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ABSTRACT: Atomically precise clusters can be used to create
single-electron devices wherein a single redox-active cluster is
connected to two macroscopic electrodes via anchoring ligands.
Unlike single-electron devices comprising nanocrystals, these
cluster-based devices can be fabricated with atomic precision.
This affords an unprecedented level of control over the device
properties. Herein, we design a series of cobalt chalcogenide
clusters with varying ligand geometries and core nuclearities to
control their current−voltage (I−V) characteristics in a scanning
tunneling microscope-based break junction (STM-BJ) device.
First, the device geometry is modified by precisely positioning
junction-anchoring ligands on the surface of the cluster. We show that the I−V characteristics are independent of ligand placement,
confirming a sequential, single-electron tunneling mechanism. Next, we chemically fuse two clusters to realize a larger cluster dimer
that behaves as a single electronic unit, possessing a smaller reorganization energy and more accessible redox states than the
monomeric analogues. As a result, dimer-based devices exhibit significantly higher currents and can even be pushed to current
saturation at high bias. Owing to these controllable properties, single-cluster junctions serve as an excellent platform for exploring
incoherent charge transport processes at the nanoscale. With this understanding, as well as properties such as nonlinear I−V
characteristics and rectification, these molecular clusters may function as conductive inorganic nodes in new devices and materials.

■ INTRODUCTION

A prototypical single-electron device comprises a nanoscale
quantum dot isolated from the leads by tunnel junctions.1−3

Current is driven by sequentially charging and discharging the
quantum dot one electron at a time. Single-electron devices
can serve as nanoscale circuit elements, such as transistors and
switches,4,5 and can be incorporated into novel quantum
devices that require single-electron manipulations.6−9 Conven-
tional single-electron devices are fabricated lithographically;
this limits both the miniaturization and the chemical
uniformity of the quantum dots. Since single-electron devices
require the energy level spacing of the quantum dot to be
larger than the thermal energy (ΔE ≫ kBT), conventional
single-electron devices can only operate at low temperatures.9

Room temperature operation requires quantum dot sizes
below ten nanometers to achieve sufficient energy level
spacing.10,11 This can be achieved with scanning probe
patterning12,13 or through the use of nanocrystals.11,14−17

However, these approaches lack the requisite control over the
properties of the quantum dot and the tunnel junctions needed
for reproducible operation across several devices.
Single-molecule circuits can overcome these limitations

since the quantum dot and the tunnel junctions can be defined
with atomic precision using synthetic chemistry.18−21 Although
single-electron transfer processes at the molecular level have
recently garnered significant interest,22−24 room temperature

demonstrations of single-electron devices using single mole-
cules are limited.25−28 The reason for this dearth is that single-
molecule circuits typically comprise organic molecules or
organometallic complexes29 whose transport is dominated by
coherent tunneling pathways.30 As a result, even for redox-
active molecules,31−33 charging/discharging processes are
overwhelmed by through-bond tunneling across the molecular
junction.34−37

In contrast, redox-active atomically precise inorganic
clusters38,39 do not suffer from the limitations of relatively
simple organic molecules. In a single-cluster junction, the
electronic states of the cluster are localized on the cluster and
have limited spatial overlap with the leads.40 As a result, the
probability of tunneling coherently across the entire junction is
negligible. Accordingly, previous work on hexanuclear cobalt
sulfide clusters demonstrated that at low biases, significant
current suppression is observed due to the lack of coherent
tunneling.40 To drive a current, higher biases must be applied
in order to energetically enable charging/discharging of the
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cluster.41 In this work, we elucidate the mechanism of current
flow through inorganic clusters by synthesizing a series of
cobalt selenide clusters of varying core sizes and surface ligand
distributions. We performed room temperature current−
voltage (I−V) measurements on thousands of single-cluster
devices using the scanning tunneling microscope-based break
junction (STM-BJ) technique.42 Our results firmly establish
that the mechanism of charge transport is through a sequential
tunneling process. The I−V characteristics obey semiclassical
heterogeneous electron transfer theory where electron transfer
rates are influenced by reorganization energy. Due to their
atomic precision and synthetic diversity,43,44 single-cluster
junctions are ideally suited to explore single-electron currents
at the molecular scale toward realizing functional devices.

■ RESULTS AND DISCUSSION
In the first series of experiments, we investigate the role of
device geometry on the transport properties. The clusters
[trans-Co6Se8(PEt2(p-C6H4SMe))2(PEt3)4][PF6] (trans-L2),
[cis-Co6Se8(PEt2(p-C6H4SMe))2(PEt3)4][PF6] (cis-L2), and
[Co6Se8(PEt2(p-C6H4SMe))6][BF4] (L6) all contain identical
[Co6Se8]

1+ cores but differ in the number and placement of
junction-anchoring PEt2(p-C6H4SMe) ligands (Figure 1a−c).
These anchoring ligands allow the clusters to bind to gold
electrodes through thioether linkages. Although the cluster
features selenium atoms, previous studies demonstrated that

junction formation does not occur without these thioether
groups, confirming the necessity of these anchoring ligands.45

The trans-L2 and cis-L2 clusters exclusively enable the
formation of junctions in either the trans or cis configurations,
respectively. In L6, the cluster can bind in multiple possible
configurations. By synthetically controlling the ligand posi-
tions, we can precisely engineer the geometry of the single-
cluster device and probe how it affects the transport behavior.
While the synthesis and study of L6 with six identical surface

ligands have been reported previously,45 the preparation of
trans-L2 and cis-L2 is only made possible by recent synthetic
developments that yield substitutionally diverse yet precise
clusters.46 We synthesized and isolated, in high yields, clusters
with positionally substituted carbon monoxide ligands, trans-
Co6Se8(CO)2(PEt3)4 and cis-Co6Se8(CO)2(PEt3)4. These
carbonyls are photolytically labile, and irradiation of mixtures
of these precursors and PEt2(p-C6H4SMe) with blue light
selectively yields electrically neutral versions of trans-L2 and
cis-L2. The single crystal X-ray diffraction (SCXRD)
structures of the air-stable monocations of trans-L2, cis-L2,
and L6, obtained via oxidation using ferrocenium, are shown in
Figure 1a−c (see Figure S1 and Table S1 for more details).
Despite differing surface ligands, these clusters have nearly
identical physical and electronic properties. Crystal structures
indicate that the cluster cores are structurally similar with
negligible differences in Co−Co and Co−Se bond lengths or

Figure 1. (a,b,c) Solid state structures of (a) trans-L2, (b) cis-L2, and (c) L6, as determined from SCXRD. Gray, blue, orange, yellow, and green
spheres represent C, Co, P, S, and Se, respectively; ethyl groups are faded and H atoms are omitted for clarity. Schematic molecular junctions are
also presented highlighting the differing connectivities between the cluster (blue) and the electrodes (gold). The variable connectivity of L6 is
indicated with dashed lines. (d,e,f) 2D absolute current versus voltage histograms compiled from several thousand traces for (d) trans-L2 (2144
traces), (e) cis-L2 (3585 traces), and (f) L6 (4208 traces). The current is logarithmically binned (40 bins/decade), and the voltage is linearly
binned (100 bins/V). The average I−V curves (white) were obtained by fitting each vertical slice of the 2D I−V histograms with a Gaussian and
plotting the peak position against voltage.
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the maximum S···S distances. Furthermore, cyclic voltammetry
(CV) of each cluster show identical reversible redox processes
at similar potentials (Figure S2).
We formed single-cluster junctions of trans-L2, cis-L2, and

L6 with ∼1 μM solutions in propylene carbonate using the
STM-BJ technique as described previously.47 Briefly, a gold
STM tip is brought in contact with a gold substrate (∼1 cm2)
and subsequently retracted. Upon tip retraction, the gold−gold
contact undergoes necking and ultimately ruptures, yielding
two nanoscopic electrodes separated by ∼1 nm. A single
cluster from the surrounding solution can bridge the two
electrodes via the anchoring ligands, thereby establishing a
single-cluster junction through which current is measured.
Measurements are performed on thousands of single-cluster
junctions by repeatedly smashing and withdrawing the STM
tip from the substrate. In order to suppress background ionic
current of the solvent, we coat the tip with an insulating wax;48

this leaves an exposed surface area of ∼10 μm2. As a
consequence of the large difference in the surface areas of the
tip and substrate electrodes, the voltage drop across the
junction is asymmetric, and the redox levels of the cluster are
effectively pinned to the chemical potential of the substrate.
This allows the potential applied to the tip to dictate the
charge state of the cluster.49,50 2D histograms of standard
conductance measurements of trans-L2, cis-L2, and L6 are
presented in Figure S3.
To obtain the I−V characteristics, a single cluster was held

between the tip and substrate at a constant distance and the
current was recorded while the voltage was swept between +1
V and −1 V at a rate of 40 mV/ms (Figure S4). Several
thousand I−V traces were collected for trans-L2 (Figure 1d),
cis-L2 (Figure 1e), and L6 (Figure 1f). All three clusters yield
similar nonlinear I−V characteristics with a distinguishable
current plateau feature spanning from 0.0 to −0.4 V. These
results represent a significant deviation from traditional single-
molecule devices that conduct through a coherent tunneling
mechanism. When tunneling across a single-molecule junction
is coherent, changing the substitution pattern, e.g., meta- vs
para-substituted benzene, in general, yields different electronic
characteristics.51 The similarity in the I−V characteristics for
trans-L2 and cis-L2 (Figure 1d,e) provides strong evidence for
an incoherent transport mechanism, that is, a mechanism in
which the electron relaxes on the cluster as it transits the

junction. Additionally, the I−V characteristics of L6 are
comparable to those of trans-L2 and cis-L2 (Figure 1f).40

These data suggest that despite there being several binding
modes available to the system, the charge transport mechanism
is unchanged. These results demonstrate that the Co6Se8 cores
of these clusters function as ideal nanoscale circuit elements;
they display identical electronic properties regardless of how
they are wired in their circuits.
Next, we investigate the impact cluster size has on the I−V

characteristics. Enabled by recent developments,52 we
synthesized a larger cluster, [trans-Co12Se16(PEt2(p-
C6H4SMe))2(PEt3)8][PF6] (dimer-L2). The core of dimer-
L2 is a fused dimer of Co6Se8 octahedrons with two Co−Se
intercluster bonds where a Co atom of one cluster is bound
directly to a Se atom of another cluster (Figure 2a and Figure
S5). In contrast to analogous structures with different metals,53

the Co−Se intercluster bonds are shorter than the Co−Se
intracluster bonds (Figure S6). As such, the individual Co6Se8
units are electronically linked and behave as a larger, cohesive
cluster with a greater number of redox states than the
monomeric clusters. CV demonstrates that the core of dimer-
L2 can assume oxidation states spanning 1− to 4+,52 whereas all
monomeric species can only assume the neutral to 3+ oxidation
states (Figure S2).
The positions of the junction-anchoring ligands on dimer-

L2 make for suitable comparison with trans-L2. We present a
2D histogram compiled from thousands of I−V measurements
of dimer-L2 in Figure 2b. As with trans-L2, the I−V
characteristics for dimer-L2 are highly nonlinear with a
current plateau feature at low negative tip bias. However, the
current plateau feature spans a smaller bias range from 0.0 to
−0.2 V (versus 0.0 to −0.4 V in trans-L2). We directly
compare the average I−V curves for trans-L2 and dimer-L2 in
Figure 2c. In addition to the smaller current plateau feature,
dimer-L2 exhibits higher currents at all biases. The same
relationship is observed in standard conductance measure-
ments, where the conductance of dimer-L2 is higher than that
of trans-L2 (Figure S7). This observation is in sharp contrast
to the typical off-resonant coherent tunneling mechanism
where addition of repeat units to the conducting path results in
a decreased conductance.51 Furthermore, at high negative tip
bias, the current saturates in dimer-L2, and a second plateau
emerges in the I−V curve. Both observations can be explained

Figure 2. (a) Solid state structure of dimer-L2 as determined from SCXRD as well as a schematic molecular junction. (b) 2D absolute current
versus voltage histogram for dimer-L2 compiled from 4355 traces. The current is logarithmically binned (40 bins/decade) and the voltage is
linearly binned (100 bins/V). Average I−V curve is overlaid in white. (c) Average I−V curves representing most probable current versus voltage for
trans-L2 (blue) and dimer-L2 (red).
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Figure 3. (a) Ex situ CV for trans-L2 (blue) and dimer-L2 (red). (b,c) In situ CV recorded for a ∼ 0.1 mM solution of (b) trans-L2 and (c)
dimer-L2 in PC. Current flowing into the wax-coated working electrode STM tip was measured while a linear voltage sweep (100 mV/s) was
applied to the substrate. Vertical dashed lines highlight the positions of the redox transitions.

Figure 4. (a,b) Schematic of (a) trans-L2 and (b) dimer-L2 molecular junctions. The solid and dashed arrows depict the oxidation and reduction
processes, respectively. The left electrode is the coated tip and right electrode is the substrate. (c,d) Schematic of the two-level model (i = 1, purple;
i = 2, green) used to fit the I−V of (c) trans-L2 and (d) dimer-L2. The Gaussian functions Di

± (E) are included in the schematic as well. The
width of the Gaussians for dimer-L2 are narrower due to the smaller reorganization energy. (e,f) Comparison of model fit (black) to experimental
I−V curve for (e) trans-L2 (blue) and (f) dimer-L2 (red), with the oxidation state(s) for the cluster indicated. The vertical solid lines represent
the values of E1 (purple) and E2 (green) from the model fit, and the vertical dashed lines represent the experimental redox transitions from Figure
3b,c. The spacing of the redox transitions are in good agreement between the model fit and experiment.
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by a sequential incoherent tunneling mechanism and the
electronic and structural properties of the larger dimer-L2. As
detailed later, the dimeric cluster features smaller reorganiza-
tion energies upon charging/discharging, which results in a
higher current.
To explore the relationship between the transport properties

and the redox properties, we performed in situ CV measure-
ments using the STM-BJ setup for both trans-L2 and dimer-
L2. The measurements were carried out with ∼0.1 mM
solutions of the clusters in propylene carbonate with the wax-
coated gold tip withdrawn from the gold substrate. This setup
functions as a two electrode electrochemical cell where the tip
acts as a microscale working electrode and the substrate acts as
the counter electrode.54 Both clusters exhibit two reversible
redox transitions within the bias window relevant to the I−V
measurements. The in situ CV is consistent with the ex situ CV,
and the redox states can be assigned (Figure 3). Note that
since the in situ CV does not have a reference electrode, only
the relative redox potentials should be considered as the
absolute potentials may shift. Importantly, the difference
between the redox transitions agree well with the bias range
of the current plateau observed for both trans-L2 and dimer-
L2. At low bias, within the current plateau region, trans-L2 is
in the 1+ oxidation state and dimer-L2 is in the 2+ oxidation
state. As the bias is increased outside of the plateau region,
oxidation or reduction of the clusters is enabled and a
nonlinear increase in current occurs (Figure S8). Since the
electrochemical window for the 2+ oxidation state of dimer-L2
(ΔE ∼ 0.42 eV) is smaller than that for the 1+ oxidation state
of trans-L2 (ΔE ∼ 0.66 eV), the I−V for dimer-L2 displays a
shorter current suppression plateau.
The charge transport behavior of these clusters can be

described by a well-established model for hopping trans-
port41,55,56 derived from heterogeneous electron transfer
theory.57,58 For the semiclassical Gerischer-Hopfield
model,59−61 the rate of electron transfer for an electron of
energy E between a metal and molecule for redox level i is
characterized by a Gaussian function58

πλ
λ
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= −

− ±±
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ÅÅÅÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑÑÑÑ
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E E
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( ( ))
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i i
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2
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where Ei is energy of the redox transition and λi is the
reorganization energy. (Ei + λi) denotes adding an electron to
molecule (reduction), and (Ei − λi) denotes removing an
electron from the molecule (oxidation).62−65

Sequential tunneling across a molecular junction can be
modeled by a set of rates of hopping on and off the cluster
from both the left (L) and right (R) electrodes (Figure 4a,b).
The rate of hopping on the cluster from one of the electrodes
(reduction) is given by41,66−68

∫π ρ=
ℏ

| |+

−∞

∞
+k t E E f E D E dE

2
( ) ( ) ( ) ( )i L R L R L R i, ( )

2
( ) ( ) (2)

where f L(R)(E) = [1 + e(E−μL(R))/kBT]−1 is the Fermi−Dirac
distribution, t(E) is the tunneling matrix element, and ρL(R)(E)
and μL(R) are the density of states and chemical potential of the
electrodes, respectively. Similarly, the rate of hopping off the
cluster to one of the electrodes (oxidation) is given by

∫π ρ=
ℏ

| | [ − ]−

−∞

∞
−k t E E f E D E dE

2
( ) ( ) 1 ( ) ( )i L R L R L R i, ( )

2
( ) ( )

(3)

We modeled the I−V characteristics of trans-L2 and dimer-
L2 using two redox levels (i = 1, 2) in accordance with the two
redox transitions observed in each in situ CV (Figure 4c,d).
The hopping rates for the two-level model (three charge
states) can be incorporated into a master equation which can
be used to calculate the steady-state current as a function of
applied voltage, given by41,69,70

= − + −− + − +I V e k P k P k P k P( ) ( (2) (1) (1) (0))L L L L2, 2, 1, 1,

(4)

where P(n) is the ensemble distribution of the number of
electrons (n) occupying the model cluster and e is the charge
of the electron (see SI Section 2).71

The fits to the experimental I−V curves are presented for
trans-L2 (Figure 4e) and dimer-L2 (Figure 4f), showing
excellent agreement to the experimental data. The positions of
the two redox levels are demarcated by the solid vertical lines.
These values relative to the Fermi energy (EF) are E1 = −0.08
eV, E2 = 0.52 eV for trans-L2 and E1 = −0.08 eV, E2 = 0.33 eV
for dimer-L2. For comparison, the positions of the redox levels
from Figure 3b,c are demarcated by the dashed vertical lines.
The spacing between the model levels for both trans-L2 (E2 −
E1 = 0.60 eV) and dimer-L2 (E2 − E1 = 0.41 eV) are
consistent with the in situ CV data (ΔE = 0.66 eV for trans-L2
and ΔE = 0.42 eV for dimer-L2). Note that shifts in the redox
potentials from in situ CV are reasonable due to the lack of a
reference electrode. Information about the absolute redox
potentials comes from the ex situ CV, which indicates nearly
identical oxidation potentials for [trans-L2]1+ and [dimer-
L2]2+ (Figure 3a). Therefore, the use of E1 = −0.08 eV for
both trans-L2 and dimer-L2 is justified. We note that the
model deviates from the experimental data at large positive tip
biases. This may be due contributions to the current from
higher oxidative redox transitions that are unaccounted for in
this simplified two redox level model.
The values used for the reorganization energies are also

within what is expected for molecular clusters:72,73 λ1(2) = 0.4
eV for trans-L2 and λ1(2) = 0.3 eV for dimer-L2. The smaller
reorganization energy for the larger cluster dimer-L2 is
consistent with the notion that the cluster with more atoms
should undergo smaller structural distortions as a response to a
change in redox state. Ex situ, the reorganization energy can be
shown indirectly from the changes in average Co−Co bond
lengths upon oxidation or reduction. In the Co6Se8 core of
trans-L2, for every oxidation of the cluster, an average
contraction of ∼0.04 Å is observed from crystal structure
analysis (Figure S9).40 By contrast, the dimer-L2 core shows
no discernible change in cluster bond lengths over these
oxidation states, fully consistent with the results from the fits to
the model.52 The modeling demonstrates that the increase in
current for dimer-L2 can be ascribed to the smaller
reorganization energy, which is in agreement with previous
reports.74−76

In addition to higher currents, dimer-L2 exhibits current
saturation at high negative bias (Figure 2b). This current
saturation is also reproduced by the model (Figure 4f). For the
model, the maximum current that can be driven through the
junction is given by41

π ρ=
ℏ

| |I
e

E t
2

( )sat
F

2
(5)

where we have assumed that t(E) ≈ t and that ρL(R)(E) ≈
ρ(EF), which is reasonable for gold electrodes.68 The current
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saturation Isat is a manifestation of the inverted Marcus regime
in the context of heterogeneous electron transfer, whereby
excessively energetic electrons hop onto the cluster at an
increasingly slower rate.22,54 Since trans-L2 and dimer-L2
utilize the same anchoring ligand, i.e., the same t, the same
current saturation is expected for both molecular junctions. A
value of Isat = 3 × 10−7 A is used to model both trans-L2 and
dimer-L2, as this value fits the data best. For trans-L2, the
current saturation is not observable within the experimentally
accessible bias window. However, for dimer-L2, due to its
smaller reorganization energy (λ2) and smaller reduction
potential (E2), we are able observe a plateau in the current at
large negative biases. Accordingly, dimer-L2 exhibits a higher
on/off ratio than trans-L2. In a comparison of the current at
−0.15 V (“off”) and −0.9 V (“on”), the on/off ratios are 78
and 230 for trans-L2 and dimer-L2, respectively.
To validate Isat, we can independently assess its value by

estimating the tunneling matrix element (t). An approximate
relationship between the low bias conductance of the
anchoring ligand and the tunneling matrix element is shown
in eq 6, where G0 = 2e2/h is the quantum of conductance77

π ρ ρ≈ | |G E E t G4 ( ) ( )ligand L F R F
2 2

0 (6)

The conductance of the anchoring ligand (Gligand) has been
directly measured using the STM-BJ technique: G ∼ 5 ×
10−3G0.

45 Using ρL(R)(EF) = 0.3 eV−1 for gold68,78 yields a
value for the tunneling matrix element of t = 37.4 meV, which
corresponds to a saturation current Isat = 6.4 × 10−7A using eq
5. This estimate is in good agreement with the saturation
current observed experimentally for dimer-L2 as well as the
value used in the models (Isat = 3 × 10−7A).
Lastly, the I−V characteristics for trans-L2 and dimer-L2

are not only highly nonlinear but also asymmetric, with
rectification ratios of 10 for trans-L2 and 6 for dimer-L2 at
±250 mV. Symmetry between the forward and reverse currents
is broken by the coated tip which establishes an asymmetric
ionic environment in a polar solvent.79 We can model the
influence of the coated tip by means of a voltage division
factor, 0 < η < 1, that describes the asymmetric voltage drop
resulting from the asymmetric ionic environment.41,80,81 The
voltage division factor (or lever arm22) is incorporated into the
chemical potentials of the left and right leads as μL = EF − ηeV
and μR = EF + (1 − η)eV, respectively. When η = 0, the voltage
drops at the right electrode, whereas when η = 1, the voltage
drops at the left electrode. Here, the left electrode represents
the coated tip (Figure 4a,b), and a value of η = 0.88 is found to
fit the data best. This agrees with the assumption that due to
the small surface area of the tip electrode, most of the voltage
drops between tip and the molecule.50 In Figure 4c,d, the
chemical potentials of the tip (μL) and substrate (μR) are
depicted for a 0.9 V bias with η = 0.88. We note that the
coated tip alone does not yield current rectification. The
current rectification observed for the clusters measured herein
results from the asymmetric positions of the redox levels
relative to EF. In contrast, no current rectification was observed
for previously measured Co6S8 clusters, for which the redox
levels were equally separated from EF.
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■ CONCLUSIONS
We have studied the charge transport properties of atomically
precise inorganic clusters with varying surface ligand structure
and core composition. The identical transport behaviors of

trans-L2, cis-L2, and L6, as well as agreement with a model
drawn from Marcus theory, firmly establish a sequential
tunneling mechanism. Current is driven in these devices via an
electron tunneling from the source electrode to the cluster
through one anchoring ligand and then a sequential tunneling
step to the drain electrode via another anchoring ligand. An
increase in the cluster core size from trans-L2 to dimer-L2
yields higher currents due to a reduction in both the
reorganization energies and the energetic separation of the
charge states. Additionally, dimer-L2 exhibits current satu-
ration at large negative bias, which further substantiates the
proposed Marcus-based transport mechanism.
The single cluster devices exhibit practically relevant

properties including nonlinear I−V characteristics and current
rectification, and our work establishes design principles
through which these device properties can be engineered. By
modifying the anchoring ligand or cluster composition through
synthetic chemistry, one can tune the position and width of the
current suppression plateau, the nonlinearity of the I−V, as
well as the extent of current rectification. Moreover, the single-
electron character of the devices opens up the possibility of
performing room temperature single-electron manipulations in
a molecular junction. Lastly, with an increase in the cluster size
beyond dimer-L2, the transition from discrete molecule to
extended material can be explored.
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