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Understanding electron transport through a single molecule
bridging between metal electrodes is a central issue in the
field of molecular electronics. This review covers the fabrication
and electron-transport properties of single m-conjugated mole-
cule junctions, which include benzene, fullerene, and mt-stacked
molecules. The metal/molecule interface plays a decisive role
in determining the stability and conductivity of single-mole-
cule junctions. The effect of the metal-molecule contact on
the conductance of the single m-conjugated molecule junction

1. Introduction

Single-molecule junctions, in which a single molecule bridges
the gap between metal electrodes, have attracted widespread
attention due to their potential application in ultrasmall elec-
tronic devices." The single-molecule junction is a low-dimen-
sional structure that has two metal/molecule interfaces, and
thus can exhibit novel physical properties that are not ob-
served in the bulk phase. The use of a single molecule in elec-
tronic devices was first proposed by Aviram and Ratner in
19742 They showed the asymmetric current-voltage charac-
teristic for an asymmetric single molecule consisting of a
donor 7 system and an acceptor m system, separated by a
methylene tunneling bridge, by theoretical calculation. In
1997, Reed et al. succeeded in experimentally measuring the
conductance of a single 1,4-benzenedithiol (BDT) molecule
bridging between Au electrodes.” The single BDT molecule
junction was fabricated using the mechanically controllable
break junction (MCBJ) technique at room temperature. Tao's
group reported the simple conductance measurement tech-
nique using scanning tunneling microscopy (STM) in 2003.”

At present, various single-molecule junctions (e.g. H,, ben-
zene, porphyrin, polymers, DNA) have been fabricated using
MCBJ, STM, and other techniques.®™ To further develop the re-
search field of the single-molecule junction, a schematic ap-
proach to these junctions (with respect to their fabrication,
characterization, and control) is critically important (see
Figure 1). First, fabrication of stable single-molecule junctions
is required to investigate their basic properties and to use
them as electronic devices. Second, the single-molecule junc-
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Figure 1. Single-molecule junction.
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is reviewed. The characterization of the single benzene mole-
cule junction is also discussed using inelastic electron tunnel-
ing spectroscopy and shot noise. Finally, electron transport
through the m-stacked system using m-stacked aromatic mole-
cules enclosed within self-assembled coordination cages is re-
viewed. The electron transport in the m-stacked systems is
found to be efficient at the single-molecule level, thus provid-
ing insight into the design of conductive materials.

tion should be characterized to understand its properties.
Third, it is important to control the properties of the single-
molecule junction by some external field, such as an electric
field, light, electrochemical potential, or a magnetic field. The
utilization of stable single-molecule junctions as well as their
characterization is essential to understand the associated con-
trol mechanisms.

To fabricate stable single-molecule junctions, we have to pay
attention to the metal/molecule interface as it plays a decisive
role in determining the stability and conductance of the
single-molecule junction. The current through the single-mole-
cule junction is represented by /(V =2 = JdET(E)[f.(E) — f(E)],
where f (E), fz(E), and T(E) are the Ferm| distribution functions
of the left and right electrodes, and the transmission of the
single-molecule junction, respectively. In the tunneling model,

T(E) can be represented by T(E) = ZZ @Gyl

(E—¢x) +nz ’

where S, p,

Ciw Cy and g, represent the hopping integral between the
metal and molecular orbitals (MOs), local density of states
(LDOS) of metals at the Fermi level (E;), the kth MO coefficient
at site r and site s, and the kth MO energy, respectively. The in-
finitesimal #, is determined by a Green’s function and the
DOS.'" The value of 8 directly depends on the nature of the
metal/molecule interface. Other parameters also depend on
the metal/molecule interface, and its effect on the conduc-
tance of the single-molecule junction has been investigated
based on this model (see Figure 2).

The single-molecule junctions have been characterized by
point contact spectroscopy (PCS), inelastic electron tunneling
spectroscopy (IETS), shot noise, thermoelectricity measure-
ment, as well as other techniques. PCS and IETS have been ap-
plied to single-molecule junctions (e.g. H,, benzene, alkanedi-
thiol, C4) to determine the chemical species bridging between
metal electrodes.*®""® The internal vibrational modes and
the vibrational modes between the metal and molecule were
detected by IETS and PCS. Detailed investigations have been
performed of the activity of the vibration modes in the case of
a single alkanedithiol molecule.*™ The crossover between
PCS and IETS has been discussed for the highly conductive
single H,0 molecule junctions. Simultaneous conductance and
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Figure 2. a) Schematic view and b) energy diagram of the single-molecule
junction. 3, p(Es), C4 and ¢ are the hopping integral between the metal and
MOs, the local density of states (LDOS) of metals at the Fermi level (), the
kth MO coefficient at site r, and the MO energy, respectively.

shot noise measurements were applied to the single H,, H,0O,
and benzene molecule junctions to determine the number of
conduction channels (molecules) bridging between metal elec-
trodes.®'®'7 The single benzene molecule junction was charac-
terized by this simultaneous conductance and shot noise
measurements. The electronic structure of the single-molecule
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junction was characterized by performing thermoelectric meas-
urements. Reddy et al. measured the thermoelectric voltage
for a single benzene dithiol molecule bridging between Au
electrodes in solution."® The thermoelectric measurement re-
vealed that electrons were transported through the HOMO
and the energy difference between the Fermi level and the
HOMO was 1.2 eV.

Control and functionalization of the single-molecule junction
is currently a topic of great interest. Rectification behavior was
observed for a single dipyrimidinyl-diphenyl molecule junction
using the STM break-junction technique." In this technique,
the orientation of the nonsymmetric molecule was controlled
through a selective deprotection strategy. Dulic et al. showed
the conductance change induced by photoirradiation using
photochromic molecules.”™ The resistance of the single-mole-
cule junction after switching was about three orders of magni-
tude larger than that of the initial value. Song et al. succeeded
in tuning the conductance of the single alkanedithiol and BDT
molecule junctions by gate voltage.”" Specifically, they used a
3-nm-thick Al,O; layer as a gate dielectric. However, although
these research endeavors are pioneering, it is still hard to con-
trol specific properties of the single-molecule junction. For ex-
ample, molecules from the conducting to the insulating state
were observed while the reverse process was not observed in
the case of the single-molecule junction in which photochro-
mic molecules were used.*”

Currently, the single-molecule junction has become a very
broad field that touches on a wide variety of topics. We
cannot cover all of these topics comprehensively so, instead,
we focus on the first topic: fabrication of the single-molecule
junction. In particular, we pay attention to how to connect a
mt-conjugated molecule to metal electrodes to obtain a highly
conductive single-molecule junction.

2. Fabrication of the Single-Molecule Junction

Figure 3 shows the formation process of a single-molecule
junction. By stretching the metal contact, its diameter is de-
creased and a single metal atomic contact is formed just
before it is broken. A nanogap is formed between metal elec-
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Figure 3. a) Schematic view of the formation process and conductance of
the single-molecule junction during stretching of the metal contact. b) STM
system to investigate the single-molecule junction fabricated in solution.

c) MCBJ system to investigate the single-molecule junction.
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trodes after breaking the contact and, when the metal contact
is broken in the presence of molecules, the molecules can be
trapped in the nanogap, thereby forming the molecular junc-
tion. The number of molecules bridging between metal elec-
trodes decreases as the junction is stretched. Finally, a single-
molecule junction is formed, just before the junction is broken.

Figure 3a shows the conductance of the contact as a func-
tion of stretching. The 1 G, plateau corresponds to the Au
atomic contact. Just before breaking the molecular junction,
conductance decreases in a stepwise fashion, with each step
occurring at integer multiples of a certain value (G, in Fig-
ure 3a), corresponding to the single-molecule conductance.

Single-molecule junctions can be fabricated using the MCBJ
and STM break junction (BJ) techniques.”” Figure 3b shows a
schematic view of the STM-BJ system using Au electrodes in
solution. In aqueous solution, the STM tip was coated with a
wax to eliminate ionic conduction and an STM tip was repeat-
edly moved into and out of contact with a metal substrate in
the solution containing molecules.

Figure 3c shows a schematic view of the MCBJ system. A
notched metal wire was fixed to the top of a bending beam
which was mounted in a three-point configuration. The metal
wire was broken by mechanical bending of the substrate and
cleanly fractured surfaces were exposed. The bending was
then relaxed to form atomic-sized contacts between the wire
ends using a piezo element for fine adjustments. The single-
molecule junction could then be fabricated by breaking the
metal wire in the presence of molecules using the MCBJ tech-
nique. Junctions fabricated using MCBJ are more stable than
those fabricated using STM-BJ. The stability of the single-mole-
cule junction depends on the length of the freestanding part,
L, in Figure 4a. L can be decreased to submicrometer lengths
using lithographic techniques. Dulic et al. succeeded in creat-
ing single-molecule junctions with lifetimes of up to 1 week.”®

a)

Metal wire

Fixed point
Support

JSM-7400F 50KV X16000 WD 106mm  1gm

Figure 4. a) Schematic side view of the mounting of a MCBJ. b) SEM image
of a lithographically fabricated MCBJ device for gold.
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3. Single-Molecule Junction with Anchoring
Groups

In most single-molecule junctions, molecules are bound to
metal electrodes via anchoring groups such as -SH or -NH,. By
using anchoring groups, strong chemical bonds are formed be-
tween molecules and metal electrodes, which lead to the for-
mation of stable single-molecule junctions.

The effect of the anchoring groups on the conductance of
the single-molecule junctions has been investigated for disub-
stituted alkane molecules terminated with -SH, -NH,, or
-COOH.”  The conductance decreased in the order
-SH>-NH, >-COOH and the dependence of the molecule-
metal contact on the conductance of the single disubstituted
alkane molecule junction was explained by the strength of the
molecule-metal bond, which was related to (. The relative
bond strength is Au—S > Au—NH, > Au—COOH bond. The order
of the bond strength is in accordance with the order of the
conductance of the single-molecule junctions. The metal elec-
trode dependence has been investigated for single 1,4-disub-
stituted (-NC and -SH) benzene molecule junctions.?? The
conductance of the 1,4-disubstituted benzene molecules
bridging between Pt electrodes were one order larger than
those bridging between Au electrodes. The higher conduc-
tance values of the single-molecule junctions with Pt electro-
des were explained by the high LDOS (p) of Pt metal at the
Fermi level.
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Figure 5. a) Typical conductance trace and b) conductance histogram of Au
contacts broken in a tetraglyme solution containing 1,4-diisocyanobenzene.
The dot-dashed line shows the result in the absence of molecules.”
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Figure 6. a) Typical conductance trace and (b) conductance histogram of Pt
contacts broken in a tetraglyme solution containing 1,4-diisocyanobenzene.
The dot-dashed line shows the result in the absence of molecules.?®
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Figures 5 and 6 show the conductance traces and histo-
grams of the Au and Pt contacts in a tetraglyme solution con-
taining 1,4-diisocyanobenzene. The conductance decreased in
a stepwise fashion with each step occurring at an integer mul-
tiple of ~3x1072G, (3x1072G,) for the Au (Pt) contacts. The
corresponding conductance histogram showed a peak at 3x
1073 G, (3% 1072 G,; see Figures 5b and 6b). The steps in the
conductance trace and a peak in the conductance histogram
originate from the single 1,4-diisocyanobenzene molecule
junction. The conductance values of the single 1,4-diisocyano-
benzene/Au and 1,4-diisocyanobenzene/Pt junctions were de-
termined to be (3+£1)x107% and (34+1)x 1072 G,, respectively,
by repeated conductance measurements (more than
3000 times). Figure 7a shows a summary of the single disubsti-
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Figure 7. View of the single-molecule junctions together with their conductance values.
a) Single-molecule junctions with anchoring groups, b) single-molecule junctions without
anchoring groups, c) single-molecule junction with multiple anchoring units. TTF =tetra-

thiafulvalene, TSF =tetraselenafulvalene.

tuted benzene molecule junctions together with their conduc-
tance values.

In conventional single-molecule junctions, a molecule binds
to both metal electrodes via a single bond. High stability and
conductivity can be expected for the single-molecule junction,
in which a molecule binds to the metal electrodes via multiple
bonds. le et al. reported the single-molecule junction with tri-
podal anchoring units (see Figure 7c)®” and successfully syn-
thesized a series of tripodal pyridine-containing molecules. The
tripodal structure had a great advantage with respect to ab-
sorption efficiency compared to a single pyridine contact. The
conductance of the single-molecule junction with the tripodal
anchoring units was 5x 107* G, which was substantially higher
than that of previously reported shorter m-conjugated chains
with single-pyridine anchors.”® Theoretical calculations have
shown that the st* orbital of the pyridine part directly interact-
ed with the electrodes, thus leading to high conductivity of
the single-molecule junction with tripodal anchoring units.

Single-molecule junctions often show various conductance
values depending on the atomic configuration of the metal/
molecule interface.’***3" In the case of the alkanedithiol, the
single-molecule junction showed two or three different con-
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ductance values which were explained by a difference be-
tween adsorption sites (atop, bridge, hollow). Venkataraman
et al. tried to develop a new anchoring group to obtain single-
molecule junctions showing fixed conductance values.?*34
They showed that the spread in conductance values was much
smaller for the single-molecule junction with an Au—NH, bond
than those with Au—S, Au—CN, or Au—COOH bonds. The bond-
ing between Au and NH, is a simple delocalization of the lone
pair of electrons from the amine nitrogen to Au atoms. The
Au—NH, bond is thus not strongly directional and relatively in-
sensitive to the local structure, which leads to the small spread
in the conductance values. Theoretical calculation results gave
another reason for the small spread in the conductance values.
The strength of the Au—NH, bond is weak compared to that of
the conventional anchoring group (e.g. Au-S, Au—
CN).B*! Only one adsorption geometry is energetically
possible for the single-molecule junction with the
Au—NH, bond, whereas different adsorption geome-
tries with very distinct transport properties are
almost equally probable for other anchoring groups.
Venkataraman and co-workers showed that dimethyl
phosphines (PMe,) and methyl sulfides (SMe) are also
promising anchoring groups that can be used to
obtain single-molecule junctions with well-defined
conductance.®®

0.02 Go
Au-TSF

0.003 Go

4. Direct Binding of m-Conjugated
Molecules to Metal Electrodes

While stable single-molecule junctions can be fabri-
cated using anchoring groups, the metal-anchoring
group contact acts as a resistive spacer between the
electrodes and the molecule, thus leading to low
conductivity. To improve the device operation of
single-molecule electronic devices, the fabrication of
single-molecule junctions showing high and fixed conductance
values is important. Recently, highly conductive single-mole-
cule junctions have been fabricated by direct binding of m-con-
jugated organic molecules to metallic electrodes without the
use of anchoring groups. The delocalized t molecular orbital
directly hybridizes with the metal orbital. Figure 7b gives a
summary of single-molecule junctions without anchoring
groups together with their conductance values.

4.1. Benzene/Pt Junction

Benzene is a simple model system of m-conjugated molecules.
A single benzene molecule junction was fabricated using the
MCBJ technique in ultrahigh vacuum (UHV) at 4 K® Benzene
was introduced to the Pt contact using a leak valve via a
heated capillary. The benzene molecular junction was charac-
terized with IETS and simultaneous conductance and shot
noise measurements.

Figure 8c shows the differential conductance (d//dV) of the
benzene/Pt junction as a function of voltage. A symmetric
upward step in the differential conductance was observed
around 40 mV, and peaks were observed in its derivative (d/

ChemPhysChem 2012, 13, 1116 - 1126
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Figure 8. a) lllustration of the inelastic electron tunneling process in the
single-molecule junction. b) Expected IV, di/dV, and d*/dV? curves. c) Differ-
ential conductance (top) and its derivative (bottom) for a Pt contact after
the introduction of benzene taken at a zero-bias conductance of 0.3 G,.

d) Distribution of vibrational energies of the benzene/Pt junction.”

dV2: IETS). The upward step in di/dV indicates the excitation of
vibrational modes by conduction electrons with energies of
40 meV (see Figure 8a,b)."""" To accurately determine the vi-
brational energy, 250 differential conductance spectra were
collected for the benzene/Pt junctions with a zero bias conduc-
tance of 0.05-0.4 G,. Figure 8d shows the distribution of these
vibrational energies. The histogram shows a well-defined peak
at 42 meV with a width of 5 meV. The IETS spectra were mea-
sured for the isotope-substituted benzene *C4H,. The histo-
gram obtained from 130 differential conductance spectra for
3C¢H,/Pt junctions shows a peak at 40 meV with width 5 meV
(see Figure 8d). The mass ratio of *CHs and C,H, is 84:78.
The vibrational mode for the *C4H¢/Pt junction was predicted
to shift from 42 meV (?C¢Hy/Pt junction) to 40 meV assuming
the harmonic oscillator model. The good agreement between
the predicted and experimental values indicates that the ben-
zene molecule bridged between Pt electrodes.

The number of benzene molecules bridging the Pt electro-
des was evaluated by simultaneous conductance and shot
noise measurements. The noise power is given by
S = 2eV coth(57) 25 7,(1— 1) + 4kT2Z S 72, where 1, is the
transmission probability of the transmission channels across
the junction."®'” The conductance is given by G =2 ‘S
Therefore, the number of transmission channels and their
transmission probabilities could be determined by the simulta-
neous conductance and shot noise measurements. Figure 9
shows shot noise for the benzene/Pt junctions as a function of
bias current. The transmission probabilities were (t; =0.68, 7,=
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0.40), (r,=0.36, 7,=0.25, 73=0.10),
and (r,=0.20) for the benzene/Pt
junctions with zero-bias conduc-
tances of 1.08, 0.71, and 0.20 G,
respectively. The number of con-
duction channels roughly de-
creased with the decrease in con-
ductance of the junction. The
number of channels was one for
the junction with a conductance of
0.2 G, which indicates that the
number of molecules bridging Pt
electrodes was one. IETS, shot
noise, and conductance measure-
ments confirmed the chemical spe-
cies (benzene) and the number of
molecules (one) bridging the Pt electrodes for the benzene/Pt
junction with a conductance of 0.20 G,. The single-molecule
junction was well characterized using experimental methods.
The electron-transport properties and vibrational modes of
the benzene molecule junction were further investigated by
theoretical calculations (see Figure 10). The calculation results
confirmed the experimental results. The conductance of the
single benzene/Pt junction was 0.1-1 G,, depending on the
atomic configuration. During the junction stretching, the ben-
zene molecule was initially positioned on the Pt electrodes
with its plane perpendicular to the Pt junction axis. The con-
ductance of the single benzene molecule junction with this
configuration was about 1 G,. Then, the benzene molecule was
progressively tilted together with a continuous decrease in the
conductance. The experimentally observed vibrational mode of

.
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Figure 9. Shot noise as a func-
tion of the bias current across
the Pt/benzene junction taken
at a zero-bias conductance of
1.08 (m), 0.71 (¥), and 0.2 G,
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Figure 10. Simulation of the stretching process of a Pt/benzene junction.

a) Total conductance G, the contribution of the individual conduction chan-
nels G, and the change in total energy E as a function of the distance be-
tween the Pt tip atoms. b) Stretching dependence of the energy of the ben-
zene vibration modes in the range between 0 and 105 meV. The character
of the modes is indicated by symbols, where benzene is represented by a
large circle, the Pt atoms by two small circles, and arrows depict the motion
of the molecule.
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42 meV is assigned to the hindered rotation mode of the ben-
zene molecule bridging between the Pt electrodes.

4.2. Benzene/Au, Ag Junction

While the single benzene/Pt junction showed a high conduc-
tance value, it was not fixed. To obtain a single benzene mole-
cule junction with a fixed conductance value, the benzene/Au
and benzene/Ag junctions were investigated.

Figure 11 shows the conductance traces and histogram of
the Ag contacts after the introduction of benzene.*® The con-
ductance traces show steps at integer multiples of 0.2 G,

a) b)
8 £ o m
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Stretch length Conductance/ G,

Figure 11. a) Typical conductance traces and b) histogram of the Ag contact
after introduction of benzene molecules.*®

(arrows in Figure 11a), and the corresponding conductance his-
togram shows a peak at 0.2 G, (arrow in Figure 11b). The
single benzene molecule junction, which has a high and fixed
conductance value, was fabricated using Ag electrodes. The ex-
istence of the benzene molecule between the Ag electrodes
was confirmed by IETS. The IETS spectrum showed a peak
around 40 meV, corresponding to the vibrational mode be-
tween benzene and Ag.’? According to theoretical calcula-
tions, the adsorption energy of benzene on Ag(111) is smaller
than that of benzene on Pt(111) by a factor of approximately
15,“%41 which shows that the interaction between Pt and the
benzene molecule is much greater than that between Ag and
benzene molecules. The most energetically stable single ben-
zene molecule junction was formed during stretching of the
Ag contact in the presence of benzene. When the single ben-
zene/Ag junction was stretched, the junction broke due to
weak interaction between the benzene molecule and the Ag
electrodes. In contrast, the benzene/Pt junction is able to take
on various atomic configurations during stretching of the junc-
tion due to the strong metal-molecule interaction. The moder-
ate metal-molecule interaction is favorable to obtain a single-
molecule junction showing a fixed conductance value. The
smaller metal-molecule interaction also leads to the decrease
in the conductance of the single benzene molecule junction
using Ag electrodes compared to the single benzene/Pt junc-
tion.

While single benzene molecule junctions were formed for Pt
and Ag electrodes, such junctions were not formed for Au
electrodes. Figure 12 shows the typical conductance traces and
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Figure 12. a) Typical conductance traces and b) histogram of the Au contact
after introduction of benzene molecules.*®

histogram of the Au contact after the introduction of benzene.
The conductance trace shows a 1 G, plateau and the conduc-
tance histogram shows a clear 1 G, peak, which correspond to
the clean Au contacts. The conductance trace rarely showed
steps below 1 Gy, and no feature was observed below 1 G in
the conductance histogram, which indicated that the benzene
molecule hardly bridged between Au electrodes. At low tem-
peratures, an Au atomic chain is formed during the breaking
of the Au contact.*** After breaking the Au atomic chain, a
nanogap is formed between the Au electrodes. The gap size
was comparable to the length of the Au atomic chain. There-
fore, the benzene molecule could not bridge between the Au
electrodes due to the large size of the nanogap. In contrast,
Ag did not form a monoatomic chain during the breaking of
the Ag contact even at low temperatures.*” The gap size was
not very large after breaking the Ag contact, and thus the ben-
zene molecule could bridge between the Ag electrodes.

4.3. C,, Molecule Junction

Single-molecule junctions with a high and fixed conductance
value were also fabricated using Cg,."*”*' Figure 13 shows
the conductance histogram of the Au, Ag, and Pt contacts
after the introduction of Cg, in UHV at 300 K. C¢, was deposited
on the metal contacts with a Knudsen cell before stretching
and the conductance histograms show clear peaks indicating
the formation of a single Cq, molecule junction with fixed con-
ductance values. The conductances of the Cq/Au, C4/Ag, and
Ceo/Pt junctions were determined to be (0.3+0.1), (0.540.1),
and (0.7+0.1) G, respectively. The C¢/Pt junction showed a

0.2 0.3

o
¥
P

Intensity/a.u.

Intensity/a.u.
o
Intensity/a.u.

0.0 0.0
0 1 2 3
Conductance G,

1 2 3
Conductance G,

0 1
Conductance / G,

Figure 13. Conductance histograms of the a) Au, b) Ag, and c) Pt contacts
after introduction of Cg, molecules at 300 K.
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fixed conductance value in contrast to the benzene/Pt junc-
tion. The difference was explained based on the shape of the
molecule. The conductance of the benzene/Pt junction varied
up to 10 times depending on the atomic configuration of the
junction. In contrast to benzene, C4, is a spherical molecule.
During the junction stretching, the out-of-plane molecular ori-
entation did not change due to the spherical molecular shape
of C4, although the in-plane molecular orientation could
change. Therefore, the C4, single-molecule junction showed a
fixed conductance value due to the poor validity of the atomic
configuration of the junction. The suitability of fullerene-based
anchoring groups for the single-molecule junction was investi-
gated using the MCBJ technique in solution.*® Compared to
thiols, the single-molecule junction with the fullerene-based
anchoring groups gave a smaller spread in conductance than
that with conventional anchoring groups.

The direct binding of m-conjugated molecules to metal elec-
trodes leads to effective hybridization between the metal i or-
bitals. In the single m-conjugated molecular junction, electrons
transport across the 5 orbital (HOMO or LUMO) and, therefore,
the direct binding provides high conductivity of the single-
molecule junction.

4.4. Other Related Systems

The direct binding of mt-conjugated molecules to metal electro-
des of tetrathiafulvalene (TTF) and tetraselenafulvalene (TSF)
molecule junctions has been investigated.*” These molecules
were connected to Au electrodes in a face-to-face configura-
tion. The conductances of the single TTF and TSF molecular
junctions were 0.02 and 0.003 G, respectively, which is low in
comparison to other C¢, and benzene molecular junctions.

Relating to the direct binding of m-conjugated molecules to
metal electrodes, direct Au-C binding was investigated using
disubstituted alkane molecules terminated with trimethyltin
(SnMe,).“® The C—SnMe; bond was cleaved and the Au—C
bond was formed when the Au contacts were broken in the
presence of a disubstituted alkane molecule terminated with
SnMe,. The conductance of the single alkane molecule junc-
tion having the direct Au—C bond was 100 times larger than
that with a conventional anchoring group-metal bond (cf. Au—
S, Au—NH,).

5. m-Stacked Systems

In the previous section, we showed that the direct binding of
mt-conjugated molecules to metal electrodes is an efficient
technique for the fabrication of highly conductive single-mole-
cule junctions. As a next step, it is interesting to investigate
single m-stacked systems where the top and bottom m-conju-
gated molecules directly bind to the metal electrodes, and
electrons are transported through stacked sz molecules. Elec-
tron transport through the noncovalently bound, n-stacked
systems has been of particular interest and plays a vital role in
biological systems, organic electronics, and polymer and mate-
rials science, typically on the macroscopic level and in
bulk.**% However, electron transport through m-stacked sys-
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tems has never been directly examined because creating mo-
lecular junctions of stacked st molecules between electrodes is
nontrivial.

Wu et al. tried to investigate electron transport through the
n-stacked system using oligo(phenylene ethynylene) (OPE)
molecules.®" They investigated the conductance of OPE mole-
cules with two anchoring groups, only one of which was a
thiol. Significant electron transport was observed even for the
OPE molecules with only one thiol anchoring group. Electrons
were transported through the aromatic -7 coupling between
adjacent molecules.

Recently, the efficient and precise assembly of stacked m sy-
stems was achieved using columnar coordination cages (see
Figure 14).°? Conductance measurements of these n-stacked
systems were performed using the STM-BJ technique.”® Fig-
ure 15a and b show the typical conductance trace and histo-
gram of Au contacts in a solution containing inclusion com-
plexes 1-(4),. The trace shows a plateau in which the conduc-
tance is nearly constant (arrows in Figure 15a), and the con-
ductance value of the plateau is an integer multiple of 6x
107 G,. The corresponding conductance histogram shows a
peak at 6x 107 G,. When a solution of empty cage 1 was mea-
sured, no plateaus or peaks were observed in the conductance
trace or histogram in the range 0.03-5x 107> G, and the mea-
sured conductance behavior was quite similar to that of the
blank aqueous solution (see Figure 15¢,d). Thus, inclusion com-
plex 1:(4), was conductive, and electrons were transported
through four m-stacked molecules (two molecules of guest 4
and two molecules of panel ligand 6). From repeated measure-

0 o© H,
N

oy (P O

D (7 Ge
® ;
4 5

2:(4); 3@, 12NOs

Figure 14. Structure of coordination cage 1 and mt-stacked systems 1-(4),,
2:(4);, and 3-(4),. The inclusion complexes 1-(4),, 2:(4);, and 3:(4),, were pre-
pared by simply mixing guest 4 with (en)Pd(ONO,), (5, en = ethylenedia-
mine), panel ligand 6, and pillar ligand 7 a-c in water.
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Figure 15. a,c) Conductance traces and b,d) histograms of Au contacts in
water containing a,b) 1-(4), and ¢,d) empty cage 1. The gray line indicates
the result of the blank aqueous solution used as standard. The conductance
histograms were constructed from 1000 conductance traces.””

ments, the conductance of the single m-stacked junctions of
1-(4),, 2-(4);, and 3-(4), were determined to be (6+3)x107*,
(4+2)x107* and (2.540.6) x 107* G,, respectively.

Figure 16 shows the distance dependence of conductance
for the single m-stacked molecule junctions of 1-(4),, 2:(4);, and
3-(4),, together with the typical single-molecule junctions. In

6 1(4);
2+(4);
4. 3:(4) ]
n-stacked system
(calc)
2 n-stacked system _

2 Xp.) !
B Carotenoid
S 01 1
S
=27 Alkane |
4 | Oligopeptide 1
1 2 3 4
Length / nm

Figure 16. a) Distance dependence of observed conductance G for single nt-
stacked junctions 1-(4),, 2:(4);, and 3:(4),. Typical single-molecule conductan-
ces for saturated (alkane chains and peptides) and conjugated (carotenoids)
organic molecules are also shown.®!

general, the conductance (G) of a short molecular junction is
given by G=Ay exp(—BL), where Ay is a constant, L is the mo-
lecular length, and B is an exponential prefactor that depends
on the electronic structure of the molecular junction.®* Since
the value of B roughly decreases with the decrease in the
HOMO-LUMO gap, conductive molecules have small B values
whereas insulating molecules have large ones. The B value for
single-molecule m-stacked systems was 0.1 A, derived from
the slope of L versus InG plots, and was smaller than that of in-
sulating alkane chains (8=0.7-0.9 A~)*** and comparable to
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that of conductive m-conjugated organic molecules (B=0.05-
0.2 A1).F¢

The atomic structure of the single m-stacked molecular junc-
tions was investigated by statistical analysis of the conduc-
tance traces. Figure 17a shows a typical conductance trace of

1:(4), b) ©)
02 [\
s | s
g s
g = .
2 201 ||
Q - 1 =
S L] A
1N IRV
IhA S
N i
0.0 0.5 1.0 1.5

2
Stretch length/nm Breaking distance /nm

Figure 17. a) Conductance trace of the Au contact in solution containing
1-(4),. b) Distribution of breaking distances (L,) for 1-(4), 2:(4) ;, and 3-(4),.
) Schematic view of the single m-stacked molecule junction.®

the Au contact in a solution containing inclusion complex
1-(4),. Just after breaking the Au atomic contact, a nanogap of
finite size (0.4 nm) was formed due to the elastic response
of banks of the electrodes.”” The gap size increased when the
contact was stretched and was roughly equal to the sum of
the initial gap of ~0.4 nm and the stretched length from this
breaking point (A). Figure 17b shows the distribution of gap
sizes (L) for inclusion complexes 1-(4),, 2:(4);, and 3:(4),. The
average size of the final gap increased by 0.24 nm per m-
stacked molecule 4. The value of 0.24 nm was close to the in-
cremental increase in the molecular height of the m-stacked
molecule per m-stacked molecule 4 (0.30 nm). The good agree-
ment between these two values indicated that the top and
bottom triangular aromatic panels of the m-stacked system
were bound to the Au electrodes, as shown in Figure 17c.

The electron-transport properties of the single m-stacked
molecule junction were investigated using theoretical calcula-
tions. Figure 18a shows the cluster model consisting of panel
ligands 6, m aromatic molecules (4),, and Au(111) 6x6 electro-
des. To reduce the calculation time, organic pillars 7 and
(en)Pd*" units were removed and aromatic stacks (6)-(4),(6)
(n=2-4) were used as simple models for 1-(4),, 2:(4);, and
3-(4), respectively. The conductance of model m-stacks
(6)-(4),(6) (n=2-4) sandwiched between Au(111) electrodes
was calculated from the transmission profile in Figure 18b and
the conductance values were plotted in Figure 16. From the
slope of the calculated conductance values, the value of B for
the single (6):(4),:(6) molecule junctions was estimated to be
0.13 A", This value was nearly identical to the obtained experi-
mental B value and reinforces that, for inclusion complexes
1-(4),, 2-(4);, and 3-(4),, electron transfer primarily occurred
though the m-stacked systems. The calculations confirmed the
efficient conductance of the m-stacked complexes. First, all
(6)(4),:(6) assemblies possess small HOMO-LUMO gaps (peaks
C,D and A, B at —0.2 and +0.1 eV, respectively, in Figure 18b),
which are important for efficient conduction. Second, the orbi-
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Figure 18. a) Top view of the mt-stack model. The panel ligand 6 and the Au electrode connected to the ligand are
depicted for the sake of simplicity. b) Calculated transmission curves for model st-stacks (6)-(4),:(6) (n=2-4).
¢) LUMO (A, B) and HOMO (C, D) projected onto the topmost layers of Au electrodes and the model m-stacks:

A,C) (6)-(4);(6) and B, D) (6)-(4),(6).

tal overlap between the neighboring molecules (0.01 for
LUMO-LUMO) is sufficient for orbital-delocalization and elec-
tron-transport pathways (see Figure 18¢, A, B). Finally, the in-
phase (bonding) relationship between the panel ligand 6 and
the Au(111) electrode surface in the HOMOs (Figure 18c C, D)
supports the strong Au-m interaction, which leads to the for-
mation of stable single m-stacked molecular junctions.

Schneebeli etal. also succeeded in investigating electron
transport through m-stacked systems.*® The target molecule
was the stacked benzene rings (up to four) held together in an
eclipsed fashion via a paracyclophane scaffold. The depend-
ence of the conductance on the number of benzene rings was
investigated. The obtained B value of 0.63 A™' was smaller
than the value observed for alkanes. The analysis of the con-
ductance traces revealed that the electrodes were bound to
the outermost benzene rings of the m-m-stacked molecular
wires.

6. Summary and Outlook

In this review, we have discussed the fabrication, characteriza-
tion, and control of the single-molecule junction. In particular,
we have focused on the electron-transport properties of the
single m-conjugated molecule junction, benzene, Cg, and m-
stacked molecules.

The recent development of fabrication techniques such as
STM-BJ and MCBJ enable us to investigate the electron-trans-
port properties of a variety of molecules, including H,, H,0,
DNA, and supermolecules. Electron transport through the m-
stacked system was revealed thanks to recent developments in
measurement techniques and chemical synthesis. While a vari-
ety of single-molecule junctions have been fabricated, the
characterization of these junctions is still a challenging topic.
In this review, we discussed the characterization of the single
benzene molecule junction using IETS while making simultane-
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ous conductance and shot noise
measurements. While this ben-
zene system was well character-
ized, most of the single-molecule
junctions were not fully charac-
terized by spectroscopic tools
and further development of the
IETS and shot noise measure-
ments is required. The thermo-
electricity in molecular junctions
(Seebeck coefficient) provides in-
formation regarding the elec-
tronic structure of the single-
molecule junction, and investiga-
tion of the thermoelectricity of
the single-molecule junction is
also a topic of great importance.

Control over the single-mole-
cule junction will be a central
topic in this research field in the
coming years. At present, most
works investigate the single-mol-
ecule junction using molecules that have important functions
in bulk (e.g. photochromic molecules). However, it was found
that the single-molecule junction did not always perform as
expected from bulk studies. As we discussed before, the
single-molecule junction using photochromic molecules did
not switch from the off state to the on state while, on the
other hand, it switched from the on state to off state via pho-
toirradiation. It is promising to find novel functions which are
characteristic of the single-molecule junction. Chemical reac-
tions (catalytic reaction) can proceed on a metal surface, that
is, at the metal/molecule interface. In the single-molecule junc-
tion, the molecule interacts with the metal surface via two in-
terfaces. We can expect novel chemical reactions in the single-
molecule junction, which cannot proceed in the gas phase and
on metal surfaces.
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