
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

16
. D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 3

:0
7:

59
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Solvent-depende
aDepartment of Chemistry, Columbia Unive

E-mail: xr2114@columbia.edu
bDepartment of Applied Physics and Applied

York, New York 10027, USA. E-mail: lv2117
cInstitute of Advanced Composite Materials,

Wanju 565-905, Korea

† Electronic supplementary information
characterization data for compounds
analysis details; theoretical methods. See

‡ These authors contributed equally.

Cite this: Chem. Sci., 2016, 7, 2701

Received 17th July 2015
Accepted 11th January 2016

DOI: 10.1039/c5sc02595h

www.rsc.org/chemicalscience

This journal is © The Royal Society of C
nt conductance decay constants
in single cluster junctions†

Bonnie Choi,‡a Brian Capozzi,‡b Seokhoon Ahn,c Ari Turkiewicz,a Giacomo Lovat,b

Colin Nuckolls,a Michael L. Steigerwald,a Latha Venkataraman*ab and Xavier Roy*a

Single-molecule conductance measurements have focused primarily on organic molecular systems. Here,

we carry out scanning tunneling microscope-based break-junction measurements on a series of metal

chalcogenide Co6Se8 clusters capped with conducting ligands of varying lengths. We compare these

measurements with those of individual free ligands and find that the conductance of these clusters and

the free ligands have different decay constants with increasing ligand length. We also show, through

measurements in two different solvents, 1-bromonaphthalene and 1,2,4-trichlorobenzene, that the

conductance decay of the clusters depends on the solvent environment. We discuss several mechanisms

to explain our observations.
Introduction

Controlling charge transport through molecular junctions is
critical to the realization of nanoscale electronic devices.1,2

While numerous organic molecules have been studied as con-
necting wires for single-molecule junction studies,3–10 very little
is known about the effect of metal complexes in these types of
junctions.11–14 We recently reported that we could incorporate
metal chalcogenide molecular clusters in single-molecule elec-
trical circuits.15 In this study, in order to determine how trans-
port through such systems depends on molecular length, we
connect these same clusters to conducting ligands of varying
lengths. We have found that the inclusion of the cluster in the
molecular circuit reduces the effect of ligand length on
conductance decay with apparent molecular size. Moreover, we
have found that the decay constant is impacted greatly by
changing the solvent from 1,2,4-trichlorobenzene (TCB) to 1-
bromonaphthalene (BrN). Specically, the decay constant of the
cluster is 0.04 Å�1 in BrN, while it is 0.12 Å�1 in TCB. We
consider two possible mechanisms to explain these remarkable
observations. Our work demonstrates, for the rst time,
a molecular system where the tunneling decay constant can be
modied by altering the environment around the molecule.
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Results and discussion

The single cluster circuits that we have designed, assembled,
and studied consist of an atomically dened Co6Se8 molecular
cluster16,17 (Fig. 1a) wired between nanoscale electrodes. The
wiring is formed from bifunctional, conjugated ligands (Fig. 1b)
that bind specically and directionally to the electrode and to
the cluster. We employ an atomically dened segment of poly-
acetylene18 that has an arylphosphine group on one terminus
that coordinates to a cobalt atom on the clusters and an
arylthiomethyl group on the other terminus that attaches to the
Au electrode.19,20 The mono-, di-, and triene ligands are L1, L2,
and L3 and the corresponding clusters are 1, 2, and 3,
Fig. 1 (a) Structure of the cluster core Co6Se8. (b) Chemical structure
of the conducting ligand series Ln (n ¼ 1, 2, 3). (c) Molecular structure
of 1 as characterized by single crystal X-ray diffraction. Carbon, black;
cobalt, blue; selenium, green; phosphorus, orange; sulfur, yellow.
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Fig. 2 Logarithmically-binned conductance histograms for 1–3 in (a)
BrN and (d) TCB and L1–L3 in (b) BrN and (e) TCB. Insets in (a) and (d)
and (b) and (e) are 2D histograms for 1 and L1 respectively. (c) and (f)
Conductance peak values of the single molecule junctions for 1–3 and
L1–L3 as a function of total number of “ene” units (e.g., 1 has 2 units
while L1 has 1 unit) for measurements in BrN and TCB, respectively
shown on a semi-log plot along with least-square linear fits. Marker
size reflects the error in the Gaussian fits to the conductance histo-
gram peaks.
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respectively. Fig. 1c shows the molecular structure of 1 as
determined by single crystal X-ray diffraction (SCXRD).15

We measured the conductance of both the individual
molecular clusters (1–3) and the free conducting ligands (L1–
L3) using a scanning tunneling microscope-based break-junc-
tion (STM-BJ) technique.21 In this technique, an Au STM tip and
substrate are repeatedly brought into and out of contact to form
and break Au–Au point contacts in solutions of the target
compounds. During this process, a bias voltage is applied
across the junction while current is measured in order to
determine conductance (G ¼ I/V) of the junction. The
measurements are repeated thousands of times, and the data is
analyzed to reveal statistically signicant results. The data is
processed by compiling thousands of individual conductance
traces into one-dimensional, logarithmically-binned conduc-
tance histograms.22 We further generate two-dimensional (2D)
histograms of the conductance versus displacement by aligning
each conductance trace aer the point contact ruptures (at
a conductance of 0.5 G0) and overlaying all conductance traces.

In order to characterize transport through the molecular
clusters and the free ligands, we measured the conductance of
1–3 and L1–L3 in two different solvents, BrN and TCB. These
solvents were chosen taking into consideration the solubility of
both the ligand and the cluster systems as well as for their
varied affinity to gold electrodes.23 Fig. 2a and b contain the one-
dimensional histograms for the measurements in BrN, and
Fig. 2d and e show the same for the measurements in TCB. The
2D histograms for 1 and L1 in each solvent are insets in the
respective gures. The 2D histograms show a signicant
difference in length of the molecular feature for 1 and for L1.
Moreover, the cluster junction lengths measured from the 2D
histograms correlate with the molecular lengths of the cluster
with the ligands fully extended (measured in BrN: 9 Å and 21 Å,
and expected from SCXRD: 13 Å and 32 Å, for L1 and 1
respectively). Despite the additional complexity of the cluster
system, we conclude that we are indeed probing transport
through Au–ligand–cluster–ligand–Au junctions based on this
large difference in the observed lengths. Furthermore, the
histograms in Fig. 2a and d show shoulders, with an increasing
prominence for the longer-ligand systems. Comparing the
conductance of these shoulders with the ligand conductance in
Fig. 2b and e, we attribute these shoulders to free ligands, that
is, ligands that have detached from the clusters.

We t the peaks of all conductance histograms for both
solvents with a Gaussian function and plot the peak conductance
values versus the number of C]C units or “enes” in each mole-
cule (Fig. 2c and f). In both solvents, and for both free ligand and
cluster, we observe that the conductance decreases exponentially
with increasing molecular length following the relationship G �
e�bn, where n is the number of “ene” units in the backbone and
b is the decay constant. We report the decay constant per
Angstrom using a length of 2.48 Å per “ene” unit. The decay
constant for the free ligand series is essentially independent of
the solvent (b ¼ 0.15 Å�1 in TCB and 0.17 Å�1 BrN).

The unexpected result is the factor of 3 difference in the
decay constants of the cluster series in different solvents as can
be seen comparing Fig. 2c and f. In TCB, the b of the cluster
2702 | Chem. Sci., 2016, 7, 2701–2705
system is 0.12 Å�1, and in BrN it is 0.04 Å�1. We note that the
difference between the decay constant of the ligand and that of
the cluster is greater in BrN than in TCB. Furthermore, the
absolute values of the conductance of the cluster series are
signicantly higher when measured in BrN than in TCB, with
the conductance of 3 being almost an order of magnitude
higher in BrN compared to TCB. Such a solvent-induced effect
on the conductance has been observed in other systems, and
this has been attributed to the solvent's ability to modulate the
electrode work function.23,24

These ndings are summarized: regardless of solvent the
effect of C]C chain-length on conductance is less pronounced
in 1–3 than in L1–L3. Furthermore, the conductance and the
decay of L1–L3 are essentially insensitive to the choice of
solvent, while the solvent signicantly inuences those of 1–3.
To understand these results we consider several possible
mechanisms of charge transport through these junctions.
Charge transport can occur via a coherent off-resonance process
through an orbital on the ligand–cluster–ligand assembly that
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Sample transmission functions using the tight-binding model
for (a) ligand and (b) cluster series. Insets in (a) and (b) are schematic
diagrams of the models used. Parameters employed are G ¼ �0.15 eV,
d¼�1.5 eV, 3¼�3.5 eV, s¼�1 eV, and E0¼�1.9 eV. (c) Conductance
values versus number of repeat ligand levels, taken from the trans-
mission functions shown. The data points in (c) are color-coded as the
transmission functions in (a) and (b). Data points are fit with a line, and
both lines show a similar decay of about 0.5 Å�1. (d) 2D plot showing
the ratio of decay constants bLigand/bCluster, obtained by keeping G, 3,
and d constant, while varying E0 and s (the parameters for the cluster
site). It is not possible to obtain a ligand decay constant that is more
than 1.2 times that of the cluster decay constant.
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is coupled to both electrodes. In that situation, the conductance
depends on at least two related factors: (1) the energy of this
conducting orbital relative to the metal EF, and (2) the coupling
between this orbital and both electrodes.25 As the length of the
molecule increases, the HOMO–LUMO gap narrows, and if
conductance were just related to energy level alignment, one
would naively expect conductance to actually increase. However,
transport through the junction is also related to how well the
conducting orbital overlaps with the leads, and since the orbital
is more delocalized over a longer conjugated molecule, this
overlap decreases with increasing length. The conductance thus
typically decays exponentially with increasing molecular length.
Specically, as the conjugated backbone gets longer, the
molecular orbital is delocalized over a longer molecule, and
since the orbital is normalized, a smaller fraction of its ampli-
tude resides on the sulfur atoms; therefore the coupling
between the molecule and the electrodes decreases.

If we assume that the conducting orbitals of the cluster and
of the ligand for a given length are similar in both character
and energy, we can develop a simple tight-binding model of
the molecular junctions. The objective of this model is not to
reproduce the experimental data but to examine and illustrate
how the additional electronic structure of the cluster impacts
transport through the system. Our tight-binding model is
schematically presented in the insets of Fig. 3a and b for the
ligand and the cluster respectively. For the conducting ligands,
we assign a single energy level, 3, for each unit, and allow
nearest neighbors to be coupled by d. The terminal units are
coupled to the Au electrodes using an imaginary self-energy,
iG/2. We apply a similar model for the cluster, adding an
additional energy level, E0, between two ligands and coupling
this site to its nearest neighbor ligand states with s. We
compute the transmission functions for these model systems
using a Green's function approach (see the ESI for a detailed
description†).25,26 Sample computed transmission functions
are shown in Fig. 3a and b using the same values for 3, d and G

for the ligand and the cluster series. The transmission func-
tions display resonances at energy values corresponding to the
molecular orbitals of the system where the probability of an
electron being transmitted through the system is unity. The
transmission function for L1 contains one resonance at energy
3, while longer ligands have resonances equal to the number of
sites in the corresponding model. As the length of the mole-
cule increases, the frontier resonance moves closer to EF but
also narrows, which is a consequence of the frontier orbital
being delocalized over a longer molecular backbone. Upon
comparing the transmission functions for the ligands with
those of the clusters, we see that the clusters contain reso-
nances that are closer to EF than their ligand counterparts, but
with narrower full widths at half max (i.e. they are more poorly
coupled to the leads). This observation leads to a lower
transmission at EF; more importantly, it also leads to
a conductance that is more sensitive to the exact location of
the EF.

In Fig. 3c, we show the conductances that are determined
from the tight-binding model for each molecule versus the
number of ligand levels in the molecule (using the same model
This journal is © The Royal Society of Chemistry 2016
parameter values for both series). From the t to these values, it
is clear that the predicted decay constants are essentially the
same for the ligand and cluster series. We use one set of E0 and s
values to calculate the representative transmission/conduc-
tance functions shown in Fig. 3a and b. Regardless of what value
is assigned to E0 and s, we nd that this model predicts very
similar decay constants for the two systems (Fig. 3d).

Our tight-binding calculations suggest that the addition of
a cluster level E0 between two ligands cannot explain the
observed change in b. In other words, the ligand and cluster
series should have the same b values, unless the energy align-
ment of the cluster resonance is altered relative to the electrode
Fermi level in this model. We have three sets of observations
that are consistent with a change in EF: (1) b of the cluster in BrN
is signicantly lower than in TCB, (2) b values measured in both
solvents are almost the same for the ligand series, and (3) b of
the cluster is lower than that of the ligand in both solvents. The
steeper transmission curves of the cluster series in Fig. 3 indi-
cate that the resonance energies are closer to EF. Within this
coherent transport model, we can see that a small change in EF
will result in a large shi in b for the cluster relative to the
ligand. For instance, changing EF by�0.5 eV shis the b value to
0.1 Å�1 for the clusters while a similar change in EF for the
ligand changes b to 0.3 Å�1. These results, when viewed in light
of the known ability of solvent-binding to produce changes in
EF,23 point to BrN shiing EF closer to resonance relative to TCB.
Chem. Sci., 2016, 7, 2701–2705 | 2703
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This effect is compounded by the sensitivity of the metal. The
free ligand and the cluster have very different characteristics
(e.g., size, steric hindrance, redox behaviour, dielectric constant
polarizability and binding ability) that will result in different
shis in EF.

We also consider a hopping mechanism for charge transfer,
a process generally mediated by an activation-controlled reac-
tion (e.g., a thermally induced conformational change or an
electron transfer reaction).27,28 We rst rule out the possibility
that such a conformational change can occur within the ligand.3

We also refute the process involving a direct through-space
charge transfer from the electrode to an unoccupied molecular
level on the cluster through a resonant transfer process.14 In this
picture, the cluster does not have to be chemically attached to
the electrodes to form a conducting junction and the charge
transfer efficiency depends on the core-electrode spacing. We
discount this mechanism based on a previously published study
in which we demonstrated that our clusters form molecular
junctions by bonding their terminal thiomethyl groups to the
Au electrodes.15 By varying the substitution pattern or removing
the aurophilic functionality, we can modulate or completely
shut down the conductivity of these molecular junctions, sug-
gesting that there is an orbital pathway for the transport of
charge in these cluster systems. These ndings refute the idea
of direct through-space charge transfer mediated by an orbital
localized on the core.

We are le with a hopping mechanism in which the charge
tunnels from the source electrode across the ligand to the
cluster core and then transfers to the drain electrode through
a second coherent tunneling process. Such a transport process
requires that the cluster can reversibly change its oxidation
state with each charge transfer. Since the applied bias in these
measurements is not small (�0.5 V) and the cluster core Co6Se8
is redox active, it is plausible that such a hopping process is at
play. In this case, the activation energy arises from the charge
transfer process reorganization energy, which can be strongly
inuenced by the solvent. This mechanism is consistent with
our observation that b changes with solvent. Within our
experimental constraints, it is therefore difficult to conclusively
establish which process (off-resonance tunneling or hopping) is
at work in our single cluster junction system.
Conclusions

In summary, we measured charge transport through molecular
clusters with ligands of different lengths and showed that the
conductance decay depends on the solvent used for these
measurements. Our results illustrate a novel effect that allows
the environment to alter the conductance decay constants. This
study opens up the possibility to carry out conductance
measurements in which clusters can be controllably gated by
changing the environment.20 While the conducting ligands
alone are limited to a one-dimensional system, the three-
dimensional architecture of the metal chalcogenide cluster
allows us to envision novel electronic devices where a molecular
cluster is contacted by electrodes at multiple locations.
2704 | Chem. Sci., 2016, 7, 2701–2705
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