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Abstract: The realization of molecular-scale electronic devices will require the development of novel
strategies for controlling electrical properties of metal|molecule|metal junctions, down to the single
molecule level. Here, we show that it is possible to exert chemical control over the formation of
metal|molecule...molecule|metal junctions in which the molecules interact by π-stacking. The tip of an
STM is used to form one contact, and the substrate the other; the molecules are conjugated
oligophenyleneethynylenes (OPEs). Supramolecular π-π interactions allow current to flow through
the junction, but not if bulky tert-butyl substituents on the phenyl rings prevent such interactions. For
the first time, we find evidence that π-stacked junctions can form even for OPEs with two thiol contacts.
Furthermore, we find evidence for metal|molecule|metal junctions involving oligophenyleneethynylene
monothiols, in which the second contact must be formed by the interaction of the π-electrons of the
terminal phenyl ring with the metal surface.

Introduction

The feat of trapping single molecules within contact junctions
can be achieved through a number of techniques which utilize
scanning probe microscopes,1-6 break junctions,7-13 litho-

graphically defined nanogaps,3,14 or chemical synthesis of
nanoscale structures bridged by target molecules.15 The mol-
ecules investigated have increased in sophistication lately, to
encompass “longer” molecular bridges of organic or metal-
organic oligomers,6,16-21 supramolecular interactions such as
double-stranded DNA,22-26 noncovalent bonding of individual† Department of Chemistry, University of Liverpool.
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base pairs across metallic gaps,27 and the interaction of aromatic
molecules via π-stacking.18 Understanding and controlling
intermolecular interactions is an important step toward using
individual molecules or supramolecular assemblies as building
blocks for electronic devices. Wu et al. recently made the
landmark discovery of the formation of electrical junctions
through π-stacking of adjacent molecules in mechanically
formed break junctions.18 They reported conductance data for
pairs of oligophenyleneethynylene (OPE) molecular “rods”
interacting through π-π interactions to bridge nanoscale gaps
between gold electrical contacts. In OPE molecules with thiol
groups at both ends (S-OPE-S), the molecular bridges featured
Au-S chemisorption at both contacts with a single clear
conductance histogram peak attributed to single Au|S-OPE-S|Au
junctions. Using analogous molecules with a single thiol
terminus (S-OPE) led to replacement of this histogram peak by
another peak of considerably lower conductance.18 This was
attributed to a pair of S-OPE molecules, adsorbed at the
adjacent gold contacts and interacting by π-stacking, resulting
in a correspondingly longer bridge length and lower conduc-
tance. Furthermore, they showed that formation of these bridges
was efficient for OPEs with three phenylene groups but
markedly less defined for OPEs with two phenylene groups.18

This demonstrates that a sufficient footprint of overlap is
necessary for effective π-stacking.

In this manuscript, we address the formation of junctions
using molecules (Chart 1) in which the ability to π-stack is
chemically controlled through the use of bulky side groups that
prevent efficient intermolecular overlap. This approach aids in
the assignment of histogram features to π-stacking. We further
demonstrate the competitive formation of both π-stacked
junctions and “conventional” single Au|S-OPE-S|Au junctions

for S-OPE-S molecules. The latter observation demonstrates
that care is needed when assigning conductance histogram
features. To aid in the attribution of conductance histogram
peaks to these different junction types, we have used measure-
ments of the statistical distribution of break-off distances (the
distance at which junctions are pulled apart during repeated STM
retraction experiments). Our measurements have also allowed
us to assign a previously uncharacterized conductance histogram
feature to a new type of single molecule junction configuration
in which the phenyl end of an OPE monothiol (S-OPE) is
directly contacted to gold. DFT and transport computations give
further insights into electronic transmission through these novel
structures.

Experimental and Theoretical Methods

Synthesis. Molecule 1 was available from an earlier study,28

and 2, 4, and 5 were synthesized and characterized as described in
the Supporting Information.

Conductance Measurements. An Agilent STM running Picos-
can 4.19 Software was used for all single molecule conductance
measurements which were performed at room temperature in air.
Molecular adlayers were formed on Au(111) substrates. These
substrates were formed from commercially available gold on glass
samples with a chromium adhesive layer (Arrandee) which were
flame annealed immediately prior to use. Flame annealing involved
heating the gold slide until it took on a slight orange hue. It was
then kept in this state for approximately 30 s-1 min, but care was
taken to ensure that the sample did not overheat. Molecular
adsorption was achieved by immersing the electrode for 30 s in 5
× 10-5 M THF solutions. The sample was then rinsed in ethanol
and gently blown dry in a stream of nitrogen gas. Gold STM tips
were fabricated from 0.25 mm Au wire (99.99%) which was freshly
electrochemically etched for each experiment at +2.4 V in a mixture
of ethanol (50%) and HCl (50%).

Electrical measurements were performed using an STM and the
I(s) method, described in detail previously.4,17,28,29 In brief, this
method involves the repeated formation and cleavage of molecular
bridges generally formed between gold contacts (a Au STM tip
and a Au substrate). In the I(s) technique the electrical conductance
of the junction is measured as the molecule is fully extended in
the gap between STM-tip and substrate as the tip is rapidly retracted.
Current steps are seen in the retraction process which are taken to
be characteristic of the cleavage of Au|molecule(s)|Au electrical
junctions.4 The height of these current steps is repeatedly measured,
and the resulting current step heights are then plotted in a
conductance histogram. In this work we have performed I(s) scans
from the position defined by the set-point values of tunneling current
(I0) and tunneling voltage (Ut) to a distance of +2.5 nm with a
scan rate of 25 nm s-1. Since the histogram peaks span a relatively
wide range, to optimize observation we have recorded data using
both low and high current preamplifiers (see Results and Discussion
and Supporting Information). The voltage to length conversion
factor of the STM was calibrated using images of Au(111)
monatomic steps (0.235 nm height) while the low and high current
preamplifiers were calibrated using resistors.

Conductance histograms were constructed from the current-
distance curves by adding all the current data from ∼450 I(s) curves
showing discernible plateaus. Typically, in a data collection series
for a given target molecule more than 5500 I(s) scans were recorded.
Since only a fraction of the I(s) scans resulted in Au|molecule|Au
electrical junction formation, curves not symptomatic of junction
formation, including those with an exponential decay characteristic
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Chart 1. Compounds Featured in This Work (1, 2, 4, and 5) and
That of Haiss et al.28 (1) and Wu et al.18 (3 and 6) (Acetyl
Protecting Groups on the Sulfur Atoms Have Been Omitted for
Clarity)
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of tunneling, were rejected from histogram analysis. The probability
of forming molecular junctions is lower with the I(s) technique
than the in situ BJ technique, since the former avoids metallic
contact between the tip and substrate; a comparative study had
indicated that avoiding tip-surface metallic contact promotes
observation of the lower conductance group.30 Conductance
histograms are presented in units of the conductance quantum G0

) 2e2/h ) 77.4 µS and errors are evaluated by fitting histogram
peaks with Gaussian curves.

In this study, the determination of “break-off distance” is
important in the assignment of histogram peaks.17,28–30 “Break-
off distance” refers to the estimated separation at which the
molecular junction cleaves during an I(s) retraction experiment.
Cleavage is either at the Au-molecule contact or between the
contact surface atoms themselves (Au-Au bonds).31,32 By calibrat-
ing the tip-to-sample distance an assessment of the break-off
distance can be made which can help to distinguish π-stacked
junctions from other junction configurations. Full details are given
in the Supporting Information.

Theoretical Methods. The electronic and transport properties
of the molecules in Chart 1 contacted between gold leads were
calculated with the ab initio transport code SMEAGOL.33 This
method uses the Hamiltonian provided by the density functional
theory code SIESTA34 to obtain the zero bias electron transmission
coefficients. To begin with, the relaxed geometry of the molecule
was calculated; here we used a double-� polarized basis set, an
energy cutoff of 150 Ry to define the real space grid, and the local
density approximation35 to calculate exchange and correlation
energy. The molecular coordinates were relaxed until all forces were
<0.02 eV /Å. For the conductance calculations, the molecules were
extended between Au(111) leads; nine atoms per layer were used,
and six layers of gold were enough to converge the transmission.
To model the asymmetry of the STM junction, a flat surface was
used for the bottom electrode contact and a pyramid of gold atoms
for the top electrode (e.g., Figure 3), with the terminal thiol binding
to the tip atom. For the junctions containing two molecules, we
calculated the optimal “stacking” geometry by minimizing the
ground state energy by varying the overlap length X and the
separation distance D (Figure 5; more details of the theoretical
approach can be found in the Supporting Information).

Results and Discussion

Molecules employed in, or of relevance to, this study are
shown in Chart 1. Compound 1 is the “reference” compound
for our current investigation. It featured previously in a
publication by Haiss et al.28 and was characterized as having a
conductance of 2 nS when untilted in a contact junction with
gold leads. Compound 2 has bulky tert-butyl substituents,
designed to prevent π-stacking. Compound 3 is analogous to 1
and was studied by Wu et al.18 Compounds 4-6 have a single
thiol contact. In the seminal study by Wu et al.,18 it was found
that molecules with two contacting groups such as 3 formed
single molecule junctions with chemisorption at both gold
contacts, whereas monothiols such as 6 formed junctions in
which the metal contacts were bridged by two π-stacked
molecules.

In this study, we analyze conductance data for compounds
1, 2, 4, and 5. The molecules have been chosen to aid the
assignment of multiple peaks occurring in conductance histo-
grams to differing junction configurations. The monothiolated
derivatives (4 and 5) are chosen to exclude the formation of
Au|S-OPE-S|Au single molecule junctions, while the sterically
hindered derivatives (2 and 5) are chosen to impede π-stacking.
This, together with statistical analysis of the distance at which
junctions cleave, aids in the assignment of the measured
conductance histograms. In what follows, we use the I(s) method
for conductance determination.4,17,28,29 In this method, a Au
STM tip is brought close to a Au(111) surface controlled by
the set-point current I0, on which is adsorbed a low (submono-
layer) coverage of the target molecules. The feedback loop is
switched off and the tip is withdrawn while the tunneling current
is measured. The current-vertical distance I(s) curves are then
analyzed statistically via histogram plots to determine the
electrical properties of the molecular junctions. This method
has the advantage that it is possible, by careful calibration, to
measure simultaneously both the tunneling current I and the
tip height at which the junction breaks down (either by Au-S
or by Au-Au bond cleavage) which we label sbreak-off (see the
Method section and the Supporting Information for full details).

Figure 1 shows the conductance histograms for compounds
1, 2, 4, and 5. The left panel shows data recorded with the low
current amplifier and low set-point current (I0) values (I0 ) 5
nA and Ut ) 0.6 V). The right panel shows data recorded with
a high current (lower sensitivity) amplifier at higher set-point
currents (I0 ) 60 nA and Ut ) 0.6 V). The choice of low or
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Figure 1. Conductance histograms for compounds 4, 1, 5, 2 recorded at
low set-point current (5 nA, left panel), using a low current amplifier, and
high set-point current (60 nA, right panel), using a high current amplifier,
respectively. Conductance data are presented in units of the conductance
quantum G0 ) 2e2/h ) 77.4 µS. Ut ) 0.6 V.
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high current amplifiers enables the observation of either lower
or higher conductance peaks. In particular, the choice of low
current amplifier and low set-point currents effectively restricts
observation to events (current jumps in I(s) curves) at the low
conductance range (<4 × 10-5 G0). This choice of low current
amplifier and low set-point current could be viewed, by way of
an analogy, as low pass filtering of the data, since it restricts
observations to low-current events at high sensitivity. The high
current amplifier used at higher set-point currents, on the other
hand, can be viewed as high pass removal of the low current
events that are “lost” in the background appearing near the
ordinate. By using this combination of low and high current
amplifiers a greater range of conductance histogram peaks can
be measured with high sensitivity.

Guide lines are provided in Figure 1 to highlight common
features between histograms. Starting with the low current
amplifier data, the compounds without the sterically blocking
tert-butyl substituents (1 and 4) feature a peak labeled π-1 which
is attributed to the formation of Au|molecule...molecule|Au
junctions in which the molecules π-stack (vide infra). The
histogram of 4 shows a shoulder on this peak (labeled π-2;
although π-2 is not clearly apparent for 1 where its appearance
may be masked by an adjacent higher conductance and more
intense peak marked A). Note that these π -peaks do not appear
for compounds 2 and 5, which have the sterically blocking tert-
butyl substituents. This leads to the conclusion that the π-peaks
do indeed arise from π-stacking, in agreement with the previous
recognition of π-stacking in OPE derivatives by Wu et al.18

However, a glance at our overall conductance histogram data
shows marked differences as well, in that we observe for certain
derivatives the resolution of multiple distinctive conductance
peaks.

In the low current amplifier data for 1 (Figure 1, left panel),
a peak marked A at higher conductance values than the π-peak
is seen. This peak is not apparent for compounds 4 and 5, the
monothiol analogues, but it is also present for the other dithiol
analogue 2. This leads us to attribute the A peak to Au|S-
OPE-S|Au single molecule junctions with chemisorbed Au-S
contacts at both ends of the molecular bridge. We show later
in the text that the break-off distance for these A features is
consistent with the expected length of a Au|S-OPE-S|Au
junction, while the π-peaks feature considerably longer break-
off lengths. Histograms for 5 (monothiol and tert-butyl groups)
feature neither A nor π-peaks, while histograms for 2 feature
only A peaks.

We now turn to the high current amplifier data (Figure 1,
right panel). Two histogram peaks are observed in this range,
and these are marked with the dashed guidelines as “T” and
“B”, respectively. Peak B appears only for the dithiolated
analogues (1 and 2) and is assigned, like the A peaks, to
Au|S-OPE-S|Au single molecule junctions, albeit with a higher
conductance than the A peaks. Molecules 4 and 5 will not be
able to form such Au|S-OPE-S|Au junctions, since they are
monothiols, and this is consistent with the absence of both A
and B peaks for these molecules. It has been previously shown
that Au|S-backbone-S|Au junctions exhibit different conduc-
tance groups which have been related to different adsorption
geometries/conformations of the sulfur chemisorbed at the gold
contacts.5,30,36-38 It appears likely that a similar phenomenon

is occurring here for the OPE derivatives. However, what is
surprising is the appearance of an additional peak labeled “T”
for the two monothiol compounds (4 and 5). Break-off distance
data (vide infra: Figure 2) show this peak to be consistent with
junctions of a single molecule length (rather than π-stacked
junctions). However, since both 4 and 5 are monothiols, we
infer that this peak arises from the end phenyl group making
direct physical contact with a gold lead and forming one end
of the electrical junction. Such junctions have not been identified
clearly at the single molecule level before, but contacts of this
nature could be formed in larger area junctions in which
monothiols are sandwiched between a pair of closely spaced
metal contacts.39-43 The direct interaction of benzene with
platinum contacts in an STM configuration has also been
reported by Kiguchi et al., with the formation of Pt|benzene|Pt
junctions (benzene sandwiched “face-on” between two Pt leads)
with high conductance.44

In the discussion above, break-off distance determinations
have been referred to as an aid to peak assignment. This
important information is not available from the MCBJ experi-
ments of Wu et al.18 and is an added advantage of using the
I(s) technique to study these systems. These are now discussed
in more detail (see Supporting Information to obtain more
information about the determination of sbreak-off histograms).
Figure 2 shows break-off distance histograms for 4 that feature
the π and T group conductance peaks. The π-peak is character-
ized by a break-off distance of 2.9 ( 0.3 nm, which is
considerably longer than a fully extended junction containing
a single 4 molecule (2.19 nm), while the T-peak has a much
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nology 2002, 13, 5–14.
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Figure 2. Break-off distance histograms for 4 (top) and 1 (bottom), for
the T and π-1 peaks (compound 4), and for the A, B and π-1 peaks
(compound 1).
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shorter break-off distance of 2.1 ( 0.1 nm, consistent with a
single molecule length junction. Errors are based on the full
width at half height of Gaussian curves fitted to the histogram
distribution of break-off distances. Break-off distance histograms
for 1 are also shown in Figure 2 (bottom panel). Similar to 4,
the π-peak is characterized by a “long” break-off distance of
2.8 ( 0.1 nm. The A and B peaks, however, occur at
considerably shorter break-off distances of 2.3 ( 0.1 and 2.0
( 0.1 nm, respectively, consistent with single molecule junc-
tions. The difference in break-off distances between the A and
B peaks may arise from different surface binding sites and thiol
headgroup(s) sitting in step or defect sites to give a closer
Au...Au effective contact spacing for the B group. Such a
phenomenon has been noted before and discussed in detail, for
both thiol and pyridyl contacting groups.17,30 Table 1 sum-
marizes the experimental data and peak assignments.

To test the experimental assignments and to provide further
insight into junction configurations involving π-stacking or
direct contact of the phenyl group and a gold contact, theoretical
calculations on these systems have been performed using a
combination of DFT and nonequilibrium Green’s functions
formalisms. Figure 3 shows illustrative configurations considered
for 1 (Figure 3a) and 4 (Figure 3b) between gold contacts. In

addition to the configuration shown in Figure 3a, we have also
considered configurations in which the thiol binds at one contact
to a higher coordination “step”-type site (see Supporting
Information). Figure 3b shows 4 binding to the upper contact
through a thiol and to the lower contact through a phenyl ring
in a face-on configuration to a gold adatom, representative of a
high coordination site. We have also considered phenyl group
coordination to the surface end-on through the terminal hydrogen
(Figure 6, right). Figure 3c shows an optimized aromatic
stacking configuration for 4.

Table 1 presents a summary of the theoretically computed
and the experimentally determined conductance values. Column
6 shows the unadjusted DFT calculations, while the next column
along shows computations which have been adjusted using a
self-energy and a screening energy correction, following
the procedure of Quek et al.45 It should be noted that, even in
the absence of these corrections, the calculations reproduce the
experimentally observed trend for the different conductance
peaks, although in some instances the theoretical values are

(45) Quek, S. Y.; Kamenetska, M.; Steigerwald, M. L.; Choi, H. J.; Louie,
S. G.; Hybertsen, M. S.; Neaton, J. B.; Venkataraman, L. Nat.
Nanotechnol. 2009, 4, 230–234.

Table 1. Tabulated Experimental and Theoretical Data for Compounds 4, 1, 2, and 5a

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 Column 8

Molecule Peaks

Expt
Conductance/

10-5 G0

Sbreak off/
nm

Molecular
length
/nm

(theoretical
gold...gold
separation)

Unadjusted
Theoretical

Conductance/
10-5 G0

Adjusted
Theoretical

Conductance/
10-5 G0

Adjusted
Theoretical

Conductance/
Experimental
Conductance

4 π-1 0.61 ( 0.11 2.92 ( 0.26 2.84 3.31 0.37 0.6
π-2 1.19 ( 0.20 2.65 ( 0.18 s s s s
T 4.86 ( 1.63 2.10 ( 0.12 2.19 45.7 13.5 2.8

1 π-1 0.57 ( 0.14 2.82 ( 0.10 2.82 3.96 0.41 0.7
A 2.02 ( 0.18 2.26 ( 0.09 2.51 18 2.41 1.2
B 10.68 ( 2.25 2.02 ( 0.14 2.27 119.0 6.12 0.6

2 A 1.98 ( 0.42 2.18 ( 0.14 2.51 20.7 2.3 1.2
B 10.56 ( 2.82 1.91 ( 0.16 2.26 126.0 6.45 0.6

5 π-1 s s (3.62) 0.003 0.005 s
T 3.79 ( 0.12 1.94 ( 0.18 2.20 66.4 32.4 8.5

a Column 2: conductance peak label (see text for a description). Column 3: conductance measured from experimental histograms. Column 4:
experimentally measured break-off distance from calibrated break-off distance measurements. Column 5: the theoretical Au...Au contact separation for
the molecule(s) extended in the junction for this configuration. Column 6: The unadjusted theoretically computed conductance. Column 7: the adjusted
theoretically computed conductance (see text). Column 8: The ratio of column 7 (adjusted theoretical values) to column 3 (experimental values).

Figure 3. Models of the considered junction configurations for the A peak of compound 1 (a), the T peak of compound 4 (b), and the π-1 peak of
compound 4 (c).
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significantly greater than the experimental values. The “semi-
empirical” correction40 improves the quantitative fit. In the
following, we present the ab initio generated transmission curves
that give rise to the “unadjusted” conductance values (Table
1), and finally mention the corrected conductance for which the
quantitative fit is improved.

Figure S7 in the Supporting Information shows transmission
curves for 1 binding through the thiol end groups to single gold
surface atoms at both contacts. The resonance closest to the
Fermi level corresponds to a HOMO feature, indicating that
HOMO mediated hole transport is likely to dominate the
transport behavior. The ab initio conductance at the Fermi level
is (18 × 10-5)G0 which is ∼1 order of magnitude higher than
the experimental value (2 × 10-5)G0. Figure 4 presents
transmission curves for the π-stacking geometry of 4 (black
curve) and 5 (blue curve). The transmission at the Fermi level

is more than 3 orders of magnitude lower for compound 5 which
has the tert-butyl substituents. Figure 5 shows the optimized
(energy minimized) stacking geometries used for 4, which is
characterized by two parameters; “X” represents the total
horizontal distance over which the molecules overlap, while “D”
represents their optimum vertical separation. For 4, we find X
) 1.7 nm and D ) 0.34 nm. Note that, in the optimized
geometry, π-stacking does not involve face-to-face stacking of
the phenyl rings; rather, it involves a staggered configuration
of the rings, with the phenyl ring of one molecule facing an
acetylene linker in the adjacent molecule. In the case of 5 (see
Supporting Information), aromatic stacking involves only one
phenyl ring and a single acetylene linker on either molecule
(X ) 0.8 nm) and the two molecules are further apart (D )
0.40 nm). In the X-ray crystal structure of 5, D ) 0.39 nm
(Figure S4). The marked differences between the D and X

Figure 4. Transport calculations for the π-stacking configurations of compounds 5 (blue curve and model on left) and 4 (black curve and model on right).
Notice how the bulky tert-butyl groups impede the stacking of 5 (left) and consequently produce a very marked decrease in the transmission at E ) EF. On
the other hand, there is good stacking overlap for compound 4 (right).

Figure 5. Top: the optimized stacking configuration for 4. The energy minimized values for X and D are 1.7 and 0.34 nm, respectively. Bottom: variation
of the junction conductance as a function of parameter X (left) and D (right).
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parameters for 4 (Figure 5, top) and 5 (see Supporting
Information, Figure S6) are the main cause of the large
differences in the computed conductance values.

Figure 5 shows how the conductance (i.e., the transmission
coefficient T(EF)) of 4 varies as the parameters X and D are
changed. The conductance decreases monotonically as D is
increased (Figure 5, lower right). The conductance also increases
as X is increased from 0 to 2 nm (Figure 5, lower left), although
there are peaks and troughs indicating that the theoretically
computed junction conductance is very sensitive to variations
in X at the sub-angstrom level. Lin et al.46 have also theoretically
investigated π-stacked OPE junctions with semi-infinite gold
leads. They concluded that the experimental transport charac-
teristics of the π-stacked OPE junctions18 could be accounted
for with D ) 0.30 nm,46 close to our computed value of 0.34
nm for 4. However, their preferred geometry involved a cofacial
stacking arrangement.46 This seems rather unlikely given what
is generally known about π-stacking.47

Both our experimental and theoretical data agree with the
observation of Wu et al.18 that aromatic coupling is strong
enough to allow junction formation and that these junctions are
sufficiently electronically transmissive to allow observation in
MCBJ or STM configurations. However, our study also shows
that there is a competitive formation of differing junction types
which can be seen and characterized in the STM based I(s)
method, in particular the “T” peak seen for 4 and 5 which has
a short sbreak-off (Figure 2) which we thus assign to the end phenyl
group contacting with gold to form a molecular bridge which
breaks off at the distance consistent with a single molecule
length. We have performed DFT computations to further test
this experimental assignment. Figure 6 presents transmission
curves for 4 with the phenyl group in a “step” contact position
or with the phenyl H end-on to the gold contact (see figure for
illustration). The former geometry gives a transmission at the
Fermi level >1 order of magnitude higher than the latter. This
demonstrates that phenyl group contacts in high coordination
sites can yield highly transmissive systems. These sites are
exemplified by the adatom geometry in Figure 6 (left), but

adsorption could instead be at a step edge or to a pyramidal
tip; we propose that it is sites of this kind, with face-on
interaction of the phenyl ring and a Au contact, which give rise
to the T peak in the high conductance histogram data. The
conductance values summarized in Table 1 show both experi-
mentally and theoretically that the T group is of higher
conductance than the π-stacking configurations. Calculations
of adsorption energies for candidate phenyl-gold contact
geometries support the likelihood of the step-contact geometry
(for the H end-on to gold configuration we find an adsorption
energy value of 0.302 eV for a distance of 2.0 Å above a gold
atom). By contrast, for a “step contact” (phenyl ring face-on to
the gold adatom contact) a value of 0.86 eV is obtained, where
the phenyl ring is 2.4 Å away from the gold adatom. By
comparison the gold-thiol adsorption energy is larger with a
value of 1.67 eV, which is in reasonable agreement with the
expected binding strength.48 Although there are reported issues
concerning the reliability of DFT computations for the adsorp-
tion energy of benzene on gold,49 the value we estimate for the
phenyl-gold adatom adsorption (0.86 eV) is sufficiently high
compared to kT (0.026 eV) to merit consideration for our room
temperature measurements. We should also add that increasing
the microscopic structure of the contact (e.g., a pyramid of Au
atoms rather than the single gold atom in Figure 6, left) may
for certain configurations enhance the adsorption “footprint” of
the phenyl group and its corresponding adsorption energy. There
are other indications in the literature that phenyl groups
(benzene) can interact strongly enough with gold to exhibit room
temperature surface adsorption, notably the temperature pro-
grammed desorption recorded by Nakazawa and Somorjai of
benzene on gold.50

Conductance values after adjustment using the procedure of
Quek et al.45,51 are presented in Table 1. This shifts the HOMO
resonance further from the Fermi level and reduces the
conductances, giving better agreement with the measured values.

(46) Lin, L. L.; Leng, J. C.; Song, X. N.; Li, Z. L.; Luo, Y.; Wang, C. K.
J. Phys. Chem. C 2009, 113, 14474–14477.

(47) Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112, 5525–
5534.

(48) Ulman, A. Chem. ReV. 1996, 96, 1533–1554.
(49) Bilic, A.; Reimers, J. R.; Hush, N. S.; Hoft, R. C.; Ford, M. J. J. Chem.

Theory Comput. 2006, 2, 1093–1105.
(50) Nakazawa, M.; Somorjai, G. A. Appl. Surf. Sci. 1993, 68, 517–537.
(51) Quek, S. Y.; Venkataraman, L.; Choi, H. J.; Loule, S. G.; Hybertsen,

M. S.; Neaton, J. B. Nano Lett. 2007, 7, 3477–3482.

Figure 6. Transport calculations for the proposed “T” configuration of compound 4 with the phenyl group coordinating with the lower contact face-on
through the end phenyl group to a gold adatom (blue curve and model on left) or end-on to a flat surface (black curve and model on right). Notice how the
favored face-on configuration produces a much higher transmission at E ) EF. We refer to the face-on contact of the phenyl group to the Au adatom as a
“step” position since it is our model for a step or similar defect site on the surface. Other coordination possibilities are considered in the Supporting Information.
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The slightly poorer agreement for the phenyl contacts is probably
due to greater uncertainty in the precise geometry of this contact.

Conclusions

We have shown that the ability of π-conjugated molecular
wires to form noncovalent aromatically coupled electrical
junctions can be controlled through the use of chemical
modifications. These chemical modifications can in turn be used
to distinguish the nature of the junctions formed and to identify
differing conductance peaks in histograms, particularly when
used together with measurements of the junction extension at
break-off and supporting DFT computations. The use of
supramolecular interactions, such as aromatic coupling, is a key
long-term goal of molecular electronics. Molecular conductance
measurements using STM break junction techniques can help
to identify such interactions, although they also identify the
diverse range of different junction configurations with widely
different conductance values which can occur for any given
molecular system.
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