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Logic is the key to computing. Traditionally, logic devices have
been fabricated by the top-down approach, whose dimensions
are drastically limited. The ultimate goal is to use molecular
tailorability to design logics from the “bottom-up” approach.
sHere we report an unprecedented photochromic molecule that
undergoes unimolecular logic switching when excited
anywhere in the entire UV-visible spectrum, thus a bottom-up,
all-photonic, molecular logic gate. Specifically, these molecular
photonic logics embedded in the polymer thin films function as

10“AND” or “OR” gate at different temporal responses. To
achieve high information-processing density, moreover, a
ternary flip-flap-flop gate is realized in the molecular logic
because the fact that this photochromic molecule can be
photoswitched anywhere in its UV-vis spectrum enabled three

1sdifferent lasers (532, 473, and 561 nm) as the inputs to deliver
the complex logic optical outputs.

Logic functions as the brain of modern computers.l'5 Although
electronic logic circuits have revolutionized many aspects of our life,
the top-down approach clearly has fundamental limitations in
20device dimensions.®® At the top of agenda is to develop emerging
logic materials, whereby molecular computing has been proved as
the appropriate “bottom-up” candidate with its own potential
advantages, especially the ability to operate in much smaller
nanoscale.™ Since the first molecular AND gate was demonstrated
25in 1993, logic gates,u'18 molecular memory elements,”** optical
information encoding,zs'29 and even biological Iogicsao'32 have been
reported. Up to now, successful molecular logic gates are mainly
demonstrated in solution, using concentrated reactants as inputs
and specific products as outputs, usually with colour changes or
3oother easily discernable phenomena.3 However, logic gates in
solutions are more a concept than a real-world technological
application. Because solution logics consume massive chemicals,
thus compromising their operations and reversibility,13 solid
devices are more desirable. Yet, molecular logic devices operating
35in solid state are still challenging and considered as the bottleneck
in the further advancement of the bottom-up approach.
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Accordingly, it is rather significant to provide a route towards all-
photonic, chemical-waste free, solid-state Iogic.sa’36
Although many physical/chemical properties can be photo-
aoswitched ON or OFF,**"% photochromism remains as the popular
mechanism in logic operation,lz'14 especially for their potential in
constructing all-photonic logic gates.az'44 Because light is capable
of processing huge amount of information simultaneously, solid-
state molecular logics using light as inputs and outputs not only can
ssbe ultra-fast, but also avoid making physical contacts. Here, we
report an unprecedented, photochromic bisthiazolethene system
(BTA, Fig. 1a), whose absorption covers the entire UV-visible
region, thus responding to optical encoding throughout the
spectrum. Furthermore, the kinetics from the closed form ¢-BTA to
sothe open form BTA exhibits different ring-opening photoreaction
rates when different visible lasers (532, 473, or/and 561 nm) are
used. By taking full advantage of the whole broad spectral
responses and their different photochemical kinetics, we have
successfully constructed all-photonic thin-film logic gates using c-
ssBTA/BTA as the photoactive medium to perform accurate,
controllable and spatiotemporal logic operations using non-invasive
light remotely.
Photoswitching of bisthiazolethene (BTA, Fig. 1a) reveals a
radical departure from the photochromic compounds known so far-
sothe closed form (c-BTA) absorbs over the entire UV-visible
spectrum! The open form (BTA) is colourless, while the closed
form, which was obtained upon 302-nm irradiation (Fig. 2a), is
completely black. Two well-defined isosbestic points appeared at
266 and 313 nm, respectively, suggesting a 1:1 conversion between
65BTA and c¢-BTA. The photostationary state (PSS) was reached
within only 54 s upon irradiating BTA at 302 nm (1 mWw;
concentration: 20 uM). Conversely, visible light irradiation on the
photochemically generated PSS triggered the back conversion to its
original colourless open form BTA (Fig. 2a). The ring-open form
70BTA exhibits weak fluorescence while the corresponding PSS has
essentially no emission (Fig. S1 in ESIT). Interestingly, unlike other
typical photochromic compounds, c-BTA has two absorption bands
that have just the right positions (426 and 572 nm) and bandwidth
to completely black out the whole spectrum.as’47 The net result of
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reversible black-and-white interconversion, which was
underpinned by the photochemical switching between ring-open
and ring-closed forms, has great potential applications in optical
limiting protection and digital logic operation.48
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Fig. 1 Photochromic contrast between black c-BTA and red c-BN. (a) Reversible
UV and Visible light shuttle BTA (colourless) and c-BTA (black) back and forth; (b)
Reversible UV and Visible light also interconverts BN and ¢-BN reversibly; (c)

10Energy levels of frontier molecular orbitals of compounds ¢-BTA and c¢-BN. (d)
ORTEP representation of X-ray single-crystal structures of BTA and BN in the
open states drawn with 50% probability from front and top view (S: yellow; N:
blue; C: grey). Detailed data of BTA including packing diagrams can be found in
ESIT, and detailed data of BN could be found in reference 47.
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To unveil the “blackout” mechanism created by ¢-BTA, molecular
orbital calculations were carried out along with a normal
photochromic compound BN (Fig. 1b) as a reference. Like a
typical photochromic compound, colourless BN undergoes ring

20closure photo-cyclization to form red-colour ¢-BN that shows a
characteristic, photochromic absorption. The LUMO of the two
compounds are on the same energy level (-3.07 eV); however, c-
BTA has a higher HOMO and a lower LUMO+1 when compared with
c-BN, and these distinguishing characters are the origin of blackout

2smechanism of the whole spectrum. First, the experimentally
observed absorption band of ¢-BTA at 572 nm arises from HOMO—
LUMO transition, which only locally excites the closed-ring
diarylethene unit (Tables S1 and S2T). Second, the absorption band
of ¢-BTA at 426 nm arises from HOMO—~LUMO+1 and HOMO—
30LUMO+2 transitions with similar excitation energies due to close
arrangements of the LUMO+1 and LUMO+2 energetically. These
two transitions, particularly the HOMO—LUMO+1 transition, reveal
strong intramolecular charge transfer from the closed diarylethene
ring to the electron-withdrawing benzobisthiadiazole bridge.
3sTherefore, the three transitions from HOMO to LUMO, LUMO+1

2| J. Name., 2012, 00, 1-3

and LUMO+2 contribute to the observed visible spectrum of c-BTA
(Fig. 2a) and cause the blackout phenomenon. Comparatively, the
excitation energy required for HOMO—LUMO+1 transition in c-BN
is 3.0 eV, thus placing the absorption in the near UV region. As a

soresult, only one main peak is observed in the region of 400-600 nm,
which corresponds to the HOMO — LUMO transition mostly
localized within the closed diarylethene ring (Table S2f). The
LUMO+2 of ¢-BN is localized on the oxidized benzothiophene
bridge with a much higher energetic level, and accordingly the

4sHOMO—LUMO+2 transition contributes to absorption in the UV
region. In single crystals, BN adopts an anti-parallel conformation
while BTA exhibits a parallel conformation (Fig. 1d, Tables S3, S4
and S5t). Because solid crystals limit group rotation, the parallel
conformation does not meet the prerequisites for solid-state

sophotochromic reaction,48 and thus BTA crystals exhibit no colour
change upon UV irradiation.

Alternating irradiation with UV (365 nm) and visible light (> 510
nm) toggled the molecular photoswitch repeatedly between ring-
open BTA and ring-closed form ¢-BTA with good fatigue resistance

ssand reversibility (Fig. 2b). Conversion ratio from the ring-open form
to the ring-closed form was as high as 91% based on calculations
via absorption spectra (Fig. S21). Unlike many well-known
photochromisms,sr53 c-BTA possesses an excellent thermal
stability—a desired feature for logic operation and does not
soundergo thermal cyclo-reversion as demonstrated by the constant
absorbance values at different wavelengths of 419, 494, and 572
nm (Fig. 2c). As a result, the black closed form was easily
synthesized photochemically and conveniently purified by
traditional column chromatography. Interestingly, when the
ssphoto-reversion efficiencies (c-BTA to BTA) at various wavelengths
were tested, different photoreaction rate constants were observed
when the same PSS was irradiated with different lasers (473, 532
and 561 nm; Figs. 2d and 2e); their rate constants (k) were 1.54 x
1025, 6.66 x 10°s™, and 2.52 x 10 s for 473-nm (0.38 MW mm’
70%, Apax is 0.125 at 473 nm), 532-nm (0.19 mW mm?, Apax is 0.159 at
532 nm), and 561-nm (0.38 mW mm?, Apmax is 0.196 at 561 nm)
lasers, respectively. Obviously, different power density of 473-,
532-, and 561-nm lasers might induce ring-open reaction with
different rate constant. Notably, the rate constant k increased to
753.94 x 107 s upon combining 473-nm and 561-nm lasers together.

In electro-optical modulation, an electric field applied
perpendicular to the light beam travelling in a nonlinear medium
imparts modulation on the output light signals. For example, a
modulated electric field can encode its signals using Mach-Zehnder

godevice to shift the phase of the light beam that is traveling through
it. Instead of an electric field, here four different laser beams (473,
532, 561, and 375 nm) were used to modulate and reset the
relative amount of the BTA and ¢-BTA in a polylactic acid (PLA) thin
film initially containing 5 % w/w of BTA (Figs. S3 and S4). Because
ssthe resulting ¢-BTA/BTA film has opaque and transparent bistable
states, it in turn modulates the signal light beam traveling
orthogonally with respect to the lasers. In such an all-optical
system, in which light modulates the medium and the medium
further encodes light signals, the 375-nm laser resets the open
goform BTA to the closed form ¢-BTA, whereas the 473, 532, and 561-
nm lasers modulate the thin film optical properties by
photoswitching various amount of the closed form back to the
open form to impart logic operations. The photoswitchable thin
film was placed at a 45° incident angle with respect to the

This journal is © The Royal Society of Chemistry 2012
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modulating laser beams and a 45° incident angle with respect to
the input light as well as the output optical pulses (Fig. 3a). 5
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Fig. 2 Black-to-colourless photoreactions have different rate constants at different wavelengths. (a) Photoswitching from open form to PSS (2 x 10° M, CH3CN) upon

302-nm light irradiation, and reversible photoswitching from PSS to open form upon > 510-nm irradiation. Inserts: photoswitching kinetics measured at 572 nm as a
10function of irradiation time. (b) Alternating between UV (365 nm) and visible (> 510 nm) light photoswitches open form and closed form back and forth,

demonstrating good fatigue resistance and reversibility. (c) Absorbance values of BTA monitored at 419, 494, 572 nm and room temperature in CH3:CN after it reaches

the PSS under UV action indicate no reversal reaction after 780 minutes, confirming that ¢-BTA, like BTA, is thermally stable. (d) Reversible photoswitching from PSS

to BTA (2.0 x 10° M, CHCI3) upon 473-nm (black line), 532-nm (red line), 561-nm (green line), and the combination of 473-nm and 561-nm laser (blue line) irradiation.

(e) Three-dimensional (3D) plot that relates optical density (z-axis) to time (x-axis) and wavelength (y-axis) reveals the absorption dynamics upon irradiation at 473
15nm laser, as the ring-closed (¢c-BTA) is photochemically converted to the ring-open (BTA) form.
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Fig. 3 The ¢-BTA¢>BTA photochromic system orthogonally modulated for
regulating output signals. (a) The photo-optical modulation system illustrates
that modulation beams (violet arrows) change the continuous white light
20traveling orthogonally into modulated beam (green arrows); both have an
incident angle of 45° with respect to the photoswitching thin film containing BTA
and c-BTA. (b) After resetting by the 365-nm laser (OD = 0.15 at 579 nm), the
PSS (closed form) was driven back to the open form using 532-nm laser (green
dot), 473-nm laser (red dot), 561-nm laser (black dot), the combination of 473-

This journal is © The Royal Society of Chemistry 2012

25and 532-nm lasers (blue dot), and the combination of 473-, 532-, and 561-nm
lasers (pink dot), respectively. Film thickness: 15 pum; BTA/PLA = 5% w/w.

After the 375-nm laser resets the thin film to the “opaque” state,
various other lasers or their combinations were used to
3ophotoswitch the medium toward the transparent direction. Distinct
reaction rate constants were observed when different lasers (561,
473 and 532 nm) or their combinations were used as the
modulation beam (Fig. 3b). Specifically, the rate constants (k) were
1.4 x 102 s™ (473 nm, 3.8 x 102 mW mm?), 2.9 x 10> s (532 nm,
351.9 x 10> mW mm_z), 28x10°st (561 nm, 3.8 x 10° mw mm’z),
2.6x 1025 (473 +532 nm), and 3.2 x 107 s (473 + 532 + 561 nm).
These results reveal appreciable disparity among the rate constants,
which can be exploited to perform logic operations.
The well-behaved ¢-BTA—BTA photoswitching was fabricated
s0into thin-film devices for logic computing.  Contrasted to
established logic gates that use chemical species as inputs, all-
photonic logics employ laser beams as inputs, thus avoiding
manipulating complicated chemicals. While the laser “on” and “off”
were used to define the input as “1” and “0”, the absorbance
sschange (AA) as measured by the orthogonally passing beam defines
the output. Fig. 4a depicts that the BTA device functions as AND /
OR logic gates, with the threshold of the output absorbance change
set as 0.035. According to Fig. 3b, when both 532-nm and 473-nm
lasers are turned on (Input 1 =1 and Input 2 = 1), the AND gate was
sorealized by measuring the 579-nm AA value at 40 s, which is
defined as the Output 1 (Fig. 4a). At 40 s only when both In1 (532
nm) and In2 (473 nm) are on (1,1), Output 1 (AA = 0.051) is greater
than the threshold AA that is set as 0.035 and vyields true logic

J. Name., 2012, 00, 1-3 | 3
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(Output 1 = 1). In contrast, the OR gate was defined as the 579-nm In addition to two-input logic gates, complicated three-terminal
AA value at 300 s, which was assigned as Output 2. The “true” logic gates have also been developed while sequentially combining
state of this OR gate can be either triggered by either In1 (532 nm)  the AND and OR computing. According to Fig. 3b, the effect of 561-
or In2 (473 nm) signal (Fig. 4a). nm irradiation almost equals to that of the combination of 532 nm

s Intriguingly, the same ¢-BTA — BTA photoswitching device 20and 473 nm irradiation, thus an AND gate and an OR gate
functions as AND gate at 40 s and as OR gate at 300 s based on the ~ combined logic can be constructed. As shown in Fig. 4b, this
A A value at 579 nm. This endows an all-photonic logic gate with  complex logic gate has three inputs, In1 (473 nm laser), In2 (532 nm
the temporal characteristic, and the logic gate based on ¢-BTA film  laser) and In3 (561 nm). At 40 s, when Inl and In2 both are on or
can be switched between AND and OR gates simply by reading the ~ When In3 is on, the output will be over the threshold, yielding a

10output at different time. Thus, with the same inputs, c-BTA/BTA 2strue result, Output 1 = 1. Furthermore, this AND gate (reading at
photochromic system performs different logic function at different ~ 40 s) becomes OR gate when reading at 300 s; thus Output 2 is a
irradiation time, producing a specific temporal logic. Because the ~ combined logic from two OR gates.”” For this double OR logics, only
devices are solid state rather than solutions, only those regions ~ when all three inputs are false (0), the output will be false (0).
illuminated experienced photoswitching or logic operations, thus ~ Otherwise, the output is true (1).

15offering spatiotemporal logics.
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Fig. 4 Spatiotemporal logics. (a) Schematic diagram of AND or OR logic-gate response using 532 nm laser (Input 1) and 473 nm laser (Input 2) as inputs. Absorption
change AA of 40 s is set to be Output 1, and AA value at 300 s is set to be Output 2, and their truth tables is shown on the right. As time elapses, AND gate (40 s) will
switch to OR gate (300 s). (b) The three-input complementation of AND and OR gate response of 532 nm laser (In1), 473 nm laser (In2) and 561 nm laser (In3), AA of
40 and 300 s are set as Output 1 and Output 2 respectively, their corresponding truth tables are on the right. (c) Schematic of the flip-flap-flop logic gate (OR and

35NOR)51 that responds to various inputs of In1 (532 nm), In2 (473 nm) or In3 (561 nm). Various inputs are shown in the table on the left: note that only one input at a
time. The 100-s AA value functions for the flip-flap-flop logic-gate when the thresholds are set to be 3.5 x 102 and 7.0 x 107 to distinguish -1, 0, and +1. The output
+1 corresponds to AA over 7.0 x 10'2; 0in between 3.5 x 102 and 7.0 x 10'2; -1 with AA < 3.5 x 10 as shown in the characteristic truth table on the right.

To meet the demand of ever-increasing information density, a soreversion (AA = 0.085); the 532 nm laser triggered the slowest
ternary system for transferring and storing information is highly  reversible reaction (AA = 0.028); the 473-nm laser triggered a
sodesirable because it is approximately 1.6 times more efficient than  response in between the 561- and 532-nm lasers (AA = 0.044 ). This
that of the binary system. Because of this, we used the ¢-BTA  way, when Inl (532 nm laser) is active, the cyclo-reversion rate is
photoswitching properties to design and construct a resettable flip-  the slowest and the system is in state -1 (output string 0 0 1). On
flap-flop logic gate.54 Generally, the flip-flap-flop contains two ssthe contrary, while In3 (561 nm laser) is applied, the cyclo-
linked units: three OR logic gates (first unit) convert the input  reversion rate is the fastest and the system is in state +1 (output
sssequence from Inl, In2, and In3 into an appropriate input for the  string 1 0 0). Moreover, while In2 (473 nm laser) is addressed, the
three cross-coupled NOR gates (second unit), which import the reaction rate is in-between 561 and 532 nm, so remains in state 0
memory of the given inputs (Fig. 4c). The photoswitching kinetics  (output string 0 1 0). The characteristic truth table for the flip-flap-
of ¢-BTA cyclo-reversion has three distinct rate constants under the soflop logic is shown in Fig. 4c. Furthermore, this logic can be reset by
three input lasers: the 561-nm laser triggered the fastest cyclo-

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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10-s 375-nm UV laser irradiation, which restore the system to the
original PSS state and ready for the next round information input.
In summary, contrary to classic photochromism, a rare
photochromic ¢-BTA, which absorbs in the entire spectrum, was
sdemonstrated. The unprecedented black-absorption originates
mainly from three transitions from HOMO to LUMO, LUMO+1 and
LUMO+2, which contribute to the two observed absorption bands
covering from 350 to 650 nm. Because of this, the photochromic
system c-BTA/BTA can be modulated by many wavelengths (lasers),
1owith good fatigue resistance and high thermal stability. Most
importantly, photo-cycloreversion reaction rates of ¢-BTA depend
on the laser wavelengths. This striking feature enabled a series of
solid-state logic devices that have spatiotemporal logics.
Furthermore, the intrinsic photo-responsiveness of ¢-BTA to 532,
15473, and 561 nm lasers allows the design of a base-three logic gate
that can expand into ternary logics to meet future need of high-
density information processing and computing.
The present study has introduced all-photonic, solid-state logic
gates that use the spatiotemporal responses of photochromic c-
20BTA/BTA system to create logic operations. This unique molecular
design of solid-state logic gates would provide a novel method for
future practical logic device fabrication. Switchable and inter-
convertible Boolean logic unit may be assembled by appropriate
combination of photo-responsive molecular components with time-
2sdependent excitation. These solid logics overcome the limitations
of solution media, thus one step closer to future information or
computation devices.
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Photoswitching  between black and
colourless spectra exhibits resettable
spatiotemporal logic
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All-photonic, solid-state logic gates are constructed with
exploting the spatiotemporal responses of photochromic c-
BTA/BTA system to create logic operations.

.— ))».

Lasers / Inputs

sConceptual insights

Switchable and inter-convertible Boolean logic unit can be assembled by appropriate combination of photo-responsive

molecular components with time-dependent excitation. Up to date, molecular logic devices operating in solid state are

still considered as the bottleneck in the further advancement of the bottom-up approach. The present study has

introduced all-photonic, solid-state logic gates that use the spatiotemporal responses of photochromic system with

wobroad absorption response to create logic operations. This unique molecular design of solid-state logic gates would

provide a novel method for future practical logic device fabrication.
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