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Abstract: The single crystal of M-4-B was obtained by
attaching the boron of BH3 to the amine linker between
a tetraphenylethylene (TPE) unit and rhodamine B. M-4-B
showed a novel sequential tricolor switching from dark blue to
bluish-green and to a reddish color upon grinding. The boron
atom played a key role in developing the single crystal.

Mechanical stimuli can switch molecular assemblies and
induce certain reactions, which is a valuable strategy to create
functional materials.[1] Mechanochromic luminescent (MCL)
materials alter their photoluminescent colors in response to
the action of an external force.[2] Such materials have
attracted much attention owing to their promising applica-
tions in mechanosensors, fluorescent switches, security
papers, and data storage.[3] A number of MCL materials
have been documented to date.[4] However, most of the
reported examples display a reversible two-color change;[5]

multicolor switched materials remain uncommon owing to the
lack of universal design principles.[6] The combination of two
distinct modulation approaches, by mechanical control of the
physical stacking modes and activation of the chemical
reactions, is proved as an effective strategy to prepare the
multicolored MCL materials.[7] The key points here are to
select well-matched luminophores and to regulate the assem-
bled structures of molecules.

Herein, we report a tricolored switchable mechanochro-
mic single crystal M-4-B. It was synthesized simply by
combining two different luminophores, a tetraphenyl ethyl-
ene (TPE) unit and a rhodamine B (RhB) moiety together
(Scheme 1). As reported, some tetraphenyl ethylene (TPE)
derivatives exhibited mechanochromic behavior in the solid
state because of the transformation from a crystalline to an
amorphous phase.[8] Hence, the question in our study is which
structure can realize such transition and how to retain the
crystalline structure of TPE in the molecule. Surprisingly, we

found that a boron atom could function as a trigger to control
the crystallization of M-4-B. Boron is known to have strong
Lewis acidity, which enables it to bond with nucleophilic
species and offers organoboron for addressing specific
issues.[5f] In our case, B·N coordination was introduced into
the molecular framework to restrict the molecular conforma-
tion and to facilitate the crystallization. As expected, a single
crystal of M-4-B was developed with the coordination of
boron atom with N atom in the spacer. The obtained single
crystal switched sequentially from deep-blue to green and to
a reddish color. To the best of our knowledge, this is the first
example of achieving multicolored switch through controlling
the crystallization of an organic compound. Accordingly, we
also prepared the compound of M-4 without a boron atom in
the structure.[9] M-4 was an amorphous powder and could not
be cultured to a single crystal. More importantly, it exhibited
only two-color switching from green to reddish upon grinding.
It is worth noting that the single crystal was developed by the
coordination of a boron atom, which turns the mechanochro-
mic fluorescent emission from two colors to three colors.

M-4-B was synthesized by a three-step reaction by using
RhB and TPE derivative as the reagents. First, the ring-
opened form of RhB reacted with ethylenediamine to
generate RhB-NH2 in a spirolactam form; then a nucleophilic
addition reaction occurred between the amine group of RhB-
NH2 and aldehyde group of TPE-CHO, to thus give com-
pound 1 (Supporting Information, Scheme S1); then, the C=N
double bond was reduced to a C¢N bond. M-4-B was initially
obtained as a white powder. The single crystal of this
molecule was prepared by slowly evaporating a mixed solvent
of CH2Cl2 and petroleum ether. 1H, 13C, and 11B NMR
measurements, X-ray photoelectron spectroscopy (XPS),
and HR-ESI mass spectrometry were performed to verify
the structure of M-4-B. A characteristic peak of B 1s binding
energy (BE) at 188 eV was observed in the XPS spectrum,
indicating the existence of boron atom in the structure of M-4-
B (Supporting Information, Figure S2). Furthermore, a peak
at ¢14.83 ppm appeared in the 11B NMR spectrum (Support-

Scheme 1. The chemical structures of M-4-B and M-4.
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ing Information, Figure S1), which was ascribed to the N¢BH3

structure according to a previous report.[9b] Scheme 1 depicts
the structure of M-4-B. The detailed synthetic procedures and
the characterization of M-4-B and M-4 are described in the
Supporting Information.

Crystallography verified the chemical structure of M-4-B.
The ORTEP drawing is shown in Figure 1 and the associated
crystal data are summarized in the Supporting Information,

Table S1. The crystal of M-4-B is in a monoclinic crystal
system and crystallizes in the space group P1̄ (No. 2). The
whole molecule is highly twisted, with a boron atom
coordinated with N atom of the spacer chain connected
near the TPE unit. Each unit cell contains two molecules. The
molecules adopts antiparallel coupling and establishes effi-
cient interactions by the adjacent molecules through N¢B···p,
C¢C··p, and C¢H···O hydrogen bonds (Figure 1b). Viewing
along the b axis, M-4-B molecules pack into the molecular
layers with the aid of p···p and weak C¢H···p interactions
(Supporting Information, Figure S3). It is worth mentioning
that N¢B···p interaction played a key role in the single crystal
cultivation. Without N¢B···p interaction, the single crystal of
M-4 cannot be obtained despite the different solvents and
methods that have been tried in our experiments. The B atom
as an accepter coordinated with the N atom of the spacer
having an electronic pair as the donor. Such coordination
interaction may offer steric hindrance, thereby restricting the
molecular conformation and facilitating the crystallization.[10]

Detailed spectroscopy measurements were performed to
elucidate the AIE (aggregation-induced emission) property
of M-4-B. In dilute THF solution, the maximum absorption
band of M-4-B appeared at 274 nm. The Mie scattering effect
observed in the UV/Vis spectra revealed that the nano-
aggregates were formed with high water content (Supporting
Information, Figure S5). The luminescent behavior of M-4-B
varied with water fraction (fw) in the system. When fw was
lower than 70%, the solution of M-4-B had virtually no
emission, which is due to the free rotation of C¢C bond of the
spacer. When fw increased above 70 %, M-4-B behaved as
a strong emitter because the aggregation of M-4-B molecules
prohibited the nonradiative relaxation channel and populates
radiative excitons, thus resulting in high quantum yield
(Supporting Information, Figures S4, S5). These results indi-
cate that M-4-B is AIE active.[11]

M-4-B crystal displayed sequential multicolored switch
from deep-blue to bluish-green and to a reddish color
triggered by force. The original crystal sample emitted
a deep-blue color (Figure 2a). This color changed to bluish-
green after slightly grinding the crystal with a blunt pestle or
just simply shearing (Figure 2b). Sequentially, a reddish color
was observed with continuous grinding of the bluish-green
sample in situ (Figure 2 c; Supporting Information, Fig-
ure S6). The spectroscopy measurements showed that the
emission of original sample was centered at 441 nm; it red-
shifted 27 nm and peaked at 468 nm after grinding; further
force disturbance resulted in the reddish colored powder with
a new peak appeared at 576 nm (Figure 2 d).

Reversibility of tricolor switch was observed. The reddish
color could be returned to bluish-green with the emission
reappearing at around 465 nm by heating the colored powder
at 150 88C for ten minutes (Supporting Information, Fig-
ure S8). However, the bluish-green powder could not be fully
returned to the original deep-blue at 441 nm either by heating
or by solvent treatment. Notably, it showed self-recovery
behavior. After placing the sample at room temperature for
several days, an emission band at 459 nm was observed. Such
recovery behavior may be attributed to the original deep-blue
sample with highly crystalline nature, which is not easy to fully
restore.

Powder X-ray diffraction (XRD) was employed to under-
stand the structure change of M-4-B under force (Figure 2e).
The deep-blue sample showed sharp reflection peaks, which
was an indication of well-ordered microcrystalline structure.
By contrast, these peaks disappeared after in situ grinding,
which clearly indicated the transition of TPE units in M-4-B
from the crystalline form to the amorphous state. The ring-
opening reaction of RhB occurred by applying further force,
which retained the amorphous phase without any diffraction
signals in the XRD profile. When the ground powder were
treated by heating for several minutes or just being placed at
ambient temperature for a longer time, parts of the sharp
peaks appeared again although the emission could not be
observed at 441 nm (Supporting Information, Figur-
es S7 b, S8 b). This result means that M-4-B can self-recover
to the crystalline state. Differential scanning colorimetry
(DSC) results confirmed such behavior by measuring the
thermal properties of the sample before and after grinding.

Figure 1. a) ORTEP of M-4-B and b) the stacking mode of the unit cell
of M-4-B crystal. Ellipsoids set at 50% probability; hydrogen atoms are
omitted for clarity.[13]
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An exothermic peak appeared at 152 88C in the DSC thermo-
gram of ground powder, while no such signal presented in the
original deep-blue sample (Figure 2; Supporting Information,
Figure S10). The exothermic peak is corresponding to the
self-recrystallization of M-4-B.

The color switch of M-4-B from deep-blue to bluish-green
is associated with the TPE phase change between the
crystalline and amorphous state, which is a common phenom-
enon of some TPE compounds with propeller-like conforma-
tions.[8a] As mentioned above, M-4-B in the crystal phase
arranged to the molecular layers with the antiparallel
coupling by the aid of various interactions, including N¢
B···p, C¢C···p, and C¢H···O hydrogen bonds in each layer.
The twist stress of TPE molecules in the crystal is enhanced

due to the constricted environment. When grinding by
a pestle, the crystals transferred to the amorphous powder
with the twisted stress released, which causes the red-shift in
emission because of the conformational planarization. Inter-
estingly, our result is different from the previously reported
example that showed TPE had no response to mechanical
grinding owing to the spontaneous crystallization property.
This may be attributed to the large twisted molecular
conformation of M-4-B, which inhibited the recrystallization
of TPE unit.[12] The reddish color is a nature of the ring-
opened state of RhB. Further excessive grinding or crushing
action provided energy to break the covalent bond between
the spiro C atom and the amide N atom in the spirolactam.
The molecular conformation transferred from a twisted
spirolactam to a planarized zwitterionic structure, which
initiates a dramatically absorption change and turns on the
fluorescent emission. UV/Vis and fluorescence measurements
supported the occurrence of the ring-opening reaction of RhB
consisted in M-4-B (Supporting Information, Figure S11).

However, M-4 behaved quite differently. The original
powder emitted at 477 nm with a green color (Supporting
Information, Figure S13). This color changed to reddish by
grinding. XRD measurements evidenced that both of the
original solid and the reddish powder of M-4 were amorphous
(Supporting Information, Figure S14). It is certain that the
boron is critical in the crystallization of M-4-B with original
deep-blue color. Here, the B atom is more like a hairpin to fix
the molecular conformation and restrain the molecules in the
crystalline phase.

Based on the above results and analysis, we may contrib-
ute the mechanically induced fluorescence changes of M-4-B
to the following reasons (Supporting Information, Fig-
ure S15): the initial crystal of M-4-B emits deep-blue lumi-
nescence. It changes to bluish-green due to the TPE units
transferred to the amorphous phase. Further force action
induces the ring-opening reaction of RhB moiety to be
a planarized zwitterionic structure, thus leading to the reddish
fluorescence. The merits of our present work are the simple
connection of two chromophores together without sophisti-
cated and time-consuming synthesis; the control of a single
crystal formation by inserting a boron atom to fix the
molecular conformation; and the orderly emission switches
from deep-blue to bluish-green and to a reddish color as the
external force increased. The use of a simple small atom to
restrict the molecular conformation and facilitation the
crystallization may be a step forward in the preparation of
multicolor switched mechanochromic materials. Our study
may open a new strategy to provide a broad perspective for
the development of mechanochemistry.
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Figure 2. Optical images of a) the original deep-blue powder;
b) bluish-green powder after slight grinding; and c) reddish powder
after continuous grinding. d) Fluorescent spectra and e) WXRD profiles
of original powder (blue line), powder after slightly grinding (green
line) and powder after continuous grinding (red line).
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