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Chapter 1.

General Introduction



1.1 Chemical Reactions with Catalysts

Making and breaking chemical bonds are one of the central issues of chemistry. Various
chemical compounds are synthesized as the product of chemical reactions with bond making
and/or bond breaking. However, a large amount of energy is usually required for breaking
chemical bonds. For example, bond energy of O> is 500 kJ/mol, and CO oxidation reaction in gas
phase requires 600 °C for O-O bond cleavage. On the other hand, CO oxidation can proceed
under room temperature in the presence of the catalyst'. A schematic potential energy diagram
for a model chemical reaction with the catalyst is shown as green line in Figure 1. The first step
of the catalytic chemical reaction is adsorption of reactant molecules on catalyst surface. In this
step, chemical bonds are formed between the adsorbates and catalyst. After the adsorption,
reactant molecules (e.g. CO and O) react on the catalytic surface. Because this reaction proceeds
with keeping bonds between the reactants and catalyst, probability for collision between
reactants on two-dimensional catalyst surface is larger than that in three-dimensional gas phase.
In addition, chemical bonds of the reactant molecules (e.g. O-O bond of O) are activated by the
interaction with the catalyst. These effects reduce activation energy of the reaction being lower
than that without catalyst (red line in Figure 1). After the reaction, the product molecule is
desorbed from the catalyst surface, and the catalyst returns to the initial state. This is typical

catalytic cycle based on Langmuir-Hinshelwood mechanism?.
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Figure 1. Schematic potential energy diagram of model chemical reaction with catalyst (green

line) and without catalyst (red line).

1.2 Activation of Unreactive Bonds

Catalyst design for activation of unreactive bond is both fundamental and forefront issue in
catalytic chemistry, which is explained here with the methane activation as an example. Methane
is a main component of natural gas, and it is one of the abundant carbon resources. Conversion
of methane to useful chemical compounds or fuels are highly desired. The dehydrogenative
conversion of methane (DCM) is one of the straightforward process for the synthesis of higher
hydrocarbons from methane. However, high reaction temperature (> 2000 K) is required for the
C-H bond activation of methane due to the strong C(sp®)-H bond (bond energy = 438 kl/mol)’.
Therefore, the C(sp’)-H bond of methane can be considered as the unreactive bond. The
activation of unreactive bond is achieved by using appropriate catalysts. For example, methane-
to-benzene transformation via DCM proceeds at 973 K by using the Mo/zeolite catalyst®.
However, coke formation deactivates the catalyst due to the carbon deposition. This result
indicated that too strong catalyst or reaction condition induce over activation of methane, and

decomposition to C and Hz proceeds. Therefore, the moderately active catalytic system for the
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selective C-H bond activation is important to enhance selectivity of products and reusability of
the catalyst. Designing such moderately active catalytic system is a very challenging issue, and
this arises from the difficulty of the activation of unreactive bonds. Recently, methane
conversion to higher hydrocarbons without the carbon deposition were achieved by using single
Fe catalyst in a silica matrix’ and liquid indium catalyst’. Investigation and understanding of the
reaction mechanisms on these efficient catalysts are one of the effective way to obtain the

guidelines for designing new catalytic systems®.

1.3 Shape of Catalysts and Active Sites
1.3.1 Homogeneous and Heterogeneous

Catalysts are generally divided into two types: homogeneous catalysts and heterogeneous
catalysts. These two types of catalysts are focused on in this section although bio catalysts are
also reported recently.

In homogeneous catalysts, reactants, products and catalysts are in same phase (e.g. liquid
phase). One of the typical example of homogeneous catalysts is transition metal complex
catalysts. In this class of catalysts, the active metal center is stabilized by ligands. The character
of the catalyst can be modified precisely by controlling the bulkiness of the ligands or the
electronic interaction between the metal center and the ligands. Therefore, the metal complex
catalysts show high activity and selectivity for the target reactions through the ligand design.

In heterogeneous catalysts, reaction occurs at interfaces. Reactants and catalysts are in
different phases (e.g. gas phase and solid phase, respectively). Therefore, separation of the
catalyst and the product is comparably easy in the heterogeneous catalytic system. In addition,
cleaning and reuse of the catalyst are also readily due to the same reason. These are one of the

great advantages of the heterogeneous catalyst from the perspective of running cost of the
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catalytic system and environmental aspects. From these advantages, heterogeneous catalysts are
widely used as industrial catalysts. However, improvement of the selectivity is one of the
challenges in the heterogeneous catalyst development.

Why the improvement of the selectivity is difficult in the heterogeneous catalyst? Because of
the heterogeneity in the surface structure of the heterogeneous catalyst, there are a lot of regions
or sites for the adsorption and the reaction in the catalyst. Therefore, it is difficult to know
exactly where the reaction proceeds and what structure is optimal for the reaction. Such optimal
sites where the reaction takes place are called active sites. In the heterogeneous catalyst, there are
not only the active sites for the desired reaction but also those for the undesired reactions. In
addition, the desired active sites are sometimes blocked by both products and byproducts, which
causes the deactivation of the catalyst as written in Section 1.2. Therefore, the principles of the

catalyst design should be developed by accumulating the knowledges of the active sites.

1.3.2 Active Sites of Supported Metal Catalyst

In this subsection, more details for the active sites of the heterogeneous catalysts and its
complexity are discussed. Supported metal catalysts are one of the widely used heterogeneous
catalysts. For example, it is used as automobile catalysts for exhaust gas cleaning. In this type of
catalysts, metal nanoparticles are highly dispersed on the supporting materials (e.g. metal oxide).

As shown in Figure 2, there are several types of active sites in the supported metal catalysts.
For example, perimeter region around the interface between the metal nanoparticle and the
support material is known as one the typical and the unique active site of the supported metal
catalyst’!!. Because the metal nanoparticle at the perimeter region is affected by the support, the
situation (e.g. electronic structure) around the perimeter is different from the pure metallic

surface where far from the support. Such interaction between the metal nanoparticle and the
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support is known as the metal-support interaction. While broad meanings are contained in the

metal-support interaction, electron transfer between the metal nanoparticle and the support

)9, 12

material (electronic metal support interaction: EMSI is one of the important interaction. For

example, charge transfer from Pt nanoparticle to cerium oxide was reported, and it enhances

water dissociation on the Pt/CeQ> catalyst'>.

Metallic surface

- ==

Edge area

Metal
nanoparticle

Metal Nanoparticle

|el9jew poddng

Supported Metal Catalyst

HEE-E

Ontop site Bridge site Hollow site (100) facet (111) facet

Figure 2. Schematic picture of the supported metal catalyst and its active sites.

Aside from the effect of the metal-support interaction, the metal nanoparticle itself also has
several active sites (Figure 2). One of the advantages of the nanostructured metal is large specific
surface area compared with the bulk structure. The surface of the metal nanoparticle can be
divided into terrace area and edge area. The terrace area is closed packed flat surface. The edge
area is in the terminal of the flat surface, and it is constructed by low-coordinated atoms. Such
low-coordinated atoms in the edge area are also divided into several types; step, kink, corner and

so on. These atoms are also considered as important active sites because the reactants are
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strongly adsorbed and activated by the unsaturated atoms. Another advantage of nanostructured
metal is high edge area ratio due to the polyhedral structure.

The polyhedral structure of the metal nanoparticle is constructed by the combination of
different surface structures (facets) as shown in Figure 2. It was reported that there are some
reactions which are affected by the surface structure'*!6. Such reactions are called by structure
sensitive reaction. For example, in the Fisher-Tropsch reaction on the ruthenium nanoparticle
catalyst, the CO dissociation reaction proceeds on the specific step site!®. In addition, several
types of adsorption sites are contained in each facet. Examples of adsorption sites for single atom
adsorption on the (100) facet of Pd nanoparticle were shown at bottom left in Figure 2 (a red ball
indicates adsorption sites). In this case, there are three types of adsorption sites; ontop site (just
above the Pd atom), bridge site (between two Pd atoms) and hollow site (hollow surrounded by
four Pd atoms). Obviously, adsorption sites or adsorption modes vary by each facet, and the
optimal adsorption site also varies depending on the combination of the adsorbate and metal.
Because the adsorption is the first step of the catalytic reaction as shown in Section 1.1,
investigating the adsorption mode (e.g. adsorption structure or energy) on each active site is also
important step for understanding the catalytic reaction.

Furthermore, there are effects from other factors; solvents, ligands and so on. For example, it
was reported that low temperature oxidation of CO on the Au/TiO; catalyst is accelerated by the
presence of water!” 18, In addition, defect sites may exist in the metal surface or the support
material although very clean (ordered) structure was supposed in Figure 2. Actually, it was
reported that electron transfer from the support to Au cluster is induced by oxygen vacancy of

MgO support'’.
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As written in above, there are a lot of active sites in the supported metal catalyst. Therefore, it
is difficult to figure out which reaction proceeds at a particular active site. In other words,
elucidation of the reaction mechanism on the heterogeneous catalyst is a difficult task. However,
understanding the structure and reactivity of the active site is required for new catalyst design.

Therefore, we have to tackle this task by using all the possible methods.

1.4 Theoretical Chemistry for Catalytic Systems

As discussed in former sections, investigating and understanding the active sites of the catalyst
is the important step to obtain the guides lines for the catalyst design. In other words,
understanding the reaction mechanisms on the catalytic system is required for the development
of the new catalyst. However, the actual catalytic system is very complicated system composed
of several active sites and ingredients. Therefore, it is hard to figure out what is going on the
catalyst, and what the nature of the catalytic activity is.

Theoretical (computational) chemistry is one of the effective way to investigate the reaction
mechanism of the catalyst. Because the chemical reaction is governed by electrons, the reaction
mechanism can be described by electronic state theory calculation based on the SchrOdinger
equation. For example, geometries and energies of the intermediate states and transition states
are obtained by theoretical calculations. Consequently, the potential energy surfaces (in which
the intermediates and transition states are extreme values) for the catalytic reaction are formed.
Based on these calculations, several reaction pathways on each active site can be investigated.
Furthermore, the key character of the catalyst is detected by the electronic structures of the
catalyst materials. Therefore, we can tackle the difficult subjects through theoretical chemistry;

what is going on the catalyst, and what the nature of the catalytic activity is.
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1.4.1 Density Functional Theory

The solution of the SchrGdinger equation is the exact electronic energy and the related wave
functions of the system. However, we cannot access the exact solution of the Schrddinger
equation for many-body (electrons) systems because N-electron wave function is 3N
dimensional function even if spin variable is ignored. Therefore, we have to solve the
Schrodinger equation approximately. Density functional theory (DFT) is one of the widely used
theory for theoretical studies of catalytic chemistry. In DFT, the electronic energy of the system
is described as a functional of electron density. The original concept of DFT is not approximate
theory but the theory for the exact electronic energy. However, in practical, we have to use DFT
approximately because the exact form of the energy functional is still unknown as discussed
below.

The basis of DFT is two theorems proved by Hohenberg and Kohn in 1964%°. The first
Hohenberg-Kohn theorem proved that the ground state energy obtained from the SchrOdinger
equation is a unique functional of the ground state electron density. In brief, several properties of
the ground state (e.g. energy) is determined by the ground state electron density. While N-
electron wave function is 3N dimensional function (here, spin variable is ignored), electron
density is only depended on three spatial variables. Therefore, the ground state energy can be
solved as three dimensional functional, and this is one of the big advantage of DFT.

A way for approaching the exact ground state electron density was given by the second
Hohenberg-Kohn theorem; the lowest energy is obtained from the energy functional only if the
exact ground state electron density is adopted. In other words, the exact ground state electron
density can be obtained by minimizing the energy functional, and the obtained lowest energy is

the exact ground state energy. From these theorems, we can approach the exact ground state
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energy of the system through the ground state electron density. The remaining problem is how to
obtain the exact energy functional.

Energy functional E[p] can be written as Eq. 1.

Elo] = F[p]+] p(r)V,. dr
=T[pl+3[p]+Eulpl+[ p(r)Vydr (1)

Where, Ve is electron-nuclei attraction potential, T[p] is the functional for kinetic energy, J[p] is
the classical Coulomb interaction between electrons, Enc[p] is the non-classical contribution to
the electron-electron interaction (i.e. self-interaction correction, exchange and Coulomb
correlation?!). F[p] is called as the Hohenberg-Kohn functional. In the Hohenberg-Kohn
functional, only analytical form of J[p] is known. In 1965, Kohn and Sham approached to the
energy functional through the non-interacting reference system?2. They focused on describing the
kinetic energy part. Because it is known that Slater determinants (Eqg. 2) is the exact wave
functions of the non-interacting reference system where electrons behave as uncharged fermions
moving in the effective potential®?, the exact kinetic energy for this type of wave function can be

written as Eq. 3.

(%) o,(x) - oy(x)
:L 2 (%) @,(%) o oy(X)

7
s Jm

(X)) @ (X)) o oy (Xy)

L--2¥(aa) @

Where, N is number of electrons, {x} are variables of 3N spatial and N spin coordinates, {¢i} are

Kohn-Sham orbitals defined by Eq. 4.

KS

f o=c0 -4
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fXSis called as the one-electron Kohn-Sham operator, and Vs is the effective potential. It is
important point of the Kohn-Sham approach that the non-interacting reference system is
connected to the real system through the same ground state electron density. In brief, the ground
state electron density of the non-interacting reference system is equivalent to the exact ground
state density of the real system. Therefore, the effective potential Vs is set to fulfill this constraint.
From this approach, a part of the kinetic energy functional of Hohenberg-Kohn functional (F[p])
is described by the exact kinetic energy of the non-interacting reference system with effective

potential. Therefore, F[p] can be written as Eq. 6.

Flpl=T[p]+I[p]+Exclp] - (6)

Evclpl=(TlAl-T[p])+Eulpl -(7)

Exc is called as exchange-correlation energy. In brief, all of the non-classical contributions are
included in the exchange-correlation energy functional.

As discussed above, the Kohn-Sham approach gives us way to describe a part of the kinetic
energy functional. In addition, we can obtain the exact non-relativistic ground state energy
within Born-Oppenheimer approximation through the Kohn-Sham approach if the exact ground
state electron density is inserted in the exact energy functional. However, the exact form of the
exchange-correlation energy functional is still unknown. Therefore, we have to use approximate
exchange-correlation energy functional in practical calculation. Although a lot of approximate
Exc were reported (e.g. LDA type, GGA type, hybrid type and so on)?!, we cannot judge which

is theoretically the best (or better) approximate functional because the exact form of Exc is
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completely unknown. Therefore, we have to compare the result obtained by the approximate

functional with experimental results carefully.

1.4.2 Computational Modeling for Catalytic Systems

Based on DFT, we can calculate electronic structures of the catalyst. However, the catalytic
system is still complicated even for DFT calculations. Of course, computational cost is a big
problem of DFT calculations for the catalytic system. However, how to describe and incorporate
the nature of the catalytic system from the complicated system are also important aspects of the
theoretical study. From these points of view, efficient modeling of the catalytic system is
required. For example, if all factors of the catalytic system are incorporated in the computational
model, it is difficult to grasp the essential factor for the catalytic reaction.

By using DFT or other theoretical methods (e.g. post-Hartree-Fock methods, molecular
mechanics and so on), atomic-scale modeling of active sites can be done. In this subsection,
atomic-scale modeling for the supported metal catalyst was focused on. Cut off the active sites
from the catalytic system is one of the straightforward way for the modeling. This simple method
is called as cluster model (Figure 3a). In this model, high accurate calculation methods (e.g.
hybrid DFT functional, post-Hartree-Fock methods with large basis set, and so on) can be
adopted because computational cost can be kept lower. Therefore, several analysis based on
molecular orbital interactions can be also adopted. In addition, handling of charged defects or
spin multiplicity are relatively easy. However, terminal bonds have to be treated carefully. For
example, dangling bonds of terminal oxygens cause strange electronic structure®. Therefore,
terminal dangling bonds are usually saturated by hydrogen atoms as shown in Figure 3a. In

addition, the accuracy of the model is directly affected by selection of the model size.
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Color: QM region

a) Cluster Mode (b) QM/MM Model

Figure 3. Atomic-scale modelling for the supported metal catalyst. (a) Cluster model, (b)

QM/MM model, (¢) Periodic slab model.

QM/MM model** % (or ONIOM model?*?7) is another choice of the cluster model (Figure 3b).
In this model, important region (e.g. around active site) is calculated by using high accurate
theory (e.g. DFT or post-Hartree-Fock methods), and the other region is calculated by low-cost
theory (e.g. molecular mechanics or semi-empirical methods). The former region is called as QM
region, and the latter region is called as MM region. Therefore, larger model can be calculated
without deteriorating the accuracy. While strengths and weaknesses are almost same as those of
the cluster model, treatment of boundary region between QM region and MM region is important.
Recently, embedded cluster model is reported as theoretical modeling for the heterogeneous
catalyst®> 2%, In this model, QM region is embedded in the point charge (MM region) which
represents the bulk effect of the support or metal.

Periodic slab model is one of the widely used model for the heterogeneous catalyst (Figure 3c¢).
In this model, the structure in the unit cell is periodically repeated in three-dimensional direction.
By using this model, bulk structure or its effect of the support material or metal surface can be

described. In addition, supported metal nanoparticle can be modeled as an infinite rod for one
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lateral direction®”*°. However, only limited method (e.g. LDA or GGA type DFT functional) can
be adopted for this model due to the computational cost. In addition, it is difficult to apply
molecular orbital based analysis, and the treatment for the excess charge or spin multiplicity are
also difficult due to the periodic boundary condition.

As discussed in above, there is several ways for the atomic-scale modelling of the supported
metal catalyst, and each model has both advantages and disadvantages. Therefore, we should use

the model in which the true essence of the catalytic system is grasped.

1.5 Overviews of the Thesis

Chapter 1 gives general introduction. The importance of theoretical study for understanding
catalytic systems is explained. In particular, the difficulty and importance in understanding the
reaction mechanism of catalytic system are discussed, and theoretical methods for he catalysis
research are described.

Chapter 2 is entitled as “Elucidation for the Effect of Hydrogen Acceptor Molecule to the
Selective Aniline Synthesis by the Supported Pd Catalyst: Theoretical Study”. Role of hydrogen
acceptor molecule for the selective aniline synthesis by the Pd cluster catalyst is investigated by
DFT calculation. From the point of view of reaction step and atom economy, dehydrogenative
aromatization of NHj3 and cyclohexanone is effective approach for the primary aniline synthesis.
However, imine generation via condensation of aniline and cyclohexanone, and hydrogeneation
of imine also proceed as undesirable reaction. This undesirable reaction is restrained in the
presence of styrene, and the selective primary aniline synthesis via dehydrogenative
aromatization was achieved on the supported Pd catalyst with styrene. Based on DFT
calculations, it was suggested that adsorption of styrene on the Pd surface is stronger than that of

imine. In addition, the experimental result of the competitive hydrogenation of styrene and imine
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indicated that hydrogenation of imine occurs after the hydrogenation of styrene. From these
results, it was suggested that styrene is adsorbed on Pd surface strongly and acts as hydrogen
acceptor.

Chapter 3, “DFT Mechanistic Study on the Complete Oxidation of Ethylene by the Silica-
Supported Pt Catalyst: C=C Activation via the Ethylene Dioxide Intermediate”, summarizes a
study on the mechanism of complete oxidation mechanism of ethylene on the silica supported Pt
catalyst based on DFT calculations. Low-temperature complete oxidation of ethylene by
mesoporous silica-supported Pt catalyst is a forefront technology for food preservation. Public
implementations of the Pt catalyst have already begun, and spectroscopic analyses on the
catalytic mechanism have been reported. In this study, density-functional theory calculations
were conducted to clarify the potential energy profile and electronic mechanism of the catalytic
reaction. Based on the experimental findings, a reaction pathway was proposed for the ethylene
oxidation up to CO, formation via HCHO intermediate. Among several possibilities, a reaction
pathway via ethylene dioxide species is energetically plausible for the C-C bond cleavage to
generate HCHO. Particular focus was given to the electronic effect of the silica support in the
ethylene dioxide route. The reservoir effect, in which the siloxide groups take electrons from the
Pt moiety, reduces the activation energy of the C-C bond cleavage step by taking electrons from
the o(C-C) orbital.

In Chapter 4, “Theoretical Study of C-H Activation by O> on Negatively Charged Au Cluster:
o, P-dehydrogenation of 1-methyl-4-piperidone by the Au/OMS-2 Catalyst”, C-H bond
activation mechanism of piperidone molecule on the Au cluster catalyst is described. Au
nanoparticles catalyst supported on manganese oxide octahedral molecular sieve (OMS-2) is a

heterogeneous catalyst for a, B-dehydrogenation of B-N-substituted saturated ketones. In this
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study, reaction mechanism of aerobic C-H bond activation of 1-methyl-4-piperidone on the
Au/OMS-2 catalyst was investigated by density functional theory calculations. In particular, the
relationship between charge state of Au cluster and catalytic activity was focused on. Au cluster
on the OMS-2 support is negatively charged due to the charge transfer from OMS-2 to the Au
cluster. In addition, O adsorbed on the negatively charged Au cluster is activated enough to
abstract hydrogen atom. Therefore, C-H bond activation by adsorbed O> is favorable reaction
pathway rather than that directly by Au surface. In addition, activation energy of the C-H bond
by adsorbed O becomes smaller with more negatively charged Au cluster because the adsorbed
O is activated more significantly.

Chapter 5, entitled as “Theoretical Study for C-H bond Activation on Pd Cluster: Agostic
Interaction on Pd Cluster Induced by OAc Ligands”, shows C-H bond activation mechanism by
the Pd cluster catalyst investigated by DFT calculations. N1-substituted benzotriazole is payed
attention as an important compound for cancer treatment. Recently, N1-substituted benzotriazole
synthesis via 1,7-palladium migration reaction on the Pd nanoparticle catalyst was reported. In
this reaction, Ph-H bond cleavage of the reactant molecule is one of the important step of the
reaction. Furthermore, this reaction only proceeds in the presence of OAc ligands. From the
results of DFT calculations, it was found that activation energy for Ph-H bond cleavage reaction
is decreased more than 10 kcal/mol in the presence of OAc ligand. From the analysis based on
the molecular orbital interactions, it was suggested that Ph-H bond is activated by the agostic
interaction between Ph-H bond and the Pd cluster in the presence of OAc ligand.

Chapter 6 gives general conclusion of the thesis and summarizes the perspectives on the
activation mechanisms of unreactive bonds obtained by the several important cases in the

experimental catalysis researchers.
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Chapter 2

Elucidation for the Effect of Hydrogen Acceptor
Molecule to the Selective Aniline Synthesis on the

Supported Pd Catalyst: Theoretical Study
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1. Introduction

Primary anilines are important and widely used chemical compounds as intermediates of
pharmaceuticals, agrochemicals, dyes, polymers, and electronic materials' 2. One of an effective
approach for primary aniline synthesis is dehydrogenative aromatization by Pd catalysts*®. From
the point of view of reaction step and atom economy, NH3 is a proper nitrogen source for
chemical synthesis. However, selective synthesis of primary aniline from NH3; and
cyclohexanone via the dehydrogenative aromatization was not achieved until the development of
the supported Pd nanoparticle catalyst on hydroxyapatite (Caio(PO4)s(OH): HAP) (Pd/HAP
catalyst) with hydrogen acceptor (e.g. styrene)’. Because the desired primary anilines are
typically more reactive than NH; for the condensation with cyclohexanone substrates, the
corresponding imines are also generated (Scheme la: step 2). The imines are reduced by
adsorbed hydrogen to undesirable N-cyclohexylanilines (Scheme 1a: step 3). Therefore, selective
synthesis of primary aniline from NH3 and cyclohexanone via the dehydrogenative aromatization
was difficult in previous catalytic systems>® 34 On the other hand, if a good hydrogen acceptor
(e.g. styrene) exists in the catalytic system, the undesirable reductive amination is suppressed by
hydrogenation of the hydrogen acceptor (Scheme 1b). Therefore, the PA/HAP catalyst with
hydrogen acceptor is efficient catalytic system for primary aniline synthesis from NHj3; and

cyclohexanone via the dehydrogenative aromatization.
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Scheme 1. Reaction scheme for primary aniline synthesis from NH3 and cyclohexanone via the
dehydrogenative aromatization by Pd catalyst’. (a) Possible reaction route by Pd catalytic system

without hydrogen acceptor. (b) Strategy for selective aniline synthesis with hydrogen acceptor.
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selectivity control by preferential adsorption of styrene
on the Pd nanoparticle surface

Primary aniline synthesis from NH3 and cyclohexanone via the dehydrogenative aromatization
was achieved by the Pd/HAP catalyst with hydrogen acceptor. The strength of adsorption is
important factor for heterogeneously catalyzed hydrogenation because the hydrogenation
proceeds according to Langmuir-Hinshelwood mechanism on heterogeneous catalyst'>. Actually,
it was expected that competitive adsorption of styrene and amine occurs in the PdA/HAP catalyst’.
Therefore, if styrene acts as hydrogen acceptor in the catalytic system, adsorption energy of
styrene on the Pd nanoparticle should be larger than that of imine. However, it is not clear
whether adsorption energy of styrene on the Pd nanoparticle is larger than that of imine.
Although theoretical studies for styrene adsorption on the Pd nanoparticle were reported'® !7, that
for imine was not reported in the best of our knowledge. Therefore, adsorption energies of
styrene and imine on the Pd nanoparticle were investigated by density functional theory (DFT)

calculations in this study. In particular, we focused on difference of the adsorption energy
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between styrene and imine 6a formed via the condensation of 4-methylcyclohexanone and p-
toluidine (i.e. R = CH3 in Scheme 1b).

This chapter is organized as follows. In the next section, computational models and the detail
for DFT calculations are discussed. In Subsection 3.1 and 3.2, adsorption structures of styrene
and imine 6a on slab models and cluster models are investigated, respectively. In Subsection 3.3,
calculated adsorption energies on each model are analyzed by energy decomposition analysis. A

concluding remark is given in Section 4.

2. Computational Details
2.1 Pd13 Model

To investigate the adsorption energies of styrene and imine 6a on the Pd nanoparticle,
computational models of the Pd nanoparticle were constructed. First, equilibrium structure of the
Pd nanoparticle was constructed by using Wulff construction'®. Average particle size of the
Pd/HAP catalyst (3.7 nm)’ was adopted for Wulff construction, and surface energies of each Pd
facet were taken from previous theoretical study'®. As shown in Figure 1b, both (111) facet and
(100) facet appear as stable surface in equilibrium structure of Pd nanoparticle (white area and
green area in Figure 1b, respectively). In addition, edge area and interface between each facet
occupy large surface area of Pd nanoparticle. In other words, terrace area of each facet is not so
large. These results suggested that a cluster model is suitable better than a periodic model and
was adopted as computational model of the Pd nanoparticle. Therefore, Pdi3 model (Figure 1a)
was constructed as computational model of the Pd nanoparticle. This model was pointed out as
one of the most stable conformation of the Pdi3 cluster in a previous theoretical calculation®. In
addition, this model includes both (111) facet and (100) facet which are stable facets of Pd

nanoparticle.

30



(a) (b)

(100) facet

Equilibrium structure
of Pd nanoparticle

Pd,; model

Figure 1. (a) Pdi3 model, (b) Equilibrium structure of Pd nanoparticle constructed by Wulff

construction (white area: (111) facet, green area: (100) facet).

Both geometry optimizations and single-point energy calculations for the Pdiz model were
performed using DFT at the B3LYP functional level?! > with the D3 version of Grimme’s
dispersion function?*. We employed the Stuttgart/Dresden basis set with effective core potential®*
for Pd atoms. The 6-31G(d) basis sets?® were used for the other atoms. All calculations were
carried out using the Gaussian 16 program package?®. The spin multiplicity of the Pdi3 model

and that with substrates were calculated to be quintet state and septet state, respectively.

2.2 Slab Models

To check validity of the Pdi3 model (cluster model), surface slab models for (100) facet
(Figure 2a: Pd(100) model) and (111) facet (Figure 2b: Pd(111) model) were also constructed by
using periodic boundary condition. Both (100) facet and (111) facet were modeled by a (3 x 3)
unit cell with 6 layers. The lattice constant of the Pd(111) model and Pd(100) model were set to a
=b=167A,c=13.6 A, a=B=90°y=120°anda=b=167 A, c=11.8 A, a=B=vy=90°,
respectively. These values were determined by cell-optimization of the bulk structure of Pd.

Calculated lattice constant of bulk structure (a =b = ¢ = 3.94 A) was in good agreement with the
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experimental value (a = b = ¢ = 3.96 A)*’. Each slab was separated by 25 A vacuum layer

perpendicular to each facet.

—>2

Pd(100) model Pd(111) model

Figure 2. (a) Pd(100) model, (b) Pd(111) model.

These slab models were calculated by DFT calculation with FHI-aims code (version:
171221)?®. The Perdew—Burke—Ernzerhof (PBE) functional®® was used as the exchange-
correlation functional. The numerical atom-centered orbitals (NAO) basis set?® with the default
“tight” settings were adopted for each atom. In addition, the atomic-scaled zeroth-order regular
approximation (Atomic ZORA)* was adopted to incorporate the relativistic effects. Furthermore,
the van der Waals correction was incorporated based on the Tkatchenko-Scheffler method®’. A
I'-centered grid of 15 x 15 x 15 k-points were used for the cell-optimization of the bulk Pd
structure, and a I'-centered grid of 5 X 5 X 1 k-points were used for other slab models,
respectively. The bottom 4 layers of slab models were fixed to the bulk structure during
geometry optimization.

In this study, adsorption energy (Eads) is defined as Eq.1.

Eqqs = E(Ads) — E(Mol) — E(Slab) ... (1)
Where, E(Ads), E(mol) and E(Slab) are potential energies of adsorption structure, isolated

adsorbate molecule and clean slab model, respectively.
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3. Results and Discussion

In this section, adsorption energies of styrene and imine 6a were investigated by using the Pd3
model, Pd(100) model and Pd(111) model. As discussed in below, adsorption energies of styrene
on both (100) facet and (111) facet were lager than those of imine 6a in the Pdi3 model. This
tendency is in good agreement with experimental results. On the other hand, adsorption energy
of 6a on the Pd(111) model is larger than that of styrene while adsorption energy of styrene on

the Pd(100) model is larger than that of 6a.

3.1 Adsorption on the Slab Model

First, adsorption structures of styrene and imine 6a on the Pd(100) model and Pd(111) model
were investigated. Theoretical study for imine adsorption on Pd surface was not reported in the
best of our knowledge. However, 6a is adsorbed on Pd surface by nitrogen atom and benzene
region, and several theoretical studies for benzene adsorption on Pd surface were reported®'*. In
addition, styrene is adsorbed on Pd surface by benzene region and vinyl group. Therefore, most
stable adsorption structure of benzene on Pd(111) facet and Pd(100) facet reported in previous

theoretical studies®!-*3

were adopted for initial adsorption structures of benzene region of styrene
and 6a for geometry optimization, respectively. Initial adsorption structure of vinyl group of
styrene was also taken from previous theoretical studies for styrene adsorption on Pd(111)
surface and Pd(100) surface!® 7. While these previous studies were only focused on adsorption
structure of vinyl group, adsorption structure of both benzene region and vinyl group of styrene
were considered in our present study.

From these initial structures, adsorption structures of styrene and 6a on the Pd(100) model and

Pd(111) model were investigated. As shown in Figure 3a and 3c, adsorption energy of styrene

(Eads = -85.2 kcal/mol) is larger than that of 6a (Eags = -80.6 kcal/mol) on the Pd(100) model. On
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the other hand, adsorption energy of styrene (Eadss = -73.0 kcal/mol) is smaller than that of 6a
(Eadgs = -76.6 kcal/mol) on the Pd(111) model as shown in Figure 3b and 3c. These results
suggested that styrene adsorption is more favorable than 6a on Pd(100) facet while adsorption of
6a is more favorable than styrene on Pd(111) facet. However, experimental result of the
competitive hydrogenation of styrene and imine indicated that hydrogenation of imine occurs
after hydrogenation of styrene on the Pd/HAP catalyst. This result suggested that styrene is
adsorbed on the Pd/HAP catalyst stronger than imine, and adsorption of imine is blocked by such
strong adsorption of styrene. Therefore, the tendency of calculated adsorption energies of styrene
and 6a on the Pd(111) model is opposite to the experimental result. In particular, surface area of

(111) facet is larger than (100) facet in the equilibrium Pd nanoparticle (cf. Figure 1b).

Top View Side View Top View Side View
(a) Styrene on the Pd(100) model (b) Styrene on the Pd(111) model
E.q4s = -85.2 kcal/mol Eags = -73.0 kcal/mol

Top View Side View Top View Side View
(c) 6a on the Pd(100) model (d) 6a on the Pd(111) model
E.q4s = -80.6 kcal/mol E.q4s = -76.6 kcal/mol

Figure 3. Adsorption structures of styrene and 6a. (a) Styrene on the Pd(100) model, (b) styrene

on the Pd(111) model, (c) 6a on the Pd(100) model, (d) 6a on the Pd(111) model.
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3.2 Adsorption on the Pdiz Model

In this subsection, adsorption structures of styrene and 6a on (100) facet and (111) facet of the
Pdi3 model (Figure 1a) were investigated. Initial adsorption structures for geometry optimization
were determined by same process as discussed in Subsection 3.1. The adsorption energies of
styrene on the (111) facet is larger than that of imine 6a by 3.5 kcal/mol as shown in Figure 4. In
addition, the adsorption energy of styrene on (100) facet is also larger than that of imine 6a by
3.2 kcal/mol (Figure 4). These results suggest that styrene is adsorbed on both facet of Pd
nanoparticle more strongly than imine 6a, which is consistent with the experimental result of the

competitive hydrogenation of styrene and imine.

6a on (111) facet 6a on (100) facet
E.q4s = -58.7 keal/mol E,q4s = -43.6 kcal/mol

Styrene on (111) facet Styrene on (100) facet
E.q4s = -62.2 kcal/mol E.qs = -46.8 kcal/mol

Figure 4. Adsorption structures and adsorption energies (Eags) of styrene and imine 6a on the

Pdi3 model.
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3.3 Energy Decomposition Analysis

To investigate the difference of adsorption tendency between the slab models and cluster
model, energy decomposition analysis** was performed for each adsorption structure. In this
analysis, adsorption energy (Eads) is decomposed into interaction energy (Ein) and deformation
energy (Eder).

Eqas = Eint + Eger - (2)
Deformation energy is also decomposed into two components; deformation energy of Pd model
(Edet pd) and deformation energy of adsorbate molecule (Eder Mol).
Eger = Edet pa + Edet Mol - (3)
These two components were obtained by potential energy difference between each region in the
adsorption structure and the equilibrium structure in isolated system. Interaction energy is
defined as remaining component of adsorption energy. One example for energy decomposition

analysis was shown in Scheme 2.
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Scheme 2. Energy decomposition analysis for the adsorption structure of styrene on (111) face

of the Pd13 model®.

Ex.) styrene on (111) facet

L4 o ]
Eass: |0 N —_—52.2
g

Optimized Optimized Optimized

"‘"‘i\" , '\%
Eder_pa: -\t::: — F‘[ﬁf\' m— 3.0

Pd region of adsorption structure

(w/o optimization) Optimized
- r a 2
o >
L e — b —
Eder_molt e +27.0
« v 4 —
- 4
Styrene region of adsorption structure .
¥ 9 P Optimized

(w/o optimization)

“Ejp = -62.2 — (8.0 + 27.0) = -97.2 kcal/mol

aUnit is kcal/mol.

Results of energy decomposition analysis for each adsorption structure were shown in Table 1.
First, deformation energy of Pd model (Eder pa) are lower than 10 kcal/mol in all structures even
though geometry change of the Pdi3 model is large in the adsorption structure of styrene on (111)
facet (Figure 4). On the other hand, deformation energy of adsorbate (Eder Mo1) are higher than 15
kcal/mol except for 6a on (111) facet of the Pdiz model. In particular, Eder Mol Of styrene on the
Pd(111) model (Egef Mol = +41.5 kcal/mol) is higher than those of other adsorption structures.
Actually, Edef Mol of styrene on (111) facet of the Pdi3 model (Eder Mol = +27.0 kcal/mol) is lower
than that on the Pd(111) model by 14.5 kcal/mol. As a result, interaction energies (Ein) of styrene
on the Pd(111) model is higher than that of 6a by 11.7 kcal/mol. In addition, difference of Ein¢ of

styrene between the Pd(111) model and Pd(100) model is only 0.8 kcal/mol. From these results,
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it was suggested that adsorption energy of styrene on the Pd(111) model is decreased by the
deformation of styrene due to the less flexibility of the slab model. On the other hand,
deformation energy of styrene on (111) facet of the Pdiz model is reduced because the Pdi3
model can change its conformation with low deformation energy. The Pdi; model is rather
simple computational model for the Pd nanoparticle, and there is a possibility of overestimation
of the flexibility or the effect from edge structure between (111) facet and (100) facet. However,
these results suggested that rigid and flat slab models could not represent the experimental result,
and the flexibility and edge structure are important factors for preferential adsorption of styrene

on the Pd nanoparticle.

Table 1. Results of energy decomposition analysis for each adsorption structure.

[kcal/mol] Eads Edef_pd Edet_Mmol Eint
Styrene on (100) -85.2 4.2 29.3 -118.7
Styrene on (111) -73.0 5.0 41.5 -119.5
Slab Model
6a on (100) -80.6 3.3 24.1 -108.0
6a on (111) -76.6 53 25.9 -107.8
Styrene on (100) -46.8 3.9 29.6 -80.3
Styrene on (111) -62.2 8.0 27.0 -97.2
Cluster Model
6a on (100) -43.6 4.7 16.4 -64.7
6a on (111) -58.7 0.7 5.8 -65.2

4. Conclusions

The Pd/HAP catalyst with hydrogen acceptor (e.g. styrene) is an efficient catalytic system for
the primary aniline synthesis from NH3 and cyclohexanone via the dehydrogenative
aromatization. The undesirable reductive amination of imine formed via the condensation of
cyclohexanone and aniline is suppressed by hydrogenation of the hydrogen acceptor. To

investigate whether styrene acts as the hydrogen acceptor in the catalytic system, difference of
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adsorption energy between styrene and imine on the Pd nanoparticle were investigated by DFT
calculations in this study. Adsorption of styrene and imine on the Pd nanoparticle were
calculated by using both the cluster model and slab model. In the slab model, adsorption energy
of styrene on Pd(100) facet is larger than that of imine by 4.6 kcal/mol. However, adsorption
energy of styrene on Pd(111) facet is lower than that of imine by 3.6 kcal/mol. This result is
opposite to experimental result of competitive hydrogenation of styrene and imine on the
Pd/HAP catalyst’; hydrogenation of imine occurs after hydrogenation of styrene on the Pd/HAP
catalyst. On the other hand, in the cluster model, adsorption energies of styrene are higher than
those of imine both on (100) facet and (111) facet by 3.2 kcal/mol and 3.5 kcal/mol, respectively.
Therefore, results of the cluster model are in good agreement with the experimental result.
Energy decomposition analysis for each adsorption structure indicated that deformation energy
of styrene on the Pd(111) facet in the slab model is larger than that in the cluster model by 14.5
kcal/mol. In addition, interaction energies of styrene on Pd(111) facet is larger than that of imine
by 11.7 kcal/mol in the slab model. Furthermore, deformation energy of the Pdi3 model is lower
than 10 kcal/mol even though conformation change of the Pdi3 model induced by adsorption of
molecule is rather large. These results suggested that flexibility and edge structure of the Pd
nanoparticle are important factor for the preferential adsorption of styrene. Therefore, the cluster
model is suitable model for the Pd nanoparticle rather than the slab model without edge structure,
and the result of cluster model suggested that styrene is adsorbed on the Pd nanoparticle stronger

than imine.
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Chapter 3.

DFT Mechanistic Study on the Complete
Oxidation of Ethylene by the Silica-Supported Pt
Catalyst: C=C Activation via the Ethylene

Dioxide Intermediate
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1. Introduction

Aging and spoiling of fruits and vegetables are accelerated by a trace amount of the plant
hormone ethylene. For transportation and preservation of agricultural products, catalyst
development is necessary to decompose ethylene at refrigeration temperatures. Although
improvements have been made to lower the working temperature,' the removal of trace
amounts of ethylene at 0 °C did not progress until the development of a mesoporous silica-
supported Pt catalyst (Pt/MCM-41).* This catalyst, as well as recently developed Pt/SBA-15,%©
can completely oxidize 50 ppm of ethylene to CO, and H,O at around 0 °C. Public
implementation is ongoing, and these catalysts have already been installed in commercially
available refrigerators.

Besides the successful practical applications, fundamental research interests are also focused
on the mechanism of the low-temperature complete oxidation of ethylene. In particular, the
reaction mechanism of the C=C bond cleavage of ethylene, which easily occurs on the Pt
catalysts, even at low temperatures, is of particular interest. Fukuoka ez al. investigated the
mechanism by using diffuse reflectance infrared Fourier transform (DRIFT) analysis.* The
results showed that ethylene is oxidized to COz and H2O via CO on the Pt/MCM-41 catalyst.
Additional control experiments suggested that HCHO is an important intermediate state before
the CO formation. The proposed mechanism is shown in Scheme 1.* To the best of our
knowledge from reviews of the literature, there is currently no other useful information on the
issue. Although an X-ray analysis of the ethylene oxidation on Pt(111) surface was conducted,
neither HCHO nor CO intermediates were observed clearly,” which indicates that the reaction on
Pt(111) is different from that on mesoporous silica-supported Pt nanoparticles. Theoretical

studies have only been conducted for C-C cracking on Pt surface.®°
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Scheme 1. Proposed reaction mechanism of complete C>Hs oxidation on the Pt/MCM-41

catalyst.*
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As a next step, a mechanistic investigation with electronic structure calculations should be
conducted for clarifying the complete ethylene oxidation mechanism based on the experimental
results. Here, we report density functional theory (DFT) calculations on potential energy profiles
for the complete oxidation of ethylene. In particular, the electronic structural effect of the metal-
support interaction on catalytic reactivity was investigated. The metal-support interaction has
been widely studied for many years.!*!? Even though several studies on supported Pt catalysts

1'% and theoretical aspects,” !° the details of the

have been reported with both experimenta
metal-support interaction are not yet fully understood.

The chaper is organized as follows. In the next section, the computational models and details
of the DFT calculations are given. In section 3.1, the reaction pathway from ethylene to HCHO

is discussed, and the activation energy of each reaction step is compared between the edge and

terrace areas of Pt clusters (subsection 3.1.1) and between the computational model with and
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without silica support (subsection 3.1.2a—c). The electronic effect from silica support on the C=C
bond cleavage reaction is analyzed by using population and molecular orbital analyses
(subsection 3.1.2d). Furthermore, the possibility of other reaction pathways (subsection 3.2) is
also discussed. In subsection 3.3, the reaction pathway of CO; formation from HCHO on the
Pt/MCM-41 catalyst is discussed. The H,O formation pathway was also investigated and is

described in subsection 3.4. A concluding remark is given in section 4.

2. Computational Details
2.1 Computational models

To investigate the mechanism of the catalytic role of Pt/MCM-41, several computational
models were designed to mimic specific parts of the catalyst and metal-support interactions in
their simplest forms. Details on the models are described below.

(a) Pty model (Figure 1a)

This model is for evaluating the activity of the Pt(0) catalyst without silica support. The
potential energy profile of the reaction at the edge of the Pt; cluster was compared with the
reaction at the terrace. In other words, the effect of the coordination number of Pt was analyzed
with this model. Seven Pt atoms were placed as the Pt(111) surface. Each Pt-Pt bond length was
fixed to that of bulk Pt crystal (2.77A).1°
(b) Pt model (Figure 1b)

This model is a minimum model for the low-coordinated part of the Pt(0) cluster and mimics
the edge area of the Pt cluster. The positions of Pt atoms are relaxed during structural
optimization.

(c) Pt2-Si04 model (Figure 1c)
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This model is for analyzing the electronic effect of the silica support. A Pt model is
supported on a single silica unit capped by two H atoms, SiO2(OH),. The Pt model is directly
connected to the oxygen atoms of the silanol groups to mimic a typical mesoporous silica surface
with abundant silanol groups.!” This Pt-silica interaction was also adopted by Lambrecht ef al. in
their theoretical study on the model construction of Pt nanoparticles supported on amorphous
silica.'® Furthermore, EXAFS analysis for the Pt/SiO> catalyst suggested that Pt particles are in
direct contact with the oxygen atoms of the silica support in the previous experimental study by
Mojet et al."’

(d) Pt2-Sisurr model (Figure 1d)

This model mimics a more realistic silica support effect. A Pt model is supported on a silica
surface model which contains 31 units of SiO». To make the initial structure of this silica surface
model, the bulk crystal structure of a-quartz was sliced as reported in a previous study.?’ The
atomic coordinates of the inner 11 units of SiO2 and two Pt atoms were relaxed in the structural
optimization, while the surrounding 20 units of SiO> were fixed to the crystal structure. Dangling
bonds of 44 oxygen atoms were capped by H atoms. Terminated Si-H bond length and O-H bond
length were scaled by pre-defined factors (for Si-H: 0.862226, for O-H: 0.528893) which were

used in the ONIOM calculation of Gaussian09. In Figure 1d, the fixed atoms are shown in gray.
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Figure 1. Computational models of the activity of the Pt/MCM-41 catalyst. (a) Pt; model, (b) Ptz

model, (c) Pt2-SiO4 model, and (d) Pt>-Sisur model. The atomic coordinates of the gray-colored

atoms are fixed during the structure optimization.

Because this work is a model study to investigate key factors of catalytic activity for the
complicated oxidation reaction on supported metal catalyst, we focused on the specific parts of
the Pt/MCM-41 catalyst with simple computational models. Therefore, there are possibilities of

overestimation of the activity in our computational models while our models are based on both

theoretical and experimental results as written in above.
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2.2 DFT calculations

Both geometry optimizations and energy calculations were performed using DFT at the
B3LYP functional level.?" 22 We employed the Stuttgart/Dresden effective core potential
(ECP60MWB)?® coupled with (611111/22111/411) basis sets?* for Pt atoms. The 6-31G(d) basis
sets?> were used for the other atoms. All calculations were carried out using the Gaussian 09
program package.?® All reactant, product, and transition state structures are connected by
intrinsic reaction coordinate calculations. In addition, normal mode analysis was performed, and
we confirmed that each of the equilibrium and transition states contained zero and one imaginary

frequency, respectively.

3. Results & Discussion
3.1 Reaction pathway of the ethylene-to-formaldehyde conversion

First, we focused on the reaction pathway of the HCHO formation because the IR spectrum
of the control experiment implies that HCHO 1is the intermediate state before ethylene is oxidized
to CO.* This part of the reaction involves C=C bond cleavage, which would be one of the most
difficult steps in the course of the reaction. As described below, our model calculations showed
that the silica-support effect is essential for reducing the activation energy for the decomposition
of ethylene dioxide into HCHO. Scheme 2 shows the proposed reaction pathway, in which

ethylene is sequentially oxidized to the alkoxide and ethylene dioxide intermediates.
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Scheme 2. Reaction scheme of the HCHO generation.
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3.1.1 Potential energy profile of the reaction on Pt(0) cluster

The reactivity at the edge area of the Pt(0) cluster was investigated with the Pt; model.
According to previous experimental studies of Pt(111) surface®’°, O is dissociatively adsorbed
on the Pt cluster. In addition, possibility of dissociative adsorption of oxygen molecule was also
investigated on the Pt; model. First, adsorption structures of an oxygen molecule on the terrace
area and on the edge area were calculated as reactant, respectively (Figure 2: RIS and R2S).
These structures were also optimized as triplet state (Figure 2: R1T and R2T). Next, reaction
pathways of O=0 bond cleavage reaction from those reactant structures were calculated (Figure
2: red line and blue line). From the results in Figure 2, it was suggested that dissociative
adsorption of oxygen molecule easily occurs on the terrace area of Pt cluster because of low
activation energies (+2.5 kcal/mol (in singlet state) and +8.9 kcal/mol (in triplet state)) and large
reaction energies (-58.5 kcal/mol (in singlet state) and -53.7 kcal/mol (in triplet state)). In
addition, there are more stable adsorption structures of two oxygen atoms both in singlet state
and triplet state (Figure 2: P3S and P3T). Therefore, once O=O bond cleavage occurs,
dissociative adsorption structure of oxygen molecule exists on Pt cluster stably even though O=0

bond cleavage reaction on the edge area was calculated as endothermically. From these results,
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dissociative oxygen molecule (i.e. oxygen atoms) and ethylene molecule are treated as reactant

in this study.
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Figure 2. Potential energy diagram of O dissociation on the Pt; model. Blue: O, dissociation on
the terrace area of the Ptz model (solid line: singlet state, dashed line: triplet state), red: O>
dissociation on the edge area of the Ptz model (solid line: singlet state, dashed line: triplet state),

RO: Sum of potential energy of a Ptz model and an Ox.

We started with a reactant state in which an ethylene molecule and two oxygen atoms are
adsorbed at the edge of the Pt cluster (A1) as shown in Figure 3a. The calculated potential energy
profile is shown in Figure 4 (red line) and the optimized structures are shown in Figure 3a. The
co-adsorption of O and ethylene is thermodynamically stable. In the first step, alkoxide
intermediate (A2) is formed with an activation energy of 17.2 kcal/mol. The second step is
additional C-O bond formation to generate the ethylene dioxide intermediate (A3). This step is
the rate-determining step with an activation energy of 49.2 kcal/mol. Before C-C o-bond
cleavage occurs, the adsorption structure of ethylene dioxide is changed from A3 to A4. The
activation barrier of this step is 5.3 kcal/mol (Figure 4: Ea.a3). Formaldehyde formation is

completed by the C-C c-bond cleavage (A5) with an energy barrier of 18.0 kcal/mol.
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Figure 3. Optimized structures of a reactant, intermediates, transition states and a product of
HCHO generation on Pt; model. (a) On the edge area, (b) on the terrace area. White ball:
hydrogen, gray ball: carbon, red ball: oxygen, blue ball: platinum
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Figure 4. Potential energy diagram of HCHO generation from C2Hs on the Pt7 model. AO: Sum

of potential energies of the isolated species, a Pt7, an O, and a CoHa.

The same reaction pathway was also found on the terrace area of the Pt; model (Figure 4:
blue line). The optimized structures are shown in Figure 3b. In the reactant state (A6 state in

Figure 3b), an ethylene and two oxygen atoms are adsorbed on the terrace area of the Pt; model.

As in the edge case, ethylene is adsorbed in the bridge site with a di/ 0 bond, which agrees with

the results of a previous electron-energy loss spectroscopic study.>’ Ethylene is oxidized to
HCHO through the same intermediates, i.e. alkoxide intermediate (A7) and ethylene dioxide
intermediate (A8). The rate-determining step is also the ethylene dioxide generation step. The
calculated activation energy was 87.6 kcal/mol (Figure 4: Eaas), which is much larger than that at
the edge area. From this result, the HCHO formation at low-coordinated Pt atoms at the edge

area occurs more easily than on the terrace area.

3.1.2 Effect of silica support

As described previously, our model calculations show that the ethylene oxidation to the

HCHO intermediate occurs preferably at less coordinated Pt atoms on the edge area in the Pt;

53



cluster. However, the activation energy of the rate-determining step was still too high. A
previous study of CO oxidation by a Pt/mesoporous silica catalyst'” showed that the active site is
the Pt-support interface. Therefore, the effect of silica-support was introduced into the
computational model. A minimal model, the Pt model, was adopted to check if this model can
represent the edge part of the Pt cluster. The SiO>(OH) unit was introduced into the Pt> model to

investigate the silica support effect on the edge of the Pt cluster.

3.1.2a Potential energy profiles with the Pt2 model

A potential energy profile for the HCHO formation were calculated with the Pt> model as
shown in Figure 5 (blue line). The optimized structures are shown in Figure 6. Ethylene is
oxidized to HCHO through alkoxide intermediate (B2) and ethylene dioxide intermediate (B3) in
the same pathway as the reaction at the edge area of the Pt; model. The rate-determining step is

also the ethylene dioxide generation step with an activation energy of 35.5 kcal/mol (Figure 5:

EaB2).
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Figure 5. Potential energy diagram of the HCHO formation from C>Ha. Energies of B0, CO, and

DO states are defined as sum of the energies of the isolated species: Pt», O2, and C2H4 for BO; Pt>-

Si04, O2, and C2H4 for CO; Pt2-Sisurs, O2, and C2H4 for DO.
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Figure 6. Optimized structures of a reactant, intermediates, transition states and a product of

HCHO generation on the Pt model. White ball: hydrogen, gray ball: carbon, red ball: oxygen,
blue ball: platinum

3.1.2b Potential energy profile with the Pt2-SiO4 model

Next, the reaction pathway was calculated by using the Pt>-SiO4 model (Figure 5: red line).
The optimized structures are shown in Figure 8. The co-adsorption of two oxygen atoms and
ethylene (C1) is energetically stable, which agrees with the previous infrared experiment at 303

K.!” Therefore, this result supports our simple computational modeling for the interface area

between Pt and silica support while formal oxidation state of Pt is calculated as +III in C1

structure. Furthermore, this result was also supported by our XAFS analysis. In situ XAFS
analysis for the Pt catalyst was performed using Pt/SBA-15, which was prepared on SBA-15, one

of the common mesoporous silica supports. XAFS measurements at Pt Liy-edge were conducted
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in transmission mode at BL14B2 of SPring-8 by using Si(311) monochromator. /n situ XANES
spectra and Fourier transformed &*-weighted EXAFS oscillations of Pt/SBA-15 catalyst before
and under reaction are shown in Figure 7. 80 mg of 1wt% Pt/SBA-15 catalyst was placed in a
glass tube and pretreated under H» flow at 473K for 1 h. After cooling to room temperature under
He, the XAFS spectra of the catalyst before the reaction were collected. The catalyst was
successively treated with a gas mixture of 500 ppm of C2H4, 20 vol% of O> and 80 vol% of He
with its total flow rate 40 mL/min at room temperature for 10 min, followed by raising the
reaction temperature at a rate of 4.5 K/min. Simultaneous analysis of the gas composition using a
mass spectrometer revealed that the conversion of C>Hs and the formation of CO> obviously
initiated around at 350-370 K, The XAFS spectra of the catalyst under the reaction were
collected at this range of the reaction temperature. As shown in Table 1, Pt-Pt coordination
number (N) of the Pt/SBA-15 catalyst is obviously smaller than that of Pt foil (10.5) even before
the reaction and close to that of a monolayer Pt(111) facet (6.0). This result suggests that thin

layered Pt clusters are formed on the SBA-15 support. In addition, the coordination number of

Pt-Pt became smaller (6.2 — 4.7), and Pt-O bond was formed under the reaction condition. This

result suggests that oxygen atoms are adsorbed on Pt surface because dissociative adsorption of
O: on the silica supported Pt and spillover of oxygen atoms to the interface between Pt and silica
support were detected in the previous experimental study'’. Furthermore, XANES spectra
showed that the Pt under the reaction condition is in higher oxidation state (Figure 7a). These
results suggest that thin layered Pt clusters have adsorbed oxygen atoms. The Pt atoms are
partially oxidized under the reaction condition. Therefore, these results support our

computational modeling for the silica supported Pt catalyst.
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Figure 7. (a) In situ XANES spectra and (b) Fourier transformed k’-weighted EXAFS

oscillations of the Pt/SBA-15 catalyst before and under the reaction.

Before reaction: catalyst (1wt% Pt) after H, treatment = 0.080 g, under He, SV = 30000 mLh'g"
!; under reaction: catalyst (1wt% Pt) after H, treatment = 0.080 g, C2Hs = 500 ppm, O, = 20

vol% He = balance, SV = 30000 mLh'g"!

Table 1. Structural parameters of the Pt/SBA-15 catalyst and Pt foil extracted from the EXAFS

fitting.
Samples Shell R/A N 0?1 A?  Rfactor/ %
Pt/SBA-15 before reaction Pt-Pt 2.719 6.2 0.0083 3.7
. Pt-Pt 2.676 4.7 0.0119
Pt/SBA-1 .
t/S 5 under reaction PL-0 (C) 2 020 10 0.0020 3.8
Pt foil Pt-Pt 2.766 105 0.0050 1.6

N: coordination number, R: interatomic distance, 6°: Debye-Waller factor

The adsorption energy of ethylene and O: in the Pt>-SiO4 model, however, is lower than that

in the Pt2 model by 11.6 kcal/mol. The adsorption structure clearly shows the weak interaction
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between ethylene and Pt. The di/o bond was observed between ethylene and Pt in the Pt model,

while molecular adsorption was seen in the Pt>-SiO4 model. A weak adsorption with moderate C-
Pt interactions is preferable for the subsequent C-O formation (alkoxide formation) because the
C-Pt bond has to be dissociated before the C-O bond is made. Consequently, the calculated
activation energy of the alkoxide formation step in the Pt>-SiO4 model is 12.0 kcal/mol, which is
lower than that in the Pt model by 13.4 kcal/mol.

We also found a reaction pathway similar to that with Pt model. Ethylene is also oxidized to
HCHO through alkoxide intermediate (C2) and ethylene dioxide intermediate (C3). Although the
rate-determining step is also the formation of ethylene dioxide, the calculated activation energy
was only 13.1 kcal/mol (Figure 5: Eac2), which is 22.4 kcal/mol lower than that without the
silica-support effect (Pt model). In addition, the activation barrier of the C-C o-bond cleavage
was calculated as 6.4 kcal/mol (Figure 5: Eac3), which is 28.4 kcal/mol lower than that of the Pt

model.
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Figure 8. Optimized structures of the reactant, intermediate, transition, and product states of
HCHO generation on the Pt>-Si04 model. White: hydrogen, gray: carbon, red: oxygen, blue:

platinum, green: silicon.

3.1.2c Potential energy profile with the Pt2-Sisurf model

As shown in Figure 9, a similar reaction pathway was also found in the Pt>-Sisur model. The
calculated potential energy profile is shown in Figure 5 (green line). The rate-determining step is
the formation of ethylene dioxide with an activation energy of 19.6 kcal/mol (Figure 5: Eap2),
which is close to the result of the Pt>-Si0O4 model. In addition, the calculated activation barrier of
the C-C o-bond cleavage was only 4.5 kcal/mol (Figure 5: Eap3), which is comparable to that of

the Pt>-SiO4 model (6.4 kcal/mol) but much lower than that of the Pt> model (34.8 kcal/mol).
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Figure 9. Optimized structures of the reactant, intermediate, transition, and product states of the
HCHO generation on the Pt>-Sisur model. White: hydrogen, gray: carbon, red: oxygen, blue:

platinum, green: silicon.

3.1.2d Analysis of the silica support effect

To understand why the activation barriers decrease by the Pt-support interaction introduced
in the Pt;-SiO4 model, an energy decomposition analysis®! was performed for each state. The
support effect, AES'P, was defined as the potential energy change from the Pt model to the Pt»-

Si04 model. The B0 and CO states, which are composed of isolated ethylene, O», and catalyst,
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are taken as the reference point, and their energy was shifted to 0.0 kcal/mol. The potential
energies of other states in the Pt; and Pt>-SiO4 models were also shifted relative to the BO and CO
states, respectively. For example, the energies of the B1 and C1 states were shifted to -50.9 and -
39.3 kcal/mol, respectively. The AES"P was decomposed into structural deformation, AEStUct,
and electronic, AE®'®¢, effects. The structural deformation effect represents the energy change
due to the structural deformation induced by the support. To evaluate the structural effect, we
defined a Pt-rmSiOs model in which the atomic coordinates of the Pt> model were simply
changed into those of the Pt2-Si04 model. A single-point energy, E(Pt2-rmSiO4), was calculated
with the Pt2-rmSiOs4 model, and the structural deformation contribution was evaluated as
AES™UCt = E(Pt,-rmSiOs) - E(Pt). The electronic contribution was defined as the remaining

contributions, AE€'€¢ = AESUP — AEStTUCt The results are shown in Table 2.

Table 2. Energy decomposition analysis of the silica support effect in the Pt2>-SiO4 model. Units

are in kcal/mol.

Reactant, intermediate, and transition states in Pt;-SiO4 model

Components Cl TS Cl C2 TS C2 C3 TS C3 C4
AESUP 11.6 1.8 5.5 169 23.0 514 274
AEelec 25.7 277 -10.7 4.5 229.0 576 -69.3
AEStruct 37.3 25.9 16.2 7.6 6.0 6.2 41.9

& AESUP was calculated as E(Pt2-SiO4)-E(Pt2). E(Pt2-Si04) and E(Pt2) are the relative potential
energy as described in the main text. Structural deformation effect, AES™Ut, denotes E(Pt,-
rmSiOs4)-E(Pty). Electronic effect, AE®'®C, was calculated as AESYP — AEStTuct,

This energy decomposition analysis was also performed with the Pt2-Sisur model. As shown
in Table 3, qualitative tendencies of each component (AES", AE®*°, AES™!) are almost same with

those of the Pt>-SiO4 model. These results suggested that there is no big difference between the
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Pt>-Si04 model and that on the Pt>-Siswr model in the mechanism of formaldehyde generation

from ethylene.

Table 3. Energy decomposition analysis of the silica support effect in the Pt2-Sisu:r model. Units

are in kcal/mol.

Reactant, intermediate, and transition states in Pt2-Sisus model

Components?
D1 TS D1 D2 TS D2 D3 TS D3 D4
AESP 55 -0.9 -1.0 -16.9 -15.9 -46.2 -33.2
AE®eC -31.2 -19.8 -11.9 -20.6 -17.2 -51.0 -71.1
AEstuct 36.7 18.9 10.9 3.8 1.3 4.8 37.9

* AESYP was calculated as E(Pt2-Sisurr)-E(Pt2). E(Pt2-Sisurr) and E(Pt2) are the relative potential
energy as described in the main text. Structural deformation effect, AES*™t, denotes E(Pt,-
rmSisurf)-E(Pt2). Electronic effect, AE®1¢, was calculated as AESYP — AEStTuct,

Alkoxide intermediate (C2) generation step. Due to the support effect, the energy of the C1
state became unstable by 11.6 kcal/mol, while that of the TS _C1 state slightly changed by -1.8
kcal/mol. The decomposition analysis showed that the structural deformation effect in the C1
state (37.3 kcal/mol) is greater than that in the TS C1 state by 11.4 kcal/mol. This is because the
structures of the C1 and BI states are clearly different as shown in Figure 8 and Figure 6,

respectively. In the B1 state of the Pt model, ethylene is adsorbed in the bridge site with two

o (Pt-C) bonds (di/ o bond) as observed in the Pt(111) surface at room temperature.>* The C-

C bond length (1.49 A) indicates that the 77 -bond is already broken and that ethylene interacts as

an alkyl group. In the C1 state of the Pt>-Si04 model, ethylene is adsorbed at the on-top site. This

change in the binding site could be ascribed to the instability of the electronic state of Pt. If the

two o (Pt-C) bonds, which were observed in the Pt, model, were kept in the Pt,-SiO4
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model, the formal oxidation state of each Pt atom would become IV. Each Pt atom has

14-electrons, which is relatively unstable due to the electron deficiency.

Ethylene dioxide (C3) generation step. As shown in Table 2, the energy of the C2 state
became unstable by 5.5 kcal/mol, while that of the TS C2 state was stabilized by 16.9 kcal/mol.
The silica support reduced the activation energy of this step by 22.4 kcal/mol. The electronic
effect of the silica support in the C2 state is lower than that in the TS C2 state by 13.8 kcal/mol.
The structural deformation effect in the C2 state is larger than that in the TS C2 state by 8.6
kcal/mol.

The electronic effect, which reduced the activation energy of the ethylene dioxide formation,
could be ascribed to the instability of the 14-electron Pt(IV) atom (the left one in C2 of Figure 8)
in the alkoxide intermediate. The electronic effect of the silica-support also weakens the Pt(5dxy)-
C(2p) o-bond, which is represented in the energy levels of molecular orbitals (MOs) with o(Pt-
C) bonding character as shown in Figure 10. The energy levels of HOMO-10 in the Pt>-rmSiO4
and HOMO-1 in the Pt>-Si04 models were -10.1 and -7.1 eV, respectively. In the Pt>-Si04 model,
the o-bond in the Pt-C moiety has anti-bonding interaction with the oxygen 2p-orbital of the

silica support (see Figure 10), which increased the orbital energy level.
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(a) [c’2 HOMO-10 (b)

Figure 10. (a) HOMO-10 of the Pt,-rmSiO4 model at the C’2 structure and (b) HOMO-1 of the
Pt2-Si04 model at the C2 structure

The structural deformation effect also contributes to the total support effect. Comparing the
structures in the Pt> model (Figure 6) with those in the Pt2-SiO4 (Figure 8) model, the structural

deformation in the C2 state is relatively larger than that of the TS C2 and C3 states.

C-C o-bond cleavage step. The silica effect, which is introduced in the Pt>-SiOs model,
reduced the potential energy of the TS C3 state by 51.4 kcal/mol and that of the C3 state by 23.0
kcal/mol as shown in Table 2. The activation energy of the o(C-C) bond cleavage in the Pt2-Si04
model became only 6.4 kcal/mol, which is reduced by 28.4 kcal/mol from that in the Pt model
(see Figure 5). The reason clearly lies in the electronic effect. The TS C3 state is stabilized by

57.6 kcal/mol, although the C3 state is only stabilized by 29.0 kcal/mol.
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The electronic stabilization by the silica support effect can be understood as follows. In Table 4,
the electron population of Pt 5d orbitals in the Pt>-SiO4 model (the C3 state) is compared with
that in the Pt; model (the B3 state), where natural bond orbital analysis was employed. The
population of the 5dy, orbital in the C3 state (1.59 and 1.51 for the Pt' and Pt* atoms,
respectively) is smaller than that in the B3 state (1.99 for both Pt! and Pt* atoms) by 0.40 and
0.48, respectively. This result indicates that an electron from the Pt 5dy, orbital is taken by the

silica support.

Table 4. Electron population of the Pt 5d orbitals in the B3 (Pt model) and C3 (Pt2-SiO4 model)

states. For the definitions of Pt' and Pt?, see Figure 11.

B3 C3
(w/o silica (w/ silica
support) support)
Pt Pt Pt Pt?

Oyy 1.95 1.95 1.89 1.98
dxz 1.99 1.99 1.59 1.51
dyz 1.85 1.85 1.97 1.99
Oxay2 1.16 1.16 1.19 1.14
dz2 1.90 1.90 1.89 1.89

The decrease in the dx. population can be interpreted by the Pt-silica orbital interaction. Two
important 6(C-C) orbitals in the TS C3 state of the Pt>-Si04 model are shown in Figure 11. The
Pt dy, orbitals in the LUMO and HOMO-1 make a d-anti-bonding (6*) interaction between the
two Pt atoms. In addition, the Pt-Pt 6*-bond interacts with both the ethylene dioxide (C-C o-
bond) and silica support (O2p orbitals). Based on this observation, an orbital correlation diagram
was drawn and is shown in Figure 12. In the Pt; model without the silica support, the dx; orbitals

(and therefore the Pt-Pt 6*-bonds) are fully occupied. As a result, the 6(C-C) bond becomes
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strong due to the electron occupation. In contrast, the support effect decreases the occupation of
the Pt-Pt 0*-bond, and the MO in Figure 11a becomes unoccupied (LUMO). As a result, the
transition state is stabilized because the electron occupation at the high-energy Pt-O(silica) anti-
bonding orbital can be avoided. At the same time, the o(C-C) bond is weakened because of the
lessened occupation of the o(C-C) moiety. In this way, the transition state of the C-C o-bond
cleavage is stabilized by orbital interaction through the Pt-Pt 3-bond in the silica support model.
The present results are reminiscent of the reservoir concept proposed in 1988 by Hoffmann,*
who stated that a two-orbital four-electron interaction can be bonding due to the hole reservoir
effect of the surface. In our system, the reservoir effect stabilized the Pt-O(ethylene dioxide)
moiety and weakened the C-C o-bond at the same time. In other theoretical studies, Lambrecht
and Johnson et al. reported that Pt atoms in the interface between Pt nanoparticles and the silica
support have positive charges.!> 1% 33 Mikhailov et al. reported in their theoretical study that the
activation barrier of the C-C bond cleavage in an alkane cracking reaction decreased via the
cationic Pt atoms in a Pt/zeolite catalyst.” Our present results are consistent with these previous

results.
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Figure 11. (a) LUMO and (b) HOMO-1 of the TS_C3 state of the Pt>-SiO4 model.
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Figure 12. Orbital interactions between ethylene dioxide and Pt-Pt 8- and 6*-bonds.

Table 2 also shows that the structural deformation effect in the C4 state is significantly large
(+41.9 kcal/mol). The reason is clearly indicated in Figures S1 and 5. The structures of the B3

and TS B3 states are similar to those of the C3 and TS _C3 states, respectively, while that of the

67



B4 state is rather different from that of the C4 state. Two HCHO molecules in the B4 state repel
each other, while those in the C4 state maintain their structure in the transition state. As
explained above, the Pt-O(dioxide) anti-bonding orbital is not occupied due to the reservoir
effect of the silica support, which stabilizes the Pt-O bond and keeps the two HCHO in a meta-

stable position.

3.2 Possibility of other reaction pathways
3.2.1 Reaction pathways through epoxide intermediate

The possibility of a reaction pathway through an epoxide intermediate was also investigated
with the Pt-Si04 model. The epoxide species can be formed via both Eley-Rideal (ER) and
Langmuir-Hinshelwood (LH) pathways. In the ER mechanism, ethylene directly attacks
adsorbed oxygen atoms. In the LH pathway, the alkoxide intermediate could isomerize to
epoxide.

As explained below, a reaction pathway through the epoxide intermediate is unfavorable in
comparison with the pathway through alkoxide and ethylene dioxide intermediates. The results
of the investigation are shown in Figure 13. In the ER mechanism, the energy of the epoxide
intermediate (C19) is lower than that of the alkoxide species (C2) by 7.5 kcal/mol. However, the
calculated activation energy of epoxide generation via the ER mechanism (22.6 kcal/mol) is
higher than that of the alkoxide intermediate formation from ethylene (12.0 kcal/mol) by 10.6
kcal/mol. In the LH mechanism, the energy of the epoxide intermediate (C20) is close to that in
the ER mechanism. However, the activation energy of the isomerization to epoxide (30 kcal/mol)
is higher than that of the ethylene dioxide formation from the alkoxide intermediate by 16.9

kcal/mol. Therefore, both ER and LH pathways for the epoxide formation are unfavorable
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because the activation barriers in these pathways are much greater than those through alkoxide

and ethylene dioxide intermediates.
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Figure 13. Potential energy profile for epoxide formation pathways on the Pt2-SiOs model.
Orange line: ER pathway, blue line: LH pathway

3.2.2 A reaction pathway via isomers of alkoxide and dioxide

A C-C o-bond cleavage pathway directly from the alkoxide intermediate (C2 in Figure 8)
was also investigated using the Pt2-SiO4 model (see Scheme 2). The present calculation showed
that the C-C o-bond cleavage to form HCHO and CH> species is endothermic by 8.7 kcal/mol.
The calculated activation barrier was 25.1 kcal/mol, which is larger than that of the ethylene
dioxide formation by 12.0 kcal/mol. In addition, the barrier is also larger than that of the C-C o-
bond cleavage from ethylene dioxide intermediate by 18.7 kcal/mol. Therefore, the C-C c-bond
cleavage directly from the alkoxide intermediate is energetically unfavorable and thus can be
safely ruled out.

To investigate other reaction pathways from ethylene dioxide to reach HCHO, relative
stability of structural isomers of the ethylene dioxide intermediate was investigated. The isomers

we selected have a -O-C-C-O- skeleton common to ethylene dioxide. Valence of C, H and O
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atoms were kept to 4, 1, and 2, respectively. Resultant four isomers were considered, and their

potential energy relative to ethylene dioxide is shown in Figure 14a.
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Figure 14. (a) Potential energy of the structural isomers of the ethylene dioxide relative to
ethylene dioxide intermediate (C3). The Pt2-SiO4 model was used for the computational model.
(b) Potential energy diagram of the C-C o-bond cleavage from the isomers. Black: reaction from
C3 (Path-C), blue: reaction from CP3 (Path-Cp), purple: reaction from Cy3 (Path-Cy), red:
reaction from Ce3 (Path-Co).

The relative energy of the isomers, Cp3, Cy3, and C83 are +0.4, +2.3, and -0.7 kcal/mol,
respectively, which are close to that of C3. In contrast, the C¢p3 isomer with OHCHCHOH (Co3)
structure is more stable than C3 by 17.4 kcal/mol. However, activation energy of C-C c-bond
cleavage from C@3 was 71.2 kcal/mol, which is by 64.8 kcal/mol larger than that from C3 as
shown in Figure 14b. The next stable isomer is C03. However, transition state for the C-C
dissociation from CO3 (Path-C6) could not be found, probably due to the instability of the
product. From the other two isomers, CB3 and Cy3, transition state for the C-C dissociation was
obtained. However, calculated activation energy of the Paths-CB and Cy is 25.7 and 43.3
kcal/mol, respectively, which are larger than that of Path-C by 19.3 and 36.9 kcal/mol,

respectively.
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Among the reaction pathway investigated here, Path-C is the most favorable in terms of both
activation energy and reaction energy. Path-C ends up with the formation of two HCHO which is
adsorbed on the Pt;-SiO4 model stably (cf. Figure 5: CO and C4). This is one of the possible
reason why only Path-C proceeded exothermically. These results suggested that ethylene dioxide

is a reasonable intermediate of the C-C o-bond cleavage to produce HCHO on the Pt catalyst.

3.3 Reaction pathway of the HCHO-to-CO:2 conversion on a Pt cluster

In this subsection, we discuss the reaction pathway of CO> formation from HCHO, which is
the latter half of the complete oxidation pathway of ethylene (see Scheme 1). Potential energy
profiles were calculated with the Pt7, Pty, and Pt2-SiO4 models.

First, reaction pathway of CO» generation from formaldehyde was calculated on the edge
area of the Pt; model (Figure 17: blue line). On the edge area of the Pt; model, C-H bonds
cleavages from a formaldehyde occur stepwise (Figure 15: A11, A12) and then CO is generated
(Figure 15: A13). The activation barrier of CO generation from formaldehyde is calculated as
+19.3 kcal/mol (Figure 17: Eaas). Reaction pathway of CO> generation from the intermediate
structure which contains a generated CO and an oxygen atom (Figure 15: Al4) was also
investigated. The activation barrier of CO; generation from CO is calculated as +33.1 kcal/mol
(Figure 17: Eaa7). From these results, the complete oxidation pathway of ethylene on the edge
area of the Pt; model was investigated. The rate-determining step of whole reaction cycle is

ethylene dioxide generation reaction (Figure 4: Eaa2) and the activation barrier is +49.2 kcal/mol.
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Figure 15. Optimized structures of a reactant, intermediates, transition states and a product of
COz generation from HCHO on the edge area of the Pt; model. White ball: hydrogen, gray ball:
carbon, red ball: oxygen, blue ball: platinum

Note that relative potential energy between structures which contain different number of
elements (i.e. between A13 and A14 of Figure 17 and Figure 15) was calculated by Eq. 1 to

match the number of contained elements.

AE(A14) = [E(A14) — E(A10) + {E(2Hp,,) — E(Pt;)} — {E(0p,) — E(Pt;)}]

X 627.5 ... (1)

Where, AE(A14) is relative potential energy of Al4 compared with A10 [kcal/mol]. E(A414)
and E(A10) are potential energies of A14 and A10, respectively [a.u.]. E(2Hps7) is potential
energy of adsorption structure of two hydrogen atoms on the Pt; model [a.u.]. E(Ops) is also
potential energy of adsorption structure of an oxygen atom on the Pt; model [a.u.]. E(Pt7) is
potential energy of the Pt; model [a.u.]. Eq. 1 was also applied for TS A10 and A15 to match

number of contained elements with A10.
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Next, reaction pathway of CO> generation from formaldehyde was calculated on the Pt»
model (Figure 17: green line). On the Pt> model, CO; generation pathway from formaldehyde is
almost same as that on the Pt; model and Pt>-SiO4 model (Figure 16). Activation energies of CO
generation from formaldehyde and CO> generation from CO on the Pt model were calculated as
+26.5 kcal/mol (Figure 17: Eap4) and +28.0 kcal/mol (Figure 17: Eage), respectively. Therefore,
the complete oxidation pathway of ethylene on the Pt> model was also investigated. The rate-
determining step of whole reaction cycle is ethylene dioxide generation reaction (Figure 5: Ean2)

and the activation barrier is +35.5 kcal/mol.

E.z4 = 26.5 kcal/mol E.gs = 18.4 kcal/mol
1. 10A
139A 11T:sA 118A 119A .

151A “ 12“ 121A — 1614 —@ "

10A N\ 110A 1.94A / 2.00A \ J
nnap - N ) AN
«2.02A “—1.92 A w «1.87TA W r ( K
o 258A / r >
W 1.60A 1.89A 251A r 1.68A 2.84A
257A 1.94A 174A 278A 2.03A 274A 2.00A 1.53A 2.05A 164A 1.58A 1.58A

E.gs = 28.0 kcal/mol
1.21A

117A 1.47A ‘/_33A
194A |7 L0 191A 210A  y95a m.”

VAT e Ve N

250A {'W t

214A 1.87A 256 A

Figure 16. Optimized structures of a reactant, intermediates, transition states and a product of
CO; generation from HCHO on the Pt model. White ball: hydrogen, gray ball: carbon, red ball:
oxygen, blue ball: platinum
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Note that relative potential energy between structures which contain different number of
elements (i.e. between B8 and B9 of Figure 17 and Figure 16) was calculated by Eq. 2 to match

the number of contained elements.
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AE(B9) = [E(B9) — E(B5) + {E(2Hp,) — E(Pt;)} — {E(Op.,) — E(Pt,)}] X 627.5 ... (2)

Where, AE(B9) is relative potential energy of B9 compared with B5 [kcal/mol]. E(B9) and E(BS)
are potential energies of B9 and BS5, respectively [a.u.]. E(2Hpr) is potential energy of adsorption
structure of two hydrogen atoms on the Pto model [a.u.]. E(Opp) is also potential energy of
adsorption structure of an oxygen atom on the Pt> model [a.u.]. E(Pt) is potential energy of the
Pt> model [a.u.]. Eq. 2 was also applied for TS B6 and B10 to match number of contained
elements with B5.

Finally, the calculated potential energy profile with the Pt>-SiO4 model is shown in Figure 17
(red line). The C-H bonds of HCHO dissociate in a stepwise manner (see structures of TS C4
and TS CS5 in Figure 18) to produce CO. The activation energies of the first and second C-H
bond cleavages are 1.7 (Eacs) and 19.4 (Eacs) keal/mol, respectively. A transition state TS _CS5 is
connected to an intermediate state C8 where two hydrogen atoms are dissociatively adsorbed on
the same Pt atom. Since H, formation is energetically unstable by 5.8 kcal/mol, these hydrogen
atoms would stay on the Pt cluster in a dissociated state. As described below, the remaining H
atoms would be removed by H>O formation. The CO molecule is finally oxidized to CO> via
TS C6 with an activation barrier of 21.5 kcal/mol (Figure 17: Eacs), which is the rate-
determining step of the whole reaction cycle. In the experimental DRIFT measurement, a strong
band at 2048 cm™! appeared immediately and was assigned to CO.* Our results agree with the
experimental finding and support the proposed reaction mechanism via the formation of the

HCHO intermediate state.
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Figure 17. Potential energy diagram of CO> generation from HCHO. Potential energies of the

A0’, B0’, and CO’ states are defined as sums of the potential energies of the isolated catalyst and

an HCHO.
E.cs = 1.7 kcal/mol E.c5 = 19.4 kcal/mol
1.25A
1.09 A 133A 1.09A ) 1.28A 1.16 A
123A 2/ === 9/ / :
7 N 1.10A  2.05A 5 2 : S _ ‘
204A | 2.55A ) i _ : ‘
.~ ‘ —

ﬂ/& NA91A ( J

*.;’ 3 1_95A)‘j -

E.cs = 21.5 kcal/mol

Vo 1.51A
1.87A 119A /
|\ 176 A — 1.89A
~ 197A ~ /
> 9
rz.ssA rz.so.&
1.96A 92A 094 1.86A
9

Figure 18. Optimized structures of the reactant, intermediate, transition, and product states of the
COz generation from HCHO on the Pt>-Si04 model. White: hydrogen, gray: carbon, red: oxygen,

blue: platinum, green: silicon.
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3.4 H20 formation pathway

The DRIFT measurement* also suggested that the H atoms, which are generated from HCHO,
react with the O atom at the Pt cluster to form H>O molecules. Since the experiment was
performed under oxygen-rich conditions,* we adopted a model with two co-adsorbed hydrogen

atoms and an oxygen atom as the reactant state (C11 in Figure 19).

E.c7 = 11.4 kcal/mol E.cs = 15.5 kcal/mol
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Figure 19. Optimized structures of a reactant state, intermediate state, transition states, and a
product state of the H,O generation on the Pt>-SiO4 model. White: hydrogen, red: oxygen, blue:
platinum, grey: silicon. Numbers below the structure names are the potential energies relative to

CI1.

At the CI11 state, hydrogenation of atomic oxygen occurs via the TS C7 state with an
activation energy of 11.4 kcal/mol. The OH group at the on-top site (C12) moves to the bridge
site (C13), which is more stable than the C12 state by 8.4 kcal/mol. The hydroxy group
undergoes hydrogenation with an activation energy of 15.5 kcal/mol to generate H>O molecule
(TS_C8). The barrier heights for the two hydrogenation steps are lower than that of the rate-
determining step of the CO oxidation (Eaces = 21.5 kcal/mol with the Pt2-SiO4 model, see Figure

17), which indicates that the H>O formation step is not a rate-determining step.
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Furthermore, we investigated the possibility of H>O formation directly from HCHO, where
the H atoms of HCHO are directly abstracted by the adsorbed O atom (see Figure 20). After the
O atom attacks one of the H atoms, a C-OH bond is sequentially formed to produce a HCOOH,
not a HCO + OH species, with an activation barrier of 21.3 kcal/mol. Although an intramolecular
dehydration of formic acid might produce an H,O molecule, the possibility is safely ruled out by
the calculated activation energy (65.9 kcal/mol) and endothermic reaction energy (14.3 kcal/mol).
All these investigations suggested that the H,O formation pathway shown in Figure 19 is

reasonable.

E.co = 21.3 kecal/mol E.c1o = 65.9 kcal/mol
111A R 113A
1.75 amry
27 147TA
0.97A & ,;i”"-’
\N— j
h 2444 | T\

9
c15 c16 c17

0.0 kcal/mol +21.3 kcal/mol -44.0 kcal/mol +21.9 kcal/mol -29.7 kcal/mol
Figure 20. Optimized structures of a reactant, intermediates, transition states and a product of
direct dehydration of HCHO by the adsorbed O atom on the Pt>-SiOs model. White ball for
hydrogen, red ball for oxygen, blue ball for platinum, and green ball for silicon atom. Numbers

below captions of structure names are relative potential energies of each structure in comparison
with C15.

We also checked the possibility of Hz production that could compete with the H,O formation.
Although the activation barrier of the H> formation from adsorbed H atoms was calculated to be
only 6.8 kcal/mol with the Pt>-Si04 model, the reaction is endothermic (reaction energy of 5.6
kcal/mol), which is in clear contrast to the exothermicity in the H>O formation. The dissociative

adsorption of H> molecules proceeds with an activation energy of 1.2 kcal/mol, which is smaller
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than the H» formation. Therefore, the H>O formation from adsorbed H and O atoms is a

favorable pathway.

4. Conclusions

A mesoporous silica-supported Pt catalyst converts ethylene to CO> at low temperatures.
Increasing attention has been paid to this system for application to refrigerators and containers
for food preservation. From a mechanistic point of view, the reaction mechanism of the C=C
bond cleavage is an intriguing subject to be resolved for future catalysis development. In this
study, the mechanism of complete oxidation of ethylene on the supported Pt catalyst was studied
by DFT calculations. The overall elementary steps are summarized in Scheme 3. Particularly, we
focused on the electronic mechanism of the C=C bond breaking in terms of the silica support

effect.
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Scheme 3. Overall reaction steps investigated in the present study. The numbers below the
arrows denote activation energies.

(1) HCHO formation
CH,=CH, + O — -OCH,-CH,-

12.0 kcal/mol

-OCHp-CHy- + O ——  -OCH,-CH,0-

13.1 kcal/mol
-OCH,-CH,0- —  2HCHO
6.4kcal/mol
(2) CO, formation
HCHO — CHO + H
1.7 kcal/mol
CHO —— CO +H
19.4 kcal/mol
CO + O ——  CO,
21.5kcal/mol
(3) H,O formation
O+ H —
11.4 kcal/mol
OH + H —— H,0
15.5 kcal/mol

Ethylene is adsorbed on the Pt cluster and sequentially oxygenized to the dioxide
intermediate. The silica-support effect weakens the adsorption of ethylene on the Pt catalyst.
This moderately weak adsorption reduces the activation energy of the alkoxide formation step.
This reaction pathway is energetically more favorable than that via the epoxide intermediate. The
dioxide intermediate undergoes C-C o-bond cleavage to form HCHO. Based on the result of the
additional model calculations for analysis, the activation energy of the C-C o-bond cleavage
could be reduced by the edge effect and by the silica support effect. These are the reasons why
the C=C bond cleavage reaction occurs easily even at low temperatures. Orbital correlation
analysis showed that the electron occupation of the C-C o-bond orbital is reduced by the

reservoir effect of the siloxide group via the Pt 6* orbitals.
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Furthermore, the reaction pathway from HCHO to CO and then to CO> was also investigated.
The results showed that the CO oxidation step is the rate-determining step of all the elementary
steps in the complete ethylene oxidation. This result supports and corroborates the proposed
reaction mechanism via the HCHO intermediate state.* The H,O formation process was also

investigated, and the calculated activation energy was smaller than that in the CO oxidation step.
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Chapter 4.

Theoretical Study of C-H Activation by O; on

Negatively Charged Au Cluster:

o, f-dehydrogenation of 1-methyl-4-piperidone

by the Au/OMS-2 Catalyst
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1. Introduction

B-N-substituted o, B-unsaturated ketones (enaminones) are very important compounds for fine
chemical and pharmaceutical productions as synthetic intermediates for natural products'*. One
approach for enaminones synthesis is selective a, B-dehydrogenation of B-N-substituted saturated
ketones, and several efficient homogeneous catalysts were developed for this reaction®!3. On the
other hand, heterogeneous catalytic system has advantages for reusability and recovery of
products compared with homogeneous catalyst. Although supported Pd nanoparticle catalysts for

dehydrogenation of cyclohexanone were reported!* !°

, selective a, B-dehydrogenation of B-N-
substituted saturated ketones by heterogeneous catalyst was not reported until the development
of Au nanoparticles catalyst supported on manganese oxide octahedral molecular sieve OMS-2
(KMnsO16) (Au/OMS-2 catalyst)!®.

The Au/OMS-2 catalyst is a reusable heterogeneous catalyst for a, B-dehydrogenation of 1-
methyl-4-piperidone (Scheme 1). However, detail of the reaction mechanism on this catalyst is
not fully understood. Especially, the mechanism of aerobic a, B C-H bonds activation of 1-
methyl-4-piperidone on the Au nanoparticle catalyst is particularly interesting. Several previous
theoretical studies for C-H bond activation of phenylacetylene!’, methoxy species'®, p-
hydroxybenzyl alcohol'®, phenylethanol?® and small hydrocarbon species?! on Au cluster catalyst
were reported. In these studies, it was pointed out that there are two types of reaction pathways
for C-H bond activation; direct C-H bond activated by Au surface or indirect C-H activation by
O or oxygen atom adsorbed on the Au cluster. On the other hand, charge state of the Au cluster
is changed by interaction between support materials or polymer ligands, and it is also important
factor for the catalytic activity as reported in previous theoretical studies'” '*?>??_ In addition,

several theoretical study for the relationship between O: activation and the charge state of the Au

cluster were also reported****. From these reports, it was suggested that the C-H bond activation
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of 1-methyl-4-piperidone on the Au/OMS-2 catalyst is affected by charge state of the Au cluster
and adsorbed O>. However, relationship between the charge state of Au cluster and its effect for
the C-H bond activation mechanism of -N-substituted saturated ketone on the heterogeneous Au
catalyst have not been reported to the best of our knowledge. Therefore, the reaction mechanism
for a, B-dehydrogenation of 1-methyl-4-piperidone on the Au/OMS-2 catalyst was investigated
by density functional theory (DFT) calculations in this study. In particular, we focused on the
charge state of Au cluster on the OMS-2 support and the relationship between charge state of Au

cluster and the C-H bond activation mechanism of 1-methyl-4-piperidone.

Scheme 1. Reaction scheme of a, f-dehydrogenation of 1-methyl-4-piperidone on the Au/OMS-

2 catalyst'®

1-methyl-4-piperidone
o] Vi o]
(t“ a, B-dehydrogenation ﬁj

N H Au/OMS-2 catalyst N

‘\_B ~ H,0 (20 ml) |
Air (

1 atm), 50°C, 4h

This chapter is organized as follows. In the next section, computational models and details of
DFT calculations are shown. In Section 3.1, electronic structure of the Au cluster on the OMS-2
support is discussed (Subsection 3.1.1), and adsorption structure and electronic structure of Oz on
the Au/OMS-2 catalyst are also discussed (Subsection 3.1.2). In Section 3.2, the difference of
activation barriers between C-H bond activation of 1-methyl-4-piperidone by Au surface and by
O, adsorbed on the Au cluster are discussed as the 1st step of the reaction. In addition, the effect

of charge state of the Au cluster for each reaction pathway is also discussed. In Section 3.3, the
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activity of O adsorbed on the Au cluster, and the effect from charge state of the Au cluster for
the O2 activation are discussed. In Section 3.4, reaction pathways at the 2nd step of the reaction
(activation of the remaining C-H bond of 1-methyl-4-piperidone) are discussed. In Section 3.5,
the effect from charge state of the Au cluster to reaction pathways at the 2nd step of the reaction

is discussed. A concluding remark is given by Section 4.

2. Computational Details
2.1 Au10/OMS-2 Model

To investigate the electronic structure of Au cluster on the OMS-2 support, Auio cluster on the
surface slab model of OMS-2 (Au10/OMS-2 model: Figure 1a) was constructed with periodic

boundary condition.

Figure 1. (a) Auio/OMS-2 model. (b) Aux model. Red: oxygen, green: manganese, purple:

potassium, yellow: gold.
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Tompsett and Islam ef al. reported that the (100) surface is the most stable surface of a-MnO>
(i.e. OMS-2 without K atoms) in their previous theoretical calculation®*. In our calculation,
surface energy of the (100) surface of OMS-2 is also more stable than that of (110) surface (the
next stable surface of a-MnO2)** by 0.07 J m. Therefore, the (100) surface was used for the
computational model of the OMS-2 surface in this study. The (100) surface of OMS-2 was
modeled by a (4 x 2) unit cell with 25-layers (K4oMni2802s6: Figure 2). The lattice constant of
this slab was settoa=11.5A, b=c=19.6 A, a =B =y =90 °, which were determined by cell-
optimization of the bulk structure of OMS-2. The calculated lattice constant of bulk OMS-2 was
in good agreement with the experimental value (a=11.4 A, b=c = 19.6 A (these are multiplied
value for (4 x 2) super cell))*. Each slab was separated by 25 A vacuum layer perpendicular to

the (100) surface.
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(a) 8-hollow (b) 4-hollow_4-terrace

Figure 2. Slab models of the (100) surface of OMS-2 (K40Mni280256). (a) 8-hollow structure (b)

4-hollow_4-terrace structure. Red: oxygen, green: manganese, purple: potassium.
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K atoms are at the hollow site, on the (100) surface of OMS-2 if (100) surface is simply cut
from the bulk structure as shown in Figure 2a (8-hollow structure). However, once a K atom is
moved from the hollow site to the terrace site, such structure (7-hollow 1-terrace structure) is
more stable than the 8-hollow structure by 24.0 kcal/mol. Furthermore, when 8-terrace structure
(i.e. all K atoms were put on the terrace site) was used as initial surface structure, half of K atoms
occupied the terrace site, and the other half K atoms occupied hollow site after the geometry
optimization (Figure 2b: 4-hollow_4-terrace structure). The 4-hollow_4-terrace structure is more
stable than the 8-hollow structure by 47.1 kcal/mol. While other surface structures (e.g. the 5-
hollow 3-terrace structure or the 3-hollow 5-terrace structure) were also constructed, these
structures are unstable than the 4-hollow_4-terrace structure. From these results, the 4-hollow_4-
terrace structure was adopted in this study. In addition, the Auio model could be adsorbed only
on the terrace site of the OMS-2 surface because other adsorption sites were occupied by K
atoms in the 4-hollow 4-teracce structure. According to these procedures, the Aujo/OMS-2
model (Figure 1a) was constructed to investigate the electronic structure of Au cluster on the
OMS-2 surface.

The Au10/OMS-2 model was calculated by spin-polarized DFT calculation with FHI-aims
code (version: 171221)%. The Perdew—Burke—Ernzerhof (PBE) functional’’ was used as the
exchange-correlation functional. The numerical atom-centered orbitals (NAO) basis set*® with
the default “light” settings were used for geometry optimizations, and single-point energy
calculations of optimized structures were performed with the default “tight” settings (only the
confinement radius for K atoms was changed to 4.0 A), respectively. In addition, the atomic-
scaled zeroth-order regular approximation (Atomic ZORA)*® was adopted to incorporate the

relativistic effects. A I'-centered grid of 18 % 6 x 6 k-points were used for the cell-optimization
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of the bulk OMS-2 structure, and a I'-centered grid of 5 x 3 x 1 k-points were used for other slab
models, respectively. The bottom 11 layers of OMS-2 were fixed to the bulk structure during
geometry optimization. Initial spin state of OMS-2 was obtained from previous theoretical

calculation by Cockayne et al*®,

2.2 Auzo Model

The a, B-dehydrogenation of 1-methyl-4-piperidone also proceeds on the Au/C catalyst. This
result suggested that lattice oxygen or its vacancy of the OMS-2 support are not essential factors
for understanding the reaction mechanism. Therefore, Auzo model (cluster model, Figure 1b) was
adopted to investigate the reaction pathways of o, B-dehydrogenation of 1-methyl-4-piperidone.
Because previous theoretical study®® showed that tetrahedral pyramidal structure is the most
stable conformation of Auzo, we adopted tetrahedral pyramidal structure. As shown in Subsection
3.1.1, Au cluster on the OMS-2 support is negatively charged. Therefore, total charge of the Auzo
model was changed to incorporate the interaction between Au and OMS-2, and three types of
Auzo models; Auzo™, Auzo'” and Auxe> models were constructed, respectively.

DFT calculation was performed for the Auyo model with Gaussian 09 code**. The M06

141

functional™ was adopted for the exchange-correlation functional. The Stuttgart/Dresden basis set

1*2 was employed for Au atom, and the 6-31G(d, p) basis sets* were

with effective core potentia
used for the other atoms, respectively. The Ultra Fine Grid (99,590 grid) was used for the
integration grid of numerical integration. All reactants, products, and transition state structures
were connected by intrinsic reaction coordinate (IRC) calculations. In addition, normal mode

analysis was performed, and we confirmed that each of the equilibrium and transition states

contained zero and one imaginary frequency, respectively.
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3. Results and Discussion
3.1 Electronic Structure of Au Cluster and Adsorbed Oz on the Au/OMS-2 Catalyst

In this section, electronic structure of Au cluster on the OMS-2 support was investigated with
the Auio/OMS-2 model. In addition, adsorption structure of O> on the Auio/OMS-2 model was
also investigated. As discussed below, Au cluster on the OMS-2 support was negatively charged
due to charge transfer from OMS-2. Furthermore, adsorbed O was activated by charge transfer

from the negatively charged Au cluster.

3.1.1 Electronic Structure of Au Cluster on the OMS-2 Support

In this subsection, electronic structure of Au cluster on the OMS-2 support was investigated
by using the Au1o/OMS-2 model (Figure 1a). First, Hirshfeld charge analysis* was performed to
analyze atomic charges of each Au atom (Table 1). As shown in Table 1, total Hirshfeld charge
of the Auio cluster in the Aujo/OMS-2 model was calculated as -0.42. Especially, Au atoms at
2nd and 3rd layers of the Auio cluster (i.e. Au® ~ Au') are charged more negatively (except for
AuP). From this result, it was suggested that Au cluster on the OMS-2 support is negatively

charged.

Table 1. Hirshfeld charge of each Au atom?

Aur AR AUC AP ALE AR AWC AU AU AU | Aug
0.00 0.13 0.02 -0.06 0.01 -0.06 -0.13 -0.09 -0.09 -0.15| -0.42
¥Indexes of each Au atom are same as shown in Figure la.
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Next, the electron density difference induced by interaction between the Auio cluster and the

OMS-2 support was calculated according to Eq. (1) (Figure 3).

Ap(Au10/OMS-2) = p(Auio/OMS-2) — p(Auio) — p(OMS-2) ... (1)

Where, Ap(Au10/OMS-2) is the electron density difference of the Auio/OMS-2 model. p(model
name) is total electron density of each model. p(Auio) and p(OMS-2) were obtained by single
point calculation of each region in the Aujo/OMS-2 model (i.e. Aujp without OMS-2, and OMS-
2 without Aujo, respectively) with keeping its geometry. As shown in Figure 3, electron density
around Aujo region is increased. Especially, electron density around Au-Mn bonds and Au atoms
at 2nd and 3rd layer of the Aujo cluster are increased. In addition, this result is in good agreement
with the result of Hirshfeld charge analysis (cf. Table 1). On the other hand, electron density
around Mn atoms and O atoms of the OMS-2 support are decreased. These results suggested that
charge transfer from the OMS-2 support to the Au cluster occurs through Au-Mn bonds. While
electron density around K atoms on the surface were also changed, it was expected that that
change was induced by charge separation of K atoms against negative charge of the Au cluster
rather than charge transfer from K atoms to the Au cluster. Actually, Hirshfeld charge of each K

atom is almost same before and after the adsorption of the Auio cluster on the OMS-2 surface.
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Figure 3. The electron density difference of the Auio/OMS-2 model. Dark yellow isosurface:
electron accumulation area, blue isosurface: electron depletion area. Isosurface value is 0.01 A,

Red ball: oxygen, green ball: manganese, purple ball: potassium, yellow ball: gold.

Finally, density of states (DOS) of the Auio/OMS-2 model was calculated (Figure 4). In
present analysis, we focused on the DOS projected to all Au atoms and three Mn atoms bonded
to the Au cluster because it was suggested that interaction between Mn and Au is important to
the charge transfer by the electron density difference analysis (cf. Figure 3). The result of DOS
analysis for the Au;o/OMS-2 model was shown in Figure 4b. Around the Fermi level, the energy
level of valence bands of Au and Mn are well overlapped (pointed by red arrows in Figure 4b).
Same DOS analysis was performed for the isolated OMS-2 model (OMS-2 without Auio) and the
isolated Aujo model (Aujo without OMS-2) by the single point calculation, respectively (Figure
4a and 3c). Comparing these DOS results, unfilled bands of the isolated Auio model (pointed by
red arrows in Figure 4c) were shifted to filled bands in the Auio/OMS-2 model due to the
interaction between Au and Mn. Actually, valence band of Mn of the isolated OMS-2 model

(pointed by red arrow in Figure 4a) was also shifted to lower energy state in the Au;o/OMS-2
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model. Combining with the result of electron density difference analysis, it was suggested that
charge density around the OMS-2 surface was moved to the Au cluster through Au-Mn bonds.
These results indicated that Au cluster supported on the OMS-2 support is negatively charged

due to the charge transfer from the OMS-2 support through the interaction between Au and Mn.
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Figure 4. (a) Atom projected DOS of isolated OMS-2 model. (b) Atom projected DOS of the
Au1o/OMS-2 model. (c) Atom projected DOS of isolated Auio model. Green line: Sum of the
total DOS projected to Mn atoms bonded to Au atoms. Yellow line: Sum of the total DOS

projected to Au atoms. Fermi energy (Er) was set to 0.0 eV.
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3.1.2 Adsorption Structure of Oz on the Au1/OMS-2 Model

The a, B-dehydrogenation of 1-methyl-4-piperidone does not proceed on the Au/C catalyst
without O although the same reaction proceeds on the Au/C catalyst with O,. This result
suggested that O3 is essential factor for this reaction while lattice oxygen of the OMS-2 support
is not essential. Therefore, adsorption structures and electronic states of Oz on the Aujo/OMS-2
model were investigated in this subsection. In this study, the most negatively charged adsorption
site; Ads-site I (bridge site between Au' and Au’ (cf Figure la and Table 1)), and the most
positively charged adsorption site; Ads-site II (bridge site between Au® and Au (c¢f. Figure 1a
and Table 1)) were selected as adsorption sites for Oa, respectively. Although bridge site between
AuP and Au® is more positively charged adsorption site than Ads-site II, there is no enough space
for O, adsorption around this adsorption site. On the other hand, O> adsorption and activation at
the perimeter region between Au and the metal oxide support were pointed out as one of the key
factors for the catalytic activity in other supported Au catalysts (e.g. Au/TiOz catalyst**).
However, a, B-dehydrogenation of 1-methyl-4-piperidone also proceeds on the Au/C catalyst.
This result suggested that lattice oxygen or its vacancy of the OMS-2 support are not essential
factors for this reaction. Therefore, we focused on two adsorption sites at the Au cluster (i.e.
Ads-site I and II) in present study.

Adsorption structures of O» on each adsorption site were shown in Figure 5. While
deformation of the Auio cluster occurred during geometry optimization, adsorption structure of
O on the Ads-site I was obtained (Figure 5a). On the other hand, during geometry optimization
for Oz on Ads-site II, O® was moved from Au® to Au' (Ads-site II*: Figure 5b) even though O
was bonded with Au® at the initial structure. While Ads-site II is expected as unstable adsorption
site, adsorption energies of Ads-site I and II* were calculated as -33.6 kcal/mol and -4.8 kcal/mol,

respectively. These results represented that O was adsorbed on both Ads-site I and II* stably,
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and O, prefers more negatively charged site. Therefore, it was expected that OB was moved from
the positively charged Auf (Ads-site II) to the negatively charged Au' (Ads-site 1I*) during
geometry optimization. As shown in Figure 5, O-O bond distance of adsorbed O were elongated
on both adsorption sites (1.43 A (Ads-site I) and 1.41 A (Ads-site II*)). In addition, adsorbed O2
shown more than -0.40 negative charge (Table 2). These results suggested that adsorbed O was
activated due to charge transfer from the negatively charged Au cluster to ©~ orbital of O,. As
discussed in Section 3.2, C-H bond of piperidone molecule is cleaved by this activated O2 on the

negatively charged Au cluster with lower activation energy.

Figure 5. Adsorption structures of Oz on (a) Ads-site I and (b) Ads-site II*. Red ball: oxygen,

green ball: manganese, purple ball: potassium, yellow ball: gold.

Table 2. Hirshfeld charge of Au atoms and adsorbed O>*

oA (oL AuA AuB Auc AuP AUE
Ads-site I -0.23 -0.23 -0.02 0.07 -0.02 -0.06 -0.08
Ads-site IT* -0.18 -0.22 0.03 0.15 0.01 -0.04 -0.03
AuF Au® AuM Al Au’ (o]} Auso
Ads-site I -0.08 -0.06 0.01 0.00 0.00 -0.46 -0.24
Ads-site IT* -0.05 -0.15 -0.07 0.00 -0.18 -0.40 -0.33

¥Indexes of each O and Au are same as shown in Figure 5.
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3.2 Reaction Pathway of C-H bond Activation at the 1st Step of the Reaction

In this section, reaction pathways of C-H bond activation of 1-methyl-4-piperidone at the 1st
step of the reaction were investigated with the Auyo model (Figure 1b). Because it was suggested
that lattice oxygen of the OMS-2 support is not essential for this reaction as written in Section
2.2, the Auzo model was adopted for the investigation of reaction pathways. In addition, as
shown in former sections, Au cluster on the OMS-2 support is negatively charged. Therefore, we
focused on the relationship between charge state of Au cluster and catalytic activity for C-H
bond activation of 1-methyl-4-piperidone. To investigate this relationship, three types of Auzo
models; Auxo™, Auz' and Auxo® models were constructed by changing total charge of the Auno
model. By using these models, two types of C-H bond activation pathways at the st step of the
reaction (Scheme 2) were investigated. In the direct C-H bond activation pathway (Scheme 2a),
C-H bond of 1-methyl-4-piperidone is directly activated by Au atoms. Because it was suggested
that O> is the essential factor for the reaction, C-H bond activation by O, adsorbed on the Au
cluster (Scheme 2b: the indirect C-H bond activation pathway by O») was also investigated. As
discussed below, it was suggested that the indirect C-H bond activation by adsorbed O» (Scheme

2b) is the main reaction pathway at the Ist step of the reaction.
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Scheme 2. Direct C-H bond activation pathway and indirect C-H bond activation pathway

(a) Direct C-H bond activation pathway

Au cluster Au cluster

3.2.1 C-H bond Activation at the 1st Step of the Reaction: Direct C-H bond Activation
Pathway

First, direct C-H bond activation pathway on Auzo models was investigated. In this pathway,
C-H bond of 1-methyl-4-piperidone is directly activated on Au surface (Scheme 2a). In this
study, the most stable adsorption structure of the reactant molecule was selected as the reactant
state. Because 1-methyl-4-piperidone is adsorbed on the Auxp model by nitrogen atom, there are
three possible adsorption sites in the Auzo model; OT1, OT2 and OT3 sites (Figure 10). First,
adsorption energies of 1-methyl-4-piperidone on these sites were calculated in each charged
model. Adsorption energies of 1-methyl-4-piperidone on each adsorption site were shown in
Table 3. In the Auzo™ model, OT]1 site is the most stable adsorption site (adsorption energy = -
22.8 kcal/mol). In the Auz' model and Auz> model, OT2 and OT3 sites are more stable
adsorption sites than OT1 site (adsorption energies of OT2 and OT3 sites are -20.6 kcal/mol in

the Auzo' model and -30.0 kcal/mol in the Auxo®> model, respectively).
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Table 3. Adsorption energies of 1-methyl-4-piperidone on Auxo models?

Eags (kcal/mol) oT1 oT2 oT3
Auz*model -22.8 -20.5 -21.0
Auzmodel -18.5 -20.6 -20.6
Auz?model -23.0 -30.0 -30.0

¥For the definitions of each adsorption site (i.e. OT1, OT2 and OT3), see Figure 10.

Therefore, 1-methyl-4-piperidone on OT]1 site is reactant state of the Aux™ model, on OT2
site or OT3 site are reactant states of the Auz'” model and Aux* models, respectively. From
these reactant states, all possible direct C-H bond activation pathways on neighbor Au atoms of
the reactant molecule were investigated. In addition, both o C-H bond activation pathway and

B_C-H bond activation pathway (cf. Scheme 1) were investigated as the st step of the reaction.

Potential energy diagrams of direct o C-H bond activation pathways on each model were
shown in Figure 6 as broken lines. Reaction pathways with the lowest activation energy among
obtained pathways based on the above procedure were shown in this diagram. In addition,
optimized structures of each state of reaction pathways were also shown in Figure 7. As shown
in Figure 6, activation energies of this reaction pathway were higher than 40 kcal/mol in all
models (Au20”* model: Eaa1 = 54.2 kcal/mol, Auzo'~ model: E.pi = 44.8 kcal/mol and Auzo>
model: Eac1 = 44.7 kcal/mol, respectively). Furthermore, these reaction pathways were calculated
as endothermic reaction because product states (A2, B2 and C2 in Figure 6 and 6) were unstable
than reactant states (Al, B1 and C1 in Figure 6 and 6) in all models by 44.2 kcal/mol, 41.9
kcal/mol and 18.7 kcal/mol, respectively. Although direct _C-H bond activation pathways were
also investigated (see Figure 8 and 9), activation energies of the direct B_C-H bond activation
were higher than those of the direct o C-H bond activation in the Auzo'~ and Auz¢®> models by

0.7 kcal/mol and 8.7 kcal/mol, respectively (cf. Eap3 and Eacs in Figure 8). On the other hand,
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activation energy of the direct B C-H bond activation in the Au*™* model was lower than that of
direct the o C-H bond activation by 11.8 kcal/mol. However, reactant state of the §_C-H bond
activation (A3 in Figure 9) is physisorption structure of 1-methyl-4-piperidone, and A3 state is
unstable than A1 state (reactant state of o C-H bond activation; Figure 7) by 3.9 kcal/mol. We
could not find transition state for the direct f_C-H bond activation which is connected to
chemisorbed 1-methyl-4-piperidone on OT1 site in the Auzo™ model. In addition, product states
of the direct p_C-H bond activation pathways (A4, C6 and B5 in Figure 8 and 9) were unstable
than reactant states (A3, B1 and C5 in Figure 8 and 9) by 41.3 kcal/mol, 34.5 kcal/mol and 51.8
kcal/mol, respectively. Therefore, the direct B_C-H activation pathways were also calculated as
endothermic reaction with high activation energies (> 40 kcal/mol). From these results, it was
investigated that direct C-H bond activation on the Au/OMS-2 catalyst is unfavorable reaction
pathway. In addition, the charge state of the Au cluster does not affect the qualitative trend (i.e.

endothermic reaction with large activation barrier) of this pathway.
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Figure 6. Potential energy diagram of o C-H bond activation at the 1st step of the reaction.
Broken lines: direct o C-H activation pathways, solid lines: indirect o C-H bond activation
pathways. Energies of A0, BO, and CO states are defined as the sum of the energies of the
isolated species: Aux”™, Oz, and 1-methyl-4-piperidone for AO; Aux',, Oz, and 1-methyl-4-

piperidone for BO; Auxo®, Oz, and 1-methyl-4-piperidone for CO.
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Figure 8. Potential energy diagram of B _C-H bond activation at the 1% step of the reaction.
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pathways. Energies of A0, B0, and CO states are defined as the sum of the energies of the
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Figure 9. Optimized structures of the reactant, product and transition states of direct f_C-H bond
activation at the 1% step of the reaction on the (a) Aux™ model, (b) Auz'” model and (c) Auze*
model. Red ball: oxygen, blue ball: nitrogen, gray ball: carbon, white ball: hydrogen, yellow ball:

gold.
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3.2.2 C-H bond Activation at the 1st Step of the Reaction: Indirect C-H bond Activation
Pathway

It was suggested that O is essential for the reaction by the experimental result on the Au/C
catalyst. Therefore, indirect C-H activation pathway by adsorbed O at the Ist step of the
reaction was investigated with the Auxo model in this subsection. In this pathway, a- or -
hydrogen atom is moved from 1-methyl-4-piperidone to adsorbed O> (Scheme 2b). This indirect
C-H bond activation mechanism by adsorbed O» on Au cluster was also reported by previous
theoretical study for methanol oxidation'® and C-H activation of several small hydrocarbon
species®!. First, adsorption structures of O, on the Auzy model were investigated based on
previous theoretical study by Ehara and Sakurai et a/’®. Adsorption sites of Oz on the Auzo model
considered in present study were shown in Figure 10, and adsorption energies of Oz on these
adsorption sites were summarized in Table 4. In the Auz0®* model, adsorption energies for any
adsorption sites were calculated as positive values. This result indicated that O> is not adsorbed
on Aux® model stably. On the other hand, adsorption energies showed negative values both in
the Auzo'" model and Auxe® model (except for that of OT2 site in the Auzo®>” model). This result
indicated that O> is adsorbed on negatively charged Auzo models stably. The most stable
adsorption site is BR1 site in both models. Comparing adsorption energies for BR1 site in both
models, O is adsorbed on the Aux!” model stronger than on the Auzo>” model by 8.6 kcal/mol. In
addition, O-O bond distance is elongated as negative charge of the Auzo model increases. More

details for electronic structure of adsorbed O, were shown in Section 3.3.
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Figure 10. Adsorption sites of the Auzo model (numbers on each Au atom represent OT1 site,
OT2 site and OT3 site, respectively), and examples of adsorption structures of O» on each

adsorption site. Yellow ball: gold, red ball: oxygen.

Table 4. Adsorption energies and O-O bond distances of O> on each Auxo model

OT1 0T2 OT3 HCP FCC
Eads (kcal/mol) 27.4 28.5 30.4 Converged Converged
Auz’*model
» 0-0 distance (A) 1.23 1.23 120 t0BRlb  toOT2
) Eags (kcal/mol) -18.0 -11.2° -7.6 Converged Converged
Auzl'model ]
0-O distance (A) 1.29 1.28 123 w0BR1 to BR4
Eads (kC&l/mOl) -0.1 41b Converged -6.2 -3.9
Auz?model ]
0-O distance (A) 1.31 1.32> toBR2 1.41 1.38
BR1 BR2 BR3 BR4
Eads (kcal/mol) 25.32 31.4 28.6 29.0
Auz"*model )
0-0 distance (A) 1.252 1.20 1.22 1.22
Eags (kcal/mol -21.1 -16.1 -12.5 -11.7
Auz'model a0s (_ cal/mol)
0-0 distance (A) 1.30 1.29 1.29 1.29
Eags (kcal/mol) -12.5 -5.1 Converged Converged
Auz>model
» 0-0 distance (A) 1.40 135 toHCP to FCC

%Converged to BR2b. °Converged to BR1b.
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In the present study, adsorption structures of O> on the Auz™* model and Auzo>” model were
calculated as singlet state, and O, on the Auz!" model was calculated as doublet state,
respectively. If adsorption structure was calculated as triplet state in the Auz0®* model, O was
adsorbed as physisorbed (or desorbed) structure with long Au-O distance (> 2.6 A) although
adsorption energies showed small negative values (-5 ~ -6 kcal/mol). Therefore, it was
investigated that O, is not adsorbed on the Aux™ model both in singlet state and triplet state. If
adsorption structures were calculated as quartet state in the Auzo'~ model, similar physisorbed (or
desorbed) adsorption structures were also obtained with smaller adsorption energies (-5 ~ -6
kcal/mol) than those in doublet state. Therefore, it was investigated that O is adsorbed on the
Auzo' model stably in doublet state. If adsorption structures were calculated as triplet state in the
Auo® model, stable chemisorption structures were obtained. The most stable adsorption site in
triplet state is also BR1 site, and adsorption energy was calculated as -21.7 kcal/mol which is
larger than that in singlet state by 9.2 kcal/mol. However, co-adsorption structure of O, and 1-
methyl-4-piperidone on the Auxo® (C3 in Figure 11) in triplet state is stable than that in singlet
state only by 5.7 kcal/mol. In addition, transition state for the indirect C-H activation by O2
(TS_C2) and its product state (C4) are unstable in triplet state than those in singlet state by 4.5
kcal/mol and 5.9 kcal/mol, respectively. From these results, the Aux™ model and Auze>” model
were calculated as singlet state, and the Auxo'” model was calculated as doublet state in present
study. In addition, it was pointed out that O, dissociation on both neutral Au cluster and
negatively charged Au cluster are unfavorable (except for very special size cluster) by previous
theoretical study’’. Furthermore, Au cluster on the OMS-2 support is negatively charged as
shown in Section 3.1. Therefore, the indirect C-H activation pathway by adsorbed O, was

investigated with the Auz' model and Auzo> model. From the results of Table 4, BRI site (i.e.
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the most stable adsorption site of both models) was selected as adsorption site of O> at the
reactant state. In addition, 1-methyl-4-piperidone was put on neighboring adsorption sites of O
on BRI site. From such co-adsorption structures of O2 and 1-methyl-4-piperidone, all possible

indirect o or B_C-H bond activation pathways were investigated.

Potential energy diagrams of indirect o C-H bond activation pathways on each model were
shown in Figure 6 as solid lines. Reaction pathways with the lowest activation energy among
obtained pathways based on the above procedure were shown in this diagram. As shown in
Figure 6, activation energies of this reaction pathway were lower than 30 kcal/mol in both
models (Aux!" model: Eapz = 29.8 kcal/mol and Aux* model: Eic2 = 11.8 kcal/mol,
respectively). These values are lower than those of the direct C-H bond activation pathway more
than 15 kcal/mol. Furthermore, relative stability of the product state compared with the reactant
state is considerably changed. In the Auzo!" model, reaction energy (E:: energy difference
between reactant state (E[R]) and product state (E[P]); E: = E[P] — E[R]) of the indirect pathway
is only +5.8 kcal/mol although that of the direct pathway is +41.9 kcal/mol. Especially, reaction
energy of the indirect pathway in the Auzo®> model is -5.5 kcal/mol while that of the direct
pathway is +18.7 kcal/mol. This result suggested that indirect o C-H bond activation on the
Auxo* model proceeds as exothermic reaction with relatively low activation energy (11.8
kcal/mol). In addition, indirect B_C-H bond activation pathway was also investigated (Figure 8
and Figure 12). However, activation energies of the indirect f_C-H bond activation were higher
than those of the indirect o C-H bond activation by 5.8 kcal/mol in the Aux'" model and 15.1
kcal/mol in the Auzo>” model, respectively. The difference of the activation barrier between o,_C-
H bond activation and B_C-H bond activation could be explained by stability of the conjugate

base. Product molecule (conjugate base) of a-deprotonation of 1-methyl-4-piperidone is more

107



stable than that of B-deprotonation by 36.1 kcal/mol in gas phase. In brief, acidity of a-hydrogen
is higher than B-hydrogen. This is one of the reason why activation energy of o C-H bond
activation is lower than that of B_C-H bond activation in the indirect C-H bond activation
pathway. From these results, it was suggested that the indirect o C-H bond activation by
adsorbed O» is the main pathway of the 1st reaction step. In addition, this reaction pathway
proceeds on the negatively charged Au cluster, and activation energy is lower in more negatively
charged Au cluster.
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Figure 11. Optimized structures of the reactant, product and transition states of indirect a. C-H
bond activation at the 1% step of the reaction on the (a) Auzo'” model and (b) Auzo®>” model. Red

ball: oxygen, blue ball: nitrogen, gray ball: carbon, white ball: hydrogen, yellow ball: gold.
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Figure 12. Optimized structures of the reactant, product and transition states of indirect B_C-H
bond activation at the 1% step of the reaction on the (a) Auzo'” model and (b) Auzo®>” model. Red

ball: oxygen, blue ball: nitrogen, gray ball: carbon, white ball: hydrogen, yellow ball: gold.

3.3 Electronic Structure of O2 on the Au Cluster

From the results of former sections, the indirect o C-H bond activation pathway by adsorbed
0O, was suggested as the main reaction pathway at the 1st step of the reaction. In this section,
electronic structure of adsorbed O on the Auzo model was investigated to understand the
relationship between the charge state of Au cluster and O> activation. As shown in below, O is
well activated for hydrogen abstraction via charge transfer from the negatively charged Au

cluster.

First, the highest occupied molecular orbital (HOMO) of the most stable adsorption structure

of O> on each Auxo model (c¢f. Table 4) was investigated. As shown in Figure§, HOMO 1is
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delocalized on both Auyo region and @~ orbital of O in the Aux™ model and Auz'" model.
However, HOMO of B-spin (HOMO (B)) is more localized on nt~ orbital of O, than HOMO of a-
spin (HOMO (a)) or HOMO of the Auz”* model. On the other hand, HOMO is almost localized
on m orbital of Oz in the Auz> model. Actually, O-O bond distance and negative charge on O
are larger in more negatively charged model as shown in Figure 14 and Table 6. From these
results, it was investigated that O is well activated on negatively charged Auxo models due to the
charge transfer from Au cluster to 7t orbital of O,. Furthermore, electronic structure of adsorbed

O on the Auyo model and that on the Aujo/OMS-2 model was compared.

As shown in Section 2, computational settings were different between the Au10/OMS-2 model
(PBE functional with FHI-aims code) and the Auyo model (M06 functional with Gaussian 09
code). Therefore, difference between these computational settings were investigated by using
adsorption structure of Oz on the Auzo model. Optimized adsorption structures by using the
calculation setting for the Auio/OMS-2 model were shown in Figure 13. Comparing the result in
Figure 14, maximum difference for Au-O bond is 0.2 A, and for O-O bond is 0.04 A,
respectively. In addition, root-mean-square-deviation (RMSD: see Eq. S1) between optimized

structures in Figure 14 and Figure 13 is less than 0.16 A in each model.

RMSD = /%Z’g’zldf ... (S1)

Where, N is total number of atoms in the system, and d; is distance between corresponding atoms
between two models. Therefore, it was investigated that there is only small difference for the
geometry between two settings. Furthermore, results of Hirshfeld charge analysis for adsorbed
O, were shown in Table 5. Although difference of Hirshfeld charge in the Auzo'~ model and
Auzo®” model is slightly large, qualitative tendency of Hirshfeld charge of O is same between

two settings (i.e. Hirshfeld charge of O> becomes more negative as negative charge of the Auxo
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model increases). From these results, it was investigated that qualitative tendency of O:

adsorption on the Auxo model by each calculation setting agrees well.

Au,®* model Au,,' model Au,e2 model

Figure 13. Adsorption structures of Oz on each Auzo model optimized by using the calculation

setting for the Au10/OMS-2 model. Yellow ball: gold, red ball: oxygen.

Table 5. Hirshfeld charge of O on each Auzo model

Aux®* model  Auzx' model  Auz? model
FHI-aims? -0.24 -0.31 -0.51
Gaussian® -0.31 -0.50 -0.78
Result by calculation setting for the Auio/OMS-2 model. "Result by calculation setting for the
Auzo model.

As shown in Section 3.1.2, sum of Hirshfeld charge of the Auio cluster and O; is -0.70 when
O: is adsorbed on the Ads-site I of the Auio/OMS-2 model (¢f. Table 2). In addition, both natural
population analysis (NPA) charge and Hirshfeld charge of Oz on the Auxo'~ model (-0.54 and -
0.50, respectively) are similar with Hirshfeld charge of O> on the Ads-site I (-0.46). On the other
hand, geometry structure (O-O bond and Au-O bond distances) of O on the Ads-site I is similar
with that on the Auxe> model (cf. Figure 5a and Figure 14). Especially, O-O bond distances of O
on the Ads-site I and the Auz* model are 1.43 A and 1.40 A, respectively while that on the

Auz'” model is 1.30 A. From these results, charge state of Oz on the Auio/OMS-2 model is
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similar with that on the Auzo'” model, and geometry structure of O on the Aujo/OMS-2 model is
similar with that on the Au> model. Therefore, it was suggested that electronic structure of O

on the Au10/OMS-2 model is well represented by negatively charged Auxo models.

Au-O: 2.46 A

‘ ' 0-0:1.25 A
Charge = =0 q
Singlet S
O Au-0: 2.46 A
&
HOMO
Au-0: 2.33 A N
Charge = -1
Doublet
HOMO (a)
Au-0: 2.11 A ——
Charge = -2
Singlet

Figure 14. HOMO of adsorption structures of Oz on each Auzo model. Isosurface value is 0.02

A7, Red ball: oxygen, yellow ball: gold.

Table 6. Electronic charge of adsorbed O on each model.

Au10/OMS-2 model
(Ads-site I)
NPA Charge of O -0.27 -0.54 -0.95 -
Hirshfeld Charge of O, -0.31 -0.50 -0.78 -0.46

Aux® model  Aux! model  Aux? model
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Next, energy levels of HOMO, the singly occupied molecular orbital (SOMO) and the lowest
unoccupied molecular orbital (LUMO) of isolated Auzo models and O> molecule were
investigated, respectively. As shown in Figure 15, HOMO (SOMO) levels of isolated Auao
models go up as total charge becomes more negatively. Especially, HOMO levels of the Auzo!"
model and the Aux> model are higher than LUMO level of O,. On the other hand, HOMO level
of the Auz0™ model is lower than LUMO level of O,. This is one of the reason why Oz is well
activated on negatively charged Auzo models. However, orbital energy of HOMO of the Auzo>
model shows positive value because the Aux>” model and the Auzo'™ model are artificial models
with additional excess electrons. Although there is possibility of overestimate the activity of
these models, it was expected that such negatively charged Au cluster is stabilized by the
interaction between the OMS-2 support in the Au/OMS-2 catalyst. Actually, Fermi energy of the
Au1o/OMS-2 model was calculated as -4.71 eV even though the Auio cluster is negatively
charged in the Au10/OMS-2 model. In addition, adsorption structure of O2 on the Aui0o/OMS-2
model is only represented by negatively charged Auxo models without drastic over activation of
O as shown in above. From these results, it was investigated that O> on negatively charged Auao
models is well activated by charge transfer from Au cluster to O2 due to the difference of HOMO
level and LUMO level between Auxo models and O». In addition, it was suggested that this is one

of the reason why the indirect C-H bond activation by O» proceeds with low activation energy.
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Figure 15. Orbital energy diagram of isolated Auzo models and O».

Finally, affinities for hydrogen of adsorbed O was calculated to investigate the interaction
between activated Oz and hydrogen. First, adsorption structure of HOO species on the Auao!
model and Aux> model were calculated, respectively. Initial structures for geometry
optimization of each adsorption structure were taken from product states of the indirect pathway
at the 1st reaction step. Next, hydrogen affinities of adsorbed O> (HAo2) was calculated as Eq. 2.

HAo, = [E(AuH00) — (E(Au0,) + E(H))] ... (2)
Where, E(AuHOO) and Au(AuO) are potential energies of adsorption structures of HOO
species and Oz on the Auzo model, respectively. E(H) is potential energy of isolated hydrogen
atom. HAo2 of the Auz! model and Auxo® model were calculated as -75.3 kcal/mol and -86.9
kcal/mol, respectively. This result clearly indicated that interaction between hydrogen atom and
adsorbed O> on the Aux> model is stronger than that on the Auz! model by 11.6 kcal/mol. This
result could be explained by the difference of the degree of O activation on each model as

shown in above. Therefore, it was suggested that this is one of the reason for lower activation
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energy of the indirect pathway on the Auo® model compared with that on the Auzo'” model. In
addition, hydrogen affinity of gas phase (isolated) O> molecule and O, anion were calculated as
-53.8 kcal/mol and -61.0 kcal/mol, respectively. These values are weaker than those of adsorbed
O2 on negatively charged Auxo models. Therefore, it was suggested that adsorbed O> on the
negatively charged Au cluster is well activated for hydrogen abstraction than gas-phase
superoxide anion.

From these results, it was suggested that O, on the negatively charged Au cluster is well
activated due to the charge transfer from Au to O». In addition, the degree of O> activation on the
Auzo® model is larger than that on the Auz' model due to the difference of HOMO level of each
Ao model. Furthermore, hydrogen affinity of O on the negatively charged Au cluster is larger

than that of gas-phase O, anion.

3.4 C-H bond Activation at the 2nd Step of the Reaction

As shown in former sections, it was suggested that the indirect o C-H bond activation by
adsorbed O> is the main reaction pathway at the 1st step of the reaction. In this section, f C-H
bond activation pathways at the 2nd step of the reaction were investigated. As shown in Scheme
3, there are four possible B_C-H bond activation pathways from the product state of the indirect
o, C-H bond activation pathway; direct pathway, HOOH generation pathway, H>O generation
pathway and OH generation pathway. In the direct pathway, B C-H bond is directly activated by
Au atoms. In the HOOH generation pathway, f_C-H bond is activated by adsorbed HOO species
generated by the indirect o C-H bond activation at the Ist step of the reaction. In the H>O
generation pathway and the OH generation pathway, f_C-H bond is activated by adsorbed OH
species or O atom generated by O-O bond cleavage of HOO species, respectively. In this section,

these reaction pathways were investigated by using the Auzo!” model and Auzo® model. As
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shown in below, it was suggested that the OH generation pathway is the main reaction pathway

at the 2nd step of the reaction.

Scheme 3. Four possible reaction pathways at the 2nd step of the reaction.

H
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Direct Pathway 0 + \
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Au cluster |
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— o o
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3.4.1 p_C-H bond Activation at the 2nd Step of the Reaction on the Auzo'- Model

0-0 bond Cleavage _-*

—

Au cluster

Potential energy diagram of reaction pathways at the 2nd step of the reaction on the Auzo"
model was shown in Figure 16, and optimized conformations of each reaction pathway were also
shown in Figure 17. In the direct pathway and the HOOH generation pathway, conformation
change from B4 (product state of the 1st step of the reaction) to reactive conformations (Figure
17: B7 and B9, respectively) occurred before B C-H bond activation. These conformations are
unstable than B4 by 10.7 kcal/mol and 7.2 kcal/mol, respectively. These conformation changes
are required for the interaction between B C-H bond and Au atoms or HOO species. In this

model, we could not find other sable reactant conformations which are connected to lower
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transition states than those in Figure 16. On the other hand, in the H,O generation pathway and
the OH generation pathway, conformation change from B4 to more stable conformations (Figure
17: B11 and B14, respectively) occurred before O-O bond cleavage of HOO species. These
conformations are more stable than B4 by 3.2 kcal/mol and 3.0 kcal/mol, respectively. In the OH
generation pathway, activation energy for O-O bond cleavage (Figure 16: Eapo) is higher than
that for C-H bond activation (Figure 16: Eapio) by 3.8 kcal/mol. On the other hand, activation
energy for O-O bond cleavage (Figure 16: Eip7) is lower than that for C-H bond activation
(Figure 16: Eapg) by 8.2 kcal/mol in the H>O generation pathway. In addition, the highest
activation energy of the OH generation pathway (Eapo = 15.6 kcal/mol) is lower than that of the
H>O generation pathway (Eags = 24.9 kcal/mol) by 9.3 kcal/mol. Although activation energy for
C-H bond activation in the HOOH generation pathway (Eags = 14.3 kcal/mol) is lower than the
highest activation energy of the OH generation pathway (Eago = 15.6 kcal/mol) by 1.3 kcal/mol,
reactant state of the HOOH generation pathway (B9) is unstable than that of the OH generation
pathway (B14) by 10.2 kcal/mol. Furthermore, activation energy for C-H bond activation of the
direct pathway (Eaps = 23.6) is higher than the highest activation energy of the OH generation
pathway (Eago = 15.6 kcal/mol) by 8.0 kcal/mol, and reactant state of the direct pathway (B7) is
also unstable than that of the OH generation pathway (B14) by 13.7 kcal/mol. From these results,
it was suggested that the OH generation pathway is the main reaction pathway of the 2nd step of
the reaction on the Auzo'~ model. In addition, the highest activation energy of the OH generation
pathway (Eago = 15.6 kcal/mol) is lower than that of the 1st reaction step (Eag2 = 29.8 kcal/mol)
by 14.2 kcal/mol. Therefore, the rate determining step of the total reaction on the Auo!  model is

o._C-H bond activation by adsorbed O at the Ist step of the reaction.
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Figure 16. Potential energy diagram of B_C-H bond activation at the 2nd step of the reaction on
the Auzo'” model. Red line: direct pathway, orange line: HOOH generation pathway, blue line:
H>O generation pathway, green line: OH generation pathway. Reference point of relative
potential energies is defined as the sum of the energies of the isolated species: Auxo'", Oz, and 1-

methyl-4-piperidone.
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Figure 17. Optimized structures of the reactant, product and transition states of reaction

pathways at the 2nd step of the reaction on the Auo'~ model. Red ball: oxygen, blue ball:

nitrogen, gray ball: carbon, white ball: hydrogen, yellow ball: gold.

3.4.2 B_C-H bond Activation at the 2nd Step of the Reaction on the Auz20>" Model

Potential energy diagram of reaction pathways at the 2nd step of the reaction on the Auzo>
model was shown in Figure 18, and optimized conformations of each reaction pathway were also
shown in Figure 19. On the Aux* model, conformation change from C4 to more stable

conformations (Figure 19: C9, C11, C13 and C16) occurred in all reaction pathways. In both the
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H>O generation pathway and the OH generation pathway, activation energies for O-O bond
cleavage (Figure 18: Eac7 and Eaco, respectively) are lower than those for C-H bond activation
(Figure 18: Eacs and Eacio, respectively) by 13.0 kcal/mol and 6.3 kcal/mol, respectively. In
addition, activation energy for C-H bond activation of the OH generation pathway (Eacio = 30.8
kcal/mol) is lower than that of the H>O generation pathway (Eaics = 37.0 kcal/mol) by 6.2
kcal/mol. Although activation energies for C-H bond activation of the direct pathway (Eacs =
19.4 kcal/mol) and the HOOH generation pathway (Eace = 29.0 kcal/mol) are lower than that of
the OH generation pathway (Eaicio = 30.8 kcal/mol) by 11.4 kcal/mol and 1.8 kcal/mol,
respectively, reactant states of the direct pathway (C9) and the HOOH generation pathway (C11)
are unstable than that of the OH generation pathway (C16) by 11.1 kcal/mol and 4.8 kcal/mol,
respectively. From these results, it was suggested that the OH generation pathway is the main
reaction pathway at the 2nd step of the reaction on the Auz¢* model. In addition, activation
energy for C-H bond activation of the OH generation pathway (Eacio = 30.8 kcal/mol) is higher
than that of o C-H bond activation at the 1st step of the reaction (Eac2 = 11.8 kcal/mol) by 19.0
kcal/mol. Therefore, the rate determining step of the total reaction on the Auz¢* model is B_C-H
bond activation by OH species at the 2nd step of the reaction. Therefore, rate determining step is
different between the Auzo'" model and Aux* model, and activation energy of the rate
determining step (29.8 kcal/mol in the Auzo!  model, 30.8 kcal/mol in the Auz¢®> model) is almost

same in each model.
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Figure 18. Potential energy diagram of B_C-H bond activation at the 2nd step of the reaction on
the Auzo” model. Red line: direct pathway, orange line: HOOH generation pathway, blue line:
H>O generation pathway, green line: OH generation pathway. Reference point of relative
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methyl-4-piperidone.

121



(a) Direct pathway (b) HOOH generation pathway
0.95 Eacs = 19.4 kcal/mol E.cs = 29.0 kcal/mol
2 12 A 19 A
188 A J %97 f44 A 1.62 A $226 A 143 A
P T A" px 5 2.20 A I\f‘f{J WA
‘ . / . ? 9
/“, N ; 100 A 8¢ (281 A A N
221A rj — ;/-94. — —_ :\ — f, ‘\
j J‘. e X :ﬁ JJ ;!-. AJ :J ? ’ JJ
a—aJ_ - . % 282A 7 0 0, 0.98 9 3
2104 TSR 2304 2434
9 TS_CS TS_C6 C12
(c) H,O generation pathway
E.c7 = 24.0 kcal/mol E,cs = 37.0 kcal/mol 2024 201A

213 A 2.12 A

2124& 213A

"“Jl

> .
@ e
2.30 A
c14 TS_C8
(d) OH generation pathway
242 A Eace = 24.5 kcal/mol 214 A 211 A Eac10= 1 3320 .8 kcaL.’moI
213 A 011 A Jl , 2.38 A /12217 A
4 I{j 2.13 A ‘:C_‘»'(“ 2,06 A \:-; LT
e gt T
"y 3w, ) ? ]
pa (N 77
— — ? f‘ — —
? J & ‘/;‘, 2 J\ 9
JJ‘ -
‘1‘ 249 A/ 5| 229 A
| / 221 A
2.36 A 145 A 2°3A201A 2.34 A 2,07 A
Cc16 c17 Cc18 TS_C10

Figure 19. Optimized structures of the reactant, product and transition states of reaction
pathways at the 2nd step of the reaction on the Auz> model. Red ball: oxygen, blue ball:

nitrogen, gray ball: carbon, white ball: hydrogen, yellow ball: gold.

3.5 Charge Analysis for the 2nd Step of the Reaction

In this section, the effect of charge state of Au cluster for each reaction pathway at the 2nd
step of the reaction was investigated based on natural population analysis (NPA). First, O-O

bond cleavage of HOO species was analyzed. As shown in Figure 17, two oxygen atoms of HOO
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species both interact with Au atoms at transition states of O-O bond cleavage on the Auao'-
model (TS _B7 and TS B9). On the other hand, OH group of HOO does not interact with Au at
transition states of O-O bond cleavage on the Auxo®> model (Figure 19: TS C7 and TS C9).
Therefore, it was suggested that these unstable conformations of transition states on the Auze*
model induce higher activation energies for O-O bond cleavage (Eac7 = 24.0 kcal/mol and Eaco =
24.5 kcal/mol) compared with those on the Auzo'” model (Eag7 = 16.7 kcal/mol and Eago = 15.6
kcal/mol). NPA charge of Auyo cluster at B11 and B14 (reactant state of O-O bond cleavage in
the Auzo! model) were -0.23 and -0.24, respectively. On the other hand, these were calculated as
-1.14 (at C13 (cf. Figure 19)) and -1.15 (at C16) in the Auz¢®> model. Therefore, it was suggested
that negative charge on oxygen atom of OH group avoids interaction with large negative charge
on Au in the Auzo® model. Actually, interaction between OH group and Au at the transition state
of 0-O bond cleavage could not find in the Auxp* model even if transition state structure in the

Auno'- model was used as initial structure for transition state optimization.

Next, B_C-H bond activation at the OH generation pathway was analyzed. At the reactant state
of B_C-H bond cleavage on each model (i.e. B16 and C18), NPA charge of intermediated
molecule (C¢H10NO) was calculated as -0.20 and -0.33, respectively. On the other hand, NPA
charge of product molecule (CsHoNO) at the product state on each model (i.e. B17 and C19) was
calculated as +0.31 and +0.26, respectively. In addition, B_hydrogen is activated as proton in the
OH generation pathway. Therefore, negative charge is moved from intermediate molecule to Au
cluster during the reaction. Actually, NPA charge of Auzo cluster becomes more negative as the
reaction proceeds in both models. Comparing NPA charge of the Auyo cluster at the reactant state,
it was calculated as +0.31 in the Aux'” model (i.e. at B16) while that in the Auzo> model was

calculated as -0.20 (i.e. at C18). Therefore, it was suggested that charge transfer from the
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intermediate molecule to the Auyg cluster proceeds easily in the Auzo' model compared with that
in the Auzo®> model due to the difference of charge state of the Auao cluster at the reactant state.
The tendency of charge state is almost same with this mechanism in the H>O generation pathway
and the HOOH generation pathway in which B _hydrogen is activated as proton. Actually,
activation energies of these pathways in the Auz!” model (Eagio = 11.8 kcal/mol, Eaps = 24.9
kcal/mol and Eage = 14.3 kcal/mol, respectively) are lower than those in the Auo> model (Eacio

= 30.8 kcal/mol, Eacg = 37.0 kcal/mol and Eaics = 29.0 kcal/mol, respectively).

Finally, B C-H bond activation in the direct pathway was analyzed. NPA charge of
B_hydrogen atom at the transition state of the direct pathway was calculated as +0.02 in the
Auzo'” model (i.e. at TS B5) and -0.19 in the Auzo> model (i.e. at TS_CS5), respectively. On the
other hand, NPA charge of f_hydrogen at the transition state of other reaction pathways were
more than +0.35 in both models. From this result, it was suggested that f_hydrogen is not
activated as proton in the direct pathway. In the Auzo® model, the intermediate molecule at the
reactant state is negatively charged (NPA charge = -0.45), and the product molecule is positively
charged at the product state (NPA charge = +0.19) just like other pathways as shown in above.
However, negative charge can move not only from the intermediate molecule but also with
B _hydrogen atom to the Auxo cluster in the direct pathway. Therefore, it was suggested that
charge transfer from the intermediate molecule to the Auzo cluster in the direct pathway proceeds
more naturally than that in other pathways. Actually, activation energy of the direct pathway
(Eacs = 19.4 kcal/mol) is lower than that of other pathways in the Auz0® model while the reactant
state of the direct pathway is unstable than that of other pathways. On the other hand, NPA
charge of the intermediate molecule at the reactant state is +0.24 in the Auz'” model. In brief,

negative charge of the intermediate molecule was already moved to the Auzo cluster at the

124



reactant state of the Auzo'~ model. In addition, the intermediate molecule is adsorbed on the
Auzo'” model by Au-N bond while it is adsorbed by Au-C bond in the Auzo* model, and this
reactant state (B7 in Figure 17) is unstable than other reactant states (cf. Figure 16). Furthermore,
the intermediate molecule is almost physisorbed structure at the transition state in the Auzo'
model (TS_BS5 in Figure 17). In the Auzo'” model, we could not find transition state with keeping
Au-C bond. From these results, it was investigated that charge state and adsorption structure of
the intermediate molecule at the reactant state in the Auz' model are different from those in the
Auo® model. In addition, the conformation of the transition state in the Auzo'” model is unstable
than that in the Aux> model. Actually, activation energy of the direct pathway in the Auzo"

model (Eaps = 23.6 kcal/mol) is higher than that in the Auzo®” model (Eacs = 19.4 kcal/mol).

From these results, it was suggested that negative charge of the intermediate molecule
generated by a-deprotonation of 1-methyl-4-piperidone is moved to the Au cluster during the
B_C-H bond activation at the 2nd step of the reaction. Therefore, this reaction is unfavorable on
the Au cluster with large negative charge. This is one of the reason why activation energies of
the OH generation pathway at the 2nd step of the reaction are higher in the Aux* model

1

compared with those in the Auzo'~ model.

4. Conclusions

The Au/OMS-2 catalyst is the efficient heterogeneous catalyst for selective a, [-
dehydrogenation of B-N-substituted saturated ketones. In this study, the reaction mechanism of a,
B-dehydrogenation of 1-methyl-4-piperidone was investigated by DFT calculations. Whole

reaction scheme was shown in Scheme 4.
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Scheme 4. Whole reaction scheme for a, B-dehydrogenation of 1-methyl-4-piperidone on the

Au/OMS-2 catalyst®
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*The numbers upper on the arrows are activation energies on the Auzo'~ model and Auzo*” model,

respectively.

First, o C-H bond of 1-methyl-4-piperidone is activated by O adsorbed on the Au cluster.
This reaction pathway is more favorable than C-H bond activation by Au surface or f_C-H bond
activation. This result supports the experimental result of the Au/C model catalyst (Au catalyst
without the effect of lattice oxygen of the OMS-2 support) on which Oz is essential for the
reaction. In addition, it was investigated that Au cluster on the OMS-2 support is negatively
charged due to the charge transfer from the OMS-2 support to the Au cluster. Furthermore, O

adsorbed on the negatively charged Au cluster is well activated for hydrogen abstraction, and
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this is one of the reason why aerobic C-H bond activation proceeds on the Au/OMS-2 catalyst. In
particular, the degree of the O activation is increased in more negatively charged Au cluster.
According to this trend, activation barrier for the o C-H bond cleavage by adsorbed O> is lower
in more negatively charged Au cluster.

Finally, remaining B_C-H bond is activated by adsorbed O atom generated by O-O bond
cleavage of adsorbed HOO species. This reaction pathway is more favorable than other possible
pathways; B_C-H bond activation by Au surface, HOO species or OH species. Because the
product molecule is neutral molecule, negative charge of the intermediated molecule generated
by a-deprotonation of 1-methyl-4-piperidone at the 1st reaction step is moved to the Au cluster
during this reaction. Therefore, activation barrier for this reaction step is higher in more
negatively charged Au cluster. From these results, the rate-determining step of the total reaction
is 1st o C-H bond activation step in the Auxo'~ model. On the other hand, the rate-determining

step of the total reaction is 2nd p_C-H bond activation step in the Auxe> model.
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Chapter 5

Theoretical Study for C-H bond Activation on Pd
Cluster: Agostic Interaction on Pd Cluster

Induced by OAc Ligands
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1. Introduction

1, 4-palladium migration reaction through aromatic C-H bond activation is one of the efficient
way for fused polycycles compounds synthesis'”’. Recently, a novel 1,7-palladium migration
reaction by homogeneous Pd complex catalyst for N1-substituted benzotriazole synthesis was
reported by Ren et al®. Nl-substituted benzotriazole is payed attention as the important
compound for cancer treatment’. Reaction mechanism for 1-(4-cyanophenyl)benzotriazole (2b)
synthesis from 1-(2-bromo-4-cyanophenyl)-3-methyl-3-phenyltriazene (1b) proposed by Ren et
al. was shown in Scheme 1. Although C(sp?)-H bonds activation by Pd nanoparticle catalysts
were reported!®, N1-substituted benzotriazole synthesis via the 1,7-palladium migration reaction
by heterogeneous Pd catalytic system was not reported until the development of a sulfur-
modified Au-supported Pd material (SAPd) catalyst!!. In the SAPd catalyst, immobilized Pd

nanoparticles act as efficient heterogeneous catalyst!>!”.

Scheme 1. Reaction mechanism for N1-subsituted benzotriazole synthesis via 1, 7-palladium

migration reaction by homogeneous Pd complex catalyst® by Ren et al.®

1, 7-palladium Cyclization
migration +
Pd(0) via C-H activation Dealkylation N

H,C—N H H3C—N H H,C—N Pd-Br N.
N N N N
N N N
Br = N “Pd-Br = N H =
CN
CN CN CN
1b 2b

#Ligands of the Pd complex catalyst are omitted in this scheme.
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One of the important reaction step of the 1, 7-palladium migration reaction is aromatic C-H
bond activation by the Pd catalyst. It was suggested that this reaction step proceeds with a five-

membered palladacycle intermediate® !

which was also pointed out as the intermediate of 1, 4-
palladium migration reactions'82!. However, detail of aromatic C-H bond activation mechanism
of the 1, 7-palladium migration reaction on the Pd catalyst is not fully understood. Especially,
aromatic C-H bond activation on the heterogeneous Pd nanoparticle catalyst is particularly
interesting. In addition, the 1, 7-palladium migration reaction does not proceed on the SAPd
catalyst without PhI(OAc), oxidant!!. Therefore, effect of OAc ligands to the reaction is also
interesting. There are several theoretical studies for aromatic C-H bond activation by
homogeneous Pd catalysts with OAc ligands**-*¢. However, theoretical study for the aromatic C-
H bond activation on the heterogeneous Pd cluster catalyst was not reported in the best of our
knowledge although theoretical study for C(sp*)-H bond activation on Pd cluster catalysts were
reported®’*’. Furthermore, the effect of OAc ligand for the C-H bond activation on the
heterogeneous Pd cluster catalyst is not clear. Therefore, the aromatic C-H bond activation
mechanism of the 1, 7-palladium migration reaction on the SAPd catalyst was investigated by
density functional theory (DFT) calculations in this study. In particular, we focused on the effect
of OAc ligands for the C-H bond activation.

This chapter is organized as follows. In the next section, computational models and the detail
for DFT calculations are discussed. In Subsection 3.1-3.2, C-H bond activation pathways on the
Pd cluster w/ or w/o OAc ligand are discussed. In Subsection 3.3, electronic effect of OAc ligand
for the C-H bond activation is analyzed by using molecular orbital analysis. A concluding

remark is given in Section 4.
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2. Computational Details
2.1 Computational Models

To investigate the C-H bond activation mechanism and the effect of OAc ligands on the SAPd
catalyst, several computational models were constructed (Figure 1). In present study, simple
model systems were adopted to give the simple sight for the complex catalytic systems. In
addition, 1-(2-bromo)-3-methyl-3-phenyltriazene (la in Figure la) was used as a reactant
molecule in our calculation. 1, 7-palladium migration reaction for this reactant molecule also

experimentally proceeds both in the homogeneous Pd complex catalyst® and the SAPd catalyst!!.

N 9T, o
° oA, Pd ] Pd
@ @ .\. " 3 L ] ‘/‘\ 1\. >
Aete e I 0 \&
® Br ’ ==
(a) 1a (b) Pd; model (c) Pd,(OAc); model

Figure 1. Computational models. (a) 1-(2-bromo)-3-methyl-3-phenyltriazene (1a), (b) Pds model,
(c) Pd4(OAc) model. White: hydrogen, gray: carbon, blue: nitrogen, dark red: bromide, blue

green: palladium, red: oxygen.

2.1.1 Pd4 Model

Pd4 model constructed by four Pd atoms was adopted for a computational model of the Pd
cluster catalyst in simple form. Because there are two possible conformations in the Pd4 model,
square structure and tetrahedral structure, stability of these conformations in several spin state
were investigated. As shown in Table 1, the tetrahedral structure in triplet state is the most stable
state in our calculation. Therefore, tetrahedral structure and triplet state were adopted in this

study (Figure 1b).
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Table 1. Stability of the Pds model in each state

Tetrahedral structure Square structure
Singlet  Triplet Quintet | Singlet  Triplet Quintet
AE (kcal/mol)? 00 -154 16.0 0.1 2.2 29.8

aRelative potential energy compared with the tetrahedral structure in singlet state.

2.1.2 Pd4(OAC)1 Model

To investigate the effect of OAc ligand, Pd4(OAc): model was constructed (Figure 1c). An
OAc ligand was adsorbed on the Pd4 model in this model. Because this OAc ligand was come
from PhI(OAc),'!, total charge of the Pd4(OAc): model was calculated as neutral. Quartet state is
more stable spin state of the Pd4(OAc); model than doublet state and sextet state by 6.9 kcal/mol
and 42.2 kcal/mol, respectively. However, adsorption structures of the reactant molecule (1a) on
the Pds(OAc)1 model in quartet state are unstable those in doublet state in some cases. In
addition, transition states and product states of C-H bond activation of 1a in doublet state are
more stable than those in quartet state. Therefore, the Pd4(OAc): model was calculated as doublet

state in present study.

2.2 DFT Calculations

Both geometry optimizations and single-point energy calculations were performed using DFT
at the B3LYP functional level*"> > with the D3 version of Grimme’s dispersion function*. We
employed the Stuttgart/Dresden basis set with effective core potential** for Pd atoms. The 6-
314G (d, p) basis sets*> 4 were used for the other atoms. The polarizable continuum model*’ was
adopted to incorporate the solvation effect of N,N-dimethylformamide. The Ultra Fine Grid
(99,590 grid) was used for the integration grid of numerical integration. All reactants, products,

and transition state structures were connected by intrinsic reaction coordinate (IRC) calculations.
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In addition, normal mode analysis was performed, and we confirmed that each of the equilibrium
and transition states contained zero and one imaginary frequency, respectively. All calculations
were carried out using the Gaussian 09 program package*®.
In this study, activation energy (Ea.) and reaction energy (E:) are defined by Eq.1 and Eq.2,

respectively.

E, =E(TS)—ER) ..(1)

E,=E(P)—ER) ..(2)
Where, E(TS), E(R) and E(P) are potential energies of transition state, reactant state and product

state, respectively.

3. Results and Discussion

In this section, C-H bond activation pathways of 1la and the effect of OAc ligand were
investigated by using the Pds model and Pds(OAc); model. As discussed in below, activation
energy for the C-H bond activation is lower in the Pd4(OAc); model than that in the Pds model

due to agostic interaction between C-H bond and Pd cluster in the presence of OAc ligand.

3.1 C-H bond Activation on the Pd(0) Cluster

In this subsection, C-H bond activation pathways of 1a on the Pd(0) cluster without OAc
ligand were investigated by using the Pd4 model. As shown in Scheme 1, it was expected that C-
H bond activation occurs after Ph-Br bond cleavage in the homogeneous catalyst system. In this
study, C-H bond activation pathways both before and after Ph-Br bond cleavage were
investigated.

First, C-H bond activation pathway at the 1st step of the reaction (i.e. before Ph-Br bond

cleavage) was investigated. As shown in Figure 2a, C-H bond of 1a is activated by the Pd cluster
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via five-membered palladacycle intermediate generation (Figure 2a: A2) which was suggested in

11 The planer structure of five-membered palladacycle forms conjugated

previous studies®
system, and this conformation is more stable than other non-planer conformations. Activation
energy and reaction energy for this reaction were calculated as 20.7 kcal/mol and 0.0 kcal/mol,
respectively. Next, C-H bond activation pathway at the 2nd step of the reaction (i.e. after Ph-Br
bond cleavage) was investigated. As shown in Figure 2b, this reaction also proceeds via five-
membered palladacycle intermediate generation (Figure 2b: A4). Activation energy and reaction
energy for this reaction were calculated as 29.8 kcal/mol and 8.5 kcal/mol, respectively.
Although activation energy for the C-H bond activation at the st step of the reaction is lower
than that at the 2nd step of the reaction by 9.1 kcal/mol, activation energy and reaction energy
for Ph-Br bond cleavage at the 1st step of the reaction was calculated as 3.8 kcal/mol and -41.4

kcal/mol, respectively. Therefore, it was suggested that Ph-Br bond activation is more favorable

than the C-H bond activation at the 1st step of the reaction as pointed out in the previous study?®.

137



(a) C-H bond activation before Ph-Br cleavage
E.ar = 20.7 kcal/mol, E,a, = 0.0 keal/mol
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(b) C-H bond activation after Ph-Br bond cleavage
E.a2 = 29.8 kecal/mol, E 5, = +8.5 kcal/mol
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Figure 2. C-H bond activation pathways on the Pd4 model. (a) C-H bond activation before Ph-Br
bond cleavage, (b) C-H bond activation after Ph-Br bond cleavage. Numbers under structure
names represent relative potential energies. Reference point of relative potential energy is sum of
potential energies of isolated Pd4 and 1a molecule. White: hydrogen, gray: carbon, blue: nitrogen,

dark red: bromide, blue green: palladium.

3.2 C-H bond Activation on the Pd4(OAc): Model

In this subsection, the effect of OAc ligand for the C-H bond activation was investigated by
using the Pd4(OAc); model. As well as the former section, C-H bond activation pathways before
or after Ph-Br bond activation were investigated on the Pd4(OAc); model.

First, C-H bond activation at the 1st step of the reaction was investigated. As shown in Figure
3a, C-H bond of 1a is also activated on the Pd4(OAc); model via five-membered palladacycle
intermediate (Figure 3a: B2) generation. In the Pd4(OAc): model, the five-membered pallada
cycle structure is also more stable than other non-planer conformations as in the Pds model.

Activation energy for this reaction was calculated as 10.0 kcal/mol, and it is lower than that on
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the Pds model by 10.7 kcal/mol. In addition, calculated reaction energy of this reaction shows
exothermic value (Figure 3a: E:g1 = -21.8 kcal/mol) while it was calculated as 0.0 kcal/mol in the
Pds model (c¢f- Figure 2a). In this pathway, C-H bond activation takes place on Pd atom on which
OAc ligand was not adsorbed. Although C-H bond activation pathway on Pd atom bonded with
OAc ligand was also investigated, reactant state of such pathway is unstable than B1 by 7.9
kcal/mol.

Next, C-H bond activation at the 2nd step of the reaction was investigated (Figure 3b). This
reaction also proceeds with generating five-membered palladacycle intermediate (Figure 3b: B4).
Activation barrier for this reaction was calculated as 9.6 kcal/mol, and it is lower than that on the
Pds model by 20.2 kcal/mol. In addition, calculated reaction energy shows exothermic value
(Figure 3b: E:g> = -3.3 kcal/mol) while it shows endothermic value in the Pd4 model (Figure 2b:
E:a> = 8.5 kcal/mol). These results suggested that C-H bond activation of 1a is more favorable in

the presence of OAc ligand both from kinetic and thermodynamic points of view.
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(a) C-H bond activation before Ph-Br cleavage
Ea.g1 = 10.0 kcal/mol, E g, = -21.8 kcal/mol
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(b) C-H bond activation after Ph-Br bond cleavage
E,g2 = 9.6 kcal/mol, Eg; = -3.3 kcal/mol

4 —d o,
;.,Ja .QJ .a' "J R ‘\J"ra @ “1"*/. r a {
B o7 . A .
\F o
— _b e: °
L ‘,-J . J~'

B3 TS_B2 B4

-135.7 kcal/mol -126.1 kcal/mol -139.0 kcal/mol

Figure 3. C-H bond activation pathways on the Pd4(OAc); model. (a) C-H bond activation
before Ph-Br bond cleavage, (b) C-H bond activation after Ph-Br bond cleavage. Numbers under
structure names represent relative potential energies. Reference point of relative potential energy
is sum of potential energies of isolated Pds, OAc and 1a molecule. White: hydrogen, gray:

carbon, blue: nitrogen, dark red: bromide, blue green: palladium, red: oxygen.

3.3 Analysis for Electronic Effect of OAc ligand

As shown in former sections, C-H bond activation of 1a is more favorable in the Pd4(OAc):
model than that in the Pd4 model. Therefore, electronic effect of OAc ligand for the C-H bond
activation was investigated in this subsection. As shown in Figure 3, distance between C-H bond
and Pd is close at the reactant state in the Pd4(OAc): model. Actually, in B1, Pd®-H distance is
2.13 A and PdB-C distance is 2.43 A, and in B3, Pd*-H distance is 1.95 A and Pd*-C distance is
2.33 A, respectively. In addition, C-H bond distance in Bl and B3 are 1.10 A and 1.12 A,

respectively. These short Pd-H distance and elongated C-H bond are typical configuration of
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agostic interaction between C-H bond and Pd atom*. C-H bond activation via agnostic-
intermediate was also reported in previous theoretical studies for aromatic C-H bond activation
by homogeneous Pd(OAc) catalyst?> 23 26:2%:30.35 On the other hand, C-H bond is far from Pd
atoms at the reactant state of the Pds model (Figure 2). In A1, PdB-H distance is 2.64 A and Pd®-
C distance is 2.72 A, and in A3, Pd*-H distance is 2.68 A and Pd*-C distance is 3.73 A,
respectively. Furthermore, C-H bond distance in A1 and A3 are 1.09 A. These results suggested
that there is no agostic interaction between C-H bond and Pd atom in the Pds model. Even if Bl
or B3 without OAc ligand were used as initial structures for geometry optimization, these were
optimized to non-agostic conformations. This result suggested that OAc ligand is required for the
agotic interaction in this system.

Next, orbital interaction between C-H bond and Pd atoms was investigated by using natural
bond orbital (NBO) analysis>®. Results of the second-order perturbative estimates of donor-
acceptor interactions for B3 were shown in Figure 4. Electron donation from C-H c-bond to Pd*
s-orbital was found in both a and B-spin orbitals (the second-order perturbation energies for this
interaction (AE) are 8.21 kcal/mol and 6.82 kcal/mol, respectively). This electron donation from
C-H o-bond to Pd s-orbital was also reported in previous theoretical study for the homogeneous
Pd(OAc); catalyst®. Electron back-donation from d-orbitals of Pd* and Pd® to C-H c*-orbital
were also found in both a and B-spin orbitals, and back-donation from Pd*-Pd® c-bond to C-H
o*-orbital was found in B-spin orbital. Total AE value for these back-donations in o and B-spin
orbitals were 4.01 kcal/mol and 4.86 kcal/mol, respectively. These results indicated that there is
the agnostic interaction between C-H bond and Pd atoms through these electron donations or
back-donations in the Pd4(OAc); model. On the other hand, such donation or back-donation

between C-H bond and Pd atoms were not found (AE value is less than 1.00 kcal/mol) in A3 (Pd4
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model). Orbital energy of Pd* s-orbital (acceptor of the donation from C-H o-bond) in a and B-

spin orbitals were calculated as +0.252 hartree and +0.268 hartree in B3, respectively. On the

other hand, these were calculated as +0.434 hartree and +0.425 hartree in A3, respectively. These

results suggested that empty Pd s-orbital was stabilized in the Pd4(OAc)1 model compared with

the Pds model, and this is one of the reason why the agostic interaction was found only in the

Pd4(OAc): model.
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Figure 4. The second-order perturbative estimates of donor-acceptor interactions for B3. AE: the

second-order perturbation energy for each interaction.

142



4. Conclusions

The SAPd catalyst is efficient heterogeneous Pd nanoparticle catalyst for N1-substituted
benzotriazole synthesis via the 1,7-palladium migration reaction from phenyltriazene. In this
study, reaction mechanism for aromatic C-H bond activation of phenyltriazene during the 1, 7-
palladium migration reaction on the heterogeneous Pd cluster catalyst was investigated by using
DFT calculations. In addition, effect of OAc ligand for the C-H bond activation was also
investigated because OAc ligand is an essential factor of the SAPd catalytic system. Aromatic C-
H bond of phenyltriazene molecule is activated by the Pd cluster via five-membered palladacycle
intermediate generation. This five-membered palladacycle is stable planer conjugated
conformation. The C-H bond activation of phenyltriazene is more favorable in the Pd cluster
with OAc ligand than that in the Pd cluster without OAc ligand. In the presence of OAc ligand,
C-H bond is activated at the reactant state through the agostic interaction between C-H bond and
Pd cluster. Based on NBO analysis, it was suggested that empty s-orbital of Pd atom is stabilized
due to the interaction between OAc ligand and Pd cluster. This interaction induces electron
donation from C-H c-bond to Pd s-orbital. From these results, it was suggested that the agostic
interaction between C-H bond and the Pd cluster induced by OAc ligand is one of the reason
why OAc ligand is required for the SAPd catalytic system. This mechanism was also reported in
theoretical studies for homogeneous Pd(OAc): catalytic system, Therefore, our present study is
one of a good example for the relationship of the reaction mechanism between homogeneous

catalytic systems and heterogeneous catalytic systems.
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Chapter 6.

General Conclusion
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In the present thesis, theoretical studies for understanding activation mechanism of unreactive
bonds by metal cluster catalysts are summarized.

In Chapter 2, the role of hydrogen acceptor molecule for the selective aniline synthesis by the
Pd cluster catalyst was discussed. Based on the calculated adsorption energies of styrene and
imine on both Pd(111) and Pd(100) facets modeled with the Pdi3 cluster, styrene is adsorbed
more strongly on both facets compared than imine is. This result consistently interpreted the
experimental result of the competitive hydrogenation of styrene and imine; the preferential
adsorption of styrene over imine promotes hydrogenation of styrene more than imine. These
results suggested that styrene acts as hydrogen acceptor. On the other hand, the results with the
slab model showed opposite adsorption trend in the (111) facet; calculated adsorption energy of
imine is larger than that of styrene. The energy decomposition analysis showed that the
deformation of styrene on the (111) facet of the slab model is larger than that on the cluster
model. This result suggested that edge structure or flexibility of the cluster is important factors
for preferential adsorption of styrene on the Pd nanoparticle.

In chapter 3, DFT study on the complete oxidation mechanism of ethylene by the silica
supported Pt catalyst was described. Calculated results suggested that ethylene is sequentially
oxidized to HCHO via ethylene dioxide intermediate on the edge area of the Pt cluster. In
addition, activation energy for the C-C o-bond cleavage with the silica supported Pt cluster
model is smaller than that with bare Pt cluster model. This result was explained by the reservoir
effect, in which the siloxide groups take electrons from the Pt moiety, reduces the activation
energy of the C-C bond cleavage step by taking electrons from the 6(C-C) orbital. Furthermore,

CO» and H>O generation pathways from HCHO were also described. The rate determining step
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of the total reaction is CO oxidation step, and this result is consistent with the experimental
results.

In chapter 4, C-H bond activation mechanism of piperidone molecule on the Au cluster
catalyst was discussed. DFT calculations suggested that Au cluster on the OMS-2 support is
negatively charged due to the charge transfer from OMS-2 to the Au cluster. In addition, O
molecule which is adsorbed on the negatively charged Au cluster is activated enough to abstract
hydrogen atom from piperidone. This is the reason why C-H bond activation by adsorbed O is
favorable reaction pathway rather than that directly by Au surface. In addition, activation energy
of the C-H bond cleavage by the adsorbed O decreases with more negatively charged Au cluster
because the adsorbed O is activated more significantly.

In chapter 5, DFT investigation of the C-H bond activation mechanism on the Pd cluster
catalyst was described. From the DFT results, activation energy for the Ph-H bond cleavage
reaction decreased in the presence of OAc ligand on the Pd cluster. Because the 5s orbital of Pd
is stabilized by the interaction with OAc ligand, electron donation from Ph-H o-bond to Pd 5s
orbital is induced by the Pd cluster with OAc ligand. In addition, electron back-donation from Pd
4d orbital to Ph-H o*-orbital also occurs. In brief, the Ph-H bond is activated by this agostic-type
interaction between the Ph-H bond and the Pd cluster in the presence of OAc ligand.

From these mechanistic studies, some important points for the unreactive bond activation by
the metal cluster catalyst were suggested. First, catalytic activity is strongly affected by charge
state of the metal cluster. As shown in Chapter 3-5, positively or negatively charged metal
cluster can accelerate the unreactive bond activation, which is induced by electronic donation
from the unreactive bond to cationic metal or back-donation from anionic metal to anti-bonding

orbital of the unreactive bond. Such charge states are generated by the metal-support interaction
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or interaction with ligand. In this case, active site is around the interface region between metal
cluster and support or ligand. Therefore, search for better combination of metal, support and
ligand focused on the charge state of the metal cluster is one of the effective strategies for the
new catalyst design.

The second point is structure of the metal cluster. As discussed in Chapter 1 and 2, the
structure of the metal surface (facet structure, edge effect, flexibility, and so on) affects the
interaction between the adsorbate and the metal cluster. Therefore, both the electronic structure
and the atomic configuration of the metal cluster are affected by the support or ligand
concertedly.

In this thesis, the author focused on the active site generated by the interaction with other
ingredients (e.g. support material). By means of theoretical calculations, the role and nature of
the active site for the catalytic reaction were investigated. Although some key findings about the
catalytic reaction mechanism are suggested as written in above, more practical proposal for the
new catalytic design from the theoretical calculation is the next step of this study. To achieve this
goal, more efficient modeling of the catalytic system should be required to fill up the gap
between theoretical model and the reaction condition. For example, multi scale modeling and
kinetic modeling which can describe the reaction hopping several active sites and its temperature
dependence. Because the catalyst design includes not only the selection of materials but also
design of the reaction condition, the effect of reaction temperature and pressure should be

properly incorporated in the future modelling for efficient catalyst optimization.
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