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A new dual-boron-cored luminogen ligated with nitrogen-
containing multidentate ligand and four bulky phenyl rings,
was readily synthesized. The unique molecular structure
renders this BN-containing luminogen with rich
photophysical properties in either solution or in solid state,
including a large Stokes shift, aggregation induced emission
activity and reversible piezochromism. Furthermore, this BN-
containing luminogen exhibits good capabilities for imaging
living cells and sensing of fluoride anion.

B,N-containing dyes, such as boron dipyrromethene (BODIPY),
which exhibit high thermal stability, large charge carrier mobility
and rich photophysical properties, have attracted increasing attention
owing to their fundamental importance and potential applications in
organic solar cells (OSCs), organic light-emitting diodes (OLEDs),
sensing and imaging, etc.! However, these dye molecules mostly
suffer from weakly emissive or nonemissive characters in
concentrated solution or in solid state because of their small Stokes
shifts, favourable for the self-absorption from the heavy overlap
between the absorption and emission spectra, or the aggregation-
caused fluorescence quenching (ACQ) effect.?

Aggregation-induced emission (AIE) has been considered as an
effective strategy to achieve high emission in concentrated solution
or even in solid state.?® Structurally dependent on the molecular
conformation or solid-state packing, an AIE luminogen may
response to a stimulation of mechanical performance, thus giving
rise to the piezochromism behavior.® In contrast to the well-
investigated AIE luminogens which are based on carbon-rich
molecules, such as tetraphenylethene, AIlE-active BN-containing
luminogen remains rarely explored.

Boron-containing luminogens are widely used for sensing
environment-harmful fluoride ions, featuring low detection limits,
high selectivity and low-cost. Typically, the luminescence response
works through the following driving forces: (1) hydrogen bonding
interactions; (2) anion— interactions; (3) F- direct binding to boron
atom; and (4) chemical reactions induced by F.# In this respect,
searching for novel type of luminogens for fluoride anion sensing
through a new responsive pathway, has been always an attractive
topic.®

This journal is © The Royal Society of Chemistry 2012

Herein, we report a novel dual-boron-cored luminogen 5, through
complexing  3,6-di(1H-pyrazol-1-yl)-1,2-diaminobenzene (4), a
nitrogen-containing multidentate ligand with triphenylborane. The
geometric structure and photophysical properties of 5 were fully
characterized. We further investigated the capabilities of 5 for
imaging living cells and selective sensing of fluoride anion.

The target compound 5 was synthesized as shown in Scheme 1.
The reaction of 2,1,3-benzothiadiazole (1) with bromine gave 4,7-
dibromo-2,1,3-benzothiadiazole (2) in 88% yield. The key
intermediate  4,7-di(1H-pyrazol-1-yl)benzo-[2,1,3]thiadiazole  (3)
was prepared in a yield of 72% by copper iodide catalyzed reaction
of 2 with pyrazole. Subsequently, compound 4 was obtained in
quantitative yield upon reduction of 3 with NaBH4. Finally,
compound 4 and triphenylborane were treated in toluene under
reflux condition, affording the target BN-complex 5 in 88% yield.
Compound 5 was fully characterized by 'H, 13C, !B NMR and
HRMS spectroscopies (Fig. S1-S7, ESIT). In the 'H NMR spectra,
only one set of proton signals in the aromatic regions and one N-H
peak at 3.97 ppm can be observed (Fig. S5, ESIY), suggesting a
symmetric structure of 5. Moreover, the B NMR spectrum
manifests a signal peak at -7.9 ppm (Fig. S7, ESIY), indicative of a

four-coordinated state of the boron center.®
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Scheme 1. Synthetic route towards compound 5.
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Single crystals of compound 5, grown from acetone/n-hexane
solution, were determined by single X-ray diffraction analysis (Fig.
1, Fig. S8-S9, ESIt). The crystal structure reveals a five-ring fused
conjugated aromatic framework, in which two boron atoms are
deviated from the mean plane of the backbone. The dihedral angles
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defined by the middle benzene ring from two pyrazole rings, are 7.9°
and 24.5°, respectively. Such twisted conformation can be attributed
to the congested circumstance caused by the bulky diphenyl groups
decorated on each boron core. Two kinds of B-N bonds with the
lengths of 1.51/1.52 A and 1.61/1.62 A coincide with their covalent
and coordination bond nature, respectively.” In the packing diagram,
the molecules organize in a staggered stacking pattern. The
conjugated backbones of the neighbouring molecules are parallel to
each other in an edge-to-edge fashion, with the shortest distances
from 3.35 to 3.95 nm between the neighbouring molecules. The
intermolecular C-Heserr interactions (2.814 A) between the phenyl
groups and conjugated backbones of the adjacent molecules can be

identified (Fig. 1b).
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Fig. 1. (a) Thermal ellipsoid (50%) diagram of the molecular structure of 5;

(b) Crystal packing diagram of 5. Solvent molecules are omitted for clarity.

(b)

The optical properties of compound 5 were investigated in CH2Cl2
at a concentration of 5x10° M (Fig. S10, ESI{). In the UV-vis
spectra, three main absorption bands at 280, 329 and 394 nm were
observed. The maximum absorption is typically attributed to the n—
n* transition of the aromatic skeleton.® When compound 5 was
dissolved in higher polar solvents, the peak at 394 nm is gradually
red shifted to 415 nm (Fig. S10, ESI¥), indicating an intramolecular
charge transfer transition (CT). Thus, compound 5 can be polarized
in the ground state. Such a phenomenon might be attributed to the
multiple interactions between 5 and the solvent molecules, for
instance, dipole-dipole, hydrogen bonding (through N-H moiety) and
n-m interactions.® This result agrees with the time-dependent density
functional theory (TD-DFT) calculation, which reveals that the CT
peak at 394 nm governs the electron transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) (Fig. S14, ESIt). The fluorescence
spectrum of compound 5 shows a broad emission with a maximum
peak at 486 nm, featuring an unmirror image relative to the
absorption spectrum. This suggests a lack of rigidity of the
molecular scaffold.’® Moreover, compound 5 in different solvents
exhibits significant changes in emission maxima and intensity (Fig.
S11, ESI¥). The solvent-dependent emission of 5 is probably arising
from its acceptor-donor-acceptor (A-D-A) character. The dipole
moment of the molecule will be affected by different polar solvents,
leading to the different stability of the excited state. It should be
emphasized that, the Stokes shift of 92 nm (2081 cm) for 5 is
among the largest values ever reported for BN-containing
luminophores.” This result indicates a remarkable structural
deformation between the ground and excited states for compound 5,
which would be beneficial to achieve high emission efficiency
through effective weakening of self-absorption.

Encouraged by the unique photophysical properties of compound
5, next we like to explore its stimuli-response behavior. The
emission spectra of 5 in THF/water with different volumetric ratios
of water were recorded in Fig. 2. In a THF solution, the fluorescence
spectrum of 5 shows a flat line parallel to the abscissa, manifesting
the poor fluorescence behavior. Interestingly, the fluorescence
intensity increases rapidly when the water content is above 50%
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(v/v), and it reaches to a maximum value at 80% (v/v) fraction of
water, but then decreases at the higher fractions of water. This result
strongly suggests a solvent-dependant AIE response.? To gain an
insight into the aggregation behavior of compound 5, the UV-vis
spectra of 5 in THF/water solution with different volumetric ratios of
water were recorded (Fig. S15, ESIt). The UV-vis spectra in
aqueous THF with 80% and 90% of H20 exhibit broadening
absorption maxima with a levelling-off of long-wavelength tails,
which are typically attributed to the formation of aggregates.*%-*2 The
aggregation behavior of 5 in THF/water was further supported by
electron diffraction (ED) patterns and scanning electron microscope
(SEM) images. The ED patterns disclose an amorphous state for the
sample formed in THF-water mixed solutions with 70% or 80% of
H20. In contrast, a crystalline state was obtained in the case of THF-
water mixture with 90% of H20. This phenomenon is different from
that of crystallization-induced emission enhancement (CIEE)
effect.13
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Fig. 2. (a) Fluorescence spectra of 5 in THF/water mixtures (1.0x10° M,
excited at 413 nm) with varied volumetric fractions of water; (b) The
fluorescence intensity change at different content of water; (c) The digital
figures of 5 in THF/water mixtures under UV light (1.0x10° M, excited at
365 nm).

Compound 5 shows good photostability under the UV lamp (Fig.
S18, ESIY). Moreover, the low in vitro cytotoxicity of 5 up to 100 pg
mL! has been evaluated by MTT assay using NIH/3T3 normal cells
(Fig. S19, ESI¥). Thus, 5 with low cytotoxicity and AIE activity
could be used as potential tool for biological imaging. The cellular
uptake of compound 5 was evaluated by fluorescence microscope.
As shown in Fig. 3, the strong blue fluorescence attributed to the
aggregates of compound 5 was observed mainly in the cytoplasm of
the cells with good distribution after culturing tumor cells with 5 for
2 h. With the increase of incubation time, the emission intensity in
tumor cell increases (Fig. S20, ESI), suggesting that the as-
prepared nanoparticles were enclosed by the cell membranes, and
then internalized by the cells. This result demonstrates that the
structural feature of compound 5 with AIE activity is a good
candidate for bioimaging applications.
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Fig. 3. Fluorescence microscope images of HelLa cells incubated with
compound 5 for 2 h: (a) a bright field image; (b) a fluorescence image; (c) a
merged image.

This journal is © The Royal Society of Chemistry 2012
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Piezochromic luminogens generally refer to color changes under
external pressure or mechanical grinding®" and have potential
applications in optical recording devices, pressure sensors and
damage detectors, etc.3%3f We consider that the sterically congested
structure of compound 5 which plays the key role in its AIE activity,
may render the response to mechanical stimuli. To this end, we
grinded the solid powder of 5 using a pestle. Interestingly, a change
of emission color from green to yellow was observed under UV light
at 365 nm (Fig. 4a, Fig. S21, ESI{). After one drop of
dichloromethane was dropped onto the surface of the ground sample,
the area that dichloromethane evaporated immediately recovered the
original green color under UV light. Such reversible conversion of
the emission colors of the as-prepared and ground samples can be
successively repeated for several times (>4) as shown in Fig. 4b. The
red-shifted emission color after mechanical grinding indicates the
change of intermolecular interaction in solid 5. To confirm the
optical results, the crystal packing of 5 was further investigated by
X-ray diffraction (XRD) measurements. XRD patterns disclose that
the as-prepared and ground samples of 5 are featured with crystalline
and amorphous phases, respectively, which demonstrates the change
of molecular packing during the grinding process. ¥ This result also
is reversible by alternately grinding and soaking with CH2Cl (Fig.
4c).
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Fig. 4. (a) Photographic images of compound 5 after mechanical grinding
under 365 nm UV light; (b) The solid fluorescence of compound 5, Inset:
repeated switching of the fluorescence emission maxima of the as-prepared
and ground samples; (c) Powder XRD patterns of compound 5.

The boron-cored structure of compound 5 also promoted us to
examine its response to the stimuli of various anions. In the DMSO
solution, compound 5 with a concentration of 5x10° M exhibits
strong blue fluorescence which can be attributed to the high viscosity
of solvent. Further addition of F- (5x10-% M) resulted in an apparent
color change from colorless to light yellow (Fig. 5). Moreover, UV-
vis absorption revealed that a profile comprising two absorption
maxima at 294 and 334 nm with remarkably enhanced intensity
emerged when F was added, while the fluorescence was fully
quenched (Fig. S22-S24, ESIt). On the contrary, the addition of
other anions (e.g. ClI,, Br, I, NOs,, HSOy4) did not cause obvious
changes of the absorption and fluorescence spectra. To determine the
sensitivity of 5 to F ion, fluorescence titration experiment was
carried out (Fig. S25, ESIt). With the incremental addition of F, the
fluorescence intensity of 5 decreased progressively. The addition of
20 eq F resulted into a complete fluorescence quenching. This
pronounced fluorescence response of 5 to F ion at such a low
concentration (Fig. S26, ESI¥), is comparable to the best F- detectors
reported previously, such as triarylboranes and aryltrifluoroborate.'4

This journal is © The Royal Society of Chemistry 2012
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Fig.. 5. Digital figures of compbund 5 at a concentration of 5x10° M in
DMSO under sunlight (a) and 365 nm UV light (b).

In order to understand the mechanism of fluoride anion sensing,
we further carried out *H NMR titration experiments of 5 in DMSO-
ds. Upon addition of F-, pronounced shifts of the proton signals were
observed (Fig. 6). Upon gradually increasing the amount of F from
1 to 6 eq, the well-resolved proton signals in pyrazol ring (signed as
H-a, H-b, H-d in Fig. 6a) and in BN moiety (H-e) became weaken
and finally disappeared. Meanwhile, new proton signals at ¢ = 8.07,
7.77, 6.68 and 6.50 ppm emerged and their intensities increased.
Strikingly, both chemical shifts and integration ratios of these new
peaks are quite similar to those values of the protons in the ligand 4
(Fig. 6). Thereby, it is reasonable to deduce that the new species
with similar chemical composition to the ligand 4 were formed upon
the addition of F~. On the other hand, the proton signal of the BN
moiety (H-e) at 6 = 6.07 ppm in 5 disappeared after F- titration,
while a new high-field signal with the same integration intensity at ¢
= 5.28 ppm, was observed, which is very close to that of the proton
in the imino group in 4 (6 = 5.26 ppm). This result suggests that the
BN moiety is not fused in the aromatic backbone after the treatment
with F-. Moreover, the !B NMR spectrum of 5 treated with F- shows
a signal at § = -5.73 ppm, which is characteristic for four-
coordinated boron atom (Fig. S27, ESI{).5 On the basis of these
analyses, we suggest a possible pathway of F-stimuli response for 5
as shown in Fig. 6b. Two F ions simultaneously attack the two
Lewis acid boron centers of compound 5, leading to the cleavage of
B-N coordination bond and the formation of B-F bond. In other
words, the two coordinated N atoms of pyrazole units in the ligand
are released, while each boron core bearing two phenyl rings and one
F atom, is linked with the imino group through B-N covalent bond.
As a consequence, the original rigid conjugated backbone of
compound 5 was destroyed, and the pyrazole unit with a released
free lone pair of electrons on the N atom probably acted as a crucial
role in quenching the fluorescence through electron trapping effect.®
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Fig. 6. (a) *H NMR spectra of boron compound 5 in DMSO-ds after the
addition of various equivalents of TBAF; (b) Schematic representation of a
possible mechanism of the reaction between compound 5 and F" in DMSO.

Conclusions

In summary, we have synthesized a novel BN-containing luminogen,
featuring a sterically congested conformation and an extended =-
conjugated system. Remarkably, this luminogen exhibits a large
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Stokes shift, AIE activity and reversible piezochromism behavior,
etc. For a boron-based F-detector, its boron center is required to
be shielded with bulky substituents, e.g. dury group.'® In this
work, the boron core is effectively protected by binding a
pyrazole moiety through a weak B-N coordination bond, which
can be readily cleaved upon treatment with F-. Such strategy
holds great promise for designing new boron-based molecular
dyes for sensing a wide scope of ions.
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