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Abstract: The development of disilane-bridged donor–
acceptor–donor (D-Si-Si-A-Si-Si-D) and acceptor–donor–
acceptor (A-Si-Si-D-Si-Si-A) compounds is described. Both
types of compound showed strong emission (lem = ca. 500 and
ca. 400 nm, respectively) in the solid state with high quantum
yields (F : up to 0.85). Compound 4 exhibited aggregation-
induced emission enhancement in solution. X-ray diffraction
revealed that the crystal structures of 2, 4, and 12 had no
intermolecular p–p interactions to suppress the nonradiative
transition in the solid state.

In recent years, p-conjugated triads with electron-donating
(D) and electron-accepting (A) groups (D-p-A-p-D or A-p-
D-p-A compounds) have received attention because of their
potential uses as photonic and electronic materials.[1] The
most important feature of these molecules is intramolecular
charge-transfer (ICT). It leads to photoabsorption, strong
emission, electroluminescence, and nonlinear optical proper-
ties, making them promising candidates for OLEDs[2] and
two-photon fluorescent probes.[3] However, emissions from p-
conjugated systems can be lost through quenching owing to
p–p stacking in the aggregated state (aggregation-caused
quenching).[4] Moreover, intermolecular p–p stacking also
leads to low solubility in solvents. Given that the strong
intermolecular interactions of aggregates often limit the
emission performance and uses of highly soluble, donor–
acceptor-based molecules displaying solid-state fluorescent
molecules are desired.

Oligosilane derivatives display light emission and electron
transport properties both in solution and in the solid state.[5]

Efficient solid emission and high solubility result from the
suppression of intermolecular interactions owing to the

tetrahedral structure and large atomic radius of the silicon.
We previously reported aryl oligosilanes that displayed strong
florescence in the solid state.[6] However, no oligosilane-
bridged D-A-D or A-D-A compound has yet been reported.
Herein, we report the photophysical properties of disilane-
bridged D-A-D molecules (D-Si-Si-A-Si-Si-D) and A-D-A
molecules (A-Si-Si-D-Si-Si-A). The chemical structures of six
D-A-D compounds 1–6 and six A-D-A compounds 7–12
prepared in this work are shown in Figure 1. These com-
pounds displayed interesting photophysical properties, par-
ticularly high quantum yields in the solid state.

Compounds 1–12 studied in this work are designed to
clarify the relationship between their structure and optical
properties. D-A-D molecules (1–6) were readily synthesized
by the Pd-catalyzed coupling reaction of electron-accepting
4,7-diiodo-2,1,3-benzothiadiadiazole or 5,7-diiodo-2,3-
dimethylthieno[3,4-b]pyrazine moieties with hydrosilanes
derived from the corresponding donor moieties. A-D-A
molecules (7–12) were prepared by the same coupling
reaction of iodoarenes bearing ester or cyano groups at
their p-positions with 2,5-bis(1,1,2,2-tetramethyldisilanyl)
thiophene, 2,5-bis(1,1,2,2-tetramethyldisilanyl)-3,4-ethylene-
dioxythiophene (EDOT), or 5,5’-bis(1,1,2,2-tetramethyldisi-
lanyl)-2,2’-bithiophene. All of the compounds were charac-
terized by 1H NMR and 13C NMR spectroscopy and high-
resolution mass spectrometry or elementary analysis.

Figure 1. Chemical structures of disilane-bridged D–A–D derivatives
1—6 and A–D–A derivatives 7—12.
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The absorption and photoluminescence of 1–12 in
dichloromethane and in the solid state are given in Table 1
and the Supporting Information, Figures S2–S13. The lowest-
energy absorption bands of the D-A-D molecules were
located at 360–385 nm, caused by the ICT transitions between
the peripheral donor groups and the acceptor core. The
absorption bands of the A-D-A molecules containing thio-
phene or EDOT (7–10) were in the UV region at 270–280 nm,
whereas those of the molecules containing the 2,2’-bithio-
phene moiety (11, 12) were located at around 330 nm. The
absorption wavelength of A-D-A molecules reflects the s–p

conjugated system of the donor moiety.
The photoluminescence spectra of the D-A-D molecules

in CH2Cl2 mostly showed broad bands at around 500 nm;
however, the band for 2 is located at 630 nm. Emission spectra
of 2 and 5 in acetone displayed dual emission at around
500 nm and over 600 nm. The latter peak and 630 nm of 2 in
CH2Cl2 are assignable to twisted ICT emission due to twisting
dimethylamino group in the excited state (Supporting Infor-
mation, Figures S14 and S15 and Tables S9 and 10).[7] The
emission spectra of the A-D-A molecules with thiophene or
EDOT as the central aryl (7–10) showed emissions around
450 nm and large Stokes shifts between the absorption and
emission maxima. In comparison, the A-D-A molecules with
2,2’-bithiophene moieties (11, 12) displayed narrower emis-
sion bands at shorter wavelengths (around 400 nm). Com-
pounds 7–10 displayed solvatochromism, indicating that the
dipole moment was larger in the excited state than in the
ground state.

Fluorescence quantum yields (F) are also listed in
Table 1. The low quantum yields observed in dichlorome-
thane mainly depended on the central aryl. The D-A-D
molecules 1–3 showed emission quantum yields (F< 0.02)
lower than those of 4–6 (F : 0.02–0.08). The A-D-A molecules
were ranked in order of increasing quantum yield by their

constituent moieties as 2,2’-bithiophene (11, 12), thiophene
(7, 8), and EDOT (9, 10). The lower quantum yield in solution
of 9 and 10 was caused by the nonradiative relaxation
channels induced by the flexibility of the ethylenedioxy
moieties.[8]

Fluorescence in the solid state was either blue–green (D-
A-D) or blue (A-D-A), with an unstructured emission profile
showing maxima around 500 (1–5) or 400 nm (7, 8, 10–12). All
but one (7) showed much higher quantum yields in the solid
state than in solution. In the solid state, compound 1 exhibited
a maximum emission band at 486 nm (blue emission) with
a high quantum yield (F = 0.85), and 11 and 12 also displayed
strong emission around 410 nm with high quantum yields
(F = 0.66 and 0.77, respectively).

We investigated the aggregation-induced emission (AIE)
of 4 by the THF/water method, as shown in Figure 2 and the
Supporting Information, Figure S17.[9] The addition of water
to a THF solution of 4 initially decreased the original weak
photoluminescence. However, when water comprised over
70% of the total solvent volume fraction (fw = 70%), the
fluorescence intensity dramatically increased, and the photo-
luminescence intensity of 4 in 99% water was more than three
times that in 100% THF. This suggests that the strong
emission was induced by aggregation, which could suppress
the nonradiative relaxation channels such as vibration and
rotation. Note that the emission and excitation spectra did not
depend on the THF/water ratio (Supporting Information,
Figure S17), and the concentration dependence was not
observed (Supporting Information, Table S12). Furthermore,
compound 6 also displayed AIE like 4 (Supporting Informa-
tion, Figures S18–S21).

To examine the photoemission dynamics, the fluorescence
rate constants (kf) and nonradiative rate constants (knr) of
selected compounds were determined (Supporting Informa-
tion, Table S13) by using the fluorescence lifetimes (t) and

Table 1: Detailed optical properties of 1–12.

In CH2Cl2
[a] Solid state[b]

Compound labs [nm] e [Ö 103 m¢1 cm¢1] lem [nm] F[c] t [ns][d] lex
[e] [nm] lem [nm] F[c] t [ns][d]

1 357 6.86 –[f ] –[f ] –[f ] 370 486 0.85 7.8[g]

2 357 6.35 630 <0.01 2.7[g] 370, 421[h] 500 0.34 4.7[i]

3 353 7.54 489 <0.01 –[f ] 371 490 0.26 1.9 (50%)
4.1 (50%)[g]

4 383 5.10 500 0.04 1.1[g] 442 491 0.44 10.2[i]

5 384 4.83 500 0.01 0.63 (95%)
2.7 (5%)[g]

450 504 0.16 3.6 (39%)
10.4 (61%)[j]

6 380 4.62 497 0.06 1.5[g] –[k] –[k] –[k] –[k]

7 272 27.0 428, 460 0.18 1.9[l] 342 391 0.11 0.7[m]

8 272 30.8 434, 467 0.32 1.9[l] 287 385 0.44 0.68[l]

9 278 27.5 436, 461 0.04 1.5[l] –[k] –[k] –[k] –[k]

10 280 28.4 461 0.09 0.29 (23%)
2.2 (77%)[l]

329 405 0.32 0.85 (99%)
12.1 (1 %)[m]

11 332 19.3 398 0.40 0.95[g] 365 410 0.66 1.7[g]

12 334 24.0 399 0.34 0.97[g] 370 411 0.77 2.3[g]

[a] Measured in anhydrous degassed CH2Cl2. [b] Optical properties of compounds 1, 2, 4, 8, 11, and 12 were in microcrystalline powder and those of
compounds 3, 5, 7, and 10 were in amorphous powder. [c] Absolute quantum yields were determined by an integrating sphere system. [d] Fluorescence
lifetimes were detected at the maximum fluorescence wavelengths. [e] Excitation wavelengths in the solid state determined by excitation spectra.
[f ] Under detection limit. [g] Excited at 365 nm. [h] Shoulder peak. [i] Excited at 405 nm. [j] Excited at 465 nm. [k] Oil products. [l] Excited at 280 nm.
[m] Excited at 340 nm.
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quantum yields. The fluorescence rate constants of 4 and 12
showed little difference between solution and the solid state,
whereas the nonradiative rate constant in solution was much
larger than that in the solid state. This dramatic difference
insists that nonradiative relaxation in the solid state was
reduced compared to that in solution. Furthermore, the
solvent effect of compound 4 on optical properties was
investigated. The quantum yield decreased and knr increased
as the polarity of the solvent was increased, which can be
ascribed to a photoelectron transfer (PET) process (Support-

ing Information, Tables S11, S14).[10]

These results suggest that the higher
F values in the solid state is due to
the suppression of nonradiative
relaxation and the reduction of
PET effect.

Single-crystal X-ray diffraction
results for 2, 4, 8, and 12 indicate
their molecular packing structures
(Figures 3; Supporting Information,
Figure S1).[11] The molecular struc-
ture of 2 appears almost straight
(Figure 3a), and its crystal packing
is grid-like structure without p–p

stacking (Figure 3b). The structure
of 4 displayed a syn and twisted
form (Figure 3c). Its crystal struc-
ture (Figure 3d) has the terminal
donor aromatic ring (T2) and the
central acceptor aromatic ring (C)
located nearly parallel in the anti-
position, and the other terminal
aromatic ring (T1) is twisted relative
to the central aromatic ring (C).
There is no p–p stacking in the
crystal, which is due to the twisted
molecular structure. A-D-A mole-

cule 12 (Figure 3e) shows an anti-formed straight structure,
which is similar to that of compound 8 (Supporting Informa-
tion, Figures S1a). The crystal packing of both compounds
(Supporting Information, Figures S1b and 3 f) shows no
intermolecular p–p interactions. Overall, both the D-A-D
and the A-D-A molecules displayed strong fluorescence in
the solid state without quenching owing to the effective
suppression of intermolecular interactions as well as the
suppression of nonradiative relaxation channels and PET
effect.[4d]

Figure 2. Measurement of the aggregation effect of 4. fw is expressed as a percent of water in the
total solvent volume; fw = Vwater/(VTHF +Vwater), where V is volume. a) Fluorescence spectra in various
THF/water mixtures. b) Plot of fluorescence intensity (area) vs. fw. c) Photographs of the photo-
luminescence in various THF/water mixtures under UV irradiation (365 nm).

Figure 3. a), c), e) ORTEP drawings (ellipsoids set at 50% probability) and b),d), f) packing structures of a),b) 2, c), d) 4, and e), f) 12. Hydrogen
atoms are omitted for clarity.
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To investigate the effects of donor and acceptor aryls on
the optical properties, we calculated the molecular orbitals
and excited states with density functional theory (DFT) and
time-dependent DFT (TD-DFT). The electron density of the
HOMO of 1 was spread over the donor aryls, and the LUMO
was mainly localized on the acceptor aryls. Although the
electron density of the LUMO of 4 was localized on the
acceptor groups, similar to 1, its HOMO was mainly localized
on the thiophene and silicon moieties (Supporting Informa-
tion, Figure S22). Note that the frontier molecular orbitals of
anti-form 4 in solution did not greatly differ from those of the
syn-form in the solid state. The TD-DFT calculation showed
that the lowest energy absorption band of 1 represented the
HOMO!LUMO transition (Supporting Information,
Table S15), which was assigned to ICT absorption. The
lowest energy absorption band of 4 was also the HOMO!
LUMO transition (Supporting Information, Table S16), and
was assigned to a combination of ICT and p–p* excitation.
The fluorescence of 1 was assigned to only ICT emission, via
a charge separation state, whereas that of 4 was assigned to
ICT and p–p* emission.

The electron density of the HOMOs of A-D-A molecules
8 and 10 was mainly localized on the central aromatic and
silicon moieties, and the LUMO was localized on the acceptor
aromatic ring. In contrast, both the HOMO and LUMO of 12
were localized on the 2,2’-bithiophene and silyl groups
(Supporting Information, Figure S23). TD-DFT calculations
showed the lowest energy absorption band of 8 to represent
the HOMO!LUMO transition assignable to ICT, whereas
that of 12 represents the HOMO!LUMO p–p* excitation
(Supporting Information, Tables S17–S19). Therefore, the
fluorescence of 8 and 10 can be assigned to ICT emission,
whereas that of 12 can be assigned to the p*!p emission. This
appears to account for 7–10 displaying larger Stokes shifts
than 11–12.

In conclusion, we systematically synthesized a series of
disilane-bridged D-A-D and A-D-A molecules 1–12. They
displayed broad UV/Vis absorption bands assigned to ICT or
p–p* transition and excitation, which led to strong fluores-
cence in the solid state (F : up to 0.85). Compound 4 displayed
aggregation-induced emission in THF/water solution. These
disilane-bridged triads, which display high fluorescence
efficiencies in the solid state achieved here, are desirable for
various applications such as organic electroluminescence
devices.
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