
Fluorescence | Very Important Paper |

Influences of Conjugation Extent on the Aggregation-Induced
Emission Quantum Efficiency in Silole Derivatives: A
Computational Study

Yujun Xie,[a, b] Tian Zhang,[c] Zhen Li,[b] Qian Peng,*[a] Yuanping Yi,[a] and Zhigang Shuai*[c]

Abstract: The photophysical properties of a series of silole
derivatives, with hydrogen (TPS), bromine (BrTPS), and con-

jugated phenyl (HPS), triphenylsilyethynyl (BTPES), and dime-
thylfluorene (BFTPS) substituents at 2,5-positions in both gas

and aggregate phases have been investigated computation-

ally by employing the correlation function rate formalism
coupled with a hybrid quantum/molecular mechanics (QM/

MM) approach. It is found that the solid-state fluorescence

quantum efficiency first increases sharply with the degree of
p-conjugation of the 2,5-substituents, then levels off, and fi-
nally starts to decrease slightly. This is because the side-
group conjugation tends to enhance the radiative decay

rate in both gas and solid phases. However, a further in-

crease in conjugation leads to saturation in the radiative
decay rate but increases the non-raditiave decay rate due to

the decreased energy gap.

Introduction

Recently, siloles (silacyclopentadienes) have received much at-

tention as promising molecules for organic electroluminescent
devices[1] owing to their unusual electronic structure,[2] high

electron mobilities,[3] and especially, their exotic aggregation-

induced emission (AIE) behavior.[4] The peculiar electronic
structure of siloles is mainly attributed to the lowest unoccu-

pied molecule orbital (LUMO) involving s*–p* conjugation be-
tween the s* orbital over the exocyclic Si¢C bonds and the p*

orbital of the cis-butadiene fragment.[2] There have been efforts
to explore the effect of substituents at 1,1-, 2,5-, and 3,4-posi-
tions of the central silole ring on the electronic structures and

photophysical properties.[2b, 5] As conjugation was broken by
the silicon atom, substituents on the silicon atom at 1,1-posi-
tions are largely inductive in nature and have a minor impact

on the optical emission or electron transport.[2b, 5d, 6] The 3,4-

substituents are largely twisted with respect to the silacycle
plane with torsion angles of about 508 either from X-ray crystal

structures or computational optimized structures, which leads
to disruption of conjugation with the central silacycle. Through

studying the fluorenyl-substituted siloles, it is found that for

aryl substituents at 3,4-positions, the inductive effects domi-
nate over orbital delocalization.[2b, 6b] Aryl substituents at 2,5-

positions have a more pronounced influence on the electronic
and optical properties through a strong conjugation effect. As

observed experimentally, the siloles without aryl substituents
at 2,5-positions exhibit a weak emission in both solution and

aggregate states.[5b] The aryl-substituted siloles at 2,5-position

display highly intense solid-state emission.[7] However, further
elongation of conjugation tends to decrease the fluorescent
quantum efficiency in the solid state.[5a, g] It is primarily the mo-
tivation of this work to investigate the conjugated and non-

conjugated substitution effect on the solid-state emission for
the AIE systems, typified by siloles. The AIE mechanism in si-

loles has been investigated theoretically and experimentally
through temperature effects, steric effects, aggregation effects,
and so on.[8, 9] It has been found that the restriction of intramo-

lecular rotation and the blocking of the non-radiative decay
process are the main causes for the enhanced fluorescence in

the solid state compared with those in dilute solutions. In this
work, we systematically study the influence of different sub-

stituents at 2,5-positions on the photophysical properties for

a series of silole derivatives at the first-principles level.
Here, we chose five 1,1,3,4-tetraphenyl siloles derivatives

where the 2,5-substituents have different electron-withdrawing
abilities and different conjugation degrees, that is, hydrogen

(TPS),[5b] bromine (BrTPS),[6a] phenyl (HPS),[5d] triphenylsilylethyn-
yl (BTPES),[6a] and 9,9-dimethylfluoren-2-yl (BFTPS)[6b] to calcu-
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late the radiative and non-radiative decay rate constants, both
in gas and solid phases, in order to gain insights into the influ-

ences of 2,5-substituents on the optical emission efficiency for
the molecular design of novel materials.

Results and Discussion

Geometrical and electronic structures

In Table 1 and Table S1 in the Supporting Information, we pres-
ent the optimized major geometrical structure parameters of
the ground and excited states for the five compounds both in

gas and solid states, as well as the corresponding X-ray crystal
structure data for comparison. The calculated geometrical
structures at S0 minimum in the solid phase are in good ag-
greement with the crystal structures for all the compounds,
with the largest deviation being less than 48 for angles and
0.03 æ for bond lengths. These confirm the reliability of our

combined QM/MM approach with B3LYP/SV(P) and general
Amber force field (GAFF) (see the Experimental Section). It
should be noted that the optimized clockwise and anticlock-
wise forms have equal energies and electric dipole moments
for the isolated compounds. Compared with the molecules in

cluster, the isolated molecules are more flexible. Upon photo-
excitation, the geometrical modifications between S0 and S1

states are much larger for isolated molecules than in clusters.
For TPS and BrTPS, the torsional angle at the 3-position exhib-

its great changes of 13.678 and
18.248 in the gas phase, far

larger than those in the solid
state of 3.658 and 2.158. Once

the atoms at 2,5-positions are

substituted by rotational conju-
gated groups, the biggest

changes occur at the torsional
angles of 2,5-substituents rather

than those of 3,4-substituents. In
the gas phase, the former are
12.528 and 15.668 for HPS, and

20.558 and 20.608 for BFTPS,
while the latter are less than
~7.08 for all the siloles. In the
solid state, the torsional angles

of the 2,3,4,5-substituents for all
the siloles vary slightly with

changes less than 8.08. At the same time, the molecular bond

lengths of double bonds are elongated and those of single
bonds are shortened for cis-butadiene units when excited

from S0 to S1 states. In addition, for HPS, BTPES, and BFTPS, the
torsional angles of 2,5-substituents at S0/S1-geometries are

always much smaller than those of 3,4-substituents in both gas
and solid phases, indicating that the 2,5-substituents are con-

jugated better with the central silole ring. The extent of conju-

gation increases in the order of TPS<BrTPS<HPS<BTPES<
BFTPS.

As shown previously,[2, 8, 25] in both solid and gas phases, the
HOMO is of p character, whereas the LUMO contains the con-

jugated s*–p* feature, namely, the exocyclic C¢Si bonds dis-
play s* character and the butadiene moiety shows p* charac-

ter. The electronic density contours of HOMO and LUMO in the

solid and gas phases are shown in Figure 1 and Figure S2, re-
spectively. As can be seen in Figure 1, the HOMO of TPS
mainly localizes on the central silacycle and the 3,4-phenyl
rings, indicating congugation between the 3,4-phenyl rings

and the central silacycle. This is also manifested by the small

Table 1. Selected geometrical parameters of dihedral angles (in degree) for the siloles at S0 and S1 states in the gas and solid phases.

TPS BrTPS HPS BTPES BFTPS
S0 S1 jD(S0-S1) j S0 S1 jD(S0-S1) j S0 S1 jD(S0-S1) j S0 S1 jD(S0-S1) j S0 S1 jD(S0-S1) j

Gas phase
2- ¢37.0 ¢24.5 12.5 ¢42.7 ¢22.2 20.6
5- ¢40.2 ¢24.6 15.7 ¢42.8 ¢22.2 20.6
3- 46.8 33.1 13.7 ¢59.2 ¢41.0 18.2 ¢57.1 ¢51.4 5.6 53.3 49.6 3.7 ¢58.1 ¢55.3 2.8
4- 46.9 42.0 4.9 ¢59.1 ¢60.5 1.4 ¢57.0 ¢51.5 5.6 52.0 45.5 6.5 ¢58.0 ¢55.3 2.8

Solid phase
2- 40.5 33.6 7.3 31.4 27.0 4.4
5- 4.4 1.9 1.9 31.4 27.0 4.4
3- 40.2 36.6 3.7 ¢53.0 ¢50.9 2.2 62.8 55.5 6.8 ¢59.1 ¢54.7 4.4 58.1 54.4 3.7
4- 49.2 45.4 3.8 ¢53.0 ¢50.9 2.2 83.9 85.8 2.5 ¢45.5 ¢43.2 2.3 58.1 54.4 3.7
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torsional angle for 3,4-phenyl rings. When bromine atoms
were introduced to the 2,5-positions of TPS replacing hydro-

gen, the contribution to the HOMO from bromine is quite

large owing to the effect of the lone pair electron while the
contribution from 3,4-phenyls is immediately reduced. Further-

more, when the 2,5-substitutents become the conjugated
groups in HPS, BTPES, and BFTPS, the HOMOs almost com-

pletely delocalize over the 2,5-substituents and the central sila-
cycle, with almost no contribution from the 3,4-phenyls. This

suggests that the conjugated groups at 2,5-position strength-

en the molecular conjugation effect. As a result, as seen in
Figure 2, the energies of HOMOs increase in the order of TPS<

HPS<BFTPS caused by the pure conjugation effect, and
BrTPS<BTPES because of the balance between the conjuga-
tion effect and the electron-withdrawing effect of ¢Br and ¢
Si(Ph)3. Different from HOMO, LUMOs not only delocalized over
the same groups in HOMO but also spread over to the Si atom

and C atom of 1,1-phenyl because of the s*–p* conjugate
effect (Figure 1). As expected, contrary to HOMO, the LUMO

levels decrease in the order of TPS>HPS>BFTPS and BrTPS>

BTPES with the extended conjugation of 2,5-substituents for
the siloles (Figure 2). Altogether, the 2,5-substitution tends to

significantly decrease the gap in the order of TPS>BrTPS>
HPS>BTPES>BFTPS in accord with the extension of the con-

jugation. The charge density features of HOMO and LUMO are
very similar for the siloles in solid and gas phases (Figure S2).

Due to the polarization effect, the energy level in the solid
state is shifted with respect to the gas phase, and the energy

gaps show a slight red-shift (Figure 2).
Based on the optimized S0/S1-geometries, the vertical excia-

tion energies (VEE) were calculated, corresponding to the ab-
sorption/emission maximum peak positions based on the

Franck–Condon principle. The calculated optical spectral pa-
rameters in cluster are compared with the corresponding avail-

able experimental data measured in thin film or crystal for the

siloles in Table 2. The deviations between the calculated and

experimental values lie between 0.18 and 0.41 eV, which is rea-
sonable.[11] The calculated Stokes shifts reproduce even better

the experimental values with the largest deviation being less
than 10 nm for the siloles except for BTPES. These data indi-

cate that (i) the adopted funtional B3LYP and basis set SV(P)

are appropriate to decrible the electronic structure of the si-
loles; (ii) TDDFT is applicable for the siloles because their S1

state mainly stems from the transition from the HOMO to the
LUMO with a component of >97 % (Table S2 in the Supporting

Information). It can also be seen from Table 2 that both the ab-
sorption and emission spectra are red-shifted, in line with the

increase of conjugation degree of TPS<BrTPS<HPS<BTPES<

BFTPS induced by 2,5-substituents.

Radiative decay rate constants

The radiative decay rate constants, calculated as shown in
Table 3, increase with the conjugation degree of 2,5-substitu-
ents going up from TPS to BFTPS either in gas or solid states

except that the ones of HPS and BTPES in the solid state are
very close. From the spontaneous emission relationship, the ra-
diative rate constant is proportional to the electric transition
dipole moment and the excitation energy between the ground
and excited states. We firstly looked at the electric transition
dipole moment (TDM) as a function of 2,5-substituents. Taking

the center of silacycle as the coordinate origin and the silacycle
plane as y-z plane, we evaluated the electric TDM from the S1

to S0 at S1-geometry in both gas and solid states. The total

TDM vectors are plotted in Figure 3 for the gas phase, while
those for the solid phase are shown in Figure S3 in the Sup-

porting Information. It is found that (i) TPS has a quite small
TDM value due to the poor conjugation between the 3,4-phe-

Figure 1. Electron density contours of HOMO and LUMO for the siloles in
the solid phase at the B3LYP/SV(P) level (contour level = 0.03)

Figure 2. Frontier orbital energy level of the five compounds in gas (right)
and solid (left) phases.

Table 2. The calculated and the experimental optical spectrum parame-
ters for the five siloles in the solid phase.

Absorption Emission Stokes shift
Calc.
[eV nm¢1]

Exp.
[eV nm¢1]

Calc.
[eV nm¢1]

Exp.
[eV nm¢1]

Calc.[nm] Exp.[nm]

TPS 4.00/310 4.31/288[a] 2.80/443 3.17/392[a] 133 104[a]

BrTPS 3.35/370 – 2.50/497 – 127 –
HPS 3.07/404 3.36/369[b] 2.35/528 2.53/490[b] 124 121[b]

BTPES 2.77/447 3.06/405[c] 2.21/561 2.55/487[c] 114 82[c]

BFTPS 2.60/478 3.01/412[d] 2.03/611 2.35/529[d] 133 117[d]

[a] See ref. [5b]. [b] See ref. [5i] . [c] See ref. [6a] . [d] See ref. [6b].
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nyls and the central silacycle; (ii) when the bromine atoms are

introduced at 2,5-positions, the TDM vector changes from
x and y to the z direction (orientation of 2,5-substituent) and
the amount is more than doubled. Moreover, with increasing
degree of 2,5-substituent conjugation, the TDM value increases

drastically. These data suggest that the conjugated 2,5-sub-
stituents induce a large electric TDM due to the electron deloc-

alization. Such an increase surpasses the decrease in energy
gap and leads to an ascending order for the radative decay
rates: kr(TPS)<kr(BrTPS)<kr(HPS), kr(BTPES)<kr(BFTPS). This

trend of the radiative decay rate is the same in both gas and
solid phases.

Internal conversion rate constants

It is most appropriate to elaborate the excited-state reorgani-
zation energy, or relaxation energy here. It can be obtained by

using the four-point method according to the adiabatic poten-
tial energy surfaces of the ground and excited states:

l
g
¼ EgðS1 ¢ geometryÞ ¢ EgðS0 ¢ geometryÞ ð1Þ

le ¼ EeðS0 ¢ geometryÞ ¢ EeðS1 ¢ geometryÞ ð2Þ

where Eg(e)(S1(0)-geometry) is the energy of the ground (excit-
ed) at the S1 (S0) equilibrium geometry. Under the harmonlic

oscillator approximation, lg and le can be also expressed as
a summation over all the normal mode:

lg ¼
X3n¢6

k¼1

lg;k ¼
X3n¢6

k¼1

1=2w2
g;kDD2

k ð3Þ

lg ¼
X3n¢6

k¼1

le;k ¼
X3n¢6

k¼1

1=2w2
e;kDD2

k ð4Þ

Here wg(e),k represents the frequency of the kth normal mode

at the ground (excited) state, and DDk is the displacement
along the kth normal mode coordinate between the equilibri-

um positions of two electronic states. The results of the TDDFT

calculation are given in Table 4. The agreement between the
two approaches rationalizes the applicability of the harmonic

model.

Both our previous work[13] and Table 3 reveal that the kIC in
the gas phase is typically several orders of magnitude larger
than that in the solid phase because the rotational motions of
low-frequency normal modes are largely depressed in the solid

phase for many AIE molecules including siloles. The prefactor
in the IC rate formula in Equation (9), the nonadiabatic elec-

tronic coupling term, hardly varies when going from an isolat-
ed molecule to cluster (Figure S4 in the Supporting Informa-
tion). As far as the excited-state reorganization energy l is con-

cerned (Figure S3 in the Supporting Information), we can iden-
tify two vibration reigons, one with low frequency (<

200 cm¢1) and the other with high frequency (1200–
1600 cm¢1) for both gas and solid phases (Table S3 in the Sup-

porting Information). This feature is similar for all the substitut-

ed siloles studied here. The former is assigned to the rotational
motion of peripheral aromatic groups and the latter to the

stretching vibrations of carbon–carbon bonds of silacycle, as
shown in Figure S6 in the Supporting Information. The total re-

organization energy in the gas phase is much larger than that
in cluster, which is largely caused by the restriction on the low-

Table 3. The calculated kr and kIC values (s¢1), and the fluorescence quan-
tum efficiencies of the five siloles in gas phase and solid phases, as well
as the available experimental data (given in parenthesis).

Gas phase Solid phase
kr kIC hF kr kIC hF

TPS 9.30 Õ 105 1.62 Õ 1010 0.01 %
(0.02 %)[a]

1.15 Õ 106 3.32 Õ 106 25.8 %
(16.8 %)[a]

BrTPS 5.55 Õ 106 5.72 Õ 109 0.09 % (¢) 8.12 Õ 106 1.50 Õ 106 82.3 % (¢)
HPS 4.98 Õ 107 2.53 Õ 1010 0.20 %

(0.22 %)[b]

7.43 Õ 107 1.57 Õ 106 97.9 %
(78 %)[b]

BTPES 6.76 Õ 107 2.66 Õ 1010 0.25 %
(2.3 %)[c]

6.57 Õ 107 1.93 Õ 106 97.1 %
(18.1 %)[c]

BFTPS 1.22 Õ 108 1.66 Õ 109 6.86 %
(2.6 %)[d]

1.14 Õ 108 1.07 Õ 107 91.4 %
(88 %)[d]

Note: hF = kr/(kr + kIC + kISC) for BrTPS with kISC = 2.65 Õ 108 s¢1 in gas phase
and kISC = 2.30 Õ 105 s¢1 in the solid phase, and hF = kr/(kr + kIC) for other
four siloles. [a] See ref. [5b]. [b] See ref. [5i] . [c] See ref. [6a]. [d] See
ref. [5f] .

Figure 3. The transition dipole moment vectors (unit : Debye) from S1 to S0

at the S1-geometry for the isolated siloles.

Table 4. Reorganization energies lgs and les obtained by normal modes
and adiabatic poential energy surface (in parenthesis).

TPS BrTPS HPS BTPES BFTPS

gas phase

lgs

[meV]
639
(637)

665
(643)

405
(397)

339
(314)

374
(350)

les

[meV]
481
(448)

496
(473)

486
(471)

328
(310)

447
(425)

solid phase

lgs

[meV]
513
(441)

470
(435)

377
(363)

309
(265)

304
(291)

les

[meV]
419
(424)

420
(419)

376
(361)

283
(298)

303
(278)
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frequency motions going from the gas to solid phase. By pro-

jecting the reorganization energy into the geometry relaxation
in the internal coordinates (Table 5), it is found that the reduc-

tion mainly stems from the rotational angles of the aromatic

ring, for example, 3,4-substituents of TPS and BrTPS and 2,5-
substituents of HPS and BFTPS. Such features are in good cor-

respondence with the geometrical modifications from S1 to S0

states.

In order to better understand the factors governing the kIC

and to estabilish the property–structure relationship, we pres-

ent an approximate form of kIC by assuming (i) the promoting

mode is not displaced, (ii) all the modes are not distorted,
(iii) the Duschinsky rotation effect is ignored, and (iv) the short-

time approximation is adopted:

ln kICð Þ ¼ ¢
1

4
P0

k lk 6¼l
�Ek

DEad ¢ �hwl ¢
X0

k 6¼l
lk

� �2

ð5Þ

þ ln
1

�h2

wl

2�h
Rlj j2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pP0

k 6¼l lk
�Ek

s0@ 1A
where �Ek ¼ ð�nk þ 1=2Þhwk and �nk ¼ expðhwk=kTÞ ¢ 1½ ¤¢1 are

the average vibration energy and phonon occupation number,
respectively. From Equation (5) it is easily seen that ln(kIC)

versus DEad is a downward parabola with the axis of symmetry
of DEad ¼ �hwl þ

P0
k 6¼l lk and latus rectum of 4

P0
k lk

�Ek . Thus,

the adiabatic excitation energy DEad and the reorganization
energy l are the two important factors to control the kIC. We
plotted log(kIC) as a function of the energy gap DE for the five
siloles in cluster in Figure 4. When DE is equal to the adiabatic

excitation energy DEad the corresponding value is the kIC. It
should be noted that for the internal conversion rate from S1

to S0, the DEad is always far larger than the sum of the total re-

organization energy and the energy of the promoting normal
mode, that is DEad � �hwl þ

P0
k 6¼l lk . In such a case, the kIC de-

creases sharply with DE. Moreover, when DE is large enough,
ln(kIC) decreases approximately linearly with DE, namely, the

energy gap law. The adiabatic excitation energies of the sioles

are going down from TPS to BFTPS, which would bring about
the decrease of the non-radiative rate constant according to

Equation (5). Further, the parabola becomes narrower with
a decrease of the reorganization energy. With the extension of

the molecular conjugation, the total reorganization energy
(lgs + les) decreases and then tends to saturate from TPS to

BFTPS, with values of 932 cm¢1 for TPS, 890 cm¢1 for BrTPS,

753 cm¢1 for HPS, 592 cm¢1 for BTPES, and 607 cm¢1 for BFTPS
(Table 4). As shown in Figure 4, the kIC spectra are correspond-

ingly first narrowed down rapidly and then tend toward over-
lap. Altogether, the competition between the two factors

causes the IC rate constant first to decrease, then to level off,
and finally to increase from TPS to BFTPS as seen in Table 3

and Figure 4. At the same time, this suggests that when the re-

organization energy is left largely unchanged, the energy gap
law mainly governs the IC rate constants.

Fluorescence quantum efficiency

The de-excitation pathways of the molecular excited-state con-
sist of not only the intramolecular emission of fluorescence,

non-radiative internal conversion (IC) from S1 to S0 and inter-
system crossing (ISC) from S1 and Tn (n � 1), and conformational

change, but also the intermolecular electron transfer, proton
transfer, energy transfer, excimer or exciplex formation, and so

on. The molecular conformational change, intermolecular elec-

tron/proton transfers, and excimer/exciplex formations always
lead to new fluorescent species, whose emission can be distin-

guished from the “primary” fluorescence arising from the excit-
ed molecule. For the studied siloles, the difference between

fluorescence spectra in dilute solution and thin films are minor,
suggesting that there is no new species generated by the in-
teraction between molecules. Hence, the fluorescence quan-
tum efficiency (FQE) from the first excited singlet state to the

ground state can be calculated as hF = kr/(kr + kIC + kISC). The in-
tersystem crossing rate constant highly depends on the spin-
orbit coupling (SOC) and the energy gap between S1 and Tn

states. Generally, pure organic molecules have an extremely
small spin-orbit coupling. Adachi et al. have noted that the ISC

process would be fast (around 106–107 s¢1) when the energy
gap between S1 and T1 levels is as small as 100 meV in pure or-

ganic molecules.[12] In Table S5, we present the energy differen-

ces and spin-orbit coupling constants between S1 and Tn

which lie below S1 at S1-geometries for the siloles in the gas

phase. We found that the energy difference between S1 and T1

are more than 1.4 eV for the siloles, and their SOC constants

are very small with values less than 0.32 cm¢1 expect for BrTPS
of 3.04 cm¢1 owing to the heavy atom effect of the bromine

Table 5. The reorganization energy projected into the geometry relaxa-
tion of internal coordinate for the siloles in gas and solid phases (in meV).

TPS BrTPS HPS BTPES BFTPS
gas solid gas solid gas solid gas solid gas solid

lBL
[a] 282 293 293 297 270 285 229 228 240 217

lDA
[b] 132 63 135 51 183 52 69 28 192 54

lDA 2,5¢sub.
[b] 139 24 166 26

lDA 3,4¢sub.
[b] 67 34 61 30 31 21 20 20 5 15

[a] BL = bond length. [b] DA = dihedral angle.

Figure 4. The calculated log(kIC) spectra versus energy gap (eV) of five siloles
in the solid phase. The real values of log(kIC)s are localized at DE =DEad,
marked by an X.
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atom. The SOC constant of BrTPS in the solid state is
2.96 cm¢1, slightly smaller than that in the gas phase. There-

fore, in calculating the FQE, we do not take the ISC rate con-
stant into account except for BrTPS, whose kISC is calculated to

be 2.65 Õ 108 s¢1 in the gas phase and 2.30 Õ 105 s¢1 in the solid
state. That is, hF = kr/(kr + kIC + kISC) was used for the FQE of

BrTPS while hF = kr/(kr + kIC) was adopted for the other four si-
loles. The calculated results are plotted in Figure 5 and the de-

tailed data are seen in Table 3 in comparison with available ex-
perimental values. The calculated FQEs are in good agreement

with the experimental values for the siloles both in gas and
solid states except for BTPES in the solid state. Such discrepan-

cy could be ascribed to the amorphous nature of thin film
which is modeled as a perfect crystal. From Figure 5, we clearly

observed the exotic phenomena of aggregation-induced emis-

sion for the siloles with the FQEs in the solid state far larger
than those in the gas phase. We also found that for the siloles

in the solid state, the FQE firstly increases from TPS to HPS,
and then decreases from HPS to BFTPS. From TPS to HPS, the

radiative decay rates rise very rapidly, while the non-raditive
decay rates vary slightly. This is because the introduction of

the conjugated 2,5-substituents sharply enhances the TDM

(and oscillator strength). In contrast, from HPS to BFTPS, the
non-radiative decay rates increase by one order of magnitude

owing to the significant reduction in the adiabatic excitation
energy, while the change of the radiative decay rates is small.

Therefore, with the degree of conjugation of 2,5-substituents
increasing, the FQE exhibits a level-off and then a small-de-

crease behavior.

Conclusion

We comparatively investigated the electronic structures, the

excited-state decay, and the fluorescence quantum efficiency
for a series of silole derivatives with increasing degree of con-

jugation, from hydrogen, electron-withdrawing bromine, con-

jugated phenyl, triphenylsilyethynyl to dimethylfluorene sub-
stituents at 2,5-positions, using vibration correlation function

theory combined with QM/MM calculation. We found that the
conjugated substituents at 2,5-positions play an essential role

in tuning the fluorescence quantum efficiency in the solid
state. The electronic conjugation at 2,5-substituents tends to

get involved in the electronic excitation, significantly increas-
ing the transition dipole moment from 0.58 Debye for TPS to

9.54 Debye for BFTPS. Correspondingly, the radiative decay
rates are increased by more than two orders of magnitude

from 9.3 Õ 105 s¢1 for TPS to 1.22 Õ 108 s¢1 for BFTPS. It was un-
derstood before that the aggregation-induced emission in si-

loles stems from the suppression of the non-radiative decay
channels with the restriction of the rotational/vibrational mo-
tions of peripheral aromatic groups with respect to the central

silacycle (especially, groups at 2,5-positions). With increasing
molecular conjugation in the order of TPS<BrTPS<HPS<

BTPES<BFTPS, the reorganization energy, favoring the non-ra-
diative decay rate, first decreases and then saturates to some

extent; while the energy gap, disfavoring the non-radiative
decay, decreases monotonically. Moreover, the energy gap law

ultimately dominates the IC rate constants when the reorgani-
zation energy tends to become a constant. The competition
between the two factors causes the IC rate constant first to de-
crease, then to level off, and finally to increase from TPS to
BFTPS. Altogether, the calculated solid-state fluorescence quan-

tum efficiency first increases sharply with the degree of conju-
gation, then levels off, and finally starts to decrease slightly.

This behavior is in agreement with experimental results for

other silole derivatives,[5a, g] implying the possibility to control
the aggregate fluorescence quantum effiency through molecu-

lar design.
Finally, it should be noted that the excited state dynamics

consists of the most challenging issue in theoretical and com-
putational chemistry.[14] The presented approach we developed

earlier[16] with subsequent improvements[23] has been based on

the assumptions of perturbation theory and harmonic oscilla-
tor model, among other approximations. It has indeed demon-

strated robustness in describing the aggregation effects on the
light emission.[13] Further developments considering intermo-

lecular charge delocalization and excitonic effect are in prog-
ress. Mixed quantum-classical excited state dynamics simula-
tion[15] has also been shown to achieve some qualitative suc-

cess, if not quantitative. It is still a long way to go toward
quantitative prediction of solid-state luminescence quantum
efficency from first-principles.

Experimental Section

Theoretical methodology and computational approach

Electronic structure

The molecular geometry optimizations and frequency calcula-

tions were performed for the ground state (S0) and the first ex-
cited triplet state (T1) at the B3LYP/SV(P) level, and for the first

excited singlet state (S1) at the TD/B3LYP/SV(P) level. These

were carried out with the Turbomole 6.5 program.[16] We mim-
icked the solid state effect through a combined quantum me-

chanics and molecular mechanics (QM/MM) by cutting a big
cluster from the experimental crystal stucture, where the cen-

tral molecule is the QM part and its surroundings are MM re-
gions (see Figure 6 and Figure S1 in the Supporting Informa-

Figure 5. The calculated fluorescence quantum efficiency for the silole deriv-
atives with increasing degree of conjugation in gas and solid states.

Chem. Asian J. 2015, 10, 2154 – 2161 www.chemasianj.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2159

Full Paper

http://www.chemasianj.org


tion). The interaction between the two parts is through elec-

trostatic Hamiltonian.[17] The central QM region provides impor-

tant information for the electronic excited state while the sur-
rounding MM region contains the essential corrections from

the environment, neglecting the excitonic effect as well as the
intermolecular charge transfer. This approximation is appropri-

ate for most of silole derivatives, since their intermolecular dis-
tances are very large and always exceed 7.0 æ and the lumines-

cent spectral peaks in the solid phase coincide well with those

in solution phase, that is, the intermolecular distances of the
studied silole derivatives lie in the range of 7.2–12.5 æ. The QM

molecule is described at the same level with as that for the
compounds in the gas phase described above. The MM mole-

cules are modeled through the general Amber force field
(GAFF).[18] The QM/MM was interfaced by using the ChemShell

3.5 package.[19] Turbomole 6.5 and DLPOLY[20] programs were

used to calculate the energies and energy gradients of the
QM/MM, respectively. The electrostatic embedding scheme

with QM polarization was adopted. Note that during the QM/
MM geometry optimizations, the QM molecule was active

while the MM region was kept frozen. The vibrational frequen-
cies were obtained by using a numerical two-point displace-

ment method and the electric polarization of the environment

was included. No symmetric constraint was adopted for the
geometric optimizations.

Excited-state non-radiative decay rate constant

Under the framework of the first-order perturbation theory, the
general non-radiative decay rate constant can be written as[21]

kNR ¼
2p

�h

X
u;v

Piv Ĥ0fu;iv

��� ���2dðEiv ¢ EfuÞ ð6Þ

Here, Piv is the Boltzmann distribution function; Eiv (Efu) repre-
sents the electronic and vibrational energy of the initial (final)

state; the perturbation Hamiltonian Ĥ0 includes the spin-orbit
coupling ĤSO and Born-Oppenheimer coupling ĤBO beyond the

adiabatic approximation:

Ĥ0Y iv ¼ ĤBOFiðr; QÞVvðQÞ þ ĤSOFiðr; QÞVvðQÞ ð7Þ

where F and V are the wavefunctions for electrons and
nuclei, respectively. In most cases, the term @2Fi=@

2
fl is very

small and often overlooked. Thus, the first term reads:

ĤBOFiViv ¼ �h2
X

l

@Fi

@Ql

@V
i v

@Ql
¼
X

l

P̂lFiP̂lViv ð8Þ

where l is the index of the normal mode and P̂fl is the normal
momentum operator of the l-th normal mode.

By applying the Franck–Condon principle, the non-radiative
internal conversion (IC) rate constant for the transition be-
tween the two electronic states within the same spin manifold

can be expressed as:[22]

kIC ¼
2p

�h

X
kl

RklZ
¢1
i

X
v;u

e¢bEiv PkldðEiv ¢ EfuÞ ð9Þ

where Rkl ¼ Ff P̂fk

�� ��Fi

� �
Fi P̂fl

�� ��Ff

� �
is the non-adiabatic elec-

tronic coupling, and the nuclear momentum integral is :

Pkl ¼ Vfu P̂fk

�� ��Viv

� �
Viv P̂fl

�� ��Vfu

� �
.

Equation (9) can be reduced to a compact analytic form

with the thermal vibration correlation function (TVCF) by using
the Fourier transform of the delta function,

kIC ¼
X

kl

1

�h2Rkl

Z 1

¢1
dt eiwif t Z¢1

i 1ICðt; TÞ£ ¡
ð10Þ

where 1ICðt; TÞ is the TVCF of Tr P̂fk e¢itf Ĥf P̂fl e
¢iti Ĥi

� �
.

Similarly, the non-radiative intersystem crossing (ISC) rate

constant for the transition between two electronic states with
different spin state reads,[23]

kIC ¼
1

�h2 Ff ĤSO
�� ��Fi

� � Z 1

¢1
dt eiwif t Z¢1

i 1ISCðt; TÞ£ ¡ ð11Þ

where 1ISCðt; TÞ ¼ Tr e¢itf Ĥf e¢iti Ĥi

h i
is the same as the Franck–

Condon factor.

The TVCFs have been solved analytically by using multidi-

mensional Gaussian integrations in our previous works.[23, 24]

For calculating the non-radiative decay rate constant, the

difference between the potential energy surfaces of the two
relevant electronic states were considered with Qi ¼ SQf þ D.
Here S is the Duschinsky rotation matrix and D is the displace-

ment vector, where both can be calculated by following Reim-
ers’ algorithm.[24, 25] The first-order non-adiabatic coupling

terms were computed by using the exact analytical derivative
couplings between time-dependent Kohn–Sham (TDKS) deter-

minants in a finite atom-centered basis set, which has been im-

plemented in EGRAD excited-state gradient module of TURBO-
MOLE program developed by Furche et al.[26] The spin-orbit

coupling matrix elements were calculated at the TDDFT level[27]

with the first-order DKH-like spin-orbit operator derived from

the exact two-component Hamiltonian[28] as implemented in
BDF program package.[29] Finally, the internal conversion and

Figure 6. Setup of QM/MM computational model taking TPS as an example:
one central QM molecule and the surrounding 73 MM molecules.
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intersystem crossing rate constants were evaluated by using
the thermal vibration correlation function method briefly de-

scribed above with our home-built MOMAP program.[30]

Excited-state radiative decay rate constant

The radiative decay rate constant was calculated by using the

simple spontaneous emission relationship of kr = 1/1.499 f DE2

for a two-level system. It has been shown to give good results

for organic molecules.[8] Here, f is the dimensionless oscillator

strength and DE is the energy difference in the unit of cm¢1

between S1 and S0 states at the optimized S1-geometry. These

parameters were calculated at the level of TDDFT.
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