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A dithienylethene (DTE)-anthracene dicarboximide dyad was prepared by condensation of an amino-sub-
stituted photoswitch with 2,3-anthracenedicarboxylic anhydride. The asymmetrically substituted dyad
also includes a pyridine moiety, which provides a handle for further post-synthetic modifications (e.g., the
herein employed methylation). The methylated dyad can be photoswitched between the ring-open and
ring-closed DTE forms in several cycles without noticeable fatigue, being the UV light-induced ring-
closing much more efficient (&,_. = 0.11) than the ring-opening at >550 nm light irradiation (®._, =
0.005). On the one hand, the ring-open form of the dyad shows significant blue fluorescence of the elec-
tronically-decoupled anthracene dicarboximide chromophore (A = 427 nm, &; = 0.19). However, this
emission is quantitatively quenched by a highly efficient FRET process in the closed form of the dyad. On
the other hand, the open form of the dyad also shows sufficient excited triplet-state population and sub-
sequent sensitization of singlet-oxygen (*O,) formation (@, = 0.21), which again is completely deactivated
for the closed form of the DTE. The thus achieved dual light-control of 2O, formation can be interpreted
as a molecular keypad lock and provides an interesting additional layer of functionality of *O, photosensi-
tizers (PSs). The concomitant observation of fluorescence enables the co-registered operation of the
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Introduction

The use of light to exert stimulus-controlled functions is par-
ticularly appealing due to its spatiotemporal character." In this
context photoswitches are especially valuable tools, enabling
to toggle in a reversible manner between different states with
contrasting structural and electronic properties.>” This poten-
tial has been capitalized in a broad range of applications,
including biological contexts, catalysis, information processing
and storage, or materials science.®™*®

One particular field of interest is the external control of the
action of singlet-oxygen ('0,) photosensitizers (PSs), with
potential benefits for a more selective mode of action.'®*
When integrating photoswitches and PSs in molecular devices,
it is possible to exert reversible ON/OFF sequences of 'O,
generation.”® % This is based on the ability of one of the
forms of the photoswitch to act as quencher of the excited
singlet state of the PS, thereby inhibiting all follow-up pro-
cesses. This includes the formation of excited triplet states by
intersystem crossing (ISC) and in ultimate consequence energy
transfer to triplet molecular oxygen (*0,), leading to the for-
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mation of 'O,. In such setting, the formation of 'O, can be
controlled in a double manner: by light of wavelength A, that
activates the photoswitch and another photonic stimulus at 4,
that triggers the PS itself (see Fig. 1a).”°' The action of
the photoswitch provides an additional layer of control
and potentially enhances the spatially confined selectivity of
'0, formation, which may be of interest in photodynamic
therapy, antibacterial treatments, or oxidative organic
transformations.?%%>3

Among the various families of photoswitches that can be
potentially employed for the outlined purposes are hemi-
thioindigos, azobenzenes, spiropyrans, and dithienylethenes
(DTEs).>***3° Egpecially the latter stand out for their robust
and all-photonic modus operandi. When combined with a PS,
DTEs can modulate Forster resonance energy transfer (FRET)
processes upon light irradiation,***> providing a dynamic way
to regulate 'O, formation. This was shown for intermolecular
cocktail approaches, molecular dyads, and metal-organic
frameworks that incorporate DTE and PS.>'%*3¢7%° A large
dynamic range of ON/OFF switching, meaning that practically
only one of the photoswitch forms enables 'O, formation, is
highly desirable. This requires a stringent molecular and
photophysical design of the FRET process and the implicated
energy donor-acceptor pair.

It is noteworthy that for many reported systems the control
of '0, production instead occurs partially, being generally
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Fig. 1 Photochemical control of singlet oxygen formation and photoisomerization of 1. (a) Schematic Jablonski diagrams demonstrating the inter-
play between excited state pathways in the different forms of the photoswitch. (b) Structures of the open (1o) and closed form (1c) of the herein

investigated dyad.

described in qualitative terms. This limitation arises from the
coexistence of multiple excited-state pathways, mainly FRET
and photoinduced electron transfer (PeT), whose individual
contributions are difficult to disentangle. As a result, establish-
ing predictive relationships between molecular design and the
associated photochemical performance remains a worthwhile
objective. Herein we address this challenge by introducing a
DTE-anthracene dicarboximide dyad (1, see Fig. 1b) that show-
cases clear-cut binary “all-or-nothing” switching of 'O, gene-
ration and the fluorescence of the PS. Although the parallel
involvement of PeT is thermodynamically plausible, based on
conservative estimates, the observed trend in 'O, formation
consistently tracks FRET, providing a framework for the
rational light-induced control of photosensitization.

Furthermore, the use of multiple light-input signals and
the all-photonic switching of the DTE provide a means to
implement the molecular design with the function of a keypad
lock, where the order of application of the light inputs matters
decisively for the binary value (i.e., 0 or 1) of the functional
output.*’™** This usefully complements earlier works by the
Akkaya group, who demonstrated the photosensitized for-
mation of 'O, in dependence on AND logical operations with
chemical and photonic inputs.*>™*® In addition, the dyad par-
titions the decay of the excited singlet state between radiative
“fluorescent” deactivation and triplet state population via
ISC.*® This enables the co-registration of 'O, formation via the
detection of fluorescence and establishes a “report-and-
release” protocol.>

Org. Chem. Front.

Results and discussion
Design and synthesis

The design of compound 1 is based on a perfluorinated DTE
core due to its higher stability compared to fluorine-free ana-
logues.”® One arm of the DTE was functionalized with an
anthracene dicarboximide unit, serving as the PS. Both func-
tional units are connected through a benzyl spacer to ensure
electronic decoupling. The other arm was substituted with a
pyridine moiety to potentially allow the post-functionalization
of the dyad, for instance by the Sy2 Menshutkin reaction with
alkyl halides,>® coordination with transition metals,> or via
Zincke reactions for solid-phase synthesis of peptides,®*
thereby broadening its application spectrum. In this work, the
straightforward methylation was chosen to demonstrate the
ease of such modifications.

DTE 1 was prepared according to the synthetic route shown
in Scheme 1. The central building block DTE-I, was obtained
by following a published procedure, starting from 2-methyl-
thiophene.>® Subsequent functionalization involved two
sequential Pd(PPh;),-catalyzed Suzuki coupling reactions.
First, DTE-I, was reacted with one equivalent of 4-pyridinyl-
boronic acid, providing the mono-substituted A1 in 30% yield.
A second coupling reaction with one equivalent of 4-(amino-
methyl)phenylboronic acid pinacol ester hydrochloride was
performed in the presence of the XPhos ligand, affording the
product A2 in 45% yield. The free amine group of DTE A2 was
then condensed with 2,3-anthracenedicarboxylic anhydride.

This journal is © the Partner Organisations 2026
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Scheme 1 Synthesis of 1, 2, and 3. Reagents and conditions: (i) Pd(PPhs);, Na,COsz, 4-pyridinylboronic acid, DME, H,O, 90 °C. (ii) Pd(PPhz),4,
Na,COs, 4-(aminomethyl)phenylboronic acid pinacol ester hydrochloride, XPhos, DME, H,O, 90 °C.; (iii) 2,3-anthracenedicarboxylic anhydride,

EtOH, reflux; (iv) methyl iodide, DCM, rt; (v) EtOH, reflux. The chemical yield for each reaction is provided below the corresponding compound
number in the scheme. All DTE-containing compounds were obtained in their open form and are shown like this.

The resulting compound A3 was obtained in 36% yield.
Finally, methylation of the pyridine moiety using methyl
iodide afforded photoswitch 1 in 56% yield. For comparative
studies, the model compound 2 was synthesized by direct
methylation of A1 with methyl iodide. Additionally, the anthra-
cene dicarboximide 3 was prepared by condensation of 2,3-
anthracenedicarboxylic anhydride with benzylamine and used
as a model chromophore in this study. The new products were
characterized by 'H, *C, and "’F NMR spectroscopy, gCOSY
and gHSQC experiments, and high-resolution mass spec-
trometry (see SI).

Photochemistry

The most important photochemical and photophysical data of
the herein investigated compounds are compiled in Table 1.
The qualitative inspection of the UV/vis absorption spectra of
the open and closed forms of 1 (i.e.,, 10 and 1c, respectively)
and the two model compounds 2 and 3 reveals the presence of
both chromophores in dyad 1 (Fig. 2a). Furthermore, for 10
the absorption spectrum corresponds to the sum of the

This journal is © the Partner Organisations 2026

spectra of the ring-open model DTE 20 and 3 (Fig. 2a). This
suggests that both chromophores are electronically decoupled
by the benzyl bridge in the dyad, as was intended in the
design approach. However, for 1c there is a significant devi-
ation of the long-wavelength absorption maximum in compari-
son to the ring-closed model DTE 2¢, which manifests in a
difference of 37 nm. This is likely due to the acceptor;-n—
acceptor, character of 1c, where the closed DTE core serves as
n-bridge.

The colorless 10 presents UV/vis absorption maxima at 350
and 403 nm. Upon irradiation at 365 nm (ca. 80% of the light
is absorbed by the DTE core), a 6z electrocyclization reaction
occurs, yielding the blue-colored 1c¢ with absorption maxima
at 350, 405, and 653 nm (Fig. 3a). Furthermore, an isosbestic
point at 375 nm was observed, suggesting a clean photochemi-
cal transformation without significant formation of secondary
byproducts. The selective irradiation of 1c with visible light
(>550 nm) regenerates 10 (Fig. 3b). Both photoswitching pro-
cesses proceed with virtually quantitative transformation
(100% pure isomer in the respective photostationary states), as

Org. Chem. Front.
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Table 1 Photophysical and photochemical properties of the compounds 1-3 in air-equilibrated acetone solutions

abs ( ) [ ( Cm_l ] Do “ Do b /‘[f (1’11’1’1) (DfE 43 (ns)d A (102)6
10 350 [29 900] 0.11 427, 444 0.19 3.23 (89%) 0.21
403 [7100] _ 6.00 (11%)
1c 350 [20 500] 0.005 f £
405 [18 500]
653 [18 300]
20 348 [27 600] 0.70
2¢ 385 [10500]" 0.011
616 [14 800]"
3 381 [5800] 431, 454 0.35 7.17 (100%) 0.58
403 [6600]

“ Determined by actinometry with potassium trioxalatoferrate(m) trihydrate (K;Fe(C,04); x 3 H,0); 20% error; ref. 56 and 57. ? Determined by acti-
nometry with 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-cyclopentene; 20% error; ref. 58 and 59. Fluorescence quantum
yield (excitation of the anthracene dicarboximide chromophore at 403 nm), determined with an integrating sphere; 10% error. ¢ Fluorescence life-
time, measured by time-correlated single- photon counting; 5% error. In parentheses the relative weight of each lifetime component is glven
When multi-exponential decay was observed. °Efficiency of '0, formation (25% error) determined with Rose Bengal as standard; ref. 60./The
minor fluorescence that is detected for 1c is ascribed to a residual amount of 10 in the photostatlonary state. € No formation of 'O, was observed.
"The molar absorption coefficient ¢ for the closed form 2¢ is corrected for the presence of a minor amount of 20 (4%) in the photostationary

state.
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(a) UV/vis absorption spectra of 1o (magenta), 1c (green), 2o (black), 2c (red), and 3 (blue) in acetone (all at 10 pM). (b) UV/vis absorption

spectra of 20 (black), 2c (red), and emission spectrum of 3 (blue dashed line) in acetone. These spectra are shown separately for a better appreciation
of the spectral overlap between the anthracene dicarboximide emission and the UV/vis absorption of the DTE core for 2¢, but not for 2o. This clear-
cut differentiation of spectral overlap leads to the observed “all or nothing” FRET process in dependence on the isomerization state of the DTE.

determined by 'H NMR spectroscopy (see the SI). DTE 1 can
be switched multiple times by alternating UV- and visible-light
irradiation, exhibiting high fatigue resistance (Fig. 3d).

The photocyclization quantum yield (&,_.) of 10 at 365 nm
excitation determined using the ferrioxalate
yielding a value of 0.11. The cycloreversion
quantum yield (&..,) for irradiation at 580 nm is much
smaller, with a value of 0.005, as determined with the DTE
1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-
hexafluoro-1-cyclopentene.”®® It is noteworthy that compared
with the model DTE 20 (®,_. = 0.70), the photocyclization
quantum yield is much lower for 10. We assign this tentatively
to the occurrence of competing excited-state processes of the
DTE moiety in 10, such as PeT involving the strongly electron-

was

actinometer,®"’

derivative

Org. Chem. Front.

accepting anthracene dicarboximide or the methylpyridinium;
see SL.°! In line with this assumption is the observation that in

the more polar acetonitrile @,_,. drops even further to 0.07.

Fluorescence properties and energy transfer

The excitation of the anthracene dicarboximide chromophore
produces an intense blue emission with two maxima at 427
and 444 nm (see Fig. 3¢) and an emission quantum yield of &
= 0.19 (see Table 1 for all fluorescence properties). Due to the
electronic decoupling between both chromophoric moieties,
the emission of 1o originates exclusively from the anthracene
dicarboximide. The corresponding excitation spectrum, moni-
toring the blue emission, shows solely the features of the
anthracene dicarboximide chromophore, including its typical

This journal is © the Partner Organisations 2026
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Fig. 3 UV/vis absorption spectra (top) and corresponding kinetic plots (insets) of DTE 1 (10 pM) in acetone. (a) ring closure by irradiation at 365 nm,
(b) ring opening by irradiation at >550 nm; (c) emission spectra for excitation at 375 nm (black 1o, red 1c); (d) vis absorption (at 653 nm) and emission
(at 444 nm) in repeated switching cycles (green — vis absorption, blue — emission).

fine structure. In addition, the model anthracene dicarboxi-
mide 3 yields quite identical fluorescence emission (Table 1
and Fig. 2b) and excitation spectra. Interestingly, the fluo-
rescence quantum yield of 3 (&¢ = 0.35) is nearly twice the
value of the one observed for 10. The trend of the quantum
yields is paralleled by the fluorescence lifetimes [3.23 ns for 10
versus 7.17 ns for 3], pointing to very comparable radiative rate
constants of the individual fluorophore 3 and when integrated
in the dyad 1o. Hence, the inherent radiative properties are
conserved in 1o and differences in fluorescence relate to the
occurrence of additional non-radiative deactivation (e.g., PeT)
in the dyad.

As noted for the reduced photocyclization quantum yield of
10 (see above), the observed fluorescence quenching [compar-
ing 10 and 3; Q = (1 — &{10)/P¢(3)) x 100%] hints on the occur-
rence of competing intramolecular excited state pathways, i.e.,
PeT from the DTE core to the excited singlet-state anthracene
dicarboximide; see SI. As a matter of fact, while the fluo-
rescence quenching Q amounts to 46% in acetone, it is further
accentuated in the more polar solvent acetonitrile (Q = 60%).

This journal is © the Partner Organisations 2026

The closed form 1c shows further quenching and exhibits
only very residual fluorescence, which moreover is attributed
to a very minor content of 10 in the photostationary state. In
fact, the quantitative fluorescence quenching in 1c is related to
a highly efficient Forster resonance energy transfer (FRET)
from the excited singlet anthracene dicarboximide to the ring-
closed DTE core.”” The occurrence of FRET in 1c is experi-
mentally substantiated by the fact that the fluorescence of the
anthracene dicarboximide donor and the absorption of the
ring-closed DTE acceptor overlap to a considerable degree
(Jaipole-dipole = 1.0 X 107" em® mol™). The calculation of the
critical FRET radius R, (see SI), which is the donor-acceptor
distance for which 50% FRET efficiency is expected, yielded a
value of 41 A. The actual donor-acceptor distance (R) was
approximated by simple MM2 force-field modeling of the
molecular structure of 1c, yielding a value of about 14 A. Based
on these data the theoretically expected @grer amounts to prac-
tically 1, coinciding with the experimental observation of vir-
tually quantitative fluorescence quenching. It is noteworthy
that for 10 no FRET quenching applies due to the absence of

Org. Chem. Front.
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absorbance of the DTE core (model 20) at wavelengths longer
than 400 nm (Fig. 2b), yielding a zero spectral overlap with the
anthracene dicarboximide fluorescence spectrum.

Generation of 'O,

The fluorescence quantum yield of the anthracene dicarboxi-
mide moiety in 10 points to the fact that a significant part (ca.
81%) of the excited singlet state decays non-radiatively. One
quenching pathway is the abovementioned possibility of PeT.
Akin to other anthracene derivatives, we infer the parallel
involvement of the formation of excited triplet states via ISC.
The excited triplet state may then be quenched by oxygen and
lead to the energy-transfer sensitized formation of 'O,. Indeed,
upon excitation of 1o at 419 nm, addressing selectivity the
anthracene dicarboximide part, the typical near-infrared (NIR)
phosphorescence of 'O, with a maximum at 1275 nm was
detected (Fig. 4). This provides unambiguous evidence for the
capacity of 10 to act as PS. The overall quantum yield for O,
formation was determined as @, = 0.21. Performing the same
experiment with the previously ring-closed dyad, that is, with
1c, showed no sign of 'O, phosphorescence (Fig. 4). Upon
visible-light irradiation, the system reverted to the open form
10 with full recovery of 'O, generation capability. This process
can be repeated without notable fatigue, as herein demon-
strated for five cycles (inset of Fig. 4). The incapacity of 1c to
act as PS is reasoned with the quenching of the excited singlet
state of the anthracene dicarboximide by FRET (see above),®>
which consequently disables the population of the excited
triplet state and ultimately the observation of 'O, formation.
The quantum yield for 'O, formation of 10 is lower than that
of model 3 (@, = 0.58). Due to the plausible competition of
PeT with the other S; deactivation channels (among them ISC
and T, population) of the anthracene dicarboximide moiety in
1o, less T; state is formed, which directly translates into
reduced 'O, formation as compared to 3.

5000

2500

1250 1275 1300 1325

Alnm

Fig. 4 'O, phosphorescence spectra upon excitation of 10 (black line)
or 1c (red line) at 419 nm; [1] = 10 pM. The inset shows the corres-
ponding variations of emission intensity of singlet oxygen upon five
photoswitching cycles, toggling between lo and 1c by alternating
irradiation at 365 nm and at >550 nm.
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Table 2 Commented truth table for the all-photonic molecular keypad
operation of 1c

In, In, Out; Out,

(>550 nm) (419 nm) ('0,) (fluo) Chemical observation

0 0 0 0 No photoprocesses

1 0 0 0 Only 1c — 10

0 1¢ 0 0 Quenching of 'O, formation in
1c

12" 1(1% 0 0 Quenching of 'O, formation in
1c and subsequent 1c — 10

1(1% 1 (2™ 1 1 First 1c — 10 and subsequent

unquenched photosensitized
'0, formation by 10

“ Although the excitation at 419 nm may also directly address the ring-
closed DTE chromophore, the quantum yield of the ring opening is
effectively too small to yield sufficient amounts of 1o.

Molecular keypad lock

The photoswitching of 1 and the resulting modulation of its
capability to photosensitize the formation of 'O, can be inter-
preted in the context of molecular logic operations.**™**
Starting with the dyad in its closed form 1c¢ and choosing
photonic signals as inputs In (In;: irradiation at >550 nm; In,:
irradiation at 419 nm), the following Boolean logic can be rea-
lized (Table 2). No light irradiation (In; = In, = 0) leaves the
dyad in the 1c state and no 'O, formation is observed (Out; =
0). The irradiation at >550 nm (In; = 1) leads to ring opening
(o), but in the absence of the excitation of the anthracene
dicarboximide (In, = 0) the output signal remains in the
binary 0 state. Because of the described FRET, the same lack of
10, formation is observed for the excitation of the anthracene
dicarboximide (In, = 1) of 1c, in the absence of irradiation at
>550 nm (In; = 0). Only if both photonic input signals are acti-
vated (In; = In, = 1) 'O, could be in principle generated.
However, this is only the case (Out; = 1) if the inputs are
applied in the sequential order In; first (1c — 10) and then
In,. If this input order is reversed (In, before In;) only the for-
mation of 1o results, but no 'O, is generated (Out; = 0). In
addition, the same observations relate to the generation of
fluorescence (see Table 2), which is only observed for 10. This
constitutes a case of a co-registered logic gate operation.”®

This overall logic behavior is coincident with a 2-input pri-
ority AND gate (2-PAND), a simple representation of a keypad
lock.** It is noteworthy, that the input and output signals are
all of photonic nature. In addition, the reversibility and high
fatigue resistance of the photoswitching enable the recyclable
operation of this molecular keypad lock. Furthermore, by
application of 365 nm light the dyad can be conveniently reset
to the initial state (10 — 1c).

Conclusion

The meticulous photophysical design of the dithienylethene
(DTE)-anthracene dicarboximide dyad 1 enabled the clear-cut
and robust photoswitching of “all-or-nothing” 'O, formation.

This journal is © the Partner Organisations 2026
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This was enabled by the exclusive occurrence of FRET for the
closed form of the photoswitch, while the open form showed
zero spectral overlap between DTE absorption and anthracene
dicarboximide PS emission. The dual light control of singlet-
oxygen formation provides an additional layer of functionality
to the action of PSs, potentially leading to increased selectivity.
Further, it was shown that the dyad can be operated in a way
so that a specific order of light inputs is required to observe
singlet oxygen and fluorescence as outputs, akin to the func-
tion of a molecular co-registered 2-input priority AND gate or
keypad lock.
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