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Abstract: The development of organic fluorophores with
efficient solid-state emissions or aggregated-state emissions in
the red to near-infrared region is still challenging. Reported
herein are fluorophores having aggregation-induced emission
ranging from the orange to far red/near-infrared (FR/NIR)
region. The bioimaging performance of the designed fluoro-
phore is shown to have potential as FR/NIR fluorescent probes
for biological applications.

The design and synthesis of organic fluorescent (FL)
materials exhibiting highly efficient emissions in the solid
state have attracted significant scientific interest.[1] Among
the FL materials, far red/near-infrared (FR/NIR) fluoro-
phores (l = 650–900 nm)[2] play a crucial role in FL bioimag-
ing because of its low tissue absorption and autofluorescence
in the FR/NIR region, thus minimizing background interfer-
ence and improving image sensitivity. However, FR/NIR
fluorophores have strong intermolecular p–p interactions
when either in high concentration or in the aggregation state,
and the excited electrons usually decay nonradiatively, which
causes either weak emissions or non-emission in aggregates.[3]

The aggregation-caused quenching (ACQ) of emissions has
been problematic in practice.

Recently, FL materials with aggregation-induced emission
(AIE) characteristics have captivated much interest because
they provide a straightforward solution to the problem of
ACQ. Until now, many AIE fluorophores with highly twisted
structures have been synthesized and their various applica-
tions have been explored, especially in optoelectronic and

biological areas.[4] In bioimaging applications, AIE fluoro-
phores can be immune to the limitations arising from the
concentration of the dyes loaded into the nanoparticles (NPs).
Actually, AIE NPs are supposed to be more emissive, as well
as more resistant to photobleaching, by increasing concen-
tration of the fluorophores loaded into the AIE NPs.[5]

However, so far, the AIE fluorophores with FR/NIR emis-
sions are still scarce, and probably arise from difficulties of
molecular design and structural modifications. For the
molecular design of FR/NIR AIE fluorophores, one has to
consider either increasing the molecular conjugation length,
or selecting a proper combination of an electron donor (D)
and an acceptor (A) to yield fluorophores. In addition, the
strikingly twisted structure has to be obtained to acquire AIE
properties. Hence, the advancement of FR/NIR fluorophores
with distinct AIE effects is still challenging. Tang et al.
reported that AIE fluorophores with a red-shifted emission
could be obtained by conjugation between a common AIE
molecule (e.g. tetraphenylethylene) and ACQ fluorophores.[6]

Ma et al. recently demonstrated a highly efficient NIR-
emitting OLED based on the AIE compound PTZ-BZP,
which displayed a hybridized local and charge-transfer
excited state. Remarkably, the external quantum efficiency
of the OLED was 1.54% and a highly radiative exciton ratio
of 48% was observed.[7] Shimizu et al. demonstrated that 1,4-
bis(diarylamino)-2,5-bis(4-cyanophenylethenyl) benzenes
exhibited efficient NIR emissions in the solid state with
a high quantum yield of 0.33.[8] However, these novel
fluorophores did not have AIE properties, thus prohibiting
them from being widely used for FL bioimaging and sensors.

Herein we provide a strategy for developing new AIE
fluorophores (Figure 1) with efficient aggregated-state emis-
sions ranging from the orange to FR/NIR regions. The
fluorophore has a A–p–D–p–A molecular framework and the
FL emission properties can be facilely tuned. By introducing
the diphenylamine and cyano moieties into the molecular
structure, this series of fluorophores has a highly twisted
conformation owing to the steric hindrance between the two
moieties, thus resulting in their distinct AIE attributes.

In particular, the fluorophores 4 and 5 exhibit high solid-
state FR/NIR emissions with excellent quantum yields of 0.49
and 0.43, respectively. Moreover, in vitro and in vivo imaging
of fluorophores encapsulated within Pluronic F127 was
explored to showcase their potential as FR/NIR FL probes
for bioimaging applications.

As shown in Figure 2A, each compound has a higher
absorption peak appearing at around l = 335 nm, which is
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attributed to a p–p* transition, and a weaker absorption
ranging from l = 467 to 540 nm, which is represents an
intramolecular charge transfer (ICT) transition. The emission
peak of the fluorophores 1–5 ranged from orange to the NIR
region with large Stokes shifts (see Table S1 in the Supporting
Information), which can be utilized to improve the signal/
background ratios of fluorescence images by avoiding imag-
ing interference between the emission and excitation.

All the fluorophores show remarkable solvent effects (see
Figure S1 and Table S1). The emission peak of 4 has a bath-
ochromic shift from l = 652 to 677 nm with increasing solvent
polarity (from cyclohexane to CHCl3). These results indicate
that a significant ICT transition exists in these fluorophores.[9]

To better understand the ICT transitions of these fluoro-
phores, we performed density functional theory (DFT)
calculations of 4 by using the single-crystal structure deter-

mined by X-ray analysis. The molecular orbital density in the
HOMO is mainly located on the central benzene rings and the
diphenylamino moieties. However, the LUMO level is
primarily localized on the CNC=C¢C6H4¢C=CCN frame-
work. These results suggest a strong electron transfer within 4.

Additionally, 1–5 exhibit remarkable AIE properties (see
Figure S2). Typically, 4 is almost non-emissive in THF.
However, when water is added, the aggregations of 4 in the
THF/water mixture (> 60 % water) are highly emissive
(Figure 2C), thus suggesting the AIE properties of 4. The
aggregations of 4 in THF/water mixtures were virtually
confirmed by DLS and SEM. When the water fraction is
increased to 95%, the FL intensity is about 190 times greater
than that in pure THF.

The emission behaviors of 1–5 in the solid state were also
studied. The photographs under UV light and FL spectra of
1–5 as crystals are given in Figure 2E. The emission peaks in
powder form are red-shifted compared with those in THF/
water mixtures, and the intensities are much stronger than
those in aqueous mixtures. The fluorophores 1–5, as crystals,
exhibit fluorescence in the orange to NIR region with high
FF values (Figure 2E). The problematic ACQ phenomenon is
more serious for red fluorophores having the elongated
conjugation with large aromatic rings. Therefore, it is still
a challenge to yield red emission with FF values exceeding 0.3
in the solid state. It is remarkable that 4 and 5 in the solid state
display strong FR/NIR emissions at l = 676 and 686 nm,
respectively, with excellent corresponding FF values of 0.49
and 0.43.

Time-resolved fluorescence spectra indicate that the
fluorescence lifetime (t) of 4 as a single crystal has a single-
exponential decay with a long lifetime of 17.73 ns (see
Figure S3), compared to that of the CHCl3 solution
(5.83 ns). The single-exponential decay suggests that the

Figure 1. Structures of the fluorophores 1–5.

Figure 2. A) Absorption and FL spectra (solutions were excited at their absorption maxima of the longest wavelength) of 1–5 in toluene at 10 mm.
B) Absorption and FL spectra of 4 in different solutions. C) FL spectra of 4 (50 mm) in THF/water mixtures (lex =488 nm) and dependence of the
I/I0 ratios on the solvent composition. D) Molecular orbital amplitude plots of HOMO and LUMO levels of 4 calculated at the B3LYP/6-31G (d, p)
level of theory. E) Normalized FL spectra of 1–5 as crystals, and photographs of the fluorescence of 1–5 taken under illumination with UV light
(l =365 nm).
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excited molecules decay through a type of relaxation pathway
without other competitive radiative deactivation process.[10]

The radiative transition rate (Kr) and nonradiative transition
rate (Knr) are listed in Table S2. The Kr value of 4 (crystal) is
about 24 times greater than that in a CHCl3 solution, while the
Knr value decreases to a sixth. The increased Kr and decreased
Knr vaules are beneficial to increasing both t and FF by
blocking a nonradiative decay pathway. Furthermore, various
intermolecular interactions in the crystal could facilitate and
restrict intramolecular rotation, thus leading to high Kr and
FF values.

The single-crystal structures indicate that all the fluoro-
phores (1–4) show twisted molecular structures. The dihedral
angles between the central benzene plane and the phenyl
group, having varying substituents, of 1, 2, and 3 are 69.788,
35.288, and 68.988, respectively. The fluorophore 4 has two
crystallographically independent conformations in the crystal,
and the dihedral angles between the central benzene plane
and the phenyl group are 57.788 and 83.988, respectively. Both of
the conformations have a nonplanar structure. Shimizu et al.
demonstrated that the 1,4-bis(diarylamino)-2,5-bis(4-cyano-
phenylethenyl) benzene derivatives were slightly distorted
with the dihedral angles in bis(styryl)benzene framework of
21.3888.[8] Park et al. reported that the (2Z,2’Z)-3,3’-(2,5-
dimethoxy-1,4-phenylene) bis(2-(4-diethylaminophenyl)acry-
lonitrile) formed a coplanar molecular structure in the crystal
with intermolecular p–p interactions.[11] These two series of
fluorophores displayed minimal AIE properties. In this work,
the introduction of diphenylamine and cyano groups into the
framework results in increased steric hindrance between the
two moieties, and is thus beneficial for maintaining the
twisted structure of this series of AIE molecules, thereby
resulting in their distinct AIE attributes. No p–p stacking is
observed between the adjacent molecules. In the crystals of 1–
4, the distances between the central benzene planes of two

adjacent molecules are greater than 6.71 è (see Figure 3 and
Figure S5), which could impede intermolecular p–p interac-
tions, and thus avoid the quenching of fluorescence in either
the solid state or aggregate state.

The unique AIE property is an attractive feature for
bioimaging, and could avoid the ACQ effect of organic FL
probes. The FF value of 4-F127 NPs dispersed in aqueous
solution can reach 0.22. As shown in Figure 4, red emission is
observed and randomly distributed throughout the cytoplas-
mic area of the A549 cells, thus showing that the 4-F127 NPs
are successfully taken up by the cells. The FR/NIR emission
(l> 650 nm) of 4 was examined in vitro. Additionally, the
4-F127 NPs show a large Stokes shift of 162 nm, which can be
used to avoid imaging interference between excitation and
emission. The cell viability is over 85% after incubation with
the 4-F127 NP suspensions at 5, 10, and 20 mg mL¢1 for
24 hours (see Figure S7), thus suggesting that these NPs are
suitable for in vitro and in vivo FR/NIR bioimaging applica-
tions.

To verify the applicability of these FR/NIR fluorophores
for bioimaging in living animals, we studied the lymphatic
mapping of 4-F127 NPs in ICR mice. The F-127 and 4-F127
NPs were intradermally injected into the right forepaw pads
of mice. In vivo fluorescence lymphatic imaging over time is
shown in Figure 5. As a control, no fluorescence signal in the
area of lymph node from mice injected with F127 solutions
could be observed. In contrast, in the first 5 minutes after
injection with 4-F127 NPs, fluorescence signals are observed
at jugular nodes, thus showing a clear lymphatic mapping and
imaging. The result indicates that NPs diffused quickly from
the injection site into the lymphatics. About 60 minutes later,
NPs continuously migrated from the lymph node and the
signal disappeared. Our results suggest that 4-F127 NPs can
be used as NIR probes for potential applications in sentinel
lymph node (SLN) mapping. SLN is the lymph gland that is

Figure 3. The dihedral angles between the central benzene plane and the phenyl group with varying substituents, and molecular stacking
structures of 1–4 in the crystal structures. Hydrogen atoms are omitted for clarity.
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most likely to be first invaded by cancerous cells. SLN
biopsies have become a key process for cancer staging and
surgery.[12] In addition, similar results are revealed for the
lymphatic mapping and imaging of 5-F127 NPs (see Fig-
ure S9).

In summary, we have successfully synthesized a series of
AIE fluorophores exhibiting efficient solid-state emissions in
the region ranging from orange to FR/NIR. All of these
fluorophores exhibit high solid-state quantum yield, and the
FL color can be easily tuned by changing the substituents on
the phenyl and diarylamino moieties. The fluorophores 4 and
5 exhibit high solid-state FR/NIR emissions with excellent
quantum yields of 0.49 and 0.43, respectively. In vitro and
in vivo imaging were explored to demonstrate the potential of

the novel AIE fluorophores as FR/NIR FL probes for
bioimaging applications.
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