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A new piezofluorochromic aggregation-induced emission compound was synthesized. The
compound had morphology-alterable emission property and its amorphous and crystalline

aggregates with various emissions were obtained through evaporation from the solutions in

different solvent systems. The spectroscopic properties and morphological structures of the

compound were reversed upon pressing and annealing (or fuming). The results show that the

piezofluorochromic nature is generated through crystalline—-amorphous phase transformation

under external pressure. The reason for the phase transformation is ascribed to the twisted
conformation of the molecule which leads to poor solid molecular packing and formation of some
cavities in the interfaces of lamellar layers, as confirmed by single crystal X-ray diffraction

analysis.

Introduction

Piezofluorochromic or piezochromic fluorescent material is a
“smart” material whose fluorescent properties are changed in
response to external pressure stimuli. Thus, piezofluorochromic
material is also one class of typical mechano-responsive materials.
The piezofluorochromic behavior can be achieved by changing
the molecular chemical structures or the modes of solid state
molecular packing. It is believed that the latter is easier than the
former to realize dynamic controlling of solid state fluorescence
with high efficiency and reversibility because the former is
implemented using chemical reactions. It is well known that
chemical reactions in the solid state frequently encounter
insufficient conversion, irreversible reactions or loss of fluorescence
ability of the previous compound. However, piezofluorochromic
materials depended on the change of physical molecular packing
modes are remaining extremely rare.! Recently, a series of wholly
aromatic aggregation-induced emission compounds containing
phenylvinylanthracene has been synthesized in our laboratory,
and it is very interesting to find that some of them have
piezofluorochromic nature.”> We would thus suggest to call these
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compounds piezofluorochromic aggregation-induced emission
(PAIE) materials as they possess both piezochromic fluorescence
and aggregation-induced emission properties. Aggregation-induced
emission materials are one of the important class of luminescent
materials first reported by Tang’s group.® They exhibit stronger
emission in solid state than in solution, which offers a new path in
solving the aggregation-caused quenching problem. They have
attracted considerable research attention for many special
properties such as strong emission in solid state, excellent
device performance and highly stimuli-sensitive fluorescence.*
To date, several types of aggregation-induced emission materials
have been synthesized, including triphenylethylene, tetraphenyl-
ethylene, silole and cyano distyrylbenzene, and distyrylanthracene
derivatives.” Recently, some PAIE compounds (1-3) were also
reported by the other research groups® (Scheme 1), containing
flexible and cyano groups in their molecular structures, which may
result in low thermal stabilities such as low glass transition
temperature and low decomposition temperature. Two-color
luminescence switching behaviors of the compounds were
explained by the interchange between metastable green-emitting
G-phase and thermodynamically stable blue-emitting B-phase
with different modes of local dipole coupling (antiparallel and
head-to-tail arrangements, respectively), the origin for the inter-
change being the two-directional shear-sliding capability of
molecular sheets formed via intermolecular multiple C-H---N
and C-H---F hydrogen bonds. However, there are no such
hydrogen bonds in the structures of our previously reported
PAIE compounds. Thus, we proposed a mechanism, destruc-
tion of crystalline structure leads to the planarization of
molecular conformation resulting in a red shift of photo-
luminescence (PL) spectrum, to explain the PAIE phenomenon.
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Scheme 1 Synthetic route for 2PCz-TPE and the structures of the
reported PAIE compounds (1-3).

Tetraphenylethylene-based derivatives possessed morphology-
alterable emission property and some of them exhibited
piezofluorochromic property,” which suggested that the tetra-
phenylethylene moiety should play a key role in determining
the above properties.

In this article, we report a new ‘“butterfly-shaped” piezo-
fluorochromic aggregation-induced emission compound
(2PCz-TPE) derived from tetraphenylethylene and carbazole
with solid morphology-alterable emission. The single crystal of
this compound has been successfully grown from the solution
of dichloromethane/n-hexane mixture, which enabled us to
determine its crystalline structure. The single crystal X-ray
diffraction analysis reveals that the conformation of the 2PCz-TPE
molecule remains twisted in its crystalline state and there exist some
cavities in the interfaces of lamellar layers due to the poor
molecular packing. It is believed that this crystalline structure is
readily destroyed by external pressure and this is the reason for why
the compound exhibits PAIE property.

Experimental
Materials and measurements

Diphenylmethane, 4,4’-dibromobenzophenone, n-butyllithium
in hexane (2.2 M), tetrakis(triphenylphosphine) palladium(0),
tetrabutyl ammonium bromide (TBAB), and p-toluenesulfonic
acid purchased from Alfa Aesar were used as received. 4-(9 H-
carbazol-9-yl)phenylboronic acid was obtained from Zhenjiang
Haitong Chemical Industry Co., Ltd. (China). All other reagents
and solvents were purchased as analytical grade from Guangzhou
Dongzheng Company (China) and used without further
purification. Proton and carbon nuclear magnetic resonance
("H-NMR and ">C-NMR) spectra were measured on a
Mercury-Plus 300 spectrometer [CDCIl;, tetramethylsilane
(TMS) as the internal standard]. Mass spectra (MS) were
measured on a Thermo DSQ MS spectrometer. Elemental

analyses (EA) were performed with an Elementar Vario EL
elemental analyzer. The single crystal of the compound was
grown from the dichloromethane/n-hexane mixture through
slow volatilization. X-Ray crystallographic intensity data were
collected at 110 K using a Bruker Smart 1000 CCD diffracto-
meter equipped with a graphite monochromated enhance
(Mo) X-ray source (4 = 0.71073 A). The structure was solved
by the direct methods following difference Fourier syntheses,
and refined by the full-matrix least-squares method against F,”
using SHELXTL software (CCDC 815068).% Photolumines-
cence spectra (PL) were measured on a Shimadzu RF-5301pc
spectrometer with a slit width of 1.5 nm for both excitation
and emission. UV-vis absorption spectra (UV) were recorded
on a Hitachi UV-vis spectrophotometer (U-3900). Differential
scanning calorimetry (DSC) curves were obtained with a
NETZSCH thermal analyzer (DSC 204 F1) at a heating rate
of 10 °C min~! under a N, atmosphere. Pressed samples were
prepared by pressing the crystalline samples obtained from
dichloromethane/n-hexane solution (1:3, v/v) in an IR pellet
press at 1500 psi for 1 min. Annealing experiments were done
on a hot-stage with an automatic temperature control system.
The water/DMF mixtures with different water fractions were
prepared by slowly adding distilled water into the DMF
solution of samples under ultrasound at room temperature.

Synthesis of 2Br-TPE

A 2.2 M solution of n-butyllithium in hexane (9.1 mL,
20.0 mmol) was added to a solution of diphenylmethane
(3.36 g, 20.0 mmol) in anhydrous tetrahydrofuran (50 mL)
at 0 °C under an argon atmosphere. After stirring for 1 h at
that temperature, the bis(4-bromophenyl)methanone (5.44 g,
16.0 mmol) was added and the reaction mixture was stirred for
10 h allowing the temperature to rise gradually to room
temperature. Then the reaction was quenched with an aqueous
solution of ammonium chloride and the mixture was extracted
with dichloromethane. The organic layer was evaporated after
drying with anhydrous sodium sulfate and the resulting crude
hydroxy intermediate was dissolved in toluene (80 mL). The
p-toluenesulfonic acid (0.68 g, 3.6 mmol) was added, and the
mixture was refluxed for 12 h and cooled to room temperature.
The mixture was evaporated and the crude product was
purified by silica gel column chromatography using n-hexane
as eluent to yield a light yellow powder (5.70 g, 73%).
'"H NMR (300 MHz, CDCl3) 6 (ppm): 6.82-6.90 (m, 4H),
6.95-7.05 (s, 4H), 7.06-7.16 (s, 6H), 7.18-7.27 (m, 4H);
3C NMR (75 MHz, CDCl;) 6 (ppm): 120.93, 127.10,
128.10, 131.30, 133.20, 138.55, 142.38, 143.40; FT-IR (KBr)
v (em™h): 3053, 3021, 2354, 1590, 1480, 1434, 1382, 1065, 1007,
826, 761, 696, 482; MS (EI), mjz: 490 (IM]", caled for
Cy6HgBry, 490); Anal. caled for C,sHgBry: C, 63.70; H,
3.70; found: C, 63.65; H, 3.72.

Synthesis of 2PCz-TPE

To 2Br-TPE (0.245 g, 0.5 mmol) and 4-(9H-carbazol-9-yl)-
phenyl boronic acid (0.287 g, 1.0 mmol) in toluene (15 mL),
2 M aqueous K,COj; solution (1.5 mL) and 0.010 g of TBAB
were added. The mixture was stirred for 40 min under an
argon atmosphere at room temperature. Then the Pd(PPhjs),
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catalyst (catalytic amount) was added and the reaction mixture
was stirred at 80 °C for 16 h. After cooling to room temperature,
the product was concentrated and purified by silica gel column
chromatography with CH,Cl,:n-hexane (v:v, 1:3) to afford
white powder (0.269 g, yield 66%). "H NMR (300 MHz, CDCl5)
d (ppm): 7.10-7.20 (m, 10H), 7.21-7.25 (4H), 7.27-7.34 (m, 4H),
7.38-7.53 (m, 12H), 7.57-7.65 (d, 4H), 7.77-7.85 (d, 4H),
8.13-8.18 (d, 4H). '3*C NMR (75 MHz, CDCl;) § (ppm): 110,
120.15, 120.55, 123.70, 126.15, 126.50, 126.85, 127.50, 128.00,
128.40, 131.55, 132.25, 137.00, 138.23, 139.90, 140.08, 141.08,
141.96, 143.33, 143.85. FT-IR (KBr) v (cm™"): 3053, 2924, 2853,
1596, 1493, 1447, 1356, 1227, 1169, 1000, 819, 748, 722, 696, 618.
MS (EI), m/z: 814 (IM] ™, caled for Ce>H4oNo, 814). Anal. caled
for CeoHyoN,: C, 91.37; H, 5.19; N, 3.44; found: C, 91.31; H,
5.16; N, 3.46.

Results and discussion

The synthetic route for the desired compound 9,9'-(4',4"'-(2,2-
diphenylethene-1,1-diyl)bis(biphenyl-4’,4-diyl))bis(9 H-carbazole)
(2PCz-TPE) is illustrated in Scheme 1. The Suzuki coupling
reaction of 4,4’-(2,2-diphenylethene-1,1-diyl)bis(bromobenzene)
(2Br-TPE) with 4-(9H-carbazol-9-yl) phenylboronic acid
provided the target compound with 66% yield. The molecular
structures of the target compound and intermediates were
confirmed by nuclear magnetic resonance (‘H-NMR, *C-NMR),
Fourier transform infrared spectroscopy, elementary analysis,
and mass spectrometry.

To confirm whether a compound is AIE-active or not, the
fluorescent behaviors are usually studied by adding a poor
solvent to the solution of the compound in a good solvent. As
water is poor solvent and N,N-dimethylformamide (DMF) is
good solvent for 2PCz-TPE, the increase of the water fraction
in the mixed solvent can change its existing form from a
solution in pure DMF to aggregated particles in mixtures with
high water content. The PL spectra of 10 uM of 2PCz-TPE in
the water/DMF mixtures with different water contents are
shown in Fig. 1. The figure shows that if the water fraction is
less than 20%, the PL intensity is very weak. However, a
dramatic enhancement of emission is observed in the water/
DMF mixture with water fraction >20%. The 1.1 PL intensity
(a.u.) in pure DMF is elevated to 171.7 in the water/DMF
mixture with water fraction of 40%, which is about 156-fold
higher than that in the pure DMF solvent. This result indicates
that the compound has strong AIE activity. The emission
images of 2PCz-TPE in pure DMF, 30% and 90% water
fraction mixtures under 365 nm ultraviolet (UV) illumination
are shown in Fig. 1 (inset). In pure DMF, the emission of the
compound is very weak and virtually invisible. However, in
30% and 90% water fractions of water/DMF mixtures, the
compound exhibits strong blue and green emissions, respec-
tively. Upon comparing the images, PL spectra and UV
spectra (Fig. 2) of the compound in the mixture with 30%
and 90% water fractions are different. The difference is
believed to indicate that the compound molecules pack in
different modes in particles. According to their emission colors
and PL spectra, molecules of 2PCz-TPE form crystal-like
aggregates (WAXD pattern is shown in Fig. S1, ESIt{) and
amorphous aggregates in mixtures with 30% and 90% water
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Fig. 1 PL spectra of the dilute solutions of 2PCz-TPE in water/DMF
mixtures with different volume fractions of water (concentration:
10 pM; excitation wavelength: 365 nm). [The inset shows the changes
in PL peak intensity (up) and the emission images of 2PCz-TPE in
pure DMF, 30%, and 90% water fraction mixtures under 365 nm
UV illumination (10 uM) (down)].
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Fig. 2 UV absorption spectra of 2PCz-TPE in water/DMF mixtures
with different volume fractions of water.

fractions, respectively. It will be discussed below that the
compound emits blue and green lights in its crystalline and
amorphous states, respectively. This phenomenon has been
observed in some AIE systems but the reason is not very clear
yet.” One possible explanation for this phenomenon put
forward by Tang’s group'® is that in the mixture with “low”
water fraction, the solute molecules steadily assemble in an
ordered fashion to form more emissive, bluer crystalline
aggregates, and in the mixture with the “high” water content
the solute molecules quickly agglomerate in a random way to
form less emissive, redder amorphous particles. In the 40-90%
water fraction region, there was no obvious change in the PL
intensities, suggesting that within the particular region, the
aggregates possess the same morphology which was also
reflected in their UV spectra and the following fluorescence
decay parameters.

Time-resolved emission decay behaviors of the compound in
water/DMF mixtures were studied. When the water fraction
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Table 1 Fluorescence decay parameters of 2PCz-TPE in DMF/H,0O
with different volume fractions of water

H,O fraction 7,%ms A® 1,%ns A% 1%mns AL (1)ns
30% 0.02 0.25 1.32 042 7.89 0.33 3.16
40% 0.89 043 247 0.57 1.79
50% 0.96 0.45 2.60 0.55 1.86
70% 0.89 0.41 2.54 0.59 1.86
90% 0.93 0.41 2.59 0.59 1.91

“ Fluorescence lifetime. ® Fraction contribution. ¢ Weighted mean
lifetime.

Vacuum rotary Amorphous

evaporation

Solution in
dichloromethane

Annealing

Crystalline 2
EIER ]
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Fig. 3 Schematic representation of the treatment procedures. The
pictures in each group were taken at room temperature under ambient
light (left) and UV light (right).

compound

Vacuum rotary
evaporation

Solution in
dichloromethane:
In-hexane(1:3)

_ Annealing
Dissolving

was less than 30% (i.e. before aggregation), the fluorescence
lifetime could not be detected by the equipment. However,
when the water fraction was up to 30%, the time-resolved
fluorescence curves were obtained and illustrated in Fig. S2
(ESIt), and fluorescence decay parameters are summarized in
Table 1. As can be seen from the table, there are two or three
relaxation pathways in the fluorescence decays. The mixture
with 30% water showed significant difference from the others,
which had three relaxation pathways, and its third fluores-
cence lifetime (t3) was up to 7.89 ns. The weighted mean
lifetimes (7) of the mixtures with 40-90% water fraction
ranged from 1.79 to 1.91 ns, which showed that the (r)
difference was very little meaning their aggregation structures
were the same. However, it was 3.16 ns for the mixture with
30% water fraction. It is suggested that the difference of
fluorescence lifetime of the mixtures is caused by the difference
of aggregation structures.

To investigate the solid morphology-alterable emission and
piezofluorochromic properties, we carried out a series of
experiments as schematically illustrated in Fig. 3. Two different
aggregates were readily prepared when the solutions of the
compound in different solvent systems were evaporated to dryness
with a vacuum evaporator. The WAXD result provides con-
vincing evidence and shows that the sample obtained from the
solution in dichloromethane/n-hexane mixed solvent (1:3, v/v) is
a crystalline aggregate with some sharp and intense reflections,
whereas the sample obtained from dichloromethane solution is
an amorphous aggregate with a weak, broad and diffuse peak
(Fig. 4).

The DSC heating curve of the amorphous sample shows a
cold-crystallization peak at around 136 °C except for a melting

Intensity

26/ deg.

Fig. 4 WAXD curves of the 2PCz-TPE samples obtained from:
(a) dichloromethane/n-hexane (1:3); (b) dichloromethane.
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Fig. 5 Heating DSC curves of the 2PCz-TPE samples obtained from:
(a) dichloromethane/n-hexane (1:3); (b) dichloromethane.

peak at around 351 °C (Fig. 5b). Their transition enthalpies
(AH) are —7.94 kJ mol™" and 31.71 kJ mol™', respectively,
which means that the crystal corresponding to the melting
peak is about 1/4 generated through the cold crystallization.
However, the crystalline sample shows two sharp endothermic
peaks at 250 °C (AH = 8.59 kJ mol™!) and 355 °C (AH =
32.17 kJ mol™"); and there is no cold-crystallization peak
(Fig. 5a). The AH of the two samples in high temperature
melting transition are very close. Under a polarized light
microscopy with hot-stage, it was observed that the compound
is a liquid crystal (Fig. S3, ESIt). The two endothermic peaks
around 250 °C and 350 °C correspond to the transitions from
solid state to liquid crystalline state and from liquid crystalline
state to isotropic melt, respectively.

The crystalline sample is a white powder and the amorphous
sample is a light green powder. The crystalline and amorphous
samples emit strong blue and green lights, respectively (Fig. 3).
As shown in Fig. 6, the maximum emission wavelengths of the
crystalline and amorphous samples are 451 nm and 479 nm,
respectively. The PL spectrum of amorphous sample exhibits a
significant 28 nm red-shift compared with the crystalline
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Fig. 6 PL spectra of 2PCz-TPE: (a) solid sample obtained from

dichloromethane/n-hexane (1:3); (b) solid sample obtained from
dichloromethane; (c) dichloromethane solution.
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Fig. 7 WAXD patterns of the 2PCz-TPE samples: (a) obtained from
dichloromethane/n-hexane (1 :3); (b) crystalline sample was pressed at
1500 psi; (c) pressed sample was fumed with dichloromethane for 12 h;
(d) pressed sample was annealed at 260 °C for 5 min; (e) melt quenched
to room temperature; (f) quenched sample was fumed with dichloro-
methane for 12 h; (g) quenched sample was annealed at 260 °C for
5 min; and (h) obtained from dichloromethane.

sample, which suggests that the molecules in amorphous state
have a larger conjugation system than that in crystalline state.
The maximum emission wavelength of the crystalline sample is
very close to that of dichloromethane solution.

The amorphous sample is changed to the crystalline one
when annealed at 260 °C for 5 min or fumed with dichloro-
methane for about 12 h.

When the crystalline samples were briefly pressed in an IR
pellet press by 1500 psi for 1 min, ground using a mortar and
pestle, or heated to their melt states and then quenched by
liquid nitrogen, they were all changed to the amorphous ones,
as confirmed by WAXD with only a diffuse peak (Fig. 7b and e).
The PL spectra of the samples obtained by pressing and quenching
red-shifted from 451 nm to 479 nm and 493 nm, respectively
(Fig. 8). The quenched sample exhibited longer PL wavelength

Intensity / a. u.

%0 420 480 540 600 600
Wavelength / nm

Fig. 8 PL spectra of the 2PCz-TPE samples: (a) obtained from
dichloromethane/n-hexane (1:3); (b) crystalline sample was pressed
at 1500 psi; (c) pressed sample was fumed with dichloromethane for
12 h; (d) pressed sample was annealed at 260 °C for 5 min; (e) melt
quenched to room temperature; (f) quenched sample was fumed with
dichloromethane for 12 h; (g) quenched sample was annealed at 260 °C
for 5 min; and (h) obtained from dichloromethane.

than the pressed sample. The result obtained from the pressing
treatment indicates that the compound has a significant piezo-
fluorochromic property. The possible mechanism will be discussed
in the single crystal X-ray diffraction analysis section.

The DSC results show that heating DSC curves of the
pressed and quenched samples (Fig. 9b and e) are considerably
different from the original crystalline sample (Fig. 9a). Similar
to the amorphous sample (Fig. 9h), the pressed and quenched
samples also show cold-crystallization peaks at 118 °C and
242 °C, respectively, followed by the melting peak at around
354 °C. The new cold-crystallization peaks might be ascribed to
a phase-to-phase transition, which suggests that the pressing

Endo >
(0]

. . . ' . ' , ' .
0 100 200 300 400 500
Temperature / °C

Fig. 9 DSC heating curves of the 2PCz-TPE samples: (a) obtained
from dichloromethane/n-hexane (1:3); (b) crystalline sample was
pressed at 1500 psi; (c) pressed sample was fumed with dichloro-
methane for 12 h; (d) pressed sample was annealed at 260 °C for 5 min;
(e) melt quenched to room temperature; (f) quenched sample was
fumed with dichloromethane for 12 h; (g) quenched sample was
annealed at 260 °C for 5 min; and (h) obtained from dichloromethane.
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Fig. 10 The image taken at room temperature under 365 nm UV light:
2PCz-TPE is cast on a filter paper and written “M” with a metal spatula.

and quenching treatments can convert the thermodynamically
stable phase to metastable states. The melting peak temperatures
of the latter two are almost the same. However, the quenched
sample exhibits 124 °C higher cold-crystallization temperature
than the pressed sample, which might reflect the variability in
some degree of the two metastable states.

The amorphous samples obtained by pressing and quenching
treatments can be reverted to the crystalline ones by fuming
with dichloromethane for less than 12 h. The WAXD results
show that the original sample (Fig. 7a) and the fumed samples
(Fig. 7c and f) are the same, and the DSC experiments (Fig. 9a,
¢ and f) also show the same results, indicating that the
compound exhibits good morphological reversibility between
crystalline state and amorphous state. The reversible behavior
can be completely achieved through solvent vapor-induced
crystallization and pressure-destroyed crystalline structure.
Although the morphological change from amorphous state to
crystalline state can be realized by annealing, the crystalline
structure is slightly different from the original and fumed
samples. This result is profoundly manifested in the corres-
ponding WAXD and DSC curves. The original and fumed
samples show a sharp diffraction peak at around 20 = 9° in
their WAXD curves and an endothermic peak at ~243 °C in
their DSC curves. The annealed samples have no such peaks,
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Fig. 11 PL spectra of the amorphous sample under fuming with
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others were detected online.)
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Fig. 12 PL peak intensity and wavelength vs. fuming time with
dichloromethane.

suggesting that the completely reversible cycle cannot be
achieved by the annealing treatment. Except for by a fuming
treatment method, the reversible behavior also can be achieved
by dissolving the amorphous samples in dichloromethane/
n-hexane mixed solvent (1:3, v/v) and then evaporating the
solution to dryness with a vacuum evaporator.

The solution of 2PCz-TPE in dichloromethane/n-hexane
(1:3) was cast on a filter paper. After drying, we wrote “M”
with a metal spatula on the paper (Fig. 10). A green “M”
stamp on the blue “paper” under the UV lamp (365 nm) can
be seen. The result suggests that the material has a potential
application as an optical recording material.'’

Fig. 11 and 12 show the relationship of the PL peak
intensity and wavelength with dichloromethane fuming time.
The PL peak intensity of the amorphous sample decreased
rapidly from 30 s to 120 s. After 120 s, the intensity gradually
increased with prolonged fuming time. At first, the permeation
of the good solvent during fuming can weaken the interaction
of 2PCz-TPE molecules due to solvation, leading to the

a
b M M
c
e M M
i

7.0 75 8.0
Chemical shift / ppm

Fig. 13 'H NMR of 2PCz-TPE samples (in CDCl;) (a) obtained
from dichloromethane; (b) obtained from dichloromethane/n-hexane
(1:3); (c) crystalline sample was pressed at 1500 psi for 1 min;
(d) pressed sample was fumed with dichloromethane for 12 h;
(e) pressed sample was annealed at 260 °C for 5 min; (f) melt quenched
to room temperature.
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increase in intramolecular rotational and vibrational motions,
the increase in non-emissive decay of excited state energy, and,
consequently, the decrease in the PL intensity. Almost at the
same time, solvent-induced crystallization took place. As the
degree of crystallization progressed, the molecules became
more compact, leading to the restriction of the intramolecular
vibrations and rotations, the occurrence of crystallization-
induced emission enhancement effect, and, consequently, the
increase in PL intensity. Thus, the two opposite effects made the
curve V-shape, depending on which effect played a dominant role in
the whole PL behavior. The PL behavior was quite different from
the triphenylamine—tetraphenylethylene compound (TPA-TPE)
whose PL intensity decreased and PL wavelength red-shifted with
dichloromethane fuming time.”™

The wavelength exhibited abrupt blue-shifts from 479 to
462 nm within 30 s (the change was very fast, and shorter time
could not be obtained because the operation and scanning
procedure of PL needed time) indicating that the sample was
very sensitive to the solvent vapor and had potential applica-
tions as an organic vapor sensor; afterwards, it became flat.
We considered that the abrupt blue-shifts were caused by
solvent induced crystallization.

To verify whether the chemical structure of 2PCz-TPE
changed after heating, fuming and pressing, 'H-NMR experi-
ments in CDCI; were conducted. Fig. 13 shows that the
'"H-NMR spectra were almost the same, indicating that the
chemical structure did not change. This further suggests that
the different spectroscopic properties and morphological
structures of 2PCz-TPE are caused by physical processes
(i.e., by changing the mode of molecular packing).

The single crystals of 2PCz-TPE were successfully grown
from the solutions of dichloromethane/n-hexane mixture and
their crystal structure was determined by single-crystal X-ray
diffraction analysis. The selected crystallographic data are given

Table 2 Crystal data and structure refinement for the single crystal

Identification

Formula C|27.5H84N400.8Cl
F.w. 1720.24
T/K 110(2)
Crystal system, space group Triclinic, P1
alA 11.0164(17)
b/A 11.8961(18)
c/A 18.841(3)
o/° 81.814(3)
p/° 84.930(3)
v/°, 69.902(3)
VA3 2293.1(6)

V4 1

dcalc./g C1n73 1.246
p/mm! 0.100
F(000) 900

Crystal size/mm?> 0.44 x 0.40 x 0.25

0 Range for data collection 1.09-27.09

Index range —14 <h< 14, —15 <k < 15,
24 <1<23

Data collected/uniq. (Rin) 19213/9791 (0.0320)

Data/restraints/parameters 9791/50/639

Ry (WRy)Y, [I > 20(D)] 0.0580 (0.1601)
Ry (WRy)?, (all data) 0.1071 (0.1972)
GOF on F* . 1.033

Largest diff. peak and hole/e:A~>  0.602-0.371

“ Ry = Z||F,|[-|F||/Z|F,|. wR, = [E[w(F, — F2))/Zw(Fo)1"%

Fig. 14 The crystal structure of the compound with defined planes
(left), and the “butterfly-shaped” molecule (right).

Table 3 The dihedral angles of the selected planes of the molecule in
the single crystal and free molecule

Dihedral angle/° Dihedral angle/°

Plane Single Free Plane Single Free
crystal” molecule” crystal” molecule”

Al-A, 54 57 As-Ag 56 57

A-As 85 75 Ar-Ag 85 75

Al-As 82 77 Ar-As 62 77

Ar-A; 20 36 A¢-A; 27 36

As-Ay 45 56 A-Ag 74 56

“ Geometry from the single crystal. b Geometry from calculation using
GAUSSIAN 03.

in Table 2. After checking the single-crystal X-ray diffraction
analysis results, it is found that there are many cavities in the
single crystal and the cavities are filled with solvent molecules. The
solvent molecules are highly disordered. The asymmetric unit
includes 0.5 half hexane molecules with an inversion center located
at the center of the hexane molecule, 0.25 CH,Cl, molecules and
0.4 water molecules, together with one molecule of 2PCz-TPE.
Geometry of the isolated free molecule of the compound in the
ground state was optimized based on B3LYP/6-31G calculation
using GAUSSIAN 03 package program.'? Based on the optimized

Fig. 15 Crystal packing viewed along a-axis (a), b-axis (b) and c-axis
(c) for 2PCz-TPE (the hydrogen atoms, and the solvent molecules
located between the layers have been omitted for clarity; the green
dotted lines represent n—n and C—H—n interactions).
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Fig. 16 Molecules packing in the single crystal: (a) capped sticks style
and (b) spacefill style showing inclusion of dichloromethane/n-hexane
between the layers; (c) spacefill style with solvent molecules removed
(the hydrogen atoms have been omitted for clarity).

geometry, the dihedral angles between the aryl rings as defined
in Fig. 14 were calculated and collected in Table 3. Although
the isolated free molecule has a twisted conformation, the
dihedral angles of each phenyl ring pair, A|—A, (As—Ag),
A1-As (Ax-Ag), A1-As (Ax-As), Ay-As (As-A7) and Az-Ay
(A7-Ag), are the same. For example, A,—A; and Ag—A; have
the same dihedral angle of 36°. In comparison, the crystalline
structure shows the “‘butterfly-shaped” molecules (see Fig. 14)
that are packed in a head-to-head fashion. Due to the
highly twisted conformation of tetraphenylethylene and steric
hindrance of the bulky carbazole rings in the molecule, the
interaction of each aromatic ring (or plane) is different. For
example, in the crystalline structure, it can be seen clearly that
face-to-face m—m interaction exists between the A; phenyl rings

of two packing molecules and there are no m—m interaction
between two As phenyl rings, although the A; phenyl ring and
the As phenyl ring are the same chemically. Thus, the dihedral
angles for the phenyl ring pairs are different and some of them
show a remarkable difference. For example, the dihedral angles
of As—A4 and AAg pairs are 45° and 74°, respectively. The
difference is up to 29°. The difference between single-crystal
structure and isolated molecule indicates that the molecules in
the single crystal exhibit a more highly twisted conformation
than in the isolated state.

As mentioned above, due to the highly twisted conformation,
the backbone of the molecule largely deviates from a plane and
typical cofacial m—r stacking becomes impossible. However, as
depicted in Fig. 15, the molecules are packed via synergetic
weak n—m and C-H-n interactions (wing part of the “butterfly-
shaped” molecule), which form lamellar layer structures. The
layers are subsequently connected via antenna parts of the
“butterfly-shaped” molecules with weaker n—m interactions
(only A;-ring interactions). Due to the twisted conformation
and weaker m—r interactions, the interfaces between the layers
are relatively loose and there exist some defects (cavities).

As shown in Fig. 16, each unit cell contains solvent molecules
which are filled in the cavity of interface (Fig. 16a, capped sticks
style; Fig. 16b, spacefill style). Each cavity located between the
layers is suitable for accommodating solvent molecules. Due to
weaker interactions and the cavities existing in the interfaces, the
interfaces are the feeblest parts in the crystalline structures. Thus,
the interfaces are readily destroyed by external pressure, which
may be triggered by slip deformation under external pressure.
The crash of crystalline structure leads to the release of crystal
lattice energy which is an important binding force to maintain the
highly twisted molecular conformation in the crystalline state.
The decrease or disappearance of the crystal lattice binding force
can therefore cause the planarization of molecular conformation,
which is evidenced by the increase of molecular conjugation thus
resulting in a red-shift of PL spectrum. These, in terms of a
molecular mechanism, may explain the piezofluorochromic
behavior of this PAIE compound.

Conclusions

A new piezofluorochromic aggregation-induced emission com-
pound containing tetraphenylethylene and carbazole moieties
was synthesized. The spectroscopic properties and morpho-
logical structures of the compound were reversed upon press-
ing or fuming. The PL spectra of the samples obtained by
annealing and by fuming were different. The results show that
the piezofluorochromic nature is generated from crystalline—
amorphous phase transformation under external pressure. The
reason for the phase transformation is ascribed to poor solid
molecular packing and formation of some cavities in the
interfaces of lamellar layers which was confirmed by the single
crystal X-ray diffraction analysis.
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