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Abstract

Metal clusters smaller than a critical dimension of ~2 nm are known to exhibit unique
chemical properties which cannot be predicted from those of bulk and nanoparticles of
corresponding metal. To take full advantage of the size-specific chemical properties, it is
essential to control the cluster size with atomic precision. Atomically precise synthesis of
Au clusters has been achieved by using protecting ligands such as phosphines, N-
heterocyclic carbenes, halides, thiolates, and alkynyls. However, these ligand-protected
Au clusters are in general catalytically inactive due to the full coverage of the cluster
surface. Stabilization by polymers is suitable for the catalytic applications of metal
clusters, since the surface of clusters is inevitably exposed owing to the bulkiness of
polymers. It has been demonstrated that Au clusters stabilized by polyvinylpyrrolidone
(Au:PVP) show size-specific and high catalytic activities for oxidation reactions. The
major challenges for the polymer-stabilized Au clusters are the atomically precise size
control and structural determination, because the post-synthetic isolation methods and
single crystal X-ray diffractometry (SCXRD) are not applicable due to the weak Au—
polymer interactions and polydisperse structure of polymer layers. In my doctoral study,
I achieved the kinetically controlled synthesis of new magic clusters of Auzs, Aux3Pdi,
and Ausg stabilized by PVP, as demonstrated by matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry. I investigated the structures of
clusters by aberration-corrected transmission electron microscopy (ACTEM), X-ray

absorption spectroscopy (XAS), and density functional theory (DFT) calculations. Based



on the kinetic studies of aerobic oxidation of alcohols catalyzed by Auz4, Aux3Pd;, and
Ausg, the effects of single Pd atom doping and size increase on the oxidation catalysis
were discussed.

In Chapter 1, I described the general introduction of the metal clusters and catalytic
applications of polymer-stabilized metal clusters. Previous works on the catalysis of
polymer-stabilized metal clusters were explained with the focus on the correlation
between structural parameters and catalytic performances.

In Chapter 2, I achieved the atomically precise synthesis of Auxs:PVP by
microfluidic mixing and a large amount of PVP. According to ACTEM and theoretical
calculations, the atomic structure of Au24:PVP was polydisperse and fluxional. Auz4:PVP
catalyzed the aerobic oxidation of benzyl alcohol with an apparent activation energy of
56 + 3 kJ mol™!. Kinetic isotope effect (KIE) for the a-hydrogen of benzyl alcohol and
substituent effects on reaction rate constants indicated that the rate-determining step of
the alcohol oxidation was the hydride elimination from the a-carbon of alcohol by
Aup4:PVP.

In Chapter 3, I conducted the single Pd atom doping into Au24:PVP by co-reduction
method to obtain Aux;Pdi:PVP. XAS, infrared spectroscopy, and DFT calculations
revealed that the Pd atom was exposed on the surface of Auz3Pd; core. The single Pd atom
doping significantly reduced the apparent activation energy for the benzyl alcohol
oxidation from 56 + 3 kJ mol™! to 45 + 2 kJ mol™'. On the other hand, the observed KIE

value suggested that the hydride elimination is also rate-determining for the alcohol



oxidation catalyzed by Aux3Pdi:PVP. I proposed that the exposed Pd dopant enhances the
oxidation catalysis by acting as an active site for the hydride elimination.

In Chapter 4, I successfully synthesized Auss:PVP by the size conversion of the
mixture of Auss and Augs clusters stabilized by PVP. I revealed the polydisperse and
dynamic nature of the atomic structure of Auszs:PVP by ACTEM and theoretical
calculations. Auss:PVP showed the significantly higher catalytic activity than that of
Au4:PVP for the benzyl alcohol oxidation, whereas the KIE suggested that the rate-
determining step for Auss:PVP is hydride elimination. The increased affinity of Auss
toward a hydride might contribute to the higher catalytic activity, as suggested by DFT
calculations.

In Chapter 5, I summarized the thesis and described the possible future prospects for

the polymer-stabilized metal clusters.
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Chapter 1.

General Introduction



1.1 Metal Nanoparticles and Clusters

Metal nanoparticles (NPs) have been used as heterogeneous and homogeneous
catalysts.!"® An advantage of the use of metal NPs is the high proportion of surface metal
atoms that can directly take part in the catalytic reactions. The catalytic activity and
selectivity of metal NPs can be designed based on the chemical properties of model
surfaces and interfaces, because the catalytic performances originate from reactivities of
metal nanoparticles’ surface and interface with support.

In contrast to the metal NPs whose catalysis is scalable with respect to the particle
diameters, metal clusters smaller than a critical dimension of ~2 nm show novel chemical
properties which cannot be predicted from those of bulk and NPs.”!? The emergence of
unique catalytic properties of metal clusters is derived from the unique atomic packing

and discrete electronic structures (Figure 1.1).
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Figure 1.1. Unique atomic packing and discrete electronic structure of metal clusters.

Gas-phase studies have revealed the fundamental properties of isolated metal

16-22 ;

14,15 ionization potential (IP),?* electron affinity (EA),**

clusters;!? stability,!*!> structure,
and reactivity with small molecules.?>?” The size-dependent behavior of the stability, IP,
and EA of alkali and coinage metal clusters has been successfully explained by the jellium

model qualitatively. In the model, ionic cores (nuclei and inner shell electrons) are

replaced by a uniform positive charge density and valence electrons (e.g. 6s electrons for



Au) are delocalized over the corresponding potential. This theoretical treatment results in
the formation of electronic shell structure accommodating the valence electrons, although
details depend on the shape of an applied model potential. For instance, Woods-Saxon
potential, a representative spherical jellium potential, forms the electronic shells such as
IS, 1P, 1D, 28, IF, 2P, and 1G in the order of energy. These shells are closed when the
number of valence electrons is 2, 8, 18, 20, 34, 40, and 58, respectively. Magic numbers
observed in the mass spectra of Au cluster cations and anions agreed well with the
theoretical prediction.!*!

The geometrical structures of isolated Au clusters have been studied by ion mobility

),1820 infrared

mass spectrometry (IMMS),!%!7  photoelectron spectroscopy (PES
multiphoton dissociation (IRMPD),?! and trapped ion electron diffraction (TIED)?? with
the help of density functional theory (DFT) calculations. It is known that the unique
structures of Au clusters (Figure 1.2) are strongly associated with the relativistic

effect.?®?° The relativistic effect contracts and stabilizes s-orbitals, which in turn

destabilizes d-orbitals by the shielding of nuclear charge. The reduced energy difference

(@) (b)

Figure 1.2. Geometrical structures of negatively charged magic number Au clusters, (a) Aus,
(b) Aux, and (c) Auss -, proposed by gas-phase studies.'”'®** Four inner Au atoms of Auss~ are

colored by orange.



between 5d and 6s electrons of Au induces the s-d hybridization. Planar structures of
small Au clusters (Au,, n < 13) and disordered structures of medium-sized Au clusters
(Aun, m < 64) are ascribed to the directionality of bonding caused by the s-d

hybridization.!*-3

1.2. Catalysis of Polymer-Stabilized Metal Clusters

For the catalytic applications of metal clusters, it is necessary to prevent the
aggregation of clusters while exposing the surface metal atoms as active sites for catalysis.
There are three methods for the stabilization of metal clusters; protection by ligands,'”

3132 and stabilization by polymers.?* There are both

immobilization on solid supports,
benefits and drawbacks for each method.

Ligand protection enables the atomically precise control of the sizes and
compositions of metal clusters and structural determination by single crystal X-ray
diffractometry (SCXRD).>** However, ligand-protected metal clusters are in general
catalytically inactive due to the full coverage of the surface of metal core.

Immobilization on solid supports is a suitable method for the practical catalytic
applications of metal clusters, since the use of solid supports improves the robustness of
clusters and the ease of the recovery of catalysts. Although the atomically precise
synthesis of supported metal clusters is possible by the calcination of ligand protected
metal clusters immobilized on a support under the carefully optimized conditions,®>!-3¢
geometrical structures of resultant clusters and interfacial structures between supports and
them are not uniform due to the heterogeneity of the surface structures of supports.

Stabilization by polymers through non-covalent interactions is an ideal approach to

study the intrinsic catalysis of metal clusters.’® Polymers prevent the aggregation of the



Figure 1.3. Schematic image of the coordination of polymers to a metal cluster. An Au cluster

stabilized by polyvinylpyrrolidone (Au:PVP) is depicted as a representative cluster. There is

exposed metal surface for a catalytic reaction.
metal clusters by multiple coordination and steric hinderance between polymer chains.!
The bulkiness of the polymers disables the full coverage and creates the exposed sites on
the cluster surface that can work as active sites for catalytic reactions (Figure 1.3),
although the surface structures of polymer-stabilized metal clusters have not been
unambiguously determined by SCXRD. According to the previous studies,’’ ! the
catalytic performances of the polymer-stabilized metal clusters are regulated by the
structural parameters such as size, element, interfacial structure, composition, and mixing

mode (Figure 1.4).

1.2.1. Size Effect of Au Clusters
The high catalytic potential of Au NPs for oxidation reactions was demonstrated by
the pioneering works by Haruta; Au NPs supported on metal oxides such as TiO> were

found to be highly active for the aerobic oxidation of carbon monoxide even at the
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Figure 1.4. Structural parameters of polymer-stabilized metal clusters correlating with the
catalysis. Abbreviations of stabilizers; polyvinylpyrrolidone (PVP), poly(4-vinylpyridine)
(P4VP), poly(2-vinylpyridine) (P2VP), polyallylamine (PAA), cyclodextrin derivatives (X-(a,
B, or y)-CD) with X =0H, SH, or NH, (n =6, 7, and 8 for a, B, and y). Adapted with permission
from ref. 33. Copyright 2021 The Chemical Society of Japan.

temperature of =70 °C.*** As revealed by the extensive studies over decades, the active
site of the supported Au catalysts is the interface between the Au particles and metal oxide
supports.** Molecular oxygen is adsorbed and activated at the periphery region and

reacts with carbon monoxide delivered from support and Au nanoparticles. In this



mechanism, the essential roles of Au nanoparticles are to activate the adsorbed O, with
support and to deliver CO from the gas phase to the active sites. Therefore, it seemed that
the catalytic activity of Au NPs was scalable with respect to the length of perimeter.

In 2005, it was reported that Au clusters stabilized by polyvinylpyrrolidone with
average molecular weight of 40 kDa (~360 monomer units), Au:PVP, dispersed in water
showed size-specific catalysis for the aerobic oxidation of p-hydroxybenzyl alcohol
(Scheme 1.1);* the catalytic activity of Au:PVP with diameter of 1.3 nm was much higher
than that of larger (9.5 nm) Au NPs stabilized by PVP. The small clusters were prepared
by the rapid reduction of HAuCls by NaBH4 in the presence of 100 equivalence of PVP,
whereas the large NPs were obtained by using milder reducing agent, Na>SO3. The
catalytic reaction required the base such as K,COs and selectively produced p-
hydroxybenzaldehyde (2a). On the other hand, the main products of the oxidation of other
primary alcohols catalyzed by Au:PVP were carboxylic acids.*” Moreover, Au:PVP
showed higher activity than those of Pd:PVP with comparable diameters of 1.5 nm and
2.2 nm.

In the following report, the size effect on the oxidation catalysis of Au:PVP was
further studied by employing the seed-growth method to finely control the size of
clusters.*® Au:PVP with homogeneous size distributions and different average diameters
were prepared by reducing AuCls~ by NaxSO;s in the presence of seed Au:PVP (1.3 +0.3
nm). Surprisingly, the reaction rate constants of the aerobic oxidation of 1a catalyzed by
Au:PVP normalized by surface area dramatically increased with the decrease of particle
diameters in the small size region (Figure 1.5), suggesting the presence of threshold
diameter of ~3 nm for the emergence of high catalytic activity. It was thought that the

non-scalable behavior of the catalytic activity was associated with the discrete electronic



Scheme 1.1. Aerobic oxidation of p-hydroxybenzyl alcohol (1a) catalyzed by Au:PVP and
Pd:PVP
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Figure 1.5. Size specific catalytic activities of Au:PVP for aerobic oxidation of 1a. Adapted
with permission from ref. 49. Copyright 2009 American Chemical Society.

structures.

The size specific aerobic oxidation catalysis of Au:PVP was attributed to the negative
charge on Au cluster core provided by PVP, based on the spectroscopic observations and
the high reactivity of small naked Au cluster anions, Au,~, toward oxygen molecules
revealed by gas phase studies.>>* X-ray photoelectron spectroscopy (XPS), Fourier-
transform infrared (FT-IR) spectroscopy of adsorbed carbon monoxide, and Au L3-edge
X-ray absorption near edge structure (XANES) of Au:PVP indicated the correlation
between negative charge density on Au clusters and catalytic activity for alcohol

oxidation. The reactivities of Au, to molecular oxygen were highly size dependent and
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Figure 1.6. Correlation between the electron affinity of Au, and reactivity of Au, toward an
O> molecule. Adapted with permission from ref. 9. Copyright 2013 American Chemical
Society.

strongly correlated with the electron affinity of neutral forms (Figure 1.6).2** Even
numbered Au,,, except for n = 16, showed much larger reaction rates for the formation of
adducts, Au,O", than those of odd numbered anionic, neutral, or cationic clusters. Since
the binding energy of the singly occupied molecular orbital (SOMO) of reactive Au,” was
low, it seemed that the adsorbed O, was activated by electron transfer from the SOMO of
Au,~ to lowest unoccupied molecular orbital (LUMO) of 0,.°° Furthermore,
photoelectron spectroscopic study of Au,O; reported by Pal et al. revealed the adsorption
modes of Oy; forn =2, 4, 6, 8, and 20 (red points in Figure 1.6), O, was activated to form
superoxo-like species, whereas peroxo-like species were generated for n = 8, 12, and 14
(green points in Figure 1.6).%° Based on these similarities between observations in liquid
and gas phase, the reaction mechanism of alcohol oxidation catalyzed by Au:PVP was

proposed; the superoxo-like species on Au:PVP formed by the reductive activation of
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Figure 1.7. (a) Proposed reaction mechanism of aerobic alcohol oxidation catalyzed by
Auw:PVP*3' (b) Most plausible catalytic cycle of aerobic oxidation of p-hydroxybenzyl

alcohol catalyzed by model Auss™ cluster simulated by DFT calculations.*

adsorbed O; abstracts an a-hydrogen from a co-adsorbed alkoxide (Figure 1.7a). It was
revealed by theoretical studies that the side chain of PVP coordinated to Au clusters by
carbonyl oxygen and donated electronic charge, supporting the proposed reaction
mechanism.>! Furthermore, Okumura has recently reported the detailed theoretical study
on the reaction mechanism of the aerobic oxidation of 1a catalyzed by model Auss™
cluster.’? The most energetically plausible catalytic cycle is illustrated in Figure 1.7b. In
the cycle, the first oxidation of 1a proceeded by the hydrogen abstraction by an adsorbed
oxygen molecule, which agreed with the mechanism proposed for Au:PVP (Figure 1.7a).
On the other hand, the second alcohol molecule was not oxidized through the hydrogen
abstraction by OOH intermediate but through the hydride elimination by the cluster
surface. After the oxidation of two alcohol molecules, the model cluster catalyst was

recovered by the decomposition of adsorbed hydrogen peroxide.

10



1.2.2. Effect of Cluster Composition
1.2.2.1. Synthesis of Bimetallic Clusters

Bimetallic clusters have been prepared by various synthetic methods such as co-
reduction method, seed-growth method, galvanic replacement, and controlled
coalescence.’*® In general, the co-reduction method is suitable for the synthesis of solid
solution alloy clusters, whereas the other methods tend to produce core-shell or
segregated phase structures.

As demonstrated by Kitagawa and co-workers, the stability of phase structures
significantly changes with the size of particles.’! They have successfully prepared the
solid solution alloy NPs composed of metal elements that are immiscible in the bulk state.
For example, the synthesis of Pd-Ru solid solution alloy NPs stabilized by PVP was
achieved by the polyol reduction of KoPdCls and RuCl; using triethylene glycol, although
the bulk Pd and Ru are immiscible throughout the whole composition range at any
temperatures up to the melting point of Pd.>” Thus, the mixing behavior on the nanoscale
does not always obey the phase diagram of corresponding bulk system probably due to
the surface energy.

Toshima proposed the sacrificial hydrogen reduction method, which can be viewed
as a type of seed-growth method, for the synthesis of Pd-Pt core-shell clusters stabilized
by PVP.>? In the report, KoPtCls was reduced by surface hydrogen atoms on Pd:PVP
generated by the dissociative adsorption of molecular hydrogen. Owing to the much
higher reducing ability of the surface hydrogen atoms than those of dissolved hydrogen
molecules, Pt atoms were successfully deposited on the surface of Pd clusters and Pd-Pt
core-shell clusters were obtained in controllable manner.

Galvanic reaction was used by Toshima and co-workers to introduce Au atoms to the

11



corner sites of Pd:PVP, as illustrated in Figure 1.8a.>* Based on the relative stability of
corner, edge, and facet atoms, it was expected that the galvanic replacement on the surface
of Pd:PVP first occurred from the corner Pd atoms. Formation of the crown jewel (CJ)
structure was concluded from the observation of AuPd:PVP by High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM).

Sakurai reported the size-control of Au-Pd clusters and NPs by the time-controlled
aggregation method (Figure 1.8b).%° In contrast to the case of monometallic clusters,*® it
is difficult to apply seed-growth method to control the size of bimetallic clusters while
keeping the composition. The proposed method was composed of two steps; (1) the
formation of homogeneous and small seed Au-Pd clusters by the co-reduction of

precursor metal complexes (HAuCls and HoPdCls) and (2) coalescence of the seed
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Figure 1.8. (a) Preparation of Au-Pd CJ clusters stabilized by PVP by galvanic replacement of
Pd by Au. (b) Synthesis of Au-Pd solid solution clusters stabilized by PVP with different

Size-contralled
APEPW

particle sizes by controlled coalescence. (a) Adapted with permission from ref. 54. Copyright
2012 Macmillan Publishers Limited. (b) Adapted with permission from ref. 60. Copyright
2021 Royal Society of Chemistry.
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clusters with different times quenched by additional PVP. On the other hand, the
formation of bimetallic (Au-Ag, Ag-Rh, Ag-Pd, and Ag-Pt) clusters and NPs by physical

3358 The physical mixing

mixing of monometallic particles was reported by Toshima.
between large Ag:PVP (10 nm) and small (2.0-3.5 nm) M:PVP (M = Rh, Pd, and Pt)
produced Ag-M core-shell NPs. Based on the results of kinetic measurements, it was

proposed that the inter-particle reaction is initiated by electron transfer from Ag:PVP to

M:PVP.

1.2.2.2. Catalysis of Bimetallic Clusters

It has been demonstrated that the introduction of heterometal element is a promising
approach to improve the catalytic performances of metal clusters.®*7° The catalysis of
Au-based alloy clusters stabilized by PVP has been extensively studied. In the report by
Chaki et al., Ag-doped Au:PVP were synthesized by the co-reduction of HAuCls and
AgNOs; at Ag doping amount of 5-30 at%.5? The reaction rate constant of the aerobic
oxidation of 1a (Scheme 1.1) normalized by the surface area was enhanced by the Ag
doping and maximized by 10 at% doping. The higher catalytic activity of AuAg:PVP was
attributed to the enhanced negative charge density on Au atoms resulted from the intra-
cluster charge transfer between Au and Ag atoms. This conclusion was consistent with
the proposed reaction mechanism (Figure 1.7a) in which electron-rich Au atoms act as
active centers for the catalytic oxidation.** However, the impact of particle size on the
catalytic activity could not be excluded; the estimated average diameters of AuAg:PVP
increased from 1.3 to 2.2 nm with the increase of Ag content from 0 to 30 at%.

It was demonstrated by Nakajima that the Au-Pd alloy clusters stabilized by PVP

could be synthesized within the whole composition range while retaining the cluster size

13



Scheme 1.2. (a) Aerobic oxidation of benzyl alcohol (1b) catalyzed by AuPd:PVP. (b) Aerobic
oxidation of glucose (1c¢) catalyzed by CJ-structured AuPd:PVP. (c) Ullmann coupling
reaction of 4-chlorotoluene (1d) catalyzed by AuPd:PVP.
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Catalyst
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1d 300 K 2d

98 % yield (24 h)

using a microfluidic mixier.®> AuPd:PVP were synthesized by microfluidic mixing of an
aqueous solution of HAuCls, H,PdCls, and PVP with that of NaBH4 and PVP. Thus
synthesized bimetallic clusters showed solid solution structures and homogeneous size
distributions with mean diameter of 1.0-1.7 nm. The catalytic activity of AuPd:PVP
dispersed in water for the aerobic oxidation of benzyl alcohol (Scheme 1.2a) was higher
than those of Au:PVP and Pd:PVP, which was ascribed to the electronic charge transfer
from Pd atoms to neighboring Au atoms.

Toshima reported that the CJ-structured AuPd:PVP (Figure 1.8a) showed
remarkably high turnover frequency (TOF) of 194980 molgiucose h™' molay! for the

aerobic oxidation of glucose (Scheme 1.2b).>* Under the reported reaction condition,

14



glucose (1¢) was selectively converted to gluconic acid (2¢). Based on the results of XPS
and DFT calculations of model clusters, it was concluded that negatively charged Au
dopants on Pd clusters were responsible for the high catalytic activity. Moreover, the
catalytic activity of CJ-structured AuPd:PVP was further enhanced by the introduction of
Ir to the Pd cluster core, in the following report.’® Au atoms were introduced to the corner
sites of PdIr:PVP by a similar synthetic method. TOF as high as 343190 molgiucose h™!
molay~! was achieved by the CJ-structured AuPdIr:PVP.

Sakurai demonstrated the emergence of novel catalysis by the synergistic effect
between Au and Pd atoms of AuPd:PVP.%36467 [t was found that AuPd:PVP dispersed in
DMF/H;O0 (1:2) efficiently catalyzed the homocoupling reactions of various chloroarenes
(Ullmann coupling reactions) under mild reaction conditions (Scheme 1.2¢), whereas
monometallic counterparts and their physical mixture showed no catalytic activity. The
large kinetic isotope effect (ku/kp = 7.0) induced by DMF-d7 indicated that the hydrogen
transfer from DMF to AuPd:PVP was the rate-determining step. Theoretical studies of the
reaction mechanism were carried out by Ehara.>’! DFT calculations revealed that the
critical process was the oxidative addition of chloroarenes; a pure Au cluster showed too
large activation energy for the oxidative addition, whereas the oxidative addition on a Pd
cluster produced a too stable reaction intermediate. Only an Au-Pd cluster showed a
feasible energy profile. In Ullmann coupling reactions catalyzed by AuPd:PVP, the active
metal was Pd and the essential role of Au was to facilitate the migration of surface

chloride and to prevent the deactivation processes such as the leaching of Pd.®’

1.2.3. Effect of Interfacial Structure

As explained in 1.2.1, the negative charge on Au clusters provided by PVP played a

15



Scheme 1.3. (a) Aerobic oxidation of 1-indanol catalyzed by Au:PVP with different chain
lengths of PVP. (b) Aerobic oxidation of 1-octanol catalyzed by Au:P4VP (1.1 £ 0.2 nm),
Au:P2VP (1.1 £0.2), and Au:PVP (1.0 £ 0.2 nm).
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crucial role in the aerobic oxidation catalysis of Au:PVP by reductively activating the
adsorbed O, molecules (Figure 1.7a).*” Thus, the catalysis of polymer-stabilized metal
clusters is affected not only by the steric hinderance of polymers but also through the
modulation of electronic structure by polymers.

In a recent study reported by Sakurai, it was found that the size-dependence of
catalytic activities of Au:PVP for the aerobic oxidation of 1-indanol (Scheme 1.3a)
depended on the chain length of PVP.”? Au:PVP were prepared by using PVP with
different molecular weight; PVP K-30 (~40 kDa, ~360 monomers), PVP K-60 (~160 kDa,
~1440 monomers), and PVP K-90 (~360 kDa, ~3240 monomers). For each chain length,
the core size of Au:PVP was controlled over the range between ~1 nm and ~9 nm. The
highest catalytic activity was shown by Au:PVP (K-90) with the core size of ~7 nm, which
was much higher than those of smaller particles. This unexpected behavior of the size
dependence of catalytic activities was attributed to the high negative charge density on
the surface of large NPs caused by the dense packing of polymer layers.

Poly(4-vinylpyridine) (P4VP) and Poly(2-vinylpyridine) (P2VP) illustrated in
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Figure 1.4 have been recently introduced as electron-donating stabilizers for small (~1
nm) and monodisperse Au clusters.”® For the aerobic oxidation of 1-octanol (Scheme
1.3b), Au:P4VP and Au:P2VP showed higher catalytic activities and smaller degrees of
aggregation than those of Au:PVP, although Au:PVP was more active for the oxidation of
1b (Scheme 1.2a). XPS and optical absorption spectroscopy indicated that the degree of
electron donation to the Au cluster was in the order of P2VP > P4VP ~ PVP, which was
supported by DFT calculations of the model system consisting of Auss cluster and
monomer units of the polymers. Nevertheless, the lower catalytic activity of Au:P2VP
compared to that of Au:P4VP was not consistent with the trend of electron-donating
ability. The discrepancy was explained by the difference of surface coverage; the closer
distance between the cluster surface and the polymer chain of P2VP could induce higher
surface coverage and sterically hinder the catalytic reaction. The substrate dependence of
the catalytic activity was attributed to the hydrophobicity of polymers; hydrophobic P4VP
and P2VP promoted the access of hydrophobic 1f to the metal surface, whereas the
accessibility of hydrophilic 1b was higher for Au:PVP. The improved robustness of
Au:P4VP and Au:P2VP revealed by TEM was ascribed to larger binding energies of

pyridine units than that of the pyrrolidone unit, according to DFT calculations.

1.3. Aim and Outline

It has been demonstrated that Au:PVP show size-specific and high catalytic activity
for the aerobic oxidation reactions.” On the other hand, gas-phase studies demonstrated
the importance of atomically precise size control; the reactivity of Au cluster anions with
molecular oxygen was highly dependent on the number of constituent atoms (Figure

1.6).% Therefore, it is essential to achieve the atomic precision in the synthesis of Au:PVP
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to take full advantage of the size-specific catalysis of Au clusters.

Atomically precise synthesis of Au clusters has been achieved by employing
protecting ligands such as phosphines, N-heterocyclic carbenes, halides, thiolates, and
alkynyls.>>’* The successful synthesis was enabled by the size-focusing by chemical
etching and isolation techniques based on chromatography and fractional precipitation.
However, these well-established size control methods cannot be applied to polymer
stabilized Au clusters due to the fragile Au—polymer interactions and polydisperse
conformations of the coordinating polymers. Another challenge for polymer-stabilized
Au clusters is the determination of the atomic structure, since SCXRD is not applicable
in contrast to ligand-protected Au clusters.

The aim of my doctoral study is to tackle the major challenges; atomically precise
size control and determination of atomic structure. The approaches for the former are the
kinetic control of cluster synthesis and the size evaluation by mass spectrometry. Recently,
matrix-assisted laser desorption/ionization (MALDI) mass spectrometry has been
introduced to ionize the metal core of polymer-stabilized metal clusters as an intact form
and to determine the cluster size with atomic precision.” It was revealed that Au:PVP
were the mixture of magic number Au clusters such as Auszs:i, Augssi, Ausssi, and Auzo=s
(Figure 1.92).7>7¢ Furthermore, the microfluidic mixing (Figures 1.9b and ¢) was found
to be effective for the kinetic control of the formation process of metal clusters; Au:PVP
prepared by the homogeneous mixing of aqueous solutions of HAuCls and NaBH4 using
a micromixer showed narrower size distribution than that of the sample obtained by
conventional batch method (Figure 1.9a).”” These results suggest the possibility of
atomically precise synthesis of Au:PVP by further optimization of synthetic parameters

such as the amount of PVP.
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Figure 1.9. (a) MALDI mass spectra of Au:PVP prepared by conventional batch method (red)
and microfluidic mixing (blue) (b) A micromixer (SIMM-V2) used for the synthesis of
Au:PVP. (c) Schematic image of the microfluidic synthesis of Au:PVP. (a) Adapted with
permission from ref. 75. Copyright 2009 American Chemical Society.

The issue of structural determination can be addressed by aberration-corrected
transmission electron microscopy (ACTEM). Although the ACTEM images are the
projection image of the object, the three-dimensional atomic structures of metal clusters
can be reconstructed from the images with the help of density functional theory (DFT)
calculations.’”®” In addition to the applicability of ACTEM to samples that cannot be
crystallized, another advantage is that ACTEM enables the monitoring of the dynamic
behavior of the structure of individual particles with an atomic resolution. For example,
ACTEM observation of supported Au NPs revealed the novel phenomena such as

80-82

quasimelting,®%-82 structural isomerization,? and size-dependent phase transitions.?*

In Chapter 2, I achieved the atomically precise synthesis of a novel magic number
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cluster, Au24:PVP, by the microfluidic mixing of reaction solutions containing a large
excess of PVP. The successful synthesis was ascribed to the suppression of the growth
reaction of clusters as well as the homogeneous mixing of the reaction solutions. By
ACTEM video imaging of Aux4:PVP and TEM simulations of model Auas clusters
obtained by DFT calculations, I revealed that Aux4:PVP was the mixture of structural
isomers in which all the constituent atoms were exposed on the cluster surface.
Furthermore, the dynamic nature of the atomic structure of Au24:PVP was demonstrated
by the direct observation of structural isomerization. I found that the metal core of
Au4:PVP was negatively charged due to the electron transfer from PVP, according to the
results of XPS and FT-IR spectroscopy of adsorbed carbon monoxide. The reaction
mechanism of the aerobic oxidation of 1b (Scheme 1.2a) catalyzed by Aux4:PVP was
investigated by kinetic measurements. I concluded that the rate-determining step of the
catalytic oxidation was the hydride elimination from a-carbon by Au4:PVP, based on the
observation of kinetic isotope effect (KIE) and substituent effects on reaction rate
constants.

In Chapter 3, I demonstrated that single Pd atom could be doped into Auz4:PVP by
the co-reduction method. Auz;Pdi:PVP was selectively obtained by the reduction of the
mixture of HAuCls4 and Na>PdCls by NaBH4 under the reaction condition similar to that
for Au24:PVP. I studied the local structure around the Pd dopant in Au23Pdi:PVP by Pd K-
edge extended X-ray absorption fine structure (EXAFS) analysis, FT-IR spectroscopy of
adsorbed carbon monoxide, and DFT calculations. Considering the coordination number
of the Pd—Au bond (6.1 + 0.7) significantly smaller than 12 and the appearance of the
absorption band corresponding to the CO adsorbed on Pd, I concluded that the Pd atom

was exposed on the cluster surface. The single Pd atom doping effect on the catalysis was

20



investigated for the oxidation of 1b. Aux;Pdi:PVP showed the significantly higher
catalytic activity; the reaction rate constant at 303 K for Au3Pdi:PVP (2.3 h™!) was more
than 2 times higher than that for Aux4:PVP (0.83 h™!) and the apparent activation energy
was reduced by single Pd atom doping from 56 + 3 kJ mol™! to 45 + 2 kJ mol™!. On the
other hand, KIE suggested that the hydride elimination from the a-carbon of benzyl
alcohol is also the rate-determining step for Aux;Pdi:PVP. Based on the structure of
Au3Pdi:PVP where the Pd atom is exposed on the surface and high affinity of Pd toward
H, it was proposed that the Pd dopant acts as a reaction site for hydride elimination with
reduced activation energy.

In Chapter 4, it was found that a new magic number cluster, Auss:PVP, was
selectively and reproducibly obtained by the size conversion reaction of the mixture of
Ausz4 and Augs. I revealed the polydisperse and dynamic nature of the atomic structure of
Auzg:PVP by ACTEM video imaging with the help of the TEM simulation of DFT-
optimized model structures. DFT calculations suggested the non-crystalline geometrical
structures with 0—4 inner Au atoms as stable structural isomers. The catalytic activity of
Auzg:PVP for the oxidation of 1b was significantly higher than that of Aux4:PVP.
Auss:PVP showed smaller apparent activation energy (48 = 1 kJ mol™) than that of
Au4:PVP (56 + 3 kJ mol™!), whereas the KIE values of the clusters were comparable.
This suggested that the hydride elimination is rate-determining step for both catalysts,
which was supported by the result of Hammett analysis. DFT calculations revealed that
Ausg showed larger adsorption energies to a hydride than those of Aua4 and that the trend
was more prominent for anionic clusters. I proposed that the higher capability of the Auss
core to accept excess negative charge is the origin of higher catalytic activity of Auzs:PVP

for alcohol oxidation.
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In Chapter 5, I summarized the achievements in Chapters 2—4 and discussed the

future prospects for the polymer-stabilized metal clusters.
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2.1 Introduction

As described in Chapter 1, Au clusters stabilized by polyvinylpyrrolidone (Au:PVP)
with the diameter smaller than ~2 nm show size specific and high catalytic activities for
aerobic oxidation reactions that were not scalable with respect to the diameter.! On the
other hand, gas-phase studies demonstrated that the reactivity of Au cluster anions with
molecular oxygen was highly dependent on the number of constituent atoms.?? Thus, it
is essential to control the size with atomic precision to take full advantage of size specific
catalysis of Au clusters. However, it has been technically challenging to achieve
atomically precise size control and determination of atomic structure, since post-
synthetic isolation methods and single crystal X-ray diffractometry are not applicable to
polymer-stabilized metal clusters.

In this Chapter, I achieved atomically precise synthesis of a novel magic number
cluster, Aux4:PVP, through the kinetically controlled reduction of a precursor Au
complex in the presence of a large amount of PVP. By means of aberration-corrected
transmission electron microscopy (ACTEM) with the help of density functional theory
(DFT) calculations, I revealed that Aux4:PVP was composed of distinctive structural
isomers in which all the constituent Au atoms were exposed on the cluster surface and
that the atomic structure of Aux4:PVP was fluxional due to interconversion between the
isomers. X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared (FT-
IR) spectroscopy of adsorbed carbon monoxide indicated that the metal core of
Aw4:PVP was negatively charged due to the electron transfer from ligating polymers. I
studied the catalysis of Aux4:PVP using the aerobic oxidation of benzyl alcohol. Clear
kinetic isotope effect (KIE) for a-hydrogen and negative reaction constant of the

Hammett plot for p-substituted benzyl alcohol indicated that the hydride elimination
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from a-carbon by Aux4:PVP was the rate-determining step of the alcohol oxidation. The
apparent activation energy was estimated to be 56 + 3 kJ mol™! based on the Arrhenius
equation. Furthermore, I proposed that the direct hydrogen abstraction by O: from

alcohol also proceeds, based on the effect of oxygen pressure on the reaction kinetics.

2.2 Methods
2.2.1 Chemicals

All chemicals were commercially available and were used without any further
purification. Hydrogen tetrachloroaurate(Ill) tetrahydrate (HAuCls © 4H20), sodium
borohydride (NaBH4), PVP K-30 (~40 kDa), benzyl alcohol (C¢HsCH.OH), p-
methylbenzyl alcohol (CH3C¢H4CH20H), p-methoxybenzyl alcohol
(CH30CgH4CH>0H), and potassium carbonate (K.CO3) were purchased from Wako Pure
Chemical Industries. p-(Trifluoromethyl)benzyl alcohol (CF;C¢H4CH>OH) and frans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) were
purchased from Tokyo Chemical Industry. Deuterated benzyl alcohol (C¢HsCD2OH) was
purchased from Sigma-Aldrich. Deionized water (Milli-Q: >18 MQ cm) was used for all

experiments.

2.2.2 Synthesis

Au:PVP were synthesized by microfluidic mixing of two aqueous solutions of a
precursor Au complex and reducing agent at 273 K as described in the literature.*® The
aqueous solution of HAuCls and PVP was mixed with that of NaBH4 and PVP using a
micromixer (SIMM-V2, IMM GmbH) at a flow rate of 200 mL h~!. Three samples of

Au:PVP (a—c) were prepared by adjusting the [Au]:[PVP] ratio as listed in Table 2.1. The
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resulting brown colloidal solution of Au:PVP was collected in an Erlenmeyer flask and
stirred for 1 h at 273 K under air. The solution was deionized four times at 273 K by using
a centrifugal ultrafiltration concentrator (Vivaspin20, Vivascience) having a membrane
filter with a cut-off molecular weight of 10 kDa (for a) or 100 kDa (for b and ¢) and then
lyophilized to obtain the samples as powder. The yields of Au:PVP (a—c) were calculated
to be 79, 73, and 79%, respectively, based on the amount of Au. According to optical
spectroscopy and thermogravimetry, the amount of PVP was reduced to ~40 eq (monomer
unit of PVP to Au atom) by ultrafiltration. In the catalytic tests, PVP was added to adjust

the equivalence to 50.

Table 2.1. Conditions for synthesis of Au:PVP

Au precursor Reducing agent [Au]:[NaBH4]:
Sample
[HAuCL]/mM  [PVP)/mM® [NaBH4]/mM [PVP]/mM* [PVP]*
a 200 200 1:5:40
b 10 500 50 500 1:5:100
c 1000 1000 1:5:200

“Concentrations of monomer unit.

2.2.3 Characterization
2.2.3.1 Mass Spectrometry

Matrix-assisted laser desorption/ionization (MALDI) mass spectra were measured by
a time-of-flight mass spectrometer (AXIMA-CFR, Shimadzu) with a nitrogen laser (337
nm) in negative mode. DCTB was used as a matrix. The specimens were prepared by
drop-casting the methanol solution of Au:PVP and DCTB ([Au] : [DCTB] =1 : 18) onto

a stainless sample plate.
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2.2.3.2 Transmission Electron Microscopy

Aberration-corrected transmission electron microscopy (ACTEM) was conducted on
an electron microscope (JEM-ARM200F, JEOL) operated at an acceleration voltage of
80 kV, under 1 x 107 Pa at 298 K in the specimen column. A series of ACTEM images
were continuously acquired with an imaging rate of 25 frames per second (fps) by a
CMOS camera (Gatan OneView with in situ option, output image size: 2048 x 2048 pixels
operated in the binning 2 mode, pixel resolution: 0.01 nm at x2000000 magnification).
The spherical aberration value, electron dose rate, and defocus value were adjusted to be
1-3 um, 2.7-5.6 x 10% ¢ nm s7!, and approximately —4 nm (underfocus), respectively.
In the analysis of recorded images, a bandpass filter was applied using ImageJ software;’
structures larger than 40 pixels or smaller than 3 pixels were filtered with the tolerance of
direction of 5%. The specimens for ACTEM were prepared by drop-casting a methanol
dispersion of Au:PVP onto a thin carbon-coated copper grid (SHR-C075, Okenshoji). The
histogram of the particle diameter (Figure 2.2d) was obtained by measuring the diameters

of 388 randomly chosen particles in low magnification (x800000) images.

2.2.3.3 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) was carried out in the BLO1B1 beamline at
Spring-8 of the Japan Synchrotron Radiation Research Institute (JASRI). The incident X-
ray beam was monochromatized by a Si(111) double crystal monochromator. All
measurements were conducted in transmission mode using ionization chamber at room
temperature. Au:PVP were well ground and pressed to form a pellet. The spectral data
were analyzed by using a REX2000 program (Rigaku). The k*-weighted y spectra in the

k range of 3—-16.5 A-! were Fourier-transformed into the 7 space. The Au—-Au and Au—Cl
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bonds were considered in the curve-fitting analysis over the » range of 1.7-3.0 A. The
phase shifts and back-scattering amplitude functions for Au—Au and Au—Cl bonds were
extracted from the simulation results for bulk Au and AuCls, respectively, calculated by

FEFF8 program with Debye-Waller factor of 0.0036 A2.

2.2.3.4 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FT-IR) spectra of '2CO adsorbed on Au:PVP were
measured by using a spectrophotometer (FTIR-4200, JASCO) in transmission mode at a
resolution of 2 ecm™'. Au:PVP (Au 15 pmol) was dispersed in dichloromethane (3 mL)
and the colloidal dispersion was degassed by freeze-pump-thaw (FPT) cycles. After the
introduction of CO (1.0 atm), the dispersion was stirred for 50 min and transferred into

an IR cell with CaF,; window.

2.2.3.5 Other Characterization Methods

Optical absorption spectra were measured by a spectrophotometer (V-670, JASCO).
Powder X-ray diffraction (PXRD) patterns were obtained using a diffractometer
(SmartLab 3, Rigaku) with Cu Ka radiation. X-ray photoelectron spectroscopy (XPS)
was conducted by using a PHI-5000 VersaProbe (ULVAC-PHI) instrument with Al Ka X-
ray source at an energy resolution of 0.2 eV. Electron binding energy was calibrated by

referring to the position of Au 4f7,; peak of bulk Au (84.0 eV).

2.2.4 Theoretical Methods
Density functional theory (DFT) calculations on the model structures of Aua,

AusCls, and Aus(CO); were carried out using Gaussian 09 program.® B3LYP hybrid
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functional was used for all calculations.®!? A double-zeta basis set with scalar relativistic
effective core potential (ECP), LANL2DZ, was applied for Au atoms and the 6-31+G(d)
basis set was employed for C, O, and Cl atoms. Structures of Auys were obtained by
reoptimization of those reported in the literature.!’!> PVP was not included in the
calculations since the impact on the geometrical structure of Au clusters is not
significant.!3 Neutral species (Auzs, AuxCls, and Aux(CO);) were optimized with the
singlet spin state, whereas calcuations of negatively charged clusters, Aux(CO);~, were
performed with the doublet spin state. The vibrational frequencies were computed for all
the optimized structures to ensure that they were located at the local minima of potential
energy surface. The relative energy of the clusters includes the zero-point energy. A
scaling factor of 0.9702 was applied for the stretching frequencies of CO adsorbed on
Auns so that the calculated frequency of isolated CO molecule (2203 cm™!) reproduced
the experimental value of free CO in dichloromethane (2136 cm™).

TEM simulation of DFT-optimized model structures were conducted by using a
multislice procedure implemented in a BioNet elbis software;!'* model structures were
converted to a series of simulated TEM images with the observation direction varying
every 10 degree around the x and y axes, producing 18 x 36 = 648 images.'> The defocus
value and spherical aberration coefficient (Cs) were set to be -4 nm and —3 um,
respectively, for all simulations. In order to quantify the similarity of the experimental
and simulated TEM images, a cross-correlation analysis was carried out.!®!” The cross-

correlation function of two images (a and b), y(a, b), is defined as follows:

[ (rl]) |- [5(ri) = Ib]
JE) - Jz 1) = B

and [ represent the intensity of the image, pixel position, and mean

y(a,b) =

2.1)

Where I, 7;;,
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intensity, respectively. The value of the function is an index of the similarity of two
images; y of 1 or 0 corresponds to a perfect match or no match, respectively. Therefore,
the cross-correlation function of the experimental and simulation images was calculated
for the efficient screening of the large number of simulation images. Candidate images

obtained by the screening were then carefully compared to the observed images.

2.2.5. Catalytic Test

Catalysis of Au:PVP for aerobic oxidation of benzyl alcohol derivatives in water was
studied using a temperature-controlled personal organic synthesizer, PPS-2510 (Eyela).
The catalytic reaction was initiated by adding the aqueous dispersion (8 mL) of Au:PVP
(Au 4 pmol) to the aqueous solution (12 mL) of alcohol (80 umol) and K>CO3 (240 pmol)
stirred at 800 rpm. Aliquots (5 mL) were sampled at given reaction time and hydrochloric
acid (4M, 150 pL) was added to quench the reaction. Reaction products were extracted
by ethyl acetate (1 mL) three times. The extract was dried over Na>SO4 and analyzed by
a gas chromatograph (GC-2014, Shimadzu) with a flame ionization detector. Rate
constants for the oxidation reaction were obtained by linear fitting of the natural logarithm
of the substrate concentration using more than 6 points at which the conversion was
typically between 10% and 40%. Since the reaction proceeds faster in the initial stage

(conversion < 10%), the zero point was excluded for the linear fitting.

34



2.3 Results and Discussion
2.3.1. Atomically Precise Synthesis of Auz4Cl,

In order to examine the effect of the amount of PVP on cluster size, three samples of
Au:PVP (a—c¢) were prepared at the [Au]:[PVP] ratio of 1:40, 1:100, and 1:200,
respectively. The core size distributions of a—¢ were evaluated by MALDI mass
spectrometry. Figure 2.1 shows typical negative-mode MALDI mass spectra of a—c
recorded with minimal laser fluence. Sample a contained AussCl,~ (x = 0—4) and AusCl~
(x = 0—4), whereas sample b was the mixture of Aux4Cl,™ (x = 0-3), Aus3Cly (x = 0-2),
and Auz4Cly (x = 0-3). Most remarkably, the mass spectrum of sample ¢ is dominated by
the progression of peaks corresponding to Aux4Cl (x = 0-3).

According to classical nucleation theory,!® selective formation of atomically

a (40 eq) B
Au,,Cly 4 Auy3Cly 4

M

[}

lon intensity / a.u.

x=0123

A
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- 1
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Figure 2.1. Negative-ion MALDI mass spectra of Au:PVP (a—c).
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monodisperse Auys clusters in sample ¢ is ascribed to a kinetically controlled nucleation
of Au atoms and suppression of the further growth reactions. Such a reaction condition
was achieved by rapid and homogeneous reduction of all the precursor complex (AuCls")
by the strong reducing agent (BH4") in the micromixer. The trend observed in Figure 2.1
indicates that PVP also takes an essential role in atomically precise synthesis by retarding
the growth process.

The ligation by Cl originating from AuCls~ has been frequently observed for small
Au clusters such as AusiCl,, AussCl,, [Auii(PPhs)sCl]", and Auss(PPhs)i2Cle.%!%2°
According to the elemental analysis of sample ¢, the average number of the ClI ligands on
Auwg was estimated to be 9.4, suggesting that MALDI process is accompanied by
dissociation of the CI ligands. Observation of the selective dissociation suggests that the
Cl ligands are weakly bound to Au4 as electron withdrawing ligands as implied by weak
magic behavior at x = 1 and 3 in Figure 2.1c.

Non-contamination of sample ¢ with Au particles larger than 2 nm was confirmed by
the following results: (1) absence of localized surface plasmon resonance (LSPR) band at
~520 nm in the UV-Vis absorption spectrum (Figure 2.2a); (2) observation of a single
broad peak at ~40 degree in the PXRD pattern (Figure 2.2b); (3) small coordination
number (CN) of the Au—Au bond (4.2 + 0.5) obtained by the curve fitting analysis of the
Au Ls-edge EXAFS (Figure 2.2¢, Table 2.2); average diameter of Au clusters estimated
to be 1.0 £ 0.2 nm by ACTEM (Figure 2.2d). I concluded from these results that single-
sized Auz4 cluster was selectively formed in sample ¢ with Cl ligands. In the following, I

focus on sample ¢, which is hereafter referred to as Auz4:PVP.
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Figure 2.2 (a) Optical absorption spectrum in water ([Au] = 0.2 mM), (b) PXRD pattern, (c)
Au Ls-edge FT-EXAFS spectrum, and (d) representative ACTEM image with low
magnification (x800000) of Au:PVP (sample ¢). The inset of panel (d) indicates the diameter

distribution of 388 randomly chosen particles.

Table 2.2. Structural parameters obtained by curve-fitting analysis of Au L;-edge EXAFS

Sample Bond CN*“ r/A® ot/ A*¢ R/%"“
Au:PVP Au-Cl 0.702) 234(2) 0.007(4)
7.4
(samplec)  Au-Au 4.2(5) 2.71(1) 0.0086(9)

“ Coordination number. * Bond length. © Debye-Waller factor. ¢ R is defined as follows;

R = (SRR ™) IR ) 2
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2.3.2. Geometrical Structure of Auz4:PVP

It is well known that the magic stability of bare Au clusters is governed by electronic
shell closure based on a jellium model.?! The formation of Auss and Auss clusters in PVP
reported in previous studies is explained by the same model.%2? In contrast, Aux4Cl, in
Au4:PVP corresponds to an unprecedented magic cluster. This result implies that the
Au4Cl; clusters do not have a spherical shape and do not provide spherical effective
potential to confine valence electrons. To obtain an insight into the atomic structure of
Au4Cly, 1 first conducted DFT calculations on Cl-free Auo4 clusters. Figure 2.3 shows
the DFT-optimized structures of Auxs (1-7) in the order of the relative stability and
frontier Kohn-Sham orbitals of 1-7 are depicted in Figure 2.4. The relative energies (AFE)
and energy gap between highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are summarized in Table 2.3. Interestingly, all the
constituent Au atoms of isomers 1-6 are located on the surface: 1 and 3 have flat cage

structures; 4 and 6 show hollow tubular geometries; and 2 is composed of an Aus unit and

— .év'éi =0
fTavAY

LAYty

Figure 2.3. DFT-optimized model structures of Auys.
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Figure 2.4. Frontier Kohn-Sham orbitals of Auys isomers shown in Figure 2.3.

Table 2.3. Relative energies and HOMO-LUMO gaps of structural isomers of Auys and
AugCly.

Auy AunCly

Isomer AE/eV* HLG/eV? Isomer AE/eV* HLG/eV?
1 0 1.56 1Cl1 0.33 1.10
2 0.02 1.28 2C1 1.05 1.64
3 0.30 1.12 3Cl1 0.14 1.64
4 0.31 1.60 4C1 0 1.60
5 0.33 1.11 5C1 0.72 1.25
6 0.61 1.29 6Cl1 0.18 1.40
7 1.64 1.20

“Relative energy. "HOMO-LUMO gap.

well known pyramidal magic Auyo cluster.?® In contrast, the least stable isomer 7 has two

inner Au atoms encapsulated by the Aux> cage. The dimensions of structures 1-7 are
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consistent with the result of size evaluation by ACTEM (Figure 2.2d). The projection of
4 or 6 along the longitudinal axis gave the smallest diameter of ~0.7 nm, whereas that of
1 or 3 from the flattened surface normal gave the largest diameter of ~1.3 nm (Figure
2.5). This semiquantitative agreement indicates the validity of the structural models in
Figure 2.3. These results suggest that various non-crystalline structures such as 1-6, in

which all the constituent Au atoms are exposed on the cluster surface, are energetically

accessible.
(a) (b)
Isomer 4 Isomer 1 1.3 nm

0.7 nm o e

~r
& N

Figure 2.5. Simulated TEM images of Au4 showing (a) minimum and (b) maximum diameter.

Then, the effect of Cl ligands on the geometrical structures of Auz4 was examined by
using Au4Cls with 20 valence electrons as a model. Figure 2.6 shows the structural
isomers 1CIl-6Cl obtained by optimizing the initial structures in which four ClI ligands
are attached to low coordination atoms of low energy isomers 1-6 in Figure 2.3,
respectively. The frontier Kohn-Sham orbitals of 1CI-6Cl are depicted in Figure 2.7. Cl
ligation induced the slight distortion of the Au frameworks and as a result the relative
stability of the isomers was changed. Nevertheless, it is safe to conclude that the metal
core of Aux4Cls can take structures where all the Au atoms are located on the surface,
similarly to the bare clusters. The CN values and average bond length between Au atoms
in 1-7 and 1CI1-6Cl are summarized in Table 2.4. The Au—Au CNs in 1-7 (5.1-5.5) and

1C1-6Cl (4.4-4.8) qualitatively agreed with that (4.2 £ 0.5) obtained by Au Ls-edge
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Figure 2.6. DFT-optimized model structures of AuCly.

Y e - P
#’ e 4 S
% s 75T

HOMO LUMO HOMO LUMO HOMO LUMO
E
ﬁ “’ ‘ ; % i
caR% ‘
HOMO LUMO HOMO LUMO HOMO LUMO

Figure 2.7. Frontier Kohn-Sham orbitals of Aux4Cls isomers shown in Figure 2.6.

EXAFS analysis (Table 2.2), while the calculated average bond length of Au—Au bonds
in 1-7 (2.87-2.90 A) and 1CI1-6Cl (2.85-2.87 A) are longer than that (2.71 + 0.01 A)
experimentally estimated. In the following discussion on the geometrical structures, CI

ligands are not taken into consideration.
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Table 2.4. Au—Au coordination numbers (CNs) and average Au—Au bond length (<r>) of DFT-
optimized Auy4 in Figure 2.3 and Aux4Cly in Figure 2.5.

Auy AunCly

Isomer CN“ <>/A“ Isomer CN“ <>/A“
1 5.5 2.88 1C1 4.8 2.86
2 5.1 2.88 2C1 4.7 2.85
3 5.5 2.89 3Cl1 4.7 2.86
4 5.5 2.87 4C1 4.7 2.85
5 5.5 2.90 5C1 4.6 2.87
6 5.5 2.87 6C1 4.4 2.87
7 5.2 2.90

 Pairs of Au atoms with an interatomic distance smaller than 3.05 A were considered to be

bonding.

Theoretical prediction of distinct geometrical structures with similar stability
suggests that Aups clusters in PVP are the mixture of structural isomers and/or
interconvert among the isomers under ambient temperature. To address this interesting
issue, atomic structures of Aux4:PVP were probed by ACTEM video imaging at 25 images
per second. The ACTEM images of Auz4:PVP did not show any signs of atom ejection by
electron beam irradiation during continuous observation of several minutes. Figure 2.8
shows representative ACTEM snapshots of different Auz4 particles (#1—+#7). The images
could not be reproduced by assuming single isomer in Figure 2.3 but could be by using
different isomeric forms of 1, 2, 2, 4, 5, 5, and 7, respectively. No images could not be
assigned to the icosahedral nor face-centered cubic structures observed in the selenolate
(RSe)- or thiolate (RS)-protected gold clusters, Auzs(SeR)is and Auias(SR)e0.2

Furthermore, the images of single Aus particle (#8) fluctuated every 0.08-0.4 s during
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Figure 2.8. Representative ACTEM snapshots of different particles of Auxs:PVP (#1-#7),
assigned simulated images, and corresponding Auys isomers in Figure 2.3. Scale bars

correspond to 1 nm.

Figure 2.9. ACTEM image sequence of single particle of Auxs:PVP (#8). The value in the
upper right of each image is the time in seconds from the beginning of the recording. Scale

bars correspond to 1 nm.
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the observation, as shown in Figure 2.9. ACTEM snapshots of particle #8 at different
times (¢1—#4) in Figure 2.10 could not be explained by the simple rotation of single isomer.
Comparison with a set of images simulated by systematically changing the projection
directions and structural isomers revealed that the temporal change of the ACTEM image
of particle #8 was derived from the structural isomerization; the images of Figures 2.10a—
d are assigned to the distinctive isomers 5, 2, 6, and 6 (Figures 2.10i-1), respectively.
Thus, I revealed the dynamic nature of Auy4 core by direct observation of the structural
isomerization. The coexistence of isomers with hollow tubular structures has also been

proposed for the bare cluster anion, Aux4™, in gas phase.?

Figure 2.10. (a—d) Representative ACTEM snapshots of single Auxs particle (#8) at different
times from the beginning of the video recording (#i: 29.6 s, t2: 64.4 s, t3: 69.1 s, t4: 91.3 ), (e—
h) assigned simulation images, and (i-1) corresponding structural isomers of Auys in Figure

2.3. Scale bars correspond to 1 nm.
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At present, the selective formation of Aux4:PVP could not be explained in terms of
the electronic nor geometrical shell closure. I speculate that the cavity volume created by

the multiple PVP chains determines the preferable size of Au clusters to be stabilized.

2.3.3. Electronic Structure of Auz4:PVP

Although Aux4Cl; was synthesized with atomic precision, the optical absorption
spectrum in Figure 2.2a shows a featureless profile. This phenomenon was ascribed to
the heterogeneity of the atomic structures of clusters, considering that HOMO-LUMO
gaps of stable isomers (1-6) varied significantly (1.1-1.6 eV) depending on the
geometrical structures (Table 2.3).

The electronic structure of Aux4:PVP was further characterized by XPS and FT-IR

(a) Bulk Au (b) Solvent
(4f72) Au,,:PVP
| S
3: -~
© 3 Freef
~
z g [ 5%
aca g Adsorbed1
= S
= On neut:1 Oa:anior?ico1
om oo
On neutral 4 On anionic 4
9 88 86 84 82 80 2200 2150 2100 2050 2000
Binding energy / eV Wavenumber / cm™!

Figure 2.11. (a) XP spectrum of Aw4:PVP. (b) FT-IR spectra of '*CO-saturated
dichloromethane (black), '*CO-saturated colloidal solution of Au4:PVP (red), and calculated
stretching frequencies of '*CO adsorbed on different adsorption sites of isomer 1 (circle) or 4
(square) in Figure 2.3 with a total charge of 0 (green) or —1 (blue). Details are shown in Table
2.5.
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spectroscopy using '>CO as a probe with the help of DFT calculations. The XP spectrum
of Aux4:PVP shows an Au 417, peak at 82.7 eV (Figure 2.11a), which is significantly red-
shifted from that of bulk Au at 84.0 eV. This observation indicates that Aux4Cl; is
negatively charged due to the electron transfer from the side chain of PVP,” although DFT
calculations indicated that the Cl ligands of Au24Cls withdrew the electronic charge from
Auys: the natural charge of the Cl ligand was calculated to be ~—0.5.

It is known that the stretching frequency of the adsorbed carbon monoxide reflects

the electron density of the adsorption site of Au clusters.?®2° The FT-IR spectrum of CO-

1COa° 1COa- 1COb° 1COb-

1COd° 1COd- 1COe° 1COe-

1COf° 1COf-

(b)

4C0Oa° 4COa- 4COb® 4COb-  4COc® 4COc-

Figure 2.12. Adsorption sites and CO-adsorbed structures of isomers (a) 1 and (b) 4 in Figure

2.3. Gray sites were inactive for adsorption.
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saturated colloidal solution of Aux4:PVP shows a broad peak of CO adsorbed on Aux4Cl,
at 2106 cm™! in addition to that of free CO at 2136 cm™! (Figure 2.11b). The red-shift of
the stretching frequency is attributed to the m back donation from the electron rich Au
atoms of Au4Cl, to adsorbed CO.?’ To obtain deeper insights into the geometrical and
electronic structures of Aux4:PVP, CO-adsorbed Au clusters were theoretically studied
employing two Auz4 isomers (1 and 4) with a charge state of 0 and —1. DFT-optimized
structures of Auxs(CO); are illustrated in Figure 2.12; isomers 1C0Qa’~-1COh°® and
1COa—1COh™ correspond to the neutral and anionic 1 adsorbing CO at different sites
(a-h), respectively, whereas 4C0a’-4COc¢’ and 4COa—4COc™ were the adducts

between 4 and CO with the total charge of 0 and —1, respectively. The adsorption energies

Table 2.5. Adsorption energies (Fads) and stretching frequencies of CO (vco) at different

adsorption sites of Auys isomer 1 and 4 in Figure 2.3.

Isomer Eags/ €V veo /em™! Isomer Eags/ €V veo /em™!
1COa° 0.32 2109 1COa” 0.22 2066
1COb° 0.28 2109 1COb 0.10 2020
1COc¢° 0.27 2113 1COc¢ 0.29 2065
1COd° 0.23 2103 1COd 0.14 2032
1COe° 0.23 2110 1COe 0.21 2070
1cof’ 0.17 2108 1COf 0.11 2073
1COg° 0.13 2113 1COg” 0.16 2067
1COR’ 0.11 2105 1COh 0.17 2068
4C0Oa’ 0.42 2103 4COa 0.31 2066
4COb° 0.23 2118 4COb"- 0.28 2066
4COc¢° 0.19 2107 4COc¢” 0.38 2059
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and stretching frequencies of adsorbed CO are summarized in Table 2.5. The adsorption
energies are in the range of 0.1-0.4 eV regardless of the core structures, total charges, and
adsorption sites. The CO stretching frequencies on neutral 1 and 4 (green plots in Figure
2.11b) varied only slightly (<20 cm™') depending on the adsorption sites and can explain
the observed spectrum. In contrast, the CO stretching frequencies on negatively charged
1 and 4 (blue plots in Figure 2.11b) are considerably redshifted from those on neutral
clusters. Although the structure of Aux4Cl; core and adsorption site of CO could not be
identified from these results, they suggest that the negative charge on the Au4Cl. core is
smaller than le as a result of the competition between the electron-withdrawing nature of

Cl ligands and electron-donating nature of PVP.

2.3.4. Aerobic Oxidation Catalysis of Au24:PVP

The reaction mechanism of the aerobic oxidation of benzyl alcohol catalyzed by
Aw4:PVP was studied by analyzing the substituent effect and kinetic isotope effect on
reaction rate constants. Kinetic measurements were conducted for the oxidation of p-
substituted benzyl alcohols X-CsH4CH>OH (X = OCH3, CHs, H, CF3) (Scheme 2.1). The
selectivity for aldehydes and carboxylic acids was affected by the substituent group X
(Figure 2.13). The pseudo-first-order rate constant was estimated from the time course
of the alcohol concentration. The effect of X on the rate constant was analyzed by

Scheme 2.1. Aerobic oxidation of p-substituted benzyl alcohol X—CsH4CH,OH (X = OCHj,
CH3, H, CF3) catalyzed by Auz4:PVP.

o 0]
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Figure 2.13. Product selectivity of the aerobic oxidation of p-substituted benzyl alcohol.
Reaction conditions: substrate 80 pmol; Aux:PVP 5 atom%; K>CO3 300 mol%; H>O 20 mL;
air; 303 K (unless specified).
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Figure 2.14. (a) Hammett plot for the aerobic oxidation of p-substituted benzyl alcohol
catalyzed by Auxs:PVP (Scheme 2.1).*° (b) Arrhenius plot for the benzyl alcohol oxidation (X

= H). Reaction conditions were the same as those described in Figure 2.13.

Hammett plot (Figure 2.14a) and negative reaction constant (p =—1.2 + 0.2) was obtained.
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This result indicated that the a-carbon of alcohol had cationic characteristics at the
transition state of the rate-determining step. Furthermore, a large kinetic isotope effect
(KIE = kn/kp) of 4.1 was observed for a-deuterated benzyl alcohol (CsHsCD>OH).
Therefore, it was concluded that the C—H bond cleavage at the a-position was rate-
determining step and that the H atom was abstracted as a hydride. The apparent activation
energy for the oxidation of pristine benzyl alcohol (X = H) was evaluated to be 56 + 3 kJ
mol™! from the Arrhenius plot (Figure 2.14b).

Importantly, it was confirmed by MALDI mass spectrometry, optical absorption
spectroscopy, and Au Ls-edge EXAFS that the core size of Aux4:PVP was retained during

the catalytic reactions (Figures 2.15 and 16, and Table 2.6). In contrast, MALDI mass
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Figure 2.15. Au Ls-edge (a) EXAFS and (b) FT-EXAFS spectra of Aux4:PVP before (black)

and after (red) the catalytic oxidation of benzyl alcohol.

Table 2.6. Structural parameters of Auxs:PVP before and after benzyl alcohol oxidation

obtained by curve fitting analysis of Au L;-edge EXAFS data shown in Figure 2.16.

Sample Bond CN* r/A® o/ A*¢ R/%"“
Auyy:PVP Au—Cl 0.7(2) 2.34(2) 0.007(4)
(before) Au-Au 4.2(5) 2.71(1) 0.0086(9)
AU24ZPVP
Au-Au 4.7(4) 2.72(1) 0.0094(8) 15.0
(after)

“ Coordination number. ” Bond length. ¢ Debye-Waller factor. ¢ R is defined as follows;

R= (Z(k3)(dam(k)—k3)(ﬁt(k))2)1/2/(Z(k3)(dm(k))2)1/2
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Figure 2.16. MALDI mass spectra and optical absorption spectra of Aux4:PVP after catalytic
oxidation of p-substituted benzyl alcohol at 303 K.

spectrometry and Au Li-edge EXAFS suggested the loss of Cl ligands during the
reactions. These results indicate that the observed catalysis is intrinsic to Auz4 core and
not affected by the Cl ligands. The negligible effect of CI on the catalysis was supported
by the fact that different batches of Au24:PVP containing a different amount of Cl showed

similar catalytic activities. Furthermore, it was reported that the Cl ligands of PVP-
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stabilized Aus4Cl, and Au43Cl, clusters were easily released during the alcohol oxidation
and did not affect the catalytic activity.®

Two different mechanisms have been proposed for aerobic oxidation of alcohols in
which Oz plays different roles. Our group has proposed that Oz is adsorbed and activated
by electron transfer from negatively charged Au:PVP based on the correlation between
the electron affinities of bare Au clusters (Au,) and reactivities of corresponding cluster
anions (Au,") toward O in gas phase.’ In this reaction mechanism, the resulting superoxo-
like species abstracts the hydrogen atom from the a-carbon of co-adsorbed alkoxide
(Scheme 2.2a).3! A similar mechanism has been proposed by Ebitani for the alcohol
oxidation catalyzed by hydrotalcite-supported metal (AuPd, AuPt, or Pt) NPs co-
stabilized by polymers such as PVP and starch.>?-3* The other mechanism, proposed by
Kobayashi, Chechik, and co-workers is based on the observation of an Au—H intermediate
by electron paramagnetic resonance spectroscopy during the alcohol oxidation on Au NPs
stabilized by styrene-based copolymers (Au:PS): hydride is directly transferred to the
surface of Au:PS and the adsorbed hydride is removed by O (Scheme 2.2b).*> This
hydride elimination mechanism has been accepted for the alcohol oxidation catalyzed by

Au NPs supported on metal oxides such as TiOz, CeO», and Al,O3.3¢* A similar

Scheme 2.2. Previously proposed reaction mechanisms of alcohol oxidation catalyzed by (a)
Au:PVP and (b) Au:PS.

(a) (b) /R’v
H H

RCH,OH i OH
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mechanism was proposed for the hydroxyapatite-supported Pd catalyst by Kaneda.*
The reaction constant of Hammett plot for Au24:PVP catalyst (Figure 2.14a, —1.2 +
0.2) is comparable to those reported for Au NPs supported on metal oxides (—0.2 to —1.4)
where alcohol oxidation proceeds by the hydride elimination mechanism (Scheme
2.2b).3%37:3941 This fact supports the hydride elimination mechanism for the alcohol
oxidation by Auz4:PVP. To obtain further insight into the reaction mechanism by Auo4, the
effect of O, pressure was studied. The time course of the alcohol oxidation under
atmospheric pressure of O (Figure 2.17a) showed two characteristic behaviors: (1) for ¢
> 0.05 h (#: reaction time), the rate constant under pure O> (1.0 atm O, 1.18 h™!) was
larger than that under air (0.21 atm O, 0.87 h™!), although the rate constants were not
proportional to the oxygen pressure; (2) the rate constant at the initial stage (# < 0.05 h)
was apparently larger than that for > 0.05 h. The former can be understood by the hydride

elimination mechanism with the assumption that the removal of surface hydride by O is
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Figure 2.17. (a) Natural logarithm of substrate concentration (normalized by initial
concentration) during the catalytic oxidation of benzyl alcohol under air (blue, O»: 0.21 atm)
or pure O, (red, O2: 1.0 atm). Reaction conditions other than O, pressure were the same as
those for Figure 2.13. Two alcohol oxidation pathways on Aux4:PVP: (b) hydrogen abstraction
by adsorbed O» and (c¢) hydride elimination by Auy4 surface.
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not much faster than the hydride transfer from a-carbon to Auz4. However, it was difficult
to explain the latter only by hydride elimination mechanism. I propose that hydrogen
abstraction by O» (Figure 2.17b) also proceeds in addition to the hydride elimination by
Auys (Figure 2.17¢). Involvement of the two mechanisms for alcohol oxidation was
supported by a recent theoretical study on the oxidation of p-hydroxybenzyl alcohol
catalyzed by a model cluster AussLs (L = 2-pyrrolidone) reported by Okumura.*? It was
concluded that the most plausible catalytic cycle consisted of two consecutive steps:
hydrogen abstraction by O (step 1) and hydride elimination by Auss (step 2):

Step 1: ArCH20™ + Oz + [AussLs] — ArCHO + [(HOO)AussLs]~

Step 2: ArCH20™ + [(HOO)AussL3]” — ArCHO + 20H™ + [AussLs]
The cooperation of two oxidation pathways was attributed to the order of the reactivities

of oxidants: (O2 on Auss) > (Auss surface) > (HOO on Auss).

2.4 Summary

In summary, I successfully synthesized a novel magic number cluster, Au24:PVP, by
homogenizing the nucleation process using a micromixer and suppressing the growth step
by a large amount of PVP. Polydisperse and dynamic nature of the atomic structure of
Aw4:PVP was revealed by ACTEM video imaging with the help of TEM simulation using
theoretically optimized model structures. DFT calculations suggested the disordered
structures with all constituent Au atoms located on the surface. Since the magic stability
of Aux4:PVP could not be explained by electronic nor geometrical shell closure, I
speculate that the formation of an unprecedented magic number is associated with the
cavity size created by assemblies of PVP in which Au clusters can be confined. Auz4:PVP

catalyzed the aerobic oxidation of benzyl alcohol derivatives while retaining the cluster
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size. I revealed by kinetic studies that the hydride elimination from the benzylic carbon
by Aux4 surface is the rate-determining step with an apparent activation energy of 56 + 3
kJ mol~!. It was also suggested from the effect of O pressure on the reaction kinetics that
the hydrogen abstraction by the adsorbed O, proceeds as well. I propose that alcohol
oxidation is initiated by the hydrogen abstraction by O, followed by the rate-determining

hydride elimination by Auas.
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Chapter 3.

Single Pd Atom Doping on Auy4 Cluster
Stabilized by PVP: Synthesis, Structural
Analysis, and Catalysis
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Chapter 4.
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Chapter 5.

Concluding Remarks
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5.1. Summary

My doctoral study is aimed to overcome the major challenges for polymer-stabilized
metal clusters; atomically precise size control and determination of atomic structure. I
successfully synthesized novel magic clusters of Aux4, Au3Pdi, and Ausg stabilized by
polyvinylpyrrolidone (PVP) with atomic precision. Polydisperse and dynamic atomic
structures of the clusters were observed. I demonstrated that size increase and single Pd

atom doping significantly enhanced the catalytic activity for alcohol oxidation by

promoting the hydride elimination (Figure 5.1).

(@) Cluster, O *
©/\OH O, in air _ H OH
K,CO,, H,0

(b)

H H-. Hydride 0

O{\ elimination
luster ADS

Size
increase/
Pd doping

_

Rate constant / h—1

o

Aus;  AuyPd,
Figure 5.1. (a) Aerobic oxidation of benzyl alcohol catalyzed by clusters. (b) Rate-

determining step (RDS) of the catalytic reaction. (c) Increase of reaction rate constant at 303

K caused by size increase and single Pd atom doping.
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In Chapter 2, I achieved the atomically precise synthesis of a novel magic number
cluster, Au24:PVP, by the microfluidic mixing of reaction solutions containing a large
excess of PVP. The successful synthesis was ascribed to the suppression of the growth
reaction of clusters as well as the homogeneous mixing of the reaction solutions. By
aberration-corrected transmission electron microscopic (ACTEM) video imaging of
Au4:PVP and TEM simulations of model Auz4 clusters obtained by density functional
theory (DFT) calculations, I revealed that Auz4:PVP was the mixture of structural isomers
in which all the constituent atoms were exposed on the cluster surface. Furthermore, the
dynamic nature of the atomic structure of Aux4:PVP was demonstrated by the direct
observation of structural isomerization. I found that the metal core of Aux4:PVP was
negatively charged due to the electron transfer from PVP, according to the results of X-
ray photoelectron spectroscopy (XPS) and Fourier-transform infrared (FT-IR)
spectroscopy of adsorbed carbon monoxide. The reaction mechanism of the aerobic
oxidation of benzyl alcohol (Figure 5.1a) catalyzed by Auxs:PVP was investigated by
kinetic measurements. I concluded that the rate-determining step of the catalytic oxidation
was the hydride elimination from a-carbon by Aw4:PVP (Figure 5.1b), based on the
observation of kinetic isotope effect (KIE) and substituent effects on reaction rate
constants.

In Chapter 3, I demonstrated that single Pd atom could be doped into Auz4:PVP by
the co-reduction method. Auz;Pdi:PVP was selectively obtained by the reduction of the
mixture of HAuCls4 and Na>PdCls by NaBH4 under the reaction condition similar to that
for Auz4:PVP. I studied the local structure around the Pd dopant in Aux3Pd;:PVP by Pd K-
edge extended X-ray absorption fine structure (EXAFS) analysis, FT-IR spectroscopy of

adsorbed carbon monoxide, and DFT calculations. Considering the coordination number
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of the Pd—Au bond (6.1 + 0.7) significantly smaller than 12 and the appearance of the
absorption band corresponding to the CO adsorbed on Pd, I concluded that the Pd atom
was exposed on the cluster surface. The single Pd atom doping effect on the catalysis was
investigated for the benzyl alcohol oxidation. Aux3Pdi:PVP showed the significantly
higher catalytic activity; the reaction rate constant at 303 K for Au23Pd;:PVP (2.3 h™!) was
more than 2 times higher than that for Au4:PVP (0.83 h™!) and the apparent activation
energy was reduced by single Pd atom doping from 56 + 3 kJ mol™! to 45 + 2 kJ mol .
On the other hand, KIE suggested that the hydride elimination from the a-carbon of
benzyl alcohol is also the rate-determining step for Auz3Pdi:PVP. Based on the structure
of Auz3Pdi:PVP where the Pd atom is exposed on the surface and high affinity of Pd
toward H, it is proposed that the Pd dopant acts as a reaction site for hydride elimination
with reduced activation energy.

In Chapter 4, it was found that a new magic number cluster, Auss:PVP, was
selectively and reproducibly obtained by the size conversion reaction of the mixture of
Ausz4 and Augs. I revealed the polydisperse and dynamic nature of the atomic structure of
Auzsg:PVP by ACTEM video imaging with the help by the TEM simulation of DFT-
optimized model structures. DFT calculations suggested the non-crystalline geometrical
structures with 0—4 inner Au atoms as stable structural isomers. The catalytic activity of
Ausg:PVP for the benzyl alcohol oxidation was significantly higher than that of Au24:PVP.
Auss:PVP showed smaller apparent activation energy (48 = 1 kJ mol™) than that of
Au4:PVP (56 + 3 kJ mol™!), whereas the KIE values of the clusters were comparable.
This suggested that the hydride elimination is rate-determining step for both catalysts.
Considering the higher adsorption energy of a hydride on an Ausg than on an Auy4 revealed

by DFT calculations, I proposed that the increased affinity of Auss toward a hydride
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contributes to the higher catalytic activity of Auzs:PVP for alcohol oxidation.

5.2. Future Prospects

In this thesis, I achieved the atomically precise size control of Au clusters stabilized
by linear polymers for the first time. In Chapters 2 and 3, Aux4:PVP and Auy;Pdi:PVP
were synthesized by kinetically controlled reduction of metal precursor complexes using
a micromixer and large amount of PVP, whereas Auzs:PVP was selectively produced by
the size conversion of the mixture of Auz4 and Auass. Significant effects of single Pd atom
doping and size increase on the catalytic activity of Au:PVP were demonstrated for the
alcohol oxidation in Chapters 3 and 4. I revealed that the hydride elimination was the key
step for the alcohol oxidation catalyzed by the clusters. Possible reasons for the enhanced
catalytic activities were also described in the Chapters. Nevertheless, to elucidate the
origin of doping and size effects, further insights should be obtained by kinetic studies
using clusters with other compositions and sizes

Another possible method for the atomically precise synthesis of polymer-stabilized
Au clusters is the controlled growth of Au clusters by sacrificial hydrogen reduction.! If
adsorbed hydrogen atoms act as simple one-electron carriers for the electron counting of
Au clusters,? a certain number of hydrogen atoms will be adsorbed on an Au cluster.
Magic number Au clusters such as Ausg and Auzo will be obtained by the reduction of
monovalent Au complexes by the adsorbed hydrogen atoms.? Recently, the controlled
growth reactions of phosphine protected Au-based clusters, [Auo(PPh3)s]*" and
[PdAus(PPhs)s]**, have been reported.*> The reactions were initiated by the two-electron
doping by the adsorbed hydride provided by NaBH4, followed by the addition of two

AuCl units. The hydride-adsorbed intermediate clusters were observed by in-situ
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electrospray ionization (ESI) mass spectrometry. These reports support the possibility of
the atomically precise growth reaction of polymer-stabilized Au clusters. Furthermore,
the sacrificial hydrogen reduction will also be effective for the control of the composition
of polymer-stabilized bimetallic clusters. For example, AuxsPd,:PVP (n > 1) will be
selectively obtained by the reduction of Pd ions by surface hydrogen under an appropriate
reaction condition.

Synthesis using a dendrimer as a molecular template is also the versatile approach
for atomically precise synthesis of metal clusters.®” Dendrimers having a defined number
of coordination sites for metal ions act as both templates for size-selective synthesis and
stabilizers for resultant clusters. Yamamoto and co-workers have reported the precision
synthesis of monometallic and alloy clusters using phenylazomethine dendrimers.

Mass spectrometry is an indispensable size evaluation method for atomically precise
polymer-stabilized metal clusters to determine the sizes and compositions.>3!° However,
it has been applied to only Au and Au-based clusters among polymer-stabilized metal
clusters. To extend the scope, soft ionization methods with wide applicability should be
developed.

As demonstrated in Chapters 2 and 4, aberration corrected transmission electron
microscopy (ACTEM) is a powerful tool to monitor the dynamic structure of polymer-
stabilized metal clusters. By further improvements of measurement conditions and more
efficient theoretical calculations, it will be possible to establish the energy landscape of
polymer-stabilized metal clusters. Deep understanding of the potential energy surface is
necessary to clarify the correlation between the structures and catalytic performances.

XAS is an effective method to obtain insights into the local structures and electronic

states of specific elements contained in polymer-stabilized metal clusters.!! In Chapter 3,
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I revealed that the doped Pd atom of Aux3Pdi:PVP was exposed on the cluster surface. /n-
situ or operando measurements of polymer-stabilized metal clusters under the conditions
of catalytic reactions will provide deeper understanding of the reaction mechanism.

For practical catalytic applications of polymer-stabilized metal clusters, it is
necessary to improve the stability and reusability of the clusters. Aoshima and co-workers
reported that Au nanoparticles (4 nm) stabilized by vinyl ether star polymers,
star(EOEOVE), worked as a robust and recyclable catalyst for the aerobic oxidation of
alcohols.!? Since star(EOEOVE) showed lower critical solution temperature type phase
segregation behavior at ~40 °C, the polymer-stabilized Au nanoparticles could be easily
separated from the reaction solution by raising the temperature. The recovered catalyst
showed the catalytic activity similar to that of original one. Thus, the functionality of

polymer-stabilized metal clusters can be improved by using a designed polymer.
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