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Correlated quantum-chemical techniques are applied to the description of electronic excitations in
interacting conjugated chains. The focus is on the magnitude and conjugation-length dependence of
the splitting of the lowest optically allowed excitonic state, which is induced by interchain
interactions. We first examine cofacial dimers formed by linear polyene chains of various lengths
and use two strategies to compute the exciton coupling energy. One is based on molecular exciton
theory, which assumes that the excited-state wave functions of the isolated chains remain
unperturbed by the intermolecular forces; in the other, the supermolecular approach, the wave
functions are obtained from molecular orbital calculations performed for the whole system and are
therefore not constrained to a single chain. We find that the two techniques lead to consistent results,
provided an appropriate form for the interchain Coulomb interactions is adopted in the excitonic
model. In particular, both formalisms indicate a peak behavior for the evolution of the exciton
splitting energy with the length of the interacting conjugated chains. As an illustration, the
chain-length dependence of the Davydov splitting is evaluated in the case of oligothiophenes on the
basis of the experimental x-ray crystal structures; the results are compared to recent polarized
absorption data. ©2000 American Institute of Physics.@S0021-9606~00!70710-0#
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I. INTRODUCTION

Since the discovery that a conjugated organic polym
poly~paraphenylene vinylene! ~PPV!, can be used as the ac
tive component in light-emitting diodes~LED!,1 much effort
has been devoted to the synthesis of new electrolumines
conjugated materials, the characterization of their pho
physical properties by means of both experimental and
oretical tools, and the manufacturing of stable polymer-ba
devices with optimal performance. Significant improveme
have resulted from this interdisciplinary research work,
exemplified by recent reviews on the topic.2–4 For the
achievement of highly efficient devices, the conjugated po
mer has to fulfill a number of requirements, the most obvio
one being to display high luminescence quantum yields
the solid state.

Several strategies have been proposed in order to
prove the electroluminescence~EL! quantum yields of or-
ganic conjugated polymers.3 These aim at insuring:~i! a bal-
anced injection for holes and electrons~through a proper
choice of emissive material and electrodes5!; ~ii ! an efficient
electron-hole capture within the emissive layer~by using
hole- and electron-transport materials in multilay
4740021-9606/2000/112(10)/4749/10/$17.00
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architectures6!; ~iii ! a strong radiative decay for the singl
excitons generated in the conjugated material~by control of
microscopic order and sample purity7!; and ~iv! an efficient
coupling of the excitons to photon states allowed by the
vice structure~for instance, through the use of metall
mirrors8!. Whether or not polymer LED applications wi
flourish on the marketplace in the future partly depends
the understanding of the fundamental issues quoted abo

In this context, quantum-chemical calculations can h
in providing structure–property relationships that are use
for the engineering of materials with improved character
tics. For instance, VEH~valence effective Hamiltonian! cal-
culations have shown that it is possible to modulate the
sition of the frontier molecular orbitals of PPV by graftin
electroactive groups on the conjugated segments;9 such the-
oretical results provide a simple tool not only to control t
match between the electronic levels of the conjugated m
rial and those of the metallic electrodes used in LED devic
but also to tune the color of the emitted light. Substitution
effects have been successfully exploited by the Cambri
group, who has reported a high EL quantum efficiency fo
cyano-substituted PPV polymer.6
9 © 2000 American Institute of Physics
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If up to now most of the theoretical investigations r
lated to the photophysics of conjugated organic polym
have been carried out on isolated chains~which mimics the
situation in inert matrices or dilute solutions!, there is a
growing interest for the simulation of the correspondi
properties in the solid state~films or crystals!. In the field of
polymer-based light-emitting diodes, this interest is mo
vated by an attempt to rationalize the generally obser
decrease in luminescence quantum efficiency when go
from solutions to films.10–12 The lower emission quantum
yield in the solid state is often ascribed to the presence
low-lying excited states with weak~or vanishing! radiative
coupling to the ground state. Such low-lying weakly allow
~or even forbidden! excited states can result from the pre
ence of impurities or defects~traps! in the sample but also
from interchain interactions between conjugated ch
mophores, even if the latter are intrinsically very stro
emitters.

Conjugated polymers usually consist of a distribution
finite segments with various conjugation lengths. Therefo
in most cases, the conjugated materials should not be vie
as quasi-one-dimensional infinite objects but rather as an
semble of interacting finite-size segments.13 In that respect,
they display similarity with the well-known family of or
ganic molecular crystals.14 As a matter of fact, the terminol
ogy used in the field of molecular solids to depict the nat
of electronic excitations~Frenkel excitons, charge-transfe
excitons,...! is nowadays widely adopted by the conjugat
polymer community. It is then logical to try and apply th
basic theories that have been developed for molecular c
tals to the description of excited states in conjugated po
mers. Among these theories, the molecular exciton appro
has been extensively used to predict the changes in op
absorption and luminescence properties of conjugated c
pounds that occur when interchain interactions are switc
on.14

In traditional molecular exciton theory,14 the excited-
state wave functions of the molecules in the aggregate~or
crystal! are assumed to be unaffected by the intermolec
forces. Such an approximation is expected to be valid
weak~e.g., van-der-Waals-like! interactions. In this case, th
spectroscopic properties of the cluster can be obtai
through a first-order perturbation treatment, with the unp
turbed isolated-chain wave functions as zero-order functi
and the interchain Coulomb operator as the perturbation.
ferent approximations can be considered to solve this p
lem, such as the widely used dipole approximation descri
in the next section. When applicable, molecular exci
theory allows the estimation of the energy splitting of t
excited states responsible for the single-chain optical tra
tions, which arises because of the intermolecular inter
tions; it also provides useful information on the absorpt
cross section~oscillator strength! and polarization of the
electronic excitations appearing in the solid.14,15

In the strong interaction limit, the excited states like
spread out over several molecules and a proper descriptio
the electronic structure then requires the building of deloc
ized wave functions. This approach is known as the sup
molecular approach, since it is then required to perform
Downloaded 28 Oct 2012 to 18.111.117.123. Redistribution subject to AIP l
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calculation of the excited-state electronic structure by c
sidering the ensemble of interacting conjugated units a
single entity.16 An important asset of this technique is that
inherently accounts for charge-transfer excitations am
different chains, which is not the case in exciton theory, u
less the basis set is augmented.

Here, we apply both formalisms~exciton theory and su-
permolecular approach! to the description of the lowest elec
tronic excitations, first in the simple case of dimers of line
polyenes arranged in a face-to-face configuration. We h
made this choice of system in order to be able to discuss
evolution of the energy splitting associated with the 11Bu

excited state, as a function of both interchain separation
conjugation length. The point dipole and the atomic tran
tion density17 exciton models are tested against the deloc
ized supermolecular approach. With the results of these
culations in hand, we then investigate the evolution w
oligomer size of the Davydov splitting in model clusters
oligothiophene single crystals.

II. EXCITON THEORY AND SUPERMOLECULAR
APPROACH

In the following, we consider the case of a cofacial i
phase dimer built by two polyene chains~hereafter referred
to as chain 1 and chain 2! with N sites~carbon atoms! and
separated by an intermolecular distanced. The total Hamil-
tonian for such a dimer writes,14

H tot5H11H21H12, ~1!

with H1 (H2) the Hamiltonian for isolated chain 1~2! and
H12 the term representing the interchain interactions. In
exciton approximation, the intermolecular interactions a
assumed to be weak with respect to the intrachain inte
tions and the two-chain excited-state wave functions
taken as a linear combination of the isolated-chain unp
turbed wave functions.
For two identical chains,

uC6&5
1

&
~ uc1* &uc2&6uc1&uc2* &), ~2!

whereuc1* & ~eigenfunction ofH1! denotes the wave function
for the excited state localized on chain 1 anduc2& ~eigen-
function of H2! is the ground-state wave function for cha
2; 1/2 corresponds to the symmetric/antisymmetric com
nation of the equivalentuc1* &uc2& and uc1&uc2* & wave func-
tions. Note thatuc6& is not an eigenfunction ofH tot , because
of the presence of theH12 interaction operator in the com
plete Hamiltonian.

In the case of a symmetric dimer, the energy splitti
between the two excited states described by Eq.~2! is given
to first order by14

W5^C1uH totuC1&2^C2uH totuC2&

52^c1* c2uH12uc1c2* &52ubu. ~3!

This expression can be easily generalized to the bandw
of a one-dimensional crystal when only nearest-neighbor
teractions are retained:W54ubu in this case.14 The compu-
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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4751J. Chem. Phys., Vol. 112, No. 10, 8 March 2000 Interchain interactions in conjugated materials
tation ofW ~or b! first requires building the ground-state an
excited-state wave functions for the isolated molecu
@ uc1* &, uc1&, uc2* &, and uc2& in Eq. ~3!#. Here, these wave
functions are obtained by combining the Hartree–Fock se
empirical intermediate neglect of differential overla
~INDO!18 Hamiltonian to a single configuration interactio
~SCI! scheme,

For chain 1: uc1&5uHF1&;

uc1* &5
1

&
(
i 1a1

Zi 1a1
~a1↑

1 i 1↑1a1↓
1 i 1↓!uHF1&,

~4!

whereuHF1& is the Hartree–Fock ground state for molecule
~which is not modified by configuration interaction due
Brillouin theorem! andZia corresponds to the configuratio
interaction expansion coefficient associated with an e
tronic configuration built by promoting one electron from t
occupied molecular orbital~MO! i to the virtual MOa.

If the exchange interaction terms are neglected~which is
reasonable for singlet states!, the interchain Hamiltonian in
Eq. ~1! is the Coulomb interaction between a site on chai
and a site on chain 2. Substituting~4! into ~2!, it is possible
to show that the exciton coupling energy corresponds to
electrostatic interaction between the transition electron d
sities associated with the unperturbed localizedp2p*
excitations,17

b5 (
m51

N

(
p51

N q1
mq2

p

r mp
, ~5!

where m(p) runs over all sites of chain 1~2!; r mp is the
distance between sitesm andp; andq1

m(q2
p) denotes the tran

sition electronic density on sitem(p) for molecule 1~2!. The
transition density is calculated for the 11Ag→11Bu excita-
tion of a single polyene chain and satisfies the followi
relationships:17

(
m51

N

q1
m50 and (

m51

N

q1
mr1

m5^1Agum̂u1Bu&5m1 , ~6!

wherem1 is the1Ag→1Bu transition dipole moment on chai
1.

Equation~5! corresponds to a multicentric monopole e
pansion of the transition electronic density,17 which provides
the exact solution for the exciton splitting energy within e
citon theory~to first order!. Different degrees of approxima
tion to estimateb in ~5! lead to various models, the mo
simple and popular one being the point-dipole model. T
point-dipole approximation is based on the assumption
the interchain distance is larger than the length of the in
vidual chromophores,19 so that Eq.~5! can be simplified to a
two-center form with the transition dipolesm1 and m2 lo-
cated on the centers of each interacting molecule,

for parallel chains:b5
m1m2

d3 . ~7!

In the supermolecular approach, the full Hamiltonia
H tot , is diagonalized, which provides molecular orbitals th
can become delocalized over the entire dimer. The exc
Downloaded 28 Oct 2012 to 18.111.117.123. Redistribution subject to AIP l
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states are then built from this delocalized MO basis by
plying a similar SCI formalism as before~note that the CI
active space has doubled!,

uc tot&5uHFtot&;uc tot* &5
1

&
(
ia

Zia~a↑
1i ↑1a↓

1i ↓!uHFtot&,

~8!

where i (a) now denoting a delocalized occupied~empty!
molecular orbital. As mentioned above, a major advantag
this approach is that it accounts for charge-transfer~CT! ex-
citations between the two chains, which is not the case in
excitonic molecular models. If interchain distances are la
compared to the molecule size, CT excited states lie w
above the Frenkel localized excited states. However,
small d values, CT and Frenkel excitations can be expec
to mix significantly.

III. INTERCHAIN SEPARATION DEPENDENCE OF
EXCITON SPLITTING

First, we have applied the two formalisms~exciton
model and supermolecular approach! to calculate the exciton
splitting energy associated with the optically allowed 11Ag

→11Bu transition in cofacial dimers built by polyene chain
with N516. The evolution with intermolecular separation
the splitting energy is displayed in Fig. 1. The followin
conclusions can be drawn:

~i! The exciton model in the point-dipole approximatio
largely overestimates the exciton splitting for sho
interchain separations,d; as expected, a more reliabl
estimate of this splitting is obtained within this ap
proach whend becomes comparable to or larger th
the actual chain length~;18 Å for a 16-site polyene!.

~ii ! When the transition densities are inserted into Eq.~5!
the exciton coupling energy calculated in the fram
work of exciton theory is in excellent agreement wi

FIG. 1. Evolution with interchain separation,d, of the exciton coupling
energy,W ~in eV!, in a cofacial dimer built by two 16-site polyene chains,
obtained on the basis of:~i! the exciton model and the point-dipole approx
mation ~solid line, circles!; ~ii ! the exciton model and using the atom
transition densities~solid line, triangles!; and ~iii ! the supermolecular ap-
proach~dashed line, squares!.
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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4752 J. Chem. Phys., Vol. 112, No. 10, 8 March 2000 Beljonne et al.
the value obtained from the full SCI calculation on t
dimer ~supermolecular approach!, for d larger than 4
Å; for smallerd values, the two sets of results slight
deviate, a feature that is attributed to increasing c
tributions from charge-transfer excitations in the d
scription of the lowest excited states.

IV. CHAIN-LENGTH DEPENDENCE OF EXCITON
SPLITTING

A. Cofacial polyene dimers

Next, we have investigated the evolution of the excit
coupling energy with the size of the individual conjugat
polyene chains; segments containing up to 80 carbon at
~40 carbon–carbon double bonds! have been considered. Ou
aim here is twofold:~i! to check the validity of the exciton
approach in predicting quantitative values for the splittin
by comparison to the results provided by the supermolec
approach; and~ii ! to extract useful information regarding th
effects of interchain interactions on the luminescence pr
erties of the conjugated chromophores. Note that, since
apply a full SCI treatment, the results are size-consisten

For parallel molecules and in-phase bond alignment
considered here, intermolecular interactions in the dimer l
to a splitting of the 11Bu state into a low component which i
symmetry-forbidden with respect to the ground state an
high component which is dipole-allowed15,16 ~note that in
single polyene chains, the lowest excited state is not
11Bu state, but the one-photon forbidden 21Ag state; as a
consequence, polyenes are weak light emitters even w
interchain interactions are negligible20!. In general, it can be
concluded that, if the energy separation between the
components of the splitting is much larger thankT, a sizable
quenching of the luminescence is expected as a result o
intermolecular interactions. It is thus highly desirable to
able to evaluate correctly the magnitude of the coupling
ergy and its chain-length dependence.

The point-dipole approximation@Eq. ~7!# would predict
an increaseof the exciton splitting with size of the interac
ing units, since the transition dipoles grow with conjugati
length. On the other hand, quantum-chemical calculati
performed for oligo~phenylenevinylene!s indicate a decreas
in splitting with chain length;16 such a behavior is:~i! sup-
ported by earlier calculations using perturbation theory
plied to different orders;21–23 and ~ii ! in agreement with the
evolution of the Davydov splitting when going from quate
thienyl to sexithienyl single crystals, as determin
experimentally from polarized absorption measurement24

On the basis of either Su–Schrieffer–Heeger21 or
Pariser–Parr–Pople22 descriptions of linear conjugate
chains and including Coulomb interchain interactions to fi
order, Spano and co-workers have shown that the magni
of the exciton coupling first increases linearly with cha
length for oligomer sizes smaller than the interchain sep
tion, reaches a maximum, and then decreases for longer
jugated segments.

In Fig. 2, we display for several interchain distances
1/N evolution~with N denoting the number of carbon sites
the polyene chains! of the exciton coupling energy, calcu
Downloaded 28 Oct 2012 to 18.111.117.123. Redistribution subject to AIP l
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lated: ~i! on the basis of the exciton model, in the poin
dipole approximation@Eq. ~7!#; ~ii ! on the basis of the exci
ton model, by using the atomic transition densities@Eq. ~5!#;
and ~iii ! on the basis of the supermolecular approach~full
SCI calculation on the dimer!. It is clear from Fig. 2 that the
point-dipole model provides an erroneous estimate of
coupling energy for long conjugated chains, both quali
tively ~the coupling always increases withN! and quantita-
tively ~the splitting energy is largely overestimated!. In con-

FIG. 2. ~a! Evolution with the inverse number of sites in the conjugat
segment, 1/N, of the exciton coupling energy,W ~in eV!, in cofacial polyene
dimers with an interchain separationd54.5 Å, as obtained on the basis o
~i! the exciton model and the point-dipole approximation~solid line, circles!;
~ii ! the exciton model and using the atomic transition densities~solid line,
triangles!; and ~iii ! the supermolecular approach~dashed line, squares!; ~b!
same as~a! for d56.0 Å; ~c! same as~a! for d58.0 Å. Note that, for the
sake of clarity, theW values calculated in the point-dipole approximatio
are multiplied by a factor 0.1.
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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4753J. Chem. Phys., Vol. 112, No. 10, 8 March 2000 Interchain interactions in conjugated materials
trast, when the more realistic interchain Coulomb poten
of Eq. ~5! is used in the calculations, the computed excit
coupling is in reasonable agreement with the value obtai
by means of the supermolecular approach, especially in
large interchain separation regime. When the distance
tween the interacting chains decreases, the values calcu
for the exciton splitting energy in the two formalisms slow
diverge~the difference amounts to;0.08 eV forN58 and
d54.5 Å!; this is due mainly to charge-transfer excitatio
that start mixing with the low-lying intrachain transitions
the supermolecular calculations but are not included in
exciton model.25 Note also that a possible origin for the di
ferences between the two sets of results is related to the
that the perturbation associated with intermolecular inter
tions is limited to first order in Eq.~3! ~this limitation is
obviously not present in the SCI supermolecular approa!.
Second-order corrections to the excitation energies, as c
puted in the excitonic model, have indeed been shown to
sizable in weakly alternated conjugated structures.23

In agreement with the results of Spano a
co-workers,21,22 the calculated chain-length dependence
the splitting shows a peak behavior~except in the point-
dipole approximation! with a maximum atN5Npeak; Npeak

shifts to longer chain lengths when the interchain separa
is raised: Npeak'8 for d54.5 Å; Npeak'10– 12 for d
56.0 Å; andNpeak'14 for d58.0 Å. In the limit of very
large electronic alternation along conjugated rings~decou-
pled repeating units!, McIntire et al.have derived an analyti
cal expression for the coupling energy and found thatNpeakis
proportional to the ratiod/a ~with a the average carbon–
carbon bond length!.21 Figure 3 shows the evolution of th
splitting energy that we have calculated as a function of
ratio Nr5Na/d. Note that herea is set to 1.23 Å, which is
about the average value between the lengths of the single
double carbon–carbon bonds projected onto the poly
chain axis; the total length of the chains is thusL5(N
21)a, with N the number of carbon atoms. All curves pe

FIG. 3. Evolution with the ratioN/d/a ~with N the number of sites,d the
interchain distance, anda an average unit cell length here taken to be 1.
Å! of the exciton coupling energy,W ~in eV!, in cofacial polyene dimers, as
obtained on the basis of:~i! the exciton model and using the atomic trans
tion densities~solid line, triangles!; and ~ii ! the supermolecular approac
~dashed line, squares!.
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r ('2.2) value; this immediately lead

to Npeak5Npeak
r d/a'2.2d/a. Our results on weakly alter

nated polyenes are thus consistent with the findings of Sp
and co-workers21 and show that the ratio between the con
gation length (;Na) and the interchain separation~d! is the
decisive factor in determining the maximum amplitude
exciton splitting.

It is useful to have a closer look at the atomic transiti
density diagrams, since these are directly related to the s
ting energy, see Eq.~5!. In Fig. 4, we display the transition
densities associated with the excitation from the ground s
to the lowest optically allowed excited state (11Bu) of poly-
enes of various lengths. Those diagrams represent the
the electronic density gets polarized along the conjuga
segment upon excitation.26 From Fig. 4, we see that th
shape of the transition density distributions evolves qual
tively with chain length in the following manner: In sho
compounds, most of thep density moves from one half o
the chain toward the other half; in long chains, the electro
density polarizes via local charge migration from one carb
atom to its first neighbors. Such an evolution results from
interplay between finite size effects, which are very imp
tant in short polyenes, and delocalization effects that do
nate in long chains: the relative contributions from cha
ends to the global polarization of thep-electronic cloud,
which is induced by electronic excitation from the grou
state to the1Bu excited state, decrease with increasing olig
mer size.

We rationalize the peak behavior of the exciton splitti
as follows. First, when the chain length is small compared
the interchain separation, the molecule can be regarded
single point object and the point-dipole approximation
valid; the exciton coupling increases withN. When d be-
comes comparable to the size of the chromophores, it is
longer possible to consider the molecule as a whole, i
nonlocal fashion, as in the point-dipole model; the evoluti
of the coupling energy can then be understood from a lo
analysis of the atomic transition density distributions. In E
~5!, the splitting energy arises from the superimposition
contributions associated with interactions between equiva
sites ~diagonal terms, withm5p! and interactions betwee
close neighbors~nondiagonal terms withm5p61,m5p
62,...!, see Fig. 5~a!. The diagonal terms are always positiv
and decrease monotonically withN. The sign and absolute
value of the nondiagonal interaction terms depend on
separation (m2p) between the two sites and the oligom
length, see Figs. 5~b! and 5~c!. From Fig. 4, we can expec
larger positive contributions arising from short-range~small
m2p separation! interactions in molecules of intermedia
size compared to either small compounds or extended c
jugated chains. As a matter of fact, the absolute value of
sum over all nondiagonal terms shows a dip in its evolut
with chain length, as displayed in Fig. 5~a!. The evolution of
the nondiagonal contributions is mainly responsible for
computed chain-length dependence of the exciton coup
energy.

Simple arguments related to delocalization of the wa
functions indicate that, in the limit of strong interchain inte
actions, the splitting energyW should be inversely propor
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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FIG. 4. INDO/SCI 11Ag→11Bu atomic transition densities for polyene single chains, withN56(a), 10~b!, 20 ~c!, and 80~d!. The site numbers along the
chain axis are given on thex-axis.
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tional to N for large N: the relevant matrix element in th
definition of the exciton splitting mainly involves a sum
;N terms containing a product of four coefficients~propor-
tional toL22!, leading to the sum being proportional toL21

~with L the chain length!.16 On the other hand, we know tha
for weak intermolecular forces,W should scale as the squa
of the transition dipole moment, i.e., as the linear polariza
ity, a. Sincea evolves asN1 in long chains~saturation re-
gime!, the splitting energy of weakly interacting conjugat
units should also scale asN. To take account of these tw
opposite limiting behaviors,W can be written as the follow
ing scaling relation:

W52
Nm2

d3

1

112
~Nm!2

d3c

, ~9!

whereN1/2m([m) is the transition dipole for a single chai
~m is the transition moment for the repeating unit! with N
sites andc is a parameter that depends ond. In the limit N
@d/a, Eq. ~9! leads toW5c/N and, whenN!d/a, Eq. ~9!
is equivalent to Eq.~7!. The parameterc can be obtained for
Downloaded 28 Oct 2012 to 18.111.117.123. Redistribution subject to AIP l
l-

each interchain separation from the fit of the calcula
chain-length evolution of the exciton splitting~assumingc
→0 when d→`! at largeN and inserted into Eq.~9! to
simulate the dependence ofW with oligomer size. The simu-
lated evolutions, displayed for different values ofd in Fig. 6,
are fully consistent with the numerical results obtained
the basis of Eq.~5!; in particular, the chain-length depen
dence of the exciton coupling energy shows the expec
peak behavior, with similarNpeakvalues~compare to Fig. 2!.

Finally, we would like to comment on the effect of ele
tron correlation on the exciton splitting. Table I reports t
coupling energies, as computed from Eq.~5!, on the basis of
isolated-chain excited states provided by:~i! the single con-
figuration interaction~SCI! formalism; and~ii ! the single and
double configuration interaction~SDC! technique. In both
cases, all occupiedp and unoccupiedp* levels are included
in the CI active space. The 11Ag→11Bu transition dipole
moments are also listed in this table. We find that inclus
of doubly excited configurations in the CI expansion leads
a significant lowering of the transition dipoles and a co
comitant large and rigid decrease~by about 50%! in exciton
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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splitting. Such a decrease results from the electron–elec
correlation effects, which tend to reduce the reorganiza
of the p-electronic density upon excitation from the grou
state to the optically allowed excited state.27 We note that
this effect is expected to be less important for conjuga

FIG. 5. ~a! Evolution with chain length,N, of the diagonal contributions and
absolute values of the nondiagonal contributions~which are in fact negative!
to the exciton coupling energy,W ~in eV!, as obtained from Eq.~5! ~for d
56.0 Å!. ~b! Evolution of the nondiagonal contribution to the exciton co
pling energy,W ~in eV!, as a function of the range of neighbor interactio
retained in Eq.~5! ~for d56.0 Å andN510!; the diagonal contribution is
given at zero abscissa.~c! Same as~b! for N580.
Downloaded 28 Oct 2012 to 18.111.117.123. Redistribution subject to AIP l
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d

compounds characterized by a larger effective electronic
ternation. As an illustration, we give in Table I the couplin
energies calculated for stilbene dimers at the SCI and S
levels of theory; in this case, taking into account double
citations leads to a reduction of the splitting energy by ab
30%.

B. Oligothiophenes single crystals

The magnitude of the exciton coupling energy in quat
thienyl (T4) and sexithienyl (T6) single crystals has bee
recently determined by means of polarized absorption m
surements and quantum-chemical calculations based on
supermolecular approach.24,28 The x-ray structures of both
T4

29 and T6
30 at low T are characterized by the presence

four molecules per unit cell, which are almost perfectly p
nar and pack in herringbone fashion, see Fig. 7. Each
lecular electronic excited state is split by the crystal field in

FIG. 6. Evolution with chain length,N, of the exciton coupling energy,W
~in eV!, as obtained from Eq.~9! ~with c56.8 eV for d54.5 Å; c
55.4 eV ford56.0 Å; andc54.2 eV ford58.0 Å!.

TABLE I. Exciton coupling energies in cofacial conjugated dimers, as
tained by the exciton approach@Eq. ~5!# with the atomic transition densities
provided by the SCI and SD-CI formalisms.

Compound

Single-chain
transition dipole,

m1~D! Interchain
distance,

d~Å!

Dimer
exciton splitting,

W~eV!

Technique SCI SD-CI SCI SD-CI

Polyene,
N56

8.6 6.0 4.5 0.465 0.233
6.0 0.254 0.127
8.0 0.130 0.064

Polyene,
N58

10.4 7.2 4.5 0.496 0.245
6.0 0.291 0.143
8.0 0.158 0.077

Polyene,
N510

12.0 8.2 4.5 0.493 0.241
6.0 0.305 0.148
8.0 0.176 0.085

Polyene,
N512

13.4 9.2 4.5 0.472 0.232
6.0 0.305 0.149
8.0 0.184 0.089

Stilbene 9.0 7.3 4.5 0.339 0.209
6.0 0.204 0.127
8.0 0.114 0.072
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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four crystalline levels~Davydov components! belonging to
theag , au , bg , andbu irreducible representations of theC2h

point group. Due to the layered crystal structure~Fig. 7!, the
in-plane intermolecular interactions are much stronger t
the interactions between layers. This leads to the degene
of the homologous gerade and ungerade crystal levels28,31

The optically accessible Davydov components,au and bu ,
are polarized along theb axis of the crystal and in theac
crystal plane, respectively. The energy difference betw
the one-photon allowed Davydov components (au and bu

crystal levels! gives the Davydov splitting of the correspon
ing exciton due to the intermolecular interactions in t
solid.

Here, we apply the same supermolecular approach to
calculation of the Davydov splitting in single crystals
bithienyl (T2)

32 and octathienyl (T8!.
33 The results of these

calculations on the T2,T4,T6,T8 series are compared to th
predictions provided by the exciton scheme with the use
atomic transition densities, Eq.~5!. Because of the two-

FIG. 7. Crystal structure of the low-temperature phase of T4 ~adapted from
Ref. 29!. The a, b, andc crystal axes are shown. The arrangement of
four molecules within the unit cell is also representative of the lo
temperature phase of T6

30 and of the crystal structure of T8.
33 The herring-

bone angle is in all cases of 65–66°.
Downloaded 28 Oct 2012 to 18.111.117.123. Redistribution subject to AIP l
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he

f

dimensional~2D! character of the Tn crystals, we only con-
sider clusters of molecules lying within the samebc layer to
model the optical properties of the crystals. In Fig. 8, w
show the evolution with cluster size of the Davydov spl
ting, as calculated by the complete INDO/SCI method
oligothiophenes with two, four, six, and eight aromatic ring
As is the case for sexithienyl,28 the Davydov splitting in T2,
T4, and T8 is found to strongly evolve with the number o
molecules in the clusters and to converge toward its satur
value for clusters containing about six conjugated chains.
can thus reasonably consider the excitation energies~and the
corresponding Davydov splittings! calculated in the larges
clusters investigated in this work, to be representative of
crystals. Furthermore, the splittings calculated in the s
chain clusters are close to twice the corresponding value
the two-chain clusters, which indicates that the dominant
teractions are between nearest neighbors.

The evolutions withn of the Davydov splittings in the Tn
crystals, as provided by both the supermolecular appro
and the excitonic model@Eq. ~5!#, are reported in Fig. 9. The
splittings reported here are obtained by only retain
nearest-neighbor interactions, i.e., they are set as twice
values calculated for the dimers. As found for cofacial po
enes, the results provided by the two methods are in g
agreement and indicate a peak behavior for the chain len
dependence of the exciton coupling energy: The Davyd
splitting ~DS! first increases when going from T2 to T4, is
maximum for T4, and then decreases for longer conjuga
segments.

Experimentally,24,28 the DS in oligothiophenes has bee
demonstrated to slightly decrease~by about 0.037 eV! when
passing from T4~DS;0.360 eV! to T6~DS;0.323 eV!, which
is consistent with the predicted evolution in Fig. 9. In ad
tion, the DS values computed for T4 and T6 are in reasonable
agreement~although slightly overestimated! with the spec-
troscopic results, taking into account the different appro
mations considered in the calculations. In fact, we ha

-

FIG. 8. INDO/SCI computed evolution of the Davydov splitting~in eV! in
T2 ~open circles!, T4 ~open squares!, T6 ~open triangles!, and T8 ~open dia-
monds! with the number of molecules in the clusters, as obtained on
basis of the supermolecular approach. The corresponding Davydov split
estimated for an infinite cluster, when retaining only nearest-neighbor in
actions, are also indicated~closed symbols!.
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shown in the case of T6 that a better match between theo
and experiment can be obtained by considering in the th
retical model the lattice relaxation in the excited state28

Another possible explanation for the systematic overesti
tion of the Davydov splitting by the INDO/SCI formalism i
the incomplete inclusion of electron correlation effects;
have seen in the case of cofacial polyenes and stilbenes c
mophores that inclusion of double excitations in the CI e
pansion significantly reduces the DS. Finally, we stress t
as was the case for polyenes, completely erroneous DS
ues~of a few eV! are evaluated within the point-dipole ap
proximation in oligothiophenes single crystals; the interp
tation of experimental results on the basis of such
model34,35 is thus highly questionable.

V. CONCLUSIONS

We have applied two different formalisms to investiga
the influence of interchain interactions on the optical prop
ties of conjugated chains. In the first approach, the molec
exciton theory, the wave functions of the isolated chains
assumed to be unaffected by the interchain interactions
the exciton coupling is obtained from first-order perturbat
theory ~the perturbation being the intermolecular Coulom
interaction!. The second approach, the supermolecular
malism, deals with the complete, fully delocalized wa
functions associated with the whole cluster, which allows
the description of charge-transfer excitations.

Two types of architectures have been considered for t
ing these models: cofacial polyenes and oligothiophene c
ters built on the basis of the single crystal x-ray structures
all cases, a satisfactory agreement is obtained between
results provided by the two techniques, provided a reali
form ~multicentric monopole expansion of the transition de
sities! of the interchain Coulomb potential is used in t
excitonic model. In contrast, the widespread point-dipole

FIG. 9. Evolution with the number of thiophene aromatic rings in the c
jugated chain of the Davydov splitting~in eV! in oligothiophene crystals
~with only nearest-neighbor interactions!, as obtained:~i! on the basis of the
exciton model and using the atomic transition densities~solid line, tri-
angles!; and ~ii ! on the basis of the supermolecular approach~dashed line,
squares!.
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proximation is found to lead in most cases to unrealis
results~except when the interchain separation is large w
respect to the molecular size!.

When the interchain separation is smaller than or sim
to the actual length of the interacting chromophores~which
is most often the case for solid-state materials!, each chain
experiences the different local contributions to the polari
tion of the p-electronic cloud which is induced by an ele
tronic excitation taking place on the other chain. As illu
trated by the transition density diagrams in Fig. 4, the sh
of such a polarization well is intimately related to the size
the conjugated compound, which explains the peak evolu
of the exciton coupling energy with oligomer length com
puted for both polyenes and oligothiophenes. Our results
T4 and T6 are consistent with recent polarized absorpti
measurements recorded on single crystals at
temperature.24,28
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