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Abstract

The electrodeposition of metal nanoparticles, the surface of which was functionalized with multiple redox species, bifer-
rocene (BFc) or anthraquinone (AQ) thiol derivatives, proceeded to construct a redox-active metal nanoparticle film on an
electrode. The investigation of this deposition mechanism was carried out with electrochemical (CV, EQCM) and spectroscopic
(UV–Vis) measurements, elemental analysis (ICP, PGA), and surface observations of the formed films (STM, AFM). It was
demonstrated that this system could be utilized as a novel method for fabricating versatile metal nanoparticle films comprised of
multiple layers by changing parameters in the deposition process such as the solvent, core element, and core size. The specific
spectroscopic properties of the prepared films induced by particle-particle interactions different from those induced by isolated
particles are also discussed herein. To cite this article: M. Yamada, H. Nishihara, C. R. Chimie 6 (2003).
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1. Introduction

Much research is now in progress attempting to
identify more useful materials for electronic devices in
microelectronics. In this field, a high level of interest
has arisen with regard to nanometer-sized metal and
semiconductor particles (nanoparticles) [1–6], which
are expected to have diverse applications in optoelec-

tronic devices [7, 8] and as molecular catalysts [9, 10]
and chemical sensors [11] based primarily on their
quantum size effect (QSE) [12]. To gather more infor-
mation about these advanced materials, we attempted
to combine the prominent properties of metal nanopar-
ticles and functional molecules onto the particle sur-
face, expecting that the character of the metal core
could be controlled by the electronic state of surround-
ing functional species, which were reversibly con-
verted with the simulation of an electronic field [13,
14] and light [15, 16]. Here the redox-active species
were selected as functional molecules, especially
multiple-redox units. These compounds allowed an
enormous charge accumulation on the metal nanopar-
ticle, which could significantly irritate the electronic
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condition of the metal core. The two contrastive mol-
ecules, the biferrocene (BFc) and anthraquinone (AQ)
derivatives, were introduced onto a metal nanoparticle
(Scheme 1); in particular, the former undergoes a
two-step one-electron ‘oxidative’ reaction of
BFc/BFc+/BFc2+ in electrolyte solution, while the lat-
ter undergoes a two-step one-electron ‘reductive’ reac-
tion of AQ/AQ–/AQ2–.

The BFc or AQ-modified gold nanoparticles (Aun-
BFc [17–19] and Aun-AQ [20, 21], respectively) were
prepared by a thiolate exchange reaction [22–24] be-
tween an alkyl thiolate-stabilized metal nanoparticle
(Aun-AT) and a functional thiol derivative (1-(9-
thiononyl-1-one)-1',1''-biferrocene: BFcS and 1-(1,8-
dithiaoctyl)anthracene-9,10-dione: AQS, respectively)
in organic solvent (e.g. CH2Cl2, toluene, THF). The
second oxidation process of BFc units of Aun-BFc in
electrolyte solution led to the formation of a uniform
redox-active gold nanoparticle film on an electrode; in
contrast, Aun-AQ was found to be aggregated by two-
electron reduction of AQ sites, clarifying that metal
nanoparticles functionalized with multiple-redox mol-
ecules can assemble according to the charge accumu-
lation of redox species on a particle/solution interface.
Note that the multiple-electron system seems indis-

pensable for these deposition phenomena, as they are
not observed for particles with a single redox species
such as ferrocene [22]. These results suggest that a
detailed elucidation of the assembly mechanism
should be a primary focus of current scientific interest.
In addition, this system exhibits a promising possibil-
ity for constructing versatile redox-active nanoparticle
films on an electrode by the changing of several depo-
sition parameters.

In this account, the overviewed electrodeposition
phenomena of Aun-BFc and Aun-AQ are presented
with morphological, optical, and spectroelectrochemi-
cal aspects of the deposited redox species-immobilized
gold nanoparticles. In particular, the mechanistic
analysis of electro-oxidative deposition phenomenon
of Aun-BFc are described along with the deposition
dependence for film formation on core size, electro-
lyte, solvent, and core metal element (the BFc-attached
palladium nanoparticle; Pdn-BFc [25]), leading to the
fabrication of alternating gold and palladium nanopar-
ticle film as a practical application.

2. Film formation of metal nanoparticles modified
with multiple redox species

2.1. Electro-oxidative deposition process of Mn-BFc
(M = Au, Pd)

2.1.1. Aun-BFc: dependence on core size, electrolyte,
and solvent

Aun-ATs were prepared in two ways: one was the
Brust method [26], using reduction of HAuCl4 with a
tenfold excess of NaBH4 in the presence of octanethiol
in a water/toluene mixture for the compounds of 1, 2,
3, and 4 in Table 1. The average core diameter, dav, of
Aun-AT thus prepared was determined by transmission
electron microscopy (TEM, Fig. 1), altered by chang-
ing the molar ratio of HAuCl4 to octanethiol under
synthetic conditions [27]. The other method for the
synthesis of 5 was based on Sorensen’s report [28],
carried out in single toluene phase where the ammo-
nium salt-stabilized gold nanoparticles were synthe-
sized, followed by an exchange reaction with dode-
canethiol. The UV–Vis spectra of 2, 3, 4, and 5 in
CH2Cl2 exhibit a surface plasmon (SP) band at ca.
520 nm (emax = 7.7 × 105 M–1cm–1, emax = 2.4 × 106

M–1cm–1, emax = 2.8 × 106 M–1cm–1, and emax = 7.8 ×
106 M–1cm–1 [27], respectively), while that of 1 shows

Scheme 1. Preparation and electrodeposition of Aun-BFc and
Aun-AQ.
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only a gentle curve attributed to the Mie scattering [25]
due to the QSE [29]. The number of exchanged BFcS
on the Aun-AT surface, hBFc, was calculated based on
the ratio of the integrals of the 1H-NMR signals be-
tween BFc and methyl protons at 3.9–4.7 ppm and
0.8–0.9 ppm, respectively (Fig. 2). As for 2, the ex-
change rate was controlled by the molar ratio of BFcS
to Aun-AT in the exchange reaction.

Fig. 3A shows the typical cyclic voltammograms of
3 in the electrodeposition process, which is measured
in a solution of 3 at an indium tin oxide (ITO) electrode
in Bu4NClO4–CH2Cl2. The peak current increases
gradually by consecutive potential scans between
–0.3 and 0.9 V vs. Ag/Ag+, where two-step one-

electron oxidation due to BFc units on a particle sur-
face occurs at 0.20 and 0.61 V vs. Ag/Ag+, suggesting
that Aun-BFc particles accumulate on an electrode/
solution interface by two-electron oxidation of BFc
sites. UV–Vis spectra of Aun-BFc films thus prepared
exhibit broad absorption bands that grow in intensity
with increases in the number of potential scans
(Fig. 3B); the film thickness can also be controlled by
changing the number of potential scans. Cyclic volta-
mmograms of the electrode films in a pure electrolyte
solution show two pairs of cathodic and anodic waves
(Fig. 3B, inset), the peak currents of which are propor-

Table 1
Size and composition results for different methods of Aun-BFc preparation

Compound
Feed ratio
of thiol to HAuCl4

Core diametera

dav (nm)
Standard deviationa

dsd (nm)
Number
of Au atomsb

Number of thiol
on the Au surfaceb

Number ratio
of thiolate to BFcSc hBfc

c

1 1:0.5 1.7 0.5 201 71 14.0 4.7

2 1:1 2.3 0.5 309 92 11.3
3.6
7.5
15.0

3 1:4 2.9 0.8 976 187 8.0 20.8
4 1:12 4.3 1.1 2951 371 32 11.3
5 — 6.4 0.8 8100 600 107 4.6

a Determined by TEM images.
b See [21]. Regarding 5, the approximate number of Au atoms, NAu, can be calculated in the equation of NAu= (59 nm–3) (p/6) (dav/2)3 where

59 nm––3 is the density (59 atoms/nm3) of bulk fcc-Au. The number of dodecyl thiolate on a metal core surface was estimated as 600, assuming
that the occupied area of one thiolate on a particle is 21.4 Å2, the value for which is based on a bulk Au (111) surface.

c Determined by 1H-NMR spectra.

Fig. 1. TEM image of 2 (hBFc = 7.5).

Fig. 2. 1H-NMR spectra of (a) 1, (b) 2 (hBFc = 7.5), and (c) 3 in
CDCl3.
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tional to the potential scan rate (not shown in the
figure), indicating the behavior of surface-immobilized
BFc species in the film where theAun-BFc particles are
tightly assembled on an electrode.

The film formation of 1, 2, 4 and 5 occurring similar
to as described above is easily possible; the construc-
tion of Aun-BFc films with different core diameters is
possible when using this electrodeposition process,
independent of the core size. It should be noted that in
UV–Vis spectra, the Aun-BFc film, except for 1, exhib-
its a broad absorption band at ca. 550 nm that is due to

the collective SP band influenced by the dipole–dipole
coupling among the adjacent particles (see below)
[30].

The current growth induced by cyclic potential
scans is also positive when another tetrabutylammo-
nium salt with a different anion, Bu4NBF4 or
Bu4NPF6, is adopted; however, its increasing rate de-
pends on the anion. As displayed in Fig. 4, the color
change of the Aun-BFc films on ITO evidently con-
firms this difference in electrodeposition rates, in the
order of ClO4

– ~ BF4
– >> PF6

– [18]. The Aun-BFc film
could be fabricated in other organic solvents, e.g. THF
and toluene/acetonitrile (2:1 v/v), that dissolve Aun-
Bfc and that remain stable within the potential range of
electrolysis for Aun-BFc.

2.1.2. Pdn-BFc
The preparation of Pdn-BFc [25] was performed by

an exchange reaction of octyl thiolate-covered Pd
nanoparticles (Pdn-OT, dav = 3.8 nm) with BFcS in
CH2Cl2. A convenient method was employed to syn-
thesize Pdn-OT [31]. In one liquid phase of THF, the
starting Pd complex was reduced by super hydride with
a stabilizer of alkylammonium bromide to form naked
Pd nanoparticles, with the continuous addition of ex-
cess octanethiol by exchange of the surface stabilizer
(Scheme 2). The number of Pd core atoms and octyl
thiolate molecules on the Pd surface in Pdn-OT is

Fig. 3. (A) Cyclic voltammograms of 1.7 µM of 3 at ITO in 0.1 M
Bu4NClO4–CH2Cl2 at 100 mV s–1 between –0.3 and 0.9 V vs.
Ag/Ag+ in the positive direction at the 1st, 10th, 20th, 30th, 40th, and
50th cyclic scans, as shown from the bottom of the figures to the top.
(B) UV–Vis spectra and (inset) cyclic voltammograms in 0.1 M
Bu4NClO4–CH2Cl2 of electrodeposited Aun-BFc films of 3 prepared
under the same conditions as those for Fig. 3A with 3, 10, 25, 50, and
75 cyclic scans, as shown from the bottom of the figure to its top.

Fig. 4. Photographs of electrodeposited Aun-BFc films prepared in a
solution of 5.0 µM of 2 (hBFc = 15) at ITO in CH2Cl2 with 0.1 M
tetra-n-butyl ammonium salt of the anion given in the Fig. at ITO at
100 mV s–1 between –0.3 and 0.9 V vs. Ag/Ag+. The numbers in the
figure are those of the cyclic scans.
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estimated to be 2406 atoms and 326 molecules, respec-
tively. The UV-Vis spectrum of Pdn-BFc exhibits an
exponential-decay Mie-scattering spectrum, just as in
Pdn-OT, as well as a small shoulder due to the d-d
transition of the BFc moiety at 462 nm (emax = 9.1 ×
102 M–1cm–1).

Cyclic voltammograms of Pdn-BFc at a 3-mm di-
ameter glassy carbon (GC) electrode in Bu4NClO4–
CH2Cl2 show a two-step one-electron oxidation wave
at 0.18 and 0.58 V vs. Ag/Ag+ derived from the BFc
moieties, of which both the cathodic and the anodic
peak current values for the first-step reaction increase
almost linearly to the potential scan rate with the small
value of the peak-to-peak separation (34 mV). The
value of the cathodic peak current exceeds the anodic
value after the second-step reaction, providing addi-
tional evidence that the two-electron oxidation of the
biferrocene units triggers the electro-oxidative deposi-
tion of Pdn-BFc on the electrode. Actually, consecutive
potential scans using ITO as a working electrode pro-
duce a gradual increase in the peak current, to con-
struct an adhesive Pd nanoparticle film. The UV–Vis
spectrum and cyclic voltammograms of the electrode-
posited films prepared with different numbers of con-
secutive scans show that the film layers develop with
an increase in the number of potential scans (Fig. 5),
resembling the case of Aun-BFc.

2.1.3. An alternating multi-layered structure
of Aun-BFc and Pdn-BFc

A combination of electro-oxidative deposition of
Aun-BFc and Pdn-BFc forms a thin BFc-active com-
posite film with a layered hybrid structure (Scheme 3)
[32]. First, the electrodeposition of Pdn-BFc is per-
formed by potential cyclic scans between –0.3 and
0.9 V for the redox reaction of Pdn-BFc, which is
followed by the electrodeposition of 3 under the same
conditions as those for the formation of the Pdn-BFc
film, thus forming the Pdn-BFc/Aun-BFc composite
film. The two-step hetero-electrodeposition procedure
is repeated to increase the number of composite layers.
A UV–Vis spectrum of the film thus prepared shows
broad absorption bands that grow in intensity with
increases in the number of composite layers (Fig. 6A).
The cyclic voltammogram of the film in a pure electro-

Scheme 2. Preparation of Pdn-OT and Pdn-BFc.

Fig. 5. (A) UV-Vis spectra and (B) cyclic voltammograms of elec-
trodeposited Pdn-BFc films prepared in a solution of 1.9 µM Pdn-BFc
with consecutive potential scans at ITO in 0.1 M Bu4NClO4–CH2Cl2
at 100 mV s–1 between –0.3 and 0.9 V vs. Ag/Ag+ in the positive
direction. Numbers in the figure refer to those of cyclic scans.

923M. Yamada, H. Nishihara / C. R. Chimie 6 (2003) 919–934



lyte solution exhibits two redox waves at E0' = 0.18 V
for BFc+/BFc, and at 0.58 V for BFc2+/BFc+, as shown
in the inset of Fig. 6A, in which the amount of charge
for the two redox waves increases with an increase in
the number of composite layers. Fig. 6B shows the
XPS spectra of the composite film using the C 1s peak
(284.5 eV) as a reference. The Au 4f5/2 (87.5 eV) and
4f7/2 (83.9 eV) peaks [33] are not detected in the first
layer of Pdn-BFc, although they appear after deposi-
tion of the second layer of Aun-BFc. In addition, for-
mation of the third layer of Pdn-BFc shelters most of
these peaks, suggesting that the prepared films build up
an alternately layered structure of Pdn-BFc and Aun-
BFc. These results demonstrate that sufficient electron
transfer exists among heterogeneous interfaces of Pdn-
BFc and Aun-BFc to develop the composite film, accu-
mulating average 5 Mn-BFc (M = Pd, Au) layers above
the second layer.

2.2. Electro-reductive deposition process of Aun-AQ

Aun-AQ (emax = 7.7 × 105 M–1 cm–1 at 516 nm of the
SP band; emax = 9.1 × 105 M–1 cm–1 at 444 nm,
emax = 1.3 × 106 M–1 cm–1 at 316 nm of AQ sites) was
synthesized by a substitution reaction between AQS
and Aun-AT and was used for the preparation of 2. The
number of exchanged AQ-terminated thiolates on the
Aun-AT surface, hAQ, was determined by the ratio of
the integrals of 1H-NMR signals between AQ and me-
thyl protons at ca. 7.5 and 1.0 ppm, respectively. Cyclic
voltammograms for the electrodeposition process of
Aun-AQ (hAQ = 26) in Bu4NClO4-toluene/acetonitrile

(2:1 v/v) at ITO are shown in Fig. 7. Consecutive
potential scans between –1.0 and –2.0 V vs. Ag/Ag+,
where two-electron reduction of AQ units occurs, ex-
hibit a gradual increase in the peak current to form
redox-active gold nanoparticle films. Note that the
appearance of only one redox wave is derived from the
existence of considerable interaction between the hy-
droxide groups of the ITO base. UV–Vis spectra of the
prepared Aun-AQ films show broad absorption bands
with a particle-particle interaction (see above) that
grows in intensity with increases in the number of
potential scans (Fig. 8A). The cyclic voltammogram of
the electrodeposited Aun-AQ film prepared with 10 po-
tential scans in Fig. 8A exhibits a redox reaction of
adsorbed species at –1.26 and –1.81 V vs. Ag/Ag+

(Fig. 8B). Electrochemical analysis using a microelec-

Scheme 3. Preparation of Pdn-BFc and Aun-BFc composite film.

Fig. 6. (A) The UV–Vis spectrum, (inset) the cyclic voltammogram,
and (B) the XPS spectrum of Pdn-BFc, Pdn-BFc/Aun-BFc, Pdn-
BFc/Aun-BFc/Pdn-BFc, [Pdn-BFc/Aun-BFc]2, [Pdn-BFc/Aun-
BFc]2Pdn-BFc (for Fig. 6A. only) films, as shown from the bottom of
the figure to its top. The films were prepared with 25 cyclic potential
scans between –0.3 and 0.9 V vs. Ag/Ag+ for each metal nanoparticle
film in a solution of 3.2 µM Pdn-BFc, or Aun-BFc, at ITO in 0.1 M
Bu4NClO4–CH2Cl2 at 100 mV s–1.
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trode [34] has demonstrated that the double-layer
charging capacitance of Aun-AQ, Cdl,Au, relating to the
slope of DI/DE in cyclic voltammograms, increases
with the accumulation of negative charge on the AQ
moiety; namely, Cdl,Au (AQ) < Cdl,Au (AQ•–) < Cdl,Au

(AQ2–) [20, 21].

2.3. Basic morphological aspects
of the electrodeposited Mn-BFc (M = Au, Pd)
and Aun-AQ films

The specific morphological features of the Mn-BFc
(M = Au, Pd) and Aun-AQ films were determined by
scanning tunneling microscopy (STM) and atomic
force microscopy (AFM). The changes in surface
structure in response to increases in the number of
potential scans in the electrodeposition process are
shown in Fig. 9A and B, with STM images of the
Aun-BFc of 2 (hBFc = 3.6) films at a highly oriented
pyrolytic graphite (HOPG) deposited in a ClO4

– solu-
tion by 5 and 60 cyclic scans. The spherical Aun-BFcs
gather to construct an island of particles in Fig. 9A, but
the whole electrode area is not covered and the clear
step-line of the HOPG surface still appears when the
number of potential scans is five. By 60 potential scans
in Fig. 9B, the Aun-BFcs of a similar size are tightly
assembled to cover the entire electrode surface and to
build up multiple layers with a fairly flat surface.

Fig. 7. Cyclic voltammograms of 6.2 µM Aun-AQ (hAQ = 26) at ITO
in 0.1 M Bu4NClO4–toluene/acetonitrile (2:1 v/v) at 100 mV s–1

between –1.0 and –2.0 V vs. Ag/Ag+ in the negative direction.
Numbers in the figure refer to those of cyclic scans.

Fig. 8. (A) UV–Vis spectra and (B) cyclic voltammograms of the
electrodeposited Aun-AQ films prepared in a solution of 6.3 µM
Aun-AQ (hAQ = 26) with consecutive potential scans at ITO in 0.1 M
Bu4NClO4–CH2Cl2 at 100 mV s–1 between –1.0 and –2.0 V vs.
Ag/Ag+ in the negative direction. Numbers in the figure refer to those
of cyclic scans.

Fig. 9. The STM image of the Aun-BFc film prepared in a solution of
5.3 µM of 2 (hBFc = 3.6) at HOPG with (A) 5 and (B) 60 cyclic
potential scans in 0.1 M Bu4NClO4–CH2Cl2 at 100 mV s–1 between
–0.3 and 0.9 V vs. Ag/Ag+ in the positive direction.
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Fig. 10A is the enlarged image of Fig. 9B, and
shows that the average spacing between the adjoining
electrodeposited Aun-BFcs is 7.5 nm. This value is
obviously larger than the estimated maximal Aun-BFc
particle size of 5.9 nm (core diameter, 2.3 nm; octyl
thiolate, 1.0 nm; and BFc, 0.8 nm), even if a deviation
in core diameter of 0.5 nm is taken into consideration.
The Aun-AQ film of Fig. 10B also suggests that the
practical inter-particle spacing is measured as 8.5 nm,
which is much larger than the estimated maximal
Aun-AQ value of 5.9 nm (the core diameter, 2.3 nm;
octyl thiolate, 1.0 nm; and AQ, 0.8 nm), indicating the
existence of spacing between the Aun-Aqs, the same as
in Aun-BFcs. Moreover, it is noticeable that Aun-AQ
particles are closely packed to form a tetragonal-like
array, which is seen in the film of 3 [19] and Pdn-BFc
(see below).

STM and AFM images of the Aun-BFc film
(hBFc = 7.5) are shown in Fig. 11A and B. The surface
in Fig. 11A maintains a monolayer-level flatness seen
in its cross-sectional view, whereas it is apparent that
domains of particles ca. 70–80 nm in diameter (en-
circled by a dotted line) are constructed. The AFM
image of the same sample reveals this peculiar nano-
structure of the Aun-BFc film; round-shaped domains
spreading across the whole surface are shown in
Fig. 11B.

This disagreement with regard to the interparticle
distance, the particle domain structure, and the
tetragonal-like aggregation were also observed for the

Pdn-BFc films (Fig. 12), indicating that these charac-
teristics in assembled structures generally emerge in
this deposition system.

3. Electrodeposition mechanism of Aun-BFc

3.1. Consideration of the electrolyte dependence
and STM images

In this section, our basic interest in mechanistic
analysis of this system should be noted, especially
concerning Aun-BFc. Possible candidates for the driv-
ing force of this electrochemical aggregation are
‘physical interactions’ and/or ‘chemical bond forma-
tion’ among the particles (Fig. 13). The former would
be attributed to the collective interaction among the
charged Aun-BFc, electrolyte and solvent in solution,
while the latter could be defined as the coupling reac-
tion of the BFc units on the neighboring nanoparticles,
which could occur when they are oxidized to become
reactive [35]; however, ‘physical interaction’ is con-
vincingly supported first by ‘the anion effect’ for the
electrodeposition rate of Aun-BFc (Fig. 4). Assuming
that anions surround the BFc units on the Aun-BFc
surface, acting as a counterion in the electrooxidation
process, the charged Aun-BFcs and the counter anions
are likely to assemble voluntarily as a result of their
lattice energy, which involves electrostatic force and to

Fig. 10. The enlarged STM image of the (A) Aun-BFc of 2 (hBFc = 3.6) and (B) Aun-AQ (hAQ = 26) film (top), and the cross-sectional profile
along the dotted line (bottom).
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some extent van der Waals-like force. Hence, when the
particles cannot get closer to each other with the larger
anions, the electrodeposition proceeds less efficiently
with a smaller attractive van der Waals-like force. The

Fig. 11. The STM (A, top) and AFM (B, top) images of the Aun-BFc film prepared in a solution of 5.2 µM 2 (hBFc = 7.5) at HOPG with five cyclic
scans in 0.1 M Bu4NClO4–CH2Cl2 at 100 mV s–1 between –0.3 and 0.9 V vs. Ag/Ag+ in the positive direction, and the typical cross-sectional
profile along the cross axis (bottom).

Fig. 12. The STM image of the Pdn-BFc film prepared in a solution
of 1.9 µM Pdn-BFc at HOPG with 60 cyclic scans in 0.1 M
Bu4NClO4–CH2Cl2 at 100 mV s–1 between –0.3 and 0.9 V vs.
Ag/Ag+ in the area of (A) 800 × 800 nm2 and (B) 100 × 100 nm2.

Fig. 13. Two possible mechanisms of electrodeposition between
adjacent Aun-BFc particles by electro-oxidation.
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diameter of PF6
–, 3.3 Å, is significantly larger than that

of the other anions (ClO4
–: 2.3 Å, BF4

–: 2.1 Å), which
accords well with the experimental results regarding
the deposition rate (see above).

Second, the possibility of a deposition mechanism
involving ‘chemical bond formation’ can be excluded,
considering the finding on the STM image (Fig. 10A)
that the Aun-BFcs are not electrodeposited via direct
contact between BFc moieties and/or the alkyl chain
with maintaining a certain distance between the par-
ticles. The most likely candidate for the chemical spe-
cies existing in the space among adjacent Aun-BFcs in
the film, estimated at 7.5–5.9 = 1.6 nm, is the electro-
lyte being used, even if the potential in the electrodepo-
sition experiment is stopped at –0.3 V, at which point
BFc units are in the neutral state. Practically, the pres-
ence of anions and the proportion of Aun-BFc particles
and BF4

– anions in the film prepared in BF4
– solution

were evidenced by the prompt c-ray neutron activation
analysis (PGA) method [36, 37] and by inductively
coupled plasma (ICP), which gave the ratio of the
Aun-BFc (hBFc = 7.5) particle and BF4

– anion in the
film as 1 to 9.3. This value allows us to estimate that
62 % of the counter anions of BFc2+ remain as spacers.

3.2. Deposition dynamics of Aun-BFc

Fig. 14 displays the electrochemical quartz crystal
microbalance (EQCM) behavior of 2 (hBFc = 7.5) at a
gold electrode in Bu4NClO4–CH2Cl2. In the first po-
tential sweep in the positive direction, only a slight
frequency decrease is observed in the first electron
oxidation of the BFc moieties at E0'1 = 0.15 V, whereas
the frequency decreases dramatically from 0.54 to
0.9 V when the second electron oxidation of the BFc
sites takes place at E0’2 = 0.54 V. This behavior reflects
the conclusive electro-oxidative aggregation of Aun-
BFcs occurring with the 2-e– oxidation of the BFc
units, since a frequency decrease relates to a mass
increase on the electrode. The changed mass weight on
an electrode is calculated by the Sauerbery equation
(DF = –C × DW, where DF is the frequency change, C
is the proportional constant that depends on the param-
eters of QCM electrode properties – e.g., the electrode
area, quartz density, and quartz elasticity, and the value
is equivalent to 6.17 × 107 Hz g–1 in this study), and
DW is the weight change on the electrode.

When the potential scan is reversed at 0.9 V to the
negative potential, the frequency continues to decrease
until 0.54 V; however, a significant frequency increase
starts after the electrode potential becomes more nega-
tive than E0’2. Thus, the frequency difference, DF,
before and after the potential cycling at –0.3 V corre-
sponds to the net weight of the deposited Aun-BFcs.
During the course of repeated cyclic potential scans,
the frequency steadily decreased after each cycle with
current increases of the cyclic voltammograms, corre-
sponding to a continuous accumulation of the Aun-BFc
layer on the electrode surface. These results indicate
the following electrodeposition dynamics of Aun-Bfc,
as summarized in Fig. 15: (1) Aun-BFcs are apt to
aggregate at the electrode/electrolyte interface and to
adsorb to the electrode by formation of the BFc2+ state

Fig. 14. Cyclic voltammograms (top) and DF-potential curves (bot-
tom) of 5.2 µM of 2 (hBFc = 7.5) at a gold electrode in 0.1 M
Bu4NClO4–CH2Cl2 at 100 mV s–1 between –0.3 and 0.9 V vs.
Ag/Ag+ in the positive direction with the 1st (solid line), 5th (dotted
line), 10th (dashed line), 15th (dot-dashed line), and 20th (2-dot-
dashed line) scans.
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on the particle surface; (2) significant desorption of
assembled Aun-BFcs from the electrode occurs after
BFc sites are returned to the neutral state by reduction;
and (3) a small portion of the strongly adsorbed flocks
of Aun-BFcs remain on the electrode. By repeating the
potential scans, the Aun-BFc film might be fabricated
by the remaining adsorbed Aun-BFcs, resulting in for-
mation of the domains demonstrated in the STM and
AFM images.

EQCM measurement of the Aun-BFc film itself in
Bu4NClO4–CH2Cl2 provides insight into the move-
ment of electrolyte ions in the redox process of the film
[18]. Namely, the second oxidation of the BFc moieties
in the Aun-BFc film triggers an increase in the local
ionic interaction with the anions and increases polarity
around the particles; subsequently, the solvent mol-
ecules of CH2Cl2 are naturally expelled from the
charged Aun-BFc film. A simplified picture of chemi-
cal species motion for the two-step redox reaction of
Aun-BFc in the film is shown in Fig. 16. It is expected
that the porous Aun-BFc film with long inter-particle
spacing acts like a nano-sponge, and the solvent mol-
ecules, anions in the solution, and possibly pre-
included cations move into and out from the film re-
versibly at E0'2 by changing the electronic charge of the
BFc sites (Fig 16, ii)). Note that the exclusion of
solvent is not observed at E0'1 in accord with the elec-
trodeposition phenomenon of Aun-BFcs. It can be in-
ferred that the exclusion of solvent molecules around

Aun-BFcs at E0'2 causes additional inter-particle ap-
proaching and precipitation, thus effectively forming
an ionic lattice including Aun-BFc2+ and counterion.

4. Nature of the formed film with regard
to interparticle interactions

4.1. Solvent refractive index effects on surface
plasmon absorption of the Aun-BFc film

The electrodeposited Aun-BFc film with a collective
SP band is interesting to investigate with regard to the
optical properties of metal nanoparticles compared
with those of individual particles in solution. The SP

Fig. 15. Illustration of the electrodeposition process in Aun-BFc
solution at the electrode interface. (i) Two-electron oxidation of the
BFc sites, (ii) set back to the neutral state by two-electron reduction,
and (iii) repeating the potential sweep.

Fig. 16. The illustration of ion motion for the two-step redox reac-
tion of Aun-BFc in the film. The first (i) and the second (ii) redox
reaction of the BFc sites in the film.
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band of noble metal sols (almost ‘naked’ particles) is
quite sensitive to the electronic environment around
metal particles, including the refractive index of the
solvent medium [21, 38, 39], as predicted by Mie
theory [40]; recently, Mulvaney et al. [41] have ex-
plained the influence of the solvent refractive index on
the SP band for alkyl thiolate-attached gold particles,
considering the shelter effect of the alkyl thiolate
chain, concluding that the values for the gold nanopar-
ticle’s plasmon wavelengths (kmax) are linear to those
of the solvent refractive index, nd

20. The UV-Vis spec-
tral changes of the Aun-BFc film of 2 (hBFc = 15) are
shown in Fig. 17 as a function of the solvent refractive
index from nd

20 = 1.33 (top) to nd
20 = 1.62 (bottom).

Note that the values for Aun-BFc coverage on an elec-
trode, CBFc, refer to the figure legends. CBFc can be
estimated from the optical measurements by equation:
CBFc = A/1000 e [mol cm–2], where A is the absorbance
at the SP band and e is the molar extinction coefficient
at the SP band for each particle. The number of layers
is estimated by assuming that the electrodeposited
nanoparticles are hexagonally packed in the film.

The absorbance is normalized for easy recognition
of the spectral shift. The SP band maximum at 569 nm
in water (nd

20 = 1.33) gradually shifts to higher energy
with increases in the refractive index value until it
reaches 557 nm in dichloromethane (nd

20 = 1.42); it
then moves towards lower energy until it reaches
567 nm in carbon disulfide, where it has the largest
refractive index value, nd

20 = 1.62.

Fig. 18 displays the plots of kmax of the collective SP
band position vs. solvent refractive index values for
each Aun-BFc film of 2 and 4, suggesting that the
values of kmax are not proportional to those of nd

20,
having a clear V-shaped curve, and the shifts are much
larger, especially in the region of polar solvents, which
is not predicable from the theory of isolated particles.
These results can be explained by the observation that
the SP band of the closely packed Aun-BFc film is
fairly affected by the particle-particle interaction, not
identified as the precise SP band of a single particle,
and/or the difference in affinity of the solvents to the
non-polar alkyl chain on the particles, which perturbs
the solvent-particle core interaction.

4.2. Potential dependence of surface plasmon
absorption of the electrodeposited Aun-BFc film

The alkyl thiolate-covered gold nanoparticles can
be electrolytically charged by one-electron oxidation
or by reduction with the applied potential [42, 43], and
this charging affects the energy of the SP band [21, 41,
44]. The charge influence of the Aun-BFc film was
investigated by observing the spectral changes over
shifts in the potential with core-size dependence
(Scheme 4).

Fig. 19 shows the spectroelectrochemical data
showing the changes with the kmax of the SP band,
which is located at 584 nm at the starting potential of
0 V vs. Ag/Ag+ in Bu4NClO4–CH2Cl2 for the Aun-BFc

Fig. 17. UV–Vis spectra of the thin Aun-BFc film (CBFc = 6.0 × 10–11

mol cm–2 = 5 layers) of 2 (hBFc = 15) on ITO in various solvents.
Each spectrum was measured from the top to the bottom in water
(nd

20 = 1.33), acetonitrile (nd
20 = 1.34), acetone (nd

20 = 1.36), ethanol
(nd

20 = 1.36), dichloromethane (nd
20 = 1.42), chloroform

(nd
20 = 1.44), benzene (nd

20 = 1.50), o-dichlorobenzene
(nd

20 = 1.55), and carbon disulfide (nd
20 = 1.62).

Fig. 18. Plots of the absorption maximum (kmax) of theAun-BFc film
[closed circles: 2 (thick: CBFc = 1.9 × 10–10 mol cm–2 = 18 layers),
open circles: 2 (thin: CBFc = 6.0 × 10–11 mol cm–2 = 5 layers), closed
squares: 4 (thick: CBFc = 4.5 × 10–11 mol cm–2 = 16 layers), open
squares: 4 (thin: CBFc = 1.3 × 10–11 mol cm–2 = 5 layers) vs. the
solvent refractive index.
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film of 5. The kmax value is extremely shifted to a
shorter wavelength by 74 nm, and the absorbance in-
creases with the potential shift in the negative direction
to –1.6 V. The positive potential shift from 0 to 1.6 V
gives a longer kmax by 8 nm and a lower absorbance.
These spectral changes indicate that the direct charging
of the metal core is predominant compared to the
charge accumulation at the terminal BFc units because
the shift in the negative potential is significantly larger
than that in the positive direction where redox reaction
of BFc moieties could occur. This finding is in agree-
ment with observations of the film of AQ-attached gold
nanoparticles [21].

Regarding the prepared Aun-BFc films of 2
(hBFc = 15), 4, and 5, the values of kmax are plotted vs.
those of applied potential in Fig. 20. There it is notice-
able that the shift of kmax is more conspicuous for the
Aun-BFc film with larger core size in the negative
potential region. The electroscopic data are summa-
rized in Table 2 and suggest that the particle–particle
interaction works more effectively in the Aun-BFc film
with larger particle size, with consideration that the
shifts grow with increases in the core size of particles
(13 nm for 2, 35 nm for 4, and 74 nm for 5). It is
interesting that the order of the ideal kmax shift is in
opposition to the experimental values; namely, the

theoretical equations noted above predict that the SP
band position of the isolated particles is stimulated
more easily by applied potential with a smaller core

Scheme 4. The spectroelectrochemical cell of the Aun-BFc film.

Fig. 19. [Top] UV-Vis spectra of the Aun-BFc film of 5 (CBFc = 1.3
× 10–11 mol cm–2 = 15 layers) on ITO at given potentials of 0, –0.4,
–0.8, –1.2, and –1.6 V vs. Ag/Ag+ in 0.1 M Bu4NClO4–CH2Cl2 in
the negative direction. [Bottom] UV–Vis spectra of the Aun-BFc film
of 5 on ITO at given potentials of 0, 0.4, 0.8, 1.2, and 1.6 V vs.
Ag/Ag+ in 0.1 M Bu4NClO4–CH2Cl2 in the positive direction.

Fig. 20. The plots of the absorption maximum (kmax) of the Aun-BFc
film of 2 (hBFc = 15: CBFc = 1.3 × 10–10 mol cm–2 = 35 layers)
[triangles], 4 (CBFc = 4.6 × 10–11 mol cm–2 = 29 layers) [squares],
and 5 (CBFc = 1.3 × 10–11 mol cm–2 = 15 layers) [circles] film vs. the
applied potential.
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size. These results indicate that the collective SP band
might be more shifted with interparticle interactions
than with a single particle and/or some other param-
eters affecting the SP resonance; e.g. the electronic
state of the surface ligands [29], chemical adsorbates
on the surface [45], and the number of layers should be
considered for the electrooptical shift [46]. The larger
shift in the negative direction might also be ascribed to
the difference in the surrounded counter ion affecting
the electronic state around the core surface (cations in
the negative direction; anions in the positive one)
and/or the significant damping of kmax intensity in the
positive direction.

4.3. Electrochemical behavior
of the Pdn-BFc/Aun-BFc composite film

The peculiar electrochemical properties of the Pdn-
BFc/Aun-BFc film on the ITO electrode were observed
in H2SO4 aq. by cyclic voltammograms, and the results
are displayed in Fig. 21. The sole Pdn-BFc film under-
goes a redox process, exhibiting an oxidation peak at
ca. 1.3 V corresponding to the formation of a palladium
oxide layer on the particle surface, followed by re-
reduction at 0.3 V [47]; the sole Aun-BFc film pos-
sesses the same type of oxidation and reduction peaks
at ca. 1.6 and 0.8 V, respectively. In comparison with
the cyclic voltammogram of the sole-component films,
it is clear that the Pdn-BFc/Aun-BFc film exhibits an
oxidation peak at ca. 1.3 V, which can be interpreted as
the collective oxidation reaction of the Pdn-BFc and
Aun-BFc. In contrast, the reduction peak appears at ca.
0.3 V, which is the same potential as that of the Pdn-
BFc film, with inhibited reduction of the sole Aun-BFc

layer at 0.8 V. In addition, the current of the reduction
peak is quite small compared to that of the oxidation
peaks. No appearance of the peak at 0.8 V suggests that
the Pdn-BFc is sufficiently conductive and capable of
mediating the oxidation reaction of Aun-BFc; however,
the electron transfer between the oxidized form of the
Pdn-BFc and Aun-BFc films is considerably hindered.
These results suggest that electron transfer in the metal
nanoparticle films can be controlled by changing the
combination of core metal elements in this deposition
system.

5. Concluding remarks

The present account is concerned with metal nano-
particles functionalized with multiple-redox species,

Table 2
Spectroelectrochemical data of the Aun-BFc films

Compound
Ccore

a

(aF)
DVb (V)

Number of injected electrons to the
corec

kinit
d

(nm)
kfinal

d

(nm)
kfinal.ideal

e

(nm)
Dkex

f

(nm)
Dkideal

g

(nm)
2 1.1 0.15 11 e– 587 574 577 13 10
4 2.8 0.057 28 e– 604 569 601 35 3
5 4.2 0.038 42 e– 584 510 582 74 2

a The core capacitance: Ccore = 4 p e e0 r (r + d)/d, where e is the monolayer dielectric constant, r is the core radius, and d is the monolayer
thickness.

b The potential spacing of consecutive single-electron transfer processes: DV = e/Ccore.
c Electron provision from 0 to –1.6 V calculated by the value of DV.
d See Fig. 20 at 0 V (kinit) and –1.6 V (kfinal).
e The value calculated by kfinal.ideal/kinit = (Ninit/Nfinal)

1/2, where Ninit and Nfinal are the numbers of free electrons per metal core after and before
the charging, respectively., referred to Table 1.

f Dkex = kinit – kfinal.
g Dkideal = kinit – kfinal.ideal.

Fig. 21. The cyclic voltammogram of Pdn-BFc [dots], Aun-BFc
[dashes], and Pdn-BFc/Aun-BFc [solid line] films in 0.5 M aq.
H2SO4 at 100 mV s–1. The films were prepared with 75 cyclic
potential scans between –0.3 and 0.9 V vs. Ag/Ag+ for each metal
nanoparticle layer in a solution of 3.2 µM Pdn-BFc, or Aun-BFc, in
0.1 M Bu4NClO4–CH2Cl2 at 100 mV s–1 at ITO.
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biferrocene (BFc) and anthraquinone (AQ) derivatives,
demonstrating the versatility of metal nanoparticle
films, including the construction of heterogeneous
Pd-Au nanoparticle composite film, in response to the
electrodeposition of Mn-BFc (M = Au, Pd) and Au-AQ
with a thickness of up to ~1µm on an electrode by
changing some deposition parameters. With various
electrochemical, spectroscopic, and mass analyses, a
detailed mechanism of electro-oxidative deposition of
Aun-BFc in electrolyte–CH2Cl2 solution was eluci-
dated with deposition dynamics. The newly discovered
properties derived from the assembled metal nanopar-
ticles were found to be unexplainable by isolated par-
ticles alone. These results are important not only with
regard to scientific interest in colloid chemistry, but
also for the fabrication of metal nanoparticle films, and
provide us with basic understanding of the macro-
scopic properties of assembled nanoparticles that are
applicable to optical devices.
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