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Highly Conductive [3 x n] Gold-Ion Clusters Enclosed within

Self-Assembled Cages™*
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Takashi Murase, Makoto Fujita,* Tomofumi Tada,* and Satoshi Watanabe*

There is an increasing interest in the electron conductivity of
metal-atom wires at the single-molecule level because of their
quantized electric properties applicable to conducting wires
in ultra-small devices.'”! In contrast, the single-molecular
conductivity of metal-ion wires has never been studied and
whether the metal-ion wires are conductive or insulating has
been a matter of debate,*®! because creating metal-ion arrays
with a fixed cross section and length between nanogap
electrodes is nontrivial. In recent years, several efficient
methods have been developed for preparing multinuclear
complexes with ordered metal-ion arrays. Among them, [3 x
n] gold-ion clusters, enclosed in self-assembled cages
1 (Figure 1), are particularly interesting because the stacking
number 7 is uniquely determined by the length of the pillar
ligand (4). In expectation of efficient electron transport
through metal-ion arrays, single-molecular electron conduc-
tivity through [3 x n] stacks of gold-ion clusters (2), (n=1, 2,
or 3) was measured. The cages, 1, which keep the metal ions
highly ordered in a [3xn] manner within the cavity, are
excellent frameworks for accommodating m-stacked mole-
cules and evaluating their electron-transport properties.”*!
We show that the metal-ion arrays are highly conductive, the
electron transport being comparable to that through metal-
atom wires and the absolute conductance value being much
larger than that of metal-linked organic wires.
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Figure 1. [3xn] Au' ion clusters (2), enclosed within coordination cages
1 which self-assemble from triazine panel ligands 3, pillar ligand 4,
and [(ethylenediamine)M(ONO,),] (M =Pd or Pt).

We confirmed by ab initio transport calculations that the
[3 x n] Au'ion clusters would be suitable for high conductance
with a negligibly small decay over longer transport distances.
We calculated the conductance of the corresponding model
arrays, 3-(2a),-3 (n=1-4) (See the Supporting Information).
Figure 2 shows the calculated conductance values, together

13
T n=1 ns2 n=3 n=4
[ ]

¢ 0.14 *l\.
o [
o
2 Au Electrode
I}
g -3
Boor] === e e -t
o -— — —

Au Electrode [

0001 T T T T T T T T T T T
6 8 10 12 14 16

Transport distance /A —

Figure 2. Computed conductance of [3xn] Au' ion clusters. In the
calculation, the stacked arrays 3-(2a),-3 (h=1-4) sandwiched between
Au electrodes were used as simple models for the [3 xn] Au' ion
clusters. The transport direction is parallel to the Au[111] direction.
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with the junction models. The high conductance a)
values of approximately 0.1G,(2¢%h) were
obtained regardless of the transport distance L.
Fitting the data with the exponential decay of
conductance [Eq. (1)]

G = Ayexp(—pL) 1)
we obtained a reasonably small attenuation factor

B of 002 A" Therefore, the [3xn] Au' ion
clusters in the nanogap are expected to be quite
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molecular junctions. The conductance histograms, £ =
constructed from 1000 conductance traces, also 0021 5 “&"
showed peaks at the corresponding conductance g 1074
values (Figure 3¢, Figure S1-S3). When a solution B o 08 If o8 i B 5o 7 05

of empty cage 1b was measured, no plateaus or
peaks were observed in the conductance traces or
histograms between 0.03-5x107° G, and the
measured conductance behavior was quite similar
to the blank aqueous solution. From repeated
measurements, the conductance value of the
molecular junctions of [3x1] Au' ion clusters
was determined to be 7.0 £1.6 x 107* G,. We were
able to directly measure the conductance of metal-
ion arrays for the first time. From Figure 3d, we
know that molecular junctions of [3x 1] Au' ion
clusters formed immediately after breaking the
Au atomic contact (Supporting Information, Fig-
ure S4). Statistical analysis of the single-molecule
conductance traces provided evidence that the top and
bottom panels of the [3 x n] Au'ion clusters bridged between
the Au electrodes in the single-molecule junction (see Fig-
ure 3e and f, Figure S5). The maximum gap distance should
be a good indicator of the true size of the molecule bridging
the electrodes. For the [3x1] Au' ion clusters, the obtained
maximum gap distance of 0.6 nm was close to the intermo-
lecular distance between the top and bottom panel ligands 3
(0.66 nm), indicating the bridging of the electrodes along the
C; vertical axis of the cages (see the Supporting Information).

The conductances of single [3x2] and [3x3] Au' ion
clusters were measured and compared (Figure S1-S3). The
conductance values of the molecular junctions of [3 x2] and
[3x3] Au' ion clusters were determined to be 5.740.9x
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Figure 3. Conductance of [3x 1] Au' ion clusters. a) Schematic representation of the
experimental setup for the single-molecule conductance measurement. The X-ray
crystal structure of the [3x3] Au' ion cluster is inserted into the schematic
representation of the Au nanogap electrodes. b) Conductance curves of [3x 1] Au'
ion clusters on a linear scale. c) Conductance histograms of [3x 1] Au' ion clusters
showing steps. The tunneling background was subtracted (see the Supporting
Information). d) Two-dimensional conductance histogram of the [3x 1] Au' ion
clusters constructed from 2300 traces without data selection. The region with a large
number of counts, encircled by the blue dashed lines, is visible. e) The distribution
of gap distances of the [3x 1] Au' ion cluster junctions. The maximum gap distance
is shown as an arrow. f) Example of a conductance curve, showing the data-point
selection, together with a schematic junction formation mechanism.

107 G, and 5.1 £ 1.4 x 10~ G,), respectively. The temperature
dependence measurement confirmed that electron transport
through single [3xn] Au' clusters occurred by a tunneling
mechanism rather than a hopping mechanism. The conduc-
tance of the single [3 x 3] Au' ion cluster did not depend on
temperature in the temperature regime of 5-50°C (Figure 4b,
Figure S6).

The attenuation factor and contact resistance were
evaluated based on the tunneling model. In this model, the
conductance (G) of an atomic scale nanowire decays with the
wire length, as described by Equation (1).') Where, A is the
constant determined by the nanowire—electrode coupling
strength and reflects the contact resistance; L is the length of
the nanowire, and 3 is the exponential pre-factor that depends
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the broken channels above the Fermi
level were also confirmed in the other Au'
ion clusters (3)-(2a)-(3) and (3)-(2b);:(3).
Therefore, the high-transmission region
closely positioned below the Fermi level
served by the Au'ion arrays was found to
be essential to hold the high conductance
in the molecular junctions of the discrete
Au' ion arrays.

In conclusion, we succeeded in
directly measuring electron transport
through single discrete metal-ion arrays
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Figure 4. Conductance data for [3xn] Au' ion cluster. a) Distance dependence of observed
conductance G for the [3xn] Au' ion clusters. Typical atomic scale nanowires (Au atomic
wires, discrete m-stacks of pyrene-4,5-dione, metal porphyrin wires, and alkane wires) are also
shown. b) Conductance of the single [3x3] Au' ion cluster as a function of temperature.

on the electronic structure of the nanowire. Conductive
nanowires have small  values whereas insulating nanowires
have large values. The j value for the single [3 xn] Au' ion
clusters was determined to be 0.05 A~! from the slope of L
versus InG plots (Figure 4a), which agrees with the theoret-
ical prediction of small § values. The obtained f value is
smaller than that of the vacuum gap (=22 A™"), organic
alkanes (8=0.7~0.9 A™"), and discrete m-stacks of pyrene-
4,5-dione (8=0.1 A™"), and comparable to that of porphyrin
wires containing metal ions (8=0.04 A~").""l The A, value
for the single [3 xn] Au' clusters was 1.1x 107> G,, which is
larger than that of porphyrin wires containing metal ions
(Ay=6x107 G,) and the m-stacked system of pyrene-4,5-
dione (Ay=1.5x10"G,). Accordingly, we were able to
directly fabricate single metal-ion arrays trapped between
metal electrodes showing both a small attenuation factor and
low contact resistance.

To determine the reasons for the high conductance in the
discrete Au' ion arrays, we further investigated the trans-
mission functions and local density of states (LDOS) around
the Fermi level from abinitio non-equilibrium Green’s
function calculations,'>™! especially for the stack model
(3)-(2a),(3) geometry optimized with Gaussian09'%! (see the
Supporting Information). Figure 5 shows the calculated trans-
mission function (Figure 5a), computational model (Fig-
ure 5a and b), and LDOS of (3)-(2a),'(3) (Figure 5c—f). The
calculated LDOS at 0.1 eV below the Fermi level showed that
the main electron pathway is composed of the d-orbitals of
the Au'sion cluster in (2a), (Figure 5c), which is supported by
the m-orbitals of the panel 3 (Figure 5d). That is, the -
orbitals of the panel molecule and the d-orbitals of the Au"ion
arrays are well connected with the electrodes, leading to the
high conductance region below the Fermi level. On the other
hand, at 0.1 eV above the Fermi level, the electron pathway
from the d-orbitals of the Au'sion cluster cannot be confirmed
(Figure 5e), although the orbitals of the panel 3 are still ready
to serve the electron pathway (Figure 5 f). The transmission
function therefore decreases dramatically above the Fermi
level. The similar metallic channels below the Fermi level and
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trapped in the Au nanogap, using [3 x n]
Au' complexes, in which the number and
relative position of Au' ions are well
defined within the cages. We demonstrate
electron transport through metal-ion
arrays with low attenuation which is
comparable to that through meta-atom
wires. In addition, the contact resistance
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Figure 5. Calculated conductance of the [3x2] Au' ion cluster. a) Calcu-
lated transmission function of the stacked model (3)-(2a),(3). Inset
side view of the computational model. b) Top view of the model in
which panel ligand 3 and the bottom electrodes are depicted (Au yel-
low, N blue, C gray, H white). The red circles with index Au indicate the
position of the Au' atoms in 2a located above the panel ligand 3. The
black lines are introduced as the guide of the C; symmetry. c,d) the
local density of states at 0.1 eV below the Fermi level on 2a plane (the
blue arrow of the inset of (a)) and panel ligand 3 plane (the red arrow
of the inset of (a)), respectively. e,f) the local density of states at

0.1 eV above the Fermi level on 2a and 3 planes, respectively.
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is much smaller in the metal ion arrays than in other organic
wires containing metal ions. These experimental and theoret-
ical results may shed new light on the potential benefits of
conductive wires using metal-ion arrays, and on the basic
science of one-dimensional physics.
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