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High-Order Non-Linear Optical Effects in Organic
Luminogens with Aggregation-Induced Emission

Jun Qian, Zhenfeng Zhu, Anjun Qin, Wei Qin, Liliang Chu, Fuhong Cai, Hequn Zhang,
Qiong Wu, Rongrong Hu, Ben Zhong Tang,* and Sailing He*

Most conventional organic fluorophores are large disc-shaped
planar molecules, which tend to aggregate through =
stacking, and thus suffer from severe aggregation-caused
quench (ACQ) effect.!! Very little or almost no luminescence
can be obtained from such organic molecules in their aggre-
gates or the solid state. We have discovered an “abnormal” phe-
nomenon of aggregation-induced emission (AIE), which is
diametrically opposite to the ACQ effect. The propeller-shaped
AIE molecules are non-emissive in solutions but become highly
fluorescent upon the formation of aggregates. Restriction of
intramolecular rotations (RIR) has been rationalized as the
cause of AIE.Pl Due to the novel effect, one can take advantage
of aggregate formation of the luminogens to generate efficient
solid emitters (e.g., organic light-emitting diodes (OLEDs))
without complex engineering control,¥l brightly luminescent
nanoparticles as bioprobes,” sensitive fluorescence turn-on
biosensing devices, etc.

Multiphoton absorption/luminescence is a non-linear optical
(NLO) process in which several photons are absorbed simulta-
neously to generate an excited state followed by luminescence
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processes under certain conditions.”) In the past two decades,
it has been widely applied in bioimaging!® photodynamic
therapy,! frequency-upconverted lasing,'”) 3D microfabrica-
tion,'!! 3D optical data storage,'” and optical stabilization/
power limiting.!3] For organic fluorophores, design of long
m-conjugated molecular structure is required to achieve large
multiphoton absorption cross-section.”]  Previously, some
groups have reported some features and applications of two-
photon-excited fluorescence of AIE active luminophores
in the nanoaggregate state.' However, no work has been
reported on an organic AIE molecule that exhibits three-/four-
photon-excited luminescence (3PL/4PL, a fifth/seventh-order
non-linear process) or other NLO effects.

Among the developed AIE luminogens, 2,3-bis(4-
(phenyl(4-(1,2,2-triphenylvinyl) phenyl)amino)phenyl)fumaro-
nitrile (TTF) has drawn much attention: it has extended
m-conjugation, which makes it possess large multiphoton
absorption cross-section and other NLO effects, as well as emit
far red/NIR light upon excitation.’”! In the present work, we
studied the high-order non-linear optical effects of TTF in three
distinct systems, which are monomolecules in organic solution,
nanoaggregates in aqueous solution, and in the solid state on
a glass slide. In a chloroform/toluene mixture, the 3PL/4PL
intensity from TTF molecules gradually enhanced with
increasing fraction of toluene under femtosecond (fs) laser
excitation, but no other NLO effects could be observed. In TTF
nanoaggregates, besides aggregation-induced 3PL enhance-
ment, we also observed third harmonic generation (THG).
Excitingly, its intensity was also proportional to the aggregation
degree of TTF molecules, which can be named as aggregation-
induced THG enhancement. In the solid state of TTF, the
3PL/4PL accompanied by tunable THG and fifth harmonic gen-
eration (FHG) signals, could be obtained using a wavelength-
tunable femtosecond laser. As application examples, we dem-
onstrate simultaneous multimodal 3PL and THG imaging on
tumor cells labeled with TTF-doped-nanoparticles. We also pre-
liminarily applied TTF-doped-nanoparticles in 3PL microscopic
in vivo imaging of mouse brains. The unique NLO properties
of AIE luminogens based nanoprobes may find potential appli-
cations in deep, real-time, and long-time NLO microscopic in
vivo imaging.

Figure 1A shows the molecular structure of TTF. It is a
typical donor-m—acceptor—m—donor structure, which is helpful
to the multiphoton absorption process. The green circled part
is m-conjugated, and the groups in the red circle have AIE fea-
ture.>) Absorption spectra of TTF in chloroform and toluene
are centered at 515 and 495 nm, respectively (Figure 1B). The
red-shift of the absorption maximum of TTF in chloroform was
attributed to intramolecular charge transfer (ICT) character,!'%l
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Figure 1. A) Molecular structure of TTF. B) Linear absorption and emission spectra of TTF in chloroform and toluene. Insets: photographs showing
chloroform and toluene solution of TTF under visible light (left) and ultraviolet light excitation (right). C) Transmission spectrum of (pure) TTF
(1x1073 M, 1 cm thickness). The abnormal spikes around 1153, 1411, 1695, and 1865 nm were attributed to the large linear absorption of chloroform.
D) Time-resolved decay profile of 2PL of TTF in chloroform and toluene (excitation laser: 1040 nm, 100 fs, 50 MHz, IRF: 54 ps). E) 3PL from TTF in the
chloroform/toluene mixture (1 x 1073 w, in a glass capillary tube) with various volume ratios of toluene (excited by a femtosecond laser at 1560 nm).

F) Variations of 3PL of TTF with volume ratio of toluene in the chloroform/toluene mixture.

since chloroform has higher polarity compared with tol-
uene. TTF has bright fluorescence in toluene, but is almost
non-fluorescent in chloroform. It is due to the twisted intramo-
lecular charge transfer (TICT) phenomenon,'”! which is often
observed in fluorophores with donor—m—acceptor structure, and
featured with red-shifted emission and decreased emission
intensity with increasing solvent polarity. As is known, mul-
tiphoton absorption occurs at wavelengths where there is no
or negligible linear absorption.l”? The transmission spectrum
of TTF solution in chloroform (1 X 10~ M) were measured, by
using the transmission spectrum of pure chloroform as the
baseline, and the net transmission spectrum of TTF (1 x 1073 m
with a pass length of 1 cm) was then obtained (Figure 1C). It
could be found the transmittance of (pure) TTF molecules in
1030-2300 nm is higher than 98%, and the tiny optical loss in
these wavelengths may be attributed to the light scattering by
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TTF molecules in chloroform, as well as the negligible linear
absorption of TTF. Femtosecond lasers in this wide wave-
length region can be used to perform the measurement of mul-
tiphoton luminescence (MPL) and THG from TTF samples.
Two-photon-excited luminescence (2PL) of TTF in the chloro-
form/toluene mixture and the solid state, under 1040 nm-fs
excitation, was shown in Figure S10, Supporting Information.
The 2PL lifetime of TTF in chloroform and toluene are esti-
mated (through the time-resolved decay curves shown in Figure
1D) to be 0.2 and 1.5 ns, respectively. The shortening of TTF
lifetime in chloroform is also ascribed to TICT phenomenon,
which activates non-radiative quenching processes.!'’]

In the chloroform/toluene mixture, only 3PL could be
observed from TTF, under 1560 nm-fs laser excitation
(Figure 1E). In this process, the TTF molecules absorbed three
photons simultaneously and the excited TTF was finally relaxed
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Figure 2. A) Simultaneous 3PL and THG spectra from solid TTF molecules (excited by a femtosecond laser at 1560 nm). B) Diagrams showing the
proposed excitation mechanisms of THG and THG-induced 1PL. Optical spectra of coexisted tunable THG and fixed 3PL from solid TTF molecules
under femtosecond excitation with various wavelengths [1320-1560 nm in C); 1600-1860 nm in D)]. E) Photographs showing simultaneous tunable
THG and fixed 3PL from solid TTF molecules under femtosecond excitation with 1440-1860 nm.

to the lowest excited electronic-vibrational state(s), from which
the fluorescence emission occurred. The intensity of 3PL grad-
ually increased, accompanied by blue-shifted peak emission
wavelength, with increasing fraction of toluene. The phenom-
enon was similar to that observed under one-photon excitation
(Figure S3, Supporting Information), which was due to TICT
character.

Figure 2A shows the simultaneous THG and 3PL spectra
from TTF in the solid state, and the intensities of these two kinds
of NLO signals are both proportional to the cube of the femto-
second excitation intensity (Figure S12A,B, Supporting Informa-
tion). Surprisingly, we also found the intensity of 3PL is linearly

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

proportional to the intensity of THG (Figure S12C, Supporting
Information). Thus, we suggest an alternative mechanism for
the generation of 3PL, namely, the THG photons (direct genera-
tion under femtosecond excitation) might be reabsorbed by the
solid TTF molecules to produce the fluorescence (Figure 2B).
This mechanism is well supported by some control experiments
(detailed discussions can be found in the Supporting Informa-
tion). This may provide a more efficient way to achieve 3PL sig-
nals, since direct 3PL is a fifth-order NLO process, while 3PL
induced by one-photon excitation of THG is a linear absorption
based on a third-order NLO process.® For convenience, we still
call this “THG-induced fluorescence (or indirectly generated

Adv. Mater. 2015, 27, 2332-2339
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3PL)” as “3PL’ in the following description. Previously, inor-
ganic materials like metallic nanostructures have been proven to
have both 3PL and THG effects.l') 2PL and THG could also be
observed from organic crystals.?% However, no work has been
reported that an organic molecule simultaneously exhibits THG
and three-photon fluorescence in its aggregated state.

As shown in Figure 2C,D, the THG signal from solid TTF
could be tuned from 440 to 620 nm (the inner spot in Figure 2E
changes from blue to red) when the femtosecond excitation
was changed from 1320 to 1860 nm (1320-1560 nm was from
one femtosecond beam with narrow optical spectrum, and
1620-1860 nm was from another femtosecond beam with wide
optical spectrum). It indicated that the NLO process occurred in
a very wide wavelength range, and a wavelength-tunable (from
blue to deep red) organic solid device could be achieved easily
here. The spectra of 3PL were almost the same under femto-
second excitation with different wavelengths (the outer spot in
Figure 2E is always red). It may be used to fabricate organic
frequency-upconverted laser.

We further prepared aqueous suspension of TTF-dots
to study the NLO behaviors of TTF in nanoaggregates.
Hydrophobic TTF molecules can be easily encapsulated
with mDSPE-PEG molecules to form nanodots in aqueous

www.advmat.de

solution.?!! In our experiment, we have used various weight
loading ratios [TTF/(TTF + mDSPE-PEG)] of TTF-dots: 9, 14,
and 20 wt%. For each sample, the absorbance at peak wave-
length was kept the same as 2.17 (Figure 3A), by adjusting the
amount of AIE-dots added to the sample. In this case, the TTF
concentration of each sample could be considered as the same
according to Beer's Law. However, the molecular numbers of
TTF in each dot, which stands for the aggregation degree of
TTF, were different in each sample. As shown in Figure 3B,
higher THG and 3PL intensities were observed in the TTF-dots
as the loading ratio of TTF increases. The THG (Figure 3F-H)
and 3PL (Figure 3C-E) microscopic imaging results demon-
strate this tendency more quantitatively. Considering there
is no THG signal observed from TTF solution in toluene
(Figure 1E and Figure S15, Supporting Information), where
the concentration of TTF is higher or the same as that of TTF
in the aqueous suspension. We believe the THG from TTF is
related to the aggregation degree of TTF, and the “aggregation-
induced THG enhancement” feature of TTF makes sense. Fur-
thermore, since the solid-state TTF is a thin sample with TTF
molecules aggregated inside at a very high concentration, while
the suspension of TTF-dots can be considered as a thick liquid
sample with TTF molecules aggregated inside at a certain
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Figure 3. Quantitative comparison of 3PL and THG from AlE-dots with various TTF loading ratios, under the NLO microscope equipped with the
1560 nm—fs laser: Absorption (A) and 3PL&THG (B) spectra of aqueous dispersion of AlE-dots with various TTF loading ratios. 3PL (C-E) and THG
(F-H) imaging of aqueous dispersion of AlE-dots in capillary glass tube, with various TTF loading ratios: C,F) 9 wt%, D,G) 14 wt%, E,H) 20 wt%.
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concentration, the generation of 3PL of TTF-dots can also be
attributed to the re-absorption of the THG photons by the TTF-
dots in the dispersion, as the case in the solid state. Thus, the
“aggregation-induced 3PL enhancement” may be an integrated
result of both “aggregation-induced THG enhancement” and
“aggregation-induced enhancement of 1PL.”

Compared to ACQ dye, AlE-active TTF can be designed as
nanodots with very high doping concentration. Such nanoprobes
possessing high linear optical (LO) and NLO emission efficiency,
strong photobleaching and photoblinking resistance, as well as
excellent biocompatibility, are very suitable for bioimaging.'>?%

(A)

350 pm

100 pm

450 pm 550 pm

s
pe View'S
www.MaterialsViews.com

Herein, we explored the bioimaging application of nanoag-
gregated TTF molecules, based on 3PL and THG features. We
used TTF-doped-silica nanoparticlesi?®l (which also possess THG
and 3PL under 1560 nm-fs excitation, Figure S16, Supporting
Information) to treat tumor cells and performed multimodal
NLO imaging. Figure 4A shows the 3PL and THG images of
HelLa cells (obtained from the ATCC) stained with TTF-doped-
nanoparticles. Both the “red” and “green” signals were intense
and covered the morphology of cells uniformly. The two images
overlap very well, illustrating that both NLO signals were emitted
simultaneously from the same nanoprobes. The double-checked

300 pm

Figure 4. A) 3PL, THG, and their merged microscopic images of Hela cells, which were treated with TTF-doped-nanoparticles for 2 h. B) 3PL micro-
scopic imaging of brain blood vessels of a mouse (intravenously injected with TTF-dots) at different depths. All the images were taken under the NLO

microscope equipped with the 1560 nm—fs laser.
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Figure 5. A) 4PL spectra of TTF in the chloroform/toluene mixture (10 X 1073 m, excited by a 1950 nm—fs laser) with various volume ratios of toluene.
B) Variations of 4PL of TTF with volume ratio of toluene in the chloroform/toluene mixture. C) Simultaneous 4PL and THG spectra from solid TTF
molecules (excited by a femtosecond laser at 1950, 2010, and 2070 nm, respectively). The peaks centered at about 750 nm were from the background of
the excitation fs laser. D) Diagrams showing the proposed excitation mechanisms of 4PL and THG. E) Simultaneous THG, FHG, and 3PL/4PL spectra
from solid TTF molecules (excited by a femtosecond laser at 1800, 1900, 2000, 2100, and 2200 nm). Inset: normalized FHG signals. F) Diagrams
showing the proposed excitation mechanisms of THG, FHG, and 4PL fluorescence.

NLO signals make the localization of nanoprobes on biosam-
ples more reliable and real-time. Furthermore, we have shown
the photobleaching resistance of TTF-doped-silica nanoparticles
uptaken by Hela cells, under three-photon excitation. This is
very helpful to some long-term dynamic imaging and observa-
tion of bio-samples.

Considering TTF-dots have intense 3PL under 1560 nm
femtosecond-excitation, and 1560 nm is very close to an optical
tissue window ranging from 1600 to 1800 nm,??* we tried to
apply TTF-dots in 3PL in vivo microscopy imaging. The dis-
tinct 3PL from the intravenously injected AIE-dots is helpful to
reveal the vascular architecture in the mouse brain at different

Adv. Mater. 2015, 27, 2332-2339
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vertical depth. Some tiny structure of capillary vessels could
also be discriminated very clearly. The 3PL imaging depth could
reach as deep as 550 pm in the mouse brain. To the best of
our knowledge, this is the first report on the utilization of AIE-
doped-nanoparticles for 3PL in vivo bioimaging. In the future, if
the imaging system is optimized, e.g., tuning the femtosecond—
wavelength to the optical tissue window or further compressing
the pulse width of femtosecond-excitation, deeper 3PL imaging
depth could be achieved, which will be very helpful to many
neurophotonics research.

Under 1950 nm-—fs laser excitation, only 4PL could be observed
from TTF in the chloroform/toluene mixture (Figure 5A).
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Its intensity is proportional to the fourth power of the
femtosecond excitation intensity (Figure S18, Supporting Infor-
mation). In this process, the TTF molecules directly and simul-
taneously absorbed four photons and then emitted fluores-
cence. The intensity of 4PL gradually increased, accompanied
by blue-shifted peak emission wavelength, with increasing frac-
tion of toluene (Figure 5B). Figure 5C shows the simultaneous
THG and 4PL spectra from solid TTF molecules with femto-
second excitation of 1950, 2010, and 2070 nm. As the THG sig-
nals were very intense and overlapped with the spectra of four-
photon fluorescence, only partial profiles of fluorescence could
be observed. As illustrated in Figure 5D, the total energy of
three photons at 2070 nm is not large enough to overcome the
bandgap between the ground state (S,) and excited state (S;) of
TTF. The excited fluorescence was therefore induced by simul-
taneous absorption of four photons. In other words, since 650,
670, and 690 nm (the same as the peak wavelengths of THG
signals with femtosecond excitation of 1950, 2010, and 2070
nm) excitation could not generate 1PL of TTF (Figure S19, Sup-
porting Information), the 4PL of solid TTF molecules should
not be induced by the re-absorption of THG. Thus, in this case,
THG and 4PL are two independent NLO effects.

Besides THG and MPL, FHG (a fifth-order NLO effect)
simultaneously occurred in the solid TTF molecules when
the power of the femtosecond laser was further increased.
The FHG signal was tunable in the ultraviolet/violet region
under fs-excitation from 1800 to 2200 nm (Figure 5E), and
the fifth-order NLO effect is also related to the n-conjugation
of TTF molecule. Figure 5F is the diagram which describes
the three NLO processes (THG, FHG, and 4PL). In the FHG
process, TTF molecules absorbed five photons simultane-
ously. The five photons were then annihilated, and generated
a new single photon with five times the frequency. The FHG
effect of TTF may be used for ultraviolet/violet organic solid/
integrated lasers, as well as high-density optical data storage.
The FHG signals may be reabsorbed by the solid TTF mol-
ecules and generate 4PL, but its contribution might be very
low. 4PL already existed when the fs-excitation power was not
very high (no FHG could be observed). Even the FHG was
observed when the femtosecond-excitation power increased,
its intensity might not be high enough to excite the 1PL of
solid TTF molecules.

In summary, we have demonstrated MPL (up to four-
photon) of molecular-state TTF in organic solution. Simulta-
neous 3PL/4PL, THG, and FHG of TTF in the solid state could
be observed. In TTF nanoaggregates, we found aggregation-
induced THG enhancement and aggregation-induced 3PL.
TTF-doped-nanoparticles were further used for multimodal
NLO microscopic imaging of tumor cells, as well as 3PL in
vivo imaging of mouse brains. The unique NLO effects of AIE
fluorogens may find many potential high-tech applications in,
for example, biomedical theranostics and photonic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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