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ABSTRACT: Organic fluorophores with reversible emission
switching behavior are promising materials for applications in
sensors, optical recording, security inks, and optoelectronics. A
variety of aggregation-induced emission (AIE) luminogens
with mechanochromic luminescence has been prepared, and
the transformation of efficient bluer-emitting crystals to
amorphous powders with redder and weaker emission is
proposed to be the cause for such behavior. However, detailed
mechanistic understanding from experimental to theoretical is
lacking. In this work, we present the design and synthesis of a
group of bis(diarylmethylene)dihydroanthracenes with butter-
fly-like shapes. These molecules exhibit aggregation-induced
emission characteristics due to the restriction of intramolecular motion in the aggregated state. They show mechanochromism,
because of the transformation between crystal and amorphous states with different colors and efficiencies aided by grinding/
heating or solvent fuming processes. By investigation of their single-crystal structures and theoretical calculations, the loose
molecular packing with noncovalent intermolecular interactions, the extent of conformational twisting, and the packing density of
the luminogens, as well as freedom of intermolecular motion in the excited state, are stemmed for their reversible polymorphism-
dependent emission behaviors.

B INTRODUCTION The phenomenon of aggregation-induced emission (AIE)
was observed in some luminogens with propeller or shell-like
shapes. These molecules were nonemissive when molecularly
dissolved in solutions but emitted intensively when their
molecules clustered into aggregates.”' ~>” What is the cause for
such phenomenon? It is well-known that rotation and vibration
are two main modes of intramolecular motion accompanied by
energy consumption. Recently, we proposed that the AIE effect

Pure organic mechanochromic materials are a class of smart
materials with variable emission' in response to mechanical
stimuli and have attracted considerable interest not only for
fundamental curiosity but also for their practical applica-
tions.”~ Deciphering the mechanisms of this observed
variability is essential for their design and application. Among
diverse design strategies, the one with the use and integration

of intermolecular noncovalent interactions into luminogenic may mainly orziginate from the restriction of intramolecular
structure is popular, thanks to its straightforward manipulation, motion (RIM), ™ such as rotation in propeller-like tetraphenyl-
good reversibility, and high efﬁciency.8 Changes in molecular ethylene (TZI;];:(? and vibration in butterfly-like THBDBA (see
conformations and packing modes (polymorphism) will disrupt Scheme 1).”7"" In solution, the active intramolecular rotation
the intermolecular noncovalent interactions and have been and vibration have consumed the energy of the excited states
shown to be key factors in influencing the luminescence of through nonradiative relaxation channel, thus rendering the
most reported dyes.” "> However, an in-depth and compre-

hensive understanding of these claims is difficult, because Received: June 15, 2015
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Scheme 1. Illustration of the AIE Mechanism” and Crystal
Structure of Bis(diarylmethylene)dihydroathracenes

PDHA

ADHA TDHA

“Red arrow indicates rotation; blue arrow indicates vibration.

AIE luminogens nonemissive. Upon aggregation, such motion
is restricted, which blocks the nonradiative decay pathway and
thus enables the dye molecules to emit intensely. The RIM
mechanism is of great importance for extending the AIE scope
and enriching the variety of AIE-based functional materials.
Most of the AIE luminogens reported so far have been found to
exhibit mechanochromic luminescence.”’ ~*° The discovery of
the AIE phenomenon has been considered a key for opening a
treasure chest of mechanochromic materials." Unfortunately, a
clear explanation on the working mechanism is rarely provided.
In this work, three derivatives of bis(diphenylmethylene)-
dihydroanthracene (R-DHA), namely 9,10-bis-
(diphenylmethylene)-9,10-dihydroanthracene (PDHA), 9,10-
bis(di-4'-methoxylphenylmethylene)-9,10-dihydroanthracene
(ADHA), and 9,10-bis(di-4'-methylphenylmethylene)-9,10-di-
hydroanthracene (TDHA), with different substituents on the
periphery phenyl rings are designed and synthesized. As shown
from their crystal structures, these molecules adopt a geometry
resembling that of a butterfly, in which the periphery rings serve
as rotors, while the central dihydroanthracene blade functions
as a vibrator. They are found to exhibit typical AIE effect. For
instance, PDHA is induced to emit efficiently when aggregated
in the solid state.***” Their mechanochromic, vapochromic,
and thermochromic luminescences were studied. By analyzing
their crystal structures and results from theoretical calculation,
the underlying reasons for fluorescence color and emission
changes in the presence of external stimuli are obtained.

B RESULTS AND DISCUSSION

Synthesis and Photophysical Properties. PDHA,
ADHA, and TDHA were facilely synthesized according to the
synthetic route shown in Scheme S1 in the Supportin§
Information, using literature methods with modifications.’
Starting from 9,10-anthraquinone, grams of products were
obtained in high yields under the condition for Corey—Fuchs
and Suzuki—Miyaura reactions. All the R-DHAs have good
solubility in common organic solvents.

The photophysical properties of PDHA, ADHA, and TDHA
are investigated in the solution and aggregated states. All the R-
DHAEs are virtually nonluminescent when molecularly dissolved

in good organic solvents such as CH,Cl,, CHCl;, THEF,
CH;CN, toluene, etc., as suggested by the photographs of the
solutions taken under UV illumination and the photo-
luminescence (PL) spectra shown in Figure 1A, as well as
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Figure 1. (A) Photoluminescence (PL) spectra of TDHA in CH;CN/
water mixtures with different water fraction (f,,). (B) Plot of PL
intensity versus the composition of the CH;CN/water mixtures of R-
DHAs. Concentration = 10 uM.

Figures S1—S3 in the Supporting Information. However, when
a large amount of water is added into their solutions, the
emission of the R-DHAs is largely enhanced (950-fold for
PDHA, 120-fold for ADHA, and 5700-fold for TDHA,
respectively). Since water is a nonsolvent for the R-DHAs,
their molecules must have been aggregated in water/
acetonitrile mixtures with high water contents. Clearly,
aggregate formation has induced them to emit efficiently (or,
in other words, they are AlE-active) because of the restriction
of the phenyl ring rotation and low-frequency vibration of the
dihydroanthracene blade in the aggregates.”” *' Careful
inspection of the photoluminescence (PL) spectra of the R-
DHAs in CH;CN/water mixtures reveals that their emission is
switched on at a water fraction of ~50%. Afterward, the PL
intensity increases gradually and reaches a maximum value.
Further increment of the water fraction leads to a weaker
emission. Since all the solutions remain homogeneous without
precipitates, the PL decrease at high water content may be due
to the morphology change in the aggregates from crystalline to
amorphous.'” It is noteworthy that the emission color changes
from blue to green upon gradual water addition, suggesting that
the R-DHAs may exhibit polymorphism-dependent lumines-
cence properties.

To verify the above speculation, their PL at different states
was investigated. The results are summarized in Table 1. The

Table 1. Photophysical Properties of PDHA, ADHA, and
TDHA in the Aggregated States

Fluorescence Decay

a b
@y

()7

e Ay/Ay 71 )

sample (nm) (%) (%) (ns) (ns) (ns)
PDHA-c 446 15.1 44/56 0.32 1.26 0.85
ADHA-c 420 2.5 63/37 0.09 0.88 0.38
ADHA-am 533 22 64/36 0.31 2.38 1.06
TDHA-b 425 27.7 50/50 0.31 141 0.86
TDHA-g 464 76.8 0/100 1.86 1.86
TDHA-am 520 3.3 72/28 0.15 1.16 0.43

“Emission maximum. “Fluorescence quantum yield determined by
using a calibrated integrating sphere at an excitation wavelength of 325
nm. “Fraction of the shorter (A,) and longer-lived (A,) species. “Mean
lifetime (7) calculated by using the equation (7) = A7+ A,7,.
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crystals of R-DHAs were obtained by slow diffusion of n-hexane
into their CHC, solutions.*” Except PDHA, which may possess
a good self-recovering or fast crystallization ability, amorphous
powders of ADHA and TDHA were obtained by quenching
their melts with liquid nitrogen. Crystals of PDHA (abbreviated
as PDHA-c) emits blue light at 446 nm with a quantum yield of
15.1%. However, its cousin, ADHA, exhibits a low quantum
yield of ~2%—3% in both crystalline (ADHA-c) and
amorphous (ADHA-am) states. Interestingly, two types of
TDHA crystals (TDHA-b and TDHA-g) were obtained from
its n-hexane/CHCI; mixture. While TDHA-b emits at 425 nm
with a quantum yield of 27.7%, TDHA-g exhibits a more
efficient redder emission (464 nm and 76.8%). Compared to
their crystalline counterparts, the amorphous powders of
TDHA (TDHA-am) are weaker emitters, the luminescence of
which is observed at a longer wavelength of 520 nm with a
lower quantum yield of 3.3%. What are the reasons behind this?
It is believed that luminogenic molecules are poorly packed in
the amorphous state. This may generate many free spaces for
the phenyl rings and dihydroanthracene blade to rotate and
vibrate, thus leading to partial emission quenching. On the
other hand, because of the free of constraint in the crystal
lattice, the molecules in the amorphous powders may assume a
more planar conformation and, hence, show a redder
emission.'”” It is noteworthy that the quantum vyields of
ADHA-am and TDHA-am are much lower that those of
amorphous powders of TPE derivatives (~40%)," possibly due
to their comparative poorer molecular packing, which is caused
by their butterfly-like shapes. Lifetime measurement reveals that
fluorescence characteristics of the dye molecules and the mean
lifetime values are generally in correlation with the observed
quantum yields.

Crystallographic Analysis and Polymorphism. We then
analyzed the crystal structures of R-DHAs with a view to study
their molecular conformation and packing mode*** and,
hence, understand their emission behaviors at different
aggregated states. Figure 2 show the crystal structure of

PDHA 132.4° 79.0°
ADHA 131.0° 70.6°
TDHA-b 1347°  77.7°
TDHA-g 1335° 73.3°

Figure 2. Molecular geometry illustration of the crystal structure of
TDHA and summary of the dihedral angles in PDHA, ADHA, and
TDHA crystal structures.

ADHA, as an example, where the central dihydroanthracene
moiety is bent because of the steric effect of the diaryl-
methylene groups. The large dihedral angles between the
dihydroanthracene backbone (W,z) and the diarylmethylene
groups (Wcp) suggest that ADHA adopts a highly contorted
structure, which resembles that of a butterfly. The conjugation
between the two components becomes very weak. As a result,
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blue emission is anticipated. The PDHA and TDHA crystals
assume similar distorted structures. Since the dihedral angles in
TDHA-D are larger than those in TDHA-g, this should lead to
poorer electronic communication and, hence, bluer emission
with a lower efficiency.

Closer examination shows that the average volume occupied
by a single dye molecule in the crystal lattice is much larger that
its molecular size (704.1 A® for PDHA, 1038.6 A® for ADHA,
805.6 A’ for TDHA-b, and 778.3 A® for TDHA-g, respectively).
This suggests a loosely molecular packing, which should enable
the molecules to have some sort of motion. However, multiple
CH:--HC, CH---C, and C---C interactions are found throughout
the crystal structures of R-DHAs (see Figure 3, as well as

Figure 3. (A) Molecular packing in TDHA-g. (B) Molecular packing
in TDHA-b, as viewed along the g-axis of the unit cell. Carbon and
hydrogen atoms are shown in gray and white, respectively.

Figures S4 and SS in the Supporting Information). These weak
noncovalent intermolecular interactions help lock or rigidify the
molecular conformation, preventing the dye molecules from
undergoing intramolecular motion and, hence, enabling them
to emit strong PL in the crystal state. On the other hand, these
forces are easily destroyed by external stimuli, enabling one to
change their morphology and, thus, their light emission.
Interestingly, the crystal structure of ADHA-c and its 'H
NMR spectrum shows the presence of CHCl; molecules. These
molecules may provide a solvent environment for the
intramolecular motion of the dye molecules (see Figure S6 in
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the Supporting Information). This may be the possible reason
why ADHA-c exhibits an abnormal low quantum yield. Indeed,
after removal of the solvent molecules by heating at 100 °C
under vacuum for 12 h, ADHA-c becomes more emissive, with
a higher quantum yield of 26.2% (Figure S7 in the Supporting
Information). On the other hand, excluding the effect of
molecular size, the smaller occupied space—and, hence, higher
packing density in TDHA-g than in TDHA-b—should help to
further rigidify the molecular conformation and block the
nonradiative pathways, thus resulting in a much higher emission
efficiency.

TDHA-am, TDHA-b, and TDHA-g can be interconverted by
tuning the molecular packing through the application of the
external stimuli; in other words, TDHA shows a multicolor
luminescence switching property (see Figure 4, as well as

TDHA-b TDHA-g TDHA-am
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Figure 4. (A) Photographs of TDHA-b, TDHA-g, and TDHA-am and
their reversible interconversion under different conditions. (B) PL
spectra, (C) DSC thermograms, and (D) powder XRD diffractions of
TDHA-b, TDHA-g, and TDHA-am. The photographs were taken
under UV illumination. Conditions: heating to melt and cooling by
liquid nitrogen (I), heating at 170 °C for more than 1 h or fuming with
CH,Cl, or CHCI, vapor for 3 h (II), and fuming with acetone vapor
for 3 h (1I0).

Figures S8—S11 in the Supporting Information). By quickly
quenching the melts of TDHA-b and TDHA-g, TDHA-am is
obtained, as verified by its almost flat powder XRD pattern.

Normally, an amorphous solid will crystallize upon heating or
fuming by solvent vapor. This is also true for TDHA-am: its
DSC thermogram, which was recorded during the first heating
cycle, detected an exothermic peak at 145 °C, which was due to
its recrystallization (see Figure S8). Thus, TDHA-am trans-
forms to TDHA-g upon thermal annealing. When it was fumed
with CH,Cl, or CHCI; vapor, it was converted to TDHA-b.
When the solvent was changed to acetone, TDHA-g was finally
obtained (Figure S9). Reversible transformation between
TDHA-b and TDHA-g can be realized by either heating or
vapor fuming. The blue emissive TDHA-b can be obtained by
annealing TDHA-g at temperatures below its melting point
(180 °C, as determined by differential scanning calorimetry
(DSC)). No peak was observed in the DSC curve of TDHA-b
before it melts, indicating that it is thermally quite stable
(Figure S10). TDHA-b can be obtained also by fuming TDHA-
g with CH,Cl, or CHCI; vapor. It converts back to TDHA-g by
fuming with acetone vapor (Figure S11). Thus, as suggested by
the PL spectra shown in Figure 4B, we can switch the emission
of TDHA reversibly between three colors (blue, green, and
yellow) by fuming or thermal processes. Similarly, the blue
emissive ADHA-c and yellow emissive ADHA-am can be
reversibly interconverted to each other by repeated grinding/
fuming cycles.

Theoretical Calculation. To gain a deeper insight into the
polymorphism-dependent emission of the R-DHAs, theoretical
calculation was carried out by TD-DFT on B3LYP/6-31G(d)
basis set. The aggregation effect was modeled using a quantum
mechanics and molecular mechanics (QM/MM) approach.
The solid-phase computational models for TDHA-b and
TDHA-g were set up based on their crystal structures obtained
from X-ray crystallography.*°

Table 2 shows the dihedral angles in the optimal structures of
TDHA-b and TDHA-g at ground and excited states (S, and S;)
with carbon atom and angle labels as shown in the TDHA-b
structure (Figure S). The angles in their crystal structures are
also provided for comparison. The torsional angles in C2—C1—
C12—-C13 (0,) and C3—C4-C19—C20 (0,) involve the
rotation of the conjugated phenyl rings, while those in C1—
C2—-C44—-C43, C1-C2—C33—C34 and C4-C3-C39-C40
are associated with the vibration of the 9,10-dihydroanthracene
blade. These values change when the molecules are photo-
excited. Thus, intramolecular motion should play key roles in
the excited-state relaxation. Definitely, efficient restriction of
such motion will exert remarkably influence on the light
emission process. TDHA-b exhibit larger changes IA(S, — S))!
in 0, and 6, (21.96° and 5.05°) than those in TDHA-g (14.01°
and 2.94°). This suggests that its phenyl rings possess greater
freedom to undergo rotation in the excited state, thus leading to
a lower emission efficiency.

Table 2. Selected Dihedral Angles in the Optimized Geometry and Crystal Structures of TDHA-b and TDHA-g

TDHA-b TDHA-g

So S, IA(S, — Sp)! crystal So S, IA(S; — Sy) crystal
C2-C1-C12—C13 (6,) —45.44 —2348 21.96 —48.51 ~43.90 ~29.89 14.01 —44.53
C3-C4—C19-C20 (6,) ~54.07 ~49.02 5.05 —55.64 —45.83 —42.89 294 —4579
C1-C2—-C44—-C43 —50.00 —41.45 8.55 —49.91 —47.59 -39.12 8.47 —47.11
C1-C2-C33-C34 49.59 45.32 4.27 50.32 42.16 37.36 4.80 42.09
C4—-C3—-C39-C40 47.07 45.07 2.00 45.44 47.01 44.62 2.39 46.00
C2—-C1-C5-C10 (93) 95.50 94.79 0.71 95.97 120.38 122.68 2.30 118.69
C3-C4—C26—C31 (6,) 67.78 66.06 172 66.65 72.54 70.73 1.81 73.95
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’ HOmMO HOMO:-5.30eV ~ LUMO

HOMO

HOMO: -5.16 eV LUMO

Figure S. (A) Structure of TDHA-b with labels of carbon atoms and
dihedral angles. (B) Spatial plots of HOMO and LUMO of TDHA-b
and TDHA-g.

Careful examination of the selected torsional angles in the
optimized S, and crystal structures reveals that the two sets of
data are roughly equal. This indicates the good reliability of the
adopted QM/MM approach. However, the absolute values of
0,, 0,, 65, and 6, in TDHA-b and TDHA-g are all larger than
40°, which is suggestive of their contorted structures. The 6,
and 0, values in TDHA-g are smaller than those in TDHA-b.
Thus, the former molecule should adopt a more planar
structure and process a higher conjugation, which is in
agreement with its narrower band gap (3.81 eV), estimated
by the equation

AE = LUMO — HOMO

(see Figure S). Indeed, from the spatial plots shown in Figure S,
the orbitals from the phenyl groups of TDHA-g contribute
slightly more to the electron clouds of HOMO and LUMO
than those in TDHA-b. This enables better electronic
communication, hence leading to a narrower band gap and
red-shifted emission. The calculated vertical excitation energy
(VEE), electric transition dipole moment (EDM), and the
assignment for S, states of TDHA-b and TDHA-g are given in
Table S1 in the Supporting Information, together with the
available experimental values. In both molecules, the S, state is
assigned mainly by the transition from HOMO to LUMO. It is
noted that the VEE difference for emission between TDHA-b
and TDHA-g agree quite well with that of the experimental
value, which corresponds to a wavelength shift of ~40 nm.

B CONCLUSION

In summary, we have designed and synthesized a novel class of
bis(diarylmethylene )dihydroanthracenes with butterfly shapes.
These molecules are AIE-active, because of the restriction of
intramolecular motion in the aggregated state. On the other
hand, their butterfly-like shapes afford a loose molecular
packing with weak noncovalent intermolecular interactions in
the crystal state, which enables them to undergo reversible
transformation between an efficient bluer-emissive crystal state
and weakly redder-emissive amorphous powders by grinding,
heating, and solvent fuming processes. Through investigation of
their crystal structures and theoretical calculation, the extent of
twisting of their molecular structures, packing density, and
freedom of intramolecular motion in the excited state are
responsible for generating different aggregated states with
varied emission color and efficiency. We believe the work
presented here not only offers in-depth insights into the
mechanochromic process but also can provide a practical way
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to analyze and interpret the structure—property relationships in
other systems.
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