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Efficient strategies for the communication of signals between molecules must be identified for the development of molecule-based
nanoprocessors. We have demonstrated that photoinduced proton transfer can be exploited to implement intermolecular digital transmission.
Light inputs operate a three-state molecular switch inducing the transfer of a proton to or from a two-state molecular switch. The signal
transduction protocol of the two communicating molecular switches is equivalent to that of a sequential logic circuit incorporating three logic
gates.

The communication of signals at the molecular level ensures miniaturization permits the assembly of ultradensely inte-
the transfer of information from the environment to our grated circuits and faster processors. It is becoming apparent,
brain! A remarkable example is the complex mechanism of however, that intrinsic limitations associated with conven-
vision. Optical inputs reach the eye pigments, inducing the tional silicon-based devices will prevent their miniaturization
isomerization of a simple molecule called retinal. The change down to the nanoscafeAlternative materials for the nano-

in molecular shape produces a sequence of chemical signalscaled components of future information storage and elabo-
that are converted into an electrical output. This final signal ration devices must be developed. Molecules and chemical
is communicated to the brain. systems are an obvious and promising chéit&he func-

The principles ruling neurotransmissfaare related con-  tions of simple electronic devices have been replicated
ceptually to the elaboration of binary data in microprocessor already using organic films and even single molecéles.
systems. Computers transduce binary inputs into binary However, the integration of these molecule-based devices
outputs through sequences of logic operations that areinto functioning circuits remains more than a challenge. The
implemented on sophisticated electronic circuits. The dimen- major limitation is that methods to communicate signals
sions of the communicating components of these circuits between molecules are not available. A potential strategy to
continue to be reduced at an exponential fafEheir implement signal communication at the molecular level is
that of mimicking the complex mechanisms that ensure
information transfer in living organisms. These processes are
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all based on chemical assemblies, and trying to reproduc<jjj N NG

their operating principles with artificial systems is a promis-
ing alternative to the problematic fabrication of nanoscaled
electronic circuits.

Molecules undergoing reversible transformations in re-
sponse to chemical, electrical, and/or optical stimulations are
often termed molecular switché3.he photoinduced isomer-
ization of certain spiropyran derivatives, for example, has
been widely exploited to design photochromic switchis.
some instances, simple logic operations have been imple-
mented on similar chemical systefhs?

However, methods to communicate signals between mo-
lecular switches have not been identified yet. Recently, we
have developed a three-state molecular switch that responds
to ultraviolet light, visible light, and H inputs, producing
optical outputs? We have then developed a simple strategy
to communicate intermolecularly the two optical outputs to
compatible fluorophore¥.In this Letter, we show how the

communication of chemical signals between two independent
molecular switches can be established, exploiting photo-

induced proton-transfer processes.

The reversible interconversion between the orange azopyri-

dine AZ (Figure 1) and the red-purpkeZH can be followed
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Figure 1. The reversible interconversion between the two states
AZ and AZH. Absorption spectra ofg) a MeCN solution ofAZ
(1 x 104 M, 25°C) and of the same solution after the consecutive
additions of (b) 10 equiv of C#&£O,H and (c) 10 equiv of EN.
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Figure 2. The reversible interconversion between the three states
SP,ME, and MEH. Absorption spectra of a MeCN solution &P

(1 x 104 M, 25 °C) (a) before and ) after irradiation with
ultraviolet light and (c) after irradiation with ultraviolet light
followed by the addition of 1 equiv of GEO,H.

addition of 10 equiv of BN, the protonated fornAZH
switches back t&\Z and the absorption band at 422 nm is
restored (dn Figure 1).

The colorless spiropyran sta&P (Figure 2) isomerizes
to the purple merocyanine foriE upon irradiation with
ultraviolet light’® This process is accompanied by the
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appearance of a band at 563 nm in the absorption spectrunprotonate the basAZ upon irradiation with visible light,

(aandb in Figure 2). The photogenerated ba4E switches
completely to the yellow-greeMEH after the addition of

1 equiv of CRCO,H. Consistently, the absorption band of
ME at 563 nm disappears (n Figure 2) and a new band
for MEH is observed at 401 nm instead. Upon irradiation
with visible light!6 the protonated merocyanine foldEH
switches completely back 8P, releasing .

Ultraviolet and visible light stimulations induce the inter-
conversion between the three sta®&, ME, and MEH,
controlling the uptake and release of HVhen the three-
state molecular switch and the two state-molecular switch
are combined in solution, the photoregulation of the con-
centration of H can be exploited to modulate the switching
between the two stateAZ and AZH (Figure 3). The
photogenerated baddE can deprotonate the ackiZH,
promoting the formation ofAZ. The acid MEH can
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Figure 3. The photoinduced proton transfer between the three-
state molecular switch and the two-state molecular switch. Absorp-
tion spectra of an equimolar MeCN solution 8P, AZ, and
CRCOH (1 x 1074 M, 25°C) (a) before and (b) after irradiation
with ultraviolet light and ¢) after the subsequent irradiation with
visible light.
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inducing the formation oAZH.

A solution of the two molecular switches was prepared
by mixing equimolar amounts &P,AZ, and CRCO.H. In
the presence of H AZ switches tcAZH. Consistently, the
absorption spectrum (a Figure 3) shows the characteristic
band of AZH at 556 nm. The absorbance of this band
indicates a ratio betweeAZH and AZ of 80:20%7 Upon
irradiation with ultraviolet light>® SP switches tdVIE. The
photogenerated bas8¢E deprotonates the aciiZH induc-
ing the formation of MEH and AZ. Consistently, the
absorption spectrunb(in Figure 3) shows an increase in
the absorbance at 401 nm fbfEH and a decrease in the
absorbance at 556 nm fétZH. The ratio betweenAZH
andAZ is now 60:40. Upon irradiation with visible light;'®
MEH switches to SP releasing H and inducing the
conversion of AZ into AZH. As a result, the original
absorbance for the band at 556 nm is restoreith (Figure
3). Thus, the alternation of ultraviolet and visible light
stimulations controls the interconversion between the two
statesAZ and AZH, switching the absorbance at 556 nm
between two values. The data poirds-g in Figure 4
illustrate this effect for three consecutive switching cycles.
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Figure 4. Changes in the absorbance at 556 n@i) of an
equimolar solution o8P,AZ, and CRCO,H (1 x 1074 M, 25°C)
upon irradiation with ultraviolet light1l) and irradiation with
visible light (12).
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The behavior of the two communicating molecular switches
can be analyzed with the aid of binary logid@wo input
signals operate the three-state molecular switch. They are
ultraviolet light (I11) and visible light (12). In response to
these optical inputs, the three-state molecular switch com-
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municates a chemical signal (proton transfer) to the two- the input stringd1is transduced into & and the input strings
state molecular switch. The two-state molecular switch 10and11 are converted int®. The output digiO1 for the
transduces the received chemical signal into an optical outputinput string00, instead, can be eith@ror 1. The sequence
(01) that is the absorption band at 556 HhThe two input of events leading to the input stri) determines the value
signalsl 1 andl 2 can be eitheoff or on. Similarly, the output of the output. The diagram in Figure 5 illustrates this effect.
signalO1 can be consideredff when the absorbance at 556 The five ovals represent the five three-digit input/output
nm is below 0.20 anadn when it is above® Binary digits strings. The transformation of one oval into any of the other
(0 or 1) can be used to represent the two level§ ¢r on) four is achieved in one or two steps, changing the values of
of each signal. The truth table in Figure 5 lists the four I1 and/orl2. In two instances (red-purple ovals), the two-
state molecular switch is in stafZH and the output signal
is on (O1 = 1). In the other three cases (orange ovals), the
two-state molecular switch is in sta®®Z and the output
signal isoff (O1 = 0). The strings000 (bottom left) and
@ 001 (top left) correspond to the first entry of the truth table.
0 They share the same input digits but differ in the output
value. The strin@00 (bottom left) can be obtained only from
the stringl00(center left) varying the value of.. Similarly,
the string001 (top left) can be accessed only from the string
AND\__J 011 (top right) varying the value of. In both transforma-
tions, the output digit remains unchanged. Thus, the value
@ of Ol in the parentstring is memorized and maintained in
thedaughterstring when both inputs becorfeThis memory
effect is the fundamental operating principle of sequential
nor o logic circuits, which are used extensively to assemble the
0 gor? memory elements of modern microprocessorse sequen-
o 1 1 tial logic circuit equivalent to the truth table of the two
communicating molecular switches is illustrated in Figure
5. In this circuit, the input datdl and |2 are combined
through NOT, OR, and AND operators. The output of the
AND gateOl s also an input of the OR gate and controls,
together withl1 and 12, the signal transduction behavior.
These results demonstrate that signal communication
o s sl e oo 145N MOIEar swiches s possie. Photonduced proon
the five threegdigit strings of inputil and12) and output Q1) transfe_r processes can be eXpIOItEd. to_lmplement dlgltal
data. transmission at the molecular level. This simple strategy will
lead to the development of arrays of communicating mo-
lecular switches for information storage and elaboration at
possible combinations of two-digit input strings and the the nanoscale.
corresponding one-digit output. The output digit for the
input strings01, 10, and11 can take only one value. In fact,
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(15) The solution was irradiated for 5 min at 254 nm using a Mineralight OL016502E
UVGL-25 lamp. During irradiation, the ratio betwe8&®andME changed
from the initial 100:0 to a stationary 60:40. These values were derived from  (18) The absorption spectrum &Z (1 x 104 M, MeCN, 25 °C),
the absorbance measured at 563 nm, using the molar extinction coefficientrecorded with and without GEO;H (10 equiv), remains unchanged after

of the merocyanine form of the parent compourig'ddihydro-1,3',3'- ultraviolet light or visible light irradiation. These observations indicate that
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determined from the absorption spectrbnin Figure 1. simultaneous application of both inputs was required.
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