THE JOURNAL OF CHEMICAL PHYSICS 123, 144914 (2005)

Solid-state optical properties of linear polyconjugated molecules:
ar-stack contra herringbone
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The intermolecular arrangement in the solid state and the consequences on the optical and
photophysical properties are studied on different derivatives of oligophenylenevinylenes by UV/VIS
absorption and angular-resolved polarized fluorescence spectroscopy. Unsubstituted distyrylbenzene
(DSB) organizes in a herringbone manner, with the long axes of the molecules oriented in parallel,
but the short axes almost perpendicular to each other. Fluorinated distyrylbenzene (F;,DSB) as well
as the DSB:F,DSB cocrystals prefer cofacial 7r-stacking in the solid state. For all structures, the
consequence of the parallel alignment of the transition moments is a strongly blueshifted H-type
absorption spectrum and a low radiative rate constant k. Significant differences are observed for the
emission spectra: the perpendicular arrangement of the short axes in DSB crystals leads to only very
weak intermolecular vibronic coupling. Hence the emission spectrum is well structured, very
similar to the one in solution. For F,DSB and DSB:F,DSB, the cofacial arrangement of the
adjacent molecules enables strong intermolecular vibronic coupling of adjacent molecules. Thus, an
unstructured and strongly redshifted excimerlike emission spectrum is observed. The differences in
the electronic nature of the excited states are highlighted by quantum-chemical calculations,
revealing the contribution of interchain excitations to the electronic transitions. © 2005 American

Institute of Physics. [DOI: 10.1063/1.2062028]

I. INTRODUCTION

Polymeric and oligomeric m-conjugated organic mol-
ecules based, e.g., on phenylenevinylene, thiophene, or acene
repetition units are widely investigated materials as active
layers for optoelectronic devices. The optical and photo-
physical properties of these materials are not only influenced
by the chemical structure of the molecules (backbone and
substitution pattern) but to a large extent by the intermolecu-
lar organization. Regular packing of the molecules is often
based either on a herringbone arrangement or on a cofacial
m-stack of adjacent molecules. The way of packing might
have a significant impact on the nature and dynamics of en-
ergy and charge carriers in these materials, which is a chal-
lenging issue in the rational design of organic light-emitting
diodes, solar cells, and field-effect transistors.
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Here we report on two model oligophenylenevinylene
(OPV) compounds for which single crystals have been
grown and their x-ray structures were determined: unsubsti-
tuted distyrylbenzene, DSB,' and a fluorinated species,
F,DSB (Ref. 2) (see Fig. 1). DSB adapts the well-known
herringbone structure in the solid state, which is also found
for other unsubstituted rod-shaped OPVs,? polyphenylenevi-
nylene (PPV),4 and oligothiophenes,5 —phenylenes,6 and
-acenes.” Fluorination of DSB modifies significantly the
electrostatic potential of the molecule, shifting the electron
density from the carbon backbone to the periphery.2 The
changes in the electrostatic distribution induces a change in
the solid-state arrangement due to interactions of the local
carbon-fluorine dipole moments,*’ so that F,DSB crystal-
lizes in layers of slightly shifted cofacially oriented mol-
ecules, i.e., m-stacks.” A very similar packing is observed for
the 1:1 cocrystal of DSB:FIZDSB.10 Cofacial arrangements
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FIG. 1. Unsubstituted fluorosubstituted

(DSB),
t-butyl-substituted distyrylbenzene (z-Bu,DSB). The direction of the
(1A, —1B,) and u,(1A,—2B,) transition dipole moments are shown as
gray lines.

(F;,DSB), and

are also found, for example, in pyrene and perylene single
crystals,11 however, in this case in order to promote dense
packing.

In this paper we investigate the consequences of the dif-
ferent packing motifs of DSB, F;,DSB, and DSB:F;,DSB
on the optical and photophysical properties by absorption
and fluorescence spectroscopy under time- and angular-
resolved, polarized conditions. The solid-state properties are
studied on single crystals and on nanoparticle suspensions,
which are readily prepared by the precipitation method.'*"
The optical and photophysical properties of nanoparticles are
very similar to those of thin vapor-deposited films, but in
contrast to films, nanoparticle suspensions can be handled
like solutions in spectroscopic experiments.13

The first part of the work describes the optical and pho-
tophysical properties in solution in order to understand the
nature of the excited electronic states of the molecules with-
out any interchromophore interaction. We then introduce iso-
tropic intermolecular interactions, which are observed in
condensed phases of zert-butyl-substituted DSB (z-BusDSB,
see Fig. 1), where the bulky substituents prevent long-range
ordering of the molecules. We show how intermolecular ori-
entations and interactions can be monitored with UV/VIS
absorption and polarized fluorescence techniques. In the fol-
lowing, these techniques are applied to DSB, F,DSB, and
DSB:F;,DSB nanoparticles and single crystals, in order to
establish structure-property relationships. The striking differ-
ences in the emission properties are discussed in terms of
interchain excitations and intermolecular vibronic coupling.

Il. EXPERIMENT
A. Materials and methods

DSB was synthesized according to the method of
Siegrist et al.'® and Erckel and Friihbeis.'” The synthesis
of fluorinated distyrylbenzene, F;,DSB, was described
elsewhere.” t-BuyDSB was prepared by Schenk et al."®
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FIG. 2. Fluorescence emission (left) and excitation spectra (right) of DSB in
PDMS (solid lines, top) and F,,DSB in PEMS (solid lines, bottom). Dotted
lines: simulated 1A,— 1B, absorption spectra (see text). Dashed lines: simu-
lated 1A,— 2B, absorption spectra. Open symbols: fluorescence excitation
anisotropy rp recorded at \.,,=440 nm.

For fluorescence anisotropy measurements of solutions,
DSB was dissolved in polydimethylsiloxane (PDMS, viscos-
ity 7=5000 cPoise) and F;;DSB was dissolved in
poly(trifluoropropyl-methyl-siloxane) (PFMS, viscosity 7
=500 cPoise), with absorbancies A <0.05. Nanoparticle sus-
pensions were prepared by fast precipitation from methanol
solutions (concentration c=2 X 10~°M) by addition of water
(methanol/water 1:4 v/v). The solutions and suspensions
were measured in a right-angle geometry on a Spex Fluo-
rolog 222 spectrofluorimeter. For polarized fluorescence
measurements, the spectrometer was additionally equipped
with Glan-Thompson polarizers for exciting and emitted
light. Time-resolved fluorescence was recorded by the
single-photon counting technique. For angular-resolved mea-
surements on F,DSB single crystals, the needle-shaped
crystal was deposited on a fused silica slide. The silica slide
was mounted on a turntable in such a way, that the long
needle axis (crystal ¢ axis) coincided with the vertical labo-
ratory axis. The sample was rotated around the vertical axis,
and the lateral position was adjusted for maximum fluores-
cence intensity at each rotation angle.

B. Computational details

The equilibrium geometries in the electronic ground and
first excited states (S, and S;), and the adiabatic and vertical
transition energies were computed at the (time-dependent)
density-functional B3LYP level of theory, assuming a planar
geometry of the molecules’ backbones (C,;, symmetry). For
comparison, ab initio Hartree-Fock (HF) and restricted con-
figuration singles (RCIS) calculations were performed. All
density-functional theory (DFT) calculations were carried
out using the TURBOMOLE 5.7.1 quantum-chemical
package.19 The HF and CIS calculations were performed
with the GAUSSIAN 98 program code.” In all calculations the
standard 6-311G” basis set was used.

Vertical transition energies and electron-hole two-
particle wave functions of dimer pairs were obtained by the
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TABLE 1. Photophysical properties of DSB and F;,DSB in solution (cyclohexane) and in the solid state

(nanoparticles).

DSB F,,DSB

Solution® Solid state Solution® Solid state

Absorption maximum Vgs/cm™ 28 600 33900 28 500 35500
Fluorescence maximum Vem/cm™" 24 700 22 700 24 400 18 000
Fluorescence quantum yield [OF 0.77 0.1 0.67 0.008
Fluorescence decay time Tr/ns 1.52 2.5° 1.52 8.3¢
Radiative rate constant kp/ns™! 0.51 0.04 0.44 0.001

“From Ref. 2.
"Mean decay time calculated from biexponential fit.

“Mean decay time calculated from three-exponential fit.

ZINDO/S (Zerner’s spectroscopic parameterization for inter-
mediate neglect of differential overlap for spectroscopy)
method,”! taking into account full single configuration inter-
action (SCI) over the occupied and unoccupied 7-type mo-
lecular orbitals (MOs). The molecular geometries and orien-
tations of the dimer pairs were taken from the x-ray
structures. > "

lll. RESULTS AND DISCUSSION
A. Optical properties in solution

The absorption spectra of DSB, #-Bu,DSB, and F,,DSB
in solution are dominated by the So(14,) — S;(1B,) transition
(see Fig. 2). According to polarized fluorescence studies on
DSB in stretched polyethylene films,'** the transition dipole
moment wu(S,—S,) is oriented approximately parallel to the
long geometrical axis of the molecule d,,, (see Fig. 1). The
solutions exhibit intense fluorescence (Table I), originating
from the electronically allowed 1A, 1B, transition. The vi-
bronic fine structure of the emission and absorption spectra is

well understood by the Franck-Condon (FC) activities of a,
in-plane C-C stretching and bending vibrational modes,
preferentially located in the vinylene units. The emission
spectra are better resolved than the absorption spectra due to
the steeper torsional potential in the S; state.”* The spectral
positions in vacuo, which are the reference point for a com-
parison with quantum-chemical calculations, can be obtained
by extrapolation of the spectral positions as a function of the
polarizability of the solvent.”* The spectral shifts are almost
identical for all three compounds under study, see Table II,
due to similar oscillator strengths and molecular shapes.
The introduction of substituents into the molecular back-
bone causes some subtle changes of the optical properties:
the spectra are slightly redshifted against DSB by —400 cm™!
for +-Buy,DSB and —500 cm™! for F,,DSB, respectively. The
pronounced shoulder in the absorption spectrum of F;,DSB,
located at around 33 000 cm™! (Fig. 2), is found only as a
weak shoulder in the spectra of DSB and -Bu,DSB. Franck-
Condon analysis of low-temperature spectra of DSB indi-
cates that the shoulder belongs to a different electronic tran-

TABLE II. Experimental (expt.) and calculated (calc.) adiabatic and vertical electronic transition energies
(X1000 cm™). Calculated transition dipole moments: length (in Debye) and orientation y against the long
molecular axis (see Fig. 1) (in degrees). y is defined as the angle between w and d,,, (see Fig. 1).

DSB t-Buy,DSB F;,DSB

Adiabatic transition 1A,— 1B, Expt. In n-hexane® 26.1 25.7 25.6
energy

in vacuo® 27.7 274 272

Calc. RCIS® 28.1 27.8 28.4

DFT* 239 23.6 23.6

Energy difference 2B,— 1B, Expt. 4.5 4.5 4.8

Calc. DFT 9.0 8.2 6.3

Vertical transition 1A,— 1B, Expt. in vacuo® 29.8 29.5 29.3
energy

Calc. DFT 25.6 25.1 25.1

Transition dipole Length y DFT 12.3 13.1 12.4

moment 14,— 1B,
Orientation b% DFT 2° 1° 2°

“In a first approximation the adiabatic transition energy can be identified with the F, position of the experi-

mental spectrum, see Fig. 2 (Ref. 24).

°From extrapolation of the spectral positions in different solvents against the polarizability of the solvents

according to the Onsager relation (Ref. 25).
“Basis set: 6-311G".
dTime—dependent density functional B3LYP/6-311G".

“From the adiabatic transition by addition of the equilibrium energy (Ref. 24).

Downloaded 14 Oct 2005 to 131.155.212.86. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



144914-4 Gierschner et al.

sition, assigned to the 2B, state. According to fluorescence
anisotropy measurements of DSB in highly viscous media
(Fig. 2), the 1A,—2B,, band is polarized in the same direc-
tion as the 1A, — 1B, transition. The relative contributions of
both transitions to the main absorption band can be deter-
mined with the help of the emission spectrum, if the molecu-
lar geometries as well as the normal coordinates of the a,
vibrational modes are not very different in the 1A, and the
1B, state, which is the case for DSB-based molecules.”*
Then, the emission spectrum can be mirrored at the spectral
origin and convoluted with an exponential distribution func-
tion, accounting for the steeper torsional potential in the 1B,
state.”* The resulting 1A, — 1B, spectrum indeed fits the ex-
perimental absorption spectrum in an excellent manner for
the low-energy region (see Fig. 2). In the higher-energy re-
gion the difference between the spectra gives direct access to
the higher electronic states. The difference spectrum can be
again reasonably fitted by the simulated 1A, — 1B, spectrum,
giving evidence that the geometry of the 2B, state is not very
different from that of the 1B, state, and contributions of fur-
ther higher electronic states are negligible. According to the
analysis in Fig. 2, the 2B, state is located 4500 cm™! above
1B,; the relative oscillator strength being fi=f(14,
—2B,)/f(1A,— 1B,)=0.08. The same analysis was success-
fully applied to F,DSB, see Fig. 2, leading to a 2B,—1B,
energy difference of 4800 cm™! and f,,=0.23.

These data can now be used to determine the relative
orientation of the 1A,— 2B, transition from the anisotropy
of the fluorescence excitation spectrum (see Fig. 2). The total
fluorescence anisotropy ry, in the case of two overlapping
absorption bands with contributions x; and x, is given by

Tiot = '\ X1 + IpXp, (1)

where the anisotropy r; of each contributing band depends on
the relative orientation ; of the absorbing dipole with re-
spect to the emitting dipole,

ri=(3cos® & — 1)ry/2. (2)

The value of r, can be accessed from the anisotropy in the
low-energy part of the absorption spectrum where ¥,=0°,
here r,=0.33 (see Fig. 2). Concomitantly, the relative orien-
tation of the u(1A,—2B,) transition dipole is determined to
be #=23° against u(1A,— 1B,).

The electronic excitations in the molecules were investi-
gated at the (time-dependent) DFT B3LYP level, using the
6-311G" basis set. The DFT method underestimates the
So— S, transition energy of DSB by 4200 cm™!, in contrast
to the Hartree-Fock RCIS method, which agrees very well
with the experimental value in vacuo (see Table II). How-
ever, DFT gives reliable results not only for molecular ge-
ometries but also for spectral shifts induced by the introduc-
tion of substituents: the positive inductive (+1) effect of the
alkyl substituents, responsible for the redshift of -Bu,DSB
by —400 cm™! against DSB in vacuo is in reasonable agree-
ment with the DFT calculations (see Table II). The method
also well reproduces the subtle balance between the positive
mesomeric (+M) effect and the —I effect of the fluorine at-
oms in F;,DSB leading to an overall redshift of =500 cm™!
against DSB.

J. Chem. Phys. 123, 144914 (2005)

The orientation of the 1A,— 1B, transition of DSB
against the long axis of the molecule d,, is predicted to be
v=2° (see Table II) a value significantly smaller than at a
semi-empirical level, y=8°.26 Similar small values of 1°-2°
are obtained for the substituted species. For DSB, the 2B,
state is calculated to be 9000 cm™' above 1B, at the DFT
level, where the transition is oriented in parallel with the
1A, — 1B, transition (4=0°) in agreement with experiment.
The relative oscillator strength is calculated to be f,y
=0.006, one order of magnitude smaller than in experiment.
However, the 1A, —2B,, transition may borrow some inten-
sity from the 14,— 1B, transition. For F,,DSB, B3LYP pre-
dicts 2B, 6300 cm™' above 1B, and the relative oscillator
strength to be f,;=0.022. The relative orientation is ¥=33°
in reasonable agreement with experiment. The different
value for ¥ compared to DSB can be rationalized by the
asymmetry introduced by the fluorine atoms in the central
phenyl ring. While the 1B, state is essentially described by
the highest occupied molecular orbital (HOMO)— lowest
unoccupied molecular orbital (LUMO) (H—L) excitation
with large contributions only at the carbon atoms, the main
contribution to the 2B, state is the H-2— L excitation,
where the electronic density in the H-2 orbital is almost ex-
clusively located at the carbon and fluorine atoms of the
central phenyl ring.

B. -Bu,DSB in the solid state

In order to understand the optical and photophysical
properties of systems with long-range order of the molecules,
it is appropriate to start with disordered materials. Distyryl-
benzene with bulky 7-butyl substitution, #-Bu,DSB, provides
an example for solid-state structures without long-range or-
der. This can be shown by measuring the fluorescence aniso-
tropy rp upon exciting the nanoparticles in the main absorp-
tion band. If no energy transfer occurred between the
molecules, one would expect the maximum value of rp
=0.4 for nanoparticles, randomly distributed in the suspen-
sion, due to the absence of rotational motion of the fluores-
cent molecules.”’ However, in t-BuyDSB nanoparticles, the
fluorescence anisotropy reaches the steady-state value of rp
=0, see Fig. 3, within the first 80 ps,14 thus indicating that
the information on molecular orientation is completely lost
after a few energy-transfer steps. Concomitantly, the fluores-
cence spectrum is only slightly redshifted against the solu-
tion spectrum (Fig. 3) due to the moderate isotropic polariz-
ability in the disordered system.28 The relative intensities and
energy spacing of the subbands resemble those in solution,
indicating that intermolecular vibronic coupling effects are
weak in the nanoparticles. The absorption spectrum is only
slightly blueshifted against that in solution. Thus, preferen-
tial side-by-side orientations, which lead to a strong blueshift
of the absorption spectra (H aggregation, vide infra), play
only a minor role in condensed phases of -BuyDSB. How-
ever, temporal changes of the absorption spectra on the time
scale of several minutes to hours indicate that subtle changes
in the molecular arrangements occur, which lead to slightly
better ordered domains within the particles.
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FIG. 3. Fluorescence (left) and absorption spectra (right) of distyrylbenzene
nanoparticles: (a) --Bu,DSB, (b) DSB, (c) cocrystallized DSB:F,,DSB, and
(d) F;,DSB. Spectra in solution (in n-hexane; dashed lines) are shown for
comparison. Fluorescence excitation anisotropies rp, recorded at Ay,
=440 nm, are given for -Buy,DSB and DSB nanoparticle suspensions. A
schematic presentation of the respective condensed-phase structures is given
on the right.

C. DSB in the solid state

The solid-state structure of DSB with four molecules per
unit cell consists of pin cushion layers of molecules,’ where
the molecules within the layers are organized in a herring-
bone manner, very similar to the unsubstituted five-ring
oligomers(a) and PPV:* the long axes of the molecules are
oriented in parallel, whereas the inclination angle 3 between
the short axes is around 60° (see Fig. 4). The nearest-
neighbor distance in this edge-to-face arrangement can be
extracted from the crystallographic data in Ref. 1 to be
4.84 A, providing medium coupling strength of adjacent
molecules within the layer.29 The long axes of the molecules
in adjacent layers are inclined at an angle « of around 130°
to each other.'

(a)DSB

(b) F,,DSB (c) DSB : F,,DSB

(1:1)

¢

FIG. 4. Arrangement of adjacent molecules within the layers in the solid-
state structures. (a) DSB: view along d,,, (schematic); (b) F;,DSB: view
along (left) and perpendicular to d,, (right); (Ref. 2) (c) cocrystal of
DSB:F,DSB (1:1): view along (left) and perpendicular to d,,, (right) (Ref.
10).
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The molecular arrangement in the DSB nanoparticles
can be monitored by polarized fluorescence measurements.”®
Upon excitation of the nanoparticles in the main absorption
band, a value of r=0.20 to 0.23 is observed for the fluo-
rescence anisotropy, (Fig. 3) depending on the sample.B_]S’28
This value is the result of averaging of emission polarization
by transfer of the excitation energy between translationally
nonequivalent molecules on a time scale which is much
shorter than the fluorescence lifetime of the sample. Since
the long axes d,,, of the molecules—and therefore the tran-
sition dipole moments u(S,— S,)—within the layers are ori-
ented almost in parallel, one can assume just two kinds of
translationally nonequivalent transition dipole moments in
the DSB nanoparticles. Thus, the inclination angle « be-
tween the transition dipole moments of the nonequivalent
molecules can be calculated from the observed fluorescence
anisotropy by

1+3cos’ a 3)

Fp=Try 4 .

Inserting rp=0.20-0.23, an angle a of 125° to 131° be-
tween the molecules is calculated, in good agreement with
the value of « obtained from the x-ray data, thus confirming
that the structure of the nanoparticles is very similar to the
one of the single crystal.

Due to the close contact of neighboring molecules in the
herringbone layers, the electronic interaction within the lay-
ers is much stronger than between the layers. The almost
parallel alignment of the S,«»S; molecular transition mo-
ments of the molecules in the layer causes a strong blueshift
of the main absorption band (H-type aggregation,30 see Fig.
3), which is well reproduced by quantum-chemical
calculations.”®" The nature of the electronic excitation can
be elucidated by considering the electron-hole two-particle
wave functions for the respective state in nearest-neighbor
dimer configurations. This analysis allows to determine the
charge-transfer character of a given electronic transition due
to contributions of interchain excitations. The probability

P, , to find an electron e at site p and a hole 4™ at site g is

given by32
) , 2
- [V (p.q)l . @
> 2, [Y(p.9)
W(p.g) =2 Ciey(e)e,(h), (5)

where C; is the CI coefficient of the excitations i between
MOs involved in the description of the excited state, and
c,(e”) and ¢, (h*) are the linear combination of atomic orbit-
als (LCAO) coefficients associated with the unoccupied and
occupied MOs, respectively. In the edge-to-face dimer ar-
rangement of DSB in the crystal,22 the §; state of the mono-
mer splits into a lower symmetry-forbidden state S| and a
symmetry-allowed S5, located around 1800 cm™' above S,
see Table III. Figure 5(a) shows the probability on a logarith-
mic scale, log(P,,), for Sj, as obtained by semiempirical
ZINDOY/S calculations: high probabilities are found exclu-
sively in the first and third quadrants, which are related to
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TABLE III. Lowest excited states of nearest-neighbor dimer configurations of DSB, F;,DSB, and DSB:F;,DSB
crystal structures, obtained at the semiempirical ZINDO/S level: vertical transition energies
Vyer(X 1000 cm™), oscillator strengths f, CI coefficients (only contributions >10% are shown), and contribu-

J. Chem. Phys. 123, 144914 (2005)

tions of interchain excitation (c.s.=charge separation).

Dimer

Crystal configuration State

Vverl(f)

CI description

Contribution
of interchain
excitation

DSB Edge to face S
F,,DSB

Face to face S

DSB:F,,DSB Face to face S

27.8 (0.01)
29.6 (4.20)
27.4 (0.00)
29.0 (3.60)

25.3 (0.42)
27.8 (0.14)

H-1—L(-0.45)
H—L+1(0.43)
H-1—L1(0.40)
H—L+1(0.41)
H-1—L1(0.48)
H— L+1(0.40)
H—L(0.69)

H-1—L+1(0.16)

H—L(0.79)
H—L+2(0.35)

0%
0%
2%
10%

65% (c.s.)
30% (c.s.)

30.0 (3.22)

30.2 (0.41)

H-1—1L(0.31)
H—L(0.13)
H-1—L1(0.27)
H—L+2(0.21)
H-2—L1(0.20)
H—L+1(0.18)
H—L+1(0.37)
H— L+2(0.25)
H-2—1(0.13)
H-1—1(0.12)

24% (c.s.)

64% (c.s.)

intrachain excitations. Thus, no contributions of interchain
excitations are observed in the herringbone arrangement.
Very similar probability patterns are obtained for the dis-
placed face-to-face neighbors in the crystallographic a and
b directions, where the large intermolecular separations
(a=5.873 A, b=7.697 A) (Ref. 2) prevent interchain contri-
butions to the electronic excitation.

The decrease of the fluorescence quantum yield from
®;=0.77 in solution to ®,=0.1 in the nanoparticles, see
Table I, is caused partly by the decrease of the radiative rate
constant due to H aggregation, but also by the existence of
nonemissive traps in the condensed phase, which are abun-
dant in nanoparticles, where structural inhomogeneities are
expected to be quite common. Thus, in DSB single crystals
with low defect concentrations, ®, becomes as high as
65%." A similarly high value for ® is obtained by cooling
the nanoparticle suspension to 7=20 K.* The increase of & F
with decreasing temperature is caused by the reduction of the
rate constant for S, energy migration due to the decrease of
the spectral overlap between absorption and emission.** The
emission spectrum of the DSB nanoparticles is redshifted
against the solution spectrum by —1800 cm™~! (Fig. 3), due to
the high anisotropic polarizability in the particles caused by
the preferential orientation of the molecules within the
layer.28 The intensity of the F; subband is low, an effect
which is ascribed to the electronic coupling of the
molecules.”' Note that the F, replica almost vanishes in the
low-temperature fluorescence spectrum of the DSB single
crystal,35 due to a very small component of the u(Sy—S))
transition dipole moment vertical to the long molecular axis.
The higher intensity of the F; band in the nanoparticle spec-

trum therefore gives further evidence for a higher content of
structural inhomogeneities in the nanoparticles.31 The energy
spacing and relative intensities of the F; replica with i>1
(Fig. 3) follow the characteristics of the corresponding fluo-
rescence subbands in solution. This becomes obvious in
comparing well-resolved low-temperature spectra of DSB
single crystals35 and solid solutions.** Here the vibronic fine
structure is almost identical. This clearly indicates that the
edge-to-face arrangement of the adjacent molecules in the
herringbone layers does not permit strong intermolecular vi-
bronic coupling. This can be rationalized by the negligible
contribution of interchain excitations to the electronic transi-
tion: upon excitation no substantial changes in the intermo-
lecular arrangements are expected which are a prerequisite
for intermolecular vibronic coupling.

D. F,,DSB in the solid state

The packing motif of F;,DSB in the solid state is dis-
tinctly different from DSB: The fluorosubstituents promote
m-stacking of the oligomers due to interactions of the local
carbon-fluorine dipole moments,z’g’g’36 hence a cofacial ar-
rangement of adjacent F{,DSB molecules is found,” with an
interplane distance of d=3.33 A. The molecules are slightly
shifted along their long molecular axes by 3.45 A, the “pitch
angle,” as defined by Curtis et al.® being 5=46° (Fig. 4).
Two translationally nonequivalent molecules (A and B) are
found in the unit cell, thus a layered structure of cofacially
oriented molecules is obtained (see Fig. 6). The colatitude ¢;
of the long molecule axis (and thus of the Sy« S, transition
dipole moment) with respect to the crystallographic ¢ axis is
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(a) DSB: edge-to-face

WSB-Z: Cy-Cay
%53-1: C-Cyp

view along the long molecular axis

DSB-1

(b) F12DSB: face-to-face
F,DSB-2

510152025303540

view along the long molecular axis

(c) DSB:F12DSB: face-to-face
F,.DSB DSB

F,,DSB: C,-C,,

DSB

DSB: C,y-C,,

F,DSB

510152025303540 view along the long molecular axis

FIG. 5. Electron-hole two-particle wave-function analysis of nearest-
neighbor dimer pair configurations in the crystal structure of (a) DSB (edge
to face), (b) F;,DSB (face to face), and (c) DSB:F;,DSB (face to face).
Abscissa: position of A* at site 7. Ordinate: position of e~ at site i. White

areas present regions of high probabilities log(P, ,).

ds=¢p=56° and the inclined azimuth angle between the
molecules A and B is 6,3=125° (see Fig. 6). The molecular
orientation of the molecules with respect to the crystal axes
can be monitored by angular-resolved polarized fluorescence
spectroscopy. For this purpose the needle-shaped single crys-
tal of F;,DSB is irradiated by light polarized in parallel (p)
with the long crystal axis (c), and polarized fluorescence is
detected parallel (7,,) and perpendicular (/) to ¢ (see inset
of Fig. 7). In order to calculate the dichroic ratio D=1,,/1,
the intensities are written as a function of the spherical co-
ordinates 6;, ¢; of each molecule i(A,B). Here, fast energy
transfer between the individual molecules i within their fluo-
rescence lifetime is taken into account,37

Ipp= 2, cos® ¢, 2, cos? ¢, (6)

_ 2 2 2
IPS—E cos ¢i2. sin” ¢; cos~ 6;. (7)

Inserting ¢4, ¢pp, Op=(04+045), and 6,=6+6,, where 6 is
the angle of rotation around the crystal ¢ axis (see inset of
Fig. 7) and 6, accounts for the unknown position of the

J. Chem. Phys. 123, 144914 (2005)

FIG. 6. Representation of the monoclinic unit cell (P2,,.) of F;,DSB single
crystals (Ref. 2). Cell parameters are a=4.83 A, b=6.64 A, c=28.02 A, and
B=92.3°. The two translationally nonequivalent molecules in the unit cell
are indicated (A,B).

molecules A and B with respect to the x and y axes of the
laboratory coordinate system, the calculated curve, given as
solid line in Fig. 7, is obtained, in good agreement with the
measured data, given as solid symbols in the graph.

The parallel orientation of the transition dipoles of adja-
cent molecules within the layers again causes H aggregation
(see Fig. 3). The blueshift of the absorption band in F,,DSB
nanoparticles is larger compared to that of DSB, indicating a
stronger overall electronic interaction of the F;,DSB mol-

25 ——
E simulation:
3 ] 0,=%
— 2.0 . ¢a =56° -
. J -
& 1 /L 9 ) QAB =125
— ] L
]
a
2
g
=2
2
=
S
=]
T T T T

. . T :
0 30 60 90
rotation angle ©/°

FIG. 7. Dichroic ratio of fluorescence D=1,/ of a F|,DSB single crystal
as a function of the rotation angle 6 (the parameters used are defined in the
inset). Closed symbols: experimental values (Neygiwion=370 DM, Agmission
=477 nm) with 10% error bars; solid line: theoretical curve, obtained from
the positions of the molecules in the unit cell, according to x-ray data, and
the orientation of the transition dipole moment u(Sy,«<S;) with respect to
the geometry of the molecule, according to quantum-chemical calculations.
The inserted variables are ¢, = =56, 6,5=125°, and 6,=90° (for defini-
tions see text).
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ecules. The radiative rate constant kp=® -/ 7-=10° s~! (Table
I) is more than two orders of magnitudes smaller than in
solution, due to the dipole forbidden nature of the transition
between the ground state and the lower exciton state of the
crystal.

In stark contrast to DSB, the F{,DSB emission spectrum
is unstructured and strongly redshifted against the one in
solution (see Fig. 3). In a former joint experimental and the-
oretical study on a covalently linked dimer of cofacially ori-
ented stilbene units,38 we have shown that this kind of exci-
merlike emission originates from strong intermolecular
vibronic coupling of interplane breathing modes to the elec-
tronic transition. The high FC activity of these modes stems
from the decrease of the intermolecular distance upon elec-
tronic excitation. In order to investigate if this is also the
case for the excimerlike fluorescence in the F{,DSB crystal,
ZINDO/S calculations for the face-to-face configuration
were performed: the symmetry allowed S, state for the cofa-
cial dimer pair is located around 1700 cm™' above the for-
bidden S| state (Table III), where the two states arise from
the S, states of the respective monomers. The electron-hole
two-particle wave-function analysis of the S} state is given in
Fig. 5(b). The intensities in the second and fourth quadrants,
which are due to interchain excitations, amount to 10% of
the overall probability distribution. The substantial charge-
transfer character of the electronic transition is expected to
cause a significant change of the intermolecular separation,
thus indeed allowing for efficient intermolecular electron-
phonon coupling in the crystal. In contrast, the next neighbor
pairs, i.e., edge-to-edge dimers, do not show any contribu-
tions of interchain excitations for the lowest allowed excited
state. A relevant charge-transfer character of the main elec-
tronic transition in the F;,DSB crystal is therefore predicted
only along the 7r-stacks.

The 1:1 binary crystal of DSB and F;,DSB exhibits also
a cofacial arrangement, slipped along the short molecular
axis (“rolled” m-stack®), with an interplane distance of
3.36 A (see Fig. 4)." Since the arrangement as well as the
intermolecular distances are not very different in
DSB:F;,DSB and F{,DSB nanoparticles, the absorption and
emission profiles are very similar, showing H-type absorp-
tion and excimerlike emission (see Fig. 3). However, the
electron-hole two-particle wave-function analysis reveal
subtle differences. The lowest excited states cannot be sim-
ply described by the splitting of the S states of the respec-
tive monomers, but show a distinct mixing of different elec-
tronic levels (see Table III). The generated first four excited
states have nonzero transition dipole moments and show
strong contributions of interchain excitation. Figure 5(c) de-
picts the log(P, ;) distribution for the most intense S state:
interchain contributions are mainly located in the fourth
quadrant, therefore charge separation between the chains
takes place upon electronic excitation, shifting electron den-
sity from DSB to F;,DSB.

IV. CONCLUSIONS

Distyrylbenzenes (DSB, F,DSB, and -Bu,DSB) were
investigated in dilute solutions, nanoparticle suspensions,

J. Chem. Phys. 123, 144914 (2005)

and single crystals by absorption and polarized fluorescence
spectroscopy in order to elucidate the consequences of the
intermolecular arrangement on the optical and photophysical
properties. The absorption and fluorescence spectra of all
molecules in solution are quite similar. Subtle differences of
t-Buy,DSB and F{,DSB against DSB in the energies, intensi-
ties, and orientations of the transitions to the first and second
allowed excited states were clarified by quantum-chemical
calculations. Due to the small differences of the constituent
molecules, the differences of the optical properties in the
solid state are essentially caused by different intermolecular
organization. #-BuyDSB does not show a long-range order of
the constituting molecules. Concomitantly, the properties are
very similar to solution. DSB organizes in layer with an
edge-to-face arrangement of the molecules (herringbone),
whereas F,DSB as well as DSB:F{,DSB cocrystals orga-
nize in layers of face-to-face oriented molecules (7r-stacks).
The layered structures with preferential parallel orientation
of the molecular Sy— S transition dipole moments promote
H aggregation for DSB as well as for F,DSB and
DSB:F,DSB; strongly blueshifted absorption spectra and
low radiative rate constants are observed. The emission prop-
erties are significantly different: herringbone structures show
well-resolved spectra, very similar to solution, thus no sig-
nificant contribution of intermolecular vibronic coupling is
present. In the 7r-stack structures a significant charge-transfer
character of the electronic transition is found, which is ex-
pected to induce efficient coupling of intermolecular vibra-
tional modes. The high Franck-Condon activities of these
modes are responsible for the strongly redshifted, unstruc-
tured excimerlike emission spectra in 7r-stack arrangements.
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