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ABSTRACT: A novel family of organoboron compounds 1—4
with bright near-infrared (NIR) emissions in the crystalline
state was synthesized. They show a morphology-dependent
emission “ON” and “OFF” feature and volatile acid/base-
induced fluorescence saltation which allow the realization of
reversible solid-state fluorescence switching in the NIR region
by totally different procedures: mechanical grinding/solvent
annealing and acid/base vapor fuming.

O rganic materials with brightly fluorescent solid-state
emissions are very important because of their wide
applications in optoelectronics including sensors, lasers, and
electroluminescent devices."” Flat and extended 7-conjugated
frameworks or strong donor—acceptor skeletons are usually
employed in the molecular design strategy to construct red or
NIR fluorescent materials.” Although these structures may be of
significance in aggregation-induced emission or some excited
species,* they generally result in strong intermolecular 7—7
stacking or considerable dipole—dipole interactions in the
densely aggregated state, thereby indicating aggregation-caused
fluorescence quenching (ACQ) as being particularly significant
for red/NIR fluorophores which renders the emitters weakly or
nonemissive in the solid state.’ Due to this serious ACQ effect,
only a few examples of organic materials with a solid-state
emission peak beyond 700 nm display fluorescence efliciency
over 0.3.° Therefore, the construction of NIR emissive
materials with high solid-state fluorescence efficiency is in
urgent demand.

Four-coordinate organoboron compounds with rigid z-
conjugated structures’ '* are promising luminescent materials
because of their intense luminescence, good thermal stability,
and high carrier mobility which enable them to be applied as
emitters in optoelectronics such as OLEDs. The structures of
the boron-containing materials can be easily modified for
desirable properties by functionalizing either the ligands or
boron reagents. Among those, organoboron materials with
efficient solid-state NIR fluorescence are extremely rare.
Recently, Fages and co-workers synthesized a series of boron
difluorides (LBF,) and found that some of them showed solid-
state NIR emissions."> We report here a class of boron
materials with morphology-dependent “ON/OFF” solid-state
NIR emissions as well as volatile acid/base-induced fluo-
rescence saltation. The reversible fluorescence “ON/OFF”
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switching has been realized in the NIR region based on these
boron compounds by totally different procedures: mechanical
grinding/solvent annealing and acid/base vapor fuming.
4-Dimethylamino-2'-hydroxychalcone ligands were chosen to
construct the target boron compounds 1—4. Structural
modification has been carried out on the Ar group by
introducing Me and F on the 4’ or §' position (Scheme 1).

Scheme 1. Molecular Structures of Organoboron
Compounds 1-4
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The ligands are synthesized through a condensation reaction
according to the reported procedure.'* The targets 1—4 are
prepared by refluxing the mixture of ligands and triphenylbor-
ane in THF overnight. Recrystallization of the reaction mixture
from CH,Cl,/MeOH solvent gives rise to tiny dark green or
blue crystals as pure products which were characterized by
NMR spectra, element analyses, and mass spectra. NMR
analyses indicate only E-isomers were formed.

The absorption and fluorescence of boron compounds 1—4
in solution were measured in CH,Cl, and the spectra are
shown in Figure 1. For 1-3, the lowest-energy transition bands
are similar and peaked around 535 nm. The absorption peak of
5’-fluorine-substituted compound 4 is located at 554 nm which
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Figure 1. Absorption and emission spectra of organoboron
compounds 1—4 in different states.

is red-shifted by 20 nm compared to its 4'-substituted analog 3,
demonstrating that the substitution position plays an important
role in tuning the photophysical properties of this type of boron
compounds. Compounds 1—3 are all similarly fluorescent with
emission bands at 598, 593, and 596 nm, respectively, while 4
displays a largely red-shifted emission band at 613 nm which is
consistent with the absorption trend. The fluorescence
efficiencies (®;) of 1—4 are 0.02 (1), 0.04 (2), 0.01 (3), and
<0.01 (4). Freezing the solution cannot obviously enhance the
fluorescence intensity (Figure S1), reflecting that intra-
molecular rotations and vibrations are not the main factor for
the low fluorescence efficiencies of these boron compounds in
solution.

As shown in Figure 1, the fluorescence spectra of crystalline
solids 1—4 recrystallized from CH,Cl,/MeOH are all located in
the NIR region with emission bands peaking at 728, 730, 740,
and 752 nm, respectively, which are greatly red-shifted
compared to those of solutions. The huge red shifts of
emission reflect that molecules are densely packed after they
aggregated into crystalline solids. Notably, the NIR emissive
crystalline powders show very high @, being 0.30, 0.34, 0.26,
and 021 for 1—4, respectively. This fluorescent behavior
matches the description of crystalline-enhanced emission
(CEE) proposed by Tang in 2007."> There has been only a
limited number of reported organic compounds that show
CEE.'® Our case is the first example of crystalline-enhanced
NIR emission. The molecular planarization of ligand induced
by the crystalline lattice strain and restriction of molecular
distortions by intermolecular interactions are considered to be
responsible for the observed CEE, although big crystals suited
for X-ray crystal analyses have not been obtained. The ®; of
compound 2 (0.34) is very high for the NIR emissive dye with
an emission peak beyond 730 nm. Interestingly, the spin-coated
thin films of 1—4 are weakly fluorescent in the NIR region and
their ®; values are all close to 0. The different emissions of
powders and films indicate that the solid-state fluorescence of
these boron materials is highly dependent on the morphologies
they adopt. The powders show strong and sharp diffraction
peaks, whereas the films display no obvious peak (Figure 2),
indicating molecules in powders are arranged in an orderly
manner while those in thin films are amorphously stacked.

The amorphous and crystalline solids of these boron
compounds are fluorescent “OFF” and “ON”, respectively.
Thus, reversible switching between the fluorescent dark and
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Figure 2. Powder X-ray diffraction (PXRD) patterns of compound 1
in various states.

bright states arouses our interest and further efforts have been
concentrated on this issue. Mechanical grinding has proved to
be a simple engineerin% process to convert crystalline powders
into amorphous solids.”” After grinding, the emission intensity
of crystalline sample 1 significantly decreases, as shown in
Figure 3. The PXRD pattern (Figure 2) of the ground sample
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Figure 3. PL spectra comparison of ground/annealed samples (1) and
repeated switching between dark and bright states.

shows very weak and sparse diffraction peaks, reflecting that the
highly ordered structure has been transformed into a random
packed one after grinding. Therefore, the bright NIR emission
of crystalline powders always faded away by this simple process.
Turning on the extinguished emission of the solids was
attempted next. Molecular repacking by solvent/thermal
annealing may convert amorphous solids into crystalline
powders. Indeed, the weakly emissive ground sample on a
glass substrate placed in a small container saturated with
CH,Cl, vapor will quickly convert to a brightly fluorescent state
and the Ifnea/Lyrouna is about 22. The annealed sample shows
sharp diffraction peaks, similar to the unground powders,
indicating that the amorphous ground solid transfers into the
crystalline state after solvent annealing (Figure 3). This
switching between the fluorescence “OFF” and “ON” state by
mechanical grinding and solvent annealing can be repeated
many times without an obvious fatigue response. Compounds
2—4 show similar solid-state NIR fluorescence “ON/OFF”
switching, reflecting the generality of this elegant luminescent
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behavior. The Iyquna/Ifumea ratios of emission intensity are 12,
13, and 1S for 2, 3, and 4, respectively. The on—off switching of
solid-state luminescence by external stimuli has become of
increasing importance in a variety of applications. It is worth
noting that solid-state fluorescence “ON/OFF” switching has
seldom been realized in the NIR region. Thus, we believe the
achievements in the present study might be valuable and have
important scientific significance in this research area.

Another notable feature is that all the boron compounds
display trifluoroacetic acid (TFA) and triethylamine (TEA)
induced fluorescence quenching and lighting. Because of the
electron-donating dimethylamino group on the 2'-hydrox-
ychalcone ligand, these boron compounds 1—4 exhibit a
prominent polar nature as well as Lewis base character.
Following this consideration, an experiment of compound 1
focused on an acid stimulation response has been carried out
and the volatile TFA was selected as the stimulus. As shown in
Figure 4, The bright NIR emissive crystalline samples can
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Figure 4. PL spectra comparison of TFA/TEA fumed samples (1) and
repeated switching between dark and bright states.

gradually convert into completely nonemissive solids which are
accompanied by a color change from dark green to red when
treated with TFA vapor in a closed container within 10 min.
The spectroscopic instrument cannot detect the fluorescence
signal of the TFA fumed sample. Thus, this fluorescence “ON/
OFF” switching has a very high Ion/Iopr value. The
fluorescence “ON/OFF” transformation is probably caused by
the protonation of the amino group that completely eliminates
the intrinsic intramolecular charge-transfer character of the
donor—acceptor molecule which is of great benefit to its high
fluorescence efficiency in the crystalline state. Protonation
induced molecular conformation variation and/or a molecular
packing change are other possible reasons for the acid-induced
fluorescence quenching. Interestingly, the fluorescent “OFF”
sample would immediately recover its highly efficient NIR
emission by fuming with TEA vapor, reflecting that the acid—
base fuming process could also induce reversible solid-state
fluorescent “ON/OFF” switching. Moreover, this process can
be repeated many times without any obvious attenuation of the
emission intensity. The three other NIR fluorescent boron
compounds 2, 3, and 4 also show switching properties similar
to those of compound 1. Thus, reversible NIR fluorescent
“ON/OFF” switching in the solid state of these four-coordinate
boron compounds has been realized by a simple acid—base
fuming process which might have great importance in the new
strategy of constructing fluorescent molecule switches.
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In summary, we have synthesized a series of boron-
containing compounds that display weak orange to red
emission in solutions. The slow aggregation of molecules by
a recrystallization approach produces crystalline powders with
highly efficient NIR fluorescence whereas the fast accumulation
of molecules by a spin-coating method gives rise to amorphous
thin films with very weak NIR light. Thus, these boron-
containing materials display morphology-dependent solid-state
NIR emission and are CEE-active. Interestingly, the NIR
fluorescent dark and bright states can be smoothly switched
through disrupting ordered molecular packing (mechanical
grinding) and molecular repacking processes (solvent anneal-
ing). The present study not only reported a series of highly
NIR fluorescent boron-containing materials but also demon-
strated an interesting morphology-dependent NIR emission
phenomenon. In addition, all the boron-containing solids
display reversible NIR fluorescent “ON/OFF” responses when
treated with volatile acid/base vapors. Thus, an interesting dual-
channel “ON/OFF” NIR fluorescent switching process has
been first realized by using the present boron materials which
might have a significant effect on the design strategy of
molecular switching.
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