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Abstract: Correlated quantum-chemical calculations are used to investigate the influence of interchain
interactions on the absorption and emissionrefonjugated chains. The results are discussed in relation to
the utilization of conjugated materials as active elements in electro-optic devices; they provide guidelines on
how to prevent a substantial decrease in luminescence yield in solid films. In high-symmetry cofacial
configurations, interchain interactions lead to a blue shift of the lowest optical transition compared to that
calculated for an isolated chain; the appearance of an additional red-shifted component is expected when
positional disorder is considered. The absence of any significant oscillator strength in the transition between
the ground state and the lowest excited state in highly symmetric complexes implies that the luminescence
emission will be strongly quenched. This picture is, however, modified when one takes account of the relaxation
processes which occur in the lowest excited state. The nature of the most stable photogenerated species and
the role played by chemical impurities are also addressed.

the experimental results are sensitive to the nature and/or quality
of the sampled?®

Organic conjugated polymers have been thoroughly investi- | recent years, the theoretical methods of quantum-chemistry
gated in the context of their insulator-to-conductor transition gnd solid-state physics have provided significant insight into
upon chemical or electrochemical dopihgsince the firstreport  the electronic and optical properties of isolated conjugated chains
of electroluminescence in poly(paraphenylenevinylene), PPV, (oligomers and polymers). These calculations, supported by a
renewed interest has focused on the use of these compounds agide range of experimental measurements, have established that
active components in electro-optic devices. The combination the primary photoexcitations in isolated chains of (for example)
of the semiconducting properties and high luminescence ef- ppy and its substituted derivatives are polarercitons,
ficiency of conjugated oligomers and polymers has opened the weakly bound electrorhole pairs coupled to local deformations
way to the development of polymer light-emitting diode$,  of the conjugated backborié1? The radiative decay of these
light-emitting electrochemical celfsand solid-state lasefs® excitations competes with nonradiative routes and takes place
Although the achievement of an understanding of the photo- from the lowest excited state, in agreement with Kasha’s*ule.
physics of these systems is thus of importance, detailed |y the absence of significant intermolecular interactions (for
structure-property relationships are still lackifigiartly because  example, in dilute solutions or when the conjugated compounds
are incorporated in inert matrixes), the luminescence efficiency
is relatively high and the luminescence decays with a natural
lifetime of approximately a nanosecoit.

For substituted PPV chains in solution, the decay of the
fluorescence signal was reported to be equivalent to that of the
picosecond photoinduced absorption featdfe¥® In such a

I. Introduction
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case, the formation of singlet intrachain polar@xcitons was  solid state6-20.2%in poly(2-butyl-5-(2-ethylhexyl)-1,4-paraphe-
invoked in order to rationalize the excited-state dynamics; the nylenevinylene), BUEHPPV, and MEH-PPV, there is no
measured photoinduced absorption spectra then reflect the natureorrelation between the dynamics of the fluorescence signal and
of the optical transitions between the lowest singlgtsBate that of the picosecond photoinduced absorption feaftfres.
and higher-lying A states. These studies indicate that intermolecular interactions give rise
In many cases, the results of electronic structure calculationsto the appearance of neiwterchain species; their nature and
based on isolated chains are in good agreement with relevantorigin are, however, a matter of controversy.
experimental dat&® However, intermolecular interactions have ~ Here, we report the results of correlated quantum-chemical
been shown to dramatically alter the electronic and optical calculations performed on interacting conjugated chains. Our
properties from those characteristic of a single cRaifg20-29 goal is to better understand the way interchain coupling affects
It is thus essential not to rely exclusively on the simple the electronic and optical properties with respect to those
assumption that interchain interactions are of secondary impor-calculated for isolated chains, and hence to understand the effect
tance and that most of the properties are governed by intrachairof interchain interactions on the absorption and emission. Since
interactions. The need to incorporate the effect of the sur- we hope to clarify the nature of the most stable photogenerated
roundings was clearly recognized in the field of nonlinear optics Species by comparing the results of the calculations to the data
in order to rationalize the interconnection between the nature reported in the literature, we must also address the influence of
of the medium and the amplitude of the hyperpolarizabilitfes.  disorder and defects/impurities. These issues are relevant to
Quantum-chemical calculations have further illustrated that the the development of new materials with high quantum efficiency
nonlinear optical response is affected by interactions betweenfor photoluminescence in the solid state, and hence for the design

adjacent chromophorés;34 this was shown experimentally to

be at the origin of a strong second-harmonic generation signal

in centrosymmetric dye¥®.

of light-emitting devices with enhanced performance.
We emphasize that the present calculations do not allow us
to distinguish between dimers (for which the wave functions

Various manifestations of interchain coupling have been Of two adjacent chains overlap in the ground state, due for
demonstrated in recent experimental investigations of the €xample to packing effects) and excimers (where overlap occurs
photoluminescence properties of conjugated chains. For ex-Only upon photoexcitatior?f In contrast to other recent
ample, in cyano-substituted poly(paraphenylenevinylene), the theoretical work®” we make a clear distinction between
radiative lifetime of the luminescence is significantly increased €xcimers (where no net charge separation is observed) and
compared to other PPV derivatives without any substantial interchain polaron pairs, also referred to as interchain excitons

change in the quantum efficiené§2%in poly(2-methoxy-5-((2
ethylhexyl)oxy)paraphenylenevinylene), MEIRPV, a dramatic

(where a positive polaron is bound by Coulomb attraction to a
negative polaron on an adjacent chain).

decrease in the fluorescence quantum yield was reported in the This paper is organized as follows. We first focus on the
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electronic and optical properties of highly symmetric complexes
formed by two identical PPV oligomers. We mainly discuss
the results obtained for the two-ring oligomer, i.e., stilbene; we
then consider longer chains and extrapolate to polymer chains
(note that such extrapolations are qualitative due to the fact that
a stilbene unit is smaller than the typical delocalization lengths
encountered in the corresponding polyfeand in most
conjugated chains, typically between 10 and 20 conjugated
units). The discussion of the emission properties of such
complexes is extended to situations where geometry relaxation
phenomena have time to take place in the lowest excited state.
We then analyze the influence of (i) increasing the number of
units in interaction, (ii) varying the relative positions of the
oligomers, and (iii) chemical impurities.

Il. Theoretical Methodology

The ground-state geometry of the complexes formed by planar PPV
oligomers (hereafter denoted PRWherex is the number of phenylene
rings so thak = 2 corresponds to the stilbene molecule) is optimized
by means of the semiempirical Hartreleock Austin Model 1 (AM1)
method?®® this technique has been shown to provide geometric
parameters in very good agreement with experimental X-ray“data.
Note that, in each case, we find that the ground-state geometry of the
molecular units is not affected by intermolecular interactions.

To investigate the emission properties of the complexes, we
determine their equilibrium geometry in the lowest excited state by
coupling the AM1 formalism to a limited configuration interaction (CI)
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scheme (as developed in the AMPAC pacKdge The number of @
molecular orbitals used to generate the configurations are chosen in a @ N @
way that ensures the absence of significant evolution in the calculated N @ |

parameters when additional electronic levels are involved; the ClI
configurations are selected on the basis of their energy and the strength

of their electronic couplings (as set by default in AMPAC The
reliability of this AM1/Cl approach to describe the geometry relaxations

in the lowest excited state is supported by the excellent agreement E
observed for trans-polyenes between the AM1/CI re$udtsd those bg " Towe L+
afforded by highly correlated ab initio Complete Active Space Self- Au 7 by - L

Consistent-Field (CASSCF) calculationé? the adequacy of the AM1/
ClI technique is also confirmed by the excellent agreement between

the calculated relaxation energies in the lowest excited state of PPV -

oligomers and the corresponding experimental values extracted from a

detailed analysis of the vibronic progressions observed in the photo- au H
luminescence spectra of these compoufiddote that in these excited- bg H 03tev

a, s
state calculations, we only optimize the bond lengths and bond angles g !

formed by the carbon atoms of the conjugated backbone; the parameters
involving hydrogen atoms are frozen and set to the values calculated _.

in the ground state. The interchain distances between the planes of 19U 1. Schematic representation of the one-electron structure of a
the interacting units are varied in a range going from 3.5 to 30 A: a single stilbene molecule and that of a cofacial dimer formed by two

much more elaborate treatment of the correlation effects would be f_rg"\;:g se%a[adﬁﬂdobly 4IA. ﬁhe INDO-fcaIcuIﬁteq einergy SFI)M (I)f the
required to provide accurate determinations of the optimal interchain an evels when going from the isolated molecule to

separation in the lowest excited state. Here, we have chosen to depictthe dimer is also given.
various regimes of interaction by simply tuning the amplitude of the ) )
interchain interactions (or, in other words, of the interchain transfer coupled to the ground state is not the lowest in enétgy.In contrast
integrals, denoted “t perpendicular’ in condensed-matter physics 0 the results provided by an INDO/SCI approach, a forbidden optical
terminology). Note that, in the present formalism, thelectrons are transition described by a mixing of two excitations between a localized
exchanged between the interacting units at short interchain distances!evel and a delocalized level lies below the energy of the intense
in contrast to models exclusively based on solvation/polarization Symmetry-allowed absorption peak. All calculations, however, are
effects?s consistent with the fact that, as soon as lattice relaxations in the excited
On the basis of the optimized geometries, we compute the lowest states are considered, photoluminescence takes place from the strongly
optical transitions of the complexes and their related intensities with coupled excited st_ate, as expected from the experimental observ‘éthns.
- o - We thus emphasize that an exact ordering of the lowest two excited
the help of the semiempirical Hartre€ock Intermediate Neglect of

. . Lo . ! states would not modify the conclusions drawn in this study regarding
Differential Overlap (INDO) Hamiltonian coupled to a Single Config- . o : - : :
uration Interaction (SCI) scheme. We use the INDO parametrization the absorption and emission of interacting chains and that the primary

developed by Zerner and co-worlkdiand express the electreplectron goal_ of_the (_:alculations performed on stilber}e _units is_ to provide a
repulsion term via the MatagaNishimoto potentiat? To be size qualitative picture of the influence of interchain interactions between

- S . . . conjugated segments (for which the lowest excited state is most
consistent?® the Cl basis includes all the possible singly excited 119 9 (

! : - lly th tl | led to th tate).
configurations generated from the occupied and unoccupiegels?® generally the one strongly coupled to the ground state)
The use of a SCI approach is validated by the absence of significant . .
weight arising from doubly and higher excited configurations in the !l- Results and Discussion

description of the lowest excited states that are investigated in this . . . .
papef® (an overall description of higher excited states of interacting lII.1. Absorption Properties of Highly Symmetric Com-

systems would require a much more elaborate treatment of the Pl€X€S. lll.1.a. Interacting Stilbene Units. The first com-
correlation effect). All the calculations were performed on IBM  Plexes we have considered are cofacial dimers where one PPV

RISC-6000 workstations. oligomer is exactly superimposed on top of another one; see
The emission spectra are simulated with the same approach, excepth€ top of Figure 1. Such a configuration is expected to
that the calculations are then performed on the basis of the relaxedMmaximize the interaction between adjacent chains and hence to

geometry in the lowest excited state. An earlier study has shown that give rise to the largest energy splitting of the lowest excited
the INDO/SCI-calculated vertical transition energies associated to the state®® In fact, the energy splitting between the lowest two
absorption and emission processes of isolated PPV oligomers compareexcited states is calculated to be 0.27 eV in a cofacial dimer
very well with the experimental values reported for the molecules formed by two stilbene units separated by 4.5 A, while values
dispersed in an inert matri{. Note that highly correlated calculations  of 0.09 and 0.14 eV are obtained for two stilbene molecules
establish that the first excited state of stilbene which is strongly optically aligned along the chain axis and along the in-plane transverse
axis, respectively (the closest distance between two carbon atoms

(41) Ampac 5.0, 1994, Semichem, 7128 Summit, Shawnee, KS 66216.
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L_.(Br;dlg;ng_ 5 G Mior K. Bradas. 7. L_éheif_”;h’ys_'Le't’m g‘r'es’s_ " functions of the adjacent strands, as illustrated in the following
(45) Moore, E.; Gherman, B.; Yaron, D. Chem. Phys1997, 106, 4216. discussion. Moreover, we note that the chain separations are
Efl% slidley, J-’ilzilrn?‘r_. M. CI'KhZeOFr).hChirghAﬁhaégg?ang.l%l- not identical in these three directions in actual samples and that
ataga, N.; Nishimoto, KZ. Phys. Che 13, . ‘i ; ; ; ; ;
(48) Szabo, A.. Ostlund, N. SModern Quantum ChemistryMac- the most efficient intermolecular interactions in the solid state
Millan: New York, 1982. are expected to originate from the superposition of molecules
(49) Similar results can also be obtained with a lower CI basis rather
than provided by a full SCI approach within tleframework, however, (51) Soos, Z. G.; Ramasesha, S.; Galvao, D. S.; Etemdehys. Re.
only when the correct balance is kept between the size of a cluster and theB 1993 47, 1742.
size of the corresponding ClI. (52) Molina, M.; Merchan, M.; Roos, B. O. Submitted for publication.

(50) The INDO-calculated ground-state stabilization is negligible in all (53) Cornil, J.; Heeger, A. J.; Bdas, J. LChem. Phys. Letl997 272
cases with respect to the shift calculated for the lowest two excited states. 463.
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Table 1. INDO/SCI-Calculated Transition Energies, Intensities, 45
and ClI Descriptions of the Lowest Two Excited Statesdfd S, r
respectively) of a Cofacial Dimer Formed by Two Stilbene r
Molecules for Various Interchain Distances c
interchain transition intensity 42 4 M
distance excited energy (arb. N
A state  (eV) units) Cl description . r 4
30 S 4097 00 —07H—L+l—07H-1—L 3 :
S 4.100 25 07H-L+1-07H-1—1L % 39 -
15 S 4.087 00 -07H—L+1-07H-1—L o r
S 4.112 25 07H-L+1-0.7H-1—L g C
10 S 4.068 00 -07H—L+1-07H-1—L S L
S 4,131 25 07H-L+1-07H-1—1L = 36 F
7 S 4.034 00 067H-L+1-0.66H-1—L S 7t
—0.21H-1—L+1+0.21H—L (= "
S 4.164 25 069H1—L+0.69H—L+1 F
6 S 4.014 00 —-068H—L-067H1—L+1
-0.17H—L+1+0.17H1—L 3.3 4
S 4.183 25 069H1—L+069H—L+1 r
5 S 3.985 00 -071H—L+068H-1—L+1 L
S 4.210 24 069H-L+1-068H-1—L
4 S 3.870 00 O087H>L—-047H-1—L+1 3.0 LA L e
S 4.235 23 O77H-L+1-056H-1—L
35 3.437 00 097H-L 2 4 6 8 10 12 14 16 18 20

S
S 4.161 18 093H-L+1 Interchain distance

aNote that, at 3.5 A, the lowest intense optical transition involves Figure 2. INDO/SCI-calculated transition energies of the lowest two
the fifth excited state. optical transitions of a cofacial dimer formed by two stilbene molecules

. . . . as a function of the interchain distance. The horizontal dashed line
(with the plane of the units not necessarily parallel, such as in refers to the transition energy of the isolated molecule. Note that the
the herringbone-like structure observed in sexithienyl cry$jals  upper value reported at 3.5 A corresponds to the transition to the fifth

First, we focus on the electronic and optical properties of excited state, which provides the lowest intense absorption feature.
cofacial dimers formed by two stilbene units, with interchain
distance ranging between 3.5 and 30 A. Table 1 summarizesquenched by the intermolecular interactions. In this regime of
the CI description of the lowest two excited states of these interchain separation, the results thus describe the photolumi-
complexes as well as their transition energies and related nescence properties characteristic of molecules in dilute solutions
intensities. For chain separations between 30 and 8 A, we find or dispersed in inert matrixes.

the LCAO coefficients of a given molecular orbital to be  ypon decreasing the interchain separation, a critical distance
localized on a single unit, as intuitively expected (a more s reached arouh7 A below which the molecular orbitals of
detailed discussion of the origin of the symmetry breaking is the dimer start to delocalize over the two chains; they become
given below). In this weak coupling regime, the electronic and entirely symmetric below 5 A. The interaction between the
optical properties of the complexes can be understood on thegriginally degenerate HOMO and LUMO molecular orbitals of
basis of the dipoledipole interaction model. Indeed, the Cl  the isolated units leads to the formation of four nondegenerate
calculations indicate that the lowest two optical transitions in |eyels that constitute the frontier orbitals of the complex. We
these dimers correspond to destructive and constructive interac-presem in Figure 1 the relative positions and symmetry of the
tions of the intrachain transition dipole moments, respectively; |evels calculated for the stilbene molecule and for the cofacial
the intensity is concentrated in the second excited state dimer with the two chains separated by 4 A. In contrast to the
corresponding to the constructive component, as also establishedjtyation in an isolated unit, the HOMO and LUMO orbitals
by the molecular exciton model described by Kash&. The have the same parity in the complex, as is also the case for the
energy splitting between the two excited states increases as thg4OM0O-1 and LUMO*1 levels. As a result, the lowest optical
interchain distance is decreased and reaches a value close tgansition (that is described by a mixing of theHL and H-1
0.1 eV at 8 A, although the LCAO coefficients of a given — | +1 excitations) is forbidden according to the selection rules:
molecular orbital are still localized on a single chain ("t the entire oscillator strength is concentrated in the transition to
perpendicular” is therefore still very small). Note that the the second excited state (that is characterized by a mixing of
stabilization of the lowest excited state can be considered asthe H— L +1 and H-1— L excitations). The splitting between
the result of the polarization effects induced by the presence of the two optical transitions continuously increases as the inter-
the adjacent chain; a detailed analysis of such effects is certainlychain distance is decreased; see Figure 2. Furthermore, at short
a relevant issu€ but is, however, beyond the scope of the gjstances the splitting is not symmetric with respect to the
present paper. o . transition calculated for the isolated molecule. Referring to
In this range of interchain distances, the CI description of pertyrbation theor§? this can be explained by the fact that the
the excited states reflects that there is equal probability of finding first-order correction leads to a symmetric splitting whereas the
the exciton on one chain as on the other. However, because ofsecond-order correction induces an identical stabilization of the
the very low transfer rate between the two units typically two states. On the basis of the INDO/SCI calculations, we
expected in a regime of weak interchain coupling, at any given estimate the latter correction to be on the order of 0.045 eV at
time, the exciton is localized on a single chain; as a result, the 4 A and much smaller at larger interchain separations. We also
luminescence takes place as in the isolated molecule and is Nohote that the lowest optical transition calculated for chain
(54) Horowitz, G.; Bachet, B.; Yassar, A.; Lang, P.; Demanze, F.; Fave, Separations between 5 @Y A is described by a mixing of

J. L.; Garnier, FChem. Mater1995 7, 1337.
(55) McRae, E. G.; Kasha, Ml. Chem. Phys1958 28, 721. (57) Soos, Z. G.; Hayden, G. W.; McWilliams, P. C. M.; Etemad) .S.
(56) Kasha, M.Radiation Res1963 20, 55. Chem. Phys199Q 93, 7439.
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0.40 — Table 2. INDO/SCI-Calculated Transition Energies (in eV) of the
3 Lowest Absorption Feature of PPV Oligomers Containing from 2 to
F 7 Phenylene Rings and of the Lowest Two Optical Transitions of
035 1 Cofacial Dimer Formed by Two Chains Separated by A
E
E PPV2 PPV3 PPV4 PPV5 PPV7
0.30 ,
E S, — S:isolated 4.098 3.562 3.329 3.210 3.095
E Sy — Sy dimer 3.870 3.351 3.155 3.058 2.972
025 - S — S dimer 4.235 3.689 3.448 3.309 3.166
s : splitting S — S 0.365 0.338 0.293 0251 0.194
© 0.20 F interaction energy 0.228 0.211 0.174 0.152 0.123
:,)5- @ aWe also report the splitting (in eV) calculated between the two
E o . transitions of the dimer together with the interaction energy (in eV)
0.15 B o~ defined as the stabilization of the lowest excited state when going from
E e the single molecule to the dimer.
0.10 L
E the wave functions start to be delocalized over the two chains,
005 & to be larger. In both cases, it roughly corresponds to the
E oligomer length. This result is consistent with earlier theoretical
0.00 analyses which have shown that models based on digiipele
' ' ’ ! ! r interactions break down when the intermolecular distance is
0.02 0.04 0.06 0.08 0.10 0.12

smaller than the size of the interacting urtit§®-5°however, it

1/n appears that the critical distance saturates around 14 A in longer
Figure 3. Evolution of the INDO/SCl-calculated splitting between the  chains; it is reasonable to expect that this distance is related to
lowest two optical transitions of cofacial dimers formed by two PPV the average separation between the electron and the hole in the
chains as a function of the inverse number of bonds)(dfong the excited state.
conjugated backbone of the oligomer. The theoretical results are  Note that the splitting tends to decrease nonlinearly with chain
r(_eported for interchain distances of 4 (open circles) &nA (filled length, as illustrated in Figure 3. Such behavior is supported
circles). by previous calculations performed by using perturbation
theory” (without explicit account of transfer integrals) but in

excitations taking place between the four frontier molecular stark contrast with the molecular exciton model, which predicts

e ey ek the spitin 1 b proprial (o he osclstr sirengi, and
; ) ang ) “"hence to increase with chain length.Though reduced, the
thus be considered as a transition domain between the regime

of weak intermolecular interactions ¢ A) and that of stron energy separation between the lowest two excited states is
. . . 9 expected to be significant (and larger than the second-order
interchain couplings<5A).

Analysis of the one-electron structure also reveals that the correction in perturbation theory) for interacting units with
splitting of the HOMO and LUMO levels is not equal (0.31 lengths corresponding to the typical effective conjugation lengths

. - : . _encountered in polymer films. In contrast, for polymers that
o e e o e o vl desrbed s e chains, sch M
rationalizes the fact that the H- L+1 and H — L-1 PPV in highly drawn and oriented polyethyletiehe splitting

configurations have different weights in the description of the would become vanishingly small. The evolution is then
9 . weights in tf ptior dominated by the second-order stabilization of the excited state
second excited state at short interchain distances. This lack of

electron-hole symmetry also indicates that the overlap of the levels; this would result in a red shift of the lowest optical
HOMO levels ig lar er)ihan that of the LUMO IeveIS'%ence transition, as suggested for infiniteans-polyacetylene chains

: 9 . . ' ' on the basis of highly correlated calculatidisTwo aspects
the width of the valence band for a one-dimensional stacking

- . .2 should be borne in mind: (i) all the shifts and splittings
of stilbene units ShOl.JId b(_a larger than that. of t.he _conductlon discussed so far are expected to be larger when increasing the
band. Such a behavior might have strong implications for the

S . . S . number of neighboring chains, as discussed below, and (ii) the
transport properties in comugated systems, since It is ConS'Stentsplitting decreases with chain length because of the delocaliza-
with the typ|c_§1l obser_vatlon that hole_ mol_omty Is larger than tion of the wave function on a single chain. The argument based
electron mobility. A simple way to rationalize the fact that the on perturbation theory goes as follows for the systems we have
HOMQ Ievqls ha\{e larger overlap than the LUMO Ievel§ for considered: the normalized coefficients decrease with chain
cofacial z-dimers is that there are more nodal surfaces in the lengthL (asL—Y2); the relevant matrix element is a sum of terms
LUMO wave function than in the HOMO. The overlap of the containing a product of four coefficients (proportionalli®?);

\,Ti?rl,e;m?g dﬂgtgﬁg quggeufﬁcci);r?t:urpri?; mg?g r?;%rgllcsgr\;zgggs this sum is dominated by diagonal terms, the number of which
P ) ' _is proportional tolL, leading to the sum being proportional to

the more cancellation of terms is possible due to the signs of L1

the products of coefficients. We report in Table 2 the lowest transition energies calculated

betueen the lowest excited States calculated for cofacial dimers/%" e coracial dimerstat A and those o the corresponding
formed by longer PPV oligomers that are separated i is isolated oligomers (estimated from cofacial dimers with huge

- interchain separations in order to avoid size-consistency effects).
shown in Figure 3. The results demonstrate that the general P y )

icture provided by the calculations performed on stilbene units The results indicate that the stabilization of the lowest excited
Eolds trze for Ionger chains Goingfrom the two-ring to the state decreases when the chain length increases. Intermolecular

three-ring oligomer, we find the critical distance, below which

(59) Coulson, D. A.; Davies, P. [Trans. Faraday Socl952 48, 777.

(60) Sternlicht, HJ. Chem. Phys1964 40, 1775.

(61) Hagler, T. W.; Pakbaz, K. J.; Voss, K. F.; Heeger, A2lys. Re.
B 1991 44, 945.

(58) Gomes da Costa, P.; Dandrea, R. G.; ConweRlys. Re. B 1993
47, 1800.



1294 J. Am. Chem. Soc., Vol. 120, No. 6, 1998 Cornil et al.

interaction effects are thus expected to be higher in molecular Table 3. Ground-State and Lowest-Excited State AM1/

materials than in actual polymer films, assuming that the Cl-Optimized C-C Bond Lengths (in A) in a Cofacial Dimer
interchain distances are comparable Formed by Two Stilbene Molecules Separated by 3.5, 4.0, and 4.5

) ) ) A, Respectively
Two important conclusions can be drawn regarding the o

absorption and emission properties of conjugated oligomers RL R
interacting strongly in a high-symmetry configuration: RG \Ré

(i) The lowest symmetry-allowed optical transition involves R5 @
the second excited state (or even a higher-lying excited state at
very short interchain distances) and is blue shifted with respect 3.5A 4A 45A o
to that of the isolated molecule. This is fully consistent with  ground state
the results of recent experimental studie®%* This blue shift R1 1.397 1.396 1.396 1.395
might, however, be masked by additional effects related, for R2 1.388 1.390 1.391 1.392
example, to changes in chain conformation when going from R431 igéi i'gég iggz iggz
solutions to fllms; this \_/\{ould lead gengrally toa red shlft of R5 1.391 1.392 1.393 1.394
the lowest optical transition, due to an increase in planarity of R6 1.411 1.406 1.404 1.402
the conjugated backbone. Note also in Figure 2 that the lowest R7 1.432 1.442 1.447 1.453
optical transition at interchain distances el A is redshifted | R8t tod stat 1.366 1.355 1.350 1.344
wnh res.pect to that ga!culated atd A . O\I\Il?el'5 e 1.401 1.403 1.403 1.404

(i) Since the splitting between the lowest two optical R2 1.383 1.381 1.381 1.380
transitions increases as the interchain distance is lowered and  R3 1.424 1.427 1.429 1.430
the lowest excited state is not optically coupled to the ground R4 1.394 1.394 1.393 1.393
state, we expect that, in the absence of relaxation phenomena, RS 1.388 1.388 1.388 1.387
intermolecular interactions would strongly reduce the lumines- R6 1420 1.424 1.425 1.426

o . . R7 1.412 1.406 1.404 1.403

cence efficiency, however more so in molecular materials than RS 1.388 1.395 1.398 1.400

in polymers since the splitting induced by intermolecular
interactions decreases with growing chain length. These trends_ “We also report in the right column the geometric parameters
are consistent with recent experimental stufiéishowing that obtained for single molecules.

highly delocalized conjugated chains do not undergo concentra-
tion quenching, as typically observed with dyes; this is why
conjugated polymers emerge as highly promising materials for
the design of solid-state lasé¥s.

IIl.2. Photoluminescence Properties of Highly Symmetric
Complexes. The picture presented above does not take into
account the large electreiphonon coupling typical of conju-
gated systems. This coupling generally makes the equilibrium
geometry in the lowest excited state different from that in the distances
ground staté’=%° It is therefore of prime interest to evaluate ‘ .
the possible influence of lattice relaxations in the lowest excited | Ina recent study, we have shown th_at because of_an Increase
state, on the emission properties of the interacting units. This in the ;patlal extent of the polarerex_cnon, the amphtude of
approach assumes that such relaxation phenomena have suf€laxation energy in the lowest excited state of isolated PPV

ficient time to occur (i.e., that the excited-state relaxation time olllgc.)mers IS reduced. when thg cham length is |ncrgééed.
scale is fast compared to the excited-state lifetime). Similarly, the progressive delocalization of the polar@xciton

We first discuss the AM1/CI calculations performed on over the two Interacting chainsf is accompanied by a dt_acrease
cofacial dimers formed by two widely separated stilbene in relaxation energy (and thus in the Huarighys factof) in

molecules. As expected, one chain displays a geometry typicalthe lowest excited state of.the dimgr. This is illustrated in Figure
of the ground state of the stilbene molecule, while the second 4. NOte that the mostly mtrgcham _character of the polaron
chain has a geometry characteristic of the lowest excited stateexc'ton’ already ;uggested IN previous calcul_at?@nsan be

of the single unit. In the range of large interchain distances, understood as driven .by the Coqlomb allttr.actlon between the
the transition moment associated to the molecule in the relaxedeIeCtron and the hole; the latter is mfinmlzed when the two
conformation is very close to that calculated for the isolated Chafges are Ioca%ted. on the same chain. o

system, thus indicating that intermolecular interactions do not  1his self-localization of the electrerhole pair is further

significantly affect the emission. When the distance between supported by a detailed analysis of the INDO/SCI wave function
W(xe, X» = |) of the lowest excited state of a cofacial dimer

the chains is decreased, the chain initially having the ground-
state geometry starts to be affected by lattice relaxations; the
latter become increasingly pronounced as the two molecules
approach. However, the major relaxation phenomena always
take place over a single chain (reminiscent of those associated
with the formation of an intrachain polaremxciton). The C-C

bond lengths in a cofacial dimer formed by two stilbene
molecules are collected in Table 3 for various interchain

" (figgelgf;reézl:é; Garnier, F.; Srivastava, P.; Yassar, A.; Fave, Syhth. formed by two five-ring PPV oligomers. We present in Figure
9(63) H‘éma'nO’ K.: Kurata, T.. Kubota, S.; KoezukaJdn. J. Appl. Phys. 5the res_ults of the INDO/SCI ;lmulatlon of the cofac!al dimer
1994 33, L1031, first excited-state wave functiofi?(xe, X, = 16, chain 1),
(64) Liang, K.; Farahat, M. S.; Perlstein, J.; Law, K. Y.; Whitten, D. G.  assuming an intermolecular distance of 4 A; hé¥é(xe, X, =
J. Am. Chem. S0d997 119 830. o _ 16, chain 1) represents the probability amplitude to find the
Ch(eeé). ggseigls;i 'g'oay‘ﬁgoérc'a* M. A Schwartz, B. J.; Heeger, AAdc. electron on a given site, assuming the hole is centered on the
(66) Bazan, G. C.; Miao, Y. J.; Renak, M. L.; Sun, BJJAm. Chem. middle of one chain of the dimer (carbon site 16, see Figure 5),
Soc.1996 118 2618. which is denoted as chain | (the other chain being referred to
oD St W. P Schrieffer, J. R.; Heeger, A.Rhys. Re. Lett. 1979 as chain Il). As illustrated in the figure, the first excited state
(68) Bradas, J. L.; Street, G. BAcc. Chem. Re$985 18, 309. in the dimer is characterized by a strong intrachain character;

(69) Beljonne, D.; Shuai, Z.; Friend, R. H.; Bi@s, J. LJ. Chem. Phys.
1995 102 2042. (70) Gomes da Costa, P.; Conwell, E. Rhys. Re. B 1993 48, 1993.
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Figure 4. Evolution of the AM1/Cl-calculated relaxation energy in 5
the lowest excited state of a cofacial dimer formed by two stilbene % 0.2 -
molecules as a function of interchain distance. The solid line is the & ]
result of a linear regression through the theoretical data. < 1
> 014
its wave function presents a Gaussian shape with maximum
close to the position of the hole in chain I. The probability of 00 4
finding the electron on chain Il, i.e., or of creating an interchain 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
exciton, pir, is only 6.7% when the PPV5 molecules are Site

separated by 4 A. Note that the small contribution to the first fFigyre 5. INDO/SCI simulation of the first singlet excited-state wave
excited-state wave function on chain Il is also characterized by function in a cofacial dimer formed by two five-ring PPV oligomers,
a Gaussian shape with its maximum located around the middle | ¥ (x., x, = 16, chain I), assuming an intermolecular distance of 4 A.
of the chain, i.e., in the region that is closest to the hole site on |¥(x., X, = 16, chain I) represents the probability amplitude to find
chain I. The probabilitypr evolves exponentially as a function ~ an electron in a given site. assuming the hole is centered on site 16
of the intermolecular distand® as shown in the inset of Figure of one chain of the dimer, which is denoted as chain | (the other chain

5 the value oforr drops from 28.1% wheR is equal to 3.5 A being referred to as chain Il). The site labeling is represented in the
t(; only 0.6% for an interchain distance of 4.5 A top panel. The inset shows the evolution of the probability to create an

- . interchain excitonpyr, as a function of the intermolecular distariRe
The above results thus indicate that the equilibrium geometry 1.4 g values are given in A.

in the lowest excited state is not symmetric with respect to the

two chains; the selection rules are therefore relaxed. Although gejection rules. That s, the two asymmetric states can be written

the transition dipole moment between the ground state and the, 0.0 imatelv asp.. = and W, = .
lowest excited state remains small, the luminescence is no Ionger(gg where zve hgve qélxeé?‘g{ﬁ?g(ﬁggted thabt thglgésﬂiﬁé?ium

entirely quenched by symmetry constraints and is red shifted
with respect to that in the isolated molecule. This is illustrated
in Figure 6 where we present the absorption and emission
spectra simulated for (i) two stilbene molecules with a huge
interchain separation and (ii) a cofacial dimer formed by two

geometry of the two molecules is different. The symmetrized
states would then bel{, = W]/2Y2, with an energy splitting

of 2[W,4H|Wp Note that these combinations go beyond the
Born—Oppenheimer approximation. When considering a con-

. densed phase environment, other effects can be large, leading
stilbenes separated by 4 or 5 A. (Note that, contrary to what to self-localization and symmetry breaking. When the dimer

was recently suggested by other theoretical calculafibtte is put into a condensed phase, there will bdifeerentsolvent

emission does not take place from the second excited state.)_, : o ;
On the basis of these considerations, the significant increase inShnct for Waand'W,. If this difference is larger than the energy

o T - ; . splitting, then the symmetry will be broken, and the correct
radiative lifetime observed in recent experimental stiidi€s description of the states will B&, and ¥, and not ¥, + W)/

could possibly be attributed to (i) tI_1e weak coupllng_between 212, Because of the large geometry change betwgrand
the ground state and the lowest excited state, which yields small - . ’ ©
2 .. . Wy, the energy splitting will be small; therefore, the difference
radiative decay rates, and (ii) the fact that the polarexcitons . 2 ok . . .
. . - in solvent shift will dominate, leading to symmetry breaking
tend to migrate toward regions where the chains are strongly . .
and relaxation of the selection rules.

interacting (i.e., the low-energy domains of the samples) before ] i )
We conclude that strong interchain couplings do not neces-

light emission occurg$2® ve : rene . T
Since the excitation is equally likely to be on either molecule Sa'ily imply a substantial reduction in luminescence efficiency.
in the pair, one might suppose that the correct quantum As a matter of fact, a decreas_e in radlatlv_e glecay rate increases
description of the excited states is a linear combination of the the refative importance of multiple nonradiative decay channels;
two possibilities, thereby restoring the symmetry and the _conversely, the eﬁectlver_less of some nonrad|at|ye de_cay routes
is decreased by the confinement of the polarercitons in the
(71) Fagerstrom, J.; Stafstrom, Bhys. Re. B 1996 54, 13713. strongly interacting regime (for example migration to a defect
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Hiickel calculations describing the formation of bands in terms
of intrachain or interchain transfer integrals. The same picture
holds true & 4 A except that the strong mixing of the
\ configurations in the Cl scheme leads to a very complex
| description of the optical transitions. We find nevertheless that
1| the red shifted lowest excited state is not optically coupled to
i, the ground state at this intermolecular separation, and we
“ observe the appearance of intense absorption features that are
‘1 blue shifted with respect to the lowest excited state of the single

! molecule.

|

\

|

1

Regarding the emission properties, AM1/Cl calculations
performed on a complex formed by three stilbene units in a
cofacial conformation, with an interchain distance fixed at 4
A, indicate that the main geometry deformations in the lowest
LI excited state take place over the central unit and affect the

j 1i \ adjacent chains to a weaker extent; we can therefore reasonably

4o /i \ assume that the wave function of the relaxed electtwie pair
EF AT S &-.,\_ extends mostly over three interacting chains. The INDO/SCI
— v \ ﬂ_ﬁgﬁ__:i 3 ey calculations further demonstrate that the lowest excited state
' T ‘ of this complex in its relaxed geometry becomes significantly
3.0 33 36 3.9 42 45 coupled to the ground state; the corresponding transition dipole

Energy (eV) moment varies as a function of interchain distance in a way

Figure 6. INDO/SCI-simulated absorption and emission spectra of similar to that descrlpe_d for the cofacial dlmers. .
two stilbene molecules with a huge interchain distance (solid lines)  !ll.4. Role of Positional Disorder. In this section, we
and those of a cofacial dimer formed by two stilbene chains separatedaddress the influence of positional disorder on the optical
by 5 (dashed lines) ah4 A (dotted lines), respectively. properties of interacting systems. Since there are, a priori, an
infinite number of possibilities to vary the relative positions of
site). The actual luminescence efficiency thus results from the the interacting units, we have chosen to investigate the changes
balance of these contributions. occurring in the properties of a highly symmetric complex when
The results of the calculations also indicate that in the regime basic operations such as translations and rotations are performed.
of strong interactions the shorter the interchain distance, the These calculations are expected to suggest new strategies to
larger the red shift of the emission peak, as shown in Figure 6. allow for the ground state to be significantly coupled to the
Simultaneously, the amplitude of the transition dipole moment lowest excited state (even in the absence of relaxation effects)
between the ground state and the lowest excited state is reduced@nd hence to strongly limit luminescence quenching in the solid
due to the fact that the wave functions become increasingly state.
symmetric. The red shift and the attenuation of the emission  Starting from a complex containing two or three stilbene units
appear to be consistent with recent experimental measurementin a cofacial conformation and separated by 4 A, we have first

Intensity (arb. units)
]

of the photoluminescence spectra of PP\and cyano- translated (over a large range of distances) one of the chains

substituted PPY? as a function of an applied external pressure, along the longitudinal and/or transverse axes while keeping

i.e, effectively as a function of interchain distance. parallel the planes of the units; see Figure 7. The results show
111.3. Role of the Number of Units in Interaction. We that the amplitude of the splitting induced by the interaction

now go beyond the simple consideration of cofacial dimers and decreases as the overlap between the wave functions of the units
address the changes occurring when the number of units inis reduced. Such translations, however, appear to be very
interaction is increased. To do so, we have calculated the inefficient processes for inducing oscillator strength into the
absorption spectrum of one-dimensional stacks containing from transition between the ground state and the lowest excited state.
2 to 5 stilbene units in a cofacial conformation separated by 4  we have then modified the original positions of the stilbene
and 8 A, respectively. A8 A separation, a complex formed  units (in a cofacial dimer with an interchain distance fixed at 4
by n molecules gives rise to the splitting of the lowest excited A) by rotating (i) one molecule in the stacking plane around an
state of an isolated unit into nondegenerate levels; such an  axis perpendicular to the molecular planes and passing through
evolution leads to the formation of an exciton band at the scale the center of the vinylere linkage and (ii) one molecule around
of an infinite one-dimensional array of units. As elegantly its long axis, thus breaking the parallelism of the planes of the
discussed by Kasl&¢ a remarkable feature is the fact that two units. This is illustrated in Figure 7.

the oscillator strength is concentrated in the highest energy  The results obtained in (i) are displayed in Figure 8. As the

optical transition (corresponding to the fully antiparallel ar- - 50416 hetween the chain axes is increased, the splitting between
rangement of the transition dipoles on the individual molecules), o' jowest two optical transitions is decreased because of the
which is blue shifted with respect to that of the single molecule. o4 ,ced overlap between the wave functions, and a transfer of

In contrast, the lowest excited state is found not to be jnensity takes place from the high energy absorption feature
significantly optically coupled to the ground state and to be red , ¢ |owest excited state. This means that in such conforma-

shifted with respect to the energy calculated for the stilbene {j5s intermolecular interactions lead to an intense absorption
molecule. The energy difference between the highest and lowesty, o i5 pye shifted with respect to that of the single molecule
excited states increases with the number of units but tends,,4 4150 to the appearance of a weaker red shifted absorption
progressively to saturate, as would be expected from simple foat e (or a red tail in the case of highly disordered samples).
(72) Webster, S.; Batchelder, D. Rolymer199§ 37, 4961. A sgpramolecular arphitecture where the long axes of adjapent
(73) Webster, S.; Batchelder, D. N. To be submitted for publication.  chains are perpendicular turns out to be the most efficient
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Figure 7. Sketch of the operations applied to a cofacial dimer formed 25
by two stilbene molecules separateg 4 A when investigating the
role of positional disorder. The modifications are induced by (1) the

T TR T T

|
|
|
!
1
o

translation of one molecule along the chain-axis direction, (Il) the 20 4 D\\\\
translation of one molecule along the in-plane transverse axis, (Ill) the N v
rotation of one stilbene unit around its long axis, and (IV) the rotation g F \\\
of one stilbene molecule around the stacking axis while keeping the g 15 o
parallelism between the molecular planes. k) 2 t‘\\
= £ 3
configuration to prevent any decrease in luminescence efficiency ;33 1.0 1
[t

in condensed media. In that case, we find that the lowest two
excited states are degenerate and that the oscillator strength
involved in the absorption process is conserved for light
emission. Such a perpendicular configuration is encountered
in spiro-conjugated moleculé$. In contrast, in the second type
of rotation, since the parallelism of adjacent chain axes is not
broken, the optical properties of the complexes at various
rotational angles are very similar to those calculated for the Rotational angle (degrees)
cofacial dimer. They are thus characterized by the absence ofFigure 8. INDO/SCI-calculated evolution of the transition energies
any significant oscillator strength in the transition between the (upper part) and related intensities (bottom part) of the lowest two
ground state and the lowest excited state; for instance, this hageptical transitions of a cofacial dimer formed by two stilbene molecules
been observed for the sexithienyl crystal adopting a herringboneseparated 4 A as afunction of the dihedral angle between the long
structure and confirmed by recent theoretical calculatiéns. molecular. axes, when rotating one molecule around the.stacklng axis
IIl.5. Polaron Pairs and the Role of Chemical Impurities. and keeping parallel the molecular planes (case IV of Figure 7).
Finally, we address the issue of polaron pairs, also referred to
as interchain excitons. Experimental studies carried out by the
Bell Laboratories group suggested that polaron pairs are the
major species generated upon photoexcitation of PPV ch&ins,
in contrast to results obtained by the Cambridge group, which
demonstrated that the dominant photogenerated species ar
intrachain polarorexcitons!? Such a discrepancy could be
attributed to differences in the quality and/or morphology of

TTT T T T T T T o rTT

0 10 20 30 40 50 60 70 80 90

a polaron pair is negligible. Therefore, (i) the formation of
polaron pairs is highly detrimental to the fluorescence quantum
yield, in agreement with experimental stud?3,’¢ and (ii)
polaron pairs cannot be directly generated upon photoexcitation
and would therefore have to originate from the dissociation of
@n intrachain polaronexciton. However, our calculations
demonstrate that the lowest excited state of complexes formed
' : -2 by identical conjugated chains has mostly intrachain character
the PPV films. For example, the photoluminescence efficiency inyits relaxed gejo?netry (note that interacst/ions between chains

of chains mainly supporting intrachain polareexcitons is with different conjugation lengths and/or different conformations

r%dli/cedn\évr:ﬁn th? |Stre rchr?ér)}ad;itanﬁﬁ |st dticr?a:iﬁ]d' asnShOW@ive rise to energy transfer processes, i.e., a migration of the
above a easured recentiy” In contrast, the juminescence polaron-excitons toward the lowest-energy domains of the

eff|C|tT:ncy IS etxpectedhtotpet a”ﬁ"?e'g.e‘t’ i polaronldpfalrs i[}e sample¥’). We thus conclude that intrachain polareexcitons
mos ybpref_en s]lnche shortin 'e;}% ain distances would favor the , - intrinsically the most stable photogenerated species and that
recombination of charge carets. an extra amount of energy is required to dissociate a potaron

We emphasize that the oscillator strength in the transition exciton into a polaron pair. Therefore, the generation of polaron
between the ground state and the charge-transfer state descnbmgairS is associated witsxtrinsicphenomena. That extra energy

is required to dissociate the polareexciton can be rationalized

(74) Johansson, N.; dos Santos, D. A.; Guo, S.; Cornil, J.; Falhman, M.;

Salbeck, J.; Schenk, H.; Arwin, H.; Bias, J. L.; Salaneck, W. R. Chem. as follows: (i) there is no one-electron energy gained when
Phys.1997 107, 2542.
(75) Beljonne, D. et al. To be submitted for publication. (77) Kersting, R.; Lemmer, U.; Deussen, M.; Bakker, H. J.; Mahrt, R.

(76) Yan, M.; Rothberg, L. J.; Papadimitrakopoulos, F.; Galvin, M. E.; F.; Kurz, H.; Arkhipov, V. |.; Basler, H.; Gobel, E. OPhys. Re. Lett.
Miller, T. M. Phys. Re. Lett. 1994 72, 1104. 1994 73, 1440.
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transferring the electron since there is no energy difference second excited state (or in an even higher-lying excited state at
between the one-electron levels of the “donor” chain and the 3.5 A separation) that is located at higher energy than that of
“acceptor” chain (i.e., in fact between the LUMO’s of the two the isolated unit; the occurrence of a blue shift of the lowest
interacting chains), a typical ingredient involved in the classical symmetry-allowed optical transition in such configurations is
description of electron-transfer proces$ésii) no significant supported by several experimental studies. The calculations
elastic energy gain would emerge since the relaxation energyfurther establish that the energy splitting between the lowest
of an intrachain polaronexciton is found to be very similarto  two optical transitions increases when the interchain distance
that calculated for two well-separated polarédhand (iii) extra is reduced. We have also shown that the same picture holds
electrostatic energy is required to dissociate the exciton sincetrue for the longer conjugated segments encountered in polymer
the Coulomb attraction between the electron and the hole issamples. Very interestingly, however, the chain-length evolu-
weaker in a polaron pair than in an intrachain exciton. Note tion of the optical properties indicates that a red shift of the
that we have neglected in the previous considerations thelowest optically allowed absorption would prevail in the infinite
influence of polarization effects; these are expected to be chain limit, i.e., for chains in which the electronic wave functions
strongly in favor of the formation of polaron pairs. In our view, are highly delocalized.
however, the role of polarization is not sufficient to overcome  Because of the strong electrephonon coupling in conju-
the electrostatic energy cost required for exciton dissocation. If gated systems, the emission properties of cofacial dimers are
this were the case, an intrachain polar@xciton could not be  affected by the lattice relaxations which take place in the lowest
stabilized in the solid state. excited state. The corresponding geometry deformations are
We suggest that the extrinsic formation of polaron pairs is |ocalized mostly on a single unit and reminiscent of those
intimately related to the presence of chemical impurities, either calculated for an intrachain p0|areaxciton; as a consequence,
chemically bound to the PPV conjugated segments, such asthe optimal geometry is not symmetric with respect to the two
carbonyl group$; or simply interacting with the chains, such  chains and lowers the symmetry constraints. When the relax-
as water or oxygen molecules. In both cases, the external agentgtion phenomena have sufficient time to occur, the luminescence
are expected to modify the one-electron structure of the PPV is no longer strictly forbidden and appears red shifted with
chains to which they are connected and to induce interaction respect to that of the single molecule. As the interchain distance
processes between chains of different nature. For example, §s decreased, the calculations show the amplitude of this red
carbonyl group can be considered as-acceptor group attached  shijft to be increased and the oscillator strength of the transition

to a conjugated backbone, leading to an overall asymmetricto pe reduced, features which are consistent with recent
stabilization of the frontier levels, as shown by earlier experimental studies.

calculations’®-81 The presence of such impurities can thus give
rise to photoinduced electron transfer processes between th
chains, as observed for example when mixing two differently

To go beyond the idealized case of highly symmetric dimers,
&ve first illustrated that the properties of a cofacial dimer are

bstituted PPV derivativesor blendi 4 d pol very similar to those calculated for a one-dimensional stack
sudséltutke neterf (lelnva:% v r hen Ing c_onjuga;te dpohymer_s containing from 2 to 5 units; it thus appears that the number of
and buckminsterfulleren€. Further experimental and theoreti- s i jnteraction does not alter the dimer picture. We also

cal investigations are required to understand the main parameter%vestigated the changes occurring in the optical properties of

governing the occurrence of charge and energy transfer betweerhigh-symmetry complexes when modifying the relative positions

interacting chains. of the interacting units by means of translations and/or rotations.
These calculations demonstrate that specific configurations are
required to break the forbidden nature of the lowest optical
In this work, we have performed correlated quantum-chemical transition calculated in highly symmetric complexes (i.e., in the
calculations to clarify the importance of intermolecular interac- absence of relaxation phenomena). We conclude that a transfer
tions on the electronic and optical properties of conjugated of oscillator strength takes place between the highest energy
chains. The theoretical approach takes into account the full optical transition and the lowest excited state in configurations
chemical structure of the interacting units and describes the with a finite angle between the directions of the long chain axes;
properties of the complexes on the basis of the eigenstates ofthis gives rise to the appearance of a weak red shifted feature
the Hamiltonian rather than as the product of wave functions in the absorption spectra of the complexes.
associated to each interacting unit, as traditionally done in early Consideration of the formation of polaron pairs led to the
studies. conclusion that such a process has an extrinsic origin. The
We have first considered cofacial dimers where two stilbene decay dynamics of the lowest excited state of any conjugated
units are superimposed on top of one another, with interchain system is thus sensitive to the relative population of the
distances ranging from 3.5 A to 30 A. The results indicate that intrachain polarorexcitons and polaron pairs. Note that the
the transition from the lowest excited state to the ground state photoluminescence decay is entirely governed by the concentra-
of such highly symmetric complexes has no oscillator strength tion in intrachain polarorexcitons whereas the decay of the
and is red shifted with respect to that of the single molecule. photoinduced absorption features results from the contributions
The oscillator strength is concentrated in the transition to the of both intrachain excitons and polaron pairs (that are believed
in some cases to absorb in the same spectral ¥8nghis
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