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Summary of thesis contents

Since the discovery of catalytic activity of nanogold catalyst for CO oxidation reaction by Prof.
Haruta, nanogold catalyst becomes one of the novel catalysts for various types of oxidation reactions. In
the field of catalysis, the nanogold have been developed to overcome the many difficulties by their
excellent activity and selectivity against the reactions. In this current thesis, the size-controlled synthesis
in both quasi-homogeneous and heterogeneous gold nanoclusters and understanding interfacial
interaction between matrix and gold’s surface have been described with the aim for further development
of the gold nanocluster catalysts.

The novelty of nanoscale materials arises from the fact that with the decreasing size so-called
“quantum size effect”. It is well known that the catalytic activity of nanogold is highly dependent on its
size and in general, smaller sized-nanogold shows superior activity. For example, previous reports from
the author’s laboratory demonstrated that the poly(N-vinyl pyrrolidone) (PVP)-stabilized colloidal gold
nanoclusters (Au:PVP) (K-30)-catalyzed p-hydroxybenzyl alcohol oxidation using the clusters with 2 nm
or less in mean size was extremely faster, and the catalytic activity increased rapidly with decreasing of
core size. Moreover, matrices incorporation alters the nanomaterials’ properties such as catalytic activity,
reaction selectivity and electronic property. Typical system of homogeneous nanoclusters is constituted
with the stabilizing polymers, which is important to inhibit agglomeration of the clusters through the
steric bulk of the framework and bind weakly to the cluster surface via heteroatom as ligand in molecular
complex. Previous experimental and theoretical studies have revealed that such kind of interaction
between the stabilizing polymer and the nanogold induces the negative charge on the nanogold surface,
which play an important role in the aerobic oxidation. Besides, the general perspective on gold
nanoclusters based on the size and interfacial effects were described in chapter 1.

In chapter 2, the size-selective preparation of quasi-homogeneous gold nanoclusters is described. The
author performed the preparation of gold nanoclusters stabilized by hydrophilic polymers with high
viscosity; PVP (K-90) and star 2-methoxyethyl vinyl ether ((IMOVE)200) by utilizing micro-mixer. Since it
has long been known that gold nanoclusters having smaller size exhibit better catalytic activity. However,
in the synthesis of colloidal nanogold, there is a serious problem that the viscosity caused by the polymers
impedes the Kinetic control of agglomeration due to inefficient physical mixing. Therefore, the realization
of small size of nanogold with highly viscose stabilizing polymer is quite difficult. To overcome this
difficulty, the author successfully established the practical and reproducible method for the preparation of
small-sized colloidal gold nanoclusters stabilized with highly viscose polymers by utilizing a
micro-mixer. This method realized to produce smaller gold nanoclusters, which would have more
catalytic superiority than those obtained by conventional batch methods. It should be noted that the mean
size and size distribution were highly dependent on the type of micro-mixer employed, as well as the flow
rate of the precursors’ solutions. These results clearly indicate that the appropriate apparatus/reaction
conditions should be considered carefully according to the application, for which the resulting gold
nanoclusters are used.
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In order to carry out the polymer matrix effect, various and wide range of size of the clusters in the
presence of the different types of polymers as well as the small size of them is necessary. Two important
methods for the size-selective preparation of relatively large sized clusters have been reported, a
seed-mediated growth method and a slow reduction method. By using seed-mediated growth method, the
cluster size of different molecular weight of PVP; PVP (K-15), PVP (K-30), PVP (K-60) and PVP
(K-90), have been prepared. By using 1.3-1.5 nm Au:PVP as seed, subsequence reduction of Au salt by
Na>SOz yielded a series of larger Au:PVP ranging from 5-9 nm. The larger particle size can also be
obtained by the slow reduction method. The reduction by NaBHj in the presence of Na;SOz, the 2.5 nm
of Au:PVP could be obtained by the slow reduction method. This observation arised from the reduction of
NaxS204 which generated from the reaction between NaBHs under the presence of Na,SOs caused
slightly larger size.

Different from quasi-homogeneous gold nanoclusters, the size-controlled preparation is still not well
developed in case of heterogeneous gold nanoclusters. The catalytic activity of heterogeneous gold
nanoclusters is also markedly depending on the size and preparation method. However, most of the
conventional preparation techniques yielded large gold nanoclusters with the diameter above 5 nm. In
chapter 3, a new method for size-controlled synthesis of gold nanoclusters on metal oxide supports
through trans-deposition process using various sized Au:PVP as gold precursors is discussed with
focusing on the weak interaction of PVP with gold nanoclusters. Hydroxyapatite (Caio(POas)s(OH)z2,
HAP) was used as the metal oxide support. The developed trans-deposition method realized the
successful removal of PVP resulting in bare gold nanoclusters deposited on HAP. The size of gold
nanoclusters from 1 to 8 nm scale was well preserved under the preparation conditions, which were
confirmed by TEM measurement. The thus-obtained Au:HAP can be used for the oxidation of both
primary and secondary alcohols toward corresponding oxidized product with excellent catalytic activity,
selectivity and recyclability. The specific size around 5.2 nm exhibited highest catalytic activity.

HAP is known to have good profile as metal oxide support for various types of metals.
HAP-supported gold nanoclusters prepared in chapter 3 were used as catalyst for aerobic homocoupling
reaction of trifluorophenylboronate (PhBF3K), which can suppress the generation of phenol byproduct as
observed in case of using phenylboronic acid (PhB(OH).). In chapter 4, the unusual yield profile of
aerobic homocoupling of PhBFzK observed in the course of study on the reactivity and the reusability of
Au:HAP catalysts is described. After intensive characterization by XRD, TEM and EDX analysis, the
transformation of metal oxide support’s structure from HAP to fluorapatite (FAP) partially, then finally to
calcium fluoride (CaF,) was found. This structure transformation also affected to the catalytic activity of
gold nanoclusters, which afforded the unusual yield profile in the reuse studies. Direct comparison of
catalytic activity of gold nanoclusters deposited on HAP and F-contained supports (F-HAP) clearly
showed the better catalytic activity of F-HAP than parent HAP with excellent reaction selectivity and
stability. The partially fluoride-substituted HAP (F-HAP) is the best support for the above purpose. The
F-HAP support satisfies both properties: the effective stabilization of AUNCs by phosphate moiety and the
activation of C-B bond transmetallation through B-F interaction. In addition, the results suggested that the
Au:F-HAP is superior catalyst to Au:HAP while Au:CaF, was found to be the one with the lowest
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activity, reusability and stability.

As shown in chapter 1, nanogold with smaller size exhibits higher in catalytic activity due to quantum
size effect because the electronic effect is preferred in smaller core size of nanoclusters due to more
electronic charge distribute in orbitals of nanogold. Besides, the electronic properties of nanogold are also
affected by polymer matrix. The experimental and calculation studies revealed that the interaction
between C=0 group of PVVP monomer unit and gold surface plays an important role to lead negative
charge on the gold surface, which promoted the catalytic activity of nanogold. In addition, it is long
known that the molecular weight of stabilizing polymer can control the stability of nanoclusters.
However, only a few reports are available about nanogold stabilized by different molecular weight as well
as morphology or rheology of the same polymer. In chapter 5, the catalytic activity of various sized
nanogold on aerobic oxidation based on the different molecular weight of PVP (K-30, K-60, K-90) is
discussed to investigate the intrinsic ability of stabilizing polymers depending on their molecular weight.
The size-controlled preparation of gold nanoclusters was performed by our original method discussed in
chapter 2. The results obtained from the electronic and colloid structure studies clearly showed the
generation of the anionic character on gold surface is highly dependent on molecular weight of PVP.
Morphology effect overtook the size effect to control the catalytic activity. It is promising that not only the
cluster size but polymer matrix also plays an important role on the catalytic activity of nanogold in terms
of the broadening the variety of highly active gold nanoclusters catalysts. The experimental result
revealed the 7 nm Au:PVP (K-90) exhibited up to 5 times larger than that of 1.3 nm Au:PVP (K-30). The
extremely high negativity of the 7 nm Au:PVP(K-90) was caused by high surface coverage of PVP
(K-90) on the gold surface. With this study, the new tactic can be established by correct matching of
nanogold and PVP interaction which extremely enhance the catalytic activity of gold nanocluster
catalysts.

The author could obtain the results that strong interface interaction can be induced if the chain length
of the stabilizing polymers and the core size of the metal clusters are matched accordingly. It highly
motivated the author to investigate that reaction control/selectivity on the surface reaction of the clusters
by the influence from the structure and morphology of the stabilizing polymers only through the weak
non-bonding interaction. Chirality induction should be a good research topic to elucidate this hypothesis
because the chiral ligands such as phosphines, commonly used for the asymmetric metal complex
catalyst, cannot be used for the cluster surface reaction due to the inhibition of the catalytic activity by
their strong coordination. In chapter 6, preliminary study of a new insight into the chirality induction of
gold nanoclusters by chiral polymer is described. Various types of copolymers between
chiral-vinylpyrrolidone (chiral-VP) and vinylpyrrolidone (VP) were prepared in different molecular
weight. A new chiral PVVP has been developed by the co-polymerization of the N-vinylpyrrolidone (NVP)
with the chiral substituted NVP at 4 position, which is prepared from the amino acid. The resulting chiral
polymers (chiral-PVP) were used as stabilizing polymer on different size of nanogold clusters. Although
the optical activity in metal-based electronic transition (MBET) was significantly weak compared with
those observed in case of capping agent, the chiral-P\VVP-protected gold nanoclusters can act as the catalyst
and give high enantio-selectivity toward hydroamination reaction only in case of particular metal core
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size and the polymer chain length. The fact possibly indicates as expectedly, that the strong interface
interaction induces the chirality on the surface of AuNCs, inducing the chirality in the hydroamination
reaction. However, it is also true that there are several contradictions. Therefore, further studies should be
requested to prove the possibility of the chiral induction only through the non-bonding interaction from
the polymer matrix.

Up to the present, there some difficulties with the development of the new type of organic
polymer-stabilized metal nanocatalyst, because the simple coordination model of the monomer unit has
been used for the explanation of the polymer effect. Although the principle concept could be established,
this explanation cannot reflex to the total system. In addition, the polymer matrix effect must be compared
by using the clusters having the same core size in order to exclude the size effect. However, it should be
noted that in previous reports the comparison was not able to compare the reactivity between the different
chain length of polymers by using the same size for the suppression of the size effect. In this current thesis,
the practical size-controlled preparation on both quasi-homogeneous and heterogeneous gold nanoclusters.
The various sizes of AUNCs ranging from 1-9 nm stabilized by different molecular weight of PVP have
been prepared. The new concept based on interaction between matrix and nanogold’s surface were also
established. The detail studies that addressed the influence of the clusters size and interfacial effects are
helpful to understand phenomena on the surface which enable to design a new type of gold catalyst with
high activity and selectivity, and stable catalyst by matching between stabilizing polymer and gold
nanoclusters.
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