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A series of luminescent molecules were presented employing the tetrahedral structural motif of the
silicon atom, which further connected different N-containing heterocycle functional groups in their
periphery using phenyl rings as the bridges. These compounds included three kinds of N-heterocycle
functional silanes: imidazole derivatives (1aeh), pyrazole derivatives (2aee) and benzimidazole de-
rivatives (3aeb), and their structures were fully characterized by FT-IR, 1H NMR, 13C NMR and HRMS. The
TGA results indicate that they all exhibit high thermal stabilities. The photophysical properties
demonstrate that they are fluorescent in the violet-blue region and could be potentially applied as blue
emitters for organic light-emitting diodes (OLEDs). The effect factors of sort, disposition and number of
substituent groups and N-containing heterocycle functional groups on their thermal and photophysical
properties were investigated. Molecular calculations were also performed to support the experimental
results. Moreover, the computational results reveal that these compounds all exhibit relatively large
HOMOeLUMO band gaps with the range from 4.82 eV (2d) to 5.19 eV (1a and 2c), making them become
promising candidates as host materials for emitters and hole/electron blocking materials in OLEDs
display.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, organic luminescent materials have attracted
intense interest in the chemistry and material science because of
their potential applications in sensor technologies as well as
organic light-emitting diodes (OLEDs) [1e16]. Comparedwith other
small organic molecules and polymers, luminescent materials
based on tetrahedral organosilicon compounds have many advan-
tages: (i) easy accessibility and well-defined structures; (ii) high
color purity as evidenced by narrow emissions in solution and solid
films [17,18]; (iii) conjugation blocking for a wide band gap [19,20]
and (iv) high thermal stability and good film-forming properties
with a relatively high glass transition temperature (Tg) for non-
aggregating amorphous morphology [21,22]. Moreover, organo-
silicon compounds can be extensively applied as blue emitting
materials [17,18,23], carrier transport materials [24] and phospho-
rescent host materials [25e28] for OLEDs. Therefore, a large
amount of silicon-based luminescent materials have been
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ian@sdu.edu.cn (X. Zhao).

All rights reserved.
designed, synthesized and utilized to fabricate highly efficient blue,
green, red and white OLEDs [17e33].

Usually organosilicon compounds applied for OLEDs were syn-
thesized by combining luminescent functional groups (commonly
aromatic condensed rings or heterocycle groups) with silicon atom.
Compared to the compounds containing condensed rings, those
containing heterocycle groups are easier to dissolve in common
solvents and thus more easily processed. Furthermore, they are
more easily modified. For instance, after interacting with metal
complexes, their photophysical properties can be tuned and their
applications can be extended [34e36]. Moreover, it is demon-
strated that they could be used as intriguing building blocks to
construct functional metal-organic frameworks (MOFs) with
interesting molecular topologies and potentially applied in many
fields such as gas adsorption, ion exchange, molecular separation,
etc [37e41].

Obviously the structures of these compounds have a significant
effect on the thermal stability, luminescent properties and thus on
the performance of electroluminescent devices. As previous re-
ports, there are many effect factors on the luminescent properties,
including the sort, disposition and number of functional groups
and substituent groups [42,43]. However, systematic study of
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silicon-based luminescent materials and the effect factors has not
been attempted.

Previously we have synthesized several functional silanes con-
taining N-heterocycle groups, which locate in the phenyl-bridged
para-disposition. Their photophysical properties revealed that
they could be potentially applied as blue emitters or hole-blocking
materials for OLEDs [44,45]. Meanwhile, using these compounds as
tetrahedral ligands, MOFs with 1D, 2D and 3D structures and spe-
cific properties were also constructed [46,47]. Based on our
research, herein we prepared a series of novel silanes with N-het-
erocycle as functional groups, including imidazole, pyrazole and
benzimidazole in the phenyl-bridged para-disposition as well as
compounds with N-heterocycle groups in the phenyl-bridged
meta-disposition. Then a comprehensive investigation encom-
passing thermal stability, photophysical property as well as the
theoretical modeling on these compounds was presented in this
article. Moreover, effect factors including the sort, disposition and
number of substituent groups and functional groups on thermal
stability and luminescent properties were also discussed.

2. Results and discussions

2.1. Synthesis

In our previous report, a series of imidazole functionalized si-
lanes with imidazole locating in the phenyl-bridged para-disposi-
tion, including Me2Si(p-C6H4-imdazol-1-yl)2 (1a), MeSi(p-C6H4-
imdazol-1-yl)3 (1b), Ph2Si(p-C6H4-imdazol-1-yl)2 (1c), PhSi(p-
C6H4-imdazol-1-yl)3 (1d) and (p-C6H4Br)Si(p-C6H4-imdazol-1-yl)3
(1e) were synthesized via mono-lithiation, SieC coupling reaction
Scheme 1. The synthetic routes of N-heterocycle functional sila
and copper-mediated Ullmann condensation reaction [44]. Under
the same condition, we firstly synthesized a series of bromophe-
nylsilanes, including (4-bromophenyl)silanes (4aef) and (3-
bromophenyl)silanes (5aec). To investigate the position effect of
functional groups, three novel imidazole silanes with imidazole
locating in the phenyl-bridged meta-disposition, including
Me3Si(m-C6H4-imdazol-1-yl) (1f), Me2Si(m-C6H4-imdazol-1-yl)2
(1g) andMeSi(m-C6H4-imdazol-1-yl)3 (1h) were achieved based on
5aec and imidazole (Scheme 1). To study the effect of different
functional groups, silanes with pyrazole and benzimidazole as
functional groups were also successfully obtained (Scheme 1). The
synthetic condition was similar to that of 1aeh. Pyrazole de-
rivatives include Me2Si(p-C6H4-pyrazol-1-yl)2 (2a), Ph2Si(p-C6H4-
pyrazol-1-yl)2 (2b), MeSi(p-C6H4-pyrazol-1-yl)3 (2c), PhSi(p-C6H4-
pyrazol-1-yl)3 (2d) and Me2Si(m-C6H4-pyrazol-1-yl)2 (2e) and
benzimidazole derivatives include Me2Si(p-C6H4-benimidazol-1-
yl)2 (3a), Ph2Si(p-C6H4-benimidazol-1-yl)2 (3b), Me2Si(m-C6H4-
benimidazol-1-yl)2 (3c).

Apparently, the functional groups in these compounds connect
to the silicon atom with the phenyl ring as the bridge, further
forming a tetrahedral structure. Moreover, these compounds can be
divided into two kinds: (i) the functional groups locate in the para-
disposition, including 1aee, 2aed, 3a and 3b; (ii) the functional
groups locate in the meta-disposition, including 1feh, 2e and 3c.
The successful synthesis of these compounds proves that the po-
sition effect is limited under this method. The results also
demonstrate that this method is an effective means to synthesize
N-heterocycle silanes from bromophenylsilanes and NeH con-
taining N-heterocycle compounds. Furthermore, these compounds
were fully characterized by FT-IR, 1H NMR, 13C NMR and HRMS.
nes, 1aeh, 2aee and 3aec. (i) CuSO4, K2CO3, 180 �C, 24 h.
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2.2. Thermal property

The thermal properties of these compounds were determined
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements (Fig. S1eS2). The results indicate
that they exhibit high thermal decomposition temperatures (Td
corresponding to 5% weight loss) in the range of 230e367 �C. Un-
fortunately, most of their Tg were not obviously observed except 1h
and 3a showing at 70 �C and 93 �C, which are substantially higher
than those of tetraarylsilane compounds (26e53 �C) [19,48], indi-
cating that the introduction of N-heterocycle groups improves their
morphological stability. With the same substituent groups and
disposition linkage, benzimidazole derivatives exhibit higher
thermal stability than imidazole and pyrazole derivatives. In addi-
tion, compounds with phenyl substituent and a para-disposition
linkage show higher thermal ability than those with methyl sub-
stituent and a meta-disposition connection.

2.3. Photophysical properties and molecular calculations

Fig. 1 shows the electronic absorption of imidazole derivatives
(1feh), pyrazole derivatives (2aee) and benzimidazole derivatives
(3aec) in CH2Cl2 solution and the resulting spectral data are
summarized in Table 1. Compounds 1feh exhibit two similar
intense absorption bands with lmax at w230 nm and w250 nm,
which are short blue-shifted compared with 1aee [44]. 2aed also
show two absorption peaks with lmax at w230 nm and w270 nm
and the absorption band of 2ewith lmax at 227 nm and 259 nm are
observed with short blue shift compared with 2aed. Different from
imidazole and pyrazole derivatives, benzimidazole derivatives (3ae
c) display three intense absorption bands with lmax at w230 nm,
w260 nm and w280 nm, while 3c also show short blue-shifted
absorption compared with 3a and 3b. Obviously, these absorption
peaks of all these compounds can be assigned to the pep* transi-
tions involving the phenyl and N-heterocycle groups.

All the compounds emit a violet to blue color in solution and the
solid state when irradiated by UV light (Figs. 2 and 3). In CH2Cl2
solution, 1feh show similar emission peaks with lmax at w310 nm,
which is consistent with 1aee in our previous report [44]. Com-
pounds 2aee and 3aec also display analogic fluorescence spectra
with lmax at w310 nm and w325 nm, respectively. For pyrazole
derivatives, 2c and 2d with three pyrazole groups exhibit higher
luminescent intensity than 2a and 2bwith two pyrazole groups and
this phenomenon is also observed in imidazole derivatives, indi-
cating that introducing more functional groups is beneficial to
enhance the luminescent intensity. However, among all these si-
lanes, phenyl-substituted compounds (such as 2b, 2d) don’t display
higher luminescent intensity than methyl-substituted ones (such
as 2a, 2c), although higher electronic density exists in phenyl group
Fig. 1. UVevis absorption of 1eh (a), 2ae
than methyl group, indicating that the contributions of the
substituted groups on their optical properties are limited. Benz-
imidazole derivatives emit at a somewhat longer wavelength than
imidazole and pyrazole derivatives, which can be attributed to the
higher p-conjugated system with higher electron density in benz-
imidazole than that in imidazole and pyrazole. Moreover, the
emission energy in solution shows a slightly red shift (w5 nm) from
compounds with a para-disposition linkage (such as 1a, 2a, 3a) to
those with a meta-disposition connection (such as 1g, 2e, 3c).

In the solid state, the emission spectra of all the compounds are
considerably red shifted, compared to that in solution, which is
possibly caused by the various intermolecular interactions, such as
pep stacking interactions as proved in 1a by our previous report
[44]. For 1g and 1h, a broad emission was observed mainly from
violet to blue region with lmax at 408 and 410 nm. Compared to
the imidazole derivatives, 2aed exhibit a narrower emission in the
voileeblue region and the lmax of emission ranges from 329 nm
(2c) to 356 nm (2b). For 3aec, a broad emission in the violet-blue
region was also observed, which is similar to imidazole and pyr-
azole derivatives. Interestingly, 3c appears to emit a larger red-
shift than the other two analogs, indicating that different inter-
molecular interactions in 3c may exist. Unfortunately, the emis-
sion quantum efficiencies of these compounds are low and vary
between 0.051 (1e) and 0.12 (2a). As our previous report, the low
quantum efficiencies may be attributed to two reasons: (i) low p-
conjugated degree of aromatic rings in these compounds and (ii)
limited dpepp conjugation effect of the silicon core [44]. How-
ever, the introduction of silicon atom to these compounds can
improve color purity due to the narrow emission, which makes
these compounds become promising candidates for blue emitters
in OLEDs displays.

To achieve a deeper insight into the structureeproperty of the
compounds at the molecular level, molecular orbital calculations
have been performed at the B3LYP/6e31G(d) level using the
Gaussian 03 suite of programs [49]. The HOMO and LUMO contour
plots, HOMO, LOMO energies and energy gap of these compounds
are shown in Fig. 4 and Fig. S3. For 1g and 1h, the HOMO orbitals are
predominantly located on the imidazolyl moiety, while LUMOs
involve contributions from entire molecules. The results are
consistent with other imidazole derivatives, 1aee [44], which
explain why the photophysical properties of 1g and 1h are similar
to those of 1aee. For pyrazole derivatives, 2aee, the HOMO and
LUMO orbitals are similar, with dominating contributions from
entire molecules, which is different from 1aeh. For benzimidazole
derivatives, 3aec, the HOMO and LUMO orbitals also involve con-
tributions from entire molecules. It is noted that different substit-
uent groups don’t have an obvious effect on the electronic orbital,
which agrees with experimental results as mentioned above. In
addition, the calculated band gaps for benzimidazole derivatives
e (b) and 3aec (c) in CH2Cl2 solution.



Table 1
Physical data of compounds 1aeh, 2aee and 3aec.

Compound labs (nm)a lem, max (nm)a,b Quantum yield Conditions (298 K) HOMO/LUMO/band gap (eV) Td/Tg (�C)c

1a 252, 227 309 0.094 CH2Cl2 �6.18/�0.99/5.19
395 solid state 245/e

1b 254, 227 315 0.062 CH2Cl2 �6.28/�1.13/5.15
398 solid state 318/e

1c 254, 228 308 0.093 CH2Cl2 �6.19/�1.10/5.09
356 solid state 338/e

1d 255, 228 312 0.073 CH2Cl2 �6.28/�1.28/5.00
388 solid state 345/e

1e 256, 228 313 0.051 CH2Cl2 �6.34/�1.39/4.95
399 solid state 270/e

1f 248, 227 304 e CH2Cl2 e/e/e
e solid state e/e

1g 246, 227 306 0.078 CH2Cl2 �6.17/�0.95/5.12
408 solid state 285/70

1h 247, 228 309 0.061 CH2Cl2 �6.25/�1.12/5.13
410 solid state 265/e

2a 268, 227 309 0.15 CH2Cl2 �5.90/�0.90/5.00
342 solid state 262/e

2b 270, 227 309 0.084 CH2Cl2 �5.93/�0.92/5.01
356 solid state 318/e

2c 271, 226 310 0.066 CH2Cl2 �6.20/�1.01/5.19
329 solid state 356/e

2d 272, 226 311 0.070 CH2Cl2 �5.93/�1.01/4.82
346 solid state 230/e

2e 259,227 311 0.062 CH2Cl2 �5.87/�0.79/5.08
e solid state 215/e

3a 283, 257, 227 325 0.058 CH2Cl2 �5.99/�0.97/5.02
339 solid state 340/93

3b 284, 259, 227 325 0.070 CH2Cl2 �5.99/�1.06/4.93
371 solid state 367/e

3c 277, 253, 227 324 0.059 CH2Cl2 �5.95/�0.95/5.00
344 solid state 286/e

a Sample concentrations for compounds 1aeh, 2aee and 3aec were ca. 1�10�6 M in CH2Cl2.
b The excitation wavelengths were 250 nm and 280 nm in solution and in the solid state.
c Td is defined as the temperature at which a 5% weight loss is recorded by the TGA analysis.
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are smaller than most of imidazole and pyrazole derivatives, which
is consistent with the experimentally observed trend and the fact
that the benzimidazole derivatives have a relatively longer emis-
sion wavelength. On the basis of the MO calculation results, the
observed electronic and luminescence for these compounds can be
assigned to pep* transitions. The results also prove that the
tetrahedral silicon core interrupts the conjugation of the functional
groups segments and thus does not have significant effects on the
electronic properties. However, the introduction of silicon into
materials may endow them large band gaps. As expected, these
compounds all own a relatively large band gaps with the range
from 4.82 eV (2d) to 5.19 eV (1a and 2c), making them potentially
used as hosting materials for emitters and hole/electron blocking
layer in OLEDs display.
Fig. 2. Emission spectra of 1feh (a), 2aee
3. Conclusion

Tetrahedral silicon-based luminescent compounds with three
series of N-heterocycle functional groups, including imidazole,
pyrazole and benzimidazole, and different substituent groups have
been designed, synthesized and characterized. TGA measurements
reveal that all the compounds have high thermal stability. Com-
pounds 1h and 3a also show high Tg as determined by DSC, indi-
cating that they also possess high morphological stability. The
photophysical properties and molecular calculations demonstrate
that these functional silanes could be potentially applied as blue
emitters, host materials as well as hole/electron blocking materials
for OLEDs. Furthermore, effect factors on their luminescent prop-
erties and thermal stability were also investigated. The results
(b) and 3aec (c) in CH2Cl2 solution.



Fig. 3. Emission spectra of 1geh, 2aed and 3aec in the solid state.

Fig. 4. Calculated spatial distributions of the HOMO and LUMO levels of compounds
1g, 2a, 2c, 2e, 3a and 3c as representatives.
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reveal that the silanes with benzimidazole as functional groups and
a para-disposition linkage are helpful to make the emission red-
shift and higher thermal stability. It is beneficial to enhance the
emission intensity through increasing the numbers of functional
groups. The emission intensity of phenyl- or methyl-substituted
compounds has almost no difference, which is also confirmed by
molecular calculations. However, phenyl as substituent groups
endowed compounds with higher thermal stability. These results
may give valuable suggestions to select efficient luminescent ma-
terials for OLEDs. Further research will focus on the fabrication of
efficient OLEDs based on these compounds as blue emitters, host
materials or hole/electron blocking materials, as well as the con-
struction of functional MOFs using these compounds as interesting
tetrahedral building blocks and exploring their numerous potential
applications in gas storage, catalysts, ion exchange, etc.
4. Experimental

4.1. General

Unless otherwise noted, all reagents were obtained from com-
mercial suppliers and used without further purification. Dimethyl
sulfoxide (DMSO) was firstly dried over CaH2 at 80 �C for 1 day and
distilled under vacuum pressure. Then DMSO was stored with 4 �A
molecular sieves prior to use. Ether was dried by distillation from
the sodium ketyl of benzophenone. FT-IR was recorded on a Bruker
Tensor27 spectrophotometer in the frequency range 4000e
400 cm�1 at a resolution of 4 cm�1 with a total of 32 scans. 1H
NMR and 13C NMR spectra were measured on a Bruker AVANCE-
300 or 400 NMR spectrometer. High-resolution mass spectra
were obtained using positive mode on Agilent Technologies 6510
Q-TOF LC-MS. TGA was performed with a MettlerToledo SDTA-854
TGA system in nitrogen at a heating rate of 10 �C/min. DSC mea-
surements were carried out in PerkinElmer DSC8500 series ramp-
ing from �10 to 250 �C at the rate of 10 �C/min under N2. The
fluorescence spectra were determined with F-7000 spectropho-
tometer. Luminescence quantum yields were measured using qui-
nine sulfate in 0.1 N H2SO4 (F ¼ 54.6%) as reference. The quantum
yields were calculated according to the procedures described
elsewhere [50,51].
4.2. Synthesis of (4-bromophenyl)silane (4aef) and (3-
bromophenyl)silane (5aec)

(4-Bromophenyl)silane (4aef) and (3-bromophenyl)silane (5ae
c) were synthesized as our previous reports [44]. The typical syn-
thetic procedure for the bromophenylsilanes is mentioned below.

1,4-Dibromobenzene or 1,3-dibromobenzene (1 equiv) was
dissolved in dry Et2O and cooled to �78 �C under argon. n-BuLi
(1.05 equiv) was added into this solution dropwise and stirred for
another 1 h at�78 �C. Chlorosilane (chlorotrimethylsilane: 1 equiv;
dichlorodimethylsilane or dichlorodiphenylsilane: 0.5 equiv; tri-
chloromethylsilane or trichlorophenylsilane: 0.33 equiv; tetra-
chlorosilane: 0.25 equiv) was then added dropwise at this
temperature. After the end of the addition, the reaction mixture
was slowly raised to room temperature and stirred overnight. Then
the reaction was quenched by H2O and the organic layer was
separated. The water layer was washed twice by Et2O. The organic
layers were combined, washed by brine, dried over anhydrous
MgSO4 and then filtered. Removal of the solvents under vacuum
gave the crude product and the pure products were obtained by
column chromatography or recrystallization.

The physical and spectroscopic data of 4aef were shown in our
previous report [44].
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(3-Bromophenyl)trimethylsilane (5a) was afforded as a colorless
liquid. Yield: 56.9%. IR (KBr pellet cm�1): 3050, 2956, 2897, 1552,
1460, 1387, 1252, 1122, 1071, 1022, 993, 845, 749, 687. 1H NMR
(400 MHz, CDCl3, ppm): 0.31 (s, 9H), 7.26 (t, J ¼ 7.6 Hz, 1H), 7.46 (d,
J ¼ 7.6 Hz, 1H), 7.51 (d, J ¼ 7.6 Hz, 1H), 7.66 (s, 1H).

Bis(3-bromophenyl)dimethylsilane (5b) was afforded as a
colorless crystal. Yield: 77.8%. IR (KBr pellet cm�1): 3047, 2958,
2871, 1551, 1464, 1384, 1254, 1124,1085, 1068, 992, 821, 770, 687. 1H
NMR (300 MHz, CDCl3, ppm): d 0.58 (s, 6H), 7.25 (t, J ¼ 7.5 Hz, 2H),
7.41 (d, J ¼ 7.5 Hz, 2H), 7.53 (d, 2H, J ¼ 7.5 Hz), 7.59 (s, 2H).

Tri(3-bromophenyl)methylsilane (5c) was afforded as a white
solid. Yield: 60.5%. IR (KBr pellet cm�1): 3074, 3006, 2962, 1568,
1549, 1476, 1376, 1252, 1110, 1066, 1009, 809, 781, 721. 1H NMR
(400 MHz, CDCl3, ppm): 0.86 (s, 3H), 7.28 (t, J ¼ 7.9 Hz, 3H), 7.39 (d,
J ¼ 7.9 Hz, 3H), 7.58 (d, J ¼ 7.9 Hz, 3H), 7.60 (s, 3H).

4.3. Synthesis of imidazole functional silanes (1aei)

Imidazole functionalized silanes were synthesized as our pre-
vious report [44]. The typical synthetic procedure is mentioned
below.

Bromophenylsilane (1 equiv), imidazole (1.2 equiv calculated as
molar percent of bromophenyl), K2CO3 (2 equiv calculated as molar
percent of bromophenyl) and CuSO4 (0.01 equiv calculated as molar
percent of bromophenyl) were mixed and heated at 180 �C for 24 h
in a Teflon autoclave under argon. After cooling to ambient tem-
perature, the mixture was dissolved in CH2Cl2/H2O (1:1) mixture.
The water layer was separated and extracted with CH2Cl2 three
times. The combined organic layers were washed with water, dried
over anhydrous MgSO4 and filtered. The solvents were evaporated
under reduced pressure and the pure products were obtained by
column chromatography (CH2Cl2/MeOH as eluent). The character-
ization of imidazole functional silanes, including bis(4-(imidazol-1-
yl)phenyl)dimethylsilane (1a), tri(4-(imidazol-1-yl)phenyl)meth-
ylsilane (1b), bis(4-(imidazol-1-yl)phenyl)diphenylsilane (1c),
tri(4-(imidazol-1-yl)phenyl)phenylsilane (1d) and [tri(4-(imidazol-
1-yl)phenyl)] (4-bromophenyl)silane (1e) were shown in our pre-
vious report [44].

(3-(Imidazol-1-yl)phenyl)trimethylsilane (1f) was afforded as a
yellow liquid. Yield: 65.3%. IR (KBr pellet cm�1): 3105, 3029, 2953,
2860, 1596, 1511, 1443, 1392, 1291, 1249, 1228, 1109, 1061, 964, 816,
735, 660, 616, 534. 1H NMR (400 MHz, DMSO) d 8.28 (s, 1H), 7.76
(s, 1H), 7.69 (s, 1H), 7.59e7.62 (m, 1H), 7.48e7.49 (t, 2H), 0.28 (s,
9H). 13C NMR (100 MHz, DMSO): d 142.9, 135.8, 137.1, 135.8, 132.1,
130.3, 129.7, 125.4, 121.7, 120.8, �0.8. HRMS (FAB) calcd for
C12H16N2Si (MHþ): 217.1156, found 217.1165. Anal. Calcd for
C12H16N2Si: C, 66.62; H, 7.45; N, 12.95. Found: C, 66.03; H, 7.38; N,
12.65.

Bis(3-(imidazol-1-yl)phenyl)dimethylsilane (1g) was afforded
as awhite solid. Yield: 45.5%. IR (KBr pellet cm�1): 3117, 3035, 2952,
2856, 1582, 1494, 1413, 1300, 1247, 1115, 1053, 978, 904, 830, 791,
746, 695, 657, 449. 1H NMR (400 MHz, DMSO) d 8.25 (s, 2H), 7.76 (s,
2H), 7.74 (s, 2H), 7.60e7.66 (m, 2H), 7.52 (s, 2H), 7.49 (s, 2H), 7.12 (s,
2H), 0.66 (s, 6H). 13C NMR (100 MHz, DMSO): d 141.9, 137.1, 136.1,
132.9, 130.3, 129.9, 126.0, 122.1, 118.7, �2.5. HRMS (FAB) calcd for
C20H20N4Si (MHþ): 345.1530, found 345.1533. Anal. Calcd for
C20H20N4Si: C, 69.73; H, 5.85; N, 16.26. Found: C, 69.66; H, 5.79; N,
16.33.

Tri(3-(imidazol-1-yl)phenyl)methylsilane (1h) was afforded as a
white solid. Yield: 40.8%. IR (KBr pellet cm�1): 3106, 3053, 2955,
1582,1497, 1417, 1303, 1249,1108, 1057, 979, 906, 791, 696, 657, 469.
1H NMR (300 MHz, DMSO) d 8.25 (s, 3H), 7.73e7.77 (m, 9H), 7.50e
7.61 (m, 6H), 7.10 (s, 3H), 1.07 (s, 3H). 13C NMR (75 MHz, DMSO):
d 139.4, 138.9, 137.9, 135.8, 132.1, 131.9, 128.6, 124.4, 120.4, �2.1.
HRMS (FAB) calcd for C28H24N6Si (MHþ): 473.1904, found 473.1905.
Anal. Calcd for C28H24N6Si: C, 71.16; H, 5.12; N, 17.78. Found: C,
71.02; H, 5.12; N, 17.13.

4.4. Synthesis of pyrazole functional silanes (2aee)

The synthesis procedures of pyrazole functional silanes (2aee)
were similar to those of 1aeh.

Bis(4-(pyrazol-1-yl)phenyl)dimethylsilane (2a) was afforded as
a white solid. Yield: 70.3%. IR (KBr pellet cm�1): 3110, 3027, 2955,
2898, 1590, 1513, 1393, 1327, 1253, 1196, 1110, 1041, 932, 811, 763,
659, 519. 1H NMR (300 MHz, DMSO) d 8.52 (d, J ¼ 2.7 Hz, 2H), 7.85
(d, J ¼ 8.4 Hz, 4H), 7.75 (d, J ¼ 1.5 Hz, 2H), 7.63 (d, J ¼ 8.4 Hz, 4H),
6.55 (t, J ¼ 2.4 Hz, 2H), 0.59 (s, 6H). 13C NMR (75 MHz, DMSO):
d 142.1, 141.4, 136.3, 136.2, 128.7, 118.8, 108.9, �1.6. HRMS (FAB)
calcd for C20H20N4Si (MHþ): 345.1530, found 345.1536. Anal. Calcd
for C20H20N4Si: C, 69.73; H, 5.85; N, 16.26. Found: C, 69.05; H, 5.53;
N, 16.35.

Bis(4-(pyrazol-1-yl)phenyl)diphenylsilane (2b) was afforded as
a light yellow solid. Yield: 62.5%. IR (KBr pellet cm�1): 3030, 1592,
1514, 1392, 1326, 1254, 1189, 1104, 1035, 930, 825, 738, 698, 543. 1H
NMR (300 MHz, DMSO) d 8.55 (d, J ¼ 2.7 Hz, 2H), 7.95 (d, J ¼ 8.7 Hz,
2H), 7.78 (d, J ¼ 1.5 Hz, 2H), 7.61 (d, J ¼ 8.7 Hz, 2H), 7.56e7.45 (m,
10H), 6.58 (t, J ¼ 2.1 Hz, 2H). 13C NMR (75 MHz, DMSO): d 142.3,
141.9,138.1,136.8,134.2,131.8,131.0,129.3,128.8,119.0,109.1. HRMS
(FAB) calcd for C30H24N4Si (MHþ): 469.1843, found 469.1831. Anal.
Calcd for C30H24N4Si: C, 76.89; H, 5.16; N, 11.96. Found: C, 76.23; H,
5.17; N, 12.03.

Tri(4-(pyrazole-1-yl)phenyl)methylsilane (2c) was afforded as a
white solid. Yield: 55.4%. IR (KBr pellet cm�1): 3114, 3026, 2956,
1592, 1516,1392,1328, 1253, 1193,1100, 1039, 930, 788, 745, 533. 1H
NMR (300 MHz, DMSO) d 8.47 (d, J ¼ 2.4 Hz, 3H), 7.84 (d, J ¼ 8.7 Hz,
6H), 7.71 (d, J ¼ 1.8 Hz, 3H), 7.56 (d, J ¼ 8.7 Hz, 6H), 6.49e6.51 (m,
3H), 0.86 (s, 3H). 13C NMR (75 MHz, DMSO): d 142.2, 141.7, 137.1,
133.9, 128.8, 118.9, 109.0, �2.8. HRMS (FAB) calcd for C28H24N6Si
(MHþ): 473.1904, found 473.1942. Anal. Calcd for C20H20N4Si: Anal.
Calcd for C28H24N6Si: C, 71.16; H, 5.12; N, 17.78. Found: C, 71.02; H,
5.03; N, 17.85.

Tri(4-(pyrazole-1-yl)phenyl)phenylsilane (2d) was afforded as a
light yellow solid. Yield: 50.4%. IR (KBr pellet cm�1): 3132，3031,
1593, 1519, 1392, 1330, 1252, 1192, 1101, 1039, 931, 821, 740, 698,
554. 1H NMR (300 MHz, DMSO) d 8.56 (d, J ¼ 2.7 Hz, 3H), 7.96 (d,
J¼ 8.7 Hz, 6H), 7.79 (d, J¼ 1.5 Hz, 3H), 7.63 (d, J¼ 8.4 Hz, 6H), 7.54e
7.45 (m, 6H), 6.58 (t, J ¼ 1.8 Hz, 3H). 13C NMR (75 MHz, DMSO):
d 142.3, 142.0, 141.9, 138.6, 138.1, 136.8, 136.4, 134.1, 131.7, 131.5,
131.1, 129.3, 128.8, 128.7, 120.2, 119.1, 109.1, 109.0. HRMS (FAB) calcd
for C33H26N6Si (MHþ): 535.2061, found 535.2064. Anal. Calcd for
C33H26N6Si: C, 74.13; H, 4.90; N, 15.72. Found: C, 73.95; H, 4.91; N,
15.75.

Bis(3-(pyrazol-1-yl)phenyl)dimethylsilane (2e) was afforded as
a viscous yellow solid. Yield: 70.3%. IR (KBr pellet cm�1): 3130,
3028, 2960, 2898, 1592, 1516, 1392, 1327, 1248, 1097, 1044, 935, 817,
752, 655, 535. 1H NMR (300 MHz, DMSO) d 8.53 (d, J ¼ 2.4 Hz, 2H),
8.00 (s, 2H), 7.83e7.87 (m, 2H), 7.73 (d, J¼ 1.5 Hz, 2H), 7.44e7.52 (m,
4H), 6.53 (t, J ¼ 2.1 Hz, 2H), 0.64 (s, 6H). 13C NMR (75 MHz, DMSO):
d 141.9, 140.4, 140.3, 132.7, 130.1, 128.8, 124.4, 120.4, 108.8, �1.9.
HRMS (FAB) calcd for C20H20N4Si (MHþ): 345.1530, found 345.1522.
Anal. Calcd for C20H20N4Si: C, 69.73; H, 5.85; N, 16.26. Found: C,
69.66; H, 5.90; N, 16.29.

4.5. Synthesis of benzimidazole functional silanes (3aec)

The synthesis procedures of benzimidazole functional silanes
(3aec) were similar to those of 1aei.

Bis(4-(benimidazol-1-yl)phenyl)dimethylsilane (3a) was affor-
ded as a white solid. Yield: 55.1%. IR (KBr pellet cm�1): 3050, 3022,
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2955, 1592, 1505, 1451, 1372, 1320, 1288, 1255, 1228, 1105, 1066,
1006, 811, 739, 670, 577, 527. 1H NMR (400 MHz, DMSO) d 8.58 (s,
2H), 7.83 (d, J ¼ 8.3 Hz, 4H), 7.77e7.79 (m, 2H), 7.73 (d, J ¼ 8.3 Hz,
4H), 7.65e7.68 (m, 2H), 7.30e7.35 (m, 4H), 0.68 (s, 6H). 13C NMR
(100 MHz, DMSO): d 144.4, 143.7, 137.6, 137.4, 136.1, 133.4, 124.0,
123.5, 123.0, 120.5, 111.2, �2.3. HRMS (FAB) calcd for C28H24N4Si
(MHþ): 445.1843, found 445.1829. Anal. Calcd for C28H24N4Si: C,
75.64; H, 5.44; N, 12.60. Found: C, 75.60; H, 5.35; N, 12.69.

Bis(4-(benimidazol-1-yl)phenyl)diphenylsilane (3b) was affor-
ded as a gray solid. Yield: 45.1%. IR (KBr pellet cm�1): 3056, 1594,
1501,1453,1376,1290,1232,1194,1109,1011, 974, 829, 741, 701, 641,
582, 535. 1H NMR (400 MHz, DMSO) d 8.58 (s, 2H), 7.83 (d,
J ¼ 8.3 Hz, 4H), 7.77e7.80 (m, 6H), 7.72e7.74 (m, 2H), 7.60e7.63 (m,
4H), 7.50e7.55 (m, 6H), 7.32e7.35 (m, 4H). 13C NMR (100 MHz,
DMSO): d 143.9, 143.1, 137.5, 137.4, 135.8, 134.4, 132.7, 132.6, 130.1,
128.3, 127.8, 123.5, 123.1, 122.5, 119.9, 110.1. HRMS (FAB) calcd for
C38H28N4Si (MHþ): 569.2075, found 569.2082. Anal. Calcd for
C38H28N4Si: C, 80.25; H, 4.96; N, 9.85. Found: C, 80.20; H, 4.93; N,
9.89.

Bis(3-(benzimidazol-1-yl)phenyl)dimethylsilane (3c) was
afforded as a light yellow solid. Yield: 50.7%. IR (KBr pellet cm�1):
3055, 3032, 2955, 1591, 1493, 1451, 1399, 1289, 1254, 1228, 1199,
1108, 1043, 1002, 827, 787, 741, 694, 617, 538. 1H NMR (400 MHz,
DMSO, ppm) d 8.58 (s, 2H), 7.83 (s, 2H), 7.77 (d, J ¼ 8.3 Hz, 2H),
7.58e7.72 (m, 6H), 7.50 (d, J¼ 5.5 Hz, 2H), 7.23e7.31 (m, 4H), 0.70 (s,
6H). 13C NMR (100 MHz, DMSO, ppm): d 144.6, 142.8, 141.9, 138.2,
137.1, 136.1, 132.9, 130.3, 129.9, 126.0, 122.1, 118.7, 111.3, �2.6. HRMS
(FAB) calcd for C28H24N4Si (MHþ): 445.1843, found 445.1856. Anal.
Calcd for C28H24N4Si: C, 75.64; H, 5.44; N, 12.60. Found: C, 75.61; H,
5.42; N, 12.65.
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