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Abstract

The bottom—up approach to functional nanoscale architectures from molecular components at the surface is the fundamental subject of nano-
material science. This review addresses the recent advances in coordination multilayered architectures based on metal complexes, and discusses
the potential applications in photo- and electrochemical devices. Following self-assembly of an anchor monolayer on solid surface, layer-by-layer
growth of the molecular units proceeded with the assistance of metal coordination, resulting in multilayer structures. Particular emphasis is placed
on the use of multipod anchoring groups immobilized on surface in order to fix the molecular orientation in a rigid and well-ordered manner. The
fixed arrangement of molecular units on surface affords a uniform response to external stimuli and a predetermined distance for electron transfer
on the electrode surface, which provides novel molecular electronic devices. An interconnection between two terminals by assembling molecular
components is an emerging research target at the nanometer scale. New method for the DNA capture is developed by use of a DNA intercalator
metal complex immobilized on surface. Utilizing the DNA capturing ability of the immobilized complex, DNA-templated nanowiring on a Au/SiO,
patterned surface is achieved by selective anchoring of thiol/phosphonate groups, followed by the layering of DNA intercalator on the surface.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The bottom—up assembly of functional nanoscale architec-

ture from molecular components at the surface has attracted

much interest in the advancement of nano-technology [1-6].
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of multilayers is highly promising to construct two-dimensional
(2D) and three-dimensional (3D) chemical systems on surfaces
[7.8].

Alkanethiol self-assembly onto gold is the most widely
studied example to modulate interfacial properties such as
wettability, adhesion, tribology, and biocompatibility [9,10];
however, the utility of gold-thiol SAM chemistry is lim-
ited because of low integration of functional molecular units
and the lack of a general fabrication route to more com-
plex, multilayer structures. On the other hand, the sequential
LbL assembly of multiple layers has a much broader benefit
from the abundance of the combination of functional molec-
ular components in the vertical direction, which determines
the multilayer properties. Several rational fabrication meth-
ods for multilayer structures on surfaces have been developed,
classified by the type of interaction between the layers; i.e.,
electrostatic interaction, hydrogen bonding interaction, and
coordination bond [7,11]. In particular, LbL. multilayer for-
mation by metal ion coordination using bifunctional ligand
building blocks has been studied in a variety of systems, includ-
ing alkylmercaptocarboxylate/Cu(Il) [12], Rus-cluster/4,4’-
bipyridine [13], metal-metal bonded Ru,-dimer/bipyrdine [14],
azobis(terpyridine)/Fe(Il) or Co(Il) [15], surface-active N-
[(3-trimethoxysilyl)propyl] ethylenediaminetriacetate-Ru com-
plex/pyrazine [16], and Niz+/Pt(CN)42_/4,4/ -bipyridine [17].
Incorporation of redox-active molecular units within multilayer
films makes it possible to create an appropriate potential gradi-
ent for vectorial electron transfer, and also an electrochemical
response site [18]. As a functional electron transfer multicom-
ponent system, a natural photosynthetic membrane is a good
example, which consists of pigment—protein complexes, reac-
tion center proteins, and catalytic sites. Each component has
its own task, such as light harvesting, charge-separation, and
conversion of the electron transfer process into electrochemi-
cal potential energy, and redox catalytic reaction etc., and is
organized as one functional system; therefore, the construction
of an artificial photosynthetic system is an important goal for
functional multilayer systems [19-21].

Another aspect of nanoscale molecular systems on surfaces is
the enormous promise and enormous challenge against scaling
limits of transistors in conventional silicon-based microelec-
tronic devices, which has shrunk to the nanometer (less than
100nm) size regime [1,22]. Molecular-scale devices are an
emerging technology representing the ultimate in device scaling
at molecular lengths of ~1 nm. A great challenge is to assemble
the molecules into pre-patterned surfaces fabricated by pho-
tolithographic methods and to interconnect the terminals. The
assembly of discrete molecular units affords two-dimensional
and three-dimensional topological structures through various
combinations of molecular units and diverse functionality
through the structure/function relationship in molecular devices
[4,23-25].

In this review, we focus mainly on surface molecular-
based materials, which have a multilayered structure or have
the potential for interconnecting two prepatterned inorganic
surfaces (Scheme 1). Our objectives are to present our per-
spective of a surface coordination space and to summarize
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Scheme 1. Schematic drawing for multilayering and interconnection between
two terminals.

current efforts toward the nanofabrication of molecular devices
from the viewpoint of metal coordination chemistry. Sev-
eral nice review articles can be found in the related fields
[10,11,26,27].

2. Multilayered assembly built from molecular units on
a surface

Self-assembled monolayers (SAMs) form as a result of spon-
taneous adsorption and organization of adsorbate molecules on
a solid surface upon exposure to dilute solution. Since Allara
and co-workers [9,28,29] found that a thiol group was attached
on the gold surface, an element of functionality was added
to SAMs, which lead to functional SAMs suitable for diverse
applications such as electrode modification, biosensors, pho-
toelectrochemical devices, and so on. Both head group and
functional units in the adsorbate molecule are designed to intro-
duce suitable functionality, allowing surface derivatization on
the solid substrate such as Au or indium—tin oxide (ITO). Many
metal complexes such as Ru(bpy)s [30], ferrocene [31], and
porphyrin [32-34] can be self-assembled by thiol or disulfide
anchor groups on an Au or ITO electrode, in which not only
the basic electron transfer kinetics but also photocurrent gener-
ation or sensing properties have been explored. In addition to
a thiol group self-assembled on the Au surface, other organic
groups such as carboxylate, phosphonate, and isocyanide [35]
are also recognized to act as surface-immobilized groups. In
these organic anchoring groups, differential reactivity towards
Au, Pt, and metal oxide, which is often called orthogonal self-
assembly, has been reported; i.e., thiol and disulfide groups
are preferentially bound to a gold substrate, [36] whereas iso-
cyanide and pyridine groups are bound to a platinum surface,
and phosphonate and silanol groups to indium tin oxide and
metal oxide surfaces, respectively [37]. This surface selec-
tive modification is named by Wrighton as the “orthogonal
self-assembly method” [38]. Both thiolate and phosphonate
monolayer films are stable in aqueous solution over the pH
range 1-9 [39,40]. Although thiol-gold self-assembled chem-
istry has been extensively studied, phosphonate-metal oxide
self-assembled chemistry is still not mature. As for phosphonate-
metal oxide self-assembled chemistry, the growth mechanism
of long alkyl chain phosphonic acid on mica or sapphire has
been investigated by Schwartz and co-workers [41,42]. They
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reported that a continuous 2D phase of disordered molecules
is formed initially and later evolves via thicker, more ordered
film via the gradual growth of higher structures at room
temperature. At lower temperatures, the monolayer forms by
nucleation and the growth of ligands in which molecules are
close-packed and vertically oriented. Furthermore, direct attach-
ment of organophosphonic acid to the SiO,/Si surface has been
accomplished by the method of tethering by aggregation and
growth at 140 °C, referred to as the “T-BAG” method for short
[43]. This “T-BAG” method was reported to give close-packed
alkyl chains in octadecylphosphonate SAM on the SiO,/Si sur-
face. The “T-BAG” SAM of phosphonic acid can be removed
from the SiO»/Si surface by sonication in 0.5M K>COs3 in
2:1 ethanol/water typically for 20 min, followed by extensive
rinsing with water. Further, copious rinsing of Si samples with
5% dry triethylamine in THF also removes most SAM. The “T-
BAG” method can be applied for the surface immobilization of
phosphonic acid on other metal oxide surfaces such as ITO and
TiO;.

For the immobilization of phosphonate groups on ITO,
glass, or SiO», priming was sometimes used. For example, glass
and SiO, substrates were pretreated with aminopropylsilane
and then phosphorylation with POCl3 and collidine, followed
by zirconation by aqueous ZrOCl, [44]. In the case of the
TiO, substrate, exposure to Zr(OBu')4 vapor with a hydrox-
ylated TiO; surface enhanced the surface binding of organic
phosphonic acid [45].

However, SAMs on surfaces have low absorptivity density
even in a densely packed state, as collecting photons in photo-
electrochemical devices and only a simple chemical event can
be performed. On the other hand, in multilayer films, the chemi-
cal function of each layer can be additively combined to work as
a one system with complicated functions. In order to fabricate
multilayer film on the surface, electrostatic interaction between
anionic and cationic polyelectrolytes is commonly used as an
alternating layer-by-layer method. In the case of polymer elec-
trolytes, the boundary between the two layers is not well-defined
and polymer components are sometimes entangled [8]. Alter-
natively, a coordination bond between metal ions and anchored
ligand is available for building up layered or extended structures
on the surface.

2.1. Multiple surface attachment of self-assembled
monolayer on solid surface

In order to respond to external stimuli, the regular arrange-
ment of functional units is a prerequisite for a well-defined and
uniform response of functional SAMs. Functional units such as
metal complexes tend to disturb the lateral interactions respon-
sible for SAM alkyl chain ordering because of their bulkiness,
polarity etc. (Scheme 2). If molecular packing is low, the molec-
ular orientation becomes disordered since simple alkyl chains
are flexible; however, with mechanical motion of a “molec-
ular arm” for certain biomedical applications such as DNA
microarrays on the surface, sufficient spatial freedom around
each SAM molecule is required (Scheme 3). Once a low-density
SAM has been created, reversible conformational changes by

........................

Scheme 2. Two different orientations of mononuclear Ru complex with simple
alkylthiol groups on a gold surface: (I) well-ordered orientation, (II) disordered
orientation.

external electrical potential [46,47] or high single nucleotide
polymorphism (SNP) discrimination efficiency [48] can been
demonstrated.

In order to control molecular spacing, a precursor SAM
molecule with a bulky head group or cone-shaped dendron with
multiple anchor sites has been used. To ensure the dynamic
response to external stimuli, molecules with multiple attach-
ment points are desirable to keep the molecular orientation rigid
on the surface; examples are shown in Scheme 4.

The rigid tripod -COOH, —P(O)(OH), or —SH surface bind-
ing groups having a tetrahedral core such as tetraphenylmethane
or 1,3,5,7-tetraphenyladamantane provides a stable, three-point
attachment to the solid surface [11,21,49-53]. Recently, four
or more anchoring groups have also been reported [11,48].
These types of molecules with multiple anchoring ligands
were bound strongly to the solid substrate, and the molec-
ular orientation was fixed on surfaces. For example, in the
photoelectrochemical multicomponent system, consisting of an
electron sensitizer, electron donor and acceptors, the molec-
ular arrangement at the surface plays an important role in
the interfacial electron transfer reaction [20,54,55]. Further,
[2]rotaxane with a tripodal phosphonate anchor group on
a TiO, nanoparticle surface has been reported, in which a
crown ether is threaded into a viologen-based axle [51,56].
In this rotaxane system, the shuttle movement of crown
ether was controlled by the oxidation state of the viologen
moiety.

000N

2 e

Scheme 3. Dense molecular packing (A) and loose molecular packing in SAM
for reversible dynamic changes by external stimulus (B).
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Scheme 4. Partial structures of multipod anchoring groups.

Recently, we have synthesized novel bi- and tetrapod anchor-
ing ligands based on 2,6-bis(benzimidazol-2-yl)pyridine having
two or four phosphonate or thiol groups (LP, XP, and LT, respec-
tively) and their redox-active Ru/Os complexes (see Scheme 5)
[18,57-59]. In particular, ligand XP has two mesityl groups
with two auxiliary methylenephosphonic acids, which are ori-
ented perpendicular to the 2-benzimidazolyl plane because
of restricted rotation around C(mesityl))-C(methylene) and
C(methylene)-N(benzimidazoly) bonds.

This molecular orientation was confirmed by the X-ray crys-
tal structure of ethyl-protected [Ru(Et-XP)(tpy)]**, in which
two planes of mesityl and 2-benzimidazolyl rings are perpen-
dicularly oriented. By considering both the X-ray structure and
molecular modeling, the four legs of phosphonate are directed to
the metal oxide surface such as tin-doped indium oxide (ITO) or
silicon oxide after deprotection of ethyl groups on Et-XP shown
in Scheme 6. The height profiles of the atomic force microscope
(AFM) for mononuclear and dinuclear complexes, [Ru(XP),]
and [Ruy(XP), (tpy-ph-tpy)], on a flat ITO substrate exhibit reg-
ular heights of 1.7 0.1 and 3.8 & 0.2 nm, respectively, which
are consistent with those predicted from molecular modeling
for the vertical orientation of molecules from the normal sur-
face. A typical AFM image of dinuclear [Ru, (XP), (tpy-ph-tpy)]
complexes on the flat ITO substrate is shown in Fig. 1. The
packing density of the complex on ITO substrate was controlled
by the concentration of the metal complex in solution. At a
low concentration of the metal complex, scattered dots with an
average height of —3.8 nm were observed, whereas at higher
concentration, the whole surface was covered by closely packed
monolayers. By using a tetrapod phosphonate anchor XP ligand,
XP complexes can be directly bound to the ITO surface without
any pretreatment of the surface.

[M(XP)(tpy)]

[M(XP).]

[Mx(XP)(tpy-ph-tpy)]

Scheme 5. Structures and abbreviations of anchoring ligands and metal com-
plexes.



2692 M.-a. Haga et al. / Coordination Chemistry Reviews 251 (2007) 2688-2701

Substrate

Scheme 6. Proposed molecular orientation of [M(XP)(tpy)] (Ref. [59]. ©Springer).

2.2. Fabrication of multilayered nanomaterials based on
metal coordination

The “bottom—up” approach for multilayer construction using
sequential LbL self-assembly provides the integration of molec-
ular units into solid surfaces in a controlled manner at nanometer
sizes. Several methods, which can be distinguished by the type
of interaction between layers, have proven feasible. Electrostatic
assembly, based on the sequential adsorption of polyanions and
polycations, is a simple, but also powerful approach, which
relies on electrostatic interaction between oppositely charged
layers [8,60,61]. This methodology can be readily general-
ized to extend to a variety of polyelectrolyte materials such as
polymers, nanoparticles, clay-like nanosheets, and even bioma-
terials (enzymes and proteins); however, this assembled method
is known to present with irregular morphology, resulting in
entanglement between layers. Hydrogen-bonding interactions
[62,63], covalent assembly [64,65], and host—guest interac-
tions [66,67] have also been developed for the construction
of multilayer films. In one LbL method, multilayer formation
by successive metal coordination on surfaces deserves atten-
tion, which is relevant to the “complexes-as-ligands” and/or

“complexes-as-metals” strategy in solution for the synthesis of
polynuclear or dendritic metal complexes [68]. In this method,
primer SAM on the surface can act as a ligand to bind another
metal ion, to which a ditopic linker is coordinated. The resulting
second layer becomes the next bridging linker. By contin-
uing this process, each layer is grown on the surface in a
self-limiting manner to give well-defined nanometer-sized mul-
tilayers. From this “bottom—up” synthesis on a solid surface,
multilayered architecture consisting of multicomponents can
easily be fabricated by changing metal ions, ditopic molecular
units, or organic linkers, as shown in Scheme 7. The selec-
tion of surfaces, anchored groups, functional molecular units
and ditopic linker determines the functionality of multilay-
ers. Alkylsilanol, thiol, and disulfide are generally used as an
anchored group to a solid surface such as quartz or Au (see
Section 2.1), whereas bipyridine, terpyridine, or isocyanide are
applied for metal coordination groups. The reported examples
of layer-by-layer inorganic supramolecular structures are shown
in Scheme 8. For example, Nishihara and co-workers synthe-
sized polymetallic complexes 2 on Au by alternate deposition
of a Fe(IT) complex unit with dinucleating azobenzene-bridged
bis(terpyridine) ligand (tpy-AB-tpy) [15]. Similarly, Abruna et

POsH PO;HPOH POH

~3.7 nm

70.00

Fig. 1. AFM image of dinuclear [Ru,(XP),(tpy-ph-tpy)] complex immobilized on flat ITO substrate and its chemical structure.
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Scheme 7. Layer-by-layer growth by surface coordination chemistry.

al. has demonstrated that a newly synthesized terpyridine thiol
ligand allows for the preparation of redox-active mono- and
multimetallic systems 3 capable of sequential self-assembly
onto gold surfaces [69,70]. These studies show that the anchor-
ing tpy ligand has enough coordination ability to bind other
metal ions on the surface [71,72]; however, the importance of
free space for coordination has also been pointed out because
in the case of closed packed SAMs, little space is available
to complete the octahedral environment around the planar tpy
ligand.
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Scheme 8. Examples of LbL structures based on metal complex components fabric.
[70]; 4, Ref. [15b]; 5, Ref. [36]; 6, Ref. [84]; 7, Ref. [13]; 8, Ref. [14].)

--b& N N Co--

Furthermore, using two dihydroxamate ligands and eight
coordinating metal ions such as Zr*t, Ce*t, and Ti**, a new
kind of multilayer 5 based on metal-ion coordination has been
successively built up in a highly controlled step-by-step manner
[36,73]. This methodology is applicable for various combina-
tions of Ca-symmetric ditopic ligands and metal ions, resulting
in rod-shaped nanoarchitecture with perpendicular orientation
to the normal surface.

Not only an organic ditopic ligand but also the metal complex
itself can also act as a building molecular linker for multilayer
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ated by surface metal coordination. (Structure 1, Ref. [76]; 2, Ref. [15a]; 3, Ref.
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formation [11,74]. Redox-active Ru/Os complexes with novel
tridentate ligands containing two anchoring groups such as phos-
phonate in Scheme 5 have been synthesized (Scheme 5) [57,75].
These ligands have ideally C,, symmetry, and a bis-tridentate
coordination environment at the metal center forces the anchor-
ing groups to point in the opposite direction. Therefore, the LbL
growth method was applied for Ru/Os complexes with phospho-
nate groups. As expected, multilayers with redox-active M(L)»
and M (L)>(btpyb) (M =Ru(Il) or Os(Il), L=LP or XP) units
were constructed by the combination of Zr** or Cu?* ion as a
binder. Multilayer formation between phosphonate and metal
ions such as Zr**, Hf**, or Zn?* was originally developed by
Mallouk and co-workers [76,77] on a variety of surfaces via
sequential adsorption of metal ions and bis(phosphonic acids)
from aqueous solution [78].

One of the advantages of layer-by-layer growth is that a com-
binatorial approach is feasible using molecular modular units.
Since Ru and Os complexes are known to tune their oxidation
potentials by the change of ligands and central metal ion, the
different ordering of Ru/Os layers from the surface will lead to
different potential distribution or gradient in a controlled manner
at nanometer size. By changing the order of molecular units with
different redox potentials on the surface, any potential sequences
toward a molecular rectifier or electron transfer cascade system
can be constructed, as described later.

Multilayer formation on the ITO substrate was monitored
by various physical measurements such as UV spectra, quartz-
crystal microbalance (QCM) and atomic force microscope
(AFM). For multilayering experiments of mono- and dinuclear
complexes with XP anchor ligand, plots of absorbance for the
MLCT band around 500 nm versus the number of layers reveals
the linear relationship in all cases. The linearity of the plot of
the absorbance versus the number of layers indicated the uni-
formity of the multilayer structure. Furthermore, STEM images
and the depth profile of XPS data were supported by the mul-
tilayer structure; therefore, metal complex-based multilayers
can be constructed by the combination of redox-active Ru/Os
complexes and Zr** or Zn>* ion.

2.3. Functions of multilayered films

Inorganic LbL multilayer materials based on metal coordi-
nation are attractive materials for application in many different
fields such as optics, biotechnology, photo- and electro-
chemistry; i.e., nonlinear optical materials, electroluminescent
devices, enzyme sensors, solar energy storage devices, and
molecular rectifiers [7,73,79]. Here, we focus on the electro-
chemical aspects of multilayer architecture on the electrode
surface, particularly the rectification effect on the potential
gradient system, photocurrent generation, and electrochromic
devices.

2.3.1. Potential gradient system

In photosynthesis, photo-induced charge separation is a key
process, in which electron transfer takes place through the
potential gradient cascade system in order to minimize charge
recombination. Extensive studies for mimicking the photosyn-

thetic process have been carried out during the past two decades
[80]. The well-ordered multilayer system provides well-defined
alignment of the molecular units of sensitizer, electron donors
and electron acceptors [54,81]. Within the multilayers, potential
gradients assist unidirectional electron transfer to an electroac-
tive substrate, charge separation, and the transport of electrons
and holes in opposite directions [82]. The design of molecular
rectifiers also requires the arrangement of molecular components
in the order of potential gradients.

2.3.2. Photo- and electrochemical devices

SAMs of photoactive chromophores on a gold or ITO sur-
face have been paid much attention as artificial photosynthetic
materials and photonic molecular devices. Dye-sensitized pho-
toelectrochemical cells reported by Gratzel et al. employ Ru
complexes anchored to the mesoporous nanocrystalline TiO,
surface together with suitable redox electrolytes or amorphous
organic hole conductors [83]. Imahori and Fukuzumi et al.
prepared SAMs of porphyrins, porphyrin-fullerene diads or
ferrocene—porphyrin—fullerene triads on gold and ITO elec-
trodes, [20,54,55] which lead to photocurrent generation with
high efficiency. While conversion efficiency is governed by a
product of the efficiency for each process such as light har-
vesting, photoinduced charge separation, and charge injection,
organization of the redox components on solid substrate or elec-
trode has resulted in high quantum yields and longer lifetimes of
photoinduced charge-separated states relative to those in solu-
tion. Fabrication of photoactive multilayers has been reported, in
which Zr** bisphosphonate multilayers of viologen derivatives
on top of copper dithiolate multilayers of porphyrin derivatives
on gold electrodes produced efficient and stable cathodic pho-
tocurrents by visible light irradiation [81]. Within the multilayer
structure, porphyrins as electron donor layers and viologen as
electron acceptor layers have been organized in potential gra-
dient arrangement by binders of Zr phosphonate and copper
dithiolate (Scheme 9).

As another example, novel multilayer films containing Cu(II),
4.4’ -bipyridyl-2,2’,6,6'-tetracarboxylic acid, and capping with
the pyrene-containing ligand generated a cathodic photocurrent
under photoirradiation [84].

Recently, we prepared a variety of multilayer structures by the
combination of redox-active [Ru(XP);] and [M2(XP),(tpy-ph-
tpy)] units (M = Ru or Os), which possess M(II)/M(III) oxidation
potentials at +0.65V, +0.93 V (M =Ru), and +0.64 V (M =Os)
versus Ag/AgCl, respectively. In addition, [Ru(XP)(H;bip)]
(H,bip =bis(benzimidazolyl)pyridine) shows proton-coupled
electron transfer reactions, which act as a potential tunable unit
on the outmost layer. Therefore, the judicious selection of redox
potentials leads to the proper alignment of molecular units with
potential gradient in multilayers, which control the direction of
unidirectional electron flow.

As a priming first layer, [Ru(XP),] and [M;(XP),(tpy-
ph-tpy)] on an ITO electrode have been immobilized
with closed-packed surface coverage of 5.60 x 10~!! and
5.54 x 107" mol/cm?, measured by cyclic voltammogram,
respectively. By increasing the number of layers using a Zr(IV)
ion linker, the anodic peak current increases linearly up to 14
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layers for [Ru(XP);], and 8 layers for dinuclear [Ru(XP), (tpy-
ph-tpy)]. Scheme 10 shows three different tri-layered structures,
in which the expected potential sequences are also illustrated.
In multilayer films, electron transfer occurs preferentially from
higher to lower energy through the potential cascade, and there-
fore from the outer layer to the electrode or vice versa (see
Scheme 10).

Cyclic voltammograms of two types of three-layered films on
an ITO electrode are shown in Fig. 2, in which the nonequiva-
lence of anodic to cathodic peak ratio was observed; i.e., a larger
anodic peak current was mainly observed in the [Ru(XP),] com-
plex as a top layer, whereas a larger cathodic peak current was
observed in the [Ru, (XP)(tpy-ph-tpy)] complex as a top layer,
as shown in Fig. 2. This result strongly indicates rectification on
multilayer molecular films.

2.3.3. Electrochromic devices

A wide range of inorganic, organic, and polymeric materials
show a visual color change upon oxidation or reduction, which
is termed ‘electrochromism’. Because of the low absorptivity
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Scheme 10. Three different tri-layered structures with different ordering of
molecular units (mononuclear Ru, dinuclear Ru—Ru and Os—Os complexes) and
their expected potential sequences.
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at 550 nm (Ref. [57]. ©The Royal Society of Chemists).

of SAMs, the change of absorbance is quite small to recognize
by the naked eye, but a significant gain of absorptivity is attain-
able by multilayering the units or using polynuclear complexes.
Novel dinuclear cyano-bridged mixed valence compounds such
as [Rul(py)4(CN)]-CN-Ru"'(NH3),pyCOOH immobilized on
nanocrystalline SnO, or TiO; films on conductive glass exhib-
ited electrochromic behavior [85]. Two colored states of these
complexes can be interconverted in a narrow potential range
(—0.5 to +0.5 V versus SCE) with high stability. The switching
times between the two limiting colors is in the order of millisec-
onds. Similarly, SAMs or multilayers of dinuclear Ru complex
on the ITO electrode reveals the electrochromic response at
550nm in sandwich-type cells [57]. The performance of the
cell immobilized by the Ru dinuclear complex on ITO is shown
in Fig. 3.
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3. Selective anchoring and layering at patterned surface

The patterning, positioning and interconnection of molecules
with high accuracy and stability on solid substrates play an
important role in molecular electronics [86]. Two different
“top—down” and “bottom—up” approaches have been investi-
gated for the fabrication of nanostructures on a solid substrate.
For top—down technologies, photolithography-based microfab-
rication has been developed, which relies on a light wavelength
such as visible or UV light. Recently, soft lithography and
nanoimprint lithography as a new fabrication method have
emerged. On the other hand, bottom—up fabrication uses the
self-assembling of molecular units to make a nanostructure. If
two metal terminals have a gap of 50 nm on a planar surface, how
would one connect these two using molecules? One way is to

HO3P POal'@oaH POzH

=

Scheme 11. Schematic illustration of DNA capture between two Ru complexes layered on Zr-MBPA on gold microelectrodes.
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synthesize the exact size of the desired molecule, and the other
way is to assemble smaller molecular units using SAMs or graft-
ing from molecular units on each terminal by polymerization or
the use of a scaffold. As an alternative approach, we have devel-
oped a method of DNA wiring between two Au terminals by
the assistance of SAM molecules on the surface. DNA template
assembly accompanied by a scaffold to a conducting silver wire
has been reported for making electronic connections between
nanogap electrodes [87]. When DNA trapping molecules are
selectively attached to Au terminals of the Au/SiO; patterned
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substrate, DNA molecules can be captured from a solution and
used as a scaffold for nanowiring between two Au terminals;
therefore, DNA is an attractive material in its usage of a wire
scaffold of predetermined length [88]. To date, DNA immobi-
lization can be achieved by electrostatic aggregation [89] or thiol
derivatization of DNA for DNA microarrays. Acridine interca-
lation into DNA has also been used to immobilize DNA on a
gold surface. Several methods for DNA expansion, straighten-
ing [90], or nanoarchitecture on solid surfaces [91,92] have been
reported.
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Fig. 4. TOF-SIMS surface images of different stages of surface modification on multilayering (collaboration with Dr. Hisakazu Nozoye at ULVAC-PHI Inc.) (size:

100 pm x 100 pm).
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3.1. Selective anchoring and layering on Au/SiO> surface

The development of photolithography enables the easy fab-
rication of micrometer-size Au patterns on a Si wafer. Starting
from micrometer-size patterns, the fabrication size can be scaled
down by the attachment of “molecular rulers” on the patterns
[93]. Further, the importance of the incorporation and intercon-
nection of molecular units into a pre-existing template structure
has been pointed out by Allara et al. [86] in order to attach
molecular units selectively for the fabrication of molecular-
based devices. Along these lines, we have prepared an Au/SiO;
patterned substrate as a platform for hooking up two Au ter-
minals by a DNA scaffold, and developed a new method of
DNA capture by DNA intercalating SAMs immobilized on a
Au surface as shown in Scheme 11 [18]. The captured DNAs
were used as a scaffold for the metallization or accumulation of
chemical substances for chemosensing. As a DNA intercalating
group, naphthalene- 1,4:5,8-bis(dicarboximide) (ndi) or acridine
was selected. Further, several new Ru complexes with anchoring
phosphonate groups and a DNA intercalating group have been
synthesized and immobilized by orthogonal self-assembly (see
Scheme 11).

First, 4-mercaptobutylphosphonic acid was self-assembled
on the Au-patterned platform of an Au/SiO;-patterned sili-
con wafer, followed by protection of the SiO; surface with
decylphosphonic acid. Secondly, immersion of the resulting
monolayer substrate in ZrOCl; solution, followed by exposure
of the Ru complex/decylphosphonic acid mixtures provides a
selectively modified substrate for DNA capture. Selective mod-
ification of an Au/SiO,-patterned substrate has been clearly
elucidated by time-of-flight secondary ion mass spectrometry
(TOF-SIMS) surface imaging, as shown in Fig. 4. In Fig. 4b, a
Zrion mass peak was clearly seen on the Au-patterned part of the
surface, but no peak corresponding to the molecular fragment
of Ru complex (m/z=940). On the other hand, after immer-
sion of this substrate in Ru complex solution, the molecular
fragment peak of m/z=940 was only observed on the Au-
patterned part (see Fig. 4c) in addition to the Zr mass peak part.
Selective immobilization of thiol-carboxylate or -phosphonate
groups has also been reported by Wrighton et al., but exam-
ples of selective layering on a patterned substrate are still
limited.

Recently, Reinhoudt and co-workers [94] have reported the
“molecular printboard” method, in which molecules can be
positioned on printboard using supramolecular microcontact
printing and supramolecular dip-pen nanolithography due to
specific host—guest interaction between guest “ink” molecules
and the modified substrate by host SAMs. A nanoscale pattern
can be written and erased on this printboard.

3.2. Molecule-to-molecule connection using ds-DNA
toward nanowiring

Several methods have been developed to position and stretch
DNA molecules in microelectrode gaps. DNA stretching has
been achieved using electrophoresis, [95] optical tweezers, [96]
molecular combing by meniscus force, [97] self-organization

Fig. 5. AFM phase image of DNA captured on mica substrate modified by low
coverage of Ru complex. Size: (a) 1.25 wm x 1.25 pm (Ref. [100]. ©Elsevier).

onto guiding microstructures, [98] and poly(dimethylsiloxane)
(PDMS) stamp with DNA “ink” [99]. In our study, the immobi-
lized Ru complex with the DNA intercalating group on a surface
interacts with double-stranded DNA (ds-DNA) through both
intercalation and electrostatic interaction between anionic DNA
and cationic Ru complex, and to fix the DNA on a solid sur-
face [100]. Furthermore, molecular combing on the electrode
gap facilitates the fixation and stretching of DNA. In the first
setup, DNA capture was examined on a mica surface modified
by Ru complex. The surface concentration of the Ru complex
affects the DNA morphology on the surface; i.e., lower cover-
age provided a more stretched form of DNA, as described later.
Under lower coverage with the Ru complex, the rest of the free
space was filled with octylphosphonic acid by self-assembly.
AFM images of the surface with low coverage showed scattered
dots of almost the same height, consistent with the expected
value for the difference between the Ru complex with vertical
orientation and octylphosphonic acid by molecular modeling.
Using a meniscus transfer method or a pull-up method with
a modified mica substrate, \-DNA was aligned through these
immobilized molecular dots in a point-to-point manner (Fig. 5).
Both clear lines of DNA and molecular dots of Ru complex
were easily discriminated from AFM measurements, as shown
in Fig. 5. The molecular height of each DNA line was ~2.0 nm,
and the characteristics were connected in a point-to-point man-
ner associated with sharp break points. Once captured by the
immobilized Ru complex, these lines of DNA could not be
removed by simple rinsing with water. As a control experiment,
DNA was expanded on a bare mica surface by the meniscus
transfer method and a clear AFM image of DNA lines was
observed; however, these DNA lines were easily washed from
the bare mica surface by water, in sharp contrast to the result
above.

This fixing method of A-DNAs was applied to a Au/SiOy
patterned solid surface, resulting in the positioning of DNA in
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Fig. 6. AFM image of DNA captured between Au terminals modified by Ru complex and octylphosphonic acid (left) and SEM image of DNA nanowire coated with
Pd nanoparticles between two Au terminals.

microelectrode gaps (Fig. 6a). The number of captured DNAs
depends on the DNA concentration in solution. Fixed DNAs on
the substrate surface were covered by cationic Pd nanoparticles,
which act as catalysis in electroless copper deposition. Fig. 6b
shows SEM images of DNA nanowires covered with Pd nanopar-
ticles and copper metal after electroless deposition, in which the
diameter of the nanowire is growing in a step wise manner. Sim-
ilar wiring by electroless metal deposition has been reported by
several groups [98,101]. Fixed DNA nanowires would provide
a new reaction environment for preconcentration of chemical
materials by interaction or electrostatic attraction, and for a scaf-
fold for nanodevices. He et al. [99] reported the assembly method
of highly aligned DNA strands onto Si chips. Using combined
molecular combing [97] and microcontact printing (wCP) tech-
niques [102] the orientation of the stretched DNA strands on the
surface can be easily controlled. As a result, the aligned DNA
strands were bridged across the electrode gaps on the Si chip
in stretched form by controlling the contact printing direction
perpendicular to the facing microelectrode gaps.

4. Future perspectives for the chemistry of 2D
coordination space

Multilayered nanomaterials based on metal complexes can
be prepared on a variety of surfaces via sequential metal coor-
dination in a rational way. These nanomaterials have potential
applications in a variety of functional systems or devices such
as artificial photosynthesis and light harvesting.

Prussian blue, [Fe(Fel'(CN)¢)]~, is a well-known insol-
uble mixed-valent complex, in which cubic arrangements of
Fe™ centers linked by CN~ bridges build up extended lat-
tices. Prussian blue thin films on an ITO electrode are generally
formed by electrochemical reduction of solutions contain-
ing Fe(Ill) and hexacyanoferrate(Ill) ions [103]. During the
redox reaction on the surface, cations are transferred into/from
lattices. Using metal-organic frameworks with porosity, the
inclusion/exclusion of small molecules or ions will be con-

trolled by an applied potential on the solid surface. Hupp et al.
showed that the molecular square based on metal complexes on
the electrode recognized the molecular size of chemical mate-
rials by current measurements [74,104]. A larger redox-active
compound as a marker could not penetrate the void space of the
molecular square into the electrode, and therefore no electro-
chemical response was observed.

Recently, the development of crystal engineering and syn-
thesis of metal—-organic frameworks (MOFs) made it possible to
design a specific target nanostructure with high porosity [25,105]
Several 2D metal—organic coordination networks made by the
combination of rigid organic linkers and metal ions on a solid
surface such as Cu(1 0 0) or graphite have been synthesized and
characterized by STM analysis [106]; however, the 3D MOF
system on the surface has not been explored and remains a
future challenge since a surface nanostructure with porosity or
nanospace will be of great benefit in many practical applica-
tions such as gas storage, catalysis, or molecular recognition of
chiral catalysis or sensors. In summary, the design of a func-
tional nanostructure on surfaces will play an important role in
the development of future material science.
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