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ABSTRACT

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
the transfer of information from the environment to our
brain.1 A remarkable example is the complex mechanism of
vision. Optical inputs reach the eye pigments, inducing the
isomerization of a simple molecule called retinal. The change
in molecular shape produces a sequence of chemical signals
that are converted into an electrical output. This final signal
is communicated to the brain.

The principles ruling neurotransmission2 are related con-
ceptually to the elaboration of binary data in microprocessor
systems.3 Computers transduce binary inputs into binary
outputs through sequences of logic operations that are
implemented on sophisticated electronic circuits. The dimen-
sions of the communicating components of these circuits
continue to be reduced at an exponential rate.4 Their

miniaturization permits the assembly of ultradensely inte-
grated circuits and faster processors. It is becoming apparent,
however, that intrinsic limitations associated with conven-
tional silicon-based devices will prevent their miniaturization
down to the nanoscale.4 Alternative materials for the nano-
scaled components of future information storage and elabo-
ration devices must be developed. Molecules and chemical
systems are an obvious and promising choice.5,6 The func-
tions of simple electronic devices have been replicated
already using organic films and even single molecules.6

However, the integration of these molecule-based devices
into functioning circuits remains more than a challenge. The
major limitation is that methods to communicate signals
between molecules are not available. A potential strategy to
implement signal communication at the molecular level is
that of mimicking the complex mechanisms that ensure
information transfer in living organisms. These processes are(1) Guyton, A. C.; Hall, J. E.Human Physiology and Mechanisms of

Disease; W. B. Saunders Company: Philadelphia, 1997.
(2) Wasserman, P. D.Neural Computing: Theory and Practice; Van

Nostrand Reinhold: New York, 1989.
(3) Mitchell, R. J. Microprocessor Systems: An Introduction; Mac-

millan: London, 1995.
(4) (a) Goldhaber-Gordon, D.; Montemerlo, M. S.; Love, J. C.; Opiteck,

G. J.; Ellenbogen, J. C.Proc. IEEE1997,85, 521-540. (b) Schultz, M.
Nature 1999, 399, 729-730. (c) Muller, D. A.; Sorsch, T.; Moccio, S.;
Baumann, F. H.; Evans-Lutterodt, K.; Timp, G.Nature1999,399, 758-
761.

(5) (a) Bard, A. J.Integrated Chemical Systems: A Chemical Approach
to Nanotechnology; Wiley: New York, 1994. (b) Molecular Machines
(special issue)Acc. Chem. Res.2001,34, 409-522.

(6) (a) Metzger, R. M.Acc. Chem. Res.1999,32, 950-957. (b) Tour, J.
M. Acc. Chem. Res.2000, 33, 791-804. (c) Balzani, V.; Credi, A.; Raymo,
F. M.; Stoddart, J. F.Angew. Chem., Int. Ed.2000,39, 3348-3391. (d)
Joachim, C.; Gimzewski, J. K.; Aviram, A.Nature2000,408, 541-548.
(e) Heath, J. R.Pure Appl. Chem.2000,72, 11-20.

ORGANIC
LETTERS

2001
Vol. 3, No. 22
3475-3478

10.1021/ol016502e CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/03/2001



all based on chemical assemblies, and trying to reproduce
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 switches.7 The photoinduced isomer-
ization of certain spiropyran derivatives, for example, has
been widely exploited to design photochromic switches.8 In
some instances, simple logic operations have been imple-
mented on similar chemical systems.9-12

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.13 We have then developed a simple strategy
to communicate intermolecularly the two optical outputs to
compatible fluorophores.14 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-
dineAZ (Figure 1) and the red-purpleAZH can be followed

by absorption spectroscopy. The spectrum ofAZ (a in Figure
1) shows a strong absorption band at 422 nm. After the
addition of 10 equiv of CF3CO2H, AZ switches completely
to the protonated formAZH. Consistently, the absorption
band ofAZ at 422 nm disappears (b in Figure 1) and a new
band for AZH is observed at 556 nm instead. After the

addition of 10 equiv of Et3N, the protonated formAZH
switches back toAZ and the absorption band at 422 nm is
restored (cin Figure 1).

The colorless spiropyran stateSP (Figure 2) isomerizes
to the purple merocyanine formME upon irradiation with
ultraviolet light.15 This process is accompanied by the
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Figure 1. The reversible interconversion between the two states
AZ andAZH. Absorption spectra of (a) a MeCN solution ofAZ
(1 × 10-4 M, 25 °C) and of the same solution after the consecutive
additions of (b) 10 equiv of CF3CO2H and (c) 10 equiv of Et3N.

Figure 2. The reversible interconversion between the three states
SP,ME, andMEH. Absorption spectra of a MeCN solution ofSP
(1 × 10-4 M, 25 °C) (a) before and (b) after irradiation with
ultraviolet light and (c) after irradiation with ultraviolet light
followed by the addition of 1 equiv of CF3CO2H.
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appearance of a band at 563 nm in the absorption spectrum
(a andb in Figure 2). The photogenerated baseME switches
completely to the yellow-greenMEH after the addition of
1 equiv of CF3CO2H. Consistently, the absorption band of
ME at 563 nm disappears (c in Figure 2) and a new band
for MEH is observed at 401 nm instead. Upon irradiation
with visible light,16 the protonated merocyanine formMEH
switches completely back toSP, releasing H+.

Ultraviolet and visible light stimulations induce the inter-
conversion between the three statesSP, ME, and MEH,
controlling the uptake and release of H+. When 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 statesAZ and AZH (Figure 3). The
photogenerated baseME can deprotonate the acidAZH ,
promoting the formation ofAZ. The acid MEH can

protonate the baseAZ upon irradiation with visible light,
inducing the formation ofAZH.

A solution of the two molecular switches was prepared
by mixing equimolar amounts ofSP,AZ, and CF3CO2H. In
the presence of H+, AZ switches toAZH. Consistently, the
absorption spectrum (ain Figure 3) shows the characteristic
band of AZH at 556 nm. The absorbance of this band
indicates a ratio betweenAZH and AZ of 80:20.17 Upon
irradiation with ultraviolet light,15,18SPswitches toME. The
photogenerated baseME deprotonates the acidAZH induc-
ing the formation of MEH and AZ. Consistently, the
absorption spectrum (b in Figure 3) shows an increase in
the absorbance at 401 nm forMEH and a decrease in the
absorbance at 556 nm forAZH. The ratio betweenAZH
andAZ is now 60:40. Upon irradiation with visible light,16,18

MEH switches to SP releasing H+ and inducing the
conversion ofAZ into AZH. As a result, the original
absorbance for the band at 556 nm is restored (c in 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 pointsa-g in Figure 4
illustrate this effect for three consecutive switching cycles.

The behavior of the two communicating molecular switches
can be analyzed with the aid of binary logic.3 Two input
signals operate the three-state molecular switch. They are
ultraviolet light (I1) and visible light (I2). In response to
these optical inputs, the three-state molecular switch com-
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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 ofSP, AZ, and
CF3CO2H (1 × 10-4 M, 25 °C) (a) before and (b) after irradiation
with ultraviolet light and (c) after the subsequent irradiation with
visible light.

Figure 4. Changes in the absorbance at 556 nm (O1) of an
equimolar solution ofSP,AZ, and CF3CO2H (1 × 10-4 M, 25 °C)
upon irradiation with ultraviolet light (I1) and irradiation with
visible light (I2).
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municates a chemical signal (proton transfer) to the two-
state molecular switch. The two-state molecular switch
transduces the received chemical signal into an optical output
(O1) that is the absorption band at 556 nm.19 The two input
signalsI1 andI2 can be eitheroff or on. Similarly, the output
signalO1 can be consideredoff when the absorbance at 556
nm is below 0.20 andon when it is above.20 Binary digits
(0 or 1) can be used to represent the two levels (off or on)
of each signal. The truth table in Figure 5 lists the four

possible combinations of two-digit input strings and the
corresponding one-digit output. The output digitO1 for the
input strings01,10, and11 can take only one value. In fact,

the input string01 is transduced into a1, and the input strings
10 and11 are converted into0. The output digitO1 for the
input string00, instead, can be either0 or 1. The sequence
of events leading to the input string00 determines the value
of the output. The diagram in Figure 5 illustrates this effect.
The five ovals represent the five three-digit input/output
strings. The transformation of one oval into any of the other
four is achieved in one or two steps, changing the values of
I1 and/orI2. In two instances (red-purple ovals), the two-
state molecular switch is in stateAZH and the output signal
is on (O1 ) 1). In the other three cases (orange ovals), the
two-state molecular switch is in stateAZ and the output
signal isoff (O1 ) 0). The strings000 (bottom left) and
001 (top left) correspond to the first entry of the truth table.
They share the same input digits but differ in the output
value. The string000(bottom left) can be obtained only from
the string100(center left) varying the value ofI1. Similarly,
the string001(top left) can be accessed only from the string
011 (top right) varying the value ofI2. In both transforma-
tions, the output digit remains unchanged. Thus, the value
of O1 in the parentstring is memorized and maintained in
thedaughterstring when both inputs become0. This memory
effect is the fundamental operating principle of sequential
logic circuits, which are used extensively to assemble the
memory elements of modern microprocessors.3 The sequen-
tial logic circuit equivalent to the truth table of the two
communicating molecular switches is illustrated in Figure
5. In this circuit, the input dataI1 and I2 are combined
through NOT, OR, and AND operators. The output of the
AND gateO1 is also an input of the OR gate and controls,
together withI1 and I2, the signal transduction behavior.

These results demonstrate that signal communication
between molecular switches is possible. Photoinduced proton-
transfer processes can be exploited to implement digital
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
the nanoscale.
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Figure 5. Truth table and logic circuit equivalent to the two
communicating molecular switches and the interconversion between
the five three-digit strings of input (I1 and I2) and output (O1)
data.
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