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Using electronic absorption and fluorescence spectroscopic techniques, as well as quantum chemical
calculations, we have studied the electronic spectra of thia-bridged stilbenophane (TSP) with close cofacial
contact of twotrans-stilbene (t-SB) units. Compared to thet-SB monomer, the experimental consequences of
the cofacial arrangement are (i) a splitting of the main absorption band with a weakly allowed emitting state,
and (ii) a strongly red-shifted, unstructured emission spectrum with long fluorescence decay times. According
to the theoretical investigations, the twot-SB units are strongly bent in the electronic ground state (S0),
because of repulsiveπ-π overlap. In the first excited state (S1), thet-SB units become almost planar, because
of attractiveπ*-π* overlap. As a consequence, the symmetry-forbidden S0 T S1 transition couples strongly
to interchromophore breathing modes of low frequency (ν1 ) 67 cm-1, ν2 ) 117 cm-1), yielding structureless
spectra with large Stokes shifts. The features of the calculated spectra are in good agreement with the
experimental data. The results indicate that strong intermolecular vibronic coupling is also responsible for
“excimer-like” emission in organic molecular crystals of cofacially arranged molecules. Furthermore, the
different geometries in the S0 and S1 states of TSP give evidence for the mechanism of [2+2]photodimerization
of t-SB in solutions.

Introduction

The prediction of solid-state optical and photophysical
properties of poly-π-conjugated organic molecules such as
oligophenylenevinylenes (OPVs), oligophenylenes (OPs), and
oligothiophenes (OTs) is of crucial importance for the molecular
engineering of optoelectronic devices. However, theoretical
modeling still suffers from a lack of a quantitative understanding
of intermediate electronic coupling effects. The strength of
intermolecular interactions is sensitively dependent on the
mutual geometrical arrangement of adjacent molecules in the
condensed phase. In single crystals, vacuum-grown thin films,
and nano-aggregates of unsubstituted OPVs,1-3 OPs,4 and OTs,5

the molecules are oriented with their long axes parallel to each
other, but their short axes are arranged in a “T-shaped” manner
(a “herringbone” arrangement). In these systems, the emission
spectra are well-structured and similar to the spectra in solu-
tion,3,6 thus indicating that the intermolecular vibronic coupling
in T-shaped arrangements is weak. Only in the spectral region
of the electronic origin is the intensity strongly reduced,
compared to the solution spectra.1 According to the theoretical
treatment of Spano,7 this decrease is due to the impact of
electronic coupling between the molecules, resulting in a
(partially) forbidden 0-0 transition.

For cofacial molecular arrangements, strong changes of the
spectral features, compared to the isolated molecules, are
observed. This type of arrangement is found in oligoacene single
crystals such as pyrene8 and perylene,9 but also in several

crystalline OPVs with electron-withdrawing substituents.10-13

Moreover, cofacial dimers are assigned as being the responsible
species for trap emission in many solid OPV14 and polyphe-
nylenevinylene15 films. The typical spectral feature of the
cofacial arrangement is an “excimer-like” emission, which
displays a broad, unstructured fluorescence band that is strongly
red-shifted against absorption. In addition, the fluorescence
decay time increases by a factor of∼100 against the single-
molecule decay.10-12,14,16

Classical bimolecular excimers are characterized by a non-
bonding electronic ground state (S0) and a bonding excited state
(S1).16 The repulsive interaction between the chromophores in
the S0 state result in an unstructured red-shifted emission
band.16,17On the other hand, the absorption spectrum in solution
resembles the vibrationally structured monomer spectrum,
because of the large intermolecular separation in S0. This large
separation is not observed in ground-state dimers and molecular
crystals of cofacially oriented molecules.8 The influence of
intermolecular separation on the fluorescence and absorption
spectra can be well-studied in [n,n]paracyclophanes,18 where
the distance between the benzene rings is controlled by the
lengthn of the (CH2)n bridges. Paracyclophanes withn > 4 do
not show excimer emission. The fluorescence and absorption
spectra are vibrationally structured and resemble those ofpara-
xylene. Forn ) 4, classical excimer behavior with unstructured
fluorescence but structured absorption is observed, whereas for
n ) 2 and 3, both the fluorescence and absorption spectra
become unstructured.19 According to X-ray diffraction stud-
ies,20,21 the benzene rings of [2,2]paracyclophane are strongly
bent. This molecular structure was confirmed by quantum
chemical calculations,22,23 which also predict a significant
decrease of the inter-ring separation in the first excited S1 state.23
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In three-dimensional molecular assemblies, nearest-neighbor
interactions dominate the total interaction energy, because of
the strong distance dependence of intermolecular electronic
coupling. Thus, covalently linked dimers with a defined mutual
arrangement of the chromophores can serve as model com-
pounds for the investigation of intermolecular interactions in
organic molecular crystals. Stilbenoid dimers with partialπ-π
overlap of the chromophores, covalently linked by a paracy-
clophane core, were synthesized by Mu¨llen24 and Bazan,25 and
the electronic spectra of the dimers were investigated exten-
sively, both experimentally and theoretically.25,26Stilbenophane
with two -CH2-CH2- bridges in the para positions was
synthesized and characterized by Wennerstro¨m.27 Stilbenoid
dimers were also prepared by Lewis and Letsinger, using 1:1
mixtures of complimentary oligonucleotides that contained
trans-stilbene (t-SB) units.28

In this contribution, we present a combined experimental and
theoretical study on the optical and photophysical properties of
a new model compound, tetrathia-stilbenophane (TSP)29 (see
Figure 1), with perfect cofacial arrangement of thet-SB units.
The theoretical approach includes (i) the calculation of the
electronic transition energies by semiempirical and ab initio
quantum chemical methods and (ii) the calculation of the
emission spectrum by a Franck-Condon analysis, based on ab
initio and density functional theory (DFT) quantum chemical
calculations, including the equilibrium geometries, vibrational
frequencies, and nuclear displacements of the totally symmetric
vibrational modes in the involved electronic states. For mono-
mers, this approach was demonstrated to be very success-
ful.11,30,31We expect, for this reason, that the method can also
be expanded to dimers.

Experimental Section

Materials and Measurements.The synthesis, purification,
and characterization of TSP were described elsewhere.29 t-SB
was purchased from Merck and used without further purification.
The substances were dissolved in dioxane, and the fluorescence
emission and excitation spectra were measured on a Spex model
Fluorolog 222 spectrofluorimeter in a right-angle geometry.

Computational Details.The quantum chemical calculations,
including (i) the adiabatic transition energies, (ii) the equilibrium
geometries in the electronic ground state (S0) and the first excited
state (S1), and (iii) the nuclear displacements of the vibrational
modes, were performed at the ab initio Hartree-Fock (HF) and
restricted configuration singles (RCIS) level of theory. The
vibrational frequencies were obtained by a density functional
approach (B3LYP), because the HF calculations are known to
overestimate the experimental values by 5%-10%. All ab initio
and DFT calculations were performed with the Gaussian 98
program system,32 using the standard 6-311G* basis set. Vertical

transition energies (S0 f Si) of TSP were obtained by the
semiempirical Zerner’s spectroscopic parametrization for inter-
mediate neglect of differential overlap (ZINDO/S) method,33

coupled with a single configuration interaction (SCI) technique,
which involved eight occupied and unoccupied molecular levels,
corresponding to the first branches ofπ- andπ*-type molecular
orbitals. Hereby, the geometry was optimized with the AM1
(Austin Model 1) method.34 All semiempirical AM1, PM3
(Parametric Method 3),35 and ZINDO/S calculations were
conducted with the HYPERCHEM program.36

The Franck-Condon calculations of the spectra were per-
formed within the harmonic approximation of undistorted
oscillators, including the progressions and combinational bands
of the complete set of totally symmetric vibrational modes
(details of the calculation are given in ref 30). The Franck-
Condon factors, i.e., the squared overlap integrals between the
vibrational quantap ) 0 in the initial electronic statei and the
qth quanta of the final state (f) of each modek, are given by

where the Huang-Rhys factor (Sk) of each mode is calculated
by

where h is Planck’s constant,c the velocity of light,νk the
frequency of modek, and∆Qk the projection of the geometry
change between the two states (i, f). ∆Qk can be calculated by37

wherexi andxf are the 3N-dimensional vectors of the equilib-
rium Cartesian coordinates ini and f, andM is the 3N × 3N
diagonal matrix of the atomic masses.Lk,f is the 3N vector of
the normal coordinates of the vibrational mode. The Franck-
Condon calculations of the spectra were performed with in-
house programs.

For TSP, 17 different conformations are conceivable (Table
1), which are obtained by combinations of (i) the relative
orientation of the twot-SB units (syn) parallel units, anti)
crossed units) and (ii) the positions of the four sulfur atoms
(endo/exo) (see Figure 1). According to the quantum chemical
results, the most-stable conformations are those with all S atoms
at the endo-positions (see Table 1). The energy differences
between syn and anti configurations are very small or even
negligible. Therefore, all geometry optimizations, calculations
of electronic transition energies, molecular orbitals, and vibra-

Figure 1. Structures of selected conformations of tetrathia-stilbenophane (TSP) and labeling of the atoms.
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tional modes were performed for the highly symmetrical all-
endo-syn-conformation (see Figure 1).

Experimental Results

The fluorescence emission and excitation spectra of TSP in
dioxane are presented in Figure 2. The correspondingt-SB
spectra are shown for comparison. At the low-energy side of
the TSP absorption spectrum, an unstructured weak band (AI)
is observed atνmax ) 28 800 cm-1, which is shifted by∆ν )
-4700 cm-1 to the red against the absorption maximum oft-SB.
The main absorption band AII is located atνmax ) 32 500 cm-1,
followed by a pronounced shoulder AIII at νmax ) 35 800 cm-1

(Table 2). TSP displays an unstructured excimer-like emission
spectrum that is strongly red-shifted by∆νR ≈ -7400 cm-1

against thet-SB emission spectrum. In a first approximation,
the fluorescence spectrum and the AI band are mirror-sym-
metrical to each other (see Figure 2), with a mirror center atν
) 25 000 cm-1 that is assigned to the adiabatic transition energy
S0 T S1. The fluorescence quantum yield of TSP is low (ΦF )
0.05), and the fluorescence decay time was determined toτF )
11 ns.29 Thus, the natural lifetime ofτF

0 ) 220 ns is larger
than that oft-SB, by 2 orders of magnitude.38

The solid-state fluorescence emission and excitation spectra
of TSP are only moderately changed, as compared to the spectra
in dilute solution (see Figure 2). The relative intensities of the
AI and AII bands in the fluorescence excitation spectrum differ
from the solution spectra, because of the high optical density

of the solid-state sample. The red-shift of the fluorescence
spectrum by-1800 cm-1 against the solution spectrum of TSP

TABLE 1: Relative Energies of the Different Conformations of Tetrathia-stilbenophane (TSP), as Obtained by the AM1 and
PM3 Levelsa

syn-TSP anti-TSP

position of the sulfur atomc relative energy (kcal/mol) relative energyb (kcal/mol)

S1 S2 S1′ S2′
point
group AM1 PM3 HF B3LYP

point
group AM1 PM3 HF B3LYP

endo endo endo endo C2h 0.62 -0.16 0.61 0.17 D2 0.00 0.00 0.00 0.00
exo endo endo endo Cs 0.97 0.37 }C1

0.50 0.62endo exo endo endo Cs 1.05 0.45
exo endo exo endo C2h 1.31 0.85 }C2

0.88 1.13endo exo endo exo C2h 1.46 1.00
endo exo exo endo Cs 1.54 1.17 C2 1.00 1.26
endo endo exo exo Cs 1.95 1.60 C2 1.46 1.82
exo endo exo exo Cs 2.44 2.24 }C1

2.07 2.47endo exo exo exo Cs 2.51 2.33
exo exo exo exo C2h 3.60 3.63 4.48 3.82 D2 3.42 2.47 4.10 3.77

a Selected conformations were also calculated with the HF/6-311G* and B3LYP/6-311G* method.b The energy of the all-endo-anti-TSP
conformation was set to zero.c For numbering of the sulfur atoms, see Figure 1.

TABLE 2: Electronic Transition Energies of t-SB and All-endo-syn-TSP

ZINDO/S calc.bRCIS/6-311G* calculated,
ν00 in vacuo (× 1000 cm-1)a νvert (× 1000 cm-1) CI description

experimental band maxima
in dioxane (× 1000 cm-1)

t-SB
31.7 (1.219) 33.8 (1.267) Hf L 33.6

TSP
29.2 (0.000) 1Bg 27.6 (0.000) Hf L AI 28.8

2Bg 31.8 (0.000) Hf L + 2 (0.41)
H - 2 f L (-0.40)

1Au 31.9 (0.000) Hf L + 3 (0.41)
H - 3 f L (-0.40)

37.1 (1.985) 1Bu 32.5 (2.017) Hf L + 1 AII 32.5
2Bu 33.0 (0.043) Hf L + 5 (-0.36)

H - 2 f L + 1 (0.34)
2Ag 33.0 (0.000) Hf L + 6 (0.36)

H - 3 f L + 1 (0.34)
3Bu 36.0 (0.434) H - 1f L AIII 35.8
3Bg 37.6 (0.000) H - 1f L + 1

a Adiabatic transmission energies (ν00, theoretical oscillator strengths are given in parentheses).b Vertical transition energies (νvert) and CI description
(main CI expansion coefficients of the configurations are given in parentheses), obtained at the semi-empirical ZINDO/S level.39

Figure 2. Fluorescence emission (left) and excitation (right) spectra
of t-SB and TSP: (top)t-SB in dioxane; (center) TSP in dioxane
(dashed line represents the fluorescence spectrum of TSP, mirrored at
ν ) 25 000 cm-1); and (bottom) TSP microcrystalline film.
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is mainly ascribed to the high polarizability of the solid material.
The moderate changes of the spectral positions as compared to
the solution spectra of TSP confirm the dominant contribution
of nearest-neighbor interactions to the solid-state properties.

Discussion

Molecular Orbitals. The molecular orbitals (MOs) of all-
endo-syn-TSP (see Figure 1) were calculated by the semiem-
pirical ZINDO/S method after geometry optimization at the
AM1 level. According to the correlation diagram betweent-SB
and TSP (Figure 3),40 the frontier one-electron MOs of TSP
are generated from the highest occupied molecular orbital
(HOMO) (H1, H2) and lowest unoccupied molecular orbital
(LUMO) (L1, L2) of the two t-SB units. The new HOMO (H)
of the dimer is formed from the linear combination (H1 + H2)
that is anti-bonding, with respect to theπ-π overlap between
the two t-SB units. The new lower energetic H-1 orbital is
formed from (H1 - H2) that isπ-π bonding. Accordingly, the
new LUMO (L) is formed from (L1 - L2) that is π*-π*
bonding, and the new L+ 1 from (L1 + L2) that is π*-π*
anti-bonding. The LCAO coefficients of the MOs in TSP are
symmetrically delocalized over the twot-SB units (see Figure
3).40 The energy gap∆EH-1,H is significantly larger than
∆EL,L+1, indicating a stronger interaction of the H1, H2 levels
compared to the L1, L2 levels of thet-SB units. These results
give clear evidence for strong electronic coupling of thet-SB
units in TSP due to the small interchromophore separationd
(Table 3). The influence ofd on the energetic positions and
LCAO coefficients of two cofacially orientedt-SB units were
theoretically treated by Cornil et al. at the ZINDO/S level.41 In
the weak coupling regime (d > 8 Å), the splittings of H- 1
and H, and of L and L+ 1, are negligible, the LCAO
coefficients of a given orbital are localized on a single chain,
and the electronic interactions between thet-SB units are
sufficiently described by Kasha’s molecular exciton model.42

In the medium coupling regime (4 Å< d < 8 Å), the LCAO
coefficients of the MOs are delocalized over the twot-SB units,
the degeneracy of the frontier MOs is revoked, and a sym-
metrical splitting of∆EH-1,H ≈ ∆EL,L+1 is found.41 For strong
electronic coupling (d < 4 Å), the splitting becomes∆EH-1,H

> ∆EL,L+1, in agreement with our results for TSP (see Figure

3), thus indicating that the electronic properties of TSP can be
well understood by strong electronic interactions of the indi-
vidual t-SB units.

Electronic Transition Energies.In a semiempirical quantum
chemical approach, the vertical electronic transition energies
were obtained at the semiempirical ZINDO/S level. This
approximation is known to yield reasonable results for single
OPV chains in solution.43 According to the ZINDO/S calcula-
tions, the symmetry-forbidden lowest singlet transition (1Bg)
of TSP, predicted at 27 500 cm-1, is described by the Hf L
excitation and corresponds to the weak AI band (see Table 2).
The transition must borrow intensity by Herzberg-Teller
coupling from the allowed AII band via au vibrational modes.
The low oscillator strength of the emitting 1Bg state is
responsible for the low radiative rate constant of TSP. The
second and third excited states (2Bg, 1Au) both are forbidden
and involve MOs (L+ m, H - m, with m ) 2, 3) with LCAO
coefficients located mainly at the phenyl moieties of the two
t-SB units. According to our calculations, the intense AII band
of the experimental spectrum consists of two allowed transitions
of Bu symmetry. The 1Bu state, located at 32 500 cm-1, is
described by the Hf L + 1 excitation and mainly contributes
to the high oscillator strength of the AII band (see Table 2).
The 2Bu state, which exhibits only a small oscillator strength,
is located 500 cm-1 above 1Bu. The H - 1 f L excitation
results in the 3Bu transition, located at 36 000 cm-1. According
to the spectral position and oscillator strength of 3Bu (see Table
2), the transition corresponds to the AIII band of the experimental
spectrum, whereas the assignment of AIII as a vibronic progres-
sion of the AII band is unlikely, because of the large energy
separation of∆ν(AIII - AII) ) 3300 cm-1. The diversity of
electronic transitions in the ZINDO/S calculation results from
the strong electronic interaction between thet-SB units in TSP.
Thus, the description within Kasha’s molecular exciton model
is a too-simplified approximation for the cofacial “H-aggregate”
of two t-SB units.

The adiabatic transition energies of TSP were obtained at
the ab initio RCIS/6-311G* level. Fort-SB, the calculated
transition energy yieldsν00 ) 31 700 cm-1, which is in excellent
agreement with the experimental value in vacuo (ν00 ) 31 500
cm-1).30 For TSP, the RCIS calculations only reproduce the AI

Figure 3. Correlation diagram of one-electron frontier molecular
orbitals (MOs) oft-SB (left) and TSP (right), according to ZINDO/S
calculations.

TABLE 3: Bond Lengths and Angles of All-endo-syn-TSP
(C2h Symmetry) in the Electronic Ground State S0 and the
Excited States 1Bg and 1Bu, as Obtained by the HF/6-311G*
and RCIS/6-311G* Approximation

TSP t-SBa
atoms

involvedb S0 (Ag) 1Bg 1Bu S0 (Ag) S1 (Bu)

Bond Lengths (Å)
1-1′ 1.326 1.369 1.363 1.327 1.409
1-2 1.478 1.433 1.443 1.477 1.406
2-3 1.394 1.412 1.410 1.396 1.430

Angles (degrees)
1′-1-2 126.9 126.5 126.0 127.1 125.4
1-2-3 123.3 123.6 123.2 123.7 123.4

Interstilbene Distances (Å)
1a-1b 4.346 3.788 4.474
2a-2b 4.120 3.685 4.204
3a-3b 3.878 3.533 3.934
4a-4b 3.389 3.230 3.403
5a-5b 3.204 3.099 3.211
6a-6b 3.385 3.236 3.409
7a-7b 3.877 3.547 3.944

a The geometry oft-SB (C2h symmetry) in the S0 and S1 states are
shown for comparison.b For atom numbering, see Figure 1.
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and AII bands of the experimental spectrum (see Table 2). The
lower symmetry-forbidden singlet transition is described by a
predominant contribution of the Hf L excitation, analogous
to the ZINDO/S results. In contrast to the ZINDO/S calculations,
the AII band is predicted at the RCIS level to be a mixture of
H f L + 1 and H- 1 f L excitations with approximately
equal weights. This could indicate that the interaction strength
between thet-SB units is weaker, compared to the ZINDO/S
calculation, maybe due to the fact that, at the RCIS level of
theory, electron correlation effects are insufficiently taken into
consideration. Also, the 1Bu adiabatic transition energy, calcu-
lated at the RCIS level toν00(1Bu) ) 37 100 cm-1 (see Table
2), is in rather poor agreement with the experiment, and the
1Bg adiabatic transition energy atν00(1Bg) ) 29 200 cm-1 is
also considerably higher than the experimental S0 T S1

electronic origin. However, one must recall that solvent effects
were neglected in the RCIS calculations, which results in a
significant blue shift against the experimental spectrum of
∼2000 cm-1.30

Geometrical Structure. The short-CH2-S-CH2- bridges
force the twot-SB units of TSP into a close cofacial arrange-
ment. According to HF/6-311G* calculations, thet-SB units
are strongly bent, to minimize the repulsive interaction in the
S0 state. Hence, the interstilbene distances (see Figure 1) vary
from d(1a-1b) ) 4.35 Å tod(5a-5b) ) 3.20 Å (see Table 3).
The repulsive interaction between thet-SB units in the S0 state
results from the anti-bondingπ-π overlap between the two
t-SB units in the HOMO orbital of TSP (see Figure 3), similar
to the situation in [2,2]paracyclophane.44 The intrastilbene C1-
C1′ and C1-C2 bond lengths, as well as the C1′-C1-C2 bond
angle, are almost identical to those int-SB, displaying the same
pronounced bond alternation in the vinylene moiety as that in
the monomer (see Table 3).

In the S1 (1Bg) state of TSP, the interstilbene separation
between the two vinylene units a and b is strongly reduced
against S0 by ∆x ≈ -0.5 Å (see Table 3). Thet-SB units are
now almost planar. The decrease of the interstilbene separation
upon S0 f S1 electronic excitation is due to the promotion of
an electron from the HOMO level to the LUMO level. The latter
is characterized by the bondingπ*-π* overlap between the
t-SB units (see Figure 3). In addition, the C1-C1′ bonds are
lengthened and the C1-C2 bonds are shortened, as compared
to the S0 state. The relative changes in the bond lengths (∆r)
are equal to approximately one-half of the values int-SB (see
Table 3), because the twot-SB units are excited simultaneously
upon promotion of the electron to the LUMO level.

Vibrational Fine Structure of the Electronic Spectra. The
nuclear geometries of the S0 and S1 states were used to derive
the vibrational fine structure of the electronic transitions.
According to eqs 1-3, the vibrational structure of the fluores-
cence and absorption spectra is dominated by modes, whose
nuclear displacements essentially coincide with the geometrical
changes after the electronic transition. The larger the coupling
efficiency (the Huang-Rhys factor,Sk), the larger the Franck-
Condon factors (Fq0

2 (k)) for excitations to higher quantum
numbersq of the final electronic state. ForSk , 1, the envelope
of the progression becomes exponential, whereas forSk . 1,
the envelope is of Gaussian type, with the mean value of the
distribution given byνjk ) ν00 - Skνk, whereν00 is the adiabatic
transition energy. Hence, the overall red shift of the emission
spectrum is a sensitive function of the number of modes with
large coupling efficiencies.

In t-SB, the geometrical changes upon S0 f S1 electronic
excitation are preliminarily due to changes in the bond lengths

and angles of the vinylene moiety (see Table 3). Of the 25
vibrations of ag symmetry int-SB, which may serve as coupling
modes to the electronic transition, only a few in-plane stretching
modes efficiently couple and display moderate Franck-Condon
activity, with Huang-Rhys factors ofS e 0.8,30 in good
agreement with low-temperature measurements ont-SB.30,45,46

The low-temperature spectra are well-structured and, in a first
approximation, the absorption and fluorescence spectra are
mirror-symmetrical to each other, because of similar nuclear
displacements of the ag modes in the S0 and S1 states.30 At room
temperature, the spectra are broadened because of (i) inhomo-
geneities of the environment and (ii) the excitation of phenyl-
vinyl torsional modes (νtors). The fluorescence spectrum still is
structured, whereas the absorption spectrum becomes unstruc-
tured and asymmetrically shifted to the blue (see Figure 2). The
differences between the fluorescence and absorption spectra are
caused by the steeper potential ofνtors in the S1 state, as
compared to that in the S0 state.45 The calculated spectra (Figure
4), taking into account the complete set of ag modes as well as
the low-frequency torsional modes in the S0 and S1 states, which
were determined in jet-cooled spectra oft-SB,45 are in good
agreement with the experimental spectra (see Figure 2). The
blue shift of 1700 cm-1 of the calculated spectra, as compared
to the experimental spectra, is entirely due to the neglect of
solvent effects in the calculation.30

The geometrical changes in the bond lengths and angles of
the vinylene moieties upon electronic excitation are, less
pronounced, also observed for TSP. However, themain geo-
metrical change is due to the decrease of the interstilbene
separation (see Table 3). Therefore, a strong contribution of
interstilbene breathing modes to the overall vibrational coupling
is expected. Indeed, the most prominent mode in the fluores-
cence spectrum of TSP is a low-frequency pure interstilbene
breathing mode calculated atνA ) 67 cm-1, which displays
extremely large Franck-Condon activity, with a Huang-Rhys
factor of SA ) 7.0 (Figure 5). Thus, the envelope of this
vibrational progression is approximately Gaussian-shaped. Also,
the mode atνB ) 117 cm-1 (SB ) 2.5; see Figure 5), as well
as several additional modes in the frequency range up to 1800
cm-1 with moderate Franck-Condon activities (S≈ 1) exhibit
significant contributions of interstilbene motions. The efficiently

Figure 4. Fluorescence and absorption room-temperature spectra in
vacuo, calculated at the ab initio HF/6-311G* and RCIS/6-311G* level,
according to eqs 1-3, including the complete sets of ag vibrational
modes. Spectra were convoluted with a Gaussian distribution to account
for inhomogeneous broadening (inserted Gaussian half-widths ofγ )
1100 cm-1); the top portion shows the spectra oft-SB. In addition, the
thermal excitation of phenyl-vinyl torsional modes (νtors) was taken
into consideration, withνtors(S0) ) 8 cm-1, νtors(S1) ) 48 cm-1; the
bottom portion of the figure shows the spectra of TSP. The relative
intensity of the AI band was set to 0.2AII.
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coupling mode atνC ) 1000 cm-1 (SC ) 2.7) is a localized
breathing motion of the vinylene moieties, where the strongest
contribution is given by the vinylene C-H deformation (see
Figure 5). The emission spectrum was calculated including the
progressions and combination bands of the complete set of ag

modes. Already at a temperature ofT f 0 K (i.e., without
considering any spectral broadening), the calculated spectrum
is poorly structured and the maximum is red-shifted by ca.
-5000 cm-1 against the spectral origin. To account for
inhomogeneous broadening at room temperature, the spectrum
was additionally convoluted by a Gaussian distribution (half-
width of γ ) 1100 cm-1, see Figure 4). The large Stokes shift
and the envelope of the calculated spectrum is in good
agreement with the experimental spectrum (see Figure 2).

The results emphasize that the emission properties of interact-
ing chromophores are very sensitive to the intermolecular
arrangement. In T-shaped arrangements, which are favored, for
example, by stilbene homologous compounds in the condensed
phase,1-3 interchromophore vibrations have a minor role for
electron-phonon coupling, and the spectra are similar to those
of the isolated molecules.1,6 In perfect cofacial arrangements
of π-conjugated organic chromophores, the main geometrical
change upon electronic excitation is the decrease of the
interchromophore distance, as it was stated in the literature for
pyrene excimers8 and [2,2]paracyclophane.23 The present study
shows that this decrease leads to a strong coupling of inter-
chromophore vibrations to the electronic transition. This type
of coupling is responsible for the strongly red-shifted, unstruc-
tured “excimer-like” emission spectra.

Figure 4 furthermore presents the calculated 1Ag f 1Bg (AI)
and 1Ag f 1Bu (AII) absorption spectra of TSP. The relative
intensity of the symmetry-forbidden AI band was adopted from
the experimental spectrum to allow for Herzberg-Teller
coupling to the AII band. In contrast to the calculated AI band,
which is mirror-symmetrical to the emission spectrum, the AII

band is narrower and somewhat structured, in reasonable
agreement with experiment. The different spectral features of
the AII band, compared to AI, are due to the geometry of the
1Bu state, where the interstilbene separation is much larger than
in the 1Bg state and resembles that of the S0 (1Ag) state (see
Table 3). Concomitantly, interstilbene breathing modes have a
minor role in the overall coupling efficiency of the vibrational
modes to the 1Ag f 1Bu transition; e.g., for the breathing mode
at νA ) 67 cm-1 (see Figure 5), the Huang-Rhys factor is now
only SA ) 0.5.

Conclusions

Thia-bridged stilbenophane (TSP) was investigated as a model
compound for cofacial molecular arrangements in organic

molecular crystals that display “excimer-like” emission. The
geometries in the electronic ground-state S0 (1Ag) and excited
states (1Bg, 1Bu), as well as the oscillator strengths, spectral
positions, and vibrational fine structures of the emission and
absorption bands of TSP, were revealed by quantum chemical
calculations.

The energetic positions and intensities of the electronic
transitions can be well understood by strong electronic interac-
tions of the cofacially orientedtrans-stilbene (t-SB) units in
TSP. The weak AI band, strongly red-shifted against the main
absorption band oft-SB, corresponds to the symmetry-forbidden
1Bg state. The 1Bg state gains some intensity by Herzberg-
Teller coupling and is responsible for the low radiative rate
constant of TSP. The lack of vibrational fine structure of the
excimer-like emission spectrum of TSP is caused by strong
vibronic coupling. Upon S0 f S1 electronic excitation, the
distance between the twot-SB units strongly decreases, because
of promotion of an electron from theπ-π anti-bonding highest
occupied molecular orbital (HOMO) to theπ*-π* bonding
lowest unoccupied molecular orbital (LUMO). Therefore, in-
terstilbene breathing modes couple efficiently to the electronic
transition and display an extremely large Franck-Condon
activity, which leads to the unstructured, Gaussian-shaped, and
strongly Stokes-shifted emission spectrum. The 1Ag f 1Bg

absorption spectrum is mirror-symmetrical to the emission
spectrum, whereas the 1Ag f 1Bu absorption spectrum is narrow
and structured, because of theπ*-π* anti-bonding character
of the allowed 1Bu state. The results give evidence that the
strong vibronic coupling of adjacent cofacially oriented mol-
ecules is also responsible for the excimer-like emission of
cofacial molecular arrangements in organic molecular crystals.

The difference between the electronic interactions of thet-SB
units in the S0 and S1 states of TSP has important implications,
in regard to the photochemistry oft-SB monomers. The
repulsive interaction of cofacialt-SB pairs in the electronic
ground state predicts that ground-state dimers in solutions of
t-SB are not stable, even at high concentrations. Upon irradia-
tion, the attractive interaction of thet-SB units in the S1 state
leads to the diffusion-controlled formation of excimers, which
is the first step for the [2+2]photodimerization oft-SB. Hence,
cofacial stilbenoid dimers28 and stilbenophanes27,29are thermally
stable in the electronic ground state, where the interstilbene
separation is too large to enable [2+2]cycloaddition, whereas
this process becomes efficient upon irradiation with UV
light.27-29
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