradient
approximation(GGA) were applied. In the first case, the pa-
rameterization of Ceperly and Alder d&tehas been used
according to Ref. 20. However, all calculations—if not men-
tioned explicitty—have been carried out with the PBE-GGA
potential?!

A parameter which crucially determines the accuracy of
any physical quantity calculated within the LAPW method is
the number of basis functions included to diagonalize the
Hamiltonian matrix, which in turn is chosen K., the
product of the muffin-tin radius and the largest reciprocal
lattice vector in the plane wave expansion. For the carbon
atomsRK,,, 0f 6.0 has proven to be sufficient, resulting in
matrix sizes of 4600, 6700, 8000, and 10 000 for 2P, 3P, 4P,
and 6P, respectively. Gb».

The Brillouin zone(BZ) integration is performed accord-

ing to the tetrahedron method. During the self-consistency
cycle, 4k points in the irreducible BZIBZ) have been used. /
For the calculation of the dielectric function 280, 200, 140, b\@

and 105 points in the IBZ have been considered for 2P, 3P, : f#

o

4P, and 6P, respectively.

B. The dielectric function \%\

From the knowledge of the single-particle orbitals and .
energies approximated by the solutions of the Kohn-Sham
equations, the dielectric tenseris computed. It is a well
known fact that DFT calculations notoriously underestimate
the band gaps of semiconductors. Fortunately, calculations of
the electron self-energies have revealed that the true quasi- FIG. 1. Monoclinic unit cell of biphenyl with the two molecules
particle bands differ from the LDA bands for many materialSper cell (top). Additionally, a projection of the crystal structure in
by ak-independent rigid upward shiff. of the conduction the plane normal to the molecular axis shows the herring bone
band$?23(scissors operathrHowever, a simple shift dEy, ~ geometry(bottom).

would yield too small values for the dielectric tensor com- . . .
ponents on account of the relation I L/w?. It was other hand the electrostatic repulsion of the positively

shown that a rigorous treatment of the nonlocality of thechargedortho-hydrogens on neighboring rings forces the
self-energy operator requires a rescaling of the matrinolecule into a nonplanar configuration. In the solid state we
element£? According to this, the imaginary part of the di- €XPect the interchain interactiofysacking forcepto result in

electric tensok;; in the long-wavelength limit, is given by ~Mo'€ planar molecules compared to the gas phase. For the
infinite polymer, DFT calculatiorté have shown that the op-

4m2e? timal interring torsion angle is 18° in agreement with
Imejj(w)=————— > (vilpjleiy(clpilvi) experiment® For the oligomers, on the other hand, x-ray and
M (w—Ac )7V viek neutron diffraction experiments at room temperature reveal a

lanar configuration of the molecules in the monoclinic
X OBt Ac— By fiw). @D Epace groupgD21/a with two molecules per unit celfsee
Here|c,) and|v,) are approximated by the Kohn-Sham or- Fig. 1). In the case of biphenyRP), one phenyl ring sets up
bitals with wave vectok for conduction and valence bands, the inequivalent atoms within one unit cell. The other half of
respectivelyE., , E,« are the corresponding band energies,the biphenyl molecule and the second molecule with its in-
andp; the Cartesian components of the momentum operatoiersion center in the middle of theb plane are generated by
m denotes the free electron masshe electron chargey the  the inversion, screw axis and glide plane operations of the

frequency, and/ the unit cell volume. P2,/a space group. In Table | the experimental values for
the lattice parameters,b,c and the monoclinic anglg@ are
. CRYSTAL STRUCTURES given. Additionally the angle between the molecular axis

and thec axis is listed. Single crystal data for ZRef. 27,

In the gaseous state the oligophenylenes are nonplan3P (Refs. 26,28 4P (Ref. 29, and for the 5-, 6-, and 7-unit
molecules with alternating torsion angles between adjacerdligomers® are available from the literature. We observe that
phenyl rings. This torsion angle ranges from 44° foraandb remain almost constant as a function of the oligomer
biphenyf® to 30°—40° for the longer oligomefsThe inter-  length. The small reduction ia andb with increasing oligo-
ring torsion is the consequence of two competing forces: omer length indicates a denser packing for longer molecules
the one hand ther-electron system of the carbons at the within the herring bone arrangement. The increase for
interring position tends to planarize the molecule, on thdonger oligomers is simply a consequence of the
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TABLE |. Experimental unit cell parameters for some oligophenylenes at room temperature for the
monoclinic space group2,/a. { is the angle between the molecular axis anddfais.

Oligomer a(A) b (A) c (A) B (°) L (°)
biphenyl (Ref. 27 8.122) 5.631) 9.51 95.1 22.1
p-terphenyl(Ref. 28 8.1064) 5.6132) 13.6136) 92.1(2) 15.2
p-quaterpheny(Ref. 29 8.1106) 5.6104) 17.911) 95.806) 115
p-quinquepheny(Ref. 30 8.07Q1) 5.581(1) 22.0544) 97.911)
p-hexaphenylRef. 30 8.0913) 5.5681) 26.2415) 98.1712) 25.5
p-septiphenyl(Ref. 30 8.0345) 5.54713) 30.57712) 100.525)

growing length of molecules which are approximately paral-molecules, and let the molecular states of biphenyl evolve
lel to c. from the benzene molecular statesee Fig. 33* One can

A closer look at the x-ray data shows, that the conforma-distinguish betweel€ p,. andp,, orbitals. Energetically, the
tion of the molecules is planar only on average, and it ism orbitals constitute the highest occupied molecular orbital
associated with high librational amplitudes around the longHOMO) and the lowest unoccupied molecular orbital
molecular axe$®?>*The rings are assumed to librate in a (LUMO). Benzene belongs to tH2g, point group and tak-
double well potential and at low temperatures, when theséng the six carbonr orbitals as basis functions the HOMO-1,
rotations are frozen, a phase transition into a nonplanar coHOMO, and LUMO belong to the,,, €;4, andey, irre-
formation occurs, with the unit cell doubled containing four ducible representation ddg,. The local symmetry of each
molecules’? Recent Raman studies of 6P under pressure alsef the benzene moieties in biphenyl changes frbgy, to
give rise to a nonplanar configuration at room temperature,, . Thus, each of the two doubly degenerate stajgsand
and normal pressuré. However, throughout this work we e,, are now split up intdb, anda, states. Combining the
have considered only the high-temperature phase with coplawo benzene moieties into biphenyl with,, symmetry re-
nar oligo-phenylene molecules. sults in the actual biphenyl MO’s, for which the atomic or-

For the shorter oligomers, 2P, 3P, and 4P, we have takebital compositions of the highest six occupied and lowest
the atomic positions obtained from x-ray diffraction experi-four unoccupied MO’s are displayed. Thea,l and 1b, 4
ments. Since the calculated atomic forces turned out to bstates of biphenyl, originating in thle, MO’s of benzene, are

moderate and could be neglected in a first approximation, Welose in energy, because the interaction across the interring
did not optimize the atomic positions. For 6P, however, cal-

culations for both the experimental as well as for a geometry 170 1o 5

optimized structure were performed. The process of geom- f e 0 ¢ 10

etry optimization takes account of the atomic forces and 1 hs N\t 4
14 2

shifts the atomic positions according to the direction and
magnitude of the particular force in a damped oscillator
scheme until all forces are vanishingly smAlIA structure
optimization starting with the experimental geometry proved
to be necessary on account of the much larger forces acting
on the atoms compared with the other oligomers. It turned
out that the calculated band gaps of the two structures differ
by 0.4 eV. Thus, in view of the technical importance of 6P
the time consuming procedure of geometry optimization

the order of one month on a vector computerjustified. In

Fig. 2 intraring as well as inter-rin@-C bond lengths for

the experimental and the geometry optimized structure of 6P
are displayed. Theory predicts the rings to be much more
symmetric as is the case for the experimental data for the
shorter oligomers. Moreover, both the inter-ring as well as =

5k J
S ]
intraring bond lengths are in accordance with previous DFT 5 3l ]
calculations for PPRRef. 12 and with quantum chemical g 2f n ]
1k J

0 1

calculations for oligophenylenésiespectively.

123 4567 8 910111213 1415 16 17 18 19 20 21

IV. ELECTRONIC STRUCTURE FIG. 2. TheC-C bond lengths in crystalline 6P for the experi-
mental geometryfull symbolg and the DFT-optimized geometry
(open symbolsare depicted in the upper panel. The relative devia-
Looking at the molecular orbitaldO’s) of biphenyl, we  tion of the bond lengths in the two structures is displagiesver
can see what type of energy bands can be expected in thine). The labeling of the bond lengths is according to the sche-
solid state. To understand the electronic states of biphenyhatic picture shown on top of the figure. The geometry for the right
schematically we think of it as consisting of two benzenethree rings is identical to the left ones by symmetry.

A. From molecular states to crystal bands
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' ! ‘e FIG. 4. Band structures of 2@) and 3P(b) along high symme-
RN try directions in the reciprocal space. The band gaps have not been
2b, , {}_{:}Zba v corrected for the self-energy of the conduction badt.is almost
parallel to the long molecular axis, wherdaX andI'Y are perpen-
02— RN L PR N — dicular to it.
2T P el
1b,, intermolecular interactions are much larger for theg, and

1b,4 symmetry bandssplitting of =0.4 eV atl'), whereas
FIG. 3. Diagram showing the evolution of the molecular orbitals the interaction is much legsplitting of =0.08 eV atl") for
of biphenyl from the MO's of two benzene rings. According to a the 2b,, and 23, bands. The reason for this behavior can be
Huckel picture, the atomic orbital compositions of the top four deduced from the electron density plots in Fig. 6. Thog 2
HOMO's and lowest four LUMO's, respectively, are depicted. 5 24, states are mainly located at the molecular axis, thus

Filled (open circles correspond t@,, orbitals that have positive the interaction with a neighboring molecule is small due to
(negative sign at one side of the molecular plane.

E
bridge is weak. These states are maiolyalizedat the ben- 5[eVJ (a)< (b)\ 5
zene rings. On the other hand, the interaction oflihéen- P 1 =
zene states forming thebg3, and 2b,, states of biphenyl is 4_§ /-/ _Z:>o xd‘
large—so is their energetic separation. The corresponding &%bo =] S
wave functions are spread over the whole mole¢dé&ocal- ==Sqll ?/\/k ——— 5
ized states. 31 <= <] ] Zh F3

1]
2- - -2

B. Band structures

The GGA band structures of 2P, 3P, 4P, and 6P are pre- 4. . L4
sented in Figs. 4 and 5. We start with a description of the
electronic band structure of biphenyl. All states depicted in
Fig. 3 for the isolated biphenyl molecule are doubled in the
crystal on account of the herring-bone structure which has ~E——
two molecules per unit cell. The splitting of the bands is a -1 =" -
measure for the intermolecular interaction. =

The eight top valence bands of crystalline biphenyl -2
clearly resemble the molecular orbital picture. The two high- ]
est valence band¥/B'’s) originate from the B,4 MO of the -3? — J>X = S T XU zr S
biphenyl molecule. The next four lower lying bands are de-

rived from the B, and b,y MO’s, respectively, whereas FIG. 5. Band structure of 4@) and 6P(b) along high symmetry
the VB-6 and VB-7 evolve from the MO oft®, symmetry.  gjrections in the reciprocal space. The results for 6P are obtained
This assignment is confirmed by electron density plots ofor the geometry optimized structure. The band gaps have not been
these valence bandgig. 6) when compared with the sche- corrected for the self-energy of the conduction baitBis almost
matic molecular orbital pictures for the isolated biphenylparallel to the long molecular axis, wherda% andT'Y are perpen-
(Fig. 3. Itis interesting to note that the band splittings due todicular to it.

:

fl

\

|
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2b, I ' W FIG. 7. The delocalized VB’s of 2P, 3P, 4P, and 6P aldtxy

101 z=0.0 Bohr 1 | =00 Bohr {10 are depicted(triangles. Additionally, these bands are compared
with the delocalized VB of PPHines) parallel to the polymer axis.

8l g For better comparison with the oligomers the unit cell of PPP con-
tains 2, 3, 4, and 6 rings when compared with 2P, 3P, 4P, and 6P,
respectively.

%6' | . p y

al 4 Terphenyl consists of three phenyl rings. If we look at
Fig. 3 once again we expect the following electronic states:

o | . three occupiedh, and another three occupidri benzene
states form the six highest VB'’s of terphenyl. The thege

o @ . . . 9 MO’s form orbitals similar to the &, and b, states of

0 2 x&] 6 8 0 2 x[i] 6 8 biphenyl. Consequently, the interaction across the inter-

ring bridge is weak and the three MQO(six bands on ac-

FIG. 6. Panels(@ and (b) show the electron density of the count of the second molecule in the unit ¢die close to
delocalizedand localized valence bands of 2P, respectively, in a €ach other. Similar to biphenyl, the intermolecular splitting
plane parallel to the molecular plane at a distance of 0.6 Bohrof these bands is large=(0.45 eV atI'). The remaining
Panels(c) and (d) display the electron density of theelocalized three MO'’s of terphenyl are constructed from thestates of
andlocalizedbands, respectively, but noiw the molecular plane.  benzene. Just as was the case for biphenyl, these states inter-
act across the inter-ring bond and are thus separated by a
total of about 2 eV with respect to each other. Again the

their larger distance. On the other hand, tre, &nd b, it lecular int tion dest th v bet
MQO'’s are mainly located at thertho-carbons and point ap- Intermolecular interaction destroys the symmetry between
valence and conduction band states.

proximately towards the hydrogens of the neighboring mol- From what was said above, it should be clear what hap-

ecule, hence establishing a weak C-H bond. This bond is al_s ns upon adding one more phenyl ring to end up with
the reason for the pronounced asymmetry bereen occupi aterphenyl or another three phenyl rings to end up with
and unoccupied bands. In a pure electron picture there oy aphenyl. Indeed, the calculated band struct(ses Fig.
would be perfect electron-hole symmetry: the unoccupied;) gypport the qualitative picture developed above. In the
conduction bands are mirror bands of the occupied valencgage of quaterphenyl, the foas, benzene MO’s form four
bands. On account of the intermolecular interaction the vapo's (eight VB'’s) that show little interaction across the in-
lence bands no longer have purecharacter and this sym- terring bridge and consequently nearly no energetic separa-
metry is destroyed. A proof for this description can be seenjon. But again these bands show strong intermolecular inter-
in the lower panels of Fig. 6. There we have plotted theactions. The other four benzene stateb pform four largely
electron density of the bands derived from thie,@2 MO (2.3 eV) separated MO’seight valence bands, respectively
(VB, VB-1) and those derived from thea} and 1o, MO’s Finally, the electronic band structure of hexaphenyl can also
(VB-2, -3, -4, -5 in the plane of the molecule. In a pure  be derived in the same manner from the MO'’s of benzene.
electron model the electron density in this plane should be Although the description presented above nicely explains
equal to zero. The nonzero electron density as shown in Fighe principal features in the electronic structure of the oligo-
6 has two reasons: the experimental geometry of biphenyl imers, we want to interpret the calculated band structures in
not perfectly planaf’ thus some atoms have a finite distancean additional way; i.e., starting with the band structure of
from the average molecular plane. But more important, thé®PP. In Fig. 7 thelelocalizedvalence band of coplanar PPP
electron density at the hydrogens explains the intermoleculaalong the polymer axis is depicted. It has a bandwidth of
interaction described above and also accounts for the diffembout 3 eV and is derived from tHe benzene states. For
ent values of the band splittings for the top four valencebetter comparison with the oligomers, the delocalized PPP
bands. band is drawn for a unit cell with 2, 3, 4, and 6 phenyl rings
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TABLE Il. Calculated bandwidth of the highest valence bands 30 35 40 45 50 55 60 65 70
(VB) and lowest conduction band€B) of biphenyl, terphenyl, S NG Y " " ¥
quaterphenyl, and hexaphenyl along the, I'X, andI'Y direction 40 |- s >
in reciprocal space. | - | @)

Biphenyl Terphenyl Quaterphenyl Hexaphenyl

bandwidth(eV)

VB: I'Z 0.14 0.08 0.06 0.04
VB: T'Y 0.05 0.07 0.07 0.05
VB: I'X 0.11 0.03 0.02 0.02
CB: I'z 0.08 0.08 0.05 0.02
CB: I'Y 0.31 0.35 0.40 0.40
CB: I'X 0.17 0.20 0.18 0.16

{1 ®

40 |- .
as repeat unit, thus with, 3, 7, and¢ length of the Bril- ! 1 ©
louin zone along the chain direction. The PPP bdimes) is 20 | i
compared with the corresponding valence bands of 2P, 3P, | ]_32u m 1
4P, and 6P along the molecular axis, respectively. We can 0 ————+tpm A 1 sl M“,ﬁﬂ*“
see how the oligomer bands, upon increasing the oligomer30 |- lu .
length, gradually build up the top valence band of PPP. The 1
total bandwidth of the delocalized levélsiangles increases 2 T %)
towards the PPP limit and at the same time the energetic, . [ |
distance between the single delocalized bands is reduced | B, ]
There are still gaps between these bands becausmjuga- ol— TR SRS NPET . E T N,
tion is only extended over a finite distance in the oligomer. 30 35 40 45 50 55 60 65 70
The general picture described above is in accordance with EfeV]

the quasiband model of finite length oligomé&?s®

FIG. 8. The imaginary part of the DF for 2@), 3P (b), 4P (c),
and 6P(d), respectively. The three diagonal componentsem
C. Band gaps and dispersions Ime,,, and Ime,, of the dielectric tensors are displayed. The re-

. . . sults include a shift oA ;= 1.3 eV accounting for the self-energy of
As described in the theory part, the conduction band%he conduction bands. The symmetry of the main transitions is in-

have to be corrected by a self-enedyy. We foundA, to be dicated in the MO notation as explained in the text.

more or less equal for all oligomers. In accordance with pre-

vious findings for the self-energy of PPR (= 1._2),12 itwas  (jowest CB, e.g., for 6P, of 0.040.02 eV alongT'Z and
taken to beA.=1.4 eV for the LDA calculations and.  005(0.40 eV alongl'Y are of the same order of magnitude
=1.3 eV for the GGA results, respectlvellyé7E3>éper|ment_alIy, and thus qualitatively support the experimental findings.
the band gaps follow the so-callechllaw.”"*"*"The posi-  Therefore, in contrast to what was found experimentally for
tion of the first absorption peak shows a linear dependence 3gtinite polymer chains, the carrier mobility for short oligo-

a function of the inverse oligomer length, wheredenotes mers s likely to be higher perpendicular to the long molecu-
the number of phenyl rings per molecule. Our results for thayy axis than parallel to it.

band gaps as a function of which are in agreement with the
experimental data, have already been published elsevihere.
Qualitatively, a decreasing band gap with increasing oligo-
mer length can be understood, if one considers the increasing The dielectric tensor of a crystal with a monoclinic unit
total bandwidth of the VB's derived from thie; states of cell has four independent components, which are computed
benzene. This bandwidth is 1.5, 2.0, 2.2, and 2.4 eV for 2Paccording to Eq(2.1) from the band structures discussed in
3P, 4P, and 6P, respectively, and approaches 3 eV for thhe previous section. The results for the 2-, 3-, 4-, and 6-unit
infinite polymer(see discussion in the previous subsegtion oligomer are depicted in Fig. 8. The results already include a

Measurements of the electro-luminescence on orientedgid upward shiftA,=1.3 eV accounting for the self-energy
films of 6P suggest that the carrier mobility along the mo-of the conduction bands. Similar to the procedure in the pre-
lecular axis is smaller than its counterpart perpendicular tawious section about the electronic band structure, we want to
it.** The carrier mobility is proportional to the effective mass discuss first, what type of optical excitations and polariza-
which in turn is inversely proportional to the bandwidth of tions we have to expect for an isolated biphenyl molecule
the considered band along a given direction. In Table Iland compare these qualitative considerations withathai-
these intermolecular bandwidths of the highest VB and theio calculation of the dielectric functiofDF) for crystalline
lowest CB for 2P, 3P, 4P, and 6P are listed for three differenbiphenyl[Fig. 8a)]. If we define the long molecular axis as
directions in the reciprocal spadéZ is nearly parallel to the thez axis and the axis perpendicularz@nd in the plane of
molecular axis, wheredsX andI'Y are almost perpendicu- the molecule as thg axis, then the dipole operator account-
lar to the molecular axis. The results for the highest VBing for a polarization parallel to th&(y) axis belongs to the

V. OPTICAL PROPERTIES
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TABLE lll. Electric dipole transitions of molecular biphenyl. The long molecular axis is parallgl ttee
y axis is normal toz and in the plane of the molecule. The transitions are characterized according to the
irreducible representations of ti®,;, point group of biphenyl.

Representation By B,y Bsg Aq
Polarization z y forbidden forbidden
2b29_>3b3u 1blg_’3b3u 2b2g_>2blg 1blg_’2b1g
la,—2by, 2byq—2a, la,—3bg, la,—2a,
1blg—>23u
B14(B>y) irreducible representation @f,,,. In Table lll, the VI. CONCLUSIONS

qu_v-energy tran3|t|0ns of isolated biphenyl are I'S'Fed‘ Tran- We have performed first-principles calculations for the
sitions belonging to theB;; and A, representation are

lectric-dinole forbidden b | | felectronic and optical properties of oligophenylenes within
electric-dipole forbidden by symmetry. For an explanation ofy,e framework of density functional theory. In particular, the

the molecular orbital terminology see Fig. 3. In summary itihree-dimensional band structures and the dielectric tensors
can be said, that transitions between twalocalizedor be-  f piphenyl, terphenyl, quaterphenyl, and hexaphenyl in their
tween tWOlocallzedlevels are pOlarlzed n thE d|rect|0n, Crysta”ine form were Ca'cu'ated_ Comparison Of the band
whereas transitions between localized and delocalized levelgructures with the molecular states of the isolated oligophe-
are allowed for polarizations along tlyedirection. nylenes shows that the main character of therbitals is

The calculation of the imaginary part of the DF includes apreserved in the crystal. However, the intermolecular inter-
sum over all possible valencl,) and conduction band actions lead to important modifications with respect to the
stategc,) and the resulting DF is a combination of all tran- isolated molecules. The band splittings due to the interaction
sitions betweerv,) and|c,) [see Eq(2.1)]. Itis interesting  of two neighboring molecules in the herring bone arrange-
to look at the contributions to the DF of particular band ment are in the order of 0-10.2 eV for the delocalized
combinations and compare these to what has to be expect&@nds, which set up the highest valence bands, and lowest
from an independent-molecule picture. In an isolated bipheconduction bands. The analogous value for tbealized
nyl molecule, the HOMO to LUMO transition is polarized bands is somewhat bigger (0.4 ¢\nd can be explained by
parallel to the long molecular axisee also Table I}l Inthe @ larger overlap of the wave functions of two neighboring
crystal, the polarization of the lowest energy transition re-molecules in the latter case. In a first approximation, the

mains alMO'st the same. Hence there is only a small contridiSPersions of the top valence and lowest conduction band,

bution to Ime,, , and the ratio of Ine,, and Ime, is related respectively, can be taken as a measure for the carrier mo-

to the angle between the molecular axis and the long unit ceﬁ)i”ty‘ Analysis of these bands along directioparallel and
axis (Fig. 1). At about 0.6 eV higher energies the first perpendicularto the molecular axis shows, that the disper-

“delocalized-to-localized transitions” appear. They set upSlon is higher for the perpendicular case, which can be un-

h i h d hi b derstood by a stronger overlap of the wave functions within
the major part to thex andyy component at this energy, but o herring bone layers rather than between them.

have almost no contribution to Im,. Excitations that are The dielectric tensors of 2P, 3P, 4P, and 6P reflect the
electric-dipole forbidden in the molecul®{y andA), be-  pronounced anisotropy in the optical properties of the oli-
come weakly allowed in the crystalline environment. gophenylene molecules. As for the isolated molecules, the

The dielectric functions of 3P, 4P, and 6P are similar tojowest transition is polarized parallel to the long molecular
the DF of biphenyl. According to the i/law the lowest axis. We find that the energy of this transition decreases
transition is red shifted. With increasing oligomer length, thelinearly with the inverse oligomer length, but appears broad-
first transition polarized perpendicular to the molecular axisened (0.4 e\) on account of the finite bandwidths due to
shifts to higher energies with respect the lowest transitionintermolecular interactions. For the first transition which is
The peaks in the Im, lie 0.6, 0.9, 1.0, and 1.2 eV above polarized perpendicular to the molecular axis, the increasing
the absorption onset in 2P, 3P, 4P, and 6P, respectively. loligomer length results in a shift to higher energies with
addition the intensity of the perpendicular transition de-respect to the lowest transition, accompanied by a decrease
creases. in intensity.
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