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Effect of wave-function delocalization on the exciton splitting in organic conjugated materials
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Interchain interactions in organic conjugated solids causes a splitting of the lowest excited electronic states
which depends on the relative packing of the chromophores and on the conjugation length. The &ibtiing
known as Davydov splittingwas measured for the first time in a model compodasexithieny), but the
question remained open on how the Davydov splitting depends on the conjugation length. This question is
particularly important because the relative location of the excitonic components plays a major role in deter-
mining the photophysics of the systems. We have therefore measured the Davydov splitting of the lowest
1 !B, exciton in the model systems efquaterthienyl T,) and a-sexithienyl (Ts) from the low-temperature
polarized absorption of oriented single crystals. Due to the very similar crystal structure of the two materials,
the change in exciton splitting can be directly related to the different molecular wave-function delocalization
over the chain. Here we show that the Davydov splitting of the lowest exciton decreases as the molecular
wave-function delocalization increases. This result, which contradicts the dipole model expectations, is con-
firmed by correlated quantum-chemical calculations. In addition, we predict the size of the interchain interac-
tions in the polymer where a direct optical measurement is precluded by the intrinsic molecular disorder.

[. INTRODUCTION predicted to increa8efor increasing chain length. In the
strong interaction limitwhen the molecular wave-function is
Organic conjugated materials have been intensively invesaot localized onto a single chairtalculations need to be
tigated in recent years with the perspective of a new generdased on delocalized wave-functions and the exciton theory
tion of flat panel electroluminescent displagsnd thin-film  fails. Correlated quantum-chemical calculations for the
electronics:~> Despite the significant improvement in proto- strong interaction case indicate that intermolecular interac-
type device performance, the detailed understanding of th#ons within a molecular aggregate decrease with conjugation
basic phenomena determining device operation is still a matength and eventually vanish for chains of infinite siz&
ter of debate and definitively deserves further investigationHowever, up to date there are no experimental data available
In particular, the different charge transport and luminescenshowing either the size or the trend of the wave-function
properties with respect to conventional semiconductors, argelocalization effect on the exciton splitting in organic con-
to be considered in view of the peculiar intermolecular interjugated materials.
actions in the solid. The specific van der Waals interactions Among conjugated systems, oligothienyls are considered
cause the formation of an exciton band and a splitting of theyood models for the electronic structure and the photophys-
molecular electronic state into as many components as thgs of a wider class of conjugated materials, and have poten-
number of molecules in the unit céDavydov component$ tial direct applications in optoelectronic devices such as thin-
whose energy depend on the molecular electronic propertiefim transistorss™ Recently, we gave the experimental
and on the crystal packing. Due to momentum conservatiorgvidence of the extent of the exciton splitting in organic
radiative emission occurs at wave vector close to zé€o ( conjugated systems by measuring the Davydov splitting of
~0) at the bottom of the exciton band and the transitionthe lowest B, singlet exciton from the optical absorption of
probability depends on the character of the lowest excitonigolid T4.*?
Davydov component. If the lowest component is dlpole for- In this paper, we show the effect of molecular wave-
bidden, emission is suppressed and is conversely strong ffinction delocalization on the exciton structure in organic
the lowest component is allowed. It is therefore crucial toconjugated materials, and demonstrate by a joint experimen-
understand the effect of the conjugation length on the size ofg| and theoretical work that the exciton splitting decreases as
the Davydov splitting in order to understand the luminescen{vavefunctions are more delocalized over the chain. The de-
properties of conjugated materials. Similarly, the intrinsiciocalization overwhelms the slightly decreasing interchain
intermolecular interactions have a direct impact on thegistance in longer chain materials. Furthermore, we predict
charge transport properties determining the electronic strughe size of the exciton splitting in real polythienyl by simu-

ture of the material, and the characteristics of the neutral anghting the Davydov splitting of the lowest singlet exciton of
charged excitations. Nevertheless, there are still open quegzoctithienyl (Tg).

tions concerning the effect of the molecular wave-function

delocalization on the exciton structure. In the case of weak

intgractions(when the wave functions of the mollecules in the Il EXPERIMENT

solid are assumed to be unaffected by the intermolecular

force9 the dipole approximation of the exciton model has The T, and Tg single crystals used for the low-
proven to be valid. The Davydov splitting in this case is temperature polarized absorption experiments were grown
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by sublimation as described in detail elsewh€r&ingle
crystals grow as self-sustaining plates a few millimeters long
with thickness of the order of 10 microns. The flat surface of
the single crystals corresponds to theplane, as shown by
x-ray diffraction analysi¢? The samples were oriented under
a polarizing microscope before they were mounted in the
sample holder of a helium bath cryostat. The absorption
spectra were measured at 4.2 K with a spectrophotomete
allowing a resolution of 5 cm' over the entire spectral
range. The light was propagating along therystal axis and
was polarized parallel to thle or c crystal axes before im-
pinging the sample. Both the sample and the reference signa‘;
were detected by a photomultiplier.

Ill. RESULTS AND DISCUSSION

The crystal structure of sublimed, and Tg single
crystal$**3that we have examined is reported in Fig. 1. The
molecular electronic states transform according to the irre-
ducible representation of th€,,, point group. The crystal
system is monoclinic and the space group, /a, P2, /c, g{
or P2, /n, depending on the alternative cell choice. The four
molecules in the unit cell pack according to the typical her-
ringbone structure and are aligned strictly parallel to each
other, with the intermolecular distance within a single
layer being much shorter than that between different layers.

The lowest electronic excited state of tiig molecule is
1 'B,.1 In the solid it has been shown to be polarized
along the long molecular axif.),*"*8 while the 2'B,, is T4 T6
polarized along the short in-plane molecular a®'’ (see
Fig. 1. The crystalline field induces the splitting of the low-
est 1B, molecular excited state into four crystalline states of M
ag, ay, by, andb, symmetry within theCy, point group*®
The layered crystal structul€ig. 1) leads to the nearly de-
generacy of the homologougerade and ungeradecrystal
levels, as confirmed by the qualitative results of #e0
point-dipole exciton modéf which also predicts the
b-polarizeda,, level to be at lower energy. The other opti- N
cally accessible Davydov componeht J is at higher energy
and polarized in thec crystal plane. The energy difference  FIG. 1. Crystal structure of the low temperature phasgoind
between the one-photon allowed Davydov componeats ( Ts. Thea, b, andc crystal axes as well as the M, andN molecu-
and b,) gives the Davydov splitting of the corresponding lar axes are shown. Note the close similarity of both structures. The
exciton due to the intermolecular interactions in the solid.arrangement of the four molecules within the unit cell is also rep-
The same analysis applies fd;. The Davydov splitting of ~ resentative of the crystal structure Bf. The herringbone angle is
the lowest singlet exciton (1B,) can be directly measured in all cases of 65°~66°.
from the low temperature polarized absorption of oriented
single crystals. is expected to be polarized'® The detailed description of

Figure 2 shows the low temperatube and c-polarized  the vibronic assignment of tHE, polarized absorption spec-
absorption spectra df, and Tg single crystals. In both ma- tra is reported in Table I, and is in good agreement with
terials, the lowest energy transition is stronglypolarized  previous results on matrix isolatéd, .
consistent with thea, Davydov component. Therefore, we  The intenséb, Davydov component is polarized in tiae
assign the bands at 21 080 chin T, and at 18 360 cm" in  crystal plane. In order to measure it directly, thpolarized
Te to the lowesta, Davydov level. As reported in details absorption spectra should be measured for energies higher
elsewheré? the Herzberg-Teller mechanidtis active in  than 24000 cm! in T, and higher than 21 000 cmin Tg.
coupling thea, electronic origin with totally symmetric However, the thickness of the sampl@d the order of 10
modes. The absorption spectraTof and Tg become more  um) leads to saturation in thepolarized spectrum ofg. In
polarized as the energy increases. This is due to théhe case off,, theb, Davydov component can be identified
Herzberg-Teller coupling between theB,(IIL) and the in the c-polarized spectrum, although any other features at
higher 21B,(IIM) states via totally symmetric modes. As a higher energy are smeared out. BothTip and T4, the b,
result, the vibronic transition moment is rotated toward theDavydov components are observed in thpolarized spec-
polarization direction of the lending state'B,(IM), which  trum at 23956 and 20 945 ¢ respectively, due to an op-
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FIG. 2. Top: polarized absorption spectra of

N T T T T, single crystal at 4.2 K along theandc crys-
21000 22000 23000 24000 25000 26000 27000 28000 tal axes. The assignment of the vibronic reso-
nances is reported in Table | and discussed in the
L T6 single crystal text. Bottom: polarized absorption spectraTof
36| - single crystal at 4.2 K along thie and ¢ crystal
b axes. In both cases the two optically allowed
u Davydov componentsa(, andb,) are indicated.
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tical misalignment of the samples. The corresponding Davyhave only considered conjugated chains lying within the
dov splitting is about 2900 cnt (0.3 eV) in T, and about samebc layer.
2600 cm ! (0.32 eV} in Tg, despite the very similar crystal In Fig. 3, we show the evolution with cluster size of the
structure of the two materials and a slightly shorter inter-INDO/SCI computed Davydov splitting of the *B,, exciton
chain distance in Tg(4.967A)® with respect to for T4, Tg, and Tg. In all cases the Davydov splitting
T,(5.008 A) X We attribute the smaller exciton splitting in evolves with the number of molecules in the clusters and
Te with respect toT,, to the higher delocalization of the converges towards its saturated value for about six conju-
1 B, molecular wave function over the full length of the gated chains. To a good approximation, the excitation ener-
six-ring chain. The result demonstrates that the change igies calculated for the largest clusters can be considered to
wave-function delocalization has a sizable effect on the exbe representative of the crystals.
citon structure. Moreover, we quantitatively show that a The most relevant feature is that the quantum-chemical
change in the molecule van der Waals length from 144 (  calculations predict a decrease of the Davydov splitting with
to 22 A (Ts), makes the exciton splitting decreasing of aboutincreasing chain length, which is fully consistent with the
10%. spectroscopic observations. We already discussed this effect
In order to model the singlet electronic excited states inas due to the increased delocalization over the chain of the
T,(n=4,6,8) clusters, we have combined the semiempiricallB, molecular wave function. Figure 4 shows the INDO/
Hartree-Fock intermediate neglect of differential overlapSCl-computed two-particl§one hole-one electrgnwave
(INDO) technique to a single configuration interacti®Cl)  functions for the B, excited state in the isolated chains of
scheme. We stress that such a technique is size consistéft, Tg, andTg. In oligomers up tdlg, the 1B, wave func-
and should thus correctly reproduce the evolution with chairtion does extend over the entire chain, which is consistent
length of the excitation energies. The ground-state geonwith the significant decrease in Davydov splitting when go-
etries are taken directly from the x-ray crystal structures oing from T, to Tg, despite the unchanged crystal structure
T, Te,'® and T4.2! Since interchain interactions within and the slightly decreasing interchain distance.
the bc layers are much stronger than along thexis, we The polarization of the two Davydov components is well
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TABLE I. Vibrational assignment of thb- andc-polarized ab- 5000
sorption spectra of , single crystal at 4.2 K. 0", and @' are
three false origins due to the coupling of the electronic orajn
with totally symmetric modes of 168, 342, and 636 crirequency, 4000 4 ﬁ %
respectively. —0— T8
Polarizationb Polarizationc "-g 3000 4
origin false origins =
e} OI OII OIII g
cm! a, 168cmt  342cm!  636cmt -3
m_
21080 O %
21248 Or168 o}
(_) 1000 4
21422 O+2Xx 168 o'
(+6)
21613 0+342 0 : : : :
(+23 1 2 3 4 5 6 7
21716 a' Number of molecutes in the dluster
21767 FIG. 3. INDO/SCI computed evolution of the Davydov splitting
21944 in T4, Tg, andTg with the number of molecules in the clusters
22076 F+342 N4 Ter@NATs '
(+18) theoretical model, on the one hand in the description of the
22241 excited-states electronic structure and on the other hand in
22376 O+1296 the handling of the geometric relaxation phenomena. We
(=) might thus expect changes in the quantitative values reported
22399 in this paper upon more elaborate treatment of the interchain
22636 effects. Although the calculated trend of the Davydov split-
22670 Or1590 ting has general validity, the goaguantitativeagreement in
(=) Table Il might thus be accidental; more work is definitively
22823 O+1590 required to assess this issue.

(-9

22838  0O+1590+168

(=)
23015 d+1590

(+3)

23016 O+1590+2x168

(+18)
23169
23307 d'+1590

(+1)

23348
23518
23956 b,
25472
26817

reproduced by the calculations, see Table Il. The transition
energies have been calculated in the ground-state geometi
and, therefore, correspond wertical processes. In the case
of Tg,'®> we have shown that a good agreement with the
measured optical absorption spectrum can be obtained b
considering in the theoretical simulatiofig a relaxation en-
ergy of about 1000 cit for the b, Davydov component,
which is characterized by an intense Franck-Condon activity
and (i) a vanishingly small relaxation energy for tlzg,
Davydov component, which shows dominant Herzberg-
Teller coupling. By applying the same approximationTqr,

0-0 transition energies in close match with the experimental
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FIG. 4. Spatial delocalization of theBl, wave functions in the

values are obtained. One should keep in mind, however, thadolated chains of ,, T4, andTg. The computational procedure is

rather drastic approximations have been considered in thdescribed in the text.



6300

M. MUCCINI et al.

PRB 62

TABLE Il. Comparison of the measured and calculated energiesntermolecular distances, leading to a smaller Davydov split-

of thea, andb, Davydov components ifi, andTg single crystals.
The calculations refer to clusters of six molecules lying within the

ting.

same bc layer, which are built on the basis of the x-ray crystal

structures. Both the verticétalculated on the basis of the ground-
state geometpyand relaxedobtained by subtracting from the ver-
tical excitation energies relaxation energies of 100pcm* for
theb,[a,] Davydov component, see t¢xtomputed transition en-
ergies are shown.

experimental calculations assignment
cm ! cm!
vertical relaxed
Ty 21080 21450 21450 ay(b)
23956 25450 24450 by(ac)
Te 18360 18175 18175 a,(b)
20945 21890 20890 by(ac)

The Davydov splitting inlg six-chain clusters, which can
be considered as representative of the exciton splitting in th

IV. CONCLUSIONS

In conclusion, we measured the effect of molecular wave-
function delocalization on the exciton structure in organic
conjugated model systems. In particular, we showed that the
exciton splitting is inversely dependent on the molecular
wave-function delocalization over the chain. More quantita-
tively, we measured a 10% decrease in the exciton splitting
when going fromT, to Tg. The experimental results are in
agreement with the results of correlated quantum chemical
calculations, which also allows us to predict the extent of the
exciton splitting in real polymer chains. The results of this
paper provides insight into the electronic structure of organic
conjugated materials, and have direct implications for the
understanding of the optical properties of conjugated poly-
mers.
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