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Electronic, optical, and structural properties of oligophenylene molecular crystals under high
pressure: An ab initio investigation
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The goal of thisab initio study is to investigate the role of intermolecular interactions in molecular semi-
conductors. We discuss thepressure-dependent electronic, optical, and structural properties of biphenyl and
para-terphenyl molecular crystals. These materials can be viewed as prototypes for conjugated molecular
crystals. We optimize all internal structural parameters, including bond lengths and the molecular orientation,
as a function of pressure, where the lattice parameters are taken from experiment. We compare the computed
bulk modulus to available experimental data. The electronic band structures are calculated for the optimized
structures and are debated as a function of pressure. We find evidence that one has to dismiss the picture of
purevan der Waals crystals, which has been discussed in the literature for oligo-para-phenylenes as well as for
other fundamental types of molecular crystals, such as oligothiophenes or polyacenes. Furthermore, we observe
a redshift and a broadening of the optical transitions under pressure. Analysis shows that these effects are of
purely intermolecular origin while changes in the internal molecular geometry are of less importance in the
high-pressure regime up to 5 GPa.

DOI: 10.1103/PhysRevB.67.235321 PACS number~s!: 71.15.Ap, 71.15.Mb, 71.20.Rv
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I. INTRODUCTION

Ordered films of organic conjugated polymers or olig
mers are not only relevant for novel optoelectronic devi
but also interesting for fundamental research.1–6 In these sys-
tems composed of quasi-one-dimensional~quasi-1D! poly-
mer chains or molecules, which are arranged in a 3D c
talline environment, the effects of electronic confinement a
the role of correlations can be studied. The vast majority
quantum chemical as well as solid-state theoretical stud
on the other hand, do not take into account the effects
crystallinity and focus onisolated polymers or molecules
since the main optoelectronic characteristics arise from
mobile p electrons delocalized along the polym
backbone.7–11

In practice, polymer films consist of a distribution of di
ferent chain lengths rather than of one defined length; th
is always a certain degree of misalignment of polym
chains, and there are chemical defects present, which
obstruct a straightforward interpretation of experimental
sults. Shorter conjugated molecules~oligomers!, on the con-
trary, can be synthesized with a controlled number of rep
units and they crystallize in a very defined way. Therefo
we have chosen to investigate molecular crystals of co
gated molecules; more precisely, we focus on oligo-para-
phenylenes (nP) since these materials have been dem
strated to be suitable for a number of optoelectro
applications. While biphenyl~2P! can be seen as the simple
model system for this series of materials,para-terphenyl
~3P! and para-quaterphenyl~4P! are used as UV lase
dyes,12,13 in scintillation counters,14 and as wavelength
shifters,15 whereas the longerpara-hexaphenyl~6P! is used
as active layer in thin-film organic light-emitting-diode
~LED’s! showing polarized blue emission.2,3
0163-1829/2003/67~23!/235321~7!/$20.00 67 2353
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Applying external pressure in these materials is a v
defined way to vary theintermoleculardistances. Since the
role played by intermolecular interactions is one of the k
subjects of this paper, the study of the pressure depend
of relevant properties will illuminate the issue of 1D vers
3D character in these molecular crystals. In particular, we
interested in the electronic band structures and the op
absorption versus pressure. From the band splittings and
persions due to intermolecular wave function overlap we
deduce transport properties, while absorption spectra ve
pressure illustrate the effect of intermolecular interaction
the optical properties. As a prerequisite for these investi
tions we determine the structural changes including mole
lar arrangement as well as bond lengths and angles as a
tion of pressure.

The paper is organized as follows. The next section gi
an outline of the theoretical method that has been used
Sec. III we describe the structural properties of 2P and
including the bulk modulus. Section IV discusses the el
tronic band structures of 2P and 3P, particularly their chan
upon pressure, while Sec. V comprises optical absorp
spectra versus pressure. Finally, we discuss our result
Sec. VI.

II. THEORETICAL METHOD

All calculations presented in this work are based on d
sity functional theory~DFT!. We use the full-potential linear
ized augmented plane-wave~LAPW! method which is an
all-electron method suitable for systems with period
boundary conditions. It has proved to be a highly accur
scheme forab initio calculations within the framework o
DFT. In order to reduce the number of required basis fu
tions, we have utilized the novel APW1lo basis set16 of the
©2003 The American Physical Society21-1
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WIEN97 code.17 The following parameters have been chos
for the self-consistency cycles for all 2P and 3P compu
tions. The muffin-tin radii of C and H, respectively, hav
been set to 1.29 and 0.75 bohr, and anRKmax value of 3.0
has been used. For the C atom, this amounts to a value o
for RKmax(C). The summations over the Brillouin zone~BZ!
have been carried out utilizing the tetrahedron method
by using 12k points for the self-consistency cycles and up
1120k points for the optical spectra in the full BZ. We hav
treated exchange and correlation effects by the genera
gradient approximated~GGA! potential due to Perdew an
Wang.18

The pressure-dependent electronic, optical, and struc
properties of the molecular crystals are obtained by the
lowing four steps of which the first one is purely experime
tal and described elsewhere19 while steps~ii !–~iv! are ac-
complished byab initio computations outlined above.

~i! Experimental determination of the pressure-depend
lattice constants by x-ray diffraction measurements. Due
the large system size, it is not possible to optimize the lat
parameters by DFT calculations.

~ii ! Minimization of the total energy within DFT for a
given set of lattice parameters by optimizing all intern
structural degrees of freedom, involving~a! molecular orien-
tation as well as~b! bond lengths and angles.

~iii ! Determination of the electronic band structure for t
fully relaxed crystal structures in terms of Kohn-Sham en
gies.

~iv! Computation of the optical properties in the indepe
dent quasiparticle approximation for the optimized geo
etries.

III. STRUCTURAL PROPERTIES

A. Crystal structure

At room temperature and ambient pressure, biphenyl~2P!,
C12H10, andpara-terphenyl~3P!, C18H14, both crystallize in
a monoclinic crystal structure with the space gro
P21 /a.20,21 This structure represents the so-calledherring-
bonearrangement which is very common for planar rodli
molecules. ThenP molecules form layers aligned parallel
the ab plane. The normal vectors of the molecular planes
the two inequivalent molecules enclose the herringb
angleu, and the molecular axis is tilted with respect to t
c* axis by an anglex. The molecular arrangement and th
definition of the two anglesu andx is also illustrated in Fig.
1.

Recently, we have studied thepressure-dependentlattice
parameters ofnP ~2P–6P! by means of energy-dispersiv
x-ray powder diffraction under hydrostatic pressure up to
GPa.19 As main results we obtained that~i! no phase transi-
tion occurs in the investigated pressure regime and~ii ! the
lattice constanta is reduced roughly twice as much asb and
c. Although the limited number of Bragg peaks did not allo
for a Rietveld refinement of the internal degrees
freedom—for instance, the molecular orientation—the stro
reduction of a suggested a flattening of the herring bo
pattern. Thus, an increase ofu was concluded but no quan
titative results could be deduced from the experimental sp
23532
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tra. Similarly, we argued from a qualitative packing analy
that the setting anglex should increase with pressure.19

B. Molecular arrangement and bond lengths

The optimum molecular geometry can be obtained
minimizing the forces acting on the nuclei. However, such
scheme only works well for theintramolecularstructure—
that is, for the bond lengths and angles—while it is not pr
ticable for a determination of the molecule’sorientation
within the unit cell. Therefore, we optimize the bond lengt
and angles in a first step by utilizing the atomicforces. The
molecules are assumed to be planar since in the pres
region we are interested in the molecules are alre
planarized.22 In a second step, we minimize the total ener
of the crystal with respect to the molecular orientation
fixed bond lengths and angles. To this end, we define t
angles describing the molecular orientation. The herringb
angleu is the angle between the two normal vectors of t
molecular planes of the two inequivalent molecules, wher
the setting anglex is given as the angle between the molec
lar axis and the normal to theab plane~Fig. 1!. Note that the
molecular axis has been found to lie in theab plane for 2P
and 3P in the investigated pressure range; therefore, two
rameters are sufficient to determine the orientation of
molecule. The optimum orientation is obtained by finding t
energy minimum of the two-dimensional energy surfaceE
5E(u,x). Figure 2 shows the total energy of 2P as a fun
tion of the herringbone angleu for a number of pressure
points between 0 and 5 GPa.

We see that the optimumu for 2P is no continuous func
tion of pressure due to the double-well structure ofE(u), as
can be seen, for instance, at 1.0 GPa. Below this pressur
minimum is in the left potential well, while at higher pres
sures the optimumu lies at the right part of the double wel
The optimized molecular orientations of 2P and 3P given
u andx together with experimental values for ambient pre
sure are listed in Table I. We notice that the herringbo
angleu for 3P is a monotonous function of pressure in d
tinction to 2P.

FIG. 1. The crystal structure of oligo-para-phenylenes is exem
plified for 3P. The left panel is a projection perpendicular to t
molecular axis showing the herringbone angleu, whereas the right
panel is a sideview of one such layer displaying the definition of
setting anglex.
1-2
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As a function of pressure, the herringbone angleu shows
the strongest dependence. We find more coplanar config
tions at higher pressures for 2P as well as for 3P in ac
dance with the large change in the lattice parametera.19

While there is a more or less monotonous change for

FIG. 2. Total energiesE in 2P as a function of the herringbon
angleu for a number of pressure points. The origin of the ene
scale has been shifted to the energy minimum of the 2P cry
structure at 0 GPa.

TABLE I. Calculated herringbone angleu and setting anglex of
biphenyl ~2P! and p-terphenyl ~3P! as a function of pressure. In
addition, the zero-pressure values as obtained from single-cr
structure solutions~Expt.! for 2P ~Ref. 20! and 3P~Ref. 21! are
given.

2P 3P
p @GPa# u @deg# x @deg# u @deg# x @deg#

0.0 116.0 15.7 91.3 17.6
0.5 114.2 18.7
1.0 112.1 17.2 114.0 18.7
1.5 121.3 18.2
2.0 121.4 18.0 121.1 18.3
3.0 119.5 17.8 120.0 18.7
4.0 119.0 19.6 127.8 19.6
5.0 119.1 19.1 125.1 19.7

Expt. 112.5a 17.1a 111.6b 17.6b

aReference 20.
bReference 21.
23532
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there is a jump in the herringbone angleu of 2P around 1
GPa due to the double-well structure of the energy cur
E(u) given in Fig. 2. This behavior cannot be understo
within the simple geometric argument of the stronger red
tion of a compared tob,19 rather it requires a more sophist
cated analysis. We will come back to this point in Sec.
where we discuss the intermolecular bonding in terms
electron density plots. According to our computations,
setting anglex is increased by only 3.5° and 2.1° up to
GPa for 2P and 3P, respectively. These values have to
compared to the experimental ones of 8.7° and 6.8° up
GPa for 2P and 3P, respectively, obtained from a geome
packing argument.19 While the tendency of increasingx as
well as the larger value for 2P compared to 3P agrees w
the theoretical results, the experimental values are larger
the corresponding computed ones. This discrepancy migh
due to the rigid molecule approximation in Ref. 19.

In this work, however, the internal molecular geome
~bond lengths and angles! is relaxed by making use of th
atomic forces. We find, for instance, the length of one m
ecule defined by the end hydrogens changes by 0.05~0.09! Å
for 2P ~3P! when increasing the pressure from 0 to 5 GP
This effect can be understood in terms of the rather s
interring bonds as can be seen from a plot of the interr
bond length over pressure in Fig. 3. Both for 2P and 3P,
length of the interring bond changes approximately linea
by 0.002 Å per GPa. We point out that there is noa priori
need for a perfect linear dependence of the bond leng
versus pressure; the linear fit serves merely as a guide to
eye.

Note, however, that the change in the layer thickn
given by c sinb is 0.52 ~0.59! Å up to 5 GPa for 2P~3P!,
thus roughly an order of magnitude larger than the chang
the length of the molecule. Consequently, the reduction
the layer thickness is mainly due to acloser packingof the
layers since the tilting of the molecules by an angle ofDx
'3° does not considerably decrease the layer thickness

C. Total energies and bulk moduli

As a result of the geometry optimizations for 2P and
presented in the previous section, the total energies of

y
al

tal

FIG. 3. The calculated interring bond length of 2P~open circles!
and 3P~solid triangles! as a function of pressure. The solid~dashed!
lines are linear fits to the 2P~3P! data points.
1-3
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completely relaxed structures as a function of the unit-c
volume are available. These data can be utilized to obtain
bulk modulus from a least-squares fit of the calculated to
energiesE as a function of volumeV. We have utilized the
equation of state~EOS! as proposed by Birch,23

E5E01
9

8
B0V0F S V0

V D 2/3

21G2

1
9

16
B0V0~B0824!F S V0

V D 2/3

21G3

, ~1!

as well as the Murnaghan EOS which has been applied t
and 3P previously19,24:

E5E01
B0~V2V0!

B0821
1

B0V

B08~B0821!
F S V0

V D B08

21G . ~2!

Here,B0 andV0, respectively, denote the zero-pressure b
modulus and unit-cell volume,B08 is the pressure derivativ
of the bulk modulus, andE0 is the energy at zero pressur
Thus, Eqs.~1! and ~2! contain four adjustable paramete
which must be determined from a least-squares fit. Figur
displays the total energies of 2P and 3P versus the unit
volume as resulting from the complete relaxation of all
ternal structural parameters~symbols! together with a fit ac-
cording to Eq.~1! ~lines!.

Due to the limited number of data points, a fit with a
four adjustable parameters proved not to be stable. He
we fixed one of the parameters: namely, the pressure de
tive of the bulk modulusB08 , for which we took the experi-
mental value ofB0858.4 (B0856.1) for 2P~3P! as given in
Table I of Ref. 19. This procedure leads to zero-press
volumesV0 which are about 10% larger than the correspo
ing experimental ones. We have also attempted tofix V0 at
the experimental zero-pressure volumes, but this proce
led to the unphysical result that the bulk modulusdecreased
with pressure~negative values forB08) if we allowed B08 to

FIG. 4. The total energyE of 2P ~left! and 3P~right! over the
volume V. Symbols correspond to the calculated values, wher
the lines are fits according to the Birch equation of state~1!. The
origin of the energy scale has been shifted to the total energ
ambient pressure.
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vary or to a very bad description of the data points if w
fixed B08 at the experimental value.

The bulk moduli of 2P and 3P, respectively, resulting fro
the fit areB054.2 GPa andB057.1 GPa when using the
Birch EOS andB051.8 GPa andB055.8 GPa when using
the Murnaghan EOS. Thus, depending on the functional fo
of the EOS the resulting bulk modulus varies by more tha
factor of 2 for 2P, while the difference is less pronounced
3P. The large spread in the values forB0 resulting from the
Birch and Murnaghan EOS, respectively, might be explain
by a systematic error in the fitting procedure. FixingB08
could introduce a bias in the resulting values ofV0 which
affects, in turn, the calculated values forB0. In a recent
experimental study, a fit of the unit-cell volume versus pr
sure according to a Murnaghan EOS yielded bulk moduli
B054.3 GPa andB057.2 GPa for 2P and 3P, respectivel
Moreover, the authors found a linear dependence ofB0 on
the inverse oligomer length 1/n up ton56, corresponding to
6P.19 From our calculations we find indeed thatB0 is smaller
in 2P than in 3P for both EOS’s in accordance with expe
ment.

The above discussion shows that the determination of
bulk modulus in such organic systems is not satisfactory
present and will need further considerations from the exp
mental as well as theoretical side. Moreover, we want
stress that these results have been obtained from DFT c
putations with a GGA to the exchange-correlation functio
which is known not to account for van der Waals forces. W
will come back to this issue in the discussion section.

IV. ELECTRONIC STRUCTURE

The electronic band structures of oligo-para-phenylene
molecular crystals atambientpressure have been discuss
in some detail in previous publications.25,26 We have de-
picted the band structures and densities of states~DOS! for
2P at ambient pressure and at 5 GPa in Figs. 5 and 6, res
tively. Analogous plots for 3P have already been reporte27

s

at

FIG. 5. The electronic band structure~left! and the density of
states~right! of 2P at ambient pressure. The energetic positions
the localized~L! and delocalized~D! valencep bands are indicated
The origin of the energy scale has been set to the top of the val
band indicated by the Fermi level~dashed line!.
1-4
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All band structures result from the Kohn-Sham energies;
scissors operator shift was applied.

We observe a linear reduction of the Kohn-Sham ba
gap for 2P~3P! from 3.25~2.71! eV with a pressure coeffi
cient of 250 (240) meV/GPa. The top valence bands a
bottom conduction bands can be attributed to wave functi
delocalized over the whole molecule, especially over the
atoms along the long molecular axis, while the lower-lyi
valence bands and higher-lying conduction bands
strongly localized on the off-axis C atoms of the molecu
The energetic positions of thesedelocalized(D1 and D2)
andlocalized(L1 andL2) valence bands are indicated in Fi
5. The band dispersion is much weaker for the delocali
bands than it is for the localized ones.35 This is due to the
fact that in the herringbone structure, the localized wa
functions get geometrically closer to those of the neighb
ing molecule than the delocalized ones do. To illustrate th
circumstances we have depicted the absolute value of
wave functions at theG point of the BZ of a delocalized an
a localized valence state in a plane perpendicular to the
lecular axis in Fig. 7. In both cases the intermolecularbond-
ing state of the split band doublet has been chosen.

Note that we have used the samez scale for both types o
orbitals. While the wave function is more or less restricted
one molecule in the delocalized state, there is consider
overlap of the orbitals between neighboring molecules in
localized state. We think that the latter states are respons
for the formation of the herringbone pattern, since the h
ringbone arrangement maximizes the overlap of ap orbital
at one molecule with the correspondingp orbitals at the
neighboring two molecules. In this picture, we c
understand—at least qualitatively—the zero-pressure
ringbone angleu as well as the direction of change upo
increasing pressure, remembering thata reduces twice as
much asb. The maximum overlap of wave functions b
tween two molecules within the herringbone pattern can o
be maintained provided thatu increases with pressure a
found in Sec. III B. On the other hand, the delocalized sta
which determine the transport and the low-energy opt

FIG. 6. The electronic band structure~left! and the density of
states~right! of 2P at 5 GPa. The origin of the energy scale has b
set to the top of the valence band indicated by the Fermi le
~dashed line!.
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properties are little influenced by the crystalline enviro
ment. Therefore, we expect thenP molecular crystals to ex
hibit comparably small intrinsic carrier mobilities.

Similarly, we can understand that pressure affects the
calized states more strongly than the delocalized ones.
can be seen from the comparison of Figs. 5 and 6 for 2P
from an analogous analysis for 3P.27 Upon increasing the
pressure from 0 to 5 GPa, the bandwidth of the top vale
bands grows from 0.23 to 0.45 eV for 2P and from 0.20
0.32 eV for 3P, respectively; on the other hand, the localiz
state bandwidth increases from 0.8~1.0! to 1.5 ~1.6! eV for
2P ~3P!. We see that the zero-pressure bandwidth of the
localized bands decreases upon increasing the numbe
ringsn, while the opposite applies to the localized states. T
former effect has also been observed in a recent quant
chemical study of the intermolecular interactions
sexithiophene clusters.28 Concerning the lowestunoccupied
bands we observe an interesting effect under pressure. W
at ambient pressure the lowest-lying conduction band is
delocalized character, the localized state shifts below
former at higher pressures and becomes the lowest con
tion band. This is true for 2P as well as for 3P. This sho
result in a considerable and nonuniform increase of the e
tron mobility of nP crystals under pressure. Moreover, t
band dispersion perpendicular to the long molecular axi
much stronger than it is parallel to the molecules. This i
result of the fact that the intermolecular interaction is mu
stronger within one layer than it is between layers.

V. OPTICAL PROPERTIES

We have calculated the imaginary part of the dielect
function ~DF! in the independent particle approximation.29

Possible limitations of this approximation will be discuss
in the last paragraph of the discussion section. The optimi

n
el

FIG. 7. The absolute value of the wave functions of the
delocalized (D1) and localized (L1) valence bands in a plane pa
allel to theab plane. The unit-cell axesa andb are drawn as thin
dashed lines while the projections of the molecules are indicate
solid lines in order to illustrate the herringbone pattern. In addit
we have indicated the main directions of the intermolecular bo
for the localized state by thick dashed lines.
1-5
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crystal structures of 2P and 3P as a function of pressure
presented in Sec. III B, serve as input for the computation
the Kohn-Sham energies and transition matrix elements.
results for 2P at 0 and 5 GPa are displayed in Fig. 8, w
the 3P spectra have been published previously.27

The left panel shows theyy components of the imaginar
part of the DF for 0 and 5 GPa, whereas the right pa
displays theirzzcomponents. Because the molecular axis l
in theac plane and is approximately parallel to thec axis, the
yy ~zz! component describes absorption processes for l
polarized perpendicular~parallel! to the molecular axis. The
strongzz-polarized, lowest-energy absorption feature arou
3.5 eV is formed by transitions from delocalized valence
delocalized conduction bands. The transitions involving
calized bands and delocalized states, on the other hand
yy polarized. The general pressure effect on the dielec
function is~i! a broadening due to increased bandwidths a
~ii ! a redshift due to~symmetric! band broadening of both
valence and conduction bands. Both effects are clearly
served in Fig. 8.

We also checked whether the observed red shifts in
absorption are due to changes of the molecular geom
~intramolecular! or due to the enhancedintermolecular in-
teractions. To this end, we have performed single-molec
calculations for the 2P and 3P molecules extracted from
fully optimized crystal structures.36 By this we obtain optical
transition energies versus pressure for isolated molec
having bond lengths and angles as in the corresponding c
talline environment butwithout including intermolecular ef-
fects. We find that the pressure-induced changes in th
transition energies are negligibly small for both 2P and
The change in the transition energies for theisolatedmol-
ecules is below 1% in the pressure range from 0 to 5 G
while intermolecular effects result in redshifts between 3.
and 10% depending on the polarization. From this we c
clude that the pressure effect seen in Fig. 8 is of pur
intermolecular origin, while the pressure-induced change
the internal molecular geometry do not significantly alter
optical response of the system. The redshift of the absorp

FIG. 8. The dielectric function of 2P at 0~solid lines! and 5
~dashed lines! GPa. The left and right panels, respectively, disp
theyy andzzcomponents of the imaginary part ofe(v), where the
yy ~zz! axis is perpendicular~parallel! to the molecular axis.
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edge is much more pronounced for theyy component~0.7
eV! as compared to thezz component~0.2 eV! since the
localized bands involved in theyy polarized transition are fa
more sensitive to the pressure than the delocalized o
Similar findings are made for 3P. Here, theyy and zz com-
ponents, respectively, are shifted by 0.5 eV and 0.1 eV
wards the red upon increasing the pressure from 0 t
GPa.27 Thus, the pressure effect on the optical absorpt
edges, for bothyy andzzpolarization, reduces upon increa
ing the oligomer lengthn.

VI. DISCUSSION AND OUTLOOK

The internal molecular geometry as well as the orientat
of 2P and 3P in their crystalline environment is computed
minimizing the total energy within the framework of DFT
The dominating effects under pressure are~i! an increase of
the herringbone angle, resulting in a more planar arran
ment of the molecules, and~ii ! a reduction of the interring
bond length, thereby enhancing thep conjugation of the
molecules. Unfortunately, we cannot directly compare th
theoretical predictions to experiment, since the limited nu
ber of diffraction peaks did not allow for a Rietveld refin
ment of the internal structural parameters.19 We have, how-
ever, confidence in our results since similar calculations
anthracene molecular crystals under pressure have prove
describe the molecular orientation correctly.30–32

As a second result, we obtain the bulk moduliB0 of 2P
and 3P from a fit of the DFT total energies to the EOS p
posed by Birch and Murnaghan according to Eqs.~1! and
~2!. This procedure leads to values for the bulk moduli th
are in reasonable agreement with recent experimental fi
ings although the error in the theoretical result is estimate
be quite large as can be seen from the discrepancy in
Birch versus Murnaghan results.

Molecular crystals such as 2P or 3P are thought to
typical van der Waals crystals; that is, the bonding betwe
the molecules is accomplished by rather weak dispers
forces. On the other hand, the~semi!local GGA is known to
lack contributions originating from nonlocal, dynamic
charge fluctuations. Therefore, we believe that we have
dismiss the picture ofpurevan der Waals crystals, which ha
been discussed in the literature for oligo-para-phenylenes as
well as for other molecular crystals, such as oligothiophe
or polyacenes. This is evidenced by the noticeable overla
wave functions between neighboring molecules within lay
leading to considerable intermolecular band dispersions
discussed in Sec. IV. Moreover, it seems that the herringb
pattern of the molecules can be explained in terms of
molecular arrangement that is maximizing this intermole
lar overlap.

Optical properties are discussed within the independ
particle approximation. We find a redshift and a broaden
of the transitions under pressure. Analysis shows that th
effects are of purely intermolecular origin and changes in
molecular geometry are of less importance in the hig
pressure regime up to 5 GPa. This is somewhat opposit
what has been found for the low-pressure region up to ab
0.5 GPa, where the planarization of thenP molecules is the
1-6
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most dominating effect seen in the optical absorption.22 We
will attempt an outlook on expected modifications of t
optical properties upon including electron-hole interactio
The most prominent effect of electron-hole correlations is
formation of bound electron-hole states below the o
particle band gap~bound excitons!. Recently, it has been
found that the crystalline environment drastically reduces
exciton binding energies as compared to the isolated m
ecule or polymer.33 This is partly due to the enhanced scree
ing in the 3D material since in a simple picture the excit
binding energyEB is inversely proportional to the square
static dielectric constant. Moreover,EB is proportional to the
effective mass of the electron-hole pair.34 According to this
effective mass approximation, we expect the exciton bind
energies of 2P and 3P to decrease as a function of pres
This is because~i! the static dielectric constantsincrease
with pressure since the band gaps are reduced and~ii ! the
effective massesdecreasesince the bandwidths grow as
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function of pressure. From these qualitative arguments
anticipate excitons in 2P and 3P to evolve from moderat
bound at ambient pressure towards rather weakly bo
states at high pressure. A more reliable treatment of this
teresting topic by solving the Bethe-Salpeter equation will
the subject of future activities. Due to the complexity of t
materials and the inevitable approximations in the calcu
tion, these theoretical investigations should go hand in h
with an experimental determination of the optical spectra
oligo-para-phenylenes under high pressure.
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