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ABSTRACT: Single molecular junctions of benzene dihalide
molecules (para-X−(C6H4)−X, X = Cl, Br, I) binding to Au
electrodes were systematically studied by using the scanning
tunneling microscopy break junction (STM-BJ) technique. The
STM-BJ characterization revealed that the single molecular
junction was formed only with 1,4-diiodobenzene, which was
due to its ability to form particularly stable halogen bonds with
Au electrodes for the iodide anchoring group. The conductance
and strength of the metal−molecule bond of the single 1,4-
diiodobenzene molecular junction were compared with that of
1,4-benzenediamine (para-H2N−(C6H4)−NH2). The conduc-
tance of a single 1,4-diiodobenzene molecular junction was 3.6 × 10−4 G0 (G0 = 2e2/h), which was smaller than 1 × 10−2 G0
measured for 1,4-benzenediamine. The distances to break single molecular junctions were 0.05 and 0.03 nm for single 1,4-
diiodobenzene and 1,4-benzenediamine molecular junctions, respectively. The longer breakdown distance of the single 1,4-
diiodobenzene molecular junctions indicated that the Au−I bond was stronger than that of the Au−NH2 bond. The present work
demonstrates that an iodide group can be utilized as an anchoring group for the single molecular junction.

1. INTRODUCTION

The investigation on electron transport through individual
molecules is a central topic in molecular electronic devices.1−10

One of the current topics in the molecular electronics is the
electrical contact between single and/or small ensembles of
molecules and the metal electrodes. Various molecular
anchoring groups have been investigated using the scanning
tunneling microscope (STM) break junction technique, the
mechanically controllable break junction technique, and other
techniques.11−17 Amino (NH2) and thiol (SH) groups are the
most frequently used anchoring groups for the single molecular
junctions.4−6,9,12,14−16 However, synthesis of molecules con-
taining amino or thiol groups sometimes requires elaborative
multistep procedures and/or consideration in accordance with
regulation for hazardous chemicals.18 For example, 4,4′-
diaminobiphenyl was registered as a carcinogenic compound.19

In contrast, molecules with halide functionality are relatively
easily available, which enables both systematic fundamental
studies and practical applications. If molecular conductance
using halide molecules is established, significant contribution to
molecular electronics is expected. We thus envisioned
utilization of halide anchoring groups for the formation of
single molecular junctions.
In the previous studies on single molecule conductance,

halide groups have little attracted attention as anchoring groups
for the single molecular junction. For example, trichloroben-
zene has been utilized as the solvent,12 because it is believed

that trichlorobenzene molecule does not bridge between Au
electrodes. On the contrary, iodide can be regarded as reactive
functionality, resulting in cleavage of the C−I bond via
interaction with a metal electrode in metal-catalyzed reactions
such as Ullmann-type reactions.18 Therefore, this study was
aimed to find the applicability of the halide groups as anchoring
groups in single molecular conductance.
We systematically investigate single molecular junction

formation with 1,4-dichlorobenzene, 1,4-dibromobenzene, and
1,4-diiodobenzene. The single molecular junction was formed
only with 1,4-diiodobenzene showing the conductance value of
3.6 (±0.7) × 10−4 G0 (2e2/h). We revealed that an iodide
group can be utilized as an anchoring group for the single
molecular junction. The single molecular junction with 1,4-
diiodobenzene was compared with that with 1,4-benzendi-
amine. The metal−molecule bond was stronger with 1,4-
diiodobenzene, while the conductance was larger with 1,4-
benzendiamine. The smaller conductance value of the 1,4-
diiodobenzene was explained by the energy difference between
the conduction orbital of the molecule and the Fermi level of
the metal electrodes.
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2. EXPERIMENTAL SECTION

Conductance measurements were performed using an electro-
chemical STM (Pico-SPM, Molecular Imaging Co.) with a
Nano Scope IIIa controller (Digital Instruments Co.). Details
of the experimental design used in this study have previously
been reported by some of the present authors.17 Briefly, the
STM tip was made of a Au wire (diameter ≈ 0.25 mm, purity
>99%). The Au(111) substrate was prepared by flame
annealing, followed by quenching. The concentrations of
solutions of 1,4-dichlorobenzene, 1,4-dibromobenzene, and
1,4-diiodobenzene in tetraethyleneglycol dimethyl ether
(tetraglyme) were adjusted to 1 mM. The STM tip was
repeatedly moved in and out of contact with the substrate in
the solution at a rate of 50 nm/s at room temperature.
Conductances were measured during the breaking process with
an applied bias of 20 mV between the tip and the substrate. All
statistical data were obtained using a large number (>2000) of
individual conductance traces. The experiments were per-
formed on three distinct samples.

3. RESULTS AND DISCUSSION

Figure 1 shows typical conductance traces when the Au
contacts were broken in solutions containing 1,4-dichloroben-
zene, 1,4-dibromobenzene, and 1,4-diiodobenzene. Most of the
conductance traces showed a 1 G0 plateau, indicating the
formation of Au atomic contacts before the Au contacts were
broken (not shown in the figure).3 In a solution containing 1,4-
diiodobenzene, the conductance decreased in a stepwise fashion
(dotted lines in Figure 1c). The conductance value of the
plateau was an integer multiple of (3−4) × 10−4 G0. Most of
the steps showed a positive or negative slope, which originated
from a slight structural change in the molecular junction during
breaking of the junction. The corresponding conductance
histograms (Figure 1g,k) showed distinctive features around
(3−4) × 10−4 G0. Neither plateau nor features were observed
below (3−4) × 10−4 G0 in the conductance traces and
histograms. In the absence of halide molecules, neither plateaus
nor peaks were observed below 1 G0 in both the conductance
traces and histograms (Figure 1d,h,l). The plateau in the
conductance traces and features in the conductance histograms,
which occurred at (3−4) × 10−4 G0 and 2 × (3−4) × 10−4 G0
were (see Figure 1c,g), thus, due to the bridging of one and two
1,4-diiodobenzene molecules between the Au electrodes,
respectively. The conductance of the single 1,4-diiodobenzene
molecule junctions was determined to be 3.6 (±0.7) × 10−4 G0
by repeated measurements on three distinct samples. In
addition to the assigned integer multiple peaks of the
fundamental single molecular conductance as indicated by
arrows in Figure 1g, we can recognize faint peaks in the
conductance range form 3 × 10−4 G0 to 15 × 10−4 G0, which,
we believe, is due to multiple compressed molecular junction
formations with ill-defined metal−molecule contact config-
urations and molecular orientations before the stretching of the
molecular junctions. It should be noted here that the faint
conductance peaks above (3−4) × 10−4 G0 were not
reproducible and the peak positions varied in the three sets
of independent experiments. For a solution containing 1,4-
dichlorobenzene or 1,4-dibromobenzene, no plateaus or peaks
were observed in the conductance traces or histograms between
0.03 G0 and 5 × 10−5 G0 and the measured conductance
behavior was quite similar to that of the blank solution (Figure
1a,b,e,f,i,j).

In the conductance range below the fundamental single
molecular conductance of 3 × 10−4 G0, we identified no
preferable and reproducible conductance distribution, as shown
in linear scale conductance traces and histograms in Figure 2.
Such absence of the preferable conductance distribution can be
seen in the log-scale conductance histograms in Figure 1k (see
also Figure S2, Supporting Information).
The possible reasons for the absence of the features in the

conductance traces and conductance histograms for 1,4-
dichlorobenzene and 1,4-dibromobenzene are following: (1)
The single molecular junction was not formed. (2) The
conductance of the single molecular junction was under the
detection limit. (3) The single molecular junction did not show
a fixed conductance value. In order to clarify the origin of the
absence of the conductance features, we obtained 2D
conductance versus displacement histograms.20 Figure 3
shows the 2D conductance histograms of 1,4-dichlorobenzene,
1,4-dibromobenzene, 1,4-diiodobenzene, and blank solution.

Figure 1. Conductance traces and conductance histograms of (a, e, i)
1,4-dichlorobenzene, (b, f, j) 1,4-dibromobenzene, (c, g, k) 1,4-
diiodobenzene solution, and (d, h, l) blank. The conductance
histograms (e−h, linear scale; i−l, linear (counts) vs log (con-
ductance) scale) were obtained from 1000 conductance traces without
data selection. The linear bin size was 1 × 10−6 G0 for parts e−h. The
logarithmic bin size of Δlog(G/G0) was 0.02 for parts i−h. The arrows
in part g correspond to conductance peaks for one and two molecules
in the junctions. The peak in part k indicated by the arrow is the
fundamental single molecular conductance.
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The 2D histograms were generated by identifying the first data
point in every trace which had the conductance lower than 0.03
G0 as a relative zero distance z = 0 to overlap all individual
traces in 2D space constructed from 2331 conductance traces
without data selection. In the conductance range below 10−2

G0, the contribution of the background tunneling current is not
negligible, which appears as monotonic conductance decay
within the junction-stretch length of 0.5 nm for the 2D
histograms in the 1,4-dichlorobenzene and 1,4-dibromoben-
zene solution as with the case of the blank solution. The results
indicated that the single molecular junction was not formed in
the 1,4-dichlorobenzene and 1,4-dibromobenzene solution . In

contrast, the conductance versus displacement curves for 1,4-
diiodobenzene did not follow that for blank solution. Finite
counts were observed at the upper right side of the blank
solution. The conductance decreased from 3 × 10−4 G0 to
background level around 0.7 nm. The short plateus in the
diiodobenzene traces and the non-negligible contribution of the
background tunneling current (Figure 1c) could be one of the
main reasons for the spread and weak intensity of the single
molecular conductance of 1,4-diiodobenzene in Figure 2c. We
believe that, at the initial stage of the formation of the
molecular junctions, 1,4-diiodebanezene molecules bridge a
small gap between two metal electrodes in a tilted form with
the iodide atoms attached to the metal surface. During the
stretching process of the molecular junctions, the molecules are
forced into an upright orientation until the junctions are
broken. Stochastic breakdown events of the molecular junctions
during the stretching process lead to the short plateaus in the
conductance traces and spread intensity of the single molecular
conductance of 1,4-diiodobenzene in Figure 2c.
The distance of 0.7 nm was close to the distances between

the iodide atoms on the opposite sides of the 1,4-
diiodobenzene molecule, supporting that the 1,4-diiodobenzene
molecule bridged between Au electrodes with its molecular
long axis parallel to the junction axis, and excludes the
possibility of the dissociation of the 1,4-diiodobenzene
molecule.21 The dissociation of the 1,4-diiodobenzene molecule
could produce smaller molecules (cf. benzene, iodide), which
could not bridge the 0.7 nm gap. Our X-ray photoelectron
spectroscopy (XPS) results supported that 1,4-dichlorobenzene
and 1,4-dibromobenzene did not adsorb on Au electrodes,
while 1,4-diiodobenzene adsorbed on the Au electrode (see
Figure S1, Supporting Information).
The preferential bridging of 1,4-diiodobenzene between the

Au electrode could be explained by the higher ability of iodide
groups to form halogen bonding, which is a non-covalent
interaction electron acceptor of halogen and electron donor
(i.e., Au in this study). Recently, Blakey et al. have investigated
the particularly strong halogen bonding between iodoperfluoro
benzene compounds and gold nanoparticles.22 The XPS results
demonstrated that the aryl iodide molecules such as
diiodobenzene and fluorinated diiodobenzene bound to gold
nanoparticles via iodine atoms. It has been reported that
halogen bonding is stronger, as the halogen is more
polarizable.23 Since polarizability increases from fluorine to
iodine, the halogen-binding ability becomes higher in the order
Cl < Br < I.23 The polarizability of chlorobenzene,
bromobenzene, and iodobenzene is 11.8, 12.9, 15.2 × 10−24

cm3, respectively.24

The present study revealed that the iodide group can be
utilized as an anchoring group for the single molecular junction.
We then compared the performance of the iodide and amino
groups as anchoring groups for the single molecular junction.
The conductance behavior of the single 1,4-benzenediamine
molecular junction was investigated under the same exper-
imental condition. The conductance of the single 1,4-
benzenediamine junction was determined to be ca. 1 × 10−2

G0 (see the Supporting Information), which agreed with the
previously reported value8 and was larger than that of the 1,4-
diiodobenzene junction. The strength of the molecule−metal
bond was investigated by statistical analysis of the conductance
traces. Since the last plateau corresponds to a single molecular
junction, the length of the last plateau is the distance over
which the single molecular junction can be stretched before

Figure 2. Conductance traces and conductance histograms of (a, e)
1,4-dichlorobenzene, (b, f) 1,4-dibromobenzene, (c, g) 1,4-diiodo-
benzene solution, and (d, h) blank. The conductance histograms were
obtained from 1000 conductance traces without data selection. Below
the fundamental single molecular conductance of 3 × 10−4 G0, there
are no preferable conductance distributions.

Figure 3. 2D conductance histograms of (a) 1,4-dichlorobenzene, (b)
1,4-dibromobenzene, (c) 1,4-diiodobenzene, and (d) blank solution.
The 2D conductance histograms were obtained from the 2331 traces.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp404858x | J. Phys. Chem. C 2013, 117, 24277−2428224279



breakdown (breakdown distance). The breakdown distances
depend on the strength of the molecule−metal bond, molecular
size, and mobility of the surface atoms on the electrodes.6,21,25

The molecular size and the mobility of the surface atoms on the
electrodes for the single 1,4-diiodobenzene molecular junction
were close to that for 1,4-benzenediamine. The breakdown
distances, thus, reflected the strength of the molecule−metal
bond when we compared the breakdown distance for the single
1,4-diiodobenzene and 1,4-benzenediamine molecular junc-
tions. The breakdown distance was defined as the distance
between the points (set points) at which the conductance
dropped below 4.3 × 10−4 G0 and 2.9 × 10−4 G0 for the 1,4-
diiodobenzene (see the Supporting Information in detail). The
set points were 1.3 × 10−2 G0 and 0.7 × 10−2 G0 for the 1,4-
benzenediamine. Figure 4 shows the distribution of the

breakdown distances for the single 1,4-diiodobenzene and
1,4-benzenediamine molecular junctions. The histograms were
obtained from the 2331 traces. The average lengths were 0.05
(±0.01) and 0.03 (±0.01) nm for the single 1,4-diiodobenzene
and 1,4-benzenediamine molecular junctions, respectively. The
longer breakdown distance for the single 1,4-diiodobenzene
molecular junction indicated that the Au−I bond was stronger
than the Au−NH2 bond. The previously reported study for 1,4-
benzenedithiol showed that the breakdown distance was 0.09
nm, which was longer than that for 1,4-diiodobenzene.26 In the
case of the single 1,4-benzenedithiol molecular junction, not
the Au−S but the Au−Au bond breaks. Therefore, the Au−S
bond was much stronger than the Au−I bond.
Here we comment on the difference in the observed

conductance values between the single 1,4-benzenediamine
and 1,4-diiodobenzene molecular junctions. In general, at the
low bias tunneling regime, conductance of single molecule
junctions is dependent on (i) alignment of the closest frontier
molecular orbitals relative to the Fermi energy level of the
electrodes and (ii) electronic coupling between the molecules
and the metal electrodes. A smaller difference in the frontier
molecular orbital and the Fermi level and stronger electronic
coupling lead to higher conductance. The net effect of these
two factors determines the conductance across the junction.27

For weakly coupled molecule−metal systems, the frontier

molecular orbitals are not significantly altered by coupling to
the surface.28 Previous ultraviolet photoemission spectroscopy
(UPS) studies on a variety of π-conjugated molecules adsorbed
on Au have revealed that the change in the work function of the
Au surface was 0.2−1 eV. The shift of the work function (i.e.,
change in molecular orbital levels) is due to electronic
polarization at the molecule−metal interface, which is modeled
by the image charge effect, charge transfer effect, etc.29 In a
similar fashion, the frontier orbital levels of 1,4-benzenediamine
and 1,4-diiodobenzene can be shifted from the original upon
relatively weak non-covalent bonding (i.e., donor−acceptor
bonding) with Au electrodes. In the non-interacting limit, on
the basis of the calculated ionization potential value (6.5 eV)
that is close to the experimental value (6.9 eV),30 the
experimental Au work function value (5.1 eV),31 and calculated
HOMO−LUMO gap values (5.0 eV, see the Supporting
Information), HOMO and LUMO levels relative to the Fermi
level of Au are calculated to be −1.4 and +3.6 eV for 1,4-
benzenediamine. In a similar manner, HOMO and LUMO
levels are calculated to be −3.2 and +1.9 eV for 1,4-
diiodobenzene where the ionization potential, Au work
function, and calculated HOMO−LUMO gap are 8.3 eV,
which is close to the experimental value (8.6 eV),32 5.1 eV,31

and 5.1 eV (see the Supporting Information), respectively. By
neglecting the small shift of the molecular orbitals due to the
polarization effect,29 the frontier orbital closest to the Fermi
level is most likely to be the HOMO and LUMO level for 1,4-
benzendiamine and 1,4-diiodobenzene, respectively. The larger
energy difference between the frontier orbital level and the Au
Fermi level for 1,4-diiodobenzene (i.e., +1.9 eV at the non-
interacting limit) than that for 1,4-benzenediamine (i.e., −1.4
eV) could explain the observed lower conductance values of
1,4-diiodobenzene. It should be noted here that Venkataraman
and co-workers have reported in a recent UPS/XPS study of
1,4-benzenediamine on a Au surface that the HOMO level is
located at 1.4−1.8 eV below the Au Fermi level,28 suggesting
that the frontier molecular orbitals are not significantly altered
by coupling to the surface for the weakly coupled molecule−Au
system.
As described above, stronger electronic coupling leads to

higher conductance. Besides the electronic coupling, the
binding strength of the anchoring group to metal electrodes
has been reported to correlate well with the conductance of the
molecular junctions.15,33 The anchoring group of a molecule is
expected to affect the electronic coupling between the molecule
and the electrode and thus the contact resistance.15 Chen et al.
have demonstrated that stronger binding gives a lower contact
resistance by investigating the conductance of single molecules
using alkanes terminated with dithiol, diamine, and dicarbox-
ylic-acid groups.23 We have also found the correlation between
the binding strength of the anchoring groups and the
conductance for 1.4-disubstituted benzene bounded to metal
electrodes such as Pt and Au,26 in which the breakdown
distances of the molecular junctions (i.e., binding strength)
were largely associated with the single molecular conductance.
Such correlation between the breakdown distance and the
conductance was not evident for the 1,4-diiodobenzene−Au
and 1,4-benzenediamine−Au junctions studied here. At the
current stage, we believe that the lower charge transport
property of the 1,4-diiodobenzene−Au junctions comes from
the significant disadvantage in the energy level alignment
between the molecular frontier orbital level and the Fermi level
of the 1,4-diiodobenzene−Au junctions.

Figure 4. The distribution of breakdown distances for the 1,4-
diiodobenzene (red) and 1,4-benzenediamine (blue) molecular
junctions obtained by 2331 conductance traces. The inset shows the
typical conductance trace for the 1,4-benzenediamine molecular
junction. The break distance is shown by the arrow.
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4. CONCLUSIONS
In summary, we demonstrate that 1,4-diiodobenzene bridges
the gap between two Au electrodes to form the single molecular
junctions via particularly strong halogen bonding between
iodide and gold. The strength of the gold−molecule bonds and
the single molecular conductance value of 1,4-diiodobenzene
junctions were compared with those of 1,4-benzenediamine
junctions. The single molecular junctions of 1,4-diiodobenzene
exhibited stronger gold−molecule bonding but a lower
conductance value than those of 1,4-benzenediamine. Accord-
ing to the single level tunneling model, a smaller difference
between the conduction orbital and Fermi level as well as the
stronger binding gives higher conductance. The observed
smaller single molecular conductance value of the 1,4-
diiodobenzene can be ascribed to the dominant effect of the
relative alignment of the conduction orbital and Fermi level of
the Au electrodes. The conduction orbital of 1,4-benzenedi-
amine is expected to be closer to the Fermi level than that of
1,4-diiodobenzene. In principle, not only the conduction orbital
level but also the strength of the halogen bond (i.e., Lewis
acidity of the halogen bonding donor) can be controlled by
introducing electron donating/withdrawing functional groups
into the aryl moiety. Despite the observed relatively smaller
conductance value, synthetically easy accessibility of the iodide
anchoring group could provide an alternative design for
constructing single molecular junctions.
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