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ABSTRACT
An architectural rationale and an experimental program aimed at
the development of molecular electronics switching devices for
memory and computing applications are discussed. Two-terminal
molecular switch tunnel junctions are identified as the critical
device components of molecular electronics-based circuitry. They
can be tiled in two dimensions and are tolerant of manufacturing
defects. Singly and multiply configurable solid-state switching
devices that are based upon electrochemically switchable molecular
and supramolecular systems are discussed in terms of both the
synthesis of the molecular components and the fabrication and
performance of the devices.

Preamble
The area of molecular electronics1 has advanced consider-
ably during the past few years.2,3 While there are several
reasons for this progress, one enabling factor has been
the rapid development in methods for synthesizing4 not
only bistable supramolecular complexes, but also bistable
molecular compounds. Now the time is ripe to exploit
these advances in both noncovalent5 and supramolecu-
larly assisted covalent synthesis6 in the context of solid-
state device fabrication. Over the past couple of years, we

have utilized a number of electrochemically switchable
molecular and supramolecular systems as the active
elements in solid-state switchable tunnel junction devices.
In this Account, the template-directed synthesis7 and
characterization of some bistable, mechanically inter-
locked, molecular compoundsscatenanes and rotaxanes8s

will be discussed prior to giving an account of the
properties of devices that can be fabricated using this
unique class of compounds and their supramolecular
precursorssthe pseudorotaxanes.9 First, however, we will
discuss, compare, and contrast our approach to molecular
electronics with other alternatives.

Introduction
Molecular electronics devices are based on intrinsic
molecular properties. Such devices can, in principle, scale
down to true molecular dimensions and may also exhibit
tremendous thermodynamic efficiencies for information
processing,10,11 especially as compared to silicon-based
devices, for example.12 Molecular dimensions are obvi-
ously well beyond the resolution of standard or even state-
of-the-art lithographic techniques. This fact means that,
in order to fabricate true nanoscale molecular electronics
circuits, the molecules themselves represent just one part
of the game. Another aspect involves coming up with
fabrication methodologies for nanoscale construction that
do not rely on lithographic processing. The only obvious
alternative to lithographic processing is chemical as-
sembly, and its use in electronic manufacture opens up a
third set of issuessnamely, what architectures are con-
sistent with both chemical assembly and electronic cir-
cuitry? Finally, at some point, it becomes necessary to
interface whatever nanoscale architectures are fabricated
with the outside world, implying the need for some
structure that can interface (or multiplex) large numbers
of molecular electronics devices with small numbers of
wires. These individual components of molecular elec-
tronics circuitrys(i) template-directed (supra)molecular
synthesis and device design, (ii) architecture development,
(iii) chemical assembly techniques, and (iv) circuit
multiplexingseach represent serious and fundamental
scientific challenges, to the extent that the collective task
appears daunting indeed. However, over the past few
years, there has been very rapid progress in many of these
areas. In this Account, we will highlight some of those
recent advances that have been made by us and our
collaborators. As with any other chemical problem, it is
important to know what to make, and so we will first
rationalize our approach to devices within the context of
architectures for molecular electronics. Next, we will
discuss the syntheses of some mechanically interlocked
compounds, some of which exhibit electrochemically
accessible bistability. We will then discuss experiments
that reveal how those molecular properties translate into
the characteristics of solid-state, two-terminal molecular
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electronics switching devices. Finally, we will look ahead
a bit and discuss some of the critical challenges that are
likely to be faced soon.

Architectures and Device Rationale
Any commonly available microprocessor chip is both
arbitrarily complex and the product of manufacturing
perfection. While both of these traits are critical to the
operation of a computer, neither trait can be reproduced
by modern chemical synthesis and assembly techniques.
In fact, both chemical synthesis (self-assembly) and as-
sembly (self-organization) are characterized by finite yields
(implying manufacturing defects), while chemical as-
sembly is typically limited to the production of periodic
(crystalline or quasi-ordered) structures. Thus, one aspect
of the architecture is that it must be able to extract perfect
complexity from defective order, and it must do so in a
manner that is consistent with standard wiring rules.13 The
architecture that we have used as an initial guide to
molecular electronics is based on a computer known as
Teramac, which was a massively parallel supercomputer
constructed and operated at Hewlett-Packard Laboratories
during the past decade.14 The name Teramac is based on
“tera”, for 1012 operations per second, and “mac”, for
multiple architecture computer. Teramac was a chame-
leon of a computer, meaning that it was not designed as
any particular machine, but instead simply contained a
tremendous number of resourcessi.e., wires and switchess

that were laid out according to certain wiring conventions.

FIGURE 1. Two possible device architectures that tile in two
dimensions and so may potentially be fabricated through chemical
techniques. (a) Three-terminal devices (transistors) arranged in a
hexagonal lattice; (b) two-terminal devices arranged in a square
lattice or crossbar structure. Note that there is no way to access
an embedded three-terminal device without electrically addressing
surrounding devices. However, an appropriate bias on a horizontal
wire and a vertical wire can be used to access an embedded two-
terminal device. Note that G, S, and D represent the gate, source,
and drain terminals of a field effect transistor; M stands for a
molecule.

FIGURE 2. Template-directed synthesis of the [2]catenane 1‚4PF6. The key step is the spontaneous threading through BPP34C10 of the
tricationic intermediate, formed when 2‚2PF6 reacts with p-xylylene dibromide. This supramolecular assistance is followed by covalent
modification and counterion exchange to give 1‚4PF6.
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Teramac could then be configured into any one of a
number of customized computing machines by down-
loading a very long instruction set that effectively mapped
the logical structure of the computer onto the hardware
resources. In other words, the work required to make a
Teramac computer was split between hardware manu-
facturing and software programming. In fact, one interest-
ing aspect of Teramac is that it allowed researchers to
explore the costs and benefits of dividing effort between
these two tasks. For example, the hardware manufacturing
of Teramac was relatively easy. Teramac was not a perfect
machine, but instead contained nearly 250 000 hardware
defects, any one of which would kill a modern Pentium
machine, for example. However, those defects were paid
for in programming effort, as one aspect of the program-
ming was to find configuration routines that could route
around defects, as well as to configure logically the intact
resources into a computing machine.

At the heart of Teramac were configurable bits, which
are properly known as field-programmable gate arrays
(FPGAs).15 While an FPGA is a rather complex device,
consisting of four wires into a circuit of six transistors,
the FPGAs in Teramac were themselves arranged into a
rather simple circuit known as a crossbar (Figure 1). There
were many aspects of Teramac that were important for
molecular electronics,16 but among the most critical were
the facts that (i) a crossbar of configurable bits is a
structure that tiles in two dimensions (2D)sand so is
amenable to chemical assemblysand (ii) the crossbar
structures, when appropriately configured, were tolerant

of manufacturing defectssimplying that finite reaction
yields might not be fatal to computation.

The issue of finding a usable circuit that tiles in 2D is
critical and implies much about what types of devices are
possible. The standard switch of silicon circuitry is the
transistor, which is a three-terminal device. It is certainly
possible to tile three-terminal devices in 2D (Figure 1a),
and three-terminal molecular devices have even been
demonstrated recently.17 However, for the case of a three-
terminal device, typically one or more of the wires to the
device needs to be independent of every other device, and
in a tiled circuit of three-terminal devices, this cannot be
the case and so such a circuit is unlikely to be useful. Two-
terminal devices can also tile in 2D using a crossbar
structure (Figure 1b), and it is possible to gain electrical
access to each individual device. For this reason, we have
focused our efforts on two-terminal devices, recognizing
that there are several implications. First, transistors can
be designed to exhibit gain, while two-terminal devices
will likely always be dissipative. Second, in a transistor,
different tasks (opening, closing, reading) are done with
different wires. In a two-terminal device, different tasks
have to be achieved with different voltages, and so voltage
levels for the various tasks must be extremely well-defined,
or a circuit of such devices will only find limited use. In
fact, two-terminal-based crosspoint memory architectures

FIGURE 3. (a) Ball-and-stick representation of the solid-state
structure of 14+. In addition to the [πsπ] stacking interactions, the
[CsH‚‚‚O] hydrogen bonds (dotted lines) represent a significant
stabilizing force. (b) Space-filling representation of the polar stack
of [2]catenane tetracations in the solid-state superstructure of 14+. FIGURE 4. Three different degenerate co-conformational processes

observed in temperature-dependent 1H NMR spectra of the [2]-
catenane 14+: (a) circumrotation of CBPQT4+ through BPP34C10;
(b) circumrotation of BPP34C10 through CBPQT4+; and (c) rocking
of BPP34C10 within CBPQT4+. The rates of these processes at room
temperature are shown.
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have been developed that are based on the field-depend-
ent poling of ferroelectric media (Fe-RAM), or on the field-
dependent poling of magnetoresistive media (MRAM).18

However, in both of those cases, the poling process itself
is a function of field strength, and so the opening or
closing of such junctions is a process that is characterized
by nucleation statistics. Consequently, in both Fe-RAM
and MRAM crosspoint memories, voltages are not par-
ticularly well-defined. This fact has placed severe design
and operational constraints on those devices. However,
if a molecular device is switched using a redox process,
then that is, by nature, a voltage-dependentsrather than
a field-dependentsprocess. In other words, unlike MRAM
or Fe-RAM devices, in a redox-switchable molecular-based
tunnel junction, current has to flow to switch the mol-
ecule, and it can only flow when there is alignment of the
energy levels of the electrodes with the redox states of the
molecule.

One analogy to the molecular switch that we want is a
magnetic bit that is characterized by a hysteretic magne-
tization versus magnetic field curve. Negative field sets
the bit to spin-down, positive field sets the bit to spin-
up, and the bit is interrogated at zero-field. For a two-
terminal molecular electronics switch, the variables “field”
and “magnetization” are replaced by “voltage” (V) and
“current” (I). Thus, different voltages do the different tasks
of opening, closing, and reading the device. Most molec-
ular junctions will not exhibit a hysteretic I-V response,
and designing such a response into a molecule is a
synthetic challenge. Our approach is to use mechanically
interlocked molecules in the form of catenanes or rotax-
anes.8 Such molecules can be designed to exhibit internal
mechanical motion wherein one component of the mol-
ecule moves with respect to the other component upon
oxidation (or reduction) of the molecule. In this case, the
voltage required to switch the molecule mechanically is
the ionization energy of the molecule plus an activation
barrier to ionization. The ionization energy levels can
potentially lead to sharp voltages for writing to the device,
and the activation barrier lends hysteresis to the device,
thereby maintaining its state after it has been written to.
One subtle issue here is that we do not want our molecular
junctions to hold charge, which would make them capaci-
tors rather than conductors. Instead, the molecules are
designed to switch between two charge-neutral co-
conformationssa transformation that, in turn, can have
an exponential effect on the tunneling current through
the junction.

Toward Molecular Electronics Devicess
Catenanes
Since their first reported20,21 syntheses in the 1960s, the
catenanesstopologically fascinating molecules consisting
of two or more interlocked ringsshave received an
increasing amount of attention8 during the subsequent
three decades. With the advent of supramolecular chem-
istry22 during the 1970s, the early low-yielding statistical
and demanding covalently templated approaches21 have
given way to much more efficient protocols involving
supramolecular assistance to covalent sythesis6 under both
kinetic and thermodynamic control. Among the molecular
recognition motifs that have provided the supramolecular
assistance, we have witnessed the emergence of metal-
ligand interactions,23,24 [CsH‚‚‚O] hydrogen bonds aug-
mented by [CsH‚‚‚π] and [πsπ] stacking interactions,25,26

and hydrogen bonding involving both neutral27-29 and
charged30,31 systems. In the context of device fabrication,
recognition phenomena that are amenable to being
altered by changing redox potentials are particularly
appealing. Thus, we have directed our attention to redox-
active catenanes containing two interlocked rings.

A Degenerate [2]Catenane. During the 1980s, two
important host-guest recognition systems were estab-
lished,4 one after the othersthe first was the binding of
guests (e.g., paraquat, PQT2+) containing π-electron-
deficient ring systems by macrocyclic polyethers (e.g., bis-
p-phenylene-34-crown-10, BPP34C10) incorporating π-elec-

FIGURE 5. (a) Structural formula of the [2]catenane 34+. (b) Ball-
and-stick representation of the catenane’s solid-state structure
showing the TTF unit of the crown ether residing inside the CBPQT4+

component. (c) Space-filling representation of its solid-state super-
structure. Note the polar [π-π] stack.

Switching Devices Based on Interlocked Molecules Pease et al.

436 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 34, NO. 6, 2001



tron-rich aromatic rings, and the second was essentially
the result of reversing the host-guest roles, leading to the
complexation of π-electron-rich guests (e.g., 1,4-dioxy-
benzene, 1/4DB) by π-electron-deficient hosts (e.g., cy-
clobis(paraquat-p-phenylene), CBPQT4+). The inevitable
merger between these two systems led32 logically to the
template-directed synthesis of the [2]catenane 14+, in
which CBPQT4+ and BPP34C10 are interlocked. It is
formed (Figure 2) in a reaction between the dicationic
precursor and p-xylylene dibromide in the presence of
excess of BPP34C10. The catenation is promoted by the
noncovalent bonding interactions between the crown
ether and a tricationic intermediate which can participate
in two significant interactions with BPP34C10sone is πs

π stacking, and the other is [CsH‚‚‚O] hydrogen bonding
involving hydrogen atoms R to the bipyridinium nitrogen
atoms and the central oxygen atoms of the polyether loop.
In acetonitrile under ambient conditions, the reaction
proceeds in the amazingly high yield of 70%stestimony
to the strong noncovalent bonding interactions between
BPP34C10 and the tricationic precursor to CBPQT4+. The
manner in which BPP34C10 and CBPQT4+ interlock with
each other can be appreciated from an examination of
the solid-state structure (Figure 3a). It reveals a co-
conformation in which [πsπ] stacking and [CsH‚‚‚π]
interactions between different aromatic rings are aug-
mented by two strong [CsH‚‚‚O] hydrogen bonds. Just

as important in the context of device fabrication is the
observation (Figure 3b) that the solid-state superstructure
is also highly organized insofar as hydroquinone rings and
bipyridinium units are displayed in an infinite donor-
acceptor stack that propagates itself along one of the crys-
tallographic directions in a polar manner. Finally, dynamic
1H NMR spectroscopy performed on the [2]catenane 1‚
4PF6 in solution reveals (Figure 4) that, in addition to an
extremely rapid rocking motion relating the two inter-
locked rings, two different degenerate circumrotational
processes can be identified. We now have the prototype
at three different co-conformational levelssall involving
different energy barrierssof a switchable [2]catenane.

A Redox-Controllable [2]Catenane. With the passage
of time, a [2]catenane 34+ (Figure 5a) containing a
tetrathiafulvalene (TTF) and a 1,5-dioxynaphthalene
(1/5DN) ring systemseach replacing one of the hydro-
quinone rings in the macrocyclic polyether component
of the degenerate [2]catenane 14+swas obtained33 in 32%
yield employing, as before, a kinetically controlled self-
assembly procedure. In designing this potentially switch-
able [2]catenane 34+, we had been guided by the fact that,
in solution, TTF and its derivative carrying polyether
chains display34 enormously strong binding (Ka > 8000
M-1) toward CBPQT4+, whereas substrates incorporating
similarly derivatized 1,5-dioxynaphthalene ring systems35

are more weakly bound (Ka < 5000 M-1). While 1/5DN

FIGURE 6. UV-vis spectroscopic evidence for the redox switching of the [2]catenane 34+ in MeCN (9 × 10-5 M). (a) Spectrum of the
catenane prior to addition of (b) 1 equiv of Fe(ClO4)3 followed by (c) a second equivalent of Fe(ClO4)3. Oxidation is reversed on addition of 2
equiv of ascorbic acid.
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ring systems are difficult to oxidize, TTF units are readily
oxidizable, first to their radical cations (E1/2 ) 320 mV)
and then to their dications (E1/2 ) 720 mV). Thus, we
expected that, although in solutions of 34+ the CBPQT4+

component would reside preferentially around the TTF
unit, upon its oxidation the crown ether component would
circumrotate with respect to the CBPQT4+ component so
that the 1/5DN ring system would occupy its cavity.
Spectroscopic (UV-vis and NMR) experiments per-
formed33 on the [2]catenane, both in solution and in the
solid state, supported this hypothesis.

X-ray analysis performed33 on a single crystal of 3‚4PF6

revealed (Figure 5b) only the translational isomer with the
TTF unit residing inside the CBPQT4+ component and the
continuation (Figure 5c) of the molecular donor-acceptor
stack beyond the molecule into the supramolecular
domain. The solid-state molecular co-conformation is also
retained exclusively in solution, as indicated by UV-vis
spectroscopy. In the knowledge33 that acyclic polyether
derivatives, incorporating (1) one TTF unit and (2) one
1/5DN ring system, form complexes with CBPQT4+ with
charge transfer (CT) bands centered on 835 and 515 nm,
respectively, the UV-vis spectrum (Figure 6) of 3‚4PF6 can
be used to determine the co-conformation and redox state
of the [2]catenane. The green acetonitrile solution of 3‚
4PF6 indicates that the TTF unit is encircled by the
CBPQT4+ component. On addition of 2 equiv of the

oxidant Fe(ClO4)3, the CT band responsible for the green
color at 835 nm disappears completely and is replaced
by two bandssone centered on 375 nm for TTF2+ and
another broader band at 515 nm, responsible for the
maroon color of this hexacationic species. Addition of 2
equiv of a reducing agent (ascorbic acid) regenerates the
green color and restores the UV-vis spectrum to its
original form. This redox process, which can be repeated
many times, can also be driven electrochemically. A cyclic
voltammogram of 3‚4PF6 reveals33 that the first oxidation
potential of the TTF unit is shifted to a much more
positive potential (760 mV) compared with that observed
(280 mV) for the crown ether on its own. Likewise, at
higher oxidation potentials, we find that the first potential
of the 1/5DN ring system has also been shifted by over
400 mV to more oxidizing potentials, indicating the
circumrotational motion of the crown ether component
in the [2]catenane, following oxidation of the TTF unit.

These resultssfascinating as they aresdo not, however,
constitute the fabrication of a device. Although switching
has been demonstrated at the molecular level, it remains
little more than a scientific curiosity until coherence can
be imposed and some function (e.g., electronic device
switching) can be demonstrated.

Langmuir Monolayers
Recalling the polar stacks of the [2]catenane tetracations
present in the solid-state structures of 1‚4PF6 and 3‚4PF6

encouraged us to assemble them in two dimensions by
forming Langmuir films and then transferring them onto
substrates for device evaluation.

Monolayers of the Degenerate [2]Catenane. Since the
[2]catenane 14+ possesses only polar features, we found
it necessary36 to supply the amphiphilic character in the
form of dimyristoylphosphatidyl (DMPA-) anions. When
cospreadsas its 4PF6

- saltsonto water with 5 equiv of the
sodium salt of DMPA-, the 14+ forms very stable mono-
layers with areas per catenane tetracation of the order of
2.3 nm2san area corresponding to the 10 alkyl chains of
the five DMPA- anions. It is believed that the monolayer
is stabilized (Figure 7) by [π-π] stacking interactions
between adjacent catenane molecules, aligned such that
the cavity of the CBPQT4+ component is perpendicular
to the air-water interface, with the DMPA- anions sitting
in a tight fully occupied layer above that of the tetraca-
tionic catenane. The fact that these monolayers could be
transferred to hydrophobized quartz, using the Langmuir-
Blodgett (LB) technique, was particularly gratifying with
future device construction in mind. In fact, stable multi-
layers up to 30 bilayers could be obtained with little
difficultysheralding three-dimensional order on top of
two-dimensional assembly. For the time being, however,
the next question is, does the switchable [2]catenane 34+

also form stable Langmuir films?

Monolayers with the Switchable [2]Catenane. Indeed,
the redox-active [2]catenane 34+ forms37 stable monolayers
when it is cospread onto an aqueous substrate, this time
with 4 equiv of the sodium salt of DMPA. Once again,

FIGURE 7. Schematic representation of the monolayer of 1‚4DMPA
at the air-water interface. Note the intermolecular [π-π] stacking
interactions between the catenane tetracations.
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[π-π] stacking interactions, reminiscent of those observed
in the solid-state superstructure (Figure 6c), can be
invoked to rationalize at least some of the two-dimen-
sional order. In the case of 34+, the area per catenane
tetracation is found (Figure 8a) to be around 1.2 nm2 with
the four DMPA- anions believed to be clustered in a layer
above the tetracations (Figure 8b). Upon generation of the
hexacation 36+ by treatment of 34+ with 3 equiv of Fe-
(ClO4)3 and subsequent cospreading with 6 equiv of the
Na salt of DMPA, two stable monolayers were observed
with areas per catenane of 2.7 and 1.5 nm2, respectively.
These areas can be interpreted in terms of the anions
dictating the area occupied (Figure 8c) when the surface
pressure is below 20 mN m-1, whereas above 25 mN m-1

the catenane hexacations start to enter into [π-π] stacking
interactions and so become determining of the area
occupied by the amphiphilic salt. Whatever the nature of
the superstructures of the two monolayers, both redox
states of the catenane were transferred successfully (below

20 mN m-1) by a horizontal lifting technique onto (i)
freshly cleaved mica and (ii) the 〈111〉 face of gold. When
the mica-bound monolayers were examined by tapping-
mode AFM, it was observed37 that, while the monolayer
containing the catenane 34+ is extremely flat, the catenane
36+ is very bumpy with roughly 25 nm wide and 2 nm high
“hills”. When the corresponding gold-supported mono-
layers (Figure 9) were examined by scanning tunneling
spectroscopy (STS), important differences were noted
between the monolayers containing 34+ and 36+sthe for-
mer only conducted current above +0.3 V, whereas the
latter exhibited a linear I-V curve reminiscent of a metal.
Given these differences, we felt optimistic about the con-
struction of an electronic device using this switchable
catenane.

A [2]Catenane-Based Electronically Reconfigurable
Switch. LB monolayers of switchable [2]catenane 34+ were
incorporated into a sandwich-type device containing
n-polycrystalline silicon (polySi) bottom electrodes and a

FIGURE 8. (a) π-A isotherms of monolayers of the [3]catenane 34+ and its oxidized derivative 36+ anchored with 4 and 6 equiv of DMPA-

anions, respectively. (b) Schematic representation of the monolayer of 3‚4DMPA stabilized by extensive [π-π] interactions. (c) Schematic
depiction of the first stable monolayer formed by 3‚6DMPA. The dicationic TTF units show no affinity for the neighboring catenane hexacations,
and so the six DMPA- anions fill the voids in the monolayer.
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Ti/Al (15 nm/100 nm) top electrode (Figure 10) in order
to evaluate the possibility of fabricating a solid-state
switching device. The surface of a grown polySi thin film

is typically too rough to support a clean transfer of a
Langmuir monolayer, and so the polySi was formed via a
many-step process that involved crystallization of an
amorphous silicon thin film. Details of this process have
been described elsewhere.38 The polySi electrodes (5 µm
wide) of the device were patterned using standard pho-
tolithography techniques. Langmuir monolayers of the
bistable [2]catenane were prepared with a 1:6 stoichiom-
etry of 3‚4PF6:Na‚DMPA- on an 18.2 MΩ water subphase
that contained 6.4 mM CdCl2(aq) and was adjusted to pH
8.5 with NaOH(aq). LB films of the bistable [2]catenane
were transferred at 1.25 nm2 per tetracation. Control
devices of the degenerate [2]catenane 14+ and CBPQT4+

were similarly prepared36,39 and transferred at 1.60 and
0.90 nm2 per tetracation, respectively. Each film was
characterized by a transfer ratio of approximately 1.1.
Once the LB films had been transferred, the top electrodes
were deposited through a shadow mask, using electron-
beam deposition.

To reiterate, it is important that our devices are
conductors and not capacitors. Any tunnel junction, such
as those described here, will have some residual capaci-
tance. Therefore, in order to measure the switching
characteristics of these devices, it is important to do a
measurement that is not sensitive to capacitance. Such a

FIGURE 9. Nature of the amphiphilic layers when (a) the monolayer
containing 34+ is transferred onto a gold substrate (note that the
catenane tetracations are insulated from the substrate by DMPA-

anions) and (b) the monolayer containing 36+ is transferred onto a
gold substrate (note the possibility of significant coupling between
the substrate and the catenane hexacations).

FIGURE 10. Construction of a molecular-based device. (a) A smooth
silicon substrate. (b) A series of parallel polysilicon wires etched
onto the substrate photolithographically. (c) Following deposition of
the catenane monolayer onto the wafer by a LB procedure. (d) The
result when titanium vapor is condensed through a shadow mask,
depositing a second layer of wires aligned perpendicularly with
respect to the first.

FIGURE 11. (a) Hysteresis curve associated with a conventional
magnetic memory bit. (b) Voltage profile used in the acquisition of
(c) the remnant molecular signature of a device incorporating the
switchable [2]catenane 34+.
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measurement in ferroelectric devices (Figure 11a) is
known as a remnant polarization curve,40 and it consists
of applying a series of voltage pulses to the device, moving
stepwise from the bottom to the top of the hysteresis loop,
and then back again. After each voltage pulse, current
through the device is read at some low nonperturbing
voltage. For our measurements, we charted the hysteresis
loop between -2.0 and 2.0 V, and we monitored the device
response at 0.1 V (Figure 11b). We did, in fact, observe
robust and significant hysteresis (Figure 11c) in the
bistable [2]catenane, but not in the control devices,
indicating that the bistable [2]catenane device is, in fact,
a solid-state molecular switch. It exhibited a “read” current
difference between the open and closed states of ap-
proximately a factor of 3, a “close” voltage of about 1.8 V,
and an “open” voltage of about -1.0 V. The bistable [2]-
catenane device was fairly stable. It was intermittently
cycled many times over a two-month period before it
showed signs of failure. Although small differences exist
between the solution-phase switching mechanism (Figure
6) and that operating (Figure 12) in the solid-state device,
the overall picture is similar.38,41 The circumrotation of the
crown ether is initiated by the oxidation of the TTF unit.
However, when the TTF unit is restored to neutrality, the
relative positioning of the crown ether and the CBPQT4+

components remains the same. It is consistent with our
device characteristicssi.e., only when the tetracationic
cyclophane is reduced and then reoxidized is the initial
state restored. In this manner, bistability is achieved. The
results indicate the feasibility of using bistable, mechani-
cally interlocked molecules as solid-state molecular
switches.38

Toward Molecular Electronics Devicess
Rotaxanes and Pseudorotaxanes
Rotaxanessa family of interlocked molecules4,6 where one
or more rings encircles a dumbbell-shaped components
have been exploited comprehensively in the construction
of solution-state molecular switches. By contrast, in a
pseudorotaxane,9 at least one of the stoppers on the
dumbbell-shaped component is absent, with the conse-
quences that the ring(s) can easily slip off or on the rod
or the semi-dumbbell-shaped compound; i.e., a pseu-
dorotaxane is a supramolecular species. There are numer-
ous examples of switchable [2]rotaxanes described in the
literature.4 Presently, both [2]rotaxanes and [2]pseudoro-
taxanes are the subject of intense investigation in our
laboratories since preliminary results indicate that they
can out-perform switchable [2]catenanes spectacularly in

FIGURE 12. Proposed mechanochemical mechanism for the operation of the device fabricated from the bistable [2]catenane 34+. Co-
conformation [A°] is the “switch open” state and co-conformation [B°] the “switch closed” state of the device. When 34+ is oxidized, the TTF
unit is ionized in state [A+] and experiences a Coulomb repulsion inside the CBPQT4+ component, resulting in circumrotation of the crown
ether and formation of co-conformation [B+]. When the voltage is reduced to near-zero bias, the TTF•+ unit is reduced to give co-conformation
[B°], which does not return to co-conformation [A°] by further circumrotation of the crown ether ring via state [AB#] until the cyclophane
component is reduced.
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a device setting. The superstructure of a [2]pseudorotax-
ane 4‚CBPQT4+ that we have successfully demonstrated
as a solid-state switch is shown in Figure 13a, and the
remnant molecular signature data for a molecular switch
tunnel junction fabricated from this supermolecule are
shown in Figures 13b. This device, which also used polySi
bottom electrodes and a Ti/Al top electrode, was fabri-
cated in a manner nearly identical to that already de-
scribed for the bistable [2]catenane. These data, which are

presented here for the first time, will not be discussed
further, except to highlight an obvious point that is made
by Figure 13bsfar superior device properties may be
designed into these molecular electronics switching de-
vices by optimizing chemical and molecular mechanical
properties of the switching (super)molecules.

Certain of the [2]rotaxanes (and indeed [3]rotaxanes)
that we have investigated42 have exhibited bistability that
may be accessed only once, although the effect is quite

FIGURE 13. (a) Bistable pseudorotaxane 4‚CBPQT4+ and (b) the room-temperature solid-state switching signature of this supermolecule.
Although the recognition motifs are arranged differently, the bistable character of the pseudorotaxane arises from the same motifs (based on
TTF and 1/5DN) as those present in the bistable [2]catenane 34+. The remnant molecular signature hysteresis loop indicates the possibility
of both a large signal amplitude change between the open and closed states and a sharp voltage signature for both closing and opening the
device. These two characteristics imply that this switch is superior to the solid-state switch that was fabricated from the [2]catenane.

FIGURE 14. (a) V-shaped amphiphilic [2]rotaxane 54+. The current-voltage profile of 54+ when sandwiched between Al/Al2O3 and Ti electrodes
(b) shows a high current at negative potentials. (c) The switch is cycled once at positive potential, resulting in (d) a permanently opened
(fused) switch.
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large. Such bistability is not as ultimately practical as a
completely reconfigurable switch. Nevertheless, it has pro-
ven extremely useful in that it has allowed us to demon-
strate an architectural concept known as “switchable
diode logic” that provides a defect-tolerant approach for
extracting Boolean logic functions from two-terminal
devices.

Electronically Configurable Molecular-Based Logic
Gates. In a manner similar to that described for the
switchable [2]catenane, the V-shaped amphiphilic [2]-
rotaxane 54+ (Figure 14a) was sandwiched42,43 as its 4PF6

-

salt between two electrodessnamely, an Al electrode
passivated with the native Al2O3 oxide, and a top Ti/Al
electrode. As initially deposited, the resonant tunneling
of the electrons between the electrodes is facile (Figure
14b), with a relatively large current being passed at
voltages below -1 V. This current profile is repeatable and
was reproduced multiple times with many devices. How-
ever, upon oxidative degradation (Figure 14c) of the [2]-
rotaxane 54+, the resonant tunneling at negative potentials
is reduced (Figure 14d) by nearly a factor of 100. This
observation has been used42 to configure AND and OR
wired logic gates and to demonstrate the defect-tolerant
character of this approach to logic.

A Moment’s Reflection
The field of molecular computing44 is only in its infancy,
and serious challenges lie ahead. However, the field, and
even the technology that may arise from this work, hold
great promise, and the past couple of years have witnessed
several critical advances in the right direction. One thing,
however, is certain: only through highly collaborative
interdisciplinary research will advances be made. The
findings described in Account are the result of research
by synthetic and physical chemists, physicists, materials
scientists, and electronics engineers. The future of mo-
lecular electronics lies in the hands of people with
disparate backgrounds.

We are indebted to Professors Vincenzo Balzani (Bologna) and
David Williams (London) for long-standing, highly rewarding
collaborations that have helped make the research described in
this Account possible. This work was supported by the Defense
Advanced Research Projects Agency, the Semiconductor Research
Corporation, and the National Science Foundation.
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