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This review covers recent progress in the construction of metal complex wires on various substrates via
the stepwise coordination method, their functions, and the electrochemical evaluation of bis(terpyridine)
metal complex oligomer wires on electrodes. In the layer-by-layer process of metal complex wire con-
struction, various combinations of anchor ligands, metal sources, and bridging ligands have been used.
The prepared structures show multiple functions, including photocurrent generation, catalytic activity,
insulation properties, and long-range electron transport abilities. The electron transport behavior, and
the long-range electron transport abilities from the terminal redox site to the electrode via bis(terpyr-
idine)metal complex wires, were evaluated using potential step chronoamperometry. The remarkable
long-range electron transport abilities were evidenced in the small values for the attenuation factor, (.
The influence of the building blocks in the metal complex wires on the § value and the electron transfer
rate constant was demonstrated.
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1. General introduction

In recent decades, the size of semiconductor-based electric de-
vices has shrunk from a few hundred micrometers to a few nano-
meters, and their performance has improved drastically. These
electric devices are manufactured using the top-down method,
which is the technique that is most commonly used to construct
nano-size structures (an example of a technique that can be used in
this process is photolithography). However, there is a belief that the
top-down method will reach a limit in the near future, because of
the restriction on the patterning resolution that is imposed by the
wavelength of light used in the photolithography process, the leak
current from the nanometer-scale electric circuits, and the enor-
mous manufacturing costs. In order to resolve these problems,
another approach to the fabrication of nano-size structures (i.e., the
bottom-up approach) has become attractive. In this method,
structures are constructed by assembling nano- or angstrom-size
elements; for example, molecules, atoms, ions, and nanoparticles.
These elements will automatically assemble to form the desired
structures via electric, hydrophilic/hydrophobic, and various
intermolecular interactions among them. This phenomenon is
called self-assembly. The self-assembly bottom-up technique al-
lows fabricating a large number of nanometer systems easily and
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inexpensively. Therefore, many researchers have studied the
bottom-up method to create new materials or systems, and to
establish techniques to control the self-assembly process. In this
review, we will present recent researches related to the structures
created on substrates via molecular self-assembly using the step-
wise coordination process, and we evaluate their electrochemical
properties.

2. Modification of substrate surfaces by self-assembled
monolayers

2.1. Introduction

The fabrication of electric devices composed of molecules is one
of the ultimate goals of nanotechnology. It is expected that
molecular-based electronic devices would have magnetic, photo-
physical, and chemical properties derived from the compositional
molecules; this is different from known silicon-based electric de-
vices. Many research groups have fabricated and reported the basic
components of molecular devices such as switches [1] and diodes
[2]. In the construction of molecular electric systems, the signal
detection from molecules is important to input or output infor-
mation. In addition, high stability is required in the long-term
performance and the responsivity to signals. The immobilization
of molecules on electrodes is one of the methods that can be used to
fulfill these requirements. Molecules immobilized on electrode
surfaces should show more rapid responses and higher durability
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than molecules in solution. Thus, surface modification with mole-
cules is an important process for the achievement of molecular-
based devices.

Langmuir—Blodgett (LB) films [3—5], electropolymerization
[6,7], chemical vapor deposition (CVD) [8—10], and self-assembled
monolayers (SAMs) are the most commonly used surface modifi-
cation techniques; the preparation of SAMs on various substrates
(such as metal, semiconductor, or metal oxide material surfaces)
can be achieved easily via immersion in a solution.

2.2. Fabrication of self-assembled monolayers on substrates

Typical combinations of substrates and molecules are listed in
Table 1. The SAM fabrication has been performed on various sub-
strates. Among these, gold, indium tin oxide (ITO), and silicon are
most usually used as the platforms for SAMs. Gold is the metal thatis
most commonly applied as electrodes. Gold has excellent thermal
and electric conductivity, and a surface that is inert against heat,
humidity, oxidation, and a number of chemical reactions. Gold-
coated electrodes are typically prepared using vapor deposition on
a silicon or mica substrate, followed by annealing with a hydrogen
flame to form an Au(111) surface before use. The treated Au elec-
trode is then immersed in a solution of compounds containing thiol,
disulfide, SCN, or SAc moieties to fabricate an SAM [11-25]. The
formation process, arrangement, electrochemical properties and
conductivity of SAMs on Au electrodes have been investigated
previously.

The ITO is a transparent electrode material, and is attractive for
electrodes in dye-sensitized solar cells and organic electric lumi-
nescence devices. For the modification of ITO surfaces, usually
phosphoric acid, trialkoxysilane, and carboxylic acid [28—34] are
used. Many studies have reported the photochemical properties of
SAMs on ITO surfaces, because the transparency of ITO is suitable
for photo-irradiation experiments. Matsuo et al. modified ITO with
amixed SAM containing a Cgg fullerene and an iron atom-doped Cg
fullerene, and demonstrated that this modified electrode generated
a bidirectional photocurrent under irradiation with 340 nm and
490 nm light [31]. Nesterov and coworkers prepared thiophene

SAMs on ITO, and performed additional modifications using elec-
trochemical polymerization [32]. The photocurrent generation in
ITO modified with SAMs and poly(3,4-ethylenedioxythiophene) was
evaluated in the presence of methyl viologen as an electron carrier,
and its photovoltaic performance was superior to that of a control
device prepared using the spin-coating method. Our laboratory has
also reported photochemically functional SAMs on ITO (Fig. 1) [33].
We modified ITO with 3-ferrocenyl-4'-carboxylazobenzene, and
succeeded in the cis- and trans- isomerization of the azobenzene unit
with a single wavelength (546 nm), and in the control of the ferrocene
valence state. In another study, we sequentially prepared porphyrin-
terminated M(tpy), (tpy = 2,2/:6',2"-terpyridine, M = Fe?*, Co®",
Zn**) wires on an ITO surface modified with 4-[(2,2':6,2"-terpyr-
idin)-4"-yl]benzoic acid [34]. The photo-electron conversion abilities
of these wires were evaluated in an Na;SO4 aqueous solution con-
taining triethanolamine, and the Co(tpy),-bridged system showed
the highest quantum efficiency.

Silicon is the most widely used semiconductor and core material
in the electronics field. The SAMs on SiO; and hydrogen-terminated
Si have been reported. Trialkoxysilane or trichlorosilane moieties
are used for the modification of SiO, surfaces, and SAMs are pre-
pared using the thermal method or the vapor phase method [35—
39]. The thermal stability of an organic silane SAM has been
investigated, and the SAM was not destroyed at 300 °C under
vacuum conditions [39]. Hydrogen-terminated silicon is an
attractive substrate, due in part to the fact that Si—C bonds can be
formed between the substrate and the immobilized molecules
without any SiO; insulating layer [40—43,45—50]. The connection
of SAMs to a silicon surface via covalent bonds allows making a
direct evaluation of the electric properties, and this process also
results in high thermal and chemical durability. The hydrosilylation
reaction between Si—H bonds and alkyne or alkene molecules is
one of the most popular methods for the modification of hydrogen-
terminated silicon surfaces. This reaction is typically performed
under heated conditions or UV light irradiation, but reactions under
mild conditions [48] and under visible light irradiation [49] have
also been reported. Recently, Huck and Buriak reported that aro-
matic electron acceptors (e.g., chlorobenzene) accelerated the UV-

Table 1
Combinations of molecules and substrates for the formation of SAMs.
Substrate Molecule Ref. Substrate Molecule Ref.
Au R—SH [11-25] X—Si (X = Cl, Br, ) R—OH [51-55]
R—S—S—R R—MgBr
R—SCN R—Na
R—SAc
Pt R—SH [26,27] GeO, R—SiX5 (X = Cl, OMe, OEt) [61]
R—NC X—Ge (X = Cl, Br) R—MgBr [62—66]
R—SH
ITO R—SiX; (X = Cl, OMe, OEt) [28—34] H—Ge Alkenes [67—69]
R—PO(OH), R—SH
R—COOH H-C Alkenes [70-74]
R-1
R—N=N-R
Si0,, glass R—SiX3 (X = Cl, OMe, OEt) [35-39] X—C (X = Cl, Br) R—MgBr [75=77]
R—SH
R—SNa
Alkenes
Glassy Carbon R-I1 [78,79]
H-Si Alkynes [40—50] GaAs R—SH [80—83]
Alkenes InP R—SH [84—86]
R—OH TiOy Alkenes [87—-89]
R—CHO R—CO,H
R—SH R—PO(OH),
R—MgBr Aluminum Oxide R—PO(OH), [90—92,123]
R-Li R—Si(OEt);
SiC Alkenes [93—-96]

R—Si(OMe);
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Fig. 1. Photoisomerization of a ferrocene-azobenzene system using single-wavelength light on an ITO electrode. Ref. [33] — Reproduced by permission of The Royal Society of

Chemistry. (b) Photocurrent generation system on an ITO electrode. Ref [34] —

initiated hydrosilylation reaction on H—Si(111) by up to 200 times
comparing with the reaction in neat hexadecane [50]. The halogen-
termination of silicon is also used to modify silicon substrates. In
order to obtain a halogen-terminated silicon surface, hydrogen-
terminated silicon is exposed to a halogen source such as PCls,
Cly, Bry or I [51-55]. In many cases, these halogen-terminated
surfaces must be handled under inert conditions, because they
have very high reactivity; in contrast, hydrogen-terminated silicon
surfaces can exist in air for longer periods. The photoresponse of
the redox properties is unique to redox-active SAMs on silicon
substrates. This behavior has mainly been investigated in SAMs
containing ferrocene moieties. Under dark conditions, the redox
reaction of ferrocene is typically irreversible; under irradiation with
light, or in a bright place, a reversible redox wave appears. This
photo-responsivity derives from the band structure of the semi-
conductor, and usually redox-active SAMs on n-type silicon exhibit
this phenomenon [56—60]. Metals (e.g., Pt) [26,27], carbon sub-
strates [70—79], oxide materials (TiO;, Al,03) [87—92,123], and
semiconductors (Ge, SiC, GaAs, InP) [61—67,81—86,93—96] have
also been employed as substrates for the preparation of SAMs.
There are many possible combinations of substrates and mole-
cules for the formation of SAMs. However, aryl diazonium salt is
one of the important compounds for the modification of substrate
surfaces. It can be used to fabricate an organic layer with functional
groups on various substrates, including carbon, metals, semi-
conductors, polymers, and insulators [97—99]. The surface modi-
fication is achieved using the electrografting method [100—102].
The substrate is used as a working electrode, and is dipped into a
solution containing a diazonium salt and a supporting electrolyte.
When the potential is swept in the negative direction, the reduction
reaction of a diazonium salt occurs on the substrate surface, and the
bond between a substrate and an aryl group is formed. The Ar—NH,
compounds can also be used instead of a diazonium salt [103—107].
In this case, a solution containing an Ar—NH, compound, NaNO»,
and a supporting electrolyte is used. A diazonium salt compound is
generated in situ, and the surface is modified with an aryl moiety.
Recently, other methods that do not require the application of a
potential have been reported [108,109]. However, in most cases, the
surface modification with a diazonium salt provides an organic

Reproduced by permission of The Chemical Society of Japan.

multilayer because of the radical polymerization reaction on the
surface [110—113].

3. Fabrication of metal complex oligomer and polymer wires
3.1. Introduction

Many reports on SAMs have stayed within the field of mono-
layer systems. In general, molecules with a simple structure cannot
display multiple functions. If we try to fabricate a multifunctional
molecule, its structure will become complicated, and the synthesis
method will become cumbersome. Stepwise multilayer fabrication
methods have been developed to allow the fabrication of higher-
level molecular structures using easy processes. In these
methods, SAMs or polymers on a substrate are used as a template
for molecular multilayers. Even if each molecular component has a
limited function, it is expected that the molecular components that
are tandem-arranged using the multilayer construction techniques
will provide higher-level functions. Multilayer molecular systems
have therefore been the subject of intense research interest, and
various multilayer fabrication methods have been reported. These
methods use chemical reactions and interactions between mole-
cules; for example, m-stacking, electrostatic interactions, and
hydrogen bonds. Using these multilayer fabrication techniques, we
can construct molecular structures that have the desired length and
array of molecular components.

Usually click chemistry and bond formation reactions using NH,
groups are used for multilayer fabrication via organic synthesis
methods. One example of click chemistry is the copper-catalyzed
azide-alkyne Huisgen cycloaddition reaction. Dinolfo and co-
workers used 5,10,15,20-tetra(4-ethynylphenyl)porphyrinzinc(Il)
as an alkyne source, and either 1,3,5-tris(azidomethyl)benzene or
4,4'-diazido-2,2’-stilbenedisulfonic acid disodium salt as an azide
source, and fabricated structures with up to 19 layers [114]. The
linear growth process was observed using UV—Vis spectroscopy, X-
ray reflectivity, ellipsometry, and AFM. Frisbie and coworkers used
the imine formation reaction between —NH, and —CHO for the
preparation of desired-length -conjugated molecular wires on Au
electrodes (Fig. 2) [115]. The current—voltage (I-V) curves for these
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Fig. 2. Stepwise fabrication of a m-conjugated molecular wire, using the organic
synthesis method on an Au electrode.

samples were measured using conductive AFM, and their electrical
resistances were evaluated. The series of results revealed that the
electron transport mechanism was changed by variations in the
length of the molecular wire. The resistance of a short molecular
wire increased greatly, while that of a long molecular wire showed
only a small dependence on the wire length. The electrostatic
interaction method uses the ionic interaction between a positively
charged compound and a negatively charged compound. Antunes
et al. prepared multilayers containing chitosan as a polycation and
poly(y-glutamic acid) as a polyanion, up to six layers, via the
sequential dipping of the substrate into solutions [116]. The film-
growing process was observed using ellipsometry, QCM, IR spec-
troscopy, AFM, and zeta potential measurements. The zeta potential
measurement after the addition of each layer showed that charge
reversal had occurred, and this behavior confirmed the charge
interaction between the polyions involved in the multilayer for-
mation. Electropolymerization on a SAM-modified surface can also
produce a multilayer structure. Chauvin and coworkers prepared
[M(tpySH),]** (M = Fe, Ru; tpySH = 4/-(2-(p-phenoxy)ethane-
thiol)-2,2":6',2”-terpyridine) SAMs on a gold electrode, and fabri-
cated a multilayer using the electrochemical oxidation of thiols
[117]. The modified electrode was evaluated using cyclic voltam-
metry and AFM. Cao and coworkers fabricated calixarene multi-
layer films connected by hydrogen bonds between protonated
amino groups and hydroxyl groups [118]. The fabrication was
confirmed using UV—Vis and FT-IR spectroscopy, and the hydrogen
bond formation was confirmed by the lower peak shift of N—H
stretching vibration. In addition, the stability of this system against
metal coordination was revealed by the fabrication of calixarene/
Cu®* multilayer films, while the high-pH environment damaged
the multilayer because of the dissociation of hydrogen bonds by
OH" ions.

The stepwise coordination method is one of the most attractive
multilayer fabrication methods. One of the benefits of this method
is the ability to introduce various metal ions and functional ligands
within a molecular wire. It is possible to add not only the functions
of ligand molecules, but also the electric, magnetic, and chemical
properties of metal complexes to molecular multilayer systems. In
this section, we focus on the synthesis and properties of metal
complex oligomer and polymer wires constructed using the step-
wise coordination method.

3.2. Linear metal complex wires

3.2.1. Fabrication of linear metal complex wires using metal salts
The fundamental process in the stepwise coordination method

involves sequential immersion into solutions of a metal ion and a

bridging ligand (Fig. 3). First, a substrate is immersed in a solution of

: Anchor Ligand : Bridging Ligand
: Metal lon
D —
 — R — >

Fig. 3. Multilayer fabrication using the stepwise coordination method.

an anchor ligand that functions as the platform for the multilayers.
Next, the modified substrate is dipped into a solution containing
a metal ion. Typically, inorganic metal salts are chosen as the
metal source. Subsequently, the metal-ion-terminated substrate is
immersed in a solution of a bridging ligand, which has a number of
coordination sites. In this way, a one-layer metal complex wire is
prepared. To lengthen the metal complex wire, these last two pro-
cesses (immersion in a metal ion solution and a bridging ligand
solution) are repeated. A huge variety of metal complex oligomer
and polymer wires have been reported; these wires were prepared
using a number of combinations of metal ions and ligands, including
Pd(II)/pyridine, M(II) or M(III)/2,2:6',2"-terpyridine, Cu(Il)/carbox-
ylate, M(IV)/carboxylate, and other systems (Table 2).

Kosbar et al. reported the stepwise fabrication of multilayers
with a number of metal ions on gold substrates modified by 4-
mercaptophenyl-2,2’:6',2”-terpyridine monolayers [120]. After the
formation of a monolayer, the modified film was sequentially
immersed in a metal halide solution and a solution of the bridging
ligand, tetra-2-pyridinylpyrazine. The constructed metal complex
wires were evaluated using UV absorbance spectroscopy, ellips-
ometry, AFM, and cross-sectional SEM. Among these methods, UV
absorbance spectroscopy is most usually used for the evaluation of
layer-by-layer growth. The UV absorbance of metal complex wires
constructed using Zr(IV), Ir(Ill), and Ru(Ill) showed a linear increase
with the number of coordination cycles. In their discussion, the
authors focused on the layer-by-layer construction of Ru(Ill) metal
complex wires. The film thickness values estimated from ellips-
ometry and AFM measurements increased linearly with the num-
ber of coordination steps. This series of results suggested the metal
complex wires were fabricated quantitatively. The ionic radius of
the metal ion was important in growing molecular wires with at
least five layers. Metal ions with effective ionic radii from 66 pm to
73 pm were suitable for the multilayer formation. However, it was
difficult to construct multilayers using some metal ions with
smaller ionic radii. In most cases of metal ions with radii larger than
73 pm, no stepwise fabrication was observed.

Sugimura et al. fabricated multilayer wires anchored by
M(OBu)4 (M = Zr(IV), Ti(IV)) on an Si substrate [124]. The M(OBu),4
was used as an anchor moiety and coordination metal source. An
oxidized Si(100) or Si(111) substrate was immersed in a M(OBu)4
solution, and the modified substrate was then dipped in a solution
of terephthalic acid (TPA). These two processes were repeated
to construct multiple layers. The fabricated multilayers were
characterized using XPS, grazing incidence X-ray reflectivity
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Table 2
Combinations of substrates, metal ions and ligands for the formation of multilayers using the stepwise coordination method.
Substrate Anchor ligand Metal ion Bridging ligand Ref.
7\
Glass, ITO, Si =\ \ = pd2+ [119]
(MeO),Si ! 8N
Au Ti*t, Ir*t, Pttt W4, Rh3+, [120]
T3, I3, Ru3™, sn*t, Zr*t, cut -
N= N
7N
\ 7 _
= —\. PO(OH), = —\. PO(OH),
Glassy carbon N N Zrt N N 121
v (HO)ZOP—/_ 7\ (HO)ZOPI » 7\ [121]
H,N S HuN S
;N )X
0 S NH, S NH,
Sapphire (0001), glass O-Si Cu?* [122]
P H2N S
\
S NHC,H,OH
HN—PO;
Aluminium alloy, Si EtQ Zrt (OH),PO(CH3)12PO(OH), [123]
EtO-Si
EtO
\/»O\ /OJ\/
M HO (0]
Si0, /\ﬁ o O/\/\ et Tt }—@—/{ [124]
O OH
o dJ
O,
Au Fe? N 8.8 [125]
Quartz, Si Poly(ethylenamine) Pd?* [126]
Glass, Si Ag*, Cu?t [127]
Cl—Si
¢t
o
HS/\/\/\/\/\/O R OH
Au N Cu?*, Fe**, Co?* [128]
07 “OH

(continued on next page)
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(GIXR), and AFM. The six-layer Zr/TPA sample showed a peak
derived from Zr 3d in the XPS measurements. In the C1s region, two
peaks appeared at approximately 286 eV and 290 eV. The lower
energy peak corresponded mainly to the aromatic carbon atoms of
TPA, and the higher-energy peak originated from the coordination
of carboxyl groups to Zr(IV) ions. When the XPS spectrum of one
TPA monolayer sandwiched between two Ti(IV) ions was measured,
Ti 2p and C 1s peaks were observed. The C 1s peaks shifted to a
lower energy, because the peak at approximately 285 eV corre-
sponded to the carbons in TPA and the alkyl chains of the butoxide
groups on the surface. The peak at approximately 289 eV also
corresponded to two types of C—O bonds; specifically, the coordi-
nation of the butoxide groups and carboxyl groups in TPA with
Ti(IV) irons. The GIXR measurements were performed on five pairs
of M(IV)/TPA layers. The calculated curves agreed well with the
experimental results. These results suggested that the five-layer
M(IV)/TPA structures were fabricated as expected. However, ac-
cording to the authors, the degree of agreement was worse for the
Ti/TPA sample than for the Zr/TPA sample, because the level of
disorder was higher in Ti/TPA than in Zr/TPA. This disordered
behavior was further revealed by AFM measurements. The AFM
image of the Ti/TPA/Ti sample showed that the step-terrace struc-
ture of the substrate was retained; however, it disappeared when
two pairs of Ti/TPA layers were fabricated.

Multilayer fabrication with terpyridine-functionalized perylene
bisimide chromophore (TPBI) was performed by Tuccitto et al. [125].
Perylene bisimides are very attractive compounds, because they
show strong luminescence, light fastness, and n-type semiconductor
behavior [136,137]. The Fe/TPBI multilayers were constructed
sequentially on a gold electrode that was modified with the mixed
SAM of 4’-p-mercaptophenyl-2,2':6',2"-terpyridine and mercapto-
benzene. The ToF-SIMS spectra of a single-layer sample showed
the peaks related to the anchor ligand, while only the peaks of the
perylene bisimide iron-based complex were observed in the spectra
of a 28-layer sample. This result suggested the growth of multilayers
only indirectly, because TOF-SIMS cannot detect the underlying
layers. The details of the multilayer fabrication were discussed in
terms of UV—Vis spectroscopy and AFM observation results. The UV—
Vis absorption peak intensity at 589 nm derived from the perylene
bisimide iron complex showed a linear increase with the number of
coordination cycles. AFM measurements of multilayers on patterned
substrates also confirmed the extension of the multilayers. The step
height obtained from a histogram analysis increased linearly with the
number of layers. The estimated average thickness of a single layer
was approximately 2.7 nm. This value corresponded to the expected
value for an approximately perpendicular, standing multilayer. Tuc-
citto et al. investigated the ultrafast time-resolved spectroscopy to
examine the photophysical behavior of the 28-layer system. This
measurement revealed that the energy absorbed by the multilayer
was transferred to the gold electrode in sub-picosecond processes.

3.2.2. Functions of metal complex wires

As shown in Table 2, various metal complex wires have been
constructed, and their formation processes have been evaluated.
Their functions have attracted much attention, because of the
expectation that multilayer systems will provide more effective and
diverse functions than monolayer systems. Recently, the catalytic
activity of a palladium—pyridine multilayer system, and the
photocurrent generation systems were investigated, and their
effective capabilities were reported [126,128,131].

Cao and coworkers reported an approach using the metal ions in
metal complex wires as a catalyst by Ref. [126]. The authors coated
quartz slides or single crystal silicon slides with poly(ethylenimine)
(PEI, MW = 60000), and then prepared metal complex wires
using PdCl; and 4,4'-bipyridyl (bpy), employing the stepwise

coordination method. The prepared metal complex wires were
evaluated using UV—Vis spectroscopy, AFM, and XPS measure-
ments. The extension of the PEI-(PdCl,/bpy), wires was confirmed
by the linear increase in the UV absorption at 276 nm with the
number of coordination cycles, n, and the Pd oxidation state in the
PEI-(PdCly/bpy), multilayers was determined as +2 valence from
the XPS measurements. The authors used 10-layer multilayer PEI-
(PdCly/bpy)qo containing 3.6 pg (3.4 x 10~ mol%) of Pd ions as a
catalyst for the Heck reaction. The reaction conditions were opti-
mized by investigating the effects of bases and solvents, using
bromobenzene and styrene as reagents. The highest yield (94%)
was achieved when Nay;CO3; and DMF were used as the base and
solvent, respectively. In addition, the turnover numbers (TONs) for
the Heck reaction with the Pd metal complex multilayer catalyst
were as high as 2.0 x 10”. This reaction was applied to various
combinations of reagents, and most of them showed moderate to
high yields.

Lambert and McGimpsey's group and Thompson’s group re-
ported photocurrent-generating systems. The former group used a
pyrene-based bridging ligand and three types of metal ions: Cu(II),
Co(Il), and Fe(Ill) [128]. The stepwise fabrication process was
observed using contact angle measurements, ellipsometry, grazing
incidence IR spectroscopy, cyclic voltammetry, and impedance
spectroscopy. These characterization methods revealed the for-
mation of well-ordered SAMs, and the assembly of the films
through specific metal—ligand interactions. The photocurrent-
generation behaviors of four types of films were measured in the
presence of methyl viologen for the cathodic photocurrent mea-
surements, and in the presence of triethanolamine for the anodic
photocurrent measurements. All of the films showed the
photocurrent-generating behavior; however, the multilayer shown
in Fig. 4(a) with a Cu(Il) metal center afforded the largest cathodic
photocurrent values, while the Fe(Ill)-metal center multilayer gave
the strongest anodic photocurrent values.

Thompson’s group prepared a donor—accepter system on an Au
electrode (Fig. 4(b)) [131]. The characterization was performed using
UV—Vis spectroscopy, ellipsometry, and AFM measurements. The
photocurrent generation behaviors of POR3/PV3, ZOR3/PV3, and
ZOR,POR/PV3; were measured in a 0.1 M LiClO4 solution containing
0.025 M viologen, under white light illumination (390—540 nm).
The short circuit current densities of the illuminated modified
electrode at 0 V vs. SCE were 18 and 21 pAcm 2, and the calculated
quantum yields of POR3/PV3 and ZOR3PV3 were 2.4% and 2.3%,
respectively. The short-circuit current density and quantum yield of
the hetero porphyrin system, ZOR,POR/PV3, were 26 pAcm 2 and
3.5%, respectively. The fill factors and maximum power rectangles of
these devices were calculated as 37%, 58%, and 50%, and 4.3, 6.3 and
7.6 uWem~2 for POR3/PVs, ZOR3/PV3, and ZOR;POR/PV3, respec-
tively. The higher quantum yield and filling factor for ZOR,POR/PV3
were derived from the improvement of the photo-induced charge
separation that resulted from the effective array of the redox po-
tentials and the optical energy gaps of the molecules in the wire.

3.3. Fabrication of branched metal complex oligomer and polymer
wires

Most reports of multilayer fabrication using the stepwise
coordination consider linear wires. Recent reports describe the
construction of branched structures using a bridging ligand
with three coordination sites. For example, Shekhah et al. used
1,3,5-benzenetricarboxylic acid (BTC) as a bridging ligand,
and prepared oriented metal organic polymers on a 16-
mercaptohexadecanoic acid SAM in a layer-by-layer fashion [132].
The fabricated structure was characterized using XPS, NEXAFS,
IRRAS, and AFM observations of an SAM, laterally patterned surface.
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Fig. 4. Photocurrent generation systems. Adapted with permission from Ref. [128]. Copyright (2008) American Chemical Society. Adapted with permission from Ref. [131].
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The IRRAS spectra of the BTC multilayers on the SAM revealed the
stepwise construction; this was confirmed by the linear increase in
the peak area for the COO band in IRRAS spectra with increasing
number of coordination cycles. The gas-loading properties of four-
and eight-layer coordination polymers were researched. The IRRAS
spectra demonstrated the reversible exchange between the water
in the BTC polymer and NHj3. The structural model in Fig. 5 was
maintained by these exchange experiments.

Rubinstein and coworkers prepared branched structures on a
SAM-modified gold electrode using tridentate hexahydroxamate li-
gands, and M(IV) ions (M = Zr, Hf) [133]. The stepwise fabrication
process was observed using ellipsometry, water contact angle
measurements, UV—Vis spectroscopy, and AFM. The film thickness
values determined from these measurement techniques showed
good agreement with each other, and increased linearly with
increasing number of layers. The intermolecular cross-linking of the
branched coordination structures was more extensive than that of
linear structures, and it increased with the number of coordination
layers, thereby improving the mechanical durability. The normal and
lateral breakpoint forces, evaluated using AFM, increased with the
number of layers, and the branched structures showed much higher
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stability than the linear structures. In addition, the electrical prop-
erties were evaluated using [-V curve measurements, which were
performed using conductive AFM. The data showed that the
branched multilayer systems worked as dielectric layers, and the
breakdown voltages were 5 MV/cm for the three-layer system and
8 MV/cm for the five-layer system. These values were on the same
order as those of ultrathin silicon oxide layers.

3.4. Metal complex wires containing clusters or metal complexes as
building blocks

Metal complexes, metal clusters, and metal-coordinated phtha-
locyanine can also perform as building blocks in the stepwise coor-
dination process (in place of metal salts), because they have
coordination sites that can contribute to wire growth (Table 3).

For example, Abe et al. succeeded in the multilayer fabrication of
Ru tri-nuclear clusters on gold electrodes [138]. The authors
immobilized [Rus(p3-0)(u-CH3CO0)g(bpy)2(CO)] (bpy = 4, 4'-
bipyridine) clusters SAM on gold electrodes. Next, the CO-
terminated SAM was changed to an H;O-terminated SAM by
applying a potential of +0.80 V vs. Ag/AgCl, and the sample was
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Fig. 5. Proposed model of a stepwise-prepared structure; (a) front view, (b) side view. Reprinted with permission from Ref. [132]. Copyright (2007) American Chemical Society.
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Table 3
Combinations of substrates, metal complexes, or metal clusters and ligands for the formation of multilayers using the stepwise coordination method.
Substrate Anchor ligand Metal complex, metal cluster Bridging ligand Ref.
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then immersed in a solution of Rus clusters. These two processes
(i.e., electrolysis for the preparation of CO-free terminal groups, and
immersion in a Rus cluster solution) were repeated to fabricate a
multilayer structure. The quantitative fabrication of the multilayers
was confirmed by the linear increase in the charge derived from the
CO-free Rujs clusters, and the relative intensity ratio of I{rs(COO)}/I
{»(CO)} in the Fourier transform infrared reflection absorption
spectra of the CO-terminated Rus clusters.

Stepwise fabrication using a ruthenium-coordinated phthalo-
cyanine was reported by Zhao et al. [141]. After modification of a
substrate using the in situ diazonium salt-generation method, the
pyridine-terminated substrate was immersed in a solution of
(phthalocyaninato)ruthenium(Il) (RuPc), and then dipped into a

solution of pyridine-modified multiwall carbon nanotubes (Py(Ar)-
MWCNTs). The prepared multilayer was evaluated using UV—Vis
absorption spectroscopy, SEM, and cyclic voltammetry. In the UV—
Vis spectra, the peak intensities at 332 nm and 670 nm, which were
attributed to the B-band and Q-band of RuPc, respectively,
increased linearly with the number of layers, suggesting a quanti-
tative layer-by-layer process. In the cyclic voltammograms, the
oxidation peak current of Ru>*/?* at 0.78—0.82 V vs. Ag/AgCl
increased until a nine-layer structure was achieved; subsequently,
however, the peak current started to decay. Photocurrent mea-
surements were also performed on these multilayer systems. The
photocurrent increased with the number of layers, and the nine-
layer film showed the highest photocurrent density. However,
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films with more than nine layers showed low photocurrent den-
sities, due to increases in the internal electrical resistance and/or
charge carrier recombination.

Multilayer cluster wires of several nanometers in length were
constructed by Lin and Kagan [143], and the films were evaluated
using AFM, UV—Vis absorption spectroscopy, and CV. In the cyclic
voltammogram of a five-layer film, a redox peak derived from the
rhodium clusters was observed, and the peak current was propor-
tional to the scan rate. The linear increase in the peak intensity and
the film thickness revealed by the UV—Vis spectra and AFM results
confirmed the quantitative extension of the wires. In order to
measure the electric properties of these rhodium cluster wires,
metal-molecule—metal devices were fabricated. Electrodes with
60—80 nm gaps were prepared using electron-beam lithography,
and were connected using the wires. The [-V curve for this device
showed voltage-controlled negative differential resistance in the
first scan cycle.

4. Electrochemical analysis of bis(terpyridine)metal complex
oligomer wires

4.1. Fabrication of bis(terpyridine)metal complex oligomer wires on
gold electrodes

The electrochemical properties of stepwise-fabricated metal
complex oligomer wires are of great interest, because they have the
potential to improve the electron transport in molecular devices or
high-level functionalized molecular structures. We researched the
layer-by-layer fabrication, the electron transfer behavior, and the
long-range electron transport abilities of w-conjugated bis(terpyr-
idine)metal complexes (M(tpy)2). The construction of M(tpy),
multilayers was achieved via the sequential immersion of an an-
chor ligand (A'-A3)-modified Au/mica substrate into a metal ion
(Fe**, Co*" or Co>*) solution and a bridging ligand (L'—L7) solution
(Fig. 6) [144—151]. In the case of Co®, the oxidation process of
[Co(tpy)2]** was added after the immersion in a bridging ligand
solution. When we used L'—LS, linear-structure wires were fabri-
cated. The M(tpy), metal complex wires were evaluated using cy-
clic voltammetry (CV), STM, and SEM. Fig. 7(a) shows cyclic
voltammograms for Al(FeL?),. A reversible redox couple derived
from [Fe(tpy)2]>*/?* was observed at approximately 0.6 V vs. Fc*/Fc,
and the intensity increased with the number of coordination cycles,
n. In addition, the surface coverage values estimated from the
integration of the peak areas increased linearly with the number of
layers (Fig. 7(c)). These results suggest that a quantitative complex
formation reaction had occurred on the gold substrate. The longest
bis(terpyridine)metal complex wire prepared in our laboratory was
Al(CoLl)y;, which had 47 Co(tpy), units. Cross-sectional SEM im-
ages of Al(CoL')4; showed a structure with a height of ca. 100 nm.
This value agreed with the expected result, because the one-layer
thickness was approximately 2 nm.

We could fabricate not only homo metal complex wires but also
heterometal complex wires using the stepwise coordination
method. The A'(CoL!)1g(FeL')s, which had 10 Co(tpy), units con-
nected with 5 Fe(tpy); units, and A1CoT3, which was composed of
Co(tpy)2 and cyclometallated Ru complexes, were fabricated and
evaluated using CV measurements.

In addition, we could construct bis(terpyridine)metal complex
wires with a branched structure using the three-way bridging
ligand L7. It was expected that the number of metal complexes
would be I'g(2" — 1) when the nth branched wire was prepared,
where I'g is the number of metal complexes in the first layer. Cyclic
voltammograms for Al(FeL”), are shown in Fig. 7(b), and the esti-
mated number of redox active Fe(tpy), complexes in the branched
wires increased as expected until n = 4 (Fig. 7(c)). After n = 5, the

quantitative growth of the branched wires was not observed,
because of the steric hindrance between the branched wires or
intrawires, and the contact between the front edge of wire and the
electrode surface. These results were supported by the predictions
from the molecular model. We believe that the branched wires had
a steric structure, different from that of linear wires. We performed
STM measurements to observe the topology of the branched wires.
When the anchor ligand A! was immobilized on gold substrates,
the thiol exchange method was used to prepare a low-density
packed surface. The prepared branched wire samples, Au-
A'FeL?(FeL”), (n = 2—5), showed the oval structures which were
sparsely distributed on the surface. The size of these structures
were the same as that of the model molecule (Fig. 8). Thus, it was
considered that an identical (to that of the model molecule) three-
dimensional structure was fabricated on the gold surface.

4.2. Fabrication of bis(terpyridine )iron complex oligomer wires on
hydrogen-terminated Si(111)

We constructed the M(tpy),; metal complex wires not only on
gold electrodes, but also on hydrogen-terminated silicon(111) sur-
faces [152]. We used 4'-ethynyl-2,2/:6',2"-terpyridine (A%) as an
anchor ligand (Fig. 9). After the immobilization of A% using a
hydrosilylation reaction, the modified silicon was immersed alter-
nately in an ethanol solution of Fe?* jons and a chloroform solution
of L?, to prepare a multilayer structure.

The constructed wires were evaluated using CV, AFM, and XPS. A
reversible redox peak was observed in the CV measurements, and
the surface coverage values estimated from the oxidation peak
were proportional to the number of coordination cycles. The AFM
images of three-layer wires revealed a convex structure with a
height of 4.5 nm, which corresponded to the estimated value of
4.8 nm. In the XPS spectra, the peak intensity of each element (i.e.,
Fe 2p, N 1s, and F 1s) increased with the number of coordination
cycles. This series of results suggested that the Fe(tpy), complex
wires were fabricated quantitatively on the hydrogen-terminated
silicon surface. In addition, we found that branched-structure
Fe(tpy)2 wires could also be prepared on H—Si(111) surfaces. One
of the important characteristics of semiconductors is the fact that
their electric properties can be modulated by changing the doping
density and species. Two-layer wires were prepared on low-doped
n-type H—Si(111) surfaces, and CV measurements were performed
under Xe lamp irradiation, and under dark conditions. A reversible
redox peak was observed at approximately 0.6 V under Xe lamp
irradiation, while only the cathodic peak appeared under dark
conditions. The appearance of the anodic peak under light irradi-
ation and its disappearance under dark conditions could be
reversed for up to 50 cycles, illustrating the durable photo-
responsivity of the Fe(tpy), redox properties.

Recently, we developed a new method to immobilize arene
compounds on H—Si(111) and H—Ge(111) surfaces [153]. A new
synthesis method for the formation of Si-aryl or Ge-aryl bonds,
catalyzed by Pd(0) or Rh(I) in the presence of a base, was developed
previously in our laboratory [154—162]. This reaction could intro-
duce aryl iodides with various substituent groups to the hydro-
silane in a one-step reaction, without protecting groups. We
recently reported the Pd-catalyzed arylation of tris(trimethylsilyl)
silane, whose structure is similar to that of H-terminated silicon,
and arylated products were synthesized in good to high yields of up
to 89% (Fig. 10(a)) [163]. Thus, we attempted to modify the
hydrogen-terminated silicon surfaces with Ar—I compounds using
this Pd-catalyzed arylation reaction (Fig. 10(b)). In order to optimize
the reaction conditions, 4-iodo-ferrocenylbenzene was chosen as
an Ar—I compound; this was because ferrocene shows good
reversible redox peaks, which simplified the estimation of the
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Fig. 6. Building blocks for the multilayer formation of M(tpy), metal complex oligomer wires on an Au substrate.

surface coverage. The reaction with 0.8 mM Pd(Pt-Bus), in 1,4-
dioxane at 100 °C for 20 h resulted in the best surface coverage.
However, when these reaction conditions were used, palladium
nanoparticles were formed. The concentration of the Pd catalyst
was therefore decreased to 0.08 mM. The arylation reaction on the
H-Si surface was able to proceed at this low concentration of Pd
catalyst. We also showed that this reaction could be used to modify

(a) (b)

a hydrogen-terminated Ge(111) surface. In order to check the scope
for the application of this reaction, we immobilized an H-termi-
nated Si(111) surface using 4-iodo-1H-imidazole or 9-(4-iodo-
phenyl)anthracene, and evaluated the results using XPS and
fluorescent spectroscopy. The Si—C bond formation was observed in
the photoelectron spectra of the imidazole-modified silicon, and
fluorescence at approximately 420 nm appeared in the fluorescent
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Fig. 7. (a) Cyclic voltammograms of A'(FeL?),, (b) cyclic voltammograms of A'(FeL”),, and (c) relation between the coverage values and the coordination cycle, n. From Ref. [146].
Copyright © 2007 by John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.
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(b)

Fig. 8. (a) STM image of A'FeL(FeL’)s and (b) the ideal structure of A'FeL?(FeL’)s. From Ref. [146]. Copyright © 2007 by John Wiley & Sons, Inc. Reprinted by permission of John

Wiley & Sons, Inc.

spectrum of the anthracene-modified silicon. The Fe(tpy), complex
wire fabrication was performed using A® as an anchor ligand. After
the A® was immobilized via the Pd-catalyzed arylation, the metal
complex wires were elongated in a layer-by-layer process. Cyclic
voltammograms of A>(FeL?), (n = 2, 4, 6, 8, 10) showed an increase
of the redox peak with increasing n, and the relation between the
surface coverage and the number of coordination cycles was pro-
portional. In addition, AFM images of A’(Fel?), (n = 2, 4, 10)
showed that the convex structures were sparsely distributed. The
estimated heights of these structures were 4.3 nm (n = 2), 7.3 nm
(n = 4), and 17.0 nm (n = 10). These values correspond to the
expected height; that is, 1.6 nm x n-layers + 1.1 nm (the height of
AS). These results suggested that quantitative stepwise fabrication
was achieved on the silicon wafer that had been modified by the
Pd-catalyzed Si—aryl bond formation reaction.

4.3. Electron transfer properties of bis(terpyridine)iron complex
wires on Au

The M(tpy), metal complex oligomer wires fabricated using the
stepwise coordination method contained regularly ordered redox

active metal complexes. The manner in which an electron moves in
this ordered metal complex wire is attractive, because the electron
transport behavior in this case is expected to be different from that
in randomly oriented metal complex systems. Potential step chro-
noamperometry (PSCA) is one of the most useful methods to
examine the electron movement process. Existing polymers with
random array redox-active species show a one-dimensional rela-
tionship between the current and time in PSCA measurements. This
current—time relation is similar to diffusion behavior, and can be
expressed using the Cottrell Equation (1) [164]:

i(t) = NFAC(Dapp/mt)'/? (1)

where n is the number of electrons involved in the redox reaction, F
is the Faraday constant, A is the electrode area, C is the concen-
tration of redox species in the analyte, and Dapp is the diffusion
coefficient. However, the results of PSCA measurements on our
Al(FeL2), and A'(FeL’), systems did not show a current decay that
followed the Cottrell equation; instead, they showed a plateau re-
gion in which the current remained almost constant. An analysis of
the current—time decay was attempted by hypothecating the
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Fig. 9. (a) Structures of A* and two-layer wires on a hydrogen-terminated silicon surface, (b) cyclic voltammograms of A%(FeL?), under Xe lamp irradiation (red line) and under dark
conditions (black line), and (c) the anodic peak currents vs. number of potential scan cycles. Ref. [152] — Reproduced by permission of The Royal Society of Chemistry.
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Fig. 10. (a) Arylation reaction of tri(methylsilyl)silane catalyzed by a palladium cata-
lyst. (b) Palladium-catalyzed modification method for an H-terminated Si(111) surface,
and (c) the immobilized compounds.

electron transfer mechanism in a single metal complex wire, based
on a sequential electron hopping (Fig. 11). The backward electron
transfer could be neglected by applying a sufficiently high over-
potential to a sample. When the oxidized-form metal complex is
reduced to form the metal complex, the electron kinetics in the case
of the nth complex in the sequence can be written using the
following equations:d[Ox1]/dt = —k1[Ox1] + k2([Ox1]o — [Ox1])
[Oxz] d[Oxz]/dt = —ka([Ox1]o — [Ox1])[Ox2] + ([Ox3]o/[OX2]o0)
ka([0x2]0 — [0x2])[Ox3] d[Ox3]/dt = —([Ox3]o/[OX2]o)ka([OX2]0 —
[0x2])[0x3] + ([0x4]o/[0x2]0)k2([Ox3]0 — [Ox3])[Ox4] d[OX;-1]/
dt = —([0xn—1]o/[0xn-2]0)ka([OXp-2]o — [OXn-2])[OXn—1] + ([OXn]o/
[0Xn-2]0)k2([0Xn-1]0 — [OXp—1])[Oxn] d[Oxp]/dt = —([OXn]o/[OXn-
2l0)k2([0xn—1]o — [0xn—1])[OxX,]where ki and k; are the electron
transfer between the nearest redox site and the gold electrode, and
the electron transfer between nearby redox sites in a single metal
complex wire, respectively. [Ox;]o and [Ox;] are the initial and
present two-dimensional concentrations of the oxidized-form
metal complex, respectively. In the case of a linear wire Al(FeL?),,

(a) | (b)

Ny

(0%] + [Red;] = [Oxy] + [Redy] = ...... — [O%n] + [Redy]
= constant (2)

In the case of a branched wire A'(FeL”)y,

[0x1] + [Red;] = ([Ox3] + [Red;])/3 = ......
= ([Oxp] + [Redp])/(2"—1) = constant (3)

The apparent current can be observed as d[Ox;]/dt; however,
the actual current contains the current decay derived from the
double layer capacitance (Cq;), which decays exponentially. Thus,
we used the sum of the d[Ox;]/dt decay and the Cg decay as a
theoretical curve.

In the simulation of AY(FeL2), (n = 2,4, 6, 8) in 1 M n-BugNCIO4/
CH,Cly, the simulated current decay curve with parameters
ki = (220 £ 10) s, ko = (1.4 + 0.1) x 10" ecm®mol~'s7!, and
Ca1 = (25 + 10) pC cm~2 reproduced all of the experimental results
well. The simulation of Al(FeL’), (n = 2, 3, 4) gave the parameters
ki = (260 £+ 10) s, ky = (4.8 £ 0.2) x 10" cm? mol~! s, and
Ca1= (23 +4) pC cm™2,

These simulations showed that the electron transfer occurred
between the neighboring sites via the sequential electron hopping
mechanism.

4.4. Long-range electron transport properties of bis(terpyridine)
metal complex wires on Au

4.4.1. Introduction

The long-range electron transport abilities of molecular wires
are one of their most attractive features in terms of their funda-
mental chemistry and molecular nanotechnology. It is believed that
clarification of the electron transport mechanisms in molecular
wires and the control of electron transfer kinetics will contribute to
the development of molecule-based electronic devices. Therefore,
many researchers have studied the charge transport and the con-
ductivity of various molecular wires.

The long-range electron transport abilities are typically dis-
cussed in terms of the 8 value. There are two different methods for
the estimation of the § value. One method uses the electron transfer
rate constant (kgr) from the electron donating group (D) to the
electron accepting group (A). The D and A are separated by a mo-
lecular spacer (S). The other method uses the distance dependence
of the molecular resistance. We will first explain how the § value
can be estimated from kgr.

= Fe(tpy),
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Fig. 11. Electron transport model within (a) a linear wire A'(FeL?), and (b) a branched wire A'(FeL’),.
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Two types of electron transfer mechanism have been proposed:
superexchange and sequential hopping (Fig. 12). In the case of the
superexchange mechanism, it is believed that the larger the in-
teractions between the orbitals of D and A, the faster the kgr,
because the direct electron transfer from D to A occurs via
tunneling. The kgt is given as follows:

ker = koexp(—pd) (4)

where d is the distance between D and A, and kg is the electron
transfer rate constant when d = 0. From this equation, we can see
that small § values result in a small decay in kgt. Thus, molecular
spacers with a small ¢ value have good long-range electron trans-
port abilities.

In the sequential hopping mechanism, the electron moves from
D to A via the energy levels in S, and various explanations of the
distance dependency of the electron transfer rate have been pro-
posed. For example, Petrov et al. claimed that the kgr decay is
proportional to 1/N (N is the number of hopping sites), working
from a theoretical prediction [165,166]. Kimura and coworkers
measured the electron transfer rate constant of ferrocene linked to
a gold electrode by various lengths of peptide chains using the AC
impedance method, and investigated the relation between kgt and
d [167]. The authors hypothesized that this electron transfer
mechanism was sequential hopping, and calculated the distance-
dependency of kgr theoretically. The estimated relation was
different from Equation (4), but it corresponded well to the
experimental results. However, in the case of the sequential hop-
ping mechanism, the § value has mainly been used as a parameter
for evaluating the long-range electron transport abilities, due to the
lack of an established theory for sequential hopping, to enhance the
reproducibility of experimental results, and for convenience when
making comparisons among different molecular wires. In most
cases, electron transfer that occurs via sequential hopping shows a
weak dependence on distance.

The kgt value of a surface-confined redox-active moiety can be
estimated using electrochemical methods. Usually cyclic voltam-
metry, potential step chronoamperometry (PSCA), AC impedance
methods (or electrochemical impedance spectroscopy, EIS), and AC
voltammetry methods are used. Cyclic voltammetry is one of the
most popular electrochemical analysis methods. The round-trip
voltage is applied to a working electrode, and the current flow of
aworking electrode is recorded as a function of the potential. In the
cyclic voltammogram of surface-confined redox species, the peak
current is proportional to the scan rate. The determination of the
ket value is performed according to the Laviron equation [168]. In
order to estimate the kgt value, the transfer coefficient « is needed,
for which the ideal value is 0.5. The value of « is determined from a
plot of the peak potential Ej, as a function of log v (which is the scan
rate used in the cyclic voltammetry). In the high-scan-rate region, a
linear relation can be observed, and « is expressed as follows:

o = Sa/(Sa—Sc) (5)
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Fig. 12. Charge transport mechanisms.

where s, and s, are the slope of the anodic branch and the cathodic
branch, respectively.

Once an « value is estimated, the cathodic kgt value (k¢) and the
anodic kgt value (k;) can be obtained as follows [169—173]:

ke

(anFvc)/(RT) (6)

ka = (1—a)(nFva)/(RT) (7)

where v and v, are the scan rate at the intersection points of the log
v axis and the lines for the cathodic branch and the anodic branch,
respectively (Fig. 13).

In PSCA, an overpotential is applied to a working electrode, and
the current decay is recorded as a function of time. The relation
between the current decay of the surface-immobilized redox spe-
cies and time t is expressed as follows [174]:

I = Ipexp(—kgrt) (8)

where Iy is the current at t = 0. The kgt value at the applied over-
potential can be estimated from the slope in the In I — t plot (Fig. 14)
[175—-177].

When using the AC impedance method, the current response
of a modified electrode to the input voltage signal is measured.
By comparing the sine wave input and the response, the
impedance and admittance of the electrode reaction are defined.
The analysis is performed by fitting a theoretical equivalent cir-
cuit to the experimental result. The equivalent circuits shown in
Fig. 15 can be used for the electron transfer rate constant analysis
of surface-confined redox active moieties. Other equivalent cir-
cuits also can be used if they can explain the analyzed systems. A
constant phase element (CPE) is sometimes used instead of a
capacitance, because it reproduces the real electron transport
system well. In the case of circuit (A), kgt is given as follows
[178]:

ker = 1/(2RerCer) (9)

On the other hand, the kgt of circuit (B) is expressed as [179]:

ker = (RT)/(n*F2IRer) (10)

log v

Fig. 13. Plot of the anodic and cathodic peak potentials vs. log ». The blue dots show
the anodic peak potentials, and the red dots show the cathodic peak potentials.
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(@) (b)

Slope = k¢p

Current
In (Current)

time time

Fig. 14. Current decay behavior in potential step chronoamperometry. (a) Current—
time plot. (b) In I — ¢ plot. The slope of the linear decay region in In I — ¢ plot gives the
ket value.

where R, Ce1, R, T, n, F, and I' are the charge transfer resistance, the
electron transfer capacitance, the gas constant, the temperature, the
number of electrons involved in the charge transfer, the Faraday
constant, and the surface coverage, respectively. The kgt value at the
redox potential (E”) can be obtained using the fitting of experi-
mental results by the simulated curve [180—184].

The method for evaluating kgr from AC voltammetry was
developed by Creager et al. [185,186]. The AC voltammograms are
collected at various frequencies, and a series of I,/I, ratios are
plotted as a function of the common logarithm of the frequency.
Here, I, is the current at the peak top and I, is the background
current. This plot is fitted by the circuit (A) in Fig. 15. The param-
eters in the circuit (A), solvent resistance Rs, electron transfer
resistance Rct, electron transfer capacitance Ccp, and electronic
double layer Cqj are written as follows:

Rs = 1/(4mrgK) (11)
Rer = (2RT) /(FZArkET) (12)
Circuit (A)
RCT CCT
R |
Cdl

Circuit (B)

—__ ]

Ry Ra

[
Ca

Fig. 15. Typical equivalent circuits for estimation of the kgr value of SAMs using AC
impedance and AC voltammetry.

Ca = (FZAF) / (4RT) (13)

Ca = (C/A)A (14)

The Cqg;, I, A, and Rs parameters can be obtained from cyclic
voltammetry, or using the AC impedance method. Therefore, the
fitting for the determination of the kgt value can be achieved using
the two independent parameters Rcrand Cq;. This method has been
used in a number of articles to obtain the kgt values for redox-active
SAMs [187—189].

The typical methods used to determine the § value from the
resistance of a molecular wire are junction-breaking using STM
[190—193], current sensing using AFM [194—197], metal contact
[198—201], and conducting polymer contact [202—204] (Fig. 16). In
these methods, the resistance values of various lengths of molec-
ular wires are measured, and the relation between In R and L is
plotted, where R and L are the resistance and the length of the
molecular wire, respectively. This relation is as follows:

R = Roexp(BL) (15)

Thus, the 8 value can be estimated from the slope of the InR — L
plot.

In recent studies, the 8 values of alkyl chains (0.36—0.93 A~
assuming 1.25 A along the chain per CHj) [191,198—200,204],
porphyrin (0.034 A1) [193], peptide chains (0.32—0.46 A1)
[186,205], DNA (0.2—1.8 A~') [206—208], m-conjugated chains
(0.02—0.034 A-1) [190,192,197], oligophenylene (0.2—0.77 A1)
[196,202], acenes (0.2 A~! for monothiol, 0.5 A~ for dithiol) [195],
w-stacked benzenes (0.63 A=) [209], a viologen wire (0.006 A~1)
[210], and metal complexes (0.028 A~ for Fe(tpy),, 0.001 A~! for
Co(tpy)s, and 0.012—0.021 A~ for Ru complex) [201,211] have been
reported. In this section, the effects of the bridging unit, anchor
ligand, and terminal ligand of M(tpy), complex wires on the § and
ket values are discussed.

4.4.2. Effects of bridging units

Our M(tpy), metal complex wires were composed of three
building blocks: an anchor ligand A, a bridging unit containing metal
ions and bridging ligands L, and a terminal ligand T. It is important to
understand how these components influence the electron transport
properties to achieve the realization of molecule-based electron
transfer systems. First, the effects of bridging ligands were
researched. The L'-L> were used as a bis(terpyridine) bridging
ligand, and Fe?* was chosen as a metal ion. The T, T2, or Co(tpy),
complexes were immobilized at the termination of the Fe(tpy),
metal complex wires. The § values of these Fe(tpy), complex wires
were 0.008—0.07 A~ (Table 4). Most of the values were in the range
of 0.02 + 0.01 A=, showing enhanced long-range electron transport
properties compared with known molecular wires. The Fe(tpy), wire
bridged by L3 showed an exceptionally large @ value of 0.07 A~L. The
L3 is an ethynylene moiety, which is a strong electron-withdrawing
group, and the redox potential of A'FeL?® (0.75 V vs. Fct/Fc) was
higher than that of AlFeLX, which contained a phenylene-based
bridging ligand (e.g., 0.67 V for L1, 0.61 V for L2, and 0.63 V for L*
and L%). Therefore, it was concluded that the difference between the
HOMO levels of the Fe(tpy), complex wire and T! became larger, and
the highest § value was obtained.

The influence of the bridging ligand was investigated using a
comparison between A'(FeL?) ,_1FeT!, Al(FeL?) ,_qFeT?, and
Al(FeL’) ,,_1FeT! (Fig. 17). The Al(FeL*) ,_ FeT? showed the
smallest § value (8 = 0.008 + 0.006 A~'), which meant that it
also showed the best long-range electron transport abilities. The
value for Al(Fel?) ,_iFeT! was the second smallest (8 =
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Fig. 16. Resistivity measurement methods for SAMs. (a) Junction-breaking method using STM, (b) conductive AFM, (c) metal contact method, and (d) conductive polymer contact.

0.015 + 0.007 A1), and that of Al(FeL?) ,,_1FeT! was the largest
(6 = 0.031 £ 0.008 A~1). From these results, we were able to es-
timate the important factors affecting the ¢ values. The first was
the distance between the neighboring M(tpy), units. The electron
transfer in the M(tpy), wires occurred via sequential hopping
between the neighboring metal complexes. It is likely that the
shorter distance yielded a smaller attenuation factor §, because it
reduced the energy barriers between the nearest hopping sites
and produced a higher electron hopping rate. The Fe—Fe distance
bridged by L2 was shorter than that bridged by L3. Therefore, the
value of the L2-bridged wire was smaller. However, this could not
explain the excellent long-range electron transport abilities of
Al(FeL%) ,_1FeT2. Its bridging ligand L% had a longer Fe—Fe dis-
tance than L2. Thus, it is likely that other factors influenced the 8
value. In the case of L%, one possible influence was the molecular
orbital of the bridging ligand. The dimethyldihydropyrene (DHP)
redox peak in L* was observed at approximately E” = 0.12 V vs. Fct/Fc.
This redox potential was close to the redox potential of T2 We
formulated two hypotheses about the electron transport mechanism
in the L*-bridged wires on the basis of the redox potential of DHP. The
first proposed that a DHP moiety participated in the electron trans-
port as a hopping site, and the second proposed that the DHP moiety
accelerated the electron hopping within the wire via the enhance-
ment of the electronic communication between the closest two
Fe(tpy), complexes. Either process would encourage the electron
transport between the terminal ferrocene moiety and the electrode.
These results indicated that the electron transport abilities of the
M(tpy), metal complex wires could be controlled by the bridging
ligands.

Table 4
6 values of M(tpy), metal complex wires.

Wire 8 value/A~!
A'(FeL') ,CoL! 0.012 + 0.001
A'(FeL?) ,,_,FeT’ 0.015 -+ 0.007
A'(FeL3) ,,_FeT’ 0.07 + 0.02
A'(FeL?) ,,_,FeT? 0.008 + 0.006
A'(FeL®) ,,_,FeT! 0.031 + 0.008
A'(CoL!) ,FeL! 0.002 + 0.001
A'(CoL?) ,FeL? 0.004 + 0.002

In order to assess the effects of metal ions in the M(tpy), com-
plex wires on the § value, we fabricated cobalt complex wires,
Al(CoL') ,FeL! and A'(CoL?) ,FeL?. The redox current decay of
[Fe(tpy)]>*/?* was monitored using the PSCA method to estimate
the electron transfer rate from the Fe(tpy), complexes. The
Al(CoLl) ,FeL!' and A!(CoL?) .Fel? exhibited f values of
0.002 £ 0.001 A~! and 0.004 + 0.002 A, respectively (Table 4).
These values were smaller than those of the Fe(tpy), complex
wires. In fact, the Co(tpy), complex wires had enhanced long-range
electron transport abilities. These results showed that one could
change the electron transport abilities of M(tpy), wires via the
incorporation of metal ions.

The dependency of the ( value on the measurement and
ambient conditions was investigated. The @ value of Al(FeL?)
n—1FeT! was almost independent of the overpotential, electrolyte
concentration, and temperature, and could be expressed as
0.02 + 0.01 A~L These results suggested that the long-range elec-
tron transport occurred without any migration of the counterions,
and that the 8 value was the intrinsic parameter of the metal
complex wire. However, the kgr values showed a strong de-
pendency on the measurement conditions.

The thermodynamic parameters of Al(FeL?) ,_iFeT' were
determined as E; = 10.5—12.8 k] mol~!, AH = 8.5—10.9 k) mol !, and
AS = —151 to —164 ] mol~'K~! from the dependence of the kgr
values on the temperature, and all of the parameters showed a
slight dependence on the length of the metal complex wire. As a
typical system that transports electrons via the superexchange
mechanism, the thermodynamic parameters of FcCO,(CH;),SH
(n=8,12,16) SAMs have been estimated using the electrochemical
method (Table 5) [212]. Compared with the parameters of the fer-
rocenyl SAMs, Al(FeL?) ,,_1FeT! showed smaller values. The small
activation energy and the small dependence on the wire length
suggested that the electron transport mechanism in metal complex
molecular wires is sequential hopping.

4.4.3. Potential-gradient metal complex wires

Molecular wires that have a potential gradient are attractive,
because the presence of potential steps can control the direction of
the electron transport, and they enable extremely fast and effective
electron transport. For example, a photosynthesis system uses a
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Fig. 17. Structures of A'(FeL?) ,,_1FeT", A'(FeL®) ,_;FeT', and A'(FeL?) ,_;FeT? and their In kgt — d plots. Adapted with permission from Ref. [213]. Copyright (2012) Elsevier.

potential gradient to achieve highly efficient photo-electron con-
version. We introduced a potential gradient to the metal complex
wires using two species of metal ions (Fe?*, Co>*) and ligands (L?,
L), and evaluated their electron transport behaviors.

The A'FeL?CoT! and A'CoL?FeT! were prepared on a gold
electrode using the stepwise coordination method. Their kgt values
were estimated using the PSCA method, and the kgt of AlCoL?FeT!
was larger than that of A'FeL?CoT’. This phenomenon can be
explained by the fact that the oxidation reaction of T! was more
effectively mediated by the electron transfer to Co(tpy); than that
to Fe(tpy),.

The AZFeLZ(Fele:)z and A%FeL%(FeLZ)z were fabricated as
gradient wires with an inherent potential. The overlapped redox
peaks of these complex wires were observed in the range from 0.6
to 0.8 V vs. Fct[Fc, because the redox potential of the Fe(tpy),
complex was shifted higher by the introduction of fluorinated
terpyridine. The PSCA results for A?FeL?(FeL), revealed that the
reduction current was larger than the oxidation current. This
observation agreed with the expectation from the potential
gradient in A%FeL?(FeL2),. However, AgFeL}(FeL?), also showed a

Table 5
Thermodynamic parameters of A'(FeL?) ,, _;FeT" and FcCO,(CH,),SH SAMs on a gold
electrode.

E./k] mol~! AH/KJ] mol ! AS/JK'mol ! djA-?
AlFeT! 12.8 10.9 -151 29.6
A(FeL?) ;FeT’ 11.7 9.77 —-158 45.7
A'(FeL?) ,FeT! 119 9.92 —~158 61.8
A'(FeL?) ;FeT! 10.5 8.53 164 77.9
A(FeL?) sFeT’ 11.2 9.19 -162 94.0
FcCO»(CH,)gSH 24.0 22.9 —88.9 15.6
FcCOx(CH)12SH  22.0 20.8 137 20.8
FcCO,(CH,)16SH 19.7 18.6 —-189 26.0

reduction current that was slightly larger than the oxidation cur-
rent, in spite of its inversed potential gradient. We believe that a
significant difference wasn’t observed because of the slow electron
transfer at the electrode-molecular wire junction, and the fact that
the reduction reaction was faster than the oxidation reaction at the
same absolute overpotential.

4.4.4. Effect of surface anchor ligands

Anchor ligands play an important role as a junction between the
electrode and the surface-confined molecular wires, so it is
important to understand how anchor ligands affect the electron
transfer properties from the viewpoint of the electronic property
control of molecular systems. The Fe(tpy), metal complex wires
with T! terminal ligands were constructed on three types of anchor
ligands: A', A2, or A3, and the relation between In kg and d was

75 r N

65 |

‘A2

4.5
0 20 40 60 80 100
Wire length / A

Fig. 18. In kgr — d plots of A'(FeL?) ,_1FeT" (blue dots and line), A%(FeL?) ,_,FeT"
(green dots and line), and A'(FeL?) ,_1FeT" (red dots and line). The error bars show the
standard deviation of each measurement point. The solid lines show the fitting results
determined using the weighted least squares method. Adapted with permission from
Ref. [149]. Copyright (2010) American Chemical Society.
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Fig. 19. In kgr — d plots of A%(Fel?) ,_qFeT' (blue dots and line), A%(FeL?) ,_FeT?
(green dots and line), A'(FeL?) ,,_1FeT? (red dots and line), and A'(FeL?) ,_{FeTg (black
dots and line). The error bars show the standard deviation of each measurement point.
The dashed lines show the fitting results determined using the weighted least squares
method, and the solid lines show the slope of § = 0.023 A~". From Ref. [151]. Copyright
© 2007 by John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.

plotted (Fig. 18). The electron transfer kinetics were dependent on
anchor ligands, whereas the ( value was independent, with a value
of § = 0.018 A=, This result showed that an anchor ligand mainly
affects the electron transfer rate. The differences in the kET values of
the terminal ferrocene moieties could be described in terms of the
molecular orbital of A' and the steric effects of the t-Bu,Ph group of
A3. A! had a molecular orbital extending over the anchor atom, S,
azobenzene, and the metal center, Fe'. It is likely that this orbital
enhanced the electric interactions between the Fe(tpy), complexes
and the gold electrode, and accelerated the electron transport. In
the case of A3, electrolyte ions could easily approach the redox
center of the Fe(tpy), complexes, due to the bulky structure of A3.
According to the comparison between A%2FeL? and A3Fel2, A3Fel?
showed a higher electron transfer rate constant (330 s~!) than
A%FeL? (56 s71).

4.4.5. Influence of terminal ligands

Finally, the effects of the terminal ligands were researched. We
used T'-T2 and T% as terminal ligands, and A2 was used as a surface
anchor ligand. From one- to three- or four-layer Fe(tpy), metal
complex wires were fabricated, and the relation between kgt and
the molecular length was determined. As shown in Fig. 19, the g
value of the metal complex wires was constant (8 = 0.023 A~1),

PFG_

Fig. 20. Structure of compound Rul.

while the k8 values were affected by the terminal ligands. This
result suggested that the terminal ligands strongly influenced the
electron transfer rate, rather than the long-range electron transport
properties. The difference between the kgT values for T2 and T was
especially distinct. In order to fully understand this phenomenon,
the reorganization energy (1) values for the ferrocene and ruthe-
nium complexes (Rul, Fig. 20) were estimated using AC voltam-
metry in a 1 M n-BuyNClO4/CHCl; solution. The values were
obtained as 0.53 + 0.04 eV for ferrocene and 0.43 + 0.05 eV for Rul,
respectively. We therefore believe that the larger kgT value of T3
derived from its smaller 1 value, because of the bulkiness of the
cyclometallated ruthenium complex.

5. Conclusion

This review focused on the stepwise synthesis of metal complex
oligomer and polymer wires on metal, semiconductor, and insulating
surfaces; on the evaluation of the methods and functions associated
with these wires; and on the electrochemical properties of our
bis(terpyridine) metal complex wire system. Various combinations
of metal ions, metal complexes, metal clusters, and bridging ligands
were used to prepare metal complex wires, and to generate functions
including catalytic activity and photocurrent generation. Not only
linear metal complex wires but also branched structures and
network structures were constructed, using ligands with three co-
ordination sites and carbon nanotubes, respectively. The electro-
chemical measurements of our M(tpy), wires provided insight into
the electron transfer behavior of metal complex wire systems in
which redox sites are arranged regularly, and into the dependence of
the long-range electron transport properties on the building blocks
for the M(tpy), wires, the anchor ligands, the bridging ligands or
metal ions, and the terminal ligands. Very small ¢ values were
observed in Al(FeL%) ,_FeT? (8 = 0.008 + 0.006 A1) and Al(CoL')
JFeL! (8 = 0.002 = 0.001 A~!), and thermodynamic analysis sug-
gested that the electron transport phenomena in this metal complex
wire system occurred via the sequential hopping mechanism. Metal
complex wires have advantages in the fact that their properties can
be controlled by varying the combination of metal ions and ligands,
and that they can be constructed using simple methods. These
benefits will allow us to develop molecular electric devices via the
introduction of functional molecules with photoresponsivity, mag-
netic properties, and stimuli response within metal complex wires.
The topic treated in this review will contribute to the realization of
molecule-based electronics and the progression of the nanotech-
nology field.
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