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Introduction

How an electron moves in a single molecular wire is an im-
portant and elementary question in molecular science, espe-
cially in relation to biological electron-transfer systems[1]

and molecular devices.[2] Much recent interest has focused
on the electron-transfer characteristics of molecular wires,
such as alkyl chains,[3] p-conjugated conducting polymers,[4]

DNA,[5] and polypeptides.[6] Redox polymers, in which redox
species are connected to form a polymer wire, are represen-

tative electron-conducting substances;[7] however, there have
been no significant studies on electron transfer within a
single redox-polymer wire.
Redox-polymer films on an electrode surface have been

prepared mostly by polymer coating, chemical modification,
and electrochemical polymerization. Many experimental
and theoretical studies on electron-transport behavior have
been conducted on such redox-polymer films.[8] Polymer
chains have been distributed randomly in these films, in
which electron transport has generally been treated accord-
ing to the concept of “redox conduction” based on the diffu-
sional motion of collective electron-transfer pathways.[9] The
apparent diffusion coefficient, Dapp, for electron conduction
in such redox films is composed of electron-hopping and/or
physical diffusion terms and is the key factor in terms of the
Dahms–Ruff equation[10] and Laviron–Andrieux–Sav9ant
theory.[11] The migration effect and counterion motion are
also important with respect to Dapp.

[12] Potential-step chro-
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noamperometry (PSCA) is a simple method for evaluating
Dapp.

[13]

Recently, redox-oligomer wires were fabricated on an
electrode surface by the interfacial stepwise coordination

method.[14] An important advantage of this method is that it
affords organized structures of rigid redox-polymer wires
with the desired numbers of redox-complex units perpendic-
ular to the surface. It is also possible to prepare desired se-

quences of different metal-complex units by changing the
sources of the metal ion and bridging ligand in the stepwise
coordination process. Previously,[15] we reported an accumu-
lation of 47 cobalt-complex units as well as an accumulation
of 10 iron- and five cobalt-complex units on a gold surface
by using a combination of the surface-anchoring terpyridine
ligand (tpy�C6H4N=NC6H4�S)2 (1; tpy=2,2’:6’,2’’-terpyri-
dine), Fe and/or Co ions, and a bridging ligand, tpy�C6H4N=
NC6H4�tpy (2).[16] Herein, we describe the use of the two-
way-bridging ligand 1,4-(tpy)2C6H4 (3) and three-way-bridg-
ing ligand 1,3,5-(tpy)3C6H3 (4) to prepare linear and
branched oligomer wires, respectively, on a gold surface in
the presence of 1 and Fe2+ ions. This is a rare example of an
attempt to prepare dendritic oligomers on a surface by the
stepwise coordination method.[17] The electron-transport be-
havior in films of such highly organized oligomer wires
would be expected to differ from that of previous polymer

Abstract in Japanese:

Figure 1. Chemical structures of the ligands used in this study (A), and stepwise coordination methods for the preparation of linear (B) and branched
(C) oligomer wires.
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films containing randomly distributed redox sites. To clarify
the “redox conduction” mechanism in the redox-complex
oligomer films, we used PSCA to measure the electron-
transport kinetics of the FeIII/FeII couple. We found that the
redox conduction in the oligomer films occurs not in a
random-walk process (diffusion) but by through-bond elec-
tron transport. We describe herein the synthesis and kinetics
of the oligomer films, and the analysis of the electron-trans-
port mechanism.

Results and Discussion

Stepwise Construction and Characterization of ACHTUNGTRENNUNGIron-
Complex Oligomer Wires on Gold

We fabricated linear oligomer wires on gold by a combina-
tion of self-assembled monolayer (SAM) formation with a
terpyridine derivative and stepwise metal–terpyridine coor-
dination reactions by using the phenylene-bridged bis(ter-
pyridine) ligand 3 in a manner similar to that described in
our previous communication, in which the azobenzene-
bridged bis(terpyridyl) ligand 2 was used as a bridging
ligand (Figure 1).[15,18] In the present case, to accumulate Fe-
ACHTUNGTRENNUNG(tpy)2 units, we used an immersion time in a solution of 1 of
t1=5 min for SAM preparation, and immersion times of
tFe=3 h in aqueous FeACHTUNGTRENNUNG(BF4)2 and t3=3 h in 3. Figure 2 shows

the cyclic voltammograms of the FeIII/FeII couple with
changes in the number of metal-complexation cycles, n :
[2Fe3], [4Fe3], [6Fe3], [8Fe3], and [10Fe3], in Bu4NClO4/
CH2Cl2 (0.1 and 1 moldm�3, respectively; see the Supporting
Information for cyclic voltammograms in solutions of other
electrolyte concentrations). The peak current, ip, and thus
the coverage of redox active sites, G (molcm�2), increased in
proportion to n, with GCV,[nFe3]=1.0n@10�10 molcm�2

(Figure 3). This G value is a little smaller than that for

[nFe2] (1.2n@10�10 molcm�2).[15] The peak-to-peak potential
separation, DEp, increased slightly with the number of layers
in the electrolyte solution of concentration 1 moldm�3,
whereas DEp increased significantly with n in the electrolyte
solution at 0.1 moldm�3 (compare Figures 2A and B). This
change in DEp suggests, as a primary interpretation, that the
“resistance of the film” (see discussion below) is higher
when the electrolyte concentration is lower. The voltammo-
gram did not change significantly at electrolyte concentra-
tions above 1 moldm�3, which can be explained by the fact
that the concentration of redox sites in the film is estimated
to be 1 moldm�3. This value is much higher than the regular
concentration of redox species in solution, which can be as

Figure 2. Cyclic voltammograms of [nFe3] (n=2, 4, 6, 8, and 10) at a
scan rate of 0.1 Vs�1 in Bu4NClO4/CH2Cl2 (0.1 moldm�3 (A) and
1 moldm�3 (B)). The numbers assigned to the curves refer to n.

Figure 3. Plots of the coverage of redox-active sites, G, versus the number
of complexation cycles, n, for A) [nFe3] (t1=5 min), B) [nFe4] (t1=
5 min), and C) [1Fe3–(n�1)Fe4] (t1=10 s). The lines denote the relation-
ships G=C@n for A, G=CACHTUNGTRENNUNG(2n�1) for B, and G=C2n�1 (n�1) for C.
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high as several mmoldm�3 for voltammetry of this type. An
electrolyte concentration of 0.1 moldm�3 was usually used in
the previous electrochemical studies on redox-polymer
films, whereas the concentrations of redox-active species in
the film were as high as that in the present study.[8,9, 19]

The new three-way-bridging ligand 4 was prepared by the
Stille coupling of tpy�C�CSnBu3 with 1,3,5-C6H3Br3 in the
presence of [Pd ACHTUNGTRENNUNG(PPh3)4] as the catalyst. We developed a
branched molecular wire of FeACHTUNGTRENNUNG(tpy)2 units by the stepwise
coordination method with 1 and 4. In this case, G can be ex-
pected to increase with the number of complexation cycles,
n, that have a 2n�1 relationship if no interwire or wire-to-
gold surface steric repulsion perturbs the coordination reac-
tion at the terminals of the molecular wires. (The film for
the nth complexation cycle is abbreviated as [nFe4]).
Figure 4 shows cyclic voltammograms of [2Fe4], [3Fe4], and

[4Fe4] prepared by using immersion times of t1=5 min, tFe=
3 h, and t4=3 h in Bu4NClO4/CH2Cl2 (0.1 and 1 moldm�3,
respectively; cyclic voltammograms in solutions of other
electrolyte concentrations are shown in the Supporting In-
formation). The GCV,[nFe4] values estimated from the amount
of electricity in the anodic peak of the cyclic voltammogram
are shown in Figure 3, whereby an increase in G according
to the relationship 2n�1 occurred up to about n=4. Calcula-

tion of the molecular structure by using MM+ indicates
that the higher-generation redox sites can penetrate through
gaps in the lower-generation sites (see the Supporting Infor-
mation). Consequently, the volume concentration of the
redox sites was expected to increase with increasing n.
When n was higher than 4, the rate of increase in G de-
creased until it was similar to those for linear polymers, such
as [nFe3]. This observation indicates that steric repulsion
between complex sites becomes crucial at higher values of
n ; as a result, the wire can extend in only one dimension.
Recently, Rubinstein and co-workers reported similar for-
mation of a branched molecular wire through a coordination
reaction with Zr4+ ions. In that case, ellipsometry and con-
tact-angle measurements indicated steric-hindrance effects
in higher generations.[17]

STM images of the films with branched polymer wires,
[2Fe4] (t1=5 min) and [1Fe3–3Fe4] (t1=10 s), are shown in
Figure 5. The STM image of the linear-oligomer film [2Fe2]
(t1=5 min) displays near close-packing with circular do-
mains of 6-nm o.d. (outside diameter), which indicates a
stacking of molecular chains as reported previously.[15] The
image of the film [2Fe4] of branched oligomer wires shows
clearer domain structures with an even distribution of shape
and size over the whole surface (Figure 5A). In contrast, the

Figure 4. Cyclic voltammograms of [nFe4] (n=1, 2, 3, and 4) at a scan
rate of 0.1 Vs�1 in Bu4NClO4/CH2Cl2 (0.1 moldm�3 (A) and 1 moldm�3

(B)). The numbers assigned to the curves refer to n.

Figure 5. STM images of the films with branched wires. A) [2Fe4] (t1=
5 min); B) [1Fe3–3Fe4] (t1=10 s).
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STM image of [1Fe3–3Fe4] (t1=10 s), which was construct-
ed through one complexation cycle with the two-way-bridg-
ing ligand 3 followed by two complexation cycles with the
three-way-bridging ligand 4, displays sparse distribution of
the branched oligomer wires as bright and uniform circular
dots with a diameter of 6 nm, similar to the size of the ex-
pected structure (Figure 5B). The STM images of branched
oligomer wires of different generations [1Fe3–nFe4] (n=2–
5) show circular dots, the diameters of which increase with
the number of complexation cycles (see the Supporting In-
formation). These results strongly suggest the formation of
ideal structures on the surface by the stepwise coordination
method, whereas the STM images do not directly reflect the
morphology of the surface.[19]

Electron Transport in Films of FeACHTUNGTRENNUNG(tpy)2-Oligomer Wires on
Gold

If the redox conduction occurs through diffusional motion,
and if the diffusion process within the film is the rate-deter-
mining step (i.e. , if the kinetics of electron transfer between
the electrode and the nearest redox sites in the film are suf-
ficiently fast), the current–time curve after the potential
step that causes the redox reaction of the redox-polymer
film obeys the Cottrell equation [Eq. (1)]:

i ¼ �neFADapp
1=2C=ðptÞ1=2 ð1Þ

in which ne, F, A, and C refer to the number of electrons,
the Faraday constant, the electrode area, and the concentra-
tion of redox sites in the film, respectively, and the i–t�

1=2

plot is linear until the diffusion layer reaches the film sur-
face on the solution side.[20]

Figure 6 displays the current–time plots after the potential
step from 0.96 to 0.36 V versus Fc+/Fc (Fc= ferrocenyl) to
reduce the FeII-complex moieties in the linear FeACHTUNGTRENNUNG(tpy)2-oli-
gomer wires [2Fe3], [4Fe3], [6Fe3], and [8Fe3] in
Bu4NClO4/CH2Cl2 (0.1 and 1 moldm�3, respectively; see the
Supporting Information for the PSCA results in solutions of
other electrolyte concentrations). In all cases, the curvatures
for the FeIII/FeII couple show a quasiplateau region in the in-
itial period, followed by a rapid decrease in current. These
features are entirely different from those of the typical cur-
rent-decay curves in the diffusion-limited case of the previ-
ous redox polymers,[20] because no straight-line region inter-
sects with the origin in the i versus t�

1=2 plot (see the Sup-
porting Information).
There are two possible rationales that can be used to in-

terpret the i–t characteristics in the present study. One is the
contribution of the ohmic resistance of the film. The time
dependency does not appear if the resistance is constant,
but uncommon i–t behavior may be observed when the re-
sistance changes with time. For example, Stojek and co-
workers reported uncommon i–t characteristics of redox spe-
cies in a solution without an electrolyte salt in PSCA, in
which the resistance is initially so high that it slows electron
transport, but the gradual formation of an “excess-electro-

lyte zone” decreases the resistance.[21] This tendency towards
an increase in current is balanced against the decreasing cur-
rent due to thickening of the diffusion layer to afford com-
plex current–time characteristics in PSCA, and the shape of
the i–t curve changes drastically as the electrolyte concentra-
tion increases. This behavior is not consistent with the re-
sults shown in Figure 6, in which a quasiplateau region ap-
pears in all i–t curves, even at high electrolyte concentra-
tions (2 moldm�3).
The other possible rationale for the uncommon i–t charac-

teristics is an intrawire rather than a diffusional electron-
transport pathway. This mechanism would explain not only

Figure 6. Current–time plots after the potential step from 0.96 to 0.36 V
versus Fc+/Fc to reduce the FeIII-complex moieties in [nFe3] (n=2, 4, 6,
and 8) with t1=5 min in Bu4NClO4/CH2Cl2 (0.1 moldm�3 (A) and
1 moldm�3 (B); solid lines). The numbers assigned to the curves refer to
n. Simulated curves (dotted lines) were obtained with A) k1=46 s�1,
k2(3)=2.4@1012 cm2mol�1 s�1, and Cdl=18 mCcm�2 for [2Fe3]; k1=46 s�1,
k2(3)=2.4@1012 cm2mol�1 s�1, and Cdl=20 mCcm�2 for [4Fe3]; k1=52 s�1,
k2(3)=2.4@1012 cm2mol�1 s�1, and Cdl=29 mCcm�2 for [6Fe3]; k1=40 s�1,
k2(3)=2.0@1012 cm2mol�1 s�1, and Cdl=60 mCcm�2 for [8Fe3]; B) k1=
240 s�1, k2(3)=1.7@1013 cm2mol�1 s�1, and Cdl=10 mCcm�2 for [2Fe3];
k1=240 s�1, k2(3)=1.7@1013 cm2mol�1 s�1, and Cdl=12 mCcm�2 for
[4Fe3]; k1=210 s�1, k2(3)=1.6@1013 cm2mol�1 s�1, and Cdl=27 mCcm�2

for [6Fe3]; k1=210 s�1, k2(3)=1.2@1013 cm2mol�1 s�1, and Cdl=

40 mCcm�2 for [8Fe3].
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the i–t characteristics for both linear and branched polymer
wires, but also the change in the kinetics with the electrolyte
concentration, as shown below.
Analysis of the i–t behavior was attempted by employing

the electron-transfer mechanism in a single molecular wire
on the basis of a sequential chemical reaction on a molecu-
lar level (Figure 7). When the oxidized form in the film of

molecular wires, Ox, is reduced to Red, and the back elec-
tron transfer can be neglected by applying a sufficient over-
potential in PSCA, electron-transfer kinetics in the case of
the nth complex in the sequence can be written as follows
[Eq. (2)]:

Ox1 þ e� ! Red1rate constant : k1 ð2aÞ

Red1 þOx2 ! Ox1 þRed2rate constant : k2 ð2bÞ

Red2 þOx3 ! Ox2 þRed3rate constant : k2 ð2cÞ

Redn�1 þOxn ! Oxn�1 þRednrate constant : k2 ð2dÞ

in which Redi and Oxi are the reduced and oxidized forms,
respectively, in the ith layer or generation in the film, and,
in [Eq. (3)]:

d½Ox1
=dt ¼ �k1½Ox1
 þ k2ð½Ox1
0�½Ox1
Þ½Ox2
 ð3aÞ

d½Ox2
=dt ¼ �k2ð½Ox1
0�½Ox1
Þ½Ox2

þð½Ox3
0=½Ox2
0Þk2ð½Ox2
0�½Ox2
Þ½Ox3


ð3bÞ

d½Ox3
=dt ¼ �ð½Ox3
0=½Ox2
0Þk2ð½Ox2
0�½Ox2
Þ½Ox3

þð½Ox4
0=½Ox2
0Þk2ð½Ox3
0�½Ox3
Þ½Ox4


ð3cÞ

d½Oxn�1
=dt ¼ �ð½Oxn�1
0=½Oxn�2
0Þk2ð½On�2
0�½Oxn�2
Þ½Oxn�1

þð½Oxn
0=½Oxn�2
0Þk2ð½Oxn�1
0�½Oxn�1
Þ½Oxn


ð3dÞ

d½Oxn
=dt ¼ �ð½Oxn
0=½Oxn�2
0Þk2ð½Oxn�1
0�½Oxn�1
Þ½Oxn

ð3eÞ

in which [Oxi]0 and [Oxi] are the initial and present two-di-
mensional concentrations, respectively, of the oxidized form
of the redox moiety in the ith layer or generation, in
molcm�2. The reaction kinetics are controlled by two fac-
tors: k1 (s

�1), for the electron transfer between the nearest
redox site and the electrode (the electron-transfer model for
four complex layers is described), and k2 (cm

2mol�1 s�1), for
the electron transfer between neighboring redox sites in a
molecular wire (in a primary approximation, the rate con-
stant for electron transfer between neighboring sites in a po-
lymer wire is constant). In the case of [nFe3] [Eq. (4)],

½Red1
 þ ½Ox1
 ¼ ½Red2
 þ ½Ox2
 ¼ ½Red3
 þ ½Ox3

¼ . . . ¼ ½Redn
 þ ½Oxn
 ¼ constant

ð4Þ

The actual current can be observed as d ACHTUNGTRENNUNG[Ox1]/dt. If the
electron transfer between neighboring redox sites is faster
than that between the nearest redox site and the electrode,
the reaction kinetics can be regarded as “zero order”, which
implies that a constant current flows in the initial period. A
simulation was carried out in a numerical calculation, in
which the double-layer capacitance (Cdl), which decays ex-
ponentially with time, was taken into consideration. In the
case of [nFe3] (n=2, 4, 6, and 8) in Bu4NClO4/CH2Cl2
(1 moldm�3), the curves simulated by using the single-wire
redox-conduction kinetics with the parameters k1= (220�
10) s�1, k2(3)= (1.4�0.1)@1013 cm2mol�1 s�1, and Cdl= (25�
15) mCcm�2 reproduced all experimental results quite well,
as shown in Figure 6B. (The results in an electrolyte solution
of concentration 0.1 moldm�3 were also reproduced with a
set of k1 and k2 values, as shown in Figure 6A).
We simulated the results for the films of branched oligo-

mer wires [nFe4] by assuming a similar electron-transport
mechanism with k1 and k2 as kinetic parameters; in this case
the flux of electrons diverges along the molecular wire
[Eq. (5)]:

½Ox1
 þ ½Red1
 ¼ ð½Ox2
 þ ½Red2
Þ=3 ¼ ð½Ox3
 þ ½Red3
Þ=7
¼ . . . ¼ ½Redn
 þ ½Oxn
=ð2n�1Þ ¼ constant ð5Þ

The PSCA measurements for this branched oligomer wire
in Bu4NClO4/CH2Cl2 (0.1 and 1 moldm�3, respectively)
showed constant-current-flow behavior over a much longer
time period (�0.6 and 0.1 s, respectively, for [4Fe4];
Figure 8) than for the linear wires described above (�0.3
and 0.05 s, respectively, for [8Fe3]; Figure 6; see the Sup-
porting Information for the PSCA results in solutions of
other electrolyte concentrations). This difference strongly

Figure 7. Schematic illustration of the electron-transfer mechanism in
A) linear and B) branched molecular wires. G=generation.
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indicates the dominance of the through-bond electron-trans-
port pathway, because the density of redox sites in the
branched-oligomer film is expected to be similar to or
higher than that in the linear-oligomer films. Thus, a simple
diffusion process involving through-space electron transfer
would give similar or faster kinetics of electron transport in
the former than in the latter. In contrast, the observation of
slower kinetics of electron transport in the branched oligo-
mer wires is reasonable if through-bond electron transport is
dominant, as the ratio of the number of molecular wires di-
rectly attached to the electrode surface to the number of
redox sites in the film is smaller for the branched oligomer
wires than for the linear oligomer wires (Figure 7). We simu-
lated the i–t curves for the film of [nFe4] (n=2, 3, and 4) in
Bu4NClO4/CH2Cl2 (1 moldm�3) by considering only that the

through-bond electron transfer occurs between redox sites
with parameters k1= (260�10) s�1 and k2(4)= (4.8�0.2)@
1012 cm2mol�1 s�1, and with the inclusion of a Cdl value of
(23�4) mCcm�2. The similarity of the k1 values for [nFe3]
and [nFe4] is logical, because the first Fe layer is the same
in both cases. The smaller k2(4) value for the branched oli-
gomer wire than that for the linear wire (k2(3)= (1.4�0.1)@
1013 cm2mol�1 s�1) is appropriate because the bridging ligand
is m-phenylene in the former and p-phenylene in the latter;
thus, the branched oligomer wire has shorter p conjugation.
Figure 9 shows the dependence of the k1 and k2 values for

[nFe3] and [nFe4] on the electrolyte concentration. All i–t

characteristics at a given electrolyte concentration could be
simulated for different wire generations n by using similar
k1 and k2 values, which supports the validity of this ap-
proach. The strong dependence of k1 and k2 on the electro-
lyte concentration is reasonable, because it is known that
electron hopping is limited by the motion of the counter-
ion.[12]

The electric field is an important factor in the control of
the electrode kinetics. The dependence of the k1 and
k2 values on the applied potential in PSCA measurements of
[nFe3] and [nFe4] is shown in Figure 10. Both the k1 and
k2 values increased exponentially with the applied potential,
as expected for electrode reaction kinetics.[22] The intersec-
tion of the linear lines in the cathodic and anodic regions of
the plots of logk1 or logk2 versus potential gives the intrinsic
kinetic parameters k1

0 and k2
0 without overpotential effects.

The values obtained were k1
0=110 s�1, k2

0=2.6@
1012 cm2mol�1 s�1 for [nFe3], and k1

0=100 s�1, k2
0=4.1@

1011 cm2mol�1 s�1 for [nFe4].

Figure 8. Current–time plots after the potential step from 0.96 to 0.36 V
versus Fc+/Fc to reduce the FeII-complex moieties in [nFe4] (n=2, 3,
and 4) with t1=5 min in Bu4NClO4/CH2Cl2 (0.1 moldm�3 (A) and
1 moldm�3 (B); solid lines). The numbers assigned to the curves refer to
n. Simulated curves (dotted lines) were obtained with A) k1=38 s�1,
k2(4)=7.7@1011 cm2mol�1 s�1, and Cdl=23 mCcm�2 for [2Fe4]; k1=40 s�1,
k2(4)=7.9@1011 cm2mol�1 s�1, and Cdl=23 mCcm�2 for [3Fe4]; k1=49 s�1,
k2(4)=8.5@1011 cm2mol�1 s�1, and Cdl=42 mCcm�2 for [4Fe4]; B) k1=
270 s�1, k2(4)=4.9@1012 cm2mol�1 s�1, and Cdl=19 mCcm�2 for [2Fe4];
k1=270 s�1, k2(4)=5.0@1012 cm2mol�1 s�1, and Cdl=19 mCcm�2 for
[3Fe4]; k1=260 s�1, k2(4)=4.4@1012 cm2mol�1 s�1, and Cdl=27 mCcm�2

for [4Fe4].

Figure 9. Dependence of the A) k1 and B) k2 values for [nFe3] (t1=
5 min), and of the C) k1 and D) k2 values for [nFe4] (t1=5 min) on the
electrolyte concentration in Bu4NClO4/CH2Cl2; n=2 (*), 4 (~), 6 (&),
and 8 (^).
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Conclusions

In this study, we fabricated redox films with highly organ-
ized structures of molecular wires on a gold surface by using
stepwise coordination reactions of metal ions and bridging
ligands. This method can be used to prepare metal-complex
oligomer (and polymer) wires with a desired connection net-
work made up of a desired number of redox units. A two-
way bridging ligand, 3, gave linear oligomer wires, and a
three-way bridging ligand, 4, gave branched oligomer wires
of Fe ACHTUNGTRENNUNG(tpy)2 units. Owing to the highly organized structures,
we observed unique i–t characteristics by PSCA. Such struc-
tures have not been reported previously for redox polymers
with a low ordering of molecular wires. These i–t character-
istics of both linear and branched redox-oligomer wires
could be interpreted by a mechanism for through-bond elec-
tron transport by using two kinetic factors: k1 (s

�1), for the
electron transfer between the nearest redox site and the
electrode (the electron-transfer model for four complex
layers was described), and k2 (cm

2mol�1 s�1), for the electron
transfer between neighboring redox sites in a molecular
wire. This new type of redox-polymer film will be useful for
the study and development of molecular electronics.

Experimental Section

General

Tetra-n-butylammonium perchlorate (obtained from Tokyo Chemical In-
dustry) was recrystallized from HPLC-grade ethanol and dried under
vacuum for 24 h. Diethyl ether (Showa), hexane, and methanol (Godo)
were purchased from commercial sources. Other reagents and solvents
were purchased from Kanto Chemical and used as received. Water was
purified by passage through a Milli-Q purification system (Millipore). Li-
gands 1[23] and 2[16a] were prepared according to the methods described in
the literature. Ligand 3 and phenyl disulfide were purchased from Al-
drich and used as received. 1H NMR spectra were recorded with a JNM-
AL400 spectrometer (JEOL). MALDI-TOF MS spectra were recorded
with a Shimadzu Kratos AXIMA-CFR spectrometer.

Syntheses

4 : Solid [Pd ACHTUNGTRENNUNG(PPh3)4] (0.19 g, 0.17 mmol) was added to a solution of tpy�
C�CSnBu3 (2.2 g, 4.0 mmol)[24] in N,N-dimethylformamide (DMF;
200 mL), and the resulting mixture was heated to 100 8C. A solution of
1,3,5-tribromobenzene (0.32 g, 1.0 mmol) in DMF (50 mL) was added,
and the mixture was stirred for 40 min at 100 8C, then cooled to room
temperature. Compound 4 (0.55 g, 65%) was isolated as a white powder
by filtration and washed with hexane and diethyl ether. 1H NMR
(400 MHz, CDCl3): d=7.37 (ddd, J=7.8, 4.8, 1.5 Hz, 6H), 7.79 (s, 3H),
7.89 (td, J=7.8, 1.5 Hz, 6H), 8.64 (s, 6H), 8.64 (d, J=7.8 Hz, 6H),
8.75 ppm (d, J=4.8 Hz, 6H); MS (MALDI-TOF): m/z calcd for
C57H34N9: 844.29 [M+H]+ ; found: 844.07; elemental analysis: calcd (%)
for C57H33N9: C 81.12, H 3.94, N 14.94; found: C 0.91, H 4.18, N 14.72.

Figure 10. Dependence of A) logk1 and B) logk2 for [nFe3] (t1=5 min), and of C) logk1 and D) logk2 for [nFe4] (t1=5 min) on the potential in
Bu4NClO4/CH2Cl2 (1 moldm�3).
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Film Preparation

Au/mica plates (gold (100 nm) was deposited on natural mica) were used
for the electrochemical measurements and annealed with a hydrogen
flame just before use. This treatment gave an Au ACHTUNGTRENNUNG(111)-like surface con-
sisting of Au single-crystal grains of 400–600 nm in diameter. For the
preparation of [nFe3] and [nFe4], an Au�S�C6H4N=NC6H4�tpy SAM
was prepared by immersion of an Au/mica plate in a solution of 1
(0.1 mmoldm�3) in chloroform for 5 min, followed by rinsing of the plate
with HPLC-grade chloroform and drying by blowing with nitrogen. To
attach FeII ions, the tpy-terminated surface was immersed in aqueous Fe-
ACHTUNGTRENNUNG(BF4)2 (0.1 moldm�3) for 3 h, then washed with water and ethanol, and
dried by blowing with nitrogen. To make bis ACHTUNGTRENNUNG(tpy)iron complexes, the
metal-terminated surface was immersed in a solution of 3 or 4
(0.1 mmoldm�3) in chloroform for 3 h, then washed with chloroform and
dried. These last two processes (immersion in a solution of FeII ions, then
in a solution of the ligand) were repeated for the preparation of films of
oligomers with two iron(II) centers, each coordinated to two tpy ligands.
The film of [1Fe3–(n�1)Fe4] was prepared by immersion of an Au/mica
plate in a solution of phenyl disulfide (1 mmoldm�3) in chloroform for
5 h, followed by rinsing with chloroform and drying by blowing with ni-
trogen. Next, to cover the surface sparsely with tpy-terminated molecules,
the plate was immersed in a solution of 1 (0.1 mmoldm�3) for 10 s. The
plate was then immersed in aqueous Fe ACHTUNGTRENNUNG(BF4)2 (0.1 moldm�3) for 3 h,
washed with water and ethanol, and dried. Next, the plate was immersed
in a solution of 3 for 3 h, washed with chloroform, and dried. The plate
was then immersed alternately in an aqueous solution of Fe ACHTUNGTRENNUNG(BF4)2
(0.1 moldm�3) and a solution of 4 (0.1 mmoldm�3) in chloroform, with
the corresponding washing and drying processes.

Electrochemical Measurements

Electrochemical measurements were carried out by using an Au/mica
working electrode (electrode area: 0.264 cm2) covered by a metal-com-
plex film, a Pt-wire counterelectrode, and an Ag/Ag+ reference electrode
(AgNO3 (10 mmoldm�3) in Bu4NClO4/MeCN (0.1 moldm�3)) in a stan-
dard one-compartment cell. Cyclic voltammetry and chronoamperometry
were performed by using an ALS 750 A electrochemical analyzer. All ex-
periments were carried out under argon at 25 8C.

STM Measurements

STM measurements were made with a Pico SPM analyzer (Molecular
Imaging). The tips (Pt/Ir=4:1, f=0.25 mm) were cut sharply and set on
an A-STM scanner. The tunneling current and the bias voltage were
0.3 nA and 1.0 V, respectively.
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