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The theoretical calculation of the charge mobility of 2,5-bis(trialkylsilylethynyl)-1,1,3,4-tetraphenylsiloles is presented.
B3LYP/6-31* calculations demonstrated that these silole molecules possessed large coupling matrix elements and reorganiza-
tion energies for electron and hole transfers and high electron mobilities. The bulkiness of the trialkyl substituents influenced
the charge mobility of the silole molecules, with the smaller trimethyl group imparting higher charge mobility than triethyl and

triisopropyl substituents.
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1 Introduction

Siloles (silacyclopentadienes) are silicon-containing five-
membered cyclic diens and have attracted extensive atten-
tion due to their unique electronic properties and potential
high-technological applications. They are considered as
novel o*-n* conjugated materials, in which the c* orbital
of the silicon-carbon bond effectively interacts with the m*
orbital of the butadiene fragment, leading to a low-lying
lowest unoccupied molecular orbital (LUMO) energy level
[1, 2]. As a result, siloles exhibit high electron affinity and
fast electron mobility [3]. Recently, great efforts have been
made to functionalize siloles and utilize them as electron
transport materials [4], light emitters [5—7], building blocks
for conducting polymers [8], biosensors [9-11], solar cells
[12], etc. Many theoretical studies have been conducted in
order to have a better understanding of the substitution ef-
fects on their electronic structures and optoelectronic prop-
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erties [13].

In 2001, we discovered a novel phenomenon of aggrega-
tion-induced emission (AIE): A series of propeller-shaped
silole molecules are induced to emit efficiently by aggregate
formation [14]. The AIE effect greatly boosts their emission
efficiency up to unity, turning them from weak fluorophores
to strong emitters. This intriguing phenomenon has prompted
us to explore more AIE dyes in order to have a better un-
derstanding of their structure-property relationship [15-20].
Recently, we have synthesized a group of AIE-active silole
derivatives, namely 2,5-bis(trialkylsilylethynyl)-3,4-diphenyl-
siloles, with varying 1,1- and 2,5-substituents [21]. We in-
vestigated their photophysical properties and found that
their solid-state emissions are sensitive to the bulkiness of
the substituents at the 2,5-positions. Bulky substituents help
weaken the intermolecular interactions and restrict the in-
tramolecular rotations, thus imparting the silole molecules
with high fluorescence quantum yields. To gain further in-
sight into the substitution effect on the properties of the si-
lole molecules, in this paper we present our theoretical re-
sults on the charge mobility of 1,1,3,4-tetraphenylsiloles
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carrying substituents of different bulkiness at the 2,5- positions.

2 Experimental

The silole molecules (1-3) adopted for the investigation are
illustrated in Figure 1, which were prepared according to the
procedures published in our previous paper [21]. The crystal
structures of the molecules are shown in Figure 2, which
were used for the study of the charge mobility and hopping
models. The ground-state geometries were optimized using
the density functional (DFT) with the B3LYP hybrid func-
tional at the basis set level of 6-31G*, and the unrestricted
formalism (UB3LYP) was adopted for the ion-state geome-
tries. All the calculations were performed using Gaussian 03
package in power leader workstation.

3 Results and discussion

3.1 Electronic structures

We carried out theoretical calculations of 1-3 in order to
evaluate the substituent effect on their electronic structures.
The torsion angles at the 3,4-positions of the silole ring of
1-3 were almost the same, revealing that the substituents at
the 2,5-positions have no pronounced effect on the configu-
rations of the phenyl groups at the 3,4-positions. This may
be due to the presence of the triple bond functional bridge
groups, which have relieved the steric hindrance between
the silole ring and the trialkylsilyl groups.

The highest occupied molecular orbital (HOMO) and
LUMO of 1-3 were almost identical (Figure 3). They were
mainly dominated by orbitals from the silole ring and the
two C=C triple bonds at the 2,5-postions. The two C=C
triple bonds had significant contributions to both HOMOs
and LUMOs because they were arranged almost parallel to
the silole ring and hence enjoyed efficient orbital overlap-
ping. The phenyl groups at the 3,4-positons participated and
contributed little to the energy levels. Owing to the o*-m*
conjugation, the LUMOs had significant orbital density at
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Figure 1 Molecular structures of 1,1,3,4-tetraphenylsiloles with different
2,5-substituents.
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Figure 2 ORTEP drawings of 1,1,3,4-tetraphenylsiloles (1-3).

the two exocyclic Sil-C bonds, which were identical to
those of hexaphenylsilole (HPS), methypentaphenylsilole
(MPPS), and other silole derivatives [22]. The HOMO and
LUMO energy levels of 1 were calculated to be —5.28 and
—2.15 eV, respectively, while those of 2 and 3 with larger
substituents at the 2,5-positions were located at slightly
lower levels of —5.31 and —2.18 eV. The energy band gaps
of the silole molecules were the same (3.13 eV) due to their
almost identical electronic structures.
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-5.31eV

Figure 3 B3LYP/6-31G* calculated molecular orbital amplitude plots of
HOMO and LUMO energy levels of 1-3.

3.2 Cation and anion properties

To investigate whether the substituent can influence the
charge mobility of 1-3, geometry optimizations for both the
radical anion and radical cation states (i.e., neutral mole-
cules in the presence of extra electrons and holes) were
performed. Figure 4 displays the optimized molecular
structures of 1-3 and Table 1 lists the calculated variations
of the structural parameters in both states. Similar to HPS,
MPPS, and other siloles [22-24], the geometric modifica-
tions for 1-3 upon carrier injection were primarily localized
within the central portion of the molecular systems, i.e.,
silole rings with two triple bonds. When an electron was
injected (anion), the lengths of the exocyclic Sil—-C bonds
were increased, while the ring Sil-C bonds became short-
ened. The cis-butadiene portion of the central ring under-
went significant decrease in the bond-length alternation as

the C—C bonds adjusted to the presence of the extra electron.

Meanwhile, the total lengths of the exocyclic C—C single
bonds plus the C=C triple bonds decreased significantly to
stabilize the additional charge.

The addition of a hole shortened the exocyclic Sil-C
bond but lengthened the ring Sil—C bond. Similar to the
anion case, there was a significant change in the
bond-length alternation pattern of the C—C bonds in the
central ring and the C=C triple bonds at the 2,5-positions.
However, the effect of an additional electron on the lengths
of exocyclic Sil-C single and C=C triple bonds was more
profound than that of a hole. With regard to the bond angle,
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the endocyclic C—Si—C and C-C-Si and exocyclic C-Si—C
bond angles changed more significantly in both anion and
cation states. The anion had larger endocyclic C—Si—C and
smaller exocyclic C—Si—C bond angles than the neutral
molecules. The cation exhibited an opposite behavior. The
torsion angles of the phenyl groups at the 3,4-positions
changed mostly when a hole or electron was injected into
the molecules. Both the cation and the anion exhibited
smaller torsion angles of the phenyl groups at the
3,4-positions and shorter bridge bond lengths than those of
the neutral one, indicating that both the cation and the anion
possessed better planarity and higher conjugation. Overall,
upon charge injection into 1-3, geometry relaxation took
place mainly in the silole ring and the adjacent C=C triple
bonds at the 2,5-positions. The conformations of the trialkyl
groups changed little in the anion and cation compared with
those in the neutral state.

3.3 Reorganization energy and charge mobility

After studying the cation and anion properties of 1-3, we

Figure 4 Optimized molecular structures of 1-3.
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Table 1 Calculated variations of structural parameters in the anion and cation for 1-3?

ZHAO ZuJin, et al.

Sci China Chem  November (2010) Vol.53 No.11

1 2 3
anion cation anion cation anion cation
bond length A)
R(1,4) -0.026 0.016 R(1,4) -0.025 0.016 R(1,4) —-0.025 0.015
R(1,7) -0.026 0.016 R(1,7) -0.026 0.015 R(1,7) -0.025 0.015
R(1,58) 0.022 -0.014 R(1,33) 0.022 -0.014 R(1,34) 0.021 -0.013
R(1,69) 0.022 -0.014 R(1,44) 0.021 -0.013 R(1,45) 0.021 -0.013
R(4,5) 0.048 0.038 R®#4.,5) 0.048 0.038 R(4,5) 0.048 0.038
R(4,8) -0.015 -0.023 R(4,8) -0.015 -0.023 R(4,8) -0.015 -0.024
R(5,6) —-0.057 —-0.042 R(5,6) -0.057 —0.042 R(5,6) -0.057 -0.042
R(5,22) —-0.003 -0.010 R(5,12) —-0.003 —0.009 R(5,12) —-0.003 -0.009
R(6,7) 0.048 0.038 R(6,7) 0.048 0.038 R(6,7) 0.048 0.038
R(6,33) —-0.003 -0.010 R(6,23) —-0.003 -0.010 R(6,23) —-0.003 —0.009
R(7,44) -0.015 —-0.023 R(7,10) -0.015 -0.024 R(7,10) -0.015 -0.024
bond angle (°)
A(14,5) -0.9 2.0 A(1,4,5) -0.8 1.9 A(1,4,5) -0.8 1.9
A(4,5,6) 0.2 -0.7 A(4,5,6) 0.2 -0.6 A(4,5,6) 0.2 -0.6
A(5,6,7) 0.2 -0.7 A(5,6,7) 0.2 -0.8 A(5,6,7) 0.2 -0.6
A(6,7,1) -0.9 2.0 A(6,7,1) -0.8 2.1 A(1,7,6) -0.8 1.9
A(7,14) 1.3 -2.6 A(7,14) 1.3 -2.6 A4,1,7) 1.3 -2.5
A(58,1,69) —4.8 33 A(44,1,33) -4.6 3.2 A(34,1,45) —4.3 3.0
torsion angle (°)
D(8,4,5,6) 1.6 0.9 D(8,4,5,6) -14 0.6 D(8,4,5,6) -1.5 -0.8
D(23,22,5,6) —4.1 2.4 D(13,12,5,6) 4.2 2.7 D(6,5,12,13) 4.0 2.8
D(34,33,6,7) -2.6 -1.6 D(24,23,6,7) 2.6 2.3 D(7,6,23,24) 2.7 1.8
D(44,7,6,5) 1.9 0.8 D(10,7,6,5) -2.3 -1.6 D(5,6,7,10) -2.3 -0.8
D(4,5,6,7) -1.1 -1.7 D(4,5,6,7) 0.9 14 D(4,5,6,7) 1.0 1.5
D(1,4,5,6) 0.7 1.2 D(1,4,5,6) -0.4 -0.6 D(1,4,5,6) -0.7 -1.2
a) Abbreviations: R =bond length, A =bond angle, D =torsion angle.
then calculated the barriers for electron and hole transfer in diffusion coefficient can be evaluated as eq. (2):
the radical anion and radical cation species, and the charge 1
mobility of 1-3. To describe the charge transport in the D :EZ r’W,P, (2
i

crystal state, we considered an incoherent hopping model, in
which the charge can only transfer between adjacent mole-
cules. Viewing each hopping event as a nonadiabatic elec-
tron transfer reaction, we used standard Marcus theory [25,
26] to express the rate of charge motion between neighbor-
ing molecules, W, in terms of the reorganization energy (1)
and the coupling matrix element (V). Assuming that the
temperature is sufficiently high that vibrational modes can
be treated classically, we obtained eq. (1):

V2 1/2 i
We=| 2| exp|-——2— )
n\ Ak, T 4k,T

where kg is the Boltzmann constant and T is the temperature
(298 K). Given the hopping rate between two neighbors, the

where n is the dimensionality, W; is the hopping rate due to
the charge carrier to the ith neighbor, r is the distance to
neighbor i, and P; is the relative probability for the charge
carrier to a particular ith neighbor and is expressed by eq. (3).

P =W-/Zw,- S

In eq. (2), 2n=06 leads to the diffusion coefficient in a
special direction, while 2n = 6 summing overall possible
hops leads to the averaged diffusion coefficient. The drift
mobility of hopping, 4, is then evaluated from the Einstein
relation,

D “)
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where e is the electronic charge.

Only when the intermolecular transfer integral (V) and
the reorganization energy (A) have been calculated in ad-
vance can the average drift mobility be evaluated using egs.
(DH-4.

A direct dimer hamiltonian method was adopted to cal-
culate the intermolecular transfer integral (V). It can be
written as eq. (5):

_ 0,sitel 0 0,site2
V+/— _< HOMO/LUMO|F |¢HOMO/LUMO> (5)

0,sitel 0,site2
where< HOMO,LUMO|and|¢H0Mo,LUM0> represents the HOMO/

LUMO wave functions of two isolated molecules’ sites 1
and 2, respectively. F’ is the Fock matrix constructed from
the density matrix of the noninteracting dimer, which can be
evaluated as F=SCeC™!, where S is the overlap matrix of
the dimer, and the Kohn-Sham orbital coefficient C and
energy eigenvalue ¢ are obtained by one-step diagonaliza-
tion without iteration.

The reorganization energy (A) can be separated into the
sum of two primary components: (i) the medium reorgani-
zation energy that arises from modifications to the polariza-
tion of the surrounding medium due to the presence of ex-
cess charges (/) and (ii) the intramolecular reorganization
energy (/4;), which corresponds to the sum of geometry re-
laxation energies upon going from the neutral-state geome-
try to the charged-state geometry and vice versa. Hence, 4
for hole and electron transfer is given by eq. (6):

Ao =B —E )+ (B, E,) ©

Here, E;g/’ and E,, are the energies of the charged-state

Table 2 Calculated transport characteristics of 1-3
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and neutral-state with the neutral-state geometry, respec-
tively; E:g’ ~and E,, are the energies of the charged-state and

neutral-state with the charged-state geometry, respectively.
Considering the negligible medium reorganization energy in
the solid state, we calculated the intramolecular contribution
to the total reorganization energies for electron and hole
transfer, separately, and the results are compared in Table 2.
The charge-hopping pathways for each molecule were cal-
culated based on their crystal structures as illustrated in
Figure 5.

The calculation results show 10 charge-hopping pathways
for 1, and 8 and 5 for 2 and 3, respectively. The maximum
coupling matrix element (V) for electron transfer of 1,
which might give the most significant contribution to the
average electron mobility, was 1.52 x 107 eV. This value
was much higher than those of 2 (0.91 x 107 eV) and 3
(0.88x 107 eV). The similar decrease of maxima V values
with the increase of substituent sizes was observed for the
hole transfer of 1-3. The total reorganization energy for
electron transfer (A1_) of 1 was 0.505 eV, which was higher
than those of 2 (0.488 eV) and 3 (0.490 eV). The similar
trend was observed from their total reorganization energies
for hole transfer (A,). The A_ energies of 1-3 were quite
close to those of HPS (0.49 eV) and other pyridine-substituted
siloles (~0.50 eV) [23]. From the calculated total reorgani-
zation energies, the charge transfer activation energies could
be evaluated to be ~0.1 eV, a clear indicator being dynami-
cally favorable to the charge transfer of these silole mole-
cules. These results show that the charge mobility sensi-
tively depends on the coupling matrix elements.

The electron mobility of 1, 2, and 3 was calculated
to be 1.33x 107, 7.25x 10°°, and 4.06 x 10° cm* V™' s,

Pathway 1 2 3 4 5 6 7 8 9 10
Distance (A) 1197 996 1039  7.96 8.23 10.52 9.43 10.62 12.04 9.43
L Ve(mev) 0.0513  0.00354 0.0358  0.60 0.50 0.39 0.0360  0.90 0.0001  0.036
V_ (meV) 0.19 0.00392 0.0977 0.63 1.52 0.76 0.19 0.00642  0.0311 0.19
2 (eV) 0.414 (1.) 0.505 (1)
Mobility g (cm®V~'s™) 1.67x 107 (1) 1.33x107 (1)
Pathway 1 2 3 4 5 6 7 8
Distance (&) 7.53 10.81 9.16 6.52 13.06 12.89 14.29 14.29
N V, (meV) 0.13 0.0478 0.017 0.6 0 0.00001  0.0482  0.0482
V_ (meV) 0.68 0.0418 0.91 0.0781 0.00004  0.00003 0.00394  0.00394
AeV) 0.405 (1. 0.488 (1)
Mobility  (cm?V™'s™) 7.35%x 107 (1) 7.25%x 107 (1)
Pathway 1 2 3 4 5
Distance (A) 6.68 11.09 1313 7.52 15.63
3 V. (meV) 0.22 0.0593 0 0.0753 0.0352
V_ (meV) 0.88 0.25 0.00005 0.71 0.017
AeV) 0.393 (1.) 0.490 (1)

Mobility z (cm®V~'s™) 6.94x 107 (11,)

4.06x107° (1)
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Figure 5 Hopping pathways for molecules 1-3 from their corresponding
crystal structures.

respectively. The hole mobility of the silole molecules also
decreased with an increase in the substituent volume. The
higher charge mobility of 1 is attributed to its smallest
trimethyl substituents, which enable a more compact stack-
ing of molecules. This shortens the intermolecular distances
and encourages larger coupling matrix elements and higher
charge-hopping rates.

4 Conclusions

In this work, we investigated the substituent effect on the
charge mobility of 1,1,3,4-tetraphenylsiloles with 2,5-sub-
stituents by theoretical calculations. The geometric modifi-
cations that occurred during the reduction and oxidation of
the silole molecules were primarily localized at the silole

ring, two C=C triple bonds, and the exocyclic Sil—-C bonds.

Sci China Chem  November (2010) Vol.53 No.11

Whereas the non-conjugated trialkyl substituents had little
influence on the electronic structures of the silole molecules,
the sizes of the substituents significantly affected the cou-
pling matrix elements and thus the charge mobility. While 1
with small trimethyl substituents exhibited the largest reor-
ganization energies, coupling matrix elements and the high-
est charge mobility, 3 showed opposite behaviors because
its bulky triisopropyl substituents have effectively hampered
the close packing of the molecules and hence decreased the
hopping rate between the central conjugated silole rings.
These results may provide useful information for the under-
standing of the conductivity and structure-property rela-
tionship of this kind of silole molecules.
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