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Fluorescent materials that respond to multiple stimuli have broad applications ranging from sensing and
bioimaging to information encryption. Herein, we report the design and synthesis of a single-fluorophore-
based amphiphile DCSO, which shows temperature-, solvent-, humidity-, and radiation-dependent fluo-
rescence. DCSO consists of a dicyanostilbene (DCS) group as a rigid hydrophobic core with oligo(ethylene
glycol) (OEG) chains at both ends as a flexible hydrophilic periphery. The DCS group acts as a highly
efficient fluorophore, while the OEG chain endows the molecule with thermo-responsiveness. Fluores-
cent colors can vary from blue to green to yellow in response to external stimuli. On the basis of light
radiation, we demonstrate that this system can be applied to time-dependent information encryption,
in which the correct information can only be read at a specific time under irradiation. This work fur-
ther demonstrates the usefulness and application of single-fluorophore-based luminescent materials with

Smart materials

multiple stimuli-responsive functions.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nature displays many examples of organisms that display
functional responses to environmental changes [1]. For example,
chameleons have the remarkable ability to camouflage themselves
by changing their skin color depending on their environment [2,3].
Inspired by this, scientists have long pursued the advent of syn-
thetic stimuli-responsive systems that respond to a specific signal
to meet various real-life requirements [4-7]. In particular, optical
signals are highly desirable due to several useful characteristics,
such as rapid response times, high sensitivity, and instant visu-
alization [8,9]. Changes in luminescence color or intensity in re-
sponse to external stimuli can be used as ideal feedback to indi-
cate the responsive behavior of the system. As a result, the field
of stimuli-responsive luminescent materials has become an active
area of research [10-16].

In this context, luminescent materials based on organic
molecules are of particular interest due to their roles in many
active fields of research. However, many of the reported systems
only exhibit a fluorescence response to a single external stimulus
[8,17], such as photo- [18], mechano- [19], thermo- [20,21], and
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solvatochromic signals [22]. In contrast, materials containing a sin-
gle organic fluorophore that respond to multiple stimuli to elicit
a change in fluorescence behavior are considerably more scarce -
even though such systems are highly desirable [23-25].

Herein, we report DCSO, a multiple stimuli-responsive fluo-
rescent system achieved by attaching oligo(ethylene glycol) (OEG)
groups onto both sides of a dicyanostilbene (DCS) motif (Scheme
1). The OEG groups should enable the dissolution and self-
assembly of the amphiphile in aqueous media while also being
thermo-responsive in water due to the hydrophilic-to-hydrophobic
change of the glycol chains upon heating [26-31]. For example,
we recently developed a variety of thermo-responsive fluores-
cent materials mediated by OEG groups [32,33]. In this work, we
show that DCSO not only exhibits thermo-responsive behavior, but
also shows solvatochromic and humidity-responsive characteristics
where the fluorescence color of the material exhibited dramatic
spectral variation ranging from blue to yellow through green in re-
sponse to the external stimuli. Most interestingly, the material also
showed a time-dependent UV irradiation response in fluorescence,
which was exploited for transient information storage and encryp-
tion [34].

DCSO was synthesized by an etherification reaction of a di-
hydroxy DCS-core with a benzyl bromide compound decorated
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Scheme 1. Schematic illustration of the multiple stimuli-responsive fluorescence
system based on a single fluorophore: the chemical structure of DCSO and its re-
sponsive behavior to temperature, solvent, humidity, and irradiation.

with OEG chains (Scheme S1 and Figs. S1-S3 in Supporting in-
formation). Importantly, DCSO can be dissolved in both organic
solvent and water. With DCSO in hand, we first investigated its
concentration-dependent self-assembly behavior in water owing to
its amphiphilic nature. Dilute solutions of DCSO are weakly emis-
sive (Fig. S4 in Supporting Information), however, when the con-
centration was increased to 256 umol/L, the photoluminescence
(PL) intensity was significantly enhanced before reaching a plateau
— verifying that DCSO is exhibiting aggregation-induced emission
(AIE). This behavior also suggests that DCSO is completely dis-
solved in dilute solution exhibiting weak emission while it exists
as nanoaggregates in higher concentration solutions, with the fluo-
rophores packed closely together, resulting in a significant fluores-
cence enhancement. The critical aggregation concentration (CAC) of
DCSO was measured to be 176 pmol/L by concentration-dependent
full-wavelength optical transmittance (Fig. S5 in Supporting infor-
mation). A clear Tyndall effect was observed in 200 pmol/L DCSO
aqueous solution, indicating the presence of abundant nanoaggre-
gates. The size of the nanoaggregates was subsequently measured
by dynamic light scattering (DLS), exhibiting an average hydrody-
namic diameter of ca. 41 nm (Fig. S6a in Supporting information).
In order to further study the morphology of the nanoaggregates,
transmission electron microscopy (TEM) was also carried out, and
showed spherical nanoparticles with a diameter of about 20~30
nm (Fig. S6b in Supporting information).

The lower critical solution temperature (LCST) behavior [31,35-
37] of DCSO was further investigated. As shown in Fig. 1a, a trans-
parent aqueous solution of DCSO (200 pmol/L) at 25°C became
turbid when heated to 56 °C. The cloud point temperature (Touq)
of DCSO under these conditions was determined to be 55.5°C by
monitoring the temperature-dependent transmittance at 500 nm.
The LCST behavior of DCSO is likely due to the dynamic interac-
tion of OEG chains with surrounding water molecules. When Tiest
< Teoud» OEG chains can form hydrogen bonded networks with
water molecules, making DCSO amphiphilic and forming well-
ordered nanoparticles, resulting in a transparent solution. However,
when Tiest > Tgoug, the hydrogen bonded networks will be dis-
rupted by the high temperature, causing the OEG chains to be-
come hydrophobic. As a result, the entire DCSO molecule loses
its amphiphilicity, leading to phase separation and ultimately, a
turbid solution. It is also worth noting that the LCST behavior
of DCSO can be modulated by changing the concentration (Fig.
S8 in Supporting information). T.,,q decreased from 59.9°C to
52.5°C when the concentration was increased from 50 pmol/L
to 700 pmol/L. Fig. 1b shows the reversible phase transition of
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Fig. 1. Thermo-responsive behavior of DCSO and its temperature-dependent photo-
physical properties. (a) Temperature-dependent transmittance of DCSO at 500 nm
in water, [DCSO] =200 pmol/L, insets: photographs of the solution below and above
Taoud- (b) Reversible changes in optical transmittance of DCSO when cycling be-
tween 54.5 and 56.5°C ([DCSO] =200 umol/L). (¢) Temperature-dependent normal-
ized PL spectra of DCSO in water ([DCSO] =200 pmol/L, Aex =390 nm). (d) Plot of
fluorescence intensity ratio between 490 and 540 nm (I490/ls40) as a function of
temperature, insets: photographs of DCSO solution at 20°C (left) and 80°C (right).

DCSO upon several heating/cooling cycles without any evidence
of fatigue. This behavior verifies that DCSO displays outstanding
temperature-responsiveness.

Given the LCST behavior of DCSO, we wondered whether DCSO
would display temperature-dependent fluorescence characteristics
owing to the different aggregation states between heating and
cooling. Subsequently, a temperature-dependent fluorescence ex-
periment was performed where the temperature was increased
from 20°C to 80°C. Under these conditions the fluorescence max-
imum showed a significant blue-shift from 540 nm to 490 nm
(Fig. 1c) which resulted in the fluorescence color changing from
greenish yellow to green. In addition, with the increase of tem-
perature, the fluorescence intensity of DCSO at 540 nm gradu-
ally decreased, while the emission peak at 490 nm gradually in-
creased. This change can be represented by the relationship be-
tween I499/I54¢ (I represents the PL intensity) and temperature (Fig.
1d). With the increase of temperature, an inflection point is ob-
served at 54.8°C, and aligns to the cloud point determined by flu-
orescence. This value is also consistent with the Tq,q (55.5°C)
measured by optical transmittance. In parallel, the absolute fluo-
rescence quantum yield decreased from 19% at room temperature
to 14% at high temperature (Fig. S14 in Supporting information).
We expect that when the solution is at 20°C, DCSO molecules
are stacked together to form well-ordered nanospheres where the
tight packing of the fluorophores restricts intramolecular motion
and leads to strong emission intensity. Upon heating, however, a
phase transition occurs where the tightly packed fluorophores be-
gin to loosen (but remain aggregated) (Fig. S7 in Supporting infor-
mation), resulting in a reduced fluorescence. To understand the ob-
served blue shift, we further conducted a temperature-dependent
UV-vis absorption study (Fig. S9 in Supporting information). When
the temperature was increased to exceed 55.5°C (Tgouq), the ab-
sorption between 340 and 420 nm significantly decreased and new
absorption bands between 260 and 340 nm appeared, indicative
of the formation of H-like aggregates. In contrast, DCSO in well-
ordered nanospheres at 20°C may exist as J-like aggregates (vide
infra). Therefore, the blue shift in fluorescence may be due to the
transformation of DCSO aggregation morphology upon heating.
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Fig. 2. Solvatochromic and humidity-responsive emission behaviors of DCSO. (a)
UV-vis spectra of DCSO in various solvents (note: Diox = 1,4-dioxane, DCE=1,2-
dichloroethane). (b) Normalized emission spectra of DCSO in different solvents
([DCSO] =200 pmol/L, Aex =390 nm). (c) Time-dependent photographs of wet DCSO
films during drying under UV light. (d) Reversible changes in fluorescence color of
the DCSO film in response to water vapor.

Solvatochromic materials have gained considerable attention in
recent years [38-41], thus, we also studied the photophysical prop-
erties of DCSO in different solvents. DCSO dissolves well in CH5CN,
leading to an absorption maximum at 374 nm. In contrast, the UV-
vis spectrum of DCSO in H,O exhibits significant differences as
follows (Fig. 2a): (1) a red shift of absorption maximum to 385
nm, (2) the occurrence of a shoulder band at about 440 nm, (3)
decreased absorption with concomitant band broadening. These
observations suggest that a somewhat J-type aggregation had oc-
curred in water. However, such an aggregation deviates from clas-
sical J-aggregates [42-44], as suggested by the wider absorption
spectrum and the lower overall extinction coefficient. This is likely
due to the abundance of rotating bonds in the DCS moiety and
the large OEG chains prevent the formation of perfect J-aggregate
stacks. Different fluorescence colors, ranging from yellow to green
to blue, were observed in different solvents with reduced polar-
ity (Fig. S10 in Supporting information), suggesting that DCSO may
exhibit dual-state emission (DSE) [45,46] where fluorescence oc-
curs in both aggregated and completely dissolved solution states.
As shown in Fig. 2b, the emission spectrum exhibited a blue shift
with decreasing solvent polarity. Specifically, with solvent polarity
decreasing from water to CCly, the fluorescence maximum blue-
shifted from 540 nm to 450 nm.

Given the unique fluorescent color of DCSO in water and the
practical significance of humidity detection, the response of DCSO
to water vapor when deposited on a filter paper was also studied.
As shown in Fig. 2¢, a wet film exhibits a greenish yellow fluores-
cence color but changed to bright cyan gradually over time. This
cyan color in the dry state is similar to the fluorescent color ob-
served in low polarity solvents and is likely due to the dielectric
constant of air being close to that of low polarity solvents. Impor-
tantly, the color change between the wet and dry state can be re-
peated more than 10 times without obvious fatigue, indicative of
excellent humidity-responsiveness (Fig. 2d).

As the cyanostilbene group is well-known for its photo-
responsive behavior [39,47-49], the responsive properties of DCSO
in water upon UV-irradiation were next investigated. As shown in
Scheme 1, with increasing irradiation time (irradiation wavelength:
Airr =365 nm), the fluorescence of the solution gradually changed
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Fig. 3. Concentration- and time-dependent irradiation-responsive fluorescence of
DCSO in water. (a) UV-vis absorption and (b) fluorescence spectra of DCSO at dif-
ferent UV light exposure times ([DSCO] =200 pmol/L, A;; =365 nm, Aex =390 nm).
(c) Absolute fluorescence quantum yields (@) of DCSO at different concentrations
(before irradiation) and irradiation times ([DCSO]=512 pmol/L). (d) Fluorescence
decay profiles of DCSO at different concentrations.

from bright yellow to light blue, before being quenched. It is worth
noting that the fluorescence changes observed at low concentra-
tion are significantly faster than those measured at high concen-
tration. The absorption spectrum of DCSO showed a hypochromic
blue shift at 390 nm, with a hyperchromic shift at 240 nm (Fig.
3a), while the fluorescence spectra exhibited a blue shift and de-
crease in intensity (Fig. 3b). This is likely due to the destruction
of the long-range molecular conjugation within the DCS group of
DCSO.

The absolute fluorescence quantum yields (@) at different con-
centrations and irradiation times were also measured (Fig. 3c). The
@r increases with an increase in concentration and decreases with
an extension of irradiation time (Figs. S16 and S17 in Supporting
information), which is consistent with the phenomenon mentioned
above. The fluorescence lifetime () at different concentrations and
different times were next measured where (Tables S2 and S3 in
Supporting information), as shown in Fig. 3d, t increased from
2.72 ns to 9.04 ns as the concentration increased from 16 pmol/L
to 512 pmol/L. We attempted to understand the changes in the
molecular structure of DCSO using 'H NMR, however, the signals in
D,0 gave inconclusive results. We then employed high-resolution
ESI-MS to examine a sample of a fluorescence-quenched solution
(Figs. S12 and S13 in Supporting information), which suggested the
formation of a DCSO dimer. Notably, intermolecular cyclodimeriza-
tion is more likely to occur when cyanostilbene units exist in an
aggregated state [49].

Information encryption materials have become more and more
important in recent times, but examples of those encrypted on a
time scale are still in the preliminary stages of development [50-
54]. Given that our material has multiple responses, we tried to
create a multi-functional information encryption model. As shown
in Fig. 4a, by using different concentrations of solution to encode
information on a core plate, emission intensity and color can be
controlled on a UV irradiation time scale. As a proof-of-concept
test, the messages “Y” (for “yes”) and “N” (for “no”) were encoded
by simply using a solution with a high concentration (256 pmol/L)
and a low concentration (16 pmol/L) (Fig. 4b). As a result, the infor-
mation can be decrypted either by increasing the temperature or
by UV exposure. At the beginning, all solutions showed bright yel-
low fluorescence. Upon heating, the information with yellow fluo-
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Fig. 4. Demonstration of time-dependent information encryption. (a) The steps of
the information encryption process. (b) Proof-of-concept testing revealed that coded
messages “Y” (for “yes”) and “N” (for “no”) were decoded by increasing the tem-
perature or by UV exposure and eventually erased with prolonged exposure to UV
light.

rescence was decoded and displayed as the emission color of the
concentrated solutions change to green. Moreover, as the UV light
irradiation time increased, the information with green fluorescence
was decoded and displayed. With further extension of the irradia-
tion time, the information was gradually erased. The message can
only be read at a certain time, that is, using a “time key” to de-
crypt the message. The function of time encryption may allow for
‘secrecy levels’ of fluorescent display materials and has great po-
tential in practical applications, such as adding time locks to doors.

In summary, we have developed a multiple stimuli-responsive
system based on a single-fluorophore amphiphilic molecule DCSO,
which can self-assemble into nanoparticles in water. Since the DCS
group is AIE active and the OEG coil is thermally responsive, the
material shows a blue-shift in fluorescence from yellow to green
upon heating. In addition, the molecule exhibits solvatochromic
and humidity-responsive fluorescence, which has the potential to
indicate solvent polarity and humidity levels. On account of the
intermolecular cyclodimerization of aggregated DCSO under UV ir-
radiation, fluorescence studies showed concentration- and time-
dependent changes in both color and intensity. Taking advantage
of this, solutions of different concentrations were used to encode
specific information. This information was dynamic on a short time
scale, and the correct information could be decrypted under irra-
diation at a specific time point. In addition, the information en-
coded by different concentrations can also be decrypted at a spe-
cific temperature. We believe this work can serve as an inspiring
basis for the creation of single-fluorophore-based smart materials
with multi-responsive properties.
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