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ARTICLE INFO ABSTRACT

Keywords: It is a hot topic to furnish aggregation-caused quenching luminogens with aggregation-induced emission (AIE)
Aggregation-induced emission active units and explore their optical properties and inherent mechanism. In this paper, two newly designed and
Mechanochromism

synthesized difluoroboron fB-diketonate complexes (TPE-BF,-2AP and TPE-BF,-2MP) with tetra (phenyl)
ethylene (TPE) and N-alkyl pyrrole unit exhibit solvatochromism, AIE and mechanochromic properties.
Although the alkyl substituents with slight difference, TPE-BF5-2AP relative to TPE-BF,-2MP show distinct
increased stokes shift and red shifted fluorescence emission in organic solvents. More interestingly, single crystal
analysis reveals that TPE-BF,-2MP forms head-to-head anti-parallel stacking, while TPE-BF,-2AP adopts a
scarce head-to-head cross non-parallel stacking, leading to enhanced quantum efficiency from 0.24 to 0.34
before/after grinding, and blue shifted fluorescence emission compared with TPE-BF,-2MP in aggregated states
and crystalline states. In addition, the two luminogens exhibit multi-state emission properties by grinding,

Multi-emission
Boron complex
Pyrrole

solvent fumigation and heating due to incomplete transformation between amorphous and crystalline state.

1. Introduction

Fluorescent dyes with AIE activity have already become an im-
portant tool for bioimaging and sensors [1-4]. Different from tradi-
tional fluorophores easily suffering from aggregation-caused quenching
(ACQ) effect, AlE-active luminogens emit strong fluorescence in ag-
gregated states instead of solution. Thereby, some AlIE-active lumino-
gens are valuable for turn-on probes [5-7] because of binding between
luminogens and ions or biomolecules producing aggregation, which can
reduce auto-fluorescence background of biomolecules. Furthermore,
AlIEE-active nanoparticles formed in aqueous solution are beneficial to
intracellular endocytosis, directly used as bioimaging can avoid the
steps of washing [8]. Moreover, most of AlE-active luminogens are
generally furnished with propeller-like units resulting in loose packing
in the solid state and rotatable C—C bonds in solution [9-11]. Under the
action of mechanical force such as grinding or scraping, the luminogens
exhibit mechanochromic properties due to collapse of loose packing.
Furthermore, shift and intensity changes of emission wavelength are
usually related to molecular stacking before/after mechanical force
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[12-14]. However, the unclear understanding of their inherent me-
chanism limits the design and development of high contrast mechan-
ochromic materials. As viscosity or temperature, surrounding medium
inhibit or enhance rotation of C-C bonds leading to a change in the
fluorescence intensity. Together with the mentioned above, AlE-active
luminogens are fascinating, and design, synthesis and photo-physical
properties of AlE-active fluorescent dyes with novel structure have
become a research focus.

Currently, some boron complexes bearing bidentate (N, O, N, N and
O, O) ligands show outstanding photophysical and photochemical
properties. Recently, Wang et al. [15] reported three boron complexes
possessing room temperature phosphorescence under visible and near-
infrared (NIR)-light excitation by taking advantage of spin-orbital
coupling of heavy atom (Br and I) and intramolecular charge transfer
(ICT) effect between carbazole and difluoroboron unit. A series of BF,-
anchored acylhydrozones are prepared by one-pot two-step reaction,
and they exhibit remarkable AIE activities and reversible photo-
isomerization [16]. In our previous research [17-19], three series of
difluoroboron complexes have been designed and synthesized by
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Fig. 1. The molecular structures and emission maxima of reported B-diketonate boron complex in THF-H,O mixtures (water fraction = 90%).

assembling tetraphenyl ethylene (TPE) and halogen atom, alkox-
ybenzene, aromatic amines (As shown in Fig. 1). The luminogens except
TPE-BF,-DMeA not only have desired AIE activities, but also show
high-contrast mechanochromism, polymorphism-dependent fluores-
cence and even multi-state emission properties. Compared with TPE-
BF,-H, the emission maxima of TPE-BF,-OHe, TPE-BF,-ONo and TPE-
BF»>-DBeA shift to short wavelength in THF/H,0 (Volume ratio = 1:9)
solution, which is attributed to reduction of environmental polarity
caused by benzyl and long alkoxy chains, while the rest complexes
show red-shifted fluorescence emission in aggregation state due to
electron effect and extended conjugation by alkoxy, N-substituent
groups and halogen atom. However, emission maxima of the complexes
are still unable to meet the needs of bioimaging. To expand the appli-
cation range of the chromophores, it is essential to extend conjugation
or enhance ICT effect by developing boron complex with red shifted
fluorescence emission.

Pyrrole is the fundamental structural unit of heme, chlorophyll, bile
pigments and some enzymes, and they show excellent physiological
activities and drug functions [20,21]. Meanwhile, pyrrole in compar-
ison with benzene is an electron-rich 6t aromatic systems, inferring a
stronger electron-donating ability. Furthermore, single crystal analysis
display BF, ring and its 1, 3-disubstituted benzenes tend to planar
configuration in f-diketonate boron complex [22,23]. This planar
structure easily leads to fluorescence quenching due to s-;t stacking in
solid state. Furnishing boron complex with TPE and N-alkylpyrrole are
expected to obtain AIE activity and bathochromic emission. Meanwhile,
optical properties of luminogens in aggregated state are closely related
to the intermolecular stacking and arrangement, while simply alkyl
chain modification has exhibited a significant regulatory effect on in-
termolecular stacking and arrangement. Therefore, TPE-BF,-2AP and
TPE-BF,-2MP were designed and synthesized (Scheme 1). Both of them
show solvatochromism, AIEE and mechanochromic properties, further,

3 ’
-

gﬂ/fcoocri3
2MP

TPE-COCH,

their optical properties and intrinsic mechanism are analyzed and dis-
cussed in detail.

2. Results and discussion
2.1. Solvatochromism

As shown in Fig. 2 and Table S1, with the increase of solvent po-
larity from hexane, tetrahydrofuran (THF) to dimethyl sulfoxide
(DMSO), the bathochromic-shift of absorption maxima does not exceed
13 nm for TPE-BF,-2AP and TPE-BF,-2MP, however, their fluorescence
emission peaks exhibit significant 113nm and 142nm red shifts re-
spectively, accompanied by observable color changes on direct ob-
servation, indicating the easily polarized excited-state relative to the
ground-state. Compared with THF solution, the two dyes show red-
shifted fluorescence emission in dichloromethane (CH,Cl,) solution,
which is attributed to solvation effects of CH,Cl,. Furthermore, relative
fluorescence quantum yields (@) of two dyes are determined by using
quinine sulphate as a standard in various solvents. The @y of TPE-BF,-
2MP decreased in turn with increasing solvent polarity due to D (TPE
unit)-A (dioxaborine ring)-D' (N-methyl pyrrole)-type asymmetric mo-
lecule with ICT effect, while TPE-BF,-2AP shows the abnormal ® in
DMSO solution possibly due to increased viscosity for DMSO and itself
extended alkyl chain. However, as a whole the two chromophores have
inferior @y and emit faint fluorescence in solution due to non-radiative
energy dissipation induced by rotation and vibration of C-C single
bonds. In addition, TPE-BF5-2AP show larger stokes shift than TPE-
BF,-2MP in Hexane, DCM and THF (Table S1) possibly due to increased
electron-donating ability of allyl group, which is desirable for bio-
marker by decreasing of re-absorption of emission.

2.BF;.0Et,

O _1.2AP, NaH THF 2AP, NaH,THF

% TPE-BF,-2AP

N, _CcooCH,
v

2AP

Scheme 1. Synthetic routes of TPE-BF,-2AP and TPE-BF,-2MP.
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Fig. 2. Normalized UV-vis absorption spectra and fluorescence spectra of (A) TPE-BF»-2MP, (C) TPE-BF»-2AP in various solvents. Photographs coupled with the
fluorescence quantum yields of (B) TPE-BF,-2MP, (D) TPE-BF,-2AP in different solvents under 365 nm UV illumination (Solution concentration: 10 uM). Excitation

wavelength: 410 nm.

2.2. Aggregation induced emission

TPEDKBF,Ca, TPEDKBF,DMeA and TPEDKBF,DBeA all have the
same TPE, BF, units and different arylamine units (Fig. 1), however, the
small differences result in the presentation of AIE, ACQ and dual-state
emission characteristics in turn. A consequence of the high-contrast
fluorescence emission means that it is difficult to set AIE properties of
TPE-BF,-2MP and TPE-BF,-2AP in advance. Fortunately, both show
significant AIE effects. As the volume fraction of water (f,,) increases,
the fluorescence emission of TPE-BF»-2MP in solution gradually in-
creases from f, = 70% to f,, = 95%, and reaches the strongest at
fw =95% (Fig. 3A and B), while emission intensity of TPE-BF,-2AP
decreased at f,, = 95% due to decreased solubility, which should be
attributed to increased hydrophobicity of allyl compared with methyl
(Fig. 2C and D). Viscosity experiments based on different ratios of
glycerol and DMSO further confirm that the mechanism of AIE lies in
the inhibition of the rotation and vibration of intramolecular C-C single
bonds (Fig. S1). The fluorescence emission intensity of TPE-BF-2MP
continuously enhances with the increase of viscosity, however, an ab-
normal phenomenon is also observed in glycerol/DMSO mixture at
fraction of glycerol (fy) of 95% for TPE-BF,-2AP, and the reduction of
emission intensity mainly is related to different states of aggregation
with similar situation to f,, = 95%. Then, laser particle size analyzer is
used to characterize the aggregated particles of TPE-BF5-2AP at
fw = 70, 80 and 95% after an overnight stay. By contrast, nanoparticles
at f,, = 80% reveal the maximum particle radius with an average size of
~5000 nm, when f,, increases to 95%, nanoparticles become larger at

high water ratio and result in precipitation, as a result similar particle
size distribution between f,, = 70% and 95% can be observed, which is
responsible for the decrease of fluorescence intensity (Fig. S2). The
scanning electron microscope (SEM) further provides information on
nano-assembly of TPE-BF,-2AP formed at f,, = 80%, 90% and 95%
without stay overnight (Fig. S3), among of them, nanoparticles at
fw =95% have the largest particle size subsequently inducing pre-
cipitation, whereas particle sizes of f,, = 90% are the smallest due to
the formation of large numbers of crystal nucleus. More interesting,
TPE-BF5-2MP compared with TPE-BF,-2AP provides bathochromic
fluorescence emission at f,, = 95%, which is the opposite of what
happens in solution. It is inferred that the two dyes may have different
intermolecular packing in aggregated state. The AIE absorption tests
(Fig. S4) indicate maximum absorption wavelength of two dyes can be
divided into four sections with the increase of f,, from 0 to 90%, in-
cluding rapid blue shift, slow red shift, rapid red shift and rapid blue
shift. When a small amount of water is added, hydrogen bonding be-
tween water and dyes reduces energy-loss of relaxation process, re-
sulting in blue shift of fluorescence emission; further increase of water
content provides a more polar environment, thereby enhances ICT ef-
fect and leads red shift of fluorescence emission; with the formation of
aggregated nanoparticles, intermolecular J-type stacking cause ab-
sorption redshift, but further aggregation provides a hydrophobic
nonpolar environment for the luminescence center, which promotes
blue-shifted fluorescence emission. The emission maxima of TPE-BF,-
2MP obviously exceeds 600 nm at f,, = 90%, which presents tiny red
shift compared with TPE-BF,-Ca (590 nm) and TPE-BF,-Br (593 nm).
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Fig. 3. Fluorescence emission spectra of (A) TPE-BF,-2MP, (C) TPE-BF,-2AP in the THF/water mixtures with different fractions of water. Solution concentration:
10 uM. Chart of relationship between FL peak intensity and water fraction for (B) TPE-BF,-2MP, (D) TPE-BF,-2AP. Excitation wavelength: 430 nm. Solution
concentration: 10 uM. Inset: Photographs in THF/water mixtures with different fractions of water under 365 nm UV illumination.

However, the D-A-D’ type complex still shows weaker ICT effect in
contrast with D-A type boron complexes reported by hao et al. [24,25],
among of them, emission maxima of some AIE-active dyes even exceed
700 nm.

2.3. Mechanochromic properties

To investigate the mechanochromic behavior of TPE-BF,-2MP and
TPE-BF,-2AP, fluorescence emission spectra of two dyes in different
solid states are tested and compared by grinding, heating and solvent
fuming. As shown in Fig. 4 and Fig. 5, TPE-BF5-2MP exhibits bath-
ochromic emission maxima compared with TPE-BF,-2AP in the crys-
talline state, which is similar to aggregated state in THF/H,O solution.
Further, the distinct mechanochromism is present in TPE-BF,-2MP and
TPE-BF,-2AP. After gentle grinding, hypsochromic fluorescence emis-
sion can be observed for both luminogens. The phenomenon is inter-
preted as ‘“disaggregation” or altered “electron delocalization” and
band gap, in other words, grinding leads to inverse processes of ag-
gregation and reduces particle diameter, which leads to a shorter
fluorescence wavelength [26,27]. On the contrary, the hard ground
samples experience bathochromic emission wavelength due to the
compression of molecular spacing, thereby excimer resulted from -1
stacking might be present and act as energy trap to collect all the

excitons, leading to red-shifted fluorescence emission, accompanied by
reduced absolute quantum yield (@) for TPE-BF5-2MP from 0.23 to
0.13 and elevated @ for TPE-BF5-2AP from 0.24 to 0.34, further,
emission enhancement is rather scarce and valuable relative to the
opposite behavior after grinding (Table S2). More importantly, TPE-
BF,-2MP and TPE-BF,-2AP exhibit multi-state emission properties
because the ground samples can't return to emission of pristine crystals
by heating and solvent fuming. To explore the intrinsic mechanism of
mechanochromism, we carried out analysis of X-ray diffraction (XRD),
differential scanning calorimeter (DSC) analysis and fluorescence life-
time. XRD spectrum indicate ground samples have a more amorphous
characteristic, while ground samples after heating and fumigation are
crystalline based on diffuse changes of reflections, therefore, mechan-
ochromism of the two dyes are attributed to incomplete transformation
between amorphous and crystalline state. Moreover, amorphous forms
of the ground samples are metastable and reverts to the crystalline state
by heating and fuming, which can be judged from cold-crystallization
peaks of DSC curves at 131 °C and 110 °C (Fig. 5E). The fluorescence
lifetime measurements (Fig. S5 and Tables S3-6) indicate that the
fluorescence decay curves of two dyes consisted of three exponential
components before/after grinding. A short lifetime (1.53 ns) with a
component of 41% and two long (4.05 ns and 17.08 ns) lifetimes are
observed with components of 52% and 7% in turn for TPE-BF5-2MP in
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Fig. 4. Photographic Schematic illustration for the MCL behavior of organic dyes images of TPE-BF,-2MP and TPE-BF,-2AP in different solid states under natural

light and UV light (365 nm).

crystalline state, which means that they have multiple decay pathways.
After grinding, the fluorescence average lifetime of TPE-BF,-2MP is
prolonged from 4.42 ns to 6.34 ns, accompanied by the increase of long-
lived components from 52% to 60% and from 7% to 9% respectively
and the decrease of fast component from 41% to 31%. Similar situation
happened to TPE-BF,-2AP, which indicates that grinding alters the
fluorescence emission channels of the two complexes. The radiation
decay rate (K,) of TPE-BF5-2MP are 5.2 x 10”s™ ! (K, = ®/1, 1 is de-
fined as the average life) and 2.0 x 107 s™! respectively before/after
grinding, and 9.1 x 10”7 s~ ! and 5.9 x 107 s~ ! for TPE-BF,-2AP, while
non-radiation decay rate (K,,;) of TPE-BF5-2MP are up to 1.7 X 108571
(K, = (1-@)/7) and 1.4 x 108s7! respectively before/after grinding,
2.9 x 10857 ' and 1.2 x 10%s~ ! for TPE-BF,-2AP. Obviously, grinding
results in simultaneous reduction of both K, and K, while the en-
hanced ®p of TPE-BF5-2AP in comparison with TPE-BF,-2MP is at-
tributed to increased K, and reduced K, after grinding.

2.4. Crystal structures and theoretical calculation

To better understand optical properties of the two boron complexes,
yellow granular crystal TPE-BF,-2MP (CCDC 1909832) and yellow
needle crystal TPE-BF,-2AP (CCDC 1909833) were cultured by slow
diffusion of n-hexane into a saturated CH,Cl, solution of complexes. As
shown in Fig. 6A and D, two compounds contain multiple inter-
molecular hydrogen bonds and weak interactions such as C-H---F,
C-H---C and C---C, leading to twisted and rigid molecular conforma-
tions. Methyl linked on nitrogen and pyrrole ring are in the same plane,
while allyl group is almost perpendicular to pyrrole ring. Therefore, the
dihedral angle between ring A and B barely changed for two dyes with
the increase of steric hindrance of allyl group, furthermore, the dihedral
angles between ring B and C are 27.46° for TPE-BF,-2MP and 7.37° for
TPE-BF,-2AP. Obviously, TPE-BF,-2MP with N-methyl substitute has
the more twisted conformation than TPE-BF,-2AP in crystalline state,
which narrows molecular band gap, and leads to red-shifted fluores-
cence emission for TPE-BF,-2MP. In addition, two complexes adopt
obviously distinct molecular packing. TPE-BF,-2AP along the b-axis

presents scarce cross non-parallel stacking with 4.322 A centroid to
centroid (C4-C,) distances between intermolecular -BF, planes, along
the a-axis, TPE-BF,-2MP adopts anti-parallel head-to-head stacking
with 3.783 A distances, resulting in extended conjugation and red-
shifted fluorescence emission compared with that of TPE-BF5-2AP.
Even so, they has almost the same ®g. On the one hand, mt-x staking is
not observed in the two crystals. On the other hand, TPE-BF,-2MP
(1.308 gem ™) relative to TPE-BF,-2AP (1.276 gecm™>) have higher
crystalline density, which can enhance fluorescence emission by in-
hibiting the rotation of C-C bonds, thereby offset efficiency decline due
to red shift of emission wavelength. Theoretical calculations revealed
the electrons of TPE-BF,-2MP in its HOMO and LUMO orbitals are
distributed in the whole molecule except methyl, furthermore, the
electron cloud density of HOMO is mainly located on the pyrrole and
boron heterocycles moiety, whereas the electron cloud density of LUMO
is mainly distributed on TPE unit, outlining the obvious shift of electron
cloud density, which is attributed to pyrrole is stronger electron donor
compared with TPE (Fig. 7). Similar situation happens in TPE-BF,-2AP,
moreover, TPE-BF,-2AP has the more obvious ICT effect, increased
HOMO, LUMO and energy gap compared with TPE-BF,-2MP, which is
consistent with experimental results. However, quantum efficiency of
ground samples are difficult to predict based on the high-contrast mo-
lecular packing of crystals. The tighter stacking induced by grinding is
conducive to restricting the rotation and vibration of molecular bonds
and reducing non-radiation loss, but after ordered molecular arrange-
ment, intermolecular hydrogen bonds and weak interactions are de-
stroyed, it stacking is prone to occur due to compressed molecular
spacing and intermolecular slip, which causes reduction of quantum
efficiency. At last, it's also worth mentioning that the different stacking
modes endow TPE-BF,-2AP slightly higher mechanochromic contrast
in comparison to TPE-BF,-2MP.

3. Conclusions

In summary, TPE-BF,-2MP and TPE-BF,-2AP were designed and
synthesized by assembling difluoroboron B-diketonate complexs with
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Fig. 5. The emission spectra of TPE-BF»-2MP (A) and TPE-BF,-2AP (C), excitation wavelength: 420 nm; and XRD patterns of TPE-BF,-2MP (F) and TPE-BF,-2AP (G)
in various solid states. (Slightly heated: heating the lightly ground powder). (E) DSC thermograms of the two crystals in different state.

TPE unit and N-methyl or N-allyl pyrrole. The two luminogens exhibit
solvatochromism, AIE and irreversible mechanochromic properties. In
various solvents, TPE-BF5-2AP show red shifted fluorescence emission
and the large stokes shift compared with TPE-BF,-2MP possibly due to
stronger electron donating ability for allyl. Contrary to monomolecular

dispersion, TPE-BF,-2AP in comparison to TPE-BF,-2MP displays blue
shifted fluorescence emission in crystalline and aggregated states.
Single crystal X-ray analysis indicated TPE-BF,-2MP and TPE-BF,-2AP
form head-to-head anti-parallel stacking and cross non-parallel stacking
respectively. The anti-parallel stacking mode leads to deteriorating
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Fig. 6. Single crystal structure and conformation with hydrogen bond and weak interaction sites, intermolecular stacking modes ignoring hydrogen atoms (A-C) TPE-

BF,-2MP, (D-F) TPE-BF,-2AP.
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Fig. 7. B3LYP/6-31G (d,p) calculated molecular orbital amplitude plots of
HOMO and LUMO levels for TPE-BF-2MP and TPE-BF,-2AP.

quantum efficiency for ground TPE-BF,-2MP, while cross non-parallel
stacking mode endows TPE-BF,-2AP with enhanced quantum effi-
ciency from 0.24 to 0.34 after grinding. Further, the two boron com-
plexes exhibit multi-state emission properties by grinding, solvent fu-
migation and heating due to incomplete transformation between
amorphous and crystalline state. Last but not least, the small structure
modification on pyrrole can remarkably adjust the molecular packing
and optical properties of luminogens, thereby endow luminogens with a
larger Stokes shift and higher mechanochromic contrast, which are
important for bioimaging and sensors.
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