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a b s t r a c t

Three novel dithienylethenes modified by bifluoroboron β-diketonate fragments have been successfully

developed. Upon blue light irradiation, they reached photostationary state within 2–5 s, as well as 100%

conversion ratio and photocyclization quantum yield of > 0.70. Such fascinating photochromism were

endowed by collaborative role of electron-withdrawing effect of BF2bdk group to reduce HOMO-LUMO

electronic gap for the open isomer, together with intramolecular hydrogen bonds and CH-π interactions

favoring antiparallel conformation fixation. Moreover, they displayed specific discrimination and photo-

switchable bacterial imaging for S. aureus.

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

Medica, Chinese Academy of Medical Sciences.

In recent years, blooming development of visible light-triggered

photoswitches has attracted much attention, as visible light shows

low phototoxicity and high penetrability for living organisms

[1–3]. As a star photochrome, dithienylethene (DTE) is in posses-

sion of excellent photochromic performances, e.g., thermo-stability,

robust fatigue resistance and rapid response [4–6]. Over the past

few decades, some approaches have been proposed for develop-

ment of visible-light DTEs, mainly including both direct photoex-

citation and indirect photoexcitation via energy transfer [1,7,8].

The former is mainly to reduce the HOMO-LUMO energy gap of

open form so that the absorption band redshifts to the visible re-

gion, which is generally implemented by extending π-conjugation

system of DTE [9–11]. However, cumbersome molecular design

is required along with deterioration of inherent photochromism

in most cases. The indirect excitation generally comprises triplet

photosensitizers and upconverting nanoparticles, of which triplet-

sensitized photochromism seems to be more appealing for this

purpose. For instance, the introduction of a transition metal into

DTE has explored based on MLCT mechanism [12]. Undeniably,

they often encounter some problems, such as poor cyclorever-

sion quantum yield, metal contamination and high expense [13].
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As an alternative, DTE is blended or covalently connected with a

proper organic photosensitizer (e.g., biacetyl, 2CzPN) to afford all-

visible-light photochromism through a triplet-triplet energy trans-

fer mechanism [14,15]. Whereas relatively low sensitization effi-

ciency and sensitivity to oxygen will hinder their potential applica-

tions. Although plenty of strategies and even some new ones have

been developed for visible-light DTEs [16,17], the balance between

visible-light excitation and photoswitching performance still can-

not be achieved. Therefore, searching for a novel approach to fab-

ricate DTE systems with both visible light response and efficient

photochromism is highly desirable for further applications.

To strike a balance between structure and performance, some

preliminary explorations have been carried out, e.g., the excellent

visible-light-photochromism was obtained by introduction of di-

fluoroboron β-diketonate (BF2bdk) moieties on the central ethene

unit [18] or on peripheral thienyl rings (bridged by vinyl bonds)

[19,20], respectively, which is mainly due to the fact that electron-

withdrawing BF2bdk group cannot merely extend the conjugated

system, but also reduce HOMO-LUMO energy gap. Yet, ideal pho-

tochromism for potential applications can still not be afforded.

According to previous reports by Morinaka et al. [21] and Fuku-

moto et al. [22], specific intramolecular non-covalent interactions

were thought to stabilize antiparallel conformation in favor of pho-

tocyclization. Hence, we deem that it will provide a possibility

for the development of an efficient visible-light-DTE system en-
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Fig. 1. Chemical structures of blue light-responsed DTEs 1a–1c.

dowed by the collaborative role of the electron-withdrawing ef-

fect of BF2bdk and intramolecular interactions. Herein, we have

presented three novel DTEs directly linked by BF2bdk fragments

on peripheral thienyl pendants (Fig. 1). Upon irradiation with blue

light, these DTEs displayed a distinguished photochromic perfor-

mance. NMR studies and DFT calculations implied the contribu-

tion of intramolecular hydrogen bonds and CH-π interactions to

antiparallel conformation favoring photocyclization.

The synthetic route of DTEs (1a–1c) was depicted in Scheme S1

(Supporting information). The Claisen condensation reaction was

carried out between DTE-ester (5 or 8) and ketone derivatives (6

or 7) in the presence of NaH to afford β-diketone intermediates

without any purification, followed by complexation with BF3·OEt2

in yields of 35%–51%. Their structures were fully characterized by
1H NMR, 13C NMR and HRMS (Figs. S1–S9 in Supporting informa-

tion).

The visible-light photochromic behaviour of 1a–1c was then in-

vestigated in different solvents. As illustrated in Fig. 2a, it was clear

that the absorption band of open isomer 1a(o) centered at 422 nm

was observed in toluene, which is derived from intramolecular

charge transfer (ICT) transition [23–25]. Upon blue light irradia-

tion at 460–470 nm, a near-infrared absorption band at 742 nm

gradually emerged along with the color from yellow to green (Fig.

2a, inset), indicating the formation of closed isomer 1a(c) (Fig. 2e

and Scheme S2 in Supporting information). Amazingly, the pho-

tostationary state (PSS) can be achieved after 4 s of irradiation,

which should be the fastest response known to date for visible-

light DTE systems [1,7]. Moreover, an isosbestic point at 448 nm

was observed, clearly indicating the photochromic transformation

of 1a(o) and 1a(c). Irradiation with NIR light (λ=760–770 nm,

70 s) triggered the cycloreversion reaction to regenerate the ini-

tial yellow isomer (Fig. 2b). Further fatigue resistance indicated

good reversibility (Fig. 2b, inset), which might be due to blocking

of the pathway to photo-byproducts under mild irradiation light

[26,27]. As anticipated, a large cyclization quantum yield for 1a

was recorded as 0.77 and its cycloreversion quantum yield was

0.051 in toluene. Similar photochromism was observed in CHCl3
and DMSO when exposed to the same light conditions (Fig. S10 in

Supporting information). Compared to that in toluene, the max-

imum absorption of open and closed isomers showed a distinct

bathochromic shift (Fig. 2c and Table S1 in Supporting informa-

tion), indicating a unique solvent-dependent photochromism. How-

ever, it took a longer time to reach PSS, i.e., 5 s in CHCl3 and

9 s in DMSO, implying that the higher the solvent polarity, the

Fig. 2. The UV-vis-NIR absorption spectra changes of 1a in toluene (2.0×10−5 mol/L) upon alternating irradiation with blue light (a) and NIR light (b). Inset: fatigue

resistance of 1a. (c) UV-vis-NIR absorption spectra of 1a(o) and 1a(c) in various solvents. (d) UV-vis-NIR absorption spectra of 1a–1c. (e) Optimized geometric structures of

1a(o) and 1a(c).
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Fig. 3. (a) Side view of optimized geometry of ring-open isomer 1a(o), in which the

dotted lines indicate O–H hydrogen bonds and CH-π interactions between methyl

groups at reactive carbons and thienyl rings; (b) frontier molecular orbital profiles

of ring-open and -closed isomers of 1a based on DFT calculations (in vacuo) via the

Gaussian 09 program (B3LYP/6-31G∗ level).

slower the cyclization. As expected, the corresponding cyclization

quantum yields decreased as the solvent polarity increased (Table

S1). In brief, 1a presented an exceptional blue light-triggered pho-

tochromism in different solvents.

Subsequently, the photoisomerization of 1a was further ana-

lyzed via 1H NMR spectral variations in DMSO-d6. Compared with

1a(o), all the protons in 1a(c) showed a significant upfield shift

due to electron shielding effect of closed form with an extended

π-conjugation (Fig. S11 in Supporting information). To our excite-

ment, the photocyclization conversion ratio at PSS was determined

to be 100% according to 1H NMR results. Surprisingly, the signals

of methyl protons (Hc) and thienyl proton (Hd) in 1a(o) appeared

at δ 2.05 and δ 8.64, respectively, which separately showed a slight

upfield shift and a significant downfield shift compared with our

previously reported BF2bdk-DTE analogues (e.g., for CDB1 in Fig.

S14 in Supporting information, the corresponding proton signals

appeared at δ 2.15 (methyl-Hc) and δ 7.22 (thienyl-Hd)) [19]. So

it would be unreasonable to evaluate the effect of BF2bdk group

on hydrogen protons in DTE unit by only considering its stronger

electron-withdrawing ability than BF2bdk-DTE analogues like CDB1.

If so, the Hc signal in 1a(o) should also appear at a lower field

than 2.15 ppm, rather than 2.05 ppm. According to previous re-

ports [21,22], the upfield shift of methyl protons originated from

intramolecular CH-π interactions between the methyl group and

the other side-plane. Besides, such a significant downfield shift

for Hd (�δ =1.42 ppm) might be synergistic role of electron-

withdrawing effect of BF2bdk and intramolecular C–H···O weak hy-

drogen bond between O in BF2bdk and H in thienyl group. There-

fore, these results indicated the presence of intramolecular C–H···O
weak hydrogen bond and CH-π interactions between the methyl

group and the conjugated plane of thiophene-BF2bdk-benzene on

the other side, which would favor fixation of the antiparallel

conformation.

To further confirm intramolecular interactions for 1a, DFT cal-

culations were performed [28]. As shown in Fig. 3a, 1a presented

an antiparallel conformation. Particularly, the distance between H

Fig. 4. (a) Fluorescence and merged images of bacteria (S. aureus and E. coli) incu-

bated with 1a(o), 1b(o) and 1c(o). (b) Photoswitchable bacterial imaging of 1a(o)

toward S. aureus upon alternating irradiation.

in thienyl and O in BF2bdk was estimated to be 0.254 nm, which

is shorter than the sum of the van der Waals radii of the H

(0.120 nm) and O atom (0.152 nm), clearly implying intramolec-

ular hydrogen bonding. Moreover, intramolecular CH-π interac-

tions were also proposed by shorter distances between H atoms on

methyl and the opposite plane of thiophene-BF2bdk-benzene triad

(0.299 and 0.312 nm). Therefore, DFT calculations further verified

the role of intramolecular hydrogen bond and CH-π interactions in

fixing antiparallel conformation. In addition, HOMO electron den-

sities of 1a(o) was primarily distributed in central DTE unit, and

the LUMO was localized over the BF2bdk fragments resulting from

electron-deficient effect of BF2 (Fig. 3b), indicating A-DTE-A type

architecture. For 1a(c), the HOMO was roughly distributed over

the whole molecular skeleton and the LUMO was localized in the

central DTE unit. Expectedly, 1a(c) presented a smaller energy gap

(�Eg =1.81 eV) than 1a(o) (�Eg =3.44 eV) due to its extended π-

conjugation.

Whereafter, photochromism of carbazole-substituted analogues

1b and 1c were further evaluated. As shown in Fig. 2d, Figs.

S12, S13 and Scheme S2 (Supporting information), excellent pho-

tochromism for 1b and 1c was also found under the same ir-

radiation conditions. By contrast, a striking bathochromic-shift

(�λ=39–49 nm) for open isomers 1b(o) and 1c(o) was observed

due to the electron-donating carbazole group. For closed isomers,

bilateral 1b(c) showed a negligible red-shift while an obvious blue

shift was detected for unilateral 1c(o). Beyond that, introduction

of electron-donating carbazole groups in 1b and 1c accelerated the

two-way reaction rate of both cyclization and cycloreversion under

the same conditions compared with benzene-modified 1a. More-

over, 1c presented higher photochromic quantum yields than those

of 1a and 1b in DMSO (Table S1). High photocyclization conver-

sion ratios were also recorded as 100% for 1b and 88% for 1c, re-

spectively (Figs. S15, S16 and Table S2 in Supporting information).

Similar DFT calculation results of 1b and 1c were obtained for op-

timized structures, intramolecular interactions and electron distri-

butions (Figs. S17–S19 in Supporting information). These results in-
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dicated that electron-donating group attached to BF2bdk was fa-

vorable for further improving visible-light photochromism in this

system.

Given the excellent luminescence of BF2bdk complexes, the fol-

lowing exploration focused on the fluorescence-switching of 1a–

1c. As depicted in Fig. S20a and Table S3 (Supporting information),

1a(o) exhibited a bright green fluorescence at 493 nm prior to ir-

radiation in toluene, whose relative photoluminescence quantum

yield was estimated to be φf =0.21. Upon blue light irradiation, the

emission peak was gradually decreased along with green fluores-

cence fading, probably owing to efficient energy transfer between

the excited BF2bdk and closed DTE moieties [29–31]. After reach-

ing PSS in 4 s, the fluorescence intensity of 1a(o) was quenched by

ca. 90%, which returned to the original intensity after irradiation

with NIR light. Besides, such switching process could reversibly

conducted ten cycles with negligible degradation (Fig. S20b in Sup-

porting information). By contrast, the emission peak of 1a(o) dis-

played a significant red-shift in CHCl3 (524 nm, yellow-green) and

DMSO (544 nm, orange) (Fig. S20c in Supporting information). And

similar fluorescent switching behavior was observed in CHCl3 and

DMSO (Fig. S21 in Supporting information). Moreover, 1b and 1c

presented the red-shifted fluorescence-switching process under the

same conditions (Figs. S20d, S22, S23 and Table S3 in Supporting

information).

Inspired by their excellent fluorescence-switching behavior, we

selected Gram-positive S. aureus and Gram-negative E. coli for the

preliminary assessment of the bacteria staining performance of

1a–1c. After incubated with fluorescent dyes 1a–1c, the distinct

fluorescence signal was visualized in S. aureus, while almost no

fluorescence signal was detected for E. coli (Fig. 4a), indicating

specific discrimination for S. aureus and E. coli, which is due to

multilayer outer membrane structures of Gram-negative bacteria

[32,33]. Besides, photoswitchable bacterial imaging of 1a(o) toward

S. aureus was conducted upon alternating irradiation with blue and

NIR light (Fig. 4b). When S. aureus stained with 1a(o) was exposed

to blue light for 80 s, the distinct fluorescence signals were grad-

ually vanished, indicating 1a(o) was transformed to 1a(c) in S. au-

reus. Upon irradiation with NIR light, the fluorescence signals came

back. It was noted that there was no significant decrease in the

number of S. aureus after repeating the above operation several

times. It is worth noting that photoswitching behavior in bacteria

is consistent with that in solutions.

In summary, three novel BF2bdk-functionalized DTEs were suc-

cessfully developed. Upon blue light irradiation, they can reach PSS

in ca. 2–5 s, as well as 100% conversion ratio and up to >0.70

of ϕo-c. Such exceptional visible light-photochromism were en-

dowed by the collaborative role of the electron-withdrawing effect

of BF2bdk, together with intramolecular C–H···O hydrogen bond

and CH-π interactions favoring fixation of photoreactive antiparal-

lel conformation. Moreover, they displayed specific discrimination

and photoswitchable imaging for S. aureus. This successful exam-

ple can provide guidance for further development of more efficient

visible-light-DTE systems for biomedical applications.
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