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Donor-acceptor type silole compounds with aggregation-induced deep-red
emission enhancement: synthesis and application for significant
intensification of near-infrared photoluminescence
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Through efficient Forster resonance energy transfer, the near-
infrared emission (850 nm) of a guest (weak near-infrared
emitter)-host (strong deep-red emitter) system is greatly
enhanced by excitation of the host molecule at 508 nm, in
comparison with excitation of the guest molecule at 660 nm.

Luminescent organic materials are fundamentally interesting
and practically useful in commercial applications such as
organic light-emitting diodes (OLEDs), chemosensors, and
bioimaging." Although many chromophores are highly
luminescent in dilute solutions, the photoluminescence is
often quenched in the solid state due to aggregation of
their chromophoric units. The aggregation-caused emission
quenching (ACEQ) is generally attributed to a nonradiative
deactivation process, such as excitonic coupling, excimer
formation, and excitation energy migration to the impurity
traps.* Low bandgap compounds or the donor—acceptor
(D-A) type of near-infrared (NIR) chromophores are
relatively more prone to ACEQ and usually have low emission
efficiency despite their many potential applications.®> Examples
of organic solids that exhibit intense deep-red or NIR emission
with high absolute quantum yield are quite limited.® Diluting
or doping fluorescent compounds in a host material is a
common approach to emission enhancement.” Another unique
approach is based on the discovery made by Tang in 2001
that the luminescence of silole molecules is stronger in the
aggregate state than that in solution.® A variety of other
luminogens, such as distyrylbenzene, fluorene, pentacene,
and pyrene derivatives, have also shown the property
of aggregation-induced emission enhancement (AIEE).’
Conceptually, high NIR photoluminescence could be realized
by using either the AIEE NIR chromophores if available or
using an AIEE chromophore as a host for the ACEQ-type
NIR emitters through effective Forster energy transfer.'”
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Nearly all the known AIEE compounds emit the light in the
visible region. To realize a red shift of emission into the NIR
spectral region, one could introduce an extended m-conjugation
or a D—A moiety in a chromophore.

Herein, we report a new series of D—A type silole compounds
with aggregation-induced enhancement of deep-red photo-
luminescence and describe a method for significant enhancement
of NIR photoluminescence through an efficient energy transfer
from an AIEE host to a weak NIR emitter.

A new series of siloles 2a—e (Fig. 1) are designed to have a
D-A-n—A-D structure, in which the central silole unit acts a
n-spacer that links the two D—A units and also ensures the
AIEE property. The widely used benzothiadiazole group is
chosen as an acceptor and attached to several common
donors, in order to probe the structure—property relationship.
The synthesis of these new siloles requires the use of an
intermediate 1, which was prepared from bis(phenylethynyl)-
dimethylsilane and 4,7-dibromo-2,1,3-benzothiadiazole. The
silole core (1) was then coupled with different donor molecules
by the Stille cross-coupling reaction to afford the D—A type
silole compounds 2a—e (Fig. 1). These siloles are all soluble in
common organic solvents such as THF, dichloromethane and
toluene and fully characterized by spectroscopic methods and
elemental analysis (ESI).

The absorption and photoluminescence spectra of 2a—e were
recorded in THF and as solid films (Fig. S7, ESIf). The
absorption bands from 300 to 400 nm are attributed to n—n*
and n—n* transitions of the conjugated aromatic segments and
those at longer wavelengths are due to the intramolecular
charge transfer between the donors and acceptors. An
anticipated bathochromic shift was observed with an increase
of the electron-donating strength of donors and extension of
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Fig. 1 D-A type silole-based AIEE compounds 2a—e derived from 1.
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Fig. 2 PL spectra of 2¢ in the THF-water mixtures with different

water fraction (fy). Inset: correlation between the maximum PL

intensity of 2¢ and water fraction (f,). Excitation wavelength: 493 nm.

n-conjugation length. For example, going from benzene to
thiophene donor (2a to 2b) and from thiophene to diphenyl-
aminothiophene donor (2b to 2d), a red-shift of 28 nm
(ca. 1384 cm™") and 56 nm (ca. 2321 cm™') in absorption
was observed respectively. In the photoluminescence spectra,
compounds without smaller thiophene groups did not have a
bathochromic shift in films than in solution, due to the
molecules not being coplanar in aggregation to increase the
conjugation degree. With the strongest donor among all these
siloles, 2d emits deep red light at 643 nm (in solution) and
666 nm (as film). A further red shift or NIR emission above
700 nm can be expected by introduction of stronger donors
and acceptors in this type of silole compounds.

The AIEE property of the siloles 2a—e is clearly evident by
comparison of the photoluminescence in solution and in the
solid state (Table 1 and Fig. S6 in ESI). Fig. 2 clearly shows
the photoluminescence enhancement of 2¢ in THF-water
mixture upon addition of a nonsolvent (water) in THF. In
THF solution, 2¢ emits the red light of 644 nm with a rather
low quantum yield of 0.64%. By gradually adding water to its
THF solution, 2¢ undergo a transition from a solute to
aggregate or precipitate. Because the D—A type molecules tend
to adopt a more twisted conformation in a more polar solvent,
the excited luminogens are in the twisted intramolecular
charge transfer state that is susceptible to various nonradiative
quenching processes.*!! Therefore, by diluting with water
before the formation of aggregates, the PL intensity of 2¢

Table 1 Absorption and emission properties of 2a—e”

Do [nm] I [nm] Pp [%]

THF Fim THF Film THF  Film

2a 436 451 575 575 2.17 10.3 4.8
2b 404 482 573 624 0.17 3.70 21
2¢ 493 511 644 635 0.64 9.10 14
2d 520 544 643 666 n.d. 1.70 n.d.
2e 501 518 588 635 1.01 2.10 2.1

“In THF (10 uM) and as the film spin-coated on quartz plate.
? Fluorescence quantum yield in THF relative to Nile Red (#F = 0.78,

JPL = 615 in acetonitrile) and as film determined using an integrating
sphere; n.d. = not detectable (signal too weak to be accurately
determined).

dropped with the water fractions of 30% or less (Fig. 2).
At 40% of water fraction or higher, the molecules of 2¢ began
to aggregate, which results in restriction of intramolecular
rotation and the emission enhancement. At 99% of water
fraction, the PL intensity was 29 times higher than that at 30%
of water fraction. Accordingly, the fluorescence quantum yield
of 2¢ in the solid film is 14 times higher than that in solution.

All these D-A type silole derivatives have the AIEE
property. Although the emission enhancement of 2b and 2d
is relatively more significant than the others, their fluorescence
quantum yields are lower than 2a and 2c¢ in the solid state. The
low quantum yield is mainly due to a heavy atom effect
brought by the thiophene group in 2b, 2d and 2e. The
fluorescence quantum yield of 2e in solution and as a film
was quite similar, presumably due to the presence of planar
fluorene units for a better m—r stacking in film or relatively
more PL quenching against the AIEE.

The efficient long-wavelength (635 nm) emission of 2¢ in the
solid state implies its potential use as a donor chromophore in
a guest—host system that may emit the light above 750 nm
from an acceptor chromophore through Forster resonance
energy transfer.”” Accordingly, compound 3 was selected
(ESI), with reference to the previously known NIR emitters, '?
because its absorption spectrum overlaps well with the
PL spectrum of 2¢ in the region of 550-750 nm (Fig. 3).
Compound 3 emits weakly above 800 nm in dilute non-polar
solvents (@ = 3.7% in toluene) and is totally non-luminous
in polar solvents and as a film (Fig. S2, ESI).

Thus, the films on quartz plate were prepared by casting a
chloroform solution of a mixture of 2¢ containing 3 in an
amount of 0.5%, 1%, 2%, 5% and 10% by weight. As shown
in Fig. 4, the peak in the visible region is attributed to the
emission of the host (2¢), while the NIR emission comes from
the guest (3). It should be noted that the emission of 2c¢
decreased rapidly with increase of the doping concentration
of 3. With 5% of 3 in 2¢, the visible fluorescence was almost
completely quenched, indicating an efficient energy transfer
from 2¢ to 3. Meanwhile, the NIR emission reached a
maximum when the doping concentration increased to 1%.
The intensity of the NIR emission gradually decreased
with further increase of doping concentration due to the
aggregation-caused quenching. The observed red shift in the
NIR emission band is also attributed to aggregation of 3
at a higher concentration which leads to enhanced radiative
transitions from lower vibronic energy levels.'?

The excitation-dependent PL of 3 in the film of 2¢ was then
investigated in order to study and compare the effect of the
energy transfer on the NIR emission from 3 (Fig. S3, ESI).
First of all, the films of a blend of 2¢ and 3 in any ratio only
emit weakly at 850 nm when being excited at 660 nm.
Secondly, the film of 3 in PMMA also emits weakly when
being excited at 660 nm and is not fluorescent at all when being
excited at 508 nm where 2¢ absorbs intensely (Fig. S5, ESI).
Finally, when being excited at 508 nm, the NIR emission of 3
at 850 nm is several times more intense in comparison with
excitation at 660 nm for various doping concentrations
(Fig. 5). For example, at 1% doping concentration, the NIR
PL intensity is enhanced by four times by exciting the host 2¢
(508 nm) rather than the guest 3 (660 nm). The results clearly
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Fig. 3 Absorption and PL spectra of the films of host 2¢ and guest 3.
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Fig. 4 PL spectra in the visible (left) and NIR (right) regions of
3 doped in the film of 2¢ in different concentrations. Excitation at
508 nm.

indicate that the NIR emission enhancement of 3 in the film of
2c¢ is attributed to the efficient energy transfer from the AIEE
chromophore 2¢. Since molecular diffusion is confined in the
solid phase,'® non-radiative Férster resonance energy transfer
is believed to be dominant in the 2¢/3 doped system.

The energy transfer from 2b to 3 was also investigated
(Fig. S4, ESI). Similarly, the PL intensity is enhanced by
several times by exciting the host 2b (476 nm) rather than
the guest 3 (660 nm). However, the PL of 2b/3 film is weaker
than the 2¢/3 film under the same test conditions, which is
mainly due to a lower fluorescence quantum yield of 2b than
2c in the solid state and less spectral overlapping. The PL
enhancement of 2d/3 and 2e/3 was not obvious and less
significant.

In conclusion, significant enhancement of the NIR emission
from a weak NIR emitter 3 doped in the film of 2¢
demonstrates an efficient energy transfer in the guest—host
system containing the D-A type AIEE donor chromophore
and a low bandgap acceptor chromophore and implies a
potential application in NIR light-emitting diodes.
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Fig. 5 PL enhancement at 850 nm of the films of 2¢ doped with
different amounts of 3 with excitation at 508 nm vs. 660 nm.

Notes and references

1

(a) K. Walzer, B. Maennig, M. Pfeiffer and K. Leo, Chem. Rev.,
2007, 107, 1233; (b) L. S. Hung and C. H. Chen, Mater. Sci.
Eng., R, 2002, 39, 143; (¢) D. Dini, Chem. Mater., 2005, 17,
1933; (d) P. 1. Shih, C. Y. Chuang, C. H. Chien, E. W. G.
Diau and C. F. Shu, Adv. Funct. Mater., 2007, 17, 3141;
() Y. T. Lee, C. L. Chiang and C. T. Chen, Chem. Commun.,
2008, 217.

2 (a) C. McDonagh, C. S. Burke and B. D. MacCraith, Chem. Rev.,

W

W

N

~

oo

2008, 108, 40; (b) D. Citterio, J. Takeda, M. Kosugi, H. Hisamoto,
S. Sasaki, H. Komatsu and K. Suzuki, Anal. Chem., 2007,79, 1237,
(¢) S. Yin, V. Leen, S. V. Snick, N. Boens and W. Dehaen, Chem.
Commun., 2010, 46, 6329.

(a) D. T. Quang and J. S. Kim, Chem. Rev., 2010, 110, 6280;
(b) S. R. Meech, Chem. Soc. Rev., 2009, 38, 2922.

(a) S. A. Jenekhe and J. A. Osaheni, Science, 1994, 265, 765;
(b) S. Jayanty and T. P. Radhakrishnan, Chem.—Eur. J., 2004, 10,
791; (¢) Z. R. Grabowski and K. Rotkiewicz, Chem. Rev., 2003,
103, 3899; (d) B. K. An, S. K. Kwon, S. D. Jung and S. Y. Park,
J. Am. Chem. Soc., 2002, 124, 14410.

(a) T. Mori, Chem. Rev., 2004, 104, 4947; (b) P. Bauer,
H. Wietasch, S. M. Lindner and M. Thelakkat, Chem. Mater.,
2007, 19, 88; (¢) G. Sonmez, H. Meng and F. Wudl, Chem. Mater.,
2003, 15, 4923; (d) J. Roncali, Chem. Rev., 1997, 97, 173; (e) H. A.
M. van Mullekom, J. A. J. M. Vekemans, E. E. Havinga and
E. W. Meijer, Mater. Sci. Eng., R, 2001, 32, 1; (f) G. Qian and
Z. Y. Wang, Chem.—Asian J., 2010, 5, 1006; (¢) S. Y. Park,
Y. Kubota, K. Funabiki, M. Shiro and M. Matsui, Tetrahedron
Lett., 2009, 50, 1131.

(a) M. Shimizu, Y. Takeda, M. Higashi and T. Hiyama, Angew.
Chem., Int. Ed., 2009, 48, 3653; (b) Z. Ning, Z. Chen, Q. Zhang,
Y. Yan, S. Qian, Y. Cao and H. Tian, Adv. Funct. Mater.,2007, 17,
3799; (¢) Y. Liu, X. Tao, F. Wang, X. Dang, D. Zou, Y. Ren and
M. Jiang, J. Phys. Chem. C, 2008, 112, 3975; (d) J. Xu, X.
Liu, J. Lv, M. Zhu, C. Huang, W. Zhou, X. Yin, H. Liu,
Y. Li and J. Ye, Langmuir, 2008, 24, 4231; (e) B. Breiten,
Y.-L. Wu, P. D. Jarowski, J.-P. Gisselbrecht, C. Boudon,
M. Griesser, C. Onitsch, G. Gescheidt, W. B. Schweizer,
N. Langer, C. Lennartz and F. Diederich, Chem. Sci., 2011,
2, 88.

(a) N. Ananthakrishnan, G. Padmanaban, S. Ramakrishnan and
J. R. Reynolds, Macromolecules, 2005, 38, 7660; (b) A. D. Peng,
D. B. Xiao, Y. Ma, W. S. Yang and J. N. Yao, 4dv. Mater., 2005,
17, 2070.

(a) J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu,
H. S. Kwok, X. Zhan, Y. Liu, D. Zhu and B. Z. Tang, Chem.
Commun., 2001, 1740; (b) J. Chen, Z. Xie, J. W. Y. Lam, C. C.
W. Law and B. Z. Tang, Macromolecules, 2003, 36, 1108;
(¢) J. Chen, C. C. W. Law, J. W. Y. Lam, Y. Dong, S. M.
F. Lo, I. D. Williams, D. Zhu and B. Z. Tang, Chem. Mater.,
2003, 15, 1535; (d) Z. Zhao, S. Chen, J. W. Y. Lam, C. K. W. Jim,
C. Y. K. Chan, Z. Wang, P. Lu, C. Deng, H. Kwok, Y. Ma and
B. Z. Tang, J. Phys. Chem. C, 2010, 114, 7963.

(a) Y. Hong, J. W. Y. Lama and B. Z. Tang, Chem. Commun.,
2009, 4332; (b) A. Qin, J. W. Y. Lam, L. Tang, C. K. W.
Jim, H. Zhao, J. Sun and B. Z. Tang, Macromolecules,
2009, 42, 1421; (¢) K. Kokado and Y. Chujo, Macromolecules,
2009, 42, 1418; (d) W. Tang, Y. Xiang and A. Tong, J. Org.
Chem., 2009, 74, 2163; (¢) Q. Zeng, Z. Li, Y. Dong, C. Di, A.
Qin, Y. Hong, L. Ji, Z. Zhu, C. K. W. Jim, G. Yu, Q. Lj,
Z. Li, Y. Liu, J. Qin and B. Z. Tang, Chem. Commun.,
2007, 70.

N. J. Turro, Modern Molecular Photochemistry, Benjamin
Cummings Publishing Co, Menlo Park, CA, 1978, ch. 9.

R. Hu, E. Lager, A. A. Aguilar, J. Liu, J. W. Y. Lam,
H. H. Y. Sung, I. D. Williams, Y. Zhong, K. S. Wong,
E. P. Cabrera and B. Z. Tang, J. Phys. Chem. C, 2009, 113, 15845.
G. Qian, Z. Zhong, M. Luo, D. Yu, Z. Zhang, D. Ma and
Z.Y. Wang, J. Phys. Chem. C, 2009, 113, 1589.

(@) P. H. Bolivar, G. Wegmann, R. Kersting, M. Deussen,
U. Lemmer, R. F Mahrt, H. Bdissler, E. O. Gobel and H. Kurz,
Chem. Phys. Lett., 1995, 245, 534; (b) G. Y. Zhong, J. He,
S. T. Zhang, Z. Xu, Z. H. Xiong, H. Z. Shi and X. M. Ding, 4Appl.
Phys. Lett., 2002, 80, 4846.

4278 | Chem. Commun., 2011, 47, 4276-4278

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1cc00066g

