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Nanomaterial2. Nanomaterials Synthesis and Applications:
Molecule-Based Devices

Françisco M. Raymo

The constituent components of conventional de-
vices are carved out of larger materials relying
on physical methods. This top-down approach to
engineered building blocks becomes increasingly
challenging as the dimensions of the target struc-
tures approach the nanoscale. Nature, on the other
hand, relies on chemical strategies to assemble
nanoscaled biomolecules. Small molecular build-
ing blocks are joined to produce nanostructures
with defined geometries and specific functions.
It is becoming apparent that nature’s bottom-
up approach to functional nanostructures can
be mimicked to produce artificial molecules with
nanoscaled dimensions and engineered proper-
ties. Indeed, examples of artificial nanohelices,
nanotubes, and molecular motors are starting to
be developed. Some of these fascinating chem-
ical systems have intriguing electrochemical and
photochemical properties that can be exploited to
manipulate chemical, electrical, and optical signals
at the molecular level. This tremendous opportu-
nity has led to the development of the molecular
equivalent of conventional logic gates. Simple
logic operations, for example, can be reproduced
with collections of molecules operating in solution.
Most of these chemical systems, however, rely on
bulk addressing to execute combinational and se-
quential logic operations. It is essential to devise
methods to reproduce these useful functions in
solid-state configurations and, eventually, with
single molecules. These challenging objectives are
stimulating the design of clever devices that in-
terface small assemblies of organic molecules with
macroscaled and nanoscaled electrodes. These
strategies have already produced rudimentary ex-
amples of diodes, switches, and transistors based
on functional molecular components. The rapid
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and continuous progress of this exploratory re-
search will, we hope, lead to an entire generation
of molecule-based devices that might ultimately
find useful applications in a variety of fields,
ranging from biomedical research to information
technology.
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2.1 Chemical Approaches to Nanostructured Materials

The fabrication of conventional devices relies on the
assembly of macroscopic building blocks with spe-
cific configurations. The shapes of these components
are carved out of larger materials by exploiting phys-
ical methods. This top-down approach to engineered
building blocks is extremely powerful and can deliver
effectively and reproducibly microscaled objects. This
strategy becomes increasingly challenging, however, as
the dimensions of the target structures approach the
nanoscale. Indeed, the physical fabrication of nanosized
features with subnanometer precision is a formidable
technological challenge.

2.1.1 From Molecular Building Blocks
to Nanostructures

Nature efficiently builds nanostructures by relying on
chemical approaches. Tiny molecular building blocks
are assembled with a remarkable degree of structural
control in a variety of nanoscaled materials with defined
shapes, properties, and functions. In contrast to the
top-down physical methods, small components are con-
nected to produce larger objects in these bottom-up
chemical strategies. It is becoming apparent that the
limitations of the top-down approach to artificial nano-
structures can be overcome by mimicking nature’s
bottom-up processes. Indeed, we are starting to see
emerge beautiful and ingenious examples of molecule-
based strategies to fabricate chemically nanoscaled
building blocks for functional materials and innovative
devices.

2.1.2 Nanoscaled Biomolecules:
Nucleic Acids and Proteins

Nanoscaled macromolecules play a fundamental role
in biological processes [2.1]. Nucleic acids, for exam-
ple, ensure the transmission and expression of genetic
information. These particular biomolecules are lin-
ear polymers incorporating nucleotide repeating units
(Fig. 2.1a). Each nucleotide has a phosphate bridge and
a sugar residue. Chemical bonds between the phosphate
of one nucleotide and the sugar of the next ensures
the propagation of a polynucleotide strand from the 5′
to the 3′ end. Along the sequence of alternating sugar
and phosphate fragments, an extended chain of robust
covalent bonds involving carbon, oxygen, and phospho-
rous atoms forms the main backbone of the polymeric
strand.

Every single nucleotide of a polynucleotide strand
carries one of the four heterocyclic bases shown in
Fig. 2.1b. For a strand incorporating 100 nucleotide re-
peating units, a total of 4100 unique polynucleotide
sequences are possible. It follows that nature can fab-
ricate a huge number of closely related nanostructures
relying only on four building blocks. The heterocyclic
bases appended to the main backbone of alternating
phosphate and sugar units can sustain hydrogen bonding
and [π · · ·π] stacking interactions. Hydrogen bonds,
formed between [N−H] donors and either N or O ac-
ceptors, encourage the pairing of adenine (A) with
thymine (T) and of guanine (G) with cytosine (C).
The stacking interactions involve attractive contacts be-
tween the extended π-surfaces of heterocyclic bases.

In the B conformation of deoxyribonucleic acid
(DNA), the synergism of hydrogen bonds and [π · · ·π]
stacking glues pairs of complementary polynucleotide
strands in fascinating double helical supermolecules
(Fig. 2.1c) with precise structural control at the sub-
nanometer level. The two polynucleotide strands wrap
around a common axis to form a right-handed double
helix with a diameter of ≈ 2 nm. The hydrogen bonded
and [π · · ·π] stacked base pairs lie at the core of the
helix with their π-planes perpendicular to the main
axis of the helix. The alternating phosphate and sugar
units define the outer surface of the double helix. In
B-DNA, ≈ 10 base pairs define each helical turn cor-
responding to a rise per turn or helical pitch of ≈ 3 nm.
Considering that these molecules can incorporate up to
≈ 1011 base pairs, extended end-to-end lengths span-
ning from only few nanometers to hundreds of meters
are possible.

Nature’s operating principles to fabricate nano-
structures are not limited to nucleic acids. Proteins are
also built joining simple molecular building blocks, the
amino acids, by strong covalent bonds [2.1]. More pre-
cisely, nature relies on 20 amino acids differing in their
side chains to assemble linear polymers, called polypep-
tides, incorporating an extended backbone of robust
[C−N] and [C−C] bonds (Fig. 2.2a). For a single poly-
mer strand of 100 repeating amino acid units, a total
of 20100 unique combinations of polypeptide sequences
are possible. Considering that proteins can incorporate
more than one polypetide chain with over 4000 amino
acid residues each, it is obvious that nature can assemble
an enormous number of different biomolecules relying
on the same fabrication strategy and a relatively small
pool of building blocks.
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The covalent backbones of the polypeptide strands
form the main skeleton of a protein molecule. In ad-
dition, a myriad of secondary interactions, involving
noncovalent contacts between portions of the amino
acid residues, control the arrangement of the individ-
ual polypeptide chains. Intrastrand hydrogen bonds curl
single polypeptide chains around a longitudinal axis
in a helical fashion to form tubular nanostructures
≈ 0.5 nm wide and ≈ 2 nm long (Fig. 2.2b). Similarly,
interstrand hydrogen bonds can align from 2 up to
15 parallel or antiparallel polypeptide chains to form
nanoscaled sheets with average dimensions of 2 × 3 nm2

(Fig. 2.2c). Multiple nanohelices and/or nanosheets
combine into a unique three-dimensional arrangement
dictating the overall shape and dimensions of a protein.

2.1.3 Chemical Synthesis
of Artificial Nanostructures

Nature fabricates complex nanostructures relying on
simple criteria and a relatively small pool of mo-
lecular building blocks. Robust chemical bonds join
the basic components into covalent scaffolds. Non-
covalent interactions determine the three-dimensional
arrangement and overall shape of the resulting assem-
blies. The multitude of unique combinations possible
for long sequences of chemically connected building
blocks provides access to huge libraries of nanoscaled
biomolecules.

Modern chemical synthesis has evolved consider-
ably over the past few decades [2.2]. Experimental
procedures to join molecular components with struc-
tural control at the picometer level are available.
A multitude of synthetic schemes to encourage the for-
mation of chemical bonds between selected atoms in
reacting molecules have been developed. Furthermore,
the tremendous progress of crystallographic and spec-
troscopic techniques has provided efficient and reliable
tools to probe directly the structural features of artifi-
cial inorganic and organic compounds. It follows that
designed molecules with engineered shapes and dimen-
sions can be now prepared in a laboratory relying on
the many tricks of chemical synthesis and the power of
crystallographic and spectroscopic analyses.

The high degree of sophistication reached in this
research area translates into the possibility of mimick-
ing the strategies successfully employed by nature to
fabricate chemically nanostructures [2.3]. Small mo-
lecular building blocks can be synthesized and joined
covalently following routine laboratory procedures. It
is even possible to design the stereoelectronic proper-

ties of the assembling components in order to shape
the geometry of the final product with the assistance of
noncovalent interactions. For example, five bipyridine
building blocks (Fig. 2.3) can be connected in five syn-
thetic steps to produce an oligobipyridine strand [2.4].
The five repeating units are bridged by C−O bonds and
can chelate metal cations in the bay regions defined by
their two nitrogen atoms. The spontaneous assembly of
two organic strands in a double helical arrangement oc-
curs in the presence of inorganic cations. In the resulting
helicate, the two oligobipyridine strands wrap around
an axis defined by five Cu(I) centers. Each inorganic
cation coordinates two bipyridine units with a tetra-
hedral geometry imposing a diameter of ≈ 0.6 nm on
the nanoscaled helicate [2.5]. The overall length from
one end of the helicate to the other is ≈ 3 nm [2.6].
The analogy between this artificial double helix and the
B-DNA double helix shown in Fig. 2.1c is obvious. In
both instances, a supramolecular glue combines two in-
dependent molecular strands into nanostructures with
defined shapes and dimensions.

The chemical synthesis of nanostructures can bor-
row nature’s design criteria as well as its molecular
building blocks. Amino acids, the basic components of
proteins, can be assembled into artificial macrocycles.
In the example of Fig. 2.4, eight amino acid residues
are joined through the formation of C−N bonds in
multiple synthetic steps [2.7]. The resulting covalent
backbone defines a circular cavity with a diameter of
≈ 0.8 nm [2.8]. In analogy to the polypeptide chains
of proteins, the amino acid residues of this artificial
oligopeptide can sustain hydrogen bonding interactions.
It follows that multiple macrocycles can pile on top of
each other to form tubular nanostructures. The walls of
the resulting nanotubes are maintained in position by
the cooperative action of at least eight primary hydrogen
bonding contacts per macrocycle. These noncovalent
interactions maintain the mean planes of independent
macrocycles in an approximately parallel arrangement
with a plane-to-plane separation of ≈ 0.5 nm.

2.1.4 From Structural Control
to Designed Properties and Functions

The examples in Figs. 2.3 and 2.4 demonstrate that
modular building blocks can be assembled into target
compounds with precise structural control at the pico-
meter level through programmed sequences of synthetic
steps. Indeed, modern chemical synthesis offers access
to complex molecules with nanoscaled dimensions and,
thus, provides cost-effective strategies for the pro-
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duction and characterization of billions of engineered
nanostructures in parallel. Furthermore, the high degree
of structural control is accompanied by the possibility
of designing specific properties into the target nano-
structures. Electroactive and photoactive components
can be integrated chemically into functional molecular
machines [2.9]. Extensive electrochemical investiga-
tions have demonstrated that inorganic and organic
compounds can exchange electrons with macroscopic
electrodes [2.10]. These studies have unraveled the pro-
cesses responsible for the oxidation and reduction of
numerous functional groups and indicated viable design
criteria to adjust the ability of molecules to accept or do-
nate electrons [2.11]. Similarly, detailed photochemical
and photophysical investigations have elucidated the
mechanisms responsible for the absorption and emis-
sion of photons at the molecular level [2.12]. The
vast knowledge established on the interactions between
light and molecules offers the opportunity to engineer
chromophoric and fluorophoric functional groups with
defined absorption and emission properties [2.11, 13].

The power of chemical synthesis to deliver func-
tional molecules is, perhaps, better illustrated by the
molecular motor shown in Fig. 2.5. The preparation
of this [2]rotaxane requires 12 synthetic steps starting
from known precursors [2.14]. This complex molecule
incorporates a Ru(II)-trisbipyridine stopper bridged to
a linear tetracationic fragment by a rigid triaryl spacer.
The other end of the tetracationic portion is terminated
by a bulky tetraarylmethane stopper. The bipyridinium
unit of this dumbbell-shaped compound is encircled by
a macrocyclic polyether. No covalent bonds join the
macrocyclic and linear components. Rather, hydrogen
bonding and [π · · ·π] stacking interactions maintain the
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macrocyclic polyether around the bipyridinium unit. In
addition, mechanical constrains associated with the bulk
of the two terminal stoppers prevent the macrocycle to
slip off the thread. The approximate end-to-end distance
for this [2]rotaxane is ≈ 5 nm.

The bipyridinium and the 3,3′-dimethyl bipyri-
dinium units within the dumbbell-shaped component
undergo two consecutive and reversible monoelectronic
reductions [2.14]. The two methyl substituents on the
3,3′-dimethyl bipyridinium dication make this elec-
troactive unit more difficult to reduce. In acetonitrile,
its redox potential is ≈ 0.29 V more negative than
that of the unsubstituted bipyridinium dication. Under
irradiation at 436 nm in degassed acetonitrile, the ex-
citation of the Ru(II)-trisbipyridine stopper is followed
by electron transfer to the unsubstituted bipyridinium
unit. In the presence of a sacrificial electron donor
(triethanolamine) in solution, the photogenerated hole

in the photoactive stopper is filled, and undesired
back electron transfer is suppressed. The permanent
and light-induced reduction of the dicationic bipyri-
dinium unit to a radical cation depresses significantly
the magnitude of the noncovalent interactions hold-
ing the macrocyclic polyether in position. As a result,
the macrocycle shuttles from the reduced unit to the
adjacent dicationic 3,3′-dimethyl bipyridinum. After
the diffusion of molecular oxygen into the acetoni-
trile solution, oxidation occurs restoring the dicationic
form of the bipyridinium unit and its ability to sustain
strong noncovalent bonds. As a result, the macrocyclic
polyether shuttles back to its original position. This
amazing example of a molecular shuttle reveals that
dynamic processes can be controlled reversibly at the
molecular level relying on the clever integration of elec-
troactive and photoactive fragments into functional and
nanoscaled molecules.

2.2 Molecular Switches and Logic Gates

Everyday, we routinely perform dozens of switching
operations. We turn on and off our personal comput-
ers, cellular phones, CD players, radios, or simple light
bulbs at a click of a button. Every single time, our fin-
ger exerts a mechanical stimulation on a control device,
namely a switch. The external stimulus changes the
physical state of the switch closing or opening an elec-
tric circuit and enabling or preventing the passage of

electrons. Overall, the switch transduces a mechanical
input into an electrical output.

2.2.1 From Macroscopic
to Molecular Switches

The use of switching devices is certainly not limited to
electric circuits. For example, a switch at the junction
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of a railroad can divert trains from one track to an-
other. Similarly, a faucet in a lavatory pipe can block
or release the flow of water. Of course, the nature of
the control stimulations and the character of the final
outcome vary significantly from case to case, but the
operating principle behind each switching device is the
same. In all cases, input stimulations reach the switch
changing its physical state and producing a specific
output.

The development of nanoscaled counterparts to con-
ventional switches is expected to have fundamental
scientific and technological implications. For instance,
one can envisage practical applications for ultraminia-
turized switches in areas ranging from biomedical
research to information technology. The major chal-
lenge in the quest for nanoswitches, however, is the
identification of reliable design criteria and operat-
ing principles for these innovative and fascinating
devices. Chemical approaches to implement molecule-
sized switches appear to be extremely promising. The
intrinsically small dimensions of organic molecules
coupled with the power of chemical synthesis are
the main driving forces behind these exploratory
investigations.

Certain organic molecules adjust their structural and
electronic properties when stimulated with chemical,
electrical, or optical inputs. Generally, the change is
accompanied by an electrochemical or spectroscopic
response. Overall, these nanostructures transduce input
stimulations into detectable outputs and, appropriately,
are called molecular switches [2.15, 16]. The chemical
transformations associated with these switching pro-
cesses are often reversible. The chemical system returns
to the original state when the input signal is turned off.
The interconverting states of a molecular switch can
be isomers, an acid and its conjugated base, the oxi-
dized and reduced forms of a redox active molecule, or
even the complexed and uncomplexed forms of a recep-
tor [2.9, 13, 15, 16]. The output of a molecular switch
can be a chemical, electrical, and/or optical signal that
varies in intensity with the interconversion process. For
example, changes in absorbance, fluorescence, pH, or
redox potential can accompany the reversible transfor-
mation of a molecular switch.

2.2.2 Digital Processing
and Molecular Logic Gates

In present computer networks, data are elaborated elec-
tronically by microprocessor systems [2.17] and are

exchanged optically between remote locations [2.18].
Data processing and communication require the encod-
ing of information in electrical and optical signals in the
form of binary digits. Using arbitrary assumptions, logic
thresholds can be established for each signal and, then,
0 and 1 digits can be encoded following simple con-
ventions. Sequences of electronic devices manipulate
the encoded bits executing logic functions as a result
of basic switching operations.

The three basic AND, NOT, and OR operators com-
bine binary inputs into binary outputs following precise
logic protocols [2.17]. The NOT operator converts an
input signal into an output signal. When the input is 0,
the output is 1. When the input is 1, the output is 0.
Because of the inverse relationship between the input
and output values, the NOT gate is often called in-
verter [2.19]. The OR operator combines two input
signals into a single output signal. When one or both
inputs are 1, the output is 1. When both inputs are 0,
the output is 0. The AND gate also combines two input
signals into one output signal. In this instance, however,
the output is 1 only when both inputs are 1. When at
least one input is 0, the output is 0.

The output of one gate can be connected to one of
the inputs of another operator. A NAND gate, for ex-
ample, is assembled connecting the output of an AND
operator to the input of a NOT gate. Now the two
input signals are converted into the final output after
two consecutive logic operations. In a similar fashion,
a NOR gate can be assembled connecting the output
of an OR operator to the input of a NOT gate. Once
again, two consecutive logic operations determine the
relation between two input signals and a single output.
The NAND and NOR operations are termed univer-
sal functions because any conceivable logic operation
can be implemented relying only on one of these two
gates [2.17]. In fact, digital circuits are fabricated rou-
tinely interconnecting exclusively NAND or exclusively
NOR operators [2.19].

The logic gates of conventional microprocessors are
assembled interconnecting transistors, and their input
and output signals are electrical [2.19]. But the concepts
of binary logic can be extended to chemical, mechan-
ical, optical, pneumatic, or any other type of signal.
First it is necessary to design devices that can respond
to these stimulations in the same way transistors re-
spond to electrical signals. Molecular switches respond
to a variety of input stimulations producing specific out-
puts and can, therefore, be exploited to implement logic
functions [2.13, 20, 21].
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2.2.3 Molecular AND, NOT, and OR Gates

More than a decade ago, researchers proposed a poten-
tial strategy to execute logic operations at the molecular
level [2.22]. Later, the analogy between molecular
switches and logic gates was recognized in a seminal
article [2.23], in which it was demonstrated that AND,
NOT, and OR operations can be reproduced with fluo-
rescent molecules. The pyrazole derivative 1 (Fig. 2.6)
is a molecular NOT gate. It imposes an inverse rela-
tion between a chemical input (concentration of H+)
and an optical output (emission intensity). In a mix-
ture of methanol and water, the fluorescence quantum
yield of 1 is 0.13 in the presence of only 0.1 equiva-
lents of H+ [2.23]. The quantum yield drops to 0.003
when the equivalents of H+ are 1000. Photoinduced
electron transfer from the central pyrazoline unit to the
pendant benzoic acid quenches the fluorescence of the
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versa. The fluorescence intensity of the anthracene derivative 2 is high when the concentration of Na+ and/or K+ is high.
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protonated form. Thus, a change in H+ concentration
(I) from a low to a high value switches the emission
intensity (O) from a high to a low value. The inverse re-
lationship between the chemical input I and the optical
output O translates into the truth table of a NOT opera-
tion if a positive logic convention (low = 0, high = 1) is
applied to both signals. The emission intensity is high
(O = 1) when the concentration of H+ is low (I = 0).
The emission intensity is low (O = 0) when the concen-
tration of H+ is high (I = 1).

The anthracene derivative 2 (Fig. 2.6) is a mo-
lecular OR gate. It transduces two chemical inputs
(concentrations of Na+ and K+) into an optical out-
put (emission intensity). In methanol, the fluorescence
quantum yield is only 0.003 in the absence of metal
cations [2.23]. Photoinduced electron transfer from the
nitrogen atom of the azacrown fragment to the an-
thracene fluorophore quenches the emission. After the
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addition of 1000 equivalents of either Na+ or K+, the
quantum yield raises to 0.053 and 0.14, respectively.
Similarly, the quantum yield is 0.14 when both metal
cations are present in solution. The complexation of one
of the two metal cations inside the azacrown receptor
depresses the efficiency of the photoinduced electron
transfer enhancing the fluorescence. Thus, changes in
the concentrations of Na+ (I1) and/or K+ (I2) from low
to high values switch the emission intensity (O) from
a low to a high value. The relationship between the
chemical inputs I1 and I2 and the optical output O trans-
lates into the truth table of an OR operation if a positive
logic convention (low = 0, high = 1) is applied to all
signals. The emission intensity is low (O = 0) only
when the concentration of Na+ and K+ are low (I1 = 0,
I2 = 0). The emission intensity is high (O = 1) for the
other three input combinations.

The anthracene derivative 3 (Fig. 2.6) is a molecular
AND gate. It transduces two chemical inputs (con-
centrations of H+ and Na+) into an optical output
(emission intensity). In a mixture of methanol and iso-
propanol, the fluorescence quantum yield is only 0.011
in the absence of H+ or Na+ [2.23]. Photoinduced
electron transfer from either the tertiary amino group
or the catechol fragment to the anthracene fluorophore
quenches the emission. After the addition of either 100
equivalents of H+ or 1000 equivalents of Na+, a modest
change of the quantum yield to 0.020 and 0.011, respec-
tively, is observed. Instead, the quantum yield increases
to 0.068 when both species are present in solution. The
protonation of the amino group and the insertion of the
metal cation in the benzocrown ether receptor depress
the efficiency of the photoinduced electron transfer pro-
cesses enhancing the fluorescence. Thus, changes in the
concentrations of H+ (I1) and Na+ (I2) from low to high
values switch the emission intensity (O) from a low to
a high value. The relationship between the chemical in-
puts I1 and I2 and the optical output O translates into
the truth table of an AND operation if a positive logic
convention (low = 0, high = 1) is applied to all signals.
The emission intensity is high (O = 1) only when the
concentration of H+ and Na+ are high (I1 = 1, I2 = 1).
The emission intensity is low (O = 0) for the other three
input combinations.

2.2.4 Combinational Logic
at the Molecular Level

The fascinating molecular AND, NOT, and OR gates
illustrated in Fig. 2.6 have stimulated the design of re-
lated chemical systems able to execute the three basic

logic operations and simple combinations of them [2.13,
20,21]. Most of these molecular switches convert chem-
ical inputs into optical outputs. But the implementation
of logic operations at the molecular level is not limited
to the use of chemical inputs. For example, electrical
signals and reversible redox processes can be exploited
to modulate the output of a molecular switch [2.24]. The
supramolecular assembly 4 (Fig. 2.7) executes a XNOR
function relying on these operating principles. The π-
electron rich tetrathiafulvalene (TTF) guest threads the
cavity of a π-electron deficient bipyridinium (BIPY)
host. In acetonitrile, an absorption band associated with
the charge-transfer interactions between the comple-
mentary π-surfaces is observed at 830 nm. Electrical
stimulations alter the redox state of either the TTF or
the BIPY units encouraging the separation of the two
components of the complex and the disappearance of
the charge-transfer band. Electrolysis at a potential of
+0.5 V oxidizes the neutral TTF unit to a monoca-
tionic state. The now cationic guest is expelled from
the cavity of the tetracationic host as a result of elec-
trostatic repulsion. Consistently, the absorption band
at 830 nm disappears. The charge-transfer band, how-
ever, is restored after the exhaustive back reduction of
the TTF unit at a potential of 0 V. Similar changes
in the absorption properties can be induced address-
ing the BIPY units. Electrolysis at −0.3 V reduces the
dicationic BIPY units to their monocationic forms en-
couraging the separation of the two components of the
complex and the disappearance of the absorption band.
The original absorption spectrum is restored after the
exhaustive back oxidation of the BIPY units at a poten-
tial of 0 V. Thus, this supramolecular system responds
to electrical stimulations producing an optical output.
One of the electrical inputs (I1) controls the redox state
of the TTF unit switching between 0 and +0.5 V. The
other (I2) determines the redox state of the bipyridinium
units switching between −0.3 and 0 V. The optical out-
put (O) is the absorbance of the charge-transfer band.
A positive logic convention (low = 0, high = 1) can be
applied to the input I1 and output O. A negative logic
convention (low = 1, high = 0) can be applied to the
input I2. The resulting truth table corresponds to that
of a XNOR circuit (Fig. 2.7). The charge-transfer ab-
sorbance is high (O = 1) only when one voltage input
is low and the other is high (I1 = 0, I2 = 0) or vice
versa (I1 = 1, I2 = 1). It is important to note that the
input string with both I1 and I2 equal to 1 implies that
input potentials of +0.5 and −0.3 V are applied simul-
taneously to a solution containing the supramolecular
assembly 4 and not to an individual complex. Of course,
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Fig. 2.7 The charge-transfer absorbance of the complex 4 is high when the voltage input addressing the tetrathiafulvalene
(TTF) unit is low and that stimulating the bipyridinium (BIPY) units is high and vice versa. If a positive logic convention
is applied to the TTF input and to the absorbance output (low = 0, high = 1) while a negative logic convention is applied
to the BIPY input (low = 0, high = 1), the signal transduction of 4 translates into the truth table of a XNOR circuit

the concomitant oxidation of the TTF guest and reduc-
tion of the BIPY units in the very same complex would
be unrealistic. In bulk solution, instead, some com-
plexes are oxidized while others are reduced, leaving
the average solution composition unaffected. Thus, the
XNOR operation executed by this supramolecular sys-
tem is a consequence of bulk properties and not a result
of unimolecular signal transduction.

Optical inputs can be employed to operate the
three-state molecular switch of Fig. 2.8 in acetonitrile
solution [2.25]. This chemical system responds to three
inputs producing two outputs. The three input stimu-
lations are ultraviolet light (I1), visible light (I2), and
the concentration of H+ (I3). One of the two optical
outputs is the absorbance at 401 nm (O1), which is
high when the molecular switch is in the yellow-green
state 6 and low in the other two cases. The other opti-
cal output is the absorbance at 563 nm (O2), which is
high when the molecular switch is in the purple state 7
and low in the other two cases. The colorless spiropy-
ran state 5 switches to the merocyanine form 7 upon
irradiation with ultraviolet light. It switches to the pro-
tonated merocyanine from 6 when treated with H+.
The colored state 7 isomerizes back to 5 in the dark
or upon irradiation with visible light. Alternatively,
7 switches to 6 when treated with H+. The colored
state 6 switches to 5, when irradiated with visible light,
and to 7, after the removal of H+. In summary, this
three-state molecular switch responds to two optical in-
puts (I1 and I2) and one chemical input (I3) producing
two optical outputs (O1 and O2). Binary digits can be

encoded on each signal applying positive logic conven-
tions (low = 0, high = 1). It follows that the three-state
molecular switch converts input strings of three binary
digits into output strings of two binary digits. The cor-
responding truth table (Fig. 2.8) reveals that the optical
output O1 is high (O1 = 1) when only the input I3 is
applied (I1 = 0, I2 = 0, I3 = 1), when only the input I2
is not applied (I1 = 1, I2 = 0, I3 = 0), or when all three
inputs are applied (I1 = 1, I2 = 0, I3 = 0). The optical
output O2 is high (O2 = 1) when only the input I1 is
applied (I1 = 1, I2 = 0, I3 = 0) or when only the input
I3 is not applied (I1 = 1, I2 = 0, I3 = 0). The combi-
national logic circuit (Fig. 2.8) equivalent to this truth
table shows that all three inputs determine the output
O1, while only I1 and I3 control the value of O2.

2.2.5 Intermolecular Communication

The combinational logic circuits in Figs. 2.7 and 2.8
are arrays of interconnected AND, NOT, and OR op-
erators. The digital communication between these basic
logic elements ensures the execution of a sequence of
simple logic operations that results in the complex logic
function processed by the entire circuit. It follows that
the logic function of a given circuit can be adjusted
altering the number and type of basic gates and their
interconnection protocol [2.17]. This modular approach
to combinational logic circuits is extremely powerful.
Any logic function can be implemented connecting the
appropriate combination of simple AND, NOT, and OR
gates.

Part
A

2
.2



Nanomaterials Synthesis and Applications: Molecule-Based Devices 2.2 Molecular Switches and Logic Gates 27

5

I1
I2

67

N+ NO2

–O

Me

OH

Me

N+ NO2

  HO

Me

OH

Me

Me

N

OH

NO2

O

Me

Base

A
cid

V
is

ib
le

lig
ht

or

da
rk

Acid

Visible
light

U
ltr

av
io

le
t l

igh
t

I3
O2

O1

I1 I3I2 O1 O2

0

0

0

1

0

0

1

0

0

1

0

0

0

1

0

1

0

1

0

0

1

1

0

0

0

1

0

0

1

0

1

1

0

0

0

1

0

1

1

1

Fig. 2.8 Ultraviolet light (I1), visible light (I2), and H+
(I3) inputs induce the interconversion between the three
states 5, 6, and 7. The colorless state 5 does not absorb
in the visible region. The yellow-green state 6 absorbs at
401 nm (O1). The purple state 7 absorbs at 563 nm (O2).
The truth table illustrates the conversion of input strings
of three binary digits (I1, I2, and I3) into output strings of
two binary digits (O1 and O2) operated by this three-state
molecular switch. A combinational logic circuit incorpo-
rating nine AND, NOT, and OR operators correspond to
this particular truth table

The strategies followed so far to implement com-
plex logic functions with molecular switches are based
on the careful design of the chemical system and on the
judicious choice of the inputs and outputs [2.13,20,21].
A specific sequence of AND, NOT, and OR operations

is programmed in a single molecular switch. No digital
communication between distinct gates is needed since
they are built in the same molecular entity. Though ex-
tremely elegant, this strategy does not have the same
versatility of a modular approach. A different molecule
has to be designed, synthesized, and analyzed every sin-
gle time a different logic function has to be realized. In
addition, the degree of complexity that can be achieved
with only one molecular switch is fairly limited. The
connection of the input and output terminals of indepen-
dent molecular AND, NOT, and OR operators, instead,
would offer the possibility of assembling any combina-
tional logic circuit from three basic building blocks.

In digital electronics, the communication between
two logic gates can be realized connecting their ter-
minals with a wire [2.19]. Methods to transmit binary
data between distinct molecular switches are not so ob-
vious and must be identified. Recently we developed
two strategies to communicate signals between compat-
ible molecular components. In one instance, a chemical
signal is communicated between two distinct molecular
switches [2.26]. They are the three-state switch illus-
trated in Fig. 2.8 and the two-state switch of Fig. 2.9.
The merocyanine form 7 is a photogenerated base. Its
p-nitrophenolate fragment, produced upon irradiation
of the colorless state 5 with ultraviolet light, can abstract
a proton from an acid present in the same solution. The
resulting protonated form 6 is a photoacid. It releases
a proton upon irradiation with visible light and can pro-
tonate a base co-dissolved in the same medium. The
orange azopyridine 8 switches to the red-purple azopy-
ridinium 9 upon protonation. This process is reversible,
and the addition of a base restores the orange state 8.
It follows that photoinduced proton transfer can be ex-
ploited to communicate a chemical signal from 6 to 8
and from 9 to 7. The two colored states 8 and 9 have
different absorption properties in the visible region. In
acetonitrile, the orange state 8 absorbs at 422 nm, and
the red-purple state 9 absorbs at 556 nm. The changes
in absorbance of these two bands can be exploited to
monitor the photoinduced exchange of protons between
the two communicating molecular switches.

The three-state molecular switch and the two-state
molecular switch can be operated sequentially when
dissolved in the same acetonitrile solution. In the pres-
ence of one equivalent of H+, the two-state molecular
switch is in state 9 and the absorbance at 556 nm is
high (O = 1). Upon irradiation with ultraviolet light
(I1 = 0), 5 switches to 7. The photogenerated base
deprotonates 9 producing 8 and 6. As a result, the ab-
sorbance at 556 nm decreases (O = 0). Upon irradiation
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with visible light (I2 = 1), 6 switches to 5 releasing
H+. The result is the protonation of 8 to form 9 and
restore the high absorbance at 556 nm (O = 1). In sum-
mary, the three-state molecular switch transduces two
optical inputs (I1 = ultraviolet light, I2 = visible light)
into a chemical signal (proton transfer) that is commu-
nicated to the two-state molecular switch and converted
into a final optical output (O = absorbance at 556 nm).

The logic behavior of the two communicating
molecular switches is significantly different from those
of the chemical systems illustrated in Figs. 2.6–
2.8 [2.26]. The truth table in Fig. 2.9 lists the four
possible combinations of two-digit input strings and the
corresponding one-digit output. The output digit O for
the input strings 01, 10, and 11 can take only one value.
In fact, the input string 01 is transduced into a 1, and
the input strings 10 and 11 are converted into 0. In-
stead, the output digit O for the input string 00 can
be either 0 or 1. The sequence of events leading to the
input string 00 determines the value of the output. The
boxes a–e in Fig. 2.9 illustrates this effect. They corre-
spond to the five three-digit input/output strings. The
transformation of one box into any of the other four is
achieved in one or two steps by changing the values of
I1 and/or I2. In two instances (a and b), the two-state
molecular switch is in state 9, and the output signal is
high (O = 1). In the other three cases (c, d, and e), the

Fig. 2.9 The concentration of H+ controls the reversible
interconversion between the two states 8 and 9. In response
to ultraviolet (I1) and visible (I2) inputs, the three-state
molecular switch in Fig. 2.7 modulates the ratio between
these two forms and the absorbance (O) of 9 through pho-
toinduced proton transfer. The truth table and sequential
logic circuit illustrate the signal transduction behavior of
the two communicating molecular switches. The intercon-
version between the five three-digit strings of input (I1 and
I2) and output (O) data is achieved varying the input values
in steps �

two-state molecular switch is in state 8, and the out-
put signal is low (O = 0). The strings 000 (e) and 001
(a) correspond to the first entry of the truth table. They
share the same input digits but differ in the output value.
The string 000 (e) can be obtained only from the string
100 (c) varying the value of I1. Similarly, the string 001
(a) can be accessed only from the string 011 (b) vary-
ing the value of I2. In both transformations, the output
digit remains unchanged. Thus, the value of O1 in the
parent string is memorized and maintained in the daugh-
ter string when both inputs become 0. This memory
effect is the fundamental operating principle of sequen-
tial logic circuits [2.17], which are used extensively to
assemble the memory elements of modern microproces-
sors. The sequential logic circuit equivalent to the truth
table of the two communicating molecular switches is
also shown in Fig. 2.9. In this circuit, the input data I1
and I2 are combined through NOT, OR, and AND op-
erators. The output of the AND gate O is also an input
of the OR gate and controls, together with I1 and I2, the
signal transduction behavior.

The other strategy for digital transmission between
molecules is based on the communication of optical sig-
nals between the three-state molecular switch (Fig. 2.8)
and fluorescent compounds [2.27]. In the optical net-
work of Fig. 2.10, three optical signals travel from an
excitation source to a detector after passing through
two quartz cells. The first cell contains an equimolar
acetonitrile solution of naphthalene, anthracene, and
tetracene. The second cell contains an acetonitrile solu-
tion of the three-state molecular switch. The excitation
source sends three consecutive monochromatic light
beams to the first cell stimulating the emission of the
three fluorophores. The light emitted in the direction
perpendicular to the exciting beam reaches the sec-
ond cell. When the molecular switch is in state 5, the
naphthalene emission at 335 nm is absorbed and a low
intensity output (O1) reaches the detector. Instead, the
anthracene and tetracene emissions at 401 and 544 nm,

Part
A

2
.2



Nanomaterials Synthesis and Applications: Molecule-Based Devices 2.2 Molecular Switches and Logic Gates 29

I1

I2 O2

I1
I3

I2
O1

O2
O3

DetectorH+

Ultraviolet light source
Visible light

source
Excitation

source

Naphthalene
+

Anthracene
+

Tetracene

Molecular switch

I1 I3I2 O1 O2

1

0

1

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

1

1

0

1

0

1

0

0

1

0

1

1

0

0

0

1

0

1

1

1

O3

1

1

1

0

1

0

1

1

O3

I3

Fig. 2.10 The excitation source sends three monochromatic light beams (275, 357, and 441 nm) to a quartz cell con-
taining an equimolar acetonitrile solution of naphthalene, anthracene and tetracene. The three fluorophores absorb the
exciting beams and reemit at 305, 401, and 544 nm, respectively. The light emitted in the direction perpendicular to the
exciting beams passes through another quartz cell containing an acetonitrile solution of the three-state molecular switch
shown in Fig. 2.7. Ultraviolet (I1), visible (I2), and H+ (I3) inputs control the interconversion between the three states
of the molecular switch. They determine the intensity of the optical outputs reaching the detector and correspond to the
naphthalene (O1), anthracene (O2), and tetracene (O3) emissions. The truth table and equivalent combinational logic il-
lustrate the relation between the three inputs and the three outputs. The output O1 is always 0, and it is not influenced by
the three inputs. Only two inputs determine the value of O3, while all of them control the output O2

respectively, pass unaffected and high intensity outputs
(O2 and O3) reach the detector. When the molecular
switch is in state 6, the naphthalene and anthracene
emissions are absorbed and only the tetracene emission
reaches the detector (O1 = 0, O2 = 0, O3 = 1). When
the molecular switch is state 7, the emission of all three
fluorophores is absorbed (O1 = 0, O2 = 0, O3 = 0). The
interconversion of the molecular switch between the
three states is induced addressing the second cell with
ultraviolet (I1), visible (I2) and H+ (I3) inputs. Thus,
three independent optical outputs (O1, O2 and O3) can
be modulated stimulating the molecular switch with
two optical and one chemical input. The truth table in
Fig. 2.10 illustrates the relation between the three inputs
(I1, I2 and I3) and the three outputs (O1, O2 and O3),
when positive logic conventions are applied to all sig-
nals. The equivalent logic circuit shows that all three
inputs control the anthracene channel O2, but only I1
and I3 influence the tetracene channel O3. Instead, the
intensity of the naphthalene channel O1 is always low,
and it is not affected by the three inputs.

The operating principles of the optical network in
Fig. 2.10 can be simplified to implement all-optical
logic gates. The chemical input inducing the formation
of the protonated form 6 of the molecular switch can be
eliminated. The interconversion between the remaining

two states 5 and 7 can be controlled relying exclusively
on ultraviolet inputs. Indeed, ultraviolet irradiation in-
duces the isomerization of the colorless form 5 to the
colored species 7, which reisomerizes to the original
state in the dark. Thus, a single ultraviolet source is suf-
ficient to control the switching from 5 to 7 and vice
versa. On the basis of these considerations, all-optical
NAND, NOR, and NOT gates can be implemented op-
erating sequentially or in parallel from one to three
independent switching elements [2.28]. For example,
the all-optical network illustrated in Fig. 2.11 is a three-
input NOR gate. A monochromatic optical signal travels
from a visible source to a detector. Three switching el-
ements are aligned along the path of the traveling light.
They are quartz cells containing an acetonitrile solution
of the molecular switch shown in Fig. 2.8. The intercon-
version of the colorless form 5 into the purple isomer 7
is induced stimulating the cell with an ultraviolet input.
The reisomerization from 7 to 5 occurs spontaneously,
as the ultraviolet sources is turned off. Using three dis-
tinct ultraviolet sources, the three switching elements
can be controlled independently.

The colorless form 5 does not absorb in the vis-
ible region, while the purple isomer 7 has a strong
absorption band at 563 nm. Thus, a 563 nm optical sig-
nal leaving the visible source can reach the detector
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Fig. 2.11 The visible source sends a monochromatic beam (563 nm) to the detector. The traveling light is forced to pass
through three quartz cells containing the molecular switch illustrated in Fig. 2.7. The three switching elements are oper-
ated by independent ultraviolet inputs. When at least one of them is on, the associated molecular switch is in the purple
form 7, which can absorb and block the traveling light. The truth table and equivalent logic circuit illustrate the relation
between the three inputs I1, I2, and I3 and the optical output O

unaffected only if all three switching elements are in
the nonabsorbing state 5. If one of the three ultravio-
let inputs I1, I2, or I3 is turned on, the intensity of the
optical output O drops to 3–4% of its original value.
If two or three ultraviolet inputs are turned on simul-
taneously, the optical output drops to 0%. Indeed, the
photogenerated state 7 absorbs and blocks the traveling
light. Applying positive logic conventions to all signals,

binary digits can be encoded in the three optical inputs
and in the optical output. The resulting truth table is il-
lustrated in Fig. 2.11. The output O is 1 only if all three
inputs I1, I2, or I3 are 0. The output O is 0 if at least one
of the three inputs I1, I2, or I3 is 1. This signal transduc-
tion corresponds to that executed by a three-input NOR
gate, which is a combination of one NOT and two OR
operators.

2.3 Solid State Devices

The fascinating chemical systems illustrated in Figs. 2.6
–2.11 demonstrate that logic functions can be im-
plemented relying on the interplay between designed
molecules and chemical, electrical and/or optical sig-
nals [2.13, 20, 21].

2.3.1 From Functional Solutions
to Electroactive
and Photoactive Solids

These molecular switches, however, are operated exclu-
sively in solution and remain far from potential
applications in information technology at this stage.
The integration of liquid components and volatile or-
ganic solvents in practical digital devices is hard to
envisage. Furthermore, the logic operations executed
by these chemical systems rely on bulk addressing.
Although the individual molecular components have
nanoscaled dimensions, macroscopic collections of
them are employed for digital processing. In some in-

stances, the operating principles cannot even be scaled
down to the unimolecular level. Often bulk properties
are responsible for signal transduction. For example,
a single fluorescent compound 2 cannot execute an OR
operation. Its azacrown appendage can accommodate
only one metal cation. As a result, an individual molecu-
lar switch can respond to only one of the two chemical
inputs. It is a collection of numerous molecular switches
dissolved in an organic solvent that responds to both
inputs enabling an OR operation.

The development of miniaturized molecule-based
devices requires the identification of methods to trans-
fer the switching mechanisms developed in solution to
the solid state [2.29]. Borrowing designs and fabrication
strategies from conventional electronics, researchers are
starting to explore the integration of molecular com-
ponents into functional circuits and devices [2.30–33].
Generally, these strategies combine lithography and sur-
face chemistry to assemble nanometer-thick organic
films on the surfaces of microscaled or nanoscaled
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electrodes. Two main approaches for the deposition
of organized molecular arrays on inorganic supports
have emerged so far. In one instance, amphiphilic
molecular building blocks are compressed into orga-
nized monolayers at air/water interfaces. The resulting
films can be transferred on supporting solids employing
the Langmuir–Blodgett technique [2.34]. Alternatively,
certain molecules can be designed to adsorb sponta-
neously on the surfaces of compatible solids from liquid
or vapor phases. The result is the self-assembly of or-
ganic layers on inorganic supports [2.35].

2.3.2 Langmuir–Blodgett Films

Films of amphiphilic molecules can be deposited on
a variety of solid supports employing the Langmuir–
Blodgett technique [2.34]. This method can be ex-
tended to electroactive compounds incorporating hy-
drophilic and hydrophobic groups. For example, the
amphiphile 10 (Fig. 2.12) has a hydrophobic hex-
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Fig. 2.12 The compression of the am-
phiphilic dication 10 with a moving
barrier results in the formation of
a packed monolayer at the air/water
interface. The lifting of an electrode
pre-immersed in the aqueous sub-
phase encourages the transfer of part
of the monolayer on the solid support

adecyl tail attached to a hydrophilic bipyridinium
dication [2.36, 37]. This compound dissolves in mix-
tures of chloroform and methanol, but it is not
soluble in moderately concentrated aqueous solutions
of sodium perchlorate. Thus the spreading of an organic
solution of 10 on an aqueous sodium perchlorate sub-
phase affords a collection of disorganized amphiphiles
floating on the water surface (Fig. 2.12), after the
organic solvent has evaporated. The molecular build-
ing blocks can be compressed into a monolayer with
the aid of a moving barrier. The hydrophobic tails
align away from the aqueous phase. The hydrophilic
dicationic heads and the accompanying perchlorate
counterions pack to form an organized monolayer at
the air/water interface. The compression process can
be monitored recording the surface pressure (π)-area
per molecule (A) isotherm, which indicates a limit-
ing molecular area of ≈ 50 Å2. This value is larger
than the projected area of an oligomethylene chain.
It correlates reasonably, however, with the overall
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area of a bipyridinium dication plus two perchlorate
anions.

The monolayer prepared at the air/water interface
(Fig. 2.12) can be transferred on the surface of a indium-
tin oxide electrode pre-immersed in the aqueous phase.
The slow lifting of the solid support drags the mono-
layer away from the aqueous subphase. The final result
is the coating of the electrode with an organic film con-
taining electroactive bipyridinium building blocks. The
modified electrode can be integrated in a conventional
electrochemical cell to probe the redox response of the
electroactive layer. The resulting cyclic voltammograms
reveal the characteristic waves for the first reduction
process of the bipyridinium dications, confirming the
successful transfer of the electroactive amphiphiles
from the air/water interface to the electrode surface. The
integration of the redox waves indicates a surface cov-
erage of ≈ 4 × 1010 mol cm−2. This value corresponds
to a molecular area of ≈ 40 Å2 and is in excellent
agreement with the limiting molecular area of the π–A
isotherm.

These seminal experiments demonstrate that elec-
troactive amphiphiles can be organized into uniform
monolayers at the air/water interface and then trans-
ferred efficiently on the surface of appropriate sub-
strates to produce electrode/monolayer junctions. The
resulting electroactive materials can become the func-
tional components of molecule-based devices. For
example, bipyridinium-based photodiodes can be fabri-
cated following this approach [2.38,39]. Their operating
principles rely on photoinduced electron transfer from
chromophoric units to bipyridinium acceptors. The
electroactive and photoactive amphiphile 11 (Fig. 2.13)
incorporates hydrophobic ferrocene and pyrene tails
and a hydrophilic bipyridinium head. Chloroform solu-
tions of 11 containing ten equivalents of arachidic acid
can be spread on an aqueous calcium chloride subphase
in a Langmuir trough. The amphiphiles can be com-
pressed into a mixed monolayer, after the evaporation
of the organic solvent. Pronounced steps in the corre-
sponding π–A isotherm suggest that the bulky ferrocene
and pyrene groups are squeezed away from the wa-
ter surface. In the final arrangement, both photoactive
groups align above the hydrophobic dication.

A mixed monolayer of 11 and arachidic acid can be
transferred from the air/water interface to the surface
of a transparent gold electrode following the methodol-
ogy illustrated for the system in Fig. 2.12. The coated
electrode can be integrated in a conventional electro-
chemical cell. Upon irradiation at 330 nm under an inert
atmosphere, an anodic photocurrent of ≈ 2 nA devel-
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Fig. 2.13 Mixed monolayers of the amphiphile 11 and
arachidic acid can be transferred from the air/water inter-
face to the surface of an electrode to generate a molecule-
based photodiode

ops at a potential of 0 V relative to a saturated calomel
electrode. Indeed, the illumination of the electroactive
monolayer induces the electron transfer from the pyrene
appendage to the bipyridinium acceptor and then from
the reduced acceptor to the electrode. A second in-
tramolecular electron transfer from the ferrocene donor
to the oxidized pyrene fills its photogenerated hole.
Overall, a unidirectional flow of electrons across the
monolayer/electrode junction is established under the
influence of light.

The ability to transfer electroactive monolayers
from air/water interfaces to electrode surfaces can
be exploited to fabricate molecule-based electronic
devices. In particular, arrays of interconnected elec-
trode/monolayer/electrode tunneling junctions can be
assembled combining the Langmuir–Blodgett tech-
nique with electron beam evaporation [2.33]. Fig-
ure 2.14 illustrates a schematic representation of the
resulting devices. Initially, parallel fingers are patterned
on a silicon wafer with a silicon dioxide overlayer by
electron beam evaporation. The bottom electrodes de-
posited on the support can be either aluminum wires
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covered by an aluminum oxide or n-doped silicon lines
with silicon dioxide overlayers. Their widths are ≈ 6
or 7 μm, respectively. The patterned silicon chip is im-
mersed in the aqueous subphase of a Langmuir trough
prior to monolayer formation. After the compression of
electroactive amphiphiles at the air/water interface, the
substrate is pulled out of the aqueous phase to encour-
age the transfer of the molecular layer on the parallel
bottom electrodes as well as on the gaps between them.
Then, a second set of electrodes orthogonal to the first
is deposited through a mask by electron beam evapo-
ration. They consist of a titanium underlayer plus an
aluminum overlayer. Their thicknesses are ≈ 0.05 and
1 μm, respectively, and their width is ≈ 10 μm. In the
final assembly, portions of the molecular layer become
sandwiched between the bottom and top electrodes.
The active areas of these electrode/monolayer/electrode
junctions are ≈ 60–70 μm2 and correspond to ≈ 106

molecules.
The [2]rotaxane 12 (Fig. 2.14) incorporates a macro-

cyclic polyether threaded onto a bipyridinium-based
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Fig. 2.14 The [2]rotaxane 12 and the [2]catenane 13 can be compressed into organized monolayers at air/water interfaces. The
resulting monolayers can be transferred on the bottom electrodes of a patterned silicon support. After the deposition of a top
electrode, electrode/monolayer/electrode junctions can be assembled. Note that only the portion of the monolayer sandwiched
between the top and bottom electrodes is shown in the diagram. The oxidation of the tetrathiafulvalene unit of the [2]catenane 13
is followed by the circumrotation of the macrocyclic polyether to afford the [2]catenane 14. The process is reversible, and the
reduction of the cationic tetrathiafulvalene unit restores the original state

backbone [2.40, 41]. The two bipyridinium dications
are bridged by a m-phenylene spacer and terminated by
tetraarylmethane appendages. These two bulky groups
trap mechanically the macrocycle preventing its dis-
sociation from the tetracationic backbone. In addition,
their hydrophobicity complements the hydrophilicity of
the two bipyridinium dications imposing amphiphilic
character on the overall molecular assembly. This com-
pound does not dissolve in aqueous solutions and can
be compressed into organized monolayers at air/water
interfaces. The corresponding π–A isotherm reveals
a limiting molecular area of ≈ 130 Å2. This large
value is a consequence of the bulk associated with the
hydrophobic tetraarylmethane tails and the macrocycle
encircling the tetracationic backbone.

Monolayers of the [2]rotaxane 12 can be transferred
from the air/water interface to the surfaces of the bottom
aluminum/aluminum oxide electrodes of a patterned sil-
icon chip with the hydrophobic tetraarylmethane groups
pointing away from the supporting substrate. The sub-
sequent assembly of a top titanium/aluminum electrode
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affords electrode/monolayer/electrode junctions. Their
current/voltage signature can be recorded grounding the
top electrode and scanning the potential of the bottom
electrode. A pronounced increase in current is observed
when the potential is lowered below −0.7 V. Under
these conditions, the bipyridinium-centered LUMOs
mediate the tunneling of electrons from the bottom to
the top electrode leading to a current enhancement.
A similar current profile is observed if the potential is
returned to 0 and then back to −2 V. Instead, a modest
increase in current in the opposite direction is observed
when the potential is raised above +0.7 V. Presum-
ably, this trend is a result of the participation of the
phenoxy-centered HOMOs in the tunneling process. Af-
ter a single positive voltage pulse, however, no current
can be detected if the potential is returned to negative
values. In summary, the positive potential scan sup-
presses irreversibly the conducting ability of the elec-
trode/molecule/electrode junction. The behavior of this
device correlates with the redox response of the [2]ro-
taxane 12 in solution. Cyclic voltammograms reveal re-
versible monoelectronic reductions of the bipyridinium
dications. But they also show two irreversible oxida-
tions associated, presumably, with the phenoxy rings of
the macrocycle and tetraarylmethane groups. These ob-
servations suggest that a positive voltage pulse applied
to the electrode/monolayer/electrode junction oxidizes
irreversibly the sandwiched molecules suppressing their
ability to mediate the transfer of electrons from the bot-
tom to the top electrode under a negative bias.

The device incorporating the [2]rotaxane 13 can be
exploited to implement simple logic operations [2.40].
The two bottom electrodes can be stimulated with
voltage inputs (I1 and I2) while measuring a current
output (O) at the common top electrode. When at least
one of the two inputs is high (0 V), the output is low
(< 0.7 nA). When both inputs are low (−2 V), the out-
put is high (≈ 4 nA). If a negative logic convention is
applied to the voltage inputs (low = 1, high = 0) and
a positive logic convention is applied to the current
output (low = 0, high = 1), the signal transduction be-
havior translates into the truth table of an AND gate.
The output O is 1 only when both inputs are 1. In-
stead, an OR operation can be executed if the logarithm
of the current is considered as the output. The loga-
rithm of the current is −12 when both voltage inputs are
0 V. It raises to ≈ −9 when one or both voltage inputs
are lowered to −2 V. This signal transduction behavior
translates into the truth table of an OR gate if a neg-
ative logic convention is applied to the voltage inputs
(low = 1, high = 0) and a positive logic convention is

applied to the current output (low = 0, high = 1). The
output O is 1 when at least one of the two inputs is 1.

The [2]catenane 13 (Fig. 2.14) incorporates a macro-
cyclic polyether interlocked with a tetracationic cyclo-
phane [2.42, 43]. Organic solutions of the hexafluo-
rophosphate salt of this [2]catenane and six equivalents
of the sodium salt of dimyristoylphosphatidic acid
can be co-spread on the water surface of a Langmuir
trough [2.44]. The sodium hexafluorophosphate formed
dissolves in the supporting aqueous phase, while the
hydrophilic bipyridinium cations and the amphiphilic
anions remain at the interface. Upon compression, the
anions align their hydrophobic tails away from the
water surface forming a compact monolayer above the
cationic bipyridinium derivatives. The corresponding
π–A isotherm indicates limiting molecular areas of
≈ 125 Å2. This large value is a consequence of the bulk
associated with the two interlocking macrocycles.

Monolayers of the [2]catenane 13 can be trans-
ferred from the air/water interface to the surfaces
of the bottom n-doped silicon/silicon dioxide elec-
trodes of a patterned silicon chip with the hydrophobic
tails of the amphiphilic anions pointing away from
the supporting substrate [2.45, 46]. The subsequent
assembly of a top titanium/aluminum electrode affords
electrode/monolayer/electrode arrays. Their junction
resistance can be probed grounding the top electrode
and maintaining the potential of the bottom electrode
at +0.1 V. If a voltage pulse of +2 V is applied to the
bottom electrode before the measurement, the junction
resistance probed is ≈ 0.7 GΩ. After a pulse of −2 V
applied to the bottom electrode, the junction resistance
probed at +0.1 V drops ≈ 0.3 GΩ. Thus, alternating
positive and negative voltage pulses can switch re-
versibly the junction resistance between high and low
values. This intriguing behavior is a result of the redox
and dynamic properties of the [2]catenane 13.

Extensive spectroscopic and crystallographic stud-
ies [2.42, 43] demonstrated that the tetrathiafulvalene
unit resides preferentially inside the cavity of the tetra-
cationic cyclophane of the [2]catenane 13 (Fig. 2.14).
Attractive [π · · ·π] stacking interactions between the
neutral tetrathiafulvalene and the bipyridinium dicat-
ions are responsible for this co-conformation. Oxi-
dation of the tetrathiafulvalene generates a cationic
form that is expelled from the cavity of the tetra-
cationic cyclophane. After the circumrotation of the
macrocyclic polyether, the oxidized tetrathiafulvalene
is exchanged with the neutral 1,5-dioxynaphthalene
producing the [2]catenane 14 (Fig. 2.14). The reduc-
tion of the tetrathiafulvalene back to its neutral state
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is followed by the circumrotation of the macrocyclic
polyether, which restores the original state 14. The
voltage pulses applied to the bottom electrode of the
electrode/monolayer/junction oxidize and reduce the
tetrathiafulvalene unit inducing the interconversion be-
tween the forms 13 and 14. The difference in the
stereoelectronic properties of these two states translates
into distinct current/voltage signatures. Indeed, their
ability to mediate the tunneling of electrons across the
junction differs significantly. As a result, the junction
resistance probed at a low voltage after an oxidizing
pulse is significantly different from that determined un-
der the same conditions after a reducing pulse.

2.3.3 Self-Assembled Monolayers

In the examples illustrated in Figs. 2.12–2.14, mono-
layers of amphiphilic and electroactive derivatives are
assembled at air/water interfaces and then transferred
on the surfaces of appropriate substrates. An alterna-
tive strategy to coat electrodes with molecular layers
relies on the ability of certain compounds to adsorb
spontaneously on solid supports from liquid or vapor
phases [2.35]. In particular, the affinity of certain sul-
furated functional groups for gold can be exploited to
encourage the self-assembly of organic molecules on
microscaled and nanoscaled electrodes.

The electrode/monolayer/electrode junction in
Fig. 2.15 incorporates a molecular layer between two
gold electrodes mounted on a silicon nitride support.
This device can be fabricated combining chemical vapor
deposition, lithography, anisotropic etching, and self-
assembly [2.47]. Initially, a silicon wafer is coated
with a 50 nm thick layer of silicon nitride by low
pressure chemical vapor deposition. Then, a square of
400 × 400 μm2 is patterned on one side of the coated
wafer by optical lithography and reactive ion etch-
ing. Anisotropic etching of the exposed silicon up to
the other side of the wafer leaves a suspended sil-
icon nitride membrane of 40 × 40 μm2. Electron beam
lithography and reactive ion etching can be used to
carve a bowl-shaped hole (diameter = 30–50 nm) in the
membrane. Evaporation of gold on the membrane fills
the pore producing a bowl-shaped electrode. Immer-
sion of the substrate in a solution of the thiol 15
results in the self-assembly of a molecular layer on
the narrow part of the bowl-shaped electrode. The
subsequent evaporation of a gold film on the organic
monolayer produces an electrode/monolayer/electrode
junction (Fig. 2.15) with a contact area of less than
2000 nm2 and ≈ 1000 molecules.

15

SH

NH2

O2N

Silicon
nitride

Gold

Monolayer
of 15

Gold

Fig. 2.15 A monolayer of the thiol 15 is embedded between
two gold electrodes maintained in position by a silicon
nitride support

Under the influence of voltage pulses applied to one
of the two gold electrodes in Fig. 2.15, the conductivity
of the sandwiched monolayer switches reversibly be-
tween low and high values [2.48]. In the initial state,
the monolayer is in a low conducting mode. A current
output of only 30 pA is detected, when a probing volt-
age of +0.25 V is applied to the bowl-shaped electrode.
If the same electrode is stimulated with a short volt-
age pulse of +5 V, the monolayer switches to a high
conducting mode. Now a current output of 150 pA is
measured at the same probing voltage of +0.25 V.
Repeated probing of the current output at various in-
tervals of time indicates that the high conducting state
is memorized by the molecule-based device, and it is
retained for more than 15 min. The low conducting
mode is restored after either a relatively long period
of time or the stimulation of the bowl-shaped elec-
trode with a reverse voltage pulse of −5 V. Thus the
current output switches from a low to a high value,
if a high voltage input is applied. It switches from
a high to a low value, under the influence of a low
voltage pulse. This behavior offers the opportunity to
store and erase binary data in analogy to a conven-
tional random access memory [2.17]. Binary digits can
be encoded on the current output of the molecule-based
device applying a positive logic convention (low = 0,
high = 1). It follows that a binary 1 can be stored
in the molecule-based device applying a high voltage
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Fig. 2.16 (a) The bisthiol 16 self-assembles on gold electrodes as
a result of thiolate–gold bond formation. (b) Gold nanoparticles
adsorb spontaneously on the molecular layer. (c) Exposure of the
composite assembly to a solution of 16 results in the formation of an
additional molecular layer on the surface of the gold nanoparticles

input, and it can be erased applying a low voltage in-
put [2.48].

The ability of thiols to self-assemble on the surface
of gold can be exploited to fabricate nanocomposite
materials integrating organic and inorganic compo-
nents. For example, the bisthiol 16 forms monolayers
(Fig. 2.16a) on gold electrodes with surface coverages
of ≈ 4.1 × 1010 mol cm2 [2.49, 50]. The formation of
a thiolate–gold bond at one of the two thiol ends of 16
is responsible for adsorption. The remaining thiol group
points away from the supporting surface and can be
exploited for further functionalization. Gold nanopar-
ticles adsorb on the molecular layer (Fig. 2.16b), once
again, as a result of thiolate–gold bond formation.
The immersion of the resulting material in a methanol
solution of 16 encourages the adsorption of an ad-
ditional organic layer (Fig. 2.16c) on the composite

material. Following these procedures, up to ten alter-
nating organic and inorganic layers can be deposited
on the electrode surface. The resulting assembly can
mediate the unidirectional electron transfer from the
supporting electrode to redox active species in solu-
tion. For example, the cyclic voltammogram of the
[Ru(NH3)6]3+/2+ couple recorded with a bare gold
electrode reveals a reversible reduction process. In the
presence of ten alternating molecular and nanoparticle
layers on the electrode surface, the reduction potential
shifts by ≈ −0.2 V and the back oxidation wave dis-
appears. The pronounced potential shift indicates that
[Ru(NH3)6]3+ accepts electrons only after the surface-
confined bipyridinium dications have been reduced. The
lack of reversibility indicates that the back oxidation to
the bipyridinium dications inhibits the transfer of elec-
trons from the [Ru(NH3)6]2+ to the electrode. Thus the
electroactive multilayer allows the flow of electrons in
one direction only in analogy to conventional diodes.

The current/voltage behavior of individual nanopar-
ticles in Fig. 2.16b can be probed by scanning tunneling
spectroscopy in an aqueous electrolyte under an inert
atmosphere [2.51]. The platinum-iridium tip of a scan-
ning tunneling microscope is positioned above one
of the gold particles. The voltage of the gold sub-
strate relative to the tip is maintained at −0.2 V while
that relative to a reference electrode immersed in the
same electrolyte is varied to control the redox state of
the electroactive units. Indeed, the bipyridinium dicat-
ions in the molecular layer can be reduced reversibly
to a monocationic state. The resulting monocations
can be reduced further and, once again, reversibly
to a neutral form. Finally, the current flowing from
the gold support to the tip of the scanning tunneling
microscope is monitored as the tip–particle distance
increases. From the distance dependence of the cur-
rent, inverse length decays of ≈ 16 and 7 nm−1 for the
dicationic and monocationic states, respectively, of the
molecular spacer can be determined. The dramatic de-
crease indicates that the reduction of the electroactive
unit facilitates the tunneling of electrons through the
gold/molecule/nanoparticle/tip junction. In summary,
a change in the redox state of the bipyridinium com-
ponents can be exploited to gate reversibly the current
flowing through this nanoscaled device.

Similar nanostructured materials, combining mo-
lecular and nanoparticles layers, can be prepared on
layers on indium-tin oxide electrodes following mul-
tistep procedures [2.52]. The hydroxylated surfaces of
indium-tin oxide supports can be functionalized with
3-ammoniumpropylysilyl groups and then exposed to
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Fig. 2.17 (a) Gold nanoparticles
assemble spontaneously on pre-
functionalized indium-tin oxide
electrodes. (b) Electrostatic interac-
tions encourage the adsorption of
the tetracationic cyclophane 17 on
the surface-confined nanoparticles.
(c) An additional layer of nano-
particles assembles on the cationic
organic coating. Similar composite
films can be prepared using the tetra-
cationic [2]catenane 18 instead of
the cyclophane 17. (d) Phosphonate
groups can be used to anchor molecu-
lar building blocks to titanium dioxide
nanoparticles

gold nanoparticles having a diameter of ≈ 13 nm [2.53,
54]. Electrostatic interactions promote the adsorption of
the nanoparticles on the organic layer (Fig. 2.17a). The
treatment of the composite film with the bipyridinium
cyclophane 17 produces an organic layer on the gold
nanoparticles (Fig. 2.18b). Following this approach,
alternating layers of inorganic nanoparticles and organic
building blocks can be assembled on the indium-tin
oxide support. Cyclic voltammograms of the resulting
materials show the oxidation of the gold nanoparticles

and the reduction of the bipyridinium units. The peak
current for both processes increases with the number
of alternating layers. Comparison of these values indi-
cates that the ratio between the number of tetracationic
cyclophanes and that of the nanoparticles is ≈ 100 : 1.

The tetracationic cyclophane 17 binds dioxyarenes
in solution [2.55, 56]. Attractive supramolecular forces
between the electron deficient bipyridinium units and
the electron rich guests are responsible for complexa-
tion. This recognition motif can be exploited to probe
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the ability of the composite films in Fig. 2.17b,c to sense
electron rich analytes. In particular, hydroquinone is
expected to enter the electron deficient cavities of the
surface-confined cyclophanes. Cyclic voltammograms
consistently reveal the redox waves associated with the
reversible oxidation of hydroquinone even when very
small amounts of the guest (≈ 1 × 10−5 M) are added
to the electrolyte solution [2.53,54]. No redox response
can be detected with a bare indium-tin oxide electrode
under otherwise identical conditions. The supramolecu-
lar association of the guest and the surface confined
cyclophanes increases the local concentration of hydro-
quinone at the electrode/solution interface enabling its
electrochemical detection.

Following a related strategy, the [2]catenane 18
(Fig. 2.17) can be incorporated into similar composite
arrays [2.57, 58]. This interlocked molecule incorpo-
rates a Ru(II)/trisbipyridine sensitizer and two bipyri-
dinium acceptors. Upon irradiation of the composite
material at 440 nm, photoinduced electron transfer from
the sensitizer to the appended acceptors occurs. The
photogenerated hole in the sensitizer is filled after the
transfer of an electron from a sacrificial electron donor
present in the electrolyte solution. Under a positive volt-
age bias applied to the supporting electrode, an electron
flow from the bipyridinium acceptors to the indium-
tin oxide support is established. The resulting current
switches between high and low values as the light
source is turned on and off.

Another photoresponsive device, assembled com-
bining inorganic nanoparticles with molecular building
blocks, is illustrated in Fig. 2.17d. Phosphonate groups
can be used to anchor a Ru(II)/trisbipyridine complex
with an appended bipyridinium dication to titanium
dioxide nanoparticles deposited on a doped tin ox-
ide electrode [2.59, 60]. The resulting composite array
can be integrated in a conventional electrochemi-
cal cell filled with an aqueous electrolyte containing
triethanolamine. Under a bias voltage of −0.45 V
and irradiation at 532 nm, 95% of the excited ruthe-
nium centers transfer electrons to the titanium dioxide
nanoparticles. The other 5% donate electrons to the
bipyridinium dications. All the electrons transferred to
the bipyridinium acceptors return to the ruthenium cen-
ters, while only 80% of those accepted by the nanopar-
ticles return to the transition metal complexes. The
remaining 15% reach the bipyridinium acceptors, while
electron transfer from sacrificial triethanolamine donors
fills the photogenerated holes left in the ruthenium
sensitizers. The photoinduced reduction of the bipyri-
dinium dication is accompanied by the appearance of

the characteristic band of the radical cation in the ab-
sorption spectrum. This band persists for hours under
open circuit conditions. But it fades in ≈ 15 s under
a voltage bias of +1 V, as the radical cation is oxidized
back to the dicationic form. In summary, an optical
stimulation accompanied by a negative voltage bias re-
duces the bipyridinium building block. The state of the
photogenerated form can be read optically, recording
the absorption spectrum in the visible region, and erased
electrically, applying a positive voltage pulse.

2.3.4 Nanogaps and Nanowires

The operating principles of the electroactive and pho-
toactive devices illustrated in Figs. 2.12–2.17 exploit
the ability of small collections of molecular compo-
nents to manipulate electrons and photons. Designed
molecules are deposited on relatively large electrodes
and can be addressed electrically and/or optically by
controlling the voltage of the support and/or illumi-
nating its surface. The transition from devices relying
on collections of molecules to unimolecular devices re-
quires the identification of practical methods to contact
single molecules. This fascinating objective demands
the rather challenging miniaturization of contacting
electrodes to the nanoscale.

A promising approach to unimolecular devices re-
lies on the fabrication of nanometer-sized gaps in
metallic features followed by the insertion of indi-
vidual molecules between the terminals of the gap.
This strategy permits the assembly of nanoscaled
three-terminal devices equivalent to conventional tran-
sistors [2.61–63]. A remarkable example is illustrated
in Fig. 2.18a [2.61]. It incorporates a single molecule
in the nanogap generated between two gold electrodes.
Initially electron beam lithography is used to pat-
tern a gold wire on a doped silicon wafer covered
by an insulating silicon dioxide layer. Then the gold
feature is broken by electromigration to generate the
nanogap. The lateral size of the separated electrodes
is ≈ 100 nm and their thickness is ≈ 15 nm. Scanning
electron microcopy indicates that the facing surfaces
of the separated electrodes are not uniform and that
tiny gaps between their protrusions are formed. Cur-
rent/voltage measurements suggest that the size of the
smallest nanogap is ≈ 1 nm. When the breakage of the
gold feature is preceded by the deposition of a dilute
toluene solution of C60 (19), junctions with enhanced
conduction are obtained. This particular molecule has
a diameter of ≈ 0.7 nm and can insert in the nanogap
facilitating the flow of electrons across the junction.
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Fig. 2.18 (a) Nanoscaled transistors can be fabricated in-
serting a single molecule (19 or 20) between source and
drain electrodes mounted on a silicon/silicon dioxide sup-
port. (b) A DNA nanowire can bridge nanoelectrodes
suspended above a silicon dioxide support

The unique configuration of the molecule-based
device in Fig. 2.18a can reproduce the functions of
a conventional transistor [2.19] at the nanoscale. The
two gold terminals of the junction are the drain and
source of this nanotransistor, and the underlying silicon
wafer is the gate. At a temperature of 1.5 K, the junc-
tion conductance is very small, when the gate bias is
low, and increases in steps at higher voltages [2.61]. The
conductance gap is a consequence of the finite energy
required to oxidize/reduce the single C60 positioned in
the junction. It is interesting that the zero-conductance
window also changes with the gate voltage and can be
opened and closed reversibly adjusting the gate bias.

A similar strategy can be employed to fabricate
a nanoscaled transistor incorporating the Co(II) com-
plex 20 shown in Fig. 2.18 [2.63]. In this instance,
a silicon dioxide layer with a thickness of ≈ 30 nm

is grown thermally on a doped silicon substrate. Then
a gold wire with a width of ≈ 200 nm and a thicknesses
of ≈ 10–15 nm is patterned on the silicon dioxide over-
layer by electron beam lithography. After extensive
washing of the substrate with acetone and methylene
chloride and cleaning with oxygen plasma, the gold
wire is exposed to a solution of the bisthiol 20. The
formation of thiolate–gold bonds promotes the self-
assembly of the molecular building block on the gold
surface. At this point, electromigration-induced break-
age produces a gap of 1–2 nm in the gold wire. The
surface-confined bisthiol 20 is only 0.24 nm long and,
therefore, it can insert in the nanogap producing an
electrode/molecule/electrode junction.

The cobalt center in 20 can be oxidized/reduced
reversibly between Co(II) and Co(III) [2.63]. When
this electroactive molecule is inserted in a nanogap
(Fig. 2.18a), its ability to accept and donate electrons
dictates the current/voltage profile of the resulting elec-
trode/molecule/electrode junction. More precisely, no
current flows across the junction below a certain volt-
age threshold. As the source voltage is raised above
this particular value, the drain current increases in
steps. The threshold associated with the source volt-
age varies in magnitude with the gate voltage. This
intriguing behavior is a consequence of the finite
energy necessary to oxidize/reduce the cobalt cen-
ter and of a change in the relative stabilities of the
oxidized and reduced forms Co(II) and Co(III) with
the gate voltage. In summary, the conduction of the
electrode/molecule/electrode junction can be tuned ad-
justing the voltage of the silicon support. The behavior
of this molecule-based nanoelectronic device is equiva-
lent to that of a conventional transistor [2.19]. In both
instances, the gate voltage regulates the current flowing
from the source to the drain.

The electromigration-induced breakage of pre-
formed metallic features successfully produces nano-
gaps by moving apart two fragments of the same wire.
Alternatively, nanogaps can be fabricated reducing the
separation of the two terminals of much larger gaps.
For example, gold electrodes separated by a distance
of 20–80 nm can be patterned on a silicon/silicon diox-
ide substrate by electron beam lithography [2.64]. The
relatively large gap between them can be reduced sig-
nificantly by the electrochemical deposition of gold on
the surfaces of both electrodes. The final result is the
fabrication of two nanoelectrodes separated by ≈ 1 nm
and with a radius of curvature of 5–15 nm. The two
terminals of this nanogap can be contacted by organic
nanowires grown between them [2.65]. In particular, the

Part
A

2
.3



40 Part A Nanostructures, Micro-/Nanofabrication and Materials

electropolymerization of aniline produces polyaniline
bridges between the gold nanoelectrodes. The conduc-
tance of the resulting junction can be probed immersing
the overall assembly in an electrolyte solution. Em-
ploying a bipotentiostat, the bias voltage of the two
terminals of the junction can be maintained at 20 mV,
while their potentials are scanned relative to that of a sil-
ver/silver chloride reference electrode. Below ≈ 0.15 V,
the polymer wire is in an insulating state and the current
flowing across the junction is less than 0.05 nA. At this
voltage threshold, however, the current raises abruptly
to ≈ 30 nA. This value corresponds to a conductivity
for the polymer nanojunction of 10–100 S cm−1. When
the potential is lowered again below the threshold, the
current returns back to very low values. The abrupt de-
crease in current in the backward scan is observed at
a potential that is slightly more negative than that caus-
ing the abrupt current increase in the forward scan. In
summary, the conductance of this nanoscaled junction
switches on and off as a potential input is switched
above and below a voltage threshold.

It is interesting to note that the influence of organic
bridges on the junction conductance can be exploited
for chemical sensing. Nanogaps fabricated following
a similar strategy but lacking the polyaniline bridge
alter their conduction after exposure to dilute solutions
of small organic molecules [2.66]. Indeed, the organic
analytes dock into the nanogaps producing a marked
decrease in the junction conductance. The magnitude of
the conductance drop happens to be proportional to the
analyte–nanoelectrode binding strength. Thus the pres-
ence of the analyte in solution can be detected probing
the current/voltage characteristics of the nanogaps.

Nanogaps between electrodes patterned on sil-
icon/silicon dioxide supports can be bridged also by
DNA double strands [2.67,68]. The device in Fig. 2.18b
has a 10.4 nm long poly(G)–poly(C) DNA oligomer
suspended between two nanoelectrodes. It can be fab-
ricated patterning a 30 nm wide slit in a silicon nitride
overlayer covering a silicon/silicon dioxide support by
electron beam evaporation. Underetching the silicon
dioxide layer leaves a silicon nitride finger, which can
be sputtered with a platinum layer and chopped to leave
a nanogap of 8 nm. At this point, a microdroplet of
a dilute solution of DNA is deposited on the device
and a bias of 5 V is applied between the two elec-
trodes. Electrostatic forces encourage the deposition of
a single DNA wire on top of the nanogap. As soon
as the nanowire is in position, current starts to flow
across the junction. The current/voltage signature of
the electrode/DNA/electrode junction shows currents

below 1 pA at low voltage biases. Under these condi-
tions, the DNA nanowire is an insulator. Above a certain
voltage threshold, however, the nanowire becomes con-
ducting and currents up to 100 nA can flow across the
junction through a single nanowire. Assuming that di-
rect tunneling from electrode to electrode is extremely
unlikely for a relatively large gap of 8 nm, the intrigu-
ing current/voltage behavior has to be a consequence
of the participation of the molecular states in the elec-
tron transport process. Two possible mechanisms can
be envisaged. Sequential hopping of the electrons be-
tween states localized in the DNA base pairs can allow
the current flow above a certain voltage threshold. But
this mechanism would presumably result in a Coulomb
blockade voltage gap that is not observed experimen-
tally. More likely, electronic states delocalized across
the entire length of the DNA nanowire are produc-
ing a molecular conduction band. The off-set between
the molecular conduction band and the Fermi levels of
the electrodes is responsible for the insulating behav-
ior at low biases. Above a certain voltage threshold,
the molecular band and one of the Fermi levels align
facilitating the passage of electrons across the junction.

Carbon nanotubes are extremely versatile build-
ing blocks for the assembly of nanoscaled electronic
devices. They can be used to bridge nanogaps [2.69–72]
and assemble nanoscaled cross junctions [2.73–75].
In Fig. 2.19a, a single-wall carbon nanotube crosses
over another one in an orthogonal arrangement [2.73].
Both nanotubes have electrical contacts at their ends.
The fabrication of this device involves three main
steps. First, alignment marks for the electrodes are
patterned on a silicon/silicon dioxide support by elec-
tron beam lithography. Then the substrate is exposed
to a dichloromethane suspension of single-wall SWNT
carbon nanotubes. After washing with isopropanol,
crosses of carbon nanotubes in an appropriate alignment
relative to the electrode marks are identified by tapping
mode atomic force microscopy. Finally chromium/gold
electrodes are fabricated on top of the nanotube ends,
again, by electron beam lithography. The conductance
of individual nanotubes can be probed by exploiting
the two electric contacts at their ends. These two-
terminal measurements reveal that certain nanotubes
have metallic behavior, while others are semiconduct-
ing. It follows that three distinct types of cross junctions
differing in the nature of their constituent nano-
tubes can be identified on the silicon/silicon dioxide
support. Four terminal current/voltage measurements
indicate that junctions formed by two metallic nano-
tubes have high conductance and ohmic behavior.
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Similarly, high junction conductance and ohmic behav-
ior is observed when two semiconducting nanotubes
cross. The current/voltage signature of junctions formed
when a metallic nanotube crosses a semiconducting one
are, instead, completely different. The metallic nano-
tube depletes the semiconducting one at the junction
region producing a nanoscaled Schottky barrier with
a pronounced rectifying behavior.

Similar fabrication strategies can be exploited to
assemble nanoscaled counterparts of conventional tran-
sistors. The device in Fig. 2.19b is assembled patterning
an aluminum finger on a silicon/silicon dioxide sub-
strate by electron beam lithography [2.75]. After
exposure to air, an insulating aluminum oxide layer
forms on the aluminum finger. Then a dichloromethane
suspension of single-wall carbon nanotubes is deposited
on the resulting substrate. Atomic force microscopy
can be used to select carbon nanotubes with a diam-
eter of ≈ 1 nm positioned on the aluminum finger. After
registering their coordinates relative to alignment mark-
ers, gold contacts can be evaporated on their ends
by electron beam lithography. The final assembly is
a nanoscaled three-terminal device equivalent to a con-
ventional field effect transistor [2.19]. The two gold
contacts are the source and drain terminals, while the
underlying aluminum finger reproduces the function of
the gate. At a source to drain bias of ≈ −1.3 V, the
drain current jumps from ≈ 0 to ≈ 50 nA when the gate
voltage is lowered from −1.0 to −1.3 V. Thus mod-
erate changes in the gate voltage vary significantly the
current flowing through the nanotube-based device in
analogy to a conventional enhancement mode p-type
field effect transistor [2.19].

The nanoscaled transistor in Fig. 2.18a has a micro-
scaled silicon gate that extends under the entire
chip [2.61, 63]. The configuration in Fig. 2.19b, in-
stead, has nanoscaled aluminum gates for every single
carbon nanotube transistor fabricated on the same
support [2.75]. It follows that multiple nanoscaled tran-
sistors can be fabricated on the same chip and operated
independently following this strategy. This unique fea-
ture offers the possibility of fabricating nanoscaled
digital circuits by interconnecting the terminals of
independent nanotube transistors. The examples in
Fig. 2.19c,d illustrate the configurations of nanoscaled
NOT and NOR gates implemented using one or two
nanotube transistors. In Fig. 2.19c, an off-chip bias re-
sistor is connected to the drain terminal of a single
transistor while the source is grounded. A voltage input
applied to the gate modulates the nanotube conductance
altering the voltage output probed at the drain termi-

Carbon
nanotubes

a)
Chromium/
gold
electrodes

Silicon
dioxide

Carbon
nanotubes

Aluminum gate

Aluminum
oxide
insulator

Silicon

Drain
gold

Source
gold

Nano-
transistor

– 1.5 V

Input voltage

Output
voltage

Input voltage

Output voltage

– 1.5 V

Input voltage

Nanotransistor

b)

c)

d) Nanotransistor

Fig. 2.19 (a) Nanoscaled junctions can be assembled on
silicon/silicon dioxide supports crossing pairs of or-
thogonally arranged single-wall carbon nanotubes with
chromium/gold electrical contacts at their ends. (b) Nano-
transistors can be fabricated contacting the two ends
of a single-wall carbon nanotube deposited on an alu-
minum/aluminum oxide gate with gold sources and drain.
One or two nanotube transistors can be integrated into
nanoscaled NOT (c) and NOR (d) logic gates

nal. In particular, a voltage input of −1.5 V lowers the
nanotube resistance (26 MΩ) below that of the bias re-
sistor (100 MΩ). As a result, the voltage output drops
to 0 V. When the voltage input is raised to 0 V, the
nanotube resistance increases above that of the bias re-
sistor and the voltage output becomes −1.5 V. Thus
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the output of this nanoelectronic device switches from
a high (0 V) and to a low (−1.5 V) level as the in-
put shifts from a low (−1.5 V) to a high (0 V) value.
The inverse relation between input and output trans-
lates into a NOT operation if a negative logic convention
(low = 1, high = 0) is applied to both signals.

In Fig. 2.15d, the source terminals of two indepen-
dent nanotube transistors fabricated on the same chip
are connected by a gold wire and grounded [2.75]. Simi-
larly, the two drain terminals are connected by another
gold wire and contacted to an off-chip bias resistors.
The gate of each nanotube can be stimulated with a volt-

age input and the voltage output of the device can be
probed at their interconnected drain terminals. When
the resistance of at least one of the two nanotubes is
below that of the resistor, the output is 0 V. When
both nanotubes are in a nonconducting mode, the out-
put voltage is −1.5 V. Thus if a low voltage input
−1.5 V is applied to one or both transistors, the out-
put is high (0 V). When both voltage inputs are high
(0 V), the output is low (−1.5 V). If a negative logic
convention (low = 1, high = 0) is applied to all signals,
the signal transduction behavior translates in to a NOR
operation.

2.4 Conclusions and Outlook

Nature builds nanostructured biomolecules relying on
a highly modular approach [2.1]. Small building blocks
are connected by robust chemical bonds to gener-
ate long strands of repeating units. The synergism
of a multitude of attractive supramolecular forces de-
termines the three-dimensional arrangement of the
resulting polymeric chains and controls the association
of independent strands into single and well-defined en-
tities. Nucleic acids and proteins are two representative
classes of biomolecules assembled with subnanometer
precision through the subtle interplay of covalent and
noncovalent bonds starting from a relatively small pool
of nucleotide and amino acid building blocks.

The power of chemical synthesis [2.2] offers the
opportunity of mimicking nature’s modular approach to
nanostructured materials. Following established experi-
mental protocols, small molecular building blocks can
be joined together relying on the controlled formation
of covalent bonds between designed functional groups.
Thus artificial molecules with nanoscaled dimensions
can be assembled piece by piece with high structural
control. Indeed, helical, tubular, interlocked, and highly
branched nanostructures have been all prepared already
exploiting this general strategy and the synergism of
covalent and noncovalent bonds [2.3].

The chemical construction of nanoscaled molecules
from modular building blocks also offers the opportun-
ity for engineering specific properties in the resulting
assemblies. In particular, electroactive and photoactive
fragments can be integrated into single molecules. The
ability of these functional subunits to accept/donate
electrons and photons can be exploited to design
nanoscaled electronic and photonic devices. Indeed,
molecules that respond to electrical and optical stimula-

tions producing detectable outputs have been designed
already [2.16]. These chemical systems can be em-
ployed to control the interplay of input and output
signals at the molecular level. Their conceptual analogy
with the signal transduction operated by conventional
logic gates in digital circuits is evident. In fact, elec-
troactive and photoactive molecules able to reproduce
AND, NOT, and OR operations as well as simple com-
binational of these basic logic functions are already
a reality [2.13, 20, 21].

Most of the molecular switches for digital process-
ing developed so far rely on bulk addressing. In general,
relatively large collections of functional molecules are
addressed simultaneously in solution. The realization
of molecule-based devices with reduced dimensions
as well as practical limitations associated with liquid
phases in potential applications are encouraging a tran-
sition from the solution to the solid state. The general
strategy followed so far relies on the deposition of func-
tional molecules on the surfaces of appropriate elec-
trodes following either the Langmuir–Blodgett method-
ology [2.34] or self-assembly processes [2.35]. The
combination of these techniques with the nanofabrica-
tion of insulating, metallic, and semiconducting features
on appropriate supports has already allowed the real-
ization of fascinating molecule-based devices [2.30–
33, 52]. The resulting assemblies integrate inorganic
and organic components and, in some instances, even
biomolecules to execute specific functions. They can
convert optical stimulations into electrical signals. They
can execute irreversible and reversible switching oper-
ations. They can sense qualitatively and quantitatively
specific analytes. They can reproduce the functions
of conventional rectifiers and transistors. They can be
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integrated within functioning nanoelectronic devices
capable of simple logic operations.

The remarkable examples of molecule-based mater-
ials and devices now available demonstrate the great po-
tential and promise for this research area. At this stage,
the only limit left to the design of functional molecules
is the imagination of the synthetic chemist. All sort
of molecular building blocks with tailored dimensions,
shapes, and properties are more or less accessible with
the assistance of modern chemical synthesis. Now, the
major challenges are (1) to master the operating prin-
ciples of the molecule-based devices that have been
and continue to be assembled and (2) to expand and
improve the fabrication strategies available to incorpo-

rate molecules into reliable device architectures. As we
continue to gather further insights in these directions,
design criteria for a wide diversity of molecule-based
devices will emerge. It is not unrealistic to foresee the
evolution of an entire generation of nanoscaled devices,
based on engineered molecular components, that will
find applications in a variety of fields ranging from
biomedical research to information technology. Perhaps
nature can once again illuminate our path, teaching us
not only how to synthesize nanostructured molecules
but also how to use them. After all, nature is replete
with examples of extremely sophisticated molecule-
based devices. From tiny bacteria to higher animals, we
are all a collection of molecule-based devices.
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