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This account reviews the chemical synthesis of inorganic nanoparticles stabilized by an organic shell layer and the
investigation of their specific characteristics. Consideration of design and construction of organic—inorganic hybrid
nanoparticles by wet process is indispensable in order to exploit the unprecedented nature resulting from the fusion of
both organic and inorganic traits. In a series of studies, two synthetic parameters were the center of focus: physical
construction of the inorganic core and the chemical constituents introduced. External stimuli such as electric fields or
solvent polarity can be utilized to transform the characteristics of nanoparticles when redox active or liquid crystalline
molecules as an organic shell are attached to the surface of an inorganic nano-core. In another case, the catalytic activities
of nanoparticles are controllable by modifying the crystal faces and the surface area of the inorganic cores in connection
with shape and size. Novel nanomaterial has also been fabricated by choosing a metal coordination polymer as a core,
leading to the first isolation of alkyl chain-stabilized metal coordination nano-polymers (MCNPs). The compounds are
listed as Pt nano-cubes, size-selected Au nanoparticles, metal hexacyanoferrate MCNPs, and metal nanoparticles
functionalized by biferrocene, anthraquinone, and triphenylene derivatives. Synthetic procedures and remarkable
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characteristics are demonstrated.

Introduction

Nanometer-sized inorganic compounds consisting of several
hundred to several thousand atoms, serve as particulate material
which exhibit specific physical properties different from
discrete molecules and solid-states.? In the 1800s, Faraday
prepared a red solution which was made from small gold
colloid sol.*> By microminiaturization, surface plasmon reso-
nances (vibration of a free electron) are enhanced,* resulting
in the gold, which shows metallic luster as a bulk crystal,
displaying a transparent red color. Another example is that
when the crystal size of silicon is reduced to a nanometer scale,
it starts to emit ultraviolet or visible light depending on the
size.’ The above phenomena originate from surface effects and
quantum size effects. Because of these effects nanoparticles
show promise as efficient catalysts with high surface area,’
highly-sensitive biosensors,” new optical units,® high-density
magnetic media,” and many other applications. Overall,
development of synthetic methods, properties, and applications
of nanoparticles has been remarkable.' Among these areas,
synthesis is the fundamental basis for manipulating particle
properties through control of the ratio of components and
physical construction. The preparation of nanoparticles can be

carried out in three different phases: solid, gas, and solution
phase. Generally, solid- and gas-phase methods need a large-
scale apparatus for pulverization, vacuum evaporations, or laser
ablation of inorganic bulk crystals, while a wet process in
solution phase can be performed in a simple glass implement.
Solution-phase synthesis takes what is called a bottom-up
approach by rendezvous of inorganic atoms (ions) to a
nanometric particle, and is considered to have potential for
fabricating unprecedented nanoparticle materials with novel
chemical and physical structures by selecting various synthetic
parameters.

Usually, nanoparticles obtained by the solution process are
inorganic nanometer-sized crystals protected by an organic
layer as an organic-shell inorganic-core structure. The organic
shell contributes to high stability of nanoparticles which can
prevent denaturation such as oxidation and aggregation of
particles. In addition, the surface protection enables the
isolation of nanoparticles in air as a powder after solvent
evaporation. The obtained nanoparticles can be redispersed into
a solvent, which is anticipated to afford processibility for
practical use.

As a forerunner in solution process research, the Auss par-
ticle reported by Schmid et al. in 1981 should be mentioned.!!
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The synthesis was carried out in the presence of triphenyl-
phosphine as an organic shell by diborane reduction of Au ions.
The melting point depression and the specificity of the
electronic state were discussed. Subsequently, the introduction
of Pd atoms was also investigated.!> Toshima et al. demon-
strated the synthesis of Pt nanoparticles protected by a polymer,
and showed their catalytic function.'> Convenient and large-
scale synthesis of Au nanoparticles was reported by Brust
et al.,'"* and subsequently, synthetic studies in solution have
been increasing exponentially. In the 1990s, noble metals other
than gold and platinum (Pd, Ru, Cu, Ag, etc.)’> and their
alloys,'®!7 were investigated as inorganic cores. In 2000, the
introduction of sulfide, oxide materials like CdS'® and Fe,05,"?
and various metals which were more easily oxidized compared
to noble metals e.g., Fe,’ Co,2! Si,2 and NiAlL?* began to be
energetically investigated. Furthermore, the use of 3D metal
coordination polymers as a core material were newly illus-
trated.?*

As noted above, the range of inorganic substances which can
be utilized as core components has expanded. Simultaneously,
wet synthesis has been progressing both in terms of controlling
physical structure and hybridization of organic and inorganic
materials to give unique functions. The synthesis of particles
with a very narrow size distribution is achieved by control of
nucleation and nuclear growth of nanoparticles in solution. At
present nanoparticles with a size distribution below several
percent can be prepared with various metals.?> In order to
control shape, synthetic parameters are particularly important.
Temperature, time, the organic ligand, and free energy change
(AG) must be taken into consideration in order to achieve
precise structural control.2® Precision synthesis has enabled the
preparation of forms such as rods, cubes, tetrahedrons, and
tetrapods.?” Reports of hybrid nanoparticles have been consid-
erable. Mirkin et al. introduced DNA-thiol derivatives into a
water-soluble Au nanoparticle surface.” Murray et al. reported
the immobilization of redox ferrocene (Fc) species on gold
nanoparticles.?® Since then the introduction of versatile func-
tional organic molecules, e.g., multiple redox,”’ photo-
active,’®3! radical,> and polymer’s monomer,>® have been
reported. By hybridization, multiple properties originating in
both the surface organic molecules and the inorganic core are
expressed and the variation could be possibly utilized.

Against the backdrop noted above, this account presents the
nanoparticle research carried out by the author under the
primary theme of “fabrication of organic-shell inorganic-core
hybrid nanoparticles designed by wet process and investigation
of their advanced functions.” There exist numerous patterns to
select components for organic and inorganic composites. In
general, an organic material excels in the versatility of its
physical structure including flexibility, while inorganic materi-
al can accumulate multiple electrons forming various electronic
states. The properties of nanoparticles, which depend on their
material parameters (e.g., physical structure, elemental ratio,
and organic/inorganic hybridization effects) are not completely
understood. For overall elucidation of wet process nanoparticle
science, preparation of newly compounded nanoparticles by
controlling unit selection, physical structure, and component
ratio is indispensable. Through feedback from the experimental
information gathered on the basis of these research concepts,
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the series of studies presented here aim to show the preparation
of novel organic/inorganic nanoparticles with functions
including electrochemical, optical, catalytic, and magnetic
properties. The examined nanoparticles have been classified
into three groups: (1) functionalized organic molecules-attach-
ed metal nanoparticles, (2) shape- and size-controlled metal
nanoparticles, and (3) nanometer-sized metal coordination
polymers. These topics are illustrated in connection with the
author’s publications.

1. Metal Nanoparticles Functionalized
by Organic Molecules

In the first section, functional-molecule-modified noble
metal nanoparticles are presented, which have prominent
properties originating from the combination of the inorganic
metal core and organic shell. Functionalization based on a
metal core will open an unexpected interesting avenue to
examine intra- and intermolecular nanoparticle chemistry and
to design new photoelectrochemical systems, multi-step, highly
catalytic, and electron donor/acceptor reactions using nano-
particles. The fundamental method to functionalize metal
nanoparticles was thiol-exchange reaction between an alkyl-
thiolate on a particle surface and thiol derivatives with func-
tional organic molecules.?® The method is easy and can be
utilized for various nanoparticle functionalizations. It can also
be used to make poly-functionalized metal nanoparticles by
means of particles modified with mixtures of different thiols.
The reactivity of thus prepared metal nanoparticles should be
investigated for further synthetic steps and the development of
novel functions.>*3¢ In this section, as functional molecules,
redox-active units (biferrocene and anthraquinone) and a liquid
crystal molecule (triphenylene) are selected. The characteristics
of the prepared organic—inorganic nanoparticles could be
controlled by the physical and chemical state of the surround-
ing functional species with outside stimulation i.e., applied
electronic field and dielectric strength around the particles.

1.1 Multiple-Redox Species-Modified Metal Nanopar-
ticles.  1.1.1 Electrochemical Assembly of Biferrocene-
Attached Gold Nanoparticles (Au,—-BFc): Multinuclear
complexes with metal-metal electronic interaction exhibit
unique optical and magnetic properties which have been
studied for decades, e.g., m-conjugated ethylenedithiolato
complexes®’ and oligoferrocenylene.*® The concept of combin-
ing electron-rich multinuclear complexes with metal nano-
particles would be a good model to understand a new multiple
electron transfer system. Here, biferrocene (BFc) is selected as
a multinuclear complex, which undergoes a two-step one-
electron oxidative reaction of BFc/BFct/BFc?* in electrolyte
solution. A high charge accumulation at the particle/solution
interface is expected under applied electronic field when BFc
units are attached to a particle surface. BFc-modified gold
nanoparticles (Au,—BFc) were synthesized by a thiol exchange
between octanethiolate-stabilized metal nanoparticles (Au,—
OT) and a BFc thiol derivative, biferrocen-1’-yl 8-mercapto-
octyl ketone (BFcS) (Scheme 1).22° Generally, stable gold
nanoparticles stabilized by thiolates are obtained by the
reduction of Au'" ions (HAuCl,, AuCl;, etc.) in solution with
a surface active agent (TOAB, DDAB, etc.), a reducing
agent (NaBHy4, Super Hydride, etc.), and an alkyl thiol with
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Scheme 1. Preparation of Au,~BFc and Au,—AQ.
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appropriate chain length.'*?>%0 The average gold core diameter
in Au,—OTs, d,,, changed in the range of 1.5-8.0 nm depending
on the parameters, mainly the molar ratio of Au ions to the
octane thiolate.*” The number of exchanged BFcS on the Au,—
OT surface, Ggr., was calculated based on the ratio of the
integrals of the "HNMR signals between BFc (2.9-4.7 ppm)
and methyl protons (0.8-0.9 ppm). The value of Ogp. varied
with the molar ratio of Au,~OT to BFcS during the exchange
reaction. Figure 1 shows a transmission electron microscopy
(TEM) image of Au,—BFcs with d,, =2.3nm and Ogg. =
7.5).3 It is seen that the nanoparticles are individually isolated
by stable organic shells. Au,—BFcs could be obtained as a black
powder after alcohol purification, however, they were easily
redispersed into several organic solvents e.g., CH,Cl,, chloro-
form, THF, and hexane due to the hydrophobic nature of the
organic shell.

Figure 2a shows a typical cyclic voltammograms (CVs) of
Au,—BFcs, which is measured at an indium tin oxide (ITO)
electrode in electrolyte solution of BuyNCIO4~CH,Cl,. The
peak current increases gradually with consecutive potential
scans between —0.3 and 0.9V vs. Ag/Ag™ where two-step le~
oxidation due to BFc units on the particle surface occurs at 0.20
and 0.61V vs. Ag/Ag™, suggesting that Au,~BFc particles
flock on an electrode/solution interface by 2 electron oxidation
of BFc sites. UV-vis spectra of Au,—BFc films thus prepared
exhibit broad absorption bands that grow in intensity with
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Figure 2. (a) Cyclic voltammograms of 1.7 pM of Au,—BFc

(day = 2.9nm, Opg. = 20.8) at ITO in 0.1 M BuyNCIO4—
CH,Cl, at 100mVs~! between —0.3 and 0.9V vs. Ag/
Ag™ in the positive direction at the Ist, 10th, 20th, 30th,
40th, and 50th cyclic scan, as shown from the bottom of
the figures to the top. (b) UV-vis spectra and (inset) cyclic
voltammograms in 0.1M BuyNCIO4~CH,Cl, of the
electrodeposited Au,—BFc films prepared under the same
conditions as Figure 2a with 3, 10, 25, 50, and 75 cyclic
scans, as shown from the bottom of the figure to the top

(Ref. 40).

10 40 60 120 180

Figure 3. Photographs of electrodeposited Au,—BFc films
prepared in a solution of 5.0 uM Au,—BFc (d,, = 2.3 nm,
Or. = 15) at ITO 0.1 M BuyNCIO,~CH,Cl, at 100mV s™!
between —0.3 and 0.9V vs. Ag/Ag*t. The numbers in the
figure are those of the cyclic scans (Ref. 39).

increasing number of potential scans (Figure 2b), meaning that
the thickness of the film is controlled by changing the number
of potential scans. Figure 3 displays the actual photographs of
the Au,—BFc films on ITO, which confirms that the black
deposition due to Au,—BFc is tightly attached onto a trans-
parent ITO electrode. CVs of the electrode films in pure
electrolyte solution show two pairs of cathodic and anodic
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Figure 4. Cyclic voltammograms (top) and AF-potential
curves (bottom) of 5.2 uM Au,—BFc¢ (d,y = 2.3 nm, Bpp, =
7.5) at a gold electrode in 0.1 M BuyNClO4,~CH,Cl, at
100mV s~ between —0.3 and 0.9V vs. Ag/Ag" in the
positive direction with the 1st (solid line), Sth (dotted line),
10th (dashed line), 15th (dot-dashed line), and 20th (2-dot-
dashed line) scans (Ref. 39).

waves (Figure 2b, inset), the peak currents of which are
proportional to the potential scan rate, indicating the behavior
of surface immobilized BFc species in the film. The con-
struction of Au,—BFc films with a different value of d,, was
applicable by using the same electrodeposition process,
independent of the core size.*

The electrodeposition mechanism was analyzed by electro-
chemical quartz crystal microbalance (EQCM) measurement.
Figure 4 displays the typical EQCM behavior of Au,—BFcs
at a gold electrode in BuyNCIO4~CH,Cl,. In the first potential
sweep in the positive direction, only a slight frequency
decrease is observed in the first electron oxidation of the BFc
moieties at E?' = 0.15V, whereas the frequency decreases
dramatically from 0.54 to 0.9V when the second electron
oxidation of the BFc sites takes place at Eg/ = 0.54V. This
behavior reflects that the electro-oxidative aggregation of Au,—
BFcs occurs by 2e¢~ oxidation of the BFc units, since a
frequency decrease relates to a mass increase on the electrode.
This phenomenon is consistent with the fact that electro-
deposition was not reported for single nuclear Fc-functional-
ized Au nanoparticles.?® It can be said that the introduction of a
multi-redox system is necessary to activate the formation of
metal nanoparticles. When the BFc units are oxidized to BFc?*
the ionic atmosphere around the gold cores become thicker
through the production of ionic bonding between BFc* units
and electrolyte anions in solution. Consequently, the collective
interaction among the Au,—BFcs including the electrostatic
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Figure 5. Illustration of collective interaction between
adjacent Au,—BFcs by electro-oxidation.

interaction and the van der Waals force becomes larger
accompanied by decrease of solvation, leading to the electro-
chemical assembly of Au,—BFcs (Figure 5).

Subsequently, when the potential scan is reversed at 0.9 V to
negative potential, the frequency continues to decrease until
0.54'V, however a significant frequency increase starts after the
electrode potential becomes more negative than EY. The
frequency difference before and after the potential cycling at
—0.3V corresponds to the net weight of the deposited Au,—
BFcs. For example, a frequency decrease of 6.0 Hz after the
first scan corresponds to 9.7 x 1078g increase in mass
calculated by the Sauerbery equation*' of AF = —C x AW,
where AF is the frequency change, C is the proportional
constant that depends on the parameters of QCM electrode
properties (e.g., the electrode area, quartz density, and quartz
elasticity, and the value is equivalent to 6.17 x 10’ Hzg™! in
this study), and AW is the weight change of the electrode.
During the course of repeated cyclic potential scans, similar
AF-potential behavior in one cycle was observed, and the
frequency steadily decreased after each cycle with current
increase of cyclic voltammograms, indicating that the Au,—BFc
layer is continuously accumulated on the electrode surface.

These EQCM results summarize the electrodeposition
mechanism of Au,—BFcs as follows: 1) Au,~BFcs are apt to
aggregate at the electrode/electrolyte interface and adsorb to
the electrode by the formation of BFc?* on the particle surface,
2) significant desorption of assembled Au,—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 Au,—BFcs remain on the electrode. By repeating the
potential scans, the Au,~BFc film might be fabricated by the
remaining adsorbed Au,—BFcs, resulting in formation of the
nanoparticle domains (see below).

The morphological features of the Au,~BFc film on HOPG
were examined by STM and AFM as shown in Figure 6. The
STM image completely covered the electrode surface forming
the particle film which is flat within a level of 5nm in height
(Figure 6a). The average spacing between the adjoining
electrodeposited Au,~BFcs was measured as 7.5nm. This
value is larger than the estimated maximal Au,~BFc particle
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Figure 6. (a) STM and (b) AFM images of the Au,~BFc film prepared in a solution of 5.2 uM Au,~BFc (d,y = 2.3 nm, Ogg. = 7.5)
at HOPG with 5 cyclic scans in 0.1 M BuyNCIO,~CH,Cl, at 100mV s~! between —0.3 and 0.9V vs. Ag/Ag* in the positive
direction, and the typical cross-sectional profile along the cross axis (Ref. 39).

size of 5.9nm (core diameter, 2.3 nm; octyl thiolate, 1.0 nm;
and biferrocene, 0.8 nm) even if a deviation in core diameter of
0.5nm is taken into consideration. This is attributed to the
counter electrolytes (here ClO4~ anions) which are immobi-
lized among the neighboring BFc units during the deposition
process. The introduction of electrolyte anions into the Au,—
BFc film was anticipated by considering the electrodeposition
mechanism by EQCM noted above, however it could be
confirmed by other experiments using different electrolyte
anions (Cl0,~, BF4~, and PF47).3° Namely, larger electrolyte
anions reduce the electrodeposition rate of Au,—BFcs, meaning
that the van der Waals force among the adjacent Au,~BFc**
nanoparticles decreases with increasing interparticle space by
larger anions. The existence of boron in the Au,—BFc film
prepared in BuyNBF;~CH,Cl, was conveniently detected by
prompt j-ray neutron activation analysis (PGA).>

In Figure 6a, it is also apparent that domains of particles
ca. 70-80nm in diameter (encircled by a dotted line) are
constructed. The AFM image of the same sample in Figure 6b
reveals the peculiar nano structure of the Au,~BFc film; round-
shaped domains spreading on the whole surface as if huge
particles are assembled on the electrode. The cross-sectional
profile demonstrates that the domain size is fairly uniform, with
an average diameter of ca. 80nm, corresponding to ca. 100
Au,—BFc particles assuming that Au,~BFcs are packed with a
spacing of 7.5nm. It should be noted that the morphology of
the Au,—BFc film was dependent on the solvent used (CH,Cl,,
toluene/MeCN, and THF).*?

1.1.2 Electrooptical Properties of the Au,~BFc Films:
Noble metal nanoparticles e.g., gold, silver, and copper are well
known to exhibit a strong broad absorption band in a visible
region called the surface plasmon (SP) band. The SP band
originates from a coherent oscillation of the conduction
electrons in response to optical excitation and the resonance
is absent in an individual atom as well as in bulk metal. This
phenomenon was first elucidated theoretically by Mie who

solved Maxwell’s equation for the absorption and scattering of
electromagnetic radiation by spherical particles. The spectro-
scopic changes of the SP band depend on several parameters
e.g., core size,*’ chemical adsorbate on the particle surface,*
surrounding solvent,* and core charge,*® of which aspects can
be explained by frameworks applying the Mie theory.*’ As
further interpretation, attention should be paid to the “collec-
tive” SP band of the metal nanoparticles assembled in the
matrix where the particle—particle interactions are included.*®
The prepared Au,—BFc films exhibited a typical SP band ca.
550nm influenced by the dipole—dipole coupling among the
adjacent particles. It was found that this collective SP band
of the Au,—BFc films offered special electrooptical features
different from a single isolated nanoparticle.*’

Figure 7 illustrates the UV-vis spectral change of the Au,—
BFc film (d,, = 6.4nm, Ogg. = 4.6) by applied potential. The
Amax value due to the SP band at 584 nm is shifted extremely to
a shorter wavelength by 74 nm with increasing absorbance by
potential in the negative direction to —1.6 V. On the contrary,
the positive potential shift to 1.6 V gives a longer A, by 8 nm
with decreasing absorbance. From these specific changes it can
be deduced that the direct charging of electrons in the gold core
of Au,—BFc is predominant compared to the charge accumu-
lation at the immobilized BFc units, because the A, shift in
the negative potential is significantly larger than that in the
positive direction where redox reaction of BFc moities occurs.

The analyzed electroscopic data are summarized in Table 1.
For instance, the number of electrons provided per particle by
charging from 0 to —1.6'V vs. Ag/Ag™ for the Au,—BFc films
(day = 6.4nm, Opp, = 4.6) is estimated to be 42e~, based on the
consideration that consecutive single-electron transfer pro-
cesses with the potential spacing (AV) are dependent upon
the capacitance (Ceore);’® AV = e/Ceore. It is calculated that
Ceore = 4.2 aF by the equation; Ceore = 4wE€WH(r + d)/d Where
€ is the monolayer dielectric constant, r is the core radius, and d
is the monolayer thickness. Assuming that the shift in the SP
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Table 1. Spectroelectrochemical Data of the Au,~BFc Films (Ref. 49)

Particle Number of
diameter corca) AVb) injeCted /linitd) /lfmald) /lﬁnal.idcale) A/lcxﬂ A/lidcalg)
/aF /V electrons to /nm /nm /nm /nm /nm
/nm 0
the core

2.3 1.1 0.15 11e™ 587 574 577 13 10
4.3 2.8 0.057 28e~ 604 569 601 35 3
6.4 4.2 0.038 42¢~ 584 510 582 74 2

a) The core capacitance: C.oe = 47TEE(r + d)/d where € 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: AV =
¢/Ceore ¢) Electron provision from 0 to —1.6 V calculated by the value of AV. d) See Figure 20 at 0 (A;p;) and —1.6 V
(Agna))- €) The value calculated by Agnatigeat/Ainit = WVinit/Noinat)/> Where Nipie and Npgpy are the numbers of free
electrons per metal core before and after the charging, respectively, referred to Table 1. f) Adex = Ainit — Afinal

g) A/ldeal = /linit - /lﬁnal,ideal-

Absorbance

Absorbance
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Wavelength / nm

Figure 7. (Top) UV-vis spectra of the Au,~BFc film
(day = 6.4nm, Ogp. = 4.6) on ITO at given potentials of
0, —0.4, —0.8, —1.2, and —1.6V vs. Ag/Ag* in 0.1M
BuyNCl104—~CH,Cl, in the negative direction, and (bottom)
at given potentials of 0, 0.4, 0.8, 1.2, and 1.6V vs. Ag/
Ag" in 0.1 M BuyNCIO4—CH,Cl, in the positive direction
(Ref. 40).

band position has occurred only by the charge difference in the
metal core, the final SP band position (Ag,) at —1.6 V after
42-electron provision from —0V vs. Ag/Ag" is predicted at
582 nm by the convenient equation; Agna/Ainit = Ninit/ Niinal) />
where Agna and Ajpie (=584 nm) are the SP band positions after
and before the redox reaction of metal core, respectively, and
Ngnal and Ny are the numbers of free electrons per metal core
after and before the charging, respectively. The experimental
value of a 74 nm shift is enormously enlarged compared to this
theoretical value of a 2nm shift. This should be due to the
simplification of the adopted equations that the particles exist
individually in solution, and the collective SP band shift by
applied potential should be explained including dipole—dipole

interactions among particles. In Table 1, this particle—particle
interaction works more effectively in the Au,—BFc film with
larger particle size, considering that the shifts grow with
increasing particles core size. It is interesting that the order of
the ideal amount of Ay shift is opposite to the experimental
values; namely, the theoretical equations noted above predict
that the SP band position of the isolated particles are stimulated
more easily with smaller core size by applied potential. From
these results it can be deduced that the collective SP band is
shifted particularly with interparticle interaction in an entirely
different manner than a single particle. It should be noted that
the solvent refractive index effect on the collective SP band of
the Au,—BFc film was also specific, which could not be
explained by the theoretical equations relating to single metal
nanoparticles.’!

1.1.3 Electrochemical Assembly of Anthraquinone
Attached Gold Nanoparticles (Au,~AQ): Another multiple
redox unit, an anthraquinone (AQ) thiol derivative 1-(1,8-
dithiaoctyl)anthracene-9,10-dione (AQS)’> was introduced
onto a gold nanoparticle to produce Au,—AQ (d,, =2.2nm,
Oaq = 26) (Scheme 13133 BFc and AQ are both multiple
redox species, however they are complementary opposites.
Namely, the former undergoes two-step one-electron oxidative
reaction of BFc/BFct/BFc?*, while the latter receives two-
step one-electron reductive reaction of AQ/AQ~/AQ?". From
the results noted above, the 2 electron oxidation process of BFc
units of Au,—BFc led to the formation of a uniform BFc-active
gold nanoparticle film on an electrode. On the contrary, Au,—
AQ is found to be aggregated by 2 electron reduction of AQ
sites, clarifying that metal nanoparticles functionalized with
multiple-redox molecules could assemble by charge accumu-
lation of redox species on a particle/solution interface.
Figure 8 shows the STM images of the Au,~AQ film. The
partial tetragonal-like aggregation is observed. The cross-
sectional view of the figure indicates that the separation
between the peaks of the curve is 8.5 nm, the value of which is
much larger than the estimated maximal Au,—AQ value of
5.8nm (the core diameter, 2.2 nm; octyl thiolate, 1.0 nm; and
anthraquinone, 0.8 nm). A long inter-cluster distance similar to
the Au,—BFc film (Figure 6) was observed. This result supports
the electrodeposition mechanism in this system that the counter
cation BuyN™, in the case of the Au,~AQ film, gathers around
the negatively charged AQ units on the surface of the Au,~AQ,
acting as a spacer between adjacent Au,~AQ of the film.
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Figure 8. (a) STM image of a multilayer Au,~AQ
(day = 2.2nm, Orq = 26) film electrodeposited on HOPG
in the area of 700 x 700nm? (b) STM image of a
submonolayer Au,~AQ film on HOPG in the area of
50 x 50 nm? with the cross-sectional profile along the solid
line (Ref. 51).
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Scheme 2. Preparation of the Au,~BFc and Pd,—BFc com-
posite film (Ref. 56).
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1.1.4 Application Examples: This electrodeposition
system can be adaptable to other metals in place of gold. The
adhesive films of the BFc-modified palladium nanoparticle
(Pd,—BFc)** were prepared by the same electrodeposition
process (Pd,~BFc could be synthesized by the thiol-exchange
reaction between octanethiolate-stabilized Pd nanoparticles>
and BFcS). The tetragonal-like aggregation of Pd,—BFc was
observed similar to Au,—AQ. By utilizing both Pd,—BFc and
Au,—BFc, a BFc-active composite thin film with an alternating
layered structure can be fabricated (Scheme 2). First, the
electrodeposition of Pd,~BFc (d,, = 3.8 nm) is performed by
potential cyclic scans, which is followed by the electrodepo-
sition of Au,—BFc (d,y = 2.9 nm), thus forming the Pd,~BFc/
Au,~BFc composite film.>® The two-step hetero-electrodeposi-
tion procedure is repeated in order to increase the number of
composite layers. Figure 9 shows the XPS spectra of the
composite film, displaying that the Au 4fs,, (87.5¢V) and 4f;,
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Figure 9. XPS spectra of Pd,—BFc, Pd,—BFc/Au,—
BFc, Pd,—BFc/Au,~BFc/Pd,—BFc, [Pd,—BFc/Au,—BFc],,
[Pd,~BFc/Au,~BFc],Pd,~—BFc films, as shown from the
bottom of the figure to the top. The films were prepared
with 25 cyclic potential scans between —0.3 and 0.9V
vs. Ag/Ag"’ for each metal nanoparticle film in a solu-
tion of 3.2uM Pd,—BFc (d,, = 3.8nm, Ogp. = 26.3) or
Au,~BFc (dyy = 2.9nm, Ogg. = 20.8), at ITO in 0.1M
Bu,NC10,~CH,Cl, at 100mV s™! (Ref. 56).
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Figure 10. The cyclic voltammograms of Pd,~BFc (dots),
Au,—BFc (dashes), and Pd,~BFc/Au,—BFc (solid line)
films in 0.5M aq. H,SO4 at 100mV s~!. The films were
prepared with 75 cyclic potential scans between —0.3
and 0.9V vs. Ag/AgCl for each metal nanoparticle layer
in a solution of 3.2uM Pd,—BFc, or Au,—BFc, in 0.1 M
BuyNClO,~CH,Cl, at 100mV s~ at ITO (Ref. 56).

(83.9¢V) peaks are not detected in the first layer of Pd,—BFc,
although they appear after deposition of the second layer of
Au,—BFc. In addition, the formation of the third layer of Pd,—
BFc shelters most of these Au peaks, suggesting that the
prepared films build up an alternately layered structure of Pd,—
BFc and Au,—BFc. This proves that enough electron transfer
exists among heterogeneous interfaces of Pd,—BFc and Au,—
BFc to develop a composite film gaining an average of 5 M,—
BFc (M = Pd and Au) layers above the second layer.

The interesting electrochemical properties of the Pd,—BFc/
Au,—BFc film were observed in aq. H,SO by CV (the Pd,—BFc
layer contacted an electrode), and the results are displayed in
Figure 10. The Pd,~BFc only film undergoes a redox process
exhibiting an oxidation peak at 1.3 V, which corresponds to the
formation of a palladium oxide layer on the particle surface,
followed by re-reduction at 0.3V; the Au,—BFc only film
possesses the same type of oxidation and reduction peaks at 1.6
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Scheme 3. Diagram of the SECM apparatus for electro-
deposition of Au,—BFc (Ref. 42).

and 0.8V, respectively. The Pd,—BFc/Au,—BFc composite film
exhibits an oxidation peak at 1.3V, which can be interpreted as
the collective oxidation reaction of the Pd,—~BFc and Au,—BFc.
On the other hand, the reduction peak appears at 0.3 V, which is
the same potential as that of the Pd,—BFc film, with inhibition
of the reduction of the Au,—BFc layer at 0.8 V. No appearance
of the peak at 0.8V suggests that the Pd,—BFc layer is
sufficiently conductive that it is capable of mediating the
oxidation reaction of Au,~BFc, however the clectron transfer
between the oxidized form of the Pd,—BFc and Au,—BFc films
is considerably hindered. This implies that electron transfer in
the metal nanoparticle films can be controlled by changing the
combination of core metal elements. This system would be a
typical example to elucidate electron-transfer reaction in
heterogeneous metal nanoparticle films.

In another experiment, scanning electrochemical microscopy
(SECM) enabled dot- and line-shape lithographic assemblies of
Au,—BFc particles at a resolution of 50-100nm.*> When the
substrate electrode potential is kept at 1.1V in Au,—BFc
solution where the electro-oxidative deposition of Au,~BFc
occurs, the electronic density due to the faradaic current tends
to gather at the area of the substrate where the distance to the
counter electrode is the closest (deposition point in Scheme 3).
The CCD images of the lithographic deposition of Au,~BFc in
Figure 11 clearly illustrate the black precipitates deposited in a
specific area. The simplest diagram is a “dot” described in
Figure 11C, which is prepared by maintaining the deposition
time of 5s without moving the 7pum diameter Pt counter
electrode. A line drawing of Au,~BFc deposition is possible
with ca. 100 pm width deposited by moving the counter
electrode (Figures 11A, 11B, 11D, and 11E). It is expected that
the variable parameters, such as the distance between counter
electrode and substrate electrode, the scan speed, and the
counter electrode diameter, could be applied to change the line
width and the deposition thickness to produce more precisely
controlled shapes. These assembly systems would be also
applicable by attempting to use STM and AFM instruments in
place of SECM with higher lithographic resolution.

1.2 Discotic Liquid Crystalline Molecule-Modified Gold
Nanoparticles with Assembly Structure Controlled by
Solvent Polarity. Many studies related to the construction
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Figure 11. CCD image of the lithographic Au,—BFc
deposition on a gold electrode substrate prepared in
10uM Au,~BFc in 0.1M BuyNCIO4~CH,Cl, at the
substrate potential 1.1V by SECM apparatus. Each line
was deposited by moving the Pt counter electrode in a
7 um diameter at 122.7 pms~' for 500 um (A, B, and D) or
900 um (E) with 10 scans. As for part C, the deposition
time was S5s without moving the counter electrode
(Ref. 42).
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Figure 12. (Left) Structure of TPD. (Right) Schematic
representation of Au,—TP (Ref. 59).

of highly-ordered metal nanoparticle assemblies have been
reported. Among them, from the viewpoint of electronic energy
transport, the one-dimensional (1D) arrangement of nano-
particles is particularly interesting. The decrease in interparticle
spacing can elicit a dramatic increase in particle—particle
electronic interaction, leading to efficient 1D tunneling current
as a role for nanowires.’” Existing methods for fabricating the
1D arrangement of particles include the use of electron beam
lithography, templates and self-assembly of nanoparticles. The
self-assembly method is the most facile way by which an
appropriate volume of nanoparticle solution is spread over
a substrate, spontaneously constructing a thermodynamically
stable arrangement of nanoparticles accompanied by solvent
vaporization. However, the development of 1D assemblies is
still hard to achieve, unfavorable compared to hexagonal closed
packed (hcp) structure because of the low-symmetric structural
isotropy. In order to accomplish the 1D assembly of nano-
particles, their structural design should be optimally refined.
The secret to this research is the introduction of the discotic
liquid crystal molecule, hexaalkoxy-substituted triphenylene
(TP),> into an organic ligand surrounding a gold nanoparticle
surface (Au,~TP) (Figure 12).%%° TP molecules are known to
self-assemble into 1D columnar mesophase via 77— interac-
tion.>® Consequently, it is expected that TP molecules would be
a strong trigger for the 1D assembly of metal cores by
introducing TP units onto metal nanoparticle surfaces.
Au,~TP with 2.4 nm diameter was synthesized in a homo-
geneous reduction of HAuCly in DMF/water with TP thiol
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Figure 13. TEM images of Au,~TP prepared in (a)
Rur=0/1, (b) 1/1, (c) 2/1, and (d) 3/1. The inset shows
the enlarged image (Ref. 59).

derivative, bis{8-[3-methoxy-6,7,10,11-tetrakis(pentyloxy)tri-
phenylen-2-yloxyJoctyl} disulfide (TPD, Figure 12). Figure 13
shows the TEM images of the Au,~TP assemblies prepared in a
mixture of a polar (methanol) and a less polar (toluene) solvent.
The solvent polarity was controlled by altering the mixed ratio
of methanol to toluene (v/v), Ry, from 0/1 to 3/1. The Ryr
value is regarded as a polarity index. When the solvent polarity
is relatively low (Ryr=0/1, 1/1), a clear hep structure is
formed with particle spacing, diy, of 4.2 and 3.2nm,
respectively (Figures 13a and 13b). The full molecular length
of the TP ligand is ca. 2.4 nm calculated by MOPAC described
in Figure 14d, where the C8 alkyl chain is 1.1 nm, the aromatic
frame of the TP moiety is 0.6nm, and the surrounding
pentyloxy group of the TP moiety is 0.7 nm. Considering this
physical structure of the TP ligand and the interparticle spacing
of the assemble structure, the interaction among the adjacent
Au,—TPs is slightly different between Figures 13a and 13b,
although they display the same hcp assembly. Namely, the
Au,~TP in Figure 13a assembles by intercalating only the
adjacent pentyloxy moiety around the TP ligands (Figure 14a).
On the other hand, those in Figure 13b should accompany the
partial 77—t interaction of TP units (Figure 14b). Interestingly,
when the polarity of the solvent is further increased to
Ryt = 2/1, the assembly structure is entirely converted from
hcp to a 1D arrangement (Figure 13c). The interparticle
spacing in a chain is ca. 0.7nm. The row spacing, dio, 1S
2.6 nm, a value which is consistent with the full stacking of the
TP units interdigitated among the adjacent Au-TP particles
(Figure 14c). The well-defined superstructure of Au,—TP
disappears with an increase of Ryt above 3/1 (Figure 13d).
This assembly mechanism can be explained in detail by the
fluorescence spectrum of the Au,—TP solution in methanol/
toluene. With increasing time, a significant enhancement of the
FL intensity at 412 and 438 nm was identified for Ryt = 1/1
(hep) and 2/1 (1D), while it was not observed for Ry = 0/1
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Figure 14. Schematic illustration of (a) adjacent TP ligands
on a gold core surface with non-stacking (di, = 4.2 nm),
(b) with partial stacking (dins =3.2nm), (c) with full
stacking (dow = 2.6nm) of TP units, and (d) a single TP
ligand on a gold core surface (Ref. 59).

(hep) and 3/1 (disordered). Above all, the intensity increase for
Rvr=2/1 (1D) is conspicuous compared with that for
Rvr =1/1 (hep). Considering that the emissions at 410—
440 nm are attributed to the conventional staggered or helical
7-electron overlapping mode of the TP molecules,®' these FL
data imply that the TP units on a particle surface are gradually
intercalating among neighboring particles, and that they
produce the interparticle 7w—m electronic stacking of the
TP units. This agrees rationally with the TEM observations
and MOPAC calculations. That is, the TP units generate
7 electronic stacking among particles most frequently with
Ryr =2/1 to give a 1D assembly with fully-overlapped TP
moieties. In the same way, the TP moieties are secondarily
inclined to be stacked with Ryt = 1/1, leading to hcp ordering
with partially-overlapped TP moieties. This is definite evidence
that the interaction among the nanoparticles in solution
determine the final assembly structure on a substrate after
solvent evaporation.

Similar assembly control was possible even for Au nano-
particles functionalized with another TP ligand with a C12
alkyl  chain  [bis{8-[3-methoxy-6,7,10,11-tetrakis(pentyl-
oxy)triphenylen-2-yloxy]dodecyl} disulfide as shown in
Figure 15.9° This is abbreviated as Au,~TPC12 (dy = 2.8 nm).
The assembly structure of Au,~TPC12 was also changeable by
the solvent polarity used. djy in the hcp structure is ca. 4.0 nm,
corresponding to the partial 77— stacking of TP units with C12
among Au,~TPCI12 (Figure 15b). Meanwhile, do, in the 1D
arrangement is determined as 3.4 nm, equal to the full stacking
of the TP units with C12 (Figure 15c). There, the 1D arrays of
AuTP-C12 are spread over up to ca. 0.5 um long aligned in a
parallel fashion.

From the results it can be deduced that the strong
interparticle 71— interaction of TP wunits in solution is
inevitable for the 1D arrangement of Au,~TPs, while that
interaction is supportive, but not indispensable for the hcp
ordering of Au,—TPs. The plausible mechanism is of course
attributed to the specific nature of TP ligands that discotic
liquid crystalline molecules tend to gather into a 1D column as
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Figure 15. TEM images of Au,~TPCI12 prepared in (a)
Rur=1/1, (b) 2/1, (c) 3/1 (inset is the enlarged image),
and (d) 4/1 (Ref. 60).

mentioned at the beginning. When the interparticle 7—m
stacking is promoted in an appropriate mixed solvent, the
small columnar phase of TP units will be constructed by the
intercalation of TP ligands among Au,—TPs. During the
ordering process of the collected TP columnar phase, partial
exposure of the metal core surface, where the protection by TP
ligands becomes weak due to the alkyl chain bending of TP
ligands turning to the TP column direction, is inevitably
produced. Accordingly, the van der Waals attraction among the
metal cores is accelerated, causing the gradual aggregation of
Au,~TPs. At that time, the specific 1D nuclei of Au,—TPs are
compulsorily constructed as a result of the surrounding TP
column, leading to secondary growth of the 1D Au,—TP arrays
through directional motion of nanoparticles toward the ordered
arrays, accompanied by solvent evaporation.

It should be mentioned that in order to provoke the
interparticle 77-7 interaction of Au,~TPs, not only the
introduction of TP units onto a gold core and the adjustment
of the solvent polarity, but also the precise control of the gold
core are indispensable. Au,~TPs with a different core diameter,
d,y=2.4, 2.8, and 3.0nm, can be prepared by changing the
molar ratio of Au ions to TPD in synthetic solution however
only the smallest Au,~TPs (d,, =2.4nm) can assemble
linearly. This is explained by the reduction of inter-particle
spacing among TP units on the gold cores with increasing core
size resulting from the interface curvature of a core becoming
more even (Figure 16),%? leading to inhibition of intercalation
of the TP units among the neighboring Au,~TPs. This
important study demonstrates that both the appropriate physical
architecture of nanoparticles (both the introduction of a
functional molecule and the diameter ratio of a core to shell)
and the parametric balance in self-assembly are essential for the
precise control of nanoparticle arrangement.

2. Morphology Control of Metal Nanoparticles
as Advanced Catalysts

A large body of research up to now has pointed out that the
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and the intermolecular spacing of Au,—TP.

properties of metal nanopaticles are greatly dependent on
morphology. For instance, the absorption originating from the
surface plasmon oscillation of gold nanoparticles is dramati-
cally red-shifted when the nanoparticle shape changes from
spherical to rod like.®>%* Likewise the catalytic activity of
metal nanoparticles increases with decreasing diameter, since
the ratio of surface atoms increases exceedingly.®® In this
section, the focus is development of advanced catalysts by
controlling the shape and size of metal nanoparticles. It is not
simple to arrange their physical structure precisely in solu-
tion,®>%7 since various synthetic parameters e.g., temperature,
time, concentration, solvent, surfactant, and organic ligand,
should be considered to control free energy change (AG) which
determines the specific shape of the resulting nanoparticles.?®
An intelligent synthetic system which controls the accurate
crystal growth of metal nanoparticles both kinetically and
thermodynamically should be devised by selecting appropriate
parameters. Under consideration of these factors, highly shape-
selective synthesis of cubic Pt nanoparticles was accomplished
by means of an ionic additive. In another experiment, the
preparation of gold nanoparticle catalyst with high monodis-
persity was useful for carbon nanotube synthesis by chemical
vapor deposition (CVD).

2.1 Synthesis and Size Control of Platinum Nanocubes
with High Shape Selectivity. The catalytic properties of Pt
nanoparticles are expected to be useful for organic synthesis,
the decomposition of exhaust gas, and polymer electrolyte fuel
cells (PEFC). Fuel cells possess high energy conversion
efficiency originating from the chemical energy of combustion
of hydrogen and oxygen, without emitting environmental
pollutants including CO,. Among several different fuel cells,
PEFC is likely to become the most common in the general
community because of its low operating temperature (below
100 °C). However, to enable practical use, the cost of the Pt
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Figure 17. Effect of the Nal molar ratio to K,PtCls on the
average particle size (circles) and the cubic selectivity
(bars) of the prepared Pt,—PAA. The concentration of
K,PtCly was 0.1 (white), 0.5 (gray), and 1.0mM (black),
respectively (Ref. 70).

nanoparticles used as the electrode catalyst in PEFCs must be
reduced, which can be accomplished by developing Pt nano-
particles with more efficient catalytic activity. Their catalytic
activity is thought to depend on shape and size, and cubic Pt
nanoparticles are anticipated to exhibit higher catalytic activity
compared to spherical particles. This is because cubic particles
are composed of only (100) facets, with more defective and
active sites accompanied by dissolution and surface recon-
struction than (111) facets.5® As for particle size, around 5 nm is
reported to produce the most efficient catalytic performance.®’
There are several studies which have proposed preparation
methods for Pt nanocubes, however, particle size was relatively
large (>~210 nm) with wide distribution.?’ Precise size control
has not yet been achieved.

In order to make the cubic shape of Pt nanoparticles uniform,
anion species received attention because anions are generally
known to adsorb onto a Pt crystal surface, and are considered to
affect the growth rate between {100} and {111} faces of Pt
nanoparticles in solution. A series of experiments revealed that
the additive effect of Nal enables the size and shape control of
Pt nanoparticles stabilized by polyacrylic acid sodium salt (Pt,—
PAA) with cubic selectivity of up to 84%.7° Cubic Pt,—PAA
can be prepared as follows: Nal with a predefined molar ratio
to K,PtCly is dissolved in 50 mL of xmM K,PtCl; and PAA
aqueous solution (x = 0.1, 0.5, and 1, K,PtCl,/polyacrylic acid
unit = 1), followed by the reduction of Pt ions by bubbling H,
gas.

Pt,—PAA was prepared both with and without Nal, which
revealed that the cubic selectivity of Pt,—PAA became
apparently high when Nal coexisted in the reaction mixture.
In addition, other polymers (e.g., PVP) in place of PAA did not
produce Pt nanocubes, suggesting that both PAA and Nal
worked synergistically adjusting the cubic shape. Further
investigation of the Nal effect on the physical structure of
Pt,—PAA was carried out by changing the molar ratio of Nal to
K,PtCly, as summarized in Figure 17. Notably, the ratio of the
cubic nanoparticles to all of the produced particles (=cubic
ratio) and the average particle size tend to increase with
increasing Nal ratio and Pt concentration. This result indicates
the formation mechanism of the cubic Pt,—PAA: after a particle
nucleus is generated at the first stage of the reaction, the particle
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Figure 18. TEM images of Pt,—PAA prepared with a
different reaction temperature of which the value is noted
in the images (Ref. 70).

crystal grows gradually, accompanied by the different growth
ratios between the {111} and {100} faces under the additive
effect of I".

Figure 18 shows TEM images of Pt,—PAA synthesized
at different reaction temperatures, 7, from 5 to 60°C. They
demonstrate that the cubic Pt,—PAA can be preferentially
obtained between 20 and 60 °C with high selectivity ca. 70—
80%. The cubic size is controllable between 7.5-10.5nm by
changing T. The particle size first increased with rise of 7 until
20°C, and then gradually decreased. This is explained by the
existence of mainly two factors which determine the particle
size during the synthetic process, electrostatic repulsion and
thermal energy. Considering the general equation of the
electrostatic interaction (Vg) where Vg is in proportion to 7,
the size should decrease with increasing 7. On the contrary,
considering thermal energy put into the synthetic solution,
metal nuclei approach closer by overcoming an energy barrier,
leading to the size increase. In this case, it is thought that the
former factor is predominant from 7 = 20 to 60 °C, while the
latter predominates from 7= 5 to 20°C. It is evidenced that
temperature is the most effective parameter to control the cubic
size of Pt,—PAA, maintaining high shape selectivity.

The electrochemical behavior of thus prepared Pt,—PAA was
preliminarily investigated, which indicated the catalytic activity
for oxygen reduction reaction (ORR) on the cubic Pt,—PAA was
higher than that on the general sphere Pt,—PAA. This means
that the (100) facets on the cubic Pt,—PAA work effectively
for catalytic performance as expected, and additionally, the
adsorption of I ions on the particle surface does not influence
its catalytic activity so much. Precise examination is underway,
and will be reported in the near future.

2.2 Synthesis and Diameter Control of Multi-Walled
Carbon Nanotubes over Gold Nanoparticle Catalysts. The
characteristics of carbon nanotubes (CNTs)® including elec-
trical behavior and mechanical strength have been energetically
studied for decades. Nanoparticles of 3d transition metals (Fe,



Figure 19. TEM images of (a) Au,~DT1/SiO-Al,03,
(b) Au,-DT2/SiO0,-Al,03, (¢) Au,—DT3/SiO,—-Al,0s3,
and (d) Au,~DT4/Si0O,-Al,0; (Ref. 74).

Co, Ni, etc.) are widely used as catalysts for the synthesis of
CNTs in chemical vapor deposition (CVD). Accordingly,
studies of noble metal nanoparticles for CNT catalysts attract
great interest. Bulk gold has long been regarded as inert and
less active as a catalyst, a condition attributed to its completely
filled 5d shell and the relatively high value of its first ioniza-
tion, however gold begins to show interesting catalytic behav-
ior e.g., CO oxidation, hydrocarbon oxidation, and NO reduc-
tion when its size is reduced into a nanoscale regime.”! Here,
research interests have been focused on the question whether
the synthesis of multi-walled carbon nanotubes (MWNTs) over
a gold nanoparticle catalyst is possible or not.”>7?

The gold nanoparticles used as a catalyst were stabilized by
dodecanethiol (DT), followed by being supported on SiO,—
Al,O;. First, DT-surrounded gold nanoparticles (Au,—DT) with
different core diameters of d,y =2.1nm (Au,~DT1) 3.7nm
(Au,-DT2), 5.3nm (Au,~-DT3), and 7.0nm (Au,~DT4) were
synthesized, and each size-controlled Au,~DT was sup-
ported to produce the Au,~DT/SiO,—Al,03 catalyst (0.1 wt %
gold) after calcination for 1h at 200°C. The particle core
diameter in Au,~DT(1-4)/SiO,-Al,0; was measured at 3.0 &
0.7, 50+0.7, 83 +1.0, and 10.0 £ 1.1 nm, respectively
(Figure 19). Comparing the values of the particle size before
and after being supported, an aggregation among adjacent
particles in the SiO,—Al,O3; matrix occurred, leading to the ca.
1.5 times crystal growth during calcination. The particles
remained separately dispersed in SiO,—Al,03, and reflected the
size order of the Au,—DT used as a starting particle. This
confirms that this catalyst preparation using a size-selective
nanoparticle prepared in solution is effective for managing the
precise particle size in catalysts. Apparently, the size distribu-
tion becomes narrower than that obtained by general methods
of nanoparticle catalysts, such as impregnation methods’™ in
which metal ions dispersed into a support are reduced in a solid
state.
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Table 2. Dependence of a Catalyst on the Outer Diameter of
the MWNTs Formed by Using C,H, as a Carbon Source
(Ref. 72)

Nanoparticle Outer diameter of MWNTs/nm

for a catalyst 450 5009 5509 600 7009
Au,—DTI - 9.1 9.5 10.3 14.0
Au,~-DT2 — — 13.0 14.3 16.5
Au,~DT3 — — 23.0 17.0 20.2
Au,~DT4 — — — 19.3 233

a) Reaction temperature (°C). b) Dash indicates that no MWNTs
were identified.

Figure 20. (Top) TEM and (bottom) HRTEM images of
MWNTs formed at 600°C by using (a) C;H, (MWNT-
C,H,) and (b) C,H4; (MWNT-C,H,) as a carbon source
over Au,—DT2/SiO,-Al,0;5,

The influence of reaction temperature and the size of Au,—
DT on the formation of MWNTs was investigated by using
C,H, as a carbon source over Au,—DT(1-4)/SiO,—Al,03,
summarized in Table 2. It shows that the outer diameter of the
formed MWNTs becomes larger with an increase of the size of
Au,—DT introduced as catalyst, suggesting that gold is
catalytically active for the preparation of MWNTs, and their
diameter control can be carried out by the size-selective
preparation of the starting nanoparticle catalyst. From another
aspect, the outer diameter of MWNTs tends to increase at
higher reaction temperatures, which is explained by the
considerations that (1) during the reaction, the size of nano-
particles in catalysts grows gradually by heat-induced aggre-
gation among adjacent particles, and (2) the catalytic reaction
is accelerated at higher temperatures. In addition, MWNTs can
be generated at lower temperatures with decreasing size of
nanoparticle in catalysts, attributed to higher catalytic ability
for smaller nanoparticles.

Figure 20 shows the TEM and HRTEM images of MWNTs
formed at 600°C by using (a) C;H; MWNT-C,H;) and (b)
C,Hy (MWNT-C,H,) over Au,—DT2/Si0,-Al,05, which dis-
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plays the dependence of the physical structure of MWNTSs on
the carbon source. Consecutive carbon layers with interlayer
ideal spacing of 0.38nm’> are observed in the image of
MWNTs produced by C,H, (MWNT-C,H,), while undulated
layers covered by amorphous carbon are identified in that of
MWNT-C,H,. Many unrevealed points remain concerning the
mechanism of CNT formation, even over a general 3d metal
catalyst; however, it is proposed that the tip- and base-growth
models’® can be also applied to a gold nanoparticle catalyst.
After nucleation of CNTs at the gold nanoparticle surface, the
tube growth process begins. During growth, the wall layers are
created in a uniform axial direction by the introduction of C,H,
molecules, possessing a regular growth of the parameter values
relating to the CNT diameter. On the other hand, the carbon
wall grows more randomly into several axes with C,Hy
molecules, leading to less dependence of the CNT configu-
rations on the size of Au,—DT. It should be mentioned that the
formation of MWNTSs was recognized with the introduction of
C,H, and C,H, gases, while it was not with that of benzene and
methanol. Considering that 3d metal nanoparticles exhibit
catalytic activity to all of these carbon-containing molecules,
these results including the discrepancy between C,H, and C,Hy
noted above indicates that the noble metal gold possesses
specific catalytic activities different from general catalytic
metals. The minute interpretation of catalytic reaction over gold
nanoparticles is still attractive.

3. Introduction of Metal Coordination Polymers
into a Nanoparticle Core

In the last section, metal coordination compounds are
focused on as an inorganic core in place of metal elements.
Metal coordination polymers, where transition-metal ions are
bridged in three-dimensional (3D) nets by organic ligands,””’8
are fascinating organic—inorganic hybrid materials with varia-
ble geometries and connections created by selecting appropriate
bridging ligands and metal ions, leading to useful wide-ranging
properties, e.g., electronic, magnetic, electrochromic, optical,
catalytic, and adsorptive characteristics. The discussion about
their specific nature has centered on bulk crystals (=pum) for a
long time. It has not been well clarified yet whether downsizing
effects like those of metallic nanoparticles are observed for the
behaviors of nanometer-sized metal coordination polymers,
which have been named metal coordination nano-polymers
(MCNPs).7-3* As a first step, it is important to standardize a
synthetic procedure for MCNPs in order to reveal the relation-
ship between the physical structure and properties of MCNPs
experimentally. Therefore, metal cyanometalates, M;—CN-M,
(M, = Fe, Ru, Co, Cr, Os, etc., M, = Fe, Co, Ni, Mn, Cr, Eu,
La, Sm, etc.), Prussian blue (M; =M, = Fe), and its ana-
logs®>%® have been selected as metal coordination polymer.
Because of a convenient synthetic procedure, M;—-CN-M, is
one of the most widely-explored metal coordination polymers
with various outstanding features as a bulk crystal including
magnetism (photo-induced magnetism), electrochromism, and
ionic conductivity. M{—CN-M,; MCNPs would be a standard
model to demonstrate the possibility of metal coordination
polymers as nanomaterials.

3.1 Synthesis and Downsizing Effect of Metal Coordina-
tion Nano-Polymers (MCNPs). The challenge of downsizing
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metal coordination polymers has appeared only in the past
several years by using e.g., the reverse micelles technique,’’%°
the Langmuir-Blodgett method,”® and inorganic template
synthesis.”! Among them, the isolation of Fe/Cr—CN—Co
MCNPs (d,, = 5-7nm) stabilized by an organic shell of
stearylamine (SA), utilizing a reverse micelle solution of H,O/
cyclohexane/nonionic surfactant, polyethylene glycol mono
4-nonylphenyl ether (NP-5: HO(CH,CH,0),CcH4CoH;9) was
demonstrated.” The complexation between [Fe/Cr(CN)s]*~
anions and Co?* occurs in a water nano-droplet to generate
nanometer-sized crystals of Fe/Cr—CN-Co MCNPs with
narrow size distribution (Scheme 4). The merits of this
synthesis deserving special mention are that the prepared Fe/
Cr—-CN-Co MCNPs can be obtained as an air-stable powder,
and the excess stearylamine is sufficiently removed during
purification. The key of this isolation is the stable and strongly
coordinated protection by an amine group of SA on the Co sites
around the Fe/Cr—-CN-Co inorganic core. Powder X-ray
diffraction (XRD) patterns of the samples showed a typical
face-centered cubic (fcc) structure the same as the bulk crystal,
though the peaks were widely broadened due to the small
crystal size. During synthesis, metal elemental control of Fe,
Cr, and Co is also demonstrated by adjusting the ratio of the
starting complexes in the reaction mixture. In particular,
compounds comprised of only Co and Fe exhibit typical cubic
shape stacked together by self-assembly (Figure 21). The value
of the lattice constant, a, shifted almost linearly with increase
of the Cr component, suggesting that the metal units were
dispersed with high uniformity in the nano-polymers.
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Figure 22. Photographs of THF solution of SA-stabilized
Fe/Cr—CN-Co MCNPs. The ratio among the transition
metals in synthetic solution was set as Fe:Cr:Co = 1:0:1,
3:1:4, 1:1:2, 1:3:4, and 0:1:1 from left to right in the figure
(Ref. 57).

All the obtained compounds are redispersed in generally less
polar solvents, e.g., CH,Cl,, CHCl3, THF, and pyridine, due to
the hydrophobic SA ligand on the nano-polymer surface
(Figure 22). The solution color is dependent on elemental ratio
in Fe/Cr—-CN—-Co MCNPs. This color variation reflects the
electronic state of metal components in MCNPs, affecting their
properties. For example, the compounds containing a high ratio
of Cr units exhibited ferromagnetism with spontaneous
magnetization at the Curie temperature. Except for nonionic
NP-5, other surfactants of which the hydrophilic group is
cationic (e.g., TOAB) or anionic (e.g., AOT), can be applied
for this synthetic procedure.

What is the nanometer-size effect in MCNPs? In order
to examine this question Cr—CN-M (M = Fe, Co, and Cu)
MCNPs stabilized by the pyridine ligand, [4-(dioctadecylami-
no)pyridine] (OPy) were synthesized with d,, = 10-15nm.%* It
was found that the physicochemical (shape, size, crystal
structure, and electronic state) and magnetic properties were
clearly different between the MCNPs and their bulk crystals
dependent on the metal element M. First, the magnetic
properties of Cr—CN-M (M = Fe and Co) MCNPs showed
strong frequency dependence in both real (') and imaginary
(x”") components of alternating current (ac) magnetic suscepti-
bility, while these components were constant for the bulk
crystals. Considering both the ¢ value®? and the relaxation time
(7),” this was attributed to the superparamagnetism of MCNPs
with some interparticle interaction. This is the most funda-
mental evidence that metal coordination polymers possess a
characteristic downsizing effect on their properties.

Particularly in the case of Cr—CN-Cu MCNPs, the zero field-
cooled (ZFC) direct current (dc) magnetization curve possessed
two separated blocking temperatures, which was not detected
for the bulk crystal. This can be explained by the coexistence of
several different crystal structures in Cr—CN-Cu MCNPs. From
the XRD patterns, Cr—CN-Cu bulk crystal represented typical
fce structure, while Cr—CN-Cu MCNPs showed an unexpected
different pattern (Figure 23). Because several peaks in the
pattern of Cr—-CN—Cu MCNPs appeared at positions close to
those of bulk crystal, it is surmised that Cr—CN-Cu MCNPs are
comprised of a crystal mixture of basic fcc structure with
octahedral (0},) Cu sites and another distorted crystalline phase
originating from the non-octahedral Cu sites, e.g., tetrahedral
(T,). Generally, the coordination number of Cu" ions exhibits
great stereochemical plasticity by applying appropriate ligands.
In particular, it is known that Cu' ion prefers 2- or 4-coordinate
geometry to 6-coordinate octahedral geometry in the presence
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Figure 23. XRD patterns of (a) Cr—CN-Cu bulk crystal and
(b) OPy-stabilized Cr—CN-Cu MCNPs (Ref. 83).

1T

Figure 24. Photographs of Fe-CN-Co MCNPs prepared in
the reverse micelle solution of CTAB during the reaction.
The reaction times are noted in the figures (Ref. 81).

of bulky capping coordination ligands.®* Therefore, it is
thought that the OPy ligand acts not only as a MCNP
stabilizer, but also as a capping coordination molecule for Cu
sites during the reaction. As a proposed mechanism, this lattice
disorder might be first induced by the strong Jahn-Teller
distortion of octahedrally coordinated Cul ions in the fcc
crystal system. The formed Cr—CN-Cu MCNPs are strongly
influenced by OPy around their surface, which causes the
conversion of the coordination geometry from Cu'(0)) to
Cu'{(T;;). The coordination water of Cu sites is then released to
give a distorted crystal structure. It should be mentioned that
this crystal conversion did not occur by stirring both the OPy
ligand and the Cr—CN—Cu bulk crystal in the same time frame.
This reference experiment suggests that the interaction between
the Cr—CN—Cu MCNP and the pyridine coordination group in
OPy is enhanced because the ratio of surface area in MCNPs
was greatly increased compared to the bulk material. A similar
effect is found for the synthesis of Fe~-CN-Co MCNPs in
cationic reverse micelle solution of cetyltrimethylammonium
halides [CTAX, X = Br and Cl1].8! The color of the reaction
mixture dramatically changes from red to green with increasing
reaction time (Figure 24) accompanied by a change in XRD
patterns, which is due to the temporal evolution of the crystal
structure from the fcc structure with Co'(0,) sites to the
disordered structure containing Co'[(T,) sites triggered by a
cetyltrimethylammonium cation as a bulky capping ligand.
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Figure 25. (Top) TEM images of OPy-stabilized Cr—CN-—
Fe MCNPs prepared with n = (a) 1, (b) 3, and (c) 5. The
scale bar is 50 nm. (Bottom) UV-vis absorption spectra of
Cr—CN-Fe MCNPs in synthetic solution before and after
the addition of OPy (n = 1-5) (Ref. §3).

These findings are examples of the surface effect of MCNPs.
Relating to the surface effect, it should be mentioned that the
size and shape of Cr—CN-Fe MCNPs are dependent on the
amount of the additive OPy in synthetic solution. The ratio of
OPy to all of the transition metal introduced in the reaction
mixture, n, was changed as 1, 2, 3, 4, and 5 (in the general
procedure, n equals 1). As the value of n is increased, the
number of cubic Cr—CN-Fe MCNPs (n=1) is relatively
reduced while producing some irregular small aggregates
(Figure 25, top). Simultaneously, UV—vis absorption intensity
at 440 nm, which is assigned to the intervalence charge-transfer
(IVCT) band between Fe'lyg and Cr'™, decreases in proportion
to the value of n (Figure 25, bottom). In addition, from FT-IR
spectra in the CN stretching region, the relative intensity of the
higher wavenumber peak at 2160cm™! to the lower one at
2080 cm™! decreases with increasing value of n (Figure 26,
left). Considering that the higher and lower peaks are attributed
to Cr'™-CN—Fe'g (high spin) and Cr'™-NC-Fe"; 5 (low spin)
respectively®® this is plausibly the first example of surface
ligand-induced linkage isomerism. The linkage isomerism of
Cr—CN-Fe accompanied by the cyano flip and the subsequent
spin change is explained by the transformation of Cr'"-CN-
Fe'lijs to the more stable Cr''-NC-Fe''| g on heating or standing
at room temperature for several months with an obvious color
change from brick red to green, which has been known for the
bulk crystal of Cr—CN-Fe. As the pyridine group of OPy
coordinates to the Fe'lyg sites on the MCNP surface in place
of the water molecules, the crystal field stabilization energy
is enlarged to change the spin state from Fe'lyg to Fellig
Consequently, the cyano flip occurs to switch the structure
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Figure 26. (Left) FT-IR spectra and (right) XRD patterns of
OPy-stabilized Cr—CN-Fe MCNPs prepared with n =
(@ 1, (b) 2, (c) 3, (d) 4, and (e) 5 (Ref. 83).

from Cr'"-CN—Fe'lg to Cr'™-NC—Fe''; g rapidly. The effect of
the surface ligand field can be enhanced by reducing the crystal
size of coordination polymers, because the high ratio of surface
atoms dominates the properties of MCNPs significantly.

Note that this linkage isomerism of Cr—CN-Fe is atypical. In
general, this linkage isomerism follows the decrease of the
lattice constant due to the loss of the antibonding e, electrons.
For example, the lattice constant of Cr—CN-Fe MCNPs
stabilized by OPy (n = 1) varied from 10.58 to 10.21 A after
several months while keeping the basic fcc crystal structure. On
the contrary, the XRD patterns of Cr—CN-Fe MCNPs depend-
ent on the value of n displays diffraction peaks becoming
broadened and flat gradually with increasing n (Figure 26,
right). It can be imagined that the crystal frame of MCNPs is
more fragile and compliant than that of bulk because the total
number of atoms which construct one crystal is definitely
small. Therefore, when the linkage isomerism of Cr—CN-Fe
MCNPs is assisted by OPy from the surface, some chemical
species e.g. Fe, Cr, and CN ions might be released to collapse
the fundamental structure of fcc. Subsequently, many amor-
phous compounds comprised of these decomposed chemical
substances are generated in place of the first cubic Cr—CN-Fe
MCNPs, which is reasonably expected from the TEM images
(Figure 25, top). In other words, this is an etching reaction of
MCNPs by a surface ligand. A number of unrevealed questions
concerning MCNPs might remain, and further studies are
required to understand their nanotechnological science overall.

3.2 Application Examples. The concept of downsizing
M;-CN-M, stabilized by organic alkyl ligands with a strong
coordination group to transition-metal ions e.g., amine and
pyridine, enables the large scale synthesis of M;—CN-M,
MCNPs with high stability,”® and widens the horizon of metal
coordination compounds as novel nano-materials, of which the
properties are derived from those of the bulk crystals, e.g.,
nano-magnets mentioned above, sensors (H,O, and glucose),
and electrochromism.”” From another point, it is perceptive that
MCNPs are utilized as intelligent precursors of metal alloy or
ceramic nano-materials.®3? Metal coordination polymers have
a great advantage when the various metal elements are
connected by an organic ligand with uniform composition.”’



50 nm

Figure 27. TEM images of SA-stabilized Pt-CN-Co
MCNPs (Pt/Co = 0.9) (a) before and (b) after the trans-
formation reaction under a H, atmosphere at 400 °C for 3 h
(Ref. 80).

Therefore, metal coordination polymers are promising as
starting precursors for inorganic materials,”® of which the
elemental composition should be precisely controlled in order
to express their desirable characteristics. It is proposed that a
novel synthetic approach to create metal alloy or ceramic
nanoparticles by transforming MCNPs through decomposition
of the bridging organic ligands of MCNPs. As for M;—-CN-M,
MCNPs, M, and M, ions are bridged in advance by CN ligands
with a regular elemental composition; MM, alloy or MM,
oxide nanoparticles obtained after the decomposition reaction
of CN would hold the uniform dispersion of the metal
constituents with almost the same metal elemental ratio in
M;-CN-M, MCNPs used as starting materials. This method
has several advantages in that the kinds of metal elements can
be accurately introduced beforehand, and the electronic state of
the nano-materials finally obtained is controllable just by
altering the decomposition conditions between a reductive (H,)
and oxidative (O,) atmosphere.

Here, the transforming process of cobalt tetracyanoplatinate
(Pt—CN-Co) MCNPs through a gas-phase reduction under a H,
atmosphere is demonstrated. SA-stabilized Pt-CN-Co MCNPs
(Pt/Co = 0.9) with ca. 15-nm diameter were prepared by the
complexation between [Pt"(CN)4]>~ and Co?* the same as
Fe/Cr—CN-Co MCNPs (Figure 27). From thermogravimetric
analysis (TGA) of Pt-CN-Co MCNPs under H, atmosphere,
the removal of the CN ligands occurred from 350 to 450°C
with a weight loss of 24%. The X-ray photoelectron spec-
troscopy (XPS) spectra of Pt—-CN—-Co MCNPs before and after
gas-phase reduction at 350 °C show that the Pty signals at 73.1
and 76.4 ¢V, due to Pt sites in Pt~-CN—Co MCNPs, decrease
in intensity with increasing decomposition time, while new
signals appear at 71.2 and 74.5¢V assigned to the metal Pt
(Figure 28, left). Simultaneously, the intensity of the CN
stretching signal of Pt~-CN-Co MCNPs in IR spectra was
reduced. These results suggest that the transformation reaction
from Pt—CN-Co MCNPs to PtCo alloy nanoparticles gradually
occurred by the reduction of Pt and Co ions accompanied by
removal of the bridging CN ligands. When reaction time is
fixed at 3 h, a higher reaction temperature in the range of 350
to 450°C could promote faster metallization reaction of Pt!!
(Figure 28, right).

The XRD pattern of Pt-CN-Co MCNPs after the trans-
formation reaction (at 400 °C with 3 h) exhibits an fcc structure
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Figure 28. XPS curve in the Pty energy range of SA-
stabilized Pt~=CN-Co MCNPs (Pt/Co = 0.9) before (a) and
after the transformation reaction under a H, atmosphere at
350°C for 3h (b), (d), at 350°C for 5h (c), at 400 °C for
3h (e), and at 450°C for 3 h (f) (Ref. 80).

Table 3. Pt/Co Ratio and the Lattice Constant of Pt—-CN-Co
MCNPs (Ref. 80)

Pt/Co Pt/Co Lattice constant
(cal.)? (anal.)® a/A9

1 0.9 3.76

2 1.6 3.83

3 2.9 3.86

5 3.6 3.88

a) The mixed ratio of the starting complexes. b) Determined by
EDX. ¢) Calculated from the XRD results.

consistent with that of PtCo alloy. In the TEM image of Pt
CN-Co MCNPs after the reaction, most particles have a
diameter below 10nm (Figure 27b). The particle size is
reduced compared to that of the starting Pt—-CN—-Co MCNPs
(Figure 27a), which is due to shrinkage occurring by removal
of the bridging CN between Pt and Co ions. The value of Pt/Co
in Pt-CN-Co MCNPs is changeable by inserting Pt"VCls>~ ions
in place of Co** in reaction solution (Pt/Co = 0.9, 1.6, 2.9,
and 3.6). In the XRD patterns, the diffraction peaks are shifted
to lower diffraction angles almost linearly, meaning that the
lattice constant, a, calculated by the XRD patterns increases
almost linearly with an increase of the Pt component in the
compound, suggesting that the metal components are well
dispersed in a PtCo alloy nanoparticles (Table 3). Using the
same method, GeFe nanoparticles with a B8, type structure (1
phase) could be composed from iron tetraoxalate—germanium
MCNPs and exhibited unique ferromagnetism.%?

It was illustrated that the uniformity of metal units in
MCNPs played an important role for the fabrication of versatile
nanomaterials. With further development, the facile preparation
of alloy/ceramic nanomaterials with novel metal elemental
composition (e.g., doping several percentages of noble metal
elements into the transition metals, or vice versa) will be
possible, resulting in unprecedented behavior of catalytic,
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Figure 29. (Left) Fe~CN-Sm and (right) Fe~CN-Nd nano-
particles with specific shapes. The scale bar is 200 nm.

magnetic, and electronic activities. Additionally, the shape
control of MCNPs e.g., cubic, asterisk, wire, film, can be
carried out by contriving a synthetic procedure (Figure 29).”
By using MCNPs with a specific physical structure as
precursor, alloy/ceramic nanomaterials with unusual shapes
could be fabricated after the transforming reaction. Precise
investigation of these possibilities is in progress.

Conclusion

Novel organic-shell inorganic-core hybrid nanoparticles
were synthesized by introducing metal or metal coordination
compounds as an inorganic core. In favor of drawing out the
advantages of the combination of organic and inorganic
substances, suitable design of their construction is inevitable
by tuning the principal parameters of unit selection, physical
structure, and component ratio between inorganic and organic
materials. In the first section, metal nanoparticles with addi-
tional functionalities have been created by attaching organic
molecules with a multiple redox moiety (biferrocene and
anthraquinone) and liquid crystalline properties (triphenylene)
onto a surface of the inorganic metal core through coordination
bonds by thiolate. External stimuli such as electric field and
solvent polarity were utilized to transform the properties of
organic molecules, leading to control of the characteristics of
organic-shell inorganic-core nanoparticles. In the second, the
catalytic activities of noble metal nanoparticles were inves-
tigated from the point of controlling these activities by their
physical structure of shape and size. Cubic PAA-protected Pt
nanoparticles were selectively prepared by addition of I~
anions to give a Pt nanocube surrounded by (100) facets with
high catalytic activity for O, reduction. Other experiments
clarified the correlation between the diameter of Au particles
and that of synthesized carbon nanotubes (CNT) by changing
the size of Au nanoparticle catalysts. The last section was
allocated to achievements with novel nanomaterials using
metal coordination polymers as an inorganic core. The metal
coordination nano-polymers (MCNPs) of Prussian blue and its
analogs (M;—-CN-M,) stabilized by alkyl ligands with a
coordination group to transition metals (amine and pyridine)
were stable in air and obtained as a solid powder. They
exhibited unusual physicochemical and magnetic properties
different from their bulk crystals derived from a downsizing
effect. Pt=CN-Co MCNPs could be utilized as an intelligent
precursor of PtCo alloy nanomaterials after the decomposition
of organic species under a H, atmosphere with heating. This
typical reaction illustrates a promising potential that this
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method would be a novel method in general to fabricate
particular alloy/ceramic materials on a nanometer scale with
controlled shape and unequalled metal composition. Nano-
particle science in wet processes is progressing from the points
of investigation of novel synthetic techniques and specialized
nature, fabrication of dimensional networks, and combination
of basic and applied research including miniature hardware to
conduct nanoparticle behaviors. All of these studies would be
connected to both the discovery of a new nano-science world
and wide practical use of nanoparticle materials in the time to
come.
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