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Abstract

In this Letter, the photoluminescence of 1,1,2,3,4,5-hexaphenylsilole (HPS) and poly{1,1-[(1,2,3.4,5-pentaphenylsiloly)oxy]-1-
phenyl-1-undecyne} (PS9PA) was studied in detail by time-resolved fluorescence technique to investigate possible mechanisms of
their unique aggregation-induced emissions. Enhanced emissions and long lifetimes of HPS and PS9PA films were detected in
PMMA matrix compared to those of their solutions. Furthermore, strong fluorescence with nanosecond lifetimes was also obtained
in the single crystal of HPS. These results show that intramolecular vibrational and torsional motions can act as efficient nonradi-
ative pathways for the excited states to decay in the solutions and that suppression of these motions by restricting intramolecular

vibrations in the solid state leads to enhanced fluorescence.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Recently, siloles have been found to exhibit unusual
aggregation-induced emission (AIE) properties [1]. They
are weakly luminescent or practically nonluminescent in
solutions, but become highly emissive in their aggre-
gates. The fluorescence quantum yields of siloles in
aggregates rise by a few hundred times, compared to
those in solutions. Organic luminophores with AIE
properties are promising materials for electrolumines-
cence (EL) applications because in the EL devices, the
luminescent materials are used in a form of thin film
and scientists have tried hard to mitigate the problem
of light emission quenching by aggregates in these
devices [2]. It is therefore understandable why the AIE
in siloles attracted immediate attention when it had been
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report [3]. Another advantage of using silole for EL
application is that it possesses very high electron mobil-
ity. Although extensive research has been carried out,
very few organic materials have been found to show
high electron mobility. In fact, high external quantum
efficiency up to 8% was demonstrated in organic light
emitting diode using silole as the emissive and electron
transport layer [4-6]. Some other compounds have been
subsequently reported to exhibit AIE properties [7-9].
The unusual photoluminescence (PL) properties also
arouse researchers’ interests in their physical origins.
But, as yet, there are still no common opinions about
the exact mechanism of the AIE [7-11]. For the AIE
of siloles, the suggested mechanism is based on a
restricted intramolecular motion model. It proposes that
the nonradiative channel via the vibrational/torsional
energy relaxation processes is blocked in the aggregate
state and that this blockage enhances the radiative
recombination of the excited state [6,11-13].
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In this Letter, we try to further investigate the possi-
ble mechanism of AIE. The samples of HPS and PS9PA
in two aggregate states, i.e., thin film and single crystal,
have been prepared in order to examine the real role of
the restriction of intramolecular motions in the AIE of
the siloles. Time-resolved fluorescence technique was
used to elucidate the mechanism of luminescence by
comprehensive and quantitative understanding of the
recombination dynamics and deactivation processes of
molecular excited states. The new experimental results
obtained from the time-resolved fluorescence behaviors
of the silole film and single crystal provide further direct
evidences for the restricted intermolecular motion
model.

2. Experimental

The molecular structures of HPS and PS9PA are
given in Fig. 1. Benzene solutions of HPS and PS9PA
were prepared for absorption and PL measurements.
The film samples for PL measurements were prepared
by spin coating chloroform solutions of HPS/PMMA
and PS9PA/PMMA (1:1) on clean glass substrates.
After the solvent was evaporated, films of good quality
were obtained. The single crystal of HPS was obtained
by solution grown technique from the chloroform solu-
tion of HPS/PMMA (1:1).

The UV absorption spectra were measured on a Shi-
madzu UV-2401 spectrophotometer. A quartz cell of
1 cm thickness was used in the solution measurement.
The absorption spectra of the solutions are shown in
Fig. 1. The absorption peak of HPS is located at
~367 nm, while that of PS9PA is red-shifted by
~9nm. The absorption spectra of the films of HPS
and PSPA are essentially the same as those of their
solutions.
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Fig. 1. UV absorption spectra of benzene solutions (22 uM) of HPS

(A) and PS9PA (B) and PL spectra of benzene solutions (2 wt%) of
HPS (C) and PS9PA (D) and single crystal of HPS (E).

Laser pulses of 267 nm were used as the excitation
light source for the PL measurements. This was pro-
duced by the frequency summation of 800 nm with
its 400 nm frequency-doubling from a Ti:sapphire
regenerative amplifier (200 fs pulse width and 1 kHz
repetition rate). For time-resolved fluorescence mea-
surements, the fluorescence signals were collimated
and focused onto the entrance slit of a monochrometer
with the output plane connected to a synchroscan
streak camera (Hamamatsu C4334, 25 ps system reso-
lution). The fluorescence spectra of the silole samples
were measured on a fiber spectrometer (Ocean Optics
Inc.) to record the time-integrated PL spectra before
each run of lifetime measurement. The laser pulse
energy used for excitation was ~0.5 pJ or lower. As
shown in Fig. 1, the PL spectra of the HPS and
PS9PA solutions are peaked at 498 and 517 nm,
respectively. On the other hand, the emission peaks
of HPS and PS9PA films were slightly blue-shifted
and narrower compared with their respective solution.
The time-resolved PL signals were therefore analyzed
at these peak positions.

3. Results and discussion

The time-resolved fluorescence spectra of the ben-
zene solutions and thin films of HPS and PS9PA are
shown in Fig. 2. The dotted lines are the experimental
data and the solid lines are the fitting curves based on
exponential functions. From Fig. 2, one can see that
the fluorescence of the benzene solution of HPS
decays very fast compared to that of its film. The
lifetime data is shown in Table 1. The HPS solution
fluorescence shows single exponential decay with emis-
sion lifetime as short as ~60 ps, which is close to the
limit of the resolution of the streak camera system
(~25 ps). This result is consistent with the time-corre-
lated photon counting measurement by Lee et al. [14]
where the fluorescence decay of HPS in pure solvent is
barely resolved by 150 ps instrument response
function.

For the HPS film, the following double-exponential
function

y :Ale—t/fl JrAze—t/Tz

can simulate its decay behavior better than does the sin-
gle-exponential one. This reveals that the excited states
of HPS molecules in the film decay through two path-
ways. The values of 4, and 4, in the above function rep-
resent the fractions of molecules decaying in the two
pathways. As shown in Table 1, 37% of HPS molecules
in film decay through the fast pathway, whose lifetime
are 120 ps. However, there are 63% of molecules decay
through the slow pathway, whose lifetime is 1.46 ns,
which is more than 20-fold longer than that of HPS in
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Fig. 2. Time-resolved fluorescence spectra of (a) 2 wt% HPS/benzene
solution (dotted line) and 1:1 HPS/PMMA film (dashed line) and (b)
2 wt% PS9PA/benzene solution (dotted line) and 1:1 PSOPA/PMMA
film (dashed line). The solid lines are the fitting curves based on single-
(for HPS solution) and double-exponential functions.

Table 1

PL lifetimes of the benzene solutions (2 wt%) of HPS and PS9PA
(2 wt%), the thin films of HPS and PS9PA blended with PMMA (in 1:1
ratio), and the single crystal of HPS

HPS PS9PA

Ayl A, 7y (ns) 1 (ns)  A/A, 71 (ns) 15 (ns)
Solution  1/0 0.06 0.82/0.18  0.08 0.43
Film 0.37/0.63  0.12 1.46 0.61/0.39 0.11 0.87
Crystal ~ 0.44/0.56 1.22 5.20

solution (60 ps). The slow pathway becomes the main
relaxation channel in the light-emitting process of the
HPS film. By contrast, the relaxation of the excited
states of HPS in solution is solely through the fast deac-
tivation process. Similar features can be seen in the
time-decay behaviors of PSOPA. The PS9PA film also
exhibits longer lifetime in comparison to the solution
sample. However, different from HPS, both the fast

and slow deactivations participate in the relaxation pro-
cess of PSOPA in solution. We consider that the differ-
ence between HPS and PS9PA mainly originate from
the difference in their molecular structures. For PSOPA,
the silole group is attached to the polyacetylene back-
bone as a pendant and therefore there is an issue of
speed of the excited state energy transfer from the back-
bone to the pendant. Furthermore, the polymer may coil
around even in solution, which will affect the intramo-
lecular motion of the silole group. In addition, it is
known that the viscosity of the solvent strongly influ-
ences the PL yield and emission lifetime of silole
[12,15] and the change in the viscosity of 2 wt% polymer
solution is another possible reason that influences the
recombination dynamics. But one can see that in Table
1, majority of excited states of PS9PA in solution still
decays through the fast pathway, with a PL lifetime of
only ~80 ps. Therefore, it is the fast decay that domi-
nates the deactivation of excited states of PS9PA in solu-
tion, which is as same as that of HPS.

How to understand the difference of the time-decay
behaviors of siloles in between solution and film? It is
known that the PL lifetime 7 is related to radiative
(tr,) and nonradiative (t,,) lifetimes by the expression
1/z = 1/z, + 1/t,,, in which 7, is the intrinsic property
of the molecule and is a constant. The short lifetime
and low PL yield of siloles in solution hints that there
is a strong nonradiative recombination process in the
relaxation of their excited states. Vibrational and tor-
sional energy relaxations are known to nonradiatively
deactivate the excited species [16-20]. In solution, the
motions of molecules are easy. Little restrictions are
imposed on the molecular vibrational/torsional move-
ments. Consequently, the excited states of molecules
are easily annihilated through this nonradiative deacti-
vation process. On the other hand, the probability of
molecular vibration/torsional motion is low in film.
As a result, the relaxation of the excited states through
the radiationless channel is well blocked. The radiative
recombination becomes the dominant decay channel of
the excited states, which enhances the emission effi-
ciency and increases the PL lifetime of the silole film
or aggregate.

It is well known that the radiative lifetime 7, of
molecules can be calculated from the absorption and
emission spectra using Strickler—Berg formula [21]
given by

20 2
l:9.61 x 107n <v’3>71/sdlnv

2

and
a1 JI(v)dy
o) vy’

where the multiplicities of the lower (ground) and
upper (emitting) states are ignored. In the above equa-
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tions, ¢ is the molar extinction coefficient, ¢ is the speed
of light in vacuum (in unit of cm/s), n is the refractive
index of the medium, v is the frequency and I is the
intensity of the fluorescence spectrum. Using the Stric-
kler—Berg formula, the 7, is calculated to be 13 ns for
HPS in benzene solution. The PL lifetime t is given
by 1= ¢1,, where ¢ is the quantum efficiency (¢ =
0.001 for HPS in benzene and other pure solvents
[11]), thus the calculated 7 is 13 ps. Consider that we
have ignored the multiplicities term and the approxima-
tions made in this model, as well as the relatively large
Stokes shift of the PL from the absorption peak; the
calculated lifetime = = 13 ps is in reasonable agreement
with the measured lifetime of 60 ps. This result again
confirmed that the ultrafast excited state lifetime of
HPS in solvent is due to some very efficient nonradia-
tive process, and in this case it is the result of nonradi-
ative  excited state relaxation mediated by
intramolecular vibrational/torsional motions. Compar-
ing the measured and calculated PL lifetime of PS9PA
is more difficult because of the multi-component PL de-
cay. However, Strickler—Berg calculation results in
17, =15ns for PS9PA and with quantum yield of
0.0069 so that the calculated 7 is 103 ps, which is in
very good agreement with the fast decay component
of measured PL lifetime.

If the above analysis is right, a strong fluorescence
should be obtained from the crystal of siloles due to
its high chromophore density and because the crystalline
packing severely restricts the vibrational/torsional mo-
tion of the phenyl rings. The experiment on the PL prop-
erties of HPS single crystal was thus performed. As
expected, strong fluorescence was emitted from the crys-
tal after it was excited by a laser beam. The photographs
taken during the experiment are shown in Fig. 3. One
can see the very bright blue-green light emission from
the HPS crystal. The fluorescence spectrum is shown
in Fig. 1. The PL peak is located at ~497 nm, which is
essentially the same as that of the HPS solution. Fig. 4
shows the time-resolved fluorescence spectra of the sin-
gle crystal. The PL lifetime is very long and it also
decays through two pathways as shown by the double-
exponential decay fitting. Table 1 gives the lifetime con-
stants of the two decay components. Although there is
44% of molecules decay through the ‘fast’ pathway, this
‘fast’ PL lifetime is as long as 1.22 ns, which is compara-
ble to the slow decay component in the HPS film
(1.46 ns). The other 56% of the excited molecules decay
through the slow pathway with a time constant of
5.20 ns, which is almost 90 times longer than that of
HPS in solution.

It was suggested that planarization of a silole mole-
cule upon formation of aggregate [10] might have caused
this enhanced emission [1]. However, ground state silole
is actually nonplanar as indicated by the crystal struc-
ture determined by X-ray diffraction (Fig. 5) [11], thus

Fig. 3. Upper panel: single crystal of HPS measured 4 mm x 3 mm x
2 mm by size. Lower panel: strong fluorescence emitted from the single
crystal when it is excited by a 400-nm, 1-KHz, and 200-fs Ti:sapphire
regenerative laser beam.
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Fig. 4. Time-resolved fluorescence of the single crystal of HPS (dotted
line). The solid line is the fitting curve based on the double-exponential
function.

this enhanced emission due to planarization in aggregate
state can be ruled out. Fig. 5 shows that the silole crystal
has two molecules in one unit cell, in which the adjacent
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Fig. 5. Packing diagram of HPS single crystal, where the interplane
distance is 10.04 A and the intermolecular distance within the unit cell
is 7.61 A.

phenyl rings as well as the phenyl and silole rings are
nonplanar due to steric hindrance. In addition, it is well
know that well packed aggregates of polar molecules
with strong m-m stacking tends to prevent radiative
recombination. However, the distinct nonplanar struc-
ture of the silole molecule in solid state formed with
an interplane molecular distance of ~10 A prevents
effective n—= stacking as shown in Fig. 5. This suppresses
the intermolecular interaction that tends to induce non-
radiative recombination as seen in the ‘normal’ aggre-
gates with strong m—m stacking interactions.

Radiationless transition of the exciton of a molecule
can be via internal conversion from singlet excited
state to singlet ground state (S;—Sp) or intersystem
crossing from singlet excited state to triplet excited
state (S1—-T;). The S;-Sy and S;-T; nonradiative relax-
ations are often mediated by vibrational, rotational
and torsional motions of the molecule. Restriction of
these motions will affect the excited state nonradiative
recombination rate and enhance the emission effi-
ciency. For S;-T; intersystem crossing, the energy
transfer process is very sensitive to the energy level
of the triplet state relative to the singlet state. The dif-
ferent degrees of twisting of the phenyl rings of the sil-
ole from planar structure in solution and solid states
may also affect the triplet state level and consequently
the rate of S|—T; nonradiative relaxation. Experiments
are currently underway to determine the triplet state
levels of the silole solutions and films. Nevertheless,
our results clearly indicate that the restricted motion
of the phenyl rings of the siloles in the film and crystal
enhances the radiative recombination.

4. Conclusions

The time-resolved fluorescence reveals that the non-
radiative deactivation channel dominates the excited
state relaxation process of the siloles in solution, which
is effectively blocked in aggregates due to the restrictions
of molecular vibrational and torsional motions. The
fluorescence of the siloles is greatly enhanced in crystal
as well as in film. The experimental results from the
time-resolved fluorescence measurement provide further
direct evidences for the restricted intramolecular motion
model for the explanation of the novel AIE phenomena
of siloles.
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