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Luminogens with aggregation-induced emission (AIE) characteristics generally possess twisted structures

to prevent emission quenching in the solid state by n—n stacking interactions. In this work, new organo-
boron derivatives with coplanar structures were synthesized and found to be AlE-active. Analysis by
photoluminescence spectroscopy, single crystal X-ray diffraction and theoretical calculations depicted

that the distinct luminescence behaviors of the molecules stemmed from the different extent of
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excited-state double-bond reorganization (ESDBR), which consumed the energy of the excitons through
non-radiative pathways. This process was restricted in a highly viscous medium or in the solid state to
enable the molecules to emit efficiently. The organoboron derivatives based on the ESDBR mechanism

not only provide a new strategy to design coplanar AIE luminogens but also act as biological probes

rsc.li/frontiers-materials

Introduction

Luminescent materials have attracted much attention because
of their potential applications in optics, electronics and bio-
medicine science and engineering. Traditional organic lumino-
phores often show efficient light emission in the solution state.
However, in the solid state, they tend to suffer strong inter-
molecular n—n stacking interactions due to their planar aromatic
structures to cause emission annihilation." Such a phenomenon
is known as aggregation-caused quenching (ACQ) and has
limited their applications in fields such as optoelectronic devices,
bio/chemo sensors and biological imaging.” Luminogens with
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excellently and specifically targeting lipid droplets.

aggregation-induced emission (AIE) characteristics show dim or
no emission in dilute solutions but strong fluorescence in the solid
state.>* Thus, AIE is the exact opposite of ACQ. Unlike ACQ
luminogens, AIE luminogens (AIEgens) normally possess twisted
structures to prevent detrimental n—-n stacking interactions in the
solid state.”® The mechanism of restriction of intramolecular
motions has been proposed to explain the AIE effect'* but other
causes such as twisted intramolecular charge transfer (TICT),">™**
E/Z isomerization (EZI),">'® excited-state intramolecular proton
transfer,'” vibration-induced emission,"® and block of nonradiative
decay channels'® have been used to explain the AIE phenomenon
of other systems. Thanks to the enthusiastic efforts of scientists,
different types of AIEgens have been developed and some of
them even carry a planar structure (Scheme S1, in the ESI).>°>”
However, why these molecules are AlE-active is rarely investigated.
On the other hand, compared with twisted molecules, those with
coplanar structures show tight molecular packing to impart higher
charge mobility. If they are AIE-active, they may provide competitive
applications in fluorescence imaging and light emitting diodes.
Deciphering their working mechanism will further assist molecular
design of new AlEgens for high technology applications.

Lipid droplets (LDs) are well known as the place of energy
storage for neutral lipids and are found in the cytoplasm of
normal cells like adipocytes, hepatocytes and myocytes. They
interact with a variety of cell organelles, including the endoplasmic
reticulum, mitochondria and peroxisomes,*® and involve some
significantly important bio-functions, such as dynamic regulation

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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of the storage and metabolism of neutral lipids, membrane
maintenance, and protein trafficking, maturation and degradation.”
Aberrations in neutral lipid storage of LDs will lead to several
common metabolic diseases, including atherosclerosis, fatty
liver, obesity and type II diabetes,®® and/or the induction of
cancer cells and tissues, especially in cancer stem cells.>® Though
biological fluorometric technology has been utilized extensively
in detecting LDs, the commercially-available LD probes still have
more disadvantages to be overcome, for example poor photo-
stability and specificity for the Nile red probe.*’ Thus, the
development of highly sensitive and selective fluorescent probes
for LDs is quite significant. In some cases, luminescent organo-
boron materials like BODIPY without special substituents can
specifically target LDs directly.**

Organoboron materials often possess a coordinated boron
center to rigidify the ligand backbone and impart molecular
planarity. This decreases the nonradiative relaxation process to
enable the molecule to show strong emission with high quantum
yield.**>” Compared with the previous non-planar organoboron
AlEgens,>®*® we are aware of several interesting features of
a heterocyclic organoboron ring named 2,2-difluoro-1,3,4,2-
oxadiazaborol-3-ium-2-uide (OAB). OAB (i) is more flexible than
an aromatic ring, (ii) adopts a low steric and relatively coplanar
structure to favor electronic communication with the nearby groups,
and (iii) shows strong electron-withdrawing ability to benefit the
construction of a donor (D)-acceptor (A) architecture to regulate its
optical properties. By introducing phenyl rings and a dimethylamino
(DMA) group to its periphery, coplanar organoboron isomers, abbre-
viated as DMA-POABP and POABP-DMA, were developed (Scheme 1).
The compound called POABP was used for comparison purposes.*

In this investigation, we showed that the restriction of
intramolecular double-bond rotation in the excited state served
as the main reason for the AIE phenomenon of these planar
AlEgens. Such phenomenon was defined as excited-state
double-bond reorganization (ESDBR), which chiefly involved
the vibration relaxation of the double bond and EZI in the
excited state. It is worth noting that ESDBR is seldom associated
with the emission of luminophores in solution. However, we
indeed detected and demonstrated its important role for the
weak emission of DMA-POABP and strong emission of POABP-DMA
in THF solution by NMR analysis, viscosity dependent fluorescence
measurement and potential surface energy calculation. The ESDBR
was restricted in the aggregated state to enable the coplanar
AlEgens to emit intensely. Significantly, ESDBR integrated the
motion of the double bond in the excited state and explained
the AIE characteristics of rare coplanar AIEgens.
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Scheme 1 Structures of coplanar organoboron luminogens.
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Results and discussion
Synthesis and thermal properties

The synthetic protocols for POABP, DMA-POABP and POABP-
DMA are illustrated in Scheme 2, and experimental details are
provided in the experimental section. The intermediates, PAHP,
DMA-PAHP and PAHP-DMA, were synthesized via the condensation
between arylaldehyde and aryloyl hydrazine and used without
further purification.’®*" After boronation with allyltrimethylsilane
and boron trifluoride etherate, POABP, DMA-POABP and POABP-
DMA were obtained in 62-80% yield via a two-step organic reaction.
Associated structural data of Nuclear Magnetic Resonance (NMR)
spectroscopy and high-resolution mass spectrometry (HRMS) are
given in the ESIT and Fig. S1-S9.

Optical properties

The photophysical properties were investigated and the results
are given in Fig. 1A, Fig. $10 and S11 (ESIt) and Table 1. The UV
spectrum progressively red-shifted from POABP to DMA-POABP
and then to POABP-DMA possibly due to the enhancement of
the intramolecular charge transfer (ICT) effect. This was further
proved by the theoretical calculation data provided in Table S1
(ESIY). Similarly, POABP-DMA showed a red-shifted emission
spectrum and larger Stokes shift than POABP and DMA-POABP.
The Stokes shift versus the solvent orientation polarizability
(Af) in POABP-DMA was about three times larger than that in
DMA-POABP (Fig. 1B and Table S2, ESIt), implying that its optical
property was more sensitive to the solvent polarity change.
According to the Lippert-Mataga relationship described by the
following equation,

L2 -’

O, — 0f = e s X Af + constant

where g, — oris the energy difference between the absorption and
emission maxima, x4 and p* are the dipole moments of the
molecule in the ground and excited states, respectively, a is the
cavity radius in which the fluorophore resides, i is Planck’s
constant and c is the speed of light. The Stokes shift is ascribed
mainly to an ICT process and is consistent with the difference
of dipole moment (Au) between the ground and excited states
(Fig. S12 and Table S3, ESIt). The Ap value of POABP-DMA (13.6 D)
is calculated to be 2.5 times larger than that of DMA-POABP
(5.5 D). This indicated that the electron-donating effect was
more effective when the aromatic ring near the organoboron
was substituted with a DMA group (Fig. S13, ESIf).*> Thus,
POABP-DMA showed a more distinct solvatochromism effect
(Fig. 1C, D and Fig. S14, ESIY), in which its emission red-shifted

Rz
Ry Ry
o TMS-CyHs,
. MeOH; Q p BF;0Et,, DCE 7N,N7 5
— =N
; N/
&’

.

100°C, 1d

HoN—NH o
2 < > Ry FF
d PAHP (Ry, R, = H) POABP (Ry, R, = H)

DMA-PAHP (R; = Me;N, R, = H) DMA-POABP (R = Me,N, R, = H)
PAHP-DMA (R = H, R, = Me,N) POABP-DMA (R = H, R, = Me;N)

Scheme 2 Synthetic routes of the organoboron luminogens.
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Fig. 1 (A) Normalized UV-vis absorption and PL spectra of the organoboron
compounds in THF (10 pM). (B) Lippert—Mataga plots of Stokes shifts versus the
solvent orientation polarizability of DMA-POABP and POABP-DMA. (C and D)
Normalized PL spectra of (C) DMA-POABP and (D) POABP-DMA in different
solvents.

from non-polar (465 nm in hexane) to polar solvent (606 nm in
DMTF), arising from a strong ICT effect. In contrast, DMA-POABP
showed only 28 nm of red-shifted emission (455 nm in hexane
and 483 nm in DMF).

AIE properties

The fluorescence properties of the molecules were further
investigated in THF and THF/water mixtures with different
water fractions. As shown in Fig. 2A-D, Fig. S15 and S16 (ESIt),
DMA-POABP emitted weak blue-green fluorescence in THF at
473 nm, whose intensity gradually increased by ca. 28-fold by
gradually increasing the water fraction (f,,) from 0 to 90 vol%.
Exceeding 90 vol% of f,,, the relative intensity (I/I,) declined due
to the formation of large particles. This demonstrated a typical
AIE behavior. The emission of POABP-DMA became weaker
upon addition of water into its THF solution due to a stronger
ICT effect but increased slightly at high water fraction owing
to the AIE effect. The AIE effect (oo¢) was calculated by dividing
the quantum yield of the solid powder (®g,q) by that of
the THF solution (@ryr), and was equal to 41.7 and 2.1 for

View Article Online

Research Article

550

EI £, (vol%)
. 9

I 500

s ——80 “f’
2 -70 450
2 60 3
c Q
g | H N e 50 4
= 40 [ 400
3 E)
o -30 3
20
,,,,, 10 f350
—0
«— _m
tre j-u-—u-N-E-N-E-um
S T T T 0 T T T T 300
450 500 550 600 650 700 750 0 20 40 60 80 100
Wavelength (nm) Water fraction (vol%)
12 650
EI £, (vol%) ‘EI
99

J— ! [ 600
5 s
g 2
z pssos
% 3
g =
.2 5
£ F 5005
[ El

|- 450

450 500 550 600 650 700 750 0

20 40 60 80 100
Wavelength (nm) Water fraction (vol%)
E -+ IRF@THF E - IRF@Solid
+  POABP@THF +  POABP@Solid

+ DMA-POABP@THF
+ POABP-DMA@THF

* DMA-POABP@Solid
* POABP-DMA@Solid

Intensity (au)
Intensity (au)

5 10 15 20 0 50 100 150
Time (ns) Time (ns)

Fig. 2 (A and C) PL spectra in THF and THF/water mixtures with different
water fractions (f,,) of (A) DMA-POABP and (C) POABP-DMA. (B and D)
Change in relative emission intensity (///p) and emission maximum versus
the water fraction of the THF/water mixtures of (C) DMA-POABP and
(D) POABP-DMA. [y is the emission intensity in pure THF. (E and F)
Fluorescence decay curves of POABP, DMA-POABP and POABP-DMA in
(E) THF and (F) the solid state.

DMA-POABP and POABP-DMA, respectively. (i) Why did DMA-
POABP show weak emission but POABP-DMA strong emission
in THF and (ii) why did they show stronger emission in the
solid state? These will be explained through time-resolved
fluorescence spectroscopy, single X-ray diffraction and theoretical
calculation.

De-excited route of excited molecules

Time-resolved fluorescence spectra (Fig. 2E and F) revealed that
the fluorescence lifetime of DMA-POABP in THF was 0.42 ns,
which is shorter than that of POABP-DMA (1.14 ns). In a solid,

Table 1 Photophysical properties of POABP, DMA-POABP and POABP-DMA

THF solution®

Solid powder

Luminogen Japs (NM) Zem (®)” (hm, %) 7 (ks knr)® (DS, N5, 5™ A (M) E° (€V)  Jem (@) (nm, %) T (Kry knr) (08, ns™Y, ns™Y)  opr
POABP 338 402 (0.7) 0.70 (0.010, 1.419) 64 325 435 (1.1) 0.76 (0.014, 1.301) 1.6
DMA-POABP 415 473 (0.6) 0.42 (0.014, 2.367) 58 276 540 (25.0) 1.94 (0.129, 0.386) 41.7
POABP-DMA 415 555 (16.3) 1.14 (0.143, 0.734) 140 2.55 590 (34.9) 27.4 (0.013, 0.024) 2.1

“ Recorded at 298 K (10 pM). ” Quantum yield (&) measured by a calibrated integrating sphere. ¢ Rate constants for radiative (k) and nonradiative
decay (ky,) calculated from @ and lifetime (t) values according to k, = @/t and kn, = (1 — ®)/z. ¢ Agyr = Stokes shift = dem — Aaps. ¢ Band gap (Ey)
calculated from the onset wavelength (Zonset) Of the absorption spectra, Ey = 1240/ Zonset- T ot = Pooria/ Prriae-
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both of the lifetimes increased to 1.94 and 27.4 ns, respectively.
Their radiative and nonradiative decay rates were estimated
and listed in Table 1. In THF, the nonradiative decay rate (2.4 X
10° s~ ') of DMA-POABP was remarkably larger than the radia-
tive decay rate (1.4 x 10’ s~ ') by two orders of magnitude,
whereas those difference values of POABP-DMA were the same
order of magnitude (1.43 x 10° s of k; vs. 7.34 x 10% s "
of k,;). However, in a solid, the nonradiative decay rate of
DMA-POABP decreased drastically to 3.9 x 10% s™!, which is
close to the radiative rate (1.3 x 10® s™'). These results suggest
that nonradiative decay is dominant for DMA-POABP in
solution, but is weakened to the same level as radiative decay
in a solid, i.e., the ratio of nonradiative decay rate to radiative
rate in THF was dramatically decreased in comparison with
that in the solid state (k,./k;; 169.1 vs. 3.0). Moreover, the ratio
for POABP-DMA was also decreased in THF compared to that in
the solid state (5.1 vs. 1.8). This implies that the radiative rate
becomes a major de-excited pathway in the solid, resulting in
more solid-luminescence.

Single crystal analysis

To gain insight into the solid-state emission of the isomers,
their crystal structures and data were carefully analyzed (Fig. 3,
Fig. S17, S18, Tables S4 and S5, ESIt). The results showed that
(i) all the molecules adopted a Z-structure, presumably due to
the existence of an intramolecular hydrogen bond (H7---N2)
with distances in the range of 2.33-2.36 A, (ii) their overall
architectures showed high coplanarity with smaller dihedral
angles (only 0.43-6.75°) than any known organoboron materials
(Fig. S19, ESIY), (iii) weak intermolecular n-n interactions were
observed and (iv) the molecular motions of the molecules were
hampered by multiple intermolecular interactions, including
short contacts such as C-H: - -F (2.46-2.59 A), C-H- --O (2.68 A)
and C-H---r (2.85 A). The collective force of these weak inter-
molecular interactions could rigidify the molecular conformation
in the solid and decrease the nonradiative rate (k,,) of energy loss
to trigger strong solid-state emission.

Theoretical calculation study

Theoretical calculations can provide detailed mechanistic and
dynamical information of the molecules in the ground and
excited states. Thus, they are useful in investigating the

Fig. 3 XRD crystallographic packing unit and structure viewed laterally of
(A and B) DMA-POABP and (C and D) POABP-DMA.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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fluorescence quenching and aggregation-induced emission.
On the basis of the theoretical calculations of their optimized
molecular geometries, frontier orbitals and electrostatic potential
data (Fig. 4, Fig. S20-522, Tables S6-S9, ESIt), we found that the
electron cloud of the HOMO was mainly delocalized from the
DMA unit to the whole molecule, whereas that of the LUMO was
contributed by the orbitals of the organoboron ring and the
neighboring aromatic rings. By contrast, the orbitals of HOMO
and LUMO of POABP without an electron donating group were
delocalized throughout the whole molecule. The frontier orbitals
showed that charge transfer character is gradually obvious
from POABP and DMA-POABP to POABP-DMA. After further
calculating the excited (S;) state by the standard linear response
or state-specific polarizable continuum model method based
on solvation of THF,** high values of the oscillator strengths
(fos) were obtained for both DMA-POABP and POABP-DMA
(Tables S6 and S7, ESIt) and all the dihedral angles of the
fluorogens were close to zero degree in the S; state. This
suggested that the main configurations of the S; states were
evidently mixed and implied strong interaction between the
ground and the excited states, i.e., the greater overlapping of
the molecular orbitals between the HOMO and LUMO should
result in strong emission in THF solution. However, in fact,
only POABP-DMA showed obvious emission in THF, whereas
DMA-POABP emitted no light at all.

To decipher the emission mechanism in THF, the potential
energy surface (PES) of their S; states as a function of the
dihedral angles between (i) the DMA group and the phenyl-ring
(6ap), (ii) the phenyl ring and C—=N double bond (fpp), and (iii)
the phenyl ring and the organoboron ring (6pg) and the benzyl
group and the organoboron ring (6,z) were further calculated
by scanning the torsional angle from 0° to 180° at 10° intervals.
(Fig. 5A-C and Fig. S23, ESIt).**> The 0,p, Opp, and Opg were
associated with the rotations of the single bonds while 0,5 was
related to double bond rotation. A high rotational energy
barrier existed between the non-substituted phenyl ring and
the neighboring group. According to the thermodynamics,
rotation with an energy barrier of below 0.026 eV (2.5 k] mol™;
room temperature) was free and that above 0.88 €V (83.7 k] mol )
was hindered. Thus, owing to the low energy barriers of S;, all
rotations were allowed in the excited state to bring about non-
radiative decay. In contrast, the diminished energy gaps between
S; and its vertical projected S, state (So//S;) could cause an
increased rate of internal conversion (IC) and fast non-radiative
decay according to the energy-gap law.**

However, the rotation of a single-bond still did not explain
the unusual emission behaviors of the organoboron derivatives.
Apparently, the low emissions of POABP and DMA-POABP in
THF were mainly due to the ease of rotation of the imino-
double bond (C=N) in the S; state. According to the PES of the
rotational double-bond (Fig. 5A-C), the low energy barrier (AE*)
of Z to E isomerization of POABP (0.14 eV) and DMA-POABP
(0.29 eV) favored its occurrence, while the relatively high value
(0.56 eV) of POABP-DMA suggested that this process was less
likely to occur. Briefly, when configurational change between Z
and E forms occurred, the conical intersection would be clearly

Mater. Chem. Front., 2018, 2, 1498-1507 | 1501
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Fig. 4 Molecular geometries, orbitals and energy levels of POABP, DMA-POABP and POABP-DMA in the ground (Sp) and excited (S;) states calculated

with TD-DFT at the level of PBE/6-31G* based on solvation of THF.
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Fig. 5 (A-C) Potential energy surfaces of £/Z-isomerization of (A) POABP,
(B) DMA-POABP and (C) POABP-DMA. (D) Isomerization of pure Z-isomers
of DMA-POABP and POABP-DMA with time by irradiating their solutions in
THF-dg (40 mM) with a blue LED lamp. S; was the energy of the first
excited transition in the S; state, So//S; was the vertical projected energy of
the Sg state based on the S; geometries, and f,s was the oscillator strength
of an electronic dipole-allowed transition between So//S; and S;.

found in the plot of PES versus the dihedral angles of 0,5."° This
revealed that the excited state would be efficiently deactivated
to the So//S; state through the conical intersection of the
nonradiative IC pathway, followed by the vibrational relaxation to
its original ground state or isomer. This explained why the emis-
sions of POABP and DMA-POABP were much weaker in THF.

EZI study by NMR monitoring

Then, we used '"H NMR spectroscopy to monitor the EZI of
DMA-POABP and POABP-DMA in THF-dg under the irradiation
of blue LED light. After irradiation, the proton peaks at 3.16 and
3.09 ppm became weaker, while new peaks at 3.14 and 3.07 ppm

1502 | Mater. Chem. Front., 2018, 2, 1498-1507

emerged due to the transformation of the Z-form to E-form
(Fig. S24 and S25, ESIY). The fraction of E-form was calculated
from their integrals and plotted against the irradiation time
(Fig. 5D). The E-fraction of DMA-POABP increased rapidly at the
beginning, implying its easy EZI due to its more stable diradical
structure (Fig. S26, ESIt). This suggests that the double-bond
rotation of DMA-POABP in the excited state is easier than that of
POABP-DMA, resulting from its lower AE* value (vide supra
calculation). Thus, the torsion of the double-bond in the excited
state consumed the energy of the excited state nonradiatively.
Such excited-state double-bond reorganization (ESDBR) will be
prohibited or weakened in a highly viscous solution and
aggregated or solid state to enable the molecules to show strong
light emission.

Viscosity study

In the viscosity-dependent photoluminescence (PL) measurement
based on the different fractions of ethylene glycol and glycerol
(GL) at a concentration of 10 pM, according to the Forster-
Hoffmann equation, the logarithmic relative PL intensity, log(Z/I),
follows a power-law relationship with the logarithmic viscosity,
log(n). As shown in Fig. 6A-C, the dye-dependence constants were
calculated to be 0.38 for DMA-POABP and 0.28 for POABP-DMA,
respectively, indicating that the motions of the former were
restricted by ca. 10 times higher than those of the latter one in a
highly viscous environment. In addition, in another PL measure-
ment based on isopropanol (IPA) with or without GL at a concen-
tration of 10 uM, the intensity of DMA-POABP increased by ca. five
times from IPA to IPA/GL mixtures (3:2, v/v), whereas that of
POABP-DMA remained almost unchanged (Fig. 6D). These clearly
proved that the radiative decay of DMA-POABP was largely promoted
by the restriction of ESDBR (Table 1), as proved by the large decrease
of the k,,/k; ratio (169.1 to 3.0) from THF solution to the solid state.

ESDBR mechanism

Based on the previous experimental data and discussion, we
proposed a simple mechanistic model as shown in Fig. 7 and
Fig. S27 (ESIT). After excitation to the S; state, reorganization of
the double bond via bond stretching, bending and rotation

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 6 (A and B) PL spectra of (A) DMA-POABP and (B) POABP-DMA in
glycerol/ethylene glycol mixtures with different viscosities (). (C) Plot
of log(l/lp) versus log(n) of glycerol/ethylene glycerol mixtures of DMA-
POABP and POABP-DMA, where | and ¢ are the PL intensity in a glycerol/
ethylene glycol mixture and ethylene glycol, respectively. Inset: Linear
fitting of DMA-POABP (; = 0.38, R? = 0.98) and POABP-DMA (; = 0.28,
R? = 0.97). (D) PL spectra of DMA-POABP and POABP-DMA in i-propanol
(IPA) and IPA/glycerol (GL) mixtures.
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Fig. 7 A proposed model for the excited-state behavior of E/Z photo-
isomerization of DMA-POABP. AE* denotes the energy barrier from Z to
E-form, and AEc, denotes the energy gap of the de-excitation pathway
through the conical intersection between the Sg and S; states. Route ® and
@ were the reorganization process in the excited state, and route ® and @
and Aem Were the de-excited process to the Sq state.

occurred to relax the exciton to the minimum energy level
(route @). Further reorganization to another locally-excited state
(route @) will occur if the energy barrier (AE*) of EZI is over-
come by the environmental energy. The total reorganization
processes were designated as ESDBR. The relaxation of the
exciton through the conical intersection between the S, and S,
states regenerated the ground-state molecules with either Z or
E-form (route ® and ®). The energy will be lost nonradiatively
to contribute weak emission in solution. In contrast, the high
AE* limits the ESDBR to allow it to show strong fluorescence
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with high quantum yield in THF (Fig. S27B, ESIt). As the ESDBR
will be hampered in a highly viscous environment and aggregated
or solid state, the radiative process and quantum yield will be
greatly enhanced compared to those in solution.

Lipid droplet markers for living cell imaging

Considering the lipophilic structure of organoboron isomers
(Scheme S2, ESIY), it was envisioned that they could be used as
selective probes for hydrophobic organelles, such as lipid droplets.
The fluorescent bioimaging potential of DMA-POABP and POABP-
DMA was evaluated by co-staining experiments using the
commercially-available LD probe, Nile red (Fig. 8), where human
cervical (HeLa) cancer cells were used. After 30 min incubation
with the probes (5 pM for DMA-POABP and POABP-DMA;
100 nM for Nile red), DMA-POABP and POABP-DMA specifically
targeted to the LDs with bright-blue fluorescence (Fig. 8A and E)
and exhibited better resolution and higher contrast in comparison
with Nile red. From the merged images (Fig. 8C and G), we
observed that Nile red simultaneously stained the LDs (yellow
spots) and other intracellular organelles like mitochondria (red
emission). The poor specificity of Nile red for the LDs made it
difficult to distinguish them from other organelles and limits
some in depth research such as that on the dynamic motions of
LDs. On the other hand, DMA-POABP and POABP-DMA as
lipophilic probes not only were prone to accumulate in the
hydrophobic LDs but also enhanced the fluorescence intensity
in the LDs with the increase of their concentration in the
staining process, arising from their good AIE property.*"

The cytotoxicity of DMA-POABP and POABP-DMA was further
evaluated by the method of a 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Fig. 9A).*> Although
the MTT assay had some experimental errors, resulting from
factors such as the cellular stress effect and interference of
probes taken up by the cells,*®*” the overall results showed that
no demonstrable inhibitory effect was observed on the growth of
cervical cancer HeLa cells as DMA-POABP and POABP-DMA were
respectively added to the culture medium at a high concentration
of up to 10 uM. The excellent biocompatibility of DMA-POABP and
POABP-DMA helped to gain a better understanding for their
potential biological applications, such as dynamic monitoring of
LD formation, metabolism and death in living cells.

Photostability was a key parameter for evaluating the fluorescent
probes, so the oleic acid-treated HeLa cells stained with
DMA-POABP and POABP-DMA were examined by scanning with
a confocal microscope (Fig. 9B). Compared with the initial
fluorescence intensity, they had no signal loss after 66 scans
with a total irradiation time of over 10 min, whereas Nile red
showed a more apparent signal loss of fluorescence intensity of
about 30%. Accordingly, DMA-POABP and POABP-DMA had
better photostability as well as specificity targeting to LDs than
the commercially-available probe, Nile red.

Green algae imaging

Algae biofuel for sustained energy research has been paid
attention in the last decade because of its potential to be an
environment-friendly alternative to fossil fuels.** The content
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Fig. 8 Co-localization imaging of Hela cells stained with DMA-POABP, POABP-DMA and Nile red. (A-C and E-G) Confocal images and (D and H)
bright-field images of Hela cells co-stained with (A—D) DMA-POABP and Nile red and (E-H) POABP-DMA and Nile red. (C and G) Merged images of the
corresponding bright-field and fluorescence images. Excitation wavelength: 405 nm for DMA-POABP and POABP-DMA and 560 nm for Nile red (1% laser
power). Concentrations: 5 pM for DMA-POABP and POABP-DMA and 100 nM for Nile red. Scale bar = 10 um.

125

@
S

Cell viability (%)
@
3

40

—=— DMA-POABP
—e— POABP-DMA
—a— Nile Red

254

N
S

o
o

0 0.1 05 1 2 4 6 8 10
Concentration (uM) Time (min)

Fig. 9 (A) Cytotoxicity of DMA-POABP and POABP-DMA in Hela cells

determined by MTT assay. (B) The relative signal of fluorescence intensity of
DMA-POABP, POABP-DMA and Nile red in Hela cells with the scanning time.

of lipids is an important parameter to evaluate the value of the
algae. The high selectivity and light-up property of DMA-POABP
and POABP-DMA motivated us to further investigate their
imaging of LDs in algae. After being incubated with DMA-POABP
and POABP-DMA (10 pM) at room temperature for 30 min, the
lipid content of green algae Chlamydomonas reinhardtii was
identified and acquired by the blue emission of the probe
(Fig. 10). Here, the red emission color originates from the

Merge Chloroplast Bright-field

Fig. 10 (A, B, D and E) Fluorescent images and (C and F) bright-field
images of green algae stained with (A) DMA-POABP and (D) POABP-DMA
(10 uM). Excitation wavelength: 330—-385 nm. The blue and red emissions
are from the LDs and chloroplasts, respectively.

1504 | Mater. Chem. Front., 2018, 2, 1498-1507

chloroplasts of the algae itself (Fig. 10B and E), and the little
greenish blue color is the aggregate of the probe without
staining the algae (Fig. 10D), which could be differentiated from
the LDs under a fluorescence microscope. Thus, the dimension
of blue-emission imaging mainly expressed the content of LDs,
which validates the practicability of using DMA-POABP and
POABP-DMA for high-throughput screening of algae species
with high biofuel contents.

Conclusions

In this work, we investigated the optical properties of new
coplanar organoboron isomers and observed distinctly different
behaviours. DMA-POABP showed bluer but weaker emission than
POABP-DMA in solution due to its stronger ESDBR. All the
molecules showed strong emission in a viscous medium and
aggregated state owing to the restriction of ESDBR to display a
phenomenon of AIE. The organoboron isomers were not only
rare AlEgens for their coplanar structures but also their AIE
phenomenon was stemmed from the ESDBR mechanism. The
present results suggested that the AIEgens were not necessarily
derived from specific substituents and provided a new approach
to design new AIEgens by controlling the ESDBR property. As a
biological fluorescence probe, the organoboron isomers exhibited
better photostability and specificity targeting lipid droplets
in comparison with commercial Nile red. This mechanistic
elucidation eliminated the structural limit for AIEgen design
and helped to develop new coplanar AlEgens with novel material
properties for high-technology applications.

Experimental section
Materials and methods

Chemicals were purchased from J&K, Sigma-Aldrich and TCI
and used directly without further purification. Tetrahydrofuran
(THF) was distilled from sodium benzophenone ketyl under dry
N, immediately before use. Other solvents were directly used
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without further purification. "H and '*C NMR spectra were
recorded on a Bruker ARX 400 spectrometer and Varian VNMRS
400 using CDCl; or THF-dg as solvent and tetramethylsilane
(TMS) as an internal standard. High-resolution mass spectra
(HRMS) were recorded on a GCT premier CAB048 mass spectro-
meter operated in MALDI-TOF mode. FT-IR spectra and UV-vis
absorption spectra were recorded on a Bruker Tensor II and a
Shimadzu UV-2600 spectrometer, respectively. Photoluminescence
(PL) spectra were recorded on the Perkin-Elmer LS 55 fluorescence
spectrometer. The absolute quantum yields of the solid powder
and solution were determined using a Hamamatsu C11347-11
Quantaurus-QY Analyzer. The lifetime was recorded on an
Edinburgh FLS 980 instrument and measured using a time-
correlated single-photon counting method.

Synthesis of organoboron derivatives

Benzohydrazide (1 eq.) and benzaldehyde (1 eq.) were dissolved
in methanol (0.5 M), and the resulting mixture was then
refluxed overnight. The mixture was cooled to room temperature,
and the precipitate was filtered, washed with cool ethanol, dried
under vacuum, and used without purification. The above hydra-
zone intermediate was suspended in 1,2-dichloroethane (0.2 M),
and allyltrimethylsilane (1.3 eq.) and boron trifluoride etherate
(BF3-OEty; 1.5 eq.) were successively added. The reaction flask
was immersed in a boiling oil bath of ca. 120 °C and stirred
overnight. The mixture was slowly cooled to room temperature,
quenched with salt water, and extracted with dichloromethane.
After the removal of solvent, the crude product was purified by
silica-gel column chromatography using hexane/petroleum ether
as the eluent. Single crystals for single crystal X-ray analysis
were obtained in tetrahydrofuran/hexane with slow layer-to-
layer diffusion.

Characterization data of POABP. White solid, 80% yield.
'H NMR (400 MHz, CDCl;), & (ppm): 8.46 (d, 2H, J = 7.6 Hz),
8.22 (d, 2H,j=7.2 Hz), 7.90 (s, 1H), 7.70-7.59 (m, 4H), 7.53-7.49
(t, 2H,J = 7.6 Hz). *C NMR (100 MHz, CDCl;), 6 (ppm): 173.07,
150.90, 134.84, 134.44, 133.75, 129.37, 129.09, 128.96, 128.78,
126.90. HRMS (MALDI-TOF): caled for C;,H;BF,N,0 [M]":
273.0932, found: 273.0999.

Characterization data of DMA-POABP. Yellow solid, 77%
yield. '"H NMR (400 MHz, THF-dg), 6 (ppm): 8.45-8.43 (m, 2H),
8.16 (d, 2H, J = 7.2 Hz), 7.86 (s, 1H), 7.59-7.55 (m, 1H), 7.51-7.49 (m,
2H), 6.89-6.87 (m, 2H), 3.16 (s, 6H). *C NMR (100 MHz, THF-dg), 0
(ppm): 170.65, 155.63, 151.25, 138.14, 133.58, 129.66, 129.41, 129.27,
128.47, 117.98, 112.88, 112.53, 40.54, 40.22. HRMS (MALDI-TOF):
caled for C;6H;6BF,N;0 [M]: 316.1354, found, 316.1354.

Characterization data of POABP-DMA. Orange solid, 62%
yield. 'H NMR (400 MHz, THF-dg), § (ppm): 8.06 (d, 2H, J = 7.6 Hz),
8.05-8.02 (m, 3H), 7.64-7.58 (m, 3H), 6.80-6.78 (m, 2H), 3.09 (s, 6H).
3C NMR (100 MHz, THF-dg), 6 (ppm): 174.34, 155.35, 148.68, 135.04,
134.68, 131.76, 131.43, 130.05, 114.29, 112.20, 40.27. HRMS (MALDI-
TOF): caled for Cy¢H,¢BF,N;O [M]": 315.1354, found, 315.1364.

Theoretical calculations

The optimized geometries of the ground-state (S,) and excited-state
(S1) minima were calculated by Gaussian 13 with time-dependent
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density functional theory (TD-DFT) at the level of PBE0/6-31G*
based on solvation of THF, in which the polarizable continuum
model (PCM) with computationally efficient vertical excitation as
linear response solvation were used. Furthermore, we used the
state-specific PCM method to correct POABP-DMA with a stronger
charge transfer. Its first excited transition was close to the
experimental emission peak (535 vs. 555 nm) after correction. A
QM/MM model at the ONIOM (TDDFT:UFF) level for a cluster of
organoboron molecules cut from the crystal structure with the
central one as a QM region and the surrounding 37 molecules for
DMA-POABP and 41 molecules for POABP-DMA as an MM region
was used to explore the solid-state luminophore.

Monitoring the E/Z photoisomerization

DMA-POABP or POABP-DMA solutions of THF-dg (0.5 mL) at a
concentration of 40 mM were prepared and added into NMR
tubes. After capping, the NMR tubes containing the solutions
were irradiated with light from a blue LED lamp at the same
position. The process was monitored by "H NMR spectroscopy.

Viscosity effects on PL intensity

30 uL of DMA-POABP or POABP-DMA in THF (1 mM) was added
into 2.97 mL of the mixture solvent of glycerol and ethylene
glycol and mixed thoroughly. The PL intensity (I) of each
mixture was measured at 480 and 575 nm for DMA-POABP
and POABP-DMA, respectively. Compared with the intensity of
the pure ethylene glycol solution (I,), log(l/I,) was plotted
against log(n) and the slope () was obtained by fitting a linear
relationship or the Forster-Hoffmann power-law relationship.

Cell imaging and confocal colocalization

HeLa cells were cultured in MEM containing 10% FBS and
antibiotics (100 units mL ™" penicillin and 100 mg mL ™" strepto-
mycin) in a 5% CO, humidity incubator at 37 °C. For co-staining
with Nile red, HeLa cells were first incubated with AIEgen (DMA-
POABP or POABP-DMA, 5 uM) and Nile red (100 nM) at 37 °C for
30 min. The medium was then removed and the cells were
rinsed with PBS three times and then imaged under a confocal
microscope (LSM710). The emission filter was 448-548 nm for
DMA-POABP and POABP-DMA and 598-753 nm for Nile red. The
excitation was 405 nm for DMA-POABP and 560 nm for Nile red.

Cytotoxicity study

MTT assays were used to evaluate the cytotoxicity of the
presented AIEgens. Cells were seeded in 96-well plates (Costar,
IL, USA) at a density of 5000 cells per well. After overnight
culturing, the medium in each well was replaced by 100 pL
of fresh medium containing different concentrations of the
presented AlEgens. The same volume fraction of DMSO (0.1%)
is used for each concentration of AIEgens. 24 hours later, 10 pL
MTT solution (5 mg mL ™" in PBS) was added into each well.
After 4 hours of incubation, 100 pL. DMSO was added to each
well and then vibrated for 15 min. The absorption of each
well at 595 nm was recorded via a plate reader (Perkin-Elmer
Victor3™). Each trial was performed with 6 wells parallel.
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Photostability

The dye-labelled HeLa cells were imaged by using a laser scanning
confocal microscope (LSM710) with the rate of 11 s per scan and
analysed with ZEN 2009 software (Carl Zeiss). Conditions: excitation
wavelength: 405 nm for DMA-POABP and POABP-DMA and 560 nm
for Nile red with 1% laser power.
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