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Abstract

Photoswitches reacting to visible light instead of harmful UV irradiation are of very high
interest due to the mild and broadly compatible conditions of their operation. Shifting the
absorption into the red region of the electromagnetic spectrum usually comes at the cost of
losing thermal stability of the metastable state - the switch switches off by itself. Only recently
have photoswitches become available that combine visible light responsiveness with high
bistability. However, shifting the wavelengths for bistable photoswitching beyond 600 nm is still
a great challenge without involving secondary processes such as two-photon absorption or
senditization. We present a smple hemithioindigo photoswitch, that can efficiently be
photoisomerized using green and red light while maintaining a high thermal barrier of the
metastable state. This highly sought after propertiesallow for selective switching in a mixture of
hemithioindigo dyes. In addition protonation can be used as second independent input altering
the light response of the switch and allows construction of advanced molecular digital
information processing devices. This is demonstrated by realizing a broad variety of logical
operations covering combinational and sequential logic behavior. By making use of the
protonation-induced loss of thermal bistability a high security keypad lock can be realized,
which distinguishes the sequences of three different inputs and additionally erases its unlock

state after a short time.

I ntroduction

Photoswitches are a class of molecules that underggrsible changes upon irradiation with light.
With this property they are key-components in dhge of applications allowing to control events at
the molecular scale with very high spatial and terap resolutiod?! One key issue with many
photoswitching systems is the wavelength of ligidttcan be used to affect the molecular changes,

especially if the geometry of the photoswitch hadeé altered significantly by irradiation. For the
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most commonly used photoswitches - stilbenes, amdmes, diarylethenes, spiropyranes - at least one
of the switching processes has to be triggered éwadjing UV light, which limits applications in
sensitive environments, especially in bioldQyFor reasons of penetration into tissues long
wavelengths (close to 700 nm) are needed to prochacemum effects. To obtain photoswitches with
strongly redshifted absorption the easiest apprasmelther increasing conjugation in the molecule o
introducing donor-acceptor substituent pairs. Havewuch changes in the molecular structure
typically result in a significant decrease of thermal stability of the metastable isomeric stte.
Although there are certain applications where tladiynself-deactivating photoswitches are needed,
the majority of applications demands bistable dvatc so that deactivation can be triggered in a
controlled way by a second irradiation step. Festhreasons great efforts have been made tolshift t
wavelengths of absorption of many classical phoitotws into the visible region while at the same
time keeping a high thermal stability of the metai statd! At the current state of the art only a
very limited number of isomerization photoswitchasee available that deliver such favorable
combination of properties in a simple moleculaug®tand without resorting to secondary processes
like sensitizatio®” multiphoton absorptiol! electron transféf! upconversiof” or peptide
conjugatioft” expedients. These simple photoisomerization systechieve visible light induced and
bistable switching in both directions mostly in #@0 nm to 560 nm regidh 2 € 13 Examples that
switch back and forth by direct visible light iriation and at longer wavelengths >600 nm while
keeping high thermal barriers between the indivicitates are known for diaryletheldsbut are

exceedingly rare when greater geometry changesasidbuble bond isomerizations are requited.

Interestingly there is another chromophore, whiah be photoisomerized using visible light - even
without any substitution at the core-dye structurehile displaying high thermal stability of the
metastable state (i.e. a half life of 350 year@&fC). Despite these highly sought after propertie
hemithioindigo photoswitch&8 have been largely overlooked by the community arel scarcely
applied so far - despite remarkably promising agpion example$® In this communication we
report on the photoswitching properties of a sesfesubstituted hemithioindigo (HTI) photoswitches,
which can be efficiently photoisomerized using biigilight up to 625 nm while maintaining high
thermal stability with a half life of the metastalit isomer of 30 days at 25 °C. This exceptional
property profile is achieved in a simple molecwatup, which can easily be modified for further
functionalization. In addition, protonation can bsed as a second independent signal to shift the
photoswitching wavelengths to the blue and at tames time decrease thermal bistability. The

protonated form can also be photoisomerized in @agisolution at low pH.

Results and Discussion
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Redshifted Bistable HTIs HTI is a photoswitch that consists of a photoisaradile C-C double
bond, which connects a thioindigo fragment withtilbene fragment (Figure 1). The absorption of
unsubstituted HTI shows one maximum in the visibégion of the spectrum for each, the
thermodynamically stablg (Amax = 433 nm in CHCI,) and the metastabeisomer Q.= 457 nm in
CH.Cl,), which is typically identified as the,$o § transition. Substituents at the stilbene fragment
only lead to a considerable redshift of absorptidhey are in conjugation with the double bond and
of strong donating character. Unfortunately thsodkads to the typical decrease of thermal stgbili
of theE isomer as can be seen for the already describésl H® 3. In this work we have explored
a different substitution positiopara to the sulfur atom of the thioindigo fragment. Arigs of
derivatives4 to 6 (Figure 1) was prepared with increasing donomgjife of a substituent in thmara-
position to the sulfur atom and their photophyspralperties were quantified with special emphasis o

redshift of absorption and thermal stability of thetastablé& isomer.

a)

; O . Stibene R'= H R?= OMe 1

R Fragment H NMe, 2

Thioindigo H 3

Fragment R? N

Me OMe 4

OMe OMe 5

NMe, OMe 6
b)

Figurel a) Substituted HTI photoswitché&do 6 investigated in this study. The two different noalkar

fragments are assigned. The thermodynamicallyes#tdomers are shown. b) Crystal structures of HFEs
andZ-6.

The synthesis of the most important derivativie shown in Scheme 1, where it should be noted tha
this synthesis allows for easy introduction of fiimgal groups on both, the thioindigo and the stilb
fragment in a convergent way. The synthesis sthdm the known precursolN,N-diethyl-2-
(methylthio)benzamide7§, which is selectively brominated in thpara-position of the methylthio-

substituent to giv&. An Ulimann-type coupling introduces the aminoupgqgielding anilined, which
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subsequently can be alkylated using formaldehyda iaductive amination reaction to yiel@. At
this point different functional groups can easi¢/ibtroduced into the thioindigo fragment for fugth
elaboration of the photoswitch. Deprotonation & thethylthio substitutent leads to formation of the
intermediate benzothiophenoh@, which is directly condensed with anisaldehyde tee 5. By

chosing different aldehydes, facile functionaliaatat the stilbene fragment can be realized.

Crystal structural analysis revealed complete plgnaf Z-5 and Z-6 (Figure 1b), which leads to
effective communication between the substituenttherthioindigo and stilbene fragments to the HTI
core structure. Planarity of the structures is alsserved in solution as a NMR-shift analysis révea

(see Supporting Information for more details).

i 7 o (5 mol-%) i

NBS u mol-%
, B 2 © H,N
NEt, — ' NEt, — 2 NEt,

MeCN, H,O/NMP (1:1),

SMe 0-25°C,12h SMe 80°C, 18 h SMe

7 8:66% 9: 79%
(CHL0),, 1) LDA,

NaBH,, 0 THF,
HaS04 (BM). o N -78-25°C, 5,

9 —FF— NEt, -
THF, 2)
25°C,0.5h SMe MeOOCHO

piperidine [cat.],

benzene,
80 °C, 2 h,
10: 98% 25°C. 12 h 6: 76% (2 steps)
versatile functionalization
Scheme 1 Synthesis of HTB with strongly redshifted absorption. Both, theothdigo and the stilbene

fragment can easily be functionalized further (tadéd in red).

HTIs Z-1 to Z-6 show distinctly different absorption maxima (Fig@® with a steady increase of the
maximum wavelength of their,$o § transition with increasing donor strength of thaibstituents
(e.g9. Amax = 440 nm forZ-1 to Anax = ca. 500 nm foZ-3 andZ-6 in toluene). At the same time the
extinction coefficients of this transition incredse Z-1 to Z-3 but decrease faf-4 to Z-6. The S to

S, extinctions show a steady decrease Zek to Z-3 but no such regularity foZ-4 to Z-6. The
correspondinge isomers possess redshifted absorptions comparéte @ isomers and follow the
same substituent trends in their extinctions. Tieeoved regular absorption changed o 6 (Figure
2c) cannot easily be explained by a simple conjagahcrease, as in the case of stilbene-subdtitute
HTIs 1 to 3 (Figure 2af*®™ '*° Rather this behavior is another manifestation @fuffmanns

distribution rule of auxochromes, which was desmtilfor nitro-substituted resorcinols and related
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derivatives already in 1908! The validity of this distribution rule for azobereme derivatives was
shown in 191%% and has found recent applications in the designswéngly redshifted
photoswitche€” In our case the electronic interplay between thahgithio substituent and the
electron-donor substituent at the thioindigo fragim@erving as the two auxochromic groups) is the

cause for the increasingly redshifted absorptions.
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Figure?2 Extinction coefficients of th& isomers and thermal stability of tBesomers of HTISL to 6 in
toluene solution. a) Extinction coefficients of M1 to Z-3. b) Energy barriers of the therntato Z
isomerization of HTI€-1 to E-3. ¢) Extinction coefficients of HTIZ-1 andZ-4 to Z-6. d) Energy barriers of the
thermalE to Z isomerization of HTI€-1 andE-4 to E-6.

Because of their photochromism HTIsto 6 photoisomerize efficiently and high yields of agle
isomer can be obtained in the photostationary $Ra&S) when using appropriate wavelengths for
irradiation. The quantum yields of photoisomeriaatiare found to be between 5 and 52% (the
guantum yields for both switching directions areegi in the supporting information for all HT1sto

6). The photoswitching properties of HT1go 3 have been thoroughly analyzed previotiEly**" >

%1 and served as the starting point for optimizatidiils 1 to 3 bear substituents with increasing
electron donor-capacity in thgara-position of the stilbene fragment, which leadsitstrong redshift

of the absorption (e.glnax = 500 nm for the julolidine derivativ&-3 in toluene). Photoswitching can

therefore be conducted with increasingly longer elengths (up to 625 nm for thE to Z
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photoisomerization dE-3) leading to high yields of the respecter E isomer*” However, in this
series a strong decrease of the thermal bistalslipbserved when increasing the substituent’s dono
strength, which significantly shortens the halg¢ |df the metastablé isomer down to 9 min at 25 °C
for E-3 (Figure 2b).

The introduction of electron donating substitueatsthe para-position of the sulfur atom in the
thioindigo fragment allows circumventing this preiw entirely, leading to photoswitches with vastly
improved switching behavior. A methyl substituemtliepara-position to the sulfur (HT4™®) leads

to no significant shift in the absorption spectraampared td but a notable decrease in extinction.
Similar to HTI1 very high isomer yields are obtained in the PSSnalmeng blue (405 nm, >80%
isomer) and green (505 or 530 nm, >9®4somer) light for irradiation. The introduction af
methoxy substituent at the same position (H)Tleads to a visible shift in the absorption pefilith
the maximum moving from 440 to 459 nm while theirection again decreases. Also for HE high
isomer yields in the PSS are obtained (7E%somer with 420 nm, 98% isomer with 530 nm).
Derivative 6 gives the most impressive performance with effitié to E photoisomerization at 470
nm (82%E isomer obtained in the PSS) and efficiento Z photoisomerization at 625 nm (8926
isomer obtained in the PSS). Instead of blue liglso green light at 505 nm can be used foZtheE
photoisomerization, which produces 80% of Ehisomer in the PSS. Different solvents are applecab
(toluene, THF, dioxane) without affecting the plsatitching properties (see Supporting Information).
The thermal stability of th& isomers of HTIg} to 6 remains high throughout (25.7 to 26.5 kcal/mol
i.e. half lifes of days to 1 month at 25 °C) aneslmot change significantly with substitution (Figu
2d). ForE-6 a barrier of 26.5 kcal/mol was obtained, whichnstates into a half life of 30 days at 25
°C. ThermalE to Z isomerization leads to quantitative formation bé Z isomers for all HTI
derivatives. The miniscule influence of the substiits on the barrier of thernmlto Z isomerization
for E-4 to E-6 can well be explained by their ineffective elentoo communication with the
isomerizing double bond. Therefore no stabilizimgdestabilizing effects are transmitted from the

substituent during thermal isomerization leading tamilar high barrier for all derivatives.

The different absorption profiles of HTisand6 (Figure 3a) can effectively be used for wavelength
selective photoswitchifi§® 2Y and therefore allow to establish a number of migtished bistable
states in solution using four different wavelengibsnput signals. Table 8S shows the composition o
the different PSS. Although this combination does econstitute a fully orthogonal photoswitching
system, highly selective and independent switcigrgossible without the need of changing the class

of the photoswitch* 21?22

Protonation Influences on HTI 6 and Molecular Digital Information Processing HTI 6 carries a

basic amine substituent, which is the cause foiirtbeased redshift of its absorption. The donating
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character of this substituent can be removed caeipgley simple protonation, which should result in
dramatic changes of the photophysical propertié¢terfAddition of TFA to a THF solution &6 a
strong hypsochromic shift of the absorption waseole=d with the maximum of the ® § transition
moving to 450 nm (Figure 3b). The protonated I8'H" also undergoes efficient photoswitching with
visible light (400 nm and 470 nm for tldo E andE to Z photoisomerization, respectively) but shows
a significantly decreased bistability (i.e. a barrfor the thermaE to Z isomerization of only 20
kcal/mol). Multiple protonation and deprotonatioycles can be performed without deterioration of
the photoswitch in a biphasic mixture of CH@nd HO using HCl and NaOH as acid and base,
respectively. A biphasic mixture was used to lethe concentration of the photoswitch unaltered
upon repeated acid and base additions. The prewrfarm 6-H" can also be transferred to the
agueous phase (the final solution consisting of TIRA, 1% THF, and 98% #D) while retaining its
switching capacity (see Figure 25S).

Since protonation significantly alters the absanpi@nd irradiation response of Hg It can be used as

a second independent input signal leading to Adgjital information processing behavi6?. To
illustrate this we generated some of the most cempkrsions of such molecular devices, i.e. a
Boolean half adder (Figure 3c) as example for coatorial logic and a keypad |d&k (Figure 3d) as
example for sequential logic (with base additionaashird input). However, these are only two of
many possible applications of HB| which is able to cover 14 of the 16 different gibke output
structures of a 2-bit syst&# and can also be used for reverse combinational fiigcessing (see the
Supporting Information for more devices such a$ sabstractor, digital comparator, 4:2 encoder, 2:4

encoder, or reversible XOR gate).

To configure a molecular Boolean half adder twauingnd two output signals are needed. We chose
protonation and irradiation at 450 nm as respedtipeit 1 and Input 2 while the absolute absorptions
at 470 nm and 410 nm are recorded as Output 1 (db fate) and Output 2 (a XOR gate),
respectively. Output 1 and Output 2 are read ouiesg in the ON-state if they surpass a common
threshold limit, which is illustrated in Figure 3&bsorptions below this threshold are read as OFF-
state. The truth table for the Boolean half addeshiown in Figure 3c, where Output 1 serves as the
carry digit and Output 2 as the sum digit. The binsum gives the final outcome of the addition
process. If neither input is given the system siaythe initial Z-6 form where both output signals
remain below the threshold and are read out as OR€ .corresponding binary sum is therefore 0. If
either Input 1 or Input 2 is given Output 2 is ®ENON, as the absorbance at 410 nm is significantly
increased for bottE-6 and Z-6-H*. Absorbance at 470 nm remains below the thresfwldhese
species keeping Output 1 in the OFF-state. Thezedther input alone leads to the binary sum of 1.
Only if both inputs are given the specie$-H" is formed, which absorbs strongly at 470 nm amg th
surpasses the threshold of Output 2. At the sameHi6-H" possesses only a weak absorption at 410

nm turning Output 1 into the OFF state. The comaesmg binary sum is therefore 2, which translates
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into an effective addition operation 1+1=2. Redethe system is easily accomplished by a waiting

time of 10 min (which can be shortened upon heating deprotonation by addition of triethylamine.

A first keypad lock can be realized by combiningeth input signals: protonation (Input A),
deprotonation (Input B), and irradiation at 505 tonthe PSS (Input C); whereas recording the
absorption ofE-6 at 403 nm serves as output signal. In order toagtee similar conditions and no
change of concentration during operation of theplelylock a biphasic mixture of toluene and half
saturated brine was used to alleviate the dilugibects of acid and base additions. The truth tédile
the keypad lock is shown in Figure 3d together wiith different states @@ generated by alternate
sequences of the individual inputs. Starting frof6-B" only the sequence Input A, Input B, Input C
producesE=-6 and generates a strong output signal. Note tleasequence Input C, Input A, and Input
B could potentially also generaie6 but the finite time needed to add acid (Input Agrirradiation
(Input C) leads to rapid thermal conversion B6-H* to Z-6-H" before the last input is given.
Therefore, also this sequence producdsas final result. All other sequences of the thngeits lead

to formation of eitheZ-6-H", Z-6, or thermally unstabl&-6-H" as final states, which do not absorb
strongly at 403 nm (see experimental output entfiggire 3d top part). Consequently, only one
correct sequence of the three different inputs ekdabsorption at 403 nm enabling sequential logic
behavior of HTI6 in solution. Reset of the system is convenientdgalby a protonation step and 10
min waiting time. Another conceptually new keypadK can be read out at the selective absorption of
E-6-H" at 480 nm, which is only formed by the input seq@eimput B (deprotonation), Input A
(protonation), and Input C (irradiation with 420 wvhen starting fronZ-6. SinceE-6-H" is thermally
unstable and quickly reverts to the thermodynaryicabre stableZ-6-H" this self-deactivation can be
used to delete the unlock information after a staiting time. In this way another level of “secgyéc
can be introduced, allowing correct read out ofkbgpad lock only for a short time after the cotrec
input sequence is given. Reset of the system igetoently done by a protonation, 10 min waiting

time, and deprotonation sequence.
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Figure3 Photoswitching of HTB. a) The absorption profiles of HT1s(dotted lines) ané (solid lines)

in toluene solution are different enough to allaw lfght selective photoswitching. The extinctiaredficients of
the Z (black) ance isomers (red) are given. b) The photoswitchingoese of HTI6 in THF solution (red to
pink lines) can be shifted to shorter wavelengthadidition of TFA (yellow to orange lines). The éshows
multiple protonation and deprotonation cycles igghasic mixture of CECl and HO using HCIl and NaOH as
acid and base, respectively without changing timeentration o6. The absolute absorptions at 455 nm (yellow)
and at 567 nm (red) apotted. ¢) Truth table and experimental outputsaf@oolean half adder based on HT]I
Input 1 consists of protonation and Input 2 cossidtirradiation with 450 nm light. Absorbance &04 m and
410 nm serve as Output 1 and Output 2, respectidiligxperimental outputs for keypad locks baseti®h6.
Input A consists of protonation, Input B of depmmtion, and Input C of irradiation with either 508 (top) or
420 nm (bottom) light. Absorbance Bf6 at 403 nm (top) or dE-6-H" at 480 nm (bottom) serves as selective
output for the keypad lock or a self erasing keyipa#t, respectively. For the latter the output silgrbefore

(black and red bars) and after (grey bar) 5 mirtingitime are shown.
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Conclusions

In summary we have developed a simple HTI photadw@® which provides excellent bistable
photoswitching using long wavelength irradiatioIH can be photoisomerized using green and red
light up to 625 nm with high efficiency in a vagetdf solvents while displaying 30 day long hal&kbf

of the metastabl& isomer at 25 °C. Because of its redshifted absmrpprofile HTI 6 can be
combined with HTI1 in the same solution resulting in highly selectpletoswitching between four
distinguished states when using different wavelengtor irradiation. Protonation of this new
chromophore constitutes a second independent imith alters the irradiation response and allows
construction of complex molecular digital infornmati processing devices. Applications in
combinational as well as sequential logic operatiorere demonstrated using H&las integrating
system, but even more input-output structures caenpially be realized. In the future we will expgo
this new HTI for fully orthogonal photoswitching sfgms and elaborate information processing
devices?® We would like to emphasize however, that the gie@plication examples are just an
illustration for the high potential of this new ghswitch. Due to the simple and easily functiorediz
molecular structure its redshifted absorption ctigréstics should be of great value especially for
applications in the biological, medicinal, and supolecular chemistry, as well as the material

sciences.
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