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ABSTRACT: In this work, the single molecule conductance
of alkanedicarboxylic acid (HOOC−(CH2)n−COOH, n = 1−
5) binding to Cu and Ag electrodes is systematically studied by
using the electrochemical jump-to-contact scanning tunneling
microscopy break junction approach (ECSTM-BJ). The results
show that the conductance depends on molecular length and
the electrode materials, which give a decay constant βN of 0.95
± 0.02 per (−CH2) unit for Cu electrodes and 0.71 ± 0.03 for
Ag electrodes. The contact conductance shows the order of
Gn=0,Cu > Gn=0,Ag. These differences can be attributed to the
different electronic coupling efficiencies between molecules
and electrodes. The conductance of ultrashort molecular junctions is also studied using oxalic acid as the target molecule, the
results revealing that the through-space mechanism (TS) should be considered when the distance between two electrodes is very
short. The present work demonstrates that electrode materials play an important role on the molecular conductance, contact
conductance, and also the tunneling decay constant.

■ INTRODUCTION

Metal−molecule−metal junctions exhibiting electrical proper-
ties of amplification,1−5 rectification,6,7 and negative differential
resistance,8−10 have received wide attention, which may be used
in future molecular electronic devices.11−21 Many factors can
influence the conductance of molecular junctions, such as the
nature of molecular structure and the molecule−electrode
contact.14,15,22−24 Typically, the latter includes contact
geometry,25−28 anchoring groups,22,29−31 and electrode materi-
als32−35 in the molecular junctions, which can cause not only
the different electronic coupling efficiencies at the electrode−
molecule contacts but also the energy level alignment between
the molecular electronic level and Fermi level of the
electrode,33,36 thus altering the conductance of molecular
junctions. While a great number of the investigations are
focused on the contact geometry and anchoring groups, there
are few reports on the influence of electrode materials other
than Au.25,33,37−39 In particular, systematic studies on the
conductance measurements of homologous series of molecular
junctions33,34,37 are limited. This restricts comprehensive
understanding of electron transfer in molecular junction
systems.
The electrochemical jump-to-contact scanning tunneling

microscopy break junction approach (ECSTM-BJ) has been
proven to form atomic-size nanowires of different metal
electrodes40−42 for conductance measurements.43 More
recently, we demonstrated that ECSTM-BJ is suitable for

conductance measurement of single molecular junctions with
different metallic electrodes.36 The metal electrode can be
easily changed by using different solutions containing target
deposited metal. To the best of our knowledge, no systematic
research is reported on the molecule length dependence of
single molecule conductance contacting to Cu and Ag electrodes.
In this work, alkanedicarboxylic acid (HOOC−(CH2)n−

COOH, n = 1−5) binding to the Cu and Ag electrodes is
systematically investigated employing ECSTM-BJ, for the
carboxylic acid can interact with those metals via the
carboxylate group (−COO−);44−46 then the different decay
constants and contact conductances of Cu and Ag electrodes
are discussed. In addition, the ultrashort molecule junctions
with oxalic acid are measured, from which the electron
transport mechanism can be derived by combining the long
molecular junctions.

■ EXPERIMENTAL SECTION

Au(111) surfaces were obtained from single crystal beads
without experiencing mechanical polishing, then used as the
substrate, and mechanically cut Pt−Ir tips were used. The tips
were insulated by thermosetting polyethylene glue to reduce
the leakage current of electrochemical reaction. Platinum wire

Received: July 12, 2012
Revised: September 18, 2012
Published: September 19, 2012

Article

pubs.acs.org/JPCC

© 2012 American Chemical Society 21699 dx.doi.org/10.1021/jp3069046 | J. Phys. Chem. C 2012, 116, 21699−21705

pubs.acs.org/JPCC
http://pubs.acs.org/action/showImage?doi=10.1021/jp3069046&iName=master.img-000.jpg&w=238&h=107


was used as the counter electrode, while Cu and Ag wires were
used as the reference electrodes for conductance measurements
of Cu and Ag molecular junctions, respectively. HOOC−
(CH2)n−COOH (n = 0−5), Na2SO4 (99.9955%), CuSO4
(99.999%), and Ag2SO4 (99.999%) were purchased from
Alfa-Asia and used as received, and all aqueous solutions
were prepared with ultrapure water (>18 MΩ cm).
Conductance measurements were carried out on the

modified Nanoscope IIIa STM (Veeco, US). The procedures
for molecular conductance measurement were described
previously.36,43 First, the metal is continuously electrodeposited
onto the tip with STM feedback enabled (Figure 1a). Second,

the deposited tip is pulled away from the Au(111) surface for
about several tens of nanometers with the STM feedback
disabled with negligibly small mechanical and thermal drift seen
from the STM image in Figure 1b. Third, the tip is driven
toward the surface until a given current (such as 8 nA) is
reached. A jump-to-contact process, in that atoms of deposited
metal on the tip transfer to the substrate and then form a
metallic contact of the deposited metal, happens upon the
application of a preset voltage pulse to the z-piezo of STM
scanner which leads the tip toward the substrate. Then the tip is

pulled out of the contact at a typical speed such as 20 nm/s, to
form atomic-size wire of the deposited metal (Figure 1c).
Fourth, molecular junctions with deposited metal as electrodes
are formed after breaking of the atomic-size metal wires. The
current vs distance curve is recorded during the pulling of the
tip at sampling frequency of 20 kHz. By repeating the whole
process at new positions on the surface, well-controlled
deposited metal contact can be realized. A large number
(from hundreds to thousands) of conductance traces are
collected to construct a conductance histogram. All experi-
ments were made at a fixed bias voltage of 50 mV.

■ RESULTS AND DISCUSSION
Conductance of Malonic Acid Contacting with Cu and

Ag Electrodes. ECSTM-BJ was used to measure the single
molecule conductance carried out in the aqueous solution
containing 1 mM CuSO4 + 1 mM malonic acid + 50 mM
Na2SO4. Pt−Ir tip and Au(111) were controlled at −5 mV and
45 mV vs Cu wire, respectively. Thus, metal bulk deposition on
the tip can occur while bulk deposition on Au(111) is
forbidden. Figure 2b is a typical conductance histogram of
malonic acid (HOOC−(CH2)n−COOH, n = 1), which is
constructed from hundreds of individual conductance traces as
shown in Figure 2a. It shows preferential peak occurrence at 55
nS, corresponding to the conductance of Cu−(malonic acid)−
Cu junction. We can also get arrays of the metal clusters upon
breaking off of the junctions as shown in the inset of Figure 2b,
and such clusters can be removed by applying a certain positive
potential.36,43 Only one set of values for molecular junction
conductance was observed, which indicates likely that there
exists a dominant geometry between electrode and anchoring
group in our experiment. However the possibility that many
different bonding geometries with similar conductance give rise
to the single broad peak in the histogram feature cannot be
excluded either.
Figure 3 shows the representative conductance curves and

histogram for malonic acid contacting to the Ag electrode. The
potential was controlled at −5 mV and 45 mV vs Ag wire for
the tip and the substrate, respectively. The histogram shows a
pronounced peak located at 32 nS, which is lower than malonic
acid binding to the Cu electrode. Also the order of conductance
value is the same as that of succinic acid binding to the Cu and
Ag electrodes.36 It is explained by the difference in electronic
coupling efficiency between the anchoring group and electrode
as previously reported,33,36 which would change the contact
conductance and thus influence the single molecule con-

Figure 1. Schematic illustration of the ECSTM-BJ approach for
conductance measurement of single molecular junctions with different
metallic electrodes.

Figure 2. (a) Typical conductance traces and (b) conductance histogram of single molecule junction of Cu−malonic acid−Cu. The STM image
(200 × 200 nm2) of a 10 × 10 array of Cu clusters simultaneously generated with the conductance curves is shown in the inset of panel b.
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ductance. Actually, the single molecule conductance is also
determined by the energy coupling between the Fermi level of
the electrode and the frontier molecular orbital level, and the
conjugation of the molecular backbone.14 The former may be
altered by change of the Fermi level of the electrode for a
specified molecule to pursue energy level alignment.5,47,48

Those factors may be caused by the different conductance
order for the molecule contact to the different metals, which
will be discussed in the next section.
Length Dependence of Conductance. To investigate the

conductance dependence on the molecular length with Cu and
Ag electrodes, we measured the conductance of homologous
series molecules of HOOC−(CH2)n−COOH (n = 1−5). All
experimental parameters are similar to the conductance
measurement of malonic acid except the replacement of the
target molecule.

Two-dimensional (2D) histogram is a statistical presentation
of measured conductance as a function of stretching
distance.49−51 Briefly, a 2D histogram is realized by counting
the number of data at each conductance value with each
stretching distance out of hundreds or thousands of curves, and
the origin of the stretching distance can be defined by that at a
specified conductance value. Here we also present 2D
histograms for the conductance of alkanedicarboxylic acid
binding to the Cu electrode as shown in Figure 4a−e, while Ag
electrode is shown in Figure 5a−e. Those conductance values
are the same as the data treated with the traditional one-
dimensional (1D) histogram method as shown in insets of
Figures 4 and 5. Table 1 summarizes single molecule
conductance with contact of Cu and Ag electrodes. Typically,
the single molecular junction conductance decreases with the
increasing of the molecular length for both Cu and Ag
electrodes. The conductance of succinic acid binding to the Cu

Figure 3. (a) Typical conductance traces and (b) conductance histogram of single molecule junction of Ag−malonic acid−Ag. The STM image (200
× 200 nm2) of a 10 × 10 array of Cu clusters simultaneously generated with the conductance curves is shown in the inset of panel b. Solution: 1 mM
Ag2SO4 + 1 mM malonic acid + 50 mM Na2SO4.

Figure 4. Two-dimensional histograms of single molecule conductance with contact of Cu for HOOC−(CH2)n−COOH with n = (a) 1, (b) 2, (c) 3,
(d) 4, (e) 5. Insets are the corresponding conductance histograms. (f) Natural logarithmic plots of single-molecule conductance vs number of
(−CH2) units for molecular junctions formed with Cu electrodes.
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and Ag is consistent with our previous report,36 which proves
the reliability of the approach.
Superexchange mechanism is predicted for molecule

junctions with saturated alkane chain (such as alkanedicarbox-
ylic acid), and the conductance decreased exponentially with
molecular length. At low bias, the conductance can be
expressed as

β= −=G G Nexp( )n 0 N

where G is the molecular conductance, N is the number of
methylene units, Gn=0 is a constant determined by the
molecule−electrode coupling strength and corresponds to the
contact conductance, and βN is the tunneling decay constant
which describes the efficiency of electron transport along the
molecules.
Regarding the current symmetric metal−molecule−metal

junctions, βN can be simply given by14,27,52

β = Φ
ℏ
m

d2
2

N 2 0

m is the effective electron mass, and Φ is the barrier height
indicating the energy between the Fermi level in the junction

and the molecular energy levels.14,33,52 ℏ is the reduced Planck’s
constant. d0 is the unit length of the alkane chain. Hence the βN
is decided by the alignment of the molecular energy levels
relative to the Fermi energy level of the electrodes from the
expression. Usually, βN values of 0.8−1.1 per methylene unit
are reported for saturated alkane binding to the Au, Pd, and Pt
electrode,22,33 while the βN values for molecular junctions
binding to Cu and Ag electrodes are seldom reported.
Figure 4f and Figure 5f show natural logarithmic plots of

single-molecule conductance vs number of (−CH2) units for
molecular junctions formed with Cu and Ag electrodes,
respectively. The βN is 0.95 ± 0.02 per (−CH2) unit for Cu
electrode, and 0.71 ± 0.03 for Ag electrode. These values are
comparable with those reported in the literature for saturated
alkane terminated with −COOH contact with Au,22,53 which is
about 0.78 per (−CH2) unit.
Clearly, the dependence of βN on the different metal

electrodes can be expected from the above equation. The small
difference in the βN for Cu and Ag electrodes is indeed
observed, which might be explained by the different barrier
height Φ in molecular junctions caused by the different of the
EFermi of Cu and Ag electrode. Conversely, Ko et al. reported
that the βN values of α,ω-alkanes with headgroups of −SH and
−NCS contacting Au, Pd, and Pt electrodes are almost the
same by using STM-BJ, which gives βN of about 1 per −CH2.

33

Frisbie and co-workers found that βN is 1.1 ± 0.1 for
alkanedithiols and alkanethiols binding to Ag, Au, and Pt by
using AFM,52 almost the same value of βN for different metal
electrodes. One of the proposed reasons is that the Fermi level
is pinned with the energy positions of molecular states, and
then the Φ is approximately the same for different metal
contacts due to the bond dipole.34,52 It is worth mentioning

Figure 5. Two-dimensional histograms of single molecule conductance with contact of Ag for HOOC−(CH2)n−COOH with n = (a) 1, (b) 2, (c) 3,
(d) 4, (e) 5. Insets are the corresponding conductance histograms. (f) Natural logarithmic plots of single-molecule conductance vs number of
(−CH2) units for molecular junctions formed with Ag electrodes.

Table 1. Summary of Single Molecule Conductance (nS)
with Contact of Cu and Ag Electrodes

Cu−HOOC−(CH2)n−COOH n Ag−HOOC−(CH2)n−COOH

55 1 32
18.2 2 13.2
7.5 3 8.0
2.9 4 3.7
1.2 5 1.7
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that those experiments were carried out in atmospheric
environment or nonconductive organic solutions. In contrast,
in the present work, the conductance of molecular junctions
was measured with the potential control of electrodes, which
may invalidate the pinning of the Fermi level to the energy
positions of molecular states. The distinction of experimental
parameter may cause the small difference in the metal
dependence of the β. Additionly, Fatemi et al. found that the
conductance of a molecular junction can be changed by the
adsorption of the molecule onto metal binding sites which
shifts the metal contact work function,54 and this factor may
also need to be taken into account. However, complete
understanding of different β for Cu and Ag needs further
theoretical and experimental investigations.
Contact Conductance of Molecular Junction. Contact

conductance of the two anchoring groups (Gn=0) can be derived
by plotting the single molecule conductance values against the
number of methylene units of the molecules. The contact
conductance for carboxylate group (−COO−) binding to Cu
and Ag electrodes is 132 nS and 63 nS as shown in Figures 4f
and 5f, respectively. The dependence is attributed to the
difference in electronic coupling efficiency between the
anchoring group and electrodes. Typically, the chemisorbed
contacts have higher contact conductance than physisorbed
contacts.52 Interestingly, Frisbie and co-workers found that the
contact conductance exhibits strong work function dependence
and increases with the increasing metal work function for the
thiol−metal contact, and the dependence was explained in
terms of the metal−S bond dipoles.34,52,55 Similarly, our result
is following the work function dependence in accordance with
literature values of metal work function for Cu (4.65 eV) and
Ag (4.26 eV).56

We also observed the reversal of the conductance order with
Cu and Ag electrodes at n = 3. For the molecules with n = 3−5,
the single molecule conductance with Cu electrode is lower
than that with Ag, as opposed to the case of molecules with n =
1, 2, due to the larger values of both βN and Gn=0 for Cu than
Ag electrodes.

Conductance of Molecule with Ultrashort Chain.
Conductance measurement of single molecule junctions is
mainly based on molecules with a long chain. There are seldom
reports on the molecular conductance with ultrashort chain
except ethanedithiol molecule bridging to Au electrode.57 But
this kind of molecule would be useful when small resistance is
needed, and the study of conductance of molecule will also help
to understand the electron transport mechanism through
ultrashort distance between two electrodes.
To investigate the conductance mechanism of the ultrashort

molecule, oxalic acid was used as the target molecule. The
conductance of the Cu−oxalic acid junction is 350 nS, while the
Ag−oxalic acid junction is 510 nS as shown in Figure 6. By
using G = Gn=0 exp(−βNN), and assuming that this molecular
length dependence of the conductance can be extrapolated to
short length, the conductance of Cu−oxalic acid and Ag−oxalic
acid is 132 nS and 63 nS from Figures 4f and 5f, respectively.
Clearly, these values are lower than the experimental results.
What is the reason for the difference conductance between

the experiment and extrapolated value from the length
dependence of conductance? First, the better π-electron
conjugation of the short oxalic acid should be considered. We
have performed DFT code SIESTA35,58 calculation about the
HOMO and LUMO levels for alkanedicarboxylic acids
((HOOC−(CH2)n−COOH, n = 0−5) without metal electro-
des. The oxalic acid has a small HOMO−LUMO gap (3.6 eV)
compared with the other longer molecule with about 5.1 eV.

Figure 6. Conductance histogram of single molecule junction of (a) Cu−oxalic acid−Cu and (c) Ag−oxalic acid−Ag. Two-dimensional histograms
of (b) Cu-oxalic acid-Cu and (d) Ag-oxalic acid-Ag showing single molecule junction as a function of STM tip-sample distance.
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Second, “through-bond” (TB) and “through-space” (TS)
mechanisms have been supposed for the current transport in
molecular junctions.14 The current flows through the bond of
the molecule in TB, while the current flows through the gap
between the two electrodes in TS. The conductance of a
molecule can be divided into two components as follows:

= +G G GTB TS

where GTB and GTS give the efficiency of current transport
through the TB and TS mechanism. TB is the commonly
dominant mechanism when the molecules are chemically
bonded at both ends and not very short. The molecules'
(HOOC−(CH2)n−COOH, n = 1−5) conductance mainly
facilitates current flow in the TB mechanism, with the βN about
0.95 ± 0.02 and 0.73 ± 0.04 per (−CH2) unit for Cu and Ag
electrodes, respectively. For an ultrashort molecule, such as
oxalic acid with molecular length about 0.49 nm, the TS should
also be included for the current transport, for the tunneling
current (I) would become very large at such an electrode
distance.
Here we consider that for very short molecules GTS,

originating from the tunneling current between tip and
substrate, might become dominant with respect to the GTB.
Assuming the extrapolated contact conductance of Gn=0,Cu =
132 nS and Gn=0,Ag = 63 nS at n = 0 may be regarded as GTB,Cu
and GTB,Ag of oxalic acid, the corresponding GTS,Cu would be
218 nS and GTS,Ag 447 nS according to the above formula. It
should be mentioned that, because of the better π-electron
conjugation of the short oxalic acid than that of the long chain
carboxylic acids at n = 0, the actual GTB of the oxalic acid would
be larger than the extrapolated values, leading to smaller GTS for
both Cu and Ag electrodes.
The difference between GTs,Cu and GTs,Ag can be explained by

the tunneling current between tip and sample:59,60

ρ∝ − ΦI V E A s(0, ) exp( )b s F eff
1/2

Vb is the bias voltage, ρs(0, EF) is the local density of states at
Fermi level, A is constant, Φeff is the effective tunnel barrier,
and s is the tip−sample distance. For Vb, A, and s the same for
both electrodes, the different tunneling current is caused by the
different effective tunneling barriers and local density of states
between the Cu and Ag electrode. The result shows that the TS
mechanism should be considered when the molecular length is
very short or the distance between two electrodes is short.61

■ CONCLUSIONS
We have systematically investigated alkanedicarboxylic acid
(HOOC−(CH2)n−COOH, n = 1−5) binding to the Cu and
Ag electrodes by the ECSTM-BJ approach. The results show
the molecular length dependence of conductance, giving βN of
0.95 ± 0.02 per (−CH2) unit for Cu electrode and 0.71 ± 0.03
for Ag electrode, which is decided by the alignment of the
molecular energy levels relative to the Fermi energy level of the
electrodes. Meanwhile contact conductance determined by the
electronic coupling efficiency between the anchoring group and
metal electrodes shows the order Gn=0,Cu > Gn=0,Ag. Reversal of
the conductance order for Cu and Ag electrodes for the series
of carboxylic acid molecules is observed. For the molecules with
n = 3−5, the single molecule conductance with Cu electrode is
lower than that with Ag, opposite to the case for molecules with
n = 1, 2. In addition, we measured the ultrashort molecule
junctions using oxalic acid, through which the TS mechanism

should also be considered besides the TB mechanism when the
distance between the two electrodes is very short. The present
work shows that electronic coupling efficiency between the
anchoring group and electrodes plays an important role in the
molecular conductance and contact conductance, also the
tunneling decay constant can be influenced by the different
electrodes.
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