
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:5

4:
57

 P
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
Acylhydrazone-b
aShaanxi Key Laboratory of Macromolecu

Laboratory of Material Physics and Chem

School of Chemistry and Chemical En

University, Xi'an 710072, P. R. China. E-ma
bDepartment of Polymer Science and Enginee

of China, Hefei, Anhui 230026, P. R. China

† Electronic supplementary infor
https://doi.org/10.1039/d2sc01657e

‡ Z. Gao and F. Yan contributed equally t

Cite this: Chem. Sci., 2022, 13, 7892

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

Received 22nd March 2022
Accepted 14th June 2022

DOI: 10.1039/d2sc01657e

rsc.li/chemical-science

7892 | Chem. Sci., 2022, 13, 7892–78
ased supramolecular assemblies
undergoing a converse sol-to-gel transition on
trans / cis photoisomerization†

Zhao Gao,‡a Fei Yan,‡a Lulu Shi,a Yifei Han,b Shuai Qiu,a Juan Zhang,a Feng Wang, b

Si Wu b and Wei Tian *a

Photoisomeric supramolecular assemblies have drawn enormous attention in recent years. Although it is

a general rule that photoisomerization from a less to a more distorted isomer causes the destruction of

assemblies, this photoisomerization process inducing a converse transition from irregular aggregates to

regular assemblies is still a great challenge. Here, we report a converse sol-to-gel transition derived from

the planar to nonplanar photoisomer conversion, which is in sharp contrast to the conventional light-

induced gel collapse. A well-designed acylhydrazone-linked monomer is exploited as a photoisomer to

realize the above-mentioned phase transition. In the monomer, imine is responsible for trans–cis

interconversion and amide generates intermolecular hydrogen bonds enabling the photoisomerization-

driven self-assembly. The counterintuitive feature of the sol-to-gel transition is ascribed to the partial

trans / cis photoisomerization of acylhydrazone causing changes in stacking mode of monomers.

Furthermore, the reversible phase transition is applied in the valves formed in situ in microfluidic devices,

providing fascinating potential for miniature materials.
Introduction

Photoisomerization is a process that reversibly converts one
isomer into another with a clean and remote light source, which
has been applied in a broad range of systems, including pho-
toactuators, sustained drug release systems, information
storage, photochromic materials, and photogated devices.1–9

Photoisomeric supramolecular assemblies, as an elegant
combination of reversible photoisomers and dynamic non-
covalent interactions, possess various intriguing properties,
such as degradability, shape memory, and phase transition.10–14

Generally, photoisomerization from a relatively planar isomer
to a distorted one gives rise to the disassembly of supramolec-
ular systems, which is ascribed to the steric hindrance of the
nonplanar isomers failing to orderly stack with each other
(Fig. 1A). For instance, based on trans / cis photo-
isomerization, azobenzene-containing molecules induced
a solid to isotropic liquid phase transition,14–18 and cyanos-
tilbene derivatives caused not only a liquid crystal to an
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amorphous phase transition,19,20 but also a gel collapse (gel-to-
sol transition).21 Nevertheless, although a few examples of
transition from a less to a more ordered state upon photo-
irradiation have been reported in liquid crystal systems,22,23 the
trans / cis photoisomerization-induced converse transition
from irregular aggregates to regular assemblies is far less re-
ported so far and still a great challenge (Fig. 1B). This is mainly
because the bent-shaped (cis)-isomers loosely stack and conse-
quently lead to weaker intermolecular interactions. However,
this converse transition could enrich the categories of supra-
molecular photochemical phase transitions. Moreover, the
Fig. 1 (A) The conventional self-assembly behaviors of trans and cis
monomers, and (B) the converse self-assembly and the transition on
trans / cis photoisomerization.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc01657e&domain=pdf&date_stamp=2022-07-02
http://orcid.org/0000-0002-3826-5579
http://orcid.org/0000-0001-8156-346X
http://orcid.org/0000-0002-2159-4181
https://doi.org/10.1039/d2sc01657e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01657e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013026


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:5

4:
57

 P
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
formation of light-induced regular assemblies (such as gelation)
perfectly meets the requirements for in situ gelation in a sealed
environment, such as in the microuidics eld. Thus, the
development of ingenious methods to enable the formation of
light-induced regular assemblies from trans/ cis conversion is
of pivotal importance for both a fundamental viewpoint and
potential applications.

An effective strategy to realize the above photoisomerization-
induced transition from irregular aggregates to regular assem-
blies is to seek photoisomers with unique structures. Acylhy-
drazones,24–27 a novel class of photoisomers based on the imine
structural unit (E–Z interconversion of the C]N bond),28–30 have
recently been regarded as promising candidates for photo-
switches because of their facile synthesis, high stability, and
fatigue resistance. More importantly, differing from other
photoisomers such as azobenzene31–33 and cyanostilbene,34–37

the amide in acylhydrazone is an excellent fragment to generate
a hydrogen bond, which is known as a strong driving force for
constructing regular assemblies.38–40 On the other hand, the
aggregated nature of supramolecular assemblies usually causes
incomplete photochemical conversion,41–43 further leading to
the coexistence of E- and Z-form isomers in the nal state of
supramolecular systems, whichmakes it possible to manipulate
the stacking mode of the two isomers. Benetting from all these
essential advantages, we envision that, acylhydrazone-
functionalized monomers could be exploited to realize the
geometrical isomerism induced converse assembly transition
on trans / cis conversion (Fig. 1B), in a supramolecular co-
assembly manner by photo-regulating the balance between
isomerization and aggregation.

Based on these considerations, we herein realize a converse
sol-to-gel transition derived from the trans / cis photo-
isomerization of a low-molecular-weight acylhydrazone-linked
monomer (Fig. 2), which is in sharp contrast to the previously
reported light-induced gel collapse.44,45 Specically, a tadpole-
like monomer 1 consisting of a pyrene head and hydrophobic
tail linked by an acylhydrazone unit, is rst designed and
synthesized. It can undergo a reversible E–Z photoisomerization
process in both the monomeric and assembled states. Upon
Fig. 2 Schematic illustration of the photoisomerization of monomer 1,
and a cartoon representation for the proposed self-assembly behav-
iors of 1-E and 1-Z, and its trans / cis photoisomerization induced
supramolecular sol-to-gel transition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
irradiating the concentrated decane solution of 1-E, a sol-to-gel
transition is realized. This phase transition is ascribed to the co-
assembly of 1-E and partial photoisomerization product 1-Z,
mainly driven by the emergence of intermolecular hydrogen
bonds between the two adjacent monomers. On this basis, the
light-induced sol-to-gel transition is successfully employed to
establish the valves of microuidic channels based on a revers-
ible and straightforward gelation process.
Results and discussion
Photoisomerization of the acylhydrazone-linked monomer

We rst investigated the photoisomerization behavior of 1 in
the monomeric state. In dilute dichloroethane (DCE, c ¼ 5.0 �
10�5 M), the UV-vis spectra of the pure (E)-isomer of 1 exhibited
vibronically split absorption bands in the region of 325–425 nm
(Fig. 3A and ESI Fig. S1†). Upon irradiation with 365 nm light for
50 s, the maximum absorption wavelength (lmax) of 1-E blue-
shied from around 374 nm to 346 nm with concomitant two
isosbestic points at 315 and 351 nm, indicative of the photo-
isomerization from 1-E to the photostationary state (Z)-isomer
of 1 (1-ZPSS). Irradiation of 1-ZPSS with a shorter wavelength light
of 254 nm regenerated the initial (E)-isomer, which was
conrmed by the complete restoration of the absorption bands
(ESI Fig. S1†). With successive 365 nm and 254 nm light irra-
diation, the photoisomerization of 1 could be reversibly
Fig. 3 Photoisomerization studies of monomer 1. (A) UV-vis spectral
change of 1-E (5.0 � 10�5 M in DCE) upon successive 365 nm (irra-
diation intensities: 0.98 mW cm�2) and 254 nm (irradiation intensities:
0.34 mW cm�2) light irradiation. Inset: multicycle experiments by
monitoring the absorbance intensity changes at 373 nm. UV-vis
spectral change of the control compound 2 (5.0 � 10�5 M in DCE)
upon 365 nm light irradiation. (B) Partial 1H NMR spectra (C2D2Cl4, 298
K, 2.00 mM) of 1-E: (i) before irradiation, (ii) conversion to 1-ZPSS after
365 nm light irradiation for 60 min, and (iii) recovery to 1-E upon
254 nm light irradiation for 30 min. (C) The calculated energy levels
and corresponding frontier molecular orbital diagrams of 1-E and 1-Z
via DFT computation. (D) The side view and top view of the optimized
structures and related Gibbs-free energy of 1-E and 1-Z based on DFT
calculations at the B3LYP/6-311G(d) level. The long alkyl chains in 1-E
and 1-Z are abbreviated as ethoxy groups to reduce computational
costs.
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switched multiple times without noticeable degradation in
performance (Fig. 3A and ESI Fig. S2†). Furthermore, based on
the quantitative analysis of typical 1H NMR resonances of 1-E in
C2D2Cl4, 1-E to 1-ZPSS photoisomerization was about 57%
complete, while the back-isomerization was almost entirely
complete within 30 min (>98% yield, Fig. 3B). The time-
dependent absorbance curve conformed to the pseudo-rst-
order kinetics, providing an E–Z photoisomerization rate (kobs)
of 0.058 s�1 (ESI Fig. S3†). kobs was related to the concentration
of 1-E, which increased as the concentration increased. In
addition to 254 nm light irradiation, heating could also trigger
the back-isomerization (ESI Fig. S4†). In comparison, the
reference compound 2 (varying acylhydrazone to ester bond)
was unaffected by light irradiation, as evidenced by the
complete lack of changes in the UV-vis and uorescence signals
(Fig. 3A, inset, and ESI Fig. S5†).

To get further insights into the relationship between acyl-
hydrazone photoisomerization and molecular structures,
quantum chemical calculations on both isomers of 1 were
employed. Based on the comparative analysis of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of 1-E and 1-Z in the ground state
(Fig. 3C),46 the calculated energy gap of 1-E (3.29 eV, l¼ 376 nm)
was relatively lower than that of 1-Z (3.56 eV, l¼ 348 nm), which
were consistent with the lmax values measured by the UV-vis
spectra. The HOMO and LUMO electron densities were local-
ized at the pyrene moieties for 1-E, reective of the transition
from p to p* orbitals. The similar phenomenon was observed
for 1-Z. For the optimized structures of 1-E and 1-Z based on
density functional theory (DFT) calculations at the B3LYP/6-
311G(d) level, the total energy (E) values were calculated to be
�1570.457880 and �1570.452184 a.u., respectively (Fig. 3D). It
was found that 1-E was more stable with approximately
15.0 kJ mol�1 lower energy relative to 1-Z, because of the more
twisted molecular structure of 1-Z.
Fig. 4 Light-induced sol-to-gel transition of 1-E. (A) Photographs of
the gelation process of 1-E (10mM) in decane upon 365 nm (irradiation
intensity: 11.9 mW cm�2) photoirradiation for 0, 25, 45 and 60 min. (B)
Specific viscosity of 1-E (1.0, 1.5, 3.0, 10.0 mM) and 2 (10.0 mM) versus
the photoirradiation time (298 K). (C) TEM images of 1-E (2.0 � 10�4 M
in decane) before and after photoirradiation for 10, 20 and 30 min. (D)
and (E) G0 (black symbols) and G00 (red symbols) for the light-induced
gel derived from 1-E as a function of (D) oscillation frequency at 293 K
with a strain of 0.2%; and (E) time at 293 K with a frequency of 1 Hz and
a strain of 0.2%. (F) Small-angle XRD patterns of 1-E before and after
photoirradiation.
Light-induced sol-to-gel transition

The assembly behaviors of monomer 1-E before photo-
irradiation were rst studied. As is well known, hydrocarbon
solvents such as decane are the common poor solvents for rod-
coil-type monomers to form ordered supramolecular assem-
blies.47–49 When switching the solvent from DCE to decane, the
UV-vis absorption spectra of 1-E showed an emergence of
a shoulder band located between 400 and 475 nm (ESI Fig. S6†).
Simultaneously, the intensity of the blue emission band at
412 nm corresponding to the monomeric pyrene units slightly
decreased, along with the appearance of a new emission band at
520 nm (ESI Fig. S6†). The red-shied structureless band was
attributed to the excimer emission of the stacked pyrene
units.50–52 Unfortunately, no noticeable aggregation of 1-E could
be detected by the Tyndall effect experiment, and dynamic light
scattering (DLS) and transmission electron microscopy (TEM)
measurements (ESI Fig. S7†). Even on increasing the concen-
tration up to 20mM, no gels were visualized during the heating–
cooling cycle, and remained unchanged in a dark place for
7894 | Chem. Sci., 2022, 13, 7892–7899
several days (ESI Fig. S8†). Accordingly, no large-sized supra-
molecular assemblies were formed for 1-E in decane.

Surprisingly, when the concentrated decane solution of 1-E
was exposed to 365 nm light, the viscosity gradually increased
and uidity was lost. Subsequently, a yellow transparent gel was
nally formed within 60 min (Fig. 4A and ESI Fig. S9†). Such
results are in sharp contrast to the previously reported light-
induced gel collapse.21,44,45,53 To acquire the detailed gelation
process, viscosity experiments were then performed. Upon
irradiating the decane solution of 1-E (10.0 mM), the specic
viscosity was almost unchanged for the rst 1.5 min and then
increased sharply (Fig. 4B), indicating the favorable transition
from monomeric species to higher-molecular-weight supramo-
lecular assemblies. By varying the concentration, the viscosity
transition time and intensity were nely adjusted. The critical
gelation concentration was measured to be 6 mM. DLS analysis
for 1-E under light irradiation showed the size enlargement
phenomenon, revealing the light-induced supramolecular
assembly behaviors (ESI Fig. S10†). In sharp contrast, no
apparent viscosity and DLS hydrodynamic diameter (Dh)
changes occurred for the reference compound 2 (Fig. 4B and ESI
Fig. S10†). Furthermore, the light-induced sol-to-gel transition
of 1-E was observed by microscopic morphologies. Depending
on the TEM images, short nanobers were observed for 1-E aer
irradiation for 10 min (Fig. 4C and ESI Fig. S11†). Aer 30 min,
longer bers with several microns in length were formed. It is
thus envisioned that these one-dimensional bers are mutually
entangled to create three-dimensional brous networks that
thereby entrap a large number of solvent molecules, which lays
the basis for the formation of supramolecular gels.

The properties of the light-induced gel were further proved
by means of rheological experiments. The storage modulus (G0)
value was remarkably higher than the loss modulus (G00) value at
all tested frequencies (Fig. 4D), which veried the formation of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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true supramolecular gels. Additionally, the resulting organogels
were stable enough once they were formed. The conclusion was
conrmed using the oscillation time curves, indicating that the
values of G0 and G00 remained constant over a long time
(�30 min, Fig. 4E). The stacking pattern of the light-induced gel
was identied by small-angle X-ray diffraction (XRD) measure-
ments. Specically, no regular stacking formed for 1-E before
irradiation, as evidenced by the lack of reection signals in the
XRD pattern (Fig. 4F). Upon irradiating 1-E with 365 nm light,
the diffractogram showed three reections with d-spacing
values in the ratio of 1 : 1/O3 : 1/O4, assigned to the (100), (110),
and (200) signals of the hexagonal columnar (Colh) stacking.
The lattice parameter (a ¼ 2d100/O3 ¼ 3.78 nm) calculated from
the diffraction maxima indicated that the diffraction units are
comparable to the stacking model diameter of light-irradiated
1-E (3.89 nm, Fig. 4F, inset, and ESI Fig. S12†). Accordingly,
the regular columnar stacks got together to form a long-range-
ordered supramolecular gel. Interestingly, the gel switched
back to the sol upon 254 nm light irradiation. When the sol was
irradiated with 365 nm light again, the gel was regained (ESI
Fig. S13†). Additionally, thermal stimulus (�45 �C) could also
trigger the liquefaction process, and the sol remained even on
cooling to room temperature.

For the purpose of investigating the stability of light-induced
organogels from the thermodynamic standpoint, we turned to
elucidate the assembly mechanism of the supramolecular
assemblies. The organogels were diluted to an appropriate
concentration for spectral measurements. Temperature-
dependent UV-vis spectra were then recorded. In detail, upon
gradually decreasing the temperature at a rate of 60 K h�1, the
absorption spectra of the diluted gel of light-irradiated 1-E
showed two isosbestic points at 300 and 399 nm (Fig. 5A, inset),
indicative of the transition between monomeric and assembled
states. A non-sigmoidal cooling curve was obtained by moni-
toring the fraction of aggregated species (aagg) against temper-
ature (Fig. 5A and ESI Fig. S14†), suggesting that the
supramolecular assembly process followed a cooperative
nucleation–elongation mechanism.54–57 The Meijer–Schenning–
van-der-Schoot mathematical model54 was then employed for
the non-linear tting of the resulting curves. A Te (critical
Fig. 5 Supramolecular assembly mechanism studies. (A) aagg as
a function of temperature for light irradiated 1-E in decane (5.0 �
10�5 M, l ¼ 367 nm). The solid lines denote the respective fitting
curves. Inset: temperature-dependent UV-vis spectra. The arrows
represent the signal variations upon decreasing the temperature. (B)
Van't Hoff plot for light irradiated 1-E in decane. The red line denotes
the linear fitting curve.

© 2022 The Author(s). Published by the Royal Society of Chemistry
elongation temperature) value of 310.4 K and a Ka (dimen-
sionless equilibrium constant of the activation step at Te) value
of 8.6 � 10�5 were obtained. Moreover, on the basis of the
modied Van't Hoff plot, DG0 (Gibbs free energy) was calculated
to be �26.2 kJ mol�1 at 298 K (Fig. 5B). Such results manifest
that organogels derived from light-induced supramolecular
assemblies possess considerable stability.

Insights into the sol-to-gel transition mechanism

For a deeper understanding of the origin of the gelation
behaviors triggered by photoirradiation, UV-vis spectra of 1-E
(5.0 � 10�5 M) in decane upon exposure to 365 nm light were
rst recorded. In detail, the original absorbance signal
decreased in intensity, while a blue-shied band centered at
345 nm gradually turned into the main band, with two iso-
sbestic points at 322 and 353 nm (ESI Fig. S16†). The results
implied that the trans / cis photoisomerization occurred not
only in the monomeric state (DCE solution), but also in the
assembled state. Due to the steric hindrance effect of stacked
pyrene units, kobs in decane was slower than that in DCE (0.034
s�1 versus 0.058 s�1, ESI Fig. S17†). It is noteworthy that the
trans/ cis conversion of 1-E at a relatively higher concentration
cannot reach the conversion level at a lower concentration, even
on prolonging the irradiation time (ESI Fig. S16†). Approxi-
mately 40% relative conversion was achieved at 0.2 mM
compared to the lower concentration condition (Fig. 6A). Thus,
Fig. 6 Insights into the light-induced sol-to-gel transition mechanism
of 1-E. (A) The relative E/ Z conversion of 1 (black dots: 5.0� 10�5 M,
red dots: 2.0 � 10�4 M) in decane upon 365 nm light irradiation, by
monitoring the absorbance changes at 379 nm. (B) DLS hydrodynamic
diameter variations upon gradual addition of 1-ZPSS (2.0� 10�4 M) into
the freshly prepared decane solution of 1-E (2.0 � 10�4 M) and pure
decane solvent, respectively. (C) SEM image of 10 mol% 1-ZPSS in 1-E
(2.0 � 10�4 M in decane). Insets display the enlarged P- and M-type
helical fibers. (D) Optimized structures with color-mapped IGM iso-
surface graphs of octamers of 1-E (i) before, and (ii) after 365 nm light
irradiation. The long side chains are simplified to ethoxy groups. The
green color isosurfaces represent weak non-covalent interactions
(such as van der Waals and p–p stacking interactions), while blue color
isosurfaces in (ii) denote stronger attraction (such as hydrogen bonds).
The color scale at the bottom represents the relative strength of non-
covalent interactions.

Chem. Sci., 2022, 13, 7892–7899 | 7895
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we rationalized that the supramolecular gel formation is
ascribed to the partial photoisomerization of 1-E, that is, the
participation of 1-Z.

We executed the titration experiments to further investigate
the effect of light-irradiated product 1-ZPSS on the formation of
supramolecular co-assemblies. Upon progressively adding 1-
ZPSS into the decane solution of 1-E (2.0 � 10�4 M), the Dh value
of assemblies determined by the DLS measurements gradually
increased (Fig. 6B and ESI Fig. S18†). Only 10 mol% of 1-ZPSS
increased the Dh value from around 0.6 nm to 825 nm. As
a comparison, no apparent enhancement of the Dh value was
visualized when 1-ZPSS was introduced into the pure decane
solvent (Fig. 6B and ESI Fig. S18†). It thus indicated that the
large-sized aggregates were formed by the co-assembly of 1-E
with its light-irradiated product 1-ZPSS. The conclusion was
further veried by the morphology measurements. Intertangled
long bers were observed in the TEM images when adding 1-
ZPSS into 1-E (ESI Fig. S19†), similar to that of 1-E exposed to
365 nm light for 30 min (Fig. 4C). Interestingly, the enlarged
TEM and scanning electron microscopy (SEM) images of the co-
assemblies 1-Z/1-E showed that the bers appeared as distinct
right-handed (P) and le-handed (M) helical structures (Fig. 6C
and ESI Fig. S19–S21†). Therefore, it is envisioned that the
structurally distorted 1-Z displays a considerable capacity to
regulate the dynamic stacking structures of the co-assemblies 1-
Z/1-E to form well-dened supramolecular helical aggregates.

The detailed stacking mode for the light-induced supramo-
lecular assemblies was then sought to elucidate. Depending on
the 1H measurements, the NH protons of acylhydrazone dis-
played upeld and downeld shis upon 365 nm light irradi-
ation (ESI Fig. S22†). The signicant upeld shi from NH to
NH0 was assigned to the conversion from 1-E to 1-ZPSS. The
downeld shi of the unisomerized NH proton revealed the
presence of hydrogen bond interactions aer photoirradiation.
The hydrogen bonds were then veried through Fourier trans-
form infrared (FTIR) spectra experiments. The N–H stretching
vibration signal shied from 3391 and 3195 cm�1 to a lower
frequency (3172 cm�1) upon irradiating 1-E with 365 nm light
(ESI Fig. S23†), while the C]O band shied from 1643 cm�1 to
1641 cm�1, indicating the generation of intermolecular
hydrogen bonds between neighboring acylhydrazone C]O and
N–H bonds.45,58,59 Moreover, proton competition experiments
were performed to evaluate the signicance of hydrogen bonds
for the light-induced supramolecular gel formation. Upon
adding trace amounts of DMF into the gel system, the gel-to-sol
transition was observed (ESI Fig. S24†), manifesting that the
intermolecular hydrogen bonds were disturbed by the protic
solvent of DMF, and therefore no brous structures formed
under this condition.

To visually observe the non-covalent interaction variations
upon partial photoisomerization from 1-E to 1-Z, the indepen-
dent gradient model (IGM) methods60 of theoretical calcula-
tions were applied. The optimized structures with color-
mapped IGM isosurfaces of the octamers of 1-E before and
aer photoirradiation are shown in Fig. 6D. In the IGM analysis,
large-scope green isosurface regions existed between the pyrene
moieties of the interdigitated self-assembly of 1-E, which was
7896 | Chem. Sci., 2022, 13, 7892–7899
attributed to the p–p interactions (Fig. 6D(i)). Aer photo-
irradiation, the stacking structure transformed from the inter-
digitated way into the head-to-head manner. The emerged
hydrogen bonds (Fig. 6D(ii), blue isosurface in the red frame) as
well as p–p stacking and van der Waals interactions between 1-
E and 1-Z synergistically stabilized the light-induced supramo-
lecular assemblies. The average binding energies between the
adjacent monomers increased from �7.69 kcal mol�1 of 1-E to
�20.79 kcal mol�1 of light-irradiated 1-E.

Overall, these experimental and theoretical results unam-
biguously evidence that supramolecular gel formation is
ascribed to the partial photoisomerization of 1-E causing the
changes in stacking mode of the co-assembly 1-Z/1-E, mainly
driven by the intermolecular hydrogen bonds.
In situ sol-to-gel transition generated valves

Microuidic technologies have been recently regarded as an
advanced tool to investigate non-equilibrium assemblies and
controlled reactive processes in self-assembly research.61–64

Introducing stimuli-responsive materials as a valve would
realize the non-contact microuidic ow control,65–68 probably
producing simplied and versatile microuidic devices. Never-
theless, most reported valves were based on temperature- and
electro-responsive systems,69,70 which are not easy to achieve
ow control in situ and are comparatively complicated.
Considering that the organogels derived from the light-induced
sol-to-gel transition of 1-E can be nely triggered by remote and
contactless light, they may be potential candidates for devel-
oping in situ generated valves in the microuidics eld.

On this basis, a three-layer microuidic device was designed
and fabricated, in which two circular chambers in the Y-shaped
microchannel of the uidic layer were used to ll the light-
induced gel (Fig. 7A and B). Before employing 1 as the light-
responsive valve, the decane uid could pass through both
directions of the microchannel (Fig. 7C(i)). The le side of the
sealed microchannel was rst lled with the pre-prepared high
viscosity sol of 1 by injection, and the gel-based valve was then
created by irradiating the sol with 365 nm light in situ. Thus, the
le microchannel was blocked and the uid could only pass
through the right side (Fig. 7C(ii)). The uid could be well
maintained for several hours (even upon increasing the ow
rate to around 20 mL min�1), suggesting that the valve possesses
enough stability. When the gel-based valve was irradiated with
254 nm light, the gel-to-sol transition occurred and then the
sealability weakened, resulting in the recovery of bidirectional
ow (Fig. 7C(iii)). It requires only a small amount of the gel-to-
sol transition to restore the ow.

Besides, it is worth noting that the kind of liquid can be
varied from low polarity decane to high polarity water. As shown
in Fig. 7D and ESI Fig. S25,† a similar ow control was achieved
in the water-based environment. More importantly, the gel-
based valves featured sufficient stability and sustainability in
aqueous solution (even in saline). Specically, 1-E could also
undergo the light-induced sol-to-gel transition whenmixed with
saline solution (Fig. 7E). The gel did not swell or shrink aer
being immersed or sandwiched in saline for two weeks (Fig. 7F
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Performance of light-induced gel-based valves. (A) Schematic
illustration of themicrofluidic device containing three-layer chips used
in the experiments. (B) Cartoon representation for the top view of the
microfluidic device: (i) before usage, (ii) inletting flow when imple-
mented 1-E (yellow dot) as the light-responsive valve, and (iii) the flow
situation upon irradiation of the light-induced gel with 254 nm light.
(C) Photographs of the microfluidic device: (i) inletting decane solvent
without 1-E, (ii) no flow observed in the left side when the in situ
formed gel is used as a valve within the sealed PMMA chips, and (iii)
open valve of the left direction after irradiation of the gel. Scale bar: 10
mm. The fluid passing through the microfluidic device is colored red
for easy visualization. The device was fastened with six sets of screws
and nuts. (D) (i) Inletting the aqueous solution without 1-E, (ii) in situ
formed gel in the right side (yellow dot), and (iii) no aqueous solution
flow observed in the right side when the gel is used as a valve. Scale
bar: 10 mm. (E) Light-induced sol-to-gel transition of 1-E in saline
solution: (i) before and (ii) after 365 nm light irradiation. (F) The light-
induced gel immersed in saline after two weeks. Inset of (F): the gel
sandwiched between the saline solution. (G) Rheological measure-
ments of the gel after immersion in saline for two weeks. Inset of (G):
SEM image of the gel.
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and ESI Fig. S26†). G0 and G00 were determined to be 612.2 Pa
and 140.5 Pa, respectively (Fig. 7G), which are comparable to the
values of the freshly prepared gel (645.3 Pa and 151.3 Pa,
Fig. 4D). The helical bers were also maintained (Fig. 7G, inset).
Thus, the light-induced gel-based valves provide efficient and
exible ow control in sealed microuidic chips.

Conclusions

In summary, we have successfully established a converse light-
induced sol-to-gel transition system derived from the trans /
cis conversion of acylhydrazone-based supramolecular assem-
blies. The acylhydrazone-linked monomer 1 underwent
a reversible photoisomerization process in both the monomeric
and assembled states. A stable organogel was obtained upon
irradiating the decane solution of 1-E with 365 nm light. This
sol-to-gel transition is ascribed to the co-assembly of 1-E and
light-irradiated product 1-ZPSS, mainly driven by the emergence
of intermolecular hydrogen bonds between the two adjacent
monomers in a head-to-head arrangement manner. We antici-
pate that, like acylhydrazone derivatives, other suitable stimuli-
responsive molecules may manipulate the distinctive phase
transition. Furthermore, the reversible sol-to-gel transition has
© 2022 The Author(s). Published by the Royal Society of Chemistry
been appropriately applied in gel-based valves formed in situ in
microuidic devices. The current work not only highlights the
fundamental understanding of photoisomerization in supra-
molecular photochemistry, but opens up a new avenue towards
remote-controlled miniature materials.
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