
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

2:
26

:4
6 

PM
. 

 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
Programmable p
State Key Laboratory of Supramolecular

Chemistry, Jilin University, 2699 Qianjin S

E-mail: smjiang@jlu.edu.cn

† Electronic supplementary information
calculated growth morphology, mech
photochromism studies, theoretical
analysis, supplementary gures and NMR
Photomechanical and photochromism
video 1 and supplementary video 2. CC
BNA-b, Adduct-a and Adduct-b have
Cambridge Crystallographic Data Cent
2032920, 2113420, 2032927 and 2032
(supplementary CIF 1, CIF 2, CIF 3 and
data in CIF or other electronic format see

Cite this: Chem. Sci., 2021, 12, 15588

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th July 2021
Accepted 11th November 2021

DOI: 10.1039/d1sc04053g

rsc.li/chemical-science

15588 | Chem. Sci., 2021, 12, 15588–1
hotoresponsive materials based on
a single molecule via distinct topochemical
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Engineering the preorganization of photoactive units remains a big challenge in solid-state photochemistry

research. It is of not only theoretical importance in the construction of topochemical reactions but also

technological significance in the fabrication of advanced materials. Here, a cyanostilbene derivative, (Z)-

2-(3,5-bis(trifluoromethyl)phenyl)-3-(naphthalen-2-yl) acrylonitrile (BNA), was crystallized into two

polymorphs under different conditions. The two crystals, BNA-a and BNA-b, have totally different intra-

p-dimer and inter-p-dimer hierarchical architectures on the basis of a very simple monomer, which

provides them with distinct reactivities, functions and photoresponsive properties. Firstly, two different

types of solid-state [2 + 2] photocycloaddition reaction: (i) a typical olefin–olefin cycloaddition reaction

within the symmetric p-dimers of BNA-a and (ii) an unusual olefin-aromatic ring cycloaddition reaction

within the offset p-dimers of BNA-b have been observed, respectively. Secondly, the crystal of BNA-

a can be bent to 90� without any fracture, exhibiting outstanding flexibility upon UV irradiation, while the

reversible photocycloaddition/thermal cleavage process (below 100 �C) accompanied by unique

fluorescence changes can be achieved in the crystal of BNA-b. Finally, micro-scale photoactuators and

light-writable anti-counterfeiting materials have been successfully fabricated. This work paves a simple

way to construct smart materials through a bottom-up way that is realized by manipulating hierarchical

architectures in the solid state.
Introduction

Solid-state photoresponsive materials exhibit remarkable
dynamic mechanical responses 1,2 or optical/electronic changes
upon light irradiation,3,4 facilitating their applications in pho-
toactuators,5 articial muscle,6 smart switching7 and optical
sensors.3 Photoactive molecules, such as azobenzenes,8 spi-
ropyrans,9 diarylethenes10 and so on, are the building blocks to
construct photoresponsive materials.11,12 However, achieving
special functions in a conned environment and organized
Structure and Materials, College of

treet, Changchun 130012, P. R. China.

(ESI) available: Experimental details,
anics tests, photomechanical and
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er with publication numbers CCDC
930. Crystallographic data in CIF
CIF 4). For ESI and crystallographic
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assemblies is not only determined by the molecular structure of
photoactive molecules themselves, but also by the mode of
molecular spatial arrangement.13–15 Organic supramolecular
crystals with well-dened packing and intermolecular interac-
tion are ideal systems for studying supramolecular organization
and its control and operation.16–18 Therefore, how to provide
organic supramolecular crystals with desirable photoresponsive
behaviors attracts extensive attention in chemistry and mate-
rials science.

Intermolecular [2 + 2] photocycloaddition reaction, espe-
cially photodimerization in the solid state, is highly susceptible
to molecular spatial arrangement. It is expected to happen only
when the two monomers in the reactive p-dimer are aligned as
parallel as possible, and the proximity of them is within
4.2 Å.19–21 Such topochemical reactions have fascinating energy
transfer, which is capable of converting light into chemical
energy and kinetic energy rapidly and efficiently.18,22 On the one
hand, the spatial movements of lattice atoms will generate local
stress in surrounding p-dimers, enabling the deformation of
crystals.23,24 For instance, Naumov and Vittal reported smart
molecular crystals based on [2 + 2] photocycloaddition,
achieving a variety of photomechanical dynamic behaviors such
as bending, jumping, rolling, and photosalience.25–27 On the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Programmable photoresponsive materials based on
a single molecule BNA. Different preorganizations of BNA, BNA-a and
BNA-b undergo different types of [2 + 2] photocycloaddition under UV
irradiation, respectively. The crystal of BNA-a can be bent to 90�

without any fracture upon UV irradiation, exhibiting outstanding
potential as a photoactuator (the left of the figure), while the crystal of
BNA-b has been fabricated as a light-writable smart material, in which
clear patterns can be printed by UV irradiation through photomasks
and erased by heating (the right of the figure).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

2:
26

:4
6 

PM
. 

 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
other hand, special uorescence changes can be observed in
photodimerization due to the breakage of the initial p-dimer
structure.28,29 Recently, Tang et al. have demonstrated a signi-
cant uorescence enhancement accompanied by [2 + 2] photo-
reactions in crystals.30,31 However, despite their charming
potential in smart materials, the controllability of photome-
chanical effect as well as the reversibility of photoswitching
remain unaddressed issues for the development of desirable
crystal materials.

In this context, further fundamental investigation is
required to reveal the underlying principles at work. In
Fig. 1 Molecular preorganization of BNA with different hierarchical arc
methane solution. (b) Symmetricp-dimer structure in BNA-a. (c) Layered
Single-crystal structure of Adduct-a. (e) Crystals of BNA-b obtained from
(g) Crossed packing of p-dimers in the direction of hydrogen bonding in

© 2021 The Author(s). Published by the Royal Society of Chemistry
particular, the relationship between molecular/supramolecular
structures and photoresponsive behaviors should be focused
on.18,21 Therefore, constructing different p-dimer structures
based on a single monomer and further topochemical reactions
might be a solution to reveal the effect of molecular stacking
modes on the reactivities, functions and photoresponsive
behaviors. Here, a cyanostilbene derivative, (Z)-2-(3,5-
bis(triuoromethyl)phenyl)-3-(naphthalen-2-yl) acrylonitrile,
has been synthesized as a basic photoactive building block
(BNA in Scheme 1). The polymorphs of BNA were obtained
under different conditions: colorless needle-like crystals (BNA-
a) and green block crystals (BNA-b) (Fig. 1a and e). As expected,
the two crystals have totally different intra-p-dimer (Fig. 1b and
f) and inter-p-dimer (Fig. 1c and g) hierarchical architectures,
which provides the crystals with distinct reactivities, functions
and photoresponsive properties under UV irradiation (Scheme
1). Furthermore, controllable photoactuators and reversible
uorescence switching have been successfully achieved. This
system exhibits a very rare instance of desired photoresponsive
materials that are realized by utilizing different hierarchical
architectures on the basis of a single molecule, which enables
distinct topochemical [2 + 2] photocycloadditions.
Results and discussion
Molecular preorganization of BNA with different hierarchical
architectures

BNA was prepared by Knoevenagel condensation between 2-
(3,5-bis(triuoromethyl) phenyl) acetonitrile and 2-naph-
thaldehyde (Scheme S1†). The product was conrmed by NMR
spectroscopy (1H and 13C) and mass spectrometry (Fig. S1–S3†).
Single crystals of BNA were obtained through the solvent
evaporation method. Colorless needle-like crystals (BNA-a) were
obtained from a mixed solvent of ethanol and dichloromethane
(Fig. 1a and S4a†), while green block-like crystals (BNA-b) were
hitectures. (a) Crystals of BNA-a obtained from the ethanol/dichloro-
packing ofp-dimers in the direction of hydrogen bonding in BNA-a. (d)
the dichloromethane solution. (f) Offset p-dimer structure in BNA-b.
BNA-b. (h) Single-crystal structure of Adduct-b.

Chem. Sci., 2021, 12, 15588–15595 | 15589
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obtained from dichloromethane (Fig. 1e and S4b†). Details of
crystallization are provided in the ESI† The crystals of BNA-
a and BNA-b were characterized by powder X-ray diffraction
(PXRD). As shown in Fig. S5,† different diffraction peaks
conrm that BNA-a and BNA-b are packed in different ways.

To gain insight into the molecular packing in the two poly-
morphs, the single crystal structures of BNA-a and BNA-b were
determined, respectively. The molecules of BNA-a crystallized
in the triclinic crystal system and P-1 space group. More cell
parameters and details are shown in Fig. S6 and Table S1†. In
the structure of BNA-a, the BNA molecule shows a planar
conformation due to its full conjugation structure (Fig. S8a†).
The two adjacent monomers stack in an antiparallel and head-
to-tail manner through p–p interactions.32,33 The olen bonds
are perfectly aligned (q1 ¼ 0.00(11)�, q2 ¼ 86.95(16)�, and q3 ¼
78.39(14)�), and the distance between them is 3.607(3) Å,
forming a symmetric p-dimer (Fig. 1b, S9, S10a and Table S3†).
In addition, the C–H/F hydrogen bond (H/F: 2.5608(11) Å, C–
H/F: 150.17(16)�) is formed between benzene and the CF3
group, causing the p-dimers to expand along the hydrogen
bond and stack into a layered structure (Fig. 1c and S11a†).

The structure of BNA-b belongs to monoclinic space group
P121/n1. The cell parameters and more details are shown in
Fig. S7 and Table S2†. Although the pair of monomers in BNA-
b also stacks in an antiparallel and head-to-tail manner, the
olen bonds in the p-dimer are dislocated. Surprisingly, the
olen bond and aromatic C–C bond of naphthalene are face to
face, nearly parallel (q1 ¼ 16.33(12)�, q2 ¼ 100.29(18)�, and q3 ¼
79.45(17)�). The distance between them is 3.651(4) Å, forming
an offset p-dimer (Fig. 1f, Table S3 and Fig. S10b†). Due to the
abundant intermolecular interactions provided by CF3 substi-
tutions,34,35 another type of C–H/F hydrogen bond (H/F:
2.5767(4) Å, C–H/F: 159.12(18)�) is formed between naphtha-
lene and CF3 groups (Fig. 1g). The C–H/F hydrogen bond and
C–H/N hydrogen bond (H/N: 2.7132(3) Å, C–H/N:
150.58(19)�), as self-assembly driving forces are along different
directions, make the offset p-dimers arrange in a crossed
structure (Fig. 1g and S11b†). So, the two polymorphs have
totally different intra-p-dimer and inter-p-dimer hierarchical
architectures on the basis of a very simple monomer.
Fig. 2 1H NMR spectra of BNA-a and BNA-b in different states.
Photocycloaddition processes of (a) BNA-a and (b) BNA-b. Thermal
stabilities of the irradiated (c) BNA-a and (d) BNA-b samples.
Programming two types of [2 + 2] photocycloaddition

According to the single crystal structure of BNA-a, the spatial
packing of C]C bond pairs in the symmetric p-dimer is
parallel-aligned perfectly and the proximity of them is within
4.2 Å, which conforms to the rules of topological chemical
reaction. Theoretical calculation also shows the obvious in-
phase interaction between the lowest unoccupied molecular
orbitals (LUMOs) of C]C bond pairs (Fig. S12a†). Thus, the
olen–olen [2 + 2] cycloaddition is expected to occur based on
the preorganization of BNA-a, resulting in a cyclobutane
product (Adduct-a, Scheme 1).19,20 For the crystals of BNA-b,
although the C]C bond and the aromatic C–C bonds in the
offset p-dimer preorganized a little bit less parallelly, and the
distance between them is slightly farther than that of C]C
bond pairs in BNA-a, the spatial packing of them still meets the
15590 | Chem. Sci., 2021, 12, 15588–15595
topochemical rules. From the result of theoretical calculation,
we can clearly see the overlap between the LUMOs of olen and
the aromatic ring (Fig. S12b†). Therefore, the offset p-dimer of
BNA-b is expected to undergo an unusual olen-aromatic ring
cycloaddition reaction to yield a polycyclic product (Adduct-b,
Scheme 1).36,37

1H NMR spectroscopy was used to monitor the course of the
two reactions under UV irradiation. The microcrystalline
powders of BNA-a and BNA-b irradiated for different durations
were dissolved in DMSO-d6 for

1H NMR measurement, respec-
tively. Compared with the 1H NMR spectrum of the sample
before UV irradiation, a new signal at 6.50 ppm out of the range
of aromatic protons appears in the irradiated BNA-a, corre-
sponding to the proton in the newly formed cyclobutane ring
(Fig. 2a).21 The integration area of this signal increased gradu-
ally with prolongation of the irradiation time. Correspondingly,
the gradual enhancement of the proton signals at 5.71 ppm and
5.69 ppm in the irradiated BNA-b indicated the gradual increase
of a polycyclic product (Fig. 2b). It has been found that almost
100% BNA-a was converted into the corresponding cyclobutane
product (Adduct-a) within a very short exposure time of 5 min,
indicative of a high efficiency of the reaction, while for BNA-b,
a maximum photoconversion of 66% was achieved by irradia-
tion for 30 min. The difference in reactivity might originate
from the different spatial arrangements of the monomers. To
further clarify the photodimerization products, we isolated and
puried them from the photo-irradiated samples, respectively.
The 1H NMR spectra, FT-IR analysis and importantly, the single
crystal structures of products (Adduct-a and Adduct-b)
demonstrate that the two types of [2 + 2] photodimerization
have taken place (Fig. 1d and h and S13–S18, Tables S4 and S5†).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photoinduced bending of the BNA-a crystal. (a) Optical
micrographs of the BNA-a crystal before and after UV irradiation from
top. (b) The crystal of BNA-a with face indices. (c) Molecular stack
structure viewed from the side face (010) along the b-axis. (d) Adjacent
molecular packing in the p-dimer and configuration of Adduct-a in
the single crystal. (e) Schematic representation of the photoinduced
bending process. When UV irradiation is perpendicular to the crystal
downward, the upper p-dimers near the UV source exhibit more
photodimerization than the lower p-dimers, and the stress generated
by the gradient expansion in different layers leads to the bending of the
crystal.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

2:
26

:4
6 

PM
. 

 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
It was surprising to nd that the irradiated powders of BNA-
a and BNA-b displayed different thermal stabilities. According
to the results of differential scanning calorimetry (DSC), the
irradiated BNA-a exhibits no peak before 180 �C (Fig. S19a†). At
the same time, no change can be detected for the irradiated
BNA-a aer heating to 180 �C in the 1H NMR spectrum (Fig. 2c),
which reveals that the cyclobutane product (Adduct-a) is very
stable. In the case of irradiated BNA-b, before the melting
endothermic peak of the monomer at 146 �C, there is an
exothermic peak at 95 �C in the DSC curve (Fig. S19b†). Corre-
spondingly, the proton signals of product Adduct-b at 5.71 ppm
and 5.69 ppm completely disappeared aer heating to 95 �C
(Fig. 2d). This is consistent with the result of XRD patterns
(Fig. S20†), and the diffraction peaks of the irradiated BNA-
b aer heating to 95 �C are the same as those of BNA-b without
irradiation. These results indicate that the polycyclic ring
(Adduct-b) can be thermally cleaved at 95 �C in the irradiated
BNA-b.

The thermodynamic processes of the two irradiated samples
were further analyzed by combining DSC curves, thermogravi-
metric analysis (TGA) curves and energy proles (Fig. S21†). The
irradiated product of Adduct-a with a lower energy demon-
strates better stability. It undergoes a thermal cleavage and the
corresponding monomers evaporate at a very high temperature
(above 300 �C) with the absorption of energy (Fig. S21a and b†).
In sharp contrast, the irradiated product of Adduct-b has higher
energy due to the involvement of the aromatic ring. Adduct-b in
irradiated microcrystal powders can be thermally cleaved to
monomers at lower temperature with the release of energy
(Fig. S21c and d†). This unique behavior in irradiated BNA-
b mainly comes from the poor stability of the irradiated
product, and the regain of aromaticity can be a driving force to
enable the product to be thermally cleaved easier. In addition,
the crystals of BNA-b possess a dense and crossed molecular
arrangement. When the olen-aromatic photocycloaddition
reactions occur, the buildup of strain forces at the interfacial
regions between reactant and product domains cannot be
released in time, enabling geometrical constraints and easier
thermal cleavage of product Adduct-b.38,39 From an application
perspective, it is remarkable progress to nd such a reversible
photocycloaddition/thermal cleavage process that can be ach-
ieved under mild conditions, which will facilitate the develop-
ment of smart materials based on [2 + 2] photocycloaddition.
Photomechanical effect and controllable photoactuators

The spatial movements of atoms during the [2 + 2] photo-
cycloaddition reaction cause the deformation of crystals.25–27

Here, the single crystal of BNA-a was quickly bent when the UV
light was applied (Fig. 3a). However, photoinduced cracks were
detected for BNA-b (Fig. 4a). To understand the different
photomechanical behaviors in depth, it is necessary to combine
molecular packing with their crystal morphologies.

The crystal of BNA-a with face indices demonstrates that the
two pairs of side faces of the needle-like crystal are (010)/(0–10)
and (001)/(00–1), and the length direction of the crystal is along
the a axis (Fig. 3b). This is consistent with the crystal
© 2021 The Author(s). Published by the Royal Society of Chemistry
morphology predicted by Materials Studio (Fig. S22†). Viewed
from the side face (010), the symmetric p-dimers are stacked
along the a axis and nally form a layered structure by further
stacking along the c axis (Fig. 3c). Upon UV irradiation, the
crystal structure of the newly formed Adduct-a demonstrates
that the atoms within the p-dimer have moved during photo-
dimerization, as shown in Fig. 3d. The parallel benzene and
naphthalene were forced away from the cyclobutane moiety,
and the distance between the outermost C atoms changed from
3.921(3) Å to 5.882(7) Å, resulting in a symmetric expansion
force on its neighboring p-dimers. The p–p stacking interac-
tions within layers along with the hydrogen bonds between
layers, as “structural buffers”, can respond to the force of
expansion or contraction, enable the bending of the BNA-
a crystal.40–42 To further clarify its mechanism, the schematic
representation of the photoinduced bending process is illus-
trated based on themolecular packing in the (010) face (Fig. 3e).
When UV irradiation is perpendicular to the (00–1) plane of the
crystal downward, the irradiation intensity is diminished from
top to bottom due to the gradient shielding effect of molecules.
This will lead to more photodimerization of the upper p-dimers
than those of the lower p-dimers. The photodimerization
Chem. Sci., 2021, 12, 15588–15595 | 15591
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Fig. 4 Photoinduced cracks of the BNA-b crystal. (a) Optical micro-
graphs of the BNA-b crystal before and after UV irradiation. (b) The
crystal of BNA-bwith face indices. (c) Molecular stack structure viewed
from the side face (011). (d) Adjacent molecular packing in the p-dimer
and configuration of Adduct-b in the single crystal. (e) Schematic
representation of the photoinduced cracking process. When UV irra-
diation is applied to the crystal, the photodimerization of the cross-
stacked p-dimers generates internal anisotropic stress and results in
the cracks of the crystal.

Fig. 5 Photoactuators based on BNA-a crystals. Precisely controlling
the movement of the crystal by regulating the irradiation conditions:
(a) the bending angle of the crystal depending on irradiation time; (b)
the bending direction of the crystal depending on the direction of light
incidence; (c) the bending site of the crystal depending on the position
of light incidence. (d) The tweezers consisting of two BNA-a crystals
with different thicknesses can clamp a micro-scale object (the orange
microcrystal) by applying UV irradiation. Scale bar is 1 mm. The blue
arrows show the direction of UV irradiation, and crystals were bent
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generates the symmetric expansion force along the p–p stack-
ing direction parallel to the (00–1) face. The stress generated by
the gradient expansion in different layers leads to the bending
of the crystal away from the light source. Crystal mechanics
tests also demonstrated that the crystal of BNA-a is remarkably
exible, capable of bending 180� by force, without any obvious
fracture (Fig. S24a†). The three-point bending test and the
nanoindentation technique were employed for the quantitative
analysis of crystals (Fig. S25†). The results demonstrated that
the bending of BNA-a crystals is elastic in nature, and its yield
strain can reach 1.3% (Fig. S26a†). In addition, the results of
single-crystal X-ray diffraction indicate that the bent crystals
under UV light irradiation or external force remain crystalline
(Fig. S27 and S28†).43

However, in the case of BNA-b, the crystal with face indices
and crystal morphology simulation demonstrates that the two
pairs of side faces of the block crystal are (011)/(0–1–1) and (01–
1)/(0–11), respectively (Fig. 4b and S23†). Viewed from the (011)
plane, the offset p-dimers stack along two different directions,
forming a crossed structure (Fig. 4c). Before UV irradiation, the
distance between the outermost C atoms is 3.926(5) Å in the
offsetp-dimer. The photocycloaddition between the olen bond
and naphthalene broke the p-dimer. The distance between the
15592 | Chem. Sci., 2021, 12, 15588–15595
outermost C atoms of the newly formed Adduct-b increased to
4.332(11) Å and 9.353(10) Å, respectively (Fig. 4d). The asym-
metric expansion of the cross-stacked p-dimers generates an
internal anisotropic stress, resulting in the cracks of the crystal
(Fig. 4e). The crystal mechanics tests also demonstrate a higher
hardness and a smaller yield strain of BNA-b compared with
BNA-a crystals, indicating the fragility of BNA-b crystals
(Fig. S24b and S26†).

Different intra-p-dimer and inter-p-dimer hierarchical
architectures of BNA-a and BNA-b provided the crystals with
entirely different photomechanical responses. The crystals of
BNA-awere employed to fabricate photoactuators owing to their
excellent photo-induced manipulation. Firstly, the bending
angle of the crystal depends on the irradiation time as shown in
Fig. 5a. More photodimerization occurs along with the increase
of irradiation time, leading to a larger bending angle of crystals
(Fig. S29†). To quantitatively evaluate the controllable bending
behavior, the response rate at varying thicknesses was deter-
mined by linear tting of the temporal changes of curvature
away from the light source.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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under irradiation (Fig. S30 and S31†). From the dependence of
the response on the crystal thickness, the kinetics of bending
depending on the crystal sizes was obtained (Fig. S32†).44 The
thinner the crystal is, the faster it responds to light. Secondly,
according to the mechanism of BNA-a deformation, the
bending direction can be controlled by altering the direction of
incident light. When the UV source irradiated from above, the
crystal was bent downwards. The crystal recovered to at and
then was bent upwards under continuous UV light irradiation
from the opposite direction (Fig. 5b and ESI Video 1†). Thirdly,
the bending position of the crystal is regulated by the incident
position of light. A wavy crystal was prepared successfully by
controlling the position and direction of incident light (Fig. 5c).
Hence, the crystal of BNA-a can be precisely controlled by
regulating the irradiation time, direction and position of inci-
dent light. Based on this, light-controlled tweezers that could
exactly grip micro-scale objects were designed. The tweezers
were fabricated by xing two crystals of BNA-a with different
thicknesses on the tip of a capillary. As shown in Fig. 5d, the
tweezers were moved near to an orange microcrystal through
a 3-dimensional operation platform, and the faster bending of
the thinner crystal shortened the distance between two crystals,
successfully clamping the micro-scale object.
Fig. 6 Photoinduced fluorescence change of BNA-a and BNA-b.
Fluorescence spectra of (a) BNA-a and (b) BNA-b at different UV
irradiation times. Calculation results of the processes of fluorescence
changes in (c) BNA-a and (d) BNA-b.
Photoinduced uorescence change and advanced
photoswitching

Different spatial arrangements not only affect the photome-
chanical deformation, but also shi the emission color of the
materials. The luminescence of cyanostilbene is sensitive to the
molecular structure and spatial packing,45–49 and hence BNA-
a and BNA-b exhibited unique uorescence changes accompa-
nied by [2 + 2] photodimerization. As shown in Fig. 6, BNA-a was
non-uorescent, while BNA-b emitted green uorescence in its
initial state due to their different molecular packings. Both of
them began to exhibit blue emissions, and their intensities were
gradually enhanced with increasing time of UV irradiation. To
clarify these processes, UV-vis absorption and uorescence
spectra were utilized to monitor their courses. The powders of
BNA-a and BNA-b exposed to UV light for different durations
were dissolved in dichloromethane for UV-vis absorption
measurement. Abs@334 nm, ascribed to the BNA monomer,
decreased under UV irradiation, while new absorption bands
appeared at 230 nm and at 228 nm, respectively (Fig. S33†). Such
changes are related to the formation of the cyclobutane ring,
suggesting the conversion from the BNA monomer to photo-
cycloaddition products.29,50 Meanwhile, the intensities of the
newly appeared blue emissions increased along with the
increase of the photodimerization products (Fig. S34†). The
Adduct-a and Adduct-b were separated and puried, respec-
tively. As expected, the uorescence peaks of these pure products
were coincident with those of the aforementioned blue emis-
sions, indicating that the photochromism resulted from the
corresponding photodimerization reactions (Fig. S35 and S36†).

Theoretical calculation was further employed to investigate
the processes of uorescence changes. As shown in Fig. 6, the
different in-phase interactions between the two molecules of
© 2021 The Author(s). Published by the Royal Society of Chemistry
the p-dimers in excited states reveal the different photo-
dimerization reactions of BNA-a and BNA-b. According to
previous reports, when the p-dimers are excited, there are two
competing photophysical pathways available: emission transi-
tion and nonradiative transition.28 For BNA-a, the nonradiative
transition is predominant in the symmetric p-dimer, resulting
in no uorescence initially, whereas BNA-b presents green
uorescence in its initial state, because the two pathways exist
in the excited state based on the offset p-dimer. Upon exposure
to UV light, for Adduct-a, obvious electronic delocalization of
the lowest unoccupied molecular orbital (LUMO) indicates
through-space conjugation between the stacked naphthyl ring
(donor) and 2,4-bis(triuoromethyl)phenyl group (acceptor).30,31

The charge transfer from the 2,4-bis(triuoromethyl)phenyl
group to the naphthyl ring results in the blue emission of
Adduct-a (Fig. 6c). Similar to Adduct-a, Adduct-b also exhibits
an obvious through-space conjugation character between the
stacked naphthyl ring and 2,4-bis(triuoromethyl)phenyl group
(Fig. 6d). It is worth noting that the olen-aromatic ring cyclo-
addition reaction yields an asymmetric Adduct-b. When the
charge transfer is mainly carried out from the 2,4-bis(tri-
uoromethyl)phenyl group to the naphthyl ring that was not
involved in the cycloaddition, the emission of Adduct-b is
similar to that of Adduct-a, showing that blue uorescence
peaked at 453 nm, while the charge transfer mainly comes back
to the naphthyl ring involved in the cycloaddition, and it emits
green uorescence at 514 nm (Fig. S37†). The uorescence
decay proles of Adduct-b at 453 nm and 514 nm respectively
Chem. Sci., 2021, 12, 15588–15595 | 15593
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related to the S2 state and S1 state showed different average
uorescence lifetimes, which further conrms a dual-state
emission of Adduct-b (Fig. S38†).

BNA-b exhibits a unique uorescence change as well as
reversible photo-cycloaddition/thermal cleavage under UV irra-
diation and heating, which enables it to be an ideal candidate
for advanced photoswitching. Here, BNA-b nanocrystals were
attached to a backing with an adhesive to prepare a kind of
rewritable uorescent paper for UV light writing and printing
(Fig. S39†). Consistent with the above-mentioned results, the
uorescence change of the paper depends on the irradiation
time. The paper showed green uorescence at the beginning
(ON state), and its intensity rapidly weakened to the OFF state
within 1 s under UV light irradiation (Fig. 7a and S40†). The OFF
state of this paper recovered to the ON state aer heating at
95 �C for 1 min. The uorescence of this paper could circulate
between ON and OFF states multiple times by alternate expo-
sure to light and heat, which shows its fast response and good
reversibility (Fig. 7b). Moreover, when we wrote with a UV laser
pen, the paper exhibited a rapid uorescence response and
showed “CHEM” handwriting, which could be easily erased by
heating (Fig. 7c and ESI Video 2†). The handwriting was hard to
read under sunlight, whereas it appeared in a sharp contrast
under the irradiation of the UV lamp, indicating that the paper
can be applied to information encryption. In addition, it can
Fig. 7 Photoswitching based on BNA-b nanocrystals. (a) Fluorescence
spectra of the rewritable fluorescent paper in the ON and OFF state
based on BNA-b nanocrystals. Inset: photographs of this paper in the
ON and OFF state modulated by the UV–heat cycle. (b) Fluorescence
intensities modulated by the multiple UV–heat cycles. (c) Optical and
fluorescent photographs of the rewritable fluorescent paper with
“CHEM” handwriting wrote with a UV laser pen and erased by heating.
(d) Fluorescent photographs of the rewritable fluorescent paper with
different patterns printed by UV irradiation through different photo-
masks and erased by heating.

15594 | Chem. Sci., 2021, 12, 15588–15595
also be used for anti-counterfeiting. Different patterns were
printed on the uorescence paper by UV light with different
photomasks and were erased by heating (Fig. 7d and S41†). The
patterns can always keep a high resolution and a high contrast
aer multiple print–erase cycles.
Conclusions

In summary, one single molecule bearing a cyanostilbene
moiety could be crystallized into two polymorphs. As a conse-
quence, two different types of solid-state [2 + 2] photo-
cycloaddition reaction have been observed, respectively. It has
been demonstrated that the hierarchical architectures, i.e.
intra-p-dimer structure and inter-p-dimer structure, are crucial
to topochemical reactions toward on-demand functions. For
crystals fullling the demand of olen–olen [2 + 2] photo-
cycloaddition (BNA-a), the symmetric p-dimers stack to form
layered structures, which can act as “structural buffers” to drain
the expansion force and provide the crystals with outstanding
exibility. However, for crystals fullling the demand of olen-
aromatic ring [2 + 2] photocycloaddition (BNA-b), the dense and
crossed arrangement of the offset p-dimers as well as the
involvement of aromatic ring enable easier thermal decompo-
sition of the photochemical products. Based on their distinct
photoresponsive behaviors, controllable photoactuators and
reversible uorescence switching have been successfully ach-
ieved. These results not only demonstrate the signicant effect
of hierarchical architectures in topochemical reactions but also
open a new insight into further development of smart materials
with nely tuned properties in a bottom-up way.
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