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Orientation-Controlled Single-Molecule Junctions**

Sepideh Afsari, Zhihai Li, and Eric Borguet*

Abstract: The conductivity of a single aromatic ring, perpen-
dicular to its plane, is determined using a new strategy under
ambient conditions and at room temperature by a combination
of molecular assembly, scanning tunneling microscopy (STM)
imaging, and STM break junction (STM-BJ) techniques. The
construction of such molecular junctions exploits the forma-
tion of highly ordered structures of flat-oriented mesitylene
molecules on Au(111) to enable direct tip/m contacts, a result
that is not possible by conventional methods. The measured
conductance of Au/mt/Au junction is about 0.1 G,,, two orders of
magnitude higher than the conductance of phenyl rings
connected to the electrodes by standard anchoring groups.
Our experiments suggest that long-range ordered structures,
which hold the aromatic ring in place and parallel to the
surface, are essential to increase probability of the formation of
orientation-controlled molecular junctions.

M olecular-scale electronic devices usually are designed by
wiring a single molecule between two metal electrodes!?
most commonly using mechanically controlled break junc-
tions (MCBJ), or scanning probe microscopy, for example,
scanning tunneling microscopy (STM). Single-molecule con-
ductance (SMC) studies are carried out in ultrahigh vacuum
(UHV)E" or under ambient conditions®®"! and focus on
molecules with functional groups that provide efficient
electronic coupling and bind the organic molecular backbone
to the electrodes.'*) However, conductance is sensitive to the
atomic level details of the molecule—electrode contact!™ so
that the anchoring groups typically end up decreasing the
single-molecule junction conductivity. Thus, creating well-
defined, highly conductive molecular junctions is challeng-
ing.[le’z’ﬂ

Another strategy, demonstrated in this study, is to use the
stabilization provided by long-range ordered structures that
fix the molecular geometry on the electrode. The templates
formed by the ordered molecular adlayer facilitate SMC
measurements of single-molecule junctions with controlled
molecular orientation that cannot be formed by conventional
methods.

Mesitylene (1,3,5-trimethylbenzene, Scheme 1b) is a typ-
ical solvent for SMC measurements because of its perceived
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Scheme 1. a) Single mesitylene junction formed by direct interaction of
the Au electrodes to the aromatic ring; b) Molecular structure of
mesitylene.

inability to form molecular junctions.’*?”) Methyl groups are
not effective anchoring groups.”! Hence, the conductance of
single mesitylene molecules has not been reported so far.
Here, we apply a novel strategy to create highly conductive
Au/mesitylene/Au junctions by means of direct contact
between the m system of mesitylene and the gold electrodes.
We show that mesitylene can form long-range ordered
structures with the aromatic ring lying flat on Au(111),
facilitating the creation of junctions that measure the
conductance perpendicular to the plane of the benzene ring
(Scheme 1a) under ambient conditions. The single molecule
conductance of this Au/mt/Au junction is about 0.1 G, 100-fold
more conductive than junctions formed by benzene rings
connected by typical standard linkers, for example, thiols or
amines.[l4,29.30]

Our high-resolution STM images show that mesitylene
forms a long-range ordered structure on Au(111) (Figure 1a).
A closer look at the STM images (Figure 1b), as well as the
corresponding cross sections (see Figure S1 in the Supporting
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Figure 1. STM images of mesitylene on Au(111); a) 20x20 nm? and
b) 6x6 nm? with superimposed mesitylene structure; Vy,,;=—0.10V,
;=10 nA.
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Information), reveals that mesitylene lies flat on the gold
surface. Considering the facts that methyl groups have weak
intermolecular interactions, and that mesitylene self-assem-
bles into a closed packed structure on the Au(111), we
concluded that the dominant force for long-range-ordered
structure formation is the substrate/molecule interaction
between the gold surface and m-structure of mesitylene, not
intermolecular interactions.

In STM-BJ experiments, every time the STM tip is
brought into contact with the Au surface, it contacts the
ordered adlayer of mesitylene in order to form junctions
(Scheme 1). According to the STM images, while the STM tip
is pulling out of the surface, the most probable geometry of
single-molecule junctions is with the mesitylene molecule
sandwiched between the two Au electrodes by direct contact
to the m system. We hypothesize that because of the stabiliz-
ing effect of the ordered monolayer, the mesitylene molecules
are held in place on the Au(111) as the junction forms. This
results in single-molecule junctions with a reproducible
geometry where the phenyl ring is perpendicular to the
STM tip.

STM-BJ experiments of mesitylene with Au electrodes (in
the range of 0-10000 nA and at a bias of —0.10 V), revealed
two peaks in the corresponding histogram (Figure 2): 1) The
peak of quantum conductance (G, =2¢*’h="7.75x 107 S), Bl
because of repeated forming and breaking of gold point
contacts; 2) another peak with a conductance one order of
magnitude lower (~0.1G,), which is associated with the
conductivity of single mesitylene molecules in junctions.
Repeated experiments in mesitylene reproduced the ~ 0.1 G,
peak with an average value of 0.125 G, (£ 0.006) as well as the
G, peak (Table S1 and Figure S2).

One may note that: 1) The conductivity of the benzene
derivatives reported so far with Au electrodes are mostly in
the range of 0.001-0.01 G,"**" and 2) the methyl group is
known as a poor anchoring group for gold electrodes.” Thus,
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Figure 2. All-data point current histogram of STM-BJ in mesitylene
determined from experiments carried out at V,;,,=—0.10 V without
any data selection of 9086 individual curren—distance curves. Inset:
Individual current—distance curves: conductance in range of G,

(type (i), red), about 0.1 G, (type (ii), black), and conductance of 0.1G,
and G, (type (iii), blue).
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the conductivity in the range of 0.1 G, cannot be attributed to
a mesitylene molecule bridging between gold electrodes via
gold-methyl contacts (unless these have remarkably LOW
contact resistance). Instead, we tentatively assign this high
conductance signature to the conductance of Au/mesitylene/
Au junction, with the STM tip perpendicular to the mesity-
lene phenyl ring. This hypothesis is supported by calculations,
which estimate that the conductance in the n-stack direction
for a single benzene ring placed between two Au electrodes is
about 10 uS (0.13G,).P? This value is very close to the
average value of 0.125G, (+0.006) observed in our data.
Since methyl groups have a lesser perturbing effect on the
electronic structure of the aromatic ring, compared to other
functional groups except H, we expect that the measured
conductivity perpendicular to the molecular plane of the
aromatic ring of mesitylene should be very close to that of
benzene. Thus, we assigned the 0.1 G, peak (Figure 2) to the
conductivity of Au/mesitylene/Au junctions with the aromatic
ring perpendicular to the junction axis (Scheme 1a).

The STM-BJ technique has been employed previously to
measure the single-molecule conductance of multiple n-7t
stacked aromatic rings, revealing an exponential decay of the
conductance with an increasing number of stacked benzene
rings.’¥l It has been reported that the junction is formed
because of contacts between the gold electrodes and the outer
benzene rings of 2,3, and 4 ni-stacked molecules,* resulting in
a measured conductivity in the range of 10°G,, 10 G, and
107*G,, respectively. This leads us to hypothesize, assuming
a linear trend for conductivity versus the number of mt-stacks,
a conductivity in the range of 10! G, for an Au/aromatic ring/
Au junction. Thus, both theory and experiments are consis-
tent with the 0.125G, (£0.006) conductance observed for
a single aromatic ring perpendicular to the molecular plane
for mesitylene molecule.

STM images of the mesitylene monolayer on Au(111)
taken after running STM-BJ experiments, show two kinds of
defects in the monolayer: defects with a size of several
molecules and defects with the size of only one molecule
(Figure 3a and b). These defects most likely formed when the
gold tip contacted the molecular monolayer. If the very sharp
STM tip gently touches the monolayer but does not form
a single gold atom contact, defects one or two mesitylene
molecules in size can form in the monolayer. When the STM
tip is pulled off the surface a single mesitylene traps in the
junction. The most probable geometry for the mesitylene in

Figure 3. STM images of mesitylene on Au(111) after running STM-B|
experiment, Vi;,;=—0.10V, I,=10 nA. a) 30x 30 nm? b) 20x20 nm®.
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the junction is with the aromatic ring perpendicular to the
STM tip.

A closer look at the individual current-distance curves
(Figure 2, inset) showed that there are three types of curves:
i) curves with only high conductance current steps with
conductivity in the range of G,; ii) curves with only low
conductance current type with conductivity in the range of
0.1 G, and iii) curves with both types of features, that is, 0.1 G,
and G, We suggest that type (i) current steps are due to
a single gold atom bridging between two gold electrodes (G,)
when the STM tip lands on the bare gold surface in defective
parts of the monolayer (Figure 3a). In addition, mesitylene
molecules may bridge the gold electrodes with a perpendicular
geometry before the gold contact is broken. This phenom-
enon could be responsible for current-distance curves of
type (iii) where both molecular and atomic junctions simulta-
neously exist.

Current histogram analysis (Figure S2) reveals the pres-
ence of a high current shoulder on the quantum conductance
peak (G,). This suggest that the formation of a self-assembled
monolayer on the Au electrode increases the conductivity of
the surface beyond the single gold atom conductance (G,) due
to the simultaneous formation of single mesitylene and single
gold atom junctions resulting combined atomic and molecular
conductance in parallel (0.1 G,+ G,)

In order to confirm the reproducibility of the mesitylene
conductance peak, and to verify that it actually represented
the signature of molecular conductance, we investigated the
current-bias relationship for this mesitylene conductance
feature. As the bias voltage (V) was varied, the current
maximum in histograms increases, showing a quasi-linear Vy,,
dependence, that is, the molecular junction conductance
remains relatively constant in this bias range (Figure 4).

For investigating the hypothesis that the long-range
ordered structure of mesitylene facilitates the formation of
junctions with the aromatic ring perpendicular to the STM tip,
we conducted a series of STM-BJ experiments using other
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Figure 4. Histogram analysis of STM-B| in mesitylene, experiments
carried out at Vy;,,: @) —0.05V, b) —0.20V, ¢) —0.3 V, d) linear fitting of
current versus bias diagram; Peaks for mesitylene and quantum
conductance are indicated by red and blue arrows, respectively.
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benzene derivative solvents (benzene, toluene, and 1,24-
trichlorobenzene) for comparison, as well as a mesitylene
solution initially heated up to 90°C as a control (detailed
analysis in the Supporting Information) where long-range
ordered structure of mesitylene was not observed (Fig-
ure S4d). Toluene and 1,24-trichlorobenzene are typical
organic solvents for SMC measurements. 23+

The conductance histogram of benzene shows a clear G,
peak but no other dominant molecular conductance peak
(Figure S3a), which can be rationalized as a consequence of
benzene not having any anchoring groups to connect to gold
electrode and the inability of benzene to form ordered 2D
structures at room temperature. Molecular conductance
peaks were not observed for benzene in previous studies
when using gold electrodes either, even under UHV and low
temperature.!'’)

In the case of toluene, 1,2,4-trichlorobenzene, and mesi-
tylene initially heated up to 90°C, histograms did not reveal
a well-defined current peak that could be associated with
a molecular feature (Figures S3c, S3d, and S5). The hypoth-
esis that long range ordered structure causes the molecule to
orient with its plane perpendicular to the junction is well
supported by comparison of STM images of the Au(111) in
1,2 4-trichlorobenzene, toluene and mesitylene (Figure S4).
Only when mesitylene formed long range ordered structures
on the Au(111), featuring large domains of an almost defect
free closed pack lattice, did a dominant 0.1G, molecular
conductance peak appear. Thus, we concluded that the
presence of an ordered self-assembled monolayer increases
the probability of single mesitylene molecules being sand-
wiched between two gold electrodes with the junction axis
perpendicular to the aromatic ring.

In summary, using a combination of STM imaging and
STM-BJ techniques, we showed that the existence of an
ordered mesitylene adlayer on Au(111) favors the formation
of metal-molecule-metal junctions by direct contact between
Au and the & system of mesitylene. STM images show long-
range ordered structures of mesitylene adsorbed on Au(111)
with its molecular plane perpendicular to the Au tip. The
measured single-molecule conductance of Au/m/Au junctions
is 0.125G, (£0.006), consistent with calculations and two
orders of magnitude higher than the measured conductance of
a phenyl ring connected by standard anchoring groups.!'*2-
We attribute this conductance peak to charge transport
perpendicular to the aromatic ring of the mesitylene mole-
cule.
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