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Bottom-up approaches have gained significant attention recently for the creation of nano-sized,
ordered functional structures and materials. Stepwise coordination techniques, in which ligand
molecules and metal sources are reacted alternatively, offer several advantages. Coordination
bonds are stable, reversible, and self-assembling, and the resultant metal complex motifs may
contain functionalities unique to their own characteristics. This review focuses on metal
complex wire systems, specifically the bottom-up fabrication of linear and branched
bis(terpyridine)metal complex wires on electrode surfaces. This system possesses distinct and
characteristic electronic functionalities, intra-wire redox conduction and excellent long-range
electron transport ability. This series of comprehensive studies exploited the customizability of
bis(terpyridine)metal complex wires, including examining the influence of building blocks. In
addition, simple yet effective electron transfer models were established for redox conduction

and long-range electron

bis(terpyridine)metal complex wire is

functionality.

1. Introduction

Bottom-up methods' are useful in the fabrication of nano-sized,
ordered structures, which are constructed from tiny components
(e.g., atoms, ions, molecules, or nanoparticles). One of the
advantages of the bottom-up method is the realization of tailor-
made molecular systems using layer-by-layer techniques,’ in
which substrates modified with self-assembled monolayers
(SAMs) or polymers are used as scaffolds. In the layer-by-layer
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fabrication technique for an ultra-long

also described, along with its properties and

protocol, two or more components are deposited sequentially
and repeatedly to elongate the multilayer in a controlled
manner. Examples of this technique include click chemistry
between azides and terminal alkynes,” dehydration between
aldehydes and amines to form iminc::s,4 and electrostatic
interactions.’
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The stepwise construction of multilayer structures using
coordination reactions (Fig. 1) has significant synthetic utility
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because coordination bonds strike a good balance between
robustness and reversibility. Coordination reactions often
undergo spontaneous and quantitative conjugation between
metal sources and ligand molecules that may produce defectless
self-assembled multilayers. The role that coordination reactions
and bonds play is not limited to the connection of neighbouring
layers. In addition, resultant metal complex motifs can impart
their inherent functionalities, such as redox properties,
magnetism, emission, catalytic activities, and intermetallic
interactions. Various combinations of metal ions and ligand
molecules have been employed in the stepwise coordination
architecture: Zr(IV) and Ti(IV)/phosphoric, carboxylic, and
hydroxamic acid,’ Pd(ID), Ag(l) and Cu(II)/pyridine,7 and
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Fig. 1 Stepwise coordination process on a substrate surface.
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Fig. 2 (a-c) Examples of metal complex multilayers for photocurrent generation.
(d) Example of molecular wiring. (e) Example of a redox film showing charge
trapping.
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others.® Typically, metal ions generated from metal salts are
used as the metal source, but metal complexes and metal
clusters may also participate in the layer-by-layer protocols
(i.e., ruthenium-coordinated phthalocyanine’ and trinuclear
ruthenium clusters).”!!

Lambert and McGimpsey’s group evaluated the effect of
metal ions on photocurrent response.'” They prepared a pyrene-
containing multilayer using copper(Il), cobalt(Il), and iron(III)
(Fig. 2a) and measured the photocurrent generation ability in
the presence of methyl viologen and triethanolamine for
cathodic and anodic currents, respectively. The largest cathodic
photocurrent was observed in the copper(Il) system, and the
iron(III) complex system exhibited the greatest anodic
photocurrent. Dong and co-workers investigated the influence
of the number of the layers on photocurrent generation using
the system shown in Fig. 2b”'*"* and found that thicker layers
generated smaller photocurrents because of the internal
resistance of the molecular wire. Thompson et al. fabricated
porphyrin-viologen conjugate films using copper(Il) and
zirconium(IV) (Fig. 2c)."* They prepared three types of
multilayer systems: POR3/PV3;, ZOR;PV; and mixed-
porphyrinic ZOR,POR/PVj;. Their quantum yields for
photocurrent generation were estimated to be 2.4%, 2.3%, and
3.5% for POR3/PV3, ZOR3/PV3, and ZOR2POR/PV3,
respectively. The authors ascribed the higher efficiency in the
mixed-porphyrinic film to redox potential arrays suitable for
charge separation. Lin and Kagan tethered a gold electrode gap
of 60-80 nm with a rhodium cluster wire prepared by the
stepwise coordination method (Fig. 2d)."* In the resultant  — V
curves, the first scan showed a negative differential resistance.
The authors speculated that this negative differential resistance
is derived from the oxidation of the rhodium cluster unit.
Charge trapping behaviour was reported in hetero-metal
complex films created by van der Boom et al. (Fig. 2e).'® An
osmium complex layer formed on an 8.0-nm-thick ruthenium
complex layer showed a sharp catalytic oxidation peak without
a prominent reduction wave, whereas the ruthenium complex
layer produced a reversible redox wave. Conversely, a
ruthenium complex layer fabricated on a thick osmium complex
layer exhibited a sharp reduction peak and deformed oxidation
wave, whereas a reversible redox couple of the osmium
complex layer appeared. This series of phenomena can be
explained by electron transport between the top layer and
electrode through the bottom-layer.

The present review summarizes progress in metal complex
molecular wires in the last decade,'’ covering fabrication
procedures for linear and branched oligomer wires,
characteristic intra-wire redox conduction, excellent long-range
electron transport ability in the linear wire, and elucidation of
the long-range electron transport ability in the branched wire
through an effective model. In addition, an ultra-long metal
complex wire based the bis(terpyridine)metal complex motif'®
is reported.

2. Precise synthesis of linear and branched
bis(terpyridine)metal complex wires: intra-wire redox
conduction and superior electron transport ability

2.1 Fabrication and analytical procedures

Fig. 3 illustrates the fabrication procedure for a series of
bis(terpyridine)metal complex wires. Mica deposited with gold
and silicon(111) was used as a substrate. It is important to
prepare clean surfaces prior to the growth of molecular wires.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. (a) Constitutive components for bis(terpyridine)metal complex wires. (b) Stepwise coordination procedure for the preparation of Au-[Au(FeL1),+1] and Au-
[Au(FelLi1).FeTe]. Step I: diphenyl disulfide in chloroform; Step II: surface anchor ligand (Au)z in chloroform; Step Ill: Fe(BF,;), in ethanol; Step IV: bridging ligand
L in chloroform; Step V: terminal ligand T, in chloroform. (c) Stepwise coordination procedure for the preparation of Au-[Au(Felyi)ns1] and Au-
[Au(FeLr1),FeT]. Step I: diphenyl disulfide in chloroform; Step II: surface anchor ligand (Ag)2 in chloroform; Step IlI: Fe(BF,), in ethanol; Step IV: three-way ligand
Ly in chloroform; Step V: terminal ligand Tg in chloroform.
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The former was annealed with a hydrogen flame, exposing the
Au(111) surface. The latter was immersed in aqueous HF or
NH,F to yield a hydrogen-terminated Si(111) surface.

The bis(terpyridine)metal complex wire consisted of four
components: a surface-anchor terpyridine ligand (A series),
metal ions, a bridging terpyridine ligand (L series), and a
redox-active terminal terpyridine ligand (T series) (Fig. 3a).
These diverse components facilitated the construction of
various types of molecular wires. The construction of the linear
bis(terpyridine)iron(Il) complex wires, Au-[Ag(FeLy),+1] and
[Ag(FeLy ), FeTg] (Fig. 3b), was initiated by SAM formation
on the substrate surface using diphenyl disulphide and Ay
(steps 1 and 2). The gold-thiol protocol' was used for the
Au(111) surface. The former wire was thinner with a reduced
density, thereby being optional. The Au substrate was
immersed in a chloroform solution of disulphide-terpyridine
(Ap),. The series of SAM formation procedures yielded a
terpyridine-terminated surface, which served as a scaffold for
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Fig. 4 Fabrication procedures for bis(terpyridine)iron(ll) complex wires on Si(111)

substrates (a) anchored by an ethenylene linker. (b) anchored by phenylene
linker. (c) Fabrication procedure for Au-[As(FeL.1),FeTec].
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the bis(terpyridine)metal complex wires. Growth of the
molecular wire depended on the stepwise coordination
technique.”® To implant Fe®* ions, the substrate modified with
the terpyridine scaffold Ay was immersed in an ethanol
solution of Fe(BF,), (step 3). The metal-terminated surface was
then immersed in a chloroform solution of Ly, to complete the
bis(terpyridine)iron(Il) complex motif (step 4). Steps 3 and 4
were repeated n+1 times to prepare Au-[Ax(FeLly),.1]- The
final implantation of L;; may be substituted with Ty (step 5)
to generate Au-[Ag(FeL),FeT]. This process makes decoration
of the tip of the bis(terpyridine)iron(I) wire with redox-active
functional groups, such as ferrocene, triarylamine, and
cyclometallated ruthenium(Il) complexes, possible. These
groups guide investigations into long-range electron transport
ability (vide infra). Cobalt ions can serve as the metal centre, if
the metal source is substituted with [Co(NHj3)e]Cls. In addition,
the authors fabricated several mixed-metal wires with different
compositions and orders. Construction of branched
bis(terpyridine)iron(Il) wires Au-[Ag(FeLr;),.1] was the same
as that of the linear wire, except that the bridging terpyridine
ligand was replaced with a three-way terpyridine ligand Ly
(Fig. 3c). The terminus of the branched molecular wire may
also be modified with T (e.g., Au-[Ag(FeLx),FeTg]).

A hydrogen-terminated Si(111) surface was modified using
a hydrosilylation protocol.?! Herein, the surface was reacted in
toluene with terpyridine that has a terminal acetylene, which
leaves a terpyridine scaffold tethered to an ethenylene linkage
(Fig. 4a). The substrate may be pretreated with ethynylbenzene
as a thinner. An innovative type of Pd-catalysed arylation was
applied to hydrosilanes.”? Bis(terpyridine)iron(Il) wires with
phenylene linkers were prepared by applying the reaction to the
hydrogen-terminated Si(111) surface (Fig. 4b). The same
processes used to produce a Au(111) surface (i.e., steps 2-5 in
Fig. 3b, ¢) may be applied for the elongation of the molecular
wire. A Si(111) surface advantageously affords the molecular
wire with an orthogonal configuration, whereas a Au(111)
surface is tilted by the nature of the Au-S bond. The authors
also designed and synthesized a tripodal terpyridine scaffold for
a Au(111) surface (Fig. 4c) that produced orthogonal molecular
wires. In all, the bottom-up coordination procedure yielded
various types of bis(terpyridine)metal complex wires with
desired compositions and structures.

Molecular wires fabricated on the substrate surface were
analysed by cyclic voltammetry (Fig. 5a-d), XPS (Fig. 6),
cross-sectional SEM (Fig. 7a), STM (Fig. 7b), and AFM (Fig.
7c, d). Fig. 5a, b shows typical cyclic voltammograms for linear
and branched Fe(tpy), molecular wires, Au-[A(FeLy,),.1] and
Au-[A,(FeLr,),.1], respectively. The redox peak of the
[Fe(tpy),]**/[Fe(tpy),]** couple was observed at approximately
0.65 V versus ferrocenium/ferrocene (Fc'/Fc), which increased
as generation n grew (tpy = 2,2°:6’,2°’-terpyridine). Fig. 5c
shows the surface coverage of the Fe(tpy), unit, I'[Fe],
calculated from the cyclic voltammograms. In the linear wire, I
was proportional to n, which ensured that the growth of the
Fe(tpy), molecular wire was quantitative. From a geometric
point of view, I'[Fe] was proportional to 2""'—1 in the branched
wire. However, this relationship was only valid up to n = 3, and
T'[Fe] began to saturate thereafter. This discrepancy stems from
steric repulsion among the dendrons of the Fe(tpy), molecular
wire and/or between the wire and electrode surface. Fig. 5d
shows typical cyclic voltammograms of the linear
bis(terpyridine)iron(Il) complex wire Au-[Ag(FeLy),FeTg.],
where redox-active ferrocene was placed at the wire terminus.
Redox waves of both [Fe(tpy),]**/[Fe(tpy),]** and

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Cyclic voltammograms of (a) Au-[Aa(FeLiy)na] (n =1, 3, 5, 7, and 9) and (b) Au-[Aa(FeLrz)n.1] (n = 0-3) at a scan rate of 0.1V s™ in 1 M BusNCIO,/CH,Cl,. (c)
Surface coverage (I'[Fe(tpy).])—generation (n+1) plots for Au-[Aa(Feli1),+1] and Au-[Aa(FeLy2)ns] (tpy = 2,2°:67,2”-terpyridine). I'[Fe(tpy),] is calculated from the
anodic peak area of the cyclic voltammogram. (d) Cyclic voltammograms of Au-[Au(FeL1),FeTe;] (n = 0-3) in 1 M BugNCIO,/CH,Cl,. (e) Surface coverages (I'[Fe]
and T'[Fc])—generation (n+1) plots for Au-[Au(FeL.i),FeTe2]. T'[Fe(tpy).] (blue) and T'[Fc] (orange) are calculated from the anodic peak area of the cyclic
voltammogram. Adapted with permission from ref. 17b,h. Copyright 2007, 2013 Wiley-VCH Verlag GmbH&Co. KGaA.
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Fig. 6 X-ray photoelectron spectra for Au-[Ay(FeL,;),FeTgr,] at an exit angle of 45°.
a) N 1s, b) F 1s, c) S 2p, d) Fe 2p, and e) C 1s and Ru 3d. Adapted with permission
from ref. 17h. Copyright 2013 Wiley-VCH Verlag GmbH&Co. KGaA.
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ferrocene’/ferrocene (0.08 V) were observed, and surface
coverage reflected the structural features of the molecular wires
(Fig. 5e). I'[Fe(tpy),] was proportional to n, whereas the surface
coverage of the ferrocene moiety, I'[Fc], was constant.

X-ray photoemission spectroscopy (XPS) provides
information on constitutive elements. Au-[Ag(FeLy),FeTg,l
contained peaks derived from N 1s (binding energy: 400.1 eV),
F 1s (686.7 eV), S 2p (161.5 eV), and Fe 2p (2p3; : 709.1 eV
and 2p,> : 721.9 eV). Fluorine is derived from BF,, the counter
anion of the Fe(tpy), unit (Fig. 6). The peak corresponding to
Ru 3ds;, (280.9 eV) stems from the terminal cyclometallated
ruthenium(Il) complex.

A series of microscopic techniques described the
nanostructures in the bis(terpyridine)metal complex wires.
Cross-sectional scanning electron microscopy (SEM) of linear
Au-[A(CoL,)47] revealed a dense film on the cobalt complex
wires with a thickness of ca. 100 nm (Fig. 7a), which is also the
estimated height of the molecular wires. A representative
scanning tunnelling microscopic (STM) image of branched Au-
[Ag(FeLty),FeTg,] is shown in Fig. 7b, which features
sparsely placed cylindrical structures. The diameter of the top
face of the cylinder was ca. 5 nm, consistent with the size of the
branched molecular wire. Atomic force microscopy (AFM) of
the orthogonal linear wire Au-[A(FeLy,)s] (Fig. 7c,d) showed
a dip that formed by scratching the modified Au(111) surface
with an AFM tip, and cross-sectional analysis assigned it a
depth of 9-10 nm. This value is also consistent with the
estimated height of Au-[At(FeLy)s].

J. Name., 2012, 00, 1-3 | 5
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and 2015 American Chemical Society.

2.2 Intra-wire redox conduction

Electron-conducting oligomer/polymer wires have recently
gained attention in the field of molecular electronics. Redox
polymers, in which redox species are connected to form
polymer strands, are representative electron-conducting
matcs:rials,23 yet there have been no detailed studies on electron
transfer within a single redox-polymer wire. The early stages of
modified electrode research began in 1970s. Since then, most
electrode surfaces have been coated with redox-polymers by
means of polymer coating, chemical modification, and
electrochemical polymerisation, and then subjected to
experimental and theoretical investigations on electron
transport.>* In these systems, the polymer strands were
randomly distributed, with electron transport phenomena based
on “redox conduction”.”® In this scheme, the diffusional
motions of collective electron-transfer pathways play a primary
role. The apparent diffusion coefficient (D,p,) for electron
transport is composed of electron-hopping and/or physical
diffusion terms and is the key factor in the Dahms-Ruff
equation®® and Laviron-Andrieux-Savéant theory.”” The
migration effect and counter-ion motion are also important with
respect to Dapp.28

Our bis(terpyridine)metal complex wire featured a rigid
structure that was perpendicular to the electrode surface (Figs.
3, 4). We expect that it undergoes redox electron transport
based on a mechanism different from conventional polymer
films with random compositions and structures. To clarify the
“intra-wire  redox conduction” phenomenon in the
bis(terpyridine)iron(Il) complex wire, we adopted potential-step
chronoamperometry (PSCA) to branched Au-[Aj(FeLr;),.1]
and linear Au-[A(FeLy;),41]. Fig. 8 shows the PSCA results.
Throughout the experiments, the applied potential was varied
from 0.96 to 0.36 V, such that the valences of all Fe(tpy), units
(formal potential: ca. 0.65 V) were reduced from +3 to +2. If
redox conduction is dominated by diffusional motion and the
diffusion process within the film is the rate-determining step
(i.e., electron transfer between the electrode and the nearest
redox sites in the film is sufficiently fast), an PSCA (i.e., icxp - ¢
plot) of a reduction reaction will obey the Cottrell equation (1):

fexp = —NFAD "> C (nt) ™ + ipy, (1)

where n, F, A, C, and ip;, describe the number of electrons,
Faraday constant, electrode area, concentration of the redox
species in the film, and charging current to the electric double
layer, respectively. Thus, the first term corresponds to the
faradaic current for the reduction. Because ip; tends to decay

6 | J. Name., 2012, 00, 1-3
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Fig. 8 Experimental (solid lines) and reproduced (dashed lines) potential step
chronoamperograms of (a) branched wire Au-[Aa(FeLrz)n+] (n =1, 2, and 3) (b)
linear wire Au-[Aa(FeL1)n+1] (n=1, 3,5, and 7) in 1 M BusNClO,/dichloromethane
with a potential step from 0.96 to 0.36 V. The potential step affords reduction to
all [Fe(tpy)]*" species into [Fe(tpy),]**. Reproduced PSCAs are obtained by means
of numerical simulation based on the intrawire redox hopping mechanism shown
in Fig. 9, and egs. (3) and (4) thereof. Used parameters are as follows. (a) k_; =
2707, k., = 3.8 x 10° s, Cg = 8.3 pF for Au-[Aa(FeLr)]; k1 = 270 s, k., = 3.9 x
10% 57", Cy = 8.3 pF for Au-[Aa(FeLr,)s]; ks = 260 s, k, = 3.5 x 10°s™", Cy = 12 pF
for Au-[Aa(Felr2)al. (b) kop = 220 s, k., = 2.3 x 10> s™%, Cg = 7.2 pF for Au-
[Aa(FeLiy)s]; ky = 260 s, kp = 1.9 x 10° s, Cy = 7.1 uF for Au-[Aa(FeLi)a]; ko1 =
2305, kp = 1.3%x10% 5™, Cg = 9.2 puF for Au-[Aa(Felys)s]; k-1 = 21057, k., = 1.3 x
10° s7!, Cgq = 13 uF for Au-[Aa(FeL,1)s]. Adapted with permission from ref. 17b.
Copyright 2007 Wiley-VCH Verlag GmbH&Co. KGaA.

much faster than the faradaic current, the i, - 2 plot is linear

unless the diffusion layer does not reach the terminus of the
film.> In sharp contrast, both branched and linear
bis(terpyridine)iron oligomer wires did not contain straight-line
regions in the i-r"? plots (data not shown). We then
hypothesized that the unusual i., - ¢ characteristics were
derived from an intra-wire electron transport pathway, a
sequential electron-hopping model (Fig. 9). In this new
mechanism, we considered a condition in which all
bis(terpyridine)iron complex sites were initially oxidized (i.e.,
[Fe(tpy)z]3+ state), and the modified electrode was cathodically

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 Sequential electron hopping model in (a) branched wire Au-[Ax(FeLyz)n+1]
and (b) linear wire Au-[Aa(FeL.1),+1]. The turquoise circle denote a Fe(tpy), unit.

polarized enough to induce the one-electron reduction of all
[Fe(tpy),]** sites to [Fe(tpy),]*". Electrons injected from the
gold electrode to the bis(terpyridine)iron complex wire were
propagated to the end of the wire by intra-wire hopping
between the [Fe(tpy),] sites as follows:
Ox,; + e — Red; rate constant: k_;

(2a)
rate constant: k_,
(m=2,3...n+1) (2b)

Red,,,,l + OXM b d OXm,l + Red,,,

where Ox,, and Red,, denote the [Fe(tpy),]*>" and [Fe(tpy),]**
sites, respectively, at the mth generation (see Fig. 9 for the
definition of the generation). The back electron transfer, such as
from Red; to Ox,, was likely neglected because of sufficient
negative overpotential. In this scheme, a set of kinetic equations
is expressed as follows:

for branched wires:

dP/dt = =2 k_,P,(1-P5) + k(1= P))

(3a)
dP,/dt = -2k_,P,,(1-P,,.1) + k,P,,_i(1-P,,)
(m=2,3,...,n) (3b)
dPn+1/dt = k—ZPn(l_Pn+l)
(3¢)
for linear wires:
dP\/dt = — k,P,(1-P») + k_1(1-P))
(4a)
dP,Jdt = — koP,(1=P 1) + kP (1-P)
(m=2,3,...,n) (4b)
dPn+1/dt = k—ZPn(l_PrHl)
(4c)

where P,, is the electron population ratio (i.e., fraction of
[Fe(tpy)-] ) for the mth generation. In this scheme, the faradaic
current ig, which corresponds to the electron flux from the
electrode to the Fe(tpy), wire, is expressed as follows:

irp=—-FATk_i(1-P)) (5)
where T is the surface coverage (in mol cm™2) of the branched
or linear wire. The simulated total current iy, corresponds to
the sum of ir and the electric double layer charging current ip; :
Isim = I + ipL (6)

where ip; corresponds to the charging current to the electric
double layer, which is dominated by solution resistance Ry, and

This journal is © The Royal Society of Chemistry 2012
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capacitance Cpp. Therefore, the numerical simulation is
equivalent to the reproduction of i, with iy, while varying the
k_; and k_, values. The resulting i, values (shown as dashed
lines) with the parameters used are given in the captions of Fig.
8 and were consistent with the experimental PSCAs, i.,, for
both branched and linear wires of various generations. The fact
that both branched and linear wires use the same mechanism
strongly supports our theory, excluding the existence of inter-
wire pathways.

Redox conduction in the oligomer films occurs by the
diffusional random walk mechanism, but on the through-bond
electron transport. Thanks to the rigid and tunable structure of
the bis(terpyridine)iron complex wire, we observed peculiar
iexp-t Characteristics in PSCA that were reproduced by the intra-
wire electron transport mechanism, where electrons hop
successively between neighbouring Fe(tpy), sites. This new
type of redox-polymer film will be useful for fundamental
studies on molecular electronics.

2.3 Supreme long-range electron transport ability

The question of how electrons move through a single molecular
wire is of fundamental importance to molecular science,
especially in the field of molecular devices and biological
electron-transfer systems.>**> D-B-A systems are typically used
to evaluate the electron transport ability of molecular wires,
where D, B, and A denote an electron-donor molecule or
electrode, a molecular wire in focus, and an electron-acceptor
molecule or electrode, respectively. The attenuation factor 3 is
frequently used as a measure of electron transport ability. B is
associated with the first-order electron transfer rate constant
frorg16D and A (k) and the distance between D—A (d) using eq.
7):

k = ko exp(—Bd) 7)

where k; is the zero-distance rate constant (i.e., d = 0). The
improved electron transport ability corresponds to the smaller 3
value. Electrons may travel long distances without a significant
decay in the transfer rate. Extensive studies have been devoted
to developing molecular wires with small 3 values. Plain alkyl
chains possess large  values (approximately 1 A™),3*! which
can be significantly reduced through the use of m-conjugated
organic bridges. For example, oligo(phenylenevinylene)
bridges (0.01-0.06 A™)*** and porphyrin wires (0.003 and
0.04 A)*4® had very small . Several biomolecules conduct
electrons efficiently, such as DNA (up to 0.2 A™),*"* proteins,
and oligopeptides (depending on the structure).>>>? In addition,
molecular wires with non-covalent interactions, such as
hydrogen bonds and =-stacks, exhibit good long-range electron
transport  abilities.®*®> For example, Guldi and Martin
determined the long-range electron transport ability of
?a(r)?cyclophane—based molecular wires (0.145 A~ and 0.012 A~
).
The sequential electron-hopping mechanism is known to
contribute to electron transport over long distances, whereas the
superexchange (tunnelling) mechanism is only dominant over
short distances.®® In fact, Wishart and Isied found a crossover
point for the two mechanisms in peptide chains comprising
proline residues, with B values of 1.4 and 0.18 A™' for the
electron hopping and superexchange pathways, respectively.®*
The intra-wire redox conduction shown in Section 2.2 may be
associated with long-range electron transport, resulting in a
shallow P based on the electron-hopping mechanism. The
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value for the linear bis(terpyridine)metal complex wires
equipped with a redox-active terminal terpyridine ligand T
(e.g., Au-[Ag(FeLy,),FeTg] illustrated in Fig. 3b) was
quantified by electrochemistry. As shown in Fig. 5d, the redox
of T precedes that of the Fe(tpy), unit, indicating that the
former may be a good probe for electron transport ability by
applying appropriate electrode potentials. Technically, the
value is quantified by measuring the electron transfer rate k&
between the terminal redox site and the Au electrode for the n
series and by linearizing the resultant Ink—d plot (d is the
distance between the terminal redox site and Au electrode
surface). The k values are quantified using potential step
chronoamperometry (PSCA), as in Fig. 10 for Au-
[Au(FeLy;),FeTg.]. The potential of the modified gold
electrode is first maintained at 0.33 V (= E¥(Tge) + 0.25 V),
and then changed to -0.17 V (= EY(Tga) — 0.25 V), reducing
the terminal ferrocenium to ferrocene. In sharp contrast, the
valence of the Fe(tpy), units is constant, +2, during the
potential step because its redox potential is far more positive
(0.63-0.64 V) than the series of electrode potentials. The right
graph of Fig. 10a shows the Ini,,—t plot for Au-
[Ag(FeLy)FeTg.,;] accompanied by linearisation. The slope is
equal to —k. We then investigated the k values for the Au-
[Ag(FeLy)FeTg.] series (n = 0-3) and plotted In k versus d
(Fig. 10b). The —f3 and k, values are the slope and intercept of
the vertical axis, respectively, in accordance with eq. (7). From
the analysis of the In k — d plot by the linear least-squares
method, 3 and kq were calculated to be 0.020+0.004 A'and 9.9
x 10%s7', respectively.

Each component of the bis(terpyridine)metal complex wire
influenced the long-range electron transport ability (i.e.,
changes in B and kg). The linear wire was composed of four
components, a surface-anchor ligand A, bridging ligand Lg,
metal ion (Fe or Co), and redox-molecule-appended terminal
ligand T, and the molecular wire can be regarded as a
molecular circuit (Fig. 11). Fig. 12 and Table 1 give the results
of this series of investigations. The anchor ligand’s effects on
the ky and 3 values were evaluated using three types of A (A,,
Apg, and Ay, Fig. 3a). Ly; and Ty, are commonly used as
bridging and terminal ligands, respectively (i.e., molecular
wires Au-[Aj(FeLy,),FeTg.], Au-[Ag(FeLy,),FeTg,], and
Au-[Ag(FeLy,),FeTg:]). The In k — d plots shown in Fig. 12a
indicate that B is independent of A, exhibiting values of 0.014—
0.024 A™'. Conversely, ko is dependent on A. Thus, the intrinsic
long-range electron transport ability of the bis(terpyridine)metal
complex wire is insensitive to A. Notably, A, combined with
an azobenzene spacer provides smoother electron transfer,
which may be associated with efficient m-conjugation between
the electrode and terpyridine unit.

The influence of bridging ligand L was investigated by
comparing Au-[As(FeLy;),FeTre:l, Au-[As(FeLpy),FeTgel,
and Au-[A(FeL;,),FeTg.]. This ligand influenced the 3 value
significantly (Fig. 12b). The best long-range electron transport
ability was observed in Au-[A,(FeLy;),FeTge] (0.015 £ 0.007
A7), but the decay of the electron transfer rate was steeper in
Au-[As(FeLpy),FeTg,]  (0.03120.008 A™") and Au-
[As(FeLp,),FeTge,] (0.070£0.020 A™). A bridging ligand
composed of dimethyldihydropyrene (DHP), Lpyp, gave the
smallest 3 value in a bis(terpyridine)iron(II) complex wire, Au-
[As(FeLpyp), FeTp] (0.008+0.006 A~', Fig. 12c). As
proposed above, the long-range electron transfer in the
bis(terpyridine)metal complex wires occurs via a sequential
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Fig. 10 (a) iexp-t (left) and Inigp-t (right) plots for Au-[Au(Feli;)FeTe,] in 1 M
TBAP/dichloromethane with a potential step from 0.33 to —0.17 V. (b) Ink-d plot
for Au-[Au(FeLi1).FeTe] (n = 0-3). The dashed line is obtained by means of the
least squares. Adapted with permission from ref. 17h. Copyright 2013 Wiley-VCH
Verlag GmbH&Co. KGaA.

hopping mechanism. The DHP moiety possessed an E” value
(0.12 V) similar to the terminal ferrocene (0.00 V). This moiety
may participate in electron hopping explicitly, thereby
facilitating electron transport between the terminal ferrocene
and gold electrode despite its long length.

To understand the impact of the central metal ion on f, we
fabricated cobalt complex wires, Au-[A,(CoL,),.1FeL,] and
Au-[A,(CoLy),.1FeLy]. The potential step in PSCA was set
to 0.31 V—>091 V for Au-[As(CoL,),. 1 FeL,] and 0.91
V—0.21 V for Au-[As(CoLy,),+1FeLi ], such that the redox
current of the [Fe(tpy)2]3 */[Fe(tpy)-] z couple was monitored by
the valence state of the cobalt centre fixed at +3. This
experiment yielded 3 values of 0.004 £ 0.002 A~ and 0.002 +
0.001 A7 for Au-[A,(CoLy),.FeL,] and Au-
[AA(CoLy),+1FeLy ], respectively (Fig. 12d). These values are
smaller than that of the iron complex wires, indicating the
superior long-range electron transport ability of the [Co(tpy),]**
complex wires over that of [Fe(tpy),]**. The electron transport
ability of bis(terpyridine)metal complex wires can therefore be
regulated by the metal centre.

Four types of bis(terpyridine)iron(Il) complex wires were
prepared to study the redox-molecule-appended terminal ligand
T: AU-[AH(FCLLl)nFeTRu], Au—[AH(FeLLl),,FeTTAA], Au-
[AH(FeLLl),,FeTFcl], and Au—[AH(FeLLl),,FeTFcz] (Flg 126)
All terminal redox sites possessed formal potentials similar to
one another. As with the surface-anchor ligand A, the 3 values
converged to a narrow range (0.017-0.025 A’l), whereas k, was
somewhat scattered. This effect is likely due to the difference in

Fig. 11 Concept of a molecular circuit based on the bis(terpyridine)metal
complex wire.

This journal is © The Royal Society of Chemistry 2012
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Fig. 12 Ink-d plots for the bis(terpyridine)metal complex wire. The dashed lines are obtained by means of the least squares. (a) Dependence on surface-anchor
terpyridine ligand A, with data for Au-[Aa(FeL1),FeTe] (blue), Au-[As(FeLi1),FeTe] (orange), and Au-[Au(Feli),FeTe] (green). (b) Dependence on bridging
terpyridine ligand L, with data for Au-[Aa(FeLi1),FeTec2] (blue), Au-[Aa(Felpy),FeTe] (orange), and Au-[Aa(FeL;),FeTe;] (green). (c) Smallest B among L series with
Au-[Aa(FeLpup)nFeTr]. (d) Dependence on metal ions, with Au-[Aa(CoLa),+1] (blue) and Au-[Aa(CoLi1)q.1] (orange). (e) Dependence on terminal ligand T, with Au-
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17c,d,h. Copyright 2009, 2013 Wiley-VCH Verlag GmbH&Co. KGaA, and 2010 American Chemical Society.

reorganization energy A. Triarylamine and cyclometallated
ruthenium complexes possess smaller 4 and therefore exhibit
greater electron transfer rates.

The PSCA technique revealed the excellent long-range
electron transport ability of the linear bis(terpyridine)metal
complex wires. The smallest values were 0.002 and 0.008 A
for the cobalt and iron wires, respectively, which are
comparable with the smallest reported B values.*** This type
of PCSA experiment is simple and easy to conduct, but its
results are often associated with the electrical conductivity of
the molecular wire using elaborate and difficult molecular
junction techniques.®>™®® Our results were well aligned with a
shallow distance dependence of the electrical conductivity of
bis(terpyridine)metal complex wires.®® The long-range electron
transport ability can be controlled by designing the wire’s
constituents, and this methodology is useful when constructing
molecular-scale electronic devices.

2.4 Elucidation of the long-range electron transport
phenomenon

Understanding how electrons travel through “branched”
molecular wires in the long-range electron transport scheme is
essential in developing molecular parallel circuits® and
splitters.”” However, branched molecular wires are rarely
precisely fabricated,”"’* and such investigations therefore have
yet to be addressed. As demonstrated in Fig. 3b, ¢, dendritic
wires can be fabricated for the bis(terpyridine)metal complex
wire system in addition to common linear wires. A
characteristic electron transport phenomenon was observed in
the branched oligomer wire furnished with terminal ferrocene
units (Au-[Ag(FeL),FeTg,], Fig. 3c), establishing an
effective kinetic simulation model based on intra-wire
sequential electron hopping.

This journal is © The Royal Society of Chemistry 2012

Fig. 13a-c displays the PSCAs for the oxidation and
reduction of the terminal ferrocene in Au-[Ax(FeLt),FeTg]
(n = 1-3). The PSCA profiles (i.x,—t plot) feature asymmetric
electron transport. Deviation from normal exponential decay
was more substantial in the oxidation process, which contained
an unusual plateau—like region. The asymmetry in the electron
transport became more pronounced as n increased. This series
of current decay profiles is completely different from those of
previously reported linear molecular wire systems furnished
with redox-active termini. A simple, effective electron transport

Table 1. ko and B values for the bis(terpyridine)metal complex wire

wire B ko (s
Anchor  Au-[As(FeLy)),FeTgo]  0.01420.004 1.3x10°
ligand A" Ay [Ap(FeLy),FeTre]  0.02020.004 1.6x10°
Au-[Ag(FeLy)),FeTro]  0.02420.007 8.5x10°
Bridging  Au-[As(FeLpyp),FeTga]l  0.00820.006 1.5x10°
ligand L. Ay [A,(FeLy,),FeTra]l  0.01520.007 9.6x10°
Au-[A(FeLpy),FeTg]  0.031£0.008  2.0x10°
Au-[A(FeLp,),FeTgo]  0.070£0.020 4.7x10°
Metal Au-[Ay(CoLy),,FeL,]  0.002£0.001 3.3x10
ion Au-[A5(CoLy),FeLy;]  0.004£0.002  5.3x107
Terminal  Au-[Ag(FeL;),FeTtsa]l  0.01720.005 1.9x10°
ligand T Au-[Ay(FeLy,),FeTg,]  0.024+0.003 2.7x10°
Au-[Ag(FeLy)),FeTrq]  0.02520.007 9.3x10°
Au-[Ag(FeLy,),FeTro]  0.02020.004 9.9x10°
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Fig. 13 Long-range electron transport through Fe(tpy), branched and linear oligomer wires. Representative experimental (iexo—t) and simulated (ism—t) plots for:
(a) Au-[Au(FeLri)FeTec], (b) Au-[Au(Felrs)FeTec], (c) Au-[Au(Felri)sFeTec], (d) Au-[An(FeLi)FeTec], (e) Au-[Au(Felis),FeTe,]. Legend. Blue solid line: i, for
oxidation with an overpotential of +0.35 V for the terminal ferrocene moiety; orange solid line: ie, for reduction with —0.35 V; magenta dashed line: electric
double layer charging current ip; green solid line: faradaic current ir; orange circles; isim for the oxidation; blue circles: igp, for the reduction. Used parameters: (a)
for oxidation: k1 =340s ", k.1 =4.0x10° s, kip = 1.77 x 10°s™, ks = 4.7 x 10° s, k.3 = 18 s, Cq = 4.0 uF; for reduction: k; = 0 s ky=1.8x10°s", ki = 1.77 x
10" s, k3 =4.7x10° s, k.3 = 240 57", Cqg = 5.0 uF. (b) for oxidation: k; =310, k., =3.2x 10° s, ki = 1.73 x 10° s, k3 = 5.2 x 10° s, k.3 =130 s, Cg = 3.1 uF;
for reduction: k; = 0.002 s, k;y =4.4x10° s, kip = 1.73 x 10* s, k3 = 5.2 x 10° 5", k.3 = 31 57", Cy = 4.7 uF. (c) for oxidation: k; = 210 5™, k; = 5.0 x 10° s, ks =
1.79x10%s ™, ks =5.2x10%s ™, k.3 =17 57", Cg = 4.0 uF; for reduction: k; = 105", k4 =5.0x 10 s, ki, = 1.79x 10* s, k3= 5.2x 10>s ", k.3 =55, Cg = 4.0 pF. (d)
for oxidation: k; =3.2x10%s ", k1 =4.0x10° s, kix = 1.7x 10* s, k3= 5.6 x 10° s, k3= 315", Cy = 3.7 uF; for reduction: k; = 0s ™, k1= 1.3x 10>s ", ksp = 1.7 x
10°s, ks =5.6x10>s ", k3 =635, Cy = 3.7 uF. (e) for oxidation: k; = 2.1x 10°s ", k ;1 =5.0x 10°s ", ki = 1.6 x 10° s ', k3= 5.5x10°s ", k3= 145", Cy = 4.0 uF;
for reduction: k; =3.3s ", k= 1.8 x 10° s ki = 1.6 x 10* s’l, k3 =5.5x 10° st ks=13x 10° s’l, Cq = 4.0 puF. Adapted with permission from ref. 17k. Copyright
2015 American Chemical Society.

numerical model was used to elucidate the unique electron deficient (ferrocene™ and [Fe(tpy)2]3+). The gold electrode
transport in the branched wire. Fig. 14a-c illustrates the electron functions as an electron reservoir, accepting or providing
transfer model, which is more or less associated with the redox infinite numbers of electrons. The hopping process consists of
conduction model in Fig. 9. In this scheme, an electron sent three steps. The first is between the gold electrode and first-
from the gold electrode to the terminal ferrocenium, or from the
terminal ferrocene to the gold electrode, is allowed to hop
between the neighbouring redox-active sites (i.e., terminal
ferrocene and Fe(tpy), units) and the gold electrode in an intra-
wire manner. The redox-active site can occupy two states,
electron-filled (ferrocene’ and [Fe(tpy)2]2+) and electron-

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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generation Fe(tpy), unit (see Fig. 14a-c for a definition of the
generation). The rate constants for electron injection from the
Fe(tpy), unit to the electrode and vice versa are represented as
k, and k_;, respectively. Second, electron exchange between
adjacent Fe(tpy), units features second-order electron self-
exchange rate constants k, and k_,. Third, electron hopping
between the terminal ferrocene and neighbouring Fe(tpy), unit

This journal is © The Royal Society of Chemistry 2012

has second-order rate constants of k3 and k_;. A set of kinetic
equations for Au-[Ag(FeLr;),FeTg.] is expressed as follows:

dP/dt = 2[kPy1-P) -

koPy(1-P)]—k P,

+ ki (1-P))

(8a)
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dPldt = 2[ky Py (1-Py) — k2Pi(1=Py1)]
— kP (1=Py_y) + kP (1-Py)

k=2,3,....n)
(8b)
dP,/dt = k3P, x(1=P,i1) — k3P (1=P,12)
- k2pn+l(l_Pn) + k—ZPn(l_Pn+l)
(8¢)
dP,oldt = —k3P,y (1=Pyyy) + k3P 1(1=Pyr)
(8d)

The faradaic current of the terminal ferrocene, i, is expressed
as follows:

ip = FAT [k Py — k_j(1-Py)]
©®

The simulated total current iy, is shown as eq. (6). Identical to
the redox conduction in Section 2.2, the numerical simulation
corresponds to reproducing i, with iy, and varying the k,, (m =
+1, £2, +3) values. The resultant i, (as orange or blue circles)
was consistent with the experimental current—time profile (Fig.
13a—c). The terms ip; (magenta dashed line) and i (green solid
line) highlight how ir plays a chief role in the characteristic
plateau region of the oxidation process.

The linear wire Au-[Ag(FeLy,),FeTg.] (n = 1 and 2; Fig.
13d,e) was reproduced to verify the electron transport model
and simulation thereof. Provided that the set of electron-
hopping processes is the same as for the branched wire (i.e.,
Fig. 14d,e), the kinetic equations for the linear wire are
represented as follows:
dP\/dt = kyPy(1-Py) — k,P{(1-P,)—k\Py + k_(1-P,)

(10a)
dPi/dt = kyPr(1-Pr) — koPr(1=Ppy1)
—koPr(1=Py_y) + ko P (1-Py)
(k=2,3,....n)
(10b)
dP,/dt = k3P, x(1=P,i1) — k3P (1=P,10)
_k2pn+l(l_Pn) + k—ZPn(l_PrHl)
(10¢)
dP,oldt = k3P, 5 (1=P )+ 3P (1=Py0)
(10d)

The faradaic current ir and simulated total current i, are
obtained from equations (9) and (6), respectively. The resultant
igm—t plots are overlain on the i, plots (Fig. 13d, e) and
again are consistent.

Fig. 15 assembles the average electron transfer rate
constants k,, (m = £1, £2, £3) obtained from the simulation for
branched Au-[Ag(FeLrty),FeTg,] (n = 1-3) and linear Au-
[Ag(FeLy;),FeTg,] (n = 1, 2) using three independent
samples. Each parameter was confined within a certain range,
including its standard deviation, in both branched and linear
wires, which is reasonable because the two wire systems
contain the same metal ion (Fe?"), anchor (A) and terminal (T)
terpyridine ligands, as well as similar types of bridging
terpyridine ligand (L).

Electron transport between the terminal ferrocene unit and
gold electrode through the branched bis(terpyridine)iron(Il)
complex wire was investigated by PSCA, which revealed
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unusual asymmetric and non-exponential faradaic current
decays. To elucidate this phenomenon, an electron transport
mechanism based on intra-wire electron hopping between two
adjacent redox active sites was established. Numerical
simulation thereof reproduced the pattern of electron transport
that characterized the branched wire. The same type of intra-
wire electron hopping mechanism and simulation may also
account for the electron-transport phenomenon in the linear
bis(terpyridine)iron(II) complex wire. Simulated electron-
hopping rate constants k&, (m = £1, +2, +3) converged to similar
values in the dendritic and linear wires, validating the electron
transport mechanism. For the first time, the electron transport
mechanism in a branched molecular wire system has been
clarified, a milestone in the development of molecule-based
circuits.

3. Fabrication and application of an ultra-long metal
complex wire network

The construction of ultra-long linear metal complex wires is
significant due to their resulting unique properties and ease of
synthesis and modification.”> Metal complex wires can be
readily prepared under moderate coordination reaction
conditions by mixing bridging ligands and metallic sources. By
simply modifying the bridging ligands or changing the metal
species or their valences, the structures and properties of such
complex wires can be drastically altered. In comparison, most
long linear materials with carbon backbones, such as carbon
nanotubes™ and conducting polymers,” are more difficult to
modify, often requiring extra post-production treatments or
longer synthetic procedures. This difficulty can reduce their
stability or restrict precise changes in physical properties to
achieve higher functionality.

Moreover, because metal complex wires can be fabricated
under mild conditions, many methods can generate well-
ordered superstructures, such as template assisting,’® self-
assembly,”” and interfacial synthesis.”® The uniform and well-

NH, .NH,
HNT2 Hn-NH2 HN" 2
Step 11
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I\ .
W
N
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-
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Fig. 16 Fabrication process for bis(terpyridine)Fe(ll) metal complex network and
its charging/discharging. Blue sphere: Fe(ll); red sphere: Fe(lll). Adapted with
permission from ref. 18. Copyright 2013 Royal Chemical Society.
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Fig. 17 Cyclic voltammograms of the bis(terpyridine)iron polymer network at
various scan rates (0.01, 0.05, 0.10, 0.20, 0.40, 0.60, 0.80, 1.00, 2.00, 4.00, 6.00,
8.00 and 10.00 V s’l) in 0.1 M BusNClO4—acetonitrile. The peak current increases
with a greater scan rate. Adapted with permission from ref. 18. Copyright 2013
Royal Chemical Society.
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Fig. 18 Chronocoulomograms measured in 0.1 M Bu4NClO4—acetonitrile.
Potential step: 0.10 V (from 0.75 to 0.85 V vs Ag*/Ag); 0.20 V (from 0.70 to 0.90
V); 0.40 V (from 0.60 to 1.00 V), 0.60 V (from 0.50 to 1.10 V); 0.80 V (from 0.40
to 1.20 V); 1.00 V (from 0.30 to 1.30 V). Adapted with permission from ref. 18.
Copyright 2013 Royal Chemical Society.

ordered wire structures (i.e., primary structure) are essential to
achieving synergetic performances, excluding random
behaviour. Most carbon-backboned long linear materials are
synthesized under harsh and uncontrolled conditions (i.e.,
chemical vapour deposition reactions under high temperature’
or polymerization reactions catalysed by free radicals,”® cations
or anions).®’ These methods create long wires with various
lengths and random chemical structures. Additionally, the inter-
wire structures (i.e., secondary structure) cannot be adequately
controlled, resulting in randomly aggregated materials.
Therefore, long linear m-conjugated metal complex wires are
promising materials for future applications.

3.1 Electrochemical synthesis of a bis(terpyridine)iron(II)
complex network

Bis(terpyridine)iron(II) complex wires were tethered to each
other by covalent bonds to form a network structure (Fig. 16)."
Similar to the linear wires, this network featured rapid electron
transport, giving rise to distant redox conduction with respect to
the Fe**/Fe** couple. The network densely accumulated the
metal complex wires but still preserved a porous structure,
which ensured a pathway for the electrolyte. These properties
are all critical in an ideal electric storage material.

An electrochemically induced free radical coupling reaction
constructed the iron bis(terpyridine) network complex (Fig. 16).
The free radical monomer was generated from a stable
precursor, bis(4’-hyrazinylterpyridine)Fe(I) complex. Initially,
the hydrazine group was converted to a diazonium group by
electrochemical oxidation assisted by superoxide. Molecular
nitrogen was then eliminated, producing an aryl free radical.

This journal is © The Royal Society of Chemistry 2012
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This product undergoes immobilization onto the glassy carbon
electrode,® which then serves as a scaffold. The vertical growth
of the molecular wire relies on free radical coupling,®® whereas
free radical addition forms the horizontal network.®® In both
cases, a covalent carbon-carbon bond 1is formed. A
representative AFM image revealed many particles on the
HOPG electrode. The average height of the particles was ca. 60
nm, corresponding to 55 units of the Fe(tpy), complex.

Electrochemical measurements evaluated the charge storage
ability of the complex network. Cyclic voltammetry disclosed a
stable and reversible redox wave of the Fe(Ill)/Fe(Il) couple at
0.78 V versus Ag*/Ag (Fig. 17). The capacity of the complex
network derived from the Fe(III)/Fe(Il) redox couple decreased
slightly as the scan rate increased. Additionally, the peak
separation of the Fe(IlI)/Fe(Il) redox couple was rather small,
even at large scan rates. This series of results indicates that the
intra-wire redox conduction and accompanying counter-anion
transfer is smooth enough to realize a rapid charge/discharge.
The charge/discharge behaviour was further investigated by
chronocoulometry (Fig. 18) and chronoamperometry. The
specific capacity of this material reached 55.5 mAh g at a
potential step of 1.0 V. Its discharge rate was 280 A g’
corresponding to a capacity retention of 80%. This material
could be charged and discharged to 95% in 0.35 s and 0.62 s,
respectively. This networked material also featured extremely
high stability. It endured 3000 charging/discharging cycles with
a capacity loss of only 5%.

4. Conclusions

In this review, we discussed electron conduction in
bis(terpyridine)metal complex molecular wires. Their precise
fabrication was realized through the bottom-up method using a
stepwise coordination reaction on the electrode surface. This
method provided both linear and branched structures of -
conjugated bis(terpyridine)metal complex oligomers. A series
of electrochemical analyses on the electron transfer kinetics
revealed characteristic intra-wire redox conduction and superior
long-range electron transport ability. The electron transfer
kinetics were analysed systematically and quantitatively,
yielding comprehensive knowledge on how each component of
the metal complex wire influences electron transport. In
addition, an electropolymerization method afforded a network
structure based on ultra-long m-conjugated
bis(terpyridine)iron(Il) complex polymer wires. The modified
electrode exhibited persistent and rapid charge/discharge
behaviour. One of the remaining challenges lies in applications
to single-wire electronics by exploiting break junction and STM
techniques.® A fundamental and comprehensive understanding
of electron transfer and transport phenomena in 7-conjugated
redox-active molecular wires will contribute to the design and
realization of molecular electronic circuits and to the
development of high-end electrochemical and
bioelectrochemical devices driven under wet conditions, such
as sensors and energy storage systems.
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