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ABSTRACT: Three donor−acceptor (D−A)-containing cruci-
form luminophores, named DHCS-BC, DMCS-BC, and
DTCS-BC, with twisted molecular conformation have been
synthesized. The D−A-type cross-conjugated compounds
showed unique intramolecular charge transfer (ICT) properties.
Interestingly, they showed substituent-dependent aggregation-
induced emission (AIE) and mechanofluorochromic (MFC)
behavior. The three cruciforms possessed evident AIE nature
with the AIE factors of 9, 19, and >492 and high solid-state
fluorescence quantum yields of 0.332, 0.425, and 0.492,
respectively. Moreover, their AIE activities increased in the
order DHCS-BC < DMCS-BC < DTCS-BC, which was
consistent with the torsional degree of molecular spatial conformations induced by the steric hindrance between carbazole and
substituted cyanostyryl and the ICT degrees of the three compounds. The solid emission studies illustrated that their
fluorescence color could change reversibly between bright blue-green (485 nm), bright blue-green (479 nm), bright yellow (526
nm) and light yellow-green (524 nm), yellow-green (534 nm), orange-red (606 nm) through grinding and dichloromethane
(DCM) fuming treatment, giving the large spectral red-shifts of 39, 55, and 80 nm, respectively. The MFC activities of the three
compounds are increased with the sequence of DHCS-BC < DMCS-BC < DTCS-BC, which was the result of the planarization
of the molecular conformation and subsequent planar intramolecular charge transfer (PICT) under the external force stimuli.

■ INTRODUCTION

Mechanofluorochromic (MFC) compounds1−5 that change
their solid-state emission color in response to external force
stimuli (such as grinding, pressing, shearing, deformation, etc.)
have received a great deal of attention from both fundamental
research fields of solid-state photochemistry and applications in
mechanosensors,6 ,7 memory devices,8 ,9 fluorescent
switches,10−12 security systems,13,14 and optoelectronic devi-
ces.15,16 Recently, some MFC molecules based on α-cyano-
substituted stilbene,17−19 tetraphenylethene,20−25 9,10-diviny-
lanthracene,26−34 triphenylacrylonitrile,35,36 and organoboron
complexes37−44 have been developed. However, MFC materials
possessing strong solid-state luminescence and an obvious color
contrast are still rare. One of the main reasons is the fact that
many π-conjugated luminophores show very weak emission in
their aggregated states despite being strongly emissive in dilute
solutions. This effect is referred to as the notorious aggregation-
caused emission quenching (ACQ).45,46 To overcome this
problem, the aggregation-induced emission (AIE)-active
molecules,47,48 which show strong emission only in the
aggregated and solid states, are a promising candidate. Indeed,

some MFC materials with strong solid-state emission have been
developed based on AIE-active molecules. Since Park’s group
reported the cyano-distyrylbenzene derivative that exhibits both
AIE and MFC behavior in 2010,17 a number of new AIE MFC
compounds have been developed.27,28 However, even with the
use of the AIE strategy, the number of AIE MFC luminophores
that exhibit both high solid-state luminescence efficiency and an
obvious color contrast remain extremely rare. Therefore,
carrying out more extensive explorations to develop novel
and general π-systems with both AIE and MFC properties are
significant and attractive.
Extended π-conjugated cruciform fluorophores constructed

by two π-conjugated arms intersecting at a central aromatic
core have attracted considerable attention since their rigid π-
conjugated skeletons bring about a set of desired properties and
potential applications in chemosensors,49−53 nonlinear optical
materials,54,55 and organic light-emitting diodes (OLED).56
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With appropriate donor and acceptor substitution, these
compounds localize their frontier molecular orbitals (FMOs)
on different portions of the molecule, and thus result in
compounds possessing FMOs that are spatially disjoint from
one another; in these cases, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) localize on the crossed arms. This spatial isolation of
FMOs makes molecular cruciforms promising candidates for a
variety of optoelectronic applications. Herein, we synthesized
three new twisted donor−acceptor cruciforms, DHCS-BC,
DMCS-BC, and DTCS-BC (Chart 1), and investigated the
influence of molecular structures on photophysical properties
from the perspective of electronic and steric effects. The three
compounds possess the same molecular conjugated backbone.
Among them, one of the axes is donor (carbazole) substituted
and the other axis is acceptor (cyanostyryl) substituted, and
thus species with independent electronic shifts into opposite
directions in HOMO and LUMO, i.e., spatially separated
FMOs, could be attained. Moreover, the steric hindrance
derived from the four bulky substituents attaching on the
central benzene endows the three compounds with torsional
molecular conformation, resulting in effective depression of
close π-packing and enhancement of emission quantum yields
in the solid states. Results illustrated that these three
compounds exhibit unique intramolecular charge transfer
(ICT) nature from one axis to the other in the excited state.
Moreover, they showed obvious AIE characteristics and high-
contrast MFC behavior with the same order of DHCS-BC <
DMCS-BC < DTCS-BC, which depended on electronic and
steric effects of the peripheral substituents on the acceptor
dicyanodistyrylbenzene axis with two p-hexyloxy, four m-
methyl, to four m-trifluoromethyl linkages.

■ EXPERIMENTAL SECTION

General. 1H and 13C NMR spectra were recorded on a
Bruker-Avance III (400 MHz) spectrometer by using CDCl3 as
the solvents. UV−vis spectra were obtained on a Shimadzu UV-
2550 spectrophotometer. Fluorescence measurements were
performed on a Cary Eclipse fluorescence spectrophotometer.
The absolute fluorescence quantum yields for DHCS-BC,
DMCS-BC, and DTCS-BC were measured on an Edinburgh
FLS920 steady-state spectrometer using an integrating sphere.
High-resolution mass spectra (HRMS) were recorded on a
MALDI-TOF MS Performance (Shimadzu, Japan). Elemental
analyses were performed with a PerkinElmer 240C elemental
analyzer by investigation of C, H, and N. X-ray diffraction
(XRD) patterns were obtained on a Bruker D8 Focus powder
X-ray diffraction instrument. The calculations for DHCS-BC,

DMCS-BC, and DTCS-BC were based on the density
functional theory (DFT) and performed at the B3LYP/6-
31G(d) level using the Gaussian 09W program package.

Materials. Tetrahydrofuran (THF) was distilled from
sodium and benzophenone under nitrogen immediately prior
to use. Ethanol was distilled under normal pressure over
sodium under nitrogen before use. The other chemicals were
used as received without further purification. Compound 2 was
synthesized according to the literature.57

Preparation of the Samples for Aggregation-Induced
Emission Study. The water/THF mixtures with different
water fractions were prepared by slowly adding distilled water
into solutions of the target molecules in THF under sonication
at room temperature, the concentration was maintained at 1.0
× 10−5 M. The fluorescence emission spectral measurement of
the mixture was performed immediately.

Preparation of the Samples for Mechanofluoro-
chromism Study. The ground powders were prepared by
grinding the as-prepared powders with a pestle in the mortar.
The fumed samples were obtained by fuming the ground
powder with dichloromethane (DCM) for 2 min.

Synthesis. 4,4′′-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-
[1,1′:4′,1′′-terphenyl]-2′,5′-dicarbaldehyde (3). Compounds
1 (4.50 g, 15.42 mmol) and 2 (20.00 g, 41.54 mmol),
Pd(PPh3)4 (150 mg, 0.130 mmol), Na2CO3 (9.00 g, 84.91
mmol), and tetrabutylammonium hydrogen sulfate (1.50 g,
4.42 mmol) were added into toluene/H2O (450 mL, v/v = 3/
2). The mixture was heated to reflux under nitrogen
atmosphere for 24 h. After cooling to room temperature, the
organic layer was separated, the aqueous layer was extracted
with CH2Cl2 (2 × 100 mL), and the combined organic layer
was dried over anhydrous Na2SO4. Upon evaporating off the
solvent, the crude product was subjected to purification by
column chromatography by (silica gel, CH2Cl2/petroleum
ether, v/v = 2/1), affording a yellow solid (8.15 g). Yield 63%.
1H NMR (400 MHz, CDCl3) δ: 10.33 (s, 2H), 8.31 (s, 2H),
8.20 (s, 4H), 7.80 (d, J = 8.4 Hz, 4H), 7.72 (d, J = 8.0 Hz, 4H),
7.56−7.49 (m, 8H), 1.51 (s, 36H) (Figures S19 and S20,
Supporting Information). 13C NMR (100 MHz, CDCl3) δ:
191.49, 143.90, 143.40, 139.04, 138.91, 136.69, 134.65, 131.48,
130.58, 126.70, 123.82, 123.72, 116.41, 109.19, 34.79, 32.02
(Figure S21, Supporting Information). HRMS (MALDI-TOF)
m/z: [M]+ calcd for C60H60N2O2, 840.4655; found, 840.4668
(Figure S22, Supporting Information). Anal. Calcd (%) for
C60H60N2O2: C, 85.68; H, 7.19; N, 3.33. Found: C, 85.61; H,
7.26; N, 3.29.

(2Z,2′Z)-3,3′-(4,4′′-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-
[1,1′:4′,1′′-terphenyl]-2′,5′-diyl)bis(2-(4-(hexyloxy)phenyl)-

Chart 1. Molecular Structures of DHCS-BC, DMCS-BC, and DTCS-BC
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acrylonitrile) (DHCS-BC). Compounds 3 (1.50 g, 1.78 mmol)
and 4 (1.16 g, 5.35 mmol) were added into dry ethanol (50
mL) and dry THF (5 mL), and then CH3ONa (0.29 g, 5.35
mmol) was added quickly. The mixture was refluxed with
stirring for 24 h under an atmosphere of nitrogen. After cooling
to room temperature, the resulting precipitate was collected by
filtration and dried under vacuum. The crude product was
purified by column chromatography (silica gel, CH2Cl2),
affording a light yellow-green solid (1.62 g). Yield 73%. 1H
NMR (400 MHz, CDCl3) δ: 8.43 (d, J = 9.2 Hz, 2H), 8.20 (d, J
= 8.8 Hz, 4H), 7.80−7.74 (m, 8H), 7.60 (t, J = 4.4 Hz, J = 4.4
Hz, 6H), 7.54−7.48 (m, 8H), 6.98 (d, J = 9.2 Hz, 4H), 4.03 (t,
J = 6.4 Hz, J = 6.8 Hz, 4H), 1.86−1.78 (m, 4H), 1.51 (s, 36H),
1.48−1.44 (m, 4H), 1.39−7.35 (m, 8H), 0.93 (t, J = 7.2 Hz, J =
6.8 Hz, 6H) (Figures S23 and S24, Supporting Information).
13C NMR (100 MHz, CDCl3) δ: 160.42, 143.24, 140.77,
139.07, 138.50, 138.44, 137.42, 133.76, 131.46, 130.52, 127.45,
126.49, 126.23, 123.70, 118.08, 116.30, 115.22, 114.07, 109.31,
68.33, 34.74, 31.99, 31.50, 29.11, 25.63, 22.51, 13.90 (Figure
S25, Supporting Information). HRMS (MALDI-TOF) m/z:
[M]+ calcd for C88H94N4O2, 1238.7377; found, 1238.7389
(Figure S26, Supporting Information). Anal. Calcd (%) for
C88H94N4O2: C, 85.26; H, 7.64; N, 4.52. Found: C, 85.19; H,
7.70; N, 4.60.
(2Z,2′Z)-3,3′-(4,4′′-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-

[1,1′:4′,1′′-terphenyl]-2′,5′-diyl)bis(2-(3,5-dimethylphenyl)-
acrylonitrile) (DMCS-BC). By following the synthetic procedure
for DHCS-BC, DMCS-BC was synthesized by using 3 (1.60 g,
1.90 mmol), 5 (0.69 g, 4.75 mmol), and CH3ONa (0.26 g, 4.81
mmol) as the reagents. The crude product was purified by
column chromatography (silica gel, CH2Cl2/petroleum ether,
v/v = 3/1), affording a light yellow solid (1.48 g). Yield 71%.
1H NMR (400 MHz, CDCl3) δ: 8.44 (s, 2H), 8.19 (s, 4H),
7.82−7.74 (m, 10H), 7.52 (s, 8H), 7.32 (s, 4H), 7.09 (s, 2H),
2.42 (s, 12H), 1.51 (s, 36H) (Figures S27 and S28, Supporting
Information). 13C NMR (100 MHz, CDCl3) δ: 143.23, 140.77,
140.60, 138.98, 138.93, 138.45, 137.20, 133.76, 131.54, 131.39,
130.71, 126.51, 124.01, 123.70, 123.65, 118.19, 116.35, 114.70,
109.27, 34.76, 32.01, 21.38 (Figure S29, Supporting Informa-
tion). HRMS (MALDI-TOF) m/z: [M]+ calcd for C80H78N4,

1094.6226; found, 1094.6239 (Figure S30, Supporting
Information). Anal. Calcd (%) for C80H78N4: C, 87.71; H,
7.18; N, 5.11. Found: C, 87.78; H, 7.27; N, 5.06.

(2Z,2′Z)-3,3′-(4,4′′-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-
[ 1 , 1 ′ : 4 ′ , 1 ′ ′ - t e rpheny l ] - 2 ′ , 5 ′ - d i y l ) b i s ( 2 - ( 3 , 5 -b i s -
(trifluoromethyl)phenyl)acrylonitrile) (DTCS-BC). By follow-
ing the synthetic procedure for DHCS-BC, DTCS-BC was
synthesized by using 3 (1.60 g, 1.90 mmol), 6 (1.20 g, 4.74
mmol), and CH3ONa (0.26 g, 4.81 mmol) as the reagents. The
crude product was purified by column chromatography (silica
gel, CH2Cl2), affording a yellow-green solid (1.79 g). Yield
72%. 1H NMR (400 MHz, CDCl3) δ: 8.52 (s, 2H), 8.18 (s,
4H), 8.13 (s, 4H), 7.98 (s, 2H), 7.92 (s, 2H), 7.82−7.77 (m,
8H), 7.53−7.45 (m, 8H), 1.51 (s, 36H) (Figures S31 and S32,
Supporting Information). HRMS (MALDI-TOF) m/z: [M]+

calcd for C80H66F12N4, 1310.5096; found, 1310.5084 (Figure
S33, Supporting Information). Anal. Calcd (%) for
C80H66F12N4: C, 73.27; H, 5.07; N, 4.27. Found: C, 73.35;
H, 5.16; N, 4.35.

■ RESULTS AND DISCUSSION

Synthesis of DHCS-BC, DMCS-BC, and DTCS-BC. The
synthetic routes for three compounds DHCS-BC, DMCS-BC,
and DTCS-BC are shown in Scheme 1. The precursor 3 was
prepared by Suzuki−Miyaura coupling reaction between 1 and
2 catalyzed by Pd(PPh3)4 in toluene/H2O in a yield of 63%,
and then 3 was allowed to react with 4−6 via standard
Knoevenagel condensation in the presence of sodium
methoxide, respectively, to give the target molecules DHCS-
BC, DMCS-BC, and DTCS-BC with good yields of above 70%.
All the intermediates and target molecules were characterized
by 1H and 13C NMR, matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry, and C, H, N
elemental analyses. DHCS-BC, DMCS-BC, and DTCS-BC are
soluble in common organic solvents, such as CHCl3, CH2Cl2,
THF, benzene, and toluene, but show poor solubility in
alcohols and aliphatic hydrocarbon solvents, such as cyclo-
hexane, n-hexane, methanol, and ethanol.

UV−Vis Absorption and Fluorescence Emission
Spectra in Solutions. The solvent effect on the absorption

Scheme 1. Synthetic Routes of DHCS-BC, DMCS-BC, and DTCS-BC
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and fluorescence properties of DHCS-BC, DMCS-BC, and
DTCS-BC was examined in various solvents (Figure 1 and
Figure S1, Supporting Information), and the corresponding
photophysical data are collected in Tables S1−S3 (Supporting
Information). It is clear that the three compounds all exhibit
three absorption bands. The absorption bands at about 335 and
347 nm might be attributed to the π−π* transition, and the
weak ones at around 365, 370, and 430 nm correspond to

charge-transfer (CT) transition between electron donor
(carbaole unit) and electron acceptor (dicyanodistyrylbenzene
moiety) (Figure 1, parts a and b, and Figure S1a, Supporting
Information).52 In order to confirm the occurrence of CT
transition, the solvent-dependent fluorescence emission spectra
of DHCS-BC, DMCS-BC, and DTCS-BC are shown in the
Figure 1, parts c and d, and Figure S1b (Supporting
Information). It was found that the maximum emission bands

Figure 1. Normalized UV−vis absorption spectra of DHCS-BC (a) and DMCS-BC (b), and normalized PL spectra of DHCS-BC (c) and DMCS-
BC (d) excited at 365 nm in different solvents (1.0 × 10−5 mol L−1).

Figure 2. Electron density distributions in the HOMO and LUMO states and optimized conformation of DHCS-BC, DMCS-BC, and DTCS-BC
calculated by DFT in Gaussian 09 at the B3LYP/6-31G(d) level.
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of the three luminophores became broad and red-shifted
significantly with increasing polarity of the solvent. For
example, in cyclohexane, DHCS-BC exhibited a strong
emission band at 465 nm, but with the increasing solvent
polarity, its emission band red-shifted to 590 nm in DCM
accompanied by emission band broadening. At the same time,
the large Stokes shifts of DHCS-BC increased from 7396 cm−1

in cyclohexane to 11 869 cm−1 in DCM (Table S1, Supporting
Information). Combined with the large Stokes shifts and the
broadening and red-shift of the emission bands, we suggest that
intramolecular charge transfer (ICT) transitions of DHCS-BC
take place in polar solvents58,59 and the longer wavelength
emissions might be assigned to ICT emissions. In addition, the
maximum ICT emission wavelengths of the three compounds
showed a rising trend in the same solvent, indicating the ICT
degrees of them in the excited state increased in the order
DHCS-BC ≈ DMCS-BC < DTCS-BC,52,60 which are the same
as the order of the onset wavelength in absorption (Figures
S2−S6, Supporting Information). The fluorescence quantum
yields (Φf) of DHCS-BC, DMCS-BC, and DTCS-BC in
different solvents were measured using quinine sulfate (Φf =
0.546, 0.5 mol L−1 H2SO4) as the standard (Tables S1−S3,
Supporting Information). It was found that Φf of the three
compounds decreased significantly with increasing polarity of

the solvent, indicating a positive solvatokinetic effect.43,61 For
example, the Φf of DMCS-BC decrease from 0.278 in
cyclohexane to 0.045 in chloroform, and then to 0.020 in
dichloromethane. The lower Φf value in solution might be
ascribed to the active intramolecular rotations of multiple
phenyl rings and the strong ICT interaction, which often
caused nonirradiative decay. In addition, the Φf values are
significantly affected by the substituents attached on the
periphery of dicyanodistyrylbenzene. For instance, in THF
solutions, the Φf values are in the order DHCS-BC ≈ DMCS-
BC < DTCS-BC, which can be ascribed to the electron-
donating or electron-withdrawing ability of the substituents to
the conjugated backbone from two p-hexyloxy, four m-methyl,
to four m-trifluoromethyl linkages (electronic effect). This is
consistent with their ICT degrees of the three compounds in
the excited state.
To provide a more effective understanding the influence of

the geometric and electronic structures of DHCS-BC, DMCS-
BC, and DTCS-BC on their photophysical properties, we
employed the theoretical calculation using the DFT method at
the B3LYP/6-31G(d) level after optimizing their structures to
the lowest energy spatial conformation with the Gaussian 09W
program. The frontier orbital plots of the HOMOs and
LUMOs are shown in Figure 2. It is clear that the electron

Figure 3. PL spectra of DHCS-BC (a), DMCS-BC (c), and DTCS-BC (e) in THF/water mixtures with different water fractions (λex = 400 nm).
Normalized fluorescence emission intensities of DHCS-BC (b), DMCS-BC (d), and DTCS-BC (f) in THF/water with different fw. The inset
graphs in panels b, d, and f are the solutions of DHCS-BC ( fw = 0% and 85%), DMCS-BC ( fw = 0% and 85%), and DTCS-BC ( fw = 0% and 90%)
in THF/water mixture under UV illumination, respectively.
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densities in the HOMOs of these three cruciforms are mainly
distributed over the donor carbazole units and the central
phenyl, whereas the electron densities in the LOMOs are
localized along the acceptor dicyanodistyrylbenzene axis. The
separated HOMOs and LUMOs further illustrated the
occurrence of the effective excited-state ICT process from the
donor (carbazole) to the acceptor (dicyanodistyrylbenzene)
axis upon excitation, which was in accordance with the results
of spectral studies. Moreover, the three molecules adopted a
twisted spatial conformation at their optimized lowest energy
states. For DHCS-BC, the dihedral angles between two vinyl
planes and the central benzene are 32.4° and 25.4°,
respectively, and the dihedral angles between two side benzene
rings and the central core are 64.6° and 46.0°, respectively. For
DMCS-BC and DTCS-BC, the corresponding dihedral angles
increased to 34.5°, 27.3°, 67.5°, 47.6° and 36.6°, 29.5°, 69.6°,
49.3°, respectively. Obviously, such high torsional angles in the
three molecules should be ascribed to the steric hindrance
between carbazole and substituted cyanostyryl groups. The
distortion degree of molecular conformation of these three
compounds increased with the sequence of DHCS-BC <
DMCS-BC < DTCS-BC, which is consistent with steric
hindrance between carbazole and cyanostyryl induced by the
substituents to the conjugated backbone from p-hexyloxy, m-
methyl, to m-trifluoromethyl linkages. The specially twisted
conformation would inhibit close packing and π−π interactions
in the condensed state, leading to strong solid-state emission,
AIE characteristics, and MFC behavior.
Aggregation-Induced Emission. When illuminated under

a UV lamp, both DHCS-BC and DMCS-BC could emit strong
blue-green light and DTCS-BC could give bright yellow light in
the powder states, but weak fluorescence was observed from
their dilute THF solutions. Therefore, we speculate that they
would possess AIE properties. To confirm the AIE nature of
DHCS-BC, DMCS-BC, and DTCS-BC, we measured their
photoluminescence (PL) spectra in dilute mixtures of water/
THF with different water fractions ( fw, the volume percentage
of water in THF/water mixtures). Water is used because it is a
nonsolvent for the compounds and increasing the water
fraction in the mixed solvents can change its existing form
from a solution state in THF to aggregated particles in mixtures
with certain water content. As shown in Figure 3, parts a, c, and
e, the three compounds displayed similar fluorescent behavior.
In dilute THF solutions, DHCS-BC and DMCS-BC could emit
orange and wine-red fluorescence and the maxima peaks
appears at 581 and 598 nm, respectively, but the intensity was
weak and Φf were only 0.036 and 0.022. For DTCS-BC, its PL
intensity was so weak that almost no signal could be detected
from its dilute THF solution, and its Φf was below 0.001. In the
region where fw was less than 20%, the PL intensities of the
three compounds showed a gradually declining trend and the
emission peak wavelengths exhibited a gradual bathochromic
shift. These observations could be explained by the
solvatochromic effect. DHCS-BC, DMCS-BC, and DTCS-BC
are typical donor−acceptor (D−A) molecular structure; the
ICT between the D and A moieties in molecules is enhanced
with the increase of the environment polarity, which is offered
by increasing the water fraction. Afterward, the PL intensities
started to increase rapidly at the fw of 20% for the three
compounds, at which solvating powers of the mixtures were
worsened to such an extent that the luminogen molecules
began to aggregate. As the fw value in the THF solution
increased to 85% for DHCS-BC and DMCS-BC and 90% for

DTCS-BC, the emission intensities of the three cruciforms
were approximately 7-, 5-, and 160-fold higher than those in
pure THF and a strong blue (486 nm), blue-green (493 nm),
and yellow (568 nm) emission could be observed, respectively,
thus proving their AIE nature (Figure 3, parts b, d, and f). The
weak emissive nature of the luminogens in THF and aqueous
mixtures with low fw values (<20%) should be ascribed to the
active intramolecular rotations and the strong ICT process of
the genuinely dissolved luminogens, which effectively consume
the energy of the excitons nonradiatively. However, an increase
in the fw value of the mixed solvent led to the transformation of
the luminogens from the dissolved and well-dispersed state in
pure THF to aggregated particles in THF/water mixtures ( fw >
20%), resulting in restricted internal rotations (RIR)
accompanied by limited ICT effect, which prevented the
nonradiative relaxation channels and thus made the aqueous
mixture highly emissive. To further confirm the aggregate
formation, dynamic light scattering (DLS) technique was used
to characterize the obtained aggregated particles and revealed
the existence of nanoaggregates as their main constituent
(Figures S7−S9, Supporting Information). The fluorescence
images showed the emission of the compounds in the solvent
mixtures at fw = 0% and 90% under 365 nm UV light at room
temperature (insets of parts b, d, and f of Figure 3). It was clear
that DHCS-BC, DMCS-BC, and DTCS-BC in THF solutions
showed very weak fluorescence, but very strong fluorescence
was observed in THF/water mixtures with high water content,
thus further indicating that the compounds had a strong AIE
effect.
To quantitatively evaluate the AIE effect of DHCS-BC,

DMCS-BC, and DTCS-BC, the fluorescence quantum yields of
the luminogens in solution (Φf,s) and as-prepared solid (Φf,aps)
states were determined. The Φf,aps values for DHCS-BC,
DMCS-BC, and DTCS-BC are 0.332, 0.425, and 0.492,
respectively, which are considerably boosted compared to
those in pure THF (0.036, 0.022, and <0.001), giving AIE
factors (αAIE = Φf,aps/Φf,s) of 9, 19, and >492 with respect to
those in THF. In addition, as can be seen from the above
results, the AIE activities of these three compounds increased in
the order DHCS-BC < DMCS-BC < DTCS-BC, which is
consistent with the distortion degree of molecular conforma-
tion of these three compounds.

Mechanofluorochromic Properties. In our previous
study, we found that, for the π-conjugated luminogens with
the twisted architectures, the AIE feature and ICT character-
istics usually exhibited tuned emissions in response to
mechanical stimuli.33−35 Herein, DHCS-BC, DMCS-BC, and
DTCS-BC were greatly anticipated to be MFC-active materials.
To check whether the three luminogens exhibited mechano-
chromic luminescence, their solid emission properties were
studied. As shown in Figure 4, parts b, d, and f, the as-prepared
DHCS-BC, DMCS-BC, and DTCS-BC solids could emit
bright blue-green, bright blue-green, and bright yellow light
under UV irradiation (Figures S10−S12, Supporting Informa-
tion), and their emitting colors changed into light yellow-green,
yellow-green, and orange-red light, respectively, after grinding
by using a spatula or a pestle, indicating the obvious MFC
behavior of the three luminogens. PL spectra were used to
monitored the above naked-eye-visible fluorescence color
changes, and the emission bands of samples obtained under
different conditions (grinding and fuming) are illustrated in
Figure 4, parts a, c, and e. The emission peaks of the three
compounds in the as-prepared powders appear at 485, 479, and
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526 nm and red-shift to 524, 534, and 606 nm in the ground
powders, respectively, indicating that the grinding treatment
induced the spectral shifts of 39, 55, and 80 nm for three
luminogens. Moreover, after fuming with the vapor of DCM for
several seconds at room temperature, the fluorescence colors
were recovered to the original ones, similar to their as-prepared
powders, and the corresponding maximum emission wave-
lengths could blue-shift to the initial ones. When the fumed
samples were reground, the fluorescence colors changed as the
first grinding again. The wavelength changes in solid-state
emission could be repeated many times without fatigue,
suggesting excellent reversibility in the switching processes
(Figures S13−S15, Supporting Information).
To understand the origin of the MFC behavior of DHCS-

BC, DMCS-BC, and DTCS-BC, the XRD measurements were
performed on the respective samples, and the diffraction
patterns are shown in Figure 5a−c. Clearly, the XRD patterns
of the as-prepared samples solids show many intense and sharp
diffraction peaks, suggesting a well-ordered microcrystalline-like
structure (Figures S10−S12, Supporting Information). By sharp
contrast, after the as-prepared solids of the three compounds
were ground, the XRD patterns showed significant decreased
peak intensity but increased peak widths, suggesting that the

crystalline state was damaged into amorphous state during the
grinding process (mechanical force). When the ground
powders were fumed with DCM, sharp and strong diffraction
peaks, similar to those of the crystals, appeared again, meaning
that the molecules in the amorphous state could be rearranged
into an ordered crystalline state. The XRD results strongly
suggested that the reversible mechanochromism of DHCS-BC,
DMCS-BC, and DTCS-BC was directly caused by the phase
transformation between the ordered crystalline and the
disordered amorphous states. The absorption spectrum of the
three compounds in cyclohexane solutions displayed absorption
bands with vibronic structures, and their absorption maximum
appear at 346, 346, and 348 nm, respectively. Then, in the solid
states the absorption bands red-shift to 432, 437, and 442 nm,
thus indicating the existence of significant π−stack and J-
aggregates that were formed in the solid states. Generally, the
destruction of the crystalline structure leads to the planarization

Figure 4. Normalized fluorescence spectra of DHCS-BC (a), DMCS-
BC (c), and DTCS-BC (e) excited at 365 nm in different solid states:
as-prepared, grinding, and fuming. Photographs of DHCS-BC (b),
DMCS-BC (d), and DTCS-BC (f) color changes under grinding and
fuming stimuli.

Figure 5. XRD patterns of DHCS-BC (a), DMCS-BC (b), and
DTCS-BC (c) in different solid states: as-prepared, grinding, and
fuming.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b11368
J. Phys. Chem. C 2018, 122, 2297−2306

2303

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11368/suppl_file/jp7b11368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11368/suppl_file/jp7b11368_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b11368


of the molecular conformation due to the release of the twist
strain. This phenomenon is one of the possible reasons for the
increase in molecular conjugation resulting in a red-shift in the
PL spectrum. However, in this case, the large red-shifts of the
luminogens after grinding might be original from the
conformational change and rotate to a position more parallel
to the coplanar under external pressure, leading to extended
conjugation and subsequent planar intramolecular charge
transfer (PICT). This proposal could be evidenced by the
UV−vis absorption spectra of as-prepared and ground samples
(Figures S16−S18, Supporting Information). It was clear that
the ground DHCS-BC, DMCS-BC, and DTCS-BC samples
showed the obvious red-shifts of the onset wavelengths relative
to that of as-prepared samples, indicating the extension of π-
conjugation after grinding.24 For DTCS-BC, it displayed the
maximum spectral red-shift due to its most twisted molecular
conformation and largest CT degrees in the excited state in the
three luminogens. In the case of DHCS-BC and DMCS-BC,
although they exhibited the similar CT degrees in the excited
state, DMCS-BC possessed more twisted molecular conforma-
tion than DHCS-BC, which was an advantage to the red-shift
of the PL spectrum under external force. Therefore, the MFC
activities of the three compounds are increased in a sequence of
DHCS-BC < DMCS-BC < DTCS-BC, and the planarization of
the molecular conformation and subsequent PICT account for
the MFC behavior of such torsional cruciforms.

■ CONCLUSIONS

Three twisted D−A-substituted benzene-centered cruciforms,
DHCS-BC, DMCS-BC, and DTCS-BC, have been designed
and successfully synthesized. The three cross-conjugated
compounds possess spatially separated HOMOs and LUMOs
located on the donor and acceptor axes, respectively. Such D−
A-type cruciforms show unique ICT emission from the donor
(carbazole) to the acceptor (dicyanodistyrylbenzene) axis upon
excitation. More importantly, the three compounds show
substituent-dependent AIE characteristics and MFC behavior.
The AIE and MFC activities of these three compounds
increased with the same order of DHCS-BC < DMCS-BC <
DTCS-BC; the former are influenced by the torsional degrees
of molecular spatial conformations induced by the steric
hindrance of the substituents linked on cyanostyryl moieties,
and the latter are ascribed to the planarization of the molecular
conformation and subsequent PICT with mechanical stimuli.
The general structure−property relationship established here
will provide a possible strategy for designing new AIE MFC
dyes that have potential application in optical-recording and
pressure-sensing materials.
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