
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 9
:5

4:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Cyanobenzene-c
Jiangxi Key Laboratory of Organic Chemistry

University, Nanchang 330013, PR Ch

pushouzhi@tsinghua.org.cn

† Electronic supplementary information
spectra of luminogens 1 and 2 in DM
contents, and characterization datas me
and 1553507. For ESI and crystallograp
format see DOI: 10.1039/c7ra08248g

Cite this: RSC Adv., 2017, 7, 43845

Received 26th July 2017
Accepted 28th August 2017

DOI: 10.1039/c7ra08248g

rsc.li/rsc-advances

This journal is © The Royal Society of C
ontaining tetraphenylethene
derivatives with aggregation-induced emission and
self-recovering mechanofluorochromic
characteristics†

Fei Zhao, Congbin Fan, Zhao Chen, * Gang Liu and Shouzhi Pu*

We report two constitutional isomers based on tetraphenylethene and cyanobenzene units via typical

Suzuki coupling reaction. These target luminogens show obvious aggregation-induced emission (AIE)

and self-reversible mechanofluorochromic characteristics.
Over the past decades, the exploitation of smart luminescent
materials sensitive to environmental stimuli has attracted
a great deal of attention due to their potential uses in some
areas such as in uorescent switches and sensors.1 Mechanical
force is one of the most common external stimuli, and thus
mechanouorochromic materials, which show uorescent
changes resulting from mechanical force stimuli, can be
applied as mechanical force-sensing systems.

High intensity solid-state emission and a prominent color
contrast before and aer the application of mechanical stimulus
are very signicant for the effective application of mechano-
chromic luminescence materials.2 However, many uorescent
materials are highly luminescent in their dilute solutions but
become weakly emissive when aggregated into the condensed
phase because of the existence of notorious aggregation caused
quenching (ACQ) phenomenon,3 which largely limits the effec-
tive development of mechanouorochromic materials. Fortu-
nately, in 2001, Tang et al. reported several propeller-shaped
compounds exhibiting intriguing aggregation-induced emis-
sion (AIE) phenomenon, which is different from the ACQ
phenomenon.4 Luminescent molecules with AIE property are
highly emissive in the aggregation state. Obviously, the discovery
of mechanochromic compounds with AIE behavior has
contributed to the high-efficiency application of mechanochro-
mic uorescent materials.5 It is well-known that tetraphenyle-
thene (TPE) is a typical AIE unit, and lots of TPE-based
derivatives have been shown to be AIE-active.6 Therefore, it is
, Jiangxi Science and Technology Normal
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a signicative research topic to design and synthesize mecha-
nouorochromic luminogens with TPE unit.

To date, a majority of mechanochromic luminogens usually
require solvents fumigation or heat to achieve the recovery of
mechanochromic luminescence.7 In contrast, it is quite rare to
mechanochromism materials with spontaneous recovery at
room temperature aer mechanical grinding.8 It is challenging
to recover autonomously of mechanochromic luminescence
without using any external stimuli, and the corresponding
mechanochromism materials are also rather important and
valuable. For instance, smart materials with self-reversible
mechanouorochromic behavior can be applied to construct
dynamic random access memory (DRAM).8g In this article, two
novel luminogens (Chart 1) based on tetraphenylethene and
cyanobenzene units were successfully designed and synthe-
sized. The corresponding synthetic routes and characterization
of compounds 1 and 2 are provided in the ESI.† AIE and
mechanouorochromic characteristics of these constitutional
isomers were systematically investigated, and the results indi-
cated that the two compounds exhibited obvious AIE and
Chart 1 (a) The molecular structures of compounds 1 and 2. (b) The
configuration of a compound 1 or 2 molecule taken form the single
crystal structure.

RSC Adv., 2017, 7, 43845–43848 | 43845

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra08248g&domain=pdf&date_stamp=2017-09-09
http://orcid.org/0000-0003-1472-4395
http://orcid.org/0000-0002-2256-4830
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08248g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007069


Fig. 2 SEM image of compound 1 (2.0 � 10�5 mol L�1) formed from
DMF/water mixture (fw ¼ 90%).

Fig. 3 (a) PL spectra of compound 1 at different conditions. Excitation
wavelength: 365 nm. Photographic images of compound 1 under
irradiation with UV light at 365 nm: (b) the as-synthesized solid sample.
(c) The entirely ground sample. (d) Self-reversible sample (within
10 minutes). (e) The sample after treatment with acetone vapor.
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mechanouorochromic characteristics. More importantly, their
mechanouorochromic behaviors were self-reversible within 10
minutes.

We initially investigated the AIE behaviors of compounds 1
and 2, the ultraviolet (UV)-visible absorption spectra and the
photoluminescence (PL) spectra of luminogens 1 and 2 were
systematically studied. The results indicated that the absorp-
tion spectra exhibited level-off tails in the visible-light region as
the water fraction (fw) values were increased (Fig. S1 and S2,
ESI†). It is well-known that such spectral tails can be attributed
to the Mie scattering effect, which is commonly associated with
the generation of nano-aggregates.9 As shown in Fig. 1, lumi-
nogen 1 showed extremely weak PL intensity. Interestingly,
when the fw in the DMF solution was increased to 70%, an
obvious emission band could be observed with a lmax at 485 nm,
and a blue-green uorescence was formed. As the water content
was further increased to 90%, the intensity of emission peak at
485 nm was approximately 2392-fold higher than that in pure
DMF, and a bright blue-green luminescence could be observed.

Clearly, water is a poor solvent of luminogen 1. Therefore,
the generation of the blue-green emission can be attributed to
the aggregate formation.10 Indeed, the nano-aggregates ob-
tained were veried via scanning electron microscope (SEM). As
can be seen in Fig. 2, the SEM image showed that compound 1
tended to aggregate in DMF–water mixture with fw¼ 90%. Thus,
1 is AIE-active, and its AIE property is triggered by the restricted
intramolecular rotation.11 As shown in Fig. S3,† luminogen 2
also exhibited obvious AIE behavior, and the related SEM
images are provided in Fig. S4 (ESI†).

Subsequently, the mechanochromic luminescence proper-
ties of compounds 1 and 2 were further explored by solid-state
PL spectroscopy. As presented in Fig. 3, the as-synthesized
sample of 1 showed strong blue uorescence with an lumines-
cence quantum yield up to 74.6% at 466 nm. However, a new
Fig. 1 (a) PL spectra of the dilute solutions of compound 1 (2.0 �
10�5 mol L�1) in DMF–water mixtures with different water content
(0–90%). Excitation wavelength¼ 365 nm. (b) Changes in the emission
intensity of compound 1 at 485 nm in DMF–water mixtures with
various volume fractions of water (0–90%). (c) PL images of
compound 1 (2.0 � 10�5 mol L�1) in various DMF–water mixtures with
diverse fw values (0–90%) under 365 nm UV light.

43846 | RSC Adv., 2017, 7, 43845–43848
emission band centered at 509 nm was visible upon gentle
grinding of 1 via a pestle or a spatula. Meanwhile, the blue light-
emitting solid was converted into blue-green luminescent
powder, and its absolute luminescence quantum yield was as
high as 91.2%. Furthermore, the initial blue uorescence could
be completely restored aer fuming with acetone solvent vapor
for 1 min. More importantly, the blue-green luminescence of
the ground sample could be robustly self-recovered back to the
original blue light-emitting condition within 10 minutes. The
self-recovering nature is very valuable for realizing volatile
optical memory.

In addition, this self-reversible mechanouorochromic
phenomenon could be repeated many times between blue and
blue-green emission colors (Fig. 4). As showed in Fig. 5, the
mechanochromic blue-green uorescence of compound 2 could
also be restored to the initial color spontaneously without
applying any other stimuli. Moreover, this self-reversible transi-
tion was also realized within 10minutes, suggesting luminogen 2
also possessed excellent self-reversible mechanochromism
behavior. This reversible mechanouorochromic conversion of 2
could be repeated numerous times as well (Fig. 6).

It was speculated that external mechanical stimulation
possibly resulted in a change in the molecular morphology. To
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Self-reversible mechanofluorochromic processes of
compound 1 at 509 nm.

Fig. 5 (a) PL spectra of compound 2 at different conditions. Excitation
wavelength: 365 nm. Photographic images of compound 2 under
irradiation with UV light at 365 nm: (b) the as-synthesized solid sample.
(c) The entirely ground sample. (d) Self-reversible sample (within
10 minutes). (e) The sample after treatment with acetone vapor.

Fig. 7 PXRD patterns of compounds 1 and 2 in different solid states:
the unground solid samples, the ground solid samples, self-reversible
solid samples and the solid samples after treatment with acetone
vapor.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 9
:5

4:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
gain further insight into this possible mechanism for mecha-
nochromic phenomenon of 1 or 2, powder X-ray diffraction
(XRD) analyses for structural transformations of 1 and 2 were
performed. As can be seen in Fig. 7, the XRD patterns of the as-
prepared solid samples 1 and 2 exhibited a number of sharp
and intense diffraction peaks, which were consistent with their
crystalline nature. In contrast, these intense XRD reection
peaks could no longer be observed upon exposure to external
pressure, indicative of their amorphous nature. Following
solvent treatment or placed at room temperature within
Fig. 6 Self-reversible mechanofluorochromic processes of
compound 2 at 505 nm.

This journal is © The Royal Society of Chemistry 2017
10 minutes of the ground samples, the initial diffraction peaks
were attained again, which indicated the conversion of an
amorphous to crystalline phase. As a consequence, the powder
XRD research results conrmed that the self-recovering
mechanouorochromic characteristics of luminogens 1 and 2
were related to the reversible morphological transition between
an ordered crystalline state and a disordered amorphous state.
The amorphous state of 1 or 2 could be converted to the crys-
talline state even at room temperature. As a result, the mecha-
nochromic luminescence of 1 or 2 could be spontaneously
restored to the initial color.

Fortunately, single crystals of compound 1 and compound 2
appropriate for X-ray structure analysis were obtained by
means of recrystallization from dichloromethane/n-hexane.
Detailed crystal data are summarized in Tables S1 and S2 (ESI†).
As can be seen from the Fig. 8, the molecular conformation of
1 is twisted, and the presence of weak C–H/p interactions
(dC–H/p ¼ 2.745 Å, 2.746 Å) contributes to the molecular
packing of 1. Meanwhile, the lack of a strong intermolecular
force and the twisted molecular conformation of 1 lead to
a loose packing motif. The structural organization of compound
2was similar to 1 (Fig. S5,† dC–H/N¼ 2.606 Å, 2.865 Å. dC–H/p¼
2.447 Å, ESI†). Therefore, when the solid sample of compound 1
or 2 is ground, the ordered crystal packing of 1 or 2 may readily
collapse, and a metastable state is formed. As a result, the solid-
state PL colors of 1 and 2 were changed to blue-green.

In conclusion, two mechanouorochromic constitutional
isomers based on tetraphenylethene and cyanobenzene units
RSC Adv., 2017, 7, 43845–43848 | 43847
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Fig. 8 The structural organization of compound 1.
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were designed and synthesized. Investigation of aggregation-
induced properties showed that compounds 1 and 2
possessed obvious AIE characteristics. In addition, mechano-
uorochromic studies have conrmed that luminogens 1 and 2
exhibited reversible mechanochromic luminescence behavior
involving the changes between blue and blue-green emissions.
Furthermore, the mechanochromic blue-green luminescence of
1 or 2 could be spontaneously restored to the initial blue color
within 10 minutes. The results of this work will be benecial to
the rational design of self-reversible mechanochromic uores-
cence materials with AIE behavior. Further studies on the
design of new highly emissive self-recovering mechano-
uorochromic materials are in progress.
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