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he future of molecular devices (mole-
Tcular electronics) may be successful’

if the following problems with molec-
ular junctions can be resolved: (i) a lack of
mechanical robustness and (ii) the expo-
nential decay of thickness (L) dependence
of the charge migration rate, i.e., <e #t2~*
where f is the slope of the exponential
decay. Here, we use the term “charge
migration” to represent both conductance
and electron transfer rate. There have been
several past attempts to create mechani-
cally stable single-molecular junctions.>®
If we were able to make self-assembled
mono/multilayers (SAMs) where indepen-
dent single-molecular conduction is domi-
nant, the problem might become easier to
solve. One of the key factors to make this
possible is the use of multileg molecules
such as tripod molecules.

Issue (ii) needs to be carefully addressed
in designing molecular devices. If the elec-
tronic energy level of the bridge molecule is
aligned with the Fermi energy (Eg), resonant
tunneling predominates. In this resonant
tunneling mechanism, the exponent 3 be-
comes 0 due to the perfect transmission.’
Electron transport through metal atomic
wire corresponds to this case. On the other
hand, organic molecules usually have a
large energy gap between the highest oc-
cupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO),
both of which are located far from E; thus,
the tunneling is off-resonant: exponential
decay of the length dependence of the
charge migration rate is fairly common in
organic molecules.>*” In this case, the f8
value becomes larger if the HOMO/LUMO
gap of the bridging molecule increases. The
charge migration mechanism dominated by
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We studied electron transport of Ru complex multilayer films, whose structure resembles

redox-active complex films known in the literature to have long-range electron transport

abilities. Hydrogen bond formation in terms of pH control was used to induce spontaneous

growth of a Ru complex multilayer. We made a cross-check between electrochemical

measurements and /—V measurements using PEDOT:PSS to eliminate the risk of pinhole

contributions to the mechanism and have found small /3 values of 0.012—0.021 A". Our Ru

complex layers exhibit long-range electron transport but with low conductance. On the basis of

the results of our theoretical —experimental collaboration, we propose a modified tunneling

mechanism named the “stepping-stone mechanism”, where the alignment of site potentials

forms a narrow band around E;, making resonant tunneling possible. Our observations may

support Tuccito ef al.'s proposed mechanism.

KEYWORDS: molecular electronics - metal complex - self-assembly - electron

transport - stepping stone

off-resonant tunneling is often called the
superexchange mechanism.? Thus, organic
molecules are not ideal in light of criterion
(ii). However, some reports suggest that
organometallic molecules may not behave
similarly to organic molecules.

In the 1990s, Hong and Mallouk made a
series of electron transfer rate measure-
ments of molecular films with various thick-
ness of the spacer layer.®® A multilayer film

VOL.6 = NO.3 =

* Address correspondence to
yo-asai@aist.go.jp;
t-ishida@aist.go.jp.

Received for review July 26, 2011
and accepted February 11, 2012.

Published online February 11, 2012
10.1021/nn300126m

©2012 American Chemical Society

NS
1988-1999 = 2012 ACN AN

WWwWW.acsnano.org

1988



HO 3 OH HO 3 OH HO -3 OH HO 9'_01-1
. -+ “ - -+

ISP

=

| | P. .
0z0 030 030 0z0 030 0z0 050 0s0
>«.\“"C> HOH HOH nOn HOn HOH uOH HOH WOH
) H HH i
HiW RiW RiM HiHW
090 020 o020 o0f0o
20 o3 4

0

2

HO -P OH HO -P «oH HO £ ~OH HO -, ~OH
¢ [¢] d <]

)]
ITO |

Figure 1. Schematic drawing of the multilayer structure of our Ru complex designed to have multileg anchoring onto the ITO
substrate via the hydrogen bonds of the phosphonic acid groups.'*'® Two possible multiple-hydrogen-bonding interactions
between phosphonic acids are shown in the boxed columns.

was prepared sequentially, and they estimated its 5
value in terms of electrochemical measurements. The
unit layer of the film includes a metal atom (zirconium)
phosphonate. Although zirconium phosphonate is an
unconjugated insulator, the observed f value was
much smaller than the value predicted for conjugated
oligomers® Possible reasons were discussed, e.g.,
charge diffusion through defects in the film, pinhole
effects related to diffusion of electroactive species, and
heterogeneity (disorder) of the active site.'” They
excluded the possibility of direct tunneling through
the organic molecular layer.

Tuccito et al. recently found that organometallic
layers give very small 5 values through a series of
electronic current measurements using Hg drop
electrodes."” The S values for a molecular wire of
bis(terpyridine)iron and bis(terpyridine)cobalt com-
plex were estimated to be 0.028 and 0.001 A,
respectively. In their experiments, the carbon back-
bones (cages) were assembled to provide well-
controlled orientation of the phenyl rings, while the metal
centers were incorporated in a stepwise manner. The
wire was anchored to electrodes by a thiol (i.e., a SAM
junction) rather than the spacer-acceptor (redox
species) structure described in ref 8. They suggested
a direct tunneling mechanism based on experimental
observation of the linear dependence of the electric
currenton 1/N, where N is the number of metal centers.

Because electronic energy levels of organic molecules
may stray from Eg, a very small 8 value cannot be
explained by the standard off-resonant tunneling me-
chanism. They suggested a possibility that the reso-
nance may be mediated by metal centers without
discussing details. It should be noted that simple
resonance would be accompanied by high conduc-
tance. Another mechanism based on thermally in-
duced hopping (TIH)? has been discussed for the
redox-active center complex.>'*" In this case, the
current should be linearly dependent on 1/N? (or a
higher order) rather than on 1/N. This does not agree
with the results given in ref 11, as discussed above.
Furthermore, the current should exhibit activation-
type temperature dependence in the case of the TIH
mechanism.

In the present study, we will discuss the mechanism
of the small 3 problem both experimentally and the-
oretically, focusing on the special role of the metal
centers, to explain long-range electron transport
through the metal complex layer. We made a cross-
check between electrochemical measurements and
|-V measurements using PEDOT:PSS in sandwiched
solid cells to reduce the possibility of pinhole contribu-
tion to the charge migration mechanism. On the basis
of the experimental results followed by our theoretical—
experimental collaboration, we propose a novel tun-
neling mechanism that we named the “stepping-stone
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Figure 2. Immersion time dependence of the Ru complex
layer thickness estimated using XPS data. The thicknesses of
the Ru complex layers immobilized on ITO were calculated
using the equation d = —/ cos 6 In(l/l,),"” where d is the film
thickness, I, and [ are the In(3d) intensity before and after
film formation, 1 is the attenuation length of the In(3d)
electron from the ITO surface, and 0 is the takeoff angle
from the surface normal. In the present study, we measured
the spectrum at 0 = 0. We used a wavelength (1) of 3.5 nm to
determine the thickness of the Ru complex Iayer.17 Black (a)
and white (b) circles respectively denote the data obtained
when we used pH 3 and pH 6 solutions.

mechanism”. By applying first-principles calculations
and theoretical analysis to the experimental results, we
obtained some support for this mechanism.

RESULTS AND DISCUSSION

Sample Preparation. We have prepared supramolecu-
lar assemblies based on our design for the redox-active
Ru complex with phosphonate anchoring groups to
fabricate a nanofunctional layered architecture on a
solid surface.'*'> We fabricated a multilayer film using
the Ru complex with the Zr(IV) ion acting as a chemical
glue in successive immersion processes, which is basi-
cally the same technique as that adopted by Hong and
Mallouk.®® In addition to this, we have used the fact
that molecules with phosphonic acids can form multi-
layer films in one step when low-pH solution is used.
This is because hydrogen bonds between phosphonic
acids are formed under low-pH conditions (Figure 1).
Because of the similarities between our film and that of
Tuccito et al,'" we anticipate that our Ru complex
multilayer film might exhibit long-range electron trans-
port ability similar to their observations. We have
demonstrated this experimentally. To our surprise,
the molecular film has fair conduction, even though
phosphonic acid groups form a large potential barrier
against the charge migration. This spawned another
subject for theory. In this paper, we discuss the details
of the mechanism both theoretically and experimen-
tally, including this problem.

Film Thickness Measurements of the Ru Complex. Prior to
discussing transport measurements, we elucidate how
we monitored multilayer film formation of the Ru
complex assemblies. This was done by means of
X-ray photoelectron spectroscopy (XPS), Fourier trans-
form infrared spectroscopy (FT-IR), atomic force micro-
scopy (AFM), and electrochemical methods. Spontane-
ous multilayer formation of a metal complex on an ITO
surface has been reported.'® We estimated the thick-
nesses of the Ru complex layers using XPS'” as a
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TABLE 1. Root-Mean-Square (rms) and the Least Thick-
ness Values of the Ru Complex Layers”

immersion time rms (nm) the least thickness (nm)
30 min (monolayer) 0.52 1.7
1 h (bilayer) 0.79 46
5 h (3 layers) 1.68 6.6
10 h (4 layers) 1.06 9.0
20 h (5 layers) 1.57 10.4

?The definition and the method of how we estimate the least thickness is
described in the text.

function of the immersion time in pH 3 solution
(Figure 2). The thicknesses of the molecular layer films
made by immersion for 30 min, 1 h,5h, 10 h,and 20 h
were estimated experimentally to be 3.2, 6.8,9.4, 12.3,
and 14.4 nm, respectively. Since the DFT calculation
suggested the molecular length of the Ru complex
monolayer to be ~3.1 £ 0.2 nm, these thicknesses may
be attributable to the mono-, bi-, three, four, and five
layers of the Ru complex. We found that a different pH
value (pH 6) is ineffective (cf. Figure 2b). In some
particular cases, we measured glancing-angle X-ray
diffraction. The thicknesses of the molecular layer films
prepared by immersion for 8 and 24 h were estimated
to be 7.3 and 18.7 nm, respectively.

We confirmed formation of hydrogen bonds by FT-
IR. In the FT-IR spectra of the Ru complex layers (Figure
S1 in the Supporting Information), a broad peak as-
signed to the P=O vibration mode was observed
between 1150 and 1350 cm . Since similar broad-
ening of the P=0 vibration mode was reported in the
case of phosphonate adsorption on the TiO, surface,'®
we believe that the broadening of the peaks between
1150 and 1350 cm™' proves the formation of the
hydrogen bonds between the Ru complex layers. The
surface roughness for each layer number was also
evaluated by AFM. The root-mean-square (rms) values
of mono-, bi-, three, four, and five layers of the Ru
complex layer were 0.52, 0.79, 1.68, 1.06, and 1.57 nm,
respectively (Table 1). The height profile given in
Figure S2 of the Supporting Information tells us that
the maximum variance of the film thickness is esti-
mated to be about 3 nm when the immersion time is
more than 30 min. It should be noted that the average
film thickness is measured by XPS, and it corresponds
to the half-height of the vertical axis of the height
profile box given in Figure S2. We may have to take into
account the roughness effect expressed in terms of the
height variance to avoid overestimation of the 3 value.
In this paper, we evaluate the 3 value using the worst
scenario, where the electron current pathway is given
by the through-bond path with the least thickness. The
least thickness is estimated by using the lowest posi-
tion denoted by “0” of the height profile. Our estimate
will give an upper bound 3 value. The least thicknesses
of mono-, bi-, three, four, and five layers of the Ru
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complex are estimated to be 1.7, 4.6, 6.6, 9.0, and
10.4 nm, respectively (see Table 1).

Using cyclic voltammgrams (CVs) measured in
CH3CN containing 0.1 M TBAP (cf. Figure S3 in the
Supporting Information), we estimated the coverage
values of Ru complex layers (Table 2). The average
surface coverage values of mono-, bi-, three, four, and
five layers were estimated. The I' value increases al-
most linearly as a function of the number of Ru
complex layers: this is in good agreement with the
XPS data.

[ Value Measurements. So far, 3 values through the
molecular layer have been estimated in the literature
by using several methods, including electrochemistry
(chronoamperometry),®'>'%'®  scanning tunneling
microscopy,”® conducting probe AFM (CP-AFM),>' 2
and Hg drop junctions.'*>?% Concerns have occasion-
ally been raised about the bulk measurement methods
such as the electrochemical method because of the risk
of pinhole effects.®~%'® To obtain an accurate 3 value
for the direct tunneling process, the pinhole and
the heterogeneity effects need to be minimized. Because
of this, Akkerman et al. used a top electrode made
of conducting polymer in their sandwiched solid
cell.2’72° Poly(3,4-ethylenedioxythiophene) stabilized
with poly(4-styrenesulfonic acids) (hereafter PEDOT:
PSS) was adopted because the dominant size of PED-
OT:PSS (~20—30 nm) is sufficiently large to prevent
penetration into the molecular layer as well as into
nanosized pinholes.?® We have compared the results of

TABLE 2. Average Surface Coverage Values (I') of Ru
Complex Layers, Estimated Using CVs

both the electrochemical method and the method
using a sandwiched solid cell, which has a lower risk
of pinholes. Using this method, we avoid confusion
such as that caused by pinholes.

The data measured with chronoampermetry for the
Ru complex layers on ITO substrates are summarized in
Figure 3. Figure 3a shows the transitional anodic
current curves of the Ru complex layers with a potential
step from 4+0.4 V to +1.17 V to cross over the redox
potential of Ru complex layers at approximately
+0.70 V vs Ag/Ag*. The relation between the transitional
current /. and transfer constant k,pp is expressed as a
function of time t, In[/(t)//.(0)| = —kappt. In Figure 3b, the
slope of In /. vs time is shown. As stated above, exponential
decay of k,p, as a function of distance is expected in
normal organic systems.®'' 32~ The  value was then
estimated to be 0.021 A~ (Figure 30).

Figure 4 shows a schematic drawing of the cell
structure, /—V curves of the PEDOT:PSS|Ru complex
layer|ITO sandwiched junction, and log(/) as a function
of average thickness. Before formation of the Ru com-
plex layer onto the ITO surface, a polycrystalline in-
sulating TiO, layer (~100 nm) was deposited onto the
ITO substrate covered by a metal mask using rf-
magnetron sputtering. After the immobilization of the
Ru complex layer, a 4 um PEDOT:PSS film was coated
on the Ru complex layer to create the top electrode. To
increase the conduction of the PEDOT:PSS film, a small
amount of ethylene glycol was added to the PEDOT:
PSS liquid.>® The experimental details are described in
a later section.

For the monolayer, bilayer, and three layers, the |-V
curves are almost symmetric (cf. Figure 4b). At more
than four layers, the |-V curves often become asym-
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Figure 3. (a) Current (/.)—time (t) plots of Ru complex layers; (b) log—linear plots of (a); (c) film thickness dependence of
log(kapp), Where k,,,, is the apparent electron transfer constant through the multilayer film. The measurements were done in

0.1 M TBAP CH;sCN solution.
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Figure 4. (a) Schematic drawing of solid-state cell of PEDOT:
PSS|Ru complex layer| ITO junction; (b) current (/)—voltage
(V) plots of PEDOT:PSS Ru complex layer ITO junctions; (c) Ru
complex layer thickness dependence of log(/.).

TABLE 3. Activation Energies of Electron Transport,
Estimated Using Sandwiched Cells

activation energy (meV)

no. of layers <200 K >200 K
monolayer 10 390
3 layers 16 83
5 layers 10 36

those estimated from chronoamperometry. A similar
tendency of the f3 values has already been reported in
the case of redox-active metal complex layers.'""*

In our solid-state measurements using a conductive
polymer electrode, the density of the direct contact
area of the conducting polymer on the ITO surface is
likely to be low, as mentioned previously. Thus, we
believe that the low S value comes from the Ru
complex layers. As noted above, we notice that surface
roughness could influence the apparent j values. In
such a case, the real thickness may be lower than that
estimated using XPS. Then, in estimating the 3 value,
we suppose that the electron current pathway is given
by a through-bond path with the least thickness to
avoid overestimation. For comparison, we made sand-
wiched cells of PEDOT: PSS|insulating alkyl phosphonic
acid (C8 and C18) SAM|ITO and obtained a f3 value of
0.58 A~". The f3 value of sandwiched cells of insulating
alkyl phosphonic acids is comparable to those pre-
viously reported for the alkyl chain (0.5—1.3 A~").202
This may support the assertion that the /3 value ob-
tained is intrinsic. We occasionally measured the acti-
vation energies for charge migration (cf. Table 3 and
Figure S4, Supporting Information). The activation
energy values estimated at low temperature (<200 K)

TERADA ET AL.

are within the range 10—16 meV. Thus, charge migra-
tion is less temperature-dependent. This favors the
direct tunneling.

Some groups have reported small 5 values for redox
complexes. These were estimated from electrical con-
ductivity measurements in a dry state or from wet
electrochemical measurements. The values obtained
are within the range 0.001—0.07 A~11131619 The
conductance magnitudes in the literature are some-
what lower (observed tunneling resistances are on the
order of 1 x 10" Q). In our case, the /3 values and the
resistance were 0.012—0.021 A~" and on the order of
10°-10"" Q, respectively, demonstrating that low
conductivity and long-range transport ability may co-
exist. The origin of this feature will be discussed in
subsequent sections.

Theoretical Background of Electron Transport. Electron
transfer through the redox-active molecular layers
was assumed to be mediated by redox centers.'" While
the origin of the small 8 value in organometallic
complexes has not yet been fully understood, we
assume that direct tunneling is of primary importance.
We will continue with these ideas, discussing a possible
mechanism with a microscopic approach based on a
tight binding model and first-principles calculations.

The conductance Gg and the rate k,p, are given in
terms of transmission coefficient T(E) = I' [g|G1n(E)| by
G = (e*/(7h))T(E¢) and Kapp = ((27)/R)T TR|Gin(Epa) -
(FC), where G, is the terminal Green's function of the
electron.3*731 The constant e*/(i) is the unit con-
ductance, where e is an elementary charge and A is
Plank's constant. Ep, is the energy of the donor and the
acceptor, while Eg is the Fermi energy of the electrodes.
The term T’ (R) denotes coupling between the mole-
cule and left (right) electrodes (the donor/acceptor),
and the term (FC) is the Franck—Condon factor. The
terminal Green's function G;y(E) and subsequent T(E)
include all the length-dependent information on the
conductance and the rate. Here, we briefly discuss the
theoretical relationship between the electron transfer
and electric conducting systems. While chemical situa-
tions are largely different, i.e., charge carrier donation
and accepting take place both at the contact between
the molecule and at the electrode in the latter system,
whereas in the former system one of these happens
at the interface between solution and the molecule,
the two systems have a common mathematical fea-
ture because of the relation k.pp = ((27)/R)T(Epa)(FC).
Therefore, understanding length dependence of the
former leads to that of the latter, provided that direct
tunneling such as a superexchange mechanism
predominates.

The length dependence of the transmission coeffi-
cient of a uniform chain has been discussed in terms of
a single-band tight binding model.” A brief review is
given as follows. One of the most important results is
that the length dependence changes from exponential
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decay behavior (with the exponent f5) to oscillating
behavior (with 5 = 0) as we move from the off-resonant
to the resonant regime. Here, the criteria for the two
regimes are determined by Er or Epa. When they fall
within the range of the bandwidth (2t) centered at
the atomic potential energy (e), the tunneling is reso-
nant and 8 = 0. In the off-resonant tunneling region

arb. unit

Figure 5. Calculated equilibrium structure and electronic
density of state (DOS) of the unit layer of the Ru complex
given in Figure 1. The origin of the energy axis is given by
the Fermi level E; of the layer. The solid red line represents
the DOS of the layer, and the broken blue line denotes the
DOS of the vacancy system. The largest two spheres repre-
sent two Ru atoms; each is coordinated by six N atoms. The
complex is terminated by phosphoric acid on the left/right
sides, which have a P atom and four O atoms at each contact
point. The smallest spheres represent H atoms, while the
second smallest spheres denote C atoms.

eee
€ €

[ N N N

© Q¢
((((E\( L 2 N

(i.e., |e — E¢| > 2t), the exponent 3 is provided by = 2
log(|(e — Ep)/t|), and its lower bound Sz is given by 2
log 2. (See Figures 3 and 4 in ref 7.) In addition, T(EF)
reaches 1 periodically in the resonant tunneling re-
gime: that is, it oscillates as periodic function of the
length with maximum of 1.

There are two physical conditions that change the
results described above. The first one is vibronic
coupling. Here, we assume that vibronic coupling is
weak. Note that a strong coupling limit gives the
TIH,32 which is out the scope of the present study. If
vibronic coupling is sufficiently weak, its effect may
be represented by the dephasing constant «. The
oscillation of the transmission coefficient is now
damped oscillation, and its exponent y is expressed
as y = In(1 + |«/t)), ie, independent of the gap
le — E|.” Hence, the slope of the exponential decay
is determined wholly by the vibronic coupling y (not
by ) in the resonant tunneling regime of the uniform
chain model.

Another physical condition is “contact asymmetry”.
In this case, the coupling strength of the organome-
tallic complex to the left and right electrodes (donor
and acceptor) may be very different, i.e., |I' /| <1 or
1 << |T'/Tg|- Unlike in symmetric contact, the maximum
conductance value is markedly reduced by contact
asymmetry. As a result, a low charge migration rate (i.e.,
T(Ef) < 1) is possible, even when the resonant condi-
tion is satisfied. This is well-known theoretically.>* See,
for example, page 14 of ref 33.

4 LUMOs (Major Spin)

Figure 6. Model Ru complex (left upper panel). First, Au(001) was used instead of ITO as the electrodes. The multileg
phosphoric acid anchors were replaced by a thiol anchor. The notations of the spheres are the same as in Figure 5, while the
complex is terminated by an S atom instead of phosphoric acid. The projected molecular orbitals (PMO) onto the Ru complex
around E; of the gold electrodes are also shown (right upper, middle, and bottom panels). Red and blue respectively indicate
positive and negative amplitudes of the molecular orbital. Yellow denotes the electrodes. The left and the right overlap
between the complex and electrodes are largely asymmetric. (See text.)
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“b” site
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Figure 7. Drawings representing potential alignment in the molecular Hamiltonian, H,,., for an organometallic complex
molecular chain (case (ii)). Direct transfer of electrons between two adjacent “b” sites with transfer integral t’ arises in terms of
the second-order process drawn here, causing the formation of a density close to ¢® with bandwidth 2¢. If b is made of the
same atomic element as the electrode (donor/acceptor), we may expect £° to be resonant with Er and/or Epp.

First-Principles Calculations. Before we build a model to
analyze the mechanism of the small S value as well as
the role of metal centers, it would be useful to discuss
some first-principles electronic structure calculation
results. We began by searching for the equilibrium
structure and then calculated the density of states
(DOS) of the unit layer of our Ru complex. Here we
adopt the spin-polarized density functional theory
(DFT). The unit cell structure is given in the inset of
Figure 5. The molecule is slightly twisted along the C,
axis, which is defined as the vector parallel to the
normal line direction of the layer film. The resulting
DOS is also shown in Figure 5, where it may be readily
noticed that the DOS has a clear peak at the Fermi level
of the molecular layer. It should be noticed that the
DOS is not spiky thanks to two-dimensional periodicity:
we are discussing a molecular layer, not an isolated
molecule. For comparison, the DOS of the vacancy
system, which is obtained by replacing the two Ru
atoms with vacancies, is also included in the figure. At
the Fermi level, the vacancy system has a clear energy
gap. Figure 7 reveals that a Ru-originated band is
formed in our complex SAM that is partially filled. This
means that there is an effective transfer integral be-
tween two adjacent Ru atoms despite the large dis-
tance between them. Later we will show that the
effective transfer integral plays an important role in
the stepping-stone mechanism.

Next we discuss contact between the Ru complex
and electrodes to investigate the possibility of contact
asymmetry. We made some simplifications for electro-
des and the Ru complex layer. First, Au(001) is used
instead of ITO as electrodes. Multileg phosphoric acid
anchors are simplified to single-leg thiol anchors to
prevent too much demand on computational re-
sources. A phenyl ring was omitted for the same
reason. The resulting geometry is depicted in Figure
6. The present model system preserves the most
important features of our Ru complex; that is, the Ru
centers form a narrow band and the C, symmetry is
broken by twisting. We thus believe that the present
simplification is valid for checking the presence of
contact asymmetry. Note that this model com-
pound is also a good approximation for other metal
complexes."

TERADA ET AL.

We calculated the projected molecular orbitals
(PMOs)>* onto the model Ru complex region using
the entire single-body Hamiltonian, including electro-
des. This Hamiltonian is constructed from self-consis-
tent molecular orbitals. The four PMOs, whose energies
are close to Er of the gold electrode, are plotted in
Figure 6. Only LUMO:s (a), (b), and (d) have amplitudes
on anchoring S atoms. This localization of the PMOs on
each Ru-center moiety is caused by broken symmetry
due to the twisted structure. Furthermore, the spin
polarization, i.e., the difference between up and down
spin distribution, enhances the difference of MOs for
major and minor spin. This could enhance the spatial
asymmetric distribution of the wave functions. The
details of the localization of PMOs will be analyzed
elsewhere (unpublished work).

Using the self-energy formalism, the coupling
strength of each PMO with the left (right) electrodes,
which relate to T, (I'g) at E¢, was estimated.>* We found
a sufficiently large contact asymmetry for all the
calculated PMOs. The ratio I' /T’y is estimated to be
0.0, 0.33, and 970 for LUMOs (a), (b), and (d). The long-
range effective transfer integral and the contact asym-
metry characterize the Ru complex system. These
features need to be taken into account in the tight
binding model we are going to build. We are aware
that our model anchor used in our first-principles
calculations may be too simplified to describe the real
anchoring group; that is, a possibly stronger potential
barrier effect at the phosphoric acid anchor may
provide a largely different chemical setup. Nonethe-
less, we still believe that our points above are impor-
tant for discussing the physics of our problem. This is
because of a mathematical constraint on the transmis-
sion probability. If the contacts were symmetric, a low
but long-range charge migration rate would not be
possible; that is, a small 3 value necessarily leads to a
high conductance value. This mathematical require-
ment exerts a stronger constraint on the transport
property than the chemical setup. This will be dis-
cussed further in the subsequent section.

Stepping-Stone Mechanism. As stated in the First-
Principles Calculations section, Ru atoms play a major role
in charge migration across the insulating carbon back-
bone. Hence, we need some extensions introducing
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Figure 8. Transmission coefficients T(E) of (a) hydrocarbon
chains and (b) the Ru complex chain represented by the
parameter set (i) and (ii). Only in the latter case do we
observe that the probability T(E) does not decay exponen-
tially as we increase the chain length from N= 11 to N = 31
and 51. The numbers in the legend denote the number of
sites in the chain. See the text for more information.

inhomogeneity into the model used in the previous
study. The simplest extension to the molecular part of
the Hamiltonian would be obtained by introducing
heterogeneous site potentials into the model:

Hmol = z&fﬂ? + zflb
i i

n —t Yy (albj+bl,dis)
(., 0)

where n? and n? denote alas + ala; and bliby + bliby,
respectively, and o denotes spins 1 and }. £7® and t
denote a(b) site energy and the transfer integral (half-
“bandwidth” in our case). () in the last summation
means that the transfer is limited to nearest neighbors.
The electrode (donor/acceptor) part and the coupling
between the molecule and the electrode (donor/
acceptor) were accounted for in terms of the same
formalism as described in ref 7. The contact asymmetry
was taken into account by using different values for
transfer integrals t, and tg between the Ru complex
and the left and right electrodes, respectively.

Site “a” may represent a frontier molecular orbital of
the bridging phenyl ring at the center of the complex
and/or 2,6-bis(benzimidazol-2-yl)pyridine with a phos-
phonate group, which makes a contribution to the
second lowest peak of the DOS above E; in Figure 5.
Site “b” may represent a frontier molecular orbital of
the bis(tridentate ligand) ruthenium(ll) derivative cen-
tered on the 4d and 5s atomic orbitals of the Ru atom,
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which contributes to the lowest peak of the DOS above
Er. Note that the ionization potential (/p) of the Ru atom
is much greater than the work function of bulk Au, and
the LUMO energy of the tris-bipyridine moiety will
be sufficiently higher than E. It is therefore reason-
able to suppose that hybridization of the Ru and bis-
(tridentate) ligand orbitals may provide a frontier
orbital close in energy to Er. We therefore assume that
site “a” is higher in energy than site “b”. Sites “a” and “b”
are linearly aligned: ... ababab .... I of the conjugated
molecular moiety may be significantly different from
that of the metal atom, and therefore we may expect
(e — €5)/t| > 1. Assuming this limit, the direct transfer
of electrons between two adjacent “a” sites and two
adjacent “b” sites may arise, both with the small
effective transfer integral = £%/|(e” — &%)|. We would
therefore expect a density of states formation with a
narrow bandwidth of 2f around & and &°. This argu-
ment is based on second-order perturbation theory
and is depicted in Figure 8. The Ru-originated narrow
band formation thus obtained does not contradict our
first-principle results.

The emergence of density of state around ¢° and °
is also found in the transmission coefficient T(E) repre-
sented in Figure 8. We have plotted the energy E
dependence of the transmission probabilities for the
two cases (i) ¢ = ¢® = 0 (representing alkanes and
conjugated hydrocarbon chains) and (i) £ = 0,e%=—5¢t
(representing the Ru complex chains). In both cases, we
used a three-dimensional cubic lattice model for the
left and right electrodes. We then placed the transfer
integral and the site energy there using tyy = —10t and
em = —5t, respectively. The link transfer integrals
between the molecule and the left and the right
electrodes are given by t| = tg = t, and hence tg/t, = 1
in the case of symmetric contact, but t; =t, tg = 0.01t
and hence tz/t, = 0.01 for asymmetric contact. Details
of the contact self-energy and these parameters are
described in ref 7. When we set the Fermi level E- and/
or donor—acceptor level to —5t, the site “b” energy is
resonant with Er and/or Epa for (i), but is far from
resonance for (i). The transmission coefficients of some
chains with different lengths L = Nd, where d denotes
the intersite distance and N is the number of moieties,
are given in Figure 7. T(Eg) and/or T(Epa) clearly decays
exponentially in (i), but remains virtually constant
(oscillates when a small energy mismatch is expected)
as a function of N. We have checked that the elonga-
tion of the alignment period with varieties such as ...
abbabbabb ... and ... aabaabaab ... does not change the
essential results, but the energy region where 5 =0 is
satisfied narrows. These results suggest that our Ru
complex layers might exhibit long-range charge mi-
gration with a decay constant of 5 = 0. Long-range
transport could then be realized mainly through small
direct effective transfer between adjacent Ru (4d)
orbitals mediated by the large potential barrier at the
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Figure 9. Dephasing effect on the length dependence of
the transmission probability of the Ru complex chain. The
dephasing term « mimics the electron—phonon scattering
effect. The dephasing effect causes damped oscillation in
the energy region, where a simple oscillation is otherwise
expected. The exponent y of the length dependence repre-
sented in the form of e "V is roughly estimated to be
y = 0.03 when « = 0.01t .

carbon (cage) backbone in the center of the Ru com-
plex and/or 2,6-bis(benzimidazol-2-yl)pyridine with
the phosphonate group. The network of Ru centers
acts as “stepping-stones”, bridging electrodes across
off-resonant potential sites. Long-range tunneling is
thus distinct from the standard resonant tunneling
described by homogeneous tight binding sites. This
is why we call it a “stepping-stone mechanism”.

Although the stepping-stones provide a mediated
resonant tunneling mechanism, T(Ef) can be much
smaller than 1 when tg/t, > 1 or tg/t, << 1, and hence
Ir/TL > 1 or Tg/T'L < 1. T(E) may always reach 1 at
some length L when tg/t, = 1. Numerically, it is very
difficult to reach the value of 1, and we only come close
to the value, because of the extreme sharpness of the
peaks. The transmission coefficient is much reduced by
the contact asymmetry. The magnitude of the reduc-
tion depends largely on the asymmetry ratio. Hence,
our mechanism, i.e,, a combination of stepping-stone
and contact asymmetry, explains the long-range, but
low-charge migration rate that is observed experimen-
tally in our Ru complex system.

The last problem is the origin of the finite but
nonzero exponent in the stepping-stone mechanism.
One possible reason is slight energy mismatching of
the “stepping-stone” site due to the multiband effect
since the metal center can provide quasi-degenerate
orbitals. As another possibility, the dephasing effect
would be important, particularly if the length increases.
Figure 9 shows the length dependence of T(Er) where
the parameter set (i) used is augmented with the
additional dephasing term « = 0.01t. As it is found in
the (single-band) tight binding model based on the
homogeneous sites’ and described in the previous
section, the dephasing term brings about damped
oscillation with small exponent v, which is estimated
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52  -50
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Figure 10. Transmission coefficient T(E) for the symmetric
contact case, i.e., tg/t; = 1. Other parameter values are the
same as those used to obtain Figures 8b and Figure 9; we
used the parameter set (ii). The length dependence at some
energies is shown in the inset. The exponent T(E) is esti-
mated to be 0.003 (at E = —5.1t) in this case. These small
exponent values are obtained only when T(E) is high in the
case of symmetric contact.

to be 0.03 when E = —5.4t. This may correspond to y4 =
0.002 A~', where the length dependence is described
in terms of L but not of N, assuming that the intersite
distance can be estimated by d = 15 A. This result
indicates that the length-independent (3 = 0) tunnel-
ing shown in Figure 10b is very easily modified to
damped oscillation with a finite exponent value. This is
because the bandwidth of our resonant state 2f is so
narrow that it is very sensitive to perturbations such as
vibronic couplings. The extremely sharp peaks given in
Figure 8 are unable to resist even the smallest pertur-
bations. In short, competition between the stepping-
stone mechanism and vibronic interactions leads to
the observed slow but non-negligible exponential
decay of charge migration rate in our Ru complex.

To indicate how important contact symmetry is for
our problem, the corresponding plots in Figures 8b and
9 are shown in Figure 10, where the same parameter
values that give these results, but with different sym-
metry of the contacts, were used. This result, along with
Figure 9 in ref 7, means that contact asymmetry is
crucial to realizing a low but long-range conductance
and/or charge migration rate. While the chemical
model used in our first-principles calculation may have
some problems in light of the chemical reality of our
experimental system, the general conclusion, indicat-
ing the importance of asymmetric contact, has a robust
mathematical reasoning. A possible higher barrier
height of the phosphoric acid anchor than thiol may
be represented by an increase in the site energy gap,
i.e., €% — £° This will make the width of the narrow band
[2¢'| = |26%/(¢” — £)| even narrower. Bandwidth narrow-
ing is what we expect from the possible barrier height
increase in the anchoring site. This will lead to a
sharpening, rather than a reduction, of the transmis-
sion peak.
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CONCLUSIONS

We studied the thickness dependence of the charge
migration rate and/or electric current through Ru
complex multilayer films. The multilayer films were
prepared via a spontaneous growth technique using
pH-dependent aggregation of hydrogen bonds. The
molecular unit structure of our Ru complex multilayer
films resembles that of redox-active Co/Fe complexes,
which have been reported to show long-range charge
migration ability.'"'> We made a cross-check of the
results obtained using the electrochemical method
and the sandwiched solid cell measuring electron
transfer rate and electric current, respectively. The
latter was done with special attention paid to reducing
the pinhole effect using PEDOT:PSS as electrodes. We
observed small 8 values of 0.012—0.021 A", indicating
that our Ru complex multilayer exhibits long-range
electron transport ability. We have experimentally
estimated the activation energy to be as small as
10—16 meV, suggesting a tunneling mechanism.

A possible mechanism for the small § value was
investigated by focusing on the key role of metal
centers. On the basis of the results of theoreti-
cal—experimental collaboration, we propose a mod-
ified tunneling mechanism, which we named the
“stepping-stone mechanism”. The existence of the
lower bound S,z (= 2 log 2) of the exponent for
standard off-resonant tunneling places strong con-
straints on the mechanism of the small 3 value. If the

METHODS

Immobilization of the Ru Complex. Atomically flat ITO-coated
glass (purchased from Kuramoto Co. with sheet resistance <10
Q/sq) was used as the substrate. The molecular film of the Ru
complex with eight anchoring phosphonic acids as shown in
Figure 1 is fabricated onto the ITO-coated glass. The ITO
substrates were cleaned by sonication in acetone for 5 min
and thoroughly rinsed with acetone. To immobilize the Ru
complex, the precleaned ITO substrate was then immersed in
a 25 uM mixture solution (MeOH—H,0O = 1:1 v/v) of the Ru
complex adjusted to pH 3 or pH 6. The pH value of the solution
was fine-tuned by adding small amounts of 0.1 M KOH(aq) or
0.1 M HCl(aq) to the above MeOH-+H,0 solution mixture contain-
ing the Ru complex. After immobilization of the Ru complex, the
ITO substrate was washed with MeOH—H,0 (= 1:1 v/v) mixed
solution to remove any weakly adsorbed molecules and
contaminants.

XPS, FT-IR, and AFM Measurements. XPS spectra were measured
using a Theta Probe system from Thermo VG Scientific Inc. using
a focused monochromatic Al Kot X-ray source (1486.6 eV). In the
present study, the binding energy was calibrated using the C(1s)
binding energy of 284.8 eV for contaminated carbon species on
the bare ITO surface. The X-ray power, spot size, and pass energy
of the analyzer were set at 45 W (15 kV, 3 mA), 200 um, and
50 eV. The thickness of the Ru complex layer immobilized on
ITO can be estimated using the equation'’

d = —Acos @ In(l/l)

where d is the film thickness, I, and I are the In(3d) intensity
before and after film formation, 4 is the attenuation length of
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exponential decay of conductance or charge transfer
rate is slower than e ”=V, a novel mechanism other
than the standard one may be necessary. A rough
estimate gives us the critical value of g = 0.1 A~ for
the Ru complex, since the intersite distance there may
be about ~15 A. Thus, the conventional tunneling
mechanism is very unlikely in our case. We propose a
mechanism for the small 5 value in terms of a stepping-
stone-like alignment of atomic potentials around the
Fermi level. Our stepping-stone mechanism may be
one of the most realistic possibilities and appears
to support the intuitive arguments made in the
literature.”" ~'* Vibronic coupling may be necessary
to explain the small but nonzero exponent. Contact
asymmetry is another important contributor to ex-
plaining the low charge migration rate.

Our state-of-the-art theoretical result is distinct from

previous arguments made almost 20 years ago® '° on

the mechanism of the small 3 value, which mostly
depend on randomness and the presence of pinholes.
Justifying the latter in the new class of organometallic
layers may have to be rigorously tested, since itis not as
yet convincingly supported at the microscopic level.
First-principles calculations are now in progress on the
length dependence of ballistic conductance for several
kinds of metal-center complex layers. The usefulness of
organometallic-complex molecular layers for molecu-
lar devices has not yet been utilized in any way. Their
potential should be examined in the near future.

the In(3d) electron from the ITO surface, and 0 is the takeoff
angle from the surface normal. In the present study, we
measured the spectrum at # = 0°. We used a wavelength of
3.5 nm to determine the thickness of the Ru complex layer."”
FT-IR —RAS spectra were taken using the Magna-760 system
(Thermo Nicolet) at 4 cm™' resolution. AFM images were
obtained using a Seiko Instruments SPA400 unit in dynamic
force mode. We used a 20 N/m silicon cantilever whose tip
radius was approximately 20 nm.

Electrochemical Measurements. Electrochemical measurements
of the Ru(ll) complex-modified ITO surfaces as a working
electrode were carried out on a conventional three-electrode
cell with an ALS/CH Instruments model 611 C electrochemical
analyzer at 25 °C in 0.1 M tetrabutyl ammonium perchlorate
(TBAP) in CH5CN solution. The auxiliary and reference electrodes
were platinum wire and Ag/AgNOs (0.01 M AgNOs), respec-
tively. To estimate the electron transfer kinetic constant, chron-
oampermetry measurements were performed in potential steps
from +0.40 V to +1.17 V versus Ag/Ag™ to the crossover redox
potential (at around +0.70 V vs Ag/Ag*) of Ru complex
layers.'*'%1® Before the electrochemical measurements, the
setup was purged with pure nitrogen gas for 20 min to remove
any dissolved oxygen in the solution.

Sandwich Cell Fabrication and /—V Measurements. Solid-state
sandwich cells of poly(3,4-ethylenedioxythiophene) stabi-
lized with poly(4-styrenesulfonic acids) (hereafter PEDOT:PSS)
|[Ru complex layer|ITO junction (cf. Figure 4a) are fabricated as
follows.?” ~2° Before formation of the Ru complex layer onto
the ITO surface, a polycrystalline insulating TiO, layer
(~100 nm) was sputter-deposited onto an unheated metal
mask covering the ITO substrate using a rf magnetron
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(KS-702KAM-AI2 K-science-inc., Japan). The base pressure in
the sputtering chamber was less than 10™* Pa. Sputter
deposition was carried out in a mixture of Ar and O, (5%)
gas atroom temperature. Before deposition, the surface of the
target was cleaned for 2 min at 200 W. The deposition rate was
set at 20 nm/min (rf power 125 W). After two 50 nm deposi-
tions, to change the amorphous TiO, film on ITO into poly-
crystalline film, the film was annealed at 350 °C for 1 h in air.
Even under the metal mask, small TiO; particles remain, so the
substrate was washed in KOH for 2 min to remove them. The
Ru complex layer immobilization was carried out as previously
described. PEDOT:PSS was then coated on the Ru complex
layer. To increase the conduction of the PEDOT:PSS film, 5 wt
% ethylene glycol was added to the PEDOT:PSS liquid.*>° To
remove the water in the PEDOT:PSS, the substrate was an-
nealed at 60 °C for 10 min in air. The obtained thickness of
PEDOT:PSS was 4 um, estimated using SEM imaging. Current—
voltage measurements were carried out using the 4200-SCS
system (Keithley Instruments, Inc.). In particular samples,
to obtain the temperature dependence of the /—V curves,
sandwich cells were cooled using liquid N, in a vacuum
system.

Computational Methods. The electronic structure calculations
were performed in terms of density functional theory using
the SIESTA package.** The Perdew—Burke—Ernzerhof ex-
change correlation functional and the pseudo atomic orbital
type basis set were used.’® We adopted a split-valence
double-£ with polarization for H, C, N, S, and Ru atoms and
a single-C with polarization for the Au electrodes. For calcula-
tions of the equilibrium structure and the DOS of our Ru
complex, we took a unit cell with periodic boundary condi-
tion, with cell vectors large enough to neglect interactions
between neighboring Ru complexes. The resulting DOS
was then smeared due to the two-dimensional periodicity.
To carry out the PMO analysis and calculate molecule—
electrode coupling strength of the model Ru complex
contact, the nonequilibrium Green's function technique®’
was applied. The first-principles calculations of the Green's
function, G(E), and left/right self-energy terms, X, ,r(E), were
performed using the HIRUNE module program.*® We took the
Au(001) surface as electrodes and included five layers for
each side electrode in the Green's function calculations. Two-
dimensional periodic boundary conditions are imposed for a
surface with a c(5x5) unit cell. Monkhorst—Pack 3x3 was
adopted for k-point sampling, while the PMOs were defined
on the I point. Note that we also optimized the structure of
model contact by relaxing only the atoms in the model Ru
complex. The distance between the electrodes was fixed at
27.93 A. Using the terms G(E), Z,(E), and Zg(E), the self-
energies were renormalized onto the molecular projected
state Hamiltonian. The I' g couplings were then obtained for
each PMO.
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