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Coupling semiconducting nanocrystals (NCs) with organic molecules provides an efficient route to
generate and transfer triplet excitons. These excitons can be used to power photochemical
transformations such as photoisomerization reactions using low energy radiation. Thus, it is desirable to
develop a general approach that can efficiently be used to control photoswitches using all-visible-light
aiming at future applications in life- and materials sciences. Here, we demonstrate a simple ‘cocktail’
strategy that can achieve all-visible-light switchable diarylethenes (DAEs) through triplet energy transfer
from the hybrid of CdS NCs and phenanthrene-3-carboxylic acid, with high photoisomerization
efficiency and improved fatigue resistance. The size-tunable excitation energies of CdS NCs make it
possible to precisely match the clear spectral window of the relevant DAE photoswitch. We demonstrate
reversible all-visible-light photoisomerization of a series of DAE derivatives both in the liquid and solid
state, even in the presence of oxygen. Our general strategy is promising for fabrication of all-visible-light
activated optoelectronic devices as well as memories, and should in principle be adaptable to
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Introduction

Semiconducting nanocrystals (NCs), also known as quantum
dots, are quantum confined inorganic crystals with high molar
extinction coefficients often combined with stable and high
photoluminescence (PL) quantum yields.! They have been used
in a wide range of applications such as light-emitting devices,
bioimaging, etc.>* The absorption and emission energies of
NCs critically depend on their size, which can be precisely
tuned by simply varying their synthesis conditions, in particular
reaction temperature and time.>® Moreover, the strong spin-orbit
coupling of NCs mixes the singlet and triplet characters and
thereby enables the harvesting of triplet excitons from the NCs
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to surface-anchored molecules, referred to as mediators or
transmitters. The hybrid of NCs and appropriate mediators
yields a long triplet lifetime through highly efficient triplet
energy transfer (TET).””® This opens up further applications of
NCs/molecule hybrids in high-performance light-emitting
materials'® as well as solar energy converting devices through
either singlet fission or triplet-triplet annihilation upconver-
sion (TTA-UC).'"*?

Triplet excited states are critical intermediates in many
photochemical transformations including photocycloaddition
and photoisomerization reactions. Coupling NCs with media-
tors provides an efficient route to power these photochemical
transformations using low energy radiation. Weiss and
co-workers recently demonstrated that CdSe NCs can catalyze
regio- and diastereoselective intermolecular [2+2] cycloadditions™®
and that CulnS,/ZnS NCs catalyze the photoreductive deprotec-
tion of aryl sulfonyl-protected phenols.'* However, triplet
sensitization from NCs to drive photoisomerization processes
at longer and thus less harmful wavelengths remains a largely
unexplored area. This is highly attractive for harvesting and
storing solar energy with significantly longer wavelengths.'>"®
Photoisomerization is the key photochemical process to operate
photochromic molecular switches, often referred to as photo-
switches, in which a structural change between two or more iso-
mers is achieved by irradiation with light at different wavelengths."”
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Diarylethenes (DAEs),"®"™ among the most extensively used
molecular switches, have been widely applied as smart materials
in constructing optical memories,”® multi-responsive switchable
devices®" as well as in bioimaging®® and photodynamic therapy.**

Typically, ultraviolet (UV) light is required to induce efficient
colorization via ring-closing isomerization (photocyclization) of
DAEs. UV light causes photooxidation and thus degradation
of the molecular switches and materials thereof. In addition,
the penetration depth in tissue is very poor, which is a
severe downside considering the potential use of these switches
in photopharmacology.>**® Many research efforts have been
made to design allvisible-light activated DAEs,*>*” such as
shifting the absorption spectrum by chemically extending the ©
conjugation,®®?° or using upconverting nanoparticles that
absorb in the visible or near-infrared region to generate UV
light to drive the photoisomerization.?®*' However, directly
shifting the absorption band of DAEs requires complicated
synthesis, while the low efficiency of the upconverting process
leads to overall low photoisomerization efficiencies. Triplet
energy transfer from molecular triplet sensitizers has been
proven to be another strategy,>*® however, the typical use of
molecular sensitizers imposes limitations due to the rather
constrained molecular design, relatively weak light absorption
and high sensitivity towards oxygen. Thus, it is desirable to
develop a general and improved approach that can be applied
to a large set of DAEs using visible light only, while maintaining
the high efficiency of photoisomerization and excellent fatigue
resistance.

Our system is based on CdS NCs combined with phen-
anthrene-3-carboxylic acid (3-PCA) to mediate the TET process,
and it demonstrates a simple yet efficient non-covalent strategy
to achieve photoisomerization of selected DAEs using light at
different wavelengths in the visible region. The mechanism
implies triplet-like excited states of the NCs lying only ~20 meV
below the strong excitonic absorption band, which can sensi-
tize the ‘dark’ triplet of the surface anchored mediator.””
Subsequent TET from the mediator to the DAEs drives the
photoisomerization along the triplet reaction pathway, as sche-
matically illustrated in Fig. 1la. The large absorption cross
sections of CdS NCs enable unusually efficient visible light
absorption compared to previously reported approaches using
molecular sensitizers. The visible absorption band of CdS NCs
can easily be tuned by varying the size of the CdS NCs to meet
the transparent windows of the relevant DAE derivatives,
thereby driving the photoisomerization of diverse DAE photo-
switches at desired visible wavelengths, as illustrated in Fig. 1b
and c. The photoisomerization of our simple non-covalent
‘cocktail’ strategy upon visible light irradiation is as efficient
as that of direct UV light irradiation, and prevents photo-
degradation over multiple irradiation cycles. Moreover, the
system can be operated both in solution and in the solid state.
The switching of our systems can be retained in an atmospheric
environment, that is, it displays insensitivity to oxygen in
the solid state, which is appealing in the fabrication of
high-performing all-visible-light activated optoelectronics and
memories.
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Results and discussion

Materials and mechanism

CdS NCs were synthesized according to previous reports,**3°

see the details in Methods and Experiments in the ESL.{ The
growth of CdS NCs during the reaction was monitored by
measuring UV-visible absorption spectra of aliquots at different
time intervals. Once the first absorption peak of CdS NCs
reached the desired wavelength for the visible light irradiation
study, the reaction was stopped by quickly cooling the solution
to room temperature. Three batches of CdS NCs were prepared
with the first absorption peak at 405 nm, 425 nm, and 450 nm,
labeled CdS 405, CdS 425, and CdS 450, respectively. Transmis-
sion electron microscopy (TEM) images, together with UV-
visible absorption and PL spectra of the synthesized CdS NCs
are shown in Fig. S1 (ESIt). 3-PCA was synthesized to mediate
the triplet energy of CdS NCs.’ The carboxylic acid functional
group enables the anchoring of 3-PCA to the surface of CdS
NCs, which leads to efficient harvesting of long-lived 3-PCA
localized triplets. Four DAE derivatives (Fig. 1c) purchased
or synthesized according to previous reports’®™* were used
to investigate the photoswitching behavior upon visible light
irradiation.

All-visible-light switchable DAEs are achieved through TETs
from CdS NCs via 3-PCA, as schematically indicated in Fig. 1a.
Visible light irradiation populates the excited state of the CdS
NCs, from where the excitation energy is transferred to 3-PCA
via the first step of triplet energy transfer (TET,). The triplet
energy of 3-PCA is then transferred to DAE-open via the second
step of triplet energy transfer (TET,), thereby sensitizing
the photocyclization reaction along the triplet state pathway.
Compared to directly driving the photocyclization of DAE
through the singlet excited state upon UV light irradiation
(the dashed purple path in Fig. 1a), the energy transfer from
the triplet state allows for the use of light at longer wavelengths
with all the advantages mentioned above.

All-visible-light activated photoisomerization

To demonstrate the all-visible-light control, we first examined
the photocyclization of a DAE derivative referred to as DAE1
(2-bis(2-methyl-5-(p-tolyl)thiophen-3-yl)cyclopentene), in the
presence of CdS 405 and 3-PCA upon visible light irradiation.
Fig. 2a shows the individual UV-visible absorption spectra of
DAE1-open, DAE1-closed, CdS 405 and 3-PCA in toluene. DAE1-
open displays no detectable absorption at wavelengths longer
than around 350 nm (black spectrum in Fig. 2a). Irradiation of
DAE1-open at 302 nm (30 s, see details in Methods and
Experiments/Light sources in the ESIt) leads to the formation
of DAE1-closed via the ring-closing isomerization, with the
characteristic appearance of an absorption band in the visible
region (red spectrum in Fig. 2a). Concomitant change of the
solution color from transparent to pink is observed. No spectral
changes were observed for DAEl-open alone upon 405 nm
visible light irradiation (Fig. S2, ESIt). This is expected, as
DAE1-open displays no detectable absorbance at 405 nm and
it is also in agreement with the estimated energy of the singlet

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic mechanism, color change and chemical structures of all-visible-light activated photoisomerization of DAEs through triplet energy
transfer from CdS NCs and 3-PCA. (a) Mechanism of the photoisomerization from DAE-open to DAE-closed under visible light irradiation via two triplet
energy transfer steps (TET; and TET,), blue lines. The purple dashed lines indicate the direct UV-induced isomerization through the first singlet excited
state. (b) Color changes of DAE derivatives under visible light irradiation in both isomerization directions in the presence of CdS NCs and 3-PCA.
(c) Chemical structures of the DAEs. In view of the different absorption (color) of DAEs, CdS NCs with varied absorption bands are used to achieve

irradiation at specific visible wavelengths.

excited state (4.2 eV)*>*? versus the photon energy at 405 nm
(3.06 eV). CdS 405 was used as its first absorption band
corresponds to a wavelength where DAE1-open and DAE1-
closed have no or very low absorbance. Fig. 2b shows UV-
visible absorption spectra of the mixed solution of DAE1-open
with CdS 405 and 3-PCA in deaerated toluene. The spectral
features of DAE1 remain unchanged after mixing, indicating
that there is no ground state interaction. Due to the high molar
absorption coefficient of CdS 405, e495 = 4.0 x 10° M ' em ™,
only 0.5 uM is required to initiate the photoisomerization of
50 uM DAE1 under visible light exposure. Although the concen-
tration of the mediator is 100 pM, it is completely transparent
for wavelengths longer than 370 nm, see the purple spectrum in
Fig. 2a. Upon visible light irradiation (405 nm, 120 s), the
formation of DAE1-closed follows as manifested by the appear-
ance of an absorption band in the visible region (red spectrum
in Fig. 2b). The observed changes in the UV-visible absorption
spectrum are identical to those observed for DAE1 alone upon

This journal is © The Royal Society of Chemistry 2022

direct UV light irradiation, ie., the visible bands display the
same peak position and absorbance at the concentration of
50 uM of DAE-open. Thus, the photoconversion of DAE1 in the
presence of CdS 405 and 3-PCA upon exposure to 405 nm light
yields a photostationary state (PSS) the same as that resulting
from irradiation of DAE1 alone with UV light, that is, 94%
DAE1-closed as reported.*® The photocyclization quantum yield
of DAE1 in the presence of CdS 405 and 3-PCA under 405 nm
irradiation was determined to be 35%, which is comparable
to the quantum yield of DAE1 under direct 313 nm UV light
irradiation (43%).*?

Upon subsequent irradiation of the mixed solution with
long-wavelength visible light (590 nm) for 90 s, the band in
the visible region disappears and the spectrum recovers to the
initial state, see green-dot spectrum in Fig. 2b. These observa-
tions confirm that when DAE1 is mixed with CdS 405 and
3-PCA, it can undergo reversible photoisomerization using
visible light irradiation, that is, both the ring-opening and the

J. Mater. Chem. C, 2022, 10, 15833-15842 | 15835
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Fig. 2 UV-visible absorption spectra of visible-light activated photoisomerization of DAELl. (a) UV-visible absorption spectra of the individual
components: DAEl-open (50 pM, black), DAEl-closed converted from the open form (50 pM) under 302 nm UV light irradiation (red), CdS 405
(0.5 uM, blue) and 3-PCA (100 uM, purple) in toluene. (b) UV-visible absorption spectra of a mixed solution of DAE1-open (50 uM), CdS 405 (0.5 uM), and
3-PCA (100 pM) in deaerated toluene, before (black) and after light irradiation at 405 nm (120 s, red), and then after 590 nm light irradiation (90 s, green-
dot). (c) Reversibility of the photoswitching of the mixed solution as followed by the absorbance at 530 nm over eight irradiation cycles of 405 nm and
590 nm light (black), and DAE1 only over the irradiation cycles of 302 nm and 590 nm (red). Note that the maxima and minima truly correspond to the
respective PSSs of forward and backward switching. (d) Evolution of the 530 nm absorbance of DAE1-open in the mixture under 405 nm (black) and DAEL

only under 302 nm (red) irradiation over time.

ring-closing reactions are triggered without employing UV light.
DAE1 shows fatigue over the switching cycles upon direct UV
light irradiation, because of the formation of annulated ring
byproducts.** Over eight irradiation cycles of alternating
302 nm light (30 s) and 590 nm (90 s), nearly 50% degradation
was observed (red in Fig. 2c). The absorbance evolution
also indicates that ~50% DAE1 was degraded over 5 min of
constant UV light irradiation (red in Fig. 2d). In comparison,
over eight irradiation cycles of alternating 405 nm (120 s) and
590 nm (90 s) light exposure, the fatigue resistance of DAE1 is
improved (black in Fig. 2¢), which is also evidenced under long
time irradiation experiments (black in Fig. 2d). The photo-
switching behavior mentioned above indicates that triplet
sensitization from CdS NCs and 3-PCA not only provides a
strategy to achieve reversible all-visible-light activated DAEs,
but can substantially improve the resistance to fatigue as the
byproduct is generated mainly on the singlet surface.*?

15836 | J Mater. Chem. C, 2022, 10, 15833-15842

Mechanistic investigation of the triplet state sensitization

As the excited state lifetime of CdS NCs is too short (with an
amplitude-weighted average lifetime of ~16 ns, Section 4 in the
ESIt) to directly sensitize the triplet state of DAEs, a mediator
that can anchor to the surface of CdS NCs with a long-lived
triplet state (on the microsecond or millisecond timescale) is
required. The triplet energy of the mediator should be located
in between those of CdS NCs and DAE-open. The triplet-like
state of CdS 405 is about 3.0 eV, and the triplet state energies of
DAE1-open and DAE1l-closed are reported to be 2.5 eV and
0.7 eV, respectively.*® 3-PCA with a triplet state energy (2.6 eV)
close to DAE1-open was chosen as the mediator.’ The efficiency
of TET, from CdS 405 to 3-PCA was determined to be close to
unity (91%, see Section 4 in the ESIT). In the absence of 3-PCA
as the mediator, 405 nm light irradiation did not result in any
detectable ring-closing isomerization in a solution of DAE1
and CdS 405 (Fig. S4a, ESIT). When using phenanthrene as

This journal is © The Royal Society of Chemistry 2022
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the mediator for CdS 405, no isomerization of DAE1 under
visible light irradiation was observed (Fig. S4b, ESIt), sugges-
ting that the TET,; step only occurs when the carboxylic acid
group enables anchoring of the mediator to the surface of CdS
NCs, because of the short-range Dexter-type TET.” When a
mediator with a triplet state much lower than that of DAE1-
open, such as 1-pyrenecarboxylic acid (PyCOOH, T, = 2.0 eV)*’
was used, no ring-closing isomerization was observed upon
405 nm irradiation (Fig. S4c, ESIY) even if efficient TET; from
CdS NCs to PyCOOH occurred (Fig. S5, ESIT).

The TET process was further investigated by time-resolved
transient absorption (TA) spectroscopy. Our recent work shows
that the triplet state of 3-PCA has a broad positive absorption
band between 450 nm and 650 nm.’ 415 nm pulsed laser
excitation (2.0 mJ, 10 ns) of CdS 405 mixed with an excess of
3-PCA induced the formation of triplet 3-PCA via the TET; step,
evidenced by the initial rise in the TA signal at 470 nm (black
dots in Fig. 3a). The subsequent monoexponential decay of
triplet 3-PCA corresponds to a lifetime of 22 ps, consistent with
our previous observation.” Adding DAE1 to the CdS 405/3-PCA
solution results in a decrease in the triplet lifetime of 3-PCA,
due to the TET, step from 3-PCA to DAE1-open. Fig. 3b shows
an analysis by the Stern-Volmer equation, o/t = 1 + Tokg[Q],
where 1, and 7 are the triplet lifetimes of 3-PCA without and
with DAE1, respectively, kq is the bimolecular quenching rate
constant, and [Q] is the concentration of the quencher,
i.e. DAE1-open. The linear fit of the Stern-Volmer plot in
Fig. 3b gives kq = 1.4 x 10° M ' s~ ', which is expected for an
efficient diffusion-controlled process. Thus, the TA study
demonstrates that the triplet states of 3-PCA formed in the
TET; step are effectively transferred to DAE1 in the diffusion-
controlled TET, step.

General application to DAE derivatives

Our simple non-covalent cocktail strategy allows the hybrid of
CdS NCs and 3-PCA to be used as a general triplet sensitizer

. = CdS 405/3-PCA
o « 19 uM DAE1
- 87 uM DAE1
—Fit

Normalized AA o

Time (us)

View Article Online

Paper

for a variety of DAE derivatives under all-visible-light control.
To demonstrate the general applicability, we further tested
visible-light-activated photoswitching of a commercially avail-
able DAE derivative, 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-
3,3,4,4,5,5-hexafluoro-1-cyclopentene (DAE2). The sample was
conveniently prepared by adding DAE?2 into the solution of CdS
405 and 3-PCA in accordance with the procedure for DAE1.
Fig. S6 (ESIT) shows the individual UV-visible absorption spec-
tra of DAE2-open, DAE2-closed, CdS 405 and 3-PCA in toluene.
Fig. 4a shows the UV-visible absorption spectra of the mixed
solution and its response to visible light exposure. Upon
405 nm irradiation, DAE2 undergoes photoisomerization from
the open form to the closed form, evidenced by the formation
of the absorption band in the visible region and purple color-
ization of the sample, see the red spectrum in Fig. 4a and the
photo in Fig. 1b. The photoconversion of DAE2 in the presence
of CdS 405 and 3-PCA upon exposure to 405 nm light yields a
PSS that contains 58% DAE2-closed, which is lower than that of
direct UV irradiation at 313 nm (79%)."® We assign this
observation to the relatively large spectral overlap between
DAE2-closed and the excitation light at 405 nm, resulting in a
direct ring-opening reaction on the singlet excited manifold.
The photocyclization quantum yield of DAE2 in the presence
of CdS 405 and 3-PCA under 405 nm irradiation was deter-
mined to be 39%, which is comparable to the quantum yield of
DAE2 under direct 313 nm UV light irradiation (46%).*® Upon
590 nm irradiation, the visible band of DAE2-closed disappears
and the spectrum completely recovers to the initial state. The
all-visible-light activated photoswitching of DAE2 is fully rever-
sible without obvious fatigue as shown in Fig. 4b. During
submission of this version of the manuscript, but after the
original preprint publication online in December 2021,*”

noticed that Kaifeng Wu and co-workers reported a ring-closing
isomerization of the same DAE molecule using lead halide
perovskites NCs upon 450 nm irradiation with a quantum yield
of 20.1%.® The lower quantum yield is possibly because of
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Fig. 3 Quenching the triplet state of the CdS 405/3-PCA hybrid by adding DAEL. (a) Time-resolved transient absorption kinetics at 470 nm upon 415 nm
pulsed excitation of CdS 405/3-PCA, and CdS 405/3-PCA mixed with DAE1-open in deaerated toluene. (b) Stern—Volmer plot and linear fit for triplet

lifetime quenching of CdS 405/3-PCA by DAEL.
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Fig. 4 UV-visible absorption spectra and triplet quenching of CdS 405/3-PCA mixed with DAE2. (a) UV-visible absorption spectra of the solution of
DAE2-open (50 uM), CdS 405 (0.5 uM), and 3-PCA (100 uM) in deaerated toluene, before and after light irradiation at 405 nm (black and red) and then
after 590 nm light irradiation (green-dot). (b) Reversibility of the photoswitching as followed by the absorbance at 575 nm over eight irradiation cycles of
405 nm and 590 nm light. (c) Time-resolved transient absorption kinetics at 450 nm upon 410 nm pulsed excitation of CdS 405/3-PCA and mixed with
DAE2 in deaerated toluene. (d) Stern—Volmer plot for triplet lifetime quenching of CdS 405/3-PCA by DAE2.

even larger spectral overlap between the closed form and the
excitation light at 450 nm.

From density functional theory (DFT) calculations, the T
state of DAE2-open is estimated to be 2.8 eV (Table S1, ESIY),
about 0.2 eV higher than that of 3-PCA. A TET reaction will
occur even under slightly endergonic conditions as described
by the Sandros equation®® albeit with a slower rate. Triplet
quenching experiments of the CdS 405/3-PCA hybrid by DAE2
and Stern-Volmer plot yield k, = 2.7 x 10° M ' s~ " (See Fig. 4c
and d), which is almost two orders of magnitude smaller than
that observed for DAE1, in accordance with a less effective TET,
step due to endergonic TET.

Due to the size-tunable absorption of CdS NCs, it is possible
to selectively activate the photoisomerization also of other DAE
derivatives in the desired visible wavelength window where
both the ring-open and closed form are more or less transparent.
As a demonstration, herein we used two other DAE molecules,
referred to as DAE3 and DAE4, respectively. The wavelength
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window for these two derivatives allows for convenient excitation
at 425 nm and 445 nm, respectively, as seen in Fig. 5a and c. Direct
irradiation at 425 nm and 445 nm of the samples containing
DAE3-open alone and DAE4-open alone, respectively, did not result
in any ring-closing photoisomerization (see Fig. S7, ESI{). CdS 425
and CdS 450 were synthesized to meet the absorption at the above-
mentioned wavelengths (blue spectra in Fig. 5a and c), and were
used for the purpose of all-visible-light switching of DAE3 and
DAEA. Fig. 5b shows UV-visible absorption spectra of DAE3 mixed
with CdS 425 and 3-PCA in deaerated toluene. Upon 425 nm visible
light irradiation, the formation of DAE3-closed was evidenced by
the appearance of the typical visible absorption band and the color
of the solution changed to blue, see the red spectrum in Fig. 5b
and the photo in Fig. 1b. Fig. 5d shows the corresponding spectra
of DAE4 mixed with CdS 450 and 3-PCA. Indeed, irradiation at
445 nm clearly triggers the photocyclization reaction for DAE4,
as shown again by the appearance of the absorption band in the
visible region and the solution color changed to cyan, see the red

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 UV-visible absorption spectra of two DAE derivatives under tunable visible irradiation. (a) Individual UV-visible absorption spectra of DAE3-open
(50 puM, black), DAE3-closed (formed under UV light irradiation, red), and CdS 425 (0.3 uM, blue) in toluene. (b) UV-visible absorption spectra of the mixed
solution of DAE3-open, CdS 425, and 3-PCA in deaerated toluene, before and after irradiation at 425 nm (pulsed laser, 10 min) and then after 590 nm
light irradiation (60 s). (c) Individual UV-visible absorption spectra of DAE4-open (50 uM, black), DAE4-closed (formed under UV light irradiation, red), and
CdS 450 (0.5 uM, blue) in toluene. (d) UV-visible absorption spectra of the mixed solution of DAE4-open, CdS 450, and 3-PCA in deaerated toluene,
before and after light irradiation at 445 nm (continuous laser, 9 min) and then after 590 nm light irradiation (60 s).

spectrum in Fig. 5d and the photo in Fig. 1b. After subsequent
irradiation at 590 nm of the mixed solutions, the visible bands
of DAE3 and DAE4 disappeared, and the spectra recovered to
their initial states (green-dot spectra in Fig. 5b and d). The
above-mentioned observations illustrate that the ring-closing
photoisomerization of a variety of DAE derivatives can be
activated at desired visible wavelengths by simply varying the
sizes of CdS NCs, and the all-visible-light photoswitching
processes are fully reversible.

All-visible-light switching in the solid state

Our excitation strategy also performs well in the solid state.
A solid sample was prepared by soaking a piece of filter paper in
a solution containing CdS 405, 3-PCA, and commercially avail-
able DAE2, with the same concentrations that were used for the
UV-visible absorption study. The solvent slowly evaporated
at 60 °C in the dark. Different patterns can be generated and
erased reversibly on this solid sample as demonstrated in

This journal is © The Royal Society of Chemistry 2022

Fig. 6. Initially, the dry sample paper is white, and 405 nm
light irradiation stimulates a white-to-purple color change of
the entire paper. Subsequent irradiation with visible light at
590 nm fully reverses the color change. Moreover, the patterns
of ‘L’ and ‘H’ shapes can be written and erased consecutively
using masks on the same paper by simply altering between the
two visible wavelengths. Although the TET reactions require
diffusion to occur, which is limited in the solid state, we
hypothesize that the slow evaporation of the solvent can cause
the mediator 3-PCA to aggregate around the surface of CdS
NCs. This would lead to a local concentration enhancement of
the molecules, and the shorter intermolecular distances that
follow would still allow for TET reactions to occur even in the
presence of oxygen, despite that the photoswitching efficiency
might be reduced due to aggregation in the solid state. We also
observed that all-visible-light activated photoisomerization was
possible in an air-equilibrated solution (Fig. S8, ESIT), although
the photocyclization efficiency was a factor of 3-5 times lower
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than that in the deaerated case. Thus, our strategy of com-
bining CdS NCs, 3-PCA and DAEs in the solid state can be used
to generate different patterns reversibly and reproducibly,
which holds great potential in all-visible-light responsive mate-
rials for optical memory and data storage.

Conclusion

In summary, we have demonstrated that the hybrid of CdS NCs
and 3-PCA can induce all-visible-light activated photoisomeri-
zation of diarylethene photoswitches through triplet energy
transfer. This represents a novel strategy to achieve all-visible-
light controlled photoswitchable systems at selective wave-
lengths both in solution and in the solid state, even in the
presence of oxygen. Our systems are prepared by a ‘cocktail’
approach, that is, simply by mixing the molecular building
blocks and the NCs via non-covalent assembly. The quantum
yield of photocyclization through triplet energy transfer from
CdS NCs/3-PCA is almost as high as that of direct UV light
irradiation, and the hybrid system displays better fatigue
resistance over multiple irradiation cycles. NCs are par excellence
candidates for this approach due to their appealing photophysical
properties (high molar absorptivity, small singlet-triplet energy

15840 | J Mater. Chem. C, 2022, 10, 15833-15842
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Fig. 6 All-visible-light switching in the solid state. Images of a filter paper prepared from CdS 405, 3-PCA and DAE2 solution, and its subsequent color
(white and purple) and pattern change (L' shape and 'H’ shape), upon visible light irradiation by simply varying the wavelength between 405 nm and
590 nm in a normal atmospheric environment.

gap, and near unity efficiency of triplet energy transfer). It
should be stressed that our strategy is generally applicable to
a large variety of DAE derivatives with different absorption
spectra and energy levels, due to the ability to precisely adjust
the absorption spectra of the NCs by size variations. Further
development of DAE derivatives with carboxylic acid functional
groups can simplify the current three-component system to a
bi-component system by excluding the mediator, and also allow
to develop covalent coupling of NCs and the switching unit
via ligand exchange. Our simple yet effective non-covalent
assembly approach paves the way to convenient fabrication of
all-visible-light controlled photoswitchable optoelectronic
devices and memories. The use of visible purple light can
reduce the cellular apoptosis caused by direct UV light irradia-
tion to the photoswitches, which allows non-invasive addres-
sing of bioactive switches in the context of superficial
photopharmacology. Further applying two-photon absorption
benefiting from the large absorption cross sections of the NCs
provides the capability of current design to achieve deeper
penetration into tissues. Further coating with nontoxic organic
molecules or polymers,*® such as poly(ethylene glycol), which
can eliminate the toxicity of the NCs and aromatic hydrocarbon
materials, will promote current proof-of-concept design for
future bioimaging applications.

This journal is © The Royal Society of Chemistry 2022
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