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Abstract

The effects of intermolecular interactions on the photoluminescence (PL) quantum efficiency of differently substi-
tuted thienylene-S,S-dioxide derivatives in the crystalline phase are investigated. The exciton resonance interactions and
the transfer integrals are evaluated using a quantum chemistry approach by considering the supramolecular structures
obtained from X-ray data. Two classes of thienylene-S,S-dioxides are investigated: (1) rigid, fused ring compounds,
for which the PL quantum efficiency can be well correlated with the rate of formation of non-radiatively decaying
charge-transfer pairs upon photoexcitation; (2) flexible oligothiophenes for which the high PL quantum efficiency in the
solid-state is assigned to a decrease of intramolecular internal conversion process, as confirmed by time-resolved PL

measurements in solvents of different viscosity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In the context of organic molecular semicon-
ductors, thiophene derivatives are relevant for the
high chemical stability [1], the excellent transport
properties [2] and for the wide color tunability [3].
On the other hand they are characterized by low
photoluminescence quantum efficiency (PLQE) in
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the solid-state [4] which limits their use as active
materials in light-emitting diodes (LEDs). Re-
cently, chemically modified oligothiophenes in
which the central thienyl sulphur atom is func-
tionalized with two oxygen atoms were used in
high efficient LEDs [5,6] and lasers [7]. The class of
thienylene-S,S-dioxides includes flexible oligothi-
ophenes [8] with low inter-ring torsional barriers
and rigid dithienothiophenes [9] with fused rings.
These compounds show high PLQE in the solid-
state up to 70% [8] and have electron affinity up to 3
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eV, thus representing an important class of
molecular semiconductors for optoelectronic appli-
cations.

The origin of the high PLQE in the solid-state is
not fully understood. Intermolecular interactions
are expected to increase the non-radiative decay
rate of excitons due to their migration to
quenching sites (defects or impurities), the forma-
tion of H-aggregates characterized by lower-
energy optically forbidden states [10] or the for-
mation of charge-transfer excitons [11]. Thus, the
PLQE in the solid-state is, in general, lower than
that of isolated molecules in dilute solutions. This
general trend is valid for dithienothiophene-S,S-
dioxides [9] but not for flexible oligothiophene-
S,S-dioxides, which show PLQE in solution much
lower than in the solid-state [8]. Furthermore in all
thienylene-S,S-dioxides the SO, group induces a
supramolecular structure different from the her-
ringbone one typical of unsubstituted oligothi-
ophenes [12]. As recently pointed out, an increased
PL emission in the solid-state could be due to
the formation of radiative J-aggregates [13,14].
Moreover, we note that the electronic structure
and the photophysics of oligothiophene-S,S-diox-
ides are different from unsubstituted oligothioph-
enes [15]. The main non-radiative channel in
oligothiophene-S,S-dioxides has been assigned to
S-Sy internal conversion (IC) [16], whereas in
unsubstituted oligothiophenes it has been assigned
to inter-system crossing (ISC) [17-19].

The PLQE in molecular crystals is the result of
several factors, depending on both the molecular
and supramolecular structure. Moreover, the
molecular conformation can be modified by the
crystal packing, e.g. in the case of conformational
polymorphism [19]. A theoretical and semi-quan-
titative analysis of the photophysical processes in
molecular crystals is thus required but it is possible
only when X-ray data are available, because of the
lack of well established theoretical approaches for
predicting the solid-state organization of organic
molecules.

In this work we theoretically investigate the
role of intermolecular interactions on the PLQE of
five differently substituted thienylene-S,S-dioxide
derivatives, for which powder X-ray diffraction
data are available [9,12]. The molecules investigated

(see Fig. 1) are: dithieno[3,2-b:2’,3'-d]thiophene-
4,4-dioxide (DTTox), 3,5-dimethyl-dithieno[3,2-
b:2/,3'-d]thiophene-4,4-dioxide (DTToxMe), 3,5-
dimethyl-2,3’-bis(3-methylthiophene)-dithieno[3,
2-b:’,3'-d]thiophene-4,4-dioxide (ThDTToxMe), 3/,
4'-di(hexyl)-2,2':5',2"-ter-thiophene-1’,1’-dioxide
(T30xHex), 2,5-bis(phenyl)-3,4-di(hexyl)-thio-
phene-1,1-dioxide (DPToxHex). We calculate both
the exciton resonance interactions and the transfer
integrals. The former controls the formation of J-/
H-aggregates, the latter the formation of charge-
transfer pairs (see Section 2). Considering the
size of the molecules and the presence of up
to four molecules in the unitary cell, accurate
first-principles calculations [20,21] are computa-
tionally too expensive. We here use a semi-emipiri-
cal approach.

In order to investigate the effects of the envi-
ronment on the non-radiative decay rate, we also
performed time-resolved PL measurements on a
model system, i.e. 2,5-bis(phenyl)-thiophene-1,1-
dioxide (DPTox), in solvents of different viscosity.

2. Computational method

We calculated the exciton resonance interaction
[22] for each couples of molecules (4, B), along all
the directions, using the X-ray structural data:

'))AB :/ dl’ldl'2PA(l'1)—PB(l'2). (1)

Ir; — 1y

The transition density P(r) and the two-electron
integrals have been calculated within INDO/S
(intermediate neglect of differential overlap/spec-
troscopic parametrization) scheme [23]. The eva-
luation of the exact resonance interaction
overcomes all the limitations of the dipole—dipole
approximation [24]

d, d; (ds-R)(dz -R)
Vap = B 3 s ) (2)

where d is the molecular transition dipole moment
and R the intermolecular distance.

The role of charge-transfer excitons in photo-
luminescence quenching has been evaluated by
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T3oxHex

DPToxHex

Fig. 1. Chemical structures of the molecules under investigation.

calculating the interchain transfer integrals [25-27]
for each molecular pair in the crystal structures.
As an estimation of the ‘averaged’ hole transfer
integrals among all directions we calculate

2= WhowolH Wiiomo)| (3)

where Yomo 1S the INDO/S wavefunction of the
highest occupied molecular orbital (HOMO) of the
unperturbed (isolate) molecule. The sum is over all
the molecules B in the cluster of molecules around
the molecule 4 and H is the Hamiltonian of the
molecular cluster.

All calculations has been performed using the
in-house developed program MOCI (MOlecular
Crystal Interactions).

3. Experimental set-up

Spectroscopic studies have been carried out in
THEF, toluene and decaline dilute solutions with a
concentration of about 10~* M. PL measurements
have been performed by exciting the sample with an
He—Cd laser emitting at 325 nm and collecting the
signal by an Ocean Optics 2000 spectrometer with a
spectral resolution of about 10 nm. Absorption
measurements have been carried out with a UV—
VIS spectrophotometer. PLQE were determined by
comparing the emission intensity of the samples
with that of a standard and normalizing the values
to the absorbance. The relative accuracy of the
quantum yield measurement is 10%.

Time-resolved PL measurements were made by
using a Ti-sapphire mode-locked laser delivering
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2 ps pulses at 82 MHz repetition rate. The
luminescence was dispersed by a 0.24 m single
monochromator coupled with a streak camera
equipped with a two dimensional CCD. The
overall time resolution was about 8§ ps.

4. Results and discussion

In Table 1 we report the experimental values of
PLQE and the emission peak energy in the solid-
state and in dichloromethane solution [8,9], and
the calculated values of the intermolecular inter-
actions. We report the value of y,, for the
molecular pairs that form the strongest H-aggre-
gate (Hmax) and the strongest J-aggregate (Jmax)s
and the £ value. The H,x (Jmax)-aggregates have
the largest positive (negative) exciton resonance
interaction. In the H,.x-aggregates molecules have
typically a cofacial configuration while in the Jyx-
aggregates the molecular long axis are aligned:
these aggregates have the strongest influence on
PLQE. For rigid compounds (DTTox, DTToxMe,
ThDTToxMe) the PLQE is higher in solution than
in the solid-state. The calculated H,, values are
smaller than in the case of unsubstituted quater-
thiophenes (115 meV [19]). Hpy. and Jy.x have
similar values, whereas the PLQE changes up to a
factor of 4. Thus, the different calculated exciton
resonance interactions in the different compounds
cannot explain different PLQE. We note that the
computed values of y,, are exact, in the sense that
they include all the multipole terms, whereas the
use of the dipole—dipole approximation for these
systems is not correct due to the large error it
introduces, as can be seen from the values reported
in parenthesis in Table 1. In particular the dipole—

Table 1

PLQE in the solid-state 5, and in solution (1, ), emission peak energy in the solid-state (EF%

dipole approximation strongly overestimates the
result for near molecules and can even change the
sign of the interaction.

Rigid molecules in solution show very similar
and high PLQE. In the solid-state, PLQE are in-
stead much lower and with relative differences up
to a factor of 4. The different PLQE of the rigid
compounds can be very well related to the values
of £'™. Higher values means higher rate of for-
mation of charge-transfer pairs, which decay non-
radiatively, thus reducing the PLQE. In DTTox
and DTToxMe X-ray analysis shows the presence
of strongly interacting cofacial dimers [9], whereas
the presence of the external methylated thiophene
in ThDTToxMe prevents the molecules from
forming close pairs.

In the case of flexible compounds (T3oxHex,
DPToxHex) the PLQE in the solid-state is very
high, whereas it is very low in solution. The in-
creased PLQE in the solid-state cannot be assigned
to the formation of luminescent J-aggregates. In
fact the calculated values of J,., are very small
and, furthermore, DPToxHex has higher # but
smaller J,., than T3oxHex.

In order to investigate the causes of the PLQE
increase in the solid-state, we performed TR-PL
and PLQE measurements of a model system, i.e.
DPTox, in solvents of different viscosity. This al-
lows to obtain an exact quantitative determination
of the non-radiative decay rates as function of the
viscosity. In DPTox larger viscosity effects are
expected, due to the large volume of phenyls and
the absence of interactions with substituents in the
p position. Results are reported in Table 2. The
non-radiative decay rates strongly decrease with
increasing solvent viscosity. Note that the relation
between non-radiative decay rate and solvent

) and in solution (EF%

i) €Xciton

solid.

resonance interactions for the two molecular pairs forming the highest H-type (Hmax) and highest J-type (Jmax)-aggregate (values in
parenthesis are evaluated using the dipole-dipole approximation) and averaged hole transfer integral (£;"™)

Sample solid. ([y”) Hsolut. (0/") Esl)(mlfid. (eV) E;)o]Tut. Hmax (meV) Jmax (meV) t;um (GV)
DTTox 12 75 2.4 2.7 +79 (+361) —37 (-42) 1.807
DTToxMe 16 71 24 2.7 +78 (+335) =21 (-41) 1.058
ThDTToxMe 48 85 22 23 +60 (-88) —25 (-32) 0.343
T3oxHex 45 <1 23 23 +24 (-14) =28 (-=7) 0.112
DPToxHex 63 <1 2.5 2.5 +4 (+7) -3 (-4) 0.001
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Table 2
Measured PLQE (1) and non-radiative decay rate (knr) in
solvents of different viscosity (6), for DPTox

Solvent 0 (cP) n (%) kg (107 s71)
THF 0.47 1.5 0.00911
Toluene 0.58 5.0 0.00364
Decaline 2.7 16 0.00104

viscosity is expected to be non-linear [28]. This
result confirms the main role played by internal
conversion in the non-radiative decay [16]. We
measured a PLQE in decaline as high as 16%.
The solid-state can be considered an environ-
ment of ideally infinite viscosity, where inter-ring
torsions and molecular vibrations are strongly
limited by electrostatic and Van-der Waals inter-
molecular forces. Thus we assign the high PLQE in
flexible oligothiophene-S,S-dioxides to the de-
crease of IC intramolecular decay rate. Further-
more the values of H,, and "™ in T3oxHex are
very small and completely negligible in DPTox-
Hex, meaning that no other non-radiative decay
channels are activated in the solid-state. Finally,
we note that this environmental effect is negligible
in dithienothiophene-S,S-dioxides in which the IC
rate is small due to the high molecular rigidity.
The role of intermolecular interactions in the
solid-state is also evident from the emission ener-
gies reported in Table 1. The emission energy dif-
ference between the solid-state and the solution is
large (0.3 eV) for systems with larger intermolec-
ular interactions (i.e. DTTox and DTToxMe), it is
small (0.1 eV) for ThDTToxMe and it is negligible
for T3oxHex and DPToxHex where the calculated
intermolecular interactions almost vanish.

5. Conclusions

In this work we have shown that PLQE of
dithienothiophene-S,S-dioxides in the solid-state
can be reduced by intermolecular interactions.
Theoretical calculations performed on exact crys-
tal structures show that the trend observed in the
solid-state PLQE can be assigned to different in-
terchain interactions. On the other hand intermo-
lecular interactions can increase the PLQE of

flexible oligothiophene-S,S-dioxides, due to the
increased environmental viscosity, as inferred from
time-resolved PL measurements.
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