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The realization of computers with very
small size, low power consumption, and
computing performance that may be
hard to reach with silicon-based tech-
nology[1] is a strong motivation for the
search for information-processing strat-
egies based on molecules. The rational
basis for this research stems from the
fact that in living organisms information
is transported, elaborated, and stored by
molecular or ionic substrates.[2] Al-
though the components of a molecular
computer will not necessarily have to
operate analogously to microelectronic
circuits,[3] several efforts have been de-
voted to the design, synthesis, and
characterization of chemical systems
that mimic the operation of semicon-
ductor logic gates.[4–15]

As molecular switches convert input
stimulations into output signals,[16] the
principles of binary (Boolean) logic[17]

can be applied to the signal transduction
operated by molecules under appropri-
ate conditions.[18] Implementation of the
most common Boolean functions
(PASS, YES, NOT, AND, NAND, OR,
NOR, XOR, XNOR, and INH) with
chemical systems is now possible.[4–15,18]

A critical issue of molecular logic gates
is the interconnection of basic elements
to create complex circuits. In contrast,
electronic logic gates can be easily
interconnected, owing to full input/out-
put homogeneity. However, rather than

relying on extensive physical connection
of elementary gates, the construction of
molecular logic networks can take ad-
vantage of functional integration and
reconfiguration within a single mole-
cule, which can be achieved by rational
chemical design.[4a, 19] The fact that a
relatively simple, commercially avail-
able dye molecule in aqueous solution
can perform both the full-adder and full-
subtractor functions—which in silicon-
based systems require circuits made of
five interconnected gates—is a demon-
stration of this idea.[11c] Recent reports
on the first molecular versions of a
digital multiplexer[20] and of a keypad
access device[21] have taken molecular
logic one step further.

A digital multiplexer is a combina-
tional circuit (that is, a circuit whose
output value is determined solely by the
current values of the inputs) that selects
binary information from one of the
input channels and directs it to a single
output channel.[17] Its function is analo-
gous to that of a mechanical rotary
switch that connects any one of several
possible inputs to an output. A multi-
plexer possesses 2n inputs, one output,
and n control channels whose bit com-
binations determine which one among
the different input states is transferred
to the output. The simplest device of this
type is a 2:1 multiplexer, which possess-
es two data inputs (In1 and In2) and one
control input (S). Its logic circuit and
truth table (that is, a table listing all the
possible input/output combinations) are
shown in Figure 1a and b, respectively.

Compound 1 (Figure 2a),[22] which
comprises a tetraarylporphyrin (P) moi-
ety linked to dihydropyrene (DHP) and
dihydroindolizine (DHI) photochromic
units, was shown to perform as a 2:1
digital multiplexer in 2-methyltetrahy-
drofuran.[20] Key to the design of such a

system is ensuring both the ability to
photoisomerize the two photochromes
independently and reversibly,[23] and the
ability for each of the photochromes to
quench the porphyrin singlet excited
state via distinct pathways by electron-
transfer processes. Because each photo-
chrome can exist in two forms, 1 may
assume any of four isomeric structures,
three of which are relevant for multi-
plexer operation (Figure 2). The two
data inputs In1 and In2 are represented
by heat and red light, respectively, the
control input S is coded for by green
light, and the porphyrin fluorescence
(monitored at 720 nm) provides the
output signal. The starting state is set
as the thermally stable DHP-P-DHI
form. When the control input S is not
applied and the two inputs are off, the
molecule remains in the DHP-P-DHI
form, which is not fluorescent because
of photoinduced electron transfer from
the DHP moiety to the porphyrin unit.

Figure 1. a) Combinational logic circuit and
b) truth table of a 2:1 digital multiplexer.
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Switching on In1 (heat) has no effect,
because the system is already in its
thermally stable form. Alternatively,
switching on In2 (red light) results in
photoisomerization of the DHP unit to
the open cyclophanediene (CPD) form,
yielding CPD-P-DHI (Figure 2b). The
excited state of the porphyrin moiety is
no longer quenched, and strong fluores-
cence is detected, thus, turning the Out
state to 1. Applying both In1 and In2 also
leads to a photostationary state contain-
ing mainly CPD-P-DHI. Hence, when S
is 0, the output state mirrors the state of
In2 and ignores that of In1 (Figure 1b).

Turning on control bit S amounts to
irradiating the solution of 1 with green
light (530 nm). This irradiation leads to
a photostationary distribution consisting
mainly of CPD-P-BT (Figure 2c), in
which the DHI unit has been trans-
formed into the betaine (BT) isomer. If
In1 and In2 are both 0, the porphyrin
emission is quenched by the BT unit,
and Out is 0. Upon activation of In1

(heat), without regard to the state of
In2, the molecule is converted into the
CPD-P-DHI state (Figure 2b), which
displays strong porphyrin fluorescence
(Out= 1). On the contrary, if only In2

(red light) is applied, the molecule
remains in the CPD-P-BT form, because

the photoisomerization of BT to DHI is
slow under these conditions, and Out
remains 0. Therefore, when S is set to 1,
the output state mirrors the state of In1

and ignores that of In2 (Figure 1b).
Reset of the molecule to the initial state
is accomplished by irradiation at
366 nm, followed by heating.

In principle, operation of 1 at the
single-molecule level would be possible,
because the switching relies only on
intramolecular processes. Single-mole-
cule fluorescence switching in a photo-
chromic compound was observed,[24] in-
dicating that optical output reading of
individual molecular multiplexers may
be possible. However, the outcome of
each excitation event on a single mole-
cule of 1 cannot be predicted with
certainty, because the photoinduced
processes at the basis of its logic func-
tion are not 100% efficient. This un-
certainty is an obvious limitation for
reliable operation of 1 as a single-
molecule logic element. Although the
aim of the investigation was not to
produce a practical device, the authors
discussed some of the factors (for exam-
ple, fatigue resistance and switching
speed) that are expected to be important
for real application of this type of
system.[20]

Sequential circuits are logic net-
works whose output depends on both
the current and past values of the
inputs.[17] In other words, whereas com-
binational circuits like adders, subtrac-
tors, and multiplexers combine the cur-
rent input states in some way to produce
the output and, hence, have no memory,
sequential circuits use the sequence of
the input states over time to determine
the output. In fact, memory circuits are
inherently sequential. In logic design,
sequentiality is achieved by introducing
feedback loops (that is, the output of a
certain logic gate is sent back as one of
its inputs or as the input of another
upstream gate). This feedback mecha-
nism disrupts the unidirectional infor-
mation flow that is a fundamental char-
acteristic of combinational circuits.
From a chemical point of view, the time
variable is put into the game by exploit-
ing the different rates of the processes
involved in the gate operation. In chem-
ical terms, one could say that combina-
tional logic can be achieved with mole-
cules by relying on equilibrium states,
whereas sequential logic additionally
requires the analysis (and possibly the
optimization) of the kinetic behavior of
the system.

Figure 2. Interconversion of the three isomeric forms of compound 1 (15 mm in 2-methyltetrahydrofuran) that are relevant for its operation as a
2:1 digital multiplexer under the action of heat and light inputs: a) DHP-P-DHI, b) CPD-P-DHI, and c) CPD-P-BT. See text for details.
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Examples of chemical systems
whose properties have been interpreted
in terms of sequential logic operation
are rare.[23] An important step in this
direction is the recent investigation of a
molecular species in solution whose
fluorescence is switched on only in
response to a correct sequence of three
input signals.[21] Such a system is remi-
niscent of an electronic keypad lock, a
common security device that can control
the opening of a door or a safe. A
simplified representation of the corre-
sponding logic circuit is shown in Fig-
ure 3. The molecular keypad lock is
based on the FeIII complex 22+ (Fig-
ure 4a), which comprises fluorescein
(FL) and pyrene (PY) fluorophores
connected by a linker that is also a
ligand (siderophore) capable of binding
ferric ions strongly and selectively.[11a] In
ethanol, 22+ contains the FLmoiety in its
monoanionic form and probably has a
folded structure in which the FL and PY
moieties can approach each other. The
inputs are coded for by a chelating agent
for FeIII (ethylenediaminetetracetic acid
(EDTA), In1), a basic reactant (sodium

acetate, In2), and UV radiation (In3),
whereas the output channel is identified
as the FL emission at 525 nm.

In the starting state, the emission of
the anionic FL moiety is quenched by
the metal ion (Figure 4a). Addition of
EDTA extracts the iron ion from the
siderophore but also protonates the FL
unit, transforming it to the non-emissive
neutral state (Figure 4b). Subsequent
addition of acetate ions leads to forma-
tion of the FL dianion, which is strongly
fluorescent (Figure 4c). Alternatively,
addition of acetate ions to 22+ causes
the formation of the FL dianion, whose
fluorescence is quenched by the still-
bound metal ion (Figure 4d). It is clear
that inverting the order of the inputs
(first base and then EDTA) leads ulti-
mately to the same state, resulting in
strong emission at 525 nm (Figure 4c).
However, as the extraction of the ferric
ion from the siderophore moiety by
EDTA is inhibited in a basic environ-
ment, a substantial difference in the
reaction rate between the two paths
(a!b!c and a!d!c) is observed. On
the other hand, no photoluminescence

can be detected without light excitation:
this provides the basis for the third input
signal, namely, irradiation at 344 nm.

Figure 3. Sequential logic circuit for a device
whose output is switched on by three input
signals supplied in a defined sequence (In1,
In2, In3). The activation of In1 by pushing key A
locks the output of gate G1 on and enables
gate G2. When key B is pressed, In2 is activat-
ed: the output of gate G2 is locked on, and
gate G3 is enabled. Finally, upon activation of
In3 by pushing key C, the output of gate G3
goes on and Out switches to 1. Reset is
accomplished by pushing the R key.

Figure 4. Chemical transformations of a) the FeIII complex 22+ (0.5 mm in ethanol) to b) the neutral unbound ligand (by the addition of EDTA),
c) the dianionic unbound ligand (by the addition of EDTA and base), and d) the FeIII complex of the dianionic ligand (by the addition of base).
This molecular device can recognize the correct sequence of three input signals (EDTA, base, and irradiation at 344 nm). See text for details.
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Light of this wavelength is mainly ab-
sorbed by the PY unit, which then
sensitizes the FL luminescence by en-
ergy transfer. Therefore, by reading the
response of the device not later than a
few minutes after activation of the
inputs, fluorescence at 525 nm is ob-
served only if the correct sequence of In1

(EDTA), In2 (base), and then In3 (UV
excitation) is supplied. Any other input
combination leads to weak or no fluo-
rescence.[21]

The development of novel computa-
tional architectures constitutes the main
scientific driving force for the imitation
of Boolean logic functions with molec-
ular systems. Aside from futuristic spec-
ulations related to the construction of a
chemical computer, recent work has
shown that molecular logic gates could
lead to practical applications in the not-
too-distant future. Molecular devices
that control protein folding[25] or release
a chemical species[26] by processing
chemical inputs according to program-
med logic functions have been reported.
They can be regarded as precursors of
systems operating in vivo that are capa-
ble of autonomously diagnosing a dis-
ease and effecting a therapy. Moreover,
a method based on molecular logic gates
for tagging and identifying small objects
in a large population has been proposed
as a ready-to-use application for combi-
natorial chemistry.[27]

It should be noted that computing
devices based on (supra)molecular spe-
cies and “soft” matter represent a rad-
ically different approach to information
processing with respect to computers
made from solid-state semiconductors.
Therefore, comparisons between these
types of systems should be made with
care and, for certain aspects, may not
make much sense. It seems fair to state,
however, that the examples mentioned
in the previous paragraph are simple
computational tasks that molecules can
do and silicon cannot. Certainly, the
investigation of “intelligent” molecules
capable of elaborating signals introdu-
ces new concepts in the field of chemis-
try and stimulates research in the bot-
tom-up approach to nanodevices.
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