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Fluorescent dithienylethene-based photochromic materials have been attracting considerable attention
owing to their wide applications in biological and materials sciences. However, the limitations of
detrimental UV irradiation for photocyclization, short emission lifetime, and inefficient photoresponsive
speed still need to be addressed. Herein, a novel dithienylethene photochromic molecule, BFBDTE, has
been prepared by the incorporation of a difluoroboron B-diketonate (BF,bdk) unit. The strong electron
acceptor BF,bdk not only reduces the energy gap of the open isomer, ensuring visible light-controlled
fluorescence switching, but also promotes intersystem crossing for the generation of thermally activated
delayed fluorescence (TADF). Upon alternating irradiation with green and NIR light, BFBDTE presents
a rare example of photochromism, fluorescence and TADF switching in various polar solvents and
a poly(methyl methacrylate) (PMMA) film. Meanwhile, it shows rapid and well repeatable cyclization (12 s)
and cycloreversion reactions (20 s) in PMMA, accompanied by fast TADF switching within 11 s.
Furthermore, photo-electrochemical measurements reveal a remarkable on-off photoelectronic
response (photocurrent density ratio: lignt/lqark = 684) between the open- and closed-form of BFBDTE.
These remarkable merits make BFBDTE promising for photoswitchable molecular devices, optical

memory storage systems, NIR detectors, and photoelectric switching.

Introduction

Photochromic fluorescence switches, whose emission can be
reversibly switched via light irradiation, have recently aroused
tremendous attention due to their potential in optoelectronic
materials, bioimaging and super-resolution microscopy."® As
a core structural motif of a photochromic switch, the reversible
cyclization/cycloreversion of dithienylethenes (DTEs) upon light
irradiation has continued to attract substantial scientific
interest.” Recently, the combination of DTE photoswitching and
a fluorescent unit has become a kind of appealing fluorescence
switch arising from their thermo-stability, robust fatigue resis-
tance and rapid response.*** A general scheme for designing
such switches is a dyad system comprising one fluorophore and
DTE unit in the same molecule, facilitating fluorescence
quenching through intramolecular energy transfer (ET).> As
depicted in Scheme 1a, the ring-open state of DTE with high S;
energy restrains the energy transfer from the excited fluo-
rophore to the open isomer, retaining the fluorescence
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emission of the fluorophore. Upon irradiation with UV light, the
ring-closed state with low S; energy enables energy transfer, and
then quenches the fluorescence emission. Although great
progress has been made in fluorescence switches in recent
years,”™® they still suffer from several drawbacks, e.g., the
necessity of UV light to switch the fluorescence emission, infe-
rior photoresponsive speed (several minutes), and short fluo-
rescence lifetimes. Considering the high phototoxicity and low
penetrability of UV light, numerous efforts have been devoted to
fabricating visible light-activated fluorescence switches, of
which simply extending the m-conjugation length by connecting
aromatic fluorescent dyes on the peripheral thienyls of DTE is
most appealing.’*?® However, the slow photoresponsive speed
and short fluorescence lifetime with a time scale of nanosec-
onds (t < 10 ns) still limit their further applications.
Fortunately, a novel class of fluorophores with long fluores-
cence lifetimes, i.e., thermally activated delayed fluorescence
(TADF),***®* may provide a possible solution to the above issues.
As illustrated in Scheme 1b, the TADF process can undergo
efficient ISC and then reverse intersystem crossing (RISC) for
100% internal quantum efficiency from T; to S; due to
a remarkably small energy gap (AEsr < 0.2 eV) between the
lowest singlet excited states and the lowest triplet excited states,
which makes them promising candidates for various applica-
tions in organic light-emitting diodes (OLEDs), triplet-triplet
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Scheme 1 (a) Schematic illustrations of the energy transfer process
upon UV and visible light irradiation in traditional photochromic
fluorescence switching. (b) Proposed schematic illustrations of
photochromic TADF switching. (c) Green-/NIR-light-controlled rapid
photochromism featuring reversible TADF and photoelectronic
switching. FL: fluorescence, PF: prompt fluorescence, TADF: thermally
activated delayed fluorescence, Sp: ground state, S;: excited singlet
state, Ty: excited triplet state, ET: energy transfer, ISC: intersystem
crossing, RISC: reverse intersystem crossing, AEst: singlet—triplet

energy gap.

annihilation upconversion (TTA-UC), time-resolved fluores-
cence imaging (TRFI), photodynamic therapy (PDT) and organic
photocatalytic synthesis.>*"*' Inspired by the desired fluores-
cence efficiencies and lifetimes of TADF, we speculate that the
incorporation of the TADF process into visible light-driven DTE
systems could obviously improve the photoswitching efficien-
cies applied in photoswitchable molecular devices, optical
memory storage systems and bioimaging with deeper light
penetration. So far, only one example of TADF-based photo-
chromic switching has been reported.** Therefore, developing
efficient visible light-controlled DTE systems with multi-mode
TADF characteristics is highly desirable for photoelectric
applications, but remains a severe challenge.

To prove our hypothesis, a novel DTE molecular switch
modified by a difluoroboron B-diketonate (BF,bdk) moiety has
been successfully prepared (Scheme 1c), in which the incorpo-
ration of active nonbonding p electrons on the BF,bdk group
promotes the spin-orbital coupling (SOC) between the excited
singlet and triplet states in favor of enhanced intersystem
crossing (ISC).** Moreover, the strong electron acceptor BF,bdk
can bring about intramolecular charge transfer (ICT), which
endows a typical TADF feature with small AEgy for efficient ISC
and RISC processes.** On the other hand, merging BF,bdk and
DTE can not only extend the m-conjugation, but also reduce the
HOMO-LUMO energy gap of the open isomer, which will ensure
excellent visible light-controlled fluorescence switching with
high photoresponsive speed.** As expected, the obtained fluo-
rescent DTE (BFBDTE) shows rapid and long-term reversible tri-
channels of photochromism, fluorescence and TADF switching
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in toluene and a poly(methyl methacrylate) (PMMA) film. It
represents the first example of green-/NIR-light-controlled
photoswitching with the combination of photochromism and
TADF.

Results and discussion

As depicted in Scheme S1,f BFBDTE was prepared by the
Knoevenagel condensation reaction between intermediates 4
and 5 under the catalysis of n-butylamine in anhydrous toluene
in a yield of 69%. Its chemical structure was characterized by
NMR spectroscopy, high-resolution mass spectrometry (Fig. S1-
S31) and single-crystal X-ray diffraction. From its 'H NMR
spectrum, the coupling constants of the vinyl double bonds
were 15.0 or 15.2 Hz, respectively, revealing the usual trans-
configuration for both ethylene bonds in BFBDTE. An orange-
red crystal was isolated by the slow volatilization of its chloro-
form solution. Single-crystal X-ray diffraction analysis reveals
that BFBDTE crystallizes in the triclinic P1 space group (Table
S1t). As depicted in Fig. 1a, BFBDTE presents an antiparallel
conformation where the distance between the two reactive
carbon atoms was as short as 3.57 A (<4.2 A), indicating that the
photocyclization was easy to access.** The BFBDTE molecules
are linked together by C-H---F hydrogen bonding interactions
giving rise to a 1D chain running along the a direction (Fig. 1b,
S4 and S57). Herein, the hydrogen bonding acceptors are all
from the F atoms of difluoroboron. As shown in Fig. S6,1 each
chain is further extended to a 2D layer and then a 3D structure
through C-H---F halogen bonding interactions with -CF; as
a hydrogen bonding acceptor. Viewed along the a direction, the
packing structure exhibits an alternant arrangement of BF,bdk
and DTE at the molecular level.

The photochromism of BFBDTE was then investigated in
different polar solvents. As illustrated in Fig. 2a, it was clear that
two absorption bands of the open isomer BFBDTE(0) centered
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Fig. 1 (a) Crystal structure of the BFBDTE molecule. (b) View of the 1D
chain structure of BFBDTE extended by C—H---F hydrogen bonding.
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Fig. 2 The absorption spectra changes of BFBDTE in toluene (2.0 x
107> mol L™ upon alternating irradiation with green light at 530 nm (a)
and NIR light at 770 nm. (b) The insets show the corresponding color
changes upon photoirradiation. (c) The fatigue resistance of BFBDTE in
toluene for ten cycles. (d) The absorption spectra of BFBDTE before
and after irradiation with green light in various solvents (2.0 x
107> mol L7Y).

at 478 nm (e = 3.12 x 10* M~ ' ecm™ ") and 509 nm (e = 3.68 x
10" M~ ecm™") were observed in toluene, which are derived
from the intramolecular charge transfer (ICT) transition.*” Upon
green-light irradiation (530 nm), a near-infrared absorption
band centered at 727 nm (e = 1.88 x 10" M~ ' cm™ ') gradually
emerged along with the color changing from orange-yellow to
green (Fig. 2a, insets), indicating the formation of the ring-
closed isomer BFBDTE(c) (Scheme 1c). It is worth noting that
the achievement of the photostationary state only takes 13 s of
green-light irradiation. The response rate for BFBDTE is faster
than that of the reported Pt-DTE (120 s)*** and POM-DTE
complexes (65 min)**” detected in organic solvents. Moreover,
an isosbestic point at 546 nm was observed, clearly indicating
the photochromic transformation between BFBDTE(0) and
BFBDTE(c). Irradiation with NIR light (A = 770 nm, 80 s) trig-
gered the cycloreversion reaction to regenerate the initial
orange-yellow isomer (Fig. 2b). Further fatigue resistance
results indicated good reversibility (without obvious degrada-
tion for ten cycles) between the open and closed forms under
green/NIR light irradiation (Fig. 2c), which might be due to
blocking of the pathway to photo-byproducts under the lower
energy of light irradiation.®® As expected, a large cyclization
quantum yield (¢,-.) for BFBDTE in toluene was recorded as
0.56 and its cycloreversion quantum yield (¢.,) was 0.031.
Subsequently, we further evaluated the photochromism of
BFBDTE in CHCl; and DMSO with larger polarity. Similar
photochromic behavior was observed when these three solu-
tions were exposed to the same light conditions (Fig. S7-5107).
In contrast, the absorption maximum of the open and closed
isomers showed a distinct bathochromic shift in CHCl; and
DMSO (e.g. BFBDTE(0): A = 523 nm in DMSO, A = 516 nm in
CHCl;; BFBDTE(c): A = 758 nm in DMSO, A = 756 nm in CHCl;)
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(Fig. 2d and Table S2t), indicating a unique solvent-dependent
photochromic property. However, it took a longer time to reach
the photostationary state in these two solvents, ie., 28 s in
CHCI; and 70 s in DMSO, which implied that the higher the
solvent polarity, the slower the cyclization. As expected, the
corresponding cyclization quantum yields decreased as the
solvent polarity increased (Table S2t). Therefore, BFBDTE
presents exceptional photochromism triggered by green light in
different solvents. Besides, the photoisomerization of BFBDTE
was further analyzed via the "H NMR spectral variations in
toluene-dg (Fig. S111). The photocyclization conversion ratio in
the photostationary state was determined to be 66.7% accord-
ing to the "H NMR results.

Given the excellent photophysical properties of BF,bdk-
based complexes, the following exploration focused on the
investigation of the photoluminescence (PL) performance of
BFBDTE in solution under both prompt and delayed modes.
Excited at 450 nm, BFBDTE exhibited bright yellow emission
centered at ca. 556 nm in toluene. Alternatively, a new emission
peak located at 572 nm was observed in the delayed mode in
toluene (Aex = 450 nm) (Fig. 3a), while very weak delayed fluo-
rescence was detected in CHCl; and DMSO (Fig. S12t). The
delayed emission intensity increased with rising of the
temperature from 77 to 300 K, indicating the TADF character of
BFBDTE in toluene (Fig. 3b). Measured at 77 K, the prompt and
delayed emission peaks afforded a small AEgr of 0.09 eV
between the excited S; (559 nm, 2.22 eV) and T, (582 nm, 2.13
eV) states. Upon irradiation with green light, the emission peak
at 556 nm was gradually quenched (Fig. 3c) along with the
fading of the yellow fluorescence in toluene (Fig. 3c insets),
probably owing to efficient energy transfer between the excited
BF,bdk and closed DTE core.*” After reaching the photosta-
tionary state in 16 s, the fluorescence intensity of BFBDTE(o)
was quenched by ca. 88%. Its fluorescence returned to the
original intensity after irradiation with 770 nm NIR light.
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Fig. 3 (a) PL spectra of BFBDTE in toluene measured under prompt
and delayed mode at room temperature (dex = 450 nm). (b) Delayed
fluorescence spectra of BFBDTE in toluene measured in the temper-
ature range of 77 to 300 K. Prompt fluorescence spectra (c) and decay
curves (d) of BFBDTE in toluene upon irradiation with green light (530
nm). The insets show the reversible fluorescence switching upon
alternating irradiation with green and NIR (770 nm) light. Delayed
fluorescence spectra (e) and decay curves (f) of BFBDTE in toluene
upon irradiation with green light (530 nm).
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Besides, this fluorescence switching process could be reversibly
conducted for ten cycles with negligible degradation (Fig. S137).
Meanwhile, under the same green light irradiation, the time-
resolved decay curves revealed that the prompt fluorescence
lifetimes decreased from 1.73 to 1.04 ns at room temperature
(Fig. 3d). Simultaneously, the TADF switching performance for
BFBDTE was also observed in toluene. As depicted in Fig. 3e, the
delayed fluorescence intensity at 572 nm was gradually
decreased when exposed to green light irradiation, which in
turn returned to the original intensity after irradiation with NIR
light. This was accompanied by changes in the lifetimes of long-
lived species from 28.57 to 13.03 ps at room temperature
(Fig. 3f). Compared with that in toluene, the prompt emission
peak of BFBDTE(o) displayed a significant red-shift in CHCl;
(577 nm) and DMSO (564 nm) (Fig. S14t). Moreover, similar
prompt fluorescence switch behavior was observed in CHCl;
and DMSO under the same irradiation (Fig. S15 and S16, and
Table S31). To date, fluorescent photochromism materials
controlled by visible light are highly desirable in both biological
and materials sciences. As far as we know, the reported BFBDTE
in our work is the first example of green-/NIR-light-controlled
switching by the combination of photochromism, fluores-
cence and TADF with fast photoresponsive speed.

A possible photophysical process was speculated based on
theoretical calculations for both BFBDTE(0) and BFBDTE(c). In
the cycloreversion state (Fig. S171), it shows complete separation
of molecular orbitals owing to the twisty conformation of
BFBDTE(0). The highest occupied molecular orbital (HOMO)
mainly appears on the benzene ring and adjacent thiophene ring.
The lowest unoccupied molecular orbital (LUMO) is exclusively
located on the BF,bdk core, double bonds and thiophene rings.
Therefore, the photophysical process for BFBDTE(o) can be
assigned to charge transfer from the DTE moiety to the BF,bdk-
based fluorophore. By contrast, the extended -conjugated
system of BFBDTE(c) possesses large overlap between the HOMO
and LUMO (Fig. S18t). Delocalized molecular orbitals distribute
on the entire cyclized molecule with a planar conformation. The
extended m-conjugated system prevents the charge transfer
process, leading to the quenching of the PL. Energy level
(Fig. S197) analysis shows a band gap of 2.28 eV (543 nm) for the
first excited singlet state (S;) stemmed from excitation from the
HOMO to the LUMO, corresponding to the prompt emission peak
at 556 nm. The energy gap (AEgy) between S; and T, was calcu-
lated as 0.14 eV, which is very close to the experimental one (0.09
eV). Combining the experiments and theoretical calculations, it
was revealed that the presence of BF,bdk can largely reduce the
energy level/gap and AEgr, which enables the efficient energy
transfer of S; — Ty, and then, the small energy gap between
BF,bdk and DTE promotes energy transfer from T; of BF,bdk to
S; of DTE, featuring rapid photochromism performance.

Encouraged by the excellent fluorescent photochromic
performance of BFBDTE in toluene, its photochromism and dual-
mode fluorescence switching performance were further evalu-
ated in a poly(methyl methacrylate) film (PMMA). As shown in
Fig. 4a, when exposed to green light irradiation (530 nm), a novel
NIR absorption band at 744 nm gradually appeared, accompa-
nied by the film color changing from orange-red to green (Fig. 4a,

9384 | Chem. Sci,, 2022, 13, 9381-9386

View Article Online

Edge Article
a) 16
(@ ®) —
y : —— Delayed
530 nm 12s A
" . 2>
————— s
b4 3
£ 104 770nm 20's 8
£ os E
2 3
S o064 N
«©
0.4 £
S
0.24 z
0.0
500 600 700 800 900 1000 500 550 600 650 700 750 800
Wavelenath / nm Wavelength / nm
(c) d)

|| Delayed

Prompt |1 530 nmfjll = :: (
m—
=
r 6s

FL Intensity (a.u.)
PL Intensity (a.u.)

500 550 600 650 700 750 500 550 600 650 700 750 800
Wavelength / nm Wavelength / nm

Fig. 4 (a) The absorption spectra of BFBDTE in the PMMA film upon
alternating irradiation with green and NIR light. Inset: corresponding
color changes upon light irradiation. (b) Prompt and delayed fluores-
cence spectra of BFBDTE in the PMMA film. Prompt (c) and delayed (d)
fluorescence spectra of BFBDTE doped in the PMMA film upon
alternating irradiation with green and NIR light (ex = 450 nm). Insets:
corresponding fluorescence changes upon light irradiation.

insets). During this process, it took only 12 s to reach the pho-
tostationary state and 20 s for the cycloreversion reaction to
return to the initial orange-red film by irradiation with NIR (770
ns). The photoresponsive speed is faster than that in polar
solvents mentioned in the preceding text. In addition, good
fatigue resistance was also detected under green/NIR light irra-
diation (Fig. S207). As expected, BFBDTE presents both prompt
and delayed photoluminescence in the PMMA film under exci-
tation at 450 nm (Fig. 4b). The prompt and delayed fluorescence
lifetime was estimated as 1.85 ns and 48.75 us, respectively
(Fig. S217). As illustrated in Fig. 4c, under constant green light
irradiation for 11 s, the prompt yellow emission located at
569 nm sharply decreased along with the yellow fluorescence
fading in the PMMA film. Irradiation of NIR light, in turn,
reverted it back to the initial intensity. Furthermore, the BFBDTE
PMMA film also displays fast delayed switching behavior (11 s)
under the same irradiation conditions (Fig. 4d). Therefore, the
NIR switching of the BFBDTE PMMA film with a fast response
rate could serve as promising for infrared wavelength detectors
applied in the fields of optical communications, anti-
counterfeiting, bioimaging and optical memory storage systems.

By considering the different electron structures of the
BFBDTE(0) and BFBDTE(c) isomers, photo-electrochemical
measurements were carried out in 0.5 M Na,SO, aqueous
solution with a standard three-electrode system. The working
electrodes were prepared by dropping chloroform solutions of
BFBDTE(0) and BFBDTE(c) onto indium tin oxide (ITO) elec-
trodes. Ag/AgCl and platinum wire were used as the reference
and counter electrodes, respectively. The cyclic voltammetry
(CV) curve (Fig. 5a) shows that BFBDTE(o) has little electro-
chemical activity, whereas BFBDTE(c) has large electrochemical
activity in the negative voltage region. A small photocurrent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Cyclic voltammetry curves of BFBDTE(o) and BFBDTE(c)
measured in 0.5 M Na,SO4 aqueous solution. Transient current
density—time curves of BFBDTE(o) (b) and BFBDTE(c) (c) without bias
potentials. (d) Electrochemical impedance spectroscopy (EIS) Nyquist
plots of BFBDTE(o) and BFBDTE(c) measured at 0 V bias potentials.

density of only 12 nA em™” is generated for BFBDTE(0) under
periodical on/off light irradiation without bias potential
(Fig. 5b). In detail, it exhibits inverse photoelectronic response
behavior: under the light-on state, the photocurrent decreases
rapidly to about 2.8 nA cm™ > and then increases slowly to 8.3 nA
cm 2, while it increases rapidly and then decreases slowly when
the light is turned off. By sharp contrast, BFBDTE(c) generates
a small photocurrent density of 46 nA cm™2 under dark condi-
tions, and an instantaneous increase of the photocurrent
density up to 958 nA cm™? is observed when the light source is
turned on (Fig. 5¢). Thus, under light irradiation, the photo-
current density value of BFBDTE(c) is 684 times higher than that
of BFBDTE(0). Electrochemical impedance spectroscopy (EIS)
Nyquist plots (Fig. 5d) further suggest that the charge transfer
resistance can be reduced under illumination for both
BFBDTE(0) and BFBDTE(c), revealing that the additional light
radiation can promote the charge transfer. By contrast,
BFBDTE(c) exhibits higher charge transfer performance than
that of BFBDTE(0).

The above results imply that the inefficient photoelectronic
response performance of BFBDTE(0) can be assigned to the
isolated m-conjugation localized in the two separated thio-
phene rings, which hinders the transport of carriers. In
contrast, the extended m-conjugated system in BFBDTE(c)
showing delocalized m-electrons can provide a charge trans-
port channel, endowing highly efficient photoelectronic
response performance. Scanning electron microscopy (SEM)
images show a micrometer scale spherical morphology for
both BFBDTE(0) and BFBDTE(c). Dense aggregation micro-
spheres with a size of about 3 pm are observed for BFBDTE(c),
whereas BFBDTE(o0) exhibits a relatively sparse arrangement of
microspheres with a size of about 10 pm (Fig. S221). The
reason for this morphology and arrangement diversity can be
attributed to the smaller molecular size of BFBDTE(c) than

© 2022 The Author(s). Published by the Royal Society of Chemistry
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BFBDTE(0) obtained from theoretical calculations (Fig. S23
and 24t). These results further demonstrate that the planar
conformation of BFBDTE(c) with delocalized 7-electrons tends
to stack densely, resulting in high photoelectronic perfor-
mance, which makes BFBDTE perfect for molecular switching
controlled by NIR light.

Conclusions

In summary, a new photochromic fluorescence switching
molecule, BFBDTE, was designed and synthesized by the
conjugation of a difluoroboron B-diketonate (BF,bdk) fluores-
cent unit and dithienylethene. Reversible and repeatable cycli-
zation—cycloreversion processes can be controlled by green- and
NIR-light, accompanied by a remarkable color change as well as
fluorescence and TADF switching. This reversible trans-
formation tends to the photostationary state within only 20 s in
a PMMA film. We can speculate that two reasons are respon-
sible for the above lower energy induced rapid fluorescence
photochromic performance. First, the highly electrophilic
boron center in BF,bdk helps in reducing the HOMO and
LUMO energy levels, as well as the energy gap, enabling the light
absorption to red shift to the visible light region in the open-
ring isomer. Additionally, the active nonbonding p electrons
of the BF,bdk unit favor strong spin-orbital coupling and
intersystem crossing, featuring typical TADF character with
small AEgr. Second, the extended m-conjugated system in the
close-ring isomer with a planar configuration further broadens
the absorption band to the NIR region. The presence of electron
deficient BF,bdk, which possesses more ability to promote the
homolytic bond, means that rapid cycloreversion can be real-
ized by a lower energy of light irradiation. The delocalized -
electrons around the extended m-conjugated system in the
closed-ring isomer promote charge mobility, exhibiting high
electrochemical activity and photoelectronic response perfor-
mance. In contrast, the open-ring isomer impedes the carrier
transport, leading to turn-off of the photoelectronic response.
Therefore, this study provides a new perspective into the future
design of visible light-/NIR-controlled photochromic materials
showing reversible TADF and photoelectronic switching.
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