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Abstract: We report the application of an intermolecular interac-
tion design for organic conductor crystals with a high conductance
to a molecule—electrode design for a high single-molecule
conductance by using dithiol and diselenol terthiophenes. We
found that dithiol and diselenol single-molecule junctions show
the highest single-molecule conductance among single-molecule
junctions with Au—S and Au—Se bonds, and that diselenol single-
molecule junctions have a higher single-molecule conductance
than dithiol ones. We demonstrate that replacing S atoms with
Se atoms is a promising molecule—electrode bonding design for
a high single-molecule conductance.

Major challenges that exist in the development of single-molecule
devices lie in creating electronic devices and controlling their
characteristics when they are cut off from intermolecular interac-
tions, although many properties of the materials stem from such
interactions. The only intermolecular interaction in single-molecule
devices is a molecule—electrode bond, which dominates the
electrical properties.* Substitution of large heteroatoms in molecules
is a sophisticated intermolecular interaction design for obtaining a
high electrical conductance in organic conductor crystals; a high
conductance can be obtained by replacing S atoms in molecules
with Se atoms.? We anticipate that the intermolecular interaction
design of organic conductor crystals can be applied to the
molecule—electrode bonding design of single-molecule devices,
although the guiding principles for obtaining the high single-
molecule conductance desirable for stable device operation are still
unclear. This study addresses the issue using terthiophenedithiol
(3TS) and terthiophenediselenol (3TSe).

Terthiophenes were selected as candidates likely to have a high
single-molecule conductance because of their small highest occupied
molecular orbital—lowest unoccupied molecular orbital (HOMO—
LUMO) gaps. 3TS and 3TSe were obtained from corresponding
bis(acetylthio)- and bis(acetylseleno)terthiophenes.® Conductance
traces were measured at room temperature and 0.2 V under vacuum
using nanofabricated mechanically controllable break junctions.*
Both typical conductance traces showed conductance plateaus at
1Gy (Gy = 77.5 uS) corresponding to the formation of single-Au
atomic contacts (Figure 1a and 1b).® In the 3TS conductance traces,
conductance plateaus were observed around 0.1G, after the
observation of a conductance plateau around 1.1G,. Conductance
plateaus were also observed sequentially around 1.2G,, 0.2Gy, and
0.1Gy. The 3TSe conductance traces showed plateaus around 0.15G,
after 1.15G, and at 0.3G after 1.3G,. Conductance histograms for
3TS and 3TSe junctions were constructed without data selection
from 1000 and 1100 conductance traces, respectively (Figure 1c
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and 1d). The conductance histograms for 3TS and 3TSe junctions
show pronounced peaks at integer multiples of 0.12G, and 0.16G,
respectively. Therefore, the single-molecule conductances of 3TS
and 3TSe were determined to be Girs = 0.12G,® and Garse =
0.16Go, respectively. We found that both molecule junctions show
the highest single-molecule conductance among single-molecule
junctions having S—Au and Se—Au bonds.**
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Figure 1. Conductance characteristics of 3TS and 3TSe junctions. Au
electrodes were used. Typical conductance traces of (a) 3TS and (b) 3TSe
junctions. Conductance histograms of (c) 3TS and (d) 3TSe junctions
constructed from 1000 and 1100 conductance traces, respectively. Black
lines show Gaussian fitting to peak profiles. Conductance peaks in (c) and
(d) are observed at integer multiples of Gzrs = 0.12G, and Gsrse = 0.16G,,
corresponding to the 3TS and 3TSe single-molecule conductance, respec-
tively. Conductance peaks at G, = 1Gy correspond to the formation of
single-Au atomic contacts. Blue arrows show conductance peaks at 1.12G,
(Gau + Gars), 1.24Go (Gau + 2Gsrs), 1.16Gp (Gay + Garse), and 1.31G,
(Gau + 2Gsrse), indicating that single- and double-molecule junctions formed
parallel to single-Au atomic contacts.

The single-molecule conductance depends on the HOMO—-LUMO
gaps, energy level alignment between molecules and electrodes,
and molecule—electrode coupling strength.**~¢ The calculated
HOMO—LUMO gap (3.2 eV) of 3TS is the same as that of 3TSe.”
The degree of charge transfer from molecule to electrodes is the
same in 3TS and 3TSe single-molecule junctions, since the
calculated HOMO energy level (—4.5 eV) is the same in 3TS and
3TSe. As a result, the energy level alignment between molecules
and electrodes is the same in 3TS and 3TSe single-molecule
junctions. Therefore, the difference in 3TS and 3TSe single-
molecule conductances is expected to originate from the molecule—
electrode coupling strength. When molecules are bonded to
electrodes via S—Au and Se—Au bonds, sz bonds are formed by
the 6s orbitals of Au and the p, orbitals of S and Se. The transfer
integrals of Se—Au bonds (114 meV) are larger than those of S—Au
bonds (107 meV).® The molecule—electrode coupling strength of
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Se—Au bhonds is stronger than that of S—Au bonds for &z bonding,
because the molecule—electrode coupling strength increases with
increasing transfer integral.**~>° Since the single-molecule con-
ductance increases as the molecule—electrode coupling strength
increases, single-molecule junctions with Se—Au bonds have a
higher single-molecule conductance than those with S—Au bonds.”*°
Such an achievement of a higher single-molecule conductance by
replacement of S with Se atoms has been predicted theoretically.**
However, over the course of single-molecule-device development,
the phenomenon has not heretofore been demonstrated. We have
now confirmed the theoretical prediction, thus, improving the
electric-conduction properties of current molecular devices.

In sharp contrast to the present results, we have demonstrated
that single-molecule junctions with Se—Au bonds have a lower
single-molecule conductance than those with S—Au bonds when o
bonds form between S—Au and Se—Au.*? Although the molecule—
electrode coupling strength of Se—Au bonds is stronger than that
of S—Au bonds for o bonding, o bonds certainly lead to very strong
molecule—electrode coupling. Since overly strong molecule—electrode
coupling localizes mobile electrons at molecule—electrode bonds,
single-molecule conductance decreases as the molecule—electrode
coupling strength increases.'® Therefore, although replacing S atoms
with Se atoms is a molecule—electrode bonding design suitable
for a high single-molecule conductance, the molecule—electrode
bonding type must be simultaneously designed to obtain a high
single-molecule conductance. Thus, intermolecular interaction
design for controlling conductance in organic conductor crystals is
applicable to molecule—electrode design for controlling single-
molecule conductance, even though only molecule—electrode
interactions can be controlled at single-molecule junctions.

Figure 2. Schematic illustrations of high conductance states suggested by
conductance histograms. (a) High conductance peaks of 1.12G, (Ga, +
Gsrs) and 1.16Gy (Gay + Gsrse) Show that single-molecule junctions formed
parallel to single-Au atomic contacts, whereas (b) those of 1.24G, (Ga, +
2G;31se) and 1.31G (Gay 1+ 2Gsrse) show the formation of multiple double-
molecule junctions and single-Au atomic junctions.

We intuitively expect that multiple junctions can be formed by
single-Au atomic contacts and single- or double-molecule junctions,
since the length of single-Au atomic contacts is similar to that of
single- and double-molecule junctions. However, the formation of
multiple junctions is unprecedented.™® As clearly shown in Figure
1c and 1d, pronounced conductance peaks were observed at 1.12G,
and 1.24Gy in the conductance histogram for 3TS junctions and at
1.16G, and 1.31G, in that for 3TSe junctions. Conductances of
1.12G, and 1.24G, are composed of Ga, + Gsrs and Ga, + 2Gars,
respectively, and those of 1.16G, and 1.31G, are composed of Ga,
+ Garse and Gay + 2Ggarse, respectively. The conductance peaks at
more than 1G, clearly demonstrate that single- and double-molecule
junctions formed parallel to single-Au atomic contacts (Figure 2).
The conductance peaks corresponding to the formation of multiple
junctions provide information about the formation mechanism:

single-molecule junctions form after multiple single-Au atomic
contacts and single-molecule junctions are formed and single-Au
atomic contacts are fractured. Observation of high conductance
peaks for multiple single-Au atomic contacts and molecular
junctions can be realized only by obtaining a high single-molecule
conductance, which strongly supports the claim that conductances
of 0.12G, and 0.16G, correspond to the single-molecule conduc-
tances of 3TS and 3TSe, respectively.

In summary, this study demonstrates that 3TS and 3TSe single-
molecule junctions have high single-molecule conductances of more
than 0.1G, and that the single-molecule conductance of 3TSe
junctions is higher than that of 3TS junctions. This high single-
molecule conductance enabled the first observation of multiple
junctions in which single-molecule junctions formed parallel to
single-Au atomic contacts. We demonstrate that intermolecular
interaction design for obtaining a high conductance in organic
conductor crystals is applicable to the molecule—electrode bonding
design for high single-molecule conductance. Since intermolecular
interaction design for forming two-dimensional intermolecular
interactions for high conductance in organic conductor crystals?
can be interpreted as the formation of single-molecule junctions
via multiple molecule—electrode bonds, single-molecule junctions
with multiple bonding sites are expected to have a high single-
molecule conductance.
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