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1. Introduction
Digital electronics is so widely used in everyday life that

it is almost impossible to find an electric device that does
not make use of digital electronic components. On average,
85% of the circuitry in all the electronic devices is digital
and only 15% is analog.1 Due to the ease of construction,
resistance to interference, and low cost, more and more
electronic systems become digitalized. In digital systems,
information is contained in series of zeros and ones,
represented usually as low and high voltages (Figures 1a and
2), while in analog systems, the whole continuum of states
must be considered (Figure 1b). Therefore, in contrast to
analog systems, information processing in digital systems is
straightforward and based on very simple principles of
Boolean logic (vide infra).2

Digital systems are much less sensitive to any interference
due to wide margins of allowed signal values (Figure 2a)
resulting in turn from highly nonlinear characteristics. Any
real digital device is characterized by signal rise time and
signal fall time (Figure 2c). These times limit the rate of
information processing, as the pulse duration (time required
for one binary operation) cannot be shorter than the rise (or
fall) time.

Currently used computers and other electronic digital
devices are based on monolithic semiconductor structures
fabricated on the surface of silicon wafers.3–7 All these
devices use binary logic for information transmission,
processing, and storage, and utilize electric signals as
information carriers. All the information is encoded in series
of zeros and ones, represented as low and high potential
values. Logic gates are basic elements processing informa-
tion: they function as switches whose output (0 or 1) depends
on input conditions. The development of these devices can
be described using the empirical rule, also as known Moore’s
Law. It predicts that the economically feasible number of
transistors per microchip (and hence the device performance)
doubles every 18 months.8 The increase of performance of
any electronic device cannot proceed infinitely due to
fundamental and technological barriers. The latter can be
overcome by application of new materials (e.g., molecular
wires9–13 and other supramolecular π-conjugated systems,13–17

functional dendrimers,18–22 polymers21–27 and other molec-
ularmaterialsofunusualelectricproperties,27–33nanoparticles,34–44

nanotubes and nanowires,45–56 and superconductors57–59),
nanolithographyandnewsurfacepatterningtechnologies,56,60–71

new circuitry design,72–76 utilization of electron spin as
information carier,77–84 quantum effects85–90 and so forth,
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while the fundamental limits define the ultimate computer
performance.91–93

The fundamental limits of electronic device performance
results from physical principles of quantum mechanics,
thermodynamics, and electromagnetism. The basic factors
describing the performance of any device are the time and
the energy required for basic logic operation (Figure 3). The
Heisenberg uncertainty principle imposes a fundamental limit
on the performance of any logic gate (or other computing
device). This principle states that the energy of a state with
a lifetime of ∆t can only be determined with a precision of
∆E (eq 1).94

∆Eg
h

∆t
(1)

It also means that the quantum state with the ∆E energy
spread requires the time of ∆t to evolve into an orthogonal

(and hence distinguishable) state.94 For very short switching
times it also defines the minimum power required for a single
switching operation (red line in Figure 3). The thermody-
namic limit imposed on information transfer and processing
is the minimal energy required for binary switching or
transfer of one bit of information ( eq 2).

E) kBT ln 2 ≈ 3×10-21J bit-1 (2)

Equation 2 also defines the minimal value of entropy created
when one bit of information is deleted. Electromagnetic limit
simply expresses the fact that the rate of propagation of
electromagnetic wave (and hence the rate of data transmis-
sion) cannot exceed the velocity of light in vacuum.95

Other limitations are imposed by the material used, the
device type used, the circuit concept, and the system
configuration.93 Material limits are related to the properties
of semiconductor materials used for fabrication of the device:
switching energy, transit time, thermal conductance, and a
dopant fluctuation limit. Device, circuit, and system limita-
tions are associated with heat dissipation, transition time,
circuit latency, cross-talk and signal contamination, and the
chip size.93

In order to sustain the development of telecommunication
and information sciences, new technologies are needed to
overcome at least some of the limitations.96–108 One of the
ideas was to apply the chemical structures for information
processing. Acoording to the opinion of some, this approach
may be a way of bypassing, at least temporarily, the
limitations of classical semiconductor technology and sustain
thedevelopmentofinformationtechnologies.96–100,102,104–106,108

The most serious problem, however, is to address single
molecules in a reproducible manner (and make more than
two electric contacts with a single molecule), and this
problem has not been efficiently solved so far. Therefore,
molecular logic devices based on single molecules are mainly
of academic interest. This should not discourage scientists
to search for new information processing systems, as
addressability of single molecules is not an absolute necessity
for efficient chemical computing. Silicon-based microproces-
sors contain millions of transistors per chip. However, only
several hundreds connections are sufficient to connect the
inner circuitry with the macroscopic world of the users.109

Furthermore, natural systems (brains and nervous systems
of all of the animals) are the best example of molecular (or
chemical) information processing systems, but the elemental
information processing acts are not confined to single
molecules.110,111 Therefore the addressing of single mol-
ecules may not be necessary for efficient molecular informa-
tion processing, and the control over the system can be
achieved via self-assembly and molecular recognition.

2. Boolean Logic and Logic Gates
According to Charles S. Pierce and Charles W. Morris,

we can define three levels of information: syntactic level,
semantic level, and pragmatic level. Information on the
syntactic level is concerned with the formal relationship
between the elements of information, the rules of corre-
sponding language, the capacity of communication channels,
and the design of coding systems for information transmis-
sion, processing, and storage. The meaning of information
and its practical meaning are neglected at this level. The
semantic level relates information to its meaning, and
semantic units (words and groups of words) are assigned
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with Professor Karl Anker Jørgensen (Århus, Denmark), EPR and NMR
spectroscopy of iron nitrosyls with Professor Orazio Traverso (Ferrara,
Italy), chemistry of molydbenum-sulfur clusters with Professor Michele
Aresta (Bari, Italy), and high-pressure electrochemistry with Professor Rudi
van Eldik (Erlangen, Germany). He spent one year with Professor John
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working on synthesis, spectroscopy, magnetic properties, and electro-
chemistry of nickel complexes with macrocyclic ligands. Now, he is a
member of Photochemistry of Coordination Compounds and Bioinorganic
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level, and molecular nanoelectronics. Furthermore, he recently got involved
in detailed spectroscopic investigations of doped chalcogenide semicon-
ductors and quantum-chemical modeling of semiconductor nanoparticles.

Figure 1. Examples of simple digital (a) and analogue (b) circuits.
Adapted from ref 1.
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more or less precisely to their meaning. For correct informa-
tion processing at the syntactic level, semantics is not
necessary. On the pragmatic level, the information is related
to the practical value of it. It strongly depends on the context
and may be of economical, political, or psychological
importance. Furthermore, at the pragmatic level the informa-
tion value is time dependent, and its practical value decreases
with time, while correct prediction of future information may
be of high value.112

Any complex information processing device must then
consist of several basic components: user interface for input
and output of information, information processing unit, and
memory for information storage. Moreover, every system
must be equipped with proper channels for the transmission
of information between components (Figure 4). The user
translates the pragmatic level information into the semantic
level; the input interface in turn translates it into the syntactic
level. Information is than processed (and/or stored in
memory), and the result is translated into usable semantic
level information.

2.1. Basic Concepts of Boolean Logic
The mathematical logic, first established as a purely

theoretical science,113 was subsequently used in uncountable

electronic devices and became the most basic foundation of
information science and digital electronics. It operates at the
syntactic level. Nowadays, the concepts of Boolean logic
are frequently used to describe behavior of various chemical
systems. In many cases, chemical logic systems can be
considered on all the three levels. The best example of the
three-level information analysis can be shown on the example
of chemosensors used in medical analysis. They perform
logic operations (e.g., fluorescence is switched on upon the
binding of corresponding analyte) on the syntactic level. The
result of this operation on a semantic level reports the
concentration of electrolytes, which in turn on a pragmatic
level informs on the patient’s condition.

A common representation of a Boolean logic is based on
a basis set of characters and operators, union (∪, +) and
intersection (∩, ×), and five axioms: commutativity, as-
sociativity, distributivity, existence of neutral elements, and
existence of the complement. The union and intersection
operators are usually called OR and AND operators (or
logical sum and logical product), respectively.

The commutativity rule states that the order of variables
in union and intersection operations is irrelevant (eqs 3 and
4).

a+ b) b+ a (3)
a × b) b × a (4)

The associativity rule states that the grouping of variables
in union and intersection operations does not change the
result (eqs 5 and 6).

a+ (b+ c) ) (a+ b)+ c (5)
a × (b × c) ) (a × b) × c (6)

The distributive law for three variables can be written as
follows (eqs 7 and 8):

Figure 2. Voltage representation of logic zero and logic one (a), time profile of ideal pulse characteristics (b), and real pulse characteristics
(c). Rise time is defined as the time required for increase of signal amplitude from 10% to 90% of pulse amplitude. Fall time is defined
analogously. The signal is properly recognized only when it falls within the tolerance limits (shaded blue and red areas for ‘0’ and ‘1’,
respectively). Adapted from ref.2

Figure 3. Performance of electronic digital devices presented as
average dissipated power per gate versus transition delay time. The
red area is inaccessible due to the fundamental limits of quantum
mechanics while the blue area to the fundamental limits of
thermodynamics. Green lines indicate the device limits for CMOS
logic gates fabricated in 1000 nm, 100 nm, and (projected) 10 nm
technologies. For comparison, estimated values for neuron ()) and
synapse (O) are indicated. Adapted from ref 94.

Figure 4. Block diagram of sequential information processing
device (an automaton). The simplest memory of the device can be
realized in the feedback loop (red arrow), feeding one of the outputs
of the device to the input.

Digital Information Processing in Molecular Systems Chemical Reviews, 2008, Vol. 108, No. 9 3483



a × (b+ c)) a × b+ a × c (7)

and

a+ (b × c) ) (a+ b) × (a+ c) (8)

It simply says that the logic product of a variable and a logic
sum of variables is equal to the logic sum of two logic
products (eq 7). Moreover, a sum of a variable and a product
equals the product of two sums (eq 8).

There exist two neutral elements for logic sum (eq 9) and
logic product (eq 10) operators, respectively:

a+ 0) a (9)

a × 1) a (10)
and a complementary element (eqs 11 and 12):

a+ a) 1 (11)

a × a) 0 (12)

Generation of a complement is usually called NOT operation.
These axioms of Boolean logic are complemented with

two DeMorgan theorems. The first theorem states that the
complement of a product of variables is equal to the sum of
the complements of the variables (13), while the second
theorem states that the complement of a product is equal to
the sum of the complements of the variables (14).

a × b) a+ b (13)

a+ b) a × b (14)

These rules allow the performance of any binary logic
operations and all of the complex logic functions can be
produced using the basic set of functions: OR, AND, and
NOT. Electronic devices capable of performing Boolean
operations on variables are called logic gates. A circuit
comprising connected logic gates, devoid of feedback loops
(memory), is a combinatorial logic circuit, a device whose
output signal is a unique Boolean function of input variables
(Figure 4). The combinatorial logic circuit with added
memory forms a sequential logic circuit, often referred to
as an automaton (cf. Figure 4). Memory function can be
simply obtained by the formation of a feedback loop between
output and input of individual gates within the circuit. The
output state of the automaton depends on input variables and
an inner state (memory) of the device.

2.2. One Input Logic Gates
There are four possible combinations of input and output

values for one-input one-output logic gates (Table 1). The
PASS 0 and PASS 1 gates yield 0 and 1 output, respectively,
independently of the input value. The YES gate follows the
input value to the output (Figure 5a). The gate functions as
a simple switch, but in fact is very useful for signal
amplification, connecting various devices, and signal
transduction.

The inverter (NOT gate) performs inversion (complemen-
tation) of the input data (Figure 5b). It changes one logic
level into the opposite: logic 0 (also called the low state, cf.
Figure 2a) is converted into logic 1 (the high state) and vice
versa. NOT is one of the principal Boolean operation, and
very often, it is concatenated with multiple input gates (vide
infra).

2.3. Multiple Input Logic Gates
There are 16 various combinations of input and output

signals for two-input logic gates, 8 of which are commonly
used in electronics (Table 2): basic OR, AND, and XOR,
and gates concatenated with NOT: NOR, NAND, and
XNOR.114 Usually, INHIBIT (INH) and NINH gates are
regarded as simple logic gates as well.

The OR gate is one of the basic gates from which all other
functions can be constructed. The OR gate produces high
output when any of the inputs is in the high state, and the
output is low when all the inputs are in the low state (Figure
6a). Therefore, the gate detects any high state at any of the
inputs. It computes the logic sum of input variables, i.e., it
performs the union operation.

The AND gate is another of the principal logic gates; it
has two or more inputs and one output. The AND gate
produces high output (logical 1) only when all the inputs
are in the high state. If any one of the inputs is in the low
state, the output is also low (Figure 6b). The main role of
the gate is to determine if the input signals are simultaneously
true. In other words, it performs the intersection operation
or computes the logic product of input variables.

Table 1. Truth Tables for Single Input Logic Gates

Figure 5. Simplest electric circuits representing the YES (a) and
NOT (b) logic gates. Moving the switch (logical 1) turns on the
light in the first system (YES gate), but turns it off in the second
one (NOT gate).

Table 2. Truth Tables for Two Input Logic Gates

Figure 6. Simplest electric circuits representing the OR (a) and
AND (b) logic gates. Moving any of the switches turns on the light
in the first system, but both switches must be moved to turn on the
light in the second one.

3484 Chemical Reviews, 2008, Vol. 108, No. 9 Szaciłowski



A more complex logic function is performed by the
exclusive-OR (XOR) gate. This is not a principal gate, but
it is actually formed by a combination of the gates described
above. However, due to its fundamental importance in
numerous applications, this gate is treated as a basic logic
element, and it has been assigned a unique symbol. The XOR
gate yields the high output when two input values are
different, but yields low output when the input signals are
identical. The main application of the XOR gate is binary
half-adder, simple electronic circuit enabling transition from
Boolean logic to arithmetic (cf. Figure 8).

The whole family of logic gates is formed by concatenation
of OR, AND, and XOR gates with the NOT gate, which
can be connected to the input or output of any of the above
gates. Various connection modes and resulting gates are
shown in Figure 7. Gates resulting from concatenation with
NOT are obviously not basic gates, but due to their

importance, they are usually treated as fundamental logic
gates together with the NOT, OR, and AND logic gates.

2.4. Combinatorial Logic Systems
Single logic gates, even with multiple inputs allow only

basic logic operations on single bits of information. More
complex operations or on larger sets of bits require more
complex logic systems. These systems, usually called com-
binatorial circuits, are the results of the connection of several
gates. The most important are binary half-added and half-
subtractor, and full adder (Figure 8).114 These circuits enable
arithmetic operations on bits of information in binary fashion,
which are one of the pillars on which the entire information
technology has been built.

The half-adder is a device composed of two gates: AND
and XOR. It has two inputs (two bits to be added) and two
outputs (sum and carry). Half-subtractor is a related circuit
(the only difference lies in one NOT gate at input), which
performs a reverse operation: it subtracts the value of one
bit from the other, yielding the bit of difference and a bit of
borrow (Figure 8).

The most complex circuit presented here is full adder. It
consists of two half-adders and an OR gate. The circuit
performs full addition of three bits, yielding two-bit results.
Similarly, full subtractor can subtract three one-bit numbers,
yielding two-bit binary result. The truth tables for half-adder,
half-subtractor, full adder, and full subtractor are shown in
Tables 3 and 4.

An interesting device, closely related to the half-adder and
half-subtractor, is the binary comparator. It takes two bit input
(x and y) and yields two bit output, which is determined by
the relationship between the input quantities. If x ) y, one
output is set high (identity bit) and the other low (majority
bit). If x > y, the identity bit is zero, while the majority bit
equals 1. In the case of x < y, both output bits are 0 (Table
3 and Figure 8c)).

There other numerous combinatorial logic devices, but
their detailed analysis is out of the scope of this review.
These and other combinatorial logic devices were imple-

Figure 7. Concatenation of various logic gates with the NOT gate
results in NOR (a), NAND (b), XNOR (c), INH (d), and NOT-
INHIBIT (e) logic gates.

Figure 8. Electronic diagrams for binary half-adder (a), half-
subtractor (b), digital comparator (c), full adder (d), and full
subtractor (e). HA stands for half-adder and HS for half-
subtractor. In the case of subtractors, x stands for subtrahend
and y for minuend.

Table 3. Truth Table for Binary Half-Adder, Half-Subtractor,
and Comparator

input half-adder half-subtractor comparator

x y (c,s)a decimal value (b,d)b decimal value (i,m)c

0 0 (0,0) 0 (0,0) 0 (1,0)
0 1 (0,1) 1 (1,1) -1 (0,0)
1 0 (0,1) 1 (0,1) 1 (0,1)
1 1 (1,0) 2 (0,0) 0 (1,0)

a (Carry, sum). b (Borrow, difference). c (Identity, majority).

Table 4. Truth Table for Full Adder and Full Subtractor

input adder subtractor

x y c/pa (c,s)b decimal value (b,d)c decimal value

0 0 0 (0,0) 0 (0,0) 0
0 0 1 (0,1) 1 (1,1) -1
0 1 0 (0,1) 1 (1,1) -1
0 1 1 (1,0) 2 (0,1) -2
1 0 0 (0,1) 1 (1,0) 1
1 0 1 (1,0) 2 (0,0) 0
1 1 0 (1,0) 2 (0,0) 0
1 1 1 (1,1) 3 (1,1) -1

a Carry/pay back. b (Carry, sum). c (Borrow, difference).

Digital Information Processing in Molecular Systems Chemical Reviews, 2008, Vol. 108, No. 9 3485



mented in various molecular systems; some of them may
contain tens of individual gates and may perform complex
functions.

3. Molecular Logic Gates: Basic Concepts
Analogies are made possible by Nature’s wonderful system

of structural parallelism in which a physical element in one
system may be represented by corresponding physical
element in another.113 Molecular information processing is
a common feature of numerous biological and chemical
systems. Living things have always processed information
for purposes of survival.98 Molecules and molecular as-
semblies are the information carriers and information pro-
cessing devices in all of the biological systems. All of the
regulatory processes in living cells, cellular signaling, and
of course all of the neurobiological activities process
information at the molecular level. Every biochemical
bifurcate pathway undergoes Boolean logic rules at the
molecular level in a sense that every single molecule can
follow only one reaction path; therefore, its fate can be
described in terms of Boolean algebra. The same concerns
such complex biological processes as the synthesis of
tetrapyrroles,cellreplication,geneexpression,orapoptosis.115,116

Molecular recognition in biological systems, activation of
enzymes by small molecules and signal transduction are also
processes based on YES-NOT logic.117–119 Although the
collective response of the complex chemical or biochemical
system is continuous (or, in other words, highly linear) on a
macroscopic level, on the molecular level every single step
is a discrete process, and its apparent linearity results from
a combination (or averaging) of uncountable individual
discrete processes of Boolean character. Every bifurcation
on the chemical or biochemical reaction pathway at the single
molecule level is a Boolean process: every molecule has to
choose a reaction pathway according to its energy, confor-
mation, and properties of its local environment. These
processes are usually described using statistical thermody-
namics, but the processes are Boolean in the sense that a
single molecule cannot react on two or more reaction paths
at the same time.

The molecular information processing structures are
organized in a bottom-up fashion from the molecular to
cellular level and beyond. Even the behavior of whole
organisms under controlled conditions follows the Boolean
logic, and for example, the movement of the amoeboid
organism Physarum polycephalum can be used for the
construction of logic gates.120 Therefore, one should consider
the bottom-up approach to construct devices for future IT
industry.98,103 This idea, first communicated by Richard P.
Feynman,121 resulted in tremendous development of nano-
science and nanotechnology.

The whole spectrum of input and output data encoding
channels (Figure 9) should be considered. Classical electronic
devices use electric input/electric output communication, but
any other combination is possible.122 Biological systems
utilize various chemical stimuli for communication, while
artificial systems use all possible combinations of input and
output channels.

In principle, any chemical system that can exist in two
quasi-stable states of different chemical or physical properties
may be regarded as a molecular switch (or molecular logic
gate) provided there are some physical or chemical stimuli
that can (reversibly) change the state of the system. The
simplest examples are colorimetric pH indicators, compounds

changing their color upon changes in proton concentration.
They function as YES or NOT logic gates, depending on
the property of the individual indicator and the assignment
of input and output channels (e.g., pH values and colors).
Furthermore, they are molecular devices that enable informa-
tion transfer from the molecular level (presence of target
molecules, e.g., protons) to the macroscopic level (observable
change of optical properties). In order to perform any useful
calculations, the switching process should be based on
reversible chemical processes. There are, however, chemical
logic systems that are based on irreversible reactions. These
devices, not suitable for computing, have already found
application in medicine as novel approaches toward anti-
cancer therapy,123–125 and other medical applications of
molecular logic systems cannot be also excluded.102,126–129

The main difficulty with the construction of complex
molecular logic devices results from the fact that they usually
do not conform to some of the fundamental requirements
for classical semiconductor logic devices. The requirements
are as follows: nonlinear characteristics, signal amplification,
concatenability, feedback prevention, and the performance
of a complete set of Boolean operators.94

A nonlinear characteristic is an intrinsic feature of all
digital logic systems (cf. Figure 2a), and it is required for
the maintenance of sufficient signal-to-noise ratio. It is
possible to build logic devices from linear elements (e.g.,
operational amplifiers),113 but their signal-to-noise ratios
greatly increases, especially in long chains of concatenated
logic building blocks. Therefore, power amplification is
necessary to maintain the signal level during logic processes
over long chains of concatenated logic gates. It balances the
signal losses that are unavoidable during processing (cf.
Figure 2). Concatenability is required for efficient connection
of logic gates into larger systems. It assures compatibility
of input and output signals. If input and output do not belong
to the same domain (e.g., optical input and electric output),
a signal converter is necessary to connect gates into larger
systems. Also, the signal intensities must be matched. In
electronic systems, inputs and outputs of logic gates are
matched in terms of domain (both are electrical) and signal
intensities (cf. Figure 2). In the nervous system, in turn,
outputs (released neurotransmitters) are compatible with
inputs (receptors in postsynaptic neurons).94 In molecular
systems, due to high versatility of information carriers (cf.
Figure 9) the compatibility problems are much more complex
and change from one case to another. Most of the molecular
logic systems cannot be concatenated due to the intrinsic
properties of molecular species, while in other cases, e.g.,
in the case of enzymatic gates or ribozyme-based systems,

Figure 9. Input and output channels of molecular logic devices.
These devices can be based on classical electronics paradigms
(electric input/electric output) or utilize any nonclassical input/output
configurations.
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the concatenation is virtually unlimited. Feedback prevention
ensures a directed information flow through the system,
which is necessary to perform any calculations. These
calculations can be performed only if the complete set of
instructions is available. The basic set of logic operators
includes OR and NOT or AND and NOT functions.

As presented above, an information processing device
(automaton) consists of user interfaces for data input and
data output, combinatorial logic device for information
processing, memory for data storage, and communication
channels for data transmission between components of the
automaton. Every abovementioned task can be performed
in molecular systems, for example, molecular receptors and
fluorophore fragments may function as input and output
elements, respectively, various molecular switches and logic
gates are capable of binary information processing, photo-
chromic molecules can mimic the memory cells, and
molecular wires can transmit information at molecular level.
The most serious, and yet unsolved, problem consists in
connecting all these molecular fragments into a usable device.

There are several different approaches toward the applica-
tion of chemical systems to information processing. The
oldest approach uses a classical electronics paradigm. It
assumes the construction of molecular primitives that behave
exactly like silicon-based semiconducting devices, but are
just smaller and consisting of different materials. Input and
output information is assumed to have a form of electric
pulses. During the whole operation of the device, chemical
bonds and molecular structure of the device are not
changed.90,130–132 This approach was initiated by theoretical
works of Aviram and Rattner.133 Various working devices
based on organic semiconductors have been built.134,135

Recently, memory chips containing molecular switches have
just started to emerge.136,137 This approach assumes facile
connection of individual logic elements into larger logic
systems using molecular wires, e.g., p-phenylene bridges.138

Molecular electronic devices can follow three different
construction patterns (Figure 10).139 The simplest devices
are based on bulk molecular systems of amorphous or
polycrystalline structure (Figure 10a). In these devices, most

of the molecules form random contacts with other molecules
and are not individually addressable. This type of molecular
electronic system is usually applied in such devices as liquid
crystal displays, OLEDs, and soft plastic transistors. Single
molecular systems are in turn based on single molecules
(Figure 10c and d) or perfectly ordered molecular films
(Figure 10b); all of the molecules within the device are in
direct contacts with electrodes. These devices can be divided
into two classes: hybrid molecular devices, where every
molecule is contacted with electrodes and monomolecular
devices (Figure 10e), where individual molecular building
blocks are connected at the molecular level, and electrodes
are needed only for energy supply and for information
exchange with the outside world.139

Another approach, which does not follow the classical
electronics paradigm was initiated by A. P. de Silva in
1993.140 Binary information processing in chemical systems
has emerged from fluorescent sensor chemistry. Supplied
information is usually chemical in nature (concentration of
ions or other analytes), and output information is contained
in the optical response of the sensor (light absorption or
fluorescence). Some variation of these ideas were imple-
mented in other substrate-recognition based devices, like
logic gates based on ion pair formation,102,126 various
photoactive compounds,126,141–145 nanocrystalline semicon-
ductors,146–151 or even DNA152 and proteins.153 In any of
these chemical systems, information is supplied as chemical,
optical, or electrical input. Upon processing, the result is
directed into chemical, electrical, or optical output chan-
nels.154 In the case of photoactive systems based on nitrosyl
complexes, the chemical processes are usually irreversible,
which is not very suitable for computing itself, but the
processing usually follows Boolean algebra.

These chemical logic systems may be classified in an
analogous way as the molecular electronic systems (cf. Figure
10). Most, if not all of the systems with chemical inputs
discussed in this review, belong to the class of bulk molecular
devices; sparse devices are based on thin ordered layers or
other ordered structures. While there are no examples of
artificial systems belonging to the class of monomolecular
devices, the nervous systems of all the animals are perfect
examples of all-molecular information processing systems
based on chemical processes.110,111

A completely different approach toward information
processing in chemical systems assumes the application of
nonlinear dynamic processes in bulk media of high
viscosity.155–164 Propagation of chemical waves in gels may
be used for classical binary information processing161–164

or analog processing more related to the nervous system.155–157

Despite the apparent disutility of numerous molecular logic
systems, their development is a great advance of science.
First electric logic devices were also rather impractical, but
in a short time, they became inherent elements of everyday
life. In the future, the same may happen with molecular
devices. At the moment, numerous information-processing
molecules, such as fluorescent sensors, are commonly used
in medical diagnostics, environmental analysis, and industry.
Furthermore, studies on information processing in molecular
systems (not necessarily with single molecules) may lead in
the future to a better understanding of the human brain and
nervous system operation.

Figure 10. Schematic depiction of bulk molecular (a), hybrid
molecular (b-d), and monomolecular electronic devices (e). Yellow
bars and triangles symbolize conducting electrodes. See text for
details. Adapted from ref 139.
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4. Simple Molecular Switches
Any chemical system that can exist in at least two forms of

different spectral, electrochemical, or magnetic properties can
be regarded as a molecular switch. Moreover, these forms
should be relatively stable, and the transition of one into the
other should not proceed spontaneously, but only upon stimula-
tion with chemical, optical, electrical, or magnetic perturbation
(Figure 11). If one state of the switch is assigned to logical 0
(ON) and the other to logical 1 (OFF), the switch should be
regarded as one input logic gate: YES or NOT, depending on
the state assignment and switching characteristics. The physi-
cochemical processes behind may be very different: energy level
rearrangement upon protonation/deprotonation, geometrical
isomerization, proton transfer, changes in electron distribution
(valence isomerism), spin state changes, bond formation/
cleavage, which are the consequence of chemical reactions,
photoexcitation, oxidation/reduction, or specific interactions with
ions and molecules.

In principle, the switching from the OFF state to the ON
state proceeds upon stimulation. The reverse process (from
ON to OFF) may proceed instantaneously in the case of the
monostable switch (Figure 11a) or upon stimulation with
other stimuli (bistable switch; Figure 11b). Switching from
ON to OFF state in many monostable switches is slow, but
can be significantly accelerated by chemical or optical
stimulation; therefore, depending on the discussed time scale,
these switches can be regarded as monostable or bistable.

In order to consider a chemical system as a molecular
switch, the two states must be easily distinguishable. In the
case of fluorescence monitoring, the quantum yield should
change from very small (Φ,1) to high (Φ ≈ 1), and in the
case of absorbance monitoring, the spectral changes should
be significant, and the shift of the absorption (or emission)
band should be significantly larger than the corresponding
band half-width. The same concerns changes in redox
potentials, magnetic properties, or other physicochemical
features of molecular systems.

These simple switches can be considered as one input logic
gates. Depending on switching characteristics and arbitrary
assignment of logic values to different states of the switch,
they can be considered as YES or NOT logic gates.
Furthermore, the bistable switches of sufficiently long
lifetimes of both states should be regarded as molecular

memories, provided what the reading of the switch state does
to induce switching. If the switching process relays not on
a single stimulus but a combination of two or more physical
or chemical triggers (e.g., concomitant change in pH and
temperature), the system should be regarded as a molecular
logic gate, if only the output can be described as a Boolean
function of triggering signals. Any logic gate may be also
generated from two independent switches driven by two
distinct stimuli (cf. Figure 6). The way how they cooperate
determines the Boolean response of the system. Figure 11c
presents this idea for an extremely simple mechanical AND
logic gate. Application of single stimuli does not change the
state of the system, while cooperative interaction of two
stimuli switches the system to its complementary state
(Figure 11c).165

4.1. Chemically Driven Molecular Switches
Numerous chemically driven molecular switches can be

derived from chemosensors. They are molecules or
molecular systems changing their optical or electrical
properties upon interaction with small anions, cations, or
neutral molecules. The use of fluorescence is the most
popular due to very high sensitivity and relatively low
price of measurement. They are the simplest tools that
can transmit information on events occurring at a molec-
ular scale to the macroscopic world.166

Chemically driven molecular switches usually molecules
comprise three main building blocks: receptor moiety, linker
(spacer), and the reporter moiety. Receptor moieties are
specially designed binding sites for triggering ions or
molecules. They should exhibit desirable selectivity and
sensitivity toward selected triggers. The linker, in turn, should
provide electronic communication between the receptor and
reported moieties. There are three main ways of providing
sufficient electronic communication: (i) bridge providing
overlap of π-systems of both moieties, (ii) short σ-spacer
enabling photoinduced electron transfer, or (iii) arrangement
of receptor and reporter using some supramolecular interac-
tions providing perturbation of electronic structure of the
reported moiety.167 The reporter moieties in turn should
significantly (vide supra) change their photophysical, elec-
trochemical, magnetic, or chemical properties to yield an
easily recognizable signal. There are numerous review papers
devoted to chemical sensors and switches;166–190 therefore,
only the basic principles of chemical switching and some
relevant examples are briefly discussed here.

The most common are the systems where the interaction
between the trigger and receptor results in the change of
photophysical properties: changes in absorption and/or emis-
sion characteristics of the reporter moiety. It may also result
in changes of redox potentials, translocation of molecular
fragment within the supramolecular assembly (which may
be also associated with changes in optical or electrochemical
properties as well), chemical reactivity, or magnetic proper-
ties. There are numerous switchable systems of much simpler
architecture: coordination compounds with free coordination
sites or labile ligands show usually strong changes in optical
and redox properties upon the binding of specific ligand.

Chemical switches with optical readout are usually based
on the following photophysical phenomena: photoinduced
electron transfer (PET), photoinduced charge transfer (PCT),
electronic energy transfer (EET), excimer/exciplex formation,
and reorganization of electronic structure of transition-metal-
based chromophore/fluorophore.

Figure 11. Principle of operation of the monostable (a) and
bistable (b) molecular switches. Combination of two simple
switches results in the logic gate (c). See text for details. Adapted
from ref 165.
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The principle of the PET-based chemical switch is shown
in Figure 12. In most cases, the switch consists of a receptor,
which selectively and reversibly binds a trigger, a fluorophore
that provides optical communication between the switch and
the environment, and a linker (even a virtual one)188 that
binds both components together and provides electronic
communication between the receptor and the fluorophore (or
chromophore) if the process is thermodynamically and
kinetically feasible.166 Importantly, the rate of electron
transfer is much faster than the luminescence when PET is
thermodynamically allowed (Figure 12a), and the lumines-
cence of the fluorophore moiety is then quenched. Binding
of the trigger to the receptor drastically alters the thermo-
dynamics to the endoergonic situation (Figure 12b), and
luminescence is not quenched any longer. PET-based lumi-
nescent switches may be triggered by various chemical and
physical stimuli: protons, metal cations, anions, neutral
organic molecules, and even nanoparticles. Depending on
the desired spectral properties and lifetime of the fluorescent
switch, the molecular assembly may include various organic
(anthracene, pyrene, naphthalimides, pyromellitimide, cou-
marins, fluoresceins, pyrazolobenzothiazoles, and diphe-
nylpyrazoles) or inorganic fluorophores (polypyridine RuII

complexes and lanthanide complexes).166,191 Selectivity and
sensitivity of the chemosensors are controlled in turn by
careful design of the receptor part. The large diversity of
possible organic ligands enables designing of the sensors
suited for particular applications.

In the simplest case, the change of the energetics of the
system is caused by electrostatic and electronic interactions
between the receptor and the substrate. If the trigger ion is
an open shell transition metal ion, the quenching occurs upon
binding as PET involves the d orbitals of the metal center.
Although most of the PET switches triggered by protons or
closed shell cations work in OFF/ON fashion (i.e., fluores-
cence is switched on upon binding of the trigger), careful
design of the receptor-fluorophore systems also gave the
ON/OFF switch. Two anthracene-based switches show this
phenomenon. Tertiary aliphatic amines are efficient quench-
ers of anthracene emission, upon the protonation of which
the fluorescence is observed, as in the case of molecule
SWITCH-1. Exchange of the aliphatic amine for pyridine
moiety yields the ON/OFF switch: protonated amine becomes

an efficient quencher (SWITCH-2).192 The fluorescence can
also be easily switched on with lithium and other alkali metal
cations (SWITCH-3).193 Combination of p-toluenesulfona-
mido-quinoline with azacrown yields a very good switch
responding selectively to Zn2+ cations (SWITCH-4).194 On
the same principle, a PET-based switch activated with Cd2+

was constructed from the anthracene fluorophore bearing two
aminoacid side arms (SWITCH-5).195 The opposite effect
(ON/OFF switching on ion binding) was observed in the case
of the fluorescent switch based on quinacridone skeleton with
two diamine pendant arms (SWITCH-6).196 The arms have
long saturated flexible chains, and the amino groups are far
away from the fluorophore. Coordination of metal ions
(Cu2+, Hg2+, Zn2+, Co2+, and Ni2+) changes the geometry
of the pendant arms, the metal ion localizes in close
proximity of the central aromatic ring, and fluorescence is
quenched due to photoinduced energy and/or electron
transfer. A similar effect was observed in the case of the
anthracene fluorophore linked via the amido bond with all-
cis-2,4,6-triamino-1,3,5-trihydroxycyclohexane (SWITCH-
7).197

Extremely intense (Φ ≈ 0.99) fluorescence of alkyl-
substituted perylene tetracarbonyl bis-imide (SWITCH-8) can
be effectively switched on by protonation of the aniline
moiety. Furthermore, its fluorescence can be switched on
upon interaction with various molecules and particles.
Reaction with aldehydes or attachment to TiO2 nanoparticles
activates the fluorescence. Confocal fluorescence microscopy
allows observation of fluorescence from single molecules of
the molecular switch based on perylene bis-imide and
tracking events at molecular level in real time.198

Fluorescence quenching by nonprotonated aliphatic
amines and protonated pyridine moieties was used for the
construction of three-state pH-controlled switches in
micellar systems.199 Triton X-100 micelles were doped with
fluorescent probe (pyrene) and modified with a mixture of
lipophilic aliphatic ternary amines (e.g., N-dodecyl piperidine,
DPi) and lipophilic pyridines (e.g., 2-dodecylpyridine, DPy).
Alternatively, compounds bearing both aliphatic and aromatic
ternary amine groups were used (e.g., N-methyl, N-dodecyl-
2-aminomethylpyridine). At high pH, all of the amino groups
are deprotonated, and the fluorescence of pyrene is quenched
by PET from ternary amino groups. Decreasing pH results
in the protonation of aliphatic and then also aromatic nitrogen

Figure 12. Principle of the PET chemically driven luminescent
molecular switch. The HOMO level of the unbound receptor acts
as an electron donor and effectively quenches the fluorescence of
the reporter moiety (a). Upon coordination of the substrate, the
energy of the HOMO level of the receptor is decreased because of
electrostatic interaction with cationic species, and PET quenching
is no longer possible (b). Reprinted from ref 128. Copyright 2005
American Chemical Society.
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atoms. Protonation of aliphatic groups switches the pyrene
fluorescence on, while further protonation switches it off
again (Figure 13).

An interesting and potentially versatile fluorescent switch
was reported very recently by Harada et al. (Figure 14).200

The system is based on the poly(phenylene ethylene)
modified with �-cyclodextrin moieties attached to the
polymer backbone via ether linkers. The structure of the
polymer is interesting as every phenylene group is flanked
by two cyclodextrins, which makes it water soluble in
contrast to unmodified poly(phenylene ethylene). The poly-
mer easily aggregates in aqueous solutions via intermolecular
π-π stacking; it results in concentration-dependent dual
fluorescence, 450 nm from unaggregated and 493 nm from
aggregated material. Furthermore, polymer fluorescence can
be drastically changed by the formation of inclusion com-
plexes by cyclodextrin moieties. Incorporation of the methyl
viologen derivative decorated with the adamantyl group
results in efficient fluorescence quenching due to efficient
PET. Incorporation of adamantane carboxylic acid or ada-
mantylpyridinium cation results in turn in a hypsochromic
shift of polymer emission due to deaggregation induced by
electrostatic repulsion between charged host molecules. The
system is especially interesting from the point of view of

molecular electronics. A combination of conducting polymer
with a supramolecular host-guest system constitutes a bridge
between molecular electronics and chemically driven mo-
lecular switches.

Another large category of chemically driven optical
switches encompasses the PCT systems. In contrast to PET-
based switches, the receptor and fluorophore (chromophore)
moieties are connected in a way that provides extensive
orbital delocalization between these two parts. One end of
such a molecule is electron rich, while the other is electron
poor; upon interaction with the environment, the electron
distribution may significantly change, thus changing the
optical properties of the switch. In such push-pull systems,
excitation leads to redistribution of electron density and
generation of dipole moment. If the receptor binds a charged
trigger species, the additional charge interacts with the
photogenerated dipole, thus modifying the fluorescence
spectrum. Repulsive interaction results in the hypsochromic
shift (Figure 15a) of absorption and emission bands, while
attraction results in bathochromic shift (Figure 15b).

The main advantage of PCT switches over PET switches
consists in the possibility of usage of several wavelengths
to analyze the state of the switch, and it is essential in
intracellular cation sensing. But from the Boolean logic point

Figure 13. Working scheme for the micellar pH-driven molecular switch. The upper part depicts micelles containing mixtures of two
amines, while the lower part depicts the system with two amino groups within single lipophilic molecule. Amino groups are depicted as
pink triangles, ammonium as red triangles, pyridine moieties as cyan hexagons, and pyridinium as dark blue hexagons. Adapted from ref
199.

Figure 14. Host-guest interactions of cyclodextrin-modified poly(phenylyneethylene) resulting in diverse photophysical changes. Reprinted
with permission from ref 200. Copyright 2006 The Royal Society of Chemistry. The original file was generously supplied by Professor
Akira Harada.
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of view, it enables parallel generation of several binary
variables; in other words, it creates numerous independent
information channels. In this context, the switches with
pronounced concomitant absorption and fluorescence changes
are of special interest. Numerous complex logic systems,
including a molecular arithmetic device, have been built (Vide
infra). The only drawback of PCT-based systems consists
in the necessity of triggering by charged molecules. It is a
significant obstacle for the application of PCT switches as
highly selective chemosensors, and it does not disturb
Boolean systems at all.

PCT-based switches can be derived from well-known pH
colorimetric indicators.201 Very recently, similar systems,
based on donor-acceptor-donor systems, as Hg2+ ion-
driven molecular switches have been reported.202,203 These
switches bear central acceptor moieties: 1,8-naphthyridine
(SWITCH-9) or squaraine coupled with two identical donor
fragments, 1,4-dioxa-7,13-dithia-10-azacyclopentadecane
(SWITCH-10) or diethanoloamine (SWITCH-11), respectively.

The naphthyridine-based SWITCH-9 shows a strong
absorption band at 450 nm. Binding of one mercury
equivalent increases the asymmetry of electron distribution
within the molecule, which in turn results in the bathochro-
mic shift of the lowest energy absorption band. Binding of
the second mercury ion results in turn in a hypsochromic
shift of the low energy band due to interaction of bound
cations with photoinduced dipole moments. This switch, due
to low binding constant, requires high concentrations of
triggering cation.202 This type of switches, with at least three
different states, is described in section 4.5. Dithiazacrown
receptors are characterized by a very high affinity toward
mercury ions, and even very low concentrations are sufficient
to trigger optical changes of the squaraine-based switch
(SWITCH-10). Binding of Hg2+ ions results in a gigantic
hypsochromic shift from 650 to 285 nm.203 Further extension
of donor-acceptor chain results in structures such as
SWITCH-11 as reported by Ajayaghosh and co-workers.
Apart from typical PCT behavior, this molecule can be
regarded as a chemomechanical switch due to cation-
controlled folding and self-assembly (Figure 16a).204–207

Formation of the foldamer or the sandwich dimer results in
dramatic changes of spectral properties of the dye. These
changes are due to the formation of H-like aggregated
structure between chromophoric groups within the same
molecule (foldamer) or belonging to two molecules linked
via the calcium cation (sandwich dimer). Excitonic interac-
tion brings about splitting of the excited-state energy levels,
which in turn results in hypsochromic shift of the absorption
band and decrease of fluorescence quantum yield (Figure
16b), as the transition from the lower excited state is

Figure 15. Principle of the PCT chemically driven luminescent
molecular switch based on the donor-spacer-acceptor architecture.
Binding of cationic trigger to the donor (green) moiety results in
the hypsochromic shift of absorption (emission) band (a), and
binding of the same trigger to the acceptor moiety (red) results in
bathochromic shift of the corresponding transition (b). The multi-
receptor system may exhibit both bathochromic and hypsochromic
shifts upon binding different trigger ions (c), which results in a
multistate molecular switch.

Figure 16. Different self-assembly modes of the extended
squaraine-based donor-acceptor chain with flexible polyether linker
(a) together with corresponding energy diagrams (b). Adapted from
refs 204 and 205.
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forbidden by theory.206 Quite similar effects were reported
for polythiophene and poly(p-phenyleneethynylene) with
incorporated 12-crown-4 and 15-crown-5 moieties upon
interaction with alkali metal cations.208–211

The changes in electronic configuration caused by chemi-
cal triggering are commonly observed in the case of
coordination compounds of transition elements. Changes in
the symmetry of the complex due to coordination of extra
ligands or high spin/low spin transitions usually result in
extensive changes of the spectroscopic signature; magnetic
and/or electrochemical properties also alter significantly. The
same concerns change in geometry with the preserved
coordination sphere due to interaction of ligands with electron
donors and electron acceptors. The latter is especially
significant for cyanide and other pseudohalide complexes.212

Up to now, however, these chromotropic systems based on
metal complexes were not taken into the limelight of
molecular logic devices.

An important group of molecular switches, sensors, and
other devices is based on the electronic energy transfer (EET)
process. The EET systems comprise three crucial elements:
photonic antenna, linker, and fluorophore (usually a lan-
thanide complex). In order to make a fluorescent switch from
the EET photonic device, a receptor group must be incor-
porated into the assembly. This receptor functionality may
be just a labile coordination site at the lanthanide cation;
integration of the receptor functionality with the antenna or
the linker is also possible. Alternatively, the EET switch
function may be based on trigger-controlled assembly of
lanthanide fluorophore with efficient antenna.213 The fol-
lowing examples illustrate the principle of EET switching
in lanthanide-based systems. Excitation of the antenna moiety
results in the formation of the S1 excited state of the organic
chromophore. Intersystem crossing populates the T1 state,
which in turn transfers the electronic energy to the eu-
ropium(III) 5D0 or the terbium(III) 5D4 luminescent states
(Figure 17a).

The first example is a switch containing the europium(III)
ion complexed within tetraaza macrocyclic ligand with four
amide pendant arms. One of the arms contains attached
phenanthroline antenna (Figure 17b). Excitation of the
phenanthroline moiety results in an efficient electronic energy
transfer toward the europium(III) center, which in turn
induces its bright luminescence. This process, however, is
controlled by the redox potential of the phenanthroline
fragment. Deprotonation of the amide linker (yellow circle)
at high pH results in PET rather than in EET, thus leading
to fluorescence quenching and Eu(III) reduction.214 Another
PET-based control over the EET process was observed by
A. P. de Silva in the compound shown in Figure 17c.215 In
the case of unbound azacrown receptors, the efficient PET
quenches the excited state of the polypyridyl ligand, and no
fluorescence is observed. Upon binding of sodium cations
(or potassium in 18-monoazacrown-6), the PET becomes
endoergonic (cf. Figure 12), and EET from the ligand
switches the europium fluorescence on.

Quite recently, the EET processes were applied to trigger
on and off the luminescence of semiconducting quantum
dots, involving electronic energy transfer between the
quantum dot and organic chromophore216,217 or between
quantum dots of different diameter.218

The [1,3]oxazine dye equipped with the methyl 5-(1,2-
dithiolan-3-yl)pentanoyl linker (Figure 18a) can be easily
attached to the CdSe/ZnS core/shell quantum dots. The dye

in the oxazine form does not interact with photoexcited
quantum dots, and strong fluorescence is observed. Upon
addition of a strong base (e.g., tetrabutylammonium hydrox-
ide), the surface dye undergoes a reversible ring opening
reaction yielding 4-nitrophenylazophenolate. Absorption
spectrum of the resulting dye strongly overlaps with the
emission spectrum of quantum dots. This leads to an efficient
Förster energy transfer between quantum dots and 4-nitro-
phenylazophenolate, and thus fluorescence is quenched. The
same linker was used to modify CdSe/ZnS quantum dots
with 15-crown-5 moieties. This assembly allows potassium-
induced aggregation of nanoparticles resulting in Förster
energy transfer between quantum dots of two different sizes
(Figure 18b). In the absence of potassium ions, solutions
containing a mixture of two kinds of quantum dots show
dual fluorescence. Upon the addition of K+ ion formation
of sandwich-type complexes between K+ and 15-crown-5
moieties results in the formation of various aggregates. The
average distance between individual quantum dots decreases
allowing an efficient energy transfer.218 Similar aggregation
of gold nanoparticles via π-π stacking of aromatic surface
groups results in strong electronic coupling between indi-
vidual nanocrystals.219 Recently, systems involving EET
between two organic fluorophores have been reported.220–222

Figure 17. EET-based lanthanide molecular fluorescent switches:
the Jabłoński diagram (a) and two examples of the switches (b and
c). See text for details. Partially adapted with permission from ref
213. Copyright 2005 Royal Society of Chemistry.
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The efficiency of the EET process is modulated by the
geometrical framework of the switch molecule.

The next category of chemically driven fluorescent switches
falls into the excimer/exciplex category. Various aromatic
planar fluorophores, such as anthracene and pyrene, can form
an excimer when an excited fluorophore molecule comes
within close proximity of another molecule of the same kind
within the excited-state lifetime.223 Electronic configuration
of an excited state includes half-filled molecular orbitals,
which can overlap with orbitals of ground-state molecules.
This π-π interaction results in bathochromically shifted,
broad, and featureless emission peaks. The broadness of the
excimer emission is a consequence of Heisenberg’s uncer-
tainty principle: extremely shortly lived ground state gives
a large peak broadening. By analogy, exciplex is formed
when an excited molecule encounters a ground-state molecule
of different structure. Formation of excimer/exciplex is
observed as dual fluorescence: together with an emission
band characteristic for the undisturbed fluorophore, another
one (usually broad and unstructured) can be seen at energies
lower than that of the original fluorescence.

As excimer formation depends on the distance between
the counterparts, the geometrical changes resulting from
interaction between the receptor and the trigger are the key
factors for the operation of the excimer-based molecular
switch.178 Therefore, the excimer-based switches should be
assigned to the category of chemomechanical devices, i.e.,
molecular machines.96,224–227 The prominent examples of the
excimer-based fluorescent switches are molecules resulting
from the incorporation of two anthracene moieties into the
crown ether macrocycle,228 naphthalene moieties tethered
with aliphatic polyamine chains (Figure 19a),229,230 or

pyrene-labeled DNA (Figure 19b).231 Changes in protonation
of the polyamine chain causes geometrical changes resulting
from electrostatic repulsion between two terminal naphtha-
lene fluorophores. Furthermore, additional fluorescence
control by protonation/deprotonation of secondary amino
groups should be considered. As it was mentioned above,
only protonated amines do not quench fluorescence due to
PET process. Therefore, both monomer and excimer fluo-
rescence occur only in a narrow pH window.229 Similarly,
DNA loops or hairpins equipped with pyrene fluorophores
on both ends show excimer emission. In the presence of the
cDNA chain, a hybrid two stranded DNA is formed, which
results in a strong monomer emission with concomitant
disappearance of the excimer emission.231 An analogous
system based on cyclic oligopeptides with pendant pyrene
fluorophores was reported recently.232

Other numerous molecular switches depend on translo-
cation of molecular fragments within molecules or supramo-
lecular entities. As in the previous cases, the chemical
stimulation changes (usually in a reversible manner) the
affinity of some molecular fragments toward some other
components of the system. Rotaxanes and catenanes contain-
ing various donor and acceptor moieties are the best examples
of such switches. Let us consider a rotaxane composed of
polyether macrocycle and a thread containing two stations:
secondary aliphatic amine and bis(pyridine)ethane dication
(Figure 20).233 At low proton concentration, the polyether
moiety interacts with cationic pyridinium fragment. On
addition of strong acid, the secondary amine group gets
protonated, and the macrocycle moves toward amine station.
On addition of base, the thread is deprotonated, and the
macrocycles move toward the pyridinium station.

Related systems were recently reported by Otera et al.234

The [2]rotaxane comprises the polyether macrocycle and a

Figure 18. Reversible transformation of colorless [1,3]oxazine into
strongly colored phenolate and corresponding photophysical pro-
cesses involving oxazine and CdSe/ZnS core-shell quantum dot
(a)216 and potassium-induced aggregation of quantum dots resulting
in Förster energy transfer.218

Figure 19. Switching between the excimer (up) and monomer
emissions (bottom) in various molecular systems: naphthyl-labeled
polyamine chains (a) and pyrene-labeled DNA (b).
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thread with two bipyridinium stations separated by the
bipyridine station. The ring can freely move back and forth
between all three stations. On coordination of copper(I) ion,
the macrocycle must reside at one of the cationic centers,
and its random movement is blocked.

One of the most complex switching system of that kind
was reported recently by Vincenzo Balzani, Alberto Credi,
and Fraser Stoddart with co-workers (Figure 21).235,236 The

switching system comprises two molecular elements: triph-
enylene functionalized with three 24-crown-8 macrocycles
(host) and triphenylbenzene-based trifurcated podand (guest)
bearing three long arms incorporating secondary amine
groups and N,N′-bipyridinium moieties (Figure 21a). Host
and guest molecules in solution form a supramolecular
assembly due to interactions between crown ether moieties
of host and cationic bipyridinium fragments of the guest

Figure 20. Components (a) and proton-driven switching (b) of the [2]rotaxane.233 Coordination-controlled dynamic movements within the
[2]rotaxane containing the central bipyridine unit. Uncoordinated rotaxane shows free movement of the macrocycle along the thread (c),
while coordination of Cu+ results in inhibition of the translational movement (d).234

Figure 21. Structure of the guest (left) and host (right) components of a molecular elevator (a) and proton-induced switching (b). Partially
reprinted from ref 236. Copyright 2006 American Chemical Society.
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molecule (Figure 21b). In the absence of acid, the crown
ether moieties interact with bipyridinium cations. On pro-
tonation, the macrocyclic host molecule moves toward
ammonium cations. This configuration is further stabilized
by the π-π stacking interaction between triphenylene and
triphenylbenzene fragments.

There are other numerous switchable systems, which
undergospatialrearrangementsuponchemicalstimulation.224–227

Another good example of the molecular switch based on
polyether-cation interaction is closely related to the
molecular elevator described above.237 [2]Catenane com-
posed of two interlocked rings bis-p-phenylyne-34-crown-
10 and asymmetrical p-cyclophane containing π-deficient
bipyridinium and diazapyrenium cations can be switched by
subsequent addition of aliphatic amines and trifluoromethane-
sulfonic acid. Initially, the diazapyrenium moiety resides
inside the polyether macrocycle, while the bipyridinium stays
outside. Aliphatic amines form strong charge transfer com-
plexes with diazapyrenium, and the addition of hexylamine
results in circumrotation; diazapyrenium moves outside the
macrocycle, thus forming a CT complex with the base, while
the uncomplexed bipyridinium moves inside. This process
results in significant changes in absorption spectra as well
as the electrochemical signature of the [2]catenane.237 An
analogous switch based on dimethylpyrenium and polyether
macrocycle was reported this year.227 Similar systems based
on cucurbituril238–241 and cyclodextrin242,243 hosts were
reported and reviewed recently.

4.2. Light Driven Molecular Switches
There is a plethora of well characterized chemical systems

in which switching between two, more or less stable, states
can be achieved via optical excitation. In this context, even
generation of an excited state may be considered as switch-
ing, as ground and excited states exhibit significantly different
spectroscopic and electrochemical properties as well as
chemical reactivity. It is, however, well established in
chemical literature that only molecules that undergo signifi-
cant and long-lasting electronic, spectral, or structural
changes upon light absorption are regarded as photochemical
switches.

Three main photochemical processes should be considered
in the context of light-driven molecular switches: photoi-
somerization of molecules with double bonds, light-induced
ring opening and ring-closure reactions, and photoinduced
electron transfer. The latter may result in valence tautom-
erism, which is the basic platform for various magnetic
devices or translocation of components of a supramolecular
assembly due to PET-induced changes in affinity of the
components. The first two phenomena are usually associated
with photochromic systems. Photochromism is defined as a
reversible phototransformation of a molecule between two
forms of different spectral properties. This process, however,
may bring about other, not only spectral changes, e.g.,
refractive index, dielectric constant, dipole moment, oxida-
tion/reduction potential, or geometry of a molecule. The
reverse transformation may proceed upon excitation with
light of different wavelength, on thermal pathway or in redox
processes.

The most important photochromic system, which is also
crucial for information processing is that based on rhodopsin.
Rhodopsin is a small protein containing 11-cis-retinal bound
via Schiff linkage with aminoacid framework. Absorption

of visible light induces cis-trans photoisomerization. Trans-
rhodopsin induces a cascade of reactions, which results in
the vision process.244 Protein similar to rhodopsin, a bacte-
riorhodopsin, is produced by some photosynthetic bacteria
(e.g., Halobacterium salinarum) as light-harvesting antenna.
Applications of bacteriorhodopsin as a switching molecule
and a nanosensor have been reviewed recently.245,246

Other classical switching systems are also based on
cis-trans isomerization of unsaturated systems: diazoben-
zenes and overcrowded alkenes with bulky aromatic
substituents.247–249 Their spectral properties and switching
characteristics can be easily tuned via structural
changes.250 Photoacive liquid crystals251,252 and photore-
sponsive polymers253,254 should be considered as the most
interesting and easily applicable materials. Partial reduction
of one phenyl rings in the azobenzene moiety should result
in much higher photoisomerization quantum yields.255

Several rotaxanes with cyclodextrin host and azoben-
zene-based guest fragments were recently reported.
cis-trans photoisomerization of azobenzene fragment
induces a shift of the cyclodextrin host along the thread.
This shift, in turn, results in the change of optical (circular
dichroism, fluorescence) properties of the assembly to-
gether with absorption changes of the guest moiety. In
the case of the symmetrical nonfluorescent guest (Figure
22a),256 only CD and absorbance changes are observed. The
nonchiral guest chromophore shows cyclodextrin-induced
circular dichroism. The cyclodextrin in the complex with the
trans isomer resides at the azobenzene moiety, which results
in a strong dichroic signal within 350-450 nm. On 360 nm
irradiation, photoisomerization occurs, and the cyclodextrin
moiety moves toward the aliphatic bridge. This change is
associated with the decrease of the CD signal associated with
the absorption band of the azobenzene chromophore with
concomitant increase of the CD signal associated with the
absorption band of the 4,4′-bipyridinium moiety. The Janus-
type rotaxane reported by Kaneda et al.257 is based on the
same principle. This molecular device is built from several
hermaphroditic cyclodextrins, polyether-azobenzene threads
with R-cyclodextrin at one end. In solution, they undergo
self-assembly, yielding long linear oligomers. Their length
can be controlled via photoisomerization of azobenzene
moieties. In this case, very strong changes in CD spectra
are expected. Another system with dichroic activity was
reported this year by Aida et al. Switching was based on
photoisomerization of 4,4′-ethene-1,2-diyldipyridine and
interaction of its cis isomer with zinc porphyrins linked with
ferrocene moiety.258

Another clever application of the light-driven molecular
shuttle with fluorescence output was reported recently by
Tian and co-workers.259 The switch consists of two naph-
thalimide fluorophores linked with the asymmetric azoben-
zene spacer and threaded through the R-cyclodextrin cavity.
In the trans form, the cyclodextrin moiety resides at diazo
group. This results in hindered vibrations and rotations close
to the green fluorophore (Figure 22b) and enhancement of
the 520 nm fluorescence. Photoisomerization upon 360 nm
irradiation results in relocation of cyclodextrin toward the
second (blue) fluorophore, thus resulting in the increase of
blue fluorescence with concomitant decrease in green emis-
sion. The same principle was utilized by Willner et al. to
build the phototriggered electroactive system. The azoben-
zene-containing thread was immobilized onto a gold substrate
via the thiolate anchor.260 The cyclodextrin host fragment
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was additionally equipped with an electroactive ferrocene
moiety (Figure 22c). In the trans isomer, the ferrocene moiety
is located close to the surface of the gold electrode, which
results in a high electron transfer rate. Photoisomerization
of azobenzene fragment results in increased distance between
the ferrocene moiety and the electrode surface. This in turn
results in decreased electron transfer rate. These changes are
observed as the change of the current intensities of anodic
waves associated with ferrocene oxidation.

All of the chemical switches presented above use two
different wavelengths for switching from trans to cis
isomers and vice versa. A very interesting example of a
molecular switch that undergoes trans-to-cis and cis-to-
trans photoisomerization upon irradiation with single
wavelength light came from the laboratory of Hiroshi
Nishihara (Figure 23).261–263 The switches are constructed
from a photoswitchable moiety (azobenzene) coupled to
a redox-active site (ferrocene,262 Co(bpy)3,263 and Cu(b-
py)2).261 It was observed, that depending on the redox state
of the metal center irradiation with monochromatic light of
fixed wavelength can induce both trans-cis and cis-trans
photoconversion. Oxidation and reduction of a redox active
moiety in the proximity of the azobenzene results in relative
change in energies of π-π* and n-π* transitions,261–263 which

are responsible for trans-cis and cis-trans isomerization,
respectively.264 In all of the cases, the reduced form of

Figure 22. Optical switching of rotaxane-based molecular systems: switching of dichroic256 (a), fluorescent259 (b), and electrochemical260

(c) properties.

Figure 23. Photochemical switch with redox-controlled switching
characteristics. Colored circles represent the redox-active moieties
in reduced (green) and oxidized (red) forms, respectively.
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studied complexes undergoes trans-cis photoconversion,
while the oxidized one shows the cis-trans photoisomeriza-
tion. In the case of the copper containing system, changes
in the oxidation state of the central ion induce ligand
exchange reactions due to steric hindrance,261 while in the
ferrocene containing system, the MLCT transition shows
significant photoisomerization quantum yields.262

All of the light-driven switches presented above in
principle can hardly be integrated with any classical or
nanoelectronic circuitry. The only example of a light-
driven nanoelectronic switch was reported (as a theoretical
model) by Slava Rotkin and Ilya Zharov.265 The designed
system comprises a conducting carbon nanotube and biin-
dalylidene with an ammonium group on the aliphatic pendant
arm. The photoswitchable chromophore is equipped with a
6,18-dihydropentacene group, which enables noncovalent
attachment of the molecule to the carbon nanotube via π-π
interactions (Figure 24a). In the cis-form, the cationic group
is relatively far from the surface of the nanotube (Figure
24b) and does not perturb its conducting properties. On
photoisomerization, the cationic moiety approaches the
nanotube surface (Figure 24c). Quantum chemical calcula-
tions (ab initio and DFT) indicate that this process creates
an energy barrier within the carbon nanotube, thus decreasing
the current intensity by 40%. This switch, although not
demonstrated experimentally, constitutes an interesting com-
bination of molecular switch and nanoelectronic device.

The second very large group of photochromic switches is
based on the ring opening/ring closure reactions in photo-
induced electrocyclic reactions. There are six main groups
of compounds that have found numerous applications as
switching molecules: dihydroazulenes and vinylhepta-
fulvenes,266,267 diarylethenes,268,269 spiropyrans,270 spiroxazi-
nes,270–272 naphthopyrans,273 dihydropyrenes,274 fulgides,
fulgimides, and related compounds (Figure 25).275 There are
many others examples of photoswitchable compounds, but
these six classes of compounds are the most widely studied
ones. Photoswitching of all of them involves reversible
formation and opening of rings, and closed-ring forms of
naphthopyrans, spiropyrans, spiroxazines, and fulgides are
colorless, while the opened forms are strongly colored; in
the case of diarylethenes and vinylheptafulvenes, the opened
forms are colorless, and the closed forms are strongly
colored. Photocyclization-based switches belong to monostable

and bistable switches: many molecules have been designed
to achieve thermal stability, and they prospectively can be
applied in molecular memories and as information carriers
on other logic systems. However, numerous molecules
undergo thermal back reactions. This process is disadvanta-
geous from the point of view of long-term information
storage, but for short-term storage and modeling of logic
gates, it does not constitute any obstacle.

Various simple photochromic switches, based on the
abovementioned structures, have been recently reviewed in
the special issue of Chemical ReViews in 2000. Especially
interesting are compounds that along with photochromism
(reversible or irreversible) show other switching features, e.g.,
photocontrol of electron and energy transfer,276 fluorescence
modulation,269,277,278 photoinduced polymer formation,279

photoswitchable supramolecular receptors, photoswitchable
organic magnets,269 optically controlled receptors,280,281

photoswitchable liquid crystalline phases,282 and so forth.
All of the abovementioned phenomena are usually the
consequence of the reorganization of conjugated π-bond
systems, which is especially evident in the case of dia-
rylethenes and related species. Furthermore, numerous light-
driven switches contain two or more photoswitchable
chromophores, which results in multistate switches, e.g.,
multicolored photochromic systems.283 Also the combination
of photochromism and the formation of various coordination
complexes results in complex switching patterns and cation-
driven switching between positive and negative photochro-
mism.284,285 Many of these systems have been extensively
reviewed; therefore, only the most recent systems relevant
for molecular information processing devices are discussed.

Combination of photochromic spiropyrans reporter groups
with azacrown and azathiacrown receptors results in com-
pounds exhibiting complex and cation-dependent photo-
switching patters. Depending on the nature of the cation-
receptor and the cation-photochromic unit interactions various
processes have been observed: thermal isomerization, switch-
ing the photochromism off, reversal of photochromic
reaction.284,285 Similar effects were observed for diarylethene
with pyridine receptor.286 In general, behavior of these
systems is closely related to the operation of PET-based
chemosensors.

Especially promising, from the point of view of prospec-
tive applications in molecular logic systems, are molecules

Figure 24. Molecular structure of the photoactivated switch for controlling electrical conductance of carbon nanotubes (a), its trans (b)
and cis isomers attached to the carbon nanotube. The anchoring group, photoswitch, and the cationic moiety are marked in green, red, and
blue, respectively. Adapted from ref 265.
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with covalently connected different photoswitchable chro-
mophores. They may show multistate photoinduced switch-
ing and/or rerouting (or channeling) of excitation energy or
electrons in conjugated frameworks. Similar effects can be

observed in molecular systems built from electron donor and
electron acceptor moieties separated with a photochromic
linker.

Two bichromophoric systems with three287 and four288

photochemically accessible states have been described
recently. Multimode photochromism of a molecular dyad
consisted of fused dithienylethene (DT) and dihydroazulene
(DH) moieties.287 Both chromophores undergo ring opening/
closure reactions upon excitation. Three of four possible
isomers have been detected and spectroscopically character-
ized. Due to thermal instability of the open ring form of
dihydroazulene, the dyad is not very suitable for more
complex switching devices.

The multiaddressable system of Branda and co-workers288

comprises 1,2-dithienylcyclopentene and phenoxynaph-
thacenequinone (Figure 26). The components of this dyad
exist in two distinctively different forms. Dithienylcyclo-
pentene (DE) can exist in two thermally stable forms, opened
(DEo) and closed (DEc), while phenoxynaphthacenequinone
in trans- (PQt) and ana- (PQa) forms, respectively. Absorp-
tion spectra of the dyad are essentially equivalent to the
spectra of isolated building blocks, thus indicating no
significant electronic interaction between the two chro-
mophores, but photochemical reactivity of the dyad is
different from the reactivity of the 1:1 mixture of the
components. Due to the thermal stability of all components
of the dyad and weak electronic coupling between photo-
chromic moieties, all possible forms of the DE-PQ dyad are
stable and can be generated using only optical stimulation
of proper spectral characteristics: DEo-PQt, DEc-PQt, DEo-
PQa, and DEc-PQa. Due to the different spectral properties
of the DEo, DEc, PQt, and PQa moieties, all four forms of
the dyad can be easily detected spectroscopically. The most
thermodynamically stable form is the DEo-PQt isomer. Its
irradiation with 313 nm light induces ring closure of the
dithienylethene moiety resulting in the DEc-PQt form.
Irradiation with 365 nm light, in turn, induces both ring
closure and photoisomerization of the naphthoquinone
moiety. Further photochemical processes are depicted in
Figure 26. Although the PQ cannot be addressed independent
of the DE moiety, all four states can be photogenerated on
the basis of different reaction quantum yields (hence different
irradiation times are required to produce photostationary
states related to the different chromophoric moieties). Due
to the electrochemical activity of the naphthoquinone moiety,
further development of the system resulting in more complex
switching pattern should be possible.288

Various systems for routing of electron and electron
transfer pathways have been designed and experimentally
tested. A simple photochromic switch based on dithie-
nylethene was reported by Kawai and co-workers from
Kyushu University in Fukuoka.289 The terthiophene moiety
was further substituted with one, two, or three phenyl rings,
thus resulting in a large π-conjugated framework. Photo-
chemical ring closure reactions change the bonding pattern
of the molecule, thus resulting in different double bond
conjugation. In opened forms, double bond conjugated
systems connect 5 and 5′ carbon atoms and its aromatic
substituents. On ring closure, the conjugation between these
atoms in broken, while the other, between the 5 and 5′′
carbon atoms, is formed. The authors suggest the application
of these photonic rerouters as switching elements of logic
gates (Figure 27).

Figure 25. Structures of opened (left) and closed (right) forms of
various representatives of the photochromic switch families. From
top to bottom: dihydroazulene, dihydroindolizine, diarylethene,
dihydropyrene, spiropyran, spiroxazine, naphthopyran, and fulgide.
Colored forms of photochromic compounds are marked with
shading.
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Much more promising photoswitching was observed in
thecaseof thedithienylethene (DE)-porphyrin (P)-fullerene
(C60) triad (Figure 28a) by Devens Gust and co-workers.290

The triad does not show any significant porphyrin fluores-
cence in either open or closed forms due to a very efficient
photoinduced electron transfer processes. When the DE is
in the open form (DEo), the porphyrin singlet excited state
generated by visible illumination undergoes photoinduced
electron transfer with a time constant of 25 ps to the C60

unit to give DEo-P+-C60
- with a quantum yield of unity,

which decays to the ground state with a time constant of 3
ns. Upon excitation with UV light, dithienylethene undergoes
ring closure reaction. When the DE is in the closed form
(DEc), the porphyrin first excited singlet state generated by
visible illumination is quenched by the energy transfer to
the DE moiety within 2.3 ps, precluding significant electron
transfer to the fullerene. Therefore, the switching unit controls
the pathway of porphyrin excited-state deactivation between
electron transfer and electron transfer, observed for opened

and closed forms of the dithienylethene, respectively. The
photonic switching of photoinduced electron transfer in the
triad can be cycled many times and could prove useful in
the construction of molecular-scale optoelectronic devices
(Vide infra). Other photoisomerizable moieties, such as
dihydropyrene, yield similar results. Similar behavior of
the molecular triad was observed by H. Port and co-
workers form Stuttgart University.291 The donor-acceptor
system (anthracene and coumarin, respectively) was sepa-
rated by a photoisomerizable fulgimide bridge (Figure 28b).
In the case of the opened form of the fulgimide bridge, the
molecular orbitals of all three subunits are decoupled. Upon
excitation of the anthracene moiety, only the fluorescence
of the coumarin unit is observed due to efficient electronic
energy transfer. Upon photoisomerization of the fulgimide
bridge, the first excited state of fulgimide is lower than the
anthracene one, and it traps the excitation energy.

Figure 26. Photochemical reactions of the 1,2-dithienylcyclopentene-phenoxynaphthacenequinone dyad.288

Figure 27. A series of photoswitchable molecular rerouters.289

Frameworks of conjugated bonds are marked in red.
Figure 28. Structure of the DE-P-C60 triad (a) and the structure
and corresponding energy diagrams for the anthracene-
fulgimide-coumarin triad (b).
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A photoswitchable device, which is the closest to its
electronic equivalent, was reported recently by Gust and
co-workers. The idea of the device is similar to that shown
in Figure 28, but instead of selecting the excited-state
deactivation pathway, the system is capable of directing
a photoinduced electron transfer reaction toward the
desired electron acceptor. The switching molecule com-
prises three building blocks: porphyrin chromophore/
electron donor (P), fullerene electron acceptor (C60), and
a dihydroindolizine photoswitchable unit (DHI, Figure
29a).292 Excitation of the porphyrin chromophore at 650 nm
results in the generation of the DHI-1P-C60 excited state.
Within a nanosecond, the photoinduced electron transfer
proceeds, finally yielding the DHI-P+-C60

- charge separated
state, characterized by absorption at 1010 nm, corresponding
to the fullerene anion radical. UV irradiation (366 nm) results
in photoisomerization of the dihydroindolizine (DHI) to the
betaine (BT) form (Figure 29b). Subsequent irradiation at
650 nm does not produce the 1010 nm absorption, thus
indicating the alternative electron transfer pathway that yields
the BT--P+-C60 product. The system can be thus regarded
as a double throw switch (Figure 29c, d) directing flow of
electrons toward two different destinations. Other photoactive
electronic switches have been reviewed recently by Andrew

C. Benniston293 and quantum chemical analysis of related
switches was presented by Stanislav Nešpùrek and col-
leagues.294–296

A dithienylethene (DE) photoswitch reported by Kim
et al. with attached donor (D) and acceptor (A) groups
(Figure 30a) was used recently for the fabrication of the
photoelectric switching device (Figure 30b).297 The general
structure of the switch resembles that of molecular photo-
diodes: donor and acceptor moieties are separated by an
aromatic linker. In this case, however, the linker can change
its electronic properties on demand: from nonplanar (and thus
unconjugated) opened form and fully conjugated, planar
closed form. In the closed form the conjugation extends on
the two benzothiophene groups and to the donor and acceptor
substituents. Introduction of donor and acceptor functional-
ities significantly influences the spectral properties of both
forms and results in a bathochromic shift of the low energy
absorption bands. Furthermore, the cyclization quantum yield
is increased to 0.52 (0.34 for unsubstituted compound), while
the ring opening quantum yield is decreased (0.01 vs 0.06
for unsubstituted one). Both compounds form stable and
homogeneous dispersion in polystyrene yielding transparent
composite films containing up to 30% of the photochromic
dye. These films can be produced on conducting substrates
(Figure 30b). Polymeric films containing the opened form
of the dithienylethene switch are characterized by low
electrical conductivity (Figure 30c). On irradiation, however,
the conductivity significantly increases, and voltage-current
characteristics shows typical rectifier behavior. Nanoscale
versions of this device were reported recently.298–301 The
photoswitchable nanodevice (Figure 30d) comprises two
polyrotaxane nanowires (poly p-phenylenethene + R-cyclo-
dextrin) equipped with thiolate alligator clips and photo-
switchable unit (diarylethene). It was found that the electrical
conductivity of the nanowire can be changed via optical
stimulation: the opened form of the photoswitch results in
high electric resistance of the nanowire, while on photo-
chemical ring closure, the resistance decreases by 2 orders
of magnitude.298 Very similar effects were observed for
arrays of gold nanoparticles bridged by thiol-terminated
diaerylethene.299 Further miniaturization can be achieved
when the photochromic moiety separates two electroactive
centers, e.g., transition metal complexes, as shown by Akita
and co-workers302 or by bridging two carbon nanotubes with
the photoswitchable unit.301 Theoretical investigations on
electrical conductivity through long diarylcyclopentene nanow-
ires were reported recently by Yoshizawa and co-workers.303

A very special category of photoactive switches can be
built on the basis of supramolecular complexes: rotaxanes
and catenanes. These complexes are made from electron
donor and electron acceptor subunits engaged in inter-
molecular charge transfer interactions. Furthermore, the
supramolecular assemblies contain photosensitizers co-
valently attached to one of the counterparts of the
assembly. Excitation of the photosensitizer results in PET
reaction between the photoactive center and the electron
acceptor. Ruthenium(II) bipyridine and rhenium(I) bipy-
ridine carbonyl complexes are commonly used in these
light-driven molecular switches. The photoswitchable
supramolecular assembly presented in Figure 31 comprises
the following building blocks: polyether p-cyclophane and
a thread consisting of ruthenium bipyridine photosensi-
tizer, rigid terphenyl spacer, two viologen-type electron
acceptors, and a bulky stopper.304–306 In the ground state,

Figure 29. Structures of dihydroindolizine (a) and betaine (b)
forms of the photoswitchable triad. Switching of the triad is shown
as changes of transient absorption at 1000 nm (c). Energy diagram
of the system (d) illustrates the photophysical behavior of the switch.
Partially reprinted from ref 292. Copyright 2005 American Chemi-
cal Society.
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the macrocyclic ring resides at the terminal viologen
station due to strong charge transfer interactions. Photo-
excitation of the ruthenium(II) moiety results in photo-
induced electron transfer from RuII to the terminal

viologen station. Formation of the cation radical desta-
bilizes the rotaxane and induces shuttling movement of
the macrocycle toward the dimethylviologen station. Back
electron transfer returns the electronic structure of the

Figure 30. Photoswitching of the D-DE-A triad results in increased electrical conductivity due to extension of bond conjugation (a).
Structure of the thin film photocell consisting of the photochromic layer deposited between gold and ITO contacts (b). Voltage-current
characteristics of the device before (dashed line) and after (solid line) irradiation (c). Nanoscale equivalent of photochromic electric switch
equipped with thiol allegator clips (d) and its voltage-current characteristics (e). Reprinted with permission from ref 297. Copyright 2006
Elsevier. Reprinted from ref 298. Copyright 2006 American Chemical Society.

Figure 31. Structure of the photoswitchable rotaxane (a) and schematic representation of photoinduced shuttling movement of the polyether
macrocycle between the two viologen-like stations (b).
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thread component to the original state. As a consequence
of electronic reset, the macrocycle moves back to the
viologen station. This photocontroled molecular shuttle
is an example of a large class of molecular abaci
developed recently. Other systems based on a similar
principlewerealsoreported307,308andreviewedrecently.309,310

The same approach can be used for rotation control of a
catenane.311,312 Related molecules have been successfully
applied as molecular logic gates and in nanoelectronic
circuits. Integration of optical switches with electronic
devices is very important because of the development of
optical devices in telecommunication networks.90,313

4.3. Redox Driven Molecular Switches
Electrochemically driven molecular switches are another large

class of molecular systems with prospective application for
information processing. There are numerous chemical systems
in which the changes in optical properties (absorption, fluores-
cence) or molecular geometry/conformation can be controlled
and/or switched by redox reactions.314 There are three main
categories of electrochemically switchable molecular sys-
tems: supramolecular assemblies in which translocation of
molecular fragments is induced by electrochemical processes,
electrochemical control over photoinduced energy/electron
transfer, and electrochromic switches.

The supramolecular light-driven molecular switches
based on donor-acceptor building blocks can be also
addressed electrochemically: selective oxidation/reduction
of some components results in identical changes in the
supermolecule geometry. There are two main classes of
electrochemically active compounds, which show geo-
metrical/topologic changes upon oxidation/reduction. The
first class encompasses various transition metal complexes
containing two different sets of donor atoms within one
supramolecular assembly. Upon change in oxidation state
of the central metal ion, the geometry of the supermolecule
rearranges to achieve the most favorable coordination
environment around the metal ion. Such a system was
reported recently by Abraham Shanzer and Anne-Marie
Albrech-Gary et al.315 The electroswitchable systems
consisted of a large ligand incorporating two sets of
tetracoordinating cavities, N2O2 and N4, based on hydroxo-
quinoline and bipyridine moieties, respectively. The first
cavity preferentially binds Cu2+ cations, while the latter binds
Cu+. Sequential reduction and oxidation of the metal center
results in translocation of the copper ion between the two
binging sites. Related systems were developed and reviewed
by Jean-Pierre Sauvage et al. and are the basis for the
nanometer scale model of muscles.316,317

Frequently studied electroactive molecular switches are
based on supramolecular assemblies containing donor and
acceptor moieties incorporated into pseudorotaxanes,
rotaxanes, or catenanes. Oxidation of donor or reduction
of acceptor moieties results in weakening of interaction
and subsequent dissociation or rearrangement of the
supermolecule (cf. Figure 31b). This in turn dramatically
changes the electrochemical and/or optical properties of
the system. Commonly used electron donors include the
following moieties: ferrocene, 1,5-naphtalenediol, 2,2′-
bis(1,3dithiolylidene) (also known as tetrathiafulvalene),
and others, while common electron acceptors are based
on viologen framework. Some of these systems have found
application in prototypical nanoelectronic devices. Most
of these devices contained electrochemically active ro-

taxanes or catenanes deposited on conducting support and
evaporated metallic contacts atop the supramolecular
layer.318–323 Changes in electric potential between the
electrodes results in redox switching of the supramolecular
entities. This switching results in geometrical rearrange-
ments, which in turn affect the tunneling current.324–326

Carbon nanotubes can also provide a support for polymer-
bound supramolecular switches.327–329 Even more complex
devices can be made when the molecular switches are
incorporated within the crossbar circuits.330,331

An interesting combination of an electrochemically driven
molecular switch and molecular-scale power supply was
presented recently by Jeffrey I. Zink and J. Fraser Stoddart.332

The device is built from the photoactive tetrathiafulvalene-
porphyrin-fullerene triad acting as light harvester and charge
separation system and a electroswitchable pseudorotaxane
(Figure 32). 332 Excitation of the dyad results in a photoin-
duced electron transfer reaction, yielding the charge-separated
state with an electron localized on the fullerene moiety.
Reaction of the fullerene anion radical with viologen-based
cyclophane results in destabilization of the supramolecular
entity and dethreading of the pseudorotaxane. This device
is closely related to the photosensitized solar cells: the triad
harvests light and generates photocurrent, while the cyclo-
phane is a redox mediator regenerating the photoactive
system.333,334 A variation to this scheme was recently
designed by Fraser Stoddart and Alberto Credi with co-
workers.335 The new system (Figure 32b) contains the
photoactive charge generator and the switchable rotaxane
integrated within single supermolecule. Preliminary experi-
ments indicate, however, that the operation of these devices
can be strongly perturbed by strong intramolecular charge
transfer association and formation of various foldamers.335

Another combination of the electrical and optical activity of
the molecular switch was presented recently by Ben. L. Feringa
et al.336,337 It was found that photoactive dithienylcyclopentenes
can undergo oxidation-induced ring opening and ring closure
reactions depending on the substituents in the central and
terminal rings. Hexahydrodithienylcyclopentenes bearing aro-
matic pendant groups undergo the oxidative ring closure reaction
along with typical photochemical ring opening and ring closure
processes. Fluorination of the central ring changes the electro-
chemical reactivity of the molecule dramatically; oxidation
results in the ring-opening reaction. Further modification of the
molecule via introduction of methoxy groups into the pendant
phenyls induces reversal or electrochemical reactivity. Similar
coupling of photoisomerization and electroisomerization was
found in the ferrocenyl derivative of hexahydrodithienylcyclo-
pentene338 and N-methylpyridinium substituted dithienylcy-
clopentenes.339

Electrochemical control of energy transfer processes in
multiporphyrin arrays strongly resembled the control of electron
flow through the electronic circuits. The studies systems
comprising the light harvesting moiety (difluoroboron-dipyrrin)
covalently linked with triporphyrinic array containing zinc
porphyrin (ZnP), magnesium porphyrin (MgP), and free base
porphyrin (H2P) connected in linear (SWITCH-12) or T-shaped
fashion (SWITCH-13) via diphenylethyne bridges.340–342 In the
optoelectronic gate, a boron-dipyrrin chromophore (BDPY)
plays a role in the input unit, the zinc porphyrin is the
transmission unit, and a free base porphyrin is the output unit,
while the magnesium porphyrin moiety controls the energy flow
through the system. In the neutral state, excitation of the BDPY
results in fast (17 ps) energy transfer to the ZnP fragment and
further to the H2P unit (45 ps). The same processes take place
in the T-shaped system. In both cases, fluorescence is observed
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exclusively from the free base porphyrin fragment (Figure 33a
and b). Oxidation of the magnesium porphyrin moiety results
in lowering of the MgP energy level, which in turn results in
almost complete fluorescence quenching (Figure 33c and d).

In contrast to previously discussed devices, which can be used
for both information processing and storage, the numerous elec-
trochromic systems can be used mainly for visualization purposes,
e.g., in electrochromic displays. There is a great number of
compounds showing electrochromic effects, but the most com-
monly used ones are Prussian blue and viologen derivatives as well
as various polythiophene-based materials.343,344 This subject is,
however, out of the scope of this review.

4.4. Magnetic Switches
Magnetic phenomena were one of the first bases for information

storage in electronic devices.345,346 Recent development of coor-
dination chemistry, material science, and nanotechnology resulted
in new magnetic materials347–350 of prospective application in
information storage and processing.351 The most promising are
the materials showing the spin crossover (SCO) phenomenon.
Magnetic properties the SCO systems can be switched on
and off upon thermal, optical, mechanical, or magnetic
stimulation. Numerous systems showing SCO effects as well
as various applications of inorganic SCO materials have been
reviewed in three special issues of Topics in Current
Chemistry352 in 2004 and very recently in Coordination
Chemistry ReViews,353–358 Angewandte Chemie,359 Journal
of Photochemistry and Photobiology,360,361 and Chemical

Communications.362,363 Therefore, only a brief description
of the SCO processes is given here.

Spin crossover systems can easily mimic the fundamental
YES and NOT gates. This may be considered as a limitation,
but as input and output do not need to share the same
transmission channel, the SCO devices can transduce various
chemical, magnetic, or optical signals into other information
channels.

Spin crossover processes are mostly observed in transition
metal complexes of d4-d7 electronic configuration as these
ions (complexes) may be present in high spin or low spin
configuration, depending on the competition between strength
of the ligand field and electron pairing energy. Progressive
change in the ligand field may result in the two spin states
being almost equienergetic, and the electronic configuration
may change with the application of external stimuli such as
temperature, pressure, illumination, or magnetic field.364 The
most interesting, however, are the systems where switching
can be induced by light or by magnetic field.

As light is a very convenient communication channel in
molecular systems, optical switching of magnetic properties
is especially interesting. It can involve two highly important
processes: light-induced excited spin state trapping (LIESST)
and ligand-driven light-induced spin change (LD-LISC). The
LIESST process was first observed for the Fe(II) complex
with propyltetrazole. The mechanism of LIESST for FeII

complexes is shown in Figure 34a.365

Excitation of the 1A1 ground state within the allowed
transition yields the 3T1 ligand field excited state of the
nanosecond lifetime. It can subsequently decay via two
intersystem crossings to the 5T2 high spin state. As the 5T2

f 1A1 transition is not spectroscopically allowed, the lifetime
of this high spin excited state is long at low temperatures.
Therefore, optical pumping of the low spin materials within
the 1A1 f

1T1 transition results in the population of the 5T2

state and formation of the high spin fraction. This metastable
excited state can be converted to the 1A1 ground state either
thermally or photochemically via irradiation within the 5T2

f 5E transition (so called reverse-LIESST) (Figure 34a).
There are numerous molecular systems showing pho-

tomagnetic effects. To the most widely known belong FeII

complexes with nitrogen-containing heterocyclic ligands,
transition metal complexes with TCNE and TCNQ
ligands,366,367 Prussian blue analogues, and other coor-

Figure 32. Schematic representation illustrating how the light-
driven power supply, the TTF-porphyrin-fullerene triad, provides
the electrical energy to dethread a [2]pseudorotaxane. The curved
arrows indicate the vectorial electron transfer (PET) from the
photoexcited porphyrin chromophore to the C60 component, fol-
lowed by a charge shift to the TTF component, and finally a charge
neutralization by the Au electrode in a closed circuit. Subsequently,
the electron is transferred to the pseudorotaxane, leading to the
dethreading reaction before the electron is passed onto the Pt counter
electrode (a). The same device integrated into a single supermol-
ecule (b). Reprinted with permission from ref 332. Copyright 2005
Wiley Interscience. Reprinted from ref 335. Copyright 2007
American Chemical Society.
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dination polymers with cyanide and oxalate bridges.360,368

Especially promising are cluster and polymeric systems,
where photomagnetic effects are associated with MMCT
transitions, and the magnitude of magnetization is ampli-
fied by magnetic ordering within these materials369–371

resulting from efficient communication between paramag-
netic centers.372 Very good examples of such systems are
polymeric cobalt(III) hexacyanoferrates(II)373 and copper(II)
octacyanomolybdates(IV).374 The ground states of these
materials can be described as diamagnetic CoIII-N′C-FeII

and paramagnetic CuII
2-N′C-MoIV polymeric assemblies,

respectively. On photoexcitation within the MMCT transition,
metastable excited forms CoII-N′C-FeIII and
CuICuII-N′C-MoV are formed. Both excited forms show
long-range ferrimagnetic ordering (Figure 34b).

Other processes may include photoinduced electron trans-
fer reactions between metal centers and redox-active ligands,
such as catecholates and semiquinones, phenoxyls, triph-
enylmethyl radicals, nitroxides, and so forth.366,375–377

Photomagnetic phenomena are also observed in transition metal
complexes with photoisomerizable ligands. These effects are based
on the ligand-driven light-induced spin change (LD-LISC) phe-
nomenon. The effect consists in modulation of the ligand-field
strength of a suitable spin-crossover complex through a photo-
chemical reaction on the ligand. It allows switching of the electronic
spin state of the metal ion by means of light over a broad range of

temperatures possibly including room temperature. Among the
photochemical reactions capable of triggering the spin conversion
reversibly, the cis-trans photoisomerization is the most studied
one. The occurrence of the LD-LISC effect was shown in several
iron(II) or iron(III) complexes (SWITCH-14, SWITCH-15). On
varying the molecular components, the working temperature and
excitation wavelengths were modulated so that the effect could be
observed at room temperature upon irradiation of the sample with
visible light.378

Much less common are systems that undergo spin cross-
over upon magnetic field variations. In all of the SCO
systems, application of the static magnetic field stabilized
the high spin state. It usually demonstrates as a downward
shift of the transition temperature, which can be described
as a quadratic function of the magnetic field intensity, and
significant spectral changes corresponding to low spin-high
spin transition. The effect was observed for FeII-thiocyanate
complexes with phenanthroline and 4,4′-bis(1,2,4-triazole).379

Thermal and photoinduced switching of magnetic properties was
also observed for various organic systems. As cross-linking of
organic radicals is a strongly favored process, special care must
be taken in designing organic molecular magnetic materials.366

Reversible thermal switching of magnetic properties was
observed for a series of dithiazolopyrazinyl radicals in solid
state. Different crystal phases of different spin interactions

Figure 33. Representation of photophysical processes occurring
in the linear porphyrinic optoelectronic gate in neutral (a) and
oxidized form (c). Schematic energy level diagrams for the lowest
excited states in the neural (b) and oxidized (d) form of the gate.
Adapted from ref 341.

Figure 34. Mechanism of LIESST (red arrows) and reverse LIESST
(blue arrows) effects for Fe(II) complexes (a). Schematic representation
of long-range magnetic ordering in copper octacyanomolybdate (b).
Cu centers are marked in cyan, while Mo is in yellow.365,374
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have been detected, and the mechanism of the spin transition
is proposed. It is proposed that transition between the low
temperature diamagnetic form (containing dimers of radicals)
and the high temperature paramagnetic phase consists in
slippage or a domino cascade-type of crystal structure
rearrangement, depending on the structure of the radicals.380

Photoswitching between dia- and paramagnetic forms was
achieved in molecular systems containing two tetrameth-
ylimidazoline oxide oxyl radicals coupled with photochromic
bis(benzothienyl)hexafluorocyclopentane (cf. section 4.2,
Figure 25). In an opened form, two radical groups are
independent, while in closed forms, unpaired electrons are
efficiently coupled via the conjugated bond framework.381,382

4.5. Multistate Molecular Switches
The switchable molecules described so far exist in two stable

forms of different spectral, electrochemical, or magnetic proper-
ties. They are direct analogues of simple electric switches
existing in two easily distinguishable states, which can be
denoted as ON and OFF states. It is possible, however, to find
molecular systems that respond to stimulation in a more
complex fashion. These molecules and molecular systems can
exist in more than two distinguishable stable states and can
therefore be related to multivalue logic systems. These multistate
switches may be based on multichromophoric photochromic
compounds, molecules undergoing orthogonal photochemical
and electrochemical switching, supramolecular assemblies with
equivalent or nonequivalent redox centers, fluorescent sensors
capable of binding more than one target substrate or rotaxanes,
and catenanes with a higher number of stations.

An interesting example of the three state photochromic
switch was presented some time ago by R. H. Mitchell and
co-workers.383 The switching molecule contains two identical
dimethyldihydropyrene photochromic switches linked with
the chrysene moiety (Figure 35). Irradiation of the compound
with full light of the tungsten lamp results in opening of
both rings. Irradiation of the opened form within the chrysene
absorption band (360 nm) results in photochemical closure
of one ring. Prolonged irradiation or thermal reaction results
in closure of the second ring. All three forms differ in the
extension of the conjugated framework and therefore possess
distinct optical and electrical properties.

An even more complex photochromic system with six
stable states was reported the same year by F. Diederich.384,385

In contrast to the previous example, the switching molecule
contains two different photoisomerizable units: the dihy-
droazulene and tetraethylynethene. The switch is further
complicated by the presence of the dimethylaniline moiety,
protonation of which changes the photochemistry of the
molecular assembly. Taking into account all possible forms
of all of the components, it appears that there are eight
possible forms of the switch (protonated and deprotonated,
cis and trans, and opened and closed). Detailed spectroscopic
analysis revealed the presence of six of them, and the detailed
chemical transformations are shown in Figure 36.

Other systems showing complex switching pattern are based
on the SP-MC photochromic couple and redox active TTF
molecule. Photoisomerization changes many other chemical prop-
erties, such as redox potential, pKa or coordinating properties of
the SP-MC system. Combination of the photoswitchable SP unit
and redox active tetrathiafulvalene (TTF) yielded an interesting four
state molecular switch.386 The photochemical activity of the
SP unit within the SP-TTF dyad is almost unchanged as
compared with the reference unsubstituted spiropyran.
Chemical oxidation with Fe3+ of the SP-TTF leads to

immediate oxidation of the TTF moiety. Photoisomerization
of the SP unit to the MC one results in back electron transfer,
yielding FeIII species, which are complexed in turn by the
MC moiety, and TTF. In general, the redox state of the TTF
unit within the TTF-SP dyad in the presence of ferric ions
is controlled by the state of the photochromic moiety.

Other numerous spiropyran-merocyanine systems have
evolved into chemical logic gates or more complex systems
and are described in detail in section 6. Other examples
include dithienylethenes with the reactive 2-hydroxyphenyl
substituent. Esterification of the OH group enables photo-
chemical ring opening and closure reactions, while hydrolysis
of ester stabilizes the opened form and prohibits photochemi-
cal ring closure, presumably due to efficient energy transfer
to the hydroxyphenyl moiety.387

Multistate electrochemical switching, similar to photochemical
switching, can be observed in systems containing several equivalent
or nonequivalent redox centers. In the case of two redox centers,
there are three possible distinct forms: fully oxidized, fully reduced,
and the form where one redox center is oxidized and the other is
reduced. The number of distinguishable states may be further
increased taking into account protonation or other equilibria and
processes involving some of the species.

A series of interesting systems containing up to four redox
centers was reported recently by D. Zhu.388 The switching
molecule (Figure 37) combines the properties of the molec-
ular building blocks: binaphthalene (BN) and tetrathiaful-
valene (TTF). Absorption and CD spectral studies clearly
indicate that the CD spectra resulting from axial chiral
binaphthalene units can be modulated through the redox
reactions of TTF units, which means new chiral molecular
switches can be established on the basis of binaphthalene

Figure 35. Three-state photochromic switch based on dihydropyrene
(blue)-cyclophenadiene (red) photoisomerization. Adapted from ref 383.
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molecules with TTF units.388 In the fully reduced form of
the switch (with two neutral TTF units), the two TTF units
interact weakly due to π-π stacking interaction, which results
in a large dihedral angle (∼74°) between two naphthalene
units. One electron oxidation of TTF units results in the
cation radical, which exhibits very strong interaction.389 The
interaction decreases the dihedral angle, which results in an
increase of dichroic absorption. Further oxidation yields the
TTF dications, which strongly repulse each other. This in
turn results in an increase of the dihedral angle between the
BN units and a decrease of the dichroic signal. In addition,
the manner of the CD spectrum modulation has been found
to be dependent on the way TTF units are linked to the
binaphthalene skeleton, in terms of linker length, the posi-
tions for substitution, and the number of TTF units.388

Another TTF-based electroactive three-state molecular switch
was described by Vincenzo Balzani and co-workers.390 A
supramolecular assembly of tetrathiafulvalene and viologen-
based cyclophane is formed in solution containing both
components (Figure 38a). Addition of 1,5-dinaphtho-
[38]crown-10 (Figure 38b) does not change the properties
of the systems, and the TTF guest stays within the cyclo-
phane. Oxidation of TTF to the corresponding cation radical
results in decomposition of the host-guest assembly due to

the decrease of charge transfer interaction between the
components. Further oxidation of TTF to the dication yields
the new supramolecular complex. TTF2+ is a good electron
acceptor, and it forms a complex with the crown ether host
(Figure 38c). Therefore, the state of this simple molecular
switch can be easily controlled by potential (Figure 39d).

As envisioned by authors of the work, this simple molecular
system can be further extended via the addition of chromophoric
pendant groups to the molecular components. This would result
in a system capable of controlling the photoinduced electron and/
or energy transfer between the building blocks.

Other three state electroactive molecular switches with
nonequivalent redox centers described recently are based on
the terthiophene-fullerene dyad391 and polychlorotriphenyl-
methyl-ferrocene assembly.392

5. Two Input Chemical Logic Gates
The idea of computation at the atomic or molecular level

was first mentioned by Richard Feynman in 1959.121 It took
over 30 years for the first practical implementation of
Feynman’s ideas; the first molecular machines were reported
in 1992 by Vincenzo Balzani and co-workers.393 The work
by Balzani et al. describes the first molecular devices based

Figure 36. Three dimensional switching diagram of the dihydroazulene-dimethylaniline-tetraethynylethene photochromic switch. Reprinted
with permission from ref 384. Copyright 1999 Wiley-VCH.

Figure 37. Schematic illustration of the three states of the binaphthalene-tetrathiafulvalene switch showing different dihedral angles after
partial and complete oxidation of the TTF units. Reprinted from ref 388. Copyright 2006 American Chemical Society.
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on molecular recognition and self-assembly. Nowadays,
rotaxanes and catenanes are elements of molecular logic gates
and nanoelectronic devices. Only a year later the first
molecular logic gate was reported by A. Prasanna de Silva.140

The first logic gate has emerged from fluorescent probes
based on molecular recognition of target molecules.394–397

These gates and other devices were controlled exclusively
by chemical signals, while the output was observed as
changes in fluorescence and absorption spectra.

During the last dozen or so years, great progress in the
field of molecular logic gates was achieved. There are
hundreds of chemical systems that are capable of complex
information processing at the molecular level. Information
can be fed in as chemical, optical, or electrical signals, while
the result is retrieved in most cases as optical or electric
signals. The next sections discuss in detail various kinds of
simple chemical logic gates and more complex computational
circuits based on molecular and nanocrystalline systems.

5.1. All-Chemical Logic Gates
5.1.1. OR Gates

The OR gate, which computes the logic sum of two input
variables (cf. Table 2), is the easiest to be implemented in
molecular systems. Most of the all-chemical OR gates
described in the literature are based on fluorescent sensors
that respond in the same way to at least two different
molecular targets. Despite the simplicity of the chemical
implementation of the OR function, only a few purely OR-
type gates have been reported so far.

The OR-1 gate is based on the PET phenomenon. The
tricarboxylate receptor part can successfully bind magnesium
and calcium ions. This nonselectivity constitutes the basis

of OR operation. On ion binding, the electronic structure of
the molecule is rearranged (cf. Figure 12), and fluorescence
of the fluorophore is switched on.398

The same behavior was observed in the trianthryl cryptand
system OR-2 and its analogues with different cage dimen-
sions.399 Fluorescence on the anthryl moieties is efficiently
quenched due to PET from the nitrogen atoms within the
cryptand, and only very weak exciplex emission is observed
(Φ ≈ 0.0005-0.001). Coordination of various metal ions
within the cavity (Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+,
Pb2+, Eu3+, and Tb3+) increases the fluorescence quantum
yield of 1-3 orders of magnitude. Moreover, upon coordina-
tion of metal ions only monomer emission is observed.
Surprisingly, some other heavy metal ions (Hg2+, Tl+, and
Ag+) do not affect the luminescent properties of the cryptand.
Both gates can be brought to the initial state by the removal
of cations from the reaction medium.

The output channel of the OR logic gate is not limited to
the modulation of luminescence. Two other systems reveal
Boolean control of chemical reactivity.

Compound OR-3 undergoes cation-induced rearrangement
upon binding of metal ions to at least one of the receptor
sites. Sodium ions are bound to the polyether chains, while
Hg2+ is bound to the bipyridine unit. Irrespective of the
cation, the molecule undergoes the same guest-enforced
rearrangement, which greatly reduces the distance between
two anthryl units and allows photoinduced dimerization.
Return to the initial state must therefore include the removal
of cations to unlock the rotation of the bipyridine unit and
UV irradiation of the bianthryl moiety.400

Operation of all of the above OR logic gates may be
extended to multi-input mode by selecting more than two
triggering cations. The OR-2 already responds to 9 different
cations and therefore can be regarded as a 9-input OR logic
gate.

An important application of molecular logic gates was
found recently in antitumor therapy. New generation anti-
tumordrugsarebasedonvariouslogicgate-likemolecules.124,125

Prodrugs of low general toxicity are metabolized selectively
within or in the vicinity of malignant tissue due to a
combination of various molecular signals including low
oxygen concentration (hypoxia) and the presence of tumor-
associated enzymes or antibodies. Two molecules represent-
ing this idea and operating as an OR gate were reported by
D. Shabat and co-workers.123 Model compound OR-4
contains two molecular targets, phenylacetamide and 4-hy-
droxy-4-methylhexan-2-one moieties, which can be selec-
tively hydrolyzed by penicillin G amidase and 38C2 catalytic
antibodies, respectively (red arrows). In the presence of any
of the two biomolecules, one of the amido groups is cleaved,
the free amino group catalyzes the cleavage of the second
amido bond (green arrow), and 4-nitrophenol is liberated.
Concentration of 4-nitrophenol can be used for diagnostic
purposes or to monitor enzymatic activity. A more elaborated
system (OR-5) contains an actual antitumor drug (marked
in red), doxorubicin, bound to the OR trigger via the
hydroxybenzyl linker. Enzymatic reaction liberates the active
form of the drug. In vitro tests indicate good antitumor
activity of the new generation drug against HEL and
MOLT-3 cancer cells.

5.1.2. AND Gates

Most of the molecular AND logic gates are based on
ditopic receptors and a fluorescent unit linked covalently
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with both receptors. In contrast to the OR gate, fluores-
cence should be switched on when both receptors bind
corresponding substrates. The first reported molecular
logic gate was based on this approach (AND-1).140 The
gate consists of three structural elements: the cyanoanthryl
fluorophore, azacrown cation receptor, and the tertiary amino
group (proton acceptor). Upon excitation of the fluorophore,
PET processes from azacrown and tertiary amine efficiently
quench the fluorescence. Binding of sodium within the
azacrown does not influence the luminescence of the
compound as PET from amine can efficiently quench the
fluorescence. Only simultaneous binding of two substrates
to the receptors (i.e., sodium cations and protons) prohibits
PET and switches the fluorescence on. The same approach
of independent binding of protons and alkali metal cation
was utilized in the design of AND-2 and other AND gates
with the same molecular framework.401 PET sensors with
two identical receptors can be also regarded as molecular
AND gates, but their operation relies only on the concentra-
tion of the triggering species (cations, anions, or sugar
molecules).402–404 Substitution of morpholine moiety in
AND-2 with the C8 aliphatic chain enables incorporation of
resulting molecular logic gates into tetramethylammonium
dodecylsulfate-based micelles. This is the first reported
computational chemical system confined to the nanometer
scale objects.405 AND Boolean behavior was also observed
for calcium selective chelator AND-3, but its operation is
disturbed at very high acid concentration.406 Structural
rearrangement of the same building blocks results in a change
of logic behavior of the system. A more sophisticated AND
gate is based on molecule AND-4. Strong fluorescence of
the anthracene fluorophores can be observed only in the
presence of sodium cations and protons. Application of two
crown receptors within one molecule was applied in AND-
5. This result is a dual action device: a simple switch and a
logic gate. Fluorescence of the anthryl moiety is observed
in the presence of potassium cations (simple switch) or in
the presence of protons and cesium cations (AND logic
gate).407 The recently reported two-receptor AND logic gate
(AND-6) responds with intense fluorescence to the concomi-
tant presence of sodium and thallium(I) cations.408

The next class of AND molecular logic gates is based
on concomitant and/or cooperative binding of cations and
anions by ditopic receptors. AND-7 selectively binds

potassium cations and fluoride anions, which results in
fluorescence enhancement, while reactions with potassium
cations (or fluoride anions) themselves does not signifi-
cantly affect the fluorescence quantum yield.409 On the
same principle operates the AND-8 molecular gate. Reaction
of AND-8 with Na+ or HnPO4

n-3 results in the binding of
sodium cations and phosphate anions to the crown and
ammonium moieties, respectively. It does not result, how-
ever, in a significant increase of fluorescence quantum yield.
Concomitant complexation of Na+ and HnPO4

n-3 results in
strong fluorescence, but due to the large separation between
cation and anion binding sites, no cooperativity effects are
observed.410 Cooperative binding of potassium chloride ion
pair was observed within ditopic calix[4]diquinone receptor
AND-9.411 NMR and UV-vis studies indicate the dramatic
increase of potassium binding constant in the presence of
chloride ions. Especially sensitive are protons from amide
groups.

The most sophisticated AND gate based on the PET
principle was developed in the laboratory of A. P. de Silva.412

The AND-10 logic gate is constructed according to the
principle of modular PET systems. The anthryl fluorophore
is linked with three different receptor moieties into a linear
array. The crown moiety binds sodium cations, aminoacid
side chain zinc cations, and tertiary amino group protons.
This lab-on-a-molecule can be switched to fluorescent state
only in the concomitant presence of these three triggers.

Fluorescence of the AND-11 compound is efficiently
quenched by photoinduced electron transfer from the tetrathi-
afulvalene unit to the anthryl fluorophore (Φ ) 0.011).413

In the presence of Na+, fluorescence quantum yield of the
anthryl fluorophore slightly increases (Φ ) 0.013). In the
presence of fullerene C60, fluorescence intensity is also
slightly increased (Φ ) 0.019). When both reagents are
present, very strong emission from the anthryl group is
observed (Φ ) 0.05). This 5-fold increase of fluorescence
quantum yield is a consequence of electrostatic inhibition
of PET by Na+ and competitive electron transfer between
TTF and C60.

Dual mode quenching of the fluorescent excited state of
pyrene is the photophysical basis for gate AND-12.414 The

Figure 38. Molecular structure of the TTF-cyclophane inclusion complex (a), 1,5-dinaphtho-[38]crown-10 (b), and the crown-TTF2+

inclusion complex (c). Host-exchange reactions as a consequence of sequential oxidation and reduction of tetrathiafulvalene guest (d).
Electron donors are marked in red, while acceptors are in blue. Adapted from ref 390.
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nitroxide group is well-known to efficiently quench the
fluorescence of polyaromatic fluorophores.415 This process
is observed in the molecule AND-12. Furthermore, it contains
another efficient quenched imidazole ring, which is an
electron donor and can participate in the PET process.
Therefore, switching the fluorescence of AND-11 must
include reduction of the nitroxide functionality and proto-
nation of the imidazole ring. AND-11 works as the AND
gate taking as chemical inputs trifluoroacetic acid and
cysteine. Reaction with these two reagents results in a 100-
fold increase of fluorescence intensity, while any of the

reagents alone increases the fluorescence quantum yield only
5-10 times.

Open shell metal ions usually induce fluorescence quench-
ing upon binding to fluorescent ligands. The AND-13416

copper(II) system is an exception. The ligands itself is only
weakly fluorescent, and its protonation only slighty increases
the luminescence quantum yield. The same effect is observed
upon addition of Cu(NO3)2 solution. Surprisingly, complex-
ation of Cu2+ ions by protonated ligand yields a strongly
fluorescent compound. Therefore, AND-13 can be regarded
as a molecular AND gate with H+ and Cu2+ inputs and
fluorescence output.

The simplest from a chemical point of view is the AND logic
gate based on the nitrosylpentacyanoferrate complex (nitro-
prusside) and mercaprosuccinic acid, AND-14.102,126 In alkaline
solution, nitroprusside reacts with thiolates yielding a dark red
nitrosothiol complex of the type [Fe(CN)5N(O)SR]3-:417

[Fe(CN)5NO]2-+ RS-a [Fe(CN)5N(O)SR]3-

(15)

The absorption spectrum of the nitrosothiol complex is very
different from the spectra of the parent compounds. The main
absorption band, localized in the case of mercaptosuccinate
at 526 nm, has dominant MLCT character with some MC
contribution. The equilibrium (eq 15) is extremely sensitive
to different stimuli, such as pH, cation type and concentra-
tion, temperature, pressure, and light. Increasing pH shifts
the equilibrium to the right, while decreasing pH shifts it to
the left. The pH dependence profile is almost identical with
the titration curve of the specific thiol. The role of the cation
consists primarily in the reduction of the electrostatic
repulsion between anionic reagents, thus shifting the equi-
librium (eq 15) to the right. Therefore, formation of strongly
colored [Fe(CN)5N(O)SR]3- requires high pH and high
electrolyte concentration. This corresponds to AND logic
operation with pH and [K+] as inputs and absorbance at 526
nm as an output. This system was used to create much more
complex logic devices, integrating up to 20 AND and OR
logic gates (cf. section 6.2).

5.1.3. XOR Gates

Implementation of the XOR gate in a chemical system is
a difficult task. It requires a chemical system that responds
to two different stimuli in a complex way: any of these two
stimuli should switch the ion gate, while concomitant
presence of both triggering molecules should leave the
system in the OFF state. Most of the systems described so
far are based not on single molecular systems but on mixtures
of compounds or supramolecular assemblies. In most cases,
two input chemicals react with each other, thus (0,0) and
(1,1) inputs no not induce changes to the system. Usually
they are just acid and base, which neutralize each other when
added in stoichiometric proportions. There are only very few
chemically driven molecular logic gates based on single
molecules and operated with noncomplementary chemical
inputs (vide infra).

The first XOR logic gate implemented in molecular
systems was based of the controlled assembly of
pseudorotaxane.311,418 The N,N′-dibenzyldiazapyrenium cat-
ion was used as a guest and dinaphtho-30-crown-10 as a
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host molecule. In neutral CH2Cl2/acetonitrile solution, these
two components undergo self-assembly, and the pseudoro-
taxane XOR-1 is formed. In the supramolecular assembly,
the diazapyrenium moiety is sandwiched between two
naphthyl rings. Strong charge transfer interaction between
donor (red) and acceptor (blue) parts results in the formation
of a new CT absorption band at 575 nm and complete
quenching of the fluorescence of both components. Addition
of strong acid (e.g., trifluoroacetic acid) results in protonation
of the crown ether macrocycle and disassembly of the
pseudorotaxane, which results in the recovery of the fluo-
rescence of both the diazapyrenium part and the crown
component. The pseudorotaxane can be also disassembled
by the addition of tributylamine, which forms very strong
charge-transfer complexes with the diazapyrenium cation.
The later reaction results in the recovery of crown ether
fluorescence. Concomitant addition and acid and base does
not switch the fluorescence on as the two reagents react with
each other, and tributylammonium trifluoroacetate is formed.
If these two reagents are associated with the input data and
fluorescence of the solution with the output, this simple

chemical system can be regarded as a model of the XOR
gate. At the same time, the intensity of the CT band
corresponds to the XNOR function.

On the same principle operates the XOR-2 system.419 The
supramolecular systems consists of ruthenium complex
[Ru(CN)4(bpy)2]2-and symmetrical cyclam-based dendrimer
containing four naphthyl units in each arm (XOR-2). 2-Fold
protonation of the cyclam central unit allows the formation of
an ion-pair-like adduct. In this adduct, excitation of the naphthyl
groups (λex ) 270 nm) results in strong fluorescence from the
ruthenium complex (λem ) 680 nm) due to efficient electronic
energy transfer from peripheral antennas to the metal center.
Disassembly of the supramolecular adduct leads to the recovery
of naphthyl fluorescence at 350 nm and almost complete
disappearance of ruthenium luminescence. The assembly can
be disassembled by deprotonation of the cyclam moiety with a
strong base (e.g., diazabicyclooctane) or protonation of the
ruthenium complex with trifluoroacetic acid. Therefore, fluo-
rescence changes at 350 nm (naphthyl group) correspond to
the XOR logic and at 680 nm to the XNOR logic.420

Figure 39. Construction of all-optical logic gates and other photonic devices from PHOTO-2 or PHOTO-3 photochromic dyes: NOT gate
(a), two-input NOR gate (b), three input NOR gate (c), Fabry-Perot interferometer (d), and Mach-Zender interferometer (e). UV and vis
denote the light sources, and switching cells and light detectors are shown as yellow and gray squars, respectively. Partially adapted with
permission from ref 144. Copyright 2002 National Academy of Sciences. Partially reprinted with permission from ref 450. Copyright 2006
Wiley-VCH.
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Similar behavior was observed in the case monomo-
lecular europium(III) and ruthenium(II) complexes (XOR-3
and XOR-4, respectively). The XOR-3 complex is strongly
fluorescent within a pH range of 4-7. Deprotonation of
the aqua ligand and/or the amide linker results in a change
of photochemical properties of the complex: instead of
efficient electronic energy transfer from phenanthroline
antenna, an electron transfer occurs, and nonluminescent
Eu(II) complex is formed. On the other side of the pH
scale, the antenna group is protonated (at pH <4), and its
ability to populate the luminescent 5D0 state of EuIII is
strongly reduced.214

Similar behavior was observed recently for the mixed
ligand ruthenium(II) complex XOR-4.421 Protonation of
the oxazole ring results in a great increase of luminescence
quantum yield, while protonation of the imidazole ring results
in fluorescence quenching due to photoinduced electron
transfer processes. Identical switching properties are observed
for complexes containing two imidazole rinds within the
ligand.422 pH-controlled PET processes are also the basis of
operation of the XOR-5,423 XOR-6424 and XOR-7424 gates.
First protonation, which occurs at more basic aliphatic amine
group, switches the fluorescence on due to inhibition of the
PET process, while the second protonation at pyridine moiety

switches the fluorescence off by enabling the second PET
process involving the pyridinium cation.

Annihilation of input signals constitutes the basis for
the XOR-8 gate.425 Excitation of the naphthoperylenebi-
simide moiety results in FRET and red emission (λmax )
580 nm) from the hydroxyperylenebisimide unit. Protonation
of the XOR-8 does not change the photophysics of the
system, while deprotonation results in fluorescence quench-
ing, which may be described, and INH logic operation. Much
more interesting behavior is observed upon complexation of
ferric ions by the succinamide unit of the XOR-8 molecule.
In the neutral state, fluorescence is quenched by PET to the
Fe3+ center. Protonation of the succinamide units is followed
by the translocation of the bound FeIII ion from the
succinamide to the hydroxyperylenebisimide. The fluores-
cence of the naphthoperylenebisimide is not quenched while
that of hydroxyperylenebisimide is by coordinated FeIII, and
emission is observed predominantly at 527 nm. Alternatively,
addition of base to the ferric complex results in a yellow
emission at 527 nm, which was due to the fact that the FRET
was switched off because the absorption band of hydrox-
yperylenebisimide was red-shifted due to interaction with
FeIII ions. Upon concomitant addition of stoichiometric
quantities of acid and base, no fluorescence at 527 nm is
observed.425

The only chemically driven molecular XOR logic gates,
which are not based on annihilation of input stimuli, were
reported by A. P. de Silva and N. D. McClenaghan in
2002.426 The XOR-9 molecule is a push-pull olefin with
the top receptor containing four carboxylic acid anion groups
capable of binding to calcium. The bottom part is a pyridine
(quinoline and acridine) molecule, which is a receptor for
hydrogen ions. The logic gate operates as follows. Without
any chemical input of Ca2+ or H+, the chromophore shows
an absorption maximum at 390 nm. When calcium is
introduced, a hypsochromic shift takes place, and the
absorbance at 390 nm decreases. Likewise, addition of
protons causes a bathochromic shift, and when both cations
are in water, the net result is absorption at the original 390
nm. These systems represent a XNOR logic gate in absorp-
tion and a XOR logic gate in transmittance. The same
molecular systems are elements of the first chemical arith-
metical systems (vide infra).

5.1.4. INH Gates

An INHIBIT (INH) logic gate is a result of concatenation
of AND and NOT gates, but in contrast to other gates with
concatenated NOT, the logic inversion concerns not the
output but one of the inputs (cf. Figure 7). Numerous
chemically driven INH gates can be based on simple
molecular systems and supramolecular assemblies.

The nonfluorescent calix[4]pyrrole-coumarin assembly
INH-1 can bind chloride anions within the calixapyrrole
cavity and sodium cations via the carbonyl group. Associa-
tion with chloride does not change the weak fluorescence.
Binding of Na+ cation, in turn, increases the fluorescence
quantum yield. Concomitant binding of Na+ and Cl- results
in fluorescence quenching. This behavior is equivalent to the
INHIBIT gate with sodium cations and chloride anions inputs
and fluorescence output.427

Another example of ditopic receptor performing the action
of INH gate is INH-2 fluorescence sensor based on iso-
quinoline N-oxide with an attached benzo-15-crown-5 recep-
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tor.428 Molecules based on this framework show dual
fluorescence from locally excited and charge transfer states
involving the benzocrown moiety. Charge-transfer fluores-
cence is observed only in the case of the protonated N-oxide
moiety. Binding of cations by crown ether results in a
decrease of HOMO energy of the donor, and CT fluorescence
is not observed.

Ditopic receptor also constitutes the molecular basis for
gate INH-3.429 This chromogenic switch can bind potassium
cations within the 18-crown-6 cavity and fluoride anions via
the urea moiety. Only fluoride binding in the absence of
potassium results in color change. This process is a conse-
quence of chromogenic interaction between the ferrocene
moiety and fluoride anions.

Another fluorescent INHIBIT gate is represented by
macrocyclic TbIII complexes, INH-4.430,431 Fluorescence
of the Tb3+ center can be observed only upon protonation
of the quinoline moiety due to efficient electronic energy
transfer from the quinolinium antenna to the terbium
luminophore. However, terbium fluorescence is quenched
by molecular oxygen. Therefore, the complex behaves like

the INHIBIT gate with proton and oxygen inputs and
fluorescence output. Surprisingly, the analogous eu-
ropium(III) complex does not show this interesting
switching pattern.

Molecule INH-5 can bind protons and copper(II) cations
to the polyamine chain.432 This process can be regarded as
a Boolean INHIBIT operation when anthracene fluorescence
is considered as an output. The fully protonated polyamine
chain keeps the anthracene and benzophenone fragments
away, thus allowing high intensity fluorescence. Deproto-
nation results in closer contact of the aromatic fragments
and fluorescence quenching due to anthracene f benzophe-
none photoinduced electron transfer. Addition of Cu2+ results
in efficient fluorescence quenching of acidic solutions of
INH-5. Coordination of Cu2+ to the polyamine chain brings
the two aromatic systems in proximity, thus creating spacial
arrangement for efficient PET. Moreover, direct interaction
of the anthracene excited state with copper cation leading
to electronic energy transfer involving low energy d orbitals
cannot be excluded.

1,8-Naphthalimide INH-6 in acetonitrile solutions shows
very weak fluorescence because of efficient PET quench-
ing.433 Interaction with Eu3+ cations results in stronger
luminescence of the naphthalimide as formation of the
lanthanide complex inhibits the PET pathway. In the presence
of oxygen, however, no red europium luminescence is
observed. Only in the presence of europium(III) and rigorous
absence of oxygen, luminescence from the 5D0 state is
observed. Therefore, the systems can be regarded as chemi-
cally driven INH gate with Eu3+ and O2 inputs and red
luminescence output.

The control of the INH-7434 logic gate is closely related
to XOR gates based on mutual neutralization of chemical
inputs. This molecule is a selective zinc fluorescent sensor
operating in aqueous solutions. Furthermore, its fluorescence
spectrum strongly depends on proton concentration. The
protonated form is strongly fluorescent, while in neutral and
basic solutions its emission is weaker and blue-shifted.
Therefore, addition of acid to the solution of INH-7 switches
its fluorescence on, while addition of base or concomitant
addition of acid and base does not change its fluorescence.

The only three-input INHIBIT molecular gate reported so
far is the molecule INH-8.435 It binds calcium via the four-
armed aminoacid receptor, which switches the phosphor to
the on state. The phosphorescence of the 2-bromonaphthalene
is, however, efficiently quenched by molecular oxygen via
bimolecular triplet-triplet annihilation. Therefore, phospho-
rescence is observed only in rigorous absence of oxygen and
upon complexation of the fluorophore within the cavity of
�-cyclodextrin.

5.1.5. Inverted Logic Gates (NOR, NAND, and XNOR)

Concatenation of NOT gate with other logic gates results
in inverted logic gates (NOR, NAND, XNOR, and NOT-
INHIBIT; cf. Figure 7). There are two main approaches of
mimicking these gates in chemical systems: application of
complementary optical output (e.g., transmittance instead of
absorption) or specific molecular design of the molecular
switching element. The first approach corresponds to the
switch from positive to negative logic (or vice versa), and
some examples were described together with normal logic
gates in preceding sections.
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The supramolecular NON-INHIBIT logic gate based on
NOT-1 rotaxane was recently reported.436 The switching
system is composed of a thread equipped with anthryl and
di-t-butylphenyl stoppers and two solvophobic stations,
glycil-glycine and the C11 alkyl chain. The amide macrocycle
contains pyridine moieties that can quench the luminescence
of the anthracene moiety. In nonpolar media, the macrocycle
forms hydrogen bonds with the glycil-glycine chain and
resides close to the anthracene terminal. In strongly polar
solvents (formamide and DMSO), the macrocycle moves
toward the alkyl chain, and quenching becomes negligible.
Protonation of the pyridine moieties switches on the an-
thracene fluorescence irrespective of the solvent polarity. This
behavior can thus be described as the NOT-INHIBIT
Boolean function.

NOR logic operations are performed by NOT-2 and
NOT-7 molecules.435 Upon ultraviolet irradiation, they
fluoresce in the visible spectrum (blue and violet fluores-
cence, respectively). Protonation or complexation of transi-
tion metal cations (Hg2+ and Zn2+, respectively) results in
the quenching of fluorescence. Therefore, these molecules
can be regarded as NOR molecular gates with chemical
inputs and optical output.

Another NOR gate is represented by NOT-4.437 This
fluorenone derivative is fluorescent in the ambient form, but
protonation of the dimethylamine groups enhances the PET
process from the cycloheptatriene ring. Interaction of N-
ethylpyridinium also results in fluorescence quenching due
to the PET process. Reaction of the NOT-4:ethylpyridium
complex with a stronger electron donor triethylamine sup-
presses the charge transfer interaction and results in fluo-
rescence enhancement. Acidification of the NOT-4:ethylpy-
ridium complex solutions results in decomposition of the CT
complex but protonated NOT-4 is not fluorescent.

NOT-5 also functions as the NOR gate when excited at
375 nm.438 Excitation within the absorption band of the
phenanthridine moiety results in efficient energy transfer to
the terbium(III) center. The phenanthridine triplet excited
state is efficiently quenched by molecular oxygen. Further-
more, protonation of the aromatic chromophore changes the
energy of the excited state (singlet), and in acidic media, it
cannot be excited by 375 nm light. This behavior corresponds
to NOR operation as fluorescence can be observed only in
the absence of oxygen and acids.

NAND gates are the most ubiquitous in electronic systems
since they can be treated as the simplest building blocks for
any other logic gates. There are also several chemical
implementations of the NAND functionality. Pyridoimida-
zolopyrazine derivative NOT-3 is a strong fluorophore.439

Binding of alkali or alkaline earth metal cations by the crown
ether moiety does not significantly influence the fluorescent
properties. Interaction with alkali metal thiocyanates also has
no effect on luminescence; electrostatic interaction between
thiocyanate and cations is too weak to hold the anion in the
proximity of the fluorophore. Calcium and barium cations
efficiently bind to the crown moiety and can themselves
coordinate thiocyanate, which in turn efficiently quenches
the fluoroescence in PET process.

Other NAND molecular gates are based on supramolecular
interactions as well. The system of Baytekin and Akkaya
(NOT-6)440 comprises 4′,6-diamidino-2-phenylindole (DAPI),
DNA-binding fluorophore, and two nucleotides, deoxyad-
enosine phosphate and deoxythymidine phosphate. The
fluorophore binds nucleotides electrostatically via the interac-
tion of amidine groups with phosphate residues. Any of the
nucleotides alone cannot efficiently suppress the 455 nm
luminescence of the DAPI fluorophore. Formation of hy-
drogen-bonded Watson-Crick nucleotide dimer results in
efficient quenching of fluorescence, which corresponds to
the NAND operation (cf. Table 2). More sophisticated
devices based on nucleotide interactions are discussed in
section 8.3 of this review.

The NOT-8 NAND gate is also based on supramolecular
interactions.441 The gate is composed of two molecular
fragments: a molecular clip with the tetrathiafulvalene side
arms and a cyclophane with polyether chain. In acetonitrile
solutions, these two components form a stable supramolecu-
lar host-guest assembly characterized by a charge transfer
band at 533 nm. On interaction with cations (K+, NH4

+), or
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on heating, the complex disassembles into components, and
the CT absorption band disappears. If these factors are
considered as input stimuli and CT absorption as an output,
the system can be described with the NAND function.

Supramolecular interactions are also the basis of the
NOT-9 NAND gate, reported this year by Lu and co-
workers.442 The luminescence of the anthryl fluorophore is
only slightly sensitive to pH (within pH range of 2 to 8),
and in neutral solutions, it is also insensitive to the presence
of ATP. Upon protonation, intermolecular interaction be-
comes much stronger (π-π stacking + electrostatic interac-
tion + hydrogen bonding), which results in significant
quenching of the fluorescence due to PET from the adenosyl
moiety. Therefore, if protons and ATP are considered as
inputs and luminescence intensity as an output, the NOT-9
sensor behaves like the NAND gate.442

5.1.6. Reconfigurable and Superimposed Molecular Logic
Devices

Reconfigurable logic devices are very important compo-
nents of modern electronic devices. They usually are large
arrays of logic gates, and the internal connections between
particular elements can be changed on demand. Therefore,
these electronic systems are very flexible and can be
programmed (or configured) to fulfill numerous tasks.443

There are numerous examples of similar devices in chemical
systems. There are several molecular logic gates reported,
the Boolean function of which depends on the chemical
nature of input signals.

Superimposed logic devices are unprecedented devices
found only in molecular systems. Their operation mode
depends on the way information is read from the device,
e.g., using different analytical wavelengths. They are con-
ceptually somehow related to quantum logic gates, where
the output state is a superposition of all possible output states.

Calixarene REC-1 with two pendant pyrene fluorophores
and polyether receptor chain is a simple example of a
reconfigurable logic device.444 Strong pyrene emission is
quenched by complexation of Pb2+ cations within the
macrocyclic receptor due to efficient reverse-PET process
from excited pyrene moieties to the electron-deficient amide
groups. Strong acids and bases are also capable of fluores-
cence quenching. Protonation of the polyether chain creates
a PET acceptor and results in fluorescence quenching.
Deprotonation of the amide group (e.g., by addition of
triethylamine) yields an electron donor and results in normal
PET quenching. Concomitant addition of acid and base does

not change the fluorescence intensity. Therefore, the REC-
1/acid/base system can be regarded as the molecular XNOR
gate with fluorescence output. However, application of Pb2+

and triethylamine as inputs results in NOR Boolean function:
fluorescence is quenched by any combination of inputs.

Another reconfigurable logic device is based on the
anthracene fluorophore with a long polyamine tail (REC-
2).445 Fluorescence of this molecule is efficiently quenched
by PET from the polyamine chain. Protonation or coordina-
tion of Zn2+ or Cd2+ cations inhibits the photoinduced
electron transfer even at high pH and switches on the
fluorescence. Coordination of some other cations (Cu2+ and
Ni2+) results in fluorescence quenching of the partially
protonated compound. Due to the diversity of responses of
various chemical stimuli, this system should be regarded as
a reconfigurable logic device with fluorescence output.
Application of Zn2+ and Cd2+ as inputs yields an OR gate,
while when the inputs are Ni2+ and Cu2+, the anthracene
derivative behaves the as the NOR gate. Another logic
operation can be performed when one input taken from the
first group and the other from the second one (e.g., Zn2+

and Cu2+). In this case, fluorescence can be observed only
in the presence of Zn2+ and the absence of Cu2+, which
corresponds to INH operation.

The operation of the previous system was limited to one
output channel as the energy of emission maximum does
not strongly depend on the cation. This limitation was
overcome in the REC-3 gate.446 This fluorescent molecular
device incorporates two anthryl fluorophores linked with the
diethylenetriamine chain. The REC-3 molecule shows pH-
dependent dual fluorescence. At low pH (pH < 9), lumi-
nescence of isolated anthracene moieties (416 nm) is
observed. On deprotonation, the two anthryl groups form a
π-π stacked complex. Its excitation within the ICT transition
results in excimer emission at 520 nm. These two wave-
lengths are considered as two independent output channels
of the molecular logic gate. Apart from protons, the REC-3
can interact with a series of transition metal cations including
Zn2+, Cd2+, Cu2+,Co2+, Ni2+, Hg2+, and Ag+. These
interactions affect both luminescence channels. Coordination
of closed-shell cations (Zn2+ and Cd2+) at high pH results
in switching on both the monomer emission and excimer
emission. This is the result of cation-induced suppression
of the PET process from the polyamine chain. Protonation
of these complexes results in switching off the excimer
emission due to geometrical changes, but the monomer
emission remains unaffected. In this system, the monomer
channel (416 nm) yields the OR function of the input data
(H+ and Zn2+), while the excimer channel (520 nm) yields
the NOT (H+) response. Open-shell cations completely
quench the luminescence in both channels regardless of pH.
In this case, the monomer luminescence can be observed
only at low pH and in the absence of Cu ions, while the
excimer luminescence can be observed only in the absence
of both inputs. Therefore, the gate operating with Cu2+ and
H+ inputs yields the INH function in the monomer channel
and the NOR function in the excimer channel. Similar
behavior is observed when Ag+ and H+ are applied as inputs.
Monomer emission is observed at low pH irrespective of
silver ions (YES gate). Excimer luminescence in turn is
switched off by both protons and silver ions, which corre-
sponds to the NOR operation. Mercury ions do not influence
the excimer channel, but they quench the monomer emission
in the presence of protons. Therefore, if Hg2+ and H+ are
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considered as inputs, the monomer luminescence is described
by INH and excimer luminescence by NOT (H+) func-
tions.446

The next superimposed logic system is based on the
benzothiazole derivative REC-4.447 Solutions of REC-4 are
yellow (λmax ) 413 nm) and only weakly fluorescent (∼500
nm, Φ ) 0.05). Interaction of the azacrown ether moiety
with calcium ions results in a slight hypsochromic shift of
the absorption band and a decrease of fluorescence intensity.
The thiazacrown moiety can, in turn, interact with Ag+

cations. This reaction also induces a small hypsochromic shift
of the absorption band and also a strong increase of the
fluorescence quantum yield (Φ ) 0.27). Concomitant pres-
ence of Ca2+ and Ag+ results in a strong hypsochromic shift
of the absorption band and fluorescence quenching. If
fluorescence at 500 nm and absorbance at 440 nm are taken
as two outputs, they yield the NAND and INH responses,
respectively.

Another reconfigurable and superimposed molecular logic
system was reported by Jean-Marie Lehn and co-workers.448

The systems in based on a ditopic ligand REC-5. It can
coordinate mono (Cu+), di- (Zn2+,Cu2+, and Pb2+), and
trivalent (La3+) cations. Interaction of Cu+ is pH-indepen-
dent, while Zn2+ can be bound only in the presence of OH-.
Spectral changes associated with the cation complexation are
quite complex. Free ligand is almost colorless and shows
only one strong band at ∼330 nm. Reaction with Cu+ results
in increased absorption at 390 nm. Deprotonation of REC-5
in the presence of divalent cations results in complex
formation with characteristic 480 nm absorption band.
Concomitant binging of Cu+ and Mn+ results in strong band
at 555 nm and increased absorption at 390 and 480 nm. An
AND gate can be therefore operated by Mn+ and OH-, the
output should be associated with the absorbance at 480 nm.
If all the analytical wavelengths are taken into account, the
system behaves as three independent logic devices. The 390
nm output corresponds to the YES function controlled by
Cu+ input, 480 nm output yields the AND function of (OH-

and Mn+) inputs, and 555 nm output yields the AND (Cu+,
OH-, and Mn+) function.

5.2. All-Optical Logic Gates
The previous section discusses molecular logic gates with

chemical inputs. These systems can perform logic operation
at the molecular level, but their main limitation consists of
the necessity of the addition of chemical species in order to
process information. These species diffuse to the target
molecule and induce chemical reaction, which changes
molecular structure and thus brings about information
processing. These devices usually require fluid solutions, and
their speed is limited by the time required for material
transfer, diffusion and the rate of bimolecular reactions. The
systems utilizing all-optical inputs and outputs are devoid
of these limitations, and logic elements do not require access
to triggering chemical or electric signals and in principle can
operate on a much faster time scale and in rigid (or semirigid)
media.449 Furthermore, these devices are especially promising
in the context of optical control of optical signals (i.e., optical
equivalent of a transistor). Nowadays, optical networks
transfer huge amounts of data, but this transmission relies
on the cooperation of optoelectronic devices with optical
fibers, and signal routing requires numerous steps of opto-
electronic and electrooptical signal conversion, which is the

bottleneck of the development of optical networks.144

Therefore, novel optically controlled logic devices for
handling optical signals are essential for further development
of optical data transfer and processing.

Despite quite a large number of light-driven chemical
switches, there are, however, only a few all-optical logic
gates; most of the light-triggered logic devices require some
additional (mostly chemical) inputs. These all-optical infor-
mation processing molecular systems can be divided into
three main categories based on the operation mode. Their
operation can be based on (i) simple (reversible) photophysi-
cal and/or photochemical processes, (ii) photophysical
processes involving two-photon transitions and higher excited
states, (iii) and holographic (and other optical) effects in
photoisomerizable (photochromic) rigid media.

One of the simplest all-optical logic gate was reported F.
Pina and colleagues in 2000.141 The gate was based on acidic
solution containing trans-chalcone PHOTO-1 and
K3[[Co(CN)6] complex. On 365-nm irradiation, trans-chal-
cone isomerizes to the cis form, which in acidic medium
undergoes a ring-closure reaction yielding strongly colored
(and fluorescent) flavylium species. Prolonged irradiation
induces photoaquation of the cyanocobaltate, and the released
cyanide anions increase the pH of the mixture, thus resulting
in decomposition of the flavylium species. If pulsed laser
irradiation is applied, the first pulse results in increased
absorbance, and the second in decreased absorbance. This
behavior corresponds to XOR logic operation, but in contrast
to classical logic gates that take both input signals at the
same time, this systems requires sequential data input.
Because of this feature, it can be regarded as the simplest
chemical system reproducing the basic properties of neurons.

Simple spiropyran derivative PHOTO-2 was used for
the construction of very complex all-optical switches.144

The colorless, closed form of the switch undergoes extremely
fast photoinduced ring opening upon UV excitation yielding
purple-colored merocyanine (cf. section 4.2, Figure 25).
Therefore, the PHOTO-2 based switch can, in principle,
operate in optical devices with picosecond time resolution.

An optical network consisting of one cell containing the
PHOTO-2 solution and UV and vis light sources works as
the all-optical NOT gate (Figure 39a). Visible light is
transmitted through the switching cell almost without
decrease of intensity. Upon UV stimulation, the absorbance
of switching solution increases, and the signal is strongly
attenuated (at least 2 orders of magnitude, depending on path
length and concentration). When the UV source is off, the
dye isomerizes rapidly back to the colorless state, and the
visible signal at the output gains its initial value.

More complex logic systems (e.g., NOR gates) can be
easily achieved in systems containing more switching ele-
ments (Figure 39b and c). Application of two switching cells
placed in series into the light beam results in a two-input
NOR logic gate (Figure 39b), while three cells yield the
three-input NOR gate (Figure 39c). Identical logic devices
can be built with the PHOTO-3 switch. Apart from these
logical devices, some other assemblies of potential use in
optoelectronics have been built on the basis of photochromic
materials (Figure 39d and e).450

Incorporation of a photochromic film (polymetacrylate
doped with PHOTO-3) between reflective plates of a
Fabry-Perot interferometer results in a light-switchable
device. Opened form of the PHOTO-3 switch is colorless
and upon 366-nm irradiation converts into the colored, closed
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form, which in turn undergoes photochemical ring opening
on irradiation at 515 nm. The Fabry-Perot interferometer
tuned to 515 nm and simultaneously illuminated at 366 and
515 nm yields complex output depending on light intensities
at both wavelengths. Another optical device, the Mach-Zender
interferometer, can also be supplied with the photochromic
switch (Figure 39e). In this system, a high output signal is
obtained when materials at both arms have an identical
refractive index. It was already demonstrated that photo-
chromic dyes incorporated into polymers may modulate their
refractive index; therefore, this device can be used as a light-
driven light modulator and an all-optical XOR logic gate.
These photoactive interferometers can be connected in larger
optical systems and used as model systems for all-optical
computing and information storage.450

The classical single-molecule all-optical logic gate is the
system PHOTO-4.449 This logic gate is based on two
different photochromic groups (dihydropyrene and dihy-
droindolizine) and free base porphyrin fluorophore. Two
photochromic groups can be addressed independently, there-
fore all possible combinations of isomers (R1-o, R2-o; R1-o,
R2-c; R1-c, R2-o; R1-c, R2-c) can be generated via the proper
sequence of irradiations. Only the (R1-o, R2-c) form of the
compound is fluorescent. UV irradiation results in ring
closure of the cyclophenadiene (R1-o) to dihydropyrene (R1-
c), but to ring opening of the dihydroindolizine (R2-c), which
yields the colored betaine form (R2-o). Visible irradiation
opens the ring of dihydropyrene, and visible or IR irradiation
of the betaine form results in formation of dihydroindolizine.
On this basis, two different logic devices with fluorescent
input can be built.

Assignment of input signals to IR and red irradiations
results in the AND gate. The starting form (R1-c, R2-o) is
not fluorescent. Irradiation with red light yields the nonfluo-
rescent form (R1-o, R2-o). However, IR irradiation yields the
nonfluorescent (R1-c, R2-c). Only simultaneous (or sequen-
tial) application of red and IR irradiation results in the
fluorescent (R1-o, R2-c) form. Application of UV and red

light as inputs and the (R1-c, R2-c) initial state results in an
INHIBIT gate. The same chromophore equipped with
fulgimide (FG) and dithienylethene photochromes (cf. Figure
29) mimics the XOR and NOR logic gates,451 while
application of 532 and 1064 nm inputs results in the two
channel demultiplexer (cf. Figure 47).452 Two output chan-
nels are associated with porphyrin fluorescence at 720 nm
and betaine absorption at 572 nm. When the 1064-nm input
is set to off, one fluorescence output follows the state of the
532-nm data input. Upon switching the 1064-nm input on,
fluorescence is switched off, but the absorbance output
follows the input data. The demultiplexer does not require
chemical or electrical inputs, and can cycle through its
operational sequences multiple times.452 Change in the
assignment of the input signals results in the binary 2:1
multiplexer.453

Another type of optical logic devices can be based on
almost any photoisomerizable system.454 Furthermore, this
approach allows integration of AND and OR logic gates
within a single molecule. The concept of these logic gates
is based on a four-level energy diagram (Figure 40). The
switchable molecule is first pumped from its ground state
(GS1) to the spectroscopically accessible excited state (EX),
but it does not have to be the lowest excited state.
Subsequently, the molecule should rearrange to the RE state
in a radiationless process and via conical intersection finally
yield the product ground state (GS2), which may be stable
or can thermally return to the GS1. The AND operation is
therefore realized in two-photon excitation to the RE state,
and the energy of these two photons must be equal to the
energy of the reactive excited state (Figure 40a). If the
absorption band associated with the GS1 f RE transition is
broad, photons of significantly different energies can be used
for excitation, which corresponds to the OR gate (Figure
40b).454 An AND gate based on this principle can be based,
e.g., on IR-UV double-resonance of nitric acid.455 Concomi-
tant excitation of HONO2 with IR and UV pulses results in
luminescence of photogenerated *NO2. The same approach
can be used for construction of much more complex logic
and arithmetic devices (vide infra).

The molecule PHOTO-5 can exist in two, relatively long-
lived charge-separated states: NI--ANI+-NMI-PI and NI-
ANI+-NMI-PI-. The first of these states can be generated
upon single excitation (Figure 41), while generation of the
state with unpaired electron located at the pyromellitimide
moiety required sequential excitation with two photons,
which corresponds to the AND logic operation.456 These
systems can be also considered as light-driven routers. An
electron from the ANI electron donor can be directed to two
different acceptors: NI upon single excitation and subse-

Figure 40. A schematic representation of the four-level AND (a)
and OR (b) single molecule logic gates. Adapted from ref 454.
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quently to PI if the second photon of appropriate energy is
absorbed within the lifetime of the charge separated state.

Bacteriorhodopsin belongs to one of the most studied
photochromic molecules and has found some applications
in all-optical logic gates and in the information storage
devices.245 This protein occurs naturally in membranes of
photosynthetic bacteria and is responsible for the photoge-
neration of the proton gradient across the membrane. In the
presence of lipids it forms two-dimensional crystalline
structures containing trimeric assemblies of bacteriorhodopsin
molecules (Figure 42a).457

The ground state absorption spectrum of bacteriorhodopsin
shows an intense maximum at 570 nm.458,459 Excitation with
570-nm light induces the whole series of chemical processes
usually called the bacteriorhodopsin photocycle (Figure
42b).459–461 These reactions include photoisomerization of
covalently bound retinal moiety and proton transfer steps.
These reactions are accompanied by complex spectral
changes (Figure 42c).461

The simplest bacteriorhodopsin-based logic gates utilize
the spectral changes following the 570-nm excitation. As-
signment of 570 nm light as input and transmittance at 640
nm as output result in the NOT gate; excitation results in
temporary darkening of the bacteriorhodopsin films and
decrease of output intensity. More sophisticated devices
utilize two independent laser pulses at 570 nm. In the
simplest case, the Boolean analysis leads to the NOR gate;
even single pulse at 570 nm results in strongly decreased
transmission of 640-nm light. Properly defined threshold level
allows application of the same systems as the all-optical
NAND gate.462 The same mode of operation can be used
with other compounds showing strong excited-state absorp-
tion, e.g., Pt-ethynyl complexes.463

Photogeneration of holographic diffraction gratings to-
gether with degenerate four wave mixing (DFWM) is another
phenomenon that allows mimicking of logic devices using
bacteriorhodopsin films.464 Red irradiation of the bacterio-
rhodopsin films with coherent light results in saturation of
R570 f M410 transition first in the places of constructive
interference, and subsequently, light scattering induces
saturation also in the regions of destructive interference.
Analogously, irradiation with blue light saturates the whole
film in the R570 state. When two light sources operate at the

same time, a complex pattern of two independent holographic
gratings is formed, which results in the DFWM signal.
Similar effects can be observed in methyl orange-doped
polyvinyl alcohol films.465 Bacteriorhodopsin films were also
successfully applied as holographic memories and other
photonic devices.461

5.3. Electrochemical and Photoelectrochemical
Logic Gates and Devices

In contrast to the plethora of chemical and optical logic
gates, there are only few reports on electrochemical logic
devices, and in fact almost none of them can be regarded as
purely electrochemical logic gate. Much more reports can
be found on photoelectrochemical devices based on organic
monolayersorsurface-modifiedwidebandgapsemiconductors.

The only purely electrochemical device, which is somehow
related to CHEMFET transistors, was reported recently by
Berggren and co-workers.466 The device operates with
electric input and electric output. The operation of the
transistor is based on oxidation/reduction of the poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) blend
(PEDOT:PPS) in the form of thin film electrodes. Similar
to the classical field effect transistor, the electrochemical
device has three electrodes: source, drain, gate, and an active
PEDOT:PPS channel. Application of the voltage between
the gate and source electrodes modulates the redox state of
the polymer and thus the impedance of the channel, which
in turn affects the source-drain current. These transistors can
be easily connected to larger circuits, like logic gate ring
oscillators and other devices.

Another electrochemical universal device is a microfluidic
diode reported by Crooks et al.467 The electrochemical
microfluidic system comprises poly(dimethylsiloxane) (PDMS)
channels and three indium tin oxide electrodes patterned onto
glass using standard photolithographic methods. The PDMS
microfluidic system contains three input channels and a
common outlet (Figure 43). The output of the device is
electrical (microfluidic diode) or electroluminescence (OR
and NAND logic gates).

In order to mimic the behavior of a diode, aqueous
solutions of [Ru(NH3)6]3+, [Ru(bpy)3]2+, and supporting
electrolyte are passed through channels 1, 2, and 3, respec-

Figure 41. Energy diagram of single molecule AND logic gate with a routing properties. Reprinted with permission from ref 456. Copyright
2001 American Chemical Society.
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tively, at the same flow rate. These three fluids move under
laminar flow conditions and exit the device through the large
channel at the top of the device. When a forward bias of 1.5
V is applied between electrodes 1 and 2 (E1,2), where

electrodes 1 and 2 are configured as the cathode and anode,
respectively, and electrode 3 is at open circuit, the
[Ru(NH3)6]3+ complex is reduced, and the [Ru(bpy)3]2+

complex oxidized. This processes result in current flow

Figure 42. X-ray structure of the bacteriorhodopsin trimer (PDB entry 1brr) and a side view of bacteriorhodopsin monomer (a). Lipid
molecules are removed for clarity.457 Photochemical cycle of bacteriorhodopsin (b) and ambient temperature absorption spectra of the most
important bacteriorhodopsin forms.459–461 Partially reprinted with permission from ref 461. Copyright 1999 American Chemical Society.
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between the electrodes. Reverse polarization results in a
current of 2 orders of magnitude lower.

When the same device is fed with the [Ru(NH3)6]3+

complex to inputs 1 and 2, but [Ru(bpy)3]2+ and tripropy-
lamine to input 3, it can mimic the OR logic gate with electric
inputs and electroluminescence output. In this configuration,
potential can be applied to 1,3 and/or 2,3 electrode pairs. In
any case, positive polarization of electrode 3 results in
electroluminescence from electrode 3 due to electrochemical
generation of *[Ru(bpy)3]2+, which directly corresponds to
the OR function. Other logic functions require more complex
systems of several electrically connected microfluidic cells.

Very similar devices were built using paired band elec-
trodes immersed in various electrolytes containing redox-
active substrates.468 These electrochemical models of neurons
can be configured to mimic the behavior of logic gates.

The photoelectrochemical logic gates are devices that are
much more common. There are two different classes of these
devices: layer organic structures and surface-modified nanoc-
rystalline semiconductors. In both cases, the material is
deposited/immobilized onto the surface of the transparent
electrode and immersed in proper electrolyte solution. In
most cases, the output signal has the form of photocurrent
pulses, while the inputs include light pulses of desired
wavelengths and photoelectrode potentials.

The very first report on photoelectrochemical switching
devices comes from the laboratory of Tokuji Miyashita.469

The device comprised gold electrode covered with four
Langmuir-Blodgett layers of tert-pentacrylamide covalently
modified with chromophores, electron donors, and electron
acceptors. A layer containing the phenanthrene chromophore
was deposited at the gold surface. The next layers contained
electron acceptors (dinitrobenzene moieties), electron donors
(dimethylaniline moieties), and anthracene chromophore.
Illumination of the electrode within absorption of one
chromophore (300 or 380 nm for phenanthrene and an-
thracene, respectively) resulted in weak cathodic photocur-
rents. Concomitant excitation of both chromophores results
in over 2-fold increase of photocurrent intensity. This can
be applied for AND function; only illumination of both
chromophores (both inputs in high state) results in high
photocurrent intensity. The mechanism of operation of this
device is shown in Figure 44a.

The same device devoid of the donor layer constitutes the
photoelectrochemical XOR gate (Figure 44b).470 Illumination
within the phenanthrene absorption results in electron transfer
from *phen moieties to the acceptor layer, which in turn

results in cathodic photocurrents (∼500 pA). Excitation of
the anthracene-containing polymer also results in electron
transfer to the acceptor layer, but due to the geometrical
constrains, anodic photocurrent is observed. Concomitant
irradiation of both chromophores results in null net photo-
current. The same approach was later explored by Kimura
et al., but these devices yielded even lower photocurrent
intensities (50-100 pA).471 The latter results, however, can
be strongly perturbed by photoelectrochemical response
resulting from local heating of the chromophore-modified
gold surface; therefore, the reliability of the device is highly
questionable.472

More efficient photoelectrochemical devices were reported
by Yamada et al. (Figure 45).473,474 The device comprised
gold electrode covered with chromophores bound via alkyl
chains terminated with thiol groups. As chromophores,
palladium(II) phthalocyanine and [Ru(bpy)]2+ complex co-
valently linked with viologen moiety were used (Figure 45a),
and the electrolyte contained electron acceptor (methyl
viologen, MV2+) and sacrificial electron donor (triethano-
lamine, TEA). Excitation of the ruthenium species results
in photoinduced electron transfer toward the viologen moiety,
which in turn transfers the electron to the gold substrate.
The ruthenium complex is subsequently reduced by trietha-
nolamine. Upon excitation of phthalocyanine, an electron is
transferred to the electron acceptor (MV2+) present in the
electrolyte, and cathodic photocurrent is observed. Therefore,
illumination of the electrode with blue light yields anodic
photocurrent, while excitation with red light results in
cathodic photocurrent (Figure 45b). Both currents reach
approximately 0.5 nA. Simultaneous illumination with blue
and red light results in null net photocurrent due to complete
compensation of photoanodic and photocathodic responses.
This behavior corresponds to the XOR gate.

Photoelectrochemical properties of wide band gap
semiconductors have been utilized in numerous photo-
electrochemical logic gates.146,148,149,475–480 These devices
are characterized by much higher photocurrent intensities;
therefore, these devices are much less susceptible to
interference from other processes, like local electrode
heating or diffusive currents.472 Most of the semiconductor-
based photoelectrochemical logic gates are based on pho-
toelectrochemical photocurrent switching (PEPS effect). This
effect is characteristic for wide band gap semiconductors
modified on the surface with redox-active species. It was
observed for titanium dioxide modified with acetate-bridged
ruthenium(II) cluster with pyridine and pyrazine ligands,149

carotene,481 hexacyanoferrate (HCF),147 pentacyanoferrates
(PCF),475,477 Prussian blue,478 ferrocene derivatives,479 and
folic acid.480 In these devices, photoelectrodes generate
photocurrent, the polarization of which depends on photo-
electrode potential, and/or wavelength of incident light.

The best example of such a device consists of the TiO2

photoelectrode modified with hexacyanoferrate and two
LEDs acting as light sources.148,476 Cyanoferrate is deposited
onto TiO2 via formation of Ti-N′C-Fe framework. These
materials are characterized by intense MMCT(FeII f TiIV)
transition.482

At potentials ensuring complete oxidation of the surface
species (e.g., +400 mV vs Ag/AgCl), pulsed irradiation of
the HCF@TiO2 material with violet light (LED λmax ) 400
nm) results in anodic photocurrent pulses, while irradiation
with blue light (LED λmax ) 460 nm) does not generate any
photocurrent. Simultaneous irradiation with two LEDs yields

Figure 43. Micrograph of the PDMS microfluidic electrochemical
device. The channels are 100 µm wide and 17 µm high. The dashed
lines depict the ITO electrodes. Reprinted with permission from
ref 467. Copyright 2003 American Chemical Society.
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the same effect as the violet diode alone (Figure 46a, signal
at 400 mV, output 1). Electrochemical reduction of the
surface species is achieved at lower potentials. Excitation
of this material with violet and blue diodes leads to the
generation of cathodic photocurrent. Simultaneous irradiation
by both diodes results in a higher intensity of photocurrent.
Such behavior of the photoelectrode at -200 mV vs Ag/
AgCl corresponds to the OR logic gate (Figure 46a, signal
at -200 mV, output 3).

Much more interesting photocurrent profiles were recorded
upon partial oxidation of the surface complex (e.g., at 250
mV). Irradiation with 400 nm light results in the generation
of anodic photocurrent, which is consistent with excitation
of the inner part of semiconductor particles. Irradiation with
460 nm light results in the generation of cathodic photocur-
rent. Simultaneous irradiation with two diodes gives null net
current as anodic and cathodic photocurrents compensate
effectively (Figure 46a, signal at 250 mV, output 2). This
behavior analyzed in terms of Boolean logic corresponds to
the XOR gate. The photocurrent compensation, however,
requires such adjustment of light intensity of both sources
that absolute values of anodic and cathodic photocurrents
are equal. This can be easily achieved here by adjustment
of diode supply current.

The logic device based on semiconducting photoelectrodes
shows another important feature. It should be noted that the

logic analysis of this system can be much more complex if
photoelectrode potential is considered as the third input
channel. In this context, the logic system described here is
a chemical model of a reconfigurable logic device, the
function of which can be programmed by the user.318,443

Changes in applied potential can switch the logic behavior
of the photoelectrode between three different regimes: (i)
transmission of the input 1 signal to the output neglecting
input 2 (YES), (ii) computation of the XOR function of two
input values, and (iii) computation of the OR function of
two input values (Figure 46b, Table 5).

Different modes of action were found for some PCF@TiO2

materials (e.g., with thioethers475 and thiamine477 as axial
ligands), Prussian blue-titanium dioxide,478 and ferrocene-
titania479 composites as well as folate-modified titania.480

Variation of the potential results in photocurrent polarity
reversal. Similar effects were also observed for bulk het-
erojunction materials such as n-BiVO4/p-Co3O4,483 n-
TiO2-N/p-CuI,484 n-TiO2/p-Se,485 or n-TiO2/p-polythiophene
composites.486,487 This effect can be utilized for the con-
struction of optoelectronic demiltiplexers and other switching
devices.488

At potentials higher than the switching threshold (positive
polarization), the electrodes generate anodic photocurrent,
while at lower potentials (negative polarization), cathodic
photocurrents are observed. One can assign the logic values

Figure 44. Mechanism of operation of the photoelectrochemical AND (a) and XOR (b) photoelectrochemical logic gates. (Au, gold substrate;
phen, phenanthrene-doped polymer; A, acceptor polymer; D, donor polymer; anth, anthracene-doped polymer). Partially adapted with
permission from ref 469. Copyright 2003 Wiley Interscience.
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of 0 and 1 to the negative and the positive polarization of
the photoelectrode, respectively. The switching characteristics
allows one to use it as an optoelectronic two channel
demultiplexer (data selector). This device collects information
in the form of light pulses and converts it into photocurrent
pulses. Furthermore, the polarity (direction) of photocurrent
pulses depends on the photoelectrode potential. In other
words, information in the form of photocurrent pulses can
be directed into two output channels: cathodic or anodic.
An electronic equivalent of this logic device is composed
of two AND and NOT logic gates (Figure 47). The input
data signal (light pulses) is applied to one input of both AND
gates, the control signal goes to one AND gate directly and
to the other via an inverter. In this configuration, one of the
AND gates is in the ON state and the other in the OFF
state.147,478–480 Thus, a signal applied to the data input is
always transmitted by one of the AND gates and thus directed
into one of the output channels.

Alternative approach to the photoelectrochemical informa-
tion processing is represented by the logic gate reported by
Bignozzi and co-workers.146 The device consists of elec-
trodes covered with porous TiO2 subsequently modified with
the [Ru(bpy′)2(CN)2] complex, in which every bipyridine
ligand contains two carboxylic groups in 4,4′ positions
(Figure 48a). The complex itself is luminescent, and excita-

tion at 467 nm results in strong emission at 668 nm. Upon
its chemisorption onto TiO2, the luminescence can be
switched on and off reversibly by application of appropriate
potentials and by changes in the electrolyte composition.

At positive bias, the photoluminescence of the ruthenium
complex is quenched due to efficient electron injection into
the conduction band of the semiconductor (Figure 48b). Upon
addition of the external electron acceptor (e.g., Cu2+ ions),
two photoinduced electron transfer processes compete,
resulting in efficient quenching of the ruthenium complex
luminescence (Figure 48c). Negative polarization of the
photoelectrode (i.e., application of potential lower than the
Fermi level potential) results in inhibition of electron
injection into the conduction band, and the only quenching
mechanism involves PET to the external electron acceptor
(Figure 48d). In the absence of the quencher, ruthenium
luminescence can be observed (Figure 48e). Therefore, these
systems can be regarded as NOR logic gate with potential
and [Cu2+] inputs and fluorescence output.

These two families of semiconductor-based photoelectro-
chemical devices are, among all the chemical switches and
logic devices, the closest to their silicon-based counterparts.
Very much like monolithic semiconductor devices, these
logic circuits utilize light and electricity for transmission and
processing of information, the output of which is also

Figure 45. Molecular structures of components of the photoelectrochemical switch (a), photoelectrochemical characteristics of the device
(b), and mechanisms of generation of anodic (c) and cathodic (d) photocurrents. Partially reprinted with permission from ref 473. Copyright
2005 American Chemical Society.
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communicated by means of light or electric pulses. Therefore,
in principle there should be no obstacles to concatenate these
devices into larger computing circuits. For any other class
of molecular devices described in this review this goal is
extremely difficult to achieve, except for some logic systems
based on biomolecules (cf. section 8).

6. Combinatorial Logic Systems
Simple logic gates (cf. Tables 1 and 2) can perform only

basic logic operations. Practical application of any logic
device requires much more complex logic structure including
complex logic functions performed on large data sets,
multiplexing, and demultiplexing of data streams, arithmetic
operations, and so forth. Molecular logic systems presented
so far are not complex enough to fulfill these requirements.

However, there are molecular systems capable of more
complex data processing or processing of larger number of
input parameters in parallel. The first of these tasks is
performed by concatenated logic devices, while the latter
by multiple-input logic gates and other devices.

6.1. Multiple-Input Logic Gates
There are very few chemical logic systems that can be

described as elementary multi-input logic gates. Easily
expandable multi-input OR molecular logic device was
designed by Raymo and Giordani.144 The system is based
on an array of cells containing photochromic spiropyran
acting as a light switch. Colorless SP upon irradiation with
UV light is converted into strongly colored merocyanine dye
(cf. Figure 25). Therefore, the cell containing the SP solution
may act as a light-controlled filter: in the absence of UV
illumination, the visible light is transmitted, while upon
switching the UV source strong visible absorption occurs.
This is the basis of the photonic NOT gate (Figure 49a).
Extension of the system via introduction of a larger number
of the cells results in the NOR gate, as visible light is
transmitted through the series of cells only if all the UV

Figure 46. Photocurrent transients recorded for [Fe(CN)6]4-

modified titanium dioxide photoelectrodes during pulsed irradiation
with violet (400 nm) and blue (460 nm) LEDs (a). Electronic
equivalent circuit for reconfigurable logic system based on modified
titanium dioxide electrode (b). Output 1 follows the input 1 signal,
and output 2 computes the XOR function of input data, while output
3 corresponds to the logic sum (OR) of input data. Programming
input and three-position switch represent programming of the device
through the photoelectrode potential. Adapted from ref 148.

Figure 47. Electronic equivalent circuit of surface-modified titania
photoelectrode working as two channel optoelectronic demulti-
plexer. Adapted from ref 478.

Table 5. Truth Table for Logic Gates Based on [Fe(CN)6]4-

Modified Titanium Dioxide Photoelectrodesa

input 1 input 2 output 1 output output 3
400 nm light 460 nm light 400 mV 250 mV -200 mV

0 0 0 0 0
0 1 0 1 1
1 0 1 1 1
1 1 1 0 1

YES XOR OR

a Outputs 1, 2, and 3 refer to photocurrent responses at given
potentials.

Figure 48. Design and operating principles of the photoelectro-
chemical logic gate based on [Ru(bpy′)2(CN)2]-modified titanium
dioxide.146 Molecular structure of ruthenium fluorophore (a),
luminescence quenching pathways due to the PET to the semicon-
ductor (b and c), luminescence quenching pathways due to the PET
to the external electron acceptor (b and d), and luminescence under
negative bias of the photoelectrode (e).
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sources are switched off. The number of inputs directly
corresponds to the number of photoactive cells arranged in
series (Figure 49b and c).

The three-input AND gate, also based on spiropyran as
the switching unit, was proposed by Zhu et al.489 The gate
is based on the spiropyran-perylenebisimide conjugate
(Figure 50a). At high pH and in the absence of ferric ions,
the luminescence quantum yield is very low (∼0.01) due to
strong electronic coupling of perylenebisimide (PI) with
spiropyran, which leads to PI fluorescence quenching. UV
irradiation leading to spiropyran ring opening (Figure 50b)
or SP protonation (Figure 50d) results only in a minor
increase of the luminescence intensity. Also, the addition of
Fe3+ ions does not influence the luminescence intensity.
Protonation of the opened (merocyanine) form of the
conjugate and reaction with ferric ions (Figure 50f) induces
30-fold increase in luminescence quantum yield due to the
electron-withdrawing property of ferric ions leading to
effective decoupling of merocyanine and PI units. Therefore,
the system can be regarded as a three input AND gate, with
365 nm light, protons, and Fe3+ ions as input stimuli and
luminescence at 560 nm as an output.

Other more complex molecular logic systems cannot be
regarded as multiple input logic gates as they perform more
complex functions, and their inputs are not commutative.
They can be described as concatenated logic circuits.

6.2. Concatenated Chemical Logic Systems
Simple concatenated logic systems are based on lumines-

cent or chromogenic sensor-derived molecules, which can
change their state upon stimulation with more than two
different stimuli or systems with dual luminescence. Systems
with complex photochemical or photophysical behavior are
also suitable for implementation of complex logic systems.

First, complex logic systems based on photoactive com-
pounds were reported by F. M. Raymo and co-workers in
2001.142,490,491 The photoactive spiropyran can exist in three
forms of very different optical properties (Figure 51a):
colorless spiropyran (SP), purple merocyanine betaine (ME),
and yellow protonated merocyanine (MEH).142,492

The absorption spectrum of a colorless acetonitrile solution
of the SP form does not show any absorption bands in the
visible range of the electromagnetic spectrum. Upon irradia-
tion of this solution with ultraviolet light, the colorless SP
is converted into the purple ME form. This process is
accompanied by the appearance of a strong absorption band
at 563 nm. Upon addition of 1 equivalent of trifluoroacetic
acid, the purple ME protonates yielding the yellow-green
MEH, and the absorption band at 563 nm disappears. An
absorption band at 401 nm is observed instead. Upon visible
irradiation, the MEH form is completely converted to SP.

Upon addition of 1 equivalent of CF3COOH to a colorless
solution of SP maintained in the dark, the yellow-green MEH
is obtained, which makes the whole cycle perfectly reversible.
This three-state molecular switch can thus detect three
different input signals: ultraviolet light (in1), visible light
(in2), and protons (in3). As a response to these stimulations,
the systems generates two output signals: the absorption band
at 401 nm of MEH (out1) and that at 563 nm of ME (out2).
This leads to a very complex logic structure of the device,
the truth table of which is presented in Table 6. The
combinational logic circuit (Figure 51b) illustrates the
complexity of the logic structure of the three-state device. It
is worth noticing that nine logic elements are necessary to
reproduce the functions performed by a single molecule.142

In this circuit, the three chemical and optical input signals
in1, in2, and in3 are processes through a series of AND, NOT,
and OR gates yielding the two optical output signals out1

and out2. The eight possible combinations of input data are
transduced into three of the four potential strings of output
data. The logic circuit excludes the output string (1,1), which
is never produced. Indeed, the two output signals cannot be
on simultaneously. They correspond to two distinct states
of the molecular switch that cannot coexist in solution.142

Introduction of another molecule to the SP-ME-MEH
system may result in information transfer (communication)
at the molecular level.490,491 Addition of a fluorescence probe
(perylene, PY) to the SP solution results in decreased
photoluminescence at 373 nm (336 nm excitation) intensity
due to coabsorption of excitation light. Upon conversion of
SP into ME or MEH, the PY fluorescence intensity further
decreases due to strong overlap of PY emission and ME
(MEH) absorption, and thus reabsorption of the fluorescence
light.490 Detailed Boolean analysis of fluorescence intensity
as a function of input data (UV and VIS irradiation, acid
concentration) is presented as out3 in Table 6. The system
described above integrates three input channels, three output
channels, and 16 elementary AND, OR, and NOT gates into
one complex logic circuit. This is one of the most compli-
cated logic networks reported so far in the chemical literature.

Further development of the fluorescent reporter-type device
was achieved by spatial separation of the switch from the
reporter and construction of an optical network for data
transmission.493 This network consisted of two cells and three
light sources (Figure 52a). As a light source, a cell containing
solutions of three fluorescent hydrocarbons, naphthalene,
anthracene, and tetracene, was used. The fluorescence light
was that directed to the switching cell containing the SP-
ME-MEH photoswitch. This cell was equipped with two light
sources: UV and VIS. The naphthalene fluorescence (335
nm) is absorbed completely by all the forms of the photo-
switch; therefore, this channel is excluded from further
considerations. The anthracene fluorescence (401 nm) is
absorbed by ME and MEH forms, while the tetracene
emission (544 nm) is only by the ME. Assignment of UV
light, visible light, and addition of acid as input channels
(in1, in2 and in3, respectively) and anthracene (out1) and
tetracene (out2) emissions as output channels lead to the
complex logic device (Figure 52b) containing 5 AND, OR,
and NOT logic gates. This device can be further developed
in a way similar to the three-input NOR gate (cf. Figure 49)
and is a model of the optically controlled router of optical
signals.493

Addition of a chromogenic proton acceptor N,N-dimethyl-
4-[(E)-pyridin-2-yldiazenyl]aniline (azopyridine, AZ) to the

Figure 49. Construction of NOT (a), two-input NOR (b), and three-
input NOR (c) logic gates. Visible light sources are marked in green,
while UV sources are in purple. Adapted from ref 144.
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SP based system results in the logic network containing a
memory element. The AZ dye exists in acetonitrile solution
in two colored forms: orange free base form (λmax ) 422
nm) and purple-red protonated form, AZH (λmax ) 556 nm).
As photoisomerization of SP to ME controls its basicity, the
photoinduced intermolecular photon transfer can be observed
during photolysis of AZH+SP mixtures.491 Upon UV
irradiation (in1 ) 1), the photogenerated base (ME) resulting
from photoisomerization of SP can deprotonate the AZH
acid. Conversely, VIS irradiation (in2 ) 1) of the MEH+AZ
mixture results in photoisomerization of merocyanine and
back proton transfer, resulting in the SP+AZH mixture
(Figure 53a). The proton transfer process reduces the number
of SP-ME-MEH states to two, but introduces a memory
element due to the inhibition of thermal recovery of the
merocyanine form. Therefore, the system in the absence of
light (in1 ) 0 and in2 ) 0) remembers the last state. The
memory element is represented by the feedback loop
connecting the output of the device with one of the inputs
(Figure 53b and cf. Figure 4).

Complex logic devices can also be derived from simple
fluorescent sensor or elementary logic gates (e.g., XOR-8).426

This molecule operates in transmittance mode as a XOR gate
with protons and alkali earth metal cations. Therefore,
application of Ba2+, Sr2+, and H+ as inputs results in a
combinatorial circuit with three inputs: Ba2+, Sr2+ feed the
OR gate, the output of which is connected with one input of
concatenated XOR. The other input of XOR is [H+].426

The most common approach to the concatenated molecular
logic devices includes molecular receptors of low selectivity
(i.e., several different chemical species can interact with the
receptor) and multiple output channels (e.g., dual emission,
emission, and absorption, etc.).

Very complex sensing behavior is observed in the case of
the CON-1 sensor.494 Binding of most of the transition metal
ions (Ag+, Cd2+, Cu2+, Hg2+, and Zn2+) within the
azacrown receptor does not influence the characteristics of
the charge transfer band involving aniline donor and tricya-

Figure 50. Interaction of the spiropyran-perylene-bisimide conjugate with light, protons, and Fe3+ ions responsible for the cooperative
control of fluorescence: three-input AND logic gate. The fluorescent form is marked in red. Reprinted with permission from ref 489.
Copyright 2004 Wiley-VCH.

Figure 51. The switching cycle associated with the three states
SP, ME, and MEH (a). The logic circuit equivalent of the three-
state molecular switch transducing the in1, in2, and in3 into the out1,
out2, and out3 outputs through the logic network of AND, NAND,
NOT, and OR operations. Adapted from refs 142 and 490.
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noethene acceptor moieties. A color variation from red-pink
to yellow-orange (hypsochromic shift from 520 to 475 nm)
was observed upon addition of the Pb2+ cation. Furthermore,

a 3-fold decrease of the band intensity was recorded. The
correct combination of ring and cation size would result in
a suitable coordination to the nitrogen atom of the macro-
cyclic subunit, thus inducing the hypsochromic shift of the
charge-transfer band. In turn, the presence of Fe3+ results
in strong decrease of the absorption band intensity and a
small hypsochromic shift of approximately 10 nm. Addition
of other metals such as Ag+, Cu2+, Cd2+, Hg2+, Ni2+, and
Zn2+ to acetonitrile solutions of CON-1 ligand gave no
change in the color of the solutions.494

Fluorescence of the CON-1 sensor is also sensitive to the
nature of the metal cation, but the observed changes are not
compatible with the changes in absorption spectra. For Pb2+,
the emission fluorescence enhancement is remarkable and
is most likely associated with a strong metal coordination
to the anilinium nitrogen, which is also supported by the
changes in absorption spectra. However, quenching was
observed with the redox-active metal cations Fe3+ and Cu2+,
for which electron-transfer processes involving the d-orbitals
of the metals and the excited state of the fluorophore can
occur.494

Not only spectral but also electrochemical properties of
the sensor are modified with cation binding. The CON-1
ligand undergoes two reversible one-electron processes:
reduction of the tricyanoethene moiety at -0.70 V (vs SCE)
and oxidation of the aniline moiety (at +1.2 V). Most of
the studied cations (Hg2+, Zn2+, Pb2+, and Fe3+) induce a
notably large anodic shift of the reduction wave. Moreover,
Pb2+ is the only cation capable of inducing a significant
anodic shift of the oxidation peak, strongly suggesting
coordination of the Pb2+ cation with the anilinium nitrogen,
in agreement with the chromogenic results. Ag+ and Cu2+

cations gave negligible variations of the electrochemical
behavior of CON-1.494

All these complex responses of CON-1 in three indepen-
dent channels (absorbance, emission, redox potential) lead
to rather complex logic structure of the chemical logic device.
Let us consider a device operated with three input signals:
Pb2+ (in1), Hg2+ (in2), and Fe3+ (in3), and considering three
outputs, change in redox potential (out1), color change (out2),
and fluorescence quenching (out3). Detailed response of the

Table 6. Truth Table for the Three-State Molecular Device
from Figure 51142

inputs outputs

in1 in2 out1 out2 out3

(254 nm
light)

(524 nm
light)

in3

(CF3COOH)
(abs@401

nm)
(abs@563

nm)
(fl@373

nm)

0 0 0 0 0 1
0 0 1 1 0 0
0 1 0 0 0 1
0 1 1 0 0 0
1 0 0 0 1 0
1 0 1 1 0 1
1 1 0 0 1 0
1 1 1 1 0 0

Figure 52. Optical network employed to implement digital
transmission on an ensemble of communicating molecules (a) and
the combinational logic circuits of the device. Adapted from ref
493.

Figure 53. Switching cycle of the SP/PY combined molecular
switch (a), corresponding electronic circuit (b), and the truth table
(c). Adapted from ref 491.
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systems are given in Table 7, while the electronic equivalent
of the device is depicted in Figure 54a.494

A similar strategy was applied in the device CON-2.495

This fluorescent sensor responds with high intensity fluo-
rescence (out) to several heavy cations including Zn2+ (in1),
Cd2+ (in2), and Pb2+ (in3). This strong fluorescence is
observed only in the absence of strong acids (in4). The logic
device based thereon integrates one three-input OR, two-
input AND, and NOT gates (Figure 54b).

One device based on dual emission (monomer and
excimer) was already described in section 5.1.6 (REC-3).
Another with more complicated response characteristics was
described recently by Zhu and co-workers.496 The CON-3
switch may emit upon excitation both the monomer and the
excimer luminescence, depending on the mutual orientation
of the pyrene moieties. In the fully protonated CON-3
molecule, the two pyrene fluorophores are separated due to
electrostatic repulsion of cationic fragments, and only
monomer emission can be observed. The same is observed
upon coordination of Zn2+ by the three nitrogen donor atoms.
Addition of triethylenetetramine (TETA) results in the full
recovery of excimer emission due to deprotonation of the
CON-3 switch and/or chelation of Zn2+. Assignment of the
three inputs to trifluoroacetic acid (in1), Zn2+ (in2), and TETA
(in3) and output channels to excimer (out1) and monomer
(out2) emissions results in a complex logic device (Table 8
and Figure 54c).

The Schiff base N-3,5-dichloro-salicylidene-(S)-R-phenyl-
ethylamine (CON-4) can serve as a dual-output (absorbance
at 323 and emission at 460 nm, out1 and out2, respectively)
logic device with OH-, Zn2+, and UV light (254 nm)
inputs.497 The initial form of the compound showed only
weak absorbance at 323 nm and is not luminescent. Depro-
tonation at the phenolic group changes the absorption

spectrum significantly, but the out1 value remains low. The
deprotonated form is also not luminescent; therefore, out2

remains low as well. Addition of Zn2+ ions results if
formation of the 2:1 CON-4:Zn2+ complex, which shows
remarkably high emission at 460 nm, is pH-independent.
Irradiation of the CON-4 switch results in photoisomerization
to the keto form, which upon deprotonation strongly absorbs
at 323 nm. Irradiation of the CON-4:Zn2+ complex also
results in the same process, which is accompanied by zinc
release of switching off the 460 nm fluorescence. Boolean
analysis of these processes result in quite complex logic
circuits consisting of one AND, one OR, and two INH gates
(Figure 54d).497 Alternative assignment of the absorbance
output (e.g., at 380 or 430 nm) should result in further
complication of the logic structure of this device.

These logic devices (Figure 54), although relatively
complex, have severe drawbacks as compared with the
initial photonic chemical devices described by Raymo
et al.142,144,490,491 They do not support any chances of
further development without redesigning the molecular
structure of the switch. Therefore, more flexible systems
are needed, which would allow the combination of
numerous gates into large circuits without changes at the
molecular level. The idea of cell array presented by
Raymo144,493 was further developed by Szaciłowski126 in
2004.

A series of devices was based on one-, two-, and three-
dimensional arrays of cells containing the nitroprusside-
mercaptosuccinate switch.102 Potassium concentration and
pH was set as an input to each cell. The readout of the state
was performed using low intensity green light (absorption
mode) or high intensity green light (capable of inducing
photochemical reaction of the [Fe(CN)5N(O)SR]3- com-
plex).498,499

The simplest logic system with real data flow between
logic gates can be achieved when two or more cells
containing the switching system are placed in series, as was
previously proposed by Raymo and co-workers.144,493 The
connection between logic gates can be realized using a light
beam (λ ) 520 nm) passing through all of the cells in line.
The simplest is the system containing two identical cells.
Every cell in the set works as a single AND gate with [K+]
and pH inputs and absorbance output. The set of the cells
has low absorbance only when all the cells have low
absorbance, i.e., when equilibrium (eq 15) is shifted to the
left in all of them. High absorbance can be in turn achieved
when in at least one cell the equilibrium is shifted to the
right, which corresponds to OR operation on two outputs of
AND gates (Figure 55a). As the logic state of any individual

Table 7. Triple Input Logical Truth Table Associated with the
CON-1 Molecular Devicea

inputs outputs

in1 in2 in3 out1 out2 out3

0 0 0 0 0 0
0 0 1 1 0 1
0 1 0 1 0 0
0 1 1 1 0 0
1 0 0 1 1 0
1 0 1 1 1 0
1 1 0 1 1 0
1 1 1 1 1 0

a Adapted from ref 494.

Figure 54. Electronic equivalent logic diagram of the CON-1 (a),
CON-2 (b), CON-3 (c), and CON-4 (d) molecular devices.

Table 8. Triple Input Logical Truth Table Associated with the
CON-3 Molecular Devicea

inputs outputs

in1 in2 in3 out1 out2

0 0 0 1 0
0 0 1 1 0
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 0 1
1 1 1 1 0

a Adapted from ref 496.
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cell depends on two parameters (pH and [K+]), the set on n
cells in series can simultaneously process 2n bits of input
data.

Photochemical reaction upon visible irradiation in the last
cell in series occurs only when this cell is in the ON state,
while all the preceding cells are in the OFF state. For the
two-cell system, the Boolean analysis yields the circuit shown
in Figure 55b.

Further complication of the system can be achieved by
increasing the cell number and changing the geometry of
the set of cells. The simplest two-dimensional system of this
kind consists of four identical switching cells placed in four
edges of the square. Four light sources and four detectors
ensure easy information readout. Every cell responds to
switching with pH and cation concentration, as in the
previous case. Four independent outputs may be associated
with light absorption in every row and column of the cell
matrix. There are 256 different combinations (8 input bits,

28 ) 256) of input parameters, and the system exists in 24

) 16 different states. If light absorption at 520 nm is assigned
to be the output parameter, the system behaves like its electric
equivalent shown in Figure 55c. On every edge of the square,
light is absorbed if at least one of the cells is in the ON
state. Four edges connecting four cells correspond to four
2-input AND gates (one gate for every cell in the system)
and four OR gates (one gate for every edge of the square).
Like in the previous case, photochemical reaction in the cell
requires specific arrangement of ON and OFF cells, which
is described as a circuit in Figure 55d. There is one cell in
the system, which is not irradiated directly, but through other
cells. The occurrence of photochemical reaction in this cell
depends on two factors: (i) absorbance of the solution in
this cell and (ii) absorption of the solutions in other cells.
The cell in which photoreaction is to occur must be switched
to the ON state, and other cells must be in the OFF state. It
corresponds to the set of 5 logic gates connected as shown
in Figure 55d. Any larger N × N matrix can be described in
the same way, with larger number of individual gates and
more complicated network of connections.126

Maximal complexity of logic behavior can be achieved
in the three-dimensional system. It consists of eight identical
cells with switching compound placed at the corners of the
cube, 12 light sources, and 12 detectors; light is guided along
all 12 edges of the 2 × 2 × 2 cube. The system has 16 data
inputs (8 cells with two inputs each) and 12 outputs (12 edges
of the cube). Logic structure of this system is much more
complicated, as compared with previous systems. There are
216 ) 65536 different combinations of input parameters, and
256 different sets of 12-bit outputs. Every edge of the cube,
as in the previous case, works like a circuit containing two
AND and one OR gate. The electronic equivalent of the
system is shown in Figure 55e. The circuitry looks very
complicated, but it is a set of simple components connected
in parallel (cf. red elements in Figure 55c and e).

One cell in the cubic set cannot be irradiated directly, but
the light beam must pass through other cells first. Photo-
chemical reaction induced by visible light irradiation can
occur only when this cell is in the ON state, and at least one
of the cells on the common cube edges is in the OFF state.
The electronic equivalent of this system is shown in Figure
55f. Three NAND gates correspond to three edges of the
cube, which must be transparent at 520 nm (in OFF state)
in order to enable light transmission to the ON cell (depicted
in turn as the AND gate). The OR gate illustrates that only
one transparent edge is enough to supply light to the ON
cell. The last AND gate (at the output) checks if both
conditions are fulfilled: the cell is illuminated and is in the
ON state. Larger N × N × N arrays or other geometrical
arrangements of the cells lead to increased complexity of
logic operation that can be performed with the system, but
the basic principles of the device remain unchanged.

7. Molecular Arithmetic Systems
Performance of arithmetic operation (addition, subtraction)

requires the connection of several basic logic gates (cf. Table
2) into more complex circuits, namely, half-adder and half-
subtractor (cf. Table 4). Depending on the size of binary
representation of the numbers to add (or to subtract), the
corresponding half-adders (or half-subtractors) must be
connected in series and equipped with auxiliary gates to
process the carry (or borrow) bits (cf Figure 8 and Table
5).1,2

Figure 55. Electronic equivalents of the logic devices based on
the [Fe(CN)5NO]2- switching system: one-dimensional (a and b),
two-dimensional (c and d), and three-dimensional (e and f) optical
networks working in absorption (a, c, and e) and in the photore-
action (b, d, and f) model. Basic sets of one OR and two AND
gates are marked in red. Adapted from ref 126.
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There are numerous molecular implementations of binary
half-adders,half-subtractors,fulladders,andfullsubtractors.500,501

The most complex systems integrate both functions in a
single molecular system and are called moleculators (mo-
lecular calculators).502

7.1. Molecular-Scale Half-Adders
7.1.1. Chemically Driven Molecular Half-Adders

The first molecular half-adder was reported by in 2000
A. P. de Silva.503,504 The system was based on previously
reported AND-3 and XOR-8 with quinoline moiety molecular
logic gates mixed in one solution and operating on the same
chemical inputs. The binary input numbers were encoded in
[H+] and [Ca2+], respectively. The AND gate operated in
fluorescence mode, yielding high fluorescence intensity in
the presence of both H+ and Ca2+. The XOR gate, in turn,
operated in transmittance mode, yielding high transmittance
of violet light in the presence of acid or calcium ions. This
molecular half-adder conceptually resembles the electronic
equivalents: both molecular gates share the same inputs, and
the outputs are independent. This system, however, cannot
be further developed into full adder due to incompatibility
of inputs and outputs.

The only monomolecular chemically driven binary half-
adder-like system was reported by Margulies et al. in 2004.505

The HA-1 device is based on a modified bacterial siderophore
equipped with two fluorophores: fluorescein and pyrene. The
central siderophore unit has three hydroxamic groups and
exhibits high affinity toward Fe3+ ions. Excitation of the
HA-1 in its native form results in strong green emission from
the fluorescein unit due to FRET from the pyrene moiety.
Upon protonation, the blue emission from pyrene is observed.
Iron binding completely quenches the fluorescence of both
fluorophores due to efficient PET processes. Addition of
ethylenediaminetetraacetic acid (H4EDTA) to the FeIII-HA-1
complex protonates the fluorescein group and removes iron
ions from the siderophore ligand. This results in exclusive
emission from the pyrene moiety at 390 nm. Addition of a
base, in turn, causes ionization of the fluorescein, but without
the removal of iron so that a faint green emission is observed.
Only when both inputs are present, namely, the solution is
basic and the iron is removed, an intense green emission of
the fluorescein at 525 nm can be observed. Consequently,
by monitoring the emission signals at 525 nm, an AND logic
gate is obtained.

The XOR gate can be mimicked in the same molecular
systems using strong acid and a strong base as chemical
inputs. Protonation of the FeIII-HA-1 complex results in iron
decomplexation, which results in blue pyrene emission being
switched on. However, addition of base deprotonated the
fluorescein unit and resulted in weak green emission.
Therefore, if emission from the HA-1 molecule is considered,
the system behaves as a XOR gate; addition of both acid
and base results in fluorescence switching. The HA-1 system
thus integrates the AND and XOR logic gates within a single
molecule, but due to different input operation, these two gates
cannot be regarded as fully functional molecular half-adders.

7.1.2. Optically Driven Molecular Half-Adders

The all-optical half-adder based on the mixture of two
photochromic switches was reported by Andréasson et al.506

The system consists of two Nd:YAG pulsed lasers, second
harmonic generator (SHG), third harmonic generator (THG),
a 650 nm-readout laser, and a cell containing the switching
mixture (Figure 56a). This molecular system is based on two

Figure 56. Half-adder and molecule-based logic gates. The
experimental setup of the half-adder (a) and the absorbance and
fluorescence outputs (b). Reprinted from ref 506. Copyright 2004
American Chemical Society.
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porphyrins equipped with photochromic units: the
dihydropyrene-porphyrin-fullerene triad (HA-2a) and the
porphyrin-dihydroindolizine dyad (HA-2b). The laser sys-
tem may irradiate the cell at either 1064 nm (input A) or
532 nm via a second-harmonic generator (SHG, input B).
When both inputs are on, the sample is irradiated with 355
nm light from the third-harmonic generator (THG). Outputs
X (AND gate) and Y (XOR gate) are the transient absorbance
of the fullerene radical anion and porphyrin fluorescence,
respectively (Figure 56b).

The AND gate is based on the HA-2a switch. If the
photochromic moiety is in the opened form (cyclophanedi-
ene, CPD), excitation of the porphyrin moiety yields only
the short-lived charge separated state CPD-P+-C60

-. Long-
lived charge separated state DHP+-P-C60

-, characterized
by strong absorption at 1000 nm (output of the AND gate),
can be generated only from the closed form of the HA-2a.
Photochemical closure of the CPD to the DHP moiety can
proceed only upon UV irradiation, which is available when
both lasers are on the third harmonic of Nd:YAG line is
generated. Therefore, this system can be regarded as a
photonic AND gate.

A porphyrin moiety linked to a photochromic dihydroin-
dolizine (P-DHI dyad, HA-2b) acts as a photonic XOR gate.
Excitation of the porphyrin moiety within the dyad in the
closed form (cf. Figure 29a) results in strong fluorescence
at 720 nm (output signal of the XOR gate). Irradiation of
the closed form of the HA-2b switch with 355 nm-light (3rd
harmonic) results in the formation of the opened betaine form
(BT). In this situation, porphyrin excitation results in the
charge separated state P+-BT-, which results in fluorescence
quenching. BT can be transferred back to the DHI form upon
visible (532 nm, second harmonic) or IR (1064 nm)
irradiation. Therefore, the HA-2b molecule working in the
laser system in Figure 56 behaves as a photonic XOR gate.
Integration of the two molecular logic gates operating with
the same photonic inputs and two different output channels
results in the light-powered binary half-adder.506

A very similar laser setup was used to mimic the binary
half-adder within a single molecule.507 In this case, two input
channels are set to the third harmonic of the Nd:YAG laser,
355 nm. The switching molecule HA-3 contains three
photochromic moieties (one spiropyran and two dihydroin-
dolizines) linked with the central benzene core. The thermally
stable form of the switch has all three photochromic systems
in colorless closed form. The spiropyran in its closed,
thermally stable form may be photoisomerized with ultra-
violet light (e.g., 355 nm) to an open merocyanine form,
which closes back thermally. Each dihydroindolizine moiety
also exists in a thermally stable closed form. Photoisomer-
ization with ultraviolet light (e.g., 355 nm) produces an open,
zwitterionic form that closes thermally. The HA-3 molecule
can therefore exist in numerous forms, the stable [c,c,c]
isomer and a series of thermally unstable, (partially) opened
forms: [c,c,o], [c,o,c], [o,c,c], [o,o,c], [o,c,o], [c,o,o], and
[o,o,o]; Figure 57. At ambient temperatures, the opened
forms are thermally converted into the [c,c,c] form within
minutes.

Merocyanine is the only fluorescent moiety within the
system (λmax ) 659 nm, output of the XOR gate). However,
the betaine form absorbs the merocyanine emission and acts
as an efficient quencher. Therefore, only the [o,c,c] isomer
is fluorescent. Furthermore, only the forms [o,c,c], [o,o,c],

[o,c,o], and [o,o,o] show characteristic merocyanine absorp-
tion at 579 nm (output of the AND gate).

Irradiation of the HA-3 generates all possible opened
forms, the ratio of which depends on a subtle interplay of
the rate of their population (thus the light flux) and the
thermal recovery of the stable [c,c,c] form controlled by
temperature and properties of the solvent. Irradiation at 355
nm leads to net isomerization in the direction of the arrows
in Figure 57, whereas thermal reversion results in net
isomerization in the opposite direction. In the dark, the entire
population is in the [c,c,c] state, which is represented by a
point at the bottom of the hexagon. Under UV irradiation,
the center of the population distribution rises toward the top
of the hexagon; at steady-state, the center of this distribution
is determined by the equilibria between the thermal and
photochemical reactions. Therefore, the maximal intensity
of merocyanine absorption increases with increasing light
flux, as the distribution of HA-3 forms approaches the top
corner of the hexagon (Figure 57). In the laser system, this
situation is obtained with two concomitant pulses from both
lasers, which corresponds to AND operation. However, the
fluorescence of the [o,c,c] form reaches its maximum at
moderate light flux, which can be achieved only with the
single laser pulse. Thus, fluorescence output can be associated
with XOR function. As in the previous case, integration of
AND and XOR gates in one system (here also in one
molecule) results in the photonic half-adder.506

Another optically controlled binary half-adder was reported
by Tian and co-workers.508 The system is based on [2]ro-
taxane HA-4. The thread of this rotaxane contains two
photoswitchable moieties, azobenzene and stilbene; both ends
are terminated with fluorescent reporters, 4-amino-1,8-
naphthalimide-3,6-disulfonate (λem ) 520 nm) and 1,8-
naphthalimide-5-sulfonate (λem ) 395 nm), respectively. In
the thermally stable [ENdN, ECdC] isomer, the cyclodextrine
macrocycle can freely move along the thread; this isomer is
weakly emissive (at both fluorophores) due to vibrational
and rotational energy dissipation by methylene spacers. The
[ZN ) N, ZCdC] isomer is an even weaker emitter, and the
macrocycle resides trapped between the azobenzene and
stilbene moieties (cf. Figure 22).

Two photoswitchable units of the HA-4 switch can be
selectively addressed: photoisomerization of stilbene to the
Z isomer proceeds at 313 nm (back reaction at 280 nm),
while the azobenzene moiety is isomerized on irradiation at
380 nm (back reaction at 450 nm). Thermal equilibration in

Figure 57. Graph of isomerization pathways for HA-2. Net
photochemical isomerization under the influence of UV light occurs
in the direction of the arrows. Thermal isomerization and photoi-
somerization promoted by visible light occurs in the opposite
direction. Colored isomers are marked in red, and the only
fluorescent isomer is marked in yellow. Adapted from ref 506.
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darkness also yields the [ENdN, ECdC] form. In the [ENdN,
ZCdC], the cyclodextrin macrocycle resides at the E-azoben-
zene moiety, and the fluorescence intensity of the neighboring
fluorophore (green emitter) is strongly enhanced. Vice versa,
upon isomerization to the [ZNdN, ECdC] isomer, the R-CD
ring resides at the stilbene unit, and therefore, the lumines-
cence of the blue emitter is enhanced. If fluorescence
intensity is considered as an output channel, the HA-4
molecule behaves as a XOR gate: the [ENdN, ZCdC] and
[ZNdN, ECdC] isomers are strongly luminescent, while the
[ENdN, ECdC] and [ENdN, ZCdC] ones emit only weakly.
Furthermore, photoisomerization of both units are associated
with absorbance changes. The strongest change is observed
during concomitant reaction at both centers; therefore, the
absorbance channel produces the AND gate.508

The photochemically driven multistate [2]rotaxane HA-4
mimics a half-adder with distinct AND and XOR logic gates.
The device is reversible and can then be reset with light or
heat such that the half-adder can be operated repeatedly.
Furthermore, the logic output of the four-state device can
be further complicated by discrimination of absorption and
emission wavelengths.

A very different approach to molecular computing was
reported by Yeow and Steer.509 The molecular device is
composed from two molecules: zinc porphyrin and azulene
(HA-5). The operation of this device is based on Förster
energy transfer between the two components of the device.
Azulene (AZ, Figure 58a) can be pumped to the luminescent
excited state (S1) by absorption of a photon with ν1 g 14400
cm-1. The luminescence of this state is considered as the
out1 output of the device. Absorption of a second photon
from the other source (ν2 g 13900 cm-1) produces the S2

excited state. The S2 state of azulene is an efficient energy
donor and transfers electronic energy to the acceptor
molecule, in this case to the S2 state of zinc porphyrin. This

state is luminescent and therefore can be also considered as
an output (out2) of the device. Luminescence of azulene
(11000-13400 cm-1) is observed only upon absorption of
one photon (hν1 or hν2), while luminescence of porphyrin is
observed only upon two-photon excitation of azulene.
Therefore, the azulene luminescence can be assigned the
XOR function, while the porphyrin luminescence the AND
function. Combination of XOR and AND in one molecular
system results in the all-optical binary half-adder.

There is, however, a further complication to the logic
structure of this device. Not only azulene but also porphyrin
can be selectively excited to the S1 and S2 states by
absorption of one (ν3) or two (ν3+ν4) photons of ν g 18000
cm-1, respectively. The S2 state is luminescent, and its
emission is regarded as the out2 output, while the S1 state
can transfer electronic energy to the azulene molecule, thus
producing the azulene S1 emission. This results in additional
gates connected with the half-adder (Figure 58b).

The electronic energy transfer to porphyrin serves as a
tool for the decection of the S2 state of azulene. In principle,
any aromatic molecule with easily accessible (and detectable)
S1 and S2 excited states (cf. Figure 58a) can act as binary
half-adder provided that the two excited states can be
spectroscopically detected.510

7.1.3. Mixed Signal Molecular Half-Adders

Implementation of arithmetic function to molecular sys-
tems may require the combination of various input signals,
e.g., chemical and electrochemical, or chemical and optical.
Two examples of such systems are discussed below.

The redox-driven half-adder based on tetrathiafulvalene
(HA-6) was reported recently by Zhu et al.511 The device is
based on spectral differenced between TTF and its partially
(TTF+•) and fully oxidized (TTF2+) forms. TTF can be
oxidized to the cation radical electrochemically (in aceto-
nitrile at +0.65 V vs Ag/AgCl) or by the addition of 1
equivalent of a strong one-electron oxidant, e.g., NOPF6. This
reaction is accompanied by the formation of an intense
absorption band at 435 nm. Further chemical oxidation with
another equivalent of NOPF6 yields the dication characterized
by strong absorption at 350 nm (and weak at 435 nm). The
same effect can be produced when electrochemically gener-
ated radical is reacted with one equivalent of oxidant.
Therefore, two inputs of the half-adder are one-electron
electrochemical oxidation and one-electron chemical oxida-
tion. Absorbance of the cation radical can be regarded as
the XOR gate output and the absorbance of the dication as
the AND output. Altogether, the redox-driven binary half-
adder is achieved, and its output can be read as absorption
at two different wavelengths.

A molecular binary half-adder based on photochromic
ligand HA-7 was reported by Zhu et al.512 On irradiation
with UV light (365 nm), the spiropyran undergoes ring
opening, yielding the colored merocyanine form (λmax ) 590
nm). It can further react with the Fe3+ ions yielding a stable
complex characterized by strong absorption at 430 nm. The
HA-6 reacts also with Fe3+ in the SP form: the reaction
yields the colored cation radical characterized by strong
absorption at 500 nm. Absorption at 430 nm thus corresponds
to the AND operation with UV light and Fe3+ as arguments,
while the absorbance at 550 nm (halfway between the ME
and SP cation radical) absorption bands corresponds to the
XOR function of the same input data.

Figure 58. Energy diagram for azulene-zinc porphyrin molecular
half-adder (a) and corresponding electronic circuit (b).
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7.2. Molecular-Scale Half-Subtractors

Molecular implementation of the binary half-subtractor is
much more difficult than any of the logic devices discussed
so far. There are several molecular half-subtractors reported
so far, but some additional tricks have been used to achieve
the desired operation, e.g., one input was read in positive,
while the other in negative logic. Interestingly, both devices
use acids and bases as input signals.

The first binary molecular half-subtractor ever reported
comes form the laboratory of S. J. Langford (HS-1).513

The operation of the device is based on bathochromic shift
of the Soret band of tetraphenylporphyrin (H2TPP) and
changes in energy and intensity of the emission bands on
protonation and deprotonation. The Soret band of H2TPP is
localized at 417 nm; after protonation (H4TPP2+), it shifts
to ∼440 nm, and in the presence of strong base (e.g.,
t-BuOK), the TPP2- dianion exhibiting a strong band at
∼430 nm is formed. Furthermore, only protonated and
deprotonated forms are strongly luminescent as compared
with the neutral, weakly emitting form (H2P). The H4TPP2+

cation emits at 405 nm, while the TPP2- dianion at 440 nm.
Strong visible absorption at λ > 425 nm is observed when
one of the inputs is present (i.e., either acid or base);
therefore, it corresponds to XOR function. Strong emission
at selected wavelength (405 or 440 nm) is present only in
the presence of one particular stimuli (acid or base, respec-
tively), therefore luminescence output presents the INHIBIT
function. Integration of XOR and INH within one molecule
with the same inputs and different output channels results
in the molecular scale binary half-subtractor.

The HS-2 molecular device also takes acid and base as
input, and the outputs are both in fluorescence channels at
different wavelengths.514 The luminescence of the BDPY
central unit is controlled by two processes: PET from the
phenol moiety and ICT involving the dimethylaniline moiety.
Deprotonation of the phenol moiety results in complete
quenching of the fluorescence. However, protonation of the
amino group results in a strong hypsochromic shift (from
660 to 565 nm). Emission at 565 nm can be thus regarded
as an output of the INH gate, while emission at 660 nm
corresponds to XNOR function. Application of positive logic
to the INH output and negative logic to the XNOR output
results in binary half-subtractor.

The same set of input signals is used in the HS-3 device.515

The isoquinoline N-oxide is characterized by unstructured
S1 fluorescence at 400 nm. Upon protonation the acceptor
character of the isoquinoline moiety is enhanced, and
fluorescence from the charge transfer excited state can be
observed at 491 nm (λex > 360 nm, output 1). Furthermore,
the S1 emission shifts hipsochromically to 380 nm (output
2). Deprotonation of the HS-3 molecule, in turn, results in
enhanced donor properties of the phenolate, which also
switches on the charge transfer emission at 497 nm. Thus,
output 1 (S1 emission from protonated isoquinoline N-oxide)
corresponds to the INH function and output 2 (charge transfer
emission) to the XOR function.

An even simpler switching pattern, but also resulting
in implementation of binary half-subtractor, is observed
in the case of HS-4.516 The neutral form of 2,2′-bipyridyl-
3,3′-diol is only weakly luminescent. Protonation results in
strong luminescence at 494 nm, while the deprotonated form
fluoresces at 453 nm. Both emission spectra are broad and
show identical intensity at 453 nm (output 1). Emission
spectrum of the protonated form extends toward red, and
the emission at 500 nm can be taken as the second output.
Emission at 453 nm is thus observed for both protonated
and deprotonated forms, while the signal at 500 nm is
characteristic only for the protonated one. Therefore, the first
output can be associated with the XOR gate, while the second
with the INH gate; therefore, the HS-4 molecule acts as a
binary half-subtractor operating on H+and OH- inputs.

Simple quinoline derivatives (HS-5, HS-6, HS-7, and
HS-8) are also good models of half-subtractors operating
with acid and base inputs.517 Each of these compounds has
two protonation sites: the arylamine group and the hetero-
cycle nitrogen atom of very different pKa values. Thus, in
solutions of variable acidity they can exist as neutral
molecules, monocations, and dications. Neutral species are
only weakly fluorescent (HS-5 is an exception), and proto-
nation induces strong ICT fluorescence involving the ary-
lamine group as a donor and the protonated heterocyclic
group as an acceptor. In the case of doubly protonated forms,
the homocyclic ring acts as a donor and the heterocyclic ring
as an acceptor. This results in a red shift of the emmission
line upon the second protonation step. Application of the
input/output assignment similar to that applied in the previous
case (HS-4) results in half-subtractor behavior.517 Isoquino-
line N-oxide (HS-9) is an example of the application of
multiple fluorescent states for information processing.518

Depending on the acidity of the solution, it exists in neutral,
cationic, and anionic forms. Independent of acidity, excitation
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at 330 nm results in the generation of the locally excited
(LE) state of isoquinoline. This singlet state emits at 400
nm for the neutral and anionic form, and protonation of the
N-oxide moiety results in a small hypsochromic shift (380
nm). Furthermore, low energy excitation (>360 nm) may
lead to the ICT excited state as the N-oxide is an acceptor,
and electron rich methoxyphenol is an electron donor. Their
relative donor and acceptor properties are easily modulated
with protonation-deprotonation. Protonated N-oxide is a
better acceptor than the neutral one, and phenolate is a better
donor than phenol. Therefore, ICT emission at 500 nm can
be observed only for cationic and anionic forms of HS-9,
while the neutral form shows only LE fluorescence. Blue
shifted LE emission is observed only in acidic solutions (INH
gate) and ICT emission in acidic or basic but not in neutral
solutions. Therefore, if the 380 and 500 nm emissions are
considered as outputs and acid and base additions as the
inputs, the systems mimicks the binary half-subtractor.

The same inputs are applied to control the HS-10 device
reported recently by Yan and co-workers.519 The fluorescent
HS-10 molecule emits at 450 on 360 nm excitation, and the
dinuclear copper(II) complex is, however, nonluminescent.
On addition of acid one copper ion is released, and the
luminescent (475 nm) CuH(HA-10)3+ complex is formed.
Further acidification results in the formation of H2(HA-10)2+

characterized by 550 nm emission. Addition of a strong base
to the starting complex liberated the free ligand, and
fluorescence at 450 nm is restored. Therefore, the 475 nm
luminescence (present both upon addition of acid and base)
can be regarded an an output of the XOR gate and the 550
nm emission (present only in acidic solitions) as an output
of the INH gate.

7.3. Molecular-Scale Full Adders and Full
Subtractors: Toward Arithmetical Processors

The highest complexity of arithmetic operations is
achieved in binary full adders and full subtractors. These
devices require three input signals and as a result of
computation yield two output bits (cf. Figure 8). There
are several devices of that kind described in the chemical
literature, and the most complex ones include full adder
and full subtractor integrated within the same molecular
system and sharing the same input data. In most of the
cases, various chemical stimuli (acids, bases) are taken
as input data, while the output usually involves changes
in spectral properties of the molecular computing system.
Some other molecular arithmetic systems are based on
multiphoton excitation to higher excited states.

The first complex molecular arithmetic system, integrat-
ing full adder and full subtractor within the same
molecular system was reported by D. Margulies et al.502

It is based on a simple, commercially available fluorescent
indicator fluorescein (FA-1) and used acids and bases as input
signals, while changes in absorbance, transmittance, and
fluorescence are used as outputs. Protonation and deproto-
nation of fluorescein results in changes in its absorption
spectrum. Two analytical wavelengths are selected: 447 and
474 nm. The first one is characteristic for both monocation
and monoanion of fluorescein, while the second is high only
for the monoanion and dianion. The neutral form of
fluorescein shows only weak absorption at both analytical
wavelengths.

In order to achieve full adder based on fluorescein, the
transmittance at 447 nm is assigned to the sum output, while
absorbance at 474 nm as carry output. Operation of full adder
starts from the monocationic form of FA-1; it corresponds
to [0,0,0] set of inputs, and this state is characterized by low
transmittance at 447 and low absorption at 474 nm, i.e., it
returns the [s ) 0, c ) 0] output (i.e., 0 + 0 + 0 ) 0).
Addition of one equivalent of strong base yields the neutral
form, which shows low absorbance at both analytical
wavelengths (hence high transmittance at 447 nm), which
corresponds to the [s ) 1, c ) 0] output state (i.e., 0 + 0 +
1 ) 1). Addition of the second equivalent of the base yields
the monoanionic form, characterized by low transmittance
at 447 and high absorbance at 474 nm, thus corresponding
to the [s ) 0, c ) 1] state, i.e., 0 + 1 + 1 ) 2. Introduction
of a third OH- input yields the dianion, which show high
transmittance at 447 and high absorbance at 474 nm, which
corresponds to the [s ) 1, c ) 1] state, i.e., the 1 + 1 + 1
) 3 operation is performed.

The same chemical systems can also operate as binary full
adder. The same analytical wavelengths are used for model-
ing the full subtractor, but only absorbancies are used as
outputs, while both acid and base are used as chemical inputs.
The neutral form of fluorescein is set as the initial form
corresponding to the [0,0,0] input. The acid input is assigned
to the minuend while the base input to the subtrahend and
the pay-back values (cf. Figure 8 and Table 4).

Another system based on the same principle was reported
by Liu et al.520 The FA-2 switch operated with acid and base
inputs and integrates three devices within one molecule: half-
adder, half-subtractor, and comparator. Furthermore, due to
the presence of four spectrally different forms (anion, neutral,
cation dication) of the FA-2 compound, it is possible to
implement binary full adder and full subtractor within this
molecule. This problem, however, was not addressed so far
in the FA-2 molecular device. Furthermore, this device is
the only known example of a molecular binary comparator
(cf. Table 3 and Figure 8). Neutral FA-2 upon 335 nm-
excitation emits blue fluorescence (423 nm). Application of
no inputs (x ) 0, y ) 0) or both acid and base (x ) 1, y )
1) yields the equality bit of 1 and majority bit of 0 (cf. Table
3 and Figure 8). Addition of strong base results in the
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formation of the anionic form of FA-2, which is nonfluo-
rescent (equality 0, majority 0), while upon addition of acid
green fluorescence of monocation at 513 nm is observed
(majority bit set to 1).

All these chemically driven molecular devices require
sequential addition of chemicals to perform calculations and
to reset the device to the initial state. This is not the most
convenient way of computing; therefore, although very
interesting, they have no practical significance. Furthermore,
the rate of their operation is limited to the time of mixing
and recording absorption or emission spectra. Much more
promising are systems based on multiphoton photophysical
processes in higher excited states. By definition, these
processes are very fast and reversible, but unfortunately, their
operation requires a lot of energy to provide sufficiently high
light flux to achieve multiphoton absorptions. Furthermore,
they do not yield output into two channels but to three, and
they are assigned to [0,1], [1,0], and [1,1] two-bit states. The
simplest molecule on which a binary full adder can be based
on is nitric oxide.521,522 Energies of photons must be tuned
to reach low electronic excited states with one photon, near
the ionization edge with two photons, and finally induce
ionization of a molecule with three photons (Figure 59).
Recently, a full adder based on the FA-3 molecule excited
with UV and visible photons was reported.510 Fluorescence
([0,1]), ionization of the amine ([1,0]) group or aromatic
moiety ([1,1]) were defined as output signals. These systems
are capable of very rapid operation, but disadvantageously
molecules are destroyed during the operation of this full
adder, and it cannot be reverted to the initial state.

This problem was recently solved by Speiser et al.523 The
bichromophotic system, the rhodamine-azulene conjugate
(FA-4), enables the reversible all-optical binary calculation
(Figure 60). Excitation of the rhodamine moiety (energy
donor) with either hν1 or hν2 photons results in the S1 excited
state, which can efficiently transfer electronic energy to the
azulene moiety, which then generates the out3 signal (sum).
The same can be recorded with direct azulene excitation with

hν3 photons (carry in). The second hν3 photon (or concomi-
tant excitation of rhodamine with either hν1 or hν2) results
in S2 emission of azulene (out2, carry out). Also, concomitant
application of hν1 and hν2 photons results in the generation
of carry output (S2 luminescence of rhodamine fragment,
out1). This system represents the first molecular, all-optical
arythmetic system, which works reversibly. The XOR
operations are based on one- versus two-photon excitations
of two chromophoric moieties, while communication be-
tween individual gates is based on intramolecular electronic
energy transfer.

8. Logic Devices Based on Biomolecules and
Biosystems

Processing of information is one of the most crucial
processes in all of the living organisms. It regards not only
advanced processes in nervous systems of higher animals,
but also a plethora of biomolecular processes involving
proteins and nucleic acids. Boolean processes can be
observed at all levels of abstraction: large populations of
organisms, single organisms, organs, tissues, cells, intracel-
lular structures, and molecules.120,524–527 Proteins can act as
signal receptors, logical gates, or signal transducers between
different forms of signaling, including light, electricity, and
chemical messenger systems. Nucleic acids mainly act as
memory, both for permanent and for short-term applications,
although the self-splicing activity of certain RNA molecules
means that they can perform information processing as well
(see section 8.1).528

Diverse and complex chemistry of biomolecules allows
the construction of artificial logic systems of unprecedented
complexity (cf section 8.3), capable of solving various
nontrivial problems.

8.1. Boolean Processes in Natural Biosystems
The most important biomolecular processes usually

associated with Boolean logic are expression of genes and
signal transduction. The latter is not a Boolean process
per se, but the mutual interaction of various signals or
the choice of signaling pathway is best described by
Boolean functions. Even most of the enzymatic reactions
can be described in terms of Boolean logic, and electronic
equivalents of these processes can be easily found. The

Figure 59. Photophysical implementation of a binary full adder.
Numbers in brackets indicate carry and sum bits, respectively.
Adapted from refs 521 and 522.

Figure 60. Photophysical diagram of an all-optical binary full
adder based on the rhodamine-azulene conjugate. Adapted from
ref 523.
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basic electronic switching device (a transistor) is easily
mimicked by an enzyme converting a substrate into a
product in the presence of an activating molecule (Figure
61).526

The simplest case of natural logic systems is connected
with the control of gene expression. In order to translate DNA
into mRNA and hence induce protein synthesis, RNA
polymerase must attach to the DNA strand at the promoter
site and the repressor site of the DNA must be unoccupied
(Figure 62a). Binding of repressor protein to the repressor
site inhibits the translation process, and no protein synthesis
associated with the output gene is observed (Figure 62b). In
the case of more repressor sites within the promoter region,
more complex logic functions may be observed (e.g., NOR,
Figure 62c).529 The presence of sites that upon ligation may
facilitate binding of RNA polymerase results in higher
complexity of the logic response.530–534

RNA itself is also capable of performing logic operations,
and the so-called riboswitches are crucial elements of the
regulatory system of cellular metabolism. The recently
discovered RNA-based receptor of glycine can in a concen-
tration-dependent manner switch the cellular metabolism
between anabolic (at low concentration) and catabolic (at
high concentration) utilization of glycine by bacteria.535,536

Signal transduction pathways are governed by processes
that are not Boolean in nature, but can be easily described
by a series of logic gates (Figure 63).537,538 These Boolean
networks are well accepted models for the description of
cellular signaling, especially in the nervous system.538 Simple
gates such as AND and OR are used to describe synergistic
and redundant signaling, respectively, while more complex
transduction schemes, such as adverse effects, one way
suppression, or mutual suppression, require more complex
model logic circuits (Figure 63).537

8.2. Protein-Based Molecular Logic Systems and
Devices

Only a few binary logic devices based on proteins are
described so far. These devices utilize two different phe-
nomena: changes in the structure of the protein itself or
changes in pathways of enzyme-catalyzed reaction.

The first approach to protein-based logic devices was
applied by Aida and co-workers.539 The device is based on
the genetically engineered GroEL chaperone protein, with
cysteine side chains modified with azobenzene moieties.
Under natural conditions, the GroEL chaperone binds de-

naturated proteins inside the cavity and assists their refolding
into native forms. 540,541 ATP and GroES capping protein
trigger the opening of the GroEl and release of the refolded
protein. Therefore, this system can be regarded as an AND
logic gate with GroES and ATP as inputs and refolding
activity toward denaturated proteins as an output. On the
basis of that scheme, a semiartificial protein-based device
was developed. Photoisomerization of azobenzene moieties
is equivalent to binding and releasing of capping protein as
it results in closure (trans) and opening (cis) of the protein
cavity (Figure 64). Interaction of ATP is identical in the case
of both the native and engineered proteins. When the azo-
GroEl protein is reacted with denaturated green fluorescent
protein (GFP), the fluorescence of GFP is recovered only
upon photoisomerization of azobenzene units to cis isomer
in the presence of ATP, while in the absence of light and
ATP, the engineered GroEL prevents GFP refolding. This
device is not only a molecular logic gate, but can be also
regarded as the molecular-level machine.539

Much more versatile logic schemes can be achieved when
various enzymatic reaction pathways are considered. The
simplest one-input logic gates (YES and NOT) can be easily
mimicked with glucose oxidase (GOx) and formaldehyde
dehydrogenase (FDH), respectively (Figure 65).542 The
biocatalytic YES gate produces high output signal (gluconic
acid) only when glucose in supplied (Figure 65a). The
implementation of a NOT gate is more complex. Formal-
dehyde dehydrogenase is inhibited by hydrogen peroxide.
Therefore, in the absence of H2O2 (low input), formaldehyde
and NAD+ are converted to formic acid and NADH (high
output). Addition of H2O2 to the reaction mixture (high input)
prevents the production of NADH (low output, Figure 65b).

Coupling of two enzymes into catalytic cycles resulted in
biochemical mimicking of two-input logic gates (Figure
66).542,543 The AND gate was implemented in the system
composed of two enzymes: catalase (Cat) and glucose
oxidase (GOx) under anaerobic atmosphere. The catalase-
mediated transformation of input 2 yielded molecular oxygen
that was consumed by GOx, catalyzing the oxidation of input
1, glucose, to gluconic acid. The gluconic acid product
corresponded to the output (Figure 66a).542

Biocatalytical mimicking of the OR gate was more difficult
and required the utilization of the modulus of the NADH
absorbance change (at 340 nm) as the output. The biocatalytic
cycle was composed of two enzymes: GOx and horseradish
peroxidase (HRP) and the cofactor NADH (Figure 66b).
Upon addition of glucose to the system (input 1), GOx
yielded H2O2 that was subsequently consumed by HRP with
concomitant oxidation of NADH to NAD+, resulting in the
depletion of NADH and an absorbance change. Upon
addition of H2O2 (input 2), either in the presence or absence
of glucose, the same oxidation of NADH to NAD+ pro-
ceeded, thus resulting in overall OR resonse.542

A very similar approach was applied to the implementation
of the XOR gate. The system contains two enzymes: GDH
and HRP in the presence of equal amounts of NADH and
NAD+ (Figure 66c).542 As in the previous case, the output
signal is assigned to the absolute value of the variation of
NADH absorbance at 340 nm. The highest variations of the
NADH concentration are observed in the presence of glucose
(input 1) and in the absence of H2O2 (input 2), or in the
presence of H2O2 and in the absence of glucose. Other
combinations of input data result in rather constant absor-
bance at 340 nm. Therefore, this biocatalytic system is

Figure 61. Functional analogy between the bipolar transistor (a)
and enzyme transistor (b). The current flowing through transistors
is a function of gate potential (in), while the rate of product
formation is a function of activator concentration. Adapted from
ref 526.
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regarded as a XOR logic gate. The same enzymatic system
can also mimic the AND logic gate in the initial absence of
NAD+ and with gluconic acid as an output (Figure 66c,
output 2).543

Further complication of biochemical logic systems was
achieved in a coupled four-enzyme system reported by
Willner and co-workers.544 The system is constructed from
four enzymes: acetylcholine esterase (AChE), choline oxidase
(ChOx), microperoxidase-11 (MP-11), and glucose dehy-
drogenase (GDH) (Figure 67). Information is fed to the
system by four different chemical stimuli, which are sub-
strates for these enzymes: acetylcholine (input A), butyryl-
choline (input B), molecular oxygen (input C), and glucose
(input D). The operation of the logic system is read out by
following the NADH concentration changes on the basis of
the absorbance at 340 nm. Acetylcholine (input A) or
butyrylcholine (input B) are hydrolyzed by AChE to form
choline that acts as the output of the first OR gate. Choline
generated by the OR gate and O2 (input C) activate the AND
gate that yields betaine aldehyde and H2O2 as products. Two
enzymes MP-11 and GDH perform the XOR operation on
the product of the AND gate (H2O2) and glucose (input D).544

The most advanced artificial logic protein-based device,
binary half-adder, was reported by Willner et al. in 2006.545

This biocatalytic system comprises a combination of two
enzyme-based logic gates: AND and XOR. The AND gate
is based on the GOx-Cat enzyme pair (vide supra) and the
XOR gate on the GDH-HRP pair (Figure 68). The inputs

for both gates are glucose (input 1) and H2O2 (input 2), while
the changes in concentration of gluconic acids and NADH
are the outputs.

The same approach can be used to build much more
complex logic systems; their complexity in principle is
limited only by the number of enzymes involved and the
number of independent substrates (acting as input signals),
and coupling reagents providing communication between
individual enzyme gates.546–548 Better control over enzymatic
logic gates was observed upon immobilization onto electrode
surfaces. Coimmobilization of GOx and MP-11 via pyrrolo-
quinoline quinone monolayer resulted in the system, the
response of which can be controlled by electrode potential.
AND, OR, or XOR functions were computed on chemical
inputs (H2O2 and glucose) depending on electrode potential.

Figure 62. DNA expression based logic gates: NOT (a and b) and NOR (c). See text for details. Adapted from ref 529.

Figure 63. Three basic logic circuits used for the description of
alternative signaling pathways: adverse effects (a), one-way sup-
pression (b), and mutual suppression (c). Adapted from ref 537.

Figure 64. Schematic representations of structural changes of the
azobenzene-based photomechanical gates of azo-GroEL upon
exposure to UV light and ATP. Reprinted from ref 539. Copyright
2006 American Chemical Society.
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Interestingly, the output can be recorded as a current
generated by the enzymatic electrode.549

Enzymatic activity of kinase and phosphatase enzymes on
a specially designed oligopeptide with appended SP-MC unit
enables the construction of a molecular computing device
with integrated memory.550 The peptide contains two dif-
ferent phosphorylation sites (tyrosine and serine), designed
to be phosphorylated by c-Src protein tyrosine kinase (SrcN1)
and cAMP-dependent protein kinase A (PKA), respectively.
These two peptide moieties are separated by xenobiotic
6-aminohexanoic acid (Figure 69a). Phosphorylation changes
the net charge of the oligopeptide (nonphosphorylated
tetracathionic, monophosphorylated dicathionic, and diphos-
phorylated neutral), thus affecting its interaction charged
polymers (cathionic polylysine and anionic polyaspartate),
which in turn affects the formation of the colored merocya-
nine unit (gate readout). Thermal isomerization of SP into
MC is governed by the net charge of the peptide-polymer
assembly: positive charge of the system facilitates the
formation of the colored merocyanine form. Furthermore,
various absorption thresholds can be applied for information
readout. In the case of the nonphosphorylated oligopeptide,
the SP-to-MC thermal conversion is accelerated by the
presence of a cathionic polymer and inhibited by an anionic
one. Upon phosphorylation, the anionic polymer does not
change the conversion rate, while the cathionic one inhibits
the formation of the colored MC form. Depending on the
polymer used and the threshold, the device can mimic the
operation of AND, OR, and NOR logic gates (Figure 69b).550

8.3. Nucleic Acid-Based Molecular Logic Systems
Nucleic acid-based logic devices operate using two dif-

ferent approaches: nonenzymatic Watson-Crick type inter-
action and enzymatic activity of ribozymes and deoxy-
ribozymes.

The simplest device of the first kind was reported by
Ghadiri et al.551 The device was constructed from 3′-
fluoresceine-modified DNA hexadecamer (Figure 70). Ex-
citation with 350 nm light does not result in appreciable
fluorescein emission at 520 nm. Interaction with a comple-
mentary strand or with Hoechst 33342 dye does not change
the emission properties of the gate. Only the case of
concomitant presence of the complementary strand and the
dye excitation at 350 nm result in efficient FRET from the
Hoechst dye embedded within the minor groove to the
fluorescein reporter (Figure 70a), thus performing the AND
operation on two chemical inputs.

Change of one input to ethidium bromide and excitation
wavelength to 450 nm results in the NAND gate (Figure
70b). Interaction of the labeled strand with the complemen-
tary one does not influence strong fluorescein emission. Upon
addition of ethidium bromide to single-stranded labeled
DNA, the 520 nm-emission decreases in intensity by
approximately 20%. Application of both stimuli (addition
of complementary strand and ethidium bromide) results in
fluorescence quenching due to the efficient FRET process
from fluorescein moiety to ethidium cations intercalated
within the double-stranded DNA.452 Application of three
different inputs complementary strand, Hoechst 33342, and
ethidium bromide allows molecular implementation of the
three-input INH gate.452

More universal DNA-based logic gates were reported
recently by Fujimoto and co-workers.552 The described
protocol involves photocleavage of cross-linked DNA strands
upon hybridization with carbazole-modified cDNA fragments
(Figure 71a). The specially designed DNA sequences contain
the address part, the gate moiety with cross-linked base pair,
and biotin moiety for fluorescent staining. Hybridization with
a complementary strand containing the photosensitizer moiety
(carbazole) and subsequent irradiation with 366 nm light
results in photocleavage of the cross-link. All of the strands
are attached to the DNA chip using the address part. The
photocleaved strands cannot be labeled with fluorescent
avidin label, which corresponds to the logic low state (Figure
71b). An AND gate contains two cross-linked sites, and four
different carbazole-modified DNA strands serve as the inputs
(Figure 71c). More complex operations are achieved by a
combination of larger number of gate strands in solution or
by incorporation of a larger number of cross-links in a single
strand. Implementation of any more complex function
required its decomposition into the sum of products (a
disjunction of minterms). Devices such as full adder and full
subtractor were easily implemented using this protocol.552

An analogous DNA-based logic system was reported
recently by Gianneschi and Ghadiri.553 In this system, one
DNA strand is attached covalently to the mutant cereus
neutral protease, while input strands may contain the inhibitor
moiety (1H-indol-3-yl-acetic acid derivative). Enzymatic
activity is monitored using fluorogenic protein substrate. This
platform allows the construction of elementary OR, AND,
and NOR logic gates. A similar approach, but one based on
restriction enzymes, was used to solve chess problems554

and the maximal clique problem.555

Introduction of the xenobiotic base (methoxybenzodea-
zaadenine, MDA, Figure 72a) to the DNA strand facilitates
control over hole transfer to guanidine.556 This artificial
nucleotide forms Watson-Crick pairs with cytidine (Figure
72a) and thymidine (Figure 72b). Depending on the coun-
terpart within the duplex DNA, the efficiency of a hole
transfer can be switched on and off. If MDA is coupled with

Figure 65. Principle of operation of biocatalytic YES and NOT
logic gates. Adapted from ref 542.
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Figure 66. Principle of operation of biocatalytic AND (a), OR (b), XOR (c), and NOR (d) logic gates. Adapted from refs 542 and 543.

Figure 67. Principle of operation of the concatenated four-enzyme logic system and corresponding electronic circuit. Adapted from ref
544.
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thymidine, the hole transfer is favored, while pairing with
cytidine, strongly suppresses the hole transfer. Operation of
the device required the photoactive hole generator (uridine
with attached cyanobenzophenone photosensitizer, Figure
72c) and hole detection unit (GGG sequence). Any Boolean
function that can be represented as a disjunction of minterms
can be implemented in this molecular device.

DNA-based logic gates can be also built of the bases of
telomere sequences with attached fluorophore and quencher
moieties.557 The efficiency of quenching depends on the
DNA structure, which in turn depends on simple chemical
inputs (H+, Li+, and K+). This device provides much simpler
input and output, but its operation is limited to simple logic
gates.

The most versatile and hence the most complex molecular
devices known up to date are based on DNA and RNA
aptamers and deoxyribozymes. These molecules usually exist
in solution as stem-loop structures with both ends modified

Figure 68. Operation of the biocatalytic half adder based on four
coupled enzymes. Adapted from ref 545.

Figure 69. Schematic illustration of a phosphorylation-based mo-
lecular device (a) and its electronic equivalent circuit (b). Reprinted
from ref 550. Copyright 2007 American Chemical Society.

Figure 70. Principle of operation of DNA-based AND (a) and
NAND (b) logic gates. Adapted from ref 551.
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with apropriate labels, e.g., a fluorophore and a quencher.
Alternatively, the aptamer may contain the fluorecent mol-
ecule bound within its cavity. Such molecular devices were
initially designed as molecular sensors558–562 but later on
evolved into complex logic devices152,563–569 and molecular-
scale communication networks.570

The deoxyribozyme logic devices comprise two parts: the
deoxyribozyme module and signaling module. Active form
of the deoxyribozyme can catalytically cleave the signaling

DNA molecule and thus trigger the optical output (switch
on fluorescence). Signaling DNA strands contain one ribo-
syladenine, which is the cleavage site, while both ends of
this strand are modified with fluorescent labels of different
excited-state energies (e.g., fluorescein and tetramethyl-
rhodamine) or fluorescent label and a quencher (e.g., Black
Hole). In the initial, uncleaved form, resonant energy transfer
results in fluorescence quenching, while deoxyribozyme-
catalyzed cleavage on the signaling strands switches on the
fluorescence. In order to perform logic operation, the
deoxyribozyme strand must be equipped with one or more
input-strand binding sites, which modulate its catalytic
activity. The most common approach includes deoxyri-
bozymes containing self-complementary fragments, which
may form stem-loops. Upon binding of the input strands,
the stem-loops open, and this in turn changes the catalytic
activity of the deoxyribozyme. If the stem-loop is located
next to the substrate binding site, its opening results in
activation of the catalyst, while opening of the stem loop
located in the central part of the deoxyribozyme results in
inhibition that arrests the cleavage reactions. The deoxyri-
bozyme logic gates usually perform NOT, AND, and INH
operations, and OR and XOR functions are obtained by
combining two or more YES or INH gates, respectively, in
one solution.563,564

Further development of deoxyribozyme-based logic gates
resulted in the construction of binary half-adder.565 All of
the data inputs were encoded in short DNA strands comple-
mentary to the loops of the gates, while the response was
observed as a fluorescence of cleaved strand containing a
fluorophore and a quencher. Depending on the deoxyri-
bozyme gate characteristics, its catalytic activity can be
switched on upon the binding of desired combination of input
strands (both for AND and only one for INH). On cleavage,
the fluorophore and the quenched fall apart, and fluorescence

Figure 71. Schematic representation of carbazole-induced photocleavage of photocross-linked DNA strands (a), the general scheme of
operational procedure of the DNA-based logic gates (b), and the design of the DNA-based AND gate (c). Address sequence is marked in
green, while the gate sequences are in red and blue. XU stands for 5-carboxyvinyl-2′-deoxyuridine and XXX for the carbazole photosensitizer.
Adapted from ref 552.
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can be recorded. Mixture of three different DNA gates
designed to respond to common input strands (one AND and
two INH, which constitute for one XOR) results in binary
half-adder. The same strategy can be applied to develop logic
devices with a larger number of inputs, resulting from
implicit-OR tiling of gates around common substrates.564

Even higher complexity can be achieved by advanced
engineering of DNA strands forming the deoxyribozymes.568

Larger deoxyribozymes containing three loops may perform
complex AND, NAND, and INH functions depending on
the interplay between activating and inhibiting receptors
(Figure 73). Therefore, mixing of several different AND and
INH gates operating on the same input strands allows
construction of complex devices, such as full adder (Figure

74). In principle, there are no obstacles in the construction
of logic systems of much higher complexity. It was found,
however, that at high concentrations some interactions
between individual deoxyribozymes occur, which in turn
impairs the functionality of the device.568

The most complex deoxyribozyme logic devices were
obtained by the combination of 23 different gates in a 3 ×
3 well array.152 This resulted in an automaton named MAYA
(Molecular Array of YES and ANDANDNOT gates), which
can interactively play tic-tac-toe against the human opponent.
The algorithm implemented in this array describes the perfect
strategy, and the automaton cannot be defeated. Further
development of this device yielded the MAYA-II automaton,
the first medium-scale integrated molecular device combining
128 individual logic gates operating on 32 input molecules
with two different fluorescent outputs.569

The practical applications of this massive parallel integra-
tion are more likely in oligonucleotide analysis rather than
in competition with silicon devices in high-speed computing.
This deoxyribonuclease device has an ability to detect and
analyze combinations of multiple DNA sequences. The
MAYA-II automaton can analyze the space of 232 possible
subsets of the 32 input oligonucleotides and partition it into
equivalence classes signaled by unique two-color, eight-well
patterns, for a total of up to 216 ) 65536 patterns. Based on
MAYA-II, several systems for multiplex single nucleotide
polymorphism detection and viral lineage attribution are
currently investigated. These developments should allow for
the application of deoxyribozyme logic gate technology in
bidirectional signaling events and pave the way for the next
generation of fully autonomous molecular devices.569

Apart from logic operation, the deoxyribozyme-based
systems are the first chemical models of complex information
transfer at the molecular level. There are systems utilizing
energy,523 electron,292 or proton491 transfer processes (nu-

Figure 72. Structures of MDA/C (a), MDA/T (b), and cyanoben-
zophenone-modified uridine (c).

Figure 73. Structure of the three-input, deoxyribozyme-based logic
gate and corresponding electronic equivalent. Partially reprinted
from ref 568. Copyright 2006 American Chemical Society.

Figure 74. Full adder implementation using three-input INH gates
and two-input AND gases based on deoxyrybozymes. Adapted from
ref 568.
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merous examples can be found in the preceding sections of
this review) for information transfer between different
chemical entities, but only DNA-based systems provide
networking schemes analogous to silicon-based devices.570

The system comprises a mixture of plastic (polystyrene or
latex) beads covered with various deoxyribozymes. The
information donor bead collects information (captures the
input molecule to the aptamer), processes it accorging to the
Boolean function encoded in its structure, and eventually
yields the DNA output strand (a fragment of the input strand
or a strand released upon binding of the analyte). This output
strand can in turn play a role of the input to the secondary
bead containing different active molecules immobilized at
the surface. Based on that principle, a three layer cascade
(Figure 75a) and an AND hub (Figure 75b) were constructed.
It was shown that both mixtures of particles and particles
separated with polycarbonate membranes yield identical
results. Therefore, it can be concluded that a real molecular
level communication between DNA-modified particles has
been established. Silicomimetic DNA computing and sensing
(based on aptamers and deoxyribozymes) can be adapted to
accomplish the integration of microparticles into cascades
and networks, and these networks are capable of more
complex functions than individual particles. The dynamic
networks of beads are of interest not only as a new computing
medium but also for their potential in nanomedicine, for
example, in molecular computing-controlled drug release.
These studies represent a step toward a scenario in which
molecular-level networks connect molecular level computing
units, thus forming a unique molecular level computing
device that conforms with most of the silicon-based comput-
ing paradigms. In contrast to most of the molecular level
devices, this one has great practical potential. This approach
should minimize the side effects of targeted immunotherapy
whenever nanoparticles are used. Furthermore, these results
represent a step toward a scenario in which networks will
be used to assess the presence of multiple tissue markers, or
they could assess additional information from the remote
positions. There are countless possibilities of constructing
more complex systems by loading a single particle with
additional functionalities.570

9. Concluding Remarks
The investigations presented in this review clearly indicate

that information processing at the molecular level is possible
and that even relatively complex logic devices can be built on
the basis of simple chemical systems. At this point, however,
these devices cannot compete with classical, semiconductor-
based processors, in terms of computational power, efficiency,
and user-friendliness. In most cases, only elementary logic gates
could be implemented, which is absolutely insufficient for any
serious computing applications. It does not mean, however, that
all of the effort of many scientists from all over the world is
futile. A combination of chemistry with Boolean logic and
theory of information may lead to a better understanding of
the molecular processes responsible for information processing
in natural systems, i.e., in the brain and nervous systems of
animals. Furthermore, most of the natural processes are
controlled by other processes and parameters of the environ-
ment; Boolean analysis of various chemical systems, including
those involving the genome, may lead to a better understanding
of nature. Moreover, chemical logic devices constitute a new
platform for drug activation and delivery, thus limiting the
deleterious side effects, especially during antitumor therapy.128,129

Some molecular logic gates are also useful for diagnostic
purposes.571

At the present stage of development, the research on
molecular logic systems answers the question: Can it be made
to work? In the future, chemists and computer engineers
together should try to answer another one: If it works, what
can we use it for?572

10. List of Abbreviations
Φ quantum yield
R-CD cyclomaltohexaose, R-cyclodextrin
A electron acceptor
MDA methoxybenzodeazaadenine
abs absorption
AChE acetylcholine esterase
ATP adenosine triphosphate
AZ N,N-dimethyl-4-[(E)-pyridin-2-yldiazenyl]aniline

(azopyridine)
BDPY boron-dipyrrin
BN binaphthalene
bpy 2,2′-bipyridine

Figure 75. Principle of operation of network arrays of particles (a) and an AND hub (b). Adapted from ref 570.
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bpy′ 2,2′-bipyridine-4,4′-dicarboxylic acid
BT betaine
Cat catalase
CD circular dichroism
CHEMFET chemical field effect transistor
ChOx choline oxidase
CMOS complementary metal-oxide-semiconductor
CPD cyclophanediene
CT charge transfer
D electron donor
DAPI 4′,6-diamidino-2-phenylindole
DFT density functional theory
DFWM degenerate four wave mixing
DH dihydroazulene
DHI dihydroindolizine
DHP dihydropyrene
DMSO dimethylsulfoxide
DNA deoxyribonucleic acid
DPi N-dodecylpiperidine
DPy 2-dodecylpyridine
DT dithienylethene
EDTA ethylenediaminetetraacetate
EET electronic energy transfer
ethidium 3,8-diamino-5-ethyl-6-phenylphenanthridinium
FDH formaldehyde dehydrogenase
FG fulgimide
fl fluorescence
FRET Förster resonance energy transfer
GDH glucose dehydrogenase
GFP green fluorescent protein
GOx glucose oxidase
HCF hexacyanoferrate
Hoechst 33342 2′-(4-ethoxyphenyl)-5-(4-methylpiperazin-1-yl)-

2,6′-bi(1H-benzo[d]imidazole)
HOMO highest occupied molecular orbital
HRP horseradish peroxidase
ICT internal charge transfer
IR infrared radiation
LD-LISC ligand-driven light induced spin change
LED light emitting diode
LIESST light-induced excited spin state trapping
MC merocyanine
MLCT metal-to-ligand charge transfer
MMCT metal-to-metal charge transfer
MP-11 microperoxidase-11
NAD+ nicotinamide adenine dinucleotide, oxidized
NADH nicotinamide adenine dinucleotide, reduced
Nd:YAG neodymium-doped yttrium aluminum garnet
NMR nuclear magnetic resonance
OLED organic light emitting diode
P porphyrin
PCF pentacyanoferrate
PCT photoinduced charge transfer
PDB Protein Data Bank
PDMS poly(dimethylsiloxane)
PEDOT poly(3,4-ethylenedioxythiophene)
PEPS photoelectrochemical photo current switching
PET photoinduced electron transfer
PI perylenebisimide
PPS poly(styrene sulfonic acid)
PQ phenoxynaphthacenequinone
PY perylene
RNA ribonucleic acid
SCO spin crossover
SP spiropyrane
TCNE tetracyanoethene
TCNQ tetracyanoquinodimethane
TEA triethanolamine
TTF 2,2′-bis(1,3-dithiolylidene), “tetrathiafulvalene”
UV ultraviolet radiaton
vis visible light
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(295) Nešpùrek, S.; Sworakowski, J.; Kadashchuk, A.; Toman, P. J.

Organomet. Chem. 2003, 685, 269.
(296) Toman, P.; Bartkowiak, W.; Nešpùrek, S.; Sworakowski, J.; Zaleny,

R. Chem. Phys. 2005, 316, 267.
(297) Kim, E.; Kim, M.; Kim, K. Tetrahedron 2006, 62, 6814.
(298) Taniguchi, M.; Nojima, Y.; Yokota, K.; Terao, J.; Sato, K.; Kambe,

N.; Kawai, T. J. Am. Chem. Soc. 2006, 128, 15062.
(299) Ikeda, M.; Tanifuni, N.; Yamaguchi, H.; Irie, M.; Matsuda, K. Chem.

Commun. 2007, 1355.
(300) Katsonis, N.; Kudernac, T.; Walko, M.; van der Molen, S. J.; van

Wees, B. J.; Feringa, B. L. AdV. Funct. Mater. 2006, 18, 1397.
(301) Whalley, A. C.; Steigerwald, M. L.; Guo, X.; Nuckolls, C. J. Am.

Chem. Soc. 2007, 129, 12590.
(302) Tanaka, Y.; Inagaki, A.; Akita, M. Chem. Commun. 2007, 1169.
(303) Staykov, A.; Nozaki, D.; Yashizawa, K. J. Phys. Chem. C 2007, 111,

3517.
(304) Ashton, P.; Ballardini, R.; Balzani, V.; Credi, A.; Dress, K. R.; Ishow,

E.; Kleverlaan, C. J.; Kocian, O.; Preece, J. A.; Spencer, N.; Stoddart,
J. F.; Venturi, M.; Wenger, S. Chem. Eur. J. 2000, 6, 3558.

(305) Clemente-León, M.; Marchioni, F.; Credi, A. Synth. Met. 2003, 139,
773.

(306) Balzani, V.; Credi, A.; Venturi, M. Pure Appl. Chem. 2003, 75, 541.
(307) Abraham, W.; Grubert, L.; Grummt, U. W.; Buck, K. Chem. Eur. J.

2004, 10, 3562.
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(430) Gunnlaugsson, T.; Mac Dónaill, D. A. Chem. Commun. 2000, 93.
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(518) Pérez-Inestrosa, E.; Montenegro, J.-M.; Collado, D.; Suau, R.; Casado,

J. J. Phys. Chem. C 2007, 111, 6904.
(519) Sun, W.; Zheng, Y.-R.; Xu, C.-H.; Fang, C.-J.; yan, C.-H. J. Phys.

Chem. C 2007, 111, 11706.
(520) Liu, Y.; Jiang, W.; Zhang, H.-Y.; Li, C.-J. J. Phys. Chem. B 2006,

110, 14231.
(521) Remacle, F.; Weinkauf, R.; Steinitz, D.; Kompa, K. L.; Levine, R. D.

Chem. Phys. 2002, 281, 363.
(522) Remacle, F.; Schlag, E. W.; Selzle, H.; Kompa, K. L.; Even, U.;

Levine, R. D. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 2973.
(523) Kuznetz, O.; Salman, H.; Shakkour, N.; Eichen, Y.; Speiser, S. Chem.

Phys. Lett. 2008, 451, 63.
(524) Hameroff, S. R. Ultimate Computing. Biomolecular Consciousness

and Nanotechnology; Elsevier Science Publishers B.V., 1987.
(525) Bähler, J.; Svetina, S. J. Theor. Biol. 2005, 237, 210.
(526) Simpson, M. L.; Sayler, G. S.; Fleming, J. T.; Applegate, B. Trends

Biotechnol. 2001, 19, 317.
(527) Wolf, D. M.; Arkin, A. P. Curr. Opinion Microbiol. 2003, 6, 125.
(528) Gram�, T.; Bornholdt, S.; Gro�, M.; Mitchell, M.; Pellizzari, T. Non-

Standard Computation; Wiley-VCH: Weinheim, Germany, 1998.
(529) Hayes, B. Amer. Sci. 2001, 89, 204.
(530) Buchler, N. E.; Gerland, U.; Hwa, T. Proc. Natl. Acad. Sci. U.S.A.

2003, 100, 5136.
(531) Kramer, B. P.; Fischer, C.; Fussenegger, M. Biotechnol. Bioeng. 2004,

87, 478.
(532) Sharma, V. BioTeach J. 2004, 2, 53.
(533) Beneson, Y.; Gil, B.; Ben-Dor, U.; Adar, R.; Shapiro, E. Nature 2004,

429, 423.
(534) Egorov, I. K. Biomol. Eng. 2007, 24, 293.
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