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A fundamental goal of molecular electronics[1] is to design
useful transport signatures into solid-state devices through
control[2] over the molecular components. In principle, theory
and experiment should unite to provide a “chemical intu-
ition” that guides 1) the direction of molecular design and
synthesis and 2) the choice of the device materials and
architectures that are employed in molecular electronics. To
date, however, the field has advanced largely through the
development of phenomenological—rather than quantita-
tive—models of molecular devices. For example, traditional
models for correlating properties, such as intermolecular
charge transfer with molecular structure (electron-transfer
theory) are designed for the solution phase.[3] Similarly, such
structure–property relationships can be tested by using a
variety of sophisticated spectroscopic techniques, such as
optical measurements and multidimensional NMR spectros-
copy, which have been designed to work in solution on
statistical numbers of molecules.

Consider the case of a single molecule bridging two
electrodes. Any theory of such a system must consider the
molecule and the electrode as a single nonseparable entity.[4]

The objectives of the theory would be 1) to predict the
alignment of the Fermi levels of the electrodes with the
molecular orbital energies in the molecule, 2) to forecast the
voltage-dependent electron conductance across the mole-
cule–electrode interfaces of the device junction, and 3) to
provide fundamental insight that can be fed back into
molecular and device design for optimization of properties.
Ideal experiments should be able to provide a robust test of
such predictions. This theory does not exist yet, and, until
recently, there were very few experiments that could be used
to guide or test such a theory. The situation is now changing,
as increasingly reliable measurements of molecular electronic
devices have been carried out in many laboratories.[5]

In particular, single-molecule devices are emerging as a
powerful high-resolution spectroscopic tool for molecular
electronics. Early experiments utilized[6] two-terminal break
junctions in which one or a few molecules were suspended
across a mechanically adjusted electrode gap. More recent
experiments have employed[7–9] an electrical break junction,
together with a gate electrode, to form a three-terminal
device (3TD). The gate can be utilized to correlate the
molecular energy levels with the Fermi energies of the
electrodes, and thus somewhat normalize out the device-to-
device fluctuations that are observed in the two-electrode
measurements.

Herein we utilize single-molecule 3TDs with a Pt break-
junction source and drain electrodes to investigate four
molecules—namely, the bistable [2]rotaxane AR4+ and SR4+

and the corresponding dumbbell-shaped compounds AD and
SD, from which the mechanically, redox-switchable rotaxanes
were obtained (Scheme 1) by a template-directed protocol[10]

that clips a tetracationic ring around the tetrathiafulvalene
(TTF) units in the dumbbell-shaped compounds. Our goal
was to address the nature of the molecule–electrode contact.
We had previously found that similar amphiphilic, bistable
[2]rotaxanes[11] and bistable [2]catenanes[12]—rendered
amphiphilic with dimiristoylphosphatidic acid (DMPA) coun-
terions—could be utilized[13,14] as solid-state, bistable switches
in devices in which a Langmuir–Blodgett (LB) monolayer is
sandwiched between a Si bottom electrode—passivated with
the native oxide—and a Ti/Al top electrode. In the case of
bistable [2]catenanes that were specially designed to interact
noncovalently with the side walls of single-walled carbon
nanotubes (SWNTs), we have also found[15] that usable
switching devices could be fabricated using a semiconducting
SWNT bottom electrode. Various control molecules, includ-
ing the dumbbell precursors of the bistable [2]rotaxanes and
nondegenerate [2]catenanes, were also explored, and none of
these controls yielded a switch. Thus, we attributed the
bistable character of working solid-state devices as arising
from hysteretical mechanical motions in these redox-switch-
able interlocked molecules.[11, 12] Conversely, we have never
observed switching signatures attributable to a molecular
bistability when we have utilized a metal (Au or Pt) bottom
electrode.[16] One possible reason for the difference between
Group IV (Si or C) electrode materials and transition metal
electrodes is that the increased ionic character of the organic/
metal interface leads to Schottky-like barriers to charge-flow,
and that those barriers dominate the device characteristics.
We report here that the device characteristics of 3TDs
containing bistable [2]rotaxanes and Pt electrodes are
extremely sensitive to the chemical nature of the molecule–-
electrode contact, but are much less sensitive to the details of
the molecular structure away from those contacts. This result
has strong implications for the design of molecular electronic
devices.

While the bistable [2]rotaxane AR4+ can form “chemical”
bonds between the terminal, incipient five-membered disul-
fide ring and a Pt electrode, the tetraarylmethane stopper at
the other end of AR4+ will, at most, become physisorbed onto
platinum, thus the molecule–electrode contacts are asym-
metric. In the case of the bistable [2]rotaxane SR4+, both ends
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of the molecule are terminated by five-membered disulfide
rings and so the molecule–electrode contacts are symmetric.
It should be noted, however, that both molecules are
asymmetric in their middle regions away from the contacts.

The devices used to conduct the single-molecule experi-
ments are shown in Figure 1. A degeneratively doped
(n+)poly-Si substrate served as the gate electrode on top of
which was grown a 30-nm thick SiO2 film.[17] Each exper-
imental run utilized 14 Pt junctions (thickness ca. 7 nm; width
ca. 160 nm; length ca. 500 nm). These junctions were pat-
terned by electron-beam lithography into a poly(methyl
methacrylate) (PMMA) resist on top of the SiO2 layer, and
then developed by electron beam evaporation of Pt from a
metal target. The patterns were cleaned with Me2CO and an
O2 plasma, and then a drop of a dilute solution (ca. 10�6

m to
10�7

m) of the molecules of interest in CH2Cl2 was placed onto
the device. These devices were dried under flowing N2. The
individual junctions were then wire-bonded, mounted into a
chip carrier, and then loaded into the cold-finger of a He

cryostat, which was cooled to 1.7 K. The junctions were
broken by applying a voltage to the wire, as has been
described by other research groups.[8, 9] After forming the
break junction, current–voltage (I–V) curves were measured
across the source and drain electrodes as a function of varying
gate voltage (VG). Since the object was to prepare junctions
containing just one molecule, most junctions were simply
open circuits, which implies that no molecule was bridging the
gap. For the device prepared with AR4+, 5 out of 40 broken
junctions exhibited a gating response while, for SR4+ 7 out of
25 broken junctions exhibited a gating response. This higher
yield for SR4+—which is chemisorbed to both the source and
drain sides of the junction—was observed, even though the
solution of SR4+ was a factor of four more dilute than for
AR4+. Several break junctions were investigated by electron
microscopy after completing the I–V measurements, and the
gap was observed to be about 4 nm. Although this distance is
hard to quantify, the result is consistent with a nonmeasurable
tunneling current between the two electrodes in the absence

Scheme 1. Template-directed synthesis of AR·4PF6 from AD, and SR·4PF6 from SD in 77 and 34% yields, respectively. Reagents and conditions:
a) a,a’-[1,4-phenylenebis(methylene)]bis(4,4’-bipyridium) bis(hexafluorophosphate), 1,4-bis(bromomethyl)benzene, DMF, RT, 10 days; b) chroma-
tography on SiO2 with Me2CO/NH4PF6, followed by addition of H2O to the eluent.
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of a molecule. Tunneling current can be used to estimate the
width of gaps in the 1–2-nm range.[7]

Figure 2a,b display data from break junctions formed in
the presence ofAR4+ and SR4+. Here, the x-axis is the applied
source-drain voltage (VSD), and the y-axis is VG.

[18] The color
represents the conductance (dI/dV) of the junction, which is
typically � 0 for all VSD values. The darkest areas in the
center of the plots indicate the regions of no current. The
edges of these dark regions correspond to the current steps in
the I–V graph near the threshold voltage. This behavior is that
of a single-electron transistor—that is, a device containing a
small island (the molecule) connected to electrodes by tunnel
barriers at either end and with gate-voltage-tunable electronic
states.[19] At low VSD values, the electron energy is not high

enough to tunnel to the island and, therefore, current is
blocked (Coulomb blockade).[14] When voltage passes beyond
the threshold, the electron gains sufficient energy and can
tunnel to an electronic state on the molecule.

Although amphiphilic, bistable [2]rotaxanes that are
structurally similar to AR4+ and SR4+ have been shown to
work as solid-state switches in two-terminal tunnel junctions,
such switching behavior is thermally activated.[14] The data
displayed in Figure 2 was collected at 1.7 K, and so we expect
that all activated processes will be quenched. With this type of
measurement, it is never completely clear whether each
device contains just one molecule, although each individual
triangular-shaped resonance undoubtedly originates from a
single molecule because of the extreme unlikelihood of
having any two molecules coupled in the same way to the
source, drain, and gate electrodes. In each plot, a region where
the conductance gap narrows has been chosen (indicated by
the red arrows). In Figure 2c,d, the current–voltage response
that correlates with the VG values is presented, indicated by
the arrows located at the sides of Figure 2a,b, respectively.

Two significant results are illustrated in Figure 2. First, the
conductance spectrum for AR4+ is quite asymmetric, while
the corresponding spectrum for SR4+ is symmetric. This result
was found for all of the devices measured. We may clearly
ascribe it to the asymmetric/symmetric nature of the mole-
cule–electrode chemical interactions. Both molecules are
asymmetric structures, although only SR4+ can have similar
bonding at both the source and drain electrodes. Second, the
junction resistance, measured at the point where the con-
ductance gap narrows, is approximately a factor of 102 lower
for SR4+ than for AR4+. Again, this result was observed in
every device that was measured, and implies that this reduced
junction resistance is attributable to the additional “chem-
ical” bonding interaction possible for SR4+. A third observa-
tion (Figure 3) was that, for junctions prepared using the
dumbbell-shaped compounds AD and SD, the first two
observations remained valid, namely, the conductance spectra
(Figure 3a,b) for AD and SD are asymmetric and symmetric,
respectively. In Figure 3c,d, the current–voltage response that
correlates with a VG-tuned closing of the conductance gap are
presented, indicated by the arrows located at the sides of
Figure 3a,b, respectively. In other words, while changing the
chemical nature of the molecule–electrode contacts has a
profound effect on the conductance characteristics of the
junction, changing the nature of the molecule away from
those contacts had only a minor effect. A last relevant
observation (not shown) involves the temperature-dependent
stability of these devices. For devices containing AR4+, the
current decreased to below our detection limit of about
10�12 A when the temperature was raised to about 20 K. This
result indicates that the molecule moved so that it was no
longer bridging the source and drain electrodes. For SR4+,
conductance plots such as that presented in Figure 2b could
still be recorded when the temperature was raised to above
100 K, albeit with thermally broadened line widths, but also
with increased current magnitudes. This observation is con-
sistent with the fact that AR4+ is chemisorbed to just one
electrode and is loosely anchored (physisorbed) onto the
other, while SR4+ is chemisorbed to both electrodes.

Figure 1. a) Scanning electron microscope (SEM) pictures of single-
molecule devices fabricated on a Si substrate. A 30-nm thick low-tem-
perature thermal oxide of Si was grown on top of a degenerately
doped Si substrate. The center metal electrode, where the break junc-
tion is made of 7-nm thick Pt, followed by 100-nm thick gold wires and
pads for wire bonding. b) The SEM image after the break junction is
made. The separation between the two metal electrodes is around
4 nm. c) A section through a single-molecule transistor.
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The conclusion from all of these results taken together is
that it is very easy to identify the molecular components
involved in the molecule–electrode contacts in a system
consisting of Pt electrodes and a molecule containing a large
number of low-lying molecular orbitals. However, those same
interface states also dominate the transport characteristics.
The molecular orbitals that are not involved in the electrode
contacts are effectively masked. Even something as simple as
molecular asymmetry is difficult to detect.

These results, coupled with other results[13–15] using Si and
SWNTelectrodes, outline a significant chemical challenge for
molecular electronics. If the goal of achieving interesting
device signatures that are molecular in origin is achieved, then
the implication is that such devices might be scalable to the
dimensions of just a few molecules. However, at such small
dimensions, the choice of conductors is limited. SWNTs are
both “good molecular electronics electrodes” and good
conductors, but, in spite of recent progress, sorting SWNTs
by electrical character is still a significant challenge, and
organizing SWNTs into well-defined circuit architectures is
also nontrivial.[20, 21] Ultra-high density circuits[22] of metal and
semiconductor nanowires can be patterned with wire diam-
eters of only a few nanometers, but at wire diameters below a
few nanometers, only the metal wires are expected to be good
conductors. Thus, the challenge is to design chemically a

molecule–metal electrode interface that does not mask the
electronic structure of the molecule. Yaliraki et al.[4a] have
calculated that simply varying the electrode-binding atom on
the organic molecule from O to S to Se for an Au electrode
has a strong impact on the resulting transport characteristics
through the molecular junction. Similarly, the exploration of
other metals and metal alloys as electrode materials is likely
to be fruitful. Theoretical guidance in such an exploration
would be extremely helpful.
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