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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 Physids$§0021-96060)70710-0

I. INTRODUCTION architecture®; (iii) a strong radiative decay for the singlet
excitons generated in the conjugated mateigl control of

! microscopic order and sample pufityand (iv) an efficient
poly(paraphenylene vinylendPPV), can be used as the ac- coupling of the excitons to photon states allowed by the de-

; i ittt ; 1
tive component in light-emitting diodgsED)," much effort vice structure(for instance, through the use of metallic

has been devoted to the synthesis of new electroluminescent. L .

. . o . mirrors). Whether or not polymer LED applications will
conjugated materials, the characterization of their phomflourish on the marketolace in the future partly depends on
physical properties by means of both experimental and the- P partly dep

oretical tools, and the manufacturing of stable ponmer-baseH1e understanding of the fundamental issues quoted above.

devices with optimal performance. Significant improvements In t_h'_s context, quantum—chemlcgl cal_culatlons can help
have resulted from this interdisciplinary research work, ad’ Providing structure—property relationships that are useful

exemplified by recent reviews on the topié. For the fpr the epgineering of materials with.improve'd characteris—
achievement of highly efficient devices, the conjugated polyics- For instance, VEHvalence effective Hamiltoniarcal-
mer has to fulfill a number of requirements, the most obviougulations have shown that it is possible to modulate the po-
one being to display high luminescence quantum yields irfition of the frontier molecular orbitals of PPV by grafting
the solid state. electroactive groups on the conjugated segmestssh the-
Several strategies have been proposed in order to inPretical results provide a simple tool not only to control the
prove the electroluminescenc¢EL) quantum yields of or- match between the electronic levels of the conjugated mate-
ganic conjugated polymefsThese aim at insurindi) a bal-  rial and those of the metallic electrodes used in LED devices,
anced injection for holes and electrofthrough a proper but also to tune the color of the emitted light. Substitutional
choice of emissive material and electrodesii) an efficient  effects have been successfully exploited by the Cambridge
electron-hole capture within the emissive lay@y using group, who has reported a high EL quantum efficiency for a
hole- and electron-transport materials in multilayer cyano-substituted PPV polyme@r.

Since the discovery that a conjugated organic polymer
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If up to now most of the theoretical investigations re- calculation of the excited-state electronic structure by con-
lated to the photophysics of conjugated organic polymersidering the ensemble of interacting conjugated units as a
have been carried out on isolated chaiwich mimics the  single entity'® An important asset of this technique is that it
situation in inert matrices or dilute solutionsthere is a inherently accounts for charge-transfer excitations among
growing interest for the simulation of the correspondingdifferent chains, which is not the case in exciton theory, un-
properties in the solid statéilms or crystal$. In the field of  less the basis set is augmented.
polymer-based light-emitting diodes, this interest is moti-  Here, we apply both formalism@xciton theory and su-
vated by an attempt to rationalize the generally observeghermolecular approagho the description of the lowest elec-
decrease in luminescence quantum efficiency when gointjonic excitations, first in the simple case of dimers of linear
from solutions to filmg° 12 The lower emission guantum polyenes arranged in a face-to-face configuration. We have
yield in the solid state is often ascribed to the presence ofmade this choice of system in order to be able to discuss the
low-lying excited states with weator vanishing radiative  evolution of the energy splitting associated with thtB]
coupling to the ground state. Such low-lying weakly allowedexcited state, as a function of both interchain separation and
(or even forbiddenexcited states can result from the pres-conjugation length. The point dipole and the atomic transi-
ence of impurities or defectdrapg in the sample but also tion density’ exciton models are tested against the delocal-
from interchain interactions between conjugated chroized supermolecular approach. With the results of these cal-
mophores, even if the latter are intrinsically very strongculations in hand, we then investigate the evolution with
emitters. oligomer size of the Davydov splitting in model clusters of

Conjugated polymers usually consist of a distribution ofoligothiophene single crystals.
finite segments with various conjugation lengths. Therefore,
in most cases, the conjugated materials should not be viewed
as quasi-one-dimensional infinite objects but rather as an en: EXCITON THEORY AND SUPERMOLECULAR

semble of interacting finite-size segmehtsn that respect, APPROACH

they display similarity with the well-known family of or- In the following, we consider the case of a cofacial in-
ganic molecular crystafé. As a matter of fact, the terminol- phase dimer built by two polyene chaittsereafter referred
ogy used in the field of molecular solids to depict the natureg as chain 1 and chain) 2vith N sites (carbon atomsand

of electronic excitationgFrenkel excitons, charge-transfer separated by an intermolecular distamcérhe total Hamil-
excitons,.). is nowadays widely adopted by the conjugatedtonian for such a dimer write’$,

polymer community. It is then logical to try and apply the

basic theories that have been developed for molecular crys- Hio=HiFHaFH, @

tals to the description of excited states in conjugated polywith H, (H,) the Hamiltonian for isolated chain (2) and

mers. Among these theories, the molecular exciton approadH,, the term representing the interchain interactions. In the

has been extensively used to predict the changes in opticakciton approximation, the intermolecular interactions are

absorption and luminescence properties of conjugated conassumed to be weak with respect to the intrachain interac-

pounds that occur when interchain interactions are switchetlons and the two-chain excited-state wave functions are

ont taken as a linear combination of the isolated-chain unper-
In traditional molecular exciton theofy,the excited- turbed wave functions.

state wave functions of the molecules in the aggregate For two identical chains,

crysta) are assumed to be unaffected by the intermolecular 1

forces. Such an approximation is expected to be valid for AN T % + *

weak (e.g., van-der-Waals-likenteractions. In this case, the =) \/i(lwl>|¢2>_|wl>|"b2>)' @

spectroscopm properties of _the cluster can be 0btame\(/jvhere|w’l‘) (eigenfunction oH,) denotes the wave function

through a first-order perturbation treatment, with the unper

. ) . “~"for the excited state localized on chain 1 dng) (eigen-
tunrg?g Isir?':a:eﬁ-(i:rr:%n V}/ar\r/ﬁa func:|otnf as tﬁero—c;trdrebr fttijnr?t'gﬂ?unction of H,) is the ground-state wave function for chain
a € Interchain L.oulomb operator as e perturbation. 2; +/— corresponds to the symmetric/antisymmetric combi-

ferent approximations can be considered to solve this prob—a,[ion of the equivalens? )| i) and|y,)|¢%) wave func-

!em, such as the yV|der used dlpo_le approximation descr_'beaons. Note thaty™) is not an eigenfunction dfi,.;, because
in the next section. When applicable, molecular exciton

. -~ of the presence of thel,, interaction operator in the com-
theory allows the estimation of the energy splitting of the P 12 P

ted stat ible for the sinale-chai tical t Plete Hamiltonian.
excited states responsible for the single-chain optical ransk-, pe c5se of a symmetric dimer, the energy splitting

t!ons, _whlch arises because_of the |_ntermolecular 'nte_racbetween the two excited states described by (Egis given
tions; it also provides useful information on the absorptlon,[0 first order by*

cross section(oscillator strength and polarization of the
electronic excitations appearing in the sdffd® W=(W"[Ho W) = (¥ [Ho ¥ )

In the strong interaction limit, the excited states likely Cn ok *\
spread out over several molecules and a proper description of 201 ol Hadvny) =21 Bl. ©)
the electronic structure then requires the building of delocalThis expression can be easily generalized to the bandwidth
ized wave functions. This approach is known as the supemf a one-dimensional crystal when only nearest-neighbor in-
molecular approach, since it is then required to perform theeractions are retainedlv=4|g| in this casé:* The compu-
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tation of W (or B) first requires building the ground-state and 5
excited-state wave functions for the isolated molecules

[l47), |¢a), |¢5), and|y,) in Eqg. (3)]. Here, these wave ol —O— Exciton model (Eq. 7)
functions are obtained by combining the Hartree—Fock semi% —a— Exciton model (Eq. 5)
empirical intermediate neglect of differential overlap I

(INDO)*® Hamiltonian to a single configuration interaction g 31 —0 — Supermolecular approach

(SCI) scheme,
For chain 1:|¢,)=|HF);

—1 E Z; (a*i +aji )|HF>
V2ija; 113t LT 1L v
4

where|HF,) is the Hartree—Fock ground state for molecule 1 ° ' ' ' ' ' ' ' '

(which is not modified by configuration interaction due to

Brillouin theorem andZ;, corresponds to the configuration

interaction expansion coefficient associated with an elecgig. 1. Evolution with interchain separatiod, of the exciton coupling

tronic configuration built by promoting one electron from the energyW (in eV), in a cofacial dimer built by two 16-site polyene chains, as

Occupied molecular orbitdMO) i to the virtual MOa. obta_lined on th_e basi_s aofi) thﬁ exciton model and the point—_dipole approx_i—
fthe exchange interaction terms are negledtekich is  aicr (2o Ine Crex () he excton el and sing e st

reasonable for singlet stajeshe interchain Hamiltonian in  proach(dashed line, squares

Eq. (1) is the Coulomb interaction between a site on chain 1

and a site on chain 2. Substituti) into (2), it is possible

to show that the exciton coupling energy corresponds to thetates are then built from this delocalized MO basis by ap-

electrostatic interaction between the transition electron derplying a similar SCI formalism as befor@ote that the ClI

sities associated with the unperturbed localized- 7* active space has doubled

excitationst’

Exciton coupling
N

|91)=

L, 1 +: +:
N q7qb | 1ot = HFops | i) = 72 Zig(ajip+a]i|)|HFgy,
B=2 3 —, (5) 2
m=1 p=1 rmp (8)
wherem(p) runs over all sites of chain 12); rp, is the wherei(a) now denoting_a delocalized occ_upieédmpt))
distance between sitesandp; andqf'(g8) denotes the tran- mplecular orb|§al. As ment|oned above, a major advantage of
sition electronic density on sit(p) for molecule 1(2). The  this approach is that it accounts for charge-trang@) ex-
transition density is calculated for thé.AgﬂllBu excita- C|taF|0n§ between the two chalns, Whlch is not the case in the
tion of a single polyene chain and satisfies the following€XCitonic molecular models. h_‘ interchain gllstances are large
relationships:’ compared to the molecule size, CT excited states lie well
above the Frenkel localized excited states. However, for

N " N m R smalld values, CT and Frenkel excitations can be expected
m§=:1 q:=0 and m§=:1 airy =(1Aglal1B=m, (6 o mix significantly.

wherey; is thelAg—>1Bu transition dipole moment on chain

1 Ill. INTERCHAIN SEPARATION DEPENDENCE OF

. . . EXCITON SPLITTING
Equation(5) corresponds to a multicentric monopole ex-

pansion of the transition electronic densifywhich provides First, we have applied the two formalisnigxciton
the exact solution for the exciton splitting energy within ex- model and supermolecular approati calculate the exciton
citon theory(to first orde. Different degrees of approxima- splitting energy associated with the optically alloweth}
tion to estimateg in (5) lead to various models, the most — 1'B, transition in cofacial dimers built by polyene chains
simple and popular one being the point-dipole model. Thevith N=16. The evolution with intermolecular separation of
point-dipole approximation is based on the assumption thahe splitting energy is displayed in Fig. 1. The following
the interchain distance is larger than the length of the indiconclusions can be drawn:
vidual chromophore¥’ so that Eq(5) can be simplified to a
. S (i)
two-center form with the transition dipoles, and u, lo-
cated on the centers of each interacting molecule,

The exciton model in the point-dipole approximation
largely overestimates the exciton splitting for short
interchain separationsl; as expected, a more reliable
_ 1o estimate of this splitting is obtained within this ap-
for parallel chains: = RFEE (7 proach wherd becomes comparable to or larger than
the actual chain lengtf~18 A for a 16-site polyene
In the supermolecular approach, the full Hamiltonian,(ii))  When the transition densities are inserted into (4.
Hit, is diagonalized, which provides molecular orbitals that the exciton coupling energy calculated in the frame-
can become delocalized over the entire dimer. The excited work of exciton theory is in excellent agreement with
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the value obtained from the full SCI calculation on the 10
dimer (supermolecular approagtfor d larger than 4 09 x 0.1 (@)d=45A
A:; for smallerd values, the two sets of results slightly — _ os o Excit del (Ea. 7
deviate, a feature that is attributed to increasing con- & o7 e Exc_lton modeI (Eq.s)
tributions from charge-transfer excitations in the de- = xaitan model (Eq. 5)
scription of the lowest excited states. g Z: —o Supermolecular approach
[=% X
IV. CHAIN-LENGTH DEPENDENCE OF EXCITON _§ 03
SPLITTING g
A. Cofacial polyene dimers 01
Next, we have investigated the evolution of the exciton 0.0 . . . ‘ : - : :
coupling energy with the size of the individual conjugated oo ofe 0w o oW ol M oW o 0B
polyene chains; segments containing up to 80 carbon atom: (b)d=6.0A
(40 carbon—carbon double bondmve been considered. Our 05 x 0.1
aim here is twofold{i) to check the validity of the exciton < —o— Exciton model (Eq. 7)
approach in predicting quantitative values for the splitting, § 04 —=— Exciton model (Eq. 5)
by comparison to the results provided by the supermolecular —o— Supermolecular approach
approach; andii) to extract useful information regarding the £
effects of interchain interactions on the luminescence prop- 8
erties of the conjugated chromophores. Note that, since we § o
apply a full SCI treatment, the results are size-consistent. S
For parallel molecules and in-phase bond alignment, as 0.1
considered here, intermolecular interactions in the dimer leac
to a splitting of the 1B, state into a low component which is 0.0 - - , . . . . :
symmetry-forbidden with respect to the ground state and a 000 002004 005 008 010 042 014 016 018
high component which is dipole-allow&d® (note that in 035
single polyene chains, the lowest excited state is not the (c)d=8.0A
1'B,, state, but the one-photon forbiddert &, state; as a ~_ °*F | *01_ Exciton model (Eq. 7) 1
consequence, polyenes are weak light emitters even whel g .} —o— Exciton model (Eq. 5)
interchain interactions are negligiBf In general, it can be ES —a— Supermolecular ap.proach
concluded that, if the energy separation between the twa 2 oz}
components of the splitting is much larger tHah a sizable E
quenching of the luminescence is expected as a result of the 8 ***¢
intermolecular interactions. It is thus highly desirable to be £ ;¢
able to evaluate correctly the magnitude of the coupling en- i
ergy and its chain-length dependence. 0.05
The point-dipole approximatiofEq. (7)] would predict
anincreaseof the exciton splitting with size of the interact- O o om2 oot ome oms om0 o1z v o ot

ing units, since the transition dipoles grow with conjugation
length. On the other hand, quantum-chemical calculations
performed for oliggphenylenevinylens indicate a decrease FIG. 2. (a) Evolution with the inverse number of sites in the conjugated

; o ; ; 6 s il _ segment, M, of the exciton coupling energyy (in eV), in cofacial polyene
in splitting with chain IengtH, such a behavior is{i) sup dimers with an interchain separatids=4.5 A, as obtained on the basis of:

pgrted by. earlier Calcu'?‘tizoans usmg perturbation theory aPTi) the exciton model and the point-dipole approximatisalid line, circles;
plied to different orderé=?*and (i) in agreement with the (i) the exciton model and using the atomic transition densigetid line,
evolution of the Davydov splitting when going from quater- triangles; and(iii) the supermolecular approaétiashed line, squarksb)
thienyl to sexithienyl single crystals, as determinedSame asa for d=6.0A; () same aga) for d=8.0A. Note that, for the
. . ! @n sake of clarity, thew values calculated in the point-dipole approximation

expenmentally. from pollarlzed absorptlpn measurements. ,re multiplied by a factor 0.1.
On the basis of either Su-—Schrieffer—Heégeror
Pariser—Parr—Popie descriptions of linear conjugated
chains and including Coulomb interchain interactions to firsflated: (i) on the basis of the exciton model, in the point-
order, Spano and co-workers have shown that the magnitudiipole approximatiodEq. (7)]; (ii) on the basis of the exci-
of the exciton coupling first increases linearly with chainton model, by using the atomic transition densifigs. (5)];
length for oligomer sizes smaller than the interchain separaand (iii) on the basis of the supermolecular approgfi
tion, reaches a maximum, and then decreases for longer co8Cl calculation on the dimegrlt is clear from Fig. 2 that the
jugated segments. point-dipole model provides an erroneous estimate of the

In Fig. 2, we display for several interchain distances thecoupling energy for long conjugated chains, both qualita-
1/N evolution(with N denoting the number of carbon sites in tively (the coupling always increases wil) and quantita-
the polyene chainsof the exciton coupling energy, calcu- tively (the splitting energy is largely overestimateth con-

1N
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0.6

at about the sami;.,(~2.2) value; this immediately leads
—— Exciton model, Eq. 5 (d= 4.5 A) to NpeakzNgeap/awz.Zd/a. Our results on weakly alter-
—5 Supemmol. approach (d=4.5 A) nated polyenes are thus consistent with the findings of Spano
T B S oA and co-workerd and show that the ratio between the conju-
—a— Exciton model, Eq. 5 (d=8.0 A) gation length -Na) and the interchain separatidd) is the
Supermol. approach (d = 8.0 A) decisive factor in determining the maximum amplitude of
exciton splitting.

It is useful to have a closer look at the atomic transition
density diagrams, since these are directly related to the split-
ting energy, see Ed5). In Fig. 4, we display the transition
densities associated with the excitation from the ground state
to the lowest optically allowed excited state'Bl,) of poly-

05

04

Exciton coupling, W (eV)

00 - ; . . . ; . K enes of various lengths. Those diagrams represent the way
0 s e L the electronic density gets polarized along the conjugated
N/d/a segment upon excitatidi. From Fig. 4, we see that the

FIG. 3. Evolution with the ratid\/d/a (with N the number of sites] the shape of the transition density distributions evolves qualita-
interchain distance, analan average unit cell length here taken to be 1.23 tively with chain length in the following manner: In short
At)> of thz exctihon tjtoll_lolin@.l f;:lergwt(in e\/),d inl cofgcial_ poltx;]eﬂetdimert& as  compounds, most of the density moves from one half of
B e e g e Lo 431" the chai toward the other half;in long chains, the electronic
(dashed line, squares density polarizes via local charge migration from one carbon
atom to its first neighbors. Such an evolution results from the
interplay between finite size effects, which are very impor-
trast, when the more realistic interchain Coulomb potentiatant in short polyenes, and delocalization effects that domi-
of Eq. (5) is used in the calculations, the computed excitonnate in long chains: the relative contributions from chain
coupling is in reasonable agreement with the value obtainednds to the global polarization of the-electronic cloud,
by means of the supermolecular approach, especially in therhich is induced by electronic excitation from the ground
large interchain separation regime. When the distance bestate to thé B, excited state, decrease with increasing oligo-
tween the interacting chains decreases, the values calculateter size.
for the exciton splitting energy in the two formalisms slowly We rationalize the peak behavior of the exciton splitting
diverge (the difference amounts t60.08 eV forN=8 and as follows. First, when the chain length is small compared to
d=4.5A); this is due mainly to charge-transfer excitationsthe interchain separation, the molecule can be regarded as a
that start mixing with the low-lying intrachain transitions in single point object and the point-dipole approximation is
the supermolecular calculations but are not included in thevalid; the exciton coupling increases witth Whend be-
exciton modef® Note also that a possible origin for the dif- comes comparable to the size of the chromophores, it is no
ferences between the two sets of results is related to the faltinger possible to consider the molecule as a whole, in a
that the perturbation associated with intermolecular interacnonlocal fashion, as in the point-dipole model; the evolution
tions is limited to first order in Eq(3) (this limitation is  of the coupling energy can then be understood from a local
obviously not present in the SCI supermolecular apprpach analysis of the atomic transition density distributions. In Eq.
Second-order corrections to the excitation energies, as contb), the splitting energy arises from the superimposition of
puted in the excitonic model, have indeed been shown to beontributions associated with interactions between equivalent
sizable in weakly alternated conjugated structdres. sites(diagonal terms, withm=p) and interactions between
In agreement with the results of Spano andclose neighbors(nondiagonal terms wittm=p=1m=p
co-workers’?2 the calculated chain-length dependence of+2,..), see Fig. &). The diagonal terms are always positive
the splitting shows a peak behaviGexcept in the point- and decrease monotonically with The sign and absolute
dipole approximatiopwith a maximum atN=Ngea: Npeax  Value of the nondiagonal interaction terms depend on the
shifts to longer chain lengths when the interchain separatioseparation ifhi—p) between the two sites and the oligomer
is raised: Nyeae=8 for d=4.5 A; Npeae=10-12 for d length, see Figs.(6) and 3c). From Fig. 4, we can expect
=6.0A; and Npea= 14 for d=8.0A. In the limit of very larger positive contributions arising from short-rar(genall
large electronic alternation along conjugated ririgescou- m—p separatioj interactions in molecules of intermediate
pled repeating uni}s Mclintire et al. have derived an analyti- size compared to either small compounds or extended con-
cal expression for the coupling energy and found Matis  jugated chains. As a matter of fact, the absolute value of the
proportional to the ratiad/a (with a the average carbon— sum over all nondiagonal terms shows a dip in its evolution
carbon bond lengit?* Figure 3 shows the evolution of the with chain length, as displayed in Fig(g. The evolution of
splitting energy that we have calculated as a function of thehe nondiagonal contributions is mainly responsible for the
ratio N'=Na/d. Note that hera is set to 1.23 A, which is computed chain-length dependence of the exciton coupling
about the average value between the lengths of the single amhergy.
double carbon-carbon bonds projected onto the polyene Simple arguments related to delocalization of the wave
chain axis; the total length of the chains is thus (N functions indicate that, in the limit of strong interchain inter-
—1)a, with N the number of carbon atoms. All curves peak actions, the splitting energy should be inversely propor-

Downloaded 28 Oct 2012 to 18.111.117.123. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



4754 J. Chem. Phys., Vol. 112, No. 10, 8 March 2000 Beljonne et al.

(b) N=10
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FIG. 4. INDO/SCI £A,—1'B, atomic transition densities for polyene single chains, Wth6(a), 10(b), 20 (c), and 80(d). The site numbers along the
chain axis are given on theaxis.

tional to N for large N: the relevant matrix element in the each interchain separation from the fit of the calculated
definition of the exciton splitting mainly involves a sum of chain-length evolution of the exciton splittingssumingc

~N terms containing a product of four coefficieffgopor- —0 whend—x) at largeN and inserted into Eq(9) to
tional toL ~2), leading to the sum being proportionallto * simulate the dependence \&fwith oligomer size. The simu-
(with L the chain length® On the other hand, we know that |ated evolutions, displayed for different valuesdoh Fig. 6,

for weak intermolecular force®V should scale as the square are fully consistent with the numerical results obtained on
of the transition dipole moment, i.e., as the linear polarizabilthe basis of Eq(5); in particular, the chain-length depen-
ity, a. Sincea evolves asN' in long chains(saturation re-  dence of the exciton coupling energy shows the expected

gime), the splitting energy of weakly interacting conjugated peak behavior, with simila e, values(compare to Fig. 2
units should also scale & To take account of these two Fina”y, we would like to comment on the effect of elec-

opposite limiting behaviors)V can be written as the follow-  tron correlation on the exciton splitting. Table | reports the
ing scaling relation: coupling energies, as computed from E§), on the basis of

Nm?2 1 isolated-chain excited states provided kiy:the single con-
w=2 e (Nm)?” (90 figuration interactior{SCI) formalism; and(ii) the single and
1+2dT double configuration interactiofSDC) technique. In both

c

cases, all occupied and unoccupiedr* levels are included
whereNY?m(= ) is the transition dipole for a single chain in the CI active space. The'A;—1'B,, transition dipole
(m is the transition moment for the repeating Unitith N moments are also listed in this table. We find that inclusion
sites andc is a parameter that depends @nin the limit N of doubly excited configurations in the Cl expansion leads to
>d/a, Eqg.(9) leads toW=c/N and, wherN<d/a, Eq.(9)  a significant lowering of the transition dipoles and a con-
is equivalent to Eq(7). The parametet can be obtained for comitant large and rigid decreadsy about 50% in exciton
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2.00
0.50
' (a)
175 A —o— diagonal 0.45
-A - ~(non-diagonal) —— d=45A
1.50 —01 - total o~ 0.40 —-d=86.0A
s . > . d=80A
2 125" §’ 0.35 4
8 % 0301
5 1.00 £
2 Qa 025
T 075 3 S
. O B — T
8 c 020 _ —_
0.50 4 *5 0.15 4 /
x .
0.25 g7~ w010 A /
——— /
0.00 L — . . . . . R 0057 /-
10 20 30 40 50 60 70 80 0.00 . . i i i i . .
N 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
1IN
1.25 FIG. 6. Evolution with chain lengthl, of the exciton coupling energyV
1.00 - (in eV), as obtained from Eq(9) (with c=6.8eV for d=4.5A; c
3 ors- =5.4eV ford=6.0A; andc=4.2 eV ford=8.0 A).
2 o050
e 0251 compounds characterized by a larger effective electronic al-
o %97 ternation. As an illustration, we give in Table | the coupling
o %] energies calculated for stilbene dimers at the SCI and SDCI
® -0.50 - . . L
5 sl levels of theory; in this case, taking into account double ex-
3 1'00 | citations leads to a reduction of the splitting energy by about
£ 30%.
S -1.254
o -1.50
rs B. Oligothiophenes single crystals
" 10 The magnitude of the exciton coupling energy in quater-
thienyl (T,) and sexithienyl (§) single crystals has been
recently determined by means of polarized absorption mea-
surements and quantum-chemical calculations based on the
1.00 supermolecular approaéh?® The x-ray structures of both
s °7 N =280 © T,2 and T;*° at low T are characterized by the presence of
= four molecules per unit cell, which are almost perfectly pla-
g %] nar and pack in herringbone fashion, see Fig. 7. Each mo-
3 %] lecular electronic excited state is split by the crystal field into
-0.25 4
2
‘5 -0.50
@ 0754 TABLE |. Exciton coupling energies in cofacial conjugated dimers, as ob-
. tained by the exciton approa¢kq. (5)] with the atomic transition densities
1.00
3 125 ] provided by the SCI and SD-CI formalisms.
é 150 1 Single-chain Dimer
-1.75 4 transition dipole, . exciton splitting,
S 111(D) Interchain W(eV)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 Comp(_)und distance,
Range of neighbor-neighbor interactions Technique Scl Sb-Ci d(A) Scl SD-CI
) ) ) ) o Polyene, 8.6 6.0 4.5 0.465 0.233
FIG. 5. (a) Evolution with chain lengthl, of the diagonal contributions and N=6 6.0 0.254 0.127
absolute values of the nondiagonal contributiGmkich are in fact negatiye 8.0 0.130 0.064
to the exciton coupling energyV (in eV), as obtained from Eq5) (for d Polyene 104 79 45 0.496 0.245
=6.0A). (b) Evolution of the nondiagonal contribution to the exciton cou- N=8 ' ' ' 66 0 '291 0 i43
pling energy,W (in eV), as a function of the range of neighbor interactions 8.0 0.158 0'077
retained in Eq(5) (for d=6.0 A andN=10); the diagonal contribution is Polyene 12.0 8.2 45 6493 6241
given at zero abscisséc) Same agb) for N=80. N=10 ’ ’ ’ 6 O 0 :'305 0 i48
8.0 0.176 0.085
Polyene, 13.4 9.2 45 0.472 0.232
splitting. Such a decrease results from the electron—electron N=12 6.0 0.305 0.149
correlation effects, which tend to reduce the reorganization i 00 . 8.0 0-012;9 Oé’g?,g
of the m-electronic density upon excitation from the ground ~>"Pe"® ' £ 6‘35 0208 0197
state to the optically allowed excited stafewe note that 8.0 0114  0.072

this effect is expected to be less important for conjugated
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FIG. 8. INDO/SCI computed evolution of the Davydov splittifig eV) in

T, (open circleg, T, (open squargsTg (open triangles and Tg (open dia-
mondg with the number of molecules in the clusters, as obtained on the
basis of the supermolecular approach. The corresponding Davydov splittings
estimated for an infinite cluster, when retaining only nearest-neighbor inter-
actions, are also indicatddlosed symbols

dimensional(2D) character of the Jcrystals, we only con-
sider clusters of molecules lying within the sailmelayer to
model the optical properties of the crystals. In Fig. 8, we
show the evolution with cluster size of the Davydov split-
ting, as calculated by the complete INDO/SCI method in
oligothiophenes with two, four, six, and eight aromatic rings.
As is the case for sexithieng#,the Davydov splitting in 7,
b T, and Tg is found to strongly evolve with the number of
molecules in the clusters and to converge toward its saturated
AC/ value for clusters containing about six conjugated chains. We
can thus reasonably consider the excitation energies the
FIG. 7. Crystal structure of the low-temperature phase ofatapted from CorreSpolndmg_ Davyd_ov s_phttm@salculated in the I.argeSt
Ref. 29. Thea, b, andc crystal axes are shown. The arrangement of the Clusters investigated in this work, to be representative of the
four molecules within the unit cell is also representative of the low- crystals. Furthermore, the splittings calculated in the six-
temperature phase of and of the crystal structure ofgT* The herring-  chain clusters are close to twice the corresponding values in
bone angle is in all cases of 65—-66°. . L . .
the two-chain clusters, which indicates that the dominant in-
teractions are between nearest neighbors.

The evolutions witm of the Davydov splittings in the T
four crystalline levelsDavydov componenjsbelonging to  crystals, as provided by both the supermolecular approach
theay, a,, by, andb, irreducible representations of tkig, and the excitonic mod¢Eq. (5)], are reported in Fig. 9. The
point group. Due to the layered crystal struct(fey. 7), the  splittings reported here are obtained by only retaining
in-plane intermolecular interactions are much stronger thamearest-neighbor interactions, i.e., they are set as twice the
the interactions between layers. This leads to the degeneraswlues calculated for the dimers. As found for cofacial poly-
of the homologous gerade and ungerade crystal I1&¢éls. enes, the results provided by the two methods are in good
The optically accessible Davydov componerdgg,andb,,, agreement and indicate a peak behavior for the chain length
are polarized along thb axis of the crystal and in thac ~ dependence of the exciton coupling energy: The Davydov
crystal plane, respectively. The energy difference betweesplitting (DS) first increases when going from, To Ty, is
the one-photon allowed Davydov componengs, @nd b, maximum for T,, and then decreases for longer conjugated
crystal level$ gives the Davydov splitting of the correspond- segments.
ing exciton due to the intermolecular interactions in the  Experimentally’*?®the DS in oligothiophenes has been
solid. demonstrated to slightly decreadsy about 0.037 eywhen

Here, we apply the same supermolecular approach to thgassing from J(DS~0.360 eV to Tg(DS~0.323 eV}, which
calculation of the Davydov splitting in single crystals of is consistent with the predicted evolution in Fig. 9. In addi-
bithienyl (T,)*? and octathienyl (). The results of these tion, the DS values computed for, nd T are in reasonable
calculations on the JT,,Tg,Tg Series are compared to the agreemenf{although slightly overestimatgdvith the spec-
predictions provided by the exciton scheme with the use ofroscopic results, taking into account the different approxi-
atomic transition densities, Eq5). Because of the two- mations considered in the calculations. In fact, we have

*
) /Q/OM
). 0.1 ¥ T T T T T T
ot 1 2 3 4 5 6
Cluster size
/
i
%
3 %
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08 proximation is found to lead in most cases to unrealistic
T, —2— Exciton model (Eq. 5) results(except when the interchain separation is large with

—0~ Supermolecular approach respect to the molecular size

When the interchain separation is smaller than or similar
to the actual length of the interacting chromophofehich
is most often the case for solid-state matejiagsch chain
experiences the different local contributions to the polariza-
tion of the m-electronic cloud which is induced by an elec-
tronic excitation taking place on the other chain. As illus-
trated by the transition density diagrams in Fig. 4, the shape
of such a polarization well is intimately related to the size of
the conjugated compound, which explains the peak evolution
0.1 , ' - - - - : of the exciton coupling energy with oligomer length com-

1 2 3 4 5 6 7 8 . .
puted for both polyenes and oligothiophenes. Our results for

T, and Ty are consistent with recent polarized absorption
measurements recorded on single crystals at low
temperaturé*?8

0.7

0.6

0.5 1

0.4

0.3 1

Davydov splitting (eV)

0.2 1

Number of thiophene rings

FIG. 9. Evolution with the number of thiophene aromatic rings in the con-

jugated chain of the Davydov splittingn eV) in oligothiophene crystals

(with only nearest-neighbor interactionas obtained(i) on the basis of the
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