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A polymorphic fluorescent material with strong
solid state emission and multi-stimuli-responsive
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A bright difluoroboron B-diketonate derivative 1 showing four emission colors (green, yellow, orange

and red) with high quantum yields (41-74%) in four polymorphs and one amorphous state is reported.

Green-emissive crystals (1-G and 1-G’) exhibit dimeric aggregation structures due to the strong
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molecular t—r interaction but exhibit hypsochromic emission compared to yellow-emissive crystals (1-Y) with
monomeric aggregation because of lacking such m—n interactions. These novel emission phenomena are
rationalized by theoretical calculations. High fluorescence sensitivity of compound 1 to its molecular packing

modes results in excellent responsive behavior to multiple external stimuli thereby showing reversible change

rsc.li/frontiers-materials

Introduction

Organic fluorescent materials have attracted increasing atten-
tion due to their potential applications in optoelectronics,
bioimaging and fluorescent sensors." ™ It is of great importance
to tune the emission color of the fluorescent materials to meet the
requirements in various fields such as OLEDs, imaging and
chemosensing.’® Chemists usually utilize covalent modification
of chromophores to prepare fluorescent materials with various
emission colors.""™*® Sophisticated synthesis and separation are
mostly involved for modifying structures of chromophores to tune
the photophysical properties of the formed materials.
Self-assembly of organic chromophores through non-covalent
interactions offers an alternative and promising strategy for
preparing organic fluorescent materials with multiple emission
colors.'®** Impressive fluorescent assemblies such as organic-
inorganic hybrids, supramolecular polymers, organic gels, and
organic cocrystals prepared by a self-assembly strategy have
been reported.'®” Organic fluorophores in the aggregation state
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of emission colors under mechanical grinding, heating, solvent fuming and hydrostatic pressure.

may exhibit excited properties different from that in solution
as a result of interchromophore electronic interaction.*®*™*°
The inter-chromophore energy and electron-transfers can be
regulated in these materials through modulating interchromo-
phore interaction to achieve different emission colors.*’** On
the contrary, it is a challenge to achieve different emission
colors from assemblies only containing a single chromophore.
Several chromophores have been reported to exhibit intense
emission upon aggregation, but most of them merely show two
or three emission colors.*> > In addition, one of their aggrega-
tion states shows a drastic reduction of fluorescence quantum
yield in many reported works.>*”®® For example, the fluores-
cence quantum yields (QYs) of thiazolothiazole derivatives
decrease from 47% to 7% in different states.>® A difluoroboron
fluorophore reported by Sket et al. also showed more than five-
fold decrement in the fluorescence efficiency upon grinding its
pristine crystals.®® To our best knowledge, no example of
organic fluorescent materials assembled from a single chromo-
phore manifesting more than four aggregation states with high
fluorescence quantum yields in all phases has been reported
to date.

Herein we report a bright tetraphenylene (TPE)-dioxaborine
derivative 1 with four polymorphs and one amorphous solid
state (1-G, 1-G/, 1-Y, 1-O and 1-R) exhibiting four emission
colors from green to red (Fig. 1). All five emissive aggregation
states exhibit high fluorescence quantum yields over 40%. The
origin of this emission behavior has been experimentally and
theoretically elucidated. Compound 1 shows reversible changes
in emission colors in response to multiple external stimuli of
grinding, heating, solvent fuming, and hydrostatic pressure.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig.1 (a) Chemical structure of compound 1; (b) normalized emission
spectra of 1-G, 1-G/, 1-Y, 1-O and 1-R. / = 420 nm. (c) The fluorescent
images of compound 1 in its four polymorphs and one amorphous solid
state (microscopy images of 1-G and 1-G’; the photographs of 1-Y, 1-O
and 1-R taken under 365 nm UV lamp).

Result and discussion

Compound 1 was synthesized in 55% yield by Claisen condensa-
tion of TPE ketone with benzoate, followed by the complexation
with BF; (see ESIT).*'"®* Its photophysical properties in solution
and property of aggregation induced emission are shown in the
ESIt (Fig. S2 and S3).

Single crystal structures and analysis of 1

Four types of single crystals of 1 were obtained by slow solvent
evaporation of its solution in dichloromethane/hexane (see Fig. 1
and Fig. S1, ESIt). Green emissive crystals (1-G and 1-G') exhibit
strong fluorescence centered at 520 nm with fluorescence
quantum yields of 49% and 46%. The fluorescence peaks of
yellow and orange emissive crystals are at 557 and 586 nm
(QY: 46% and 74%). Its amorphous solid state (1-R) obtained by
fast precipitation from THF/H,O shows red emission centered
at 618 nm (QY: 41%). Detailed data for photophysical properties
are summarized in Table 1 and Table S1 (ESIT).

Single-crystal X-ray diffraction analysis reveals that com-
pound 1 adopts quite different molecular packing modes in
four crystals (Fig. 2, Fig. S4-S7 and Tables S3-S6, ESIt). The twisting
angles among aromatic moieties A, B, and C play important roles in
tuning assembly modes (Fig. 1 and Table S2, ESIf). In 1-G, the
central dioxaborine ring B is almost coplanar with both phenyl
rings A and C with the torsion angles of 4.21° and 7.21° while the
phenyl rings of the TPE unit are highly twisted. These features of
the structure benefit the formation of dimer structures through
head-to-tail antiparallel molecular packing with multiple inter-
molecular interactions such as n-n stacking, dipole-dipole inter-
actions, and C-H---n and C-H---F hydrogen bonds between

Table 1 Emission maxima (nm) and quantum yields of four polymorphs
and one amorphous state of compound 1

1 1-G 1-G' 1-Y 1-0 1R
Jem (€xp.) 520 520 557 586 618
¢ (%) 49 46 74 47 41
Jem (cal.) 533 536 555 581 —

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

View Article Online

Materials Chemistry Frontiers

T 9 1
a L~ O /el b 1 2 %
(@ s § N APoTe o Y VY &)  reeigeeee o4
Rlia g e e o O ,.A{'\% 5
! 13
] *"‘"‘"‘zxgb m,.,a:ré{)
{}g“““‘ s %0y o sprbitens
o s ek 23
Nk EAr
c A0 y N d ! e,
OOy e S0 ;”,)\'/f/;\;” STTHTY
0 O ¥ o = &
y @8 e ]
O‘C Q X . \0
x A‘_‘a""b
¥ 3 -
o O et {}":/{:»
Q "g ey
- X2 )
@ £
oot IR 5‘

Fig. 2 The molecular structures and stackings in the 1-G (a), 1-G’ (b), 1-Y
(c), 1-O (d) crystals: the molecular conformation of compound 1 in front
view and side view (top, in every group); molecular stacking structures
along the long molecule axis and the intermolecular interactions between
adjacent molecules (middle, in every group) and the molecular overlap
between adjacent molecules (below, in every group).

adjacent molecules®™®® (Fig. S8, ESIt). 1-G molecules are layered
along the b-axis direction. In each layer molecules are assembled in
a zig-zag way along the g-axis direction (Fig. S9, ESIT). 1-G’ forms a
dimeric structure with similar conformation and assembly modes
as 1-G. The torsion angle between the central dioxaborine ring B
and the phenyl unit C (6.18°) is slightly bigger than that in 1-G
(4.21°). On the other hand, the phenyl ring C and the other three
phenyl rings of the TPE unit in 1-G’ adopt twisted conformations
with the large dihedral angles of 86.45° 69.05° and 58.59°, respec-
tively, while the corresponding angles in 1-G are 85.37°, 80.71° and
55.64°, respectively (Table S2, ESIT). With respect to 1-Y, the central
dioxaborine ring B is twisted with both phenyl rings A and C in
torsion angles of 30.31° and 29.24°, respectively. It presents lamellar
arrangements with an interlayer distance of 4.05 A but without
dimeric structures because of such highly twisted molecular con-
formation, which eventually leads to an unobvious intermolecular
n-m interaction. In 1-O the central dioxaborine ring B is also
coplanar with the phenyl ring C in a torsion angle of 7.98° but
twisted with the phenyl ring A in a torsion angle of 26.47°, which to
a certain extent favors the formation of dimeric structures. How-
ever, unlike the dimers in 1-G that exhibit centrosymmetric proper-
ties, those in 1-O display rotationally symmetric features. Strong
intermolecular interactions such as CH---F and CH---m are
observed among dimers in 1-O. It is worth stressing again that
1-G and 1-G’ with significant n—n stacking interaction show hypso-
chromic emission compared with 1-Y having no such interaction,
which is not in accordance with the common rule.®>”°

Time-dependent density functional theory calculation

To rationalize experimentally observed emission phenomena,
we employed the time-dependent density functional theory (TD-DFT)
method in combination with the quantum mechanics/molecular
mechanics (QM/MM) approach to explore excited-state properties

Mater. Chem. Front, 2020, 4, 176-181 | 177
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of 1-G, 1-G/, 1-Y and 1-O. As mentioned above 1-G, 1-G/, and 1-O
contain side-by-side dimeric structures, which are not found in
1-Y. The QM region includes two monomers for the former
three crystals but only one monomer for the latter; the MM
region includes all the remaining monomers in clusters.
Table 1 and Table S7 (ESIT) collect TD-DFT calculated vertical
emission energies for 1-G, 1-G’, 1-Y and 1-O. The calculated
emission wavelengths of 1-G and 1-G’ are close to each other,
533 nm versus 536 nm, and are hypsochromic in relation to
555 nm of 1-Y. The calculated emission wavelength of 1-O,
581 nm, is bathochromic. Obviously, all calculated results are
in excellent agreement with experiments.

Luminescence in all four studied crystals comes from the
singlet excited state (S1), which corresponds to moving an
electron from the LUMO to HOMO (Fig. 3 and Table S7, ESIY).
In 1-G and 1-0, the HOMO and LUMO are primarily located on
both the TPE and phenyl dioxaborine fragments belonging to
different monomers; while, in 1-Y, both are located within the
same monomer due to the nonexistence of dimer structures
(Fig. 3). Thus, the S1 state is an intermolecular excited-state
charge transfer electronic state in the former two but an
intramolecular state in the latter one. These different excited-
state electronic properties are caused by distinct molecular
packing modes.

One interesting finding is that the emission colors of 1-G
and 1-G’ are hypsochromic but that of 1-O is bathochromic in
relation to that of 1-Y. This result is unexpected because the
strong intermolecular interaction can induce the bathochromic
shift in emission compared with that of the monomeric state.
To figure out why 1-G, 1-G/, and 1-O have distinct hypsochromic
and bathochromic emissions we have analyzed the Frontier
molecular orbitals of the dimers in 1-G, 1-G/, and 1-O (Fig. 3).
The fluorescence mainly originates from the LUMO-to-HOMO
electronic de-excitation transition and one thus focuses on the

View Article Online
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variation of energy levels of the HOMO and LUMO. In 1-G, both
the HOMO and LUMO are stabilized compared with 1-Y due to
the existence of m-m interaction between two neighboring
monomers. Nonetheless, the HOMO is stabilized more signifi-
cantly than the LUMO (0.046 vs. 0.146 eV). So, the HOMO-LUMO
energy gap is increased by 0.1 eV leading to a hypsochromic
emission in 1-G. In 1-O both the HOMO and LUMO are also
stabilized; however, the LUMO is stabilized more remarkably than
the HOMO, 0.092 vs. 0.062 eV. Thereby a bathochromic emission
color is observed in 1-O.

Solid state emission of 1 upon external stimuli

Compound 1 in the solid state exhibits excellent multi-stimuli-
responsive behavior on account of its emission being highly
sensitive to the molecular packing. After grinding, four types of
crystalline solids produce 1-R with red emission centered at
618 nm (Fig. 4c, Fig. S13-S15, ESIt). Taking 1-G as an example
its emission peak is shifted from 520 to 618 nm after grinding
(Fig. 4a). Powder X-ray diffraction (PXRD) of 1-G crystalline
powder manifests intense and sharp peaks while broad and
featureless reflections are observed for ground samples. This
result indicates that grinding causes the change of the molecular
packing mode of 1-G from the crystalline to amorphous state
(Fig. s16, ESIT).

After heating at 220 °C for 30 min, red emissive amorphous
1-R changes to yellow emissive crystalline 1-Y (Fig. S18, ESIt).
This change is supported by the fact that PXRD of annealed
samples manifests sharp peaks. This result suggests that the
heating induces the structural rearrangement from 1-R to 1-Y.
The formation of 1-Y rather than other types of crystalline
states after heating of 1-R suggests that 1-Y might be thermo-
dynamically more stable than the other crystalline forms. In
addition, after heating at 220 °C for 30 min, the emission colors
of crystalline powders of 1-G, 1-G’ and 1-O also change from
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Fig. 3 Frontier molecular orbitals (HOMO, HOMO-1, LUMO, and LUMO+1) of the dimer structures of (left) 1-G and (right) 1-O in their S1 minima. Also
shown is the HOMO and LUMO of the monomer of (middle) 1-Y in its S1 minimum. See text for discussion. Those for 1-G’ are very similar to those of 1-G

(Fig. S12, ESI¥).
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Fig. 4 (a) Normalized emission spectra of 1-G as a pristine crystalline powder (black line), ground (red line), heated after being ground (blue line), and
fumed with DCM vapor after being ground (pink line). Zex = 420 nm. (b) Reversible switching emission of a pristine powder of 1-Y by repeating grinding—
fuming cycles, and there is the obvious color change in every cycle as shown in photographs (d) taken under UV irradiation at 365 nm. (c) Transition
among five different aggregates with diverse luminescent colors upon stimuli: 1-G and 1-O crystalline powders can transform into 1-Y crystalline
powders by heating or fuming with DCM vapor; all crystalline powders can transform into 1-R aggregates by fully grinding; (d) 1-R aggregates also can
transform into 1-Y crystalline powders by fuming with DCM vapor. The images of the photographs were taken under UV irradiation at 365 nm. The
detailed photographs of specific transformations for every single crystal form were summarized in Fig. S19-S21 (ESI). (e) Fluorescence images of a 1-G

crystal under different isotropic pressures.

their initial green and orange to yellow with the emission band
centered at 560 nm (Fig. 4, Fig. S17 and S22, ESI¥). Differential
scanning calorimetry (DSC) is conducted to gain insight into
the thermochromic behavior (Fig. S18, ESIt). All DSC curves of
crystalline powders of 1-G, 1-G/, 1-Y and 1-O exhibit the same
strong endothermic peak at about 270 °C corresponding to
their melting points. In addition, both 1-G and 1-O also show
an endothermic peak at 204 °C and 218 °C, respectively, which
could belong to the temperature for phase-to-phase transition
but is not found in the curve of 1-Y. These results provide further
evidence to support that 1-Y is the most stable thermodynamic state.

In addition to heating, treating 1-R with dichloromethane
(DCM) vapor also induces phase transformation from 1-R to 1-Y
accompanied by a change of fluorescence color from red to
yellow (Fig. 4c and Fig. S20, ESI{). This responsive behavior to
solvent fuming is fast and the process completes within 1 min
(supporting video, ESIt). Further grinding solvent-fumed
samples (Aem, = 560 nm) produces red emissive amorphous
state (em = 618 nm). It should be noted that repeated grinding-
fuming cycles of these materials induces reversible changes of
the emission colors (Fig. 4b).

In addition to mechanical grinding, the emission of the
four crystals is also extremely sensitive to hydrostatic pressure
stimulus. Red-shifted emission colors are observed with
increasing pressure for all samples. Taking 1-G as an example
its emission color gradually shifts from green (520 nm) to
yellow (574 nm), and eventually to red (651 nm) with a mono-
tonic decrease in intensity, when the pressure increases from
atmospheric pressure to approximately 5.0 GPa. The red shift is
ascribed to the pressure-induced decrease of inter-molecular
distances and revolving of the molecular planes. It is confirmed

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

by the gradually broad and red-shifted absorption spectra with
increment of pressure. The emission signal is fully quenched at
the pressure of 10.36 GPa. Subsequently, releasing the pressure
to atmospheric pressure recovers the emission color to the
initial one. In addition, such pressure-induced color changes
are also apparent under daylight. The 1-G crystal changed its
color from pale green to dark red on compression and recovered
after decompression (Fig. S23-S25, ESIT).

Conclusions

In summary we have reported a tetraphenylene derivative 1
containing a difluoroboron B-diketonate moiety which exhibits
strong and multiple emission colors from green to red in
its four polymorphic states and one amorphous solid state
(1-G, 1-G', 1-Y, 1-0 and 1-R). Among them 1-G and 1-G’ emit
counterintuitive hypsochromic fluorescence emission compared
to 1-Y without intermolecular m-n interaction. On the basis of
single crystal structural analysis and theoretical calculations,
these novel emitting phenomena were rationalized. Our present
results demonstrate the importance of both molecular confor-
mation and packing modes in regulating the emission colors of
organic fluorophores in aggregation states. The emission of 1
being highly sensitive to the molecular packing enables it to
exhibit highly efficient and stable reversible emission changes
in response to multiple external stimuli such as mechanical
grinding, heating, solvent fuming and hydrostatic pressure.
These excellent photophysical properties of compound 1 make
it potentially useful in optoelectronics, optical sensors and
smart materials.
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