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A DNA-Based Two-Component Excitonic Switch Utilizing High-

Performance Diarylethenes

Simon M. Biillmann, Theresa Kolmar, Nicolas F. Zorn, Jana Zaumseil, and Andres Jischke*

Abstract: Nucleosidic diarylethenes (DAEs) are an
emerging class of photochromes but have rarely been
used in materials science. Here, we have developed
doubly methylated DAEs derived from 2’-deoxyuridine
with high thermal stability and fatigue resistance. These
new photoswitches not only outperform their predeces-
sors but also rival classical non-nucleosidic DAEs. To
demonstrate the utility of these new DAEs, we have
designed an all-optical excitonic switch consisting of two
oligonucleotides: one strand containing a fluorogenic
double-methylated 2'-deoxyuridine as a fluorescence
donor and the other a tricyclic cytidine (tC) as acceptor,
which together form a highly efficient conditional
Forster-Resonance-Energy-Transfer (FRET) pair. The
system was operated in liquid and solid phases and
showed both strong distance- and orientation-dependent
photochromic FRET. The superior ON/OFF contrast
was maintained over up to 100 switching cycles, with no

detectable fatigue.
J

Introduction

Photochromism is the reversible interconversion of two
(meta-)stable isomers upon interaction with light. Photo-
chromic compounds have enabled innovative applications in
many different research areas!'™ because light as an external
trigger offers unique advantages:” 1) Light is non-invasive,
2) it is harmless when used appropriately, and 3) it often
provides a much higher spatiotemporal resolution than e.g.
chemical or electrical stimuli.**) A particularly interesting
class of photochromes are diarylethenes (DAEs). In recent
years, they have been researched intensely, enabling a fine
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adjustment of their properties.’! The most common struc-
ture of classical DAEs is shown in Figure la, with two
substituted thiophene rings connected via a cyclopentenyl
bridge and two alkyl groups at the reactive a-carbon atoms.
Most of today’s DAEs can be classified as p-type positive
photochromes that undergo a reversible cyclization reaction
upon irradiation with ultraviolet (UV) or visible (Vis) light.
During the cyclization process, their conjugated m-system
changes, causing a strong coloration of the closed form.
Many DAEs exhibit strong photochromism with high
cyclization quantum yields, high thermal stability of the
closed isomer, and high fatigue resistance. Originally, DAEs
were intended as optical storage media”® but due to their
promising photophysical properties, the application interest
quickly expanded to fields such as photopharmacology,”'”
molecular sensors,!'"*? high-resolution microscopy,>* and
functional organic electronics.*!

In 2013 our lab introduced a new class of DAEs in which
one of the aryl moieties was replaced by a pyrimidine
nucleobase of a nucleoside (Figure 1b) or oligonucleotide.”"
An inherent advantage of these molecules was that the
nucleobase is an active component of the DAE core
structure, allowing zero-length integration into the target
(i.e., DNA). These DAEs deviated significantly from the

/(_ﬁ_X I&l
R™ °S §” "R

Sa a S
cIosed—ring isomer

open rlng isomer
< 7 X=0, NH i J

R = Ph, 2Py, Ph'Bu
previous work

thls work

Figure 1. General overview of classical and nucleoside DAE photo-
switches. a) Structural design of classical DAEs and their reversible
photo-induced isomerization reaction. The reactive a-carbon atoms are
highlighted. b) Previously described pyrimidine nucleoside DAEs. The
unsubstituted position 6 of the nucleobase is labelled. c) Novel
deoxyuridine-based photoswitches. The methylated position 6 of the
nucleobase is highlighted.
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classical DAE structural concept: one of the five-membered
thiophene rings was replaced by a six-membered pyrimidine
ring, and only one instead of two methyl groups were
present at the reactive a-carbon atoms (Figure 1b). In a
recent study, we systematically varied the substituent on the
thiophene moiety of these pyrimidine-based DAEs and
identified two high-performance photoswitches™ (dU-
Ph'Bu and dU-2Py). In these photochromes, the nucleobase
was left unchanged to keep them as natural as possible.
However, our work on photoswitchable 2'-deoxy-7-deaza-
adenosine derivatives had revealed that modifications to the
nucleobase, namely the addition of a methyl group at the
reactive a-carbon atom and the replacement of N-7, do not
affect the natural ability of the nucleobase to form base
pairs.”®! Moreover, we observed that two methyl groups are
essential for strong photochromism of purine nucleoside-
based DAEs.”**! These results suggested that the perform-
ance of 2’-deoxyuridine DAEs should also be improved by
adding a methyl group at the a-carbon of the nucleobase in
combination with a favorable substituent at the thiophene
moiety (Figure 1c). Since mono-methylated deoxyuridines
already outperform most classical DAEs in terms of reaction
quantum yields and are on par with them in the composition
of the photostationary states (PSS),*” we now aim to catch
up in areas where they have been inferior, namely thermal
stability and fatigue resistance. With the new generation of
photoswitches, we intend to close this performance gap and
thus increase their applicability in organic electronics, a
discipline with the highest demands on the properties of the
photochromic unit (often thousands of switching cycles and
high heat tolerance).?”??1 As Moore’s law approaches its
limit, alternative strategies for designing logic gates and
integrated circuits are becoming increasingly attractive.*”
Alternatives include all-optical excitonic switches that use
photochromic Forster resonance energy transfer (pcFRET),
a process in which the behavior of fluorophores is reversibly
modulated by light.?*3! A study by Kellis et al.’? has shown
that the construction of such a system with two fluorophores
and up to three nucleosidic DAEs that act as photochromic
modulators is feasible on a DNA scaffold. The use of DNA
as a scaffold offers several advantages since DNA is
programmable and easy to synthesize by solid-phase syn-
thesis. Furthermore, the components can be assembled in a
well-defined environment with sub-nanometer precision,**"
the latter being necessary to facilitate efficient dipole—dipole
coupling between neighboring chromophores. However, the
reported design®™ had some inherent limitations that
restricted its overall efficiency: 1) a singly methylated
nucleosidic DAE with suboptimal properties was used as a
modulator, 2) the fluorophores were connected to the DNA
scaffold via flexible linkers, thus losing control over the
orientation factor of the pcFRET process, 3) the whole
system was rather complex with its 5 components and 4) its
ON/OFF contrast was satisfactory only when three modu-
lators were present simultaneously. In this study, we present
a new and robust design that greatly simplifies the
construction, allows near-quantitative back-and-forth
switching in both liquid and solid phases and generates a 4—
12-fold increased ON/OFF contrast.
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Results and Discussion

In a recent structure-function study on singly methylated 2'-
deoxyuridine and -cytidine-based DAEs, we systematically
varied the substituent at position 5 of the thiophene moiety
and observed correlations between the electronic character
of the substituent and the photophysical properties of the
photochrome.”” Based on these findings, we decided to
synthesize three doubly methylated 2'-deoxyuridine switches
(dU-Me-R) with R=phenyl (Ph), 2-pyridyl (2Py), and p-
benzoic acid tert-butylester (Ph‘Bu) as substituents at the
thiophene moiety and compared them with the correspond-
ing singly methylated counterparts (dU-R). This selection
should be sufficient to understand the influence of an
additional methyl group on the photophysical properties of
such DAEs and likely deliver high-performance photo-
chromic candidates.

Synthesis

The mono-methylated 2'-deoxyuridine photoswitches and
the boronic acid pinacolate esters (8%) were prepared as
described previously.”? The synthesis of the double-meth-
ylated photoswitches is shown in Figure 2a and started with
the halogenation of commercially available 6-methyluracil
(1). Compound (2) was then glycosylated with Hoffer’s
chloro-sugar in a silyl-Hilbert-Johnson reaction. Deprotec-
tion of (3) under basic conditions afforded the free nucleo-
side (4) which was subsequently coupled with boronic acid
pinacolate esters (8%) in a Suzuki reaction, yielding the final
photoswitches. For synthetic details and standard analytical
characterization see Supporting Information.

Photochromism

UV/Vis spectroscopy revealed the appearance of a new
absorption maximum in the visible wavelength range
between 461 nm for dU-Ph and 482 nm for dU-Me-2Py
upon UV irradiation (Figure 2b, c). In direct comparison
with singly methylated switches bearing the same R, the
doubly methylated 2’-deoxyuridines showed a bathochromic
shift of their newly generated absorption maxima of 11 nm
(Ph) to 17 nm (2Py) (Figure 2b-d). Prolonged irradiation
with UV-light led to the formation of a PSS"Y whose
composition was determined by HPLC and showed the
expected trend: Ph<2Py<Ph'‘Bu (Figure 2d, Figure S1).
The addition of a second methyl group significantly
increased the switching yield and led to almost full
conversion for dU-Me-Ph‘Bu (97 %). The information about
the composition of the PSSYV allowed the calculation of the
spectrum of the pure closed form (red lines in Figure 2b, c).
For the doubly methylated derivatives, we observed a
generally higher extinction coefficient (¢) at the absorption
maximum of the closed form. In the absence of side
reactions, the composition of the PSSYV is determined by
two main factors: 1) the spectral separation (ratio of
extinction coefficients open form/closed form) and 2) the
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Figure 2. Synthesis of doubly methylated 2’-deoxyuridine photoswitches and overview of their photochromic properties in comparison with the
singly methylated derivatives. a) Synthesis of doubly methylated 2"-deoxyuridine photoswitches. 1) Cerium(IV) ammonium nitrate, iodine, MeCN,
90°C; 11) 1. hexamethyldisilazane, trimethylsilyl chloride, 120°C; 2. Hoffer’s chlorosugar, DCM, rt; 111) NH; (aq.), MeOH, 60°C, 150 W, microwave;
IV) boronic acid pinacolate ester (8%), Cs,COs, Pd(dppf)Cl,, DMSO/H,0, 100°C. Overview of the photochromic properties of b) singly methylated
2'-deoxyuridine DAEs and c) doubly methylated 2'-deoxyuridine DAEs. Shown are absorption spectra, reversibility, and thermal stability
measurements. The absorption spectra of the open form (OF, black line), PSS" after irradiation with UV light (blue line), and the calculated closed
form (CF, red line) are shown. Insets show the reversibility measurement over 40 cycles at room temperature with a high-intensity light source
(xenon lamp, output power at 320 nm: 10.9 m\W cm ™, output power at 530 nm: 20.5 mW cm~? equipped with band pass filters transmissible at
320 nm and 530 nm respectively) and a measurement of the thermal stability at 90°C for 1 h in DMSO. d) Tabular summary of the photophysical
properties of singly and doubly methylated 2"-deoxyuridine DAEs measured in DMSO. A green display symbolizes an excellent performance, while
an orange display symbolizes an average performance. [a] Wavelength of the absorption maximum in the visible range. [b] Extinction coefficient of
the calculated closed isomer at the absorption maximum in the visible range. [c] % photoswitch remaining intact after 40 switching cycles.
Highlighted in green if >69%. [d] Thermal half-lives of the closed isomer at 90°C. Highlighted in green if >100 h. [e] PSS composition after
irradiation with 300 nm for dU-Ph and dU-Me-Ph and 340 nm for the remaining compounds. Highlighted in green if > 85 %. [f] Ring cyclization
quantum yield at 300 nm for dU-Ph and dU-Me-Ph and at 340 nm for the remaining compounds. [g] Ring-opening quantum yield at 300 nm for dU-
Ph and dU-Me-Ph and at 340 nm for the remaining compounds. [h] Ring-opening quantum yield at 505 nm. [i] Ratio of cyclization and ring-opening
quantum yields at 300 nm for dU-Ph and dU-Me-Ph and at 340 nm for the remaining compounds.
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ratio of the reaction quantum yields (ring closure/ring-
opening) at the excitation wavelength. As can be seen in
Figure 2b, c, the addition of a methyl group did not
significantly change the spectral separation in the UV area.
Determination of the quantum yields®*! revealed, however,
that this modification decreased the cycloreversion quantum
yield, while cyclization remained largely unaffected (Fig-
ure 2d, Figure S2-S5). This shift of the ratio of the reaction
quantum yields in favor of cyclization explains the increased
switching yields. Irradiation of the closed isomer with visible
light (505nm) resulted in complete decoloration of all
photochromic compounds, indicating quantitative cyclore-
version (PSSY*~0% closed form, see insets in Figure 2).
The quantum yields for this reaction were found to be
between 0.14 and 0.26, down from 0.52 to 0.62 for the singly
methylated DAEs (Figure 2d). Even these reduced cyclo-
reversion quantum yields are still an order of magnitude
larger than those of typical non-nucleosidic DAEs, which
are often below 1%."*1 An efficient back-and-forth
switching is of particular interest for applications in materi-
als science, especially in experiments with fluorophores that
are sensitive towards strong UV/Vis-irradiation.

Reversibility and Fatigue Resistance

After 10 switching cycles of alternating UV and Vis
irradiation under our previous standard conditions,”*" no
fatigue was evident for any of the photoswitches, regardless
of whether one or two methyl groups were present (Fig-
ure S6). However, these conditions were very mild (low
LED power of 2.6 mWcm 2 at 310 nm UV-light) compared
to other studies.” To investigate reversibility and fatigue
resistance of the compounds under harsher conditions, the
photochromic molecules were irradiated with high-intensity
UV/Vis light (300 W xenon lamp, measured output power:
10.9 mWem™ at 320 nm and 20.5 mWcem™2 at 530 nm, see
insets in Figure 2b, c, Figure S7) for 40 switching cycles in
DMSO. The alkylation of the a-carbon atoms was reported
to increase the fatigue resistance of classical DAEs by
inhibiting the dehydrogenation of the closed isomer. In this
analysis, we also observed a very significant improvement of
fatigue resistance in doubly methylated DAEs. In contrast
to the dehydrogenation process described by Higashiguchi
et al.,*) which takes place via an expanded valence shell of
the sulfur atom, we postulate a solvent-assisted oxidation of
the closed isomer, which exclusively takes place in singly
methylated photoswitches (Figure S8). The presence of an
additional methyl group at the o-carbon atom effectively
prevents this reaction, explaining the increased fatigue
resistance of the doubly methylated photoswitches. Another
type of photon-induced degradation commonly reported for
classical DAEs is the formation of an annulated ring system
via a 12-dyotropic rearrangement.*”! However, in our
studies, we did not detect the formation of such a byproduct,
neither in DMSO nor in aqueous solvent systems (Fig-
ure S9). The reversibility of dU-Me-Ph‘Bu is comparable to
that of a classical 3,5-bis(trifluoromethyl)benzene-substi-
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tuted dithienylethene that had been described as particularly
fatigue-resistant (Figure $10).0*

Thermal Stability

While temperatures rarely exceed 37°C in biological
systems, they often reach much higher values in electronic
devices, making closed-form thermal stability an important
property for applications in materials science. Therefore, we
determined thermal half-lives for all photochromic com-
pounds at 90°C in DMSO (Figure 2d, Figure S11). The
doubly methylated DAEs showed an improvement of up to
six-fold with half-lives between 123 and 226 hours.

Fluorescence

Unexpectedly, when excited with UV light at 340 nm, dU-
Me-Ph‘Bu showed significant fluorescence with an emission
maximum of 420 nm and a fluorescence quantum yield of
1% (Figure S12). Prolonged irradiation with UV light to the
PSSYY resulted in an 80 % decrease in fluorescence intensity,
which was due to the formation of the less-fluorescent
closed-ring isomer (Figure S12). DAEs that are intrinsically
fluorescent in their open form while non-fluorescent in the
closed form can be classified as turn-OFF fluorescent
photochromes, which is a desirable property for the
construction of pcFRET systems. Therefore, we considered
dU-Me-Ph'Bu as a candidate for the use in a pcFRET
system since it combines a switchable modulator and a
fluorescent donor in a single entity. The tricyclic cytidine
analog (tC) should be a suitable acceptor because it has low
absorption at the donor excitation wavelength (340 nm) and
strong absorption at 400 nm, which overlaps well with donor
emission (Figure S7). tC was already incorporated into
DNA and used as an acceptor fluorophore in an orientation-
dependent FRET system.[*!l Therefore, we describe below
the development of an all-optical DNA-based excitonic
switch using dU-Me-Ph'Bu and tC.

Photochromic Oligonucleotides

Phosphoramidite-based solid-phase synthesis was used to
incorporate the donor and acceptor dyes into DNA. For this
purpose, the primary hydroxyl group of nucleoside (4) was
protected as dimethoxytrityl ether. A subsequent Suzuki
reaction with (8™®") afforded the protected photoswitch
(5). Finally, the secondary hydroxyl group was reacted with
2-cyanoethyl N,N-diisopropylchlorophosphoramidite to give
compound (7) (Figure 3a). The tC phosphoramidite was
prepared according to literature."” The incorporation of (7)
into four different donor strands and of tC into three
acceptor strands proceeded with high coupling efficiency
(Figure S13). The donor and acceptor strands were designed
to be complementary to each other and to avoid undesired
hybridization (see Table S1 for sequences and character-
ization). [Expected undesired quenching of donor
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Figure 3. The overall design, preparation, and properties of an all-optical excitonic switch made of dU-Me-Ph'Bu in the donor strand and tC in the
acceptor strand. a) Preparation of the FRET-capable duplex. 1) dimethoxytrityl chloride, dimethylamino pyridine, pyridine, rt.; 11) boronic acid
pinacolate ester (8"®"), Cs,CO;, Pd(dppf)Cl,, DMSO/H,0, 100°C; Ill) 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, Hiinig's base, r.t.,
DCM; IV) solid-phase synthesis of the donor strand containing the photochromic unit (red hexagon); V) hybridization with a complementary strand
containing the acceptor (green sphere). b) Overview of the photochromic properties of the donor-strand D20 in a duplex. The absorption spectra
of the open form (OF, black line), PSSY" (blue line) and calculated closed form (CF, red line) are shown. Insets show a reversibility measurement
over 40 cycles performed at room temperature using a high-power xenon lamp (output power at 320 nm: 10.9 mW cm™2, output power at 530 nm:
20.5 mW cm™, equipped with band pass filters transmissible at 320 nm and 530 nm respectively), as well as a thermal stability measurement at
90°C for 1 h in aqueous phosphate buffer (10 mM, 0.1 M NaCl, pH 7). c¢) Normalized absorption and emission spectra of the donor strand (D20
upper panel) and acceptor strand (A12, lower panel) in the duplex. d) Operating mode of the all-optical excitonic switch. In the ON state (DAE
open) the photochromic donor is excited at 340 nm which promotes an energy transfer via FRET to the acceptor, which then emits at 500 nm. In
the OFF state (DAE closed) the energy transfer is inhibited. e) Tabular summary of the photophysical properties of all donor strands in a duplex in
aqueous phosphate buffer (10 mM, 0.1 M NaCl, pH 7). A green display symbolizes an excellent performance. [a] Wavelength of the absorption
maximum in the visible range. [b] Extinction coefficient of the calculated closed isomer at the absorption maximum in the visible range. [c] %
photoswitch remaining intact after 40 switching cycles. Highlighted in green if >69% [d] Thermal half-lives of the closed isomer at 50°C.
Highlighted in green if >100 h [e] PSS composition after irradiation with 340 nm light. Highlighted in green if >85 %. [f] Ring cyclization quantum
yield at 340 nm. [g] Ring-opening quantum yield at 340 nm. [h] Ring-opening quantum yield at 505 nm. [i] Fluorescence quantum yield. [j] Turn-OFF
factor of the fluorescence quenching upon cyclization.
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fluorescence by guanine nucleobases via an electron
transfer™ was minimized by selecting A and T as adjacent
nucleotides."!! Hybridization of donor and acceptor strands
resulted in duplexes with different distances (number of
inserted base pairs n) between the donor and acceptor
fluorophore (n=1-12, Figure 3a, Table S2). Analysis of all
possible duplexes (n=1-12) by CD spectroscopy confirmed
the formation of DNA duplexes in the classical B-form with
melting temperatures between 60.1 and 63.5°C (Figures S14,
S15, Table S3), indicating that the incorporation of dU-Me-
Ph'Bu and tC did not interfere with the formation of the
native duplex structure.

Photochromic Properties of the Oligonucleotides

The donor strands hybridized to an unmodified complemen-
tary strand showed pronounced photochromism (Figure 3b,
e, Figure S16) with a slightly bathochromically shifted visible
absorption spectrum of the closed isomers (Figure 3b, Fig-
ure S16) and reduced quantum yields of 11-18% for
cyclization and 5-9 % for cycloreversion upon UV irradi-
ation. In contrast to oligonucleotides containing a singly
methylated DAE (i.e. dU-Ph'Bu), we observed that the
doubly methylated DAE retains its excellent switching yield,
even in the constrained environment of a DNA duplex (96—
98 % vs. 70 %,?? Figure S17). This favorable behavior can
be explained by a distinct spectral separation in the UV
region (Figure 3b) and by a clear preference for cyclization
in the quantum yields. Furthermore, all photochromic
duplexes showed excellent thermal stability of their closed
isomer with half-lives exceeding 200 h at 50°C and no signs
of fatigue after successively switching between the open and
closed forms for 40 cycles in an aqueous solution (Figure 3b,
3e, Figure S16). The increased fatigue resistance in compar-
ison with the nucleoside DAE is in part due to the absence
of DMSO in measurements of oligonucleotides.

Fluorescence Properties of the Oligonucleotides

All donor strands showed blue fluorescence in a duplex with
an unmodified complementary strand. While the
fluorescence intensity of fluorescent nucleosides often
decreases dramatically upon incorporation into an oligonu-
cleotide duplex,™ dU-Me-Ph'Bu (Figure 3e, Figure S18,
S19) and tC**! both retain their fluorescence emission as
judged by the fluorescence quantum yields. Fluorescence
intensity could be reversibly modulated by switching the
DAE core between its two isomers, as observed at the
nucleoside level (Figure S18). We observed strong quench-
ing of fluorescence after irradiation with 340 nm UV-light,
ranging from 60 % for D14 to 73 % for D20, illustrating the
efficiency of these oligonucleotides as turn-OFF fluorescent
photoswitches (Figure 3e).

The lower fluorescence quantum yield of donor strand
D20, compared to the other donor strands, could be a
consequence of the proximity of the DAE core to a
guanosine two nucleotides downstream. Superposition of

Angew. Chem. Int. Ed. 2022, 61, €202117735 (6 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

the absorption and emission spectra of the donor (Fig-
ure S18) and acceptor (Figure S20) duplexes confirmed that
excitation of the donor at 340 nm is required to minimize
direct excitation of the acceptor. By design, in our system
the donor has a local absorption maximum and the acceptor
a local minimum at 340 nm (Figure 3c), thereby reducing
direct excitation of the acceptor. In addition, the emission
maximum of the donor overlaps well with the absorption
band of the acceptor at 400 nm, allowing efficient energy
transfer.

Design of an All-Optical Excitonic Switch

Our optimized design of an all-optical excitonic switch uses
dU-Me-Ph‘Bu as a switchable donor fluorophore and tC as
an acceptor fluorophore incorporated into two complemen-
tary DNA oligonucleotides (Figure 3d). Due to the forma-
tion of a DNA duplex, both chromophores are in well-
defined proximity to each other. Depending on the chemical
nature of the nucleoside DAE, the system can exist in an
ON state (DAE open) and an OFF state (DAE closed). The
ON state is characterized by the emission of the acceptor at
500 nm as a result of an energy transfer event from the
fluorescent donor. In the OFF state, on the other hand, the
donor is in its less-fluorescent closed form, which means that
FRET can only occur with diminished efficiency, and the
emission from the acceptor is reduced. Additionally, the
absorption maximum of the closed-ring isomer at 491 nm
could quench the fluorescence of the acceptor. The cycliza-
tion and cycloreversion promoted by UV and Vis light lead
to interconversion between the ON and OFF states.
Compared to the previously described FRET-based exciton-
ic device,®™ our approach exploits the fluorogenic behavior
of dU-Me-Ph'Bu, thus eliminating the need for an additional
donor fluorophore or fluorescence modulator. This greatly
simplifies the entire system by combining donor and
modulator properties into a single entity. In addition, the
chromophores used in the old design were linked to the
ssDNA via flexible tethers, limiting control over the relative
dipole orientations of the optical elements. In contrast, the
chromophores used here are fixed in the DNA double helix
structure via hydrogen bonds, allowing the observation of
orientation-dependent energy transfer. The fluorescence
spectra of duplexes n=1-3 (Figure 4a) show strong acceptor
emission at 500 nm after excitation with 340 nm, indicating
efficient energy transfer from donor to acceptor. After
prolonged irradiation with UV light, the system was
switched to the OFF state, and acceptor emission decreased
by 45% for n=1, 499% for n=2, and 56% for n=3
(Figure 4b). These exceptionally high ON/OFF contrasts are
more than one order of magnitude higher than in the
literature-known system”” with one photochromic modula-
tor (four times higher than the system with 3 modulators),
which illustrates the strength of the new design.

The FRET efficiencies of all possible duplexes n=1-12
were determined by measuring donor fluorescence in the
presence of 1.15 equivalents of the acceptor strand to avoid
remainders of a single-stranded donor (Figure S21). The
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Figure 4. Performance of the FRET-based all-optical excitonic switch and cyclic fatigue assessment. a) Normalized fluorescence spectra of the
duplex donor strand (black line) and FRET pairs with one (green line), two (yellow line), and three (red line) base pairs distance between donor and
acceptor moieties (excitation wavelength 340 nm). b) Normalized ON-and OFF-state fluorescence of n=1. c) Dependence of the FRET efficiency
on n (number of base pairs separating the donor and acceptor moieties). Calculated (black diamond) and measured (red bars) FRET efficiencies
are shown. d) Cyclic fatigue assessment of the FRET-based all-optical excitonic switch with n=1 over 100 switching cycles in the liquid phase using

a high-power xenon lamp (output power at 320 nm: 10.9 mWcm™

2

, output power at 530 nm: 20.5 mW cm™2). The absorption at 500 nm was

normalized and plotted. Fluorescence spectra of ON- and OFF-states at 0, 50, 100 cycles are shown. e) Cyclic fatigue assessment of the FRET-
based all-optical excitonic switch with n=1 in the solid phase over 30 cycles. The photochromic moiety was switched by exposure to 340 nm- (ON
to OFF) and 470 nm- (OFF to ON) light, while recording the fluorescence intensity at 500 nm. A zoom-in of the ON and OFF state fluorescence
with calculated cycling times and fluorescence spectra (excitation wavelength 340 nm) are shown.

determined FRET efficiencies show a pronounced distance
and orientation dependence (Figure 4c, Table S3). If there
were no orientation dependence, FRET efficiencies should
decrease monotonically with increasing n. However, in our
design, the FRET efficiency shows three local maxima,
located at n=1, n=5, and n=10. At these orientations, the
transition dipole moments of donor and acceptor chromo-
phores are parallel to each other, resulting in efficient

energy transfer.

This can be explained by a helical angular twist of 34.3°
per base pair that occurs in right-handed B-DNA. In
contrast, at n=3, and n=9 the transition dipole moments
are perpendicular to each other, resulting in low FRET

efficiency.[*”!

This periodic change in FRET efficiency

demonstrates the orientation dependence of this system.
Furthermore, we calculated theoretical values of the FRET
efficiency, based on a cylindrical model of the DNA double
helix (Figure 4c, black diamonds). The measured FRET
efficiency decreased strongly from 90 % to 41 % within the
first three nucleotides, which is also reflected in the
theoretical values and can be explained by the relatively
small fluorescence quantum yield of donor strand D20.
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Overall, the calculated and measured FRET efficiencies
show a similar trend except for n=4-5. There, a relatively
large difference was observed, which may be caused by a
non-parallel geometry of the donor in the DNA duplex at
this position or by thermal fluctuations. Similar discrepan-
cies have also been described in the literature for other
orientation-dependent FRET pairs.*'*? Since the configu-
ration with one base pair between donor and acceptor
chromophores showed the best performance with a FRET
efficiency of 90 % and an ON/OFF contrast of 45 %, it was
chosen to test whether this system can withstand extended
cycling. The entire excitonic device was cycled between its
ON and OFF states for 100 cycles without showing signs of
fatigue (Figure 4d).

Existing FRET-based excitonic devices capable of
information processing (in the form of a logic gate) use
donor and acceptor fluorophores self-assembled on static or
dynamic DNA scaffolds.[*” Switching such devices from the
ON- to the OFF-state and vice versa requires DNA
dissociation, strand invasion, and displacement, slow proc-
esses that only take place in the liquid phase. A switching
process that uses light, as described here, is preferable
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because it does not rely on aqueous environments and
enables the construction of faster-switching organic elec-
tronic devices in the solid phase. Therefore, thin films of the
double-stranded DNA were prepared by drop-casting at low
temperatures to ensure the integrity of the DNA duplex
structure. First, absorption spectra of donor D20 in a duplex
with an unmodified complementary strand were recorded.
Alternating irradiation of the duplex in the solid phase
efficiently converted the DAE between its isomers (Fig-
ure S22). To demonstrate its technological relevance, the all-
optical excitonic switch with n=1 was prepared and
successfully operated in the solid phase. It showed a slightly
reduced ON/OFF contrast (30 % quenching) over 30 cycles
and no signs of fatigue (Figure 4e, Figure S22). The dynamic
modulation of the FRET-based excitonic device between its
two states exhibited an exponential behavior, which was
used to determine mean cycling times (7' and 7 in Fig-
ure 4¢). The mean time to switch the device to its OFF state
by exposure to UV-light (340 nm) was 18.4 s, while only
8.1 s were required to recover the ON state by irradiation
with Vis light (470 nm).

Conclusion

The addition of a second methyl group to 2’-deoxyuridine-
based photoswitches has created a new class of powerful
nucleosidic DAEs that not only outperform their singly
methylated predecessors but also challenge structurally
optimized classical dithienylethenes. Their exceptional prop-
erties include high fatigue resistance and thermal stability,
as well as complete conversion with high quantum yields in
both directions. In the constrained environment of a DNA
double-strand, the new photoswitches were able to retain
their performance. This tremendous increase in performance
now enables applications in materials science. As a proof of
principle, we have constructed a new all-optical excitonic
switch that 1) operates in both the liquid and solid phases, 2)
shows no cyclic fatigue, 3) consists only of two oligonucleo-
tides each with a single chromophore, 4) exhibits a much
greater ON/OFF contrast than existing constructs, and 5)
provides complete control over the transition dipole mo-
ments of the FRET partners. The high chromophore density
and modularity of this construct may facilitate its translation
into a DNA brick nanobreadboard design for the construc-
tion of logic gates that utilize excitonic circuitry.
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