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Electron Transport through Single Molecules Comprising Aromatic
Stacks Enclosed in Self-Assembled Cages**

Manabu Kiguchi,* Takuya Takahashi, Yuta Takahashi, Yoshihiro Yamauchi, Takashi Murase,
Makoto Fujita,* Tomofumi Tada, and Satoshi Watanabe

Understanding how electrons are transported through single
molecules is an important challenge in molecular electron-
ics.!! Electron transfer in noncovalently bound, n-stacked
systems has been of particular interest and plays a vital role in
biological systems,” organic electronics,”®! polymer and mate-
rials science,® typically on the macroscopic level and in
bulk.’! However, electron transport through the initial
building blocks of m-stacked systems has never been directly
examined (although many experimental artifacts have been
attributed to these small interactions) because creating
molecular junctions of stacked t molecules between nanogap
electrodes is nontrivial and sequential growing the & stack in a
controlled manner typically requires extensive synthesis.
Using conductance, inelastic electron-tunneling spectros-
copy, and shot noise measurements, the Kiguchi group
recently succeeded in directly measuring the single-molecule
conductance of molecular junctions where a single m-mole-
cule (benzene) was trapped and bound to platinum-metal
electrodes without a conventional anchoring group (e.g. -SH
group).’l Meanwhile, the Fujita group has applied columnar
coordination cages to efficiently and precisely assemble
stacked systems.m Herein, we combined these two tech-
niques to obtain conductance measurements for m-stacked
aromatics where the m stack was sequentially increased from
four to six stacked aromatic molecules. We show that the
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conductance decreases with the increasing number of m
systems but the decrease in conductance per electron trans-
port distance is smaller than that of the conventional covalent,
nt-conjugated molecular junction.

Inclusion complexes 1-(4),, 2:(4);, and 3-(4),, where the
cavity height of the coordination cages 1-3 predetermines the
number of m-stacked aromatic molecules 4, were employed
for the molecular junction conductance measurements (Fig-
ure 1a). The inclusion complexes were prepared by simply
mixing guest 4 with [(en)Pd(ONO,),] (5, en=ethylenedia-
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Figure 1. a) Structures of coordination cage 1 and mt-stacked systems
1-(4),, 2-(4)3, and 3-(4),. b) The experimental setup for the conduc-
tance measurement.
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mine), panel ligand 6, and pillar ligand 7a-¢ in water
(typically, at 100°C for 2 h).®!

Using the direct binding nanogap technique, we measured
the conductance of molecular junctions bridged by single
molecules of inclusion complex 1-(4), trapped in the nanogap
formed when gold leads are separated in the presence of the
sample molecules. The complexes were trapped in the gold
nanogap when a scanning tunneling microscope (STM) gold
tip repeatedly moved into and out of contact with a gold
substrate covered by a solution of the sample molecule
(Figure 1b).”! The conductance traces obtained from gold
contacts in a solution of 1-(4), are shown in Figure 2.
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Figure 2. a) Typical conductance curves for inclusion complex

1-(4), (red), empty cage 1 (green), and aqueous blank (black). Posi-
tion (A): breaking point of the Au junction, (B) formation of a
molecular junction, (C) breaking of a molecular junction. b) The
corresponding conductance histograms on a log—log scale. The histo-
grams for 1 and 1-(4), are scaled by 2 and 8, respectively. The black
arrows indicate peaks in the trace.

Immediately preceding separation of the gold electrodes,
the conductance was 1 G, (G, =2 ¢*h, where e is the charge of
an electron, and 4 is Plank’s constant) and corresponds to an
intact gold junction (point (A) in Figure 2a).['")

After breaking the gold junction, a new sequence of steps
appeared in the lower conductance region owing to the
formation of new molecular junctions. As the nanogap
increases in size, at point (B) in Figure 2a, a molecular
junction is formed when a single m-stack molecule 1-(4),
bridges the gap (see analysis of the conductance traces in
the Supporting Information). The gap continues to increase
until finally, the gap reaches point (C) where contact is lost.
The corresponding conductance histogram (Figure 2b) con-
structed from 1000 conductance traces showed a peak around
6x107* G, in addition to the clear 1 G, peak"! (see Fig-
ures S1 and S2 in the Supporting Information). When a
solution of empty cage 1 was measured, no plateaus or peaks
were observed in the conductance traces or histograms
between 0.03-5x107° G, and the measured conductance
behavior were quite similar to the blank aqueous solution.
Thus, inclusion complex 1-(4), is conductive whereas empty
cage 1 is indistinguishable from water and the observed
conductance in 1-(4), is ascribed to electron transport through
four m-stacked molecules (two molecules of guest 4 and two
molecules of panel ligand 6).
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The conductance curves of n-stacked systems 2-(4); and
3-(4),, consisting five and six stacked aromatics, were mea-
sured and compared (Figure 3 a-f). In all cases, plateaus were
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Figure 3. Conductance curves (a)—(c) and histograms (d)—(f) of Au
electrodes in the m-stacked systems: a),d) 1-(4),, b),e) 2:(4);, and
c),f) 3-(4),. The red trace indicates the values obtained for the blank
aqueous solution used as standard. g) The distance dependence of
observed (exp) and calculated (calcd) conductance G for mt-stacked
systems 1-(4),, 2-(4);, and 3-(4),. Typical single-molecule measure-
ments for saturated (alkane chains and peptides) and conjugated
(cartenoids) organic molecules are also shown."!

present in the conductance traces (indicated by arrows in
Figure 3a—c) at integer multiples: 6 x 10~* G,, 4 x 10~* G, and
3x107* G, for 1:(4),, 2:(4);, and 3-(4),, respectively. The
conductance histograms constructed from 1000 conductance
traces also showed peaks at the corresponding conductance
values (Figure 3d-f; see Ref. [11] and Supporting Informa-
tion Figures S1 and S2). No plateaus or peaks were observed
below 2x107* G, in the conductance traces or histograms.
From repeated measurements, the conductance values of the
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molecular junctions of 1-(4),, 2-(4);, and 3-(4), were deter-
mined to be 6+£3x107, 4+£2x107™, and 2.5+ 0.6 x107™* G,
respectively.l'?

In general, the conductance (G) of a short molecular
junction scales exponentially with length according to Equa-
tion (1)1>13)

G = Ayexp(—BL) (1)

where Ay is a constant, L is molecular length, and S is the
exponential pre-factor that depends on the electronic struc-
ture of the molecular junction. Since the f value roughly
decreases with the decrease in HOMO-LUMO gap,
conductive molecules have small 3 values whereas insulating
molecules have large ones. The f value for the single-
molecule w-stacked systems was determined to be 0.1 A~
from the slope of L versus InG plots (Figure 3 g), smaller than
that of insulating alkane chains (5 =0.7-0.9 A™"), and com-
parable to that of conductive rt-conjugated organic molecules
(B=0.05-02 A1).[1*]

Statistical analysis of the conductance traces indicated
that the top and bottom panels 6 in the cages 1:(4),, 2:(4);, and
3-(4), (see Figure 1) bridge between the Au electrodes in the
single-molecular junction. As shown in Figure 4 a, the break-
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Figure 4. a) The distribution of breaking distances (L,): inclusion
complex 1-(4), (blue), 2-(4); (red), 3-(4), (black). Inset: the conduc-
tance curve of inclusion complex 1-(4),, showing the data-point
selection. b) The distribution of lengths of the last plateau (L)
inclusion complex 1-(4), (blue), 2-(4) ; (red), 3-(4), (black), and 1,4-
benzenedithiol (BDT purple).

ing distance (L,) increased with increasing height of the
nstack. The breaking distance is the distance between
breaking point of the Au junction and that of the single-
molecule junction. The L, values roughly parallel the height
of the cages and the incremental increase of L, with
increasing m-stacked length indicates the bridging of the
electrodes along the long axis of the cages rather than the
short axes. The length of the last plateau (L,,) indicates that
the stability of the single-molecule m-stacked systems is
similar to the Au-S linked molecular junctions formed by a
single 1,4-benzenedithiol (Figure 4b)."* For a detailed
explanation, see Supporting Information.

Theoretical calculations based on the non-equilibrium
Green’s function method coupled with density functional
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theory, NEGF-DFT!"* supported our experimental findings.
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 stacks
(6)(4),:(6) (n=2-4) sandwiched between Au(111) electrodes
was calculated from transmission profile in Figure 5a and the
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Figure 5. a) Calculated transmission curves for model m stacks
(6)-(4),+(6) (black), (6)-(4)-(6) (red), and (6)-(4).(6) (blue). The sim-
plified mt-stacked models for b) (6)-(4);-(6) and c) (6)-(4)4(6); Au yel-
low, N blue, C gray, H white, O red. The unit cell size along the [017]
and [101] directions is 17.28 (=2.88x6) A, where 2.88 A is the Au-Au
bond length in bulk Au. d),e) LUMO and f),g) HOMO projected onto
the top-most layers of Au electrodes and the model &t stacks:

d),f) (6)-(4);:(6) and e),g) (6)-(4), (6). The difference of colors of
orbitals (cyan/red) indicates the difference of the orbital phases. A,B
and C,D indicate LUMO and HOMO, respectively, see text for more
details.

conductance values were plotted (Figure 3 g). From the slope
of the calculated conductance values, the f value for the
single-molecule (6)-(4),-(6) molecular junctions was esti-
mated to be 0.13 A~'. This value is nearly identical to the
obtained experimental S value and reinforces that, for
inclusion complexes 1-(4),, 2:(4);, and 3:(4),, electron transfer
does primarily occur through the m-stacked systems.

The calculations confirm the efficient conductance of the
ni-stacked complexes. First, all (6)-(4),-(6) assemblies have
small HOMO-LUMO gaps (indicated by peaks C, D
(HOMO) and A, B (LUMO) at —0.2 and +0.1 eV, respec-
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tively, in Figure 5a) which are important for efficient
conduction. Second, the orbital overlap between the neigh-
boring molecules in the stack (0.01 for LUMO-LUMO)
suffices for orbital-delocalization and electron-transport
pathways (Figure 5d,e). Finally, the in-phase (bonding)
relationship between the panel ligand 6 and the Au(111)
electrode surface in the HOMOs (Figure 5 f,g) supports the
strong Au-m interaction (see Supporting Information).

In summary, we succeeded in directly measuring electron
transport through single-molecular assemblies of m-stacked
aromatics. Unlike previous systems where random aromatic—
aromatic interactions between covalently m-conjugated
“wires” leads to complicated and unclear results, in this case
we can sequentially control the number and relative position
of m-stacked aromatic molecules. Thus, for the first time, we
were able to precisely calibrate the electron-transport dis-
tance and demonstrate that single-molecule x stacks exhibit
good conductance with only a moderate loss of conductance
with increasing transport length. These experimental results
further show that molecular junctions can form without
anchoring thiol groups, thus potentially simplifying the syn-
thesis of organic molecular wires and adding a new method
for measuring the conductance of complex single-molecule
molecular junctions. Furthermore, they provide an experi-
mental and theoretical foundation, at the single-molecule
level, for the design and synthesis of molecular wires and
devices where m-stacked aromatics provide the pathways for
electron transport. It is important to note that these results
were obtained only through the combination of synthetic,
analytic, and theoretical chemical expertise.
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