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We present a microscopic calculation of the dielectric tensor for a quaterthiophene crystal near resonances of
Frenkel excitons in a vibronic coupling regime. We show how the intermolecular interactions modify the
intensity and energy of each vibronic level from the isolated molecule to the solid state after transverse
excitation. In particular, a strong redistribution of oscillator strength is found between the vibronic levels of the
upper Davydov state. On the basis of the calculated dielectric tensor, we reproduce the measured absorbance
spectra as recorded in different experimental configurations taking into consideration the additional role of the
longitudinal macroscopic field. Some replicas in the optical spectra are clearly attributable to transitions of
Frenkel origin while the role of other types of excitons, such as those of charge-transfer parentage is also
discussed.
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I. INTRODUCTION

Over recent years there has been an increasing interest in
using molecular materials in optical and electrical devices in
order to take advantage of their vast range of properties and
design capability. Most notably, they are used either in poly-
mer form benefiting from their easy processibility, or as thin
films of vacuum evaporated short chain oligomers. In both
cases there is a relatively high degree of disorder between the
molecular units. Although there are only weak van der Waals
forces binding the molecules in the solid, their excited-state
properties are highly dependent on their mutual distribution.
In crystals, excitonic co-operative excited states can be gen-
erated that may determine the bulk absorptive and emissive
properties rather than be dominated by the individual mo-
lecular spectral characteristics.1

Most theoretical investigations that are related to the pho-
tophysics of conjugated organic polymers have been carried
out on isolated chains—approximating behavior in dilute so-
lutions or matrix host materials. Nevertheless, conjugated
polymers can be viewed as a collection of interacting finite-
size segments and display similar properties to molecular
crystals, and concepts developed for these materials are be-
ing widely applied to longer chain conjugated polymers. Mo-
lecular exciton theory is very versatile and is able to cope
with macroscopic systems and adapt to the level of interac-
tions between neighboring chromophores. In the past, theo-
retical approaches were applied to relatively small molecules
that can form crystals, but more recently, research and devel-
opment interest has focused on conjugated chain oligomers
that have lengths greatly exceeding the intermolecular dis-
tance, which possess strong optical transitions in the visible
region. For example, it has been demonstrated as a basis for
understanding the excited state dynamics in polycrystalline
materials, or aggregates.2,3 In the weak interaction limit,
spectroscopic properties can be obtained via a first-order per-
turbation treatment, whereas in the strong interaction limit,
the excitation is delocalized over several molecules, and a
more appropriate description of crystal eigenstates requires
the building of delocalized wave functions.4,5 However, this

has a cost in computability and to date, only clusters of mol-
ecules have been treated. To overcome such a limitation, the
molecular exciton theory has been adapted using a more so-
phisticated atomic charge transition density exciton model to
represent the delocalized molecular transition dipole.6 This
has the advantage that calculations can cover much larger
networks, and models can be applied to emulate real films
and bulk crystals.

As a model material, oligothiophenenT has been exten-
sively studied and despite the high technological interest, the
fundamental optical properties of oligothiophene crystals, as
well as thin films, remain somewhat ambiguous.7 Interpreta-
tion of their optical properties has relied on various theoret-
ical approaches8–13 with different approximations, and faced
with a wide variety of experimental data14–22 that are af-
fected by film morphologies or crystal quality. These crystals
are generally leaflike and exhibit only one crystallographic
developed plane, which poses a limitation on the experimen-
tal interpretation of the optical spectra, though it may be
significant in determining operation of such materials in de-
vices because of the natural confinement of the emission
within the crystal plane boundaries.

Such systems crystallize in a monoclinic structuressee
Fig. 1d23 and exhibit strong anisotropic optical properties
originating from two different types of excitation: Frenkel
excitonssFEsd and charge transfer excitonssCTEsd. As for
FE states the lowest excited molecular state is transformed in
the crystal into one strong transition polarized in theac plane
and another weak transition at lower energy polarized along
the b crystal axis, the Davydov splittingsDSd between them
being a measure of the intermolecular interaction. These
transitions can be excited at normal incidence on the usual
accessible face. Forac polarization, a strong peak is indeed
observed, together with shoulders on the low-energy side.
These shoulders have been discussed in terms of either FE or
CTE states. Similarly, the weaker component shows some
sharp well-defined peaks in low-temperature spectra that
have been discussed in terms of phonon modes as well as a
series of broad replica whose parentage as either FE or CTE
has not been unequivocally determined.12,15,20 Given this
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background, we present a fully microscopic calculation of
the dielectric tensor of a 4-T bulk crystal near resonances of
mechanical Frenkel excitons. We start from single effective
vibronic excitations of the isolated molecule and calculate
the actual excitonic eigenstates resulting from electrostatic
interactions between excited molecules described by atomic
charge densities and find a redistribution of predominant ex-
citations in energy and intensity for both polarizations. The
model ignores light coupling since it is a small correction.24

From this calculation we are able to simulate the experimen-
tal configurations demonstrated by angle dependent measure-
ments of polarized spectra and such a comparison allows us
to discriminate between FE and CTE states.

II. MODEL

The crystal Frenkel excitons originating from the first mo-
lecular excited state are described in Heitler-London ap-
proximation by the Hamiltonian4,25

H = o
n

Hn +
1

2 o
nÞm

Vn,m, s1d

whereHn is the Hamiltonian of a “free” molecule on siten
and Vnm the electrostatic interaction between siten and m
responsible for the delocalization of excitation throughout
the crystal. The eigenfuctions ofHn are chosen to be Born-

Oppenheimer separable with an effective vibrational mode
that summarize the response of all other coupled modes and
they form a basis from which to determine the crystal exci-
ton eigenstates.26

Once the crystal states are built from Bloch plane waves
the Frenkel exciton Hamiltonian can be block diagonalized
by means of a unitary transformation that acts on the elec-
tronic part of wave functions.2,27 This diagonalization leads
to distinctive polarized exciton wave functionssDavydov
statesd that form bases for the irreducible representations of
the factor group of the crystal.11,22,28In the case of a mono-
clinic unit cell with four molecules, Eq.s1d evaluated at the
center of Brillouin zone reduces to

Hexc= 3
Hag

Hau

Hbg

Hbu

4 . s2d

Each vibrational block, witha symmetry sa;hagaubgbujd
includes interactions between different vibronic excitons of
the same polarization and reads

Ha = o
n

E0nunlknu + o
nm

TaS0
nS0

munlkmu. s3d

In this equation,hunlj are vibrational functions describing the
nuclear motions in the electronic excited state;E0n=E00+D
+nqv whereE00 is the energy difference between the two
minima of the molecular vibronic transition,D is the gas-to-
crystal shift energy andnqv is the vibrational energy ofn
quanta of the effective mode. In the second term of Eq.s3d,
S0

nsS0
md is the Franck-Condon overlap factor for the transition

from the zero vibrational mode of the ground electronic state
to nsmd vibrational mode of excited state both described in
harmonic approximation.Ta refers to the resonance energy
of the a Davydov state whose value is obtained by linear
combinations of the pair electronic interactionsI between the
excited molecules in the crystal:

Tag
= IAA + IAB + IAC + IAD,

Tau
= IAA + IAB − IAC − IAD,

Tbg
= IAA − IAB + IAC − IAD,

Tbu
= IAA − IAB − IAC + IAD, s4d

whereA,B,C,D refer to the four molecules in the unit cell.
The transfer energiesI have to be calculated for a crystal
array of Coulombic interacting dipoles that represent the mo-
lecular electronic transition in the first excited state. In olig-
othiophene crystals the distance between neighboring mol-
ecules is less than a third of the length of the molecule. Thus
we prefer to describe the molecular delocalized dipole as a
distribution of point charges located on atomic sites. The
values are calculated from anab initio atomic orbital decom-
position of the HOMO-LUMO first electronic transition.26,29

In order to take into account the long-range nature of Cou-

FIG. 1. The monoclinic unit cell of 4-T crystal as taken from
Ref. 23. The projections show the orientation of the molecule with
respect to the crystal axesa,b,c. Thex,y,z system is also sketched
with x andy parallel toa andb axis, respectively, while thez axis
is normal to theab face. The angle of incidenceu is shown together
with the conventional sign adopted in this work. The crystallo-
graphic data are the following: a=6.085 Å,b=7.858 Å,c
=30.483 Å, andb=91.81°.
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lomb interactions the summation of interactions between the
two molecular distributions of charges is performed via
Ewald method for a three-dimensional system with inclusion
of screening by a static dielectric constant according to
r i8=r i /Îeii

0.30,31The Ewald method separates the actual inter-
action into two contributions: a transverse inner field and a
longitudinal macroscopic term. As the resonances of the di-
electric tensor occur at the transverse energies of the exci-
tons, we consider only the inner field part of the Coulombic
interaction.25

The numerical diagonalization of the vibronic sub-block
of well defined symmetrya in Eq. s3d leads to the reso-
nances and transition dipole moments for each vibronic ex-
citon state. From these values, reported in Table I, the dielec-
tric tensor is subsequently built as follows:

«i jsvd = «`di j +
1

«0V"
o
a

o
n

dan
i dan

j Van

Van
2 − v2 − igsvdv

. s5d

«` is the isotropic high-frequency dielectric constant,dan
i is

the i component of the resulting exciton dipole moment ofn
replica witha symmetry, the resonancesVan are eigenvalues
of the vibronically coupled system, andgsvd is the damping
factor chosen to be linear with frequencyfgsvd=0.03vg.

By numerical diagonalization of Eq.s5d, we find one of
the principal axes of the dielectric tensor parallel to the
monoclinic axis, the other two lying in theac plane. These
latter axes are also subject to axial dispersion, i.e., they rotate
in the plane with frequency even if negligible in the region of
the first strong transition. With respect to these principal
axes, the tensor in Eq.s5d is given by

«svd = 3«'Lsacd
bu

«'Lsbd
au

«iLsacd
bu

4 , s6d

the eigenvalue«'Lsbd
au referring to theau transition,«iLsacd

bu and

«'Lsacd
bu to the bu. Figure 2 reports both real and imaginary

part of the three resulting components of Eq.s6d. Further-
more, Fig. 3 shows how the electronic interaction among
molecules is responsible for the line shape of the imaginary
part. Indeed for the noninteracting systemsi.e., when the
electronic interaction among molecules is zerod, «iLsacd

bu and

«'Lsbd
au have exactly the same shape: the latter is only less

intense, simply as a result of the geometric projection of the
transition dipole onto theb axis. The eigenstates and eigen-
values of such an unrealistic system are equivalent to an
oriented gas modelsOGMd whose crystal eigenstates are
simply built from a superposition of isolated molecular ones.

Switching on the electronic interaction leads to a coupling
among the zero-order vibronic eigenstates of the crystal due
to the nonvanishing off-diagonal terms of each vibronic sub-
block. These interactions are responsible for a modification
of the energy levels and a revising of the corresponding os-
cillator strengths. The solid lines sketched on the floor in Fig.
3 represent the vibronic energy levels as a function of elec-
tronic interaction between molecules, while their slopes are
proportional to the oscillator strength of the corresponding
level.41 The way this perturbation acts depends on the sign of
electrostatic energy interactionTa. For the lowerau Davydov

TABLE I. Resonance energiesseVd and transition dipole mo-
ments sDebyed as obtained from numerical diagonalization ofau

and bu vibronic sub-blocks in Eq.s3d with the following param-
eters: effective vibrational mode energy"v=1470 cm−1 sRefs. 9,
32, and 33d, Huang-Rhys factorl2=1.35 sRef. 33d, E00+D
=2.70 eV; calculated values for the transfer energies:Tau

=
−0.114 eV andTbu

=0.275 eV. The latter are obtained using the
following parameters: molecular dipole momentudu=11.9 D sRefs.
21 and 34d; static dielectric tensor«xx=3.08,«yy=2.42,«zz=5.49
sRefs. 35–40d.

au bu

n Vn dn Vn dn

0 2.65 0.726 2.74 6.012

1 2.84 0.587 2.95 8.780

2 3.04 0.407 3.15 11.925

3 3.23 0.269 3.31 13.998

4 3.42 0.163 3.45 9.620

5 3.60 0.089 3.62 4.224

6 3.78 0.044 3.78 1.704

FIG. 2. Calculated realsad and imaginarysbd parts of the com-
ponents of the dielectric tensor in its diagonal formfEq. s6dg with
«`=2.1.
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component the stabilization energy moves the levels towards
the low part of the spectrum and accommodates the lower
replica. On the contrary, a positive perturbation representing
the upperbu Davydov state results in a blueshift and a favor-
ing of higher replica. The actual eigenstates and eigenvalues
are no longer the same as the isolated molecules. They pos-
sess an effective Franck-Condon factor lesser or greater than
the starting molecular one. Moreover, the energy spacing be-
tween different vibronic states is no longer regular as in the
oriented gas model.

Even if the oligothiophene accessible face prevents the
most intense transverse component of thebu transition to be
detected, results on 5-T nanocrystals show good agreement
with this microscopic calculation. In particular the optical
functions reported in Ref. 16 reveal the same vibronic struc-
ture and similar irregular energy spacing between the shoul-
ders. Moreover, the dielectric functions reported in the
literature19,42 show the main resonance at about the same
energy as in Fig. 2 even if pure electronic transitions are
usually considered thus representing an envelope of the vi-
bronic transitions shown here.

III. EXPERIMENTAL AND CALCULATED SPECTRA

Absorbance spectrasdefined as −log10 of transmittanced
of 4-T single crystals of the low-temperature polymorph23

were taken withp and s polarization andac as plane of
incidence, with an apparatus described elsewhere19 and the
thickness of the sample was measured with a Nanoscope IIIa
atomic force microscope equipped with aJ-type scanner.

The two excited waves inside the system are solutions of
the Fresnel dispersion relations: one is a completely trans-

verse propagating wavesordinary waved, while the othersex-
traordinary waved also contains a longitudinal field compo-
nent due to a macroscopic polarization of the medium and
gives rise to the well-known directional dispersion.43 This
term can be computed from Ewald’s method, which depends
on the angle between the propagating wave vector inside the
crystal and the exciton transition dipole moment. Another
way of studying the macroscopic field effect, once the trans-
verse dielectric tensor is known, is to look for the zero of the
loss functionki«i jsvdkj. Unfortunately, as discussed in Ref.
44, the availability of only a single surface prevents explor-
ing the entire stopping band with optical measurements. In
order to simulate the different absorbance spectra from the
calculated dielectric tensor we built up the 4Ã4 transfer ma-
trix for an arbitrarily anisotropic slab.45,46 This formalism
connects the complex amplitudes of thep and s modes of
incident and reflected waves with the two transmitted ampli-
tudes, and in addition accounts for all multiple reflections
inside the sample.

A. Ordinary wave: b-polarized spectra

Figure 4 shows theb polarized spectrum as measured at
normal incidence and at different temperatures on few-µm-
thick crystals of 4T. In the room temperature spectrum there
are two well defined peaks centered at 2.65 and 2.84 eV, and
a broad band with recognizable structures at 3.04 and 3.21
eV which are better resolved in the low-temperature spec-
trum; there are also shoulders above 3.60 eV followed by a
very steep tail due to higher excited states that are expected
to have a strong intensity in theb polarization as they origi-
nate from excitations parallel to molecular short axisM.
With a dashed line we show the calculated spectrum for a
slab of the same thickness. This figure clearly shows that we
are able to reproduce the positions of the first two peaks,
especially in the room-temperature spectrum, since we only
consider a single effective vibrational mode that summarizes

FIG. 3. Imaginary part of the dielectric tensor components
«iLsacd

bu ,«'Lsbd
au for different electronic interaction energiesTa. In par-

ticular, the curve labeled OGM represents the noninteracting case
with Ta=0. The continuous lines on the floor refer to the energy
positions of exciton states as a function of resonance interaction.
The dashed lines indicate the unperturbed energies of the starting
molecular vibronic levels.

FIG. 4. b-polarized absorbance spectra of 4-T crystals at normal
incidence on theab face as measured at room and low temperatures
scontinuous linesd and calculated spectrumsdashed lined.
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the room-temperature response of all the other vibrational
modes. Thus within this approximation the peak at 2.64 eV is
attributed to the 00 replica of the lower Davydov state. The
second one separated by 0.19 eV is the 01 replica whose
intensity we expect to be less than the purely electronic 00
transition as also seen in low-temperature measured absorp-
tion. At higher energy only the theoretical spectra reproduce
the third and fourth vibronic structures, which are concealed
by the broad band between about 3.0 and 3.5 eV in the ex-
perimental spectrum. The origin of this structure should be of
CTE parentage similar to that reported for 6-T crystals in the
literature, where the low coupling between CTE and FE is
also discussed.13 Hence our simulated spectra based only on
FE states are unable to reproduce the intensities and correct
positions of those upper structures.

B. Extraordinary wave: ac-polarized spectra

With incident light on theab face andac polarization, a
mixed transverse and longitudinal wave propagates. Due to
the relatively steep orientation of the molecule to the acces-
sible crystal face, the longitudinal fraction is quite consider-
able being proportional tosk ·dd2, k being the propagating
wave vector. As discussed elsewhere15,42,44 this electrody-
namic effect causes not only a modification of energy posi-
tions but it is responsible also for a further revision of the
corresponding oscillator strengths with respect to those val-
ues characterizing the dielectric tensor. Thus for the system
under investigation the absorbance line shape is expected to
be quite different from the imaginary part the the dielectric
tensor.

In order to investigate the extraordinary response we per-
formed the absorbance measurements on the crystal by vary-
ing the angle of incidence as sketched in Fig. 1. The results
are reported in Fig. 5sad. The spectra at normal incidence and
low angles are characterized by the main peak at 3.7 eV, a
series of shoulders 2.75, 2.97, 3.20 eV, and a weak structure
at 3.40 eV. As discussed in Refs. 42 and 44 even by varying
the direction of the incident light, the detected resonances do

not shift appreciably. The only visible effect is a progressive
reduction of the intensity. This is due to the limited range of
angles that can be probed inside the crystal with vacuum as
incident medium. As the incident angle is varied in the posi-
tive direction the propagating wave vector approaches the
direction of the exciton transition dipole with a consequent
reduction in the projection of the exciting electric field. At
+50° the absorption disappears corresponding to a refracted
extraordinary wave vector real and parallel to the transition
dipole moment.

Within 4Ã4 formalism and with the calculated dielectric
tensor we simulate the spectra for the same experimental
configurations and the results are reported in Fig. 5sbd. The
overall line shape and the position of the typical 4-T absorp-
tion structures are well reproduced. To obtain the best match-
ing between experimental and simulated intensity, a thick-
ness of 300 nm has been adopted. This value is in very good
agreement with the experimental one for the measured crys-
tal s280±50 nmd, thus further confirming the validity of the
calculated dielectric tensor. Taking a closer look at the nor-
mal incident spectra one notes differences between simulated
and experimental spectra evident in the energy region where
CTE can play an important contributionsabout 3.0–3.5 eVd.
By the arguments given above it is possible to attribute the
origin of each peak to vibronic replica of FEs. Moreover, if
we look for energy separations between them, we find values
greater than the starting effective mode energy corresponding
to those calculated and shown in Fig. 3. For higher replica no
structures can be recognized and they collapse into a single
main peak centered at 3.7 eV.

IV. CONCLUSIONS

Based on Frenkel excitons we have presented a micro-
scopic calculation of dielectric tensor for a prototypical sys-
tem such as a quaterthiophene crystal by calculating the ac-
tual crystal eigenvalues and eigenstates necessary to describe
the photophysics of this important class of materials. In par-
ticular these new eigenstates of the exciton Hamiltonian de-
scribe the real collective response of molecules over which
the excitation is delocalized due to a nonzero electronic in-
teraction between them. This resonance energy removes the
degeneracy of the oriented gas model levels leading to a DS
for each molecular vibronic state. Moreover, we have found
a redistribution of oscillator strengths among replica as well
as a modification of their energy spacing before being further
divided by the electrodynamicsmacroscopic polarizationd
mechanism. Thus the DS depends on Frank-Condon factors
of each resonance. Another view of looking at DS can be the
difference between the two maxima of the polarizations. In
the transverse configuration it is given as 0.66 eV, while the
experimental measurement at normal incidence, which natu-
rally contains the macroscopic part is about 1 eV, which is
frequently quoted in the literature.

Moreover, from a quantitative direct comparison between
measured and calculated spectra in different experimental
configurations, we have gained more insight into the origin
of some structures observed in room-temperature absorbance
spectra. In particular within this model we identify the first

FIG. 5. Experimental spectra of a 280±50-nm-thick crystalsad
and calculated spectra for a 300-nm-thick crystalsbd at different
angles of incidence on the 4-T ab face, p polarization, andac as
plane of incidence.
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two peaks of theb polarized spectrum as the first and second
replica of the lower Davydov state originating from a Fren-
kel exciton. Since electron exchange is not included in our
calculation the region above 3 eV which displays evidence of
CTEs is not fully treated. On the contrary, for the other po-
larization the resulting oscillator strengths of vibronic replica

are much greater and thus dominate the shape of the spectra
even if they can be affected by CTEs between 3.0 and 3.5 eV.
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