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Photoswitchable near-infrared (NIR) fluorescence molecules have the characteristic of reversible NIR

luminescence modulation, showing broad application prospects in advanced photonic applications such

as optical storage and super-resolution fluorescence imaging. Herein, a visible-light-driven solid-state

NIR fluorescent bistable molecular switch TDI-4(DTE-TPE) was constructed by covalently coupling

aggregation-induced emissive tetraphenylethylene (TPE), photochromic dithienylethene (DTE) and NIR

emissive terrylene diimide (TDI) into a single molecule. As the bulky TPE groups hinder the molecules

from stacking, the open-form TDI-4(DTE-TPE) exhibits enhanced NIR in the solid state with a maximum

emission wavelength of 786 nm, whose fluorescence intensity is 35 times higher than that of its

precursor TDI powder. Upon 405 nm visible light irradiation, the open form converted into non-

fluorescent closed form, accompanying a fluorescence quenching of >93%, arising from the electron-

donating conjugation ability of the TPE group. This process is reversible under another longer

wavelength irradiation with excellent fatigue resistance. Also, both the open and closed forms were

stable at 85 °C and 85% humidity in air for more than 1000 h, showing great bistability and aging

resistance. Benefitting from these, its PMMA film realizes multi-level optical information storage, which is

a promising photonic storage medium.
1 Introduction

Low-energy long-term secure storage of massive data is
increasingly arousing concerns in the era of big data we are
entering.1,2 Optical storage is considered to be an important
alternative for massive data storage with competitive energy
saving and long-term safety in the future.3 However, at present,
the size of the traditional optical storage unit is close to its
limits. It is of great signicance to develop higher density, larger
capacity optical storage mediums, and technologies. At present,
the technologies to improve the optical data storage density
mainly include three-dimensional (3D) or multi-layer storage,4

super-resolution storage,5 and multi-level storage.6 Among
them, the 3D storage and super-resolution technology rely
strongly on complicated or expensive devices. Instead, a multi-
level strategy is amore direct and effective route to achieve high-
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f Chemistry 2023
density optical storage, and it is also a basic technology that can
be combined with 3D and super-resolution ones.

Photoswitchable uorescent molecules are photochromic
materials working at the single-molecule level and are sensitive
to light irradiations to generate reversible changes in physical
properties and can be utilized for optical information storage,
such as programmable patterning,7 anti-counterfeiting8 and
high-density data storage.4 Photon-model recording technology
based on photochromic materials shows great promise for high-
density data storage.9 Initially, photoswitchable absorption
changes (color, reectivity changes, etc.) were employed for
multi-level optical storage.10 In recent years, photochromic
materials with uorescence photoswitching functions have
been developed rapidly.11–13 Compared with the absorption
signal, the uorescence signal has higher detection sensitivity
and limit, and also the feasibility of non-destructive
readout.14–18 Therefore, molecular photoswitches with optically
controlled uorescence switching capacity show more broad
application prospects in photon-model storage. Moreover,
photoswitchable uorescence molecules with high switching
contrast and robust bistability are expected to achieve multi-
level uorescence signals with greatly increased storage
density. However, the current research of optical storage based
on photoswitchable uorescence molecules is mainly focused
J. Mater. Chem. A, 2023, 11, 5703–5713 | 5703
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on conventional binary data recording, while their multi-level
uorescence storage has not yet been reported.

Compared with other types of photoswitchable molecules,
diarylethene shows these main outstanding advantages: (1)
diarylethene has unique bistable states, which is the basic
guarantee for stable information recording; (2) its excellent
fatigue resistance can guarantee long-term repeatable data
reading, writing, and erasing; (3) it keeps eminent photo-
switching performance in rigid media, which makes them
competent in optoelectronic devices.19–21 Photoswitchable uo-
rescence diarylethene is one of the most promising photo-
chromic optical storage media8 but faces the problem of
uorescence signal destructive readout.22 How to realize the
non-destructive readout of uorescence signals is an important
question.23 Recently, near-infrared (NIR) uorescent materials
have been widely applied in bio-imaging and optoelectronic
devices due to their large penetration depth, low background,
little light interference, and chemical adjustability of molecular
structure.24,25 By utilizing the fact that the NIR uorescent
wavelength is far away from the absorption wavelength of the
photoswitching unit and taking the photo-induced electron
transfer (PET) mechanism to quench the uorescence of closed-
form NIR uorescent diarylethenes at the same time, the
nondestructive readout of the uorescence signal was accom-
plished.26,27 It indicated the photoswitchable NIR diarylethenes
are promising optical storage media for practical applications.

However, photoswitchable NIR-uorescence molecules have
not been widely studied due to the difficulty of molecular design
to a great extent. Decorating NIR-uorescence groups on
photochromic diarylethene is a common strategy to construct
photoswitchable NIR uorescent diarylethene molecules. For
example, NIR uorophores, such as porphyrins,28 benzothia-
diazole-derivative,24 cyanine dyes,29,30 cyanovinylene-backboned
conjugated polymers,31 transition metal32 or lanthanide
complex,14 PdS nanocrystal,33 terrylene diimide (TDI),34 have
been introduced in diarylethene systems recently, making great
progress on NIR uorescence photoswitching. Among them,
TDI is the higher rylenediimides similar to perylene diimides
(PDI),35 which possesses outstanding optical properties, such as
high uorescence quantum yield, large molar extinction coef-
cient, and outstanding photostability.36 The Würthner's
group34 rst introduced stable and bright NIR uorescent TDI
on the two sides of diarylethene units to form NIR uorescent
photoswitching for non-destructive readout, which can work in
some polar solvents. In our previous work,16 the photochromic
diarylethene was connected to the TDI to obtain a photo-
switchable NIR uorescent molecules with a high ‘ON/OFF’
switching contrast upon 302 nm UV irradiation. As the NIR
emission spectrum of TDI and the absorption spectrum of
closed-form diarylethene only partially overlapped, the ‘quasi’
non-destructive readout of uorescence was realized for non-
volatile optical memory applications.

In practical application scenarios, the required materials
oen exist in the form of solid, lm or highconcentration/
density state.37 However, most of the present NIR uorescent
diarylethenes were investigated under low-concentration solu-
tions rather than the solid state.34 Like the conventional NIR
5704 | J. Mater. Chem. A, 2023, 11, 5703–5713
uorescent dyes, NIR uorescent diarylethenes also meet the
problems of weak NIR emission and serious aggregation-caused
quenching (ACQ) phenomenon, which signicantly limits its
application in bio-imaging and optoelectronic devices.
Furthermore, these photoswitchable NIR-uorescence diary-
lethenes generally require high-energy UV light to drive the
photocyclization reaction.24 As is known, UV light has a strong
light damage effect and relies on expensive instruments, which
is desirable to be resolved. Therefore, the development of
visible-light-driven photoswitchable solid-state NIR uorescent
diarylethene is of great signicance.38

In order to simultaneously achieve enhanced solid-state NIR
uorescent, all visible-light driving photoswitching and large
ON/OFF switching ratio, we introduced four tetraphenyl-
ethylene (TPE)-modied dithienylethene (DTE) groups at the
TDI bay-positions to prepare a novel visible light-driving solid-
state high-brightness NIR uorescent diarylethene TDI-4(DTE-
TPE). In this system, TDI provides a near-infrared emission
function. DTE provides the photochromic function. The
quadruple DTE groups substitution strategy can dramatically
improve the uorescence ON/OFF switching ratio. TPE can
effectively increase the conjugation of the whole molecule,
promoting the red shi absorption and thereby the visible light
sensitivity of DTE photoswitching units. At the same time, TPE
has a propeller-like aggregation-induced emission (AIE) struc-
ture with large steric hindrance, which could effectively inhibit
the strong intermolecular p–p stacking to weaken the non-
radiative decay of the excitation state and thereby increase the
solid-state NIR uorescence. As expected, TDI-4(DTE-TPE)
molecule exhibits all-visible-light controlled NIR uorescent,
achieving a considerable uorescence switching ratio under
405 nm light. Based on the great visible light responsibility and
solid-state NIR uorescence, the application for multi-level
optical information storage was demonstrated.

2 Results and discussion
2.1 Molecular design, synthesis, characterizations

The synthesis of TDI-4(DTE-TPE) looks challenging at rst
glance due to its large molecular structure. Herein, we adopted
the idea of building blocks to achieve highly efficient synthesis.
Firstly, TDI moiety bearing four borate ester groups39 and DTE
moiety with monobromo decoration40 were synthesized. Then,
they can be coupled by a highly efficient Suzuki cross-coupling
reaction to afford TDI-4(DTE-TPE) with a yield as high as 64.2%.
The molecular structure of TDI-4(DTE-TPE) is shown in Scheme
1. Its detailed synthesis route and characterizations are
described in the ESI.† Its purity was tested to be 98.9% by high-
performance liquid chromatography (HPLC) (Fig. S1†). Its
molecular ion peak measured by MALDI-TOF is 3990.55 for [M +
1]+, well consistent with the theory value 3990.01 (Fig. S2†). The
above results are in full agreement with the structure of the
target product TDI-4(DTE-TPE).

The AIE-active TPE group in the molecular structure of TDI-
4(DTE-TPE) has a large steric hindrance effect. Four bulky TPE-
DTE groups are covalently connected to a single TDI uo-
rophore through the oxygen-atom bridge bonds.39 This not only
This journal is © The Royal Society of Chemistry 2023
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Scheme 1 The synthesis route, chemical structures and photochromic reactions of TDI-4(DTE-TPE). PET means the photo-induced charge
transfer, ET means the energy transfer.
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preserves the individual optical properties of the two structural
parts but also avoids the strong p–p stacking interactions
between the TDI cores such as the H-aggregation41–43 and
excimers44–47 which could quench the uorescence. Thus the
non-radiative decay of excitons was weakened, resulting in
bright NIR emission in the aggregate or solid state. On the other
hand, TPE has good electron-donating conjugation capacity and
effectively extends the conjugation of DTE moiety to achieve
visible-light driving ability.48–50 The introduction of TPE groups
has the effect of ‘two birds with one stone’, while the quadruple
diarylethene substitution strategy can dramatically improve the
ON/OFF contrast of the uorescent photoswitching.
2.2 Photochromic property

TDI-4(DTE-TPE) molecule can realize visible light-driven pho-
tocyclization reaction as expected. The photochromic properties
of its tetrahydrofuran (THF) solution and polymethyl methac-
rylate (PMMA) lm under 405 nm visible light irradiation are
shown in Fig. 1. The absorption spectra of TDI-4(DTE-TPE)
resembles the combination of that of its moieties model
compounds in both open-form and closed-form cases (Fig. S3b
and d†). The open-form TDI-4(DTE-TPE) (abbr. TDI-4(DTE-TPE)-
o) sample is green in color (Fig. S4†). Its maximum absorption
peaks at 608 nm and 663 nm are from the TDI moiety as open-
This journal is © The Royal Society of Chemistry 2023
form DTE moieties usually do not have absorption at that long
wavelength, which is also consistent with the computed energy
gap of 1.87 V (Fig. S5†). The other absorption peak at ∼300 nm
is mainly contributed by the open-form TPE-DTE group
(Fig. S3b†). Upon 405 nm visible light irradiation, the DTE unit
undergoes the photocyclization reaction, i.e., the open form
DTE is converted to the closed form one (TDI-4(DTE-TPE)-c).
The solution becomes blue in color, accompanying the
sharply rising absorption at ∼605 nm, which is ascribed to the
forming of closed-form DTE (Fig. S3c and S6†). Aer 80 s
405 nm irradiation, the photostationary state (PSS) was reached
and the absorption did not change anymore. Using other long
wavelengths of visible light irradiation (e.g. 621 nm), it recov-
ered to the initial open form state. Upon UV or short wavelength
light irradiation, the open-form DTE can be partially converted
to the closed-form one. The situation is different for the long
wavelength visible light irradiation on the closed-form DTE.
Although the photocycloreversion quantum yield is low, the
photocycloreversion reaction would be complete as only the
closed-form DTE can absorb the long wavelength visible light
rather than the open-form one (Fig. S3†). Thus, only the ring-
opening reaction could happen under long-wavelength visible-
light irradiation. That is to say the closed form DTE can be
turned to the full open form DTE (i.e., TDI-4(DTE-TPE)-o) upon
J. Mater. Chem. A, 2023, 11, 5703–5713 | 5705
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Fig. 1 The photochromic properties of TDI-4(DTE-TPE) in THF solution (1 × 10−6 M) and PMMA film (2 wt%) under visible light irradiations. The
absorption spectra changes of TDI-4(DTE-TPE) in (a) THF solution and (b) PMMA film upon 405 nm visible light irradiation. (c) The first 10
photoswitching cycles of the absorbance at 608 nm of TDI-4(DTE-TPE) in THF solution under alternating irradiations of 405 nm (40 s) and
621 nm (5 min) lights. (d) The first 10 photoswitching cycles of the absorbance at 628 nm of TDI-4(DTE-TPE) PMMA film under alternating
irradiations of 405 nm (80 s) and 621 nm (8 min) lights.
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relatively longer wavelength irradiation (such as 621 nm,
589 nm and 550 nm, see Fig. S7†). Experimentally, it takes about
180 s for the complete photocycloreversion reaction to achieve
the full open form DTE (Fig. S8 and S9†), For the photo-
switching cycles test, we used a longer irradiation time of 5 or
8 min to guarantee the full open form state. Upon alternating
irradiations of 405 nm violet-blue and 621 nm red lights (Fig. 1c
and d), the above processes can be repeated at least 10 times
with negligible absorption changes of both open- and closed-
form TDI-4(DTE-TPE), exhibiting considerable photochromic
reversibility and fatigue resistance. The change of 1H NMR
spectra of TDI-4(DTE-TPE) with the increased irradiation times
of 302 nm UV light and 405 nm visible light, respectively, was
monitored (Fig. S10†). By calculating the integral area ratio of
the methyl groups on thiophene rings 2.13 ppm (open-form
DTE) and 1.93 ppm (closed-form DTE) peaks,39 the conversion
yields from the open-form DTE to the closed one at PSS at
302 nm and 405 nm were 95.8% and 49.3%, respectively. The
photoisomerization quantum yields were tested based on the
dynamic absorption results (Fig. S11–S13†) according to the
reported method.39 The photocyclization quantum yields Fo/c
5706 | J. Mater. Chem. A, 2023, 11, 5703–5713
at 302 nm and 405 nm irradiations were 0.42 and 0.12,
respectively. The photocycloreversion quantum yields Fc/o at
621 nm was 0.013, which is comparable to the results obtained
on a similar dithienylethene core structure from the litera-
ture.39,51,52 It indicates that TDI-4(DTE-TPE) has a moderate
405 nm visible light responsiveness and excellent ultraviolet
light responsiveness.
2.3 Solid-state NIR uorescence performance

TDI-4(DTE-TPE)-o contains the NIR uorescent TDI group. In
low polar solvents, there is a bright NIR emission with a uo-
rescence quantum yield (FLQY) of 0.52 in cyclohexane (Table
S1†). The maximum emission wavelength is 701 nm in dilute
THF solution (FLQY = 0.46). The NIR emission decreased in
high polar solvents along with a red shi of emission peak
(Fig. 2b). This is probably caused by a bit distorted donor–p–
acceptor (D–p–A) structure of the TDI core with four –O–
bridges.49 When the solvent polarity is high, the intramolecular
charge transfer (ICT)53 is intensied to accelerate the non-
radiative transition process. As a result, the uorescence emis-
sion is weakened in the polar solvent. The FLQY of TDI-4(DTE-
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 NIR fluorescence properties of TDI-4(DTE-TPE). (a) The molar extinction coefficient and (b) fluorescence spectra of TDI-4(DTE-TPE) in
different solvents. (c) The fluorescence spectra of TDI-4(DTE-TPE) in the dichloromethane–hexane binary solvent with different volume
percentages of n-hexane. The insert is the Tyndall effect test result of the sample in 99% hexane by a green laser. (d) The solid state emission
spectra of TDI, TDI-4Br, TDI-4DTE (their molecular structure was shown in Fig. S13†), and TDI-4(DTE-TPE) with the same equipment parameters.
The concentrations of the solution samples are all 5 × 10−6 M. The excitation wavelength for the fluorescence test is 600 nm.
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TPE) in cyclohexane is 2.7 times that in dichloromethane
(DCM).

Due to its large planar conjugated structure, TDI's simple
derivatives are prone to form strong H-aggregation and excimers
between the molecules to quench the uorescence.41–43,45–47

Therefore, the uorescence emission of TDI derivatives (e.g., TDI
and TDI-4Br in Fig. 2d) in the solid state or high concentration is
usually very weak. Given this, we introduced a sterically hindered
bulky structure of propeller-like TPE groups surrounding the TDI
core, expecting to impair the stacking effect to achieve enhanced
solid-state NIR uorescence. In order to verify the uorescence
enhancement phenomenon caused by its steric effect, we carried
out AIE performance test experiments on TDI-4(DTE-TPE)-o. We
chose DCM-hexane binary solvent to study its aggregation-
induced luminescence property (Fig. 2c). With the increase frac-
tion of the poor solvent hexane in the DCM solution of TDI-
4(DTE-TPE)-o, it maintained a uniform, stable and transparent
liquid. The uorescence intensity of TDI-4(DTE-TPE) increases
steadily with the increase of the hexane fraction value fhex till it
reaches 80%. Aer fhex is greater than 80%, the uorescence
This journal is © The Royal Society of Chemistry 2023
intensity decreases slightly with a slight blue shi of emission
peak from 716 nm to 691 nm. This is possibly caused by the
ordered aggregation of molecules to form nanoparticles when the
fhex is large enough.54 When fhex is 99%, the Tyndall effect was
obvious Fig. S14,† evidencing that TDI-4(DTE-TPE) molecules
form nanoparticles which were further conrmed by TEM
(Fig. S15†). Nevertheless, in this aggregation state, the FLQY is
still 1.8 times that in DCM (Table S1†). This is probably attributed
to the bulky DTE-TPE moieties to prevent the serious aggregation
of TDI cores.

TDI-4(DTE-TPE) was also expected to exhibit enhanced NIR
emission in the solid or condensed state. Its solid-state emission
spectrum is compared with that of its analogues TDI, TDI-4Br,
and TDI-4DTE (Fig. 2d and S16†). The NIR uorescence of
large planar molecules TDI and TDI-4Br without bulky substit-
uents is extremely weak in the solid powder state due to the
strong p–p stacking interaction.55 TDI-4DTE with bulky DTE
substituents has improved solid-state NIR uorescence, but
much less than that of TDI-4(DTE-TPE). That is because TDI-
4(DTE-TPE) is a highly bulky three-dimensional molecular
J. Mater. Chem. A, 2023, 11, 5703–5713 | 5707

https://doi.org/10.1039/d2ta09607b


Fig. 3 The NIR fluorescence photoswitching properties of TDI-4(DTE-TPE) in THF solution (1 × 10−6 M) and PMMA film (2 wt%) under visible
light irradiations. The fluorescence spectra changes of TDI-4(DTE-TPE) in (a) THF solution and (b) PMMA film upon 405 nm visible light irra-
diation. (c) The first 10 photoswitching cycles of the fluorescence intensity at 701 nm of TDI-4(DTE-TPE) PMMA film under alternating irradiations
of 405 nm (40 s) and 621 nm (5 min) lights. (d) The first 10 photoswitching cycles of the fluorescence intensity at 708 nm of TDI-4(DTE-TPE)
PMMA film under alternating irradiations of 405 nm (80 s) and 621 nm (8 min) lights. The excitation wavelength for fluorescence spectra is
600 nm.
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structure, in which the TPE-DTE group is wrapped to the TDI
core (Fig. S17†). It shows that TDI-4(TPE-DTE) powder is more
like an amorphous state as no obvious XRD peaks were observed
(Fig. S18†). TDI-4(DTE-TPE) molecules tend to be more loosely
packed in the solid state with a lowered intermolecular p–p

interaction. Nevertheless, the amorphous TDI-4(TPE-DTE) solid
powder still results in the formation of molecular excimers,
which can be deduced from a red shi of emission in solid state
compared to the monomer emission in solutions and the lack of
vibronic peaks in this red-shied emission45–47 (Fig. 2b and d). In
contrast, there are abundant peaks in the XRD spectrum of the
TDI-4Br powder (Fig. S18†). It means that as a simple TDI
derivative, TDI-4Br powder has regular molecules stacking in
short- or long-range orders. The interplanar distance of TDI-4Br
molecules in the power state was estimated to be about 3.76 Å
according to the literature method,47 which further supports the
excimer and H-aggregation quenching mechanism of the TDI
core. The result indicates that TDI-4(TPE-DTE) did not form
orderly stacking structures, which is an evidence of the bulky
structure restraining the p-stacking when considering the above
result of its analogue TDI-4Br. As a result, it has relatively strong
NIR emission at a solid state with a maximum emission wave-
length of about 786 nm located in the typical rst NIR region.
5708 | J. Mater. Chem. A, 2023, 11, 5703–5713
Compared with TDI, themaximum uorescence intensity of TDI-
4(DTE-TPE) solid powder is increased by 35 times. In general,
TDI-4(DTE-TPE) exhibits enhanced NIR emission in the aggre-
gation state and solid state. The introduction of four bulky TPE-
DTE groups improves the solid-state NIR uorescence perfor-
mance, which makes TDI-4(DTE-TPE) more suitable for solid-
state applications than TDI-4DTE.

2.4 Fluorescence photoswitching performance

As TDI-4(DTE-TPE) contains photochromic DTE groups, it
shows a uorescence photoswitching function. Besides UV light
irradiation (Fig. S12 and S13†), short wavelength visible light
such as 405 nm can also induce uorescence quenching (Fig. 3
and S19†). The band gap of the open-formDTEmoieties (DTE-o)
is larger than that of TDI, and the energy transfer from the
excited TDI core to DTE-o will not take place.16 Meanwhile, the
energy levels of the DTE-o do not match the LUMO level of TDI
(Fig. S20†) to induce the photoinduced electron transfer (PET)
between them.35 Therefore, the TDI-4(DTE-TPE)-o exhibits
a bright NIR uorescent state. Upon 405 nm visible light irra-
diation, the TDI-4(DTE-TPE)-c is generated accompanying the
quenching of NIR uorescence. A photostationary state (PSS)
was achieved aer less than 80 s of 405 nm irradiation in THF
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta09607b


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

3/
20

26
 1

0:
45

:0
8 

PM
. 

View Article Online
solution (Fig. 3a). The maximum uorescence quenching effi-
ciency was more than 93% and the on-off switching ratio was
14 : 1 (Table S2†). The quenching mechanism of TDI-4(DTE-
TPE)-c is described below. First, the energy band gap of the
closed-form DTE moiety (DTE-c) is still higher than that of the
TDI moiety (Fig. S20†). The fact that the absorption spectrum of
DTE-c poorly overlaps with the TDI uorescence spectrum also
conrms it (Fig. S3a†), indicating a low probability of the energy
transfer between them. Thus, PET is prone to occur as the
energy levels of DTE-c match well with that of TDI
(Fig. S20†),34,56 which can efficiently cause the NIR uorescence
quenching of TDI. Thus, TDI-4(DTE-TPE)-c is in a non-
uorescent state. The initial uorescent state was restored
aer applying another long wavelength of visible light irradia-
tion (e.g. 621 nm) (Fig. 3c and d). Showing the same steps with
the absorption spectra (Fig. S8†), the uorescence intensity of
the closed-form TDI-4(DTE-TPE)-c was increased upon a rela-
tively long wavelength light irradiation till reaching a plateau,
where it is actually the initial open-form TDI-4(DTE-TPE)-o, in
about 3 min (Fig. S9†). Upon alternating 405 nm and 621 nm
light irradiations, TDI-4(DTE-TPE) undergoes reversible NIR
uorescence switching in the THF solution (Fig. 3c). Aer 10
cycles, the NIR uorescence loss does not exceed 5%, which
once again proves the great fatigue-resistance performance of
TDI-4(DTE-TPE). The uorescence switching performance of
TDI-4(DTE-TPE) in PMMA lm is a little lower than that in the
solution state (Fig. 3b). In PMMA lm, the maximum uores-
cence quenching efficiency and ON/OFF switching ratio were
90% and 9.5 : 1 at the photostationary state (405 nm irradiation
for 80 s), respectively. It also showed excellent fatigue resistance
in the solid PMMA lm (Fig. 3d). TDI-4(DTE-TPE)'s remarkable
Fig. 4 The aging test for the TDI-4(DTE-TPE) in PMMA for 1000 h at 85
photostationary-state (PSS at full 302 nm irradiation, right side) TDI-4(DT
the absorption spectra and (c) the absorbances at 628 nm of the open-f
during the aging test.

This journal is © The Royal Society of Chemistry 2023
performance on NIR uorescence photoswitching laid a foun-
dation for its application in optical storage and other elds.
2.5 Multilevel optical storage

The NIR-uorescence and non-uorescent states of a single TDI-
4(DTE-TPE) molecule can be regarded as the binary digits of ‘0’
and ‘1’, respectively. In practice, one data recording unit usually
has a size larger than the light diffraction limit, which is actually
a crowd of molecules. Thus, the proportion of molecules under-
going photoisomerization can be strictly related to the dose of
light irradiation. Employing this principle, multi-level signal
amplitude control for recording information could be realized
based on photoswitchable uorescent materials. By controlling
the exposure dose of the writing light (power × time), the
maximum NIR-uorescence ON/OFF switching contrast (i.e.
signal amplitude) can be divided into several signal steps to
achieve multi-level storage. In this work, TDI-4(DTE-TPE) mole-
cules were doped within polymethyl methacrylate (PMMA) and
then this mixture sample was spin-coated on a quartz wafer to
prepare an optical storage media lm. For optical storage appli-
cations, the reliability and durability of the storage media are
important factors.57 For this, we rst performed an aging test at
85 °C temperature and 85% humidity on both the open-form and
closed-form TDI-4(DTE-TPE) lms. Aer 1000 hours of aging, the
TDI-4(DTE-TPE) lm seems hardly changed from the absorption
and uorescence spectra before and aer the aging test (Fig. 4).
The results prove that the material has good bistability and anti-
aging performance.

Subsequently, the TDI-4(DTE-TPE) lm was applied for
multi-level storage (Fig. 5a). As the proof of the principle
°C and 85% humidity. (a) The photos of the open-from (left side) and
E-TPE) PMMA film before and after the aging test. The monitoring of (b)
orm and photostationary state (PSS at full 302 nm irradiation) samples
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Fig. 5 Multi-level optical storage principle and model based on TDI-4(DTE-TPE) PMMA film. (a) The schematic processes of multi-level optical
storage, the recording process was started from a dark state sample, which was irradiated by 405 nm irradiation (i.e., erasing process). The NIR
intensity at 720 nmwas related to the time of 621 nmwriting light irradiation. The information (with the form of fluorescence intensity at 720 nm)
could be erasable stored and accessed under 405 nm (erasing), 621 nm (writing), and 680 nm (reading) illuminations. (b) The fluorescence
intensity of TDI-4(DTE-TPE) PMMA film varied with the exposure time of a writing light (621 nm). The experiment data were fitted well with
a single exponential function. The curve looks like a nonlinear analog signal. (c) The signal amplitude in the variation curve of (b) was divided into
32 linear levels to figure out the corresponding times of writing time for each level of the signal. (d) After irradiating for the given exposure times
of wring light according to (b), the linear 32 levels of signal (NIR fluorescence at 720 nm) were achieved and read out by a reading light (680 nm).
The quantized NIR signal is a type of digital signal.
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experiments, 4-level, 16-level, 20-level, and 32-level models were
proposed for demonstrating the capacity of multi-level optical
storage. Firstly, the information recorded on the lm can be
completely erased by a 405 nm light (erasing light). Then, new
information could be written using 621 nm irradiation (writing
light). For most DTE derivatives, a long visible light wavelength
irradiation could induce a 100% photocycloreversion reac-
tion.58,59 For DTE units, the open form has no absorption in the
long wavelength region (Fig. S3†). There is a broad absorption
peak of the closed-form DTE unit at around ∼600 nm. That is
because a relatively long wavelength could only induce the
photocycloreversion but not the photocyclization reaction. In
this work, the closed form TDI-4(DTE-TPE)-o under long visible
light wavelength irradiation could be completely converted to
open form. Thus, upon a relatively longer visible light wave-
length (conservatively >500 nm), the DTE can induce the same
photocycloreversion reaction yields of 100% (Fig. S7†).
Choosing a different writing light wavelength does not change
photocycloreversion reaction efficacy. This offers a broad range
of alternatives for writing light wavelengths. In this work, we
selected a 621 nm LED light to demonstrate the writing light
5710 | J. Mater. Chem. A, 2023, 11, 5703–5713
function. The uorescence intensities at 720 nm (uorescence
signal) are read out under 680 nm light (reading light) excitation
to obtain the relationship between 621 nm light exposure and
uorescence intensity. Interestingly, the NIR intensity exhibited
a great exponential relationship with the light exposure time
(Fig. 5b). By correlating the NIR uorescence signal amplitude
with light exposure beforehand, we could transfer the nonlinear
analog signal to a linear digital multi-level signal (Fig. 5c),
which is suitable for computer-communication language. The
maximum uorescence intensity was divided into xed equal
levels and the exposure dose required for each stage was
calculated based on the above relationship. Finally, 4(22), 16(24),
20(∼24.3), and even 32(25) linear signal steps were obtained
(Fig. 5d and S21–S23†), which is the rst prototype of multi-level
optical storage based on uorescence photoswitching.

Signicantly, a 32-level signal means a capacity of storage of
5-bit data per storage unit, which has dramatically improved the
storage density (the commercial optical disc is 1 bit per storage
unit). In the future, increasing the levels is possible to further
improve the optical storage density based on higher-
performance uorescence photoswitching materials. The
This journal is © The Royal Society of Chemistry 2023
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maximum divisible levels are principally dependent on (a) the
destructive reading-out level (the reading light exposure will
always cause a slow increase of uorescence from the full closed
state till the full open form is arrived), (b) the detection ability of
the equipment (the lowest uorescence signal amplitude of
each stage can be resolved), (c) the precision control of light
exposure as well as (d) the other related environment or
equipment factors. The 32-level-optical storage described here
is an example of multi-level storage based on uorescence
photoswitching. The levels of optical storage in a practical
application would be mainly determined by the equipment
condition and automatic ne control level if the ideal noncon-
structive readout uorescence photoswitching could be ach-
ieved in the future.

Unfortunately, the 680 nm irradiation led to a destructive
readout of uorescence (Fig. S24†). The uorescence signal of the
TDI-4(DTE-TPE)-pss sample was also gradually increased with
reading time upon other irradiations such as 620 nm, 680 nm,
700 nm, and 720 nm (Fig. S25†). This deconstructive nature of
the TDI-4(DTE-TPE) is mainly determined by the direct light
absorption of closed-form DTE, the energy transfer caused by the
partial overlaps of the absorption spectra of the closed-form DTE
and the uorescence spectra of TDI core16 as well as the possi-
bility of triplet–triplet energy transfer from TDI to the closed
form DTE, which has been demonstrated in the literature.60 The
TDI core has a weak absorption above 700 nm, which is negli-
gible above 730 nm (Fig. 2), which is not benecial for capturing
the uorescence. Given these trade-offs, we employed the 680 nm
light to read the uorescence to guarantee a low deconstruction
reading-out and a considerable uorescence signal intensity.
Although the absorption of closed-form DTE has weak absorp-
tion at that long wavelength, it offers an available process for
photocycloreversion reaction. Nevertheless, the result gives us
a suggestion that NIR uorophore (such as quaterrylene imides)
with the larger absorption wavelength and appropriate energy
levels could be introduced into the photoswitching system in the
future to achieve a complete nonconstructive reading out system
without the energy transfer from NIR to DTE. Besides, the use of
advanced narrow-band lters or monochromatic light sources
and improving the control of light exposure are indispensable
conditions of nondestructive readout.

3 Conclusions

In conclusion, a novel visible-light-driving solid-state NIR uo-
rescent bistable molecular switch was designed and synthesized
by coupling AIE-gens TPE, photochromic DTE, and NIR emis-
sive TDI into a single molecule. TPE, an electron-donating
conjugation group, brings the visible light responsibility for
the photocyclization reaction. As expected under 405 nm visible
light irradiation, the uorescence of TDI-4(DTE-TPE) was
quenched by more than 93% and has good reversibility and
fatigue resistance. TDI-4(DTE-TPE) has NIR emission at 786 nm
in the solid state and the uorescence intensity is 35 times
higher than that of its precursor TDI powder. The relatively
bright solid-state NIR uorescence is due to the bulky substit-
uent of TPE groups suppressing p–p stacking of TDI cores. The
This journal is © The Royal Society of Chemistry 2023
PMMA lm of TDI-4(DTE-TPE) exhibits excellent fatigue resis-
tance and stability under the condition of 85 °C and 85%
humidity. The lm was used as a optical storage medium to
demonstrate a 32-level optical information storage prototype.
The results show that photoswitchable NIR uorescence mole-
cules are a kind of potential photonic optical storage material.
In the future, the optical storage medium with stronger solid-
state luminescence efficiency and completely non-
reconstructed readout-type photoswitching can be synthesized.
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