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a b s t r a c t

Molecular-level systems that respond to external stimulation by changing some physical or chemical
properties can be viewed as input–output devices and therefore may be useful for processing information.
In recent years, several investigations on species capable of mimicking the function of macroscopic wires,
switches, connectors, memories, logic gates, and circuits have been reported. 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 operating in a solution-based environment. Because of their diverse
eywords:
lectrochemistry
ogic gate
emory
anoscience
hotochemistry

and valuable physico-chemical properties, metal complexes have been extensively used as functional
components for the construction of artificial molecular devices capable of processing information. Here
we illustrate recent progress, and discuss limitations and perspectives of this research area.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Signal processing in solid-state electronic devices
In present day computers, data are elaborated electronically by
microprocessor systems – that is, circuits based on bulk solid-state
semiconductors which employ electrical input and output signals
– and exchanged optically between remote locations. Computer
circuits are made of a number of interconnected basic elements

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:alberto.credi@unibo.it
dx.doi.org/10.1016/j.ccr.2010.01.001
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logic gates) that are mostly of the same type. Huge arrays of
ogic gates can be built up to achieve selected functions of varying
omplexity.

Data processing and communication require the encoding
f information in electrical and optical signals in the form of
inary digits (bits) [1]. This choice provides a robust “all or
othing” representation that ensures protection of data against
oise accumulated in serial operations and originated from sig-
al transduction and transmission. In order to digitally encode
(inherently analog) physical or chemical signal, a threshold

alue and a logic convention have to be established. In a pos-
tive logic convention, a 0 is used to represent a signal that is
elow the threshold voltage and a 1 is employed to indicate a
ignal that is above. In this frame, the logic circuits of micropro-
essor systems elaborate binary data through sequences of logic
ates that operate according to the rules of George Boole’s binary
lgebra [2].

It is worthwhile recalling that in communication networks,
undles of optical fibers can transmit hundreds of gigabits per
econd since propagating light beams of different wavelengths
o not interfere [3,4]. The routes of the optical signals travel-

ing through these networks are determined by optoelectronic
evices that, at the receiving end of each optical fiber, convert
he incident optical inputs into electrical signals. Then, the elec-
rical signals are reconverted into optical outputs which are routed
long another optical fiber. The noninteracting properties of opti-
al signals, however, do not apply to electric signals since only
ne electric signal can be transported through a single electric
ire. This means that the electronic portion of the optoelectronic
evices cannot handle the immense parallelism potentially offered
y optical signals. Strategies have to be developed to switch the
ropagating optical signals with optical, rather than electrical,
timulations [5].

.2. Signal processing in biological systems

In biological systems, information is processed not by electron
ransport along wires but by movement of ions or molecules and
y conformational changes of molecules [6,7]. Within cells, and
lso between cells, information is carried from place to place by
he use of messenger molecules and relies on Brownian motion.
t the scale of the cell, diffusive motion is remarkably fast: any

wo molecules within a micrometer-size cell meet each other every
econd [6]. Over large distances, however, this simple kind of chem-
cal signaling would be too slow so that evolution has created

longer range communication and information processing sys-
em, the brain and nervous system. Its signaling mechanism is
gain quite different compared to that of electronic computers. In
act, although a nerve pulse manifests itself as a pulse of electri-
al potential, it is not the movement of electrons that is carrying
he information, but ultimately the movement of ions through the

embrane [7].
Another difference between silicon-based and biological infor-

ation processing should be emphasized [7]. In an electronic
omputer, there is a clear distinction between hardware and soft-
are. Hardware is a physical entity, useless without the direction

f software. By contrast, software is a transient and non-corporeal
ntity, but capable of animating the otherwise inert hardware
o perform the desired task. In biological information processing
ystems, the basic elements of logics are well defined chemical
ntities and a clear distinction between hardware and software

s impractical. For example, the genetic code, i.e., the “software”
f an organism, is embodied in DNA molecules which are phys-
cal objects with very specific properties, and the “hardware”
onsists again of molecules, proteins that assemble to form the
achines that carry out the functions of the organism. There are
y Reviews 254 (2010) 2267–2280

also molecules, like RNA, that can properly be considered as both
the software and the hardware, because they can read and carry
information from the DNA to the protein machines that create
new molecules according to the specification of the genetic code,
but can also act as machines themselves.

1.3. Chemical computing

Molecular-level information processing can potentially be used
to develop “molecular computers” [8–11] featuring extremely
small size, low power consumption and unprecedented perfor-
mance [12]. The term molecular computer still sounds weird
to most chemists in spite of the fact that the Pimentel report,
some 20 years ago, was explicit and optimistic in this regard
[13].

Clearly, the development of a computing machine based on
molecules that can make current solid-state devices obsolete is
a very ambitious objective even for basic research. While it is
true that conventional scaling methods of the semiconductor
industry face increasing technical and fundamental challenges
as device features are pushed towards the deep sub-100-nm
regime [11,14,15], recent progress in transistor technology will
enable continued trends in downscaling and improvements in
performance of logic complementary metal-oxide-semiconductor
(CMOS) transistors until at least the middle of the next decade
[15,16].

Nevertheless, advances in chemical synthesis have allowed the
design and construction of supramolecular systems in which a
discrete number of structurally integrated components can per-
form quite complex functions. Although the components of a
“molecular processor” will not necessarily have to operate in ways
analogous to those of microelectronic circuits, effort has been
devoted to the design, synthesis and characterization of chem-
ical systems that mimic the operation of semiconductor circuit
components (wires, switches, memories, logic gates and logic cir-
cuits) [17–28]. Leaving aside futuristic speculations on chemical
computers, systems of this kind could perform relatively simple
computing tasks that cannot be accomplished with silicon-based
devices [29,30]. Examples taken from recent research include the
encoding [31] and networking [32,33] of microscopic objects, par-
allel chemical analyses in microfluidic systems [34], control of
the function of biomolecules [35], screening of diagnostic mark-
ers [36], and intelligent drug delivery in vitro [37,38] and in vivo
[39].

1.4. Scope of the review

The chemical approach to information processing described
above is typically based on the modular design and construc-
tion of multicomponent species in which each molecular subunit
plays a specific role. Metal complexes, owing to their diverse and
valuable physico-chemical behaviour – in particular regarding the
photochemical, photophysical and redox properties – constitute
extremely versatile building blocks. In this review we will illustrate
representative examples, taken from the recent literature, of multi-
component chemical systems which contain metal compounds or
whose operation is based on metal ion complexation. Because of
space reasons, we shall not discuss molecular wires and switches;
the reader is referred to excellent reviews on these topics [17–19].
Rather, we will focus on systems performing more advanced func-
tions such as multifunctional switches, logic gates and circuits, and

memory devices. In most instances they operate in solution-based
environments and are investigated at the ensemble level; however,
we will also describe a few systems supported on solid surfaces.
Perspectives and limitations of these kinds of devices will be criti-
cally discussed.
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. Multifunctional switches and memories

.1. Mimicking electrical extension cables at the molecular level

Supramolecular species whose components are connected
y means of noncovalent forces can be disassembled and re-
ssembled [40] by modulating the interactions that keep the
omponents together, with the consequent possibility of switching
nergy- or electron-transfer processes. Two-component systems of
his type are reminiscent of plug–socket electrical devices because,
ike their macroscopic counterparts, they are characterized by the
ossibility of reversibly connecting–disconnecting the two com-
onents, and the occurrence of a flow of electrons or electronic
nergy from the socket to the plug when the two components are
onnected. Molecular plug–socket systems of this kind have been
eported [41–43].

The plug–socket concept, described above, can be used to design
olecular systems which mimic the function played by a macro-

copic electrical extension cable. The operation of an extension
able is more complex than that of a plug–socket system, because it
nvolves three components that must be held together by two con-
ections that have to be controllable reversibly and independently;

n the fully connected system, an electron or energy flow must take
lace between the remote donor and acceptor units (Fig. 1).

In the attempt to construct a molecular-level extension cable for
lectron transfer, the pseudorotaxane, shown in Fig. 2a, made of the
hree components 12+, 2-H3+, and 3, was constructed and studied
44]. Component 12+ consists of two moieties: a [Ru(bpy)3]2+ unit,
hich behaves as an electron donor when excited with light, and
dibenzo[24]crown-8 macrocycle, capable of playing the role of a
ydrogen-bonding first socket. The dialkylammonium-based moi-
ty of 2-H3+, driven by hydrogen-bonding interactions, threads as
plug into the first socket, whereas the �-electron accepting 4,4′-
ipyridinium unit threads as a plug into the third component 3,
he �-electron rich 1,5-dinaphtho[38]crown-10 macrocycle, which
lays the role of a second socket. In CH2Cl2:CH3CN (98:2, v/v) solu-

ion, reversible connection–disconnection of the two plug–socket
unctions, can be controlled independently by acid–base and redox
timulation, respectively, and monitored by changes in the absorp-
ion and emission spectra, owing to the different nature of the
nteractions (hydrogen-bonding and �-electron donor–acceptor)

Fig. 1. Schematic representation of the working m
y Reviews 254 (2010) 2267–2280 2269

that connect the components. In the fully assembled triad, 12+ ⊃ 2-
H3+ ⊂ 3, light excitation of the [Ru(bpy)3]2+ unit of the component
12+ is followed by electron transfer to the bipyridinium unit of the
component 2-H3+, which is plugged into component 3.

In the system described above the transferred electron does
not reach the final component of the assembly. Moreover, a true
extension cable should contain a plug and a socket at the two ends,
instead of two plugs as component 2-H3+. An improved system of
that type has been recently investigated (Fig. 2b) [45]. The electron-
source component is again 12+, whereas the new extension cable
4-H+ is made up [46] of a dialkylammonium ion, that can insert
itself as a plug into a dibenzo[24]crown-8 socket, a biphenyl spacer,
and a benzonaphtho[36]crown-10 unit, which fulfills the role of a
�-electron rich socket. Finally, the 1,1′-dioctyl-4,4′-bipyridinium
dication 52+ can play the role of an electron drain plug. As for
the previously studied system, the two plug–socket connections
12+ ⊃ 4-H+ and 4-H+ ⊃ 52+ can be controlled by acid–base and redox
stimuli, respectively.

In the complete ensemble, 12+ ⊃ 4-H+ ⊃ 52+, light excitation of
the Ru-based unit of 12+ is followed by electron transfer to 52+, with
4-H+ playing the role of an extension cable (Fig. 2b). The occurrence
of this process is confirmed by nanosecond laser flash photolysis
experiments, showing a transient absorption signal assigned to the
4,4′-bipyridinium radical cation formed by photoinduced electron
transfer within the self-assembled triad. Such a second-generation
system exhibits two conceptual and quite significant advance-
ments: (i) 4-H+ consists of a plug and a socket components, and thus
it really mimics an extension cable; (ii) the photoinduced electron
transfer does occur from the first component – the Ru-based unit
of 12+ – to the remote 52+ moiety, whereas in the previous system
the electron receiving bipyridinium unit was a component of the
cable.

2.2. A set–reset memory device based on a copper rotaxane

Catenanes and rotaxanes based on Cu(I)–polypyridine com-

plexes represent an important class of interlocked compounds
[47] that have proven interesting as molecular switches and
machines [17,48]. An example of such compounds is rotaxane 6+

(Fig. 3), composed of an axle containing a bidentate ligand and two
bulky stopper groups, and a wheel containing a bidentate (1,10-

echanism of an electrical extension cable.
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Fig. 2. First- and second-generation systems for mimicking an electrical extension cable. (a) Structural formulae of the three molecular components 12+, 2-H+ and 3, which
self-assemble in solution to give the 12+ ⊃ 2-H3+ ⊂ 3 triad. The photoinduced electron-transfer process from the Ru-based unit of 12+ to the bipyridinium unit of 2-H3+ taking
p of the
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t

p
w
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lace in the fully connected system is also represented [44]. (b) Structural formulae
ive the 12+ ⊃ 4-H+ ⊃ 52+ triad. In the fully connected system, excitation with visible
he role of an extension cable [45].

henanthroline) and a tridentate (2,2′:6′,2′′-terpyridine) ligands to

hich Cu+ ions can bind [49]. The electrochemical oxidation of
u(I) to Cu(II) results in the reorganization of the tetracoordinated
omplex 62+(4) into a pentacoordinated one, 62+(5), via the pirouet-
ing of the wheel around the axle. Cyclic voltammetric experiments
howed that the process is reversible and were employed to deter-
three molecular components 12+, 4-H+ and 52+ which self-assemble in solution to
of the Ru-based unit of 12+ is followed by electron transfer to 52+, with 4-H+ playing

mine the rotation rates (Fig. 3). The ability of rotaxane 6+ to undergo

reversible geometrical reorganization between the two different
metal oxidation states makes it an attractive candidate for imple-
menting a set–reset memory device [50].

A set–reset device is a finite-state machine which starts in an
initial state and processes inputs one at a time; given the current
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ig. 3. The electrochemical switching of the redox states in the Cu rotaxane 6+ (h
otential values for the redox processes (in V versus an Ag quasi-reference electr
emperature are reported.

tate and input, the new state and output are determined by a tran-
ition scheme as depicted in Fig. 4. The two stable states, 6+(4) and
2+(5), are shown in squares and correspond to logic {0} and {1},
espectively.

An essential feature of the operation of this system is the hys-
eresis due to the nature of the reorganization of the coordination
bout the Cu ion following redox stimulation [51]. Such a phe-
omenon leads to a large difference between the potential values

or oxidation and reduction of the copper ion (see Fig. 3), and
nables one to distinguish the set and reset transitions [50]. The
et–reset implementation requires three potential values to be
efined: set, reset, and do-nothing. The set potential was taken as
1.0 V (versus an Ag quasi-reference electrode), a value at which
2+(5) is the stable species. Conversely, the reset potential was fixed
t−0.4 V, a value at which the stable species is 6+(4). The do-nothing
otential has to be taken in the region of bistability; e.g., at +0.2 V
he device is in state {0} [6+(4)] for the oxidation process and in
tate {1} [62+(5)] for the reduction process. As shown in Fig. 4, appli-
ation of a set input (+1.0 V) switches the device from state {0} to

1}; however, if the device is already in state {1} the set input has
o effect. Application of a reset input (−0.40 V) switches the device

rom state {1} to {0} but has no effect if the device is already in
tate {0}. The do-nothing potential (+0.2 V) does not change the

ig. 4. Operation of a set–reset device based on the electrochemical switching and
igand reorganization processes represented in Fig. 3 for rotaxane 6+ [50]. See text
or details.
ntal reactions) is followed by ligand reorganization (vertical reactions) [49]. Peak
nd rate constants for the intramolecular rearrangements in acetonitrile at room

state irrespective of whether it is {0} or {1}. The state of the device
can be read by monitoring the voltammetric current in response
to the applied potential input, or by spectroscopic measurements.
Clearly, this system operates as a memory because an information
bit can be written by applying a set potential and remains mem-
orized even when the writing potential is removed. The written
data can be erased by applying a reset potential pulse. Owing to its
chemical reversibility, the device can be cycled a large number of
times.

3. Molecular logic gates and circuits

Logic gates are devices that perform Boolean operations on one
or more inputs to produce an output [2]. Logic circuits can be
viewed as network of basic logic gates that implement a more com-
plex Boolean function. Each type of logic gate or circuit possesses
a specific input–output signal correlation pattern described in the
so-called truth table, which lists all the possible combinations of
input–output states.

The first proposal to execute logic operations at the molecu-
lar level was made in 1988 [52], but the field developed only 5
years later when the analogy between molecular switches and
logic gates was experimentally demonstrated [53]. In fact, as
molecular switches convert input stimulations into output sig-
nals [17], the principles of binary (Boolean) logic can be applied
to the signal transduction operated by molecules under appropri-
ate conditions [54]. Following this approach, the most common
Boolean functions (PASS, YES, NOT, AND, NAND, OR, NOR, XOR,
XNOR, INH) have been implemented with chemical systems
[18–27].

A critical issue of molecular logic gates is the interconnection
of basic elements to create complex circuits [55,56], which is a key
feature of electronic logic gates owing to their full input/output
homogeneity. The construction of molecular logic networks, how-

ever, can take advantage of functional integration that can be
achieved within one molecule by rational chemical design, rather
than relying on intensive physical connection of elementary gates
[29,57]. The fact that unsophisticated dye molecules in solution can
perform complex logic functions [58–60] which, in silicon-based
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Fig. 5. Structural formula of phthalimide derivative 7 (a) and truth t

ystems, require circuits made of several interconnected gates is a
emonstration of this idea.

Such a high functional integration is possible owing to an
mportant feature of molecular logic gates and circuits, namely
econfigurability [18,24–26,61]. This property refers to the pos-
ibility of defining different logic operations for the same gate.
n silicon-based circuits reconfiguration of the logic operation is
arried out by interrupting selected connections in gate arrays,
sually in an irreversible manner [62]. Molecular logic systems
an be reconfigured by changing the type of input/output sig-
als or by using a separate switching stimulus. For instance, the

ogic expression for molecular logic gates with optical output
ignals and significant input-induced spectral shifts can be con-
eniently reconfigured by monitoring the output at a different
avelength.

In wavelength-reconfigurable logic gates different logic types
re observed depending on the wavelength at which the output
ignal is monitored. Because multiple wavelength can be observed
t the same time, such gates perform simultaneously different logic
unctions on a given set of inputs, a property that has been referred
o as superposition or multiplicity of logic types [18,24–26,61].
ecause logic superposition is a consequence of the multichannel
ature of light, it does not occur with electronic systems.

These concepts will be better illustrated on the basis of the fol-
owing recent examples, which in our opinion constitute prominent
dvances in the field of molecular logic.

.1. Logic functions based on lanthanide luminescence

Compound 7 (Fig. 5a) forms 1:1, 2:1 and 3:1 complexes with
b3+ ions in acetonitrile, in which the phthalimide chromophore
ensitizes the lanthanide luminescence [63]. In this system the
nput signals are represented by specific chemical reactants (chlo-
ide ions, oxygen and triethylamine), whereas the output signal is
oded for by the Tb3+ emission. The addition of either O2 or triethy-
amine to a 1:1 mixture of 7 and Tb(III) triflate causes a decrease
n the luminescence output because they both act as quenchers
owards the triplet excited state of the phthalimide antenna chro-

ophore. Hence, the output is high (state {1}) only if none of the
nputs is applied, thus realizing a NOR operation (Fig. 5b).

The combination of O2 and Cl− as the chemical inputs led to
n output response characteristic of an inhibit (INH) gate (Fig. 5c).
n fact, chloride ions enhance dramatically the lanthanide lumi-
escence, most likely because they bind to the Tb3+ ion and cause
he removal of residual water or solvent molecules from the coor-

ination sphere, thereby diminishing quenching by OH or CH
scillators. A strong phthalimide-sensitized Tb3+ luminescence was
bserved in the absence of oxygen and in the presence of Cl−, while
ll other combinations of these two inputs led to much weaker
ignals.
r operation of its Tb3+ complexes as NOR (b) and INH (c) gates [63].

Since chloride ions increase strongly the lanthanide lumines-
cence, they can be used to switch on and off the output of the NOR
gate described above (Fig. 5b). As a result, the NOR gate that oper-
ates on oxygen and triethylamine inputs is open only when Cl−

ions are supplied, giving rise to a three-input enabled NOR (EnNOR)
function.

3.2. ‘Plug and play’ molecular logic via self-assembly in micelles

The concept of ‘plug and play’ is of particular convenience for
electronic devices because the addition of new modules directly
enables new functions. This concept was very recently demon-
strated for molecular logic devices by arranging the association
between easily available luminophores and receptors in micelles
(Fig. 6) [64].

An aqueous solution of the neutral surfactant Triton X-100
above its critical micellar concentration, when interrogated with
450-nm excitation and 625 nm observation, shows no emission
with either ‘high’ or ‘low’ H+ concentration as the input, because it
lacks a suitable chromophore. This simple behaviour corresponds
to a PASS 0 function driven by a proton input, i.e., the output is
always 0 irrespective of the input state (Fig. 6a). Addition of the
hydrophobic [Ru(bpy)3]2+-type complex 82+ (Fig. 7) enables the
luminophore to reside within the micelles. Interrogation as before
produces a ‘high’ emission signal irrespective of the proton con-
centration, because there are no basic sites to engage H+, thus
emulating PASS 1 logic (Fig. 6b).

Further addition of receptor 92− (Fig. 7) allows most of the
micelles occupied by 82+ to co-include 92−. Interrogation as before
at pH 12 gives a ‘low’ luminescence output because of intra-micellar
photoinduced electron transfer from the aromatic amine to the
ruthenium complex. In contrast, the emission output is enhanced
by almost one order of magnitude at pH 2, because the quenching
effect of the amine is prevented by its protonation. Hence, the emis-
sion output reproduces the H+ input, corresponding to YES logic
(Fig. 6c). As 92− is also a receptor for Ca2+ ions, the micelle system
containing 82+ and 92− can be subjected to both H+ and Ca2+ inputs.
In such a case, a ‘high’ output is observed in all cases except when
both inputs are ‘low’, realizing OR logic (Fig. 6d).

t-Butylphenolate 10− (Fig. 7) can also be profitably used as
pH-switchable quencher for 82+, affecting the luminescence of the
latter in a qualitatively similar manner compared to 92−. However,
the substantially different pKa values of the conjugated acids of
92− and 10− (5.8 and 9.9, respectively, in the examined conditions)
enable to identify a pH range (8–12) in which the former loses its

pH sensitivity and only responds to Ca2+. Under these conditions,
these two species behave as selective receptors for Ca2+ and H+,
respectively. If appropriate thresholds are used, the observation of
emission at 625 nm upon 425-nm excitation for micelles contain-
ing 82+ and the two receptors gives a ‘high’ value only when both H+
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Fig. 6. Schematic representation of Triton X-100 micelles loaded according to a sequentia
micelle assemblies are subjected to H+ and Ca2+ inputs; the observed output is emission a
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ig. 7. Structure formulae of the luminophore and receptor molecules employed for
he assembly of the responsive micelles shown in Fig. 6.

nd Ca2+ inputs are applied, corresponding to AND logic (Fig. 6e).
his is because the independent quenching action of the two recep-
ors towards 82+ is disabled only if they are both occupied by the

espective ionic input.

The main advantages of this approach based on self-assembly
nd input reconfiguration are its versatility and its very limited
equirements in terms of synthetic effort.

ig. 8. Coupled operation of the two-state switch Sw1, based on the 11/12-H+ photochr
32+, by means of light-induced proton exchange in acetonitrile at room temperature [6
etal complex generates the 13-H3

3+ state (black lines). Further irradiation of 12-H+ can
btaining the 13-H2

4+ state (grey lines). Subsequent thermal equilibration in the dark reg
l addition of suitable luminophores and receptors (structures shown in Fig. 7). The
t 625 nm upon excitation at 450 nm [64].

3.3. All-optical logic gates based on signal communication
between molecular switches

In most molecular logic gates, the input and output signals
have a different physical nature; typically, they operate on ionic
or molecular inputs and provide a photonic output, as described
in the two previous sections. This input/output inhomogeneity is
a severe problem if complex circuits are to be created because it
prevents the interconnection of basic elements [55,56]. In contrast,
serial connection of logic gates, also termed cascading – namely,
the output of an upstream gate is sent as the input for a down-
stream gate – is extensively used in semiconductor circuits [1].
Molecular logic devices that use optical input and output sig-
nals [23,65–67] are particularly interesting in this regard, and also
because (i) access for chemicals or wires is not required, (ii) no
operation in rigid or semirigid media is possible, and (iv) the mul-
tichannel nature of light can be exploited to configure the device
for different logic functions. Prototypical examples of this type of
molecular logic gates based on the control of porphyrin fluores-

omic system, and three-state switch Sw2, based on the pH-sensitive Ru complex
8]. Irradiation of 12-H+ such that one equivalent of protons is transferred to the
cause the transfer of another equivalent of protons to the metal complex, thereby
enerates the starting state by reverse proton exchange.
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Fig. 9. (a) Response of the ensemble schematized in Fig. 8 to different input strings
and cycling. Filled and empty bars represent the experimental luminescence inten-
sity at 626 nm (Out1) and 732 nm (Out2), respectively (�exc = 493 nm). Marks A, B
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ence by covalently linked photochromic units have been reported
23].

A different approach to devise all-optical molecular logic sys-
ems was recently reported [68]. This strategy is based on the
oupled operation of two molecular switches, namely (i) a pho-
oacid which transduces optical inputs into ionic outputs (Sw1),
nd (ii) a switch which responds to ionic inputs and provides opti-
al outputs (Sw2). The two switching units communicate with
ne another by chemical signals and are connected serially, that
s, the photogenerated ionic output of Sw1 is the input of Sw2.
he concept was realized with the system shown in Fig. 8. Sw1
s based on a colorless spiropyran derivative, 11, which is con-
erted into the yellow protonated merocyanine form 12-H+ in
cid solution [69]. On irradiation with light of 400 nm, 12-H+ iso-
erizes back to 11 and releases a proton into the solution. Sw2

s 132+, a [Ru(tpy)2]2+ complex (tpy = 2,2′:6′,2′′-terpyridine) com-
lex having 4-pyridyl substituents in the 4′-position of each tpy

igand. In solution, this complex can exist in three different pro-
onation states, namely, 132+, 13-H3+ and 13-H2

4+. Spectroscopic
itrations showed that these three forms: (i) exhibit distinct and
haracteristic absorption spectra, and luminescence spectra and
ifetimes, (ii) they can be populated selectively, because the two
endant pyridyl units of 132+ can be sequentially protonated in
wo consecutive steps, and (iii) they are reversibly interconverted
y stoichiometric additions of acid and base [70]. Therefore, 132+

ehaves as an acid–base controlled three-state luminescent switch.
s 11 and 12-H+ exhibit smaller and larger pKa values than that of

he pyridinium ion, respectively [71], the protonation state of the
uthenium complex could be controlled by light, using 11-H+ as a
hotoacid.

As shown in Fig. 8, irradiation of 12-H+ at 400 nm in acetoni-
rile such that one equivalent of protons is transferred to the metal
omplex generates the 13-H3+ state. Further irradiation of 12-H+

an cause the transfer of another equivalent of protons to the metal
omplex, thereby generating the 13-H2

4+ state. Subsequent ther-
al equilibration in the dark regenerates the initial state by reverse

roton exchange. Several irradiation/thermal equilibration cycles
an be repeated on the same solution without appreciable degra-
ation of the components.

The analysis of the behaviour of this system in terms of binary
ogic shows that all-optical two-input AND, OR and XNOR func-
ions are obtained (Fig. 9). Both inputs are coded for by irradiation
ith 400-nm light. The input string {0,0} corresponds to dark con-
itions, whereas the input strings {1,0} and {0,1} correspond to

rradiation with the amount of 400-nm light needed to transfer one
quivalent of protons from 12-H+ to 132+ so that the complex 13-
3+ is formed. The molecular system cannot distinguish between

hese input strings but the operator does, because the two light
nputs can be supplied by two physically independent channels. The
nput string {1,1} corresponds to irradiation with a dose of 400 nm
hotons such that two equivalents of protons are transferred from
2-H+ and the complex 13-H2

4+ is obtained. The optical output is
epresented by the luminescence intensity of the metal complex
pon excitation at 493 nm. If the emission is monitored at 732 nm,
pplication of an appropriate threshold enables emulation of the
ND operation; the OR function can also be obtained by applying a
ifferent threshold (Fig. 9). The XNOR function can be performed by
econfiguring the monitored emission wavelength to 626 nm. The
ame approach was employed to control the luminescence of the
s(II) analog of 132+ and the photoinduced generation of singlet
xygen [72].
.4. Ruthenium tris(bipyridine) as a prototype of encoder/decoder

Digital encoders and decoders are combinational circuits, i.e.,
ircuits in which the output values are determined solely by the
and C represent the threshold values for the XNOR, OR and AND operations, respec-
tively. Input conditions: {0,0}, 10 h at 318 K; {1,0} and {0,1}, irradiation at 400 nm
for 15 min; {1,1}, exhaustive irradiation at 400 nm.

current value of the inputs [2]. Combinational circuits are networks
of basic logic gates that implement Boolean logic functions and can
be described by a truth table. The function performed by a dig-
ital encoder is that of converting data into a code, an operation
that is useful to compress information that have to be transmitted
or stored. A 4-to-2 encoder, for example, compresses four inputs
into two output channels (Fig. 10a). Conversely, a 2-to-4 decoder
converts two coded inputs into four readable outputs (Fig. 10b).
Molecular systems that emulate the function of an encoder or a
decoder have been reported [73,74].

It was shown very recently that simple [Ru(bpy)3]2+ hexaflu-
orophosphate in acetonitrile can mimic the operation of both
a 4-to-2 encoder and a 2-to-4 decoder operations [60]. These
functions are obtained thanks to the unique physico-chemical
properties of this complex [75], and in particular the possibility
of: (i) absorbing visible light; (ii) forming a long lived and lumi-
nescent triplet excited state, *[Ru(bpy)3]2+, by light irradiation;
(iii) undergoing reversible monoelectronic oxidation and reduc-
tion processes to yield [Ru(bpy)3]3+ and [Ru(bpy)3]+, respectively,
characterized by distinct absorption spectra, and; (iv) generat-
ing the triplet excited state via the comproportionation reaction
between the oxidized [Ru(bpy)3]3+ and the reduced [Ru(bpy)3]3+

species [76], thereby enabling electrochemiluminescence genera-
tion (Fig. 11). The starting state is [Ru(bpy)3]2+; the system is reset

to this state (if required, by application of a potential value of 0 V)
prior to each input operation.

For the encoder function (Fig. 10a) the four inputs are,
respectively, oxidation at +1.4 V versus the SCE (In1), low-power
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Fig. 10. Schematic representation (left) and truth table (right) of a 4-to-2 e

xcitation at 450 nm (In2), reduction at −1.4 V (In3) and alter-
ating oxidation/reduction by a square wave potential oscillating
etween +1.4 and −1.4 V (In4). The two outputs are coded for by
he absorbance at 530 nm (Out1) and the luminescence intensity
t 620 nm (Out2), respectively. Application of In1 (+1.4 V) converts
Ru(bpy)3]2+ into [Ru(bpy)3]3+, which exhibits neither absorption
t 530 nm (Out1 = {0}) nor emission at 620 nm (Out2 = {0}). In2,
hich involves low-power excitation of [Ru(bpy)3]2+ at 450 nm,
auses no change in absorbance (Out1 = {0}) and produces 620-
m luminescence (Out2 = {1}). Application of In3 (−1.4 V) converts
Ru(bpy)3]2+ into [Ru(bpy)3]+, which absorbs at 530 nm (Out1 = {1})
nd does not emit (Out2 = {0}). Finally, application of In3 (alternat-

ig. 11. Simplified energy diagram illustrating the main spectroscopic and redox process
btained from the redox potential values referred to the SCE electrode. The diagram also
his species is sufficiently exoergonic to generate luminescence [76].
r (a) and a 2-to-4 decoder based on [Ru(bpy)3]2+ [60]. See text for details.

ing +1.4 and −1.4 V) leads to an electrostationary state containing
[Ru(bpy)3]2+, [Ru(bpy)3]3+, [Ru(bpy)3]+, and *[Ru(bpy)3]2+. Upon
optimization of the experimental conditions, an absorption at
530 nm higher than the fixed threshold (Out1 = {1}) and emission
at 620 nm (Out1 = {1}) can be obtained.

For the 2-to-4 decoder function (Fig. 10b) the two inputs are
oxidation at +1.4 V (In1) and reduction at −1.4 V (In2); the out-
puts are coded for, by the absorbance at 450 nm (Out1), 310 nm

(Out2), 530 nm (Out3) and the emission at 620 nm (Out4). If no
input is applied (In1 and In2 = {0}), the solution exhibits the absorp-
tion band of at 450 nm (Out1 = {1}), while all other output channels
are in state {0}. Activation of In1 (+1.4 V) converts [Ru(bpy)3]2+

es for [Ru(bpy)3]2+ [75]. The energy levels of the oxidized and reduced species are
shows that the reaction between the one-electron oxidized and reduced forms of
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nto [Ru(bpy)3]3+, which shows substantial absorption at 310 nm
Out2 = {1}) and neither absorption at 450 and 530 nm or emis-
ion at 620 nm (Out1, Out3 and Out4 = {0}). Application of In2
−1.4 V) generates [Ru(bpy)3]+, which has an absorbance higher
han the threshold at 530 nm (Out3 = {1}), but lower than the
hreshold at 450 and 310 nm, and no emission at 620 nm (Out1,
ut2 and Out4 = {0}). Finally, concomitant oxidation at +1.4 V
nd reduction at −1.4 V of [Ru(bpy)3]2+ with a bipotentiostat
In1 and In2 = {1}) produces an electrostationary state that con-
ains [Ru(bpy)3]2+, [Ru(bpy)3]3+, [Ru(bpy)3]+, and *[Ru(bpy)3]2+.
gain, by adjusting the experimental conditions, absorbance val-
es at 450, 310 and 530 nm below the respective threshold
an be obtained (Out1, Out2 and Out3 = {0}), together with an
mission at 620 nm which is continuously produced by annihi-

ation of the electrogenerated [Ru(bpy)3]3+, [Ru(bpy)3]+ species
Out4 = {1}).

This logic system is based on an unsophisticated molecule, it is
econfigurable in situ without the addition of chemical reagents,
nd it can be cycled without formation of waste products.

ig. 12. Structure formula of the Fe(III) complex 142+ (a) and chemical transformations in
ecognize the correct sequence of three input signals (EDTA, base, 344-nm excitation) [81
y Reviews 254 (2010) 2267–2280

3.5. A molecular keypad lock

In contrast with combinational circuits, whose outputs are
determined only by the current state of the inputs, sequential cir-
cuits are logic networks whose output depends on both the current
and past values of the inputs [2]. In other words, whereas combi-
national circuits like adder, subtractor, multiplexer/demultiplexer
and encoder/decoder combine the current 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 deter-
mine the output. In fact, memory circuits are inherently sequential
(see Section 2.2). In logic design sequentiality is achieved by intro-
ducing 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 mechanism disrupts the unidirectional infor-

mation flow that is a fundamental characteristic of combinational
circuits. Under a chemical point of view the time variable is put
into the game by exploiting the different rates of the processes
involved in the gate operation. In chemical terms one could say

duced by the addition of EDTA (b), base (d), and both (c). This molecular device can
].
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hat combinational logic can be achieved with molecules by rely-
ng on equilibrium states, whereas sequential logic requires also
he analysis (and possibly optimization) of the kinetic behaviour of
he system.

Examples of chemical systems whose properties are interpreted
n terms of sequential logic operation have started to appear only
n the past few years [77–80]. An important step in this direc-
ion is represented by the investigation on a molecular species
n solution whose fluorescence is switched on only in response
o a correct sequence of three input signals [81]. Such a system
s reminiscent of an electronic keypad lock, a common security
evice that can control the opening of a door or a safe. The molec-
lar keypad lock is based on the Fe(III) complex 142+ (Fig. 12a),
hich comprises fluorescein (FL) and pyrene (PY) fluorophores

onnected by a linker which is also a ligand (siderophore) capa-
le of binding ferric ions strongly and selectively [82]. In ethanol
ompound 142+ contains the fluorescein moiety in its monoan-
onic form and most likely exhibits a folded structure in which
he FL and PY moieties can approach each other. The inputs are
oded for by a chelating agent for Fe(III) (EDTA, In1), a basic
eactant (sodium acetate, In2), and UV irradiation (In3), whereas
he output channel is identified as the fluorescein emission at
25 nm.

In the starting state the emission of the FL anion moiety is
uenched by the metal ion (Fig. 12a). Addition of EDTA extracts the

ron ion from the siderophore but also protonates the FL unit, trans-
orming it to the non-emissive neutral state (Fig. 12b). Subsequent
ddition of acetate ions leads to the formation of the FL dianion,
hich is strongly fluorescent (Fig. 12c). Alternatively, addition of

cetate ions to 142+ causes the formation of the FL dianion, whose
uorescence is quenched by the still bound metal ion (Fig. 12d).

t is clear that inverting the order of the inputs (first base, then
DTA) leads ultimately to the same state, resulting in strong emis-
ion at 525 nm (Fig. 12c). However, as the extraction of a ferric
on from a siderophore by EDTA is inhibited in a basic environ-

ent, a substantial difference in the reaction rate between the two
aths (a → b → c and a → d → c) is observed. On the other hand,
o photoluminescence can be monitored without light excitation:
his provides the basis for the third input signal, namely, irradiation
t 344 nm. Light of this wavelength is mainly absorbed by the PY
nit, which then sensitizes the FL luminescence by energy transfer.
herefore, by reading the response of the device not later than a
ew minutes after activation of the inputs, fluorescence at 525 nm
s observed only if the correct sequence In1 (EDTA), In2 (base), In3
UV excitation) is supplied. Any other inputs combination leads to
eak or no fluorescence. In other words, activation of In3 generates

n output only if the current state of In1 and In2 is {1,1} and the
revious state was {1,0}, showing the sequential behaviour of the
ystem.

.6. Molecular logic devices on surfaces

While molecule-based logic systems in solution are useful for
roof-of-principle studies and for some applications (e.g., sensing),
hey are impractical for integration into real devices that can be
ddressed through an external interface [18]. Moreover, compati-
ility with microelectronic circuits would be required, in order to
evelop a hybrid technology that would constitute a viable alter-
ative to continue pushing the top-down fabrication techniques
owards their physical limits [11]. In such a context the develop-

ent of molecule-based logic gates that function in heterogeneous

nvironments, e.g., on surfaces or at interfaces, is an important task
83].

A first step in this direction is represented by the construc-
ion of suitably functionalized electrodes and the analysis of their
ehaviour in terms of Boolean logic. For example, electrodes deriva-
Fig. 13. Scheme of a photoelectrochemical cell based on a Ru cluster bound to a TiO2

nanostructured electrode. The system behaves as an XOR hate with optical inputs
and electric current output [88].

tized with chemical compounds are extensively used in solar cells,
display devices and switching applications, but their potential as
logic systems has been recognized only recently [84–89].

A logic gate based on a ruthenium cluster adsorbed on the
surface of a TiO2 nanocrystalline electrode of a photoelectrochem-
ical solar cell is schematized in Fig. 13 [88]. Differently from
what is desired for photovoltaic applications, the metal complex
is designed such that its excited state is reductively quenched by
the semiconductor. In this system, TiO2 bandgap excitation (e.g.,
� = 350 nm) causes the appearance of an anodic current, as nor-
mally observed for bare titanium dioxide electrodes (Fig. 13a).
However, irradiation with 425-nm light results in excitation of the
metal cluster and formation of an excited state, that can accept
an electron from the TiO2 valence band. The reduced cluster sub-
sequently transfers an electron to the redox mediator (I2) and a
cathodic current is observed (Fig. 13b). These properties can be
exploited to carry out logic operations. Irradiation with light of
either 350 or 425 nm (inputs) results in a net photocurrent out-
put. However, upon simultaneous irradiation at both wavelengths
cathodic and anodic current components cancel out and no cur-
rent output is observed. Hence, XOR logic is demonstrated [85]. A
relevant feature of this system is the transduction of the optical
inputs into an electrical output. A related study demonstrated logic

reconfiguration of the gate by applying a potential to the electrode
[87].

In another interesting series of investigations, monolayers of
[Os(bpy)3]2+ and [Ru(bpy)3]2+-type complexes on glass substrates
were constructed and investigated (Fig. 14) [90–92]. These metal



2278 M. Amelia et al. / Coordination Chemistry Reviews 254 (2010) 2267–2280

Fig. 14. (a) Structure and operation of the monolayers obtained by covalently linking Ru- or Os-polypyridine complexes to glass surfaces [90–92]. The monolayer is subjected
to combinations of chemical inputs in solution and its state is monitored by transmittance measurements, giving rise to input/output relationships corresponding to a variety
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f binary logic functions. (b) Gate-to-gate chemical communication: upon additio
eleasing a Fe2+ output which acts as the input for the Ru(III)-based film immersed

omplexes can be switched between the M(II) and M(III) oxida-
ion states using chemical reagents such as Ag+, Co(C5H5)2, NO+ or
e4+ in a variety of conditions, thus providing a large set of possible

nputs. The oxidation state of the surface-bound compounds can be
etected easily by measuring the transmittance of the film at ultra-
iolet and visible wavelengths. Upon combining one, two or three
eagents as the chemical inputs, and measuring the optical trans-
ission at selected wavelengths (516 or 317 nm) as the outputs,

he osmium-based monolayer is capable of performing the AND,
R, XOR, INH and implication (IMP) operations on two inputs, and
ven more complex functions on three inputs [92].

In a successive step, the operation of Os(II)- and Ru(III)-based
onolayers in the same chemical environment was investigated

Fig. 14). The reaction of the Os(II)-based film with Fe3+ ions in ace-
onitrile results in oxidation of the surface-bound metal centres
nd the formation of Fe2+ ions, which diffuse through the solution
nd subsequently reduce the Ru(III) centres in the second mono-
ayer. This change can be detected by monitoring the absorbance
f the film at 463 nm. Using Ce4+ and H2O as chemical inputs in
onjunction with Fe3+, the ensemble mimics the binary operation
f a simple combinational circuit [92].

The most interesting aspect of the work, besides the high stabil-
ty and reversibility of the monolayers, is that the chemical output
f one monolayer-based gate can be sent as the input for a down-
tream gate using the solution as a communication medium. As
iscussed in Section 3.3, such a result is of high conceptual impor-
ance because it is a first step towards the serial connection of
ifferent logic devices (cascading).

. Conclusion

The realization of computing devices with extremely small
ize, low power consumption and unprecedented performance is
strong motivation for the search of molecule-based bottom-up

trategies to information processing. Because of their diverse and
aluable physico-chemical properties, metal complexes are attrac-
ive candidates to play the role of functional components for the

onstruction of artificial molecular devices capable of elaborating
nformation.

Two philosophically different approaches can be pursued to
ttain this goal. One is that based on the use of molecules as
anoscale components (e.g., wires and diodes) to construct minia-
Fe3+ input to the solution, the Os(II) units of the monolayer are oxidized, thereby
same solution.

turized electric circuits [11,93,94]. In such a molecular electronics
approach information-processing functions result from circuit
architecture rather than from the inherent “intelligent” behaviour
of the employed molecules. Many investigations on electrical
conductivity and switching properties of single molecules and
supermolecules have been performed [95]. However, the mech-
anisms of charge transport in molecular junctions have not yet
been fully understood [95], and much remains to be learned
about the means of manipulating, bonding, and ordering them
in extended circuit-like structures that can be interfaced with
the macroscopic world while maintaining nanoscale addressing
[12,93]. Much debate is going on about the promises and achieve-
ments of this approach [10,96].

The other approach, inspired by information processing in living
organisms, is based on appropriately designed molecular systems
that operate in solution by using chemicals, photons or electrons
as input/output signals [9,18,54,55,57]. The systems described here
belong to this category, sharing with molecular electronic circuits
the Boolean numbering system adopted for data representation.
However, other choices such as multi-valued [97] and fuzzy logic
[98] or variable threshold (neural) mechanisms [99] could also be
made.

The molecular electronics approach has the potential advantage
of being strictly related to the paradigms of current microelectron-
ics technology [11]. On the other hand, a chemical approach to
molecular logic gives the opportunity to implement even complex
logic operations with one molecule or supramolecular species. It
is difficult, at the present stage, to predict which one of these two
strategies will have the greater technological impact, if any. These
and other questions regarding the advent of molecular comput-
ers (e.g., serial or parallel architectures, solid-state or soft matter)
represent one of the big challenges of nanotechnology.

Finally, we would like to emphasize that many logic devices
described in this review are based on simple chemical compounds
and well documented chemical, electrochemical, photochemical,
and photophysical processes taking place in solution, and the meth-
ods used to obtain the illustrated results rely on the simultaneous

stimulation of large numbers of molecules. From this viewpoint,
one could argue that we have simply illustrated some types of
chemical reactions.

We have tried to stress, however, the novel conceptual inter-
pretation of the observed processes. Regardless of the possibility of
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hort-term applications as discussed in Section 1.3, we believe that
esearch in this field is interesting for several reasons: (i) at least in
rinciple, some of the described effects can be scaled down to single
olecules; (ii) synthetic multistate-multifunctional systems may

lay the role of models to begin understanding the chemical basis
f complex biological processes; (iii) integration of molecular-level
evices may be successfully achieved by intermolecular communi-
ation based on chemical and light signals, thereby overcoming the
ifficulty in establishing electrical communication between differ-
nt molecules; (iv) last, but not least, these studies introduce new
oncepts in the “old” field of chemistry and stimulate the ingenu-
ty of research workers engaged in the “bottom-up” approach to
anotechnology.
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