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Demonstration of an All-Optical AND Gate Mediated by

Photochromic Molecules

Heyou Zhang, Max Giefdiibel, Pankaj Dharpure, Andrea Albert, Vira Niestierkina,
Paul Mulvaney, Mukundan Thelakkat, and Jiirgen Kéhler*

The realization of a photonic logic AND gate, i.e. a logic AND gate that runs
on photons rather than electrons, and where all steps are controlled by light,
is demonstrated. In a proof-of-principle experiment, this is accomplished by
exploiting photochromic molecules for monitoring the presence or absence of
photons of particular wavelengths that represent the logic variables.

1. Introduction

Photochromic molecules change their isomeric state upon illu-
mination with light of suitable wavelengths, thereby offering a
simple and contactless method for modulating their photophysi-
cal properties by external stimuli.l'*l Such molecules have been
used for photocontrol of biological functions, bioimaging, super-
resolution fluorescence microscopy, fluorescence color modula-
tion, demonstration of an optical transistor, targeted pharmacol-
ogy, control of chemical reactivity, or as nanoscale actuators.[>**!
For those types of photochromic molecules, where the chemical
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bistability is associated with high- and low-
emissive states, the two isomers can be
considered as photon processing elements,
which makes these molecules excellent can-
didates for the development of all-optical
photonic gates and optical memories on the
microscale.[2314716] Generally, the type of
gates can be divided into sequential logic de-
vices, i.e. those where the state of the output
depends on the order of the sequence of input signals, and combi-
national logic gates, i.e. those where the state of the output does
not depend on the order of the input signals. Sequential logic
gates are appealing and can be used for optical keypad locks be-
cause the inputs/outputs act like a PIN code.['7¥] However, the
requirement for a defined order of the input signals is in con-
flict with the commutativity law of Boolean algebra, and therefore
only combinational logic gates can be used for logic circuits.

In recent years, perfluorocyclopentene diarylethene (DAEs)
photoswitchable molecules have attracted considerable atten-
tion owing to their excellent thermal stability and fatigue
resistance.l?] This has generated a wealth of research and fas-
cinating experiments have been reported that use photochromic
molecules for optical data processing.>*!°! Simple logic gates as
well as sophisticated functionalities including adders, subtrac-
tors, encoders, keypad locks etc.['] have all been realized on the
molecular scale. However, in none of these cases were all of the
steps purely optical and additional input variables such as chem-
ical transformations or temperature changes were exploited as
well. Moreover, most of the experiments relied on solution-based
molecular devices, i.e. fluids. Yet, for the realization of all-optical
gates it is essential to combine photonic units such that the out-
put of one unit serves as the input of another unit, and this in
turn requires the incorporation of the photochromic molecules
into solid-state platforms.

Probably the simplest combinational logic gate is the AND gate
that connects two inputs with one output. The logical connec-
tion between the molecular units is challenging, and photonic
concatenation of NAND and AND logic gates has been demon-
strated in ref. [20,21] using rare-earth-based nanocrystals. The
repetition rate and the pulse widths of the laser excitation source
were employed as logic inputs as well as the temperature depen-
dence of the emission. In addition to the DAE molecular build-
ing blocks used in the above studies, which alone do not emit in
both open and closed forms, there is a new type of photoswitch-
able molecules, viz., the benzothiophene-perfluorocyclopentene-
dioxide (BTCPO4) derivatives of DAEs, which emit strongly in
the closed form and which are known as “turn-on” switches
(SW).113:22-241 We make use of 5 different BTCPO4 derivatives
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Figure 1. Schematic sketch of two photonic units where the output of the first unit serves as input for the second unit. The ellipses represent pho-
tochromic molecules on the optical microscope stages M1 and M2, respectively, that can be converted between HE and LE states upon illumination

with light in the UV and VIS spectral ranges (UV1 purple; UV2 blue). Excitation of molecules on M1 to the HE state with visible light (VIS cyan) results in
the emission of visible light from these molecules (light grey) which serves as input in the visible spectral range for the molecules on M2. Accordingly,

t

the emission from molecules on M2 will be modulated in intensity as a function of both UV illumination sequences.

(which are labeled SW-1 to SW-5 for simplicity) emitting at dif-
ferent wavelengths for realizing all-optical gates. The synthesis
details are given in the experimental section and the supporting
information.

Here, as a proof-of-principle, we demonstrate the implementa-
tion of an all-optical AND gate, converting two optical inputs into
one optical output. The gate depends exclusively on the presence
or absence of photons for creating the boolean input and output
variables. To achieve this, we cascaded two spatially separated mi-
croscopes, referred to as microscope 1 (M1) and microscope 2
(M2) hereafter, and placed two different derivatives of BTCPO4
on each of the microscopes; SW-1 on M1, and molecules of SW-
2, SW-3, SW-4, or SW-5 on M2. These molecules all undergo a
ring-cyclization reaction upon illumination in the UV, and a ring-
opening reaction upon illumination in the VIS spectral range.
The isomers are associated with a high-emissive state (HE) in
the closed-ring conformation and a low-emissive state (LE) in
the open-ring conformation. The idea is to use the emission
from the photochromic molecules placed on M1 as input for the
photochromic molecules placed on M2, and to study the signal
emerging from the molecules on M2 as a function of the status of
both types of photochromic switches. This strategy is sketched in
Figure 1, where the ellipses denote the two types of photochromic
molecules on M1 and M2 that can be converted into the HE state
upon UV illumination (purple (UV1) for molecules on M1 and
blue (UV2) for molecules on M2), and back to the LE state upon
illumination in the VIS (cyan for molecules on M1 and light grey
for molecules on M2). The molecules on M1 in the HE state can
be excited in the visible (cyan), leading to the emission of visible
light (light-grey) that is modulated in intensity according to the
ON/OFF times of UV1. Using the modulated emission from the
molecules on M1 to optically probe the molecules on M2, allows
control of the emission from the molecules on M2 as a function
of the interplay of the ON/OFF cycling times of both UV sources.

2. Experimental Section

2.1. Synthesis

As photochromic molecules we used 1,2-Bis(2-ethyl-6-phenyl-1-
benzothiophene-1,1-dioxide-3-yl)perfluorocyclopentene (SW-1),
1,2-Bis(2-ethyl-6-(thiophen-2-yl)-1-benzothiophen-1,1-dioxide-3

-yl)perfluorocyclo-pentene (SW-2), 1,2-Bis(2-ethyl-6-(benzothio
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phen-2-yl)-1-benzothiophen-1,1-dioxide-3-yl)perfluorocyclopente
ne (SW-3), 1,2-Bis(2-ethyl-6-(benzothiophen-3-yl)-1-benzothi
ophen-1,1-dioxide-3-yl)perfluorocyclopentene (SW-4), and 1,2
-Bis(2-ethyl-6-(napthalen-2-yl)-1-benzothiophen-1,1-dioxide-3-yl)
perfluorocyclopentene (SW-5). See Supporting Information for
details of the synthetic procedures and characterization of the
BTCPO4 molecules.

2.2. Sample Preparation

All dyes were dissolved in toluene at a mass concentration of
0.135 mg mL~! corresponding to the following molar concentra-
tions: SW-1:0.188 mm, SW-2: 0.186 mm, SW-3: 0.164 mm, SW-4:
0.164 mm, SW-5: 0.166 mm. This stock solution was mixed with
5% PMMA in toluene in a 1:1 ratio and stirred for 10 min. A small
amount of the mixture (100 pL) was drop cast on a quartz cover
slide and spin-coated at 1000 rpm for 150 s.

Figure 2. Schematic sketch of the two-microscope setup. The light
sources are indicated as UV (325 nm) and VIS (488 nm). The two mi-
croscopes are referred to as M1 and M2. The abbreviations denote: BP
- bandpass filter, LP - long pass filter, BS - beam splitter, DC - dichroic
mirror, OD - optical density, PM - power meter, /4 - quarter waveplate,
CCD - charge-coupled device.
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Figure 3. A) The black line shows the emission intensity from the pyridine molecules on M2 as a function of the illumination conditions of SW-1on M1.
The sample on M1 was illuminated for 2 s at 325 nm with 6 W cm~2 followed by an off period of 12 s. The VIS illumination at 488 nm with 10 kW cm~2
was continuous. This illumination sequence is indicated by the colored bars at the top. The yellow line shows the result of a reference experiment with a
bare glass substrate on M2 using the same illumination sequence, yet intensities of 12 W cm~2, and 100 kW cm~2, for the UV and VIS lasers, respectively.
B) Achievable contrast, for the modulation of the emission intensity of the pyridine sample as a function of the UV and VIS illumination intensities. The
horizontal axis corresponds to the VIS intensity, the vertical axis to the UV intensity, and the achieved contrasts are given by the color code. The marked

dot corresponds to the experiment shown in part A) of the figure.

2.3. Optical Setup

The optical setup comprises two, spatially separated, home-built
microscopes, M1 and M2, that are cascaded so they operate in
tandem, Figure 2.

Visible light (VIS) at 488 nm (blue line) is provided by a laser
diode (PC13781, 40 mW, Spectra-Physics). It passes a bandpass
filter (BP 488/10, AHF) for clean-up and a variable OD tuning
wheel (OD 0.04-3.0, Edmund Optics) for adjusting the output
power. The intensity behind the OD wheel is monitored by a pow-
ermeter (PM100A, Thorlabs). The light is converted to circular
polarization by a quarter waveplate (200-1600 nm, New Focus) in
order to avoid photoselection, then reflected by a dichroic beam
splitter (reflection 350-458 nm > 90%, transmission 464-900 nm
> 93%, AHF), and focussed onto the sample on M1 with an objec-
tive (100x, NA 1.40 UPlanSApo oil objective, Olympus). For both
microscopes a helium-cadmium laser (He-Cd, IK3201R-F, Kim-
mon) served as light source for the UV radiation at 325 nm (pur-
ple line). Its output passes a bandpass filter (BP 320/40, AHF),
and a variable OD tuning wheel (OD 0.04-4.0, Edmund Optics)
for clean-up and adjustment of the intensity which was also mon-
itored by a powermeter (FieldMax II, Coherent). The UV light was
split by a 50:50 beam splitter (BSW20 &1, Thorlabs), and each of
the two resulting beams was directed to one of the microscopes
M1 and M2, referred to as UV1 and UV2 hereafter. In order to
avoid photoselection the UV1 light was converted to circular po-
larization using a quarter waveplate (260—410 nm, Thorlabs) and
focussed with a lens (Quartz, f = 10 mm, Edmund Optics) onto
the sample on M1 such that the foci of the VIS and UV1 radiation
coincided. The emission from the sample on M1 (green line) is
collected by the same objective and passes the dichroic mirror, a
bandpass filter (BP 578/105, AHF), and a longpass filter (LP 488,
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AHF) to suppress residual laser light. Then it is reflected by an-
other dichroic mirror (reflection 420-610 nm > 95%, transmis-
sion 635-950 nm > 90%, AHF) and focussed onto the sample on
M2 with an objective (60x, NA 1.45 PlanApo oil objective, Olym-
pus). The UV2 radiation is also converted to circular polarization
(260410 nm, Thorlabs), and focussed with a lens (Quartz, f =
50 mm, Edmund Optics) onto the sample on M2 such that the
foci of the emission collected from M1 and the UV2 radiation co-
incided. The ON/OFF switching of all three laser beams, VIS,
UV1, and UV2 was controlled independently with mechanical
shutters (VIS/UV 1: LS6 6 mm, Uniblitz; UV2: home-built). The
signal emitted from the molecules on M2 (red line) is collected
by the M2 objective and transmitted through the second dichroic
and a bandpass filter (BP 660/52, AHF). Finally, the signal is fo-
cussed with a tube lens (f = 180 mm, U-TLUIR, Olympus) onto a
charge-coupled device (CCD camera, iXon, DV887, 2006, Andor)
and read out with a bin time of 200 ms.

3. Results and Discussion

We started by placing a sample with photochromic molecules
on M1 and a sample with dye molecules on M2. For this
purpose SW-1 was chosen for the photochromic sample,
and pyridine 2 (4-[4-[4-(Dimethylamino)phenyl]-1,3-butadienyl]-
1-ethylpyridinperchlorate) for the dye, because its absorption
spectrum exhibits good overlap with the emission spectrum of
the photochromic molecules (see Supporting Information). Un-
der typical excitation conditions an order of magnitude estimate
of the number of photons that can be transferred from M1
to M2 yields 2.5 - 10° s! per SW-1 molecule (see Supporting
Information), which is sufficient for acting as excitation source
for the dye molecules on M2.
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Figure 4. Columns A-E) refer to the different types of photochromic molecules. Each panel shows from top to bottom the structures of the molecules in
the closed (HE) and open (LE) conformation, the absorption and emission spectra in toluene at 21°C for the two conformations, the relative decrease of
the emission intensity of the HE state upon VIS illumination (colored lines) together with a fit (black dashed lines), and the spectral overlap, J, (shaded
area), of the normalized emission spectrum from SW-1 (black dotted line) with the absorption spectra of SW-2, SW-3, SW-4, and SW-5 (colored lines),
respectively. For ease of comparison the overlaps are normalized relative to the one between SW-1 and SW-3. To record the emission from the HE state
(third row) the samples were illuminated with UV light for 5 s at 28 W cm™2 and VIS light at 430 W cm™2 to initialize the molecules in the HE state and

subsequently probed with VIS light for 300 s at 430 W cm™2.

The sample on M1 was illuminated continuously with the
VIS laser, while the UV laser was switched ON for 2 s fol-
lowed by an OFF period of 12 s. The modulated emission from
the sample on M1 served as excitation light source for the dye
molecules on M2 whose emission was registered as a function of
the UV and VIS illumination intensities on M1. Indeed, the sig-
nal strength of the emission from the dye molecules followed the
intensity of the output from the photochromic molecules on M1,
Figure 3A. For quantitative analysis we defined the normalized
contrastas C = @ where I, (L,.;,) refers to the maximum
(minimum) of the emission intensity from the pyridine dye, and
studied the achievable contrast as a function of the UV and VIS
illumination conditions, Figure 3B. In order to make sure that
the signal detected did not stem from the emission of the pho-
tochromic molecules on M1, or from scattered laser light, the
test experiment was repeated with a bare glass substrate on M2
and significantly higher laser intensities. For this control exper-
iment no fluorescence from the dye was observable, Figure 3A
yellow line. This testifies that the modulated emission from pyri-
dine reflects the modulation of the output of the photochromic

max \“min
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molecules on M1. The test demonstrated that the emission from
the photochromic molecules on M1 is strong enough to serve as
excitation light source for the dye molecules on M2 and to mod-
ulate their emission intensity with a contrast of up to 80%.

The application of this idea to two photochromic molecules
requires that the emission from the photoswitches on M1 is ab-
sorbed by the photoswitches on M2 in order to induce emission
from these molecules. Thus, an essential prerequisite is that
the emission spectrum from the photoswitches on M1 features
significant spectral overlap with the absorption spectrum of the
photoswitches on M2. Therefore, we tested various combinations
of photochromic switches. For doing so we used the molecules
of SW-1 on M1, and molecules of SW-2, SW-3, SW-4, SW-5 on
M2. The structure of all photochromic molecules used in this
study in both isomeric states is shown at the top of Figure 4. Fur-
thermore Figure 4 shows from top to bottom the corresponding
absorption and emission spectra of the various photochromic
molecules in both isomeric states, the recovery of the LE states
upon VIS illumination (manifested as a decrease of the emission
intensity) together with an exponential fit (for details see
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different illumination scenarios as indicated at the top. For all three scenarios the samples were initialized by illumination for 5 s with UV1 (28 W cm~2),
UV2 (0.8 W cm™2), and varying VIS (12, 24, 48, 120 kW cm~2). A) Contrast after continuous illumination for 300 s with varying intensities of visible light
(12, 24, 48, 120 kW cm~2) on M1, and UV2 (0.8 W cm~2) on M2. B) Contrast after continuous illumination for 300 s with varying intensities of visible
light (12, 24, 48, 120 kW cm™2), and UV1 (28 W cm~2) both on M1. For SW-5 (pink) the contrast is not significantly above the noise floor of the signal
for the lowest intensities and has therefore been set to zero. C) Contrast after continuous illumination for 300 s with varying intensities of visible light
(12, 24, 48, 120 kW cm~2) on M1 only. The different colors refer to the different photochromic molecules placed on M2, and the lines between the data

Figure 5. The signal contrast, C = of the emission from molecules on M2 as a function of the VIS intensity used on M1 for three

points serve as a guide for the eye.

Supporting Information), and the spectral overlap, J=
J F(A)e(4)d4 between the normalized emission spectrum of
SW-1 and the absorption spectra of SW-X (X = 2,3,4,5) (color
shaded).

Fitting the recovery of the LE states to an exponential pro-
file allowed us to obtain an estimate for the quantum yield
@,, of the ring-opening reaction (for details see the Supporting
Information), which amounted to ~10~7 for all of the di-
arylethene variants. For the experiments described below, we
kept SW-1 as the photochromic molecules on M1 and placed
the photochromic molecules SW-X (X = 2, 3, 4, and 5) on M2.
The detected signal corresponds always to the emission from
the SW-X molecules as a function of time after the initializa-
tion. The latter refers to a period of 5 s of illumination with
all three light sources, namely VIS and UV1 on M1 and UV2
on M2. Yet, in contrast to the test experiment where the UV
source illuminated exclusively the molecules on M1, here the
UV light illuminates molecules on both microscopes in order to
trigger the open-to-close photoreaction. However, the UV light
on M2 gives rise to a weak emission from the SW-X molecules
in the open LE state, see Figure 4 2nd row, which has to be
taken into account for properly defining the contrast of the signal

from the SW-X molecules. Hence, for the contrast C = Zzwx=lnin

max

we assign I, = I(5s + 200 ms), which refers to the emis-
sion intensity from SW-X during the first 200 ms time bin af-
ter the UV2 illumination has ceased, and I,,;, = I(300 s) as be-
fore to the intensity 300 s after starting the initialization, i.e.

C = LLst20m)- 1009 The achievable contrasts for the outputs
1(55+200 ms)

of the SW-X molecules on M2 are shown in Figure 5 for

Adv. Funct. Mater. 2025, 2507180 2507180 (5 of 9)

three different illumination scenarios and for four different VIS
intensities.

For the results shown in Figure 5A, the UV1, UV2, and
VIS sources were ON for 5 s, followed by a period of 295 s
(= 300-5 s) where the samples were illuminated only with VIS
and UV2 light. The UV1 and UV2 radiation initializes the pho-
tochromic molecules on M1 and M2, SW-1 and SW-X, respec-
tively, into their HE states. The continuous illumination of the
SW-1 molecules on M1 with VIS light leads to the emission
of photons (fluorescence). Since the SW-X molecules on M2
are kept in the HE state by the continuous illumination with
UV2, the emission from SW-1 serves as excitation light for the
HE SW-X molecules and gives rise to the emission of pho-
tons from these molecules. For all molecules SW-X placed on
M2, the contrast of the fluorescence signal grows for higher
VIS illumination intensities of SW-1 on M1. For the results
shown in Figure 5B the samples were initialized as before for
5 s by illumination from all three light sources. Subsequently,
the VIS and UV1 radiation sources were kept ON and the
UV2 light was OFF. As before, the excitation of the HE SW-1
molecules in the VIS leads to the emission of photons that trig-
gers the emission from the HE SW-X molecules, and the achiev-
able contrast grows with increasing VIS illumination intensity
on M1.

Finally, after the initialization of the samples for 5 s as before,
only the VIS radiation was kept ON, Figure 5C. For this scenario
the achievable contrast in the emission of the SW-X molecules
does not depend significantly on the VIS excitation intensity (and
also not much on the type of photochromic molecule placed
on M2).
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Figure 6. The output of an experiment with SW-1 molecules on M1 and SW-3 molecules on M2 for three different illumination scenarios. The colored
bars on top correspond to the illumination times with VIS (cyan), UV1 (purple), and UV2 (blue), i.e. 5 s of initialization by illumination from all three
light sources VIS (120 kW cm™2), UV1 (28 W cm™2), and UV2 (0.8 W cm™2), and 295 s illumination with varying illumination conditions as indicated
also by the pictograms. The ordinate refers to the respective peak normalized intensity of the emission detected from the SW-3 molecules. UV1 and VIS

radiation is applied to the molecules on M1 while UV2 radiation is applied to molecules on M2. The excitation intensities after initialization were A) VIS

120 kW cm™2, UV2 0.8 W cm~2, B) VIS 120 kW cm™2, UV128 W cm™2, C) VIS 120 kW cm~2. The values for the signal contrast C = %

were obtained between the data points marked in red as explained in the text, and amount to C=0.76, C = 0.43, and C = 0.92, respectively, as indicated

in the figure.

In the following, we will exemplify the demonstration of an
optical AND gate using the example of the pair of photochromic
molecules SW-1 (on M1) and SW-3 (on M2), because these
species feature the largest spectral overlap. The results obtained
using SW-1 on M1 and the other BTCPO4 derivatives on M2 will
be summarized at the end of this section. The output from the
SW-3 molecules on M2 is shown in Figure 6 for the three differ-
ent illumination scenarios described above, and as indicated on
the top of the figure by the colored bars and the pictograms. For
the three scenarios we chose as excitation intensities for the VIS
light 120 kW cm~2 because this gave the highest contrast in the
emission on M2, see Figure 5.

For the results shown in Figure 6A, the UV1, UV2, and VIS
sources were ON for 5 s, followed by a period of 295 s where
the samples were illuminated only with UV2 and VIS light. The
UV1 and UV2 radiation initializes the photochromic molecules
SW-1 and SW-3 in the HE states on M1 and M2 microscopes
respectively. After the UV1 is turned OFF, the continuous illumi-
nation of the SW-1 molecules on M1 with VIS light leads to the
emission of photons (fluorescence). Since the SW-3 molecules
on M2 are kept in the HE state by the continuous illumination
with UV2, the emission from SW-1 serves as excitation light for
the HE SW-3 molecules and gives rise to the emission of pho-
tons from these molecules. However, on M1 the continuous VIS

Adv. Funct. Mater. 2025, 2507180 2507180 (6 of 9)

illumination of the SW-1 molecules can also initiate the ring-
opening reaction. Since the open isomer is associated with the
LE state the emission from SW-1 fades out, and so does the ex-
citation of the HE SW-3 molecules on M2. This is observable as
a decay of the emission from SW-3 during the observation time.
The contrast for these illumination conditions read out 300 s af-
ter starting the initialization amounts to C = 0.76. For the results
shown in Figure 6B the samples were initialized as before for 5
s by illumination from all three light sources. Subsequently, the
VIS and UV1 radiation sources were kept ON and the UV2 light
was OFF. As before the excitation of the HE SW-1 molecules by
the VIS light source leads to the emission of photons that triggers
the emission from the HE SW-3 molecules. Despite the fact that
the continuous UV1 illumination keeps the SW-1 molecules in
the HE state, the emission from SW-3 diminishes in the course
of time the contrast amounts to C = 0.43. This reflects the fact
that the photons emitted from SW-1 not only induce emission
from the HE state of the SW-3 molecules, but also trigger the
ring-opening reaction and the conversion of the SW-3 molecules
to the LE state. Finally, after the initialization of the samples for
5 s as before, only the VIS radiation was kept ON, Figure 6C. In
this case, the emission from SW-3 decays most rapidly, and we
obtain the highest contrast C = 0.92. This can be understood as
follows: First, there is a decrease in the intensity of light emitted
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Figure 7. Emission intensities from SW-X molecules on M2 and SW-1 molecules on M1 for three different illumination scenarios, and four different
VIS intensities. The columns show, from left to right, the molecular structure the photochromic molecules used on M2, and the relative decrease of
the emission from the sample on M2 for the three illumination scenarios. For each scenario, the experiments have been conducted for fixed excitation
intensities of 28 W cm~2 for UV1 and 0.8 W cm~2 for UV2, and four different excitation intensities for the VIS radiation as given in the figure. The traces
have been normalized to the data point att = 5s + 200 ms, which corresponds to the first data point after the UV1 (part B), UV2 (part C), or UV1
and UV2 (part D) illuminations were ceased. The traces for the illumination conditions that gave the highest contrast are highlighted as bold lines. The
maximum contrasts that have been read out for 1, = I(5s + 200 ms) and |,,,;, = (300 s) are summarized in Table 1.

from SW-1, because more and more SW-1 molecules are con-
verted to the LE state under the continuous illumination with the
VIS laser, which reduces the intensity available for exciting SW-3
in the visible. Second, the visible radiation that is still absorbed
by SW-3 can also induce the cycloreversion process of the SW-3
molecules and convert them to the LE state, which further dimin-

ishes the emission intensity from SW-3. Hence, the fast decay of
the emission of SW-3 in Figure 6C is the result of two processes
that enhance each other.

Similar experiments as shown in Figure 6 have also been con-
ducted for the other photochromic molecules SW-X on M2. The
results obtained for these combinations of photoswitches are

Table 1. Maximum achieved values of the contrast for the emission intensity of SW-X (X = 2, 3, 4, or 5) upon excitation via SW-1.

w2 w1
: :

@ @D

VIS intensity [kW cm™2] 120 120 120
Contrast

SW-2 0.77 0.38 0.91
SW-3 0.76 0.43 0.92
SW-4 0.68 0.14 0.90
SW-5 0.76 0.15 0.89

Adv. Funct. Mater. 2025, 2507180 2507180 (7 of 9)
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Table 2. The truth table for the experiment is sketched in Figure 7, where
the presence and absence of UV1 and UV2 serve as Boolean input vari-
ables, and the fluorescence from SW-X as output variable.

In Out
HE-SW-1 HE-SW-X High emission
0 0 0

0 1 0

1 0 0

1 1 1

summarized in Figure 7. The figure has the layout of a ma-
trix where each line corresponds to one particular photochromic
molecule on M2, the first column of the figure refers to the
chemical structure of the photochromic molecules in the closed
state (HE state), and the last three columns correspond to the
signals obtained for the three excitation scenarios as shown in
Figure 6, and indicated by the symbols at the top of Figure 7, each
one for four different intensities of the VIS laser incident on M1.
The achievable contrasts show strong variations as a function of
the VIS intensity, and their maximum values are summarized in
Table 1.

For all of the photochromic molecules used on M2 and for all
three illumination scenarios we find a constant and high emis-
sion intensity from SW-X only during the interval where both
UV sources are ON, see Figure 7. As soon as one of the UV
sources is switched OFF the emission from SW-X drops rapidly
to a lower level. Hence, the UV photons that were required to
create the HE states of the photochromic molecules both on M1
and M2 were translated into fluorescence photons from the pho-
tochromic molecules on M2. Interpreting the creation of a pho-
tochromic molecule in the HE state and LE state as logic inputs 1
and 0, and defining the emission levels of SW-X as logical 1 (ini-
tial high emission) and 0 (decreasing emission), the outcome of
the experiment can be summarized in Table 2. Closer inspection
reveals that this table can be identified with the truth table for an
(optical) AND gate. This demonstrates that the translation of UV
photons into fluorescence photons mediated by photochromic
molecules fulfills the rules of boolean algebra for an AND gate,
accomplished solely by optical inputs and outputs.

4. Conclusion

In a proof-of-principle experiment, the realization of an all-optical
AND gate in the solid state has been demonstrated. This was
achieved using photochromic DAE derivatives as mediators for
the optical input signals. These molecules are photostable and
fatigue-resistant and it will be challenging to extend this approach
to more complex operations (OR, NOR, XOR, etc. operations),
that will be required to accomplish full optical logic circuits. Fur-
ther challenges that need to be addressed are the seamless inte-
gration and miniaturization of the components as well as a re-
duction of the reaction times for signal processing.

Supporting Information
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