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Abstract

Two systems using bottom-up fabrication of molecular wires on an electrode surface are described. The first system involves films composed
of linear and branched wires of metal complex oligomers, which were prepared using stepwise complexation of metal ions with bis- and tris-
tpy (tpy =2,2":6',2"-terpyridine) ligands, respectively, on tpy-terminated SAM on gold. This method allows the formation of desired numbers of
polymer units and of desired sequences of hetero-metal structures in the polymer chain. The electron transport mechanism and kinetics for the redox
reaction of the films of linear and branched oligomer wires analyzed by potential step chronoamperometry indicate that electron conduction occurs
by successive electron hopping between neighboring redox sites within a molecular wire. The second system is an assembly of bio-conjugated
materials to achieve the output of electrons directly from photosystem I (PSI) of thermophilic cyanobacteria to a gold nanoparticle on the gate of a
field-effect transistor (FET) by bypassing the electron flow via a molecular wire. Photo-electrons generated by the irradiation of reconstituted PSI
on the gate with 670-680 nm light were found to control the FET performance, which is sufficiently stable for use exceeding a period of 1 year.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction rials, in which the highest performance has been achieved by

the fine tuning of different molecular functionalities. Compared

A variety of molecules with particular functionalities have
been discovered and developed in recent years, and their assem-
bly on solid surfaces for application to molecular devices has
become an important research target [1-4]. Molecular devices
are a key subject in nanotechnology, and can be roughly divided
into two categories, dry and wet systems. Dry systems have been
employed in semiconductor technology, dominating today’s
electronics, while wet systems have been realized in biomate-
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with dry systems, wet systems have a disadvantage in perfor-
mance speed because of the slow mobility of ions, but they have
an advantage in fine and precise control of the direction and
kinetics of electron transfer even at room temperature, leading
to a low noise level, because the electron transfer is governed by
the absolute electrochemical potentials of a series of molecules
coexisting in the system. Even a small potential difference in
millivolt order can control the electron transfer definitely (S mV
is the noise level in a dry system at room temperature).
Control of the direction, kinetics, and efficiency of electron
movement is an important and elementary issue for its applica-
tion to molecular devices. As molecular wires assist in electron
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conduction, especially over a long range, plenty of recent inter-
est has been focused on the electron transfer characteristics of
molecular wires [5].

In the present article, we describe two different systems
with which to construct electro- and photo-functional molecular
assemblies on an electrode surface. The former is the bottom-
up fabrication of redox-conducting metal complex polymers on
an electrode surface and their redox conduction behavior [6-8].
The latter is the fabrication of a bio-photosensor by combin-
ing cyanobacterial photosystem I coupled with a transistor via
a molecular wire [9]. These systems will be precursors of new
types of molecular devices working in electrolyte solution.

2. Redox-conducting metal complex oligomer wires
prepared by stepwise coordination method on an
electrode surface

2.1. Bottom-up fabrication of the wires

Redox polymers, in which redox species are connected to
form a polymer wire, are representative electron-conducting
substances [10—14]. The invention of the redox polymer-coated
electrode in the 1970s initiated both basic and applied research
into electron transfer phenomena of redox polymer films [15].
Redox polymer films on an electrode surface, prepared mostly
by polymer coating, chemical modification, and electrochemical
polymerization, have been excellent substrates for experimental
and theoretical studies on electron transport behavior [16—19].
In most of the previous studies, polymer chains were distributed
randomly in the film (Fig. 1A), and thus the electron transport
was treated according to the concept of “redox conduction,”
based on the diffusional motion of collective electron transfer
pathways [20-23]. The apparent diffusion coefficient of col-
lective electron transfer pathways in the film, D,p,, composed
of electron hopping terms and/or physical diffusion, is the key
factor relating to the Dahms—Ruff equation [24,25] and the
Laviron—Andrieux—Savéant theory [26].

Redox oligomer wires were fabricated recently on an elec-
trode surface by the interfacial stepwise coordination method
(Fig. 1B) [27-30], which is a flexible method for creating
organic—inorganic assemblies through the incorporation of metal
ions with desired properties and organic ligands [31-33]. Mono-
layer films with reactive terminal group have been extended
into coordination polymers or supramolecular structures through
covalent chemical reaction using layer-by-layer nanostructural
growth [30,34-36]. If the building blocks were redox-active
metal complexes, they would be of great interest in the investiga-
tion of fundamental aspects of charge transfer processes [27-29].
Based on the idea, we have fabricated homo- and hetero-metal
complex oligomer and polymer wires of bis(terpyridine)metal
complexes [6—8]. An important advantage of this method is that
it affords organized structures of rigid redox polymer wires hav-
ing the desired numbers of redox complex units perpendicular
to the surface. It is also possible to prepare desired sequences
of different metal complex units by changing the metal ion and
bridging ligand sources in the stepwise coordination process. A
typical method for fabricating multiple complex layers is as fol-

lows [6,8]. First, Au-S-AB-tpy SAM was prepared by immersing
an Au/mica or Au/ITO plate in a chloroform solution of tpy-AB-
SS-AB-tpy (Fig. 2). In the case of connecting the Fe(Il) ion, the
tpy-terminated surface was immersed in 0.1 M Fe(BF4); aq or
(NHy)>Fe(SO4); aq, rinsed with water, and dried with a nitrogen
blow. The bis(tpy)iron structure was prepared by immersing the
film with a metal-terminated surface in a chloroform solution of
an azobenzene-bridged bis-tpy ligand, L;, followed by rinsing
with chloroform and drying (Fig. 2B). The latter two processes
were repeated for the preparation of multilayered (namely, poly-
meric) bis(tpy)iron(Il) complex films.

In contrast, the mere combination of immersion in CoCl; aq
and immersion in a chloroform solution of L with the Au-S-
AB-tpy SAM was not sufficient for accumulating bis(tpy)cobalt
complex units [6]. We then added a process of electrochemical
oxidation from Co(II) to Co(III) (that is, a combination of (a)
immersion in CoCl, aq, (b) immersion in a chloroform solution
of Ly, and (c) the holding of the plate at 0.3 V (versus Ag/Ag*)).
This successfully produced multilayered bis(tpy)cobalt complex
films [6].

In this article, the film for the nth complexation cycles using
metal ion and bridging ligand L, is abbreviated as [nML]. The
stepwise quantitative film formation was confirmed by UV-vis
spectra and cyclic voltammetry (CV). For example, Fig. 3A
shows the UV—vis spectrum of the bis(tpy)iron complex film,
(nFeL) (n=1-5), where absorbance of the peak at 592 nm
ascribed to the MLCT transition increased almost linearly with
the number of stepwise complexations, n (Fig. 3B) [6]. In CV
in Fig. 4A, i,, which is the peak current of a reversible redox
reaction of the Fel''/Fe!l couple appearing at 0.67 V versus fer-
rocenium/ferrocene (Fc*/Fc) in BuyNClO4—CH,Cl,, increases
almost proportionally with n (Fig. 4B), indicating a linear
increase in the coverage of electroactive species.

The anodic charge integration under the voltammetric wave
yields I'cy,[nFeL;1 = 1.4 X 10~ molcm™2, approximately coin-
cident with the maximum surface coverage based on the
complex cation size (1.0nm?> per molecule). Another p-
phenylene-bridged bis-tpy ligand, L,, afforded similar results
(Fig. SA), showing perfect complexation on the terminal bridg-
ing ligands in every step, to give the surface coverage of
IV nFely) = 1.0 x 1071 mol cm ™2 [8].

Branched molecular wires of metal complex oligomers can
be prepared also by the stepwise coordination method (Fig. 2C)
[8]. Branched oligomer wires of Fe(tpy), were obtained using
tpy-AB-SS-AB-tpy and a new three-way bridging ligand, 1,3,5-
CeH3(tpy)3, L3. In this case, I" can be expected to increase
with the number of complexation cycles, n, having the 2" — 1
relationship, if the coordination reaction at the terminals of the
molecular wires is not perturbed by interwire or wire-to-gold
surface steric repulsion. Fig. SA shows cyclic voltammograms
of [nFeLg] (n= 1—4) in Bu4NCIO4—CH2C12. The FCV,[nFeLg]
values, estimated from the amount of electricity in the anodic
peak of the cyclic voltammogram, are shown in Fig. 5B, where
an increase in I" obeying the 2" — 1 relationship occurred up
to ca. n=4. This result is consistent with the molecular struc-
tures obtained by the MM+ calculation, which suggests that the
interwire and wire-to-gold surface steric repulsion becomes sig-
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B)

%
yvac s tog

Highly ordered redox complex oligomer film prepared by the stepwise coordination method

Fig. 1. Two types of redox polymer films on the electrode.

nificant at the fifth generation (Fig. 6). When n was more than
4, the increase rate of I" slowed until it was similar to those of
linear polymers, [nFeL;], indicating that the wire can extend in
only one dimension at higher generations.

The morphology of the complex oligomer wire films on the
surface was investigated using scanning tunneling microscopy
(STM) and scanning electron microscopy (SEM). The STM
image of [2FeL ] shows a nearly close packing of 6 nm-o.d. cir-
cular domains, indicating the stacking of molecular chains, and
the formation of a fairly smooth surface, as shown in Fig. 7A
[8]. The film of branched oligomers wires, [2Fel3], shows a
clearer image of domain structures that are evenly distributed
in shape and size all over the surface (Fig. 7B). Fig. 7C and D
shows STM images of the films with a combination of linear and

branched oligomer wires, [1FelL,nFel3] (n=3, 4), prepared in
a short immersion time (¢#; = 10s) of Au/mica in a chloroform
solution of tpy-AB-SS-AB-tpy to make a sparse distribution of
the oligomer wires [8]. The STM images showed circular dots
whose diameters increased with the number of complexation
cycles. These results strongly support the formation of ideal
structures by the stepwise coordination method on the surface.
The side view image of the SEM photograph for [47CoL] indi-
cates the growth of the film to a thickness of ca. 100 nm (Fig. 8),
which is reasonable as the value is near the product of the number
of layers, 47 times the molecular unit length, 2 nm [6].

One merit of the stepwise coordination method is to allow cre-
ation of hetero-metal polymer chains with an intended sequence
[15-19]. The stepwise formation of a hetero-metal double-layer
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Fig. 2. Stepwise coordination methods to prepare linear and branched oligomer wires.
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Fig. 3. Absorption spectra of [nFeL] (n=1-5) (A) and plots of the absorption
peak (592 nm) vs. the number of complex layers (B).

The number of complex layers

The number of complex layers
Fig. 4. Cyclic voltammograms of [nFeL;] (n=2, 4, 6, 8, and 10) in 0.1 M

BuyNCIO4—CH,Cl, at a scan rate of 0.1 Vs~! (A), and plots of the anodic
peak current (ja) vs. the number of complex layers (B).



2678

Fig. 5. Cyclic voltammograms of [nFel,] (n=2, 4, 6, 8, 10) and [nFeL3] (n=1-4) in 1 M BusNCIO4—CH,Cl, at a scan rate of 0.1 Vsl (A), and plots of the
coverage of redox-active sites, I" (mol cm~2) vs. n for [nFeL;] and [nFeLs] (B). The lines in the figure denote the relationship of I"=C x n for [nFeL,] and that of
I'=C (2" — 1) for [nFeLs].
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Fig. 7. STM images of [2FeL] (A), [2FeL3] (B), and [1FeLnFel3] (n=3, 4, t; =105s) (C and D).

film [1CoL 1FeL] was monitored by CV during film construc-
tion (Fig. 9A), where the redox activity of the Fe'''/Fe!l couple
appeared without changing the redox activity of the Co!l'//Co!!
couple when the bis(tpy)iron complex units were connected
to the initially prepared bis(tpy)cobalt complex layer. In the
CV of hetero-structured polymer films made of polymer chains
composed of [10CoL5FeL;] (Fig. 9B), the peak current for
Co'l/Co! was larger than that for Co™/Co!! due to the differ-
ence in electron self-exchange rate constant values [37]. Also,
the redox wave of Fe!l'/Fe!l was less than two-thirds the size of
the Co'!/Co! redox wave due to the existence of a cobalt com-
plex sequence between the electrodes, which acts as a barrier
to electron transfer of the Fe complex even though Fe!l!/Fell
is a fast electron-exchange couple. However, the retardation is
very small, given that the barrier layer is thick (21 nm), suggest-
ing the high electron transport ability of the inner w-conjugated
Co(tpy)> polymer chain. A Co—Ru hetero-metal complex wire,

[1CoL41Ru], was fabricated by stepwise coordination reactions
at the gold surface using a ruthenium complex-attached terpyri-
dine ligand, L4, and it underwent reversible redox reactions of
both redox complex units (Fig. 10) [7].

2.2. Electron transport behavior of the wires

If the redox conduction occurs in a diffusional motion and
if the diffusion process within the redox polymer film on the
electrode is the rate-determining step (i.e., if the electron transfer
kinetics between the electrode and the nearest redox sites in
the film are sufficiently fast), the current—time curve after the
potential step that causes the redox reaction of the redox polymer
film obeys the Cottrell equation,

i = —neFAD;/z% e9)
PP )1/
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Fig. 8. SEM images of [47CoL].

where ne, F, A, and C refer to the number of electrons, the Fara-
day constant, the electrode area, and the concentration of redox
sites in the film, respectively, and the current versus time (i—t“ 2)
plot shows a linear line, until the diffusion layer reaches the film
surface on the solution side [38—48]. The migration effect and
counterion motion are also important in D,p, [49-52]. Poten-
tial step chronoamperometry (PSCA) is a simple method for
evaluating D,pp [53].

PSCA was used to investigate the electron transport behavior
of the Fe(tpy); oligomer wires prepared by the stepwise coor-
dination method on a gold electrode. Fig. 11 displays the i—¢
plots after the potential step from 0.96 to 0.36 V versus Fc*/Fc
to reduce the Fe!l complex moieties in linear Fe(tpy), oligomer

Fe(lll/)

N
o

Co(lnm

Current density/ pA cm2

06 -03 0 03 06 08

Potential / V vs. Fc*/Fc

wires, [nFel] (n=2, 4, 6, and 8) and in branched oligomer
wires [nFel3] (n=2, 3, and 4), in 1 M BuyNCIO4—CH;Cl,. In
all cases, the curvatures for the Fe'll/Fe!! couple showed a quasi-
plateau region in the initial period, followed by a rapid decrease
in current. These features cannot be explained by the diffusion-
limited redox conduction [38—48]. Compared to the PSCA
behavior of the linear wires [nFel,] (ca. 0.05s for [8Fel;];
see Fig. 11A), the branched wires [nFeL3] showed much longer
time constant current flow behavior (ca. 0.1 s for [4Fel3], see
Fig. 11B). This difference strongly indicates the dominance of
the through-bond electron transport pathway, because the den-
sity of redox sites in the branched oligomer film is expected to be
similar to or higher than that of the linear oligomer films; thus,
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o
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Fig. 9. Cyclic voltammograms of [1CoL;] (gray) and [1CoL 1FeL;] (black) (A) and [10CoL;5FeL;] (B) on gold at 0.1 V s71 (reprinted with permission from Ref.

[6]).
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Fig. 10. A cyclic voltammogram of [1CoL41Ru] film on Au at a scan rate of 0.1 V s~!in 0.1 M BuyNClO4—CH,Cl,.

the simple diffusion process containing through-space electron
transfer of the former would give similar or faster electron trans-
port kinetics than the latter.

The uncommon i—t characteristics for both linear and
branched polymer wires could be explained by the electron
transfer mechanism in a single molecular wire based on the
molecular-level sequential chemical reaction, as displayed in
Fig. 12. The concept of the mechanism is as follows. When the
oxidized form in the film of molecular wires, Ox’s, is reduced to
Red and the back electron transfer can be neglected by applying
a sufficient overpotential in PSCA, the electron transfer kinet-
ics in the case of the nth complex sequence can be written as
follows:

where [Oxi]o and [Ox;] are the initial and present two-
dimensional concentrations, respectively, of the oxidized form
of the redox moiety in the ith layer or generation in mol cm™2.
The reaction kinetics are controlled by two factors: kg (s,
for the electron transfer between the nearest redox site and the
electrode (the electron transfer model for four complex layers
is described), and k> (cm? mol~! s1), for the electron transfer
between the neighboring redox sites in a molecular wire (in a
primary approximation, the neighboring-site electron transfer
rate constant in a polymer wire can be constant). In the case of
linear oligomer wires, [nFeL] and [nFeL,],

Ox; + e~ — Redy, rate constant : k1 (a)
Red; + Ox; — Ox; + Redy, rate constant : kp (b)
Red; + Ox3 — Ox; + Reds, rate constant : k3 (c) )
Red,_; + Ox,, - Ox,,_1 + Red,,, rate constant: &k, (d)
where Red; and Ox; are reduced and oxidized forms, respec-
tively, in the ith layer or generation in the film, and
d[Ox1]
o = ~kilOxi]+ ka([Ox1]g — [Ox1 D[Oxa] @)
d[Ox;] [Ox3]
2 = —ka([0x1 ]y — [Oxi DIOx2] + Lk ([Ox2]g — [Ox2])[Ox3] (b)
dr [Ox2]o
d[Ox3] [Ox3] [Ox4]
2 = -0 ([0x2 ] — [0x2D[Ox3] + +—-Chy([Ox3]g — [Ox3])[Ox4] ©
dt [Ox2] [Ox2]o 3)
d[Ox;, 1] [Ox,-1] [Ox,]o
= - k2 ([0,—21p — [Ox,—2DIOX,, — ———ky([Ox,,—11p — [Ox,—1D[O d
" (0% 210 2([On-2]p — [0xy—2DIOX,—1] + (0% 2lo 2([Oxp—11p — [Ox,—1D[OX,] d
d[Ox,] [Ox, 1o
=— kr([0x,, 1]y — [Ox,,_1 DIO
dr [Oxn72]0 2([Ox, l]o [Ox,—1D[Ox,] (e)
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Fig. 11. The i~ plots after the potential step from 0.96 to 0.36 V vs. Fc*/Fc to reduce the Felll complex moieties in [nFeL] (n=2, 4, 6, and 8) (A) and in [nFeL3]
(n=2, 3, and 4) (B) in 1 M BuyNC104—CH,Cl; (solid lines). The numbers in the figure refer to n. Simulated curves in dotted lines are obtained with k; =240 s,
ka(Ly)=1.7x 10 cm?mol~' s, and Cq=10pnCem~2 for [2Fels]; k1 =240s"!, ky(Lo)=1.7 x 1083 ecm?mol~!'s™!, and Cgy=12pCem2 for [4FeL,];
k1 =210s"", k(L) =1.6 x 103 cm? mol~! s~!, and Cg =27 wC em~2 for [6Fel,]; and k; =210s™ !, kp(Ly) =1.2 x 10" cm? mol~! s~ and Cgj =40 wC cm~2 for
[8FeL,] for A, and obtained with k; =270s~", ky(L2) =4.9 x 103 cm? mol~! s ! and Cg; = 19 pC em~2 for [2Fel3]; k1 =270s~!, kp(L3) =5.0 x 102 cm? mol ! s~1,
and Cgq =19 pnC em~2 for [3FeLs]; and k; =260s~ !, ko(L3)=4.4 x 102 cm? mol~! s~!, and Cyq; =27 nC cm™2 for [4FeLs].

[Red;] + [Ox;] = [Red;z] + [Ox2] = [Red3] + [Ox3] The actual current can be observed as d[Ox;]/dt. If
= ... = [Red,] + [Ox,] = constant 4) the electron transfer between the neighboring redox sites
is faster than that between the nearest redox site and
the electrode, the reaction kinetics can be regarded as a
and in the case of branched oligomer wires, [nFeL3], “zero-order reaction,” which implies that the constant cur-
rent flows in the initial period. The simulation carried out
[Ox] + [Red;] = [Ox2] + [Redz] — [Ox3] + [Reds] in a numerical calculation that takes into consideration the
! = 3 - 7 double-layer capacitance, which decays exponentially with
[Red,] + [0x,] time, indicated that the simulated curves with parameters
= ="—py g = constant (5  k=220+10s"! and kr(Ly)=1.4+0.1 x 10 cm®mol ! s~!
(A)
A

[OX,]

[OX;]

[OX ]

[OX,]

Fig. 12. Schematic illustration of the electron transfer mechanism in linear and branched molecular wires for A and B, respectively.
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and Cq =25+ 15uCcm™2 reproduce fairly well all of the
experimental results of [nFel;] (n=2, 4, 6, and 8), as shown in
Fig. 11A. The it curvature for the film of [nFeL3] (n=2, 3, and
4) could also be simulated using parameters kj =260 £ 10s~!
and k>(L3)=4.8 £0.2 x 1012 cm? mol~! s~! with the inclusion
of Cqy of 22 £4pC cm 2 (Fig. 11B). The similarity of the k;
values between [nFel,] and [nFeL3] is logical because the first
Fe layer is the same in both cases. The k; value for the branched
oligomer wire is lower than that for the linear wire because the
bridging ligand is m-phenylene in the former and p-phenylene
in the latter and thus the former has a shorter -conjugation.

The effects of electrolyte concentration on the kinetics were
also analyzed. All the i—f characteristics with different n’s at a
given electrolyte concentration could be simulated using similar
k1 and ky values, but the strong dependence of k1 and k; on the
electrolyte concentration is reasonable because it is known that
electron hopping is limited by the counterion motion [49-53].
The k1 and k, values became almost constant at electrolyte con-
centrations above 1 M. This can be explained by the fact that the
concentration of redox sites in the film is an estimated 1 M, and
thus the limitation by counterion motion becomes small at high
counterion concentration.

In conclusion, the quantitative formation of homo- and
hetero-structured films at the surface was achieved by selecting
the conditions of stepwise complexation reactions. This sur-
face bottom-up method gave three-dimensional molecular wire
assemblies in which through-bond electron transport is dom-
inant. This methodology will lead to a new strategy for the
molecular design of electronically functional molecular wires
suitable for the development of molecular electronic devices.

3. Bio-photosensor composed of cyanobacterial
photosystem I, molecular wire, gold nanoparticle, and
transistor

Recently, opportunities for applying nanotechnology to
biotechnology have developed, because many nanotechnology
and biological systems operate in the same size scale [54-57].
Electronic communication of biomaterials with electronic trans-
ducers is a fundamental challenge in the rapidly developing field
of bioelectronics.

Willner and his co-workers reported that the electrical com-
munication of glucose oxidase (GOx) was accomplished by
the reconstitution of the apo-GOx on a flavin adenine din-
ucleotide (FAD) functionalized gold nanoparticle (diameter:
1.4nm) which was linked to the gold electrode surface by
the 1,4-benzenedithiol monolayer (Fig. 13) [58,59]. This study

z Glucose
z
7
Z

Au f
e
z .
z Gluconic
e

acid

Fig. 13. Electron transfer process of nanostructured “enzyme (GOx)-gold
nanoparticle-gold electrode surface”.

indicated that unprecedented effective electron transfer from
the FAD moiety to the electrode occurred through the Au-NP
(electron transfer turnover rate 4500s~"). In a control exper-
iment, a gold electrode modified with an FAD monolayer on
which apo-glucose oxidase was reconstituted lacked electrical
communication with the electrode. This unprecedented efficient
electron transfer communication between redox protein and the
electrode originated from the mediated electron transfer by a
single gold nanoparticle that is conjugated to the protein assem-
bly. This effective electron transfer communication between the
nanoengineered redox enzyme and the electrode has important
consequences on the sensitivity and selectivity of the enzyme
electrode.

Photosynthesis is one of the most efficient processes in
nature, in which almost 100% efficient photo-electric conver-
sion systems are involved in the primary process [60,61]. High
performance of photosystem I (PSI) is the result of its well-
designed spatial configuration (position, direction, etc.). A large
number of trials have been conducted to date involving the appli-
cation of such biological systems to electronic devices. For
example, chloroplasts were coated on an SnO; electrode and
were examined as photoelectrochemical cells [62—-66]. However,
few investigations have used a PSI photonic device based on
molecular-level assembly. Recently, we succeeded in the direct
coupling between functional bionic components, PSI and an
artificial electronic device (a field-effect transistor (FET)) via
a molecular wire designed at the molecular-level (Fig. 14).

The PSI of Thermosynechococcus elongatus BP-1 was
employed as a component of the bio-photosensor because of
its high thermal stability at temperatures above 55 °C [67] and
the efficient electron transfer activity of the isolated PSI [68—70].
The PSI is composed of 12 protein subunits possessing a well-
ordered electron transfer chain. The molecular structure of PSI,

Photon

Fig. 14. The concept of the bio-photosensor made of PSI coupled with a tran-
sistor via molecular wire (reprinted with permission from Ref. [9]).
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Fig. 15. Schematic illustration of the procedure for the reconstitution of PSI with a molecular wire: (A) intact PSI, (B) VK -free PSI, and (C) NQC;5S-AuNP@PSI

(reprinted with permission from Ref. [9]).

the electron transfer mechanism and kinetics in PSI, and the
treatment of living materials for the extraction of PSI have pre-
viously been investigated [71-76]. When PSI is irradiated, P700
is excited, and then a step-wise electron transfer from P700 to Fg
via Ag, A1 (vitamin K;; VK1), Fx, and Fp occurs without any
backward transfer. These events induce a through-membrane
charge separation, and the resulting efficiency of electron trans-
fer is approximately 100% [60,61].

A schematic illustration of the procedure for the reconstitu-
tion of PSI with a molecular wire is shown in Fig. 15. Initially,
VK was extracted from the isolated intact PSI (Fig. 15A and B)
using 50% water-saturated diethyl ether. Second, the VK;-free
PSI was reconstituted with a specifically designed molecular
wire, NQC;5S-AuNP (1-[15-(3-methyl-1,4-naphthoquinon-2-
yl)]pentadecyl thiolate protected gold nanoparticle), which
possesses three advantageous characteristics: (1) a naphtho-
quinone unit located at the end of a molecular wire to fit into the

pocket where VK| has been extracted, (2) a redox potential of
naphthoquinone suitable for the output of electrons from the Ag
site to a molecular wire, and (3) a sufficient molecular length
of the wire for the output of electrons from the pocket lacking
VK] to the surface external to PSI. An alkyl chain was used as
the molecular wire because the alkyl chain assists long range
transfer more effectively than space [5]. The naphthoquinone-
sulfur-linked molecular wire equipped with a gold nanoparticle
(NQC75S-AuNP, particle size: ca. 1.6 nm) [77] was treated with
VK -free PSI in an MES buffer solution under cool and dark
conditions for 24 h to give NQC5S-AuNP@PSI (Fig. 15C).
Reconstitution of PSI with NQC{5S-AuNP was identified by
the activity test and TEM observation. The activity test by actinic
blue-light irradiation to the intact PSI induced an absorption
decrease at 701 nm by the formation of P700*. This phenomenon
was brought about by the higher rate of light-induced electron
efflux from PSI in comparison with the rate of electron influx

Fig. 16. TEM images of intact PST (A), NQC;5S-AuNP (B), and NQC;5S-AuNP@PSI (C). The scale bar on each image is 10 nm. (reprinted with permission from

Ref. [9]).
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from NaAs to P700*. The VK -free PSI showed little absorption
change because of the quick backward electron transfer from
Ag to P700*. The reconstituted PSI with NQC5S-AuNP again
showed a normal absorption decrease by blue-light irradiation.
This indicated that the 2-methyl-1,4-naphthoquinone moiety of
NQC;5S-AuNP fitted to the quinone pocket of PSI and worked
as a mediator of the electron transport system in PSI.

A TEM image of the intact PSI shown in Fig. 16A exhibited
gray circles with diameters of ca. 20nm and ca. 10 nm. These
sizes were assigned as a trimer (22nm-o.d.) and a monomer
(10nm-o.d.) of PSI, respectively [78,79]. The TEM image of
NQC;5S-AuNP in Fig. 16B appeared as black dots 1.6 == 0.5 nm
in diameter. In the image of NQC5S-AuNP@PSI in Fig. 16C,
both a large gray circle (10 nm-o0.d.) and a small, clear, black dot
(2nm-o.d.) can be seen, and every gray circle (PSI) has one or
two black dots (NQC;5S-AuNP). This stoichiometry indicates
that there were no random aggregations and only connections
via reconstitution at the VK; sites, because PSI has two VK;
pockets.

Photocurrent action spectra of NQC;5S-AuNP@PSI chemi-
cally connected to a 1,4-benzenedimethanethiol SAM-modified
gold electrode in the presence of sodium L-ascorbate (NaAs) as
a sacrificial reagent and 2,6-dichloroindophenol sodium hydrate
(DCIP) as a mediator in an MES-NaOH (pH 6.4) buffer solu-
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tion containing NaClOy as an electrolyte at 0 V versus Ag/AgCl
showed a clear peak at 680 nm, which is consistent with the
absorption spectrum of PSI, indicating that these photocurrent
responses were due to the photo-excitation of PSI.

Practical application of this system as an electronic imaging
device was demonstrated by adapting the NQC5S-AuNP@PSI
to a gate of an FET (Fig. 17A). The reconstituted PSI was immo-
bilized on a Si3N4—TayO5 thin layer on the gate of an FET using
silane coupling reaction and Au-S bond formation. Thus, SAM
was prepared on the gate of an FET in an ethanol solution of 5%
bis[3-(triethoxysilyl)propyl] tetrasulfide for 1 h at room temper-
ature, followed by the immersion of the FET gate in a buffer
solution of NQC5S-AuNP@PSI for 24 h. In the voltage—current
characteristics of the NQC15S-AuNP@PSI-modified FET, light
irradiation at 670 nm induced a marked change in the voltage
between the gate and the source (Vgs) from —3.3V to —54V
when the current between the drain and the source (Ips) was
below 1 wA. The light intensity affected the magnitude of Vg
(Fig. 17B), thus indicating the potential use of this system in the
interpretation of a grayscale image.

In conclusion, we have fabricated a bio-photosensor made of
cyanobacterial PSI coupled with a transistor via molecular wire.
This system was able to sustain its original level of performance
for a period of more than 1 year.
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Fig. 17. Schematic illustration of the immobilization procedure of NQC;5S-AuNP@PSI on a field-effect transistor (FET) (A), and photo-response and light power
dependency of Vs for the NQC;5S-AuNP@PSI immobilized FET in an MES-NaOH (pH 6.4) buffer solution containing 250 mM NaAs, 2.5 mM DCIP, and 100 mM
NaClOy. (B) (reprinted with permission from Ref. [9]).
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4. Conclusion

In this article, we have discussed two issues in the construc-
tion of molecular wires and their electron transport behavior.
The first topic involves a new fabrication method of hetero-
structured molecular wires using surface coordination reactions.
The molecular wires show intra-wire electron transport behav-
iors, which are essential characteristics for the fabrication
of molecular devices. One advantage of this methodology is
the possibility of introducing electro- and/or photo-functional
chemical structures at desired positions in the wire in this
method. The second topic shows a bottom-up method to fabricate
a photo-sensor by combining a photo-responsive bio-molecule,
molecular wire, and a gold nanoparticle on the transistor gate.
Using PSI’s molecular recognition ability, its connection with
a molecular wire was successfully accomplished, leading to the
stable photoresponse of the bio-photosensor. The final goal of
this system is to sense a small number of photons by utilizing the
single-electron transferability of a gold nanoparticle. Both topics
demonstrate that the surface bottom-up fabrication of molecu-
lar wires is a useful approach to the development of molecular
devices.
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