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derived from BF,-curcuminoid+
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Developing dithienylethene (DTE)-based fluorescence switches triggered by biocompatible visible light has
always been a long-term goal in view of their potential in numerous biological scenarios. However, their
practical availability is severely limited by the short visible light (generally less than 500 nm) required for
photocyclization, their inability to achieve red or near-infrared emission, and their short fluorescence
lifetimes. Herein, we present a novel DTE derivative featuring a dimethylamine-functionalized BF;,-
curcuminoid moiety (NBDC) by using an “acceptor synergistic conjugation system” strategy. The
dimethylamine group not only enables a red shift in the absorption and emission wavelengths of the
open isomer but also endows NBDC with unique acid/base-gated photochromism. As expected, as-
prepared NBDC presents 570 nm/770 nm light-driven photochromic properties, red-emissive
fluorescence, and thermally activated delayed fluorescence (TADF) switching in toluene. To our

knowledge, this represents the first instance of a yellow-green- and NIR light-controlled red
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Accepted 15th December 2024 fluorescence DTE switch with the longer fluorescence lifetime. Specifically, NBDC, which shows weak
photochromic activity in CHCls, demonstrates enhanced photochromic performance when gated by

DOI: 10.1039/d4sc05473¢ TFA/TEA. Ultimately, this non-toxic deep-red fluorescence switch has been successfully applied for

rsc.li/chemical-science photoswitchable imaging in vivo of living cells and zebrafish, further proving its versatility in life sciences.
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Introduction

Fluorescent molecular photoswitches, which integrate switch
units and fluorophores through covalent bonds, have recently
garnered significant interest due to their potential in optical
information storage, anti-counterfeiting, super-resolution
imaging, and more."” Among these, DTE switches featuring
ring-open/-closed isomerization are particularly appealing due
to their unique bistability, rapid response to light, and robust
fatigue resistance.*'” Typically, DTE-based fluorescence
switches require operation with UV light with high energy,
which is known to be harmful to cells and unfavorable for
penetration into biological tissues. Therefore, developing DTE
switches triggered by biocompatible visible light is of great
significance and an attractive goal.

“Luoyang Key Laboratory of Organic Functional Molecules, College of Food and Drug,
College of Chemistry and Chemical Engineering, Department of Life Science, Luoyang
Normal University, Luoyang, 471934, P. R. China. E-mail: liziyong@mails.ccnu.edu.
cn; zhangpei8877@126.com; guohui@lynu.edu.cn

*National Key Laboratory of Green Pesticide, International Joint Research Center for
Intelligent Biosensor Technology and Health, College of Chemistry, Central China
Normal University, Wuhan 430079, P. R. China. E-mail: yinj@ccnu.edu.cn

T Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4sc05473c¢

i These authors contributed equally to this work.

1762 | Chem. Sci., 2025, 16, 1762-1771

Substantial efforts have been devoted to developing various
strategies for visible-light-driven DTE derivatives.®** These
strategies include direct photoexcitation requiring elaborate
molecular design/synthesis (e.g., extending m-conjugation
systems,**® donor/acceptor-acceptor structures,*-** and intra-
molecular proton transfer®?) and indirect photoexcitation via
energy or electron transfer (e.g., triplet sensitization,*®
upconverting nanoparticles,*>** multiphoton absorption,** and
intermolecular charge transfer*?). For instance, Zhang and Tian
et al. developed a facile triplet sensitization strategy to fabricate
visible-light DTEs by mixing a triplet sensitizer with a narrow
singlet-triplet energy gap (AEsr)*® or employing a sensitizer with
a narrow AEgr as a building block in the DTE skeleton.*”
However, the distance-dependence and environment-sensitivity
of triplet sensitization limit their practical applications, espe-
cially in biological scenarios. Recently, the same group
demonstrated a nanoconfinement strategy to achieve enhanced
visible light-triggered photochromic performance in fully
aqueous media by self-assembling the DTE photoswitch and
sensitizer into nanoconfined micelles,*® protecting the triplet
sensitizer from external quenchers like O, and water. Compared
to these various strategies, extending the w-conjugation is
a straightforward approach commonly employed to develop
visible light-driven DTEs by reducing the HOMO-LUMO energy
gap of their ring-open form.>*?® For example, Chi and Li's

© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups have recently developed all-visible-light triggered
dithienylethene derivatives with molecular conformation
changes excess 5 A (ref. 25) and the ring-closure reaction yield
exceeding 96.3% (ref. 26) by using this strategy. However, it is
noteworthy that these conjugated DTEs often exhibit lower
cycloreversion quantum yield, shorter excitation light wave-
length, and may even lose photochromic activity due to the
decreased contribution of the singlet excited state to the hexa-
triene fragment on the DTE core as the conjugated system
extends. Addressing this “Achilles’ heel,” our group recently
introduced a promising strategy, referred to as the “acceptor
synergistic conjugation system” strategy, to explore a series of
efficient DTE derivatives triggered by visible light.***° For
example, one conjugated DTE (CDB1) containing the electron-
withdrawing difluoroboron B-diketonate (BF,bdk) moiety
exhibited maximum absorption and emission at 470 nm and
542 nm in toluene before irradiation, respectively.” When
irradiated with blue light (4;,;, = 470 nm) and NIR light (4, =
770 nm), CDB1 demonstrated reversible photoswitching
behaviors in toluene. Additionally, BFBDTE with a further
extended m-conjugation displayed efficient 530 nm/770 nm-
induced photochromism (Anac = 727 nm for closed isomer)
and fluorescence switching behavior (Ae,, = 556 nm for open
isomer) in toluene.”” It is noteworthy that the extension of the
conjugation significantly redshifts the excitation and emission
wavelengths of these fluorescence switches without affecting
their photoswitching performance. Here, we speculate that it is
possible to develop longer wavelength visible light-driven DTEs
using this strategy. It is also worth noting that light toxicity and
interference from sunlight decrease, and light penetration
increases as the visible light wavelength extends.* To date, no
red-emissive fluorescence switch based on DTE triggered
beyond 530 nm in visible light through the strategy of extending
T-conjugation has been reported. Moreover, most DTEs suffer
from the disadvantage of shorter fluorescence lifetimes.
Therefore, developing a longer visible light-driven DTE system
with red emission and longer fluorescence lifetime is highly
desirable for functional materials and photopharmacology, but
remains a severe challenge.

In this contribution, we have successfully prepared a novel
DTE derivative featuring a BF, complex of a dimethylamine-
functionalized curcumin analogue (BF,-curcuminoid), referred
to as NBDC (as shown in Fig. 1b). The strong electron donor
dimethylamine enhances the intramolecular charge transfer
(ICT) process compared to BFBDTE, resulting in a red shift in
the absorption and emission wavelengths for the open isomer
of NBDC. Additionally, it endows NBDC with a typical TADF
feature, characterized by a smaller energy difference (AEsy)
between the lowest singlet excited state (S;) and the lowest
triplet state (T;).* Furthermore, a unique acid/base-gated
photochromism for NBDC can be obtained considering that
the dimethylamine moiety can respond to a variety of acids.*>*
As anticipated, as-prepared NBDC exhibits 570 nm/770 nm
light-driven photochromic properties, red-emissive fluores-
cence, and TADF switching in toluene. To our knowledge, this
represents the first instance of a yellow-green-light and NIR
light-controlled red fluorescence switch with longer
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fluorescence lifetime based on DTE. Specifically, NBDC with
weak photochromic activity in CHCI; can perform an acid/base-
gated enhanced photochromic performance.

Results and discussion

As depicted in Fig. 1c and Scheme S1,+ NBDC was synthesized
via the Knoevenagel condensation reaction between interme-
diates 4 and 5 with n-butylamine as the catalyst in the yield of
43% in anhydrous toluene. The chemical structure of NBDC was
well characterized by "H NMR, *C NMR, and high-resolution
mass spectrometry (HRMS) (Fig. S1-S3). The "H NMR spec-
trum of NBDC revealed coupling constants of approximately
15.1 Hz for the double bonds, indicating a stable ¢rans-config-
uration for both ethylene bonds in NBDC.

With this BF,-curcuminoid-based DTE derivative in hand,
the photochromism of NBDC was first explored in toluene. As
illustrated in Fig. 2a, an intense absorption band centered at
558 nm (¢ = 5.97 x 10* M~" cm™") in the yellow-green light
region was observed in toluene, which arose from intra-
molecular charge transfer (ICT) transition from the dimethyla-
niline group to the BF,bdk moiety of the ring-open isomer
NBDC(0).”* When irradiated with yellow-green light at 570 nm
(8.9 mW cm ?) the pink solution gradually turned brown,
accompanied by the appearance of a new NIR absorption band
centered at 730 nm (¢ = 1.13 x 10* M~ ' em™") (Fig. 2a, inset),
indicating the formation of the ring-closed isomer NBDC(c)
(Scheme S2t). Although it took 600 seconds to reach the pho-
tostationary state (PSS), it represented the DTE system triggered
by the longest wavelength visible light to date. Notably,
a distinct isosbestic point at 596 nm was detected, indicating
a single photoconversion mechanism for NBDC.*> The cyclo-
reversion reaction occurred after continuous irradiation with
NIR light at 770 nm (8.9 mW cm™?) for 120 s (Fig. 2b), resulting
in the regeneration of the open isomer. Admittedly, the
response rate of the closed isomer to NIR light was significantly
faster than that of the open isomer to yellow-green light, as
depicted in Fig. 2c. Particularly, no significant degradation was
observed over ten cycles of alternating irradiation with yellow-
green light and NIR light (Fig. 2d and S47), implying decent
fatigue resistance for NBDC, probably due to the inhibition of
photobyproduct generation pathways under mild irradiation
with 570 nm and 770 nm light. Moreover, the cyclization and
cycloreversion quantum yields of NBDC in toluene were recor-
ded as ¢, = 0.12 and ¢._, = 0.007, respectively (Table 1).

Subsequently, the photochromism of NBDC was further
evaluated in solvents with larger polarity (CHCl; and DMSO).
When exposed to yellow-green light and NIR light, NBDC
exhibited weak photochromic properties in CHCl3, as shown in
Fig. S5-S81 and Table 1. In sharp contrast with toluene, both
open and closed isomers showed a distinct bathochromic shift
for the absorption maximum in CHCl; (A4 = 14 nm for the open
isomer and AA = 26 nm for the closed isomer) (Table 1). Addi-
tionally, it took longer for the open isomer to reach PSS in
CHCl; (ca. 27 min) compared to 10 min in toluene, implying
a slower optical response rate in CHCl;. As expected, an
extremely small cyclization quantum yield (¢,-. = 0.03) was
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Fig. 1 The energy diagram for photochromism triggered by UV and visible light irradiation in the traditional DTEs and DTEs with extended
conjugation, and the strategy of acceptor synergistic conjugation system to construct DTEs triggered by visible light with long wavelength (Sq:
ground state, S;: first singlet excited state) (a). The chemical structures and photochromic reaction of conjugated DTEs modified with BF, groups
(CDB1, BFBDTE and NBDC) upon alternating irradiation with 470 nm, 530 nm and 570 nm, respectively (b). The corresponding synthetic route of

NBDC (c).

obtained (Table 1). Unfortunately, NBDC exhibited no photo-
chromic activity in other solvents with different polarity
(CH,Cl,, THF, Acetone, CH;CN, DMF and DMSO) under the
same irradiation conditions (Fig. S97). In brief, NBDC exhibited
unique photochromic performance with solvent-dependent
features, consistent with some previous cases of BF,-incorpo-
rated DTE derivatives.*>**** Additionally, "H NMR spectral
variations of NBDC in CDCIl; were used to evaluate its photo-
isomerization (Fig. S107), revealing a photocyclization conver-
sion ratio at PSS of only 15.3% due to the weak photochromism
in CHCIl;. Photostability and thermal stability are crucial
criteria for evaluating the performance of photoswitchable
fluorescent DTE switches for potential applications in switch-
able sensing, super-resolution imaging, and photo-
pharmacology.'®*”*¢ The photostability of the open isomer
NBDC(0) was first explored in toluene under continuous
ambient light irradiation. Fig. 2e demonstrated negligible
variation in the absorption spectra centered at 558 nm when
NBDC(0) was continuously exposed to ambient light for
600 min, revealing excellent photostability, ensuring unaffected

1764 | Chem. Sci, 2025, 16, 1762-1771

switch operation by ambient sunlight. The thermal stability of
the closed isomer NBDC(c) was then investigated under dark
conditions. As illustrated in Fig. 2f, the NIR absorption intensity
at 730 nm for NBDC(c) remained essentially unchanged after
600 min in the dark at 40 °C, indicating good thermal stability
and a larger ground state activation energy difference detri-
mental for thermal cycloreversion reaction. Accordingly, this
efficient 570 nm/770 nm-driven DTE derivative, which
combines decent fatigue resistance, excellent photostability
against ambient sunlight, and thermal stability, is expected to
be applied in biological systems.

Considering the intense emission performance of BF,-cur-
cuminoid complexes, we subsequently explored the photo-
luminescence (PL) performance of NBDC in both prompt and
delayed modes across three different solvents. As illustrated in
Fig. 3a, upon excitation at 560 nm, NBDC exhibited bright red
fluorescence centered at 614 nm in toluene, with a relative
fluorescence quantum yield estimated at @ = 48%. Time-
resolved decay measurements at 614 nm revealed a prompt
fluorescence lifetime of 2.22 ns at room temperature (Fig. S11a

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05473c

Open Access Article. Published on 18 December 2024. Downloaded on 5/11/2026 4:09:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
a b c) 0»
( )1 24 ::oss ( )1.2 4 f”O nm :‘::s ( ) Under Yellow-green light irradiation
120 / —_—20s === Under NIR light irradiation
1.04 180s 1.04 ——30s £ 0.204 \
——240s 40s s
@ 0] 2] 121 ws | g0 0] 505 5 \
o 0. e o 0. ——60s ™ 0.154
g i 770 nm i 5 —70s T \
2 2 ——80s @
5 0.6 s 0.6 ——90s e \
2 2 1005 s 0.10
< 0.4 g 0.4 ——110s £ \k
—120s g ]
o2 i Jrronm 2 0.05 \
“‘
0.04 0.0 0,004 %
500 600 700 800 900 500 600 700 800 900 0 100 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm) Time (s)
(d) i e
0.25 4 = NIR lightat 770 nm ( ) (f)
E 0.20
(=3
2
« 0.154
©
8
E 0.10 4 1.2
g 3 1.0 3 16 )
2005 5§08 §5'?
< gos Sos
@041 Lo
0.00 4 <02{ 7 < ~
00 0.0
0 2 4 6 8 10 450 500 550 600 650 700 500 600 700 800 900 1000
Cyclic times Wavelength (nm) Wavelength (nm)

Fig. 2 The absorption spectra changes of NBDC in toluene (2.0 x 107> mol L™) upon alternating irradiation with yellow-green light at 570 nm
(8.9 mW cm™2) (a) and NIR light at 770 nm (8.9 mW cm™2) (b). The insets show the corresponding color changes upon photoirradiation. The
optical response rate of NBDC upon irradiation with 570 nm and 770 nm in toluene by monitoring changes in the maximum absorption
wavelength (Anax) of NBDC(c) (c). The fatigue resistance of NBDC in toluene for ten cycles (d). The photostability of the open isomer NBDC(o) in
toluene under continued ambient sunlight irradiation (e). The thermal stability of the closed isomer NBDC(c) in toluene at 40 °C by monitoring

changes in Amax of NBDC(c) at PSS (f).

and Table 17). In the delayed mode, a new emission peak at
630 nm and a long delayed fluorescence lifetime (r = 435.75 ps)
were detected in toluene at room temperature (Ax = 560 nm)
(Fig. 3a and b), whereas very weak delayed fluorescence was
observed in CHCl; and DMSO (Fig. S121). To further investigate
whether NBDC featured thermally activated delayed fluores-
cence (TADF), its phosphorescence spectra were measured in
toluene at 77 K, showing a weakened intensity compared to
room temperature. Additionally, the difference in wavelengths
between the prompt fluorescence (at room temperature) and
phosphorescence spectra (at 77 K) (Fig. 3¢ and S137) indicated
a small AEgp between the excited S; (614 nm, 2.02 eV) and Ty
(630 nm, 1.97 eV) states, calculated to be 0.05 eV. This small
energy gap (AEsy < 0.2 eV) suggests classical TADF performance
for NBDC. Upon irradiation with yellow-green light at 570 nm,
the emission intensity at 614 nm gradually attenuated, and the

red fluorescence faded (Fig. 3d), due to the ration reduction of
NBDC(o0) and efficient Forster-type resonance energy transfer
(FRET) between the excited BF,-curcuminoid and the closed
DTE core (Fig. 3j).*” After reaching the photostationary state
(PSS), the emission intensity of NBDC(o) was quenched by
approximately 51% due to partial overlap between the emission
spectrum of NBDC(0) and the absorption spectrum of NBDC(c)
(Fig. 3e). Irradiation with 770 nm NIR light restored the original
emission intensity, resulting from the reformation of NBDC(0)
(Fig. 3d). Notably, this fluorescent switching process can be
operated reversibly for ten cycles with some noticeable attenu-
ation (Fig. 3f).

Similar fluorescent switching behavior was detected in
CHCl; under the same light irradiation (Fig. S14 and S157).
Compared to toluene, NBDC exhibited a significant bath-
ochromic shift in the emission peak in CHCl; (Aer, = 643 nm,

Table 1 Photochromic parameters and fluorescence data of NBDC and NBDC-H in various solvents (2.0 x 107> M)

Compounds Solvents

Jmax” (M) (€ X 1075, M P em™) Ao’ (hm) (€ x 107, M " em ™) @p.°

wc—od Aeme (nm) TPFf(nS) TDFg (HS) (pfh (0/0)

NBDC Toluene 558 (5.97) 730 (1.13)
CHCl; 572 (6.88) 756 (0.25)
DMSO 592 (7.99) NA

NBDC-H  Toluene 506 (5.18) 760 (1.63)
CHCl; 510 (7.88) 810 (3.40)
DMSO NA NA

0.12 0.007 614 2.22 435.75 48
0.03 0.005 643 1.49 NA 32
NA NA 679 0.83 NA 2.4
0.34 0.008 610 0.90 NA 8.2
0.14 0.006 630 0.77 NA 1.6
NA NA 679 0.54 NA 1.1

“ Absorption maxima of ring-open isomers. ” Absorption maxima of ring-closed isomers. ¢ Cyclization quantum yields. ¢ Cycloreversion quantum
yields. ¢ Fluorescence emission maxima./ The prompt fluorescence lifetime. ¢ The TADF lifetime. " Fluorescence quantum yield determined by
a standard method with rhodamine 6G in water (®¢ = 0.75, Aex = 488 nm) as reference before irradiation with 570 nm light.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 1762-1771 | 1765


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05473c

Open Access Article. Published on 18 December 2024. Downloaded on 5/11/2026 4:09:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

=

(b) '\

Counts
-

Normalized Intensity (a.u.) &

= Delayed: @630 nm

(measured by delaying 1 ms)

\M\Wﬂ So

(c)
= 436,768 s, 202eV  __isc

N [}

)\ JAEg =0.05eV
—
o

KSS T, 197eV
-1
=]
3 =)
z| 8 =l _[1240 1240
& | ST= 614 630

T T T T T
500 550 600 650 700 750 800

T T
1200 1300

1000 1400
Wavelength (nm) Time (ps)
90
(d) ' (e) (f) - NIR light at 770 nm
770 nm ?
80 1
3 / e
4 33
£ g ss
2 & >>71
2 £ %%
% o cc
£ 2 £ 2g
£ < EE"
o -}
B - Ty
4 50
Overlap
T T T T T v T 40
550 600 650 700 750 500 600 700 800 900

Wavelength (nm)

Wavelength (nm)

Cyclic times

(9) (h) (i)

-_ ~———In Toluene 4

3 i |

& ——InDMSO ‘ _

2 '[**"*‘*' 3

2 | (0.652,9.348) £

] Inftoluene E‘

£ L t— @

&

°

[ £

= P}

E o

o

H y

e |
' ‘ i (0.698, 0}302]
500 550 600 650 700 750 800 11 500 550 600 650 700 750 800
Wavelength (nm) 00 01 02 03 04 05 06 07 08 Wavelength ‘nm)
FR’ VET.

&,
&

NBDC(0): Strong fluorescence

NBDC(c): Weak fluorescence

Fig.3 PL spectra of NBDC measured under prompt and delayed mode in toluene (2.0 x 107> mol L™} at room temperature (1o, = 560 nm) (a).
The delayed fluorescence decay curves (measured by delaying 1 ms) of NBDC in toluene (b). Simplified Jablonski diagram of TADF performance
for NBDC and the corresponding AEst based on the prompt fluorescence at room temperature and phosphorescence spectra at 77 K (c). The
prompt fluorescence spectra changes of NBDC in toluene (2.0 x 10~° mol L™ upon alternating irradiation with 570 nm light (8.9 mW cm~2) and
NIR light at 770 nm (8.9 mW cm™2) (d). (Inset) Corresponding fluorescent color changes upon photoirradiation. Overlap between the emission
spectrum of NBDC(o) and absorption spectrum of NBDC(c) (e). The fluorescence fatigue resistance of NBDC in toluene for ten cycles (f). The
prompt fluorescence spectra of NBDC in different solvents (2.0 x 107> mol L™ before irradiation (g). The corresponding CIE chromaticity
diagram in different solvents (h). Delayed fluorescence spectra changes of NBDC in toluene (2.0 x 10> mol L™%) upon alternating irradiation with
570 nm light and NIR light at 770 nm (i). Photochromic reaction of NBDC along with changes in fluorescence due to FRET process (j). FRET:
Forster-type resonance energy transfer.

Tpp = 1.49 ns) and DMSO (Aep, = 679 nm, tpp = 1.83 ns) (Fig. 3g
and Table 1), consistent with the changes in absorption spectra.
NBDC emitted standard red or deep-red fluorescence according
to the CIE chromaticity coordinates in toluene (0.652, 0.348),
CHCI; (0.699, 0.301), and DMSO (0.698, 0.302) (Fig. 3h),
demonstrating solvent-dependent fluorescent switching
behavior. Surprisingly, NBDC displayed distinctive deep-red
TADF switching performance in toluene. As depicted in
Fig. 3i, irradiation with yellow-green light gradually decreased

1766 | Chem. Sci., 2025, 16, 1762-1771

the delayed fluorescence intensity at 630 nm, which returned to
its original intensity under NIR light irradiation. In summary,
the as-prepared NBDC showed an unprecedented dual-mode
deep-red fluorescence and TADF switching performance trig-
gered by yellow-green and NIR light, which holds great potential
for photo-controlled biological imaging and super-resolution
imaging application.

Inspired by the unique structural features of the dimethyl-
amine moiety, which can respond to various acids, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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leveraging the intense fluorescence observed in both toluene
and CHCl;, we delved into the photophysical response of NBDC
to trifluoroacetic acid (TFA) and its potential to regulate NBDC's
photoswitching performance in solutions. As shown in Fig. 4a,
upon the addition of TFA (0-5.0 eq.), the maximal absorption
intensity at 572 nm (¢ = 8.94 x 10* M~' cm ') for NBDC
gradually decreased, accompanied by the emergence of a new
absorption peak at 510 nm (e = 7.88 x 10* M~ " cm ™) in CHCl;,
resulting in noticeable color transitions from purple to orange.
Additionally, an isobestic point at 524 nm indicated the
formation of a new species (NBDC-H) induced by TFA. More-
over, the corresponding deep-red fluorescence emission at
643 nm in CHCI; progressively diminished along with a fluo-
rescence lifetime decreased from 1.49 ns to 0.77 ns with
increasing TFA concentration (Fig. 4b and Table 1), attributable

View Article Online
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to the inhibition of the intramolecular charge transfer (ICT)
process upon proton recognition (Fig. 4g). Consequently, NBDC
shows promise as a novel colorimetric and fluorescent sensing
material for monitoring pH changes across various biological
processes.

Recent advancements have focused on developing gated-
photochromic DTEs, identified as an optimal strategy to
prevent destructive readouts.*®** In this context, we explored
the gated photochromism of NBDC, which exhibits notably
weak photochromic activity in CHCl;. Intriguingly, upon adding
5.0 eq. TFA, the photochromic activity of NBDC was significantly
enhanced in CHCI;. As depicted in Fig. 4c, the protonated DTE
derivative, NBDC-H, displayed an intense absorption peak at
510 nm (¢ = 7.88 x 10* M~' em™") in CHCI; before photo-
irradiation, marking a significant blue shift from its
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Fig.4 The absorption (a) and fluorescence (b) spectra changes of NBDC(o) in the presence of TFA (0-5.0 eq.) in CHCls (2.0 x 10> mol L™%). The
insets show the corresponding color and fluorescence changes before and after addition of 5.0 eq. TFA. The absorption spectra changes of as-
protonated DTE NBDC-H in CHCls (2.0 x 107> mol L™ upon irradiation with green light at 520 nm (8.9 mW cm™2) (c) and NIR light at 770 nm (8.9
mW cm2) (d). The insets show the corresponding color changes upon photoirradiation. The absorption spectra changes of NBDC-H(c) in the
presence of TEA (0-7.5 eq.) in CHClz (2.0 x 10> mol L™ (e). The absorption spectra changes of NBDC-H(c) after addition of TEA (7.5 eq.) in
CHCls upon irradiation with NIR light at 770 nm (f). Schematic representation of protonation of NBDC(o) and deprotonation of NBDC-H(o) upon
addition of TFA (5.0 eq.) and TEA (7.5 eq.), respectively, and photochromic reaction of NBDC and NBDC-H upon alternating irradiation with
570 nm (or 520 nm) light and NIR light at 770 nm (q).
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unprotonated counterpart due to ICT perturbation upon
protonation. Upon 520 nm green light irradiation (8.9 mwW
cm %), a lower-energy NIR absorption band at 810 nm (e = 3.40
x 10* M~ " em ') emerged, changing the solution color from
orange to brown, indicative of the generation of the closed form
NBDC-H(c) (Fig. 4g). The Ana.x of NBDC-H(c) experienced
a 54 nm redshift compared to NBDC(c) (Amax = 756 nm), due to
conjugation system elongation after protonation. Moreover, the
photoresponse rate of NBDC-H(o) to reach the photostationary
state (PSS) notably increased compared to NBDC(o) (Fig. S167).
Subsequent 770 nm NIR light irradiation triggered the cyclo-
reversion reaction, regenerating the initial open form (Fig. 4d).
The ¢, and ¢._, of NBDC-H in CHCI; were determined to be
0.14 and 0.006, respectively (Table 1), suggesting that proton-
ation of the dimethylamine group enhances photoswitching
performance, providing an innovative approach for designing
novel efficient long-wavelength visible light-regulated DTE
derivatives. As depicted in Fig. 4e, the gradual addition of 0-7.5
eq. triethylamine (TEA) into the brown solution of NBDC-H(c)
caused the maximum absorption peak at 810 nm to fade, and
dual absorption peaks at 564 nm and 756 nm emerged, indic-
ative of the closed isomer NBDC(c) formation, which is other-
wise challenging to obtain in large quantities in CHCl; (Fig. 4g).
When irradiated with 770 nm NIR light, the 756 nm absorption
band diminished, accompanied by a redshift of the 564 nm
peak to 572 nm, consistent with the absorption peak of the open
isomer NBDC(0) in untreated CHCl; (Table 1). In toluene, NBDC
exhibited similar sensing performance towards TFA and TFA/
TEA-regulated photochromism, as evidenced in Fig. S17-S21,
Table 1 and Scheme S3.f However, negligible changes were
observed in the absorption spectra in DMSO (Fig. S22t and
Table 1), which may be because large polar DMSO solvent is not
conducive for stabilizing protonated species in the acid-base
equilibrium reactions of dimethylamine moiety and TFA. Thus,
NBDC presents a distinctive acid/base-gated photochromic
performance triggered by green and NIR light in CHCl; and
toluene, positioning it as a potential dual-controlled molecular
switch.

To gain a deeper understanding of the relationship between
the photoswitching behaviors and electronic properties of
NBDC and NBDC-H, density functional theory (DFT) calcula-
tions were conducted to examine electronic densities and the
optimized geometries of the open and closed isomers at the
B3LYP/6-31G* level using the Gaussian 09 program.®* As
depicted in Fig. 5a, the highest occupied molecular orbital
(HOMO) of NBDC(0) was predominantly localized around the
dimethylphenylamine (DMPA) group, while the lowest unoc-
cupied molecular orbital (LUMO) was extensively distributed
around the BF,-curcuminoid moiety, emphasizing the electron-
deficient nature of the BF, group. This separation of HOMO and
LUMO orbitals facilitates an intramolecular charge transfer
(ICT) transition between the BF, acceptor and DMPA donor in
the excited state, promoting photocyclization under yellow-
green light. Conversely, for NBDC(c), the HOMO was concen-
trated on the central DTE core, and the LUMO encompassed the
entire molecular skeleton, leading to a narrower energy gap (E,
= 1.77 eV) compared to NBDC(0) (E; = 2.47 eV) due to the
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Fig. 5 Frontier molecular orbital profiles of NBDC(o), NBDC(c),
NBDC-H(o), NBDC-H(c) (a), the corresponding energy-minimized
structures (b), and their calculated electrostatic potential surfaces (blue
region represents the positive work and the red region represents the
negative work) (c) based on DFT calculations at the B3LYP/6-31G*
level using the Gaussian 09 program.

extended m-conjugation system. In sharp contrast, for NBDC-
H(o), the HOMO was spread across the carbazole and adjacent
thiophene moieties, attributed to the electron-withdrawing
effect of the formed ammonium salt upon protonation, dis-
rupting the original ICT process within the BF,-curcuminoid
fragment. This resulted in significant fluorescence quenching
and a notable hypsochromic shift in the absorption wavelength
of the open isomer (e.g., Amax = 558 nm in toluene and 572 nm
in CHCI; for NBDC; 506 nm in toluene and 510 nm in CHCI; for
NBDC-H). Additionally, NBDC-H(c) exhibited a smaller energy
gap (E; = 1.64 eV) compared to NBDC(c) (E; = 1.77 €V),
contributing to the absorption redshift for NBDC-H(c) (AApax =
30-54 nm). As shown in Fig. 5b, the energy-minimized structure
of NBDC(0) demonstrated a classical antiparallel conformation
conducive to photocyclization. From a side view, the DMPA and
thiophene-substituted BF,-curcuminoid framework appeared
nearly coplanar, indicating a well-suited conjugate structure for
facilitating the ICT transition. NBDC(c) maintained a coplanar
structure except for the carbazole group, which was angled
slightly. The optimized structures of NBDC-H(o) and NBDC-
H(c) remained largely unaffected by protonation. Furthermore,
as depicted in Fig. 5¢, an enhanced dipole moment for NBDC(c)
was calculated at 20.77 D, compared to 18.58 D for NBDC(o),
highlighting a significant polarity change during photo-
isomerization. Remarkably, the protonated forms of NBDC
exhibited much larger dipole moment changes (i.e., u = 69.98 D
for NBDC-H(0); 1 = 65.58 D for NBDC-H(c)), with the positive -
charge predominantly located in the dimethyl ammonium
group (blue region). These DFT calculations not only corrobo-
rated the experimental results observed in photochromic and
TFA-gated studies but also provided a promising foundation for
designing red light-excited DTE derivatives.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Encouraged by the dual-mode deep-red fluorescence and
TADF switching performance, as well as the long fluorescence
lifetime of NBDC and its biocompatible yellow-green/NIR-
excited photochromism, we preliminarily evaluated the appli-
cability of NBDC for photoswitchable imaging in living B16
(mouse melanoma) cells. To increase the water solubility of the
hydrophobic NBDC, nanoparticles loaded with NBDC (referred
to as NBDC NPs) were fabricated using the amphiphilic Plur-
onic F127 as the encapsulating matrix. The resulting nano-
particles displayed an average hydrodynamic diameter of
approximately 118 nm (Fig. S237), which favors efficient cellular
uptake and accumulation due to the enhanced permeability
and retention effect.**

When incubated with NBDC NPs at concentrations of 20-100
ng mL~" for 24 hours, the MTT assay revealed minimal cyto-
toxicity (Fig. S247), suggesting good biocompatibility for bio-
imaging applications. Unexpectedly, NBDC NPs exhibited rela-
tively weak photochromic and fluorescence switching proper-
ties in water, and the emission wavelength of NBDC NPs
redshifted to the NIR region (Ae,, = 848 nm), as illustrated in
Fig. $25.7 In contrast to the absence of photochromic activity in
large polar organic solvents, the recovery of photoswitching
performance in nano-aqueous solutions may be because the
encapsulation of NBDC inside the hydrophobic and small-sized
micelle enables a distinct nanoconfinement effect that shields
the system from solvent polarity®® and can stabilize antiparallel
conformation in favor of photocyclization. Subsequently, B16
cells were incubated with NBDC NPs (60 pg mL ™) for 3 hours.
As shown in Fig. 6a, the cells exhibited moderate red fluores-
cence under fluorescence microscopy, indicating successful
uptake of NBDC NPs. Upon irradiation with 570 nm yellow-
green light for 10 minutes, the intracellular red fluorescence
was largely quenched. Subsequent irradiation with 770 nm NIR
light restored the fluorescence signals to their initial state.
Remarkably, a higher fluorescence on-off contrast (2.2) was
observed in living cells compared to bulk solutions in a cuvette,
likely due to differences in the intrinsic physicochemical
properties (e.g., pH, salts, temperature, etc.) of the cellular
microenvironment compared to in vitro solutions.** Impor-
tantly, no significant fluorescence attenuation or cellular
damage was noted after several cycles of the photoswitching

— Dark Field — —— Merg —Dark Field — —— Merged —

ed —
(a) 1]

Fig. 6 Fluorescence microscopy images of living B16 cells (a) and
zebrafish (b) treated with NBDC NPs (60 pg mL™Y) upon alternating
irradiation with yellow-green light at 570 nm (8.9 mW cm™2) and NIR
light at 770 nm (8.9 mW cm™2). Fluorescence images (I and I11); merged
images of fluorescence and bright field (Il and IV).
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process. Few studies have evaluated the reversible fluorescence
switching performance in biological organisms.**** We selected
zebrafish as an in vivo model to explore the photoswitching of
NBDC NPs. Three-day-old zebrafishes were placed in water
containing NBDC NPs (60 pg mL '), which they presumably
absorbed through cutaneous permeation. Intense red fluores-
cence was detected throughout the fish body upon treatment
with NBDC NPs. Asexpected, a 570 nm/770 nm-triggered fluo-
rescence switching performance with high fluorescence on-off
contrast (2.5) was achieved in living zebrafish without any
noticeable morphological defects (Fig. 6b). These results
suggest that yellow-green/NIR light-controlled deep-red fluo-
rescence switching holds potential for applications in photo-
controlled precision fluorescence bio-imaging.

Conclusions

In summary, we have successfully developed a novel DTE-based
deep-red fluorescence switch, NBDC, featuring a dimethyl-
amine-functionalized BF,-curcuminoid moiety, utilizing an
“acceptor synergistic conjugation system” strategy. The inte-
gration of photoswitching experiments and theoretical calcu-
lations has highlighted several key findings: First, incorporating
the BF,-curcuminoid with a dimethylaniline moiety signifi-
cantly redshifts the absorption of the open isomer into the
longer wavelengths of the visible spectrum, thereby enabling
DTE systems to be triggered by such light. Second, the
enhanced intramolecular charge transfer (ICT) between the
dimethylaniline donor and the boron difluoride acceptor shifts
the emission of the open isomer towards the red or even deep
red light region. Third, the active nonbonding p-electrons on
the BF,-curcuminoid facilitate spin-orbital coupling between
the singlet and triplet excited states, enhancing intersystem
crossing and endowing the system with a typical TADF feature
characterized by a smaller AEgy. Finally, the unique acid/base-
gated photochromism is facilitated by the responsive nature
of the dimethylamine moiety to various acids. Photoswitching
experiments demonstrated that NBDC presented an unprece-
dented 570 nm/770 nm light-driven photochromism, red-
emissive fluorescence and TADF switching in toluene. This
marks the first instance of a dual-mode red fluorescence and
TADF switch based on DTE, triggered by yellow-green and NIR
light, featuring a prolonged delayed fluorescence lifetime (v =
435.75 pus). This is highly significant for applications in photo-
controlled bioimaging and super-resolution imaging. Notably,
in CHCl;, where NBDC shows minimal photochromic activity, it
can achieve enhanced photochromic performance through TFA/
TEA gating. Ultimately, the proof-of-concept applications of
such nontoxic red fluorescence switch in photoswitchable
imaging in vivo of living cells and zebrafish were successfully
realized, thereby affirming its versatility in life sciences.
Therefore, we anticipate that this deep-red fluorescence switch
will have potential applications in fluorescence imaging
requiring accurate detection, especially in living environments
rich in autofluorescence. Besides, this successful example paves
the way for further exploration of red-/NIR light-controlled DTEs
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for a broad range of biological and photopharmacological
applications.
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