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Chapter 1. General introduction

1.1 Heterogeneous catalysis and its development

A catalyst is a material that promotes reactions and utilized in many chemical reactions. Chemical
reactions involving catalysts can be classified into several types depending on the environment in
which the catalyst works. One is a heterogeneous reaction which proceeds in substrates consists
of two or more phases, e.g., a reaction of gas molecules on solid catalysts. Another is a
homogeneous reaction in which the catalyst and reactants have the same phase. In addition, a
reaction occurring in the body by enzymes are called bioreaction. In this study, we focused on
heterogeneous reactions.

Heterogeneous catalysts can be easily separated from the catalyst and reactants or
products, and can be used continuously and repeatedly. This is a great advantage for industrial
manufacturing processes that require mass production with lower costs. In fact, Haber-Bosch
process caused innovative changes to industry. The Haber-Bosch process is the process which
synthesizing ammonia from nitrogen and water (N> + 3 H, — 2 NH3) using a catalyst containing
Fe, and established at the beginning of the 1900s. Ammonia is a useful compound that can be
used as a fertilizer and a raw material for chemical products such as nylon. For this work, the
developers Haber and Bosch were awarded the Nobel Prize in Chemistry in 1918 and 1931,
respectively [1,2].

On the other hand, environmental pollution has become a problem with the rapid
development of industry. Therefore, catalysts for the removal of environmental pollutants have
been developed and used. For example, a three-way catalyst is a catalyst to purify the exhaust gas
of automobiles. The catalyst is consisting of platinum (Pt), palladium (Pd), and rhodium (Rh),
and converts toxic carbon monoxide, hydrocarbons, and nitrogen oxides into harmless carbon

dioxide, water, and nitrogen [3]. In addition, use of hydrogen energy instead of fossil fuels has



been encouraged to reduce greenhouse gas emissions. A fuel cell is an example of the topic.
Besides, direct methanol fuel cells (DMFCs) taking out electricity by using methanol are also
attracted [4,5]. Furthermore, in recent years, the manufacturing process of chemical products with
less environmental impact has also been paid attention as green chemistry. One example is
reactions of titanium silicalite-1 (TS-1), a porous material and a kind of zeolite. TS-1 is used
industrially as a catalyst for the oxidation of olefins, especially with using hydrogen peroxide as
an oxidant [6,7]. It is said that the byproduct of this reaction is harmless water only.

In summary, heterogeneous catalysts have been essential materials in modern society. It
is important to understand the mechanism of reactions on heterogeneous catalysts and surface

reactions in order to design new catalysts having outstanding high performance.

1.2 Kinds of catalyst surfaces and reaction mechanisms

There are various heterogeneous catalysts. The size of catalysts is existing like small nano clusters,
and large surfaces or bulks. Metals, oxides like SiO, and TiO,, or a combination of them can
compose surfaces. Therefore, the reaction mechanism on surface becomes very complicated
because of the variety of the surfaces.

It can be thought that the complexity of reactions on heterogeneous catalysts was caused
by many kinds of elementary steps as well as complex surface structures. First, not only bond
rearrangement steps such as dissociation and association but also adsorption, desorption, and
surface diffusion (migration) are involved to reactions. Thus, all kinds of the elementary steps
have to be considered. Next, atoms which located the interface of solid surfaces, especially metal
surface, usually shows the different properties and/or reactivities from atoms in bulks since
surface atoms have dangling (unsatisfied) bonds. Defects and adatoms induce structural the

changes of surfaces and catalytic activities. In addition, oxygen atoms included in oxides can be



reacts with substrates. It is required to consider all these factors for discussing reaction

mechanisms.

1.3 Methods to understanding surface reactions

The previous experiments have been conducted to analyze surface reaction at the atomic and
molecular levels, with the development of surface observation techniques. The surface structures
and adsorbed species can be studied by X-ray photoelectron spectroscopy (XPS) [8,9], electron
energy loss spectroscopy (EELS) [10], and XRD [11], and so on. The temperature programmed
desorption (TPD) is a method to measure the products desorbed on the surface [12,13]. By these
methods, the states of surfaces before, after, and during the reaction were investigated. In
particular, Ertl was awarded the Nobel Prize in Chemistry for his study of chemical processes on
solid surfaces [14,15]. However, it is difficult to track all the elementary reaction steps
experimentally. Therefore, analysis using theoretical method is expected.

In most previous theoretical studies, calculations using density functional theory (DFT)
have been conducted. Structural optimization was performed for reactants, products, and
intermediates that seems to be important [16]. Then the elementary reaction paths connecting
them were determined by the nudged elastic band (NEB) method [17,18] and the dimer method
[19,20] etc. The transition states were optimized, then the reaction barriers and the rate constants
were estimated. In addition, simulation methods such as microkinetic modeling were applied to
the obtained reaction barriers and rate constants to discuss reaction kinetics [21,22]. However,
these analyses may have overlooked important but unexpected paths. Besides, simulations using
ab initio molecular dynamics (AIMD) [23-25], meta-dynamics simulations [26,27], and stochastic
simulations such as the blue moon ensemble (BME) method [28,29] have also been performed.

However, comprehensive discussion of surface reactions is still challenging topic since it is



difficult to treat with wide range timescale from 107*° ~ 10 seconds, or need to select appropriate
reaction coordinates and biases in advance.

On the other hand, automatic reaction path search methods have been developed in
ourselves [30-40] and other groups [41-54] to clarify unknown mechanisms. The artificial force
induced reaction (AFIR) method developed by our group is one of them and implemented in
global reaction route mapping (GRRM) program. In the AFIR method, structural deformation was
induced by adding artificial force between the fragments in the system. This force is called AFIR
function. When using the single component (SC-) AFIR method, the targeted fragment pair is
determined automatically and applied the AFIR method to the fragment pair. By repeating the
determining of fragment pairs and applying AFIR function, many structures and connection paths
were searched automatically and systematically from the one initial structure. Namely, researchers
have to prepare one initial structure and some parameters to search paths, whereas any knowledge
of the reaction mechanism is not required. Then the obtained structures and paths can be
represented as a reaction route network where nodes and edges correspond structures and
connecting elementary steps, respectively. At first, the application of the AFIR method was
limited to the search of non-periodic systems like organic reactions, but it has become available
for that of periodic systems such as crystal structures in recent years [55]. However, the

applications to surface reaction was limited [56-59].

1.4 Purpose of the thesis

From the introduction above, understanding reaction mechanism of surfaces reactions are very
important task while it is difficult to analyze unknown process without missing unexpected
important paths. Therefore, we aimed to establish a theoretical method that can analyze surface

reactions comprehensively. Specifically, the reaction path search by the AFIR method was applied



to surface reactions and reaction route networks of surface reactions were created. Then the

network was kinetically analyzed with considering side reactions and their kinetic contributions.

1.5 Overview of the thesis

Chapter 1 gives the general introduction for reactions on heterogeneous catalysts. The importance
of the reactions and difficulty and/or complexity of the reaction mechanism were explained. In
addition, some experimental techniques and theoretical analyzes were introduced.

In Chapter 2, a reaction of H,O molecule on a Cu(111) surface was focused. This is the
case study for the reaction path search on simple metal surfaces. The efficient path search
procedure for surface reactions, a reaction route network including both migration paths of
adsorbates and bond rearrangement paths between them, were showed. In addition, time
hierarchical description of the reaction and the bottleneck step were discussed by kinetic analysis.

In Chapter 3, applying the developed procedure to CO oxidation on a Pt(111) surface is
represented. The reaction is simple but very important as the model case of surface reactions. The
reaction mechanism from a reaction route network and its kinetic analysis were compared to
previous experimental and theoretical studies. Furthermore, the influence of entropic
contributions arising from existing many stable structure and transition states in the network to
the overall rate constant were discussed.

In Chapter 4, the procedure was applied to methanol decomposition reaction on a
Pt(111) surface. In this study, kinetic-based navigation option is introduced to get kinetically
important paths more efficiently. Then the most kinetically favorable decomposition route was
extracted from the network. Furthermore, paths to generate byproducts and their kinetic influence
were investigated by using time hierarchy of the reaction and time evolution of the structures.

In Chapter 5, an application to reaction on a porous material was described. Epoxidation



reaction of propylene on titanium silicalite-1 (TS-1) with hydrogen peroxides were targeted in
this chapter. The reaction mechanism including various epoxidation steps, catalytic cycles and
byproducts were discussed.

Finally, in Chapter 6, concluding remarks are shown.
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Chapter 2. Making reaction route network of surface reaction and its Kinetic

analysis: a case study for the reaction of HO molecule on Cu(111) surface

2.1 Introduction

Metals have been utilized for one of the heterogeneous catalysts which show great catalytic
activities to various reactions. It is an important task to understand the reaction mechanism which
occurs the interface of metal surfaces and molecules. In surface reactions, bond rearrangement
steps between reactant molecules as well as adsorption, desorption and surface migration steps
are involved. Therefore, systematic reaction path searches and comprehensive analyses are
required.

We have developed the artificial force induced reaction (AFIR) method [1] which is one
of the automatic reaction path search methods. The AFIR method has been applied to the non-
periodic systems such as reactions of organic molecules [2]. In recent years, it was extended to
crystal structures such as carbons (periodic systems) [3].

In this study, I applied the AFIR method to the simple surface reaction, the reaction of
H>0 molecule on Cu(111) surface, and revealed that the AFIR method can search paths of surface

reactions with considering various kinds of elementary processes[4].

2.2 Method

2.2.1 DFT calculations

The potential energies and gradients were calculated by using the SIESTA 4.0 program [5,6]. The
Perdrew-Burke-Ermzerhof (PBE) functional and DZP basis set were selected. The
pseudopotentials were prepared from GGA potential database [7]. The relativistic effect including
nonlinear core correction (NLCC) was applied to the cupper atom, and nonrelativistic

pseudopotential without NLCC was applied to the other hydrogen and oxygen atoms. The



smearing parameter was set to 10000 K with the occupation function of the Methfessel-Paxton
scheme [8]. The Monkhorst-Pack grid which determines k-point sampling was changed

depending on the calculation as described below.

2.2.2 Preparation of a Cu(111) surface

A periodic model of Cu(111) surface was prepared by following procedures. First, the lattice
constant of Cu crystal having face-centered cubic (fcc) structure was optimized with k-point
sampling 8 x 8 x 8 and mesh cur off 200 Ry. The initial parameter was set to 3.6149 A refer to
the experimental lattice constant value. The optimized value 3.7065 A was slightly longer than
the experimental value. Then, the periodic slab model composed of two Cu(111) surface layer
was created from the optimized Cu crystal. The surface has p(4x4) surface area (16 atoms per
layer) and vacuum region about 15 A. In the following calculations, all surface atoms and

translational vectors were fixed at the initial positions.

2.2.3 The artificial force induced reaction method

The AFIR method can search reaction paths automatically and systematically. The Idea of the
AFIR method is adding the artificial force between the two fragments (reactants) and inducing
reactions. Figure 2-1 and Eq. (1) shows the potential energy curves for the case of the simple

reaction from atom A and atom B to molecule AB.



add artificial force

A+B

F(rag) = E(rag)

AB

v

N

Figure 2-1. Potential energy curves for a reaction between two atoms.

F(rap) = E(raB) + arap (€9)
The second term on the right side of Eq. (1) is called artificial force term which is adding the
“force” proportional to the distance between atoms (7ag). Then, the product AB is found quickly
by optimizing on the AFIR function F(rag). The obtained potential energy E(rpg) corresponds
to the approximate reaction pathway (AFIR path). The further optimization was required to get
the actual transition state (TS).
The AFIR function F(Q) for the coordinates Q including multiple atoms are defined
as Eq. (2) [1]:

YicA ZjeB WijTij
Yiea ZjEB Wij

F(Q) = E(Q) + pa (2)

p is a constant that is set to 1.0 for attractive force and — 1.0 for repulsive force. o is represented
the magnitude of the added force between two fragments as described below.

o= Y . ©

1 y 6

B

Ry and & correspond to the Ar-Ar interaction of the Lennard-Jones potential, and are set to 3.8164



A and 1.0061 kJ/mol, respectively. The a in Eq. (3) represents the average force felt when Ar-Ar
pair moves from minimum to a turning point and directly collides with each other at collision
energy y. y is the model collision parameter that gives approximate upper bound of the considering
barrier. The second term on the right side of Eq. (2) are consisted of the weighted sum of the

distance (7;) between atom i and atom j. The weight term w;; is defined as shown in Eq. (4).
6
(R: +R))
wjj = [#] (4)
Tij

R; and R; correspond to the covalent radius of atom i of atom j. For the thermal reaction, y is

estimated by the following equation:

Yy = —RTln( ) (5)

thkgT
R, T, h, t and kg means gas constant, reaction temperature, Planck constant, reaction timescale and
Boltzmann constant, respectively. ¢ and 7 are changed depending on the reaction conditions. ¢ is
set to 10 times to the actual reaction temperature.

In the single-component (SC-) AFIR method [1], which is a kind of the AFIR method,
fragments i and j are determined automatically determined among the atoms in the system. Then
the optimization on the AFIR function is applied to the selected atom pairs. By repeatedly
redefining fragments and applying the AFIR method to the obtained structures, many structures

and connecting paths are systematically calculated from the one initial structure.

2.2.4 Making a reaction route network of H,O molecule on a Cu(111) surface

The reaction path search was done by using the single component SC-AFIR method implemented
to the developer version of global reaction route mapping (GRRM) program. The initial structure
is a H»O molecule adsorbed on Cu(111) surface. The model collision parameter y of the AFIR

function was set to y = 500.0 kJ/mol. Target atoms generating the fragment pairs during the search



are each atom of H,O and the Cu central dimer. In addition, to prevent adsorbates go away from
the center of the surface, weak biases of v aqsa = 25.0 kJ/mol were applied to each atom of H>O and
the Cu central dimer by using the AFIR function. The weak biases were finally removed as
described below.

The obtained force-induced paths were optimized by using the locally updated plane
(LUP) method [9,10]. The LUP method optimized discrete path points along the path to the
perpendicular to path tangent direction. The obtained LUP paths were good approximation of the
corresponding intrinsic reaction coordinate (IRC) [11,12]. Then the network composed of the LUP
paths were obtained. Monkhorst-Pack grind was set to 1 x 1 % 1 during this calculation.

Next, further LUP optimization was carried to remove weak biases which were applied
during the search. In this step, Monkhorst-Pack grid was set to 2 x 2 x 2. Furthermore, normal
mode frequency analyses were done for the obtained local minima (MINs) and the highest energy
points along the LUP paths in the second LUP calculation. Finally, the reaction route network

consisting 26 local minima and 291 LUP paths were obtained.

2.2.5 Kinetic analysis of the reaction route network by using the rate constant matrix
contraction method

The bottleneck steps were automatically extracted by applying the RCMC method [13,14]. Then
IRC calculation was applied to the extracted paths. The RCMC method is kinetic analysis method
for the reaction route network. For a reaction route network including N MINs, N x N rate constant

matrix was obtained. The element of the rate constant matrix was calculated by using Eq. (6).

kgT
kyy = I—v%e—(AAG)/RT (6)

A4G is the corresponding free energy of the LUP path from the state X to the state Y. I is the



Wigner modification which is used when considering the one-dimensional tunneling effect

defined as the equation below:

PR Lo 2 )
0 24 \kgT

v¥ is the value represents the magnitude of virtual vibration modes of TS (or path top). kg is the
Boltzmann constant. 7 is reaction temperature and was set to 7= 300 K. R is gas constant.

RCMC reduces the original N x N rate constant matrix to n X n rate constant matrix by
applying contraction procedure M times, where n + M = N. The resultant n x n rate constant matrix
means transitions between n superstates. In other words, the MINs contracted to the same
superstates can reach a thermal equiribrium within the applied timescale. In addition, the paths
connecting superstates correspond to the bottleneck paths. The time hierarchy of the reaction can
be understood by applying the RCMC method at various timescales.

Thus, the bottleneck steps which were extracted when applying the RCMC method at
reaction temperature 7= 300 K and timescale = 10 s, and calculated IRC paths after optimizing
the highest energy points to TS. Monkhorst-Pack grid was set to 2 % 2 % 2. Finally, the reaction

route network including 13 IRC paths and 291 LUP paths were obtained.

2.3 Results and Discussion

2.3.1 Reaction route network

Figure 2-2 shows the reaction route network of H,O molecule on Cu(111) at reaction temperature
T =300 K. This network includes 27 local minima (MINs), 13 transition states (TSs) and 291
LUP paths (PTs). However, 27 nodes and 86 edges were shown in Figure 2-2 because the LUP
paths connecting the same MIN and duplicated edges which connects same combination of MINs

were omitted. Bold and thick edges correspond to IRC paths and LUP paths, respectively.
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Figure 2-2. A reaction route network for reaction of H,O on a Cu(111) surface at 7= 300 K.

The network includes four kinds of adsorption states: H,O, H+OH, H+H+O and H,+O.
These structures were distinguished by the shape of nodes. The structures having the lowest
energies among the corresponding adsorption state were represented in Figure 2-2. The light
blue, red, and brown atoms correspond to H, O and Cu atoms. MINO means the initial structure
of the search and the most stable structure. The energies are relative free energies refer to MINO.
The colors of nodes and edges correspond to the energies of structures. The nodes are labeled
from the lower energy structures. The network includes not only bond rearrangement paths
between the paths connecting different adsorptions states but also migration paths between the
paths connecting same adsorption states. Therefore, the obtained network was more complicated

as expected although this is the simple system.



2.3.2 Time hierarchy of the reaction route network

The RCMC method was applied to the obtained network at reaction temperature 7'= 300 K and
three reaction timescales; ¢ = 10, 1.0, 10° s. The obtained time hierarchy was summarized in
Figure 2-3 and superstates at each timescale was represented in Figure 2-4. In Figure 2-4, the
values between superstates were activation free energies (kJ/mol) calculated by logarithm of 7 x

n rate constant matrix obtained from the RCMC method.

A timescale
(a)t=10%s

SS0 H,0

(b)t=10s

§S0 H,0 551 H+OH

(c)t=1073s

SS0 H,O 551 H+OH SS2 H+H+O

Figure 2-3. Time hierarchy of reaction of H>O on a Cu(111) surface at 7= 300 K.
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Figure 2-4. Superstates at 7= 300 K and various timescale ¢.

First, when the timescale (a) r = 10° s, all MINs were contracted to the one superstate.

In other words, all elementary processes in the network can proceed within 10° seconds. The



representative structure of the superstate, thus, the MIN which has the largest population among
the structures in the superstate is H>O. Next, in the case of (b) # = 1.0 s, the two superstates were
obtained. At this timescale, H+OH and H,O are contracted to the same superstate. This means the
reaction step HFOH — H,O can proceed > 1.0 s and within 10° s. Note that the IRC path between
H+OH and H,O shows good agreement with the previous study [15] for the structures and
energies. Finally, when the timescale is set to (c) t = 10 s, the three superstates were found. At
this timescale, H>O belongs to SSO, H+OH and H,+O mainly belong to SS1, and H+H+O belongs
to SS2, respectively. The result corresponds to the network of Figure 2-2. SS1 includes two
kinds of adsorption states. This is because H>+O is kinetically less favorable and the reaction
H,+O — H+OH occurs within 107 s.

By applying the RCMC method at different timescale ¢, the time hierarchy of the
reaction route network was elucidated. Similar time hierarchy analysis was done for the organic
reaction in the previous study [16]. In addition, the reaction route network in this study was
created by calculating IRC paths only for bottleneck steps but others were LUP paths. The long-

time kinetics can understand enough for the hybrid network (see Appendix of ref. 4).

2.4. Conclusion

In this study, the reaction route network for a H,O molecule on Cu(111) surface was constructed
by using the SC-AFIR method. The migration paths of adsorbed molecules or atoms on the surface
as well as bond rearrangement paths were included in the obtained network. Furthermore, time
hierarchy was elucidated by applying the RCMC method to the network. From these results, it
was revealed that the bottleneck step of the network is H,O — H+OH, dissociation of H,O
molecule on the surface and generating H+OH. This strategy, combination of the AFIR method

and the RCMC method can be other heterogeneous reactions.
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Chapter 3. Theoretical analysis of CO oxidation on Pt(111) surface: reaction route

network and its entropic contributions to the Kinetics

3.1 Introduction
Platinum (Pt) catalyst has been utilized for many surface reactions because it shows high catalytic
activities even if low temperatures. One of the major applications of Pt catalysts is an automotive
catalytic converter in which oxidation of carbon monoxide to carbon dioxide, 2CO + O, — 2CO..
This reaction proceeds with the help of metal particles the platinum group such as platinum (Pt),
palladium (Pd), and rhodium (Rh) [1,2]. Thus, CO oxidation reaction on the Pt(111) surface which
generates a carbon dioxide (CO,) from a carbon monoxide (CO) and an oxygen (O;) have been
treated as a model system of surface reactions and widely studied [2-23]. The Pt(111) surface is
not considered to be reconstructed because it is fcc close-packed surface [24]. It is known that O,
molecule prefers dissociative adsorption on the Pt(111) surface rather than molecular adsorption
except at low temperature [17, 25-28]. Therefore the paths to form CO; from an adsorbed CO
molecule and an adsorbed O atom have been discussed not only on the Pt(111) surface but on the
other various surfaces [2-16,18,19,21,22,29-31]. In addition, CO, generation path via OC-OO
complex was also reported on poisoned surfaces by toxic CO molecules [18,23], or on metal nano
particles [31].

In this study, the systematic reaction path search by the artificial force induced reaction
(AFIR) method [32] was applied to CO oxidation on a Pt(111) surface, and a reaction route
network including many bond rearrangement paths and migration paths was obtained [33].
Furthermore, two kinds of CO; generation paths, byproducts and their lifetimes, and temperature
dependence of the entropic contributions, which is caused by a lot of transition paths among the
same adsorption states (migration paths) and bond rearrangement paths between them, were

discussed by applying the RCMC method [34] to the network.



3.2 Method

3.2.1 DFT calculations

The potential energies and gradients were calculated by using the SIESTA 4.0 program [35,36].
The Perdrew-Burke-Ernzerhof (PBE) functional and DZP basis set were selected. The
pseudopotentials were prepared from GGA potential database [37]. The relativistic effect
including nonlinear core correction (NLCC) was applied to the platinum atom, and nonrelativistic
pseudopotential without NLCC was applied to the other carbon and oxygen atoms. The smearing
parameter was set to 10000 K with the occupation function of the Methfessel-Paxton scheme [38].
The Monkhorst-Pack grid which determines k-point sampling and the mesh cut off were changed

depending on the calculation stage as described below.

3.2.2 Preparation of a Pt(111) surface

A periodic model of Pt(111) surface was prepared using same procedure as the Cu(111) surface
described in 2.2.2. First, the lattice constant of Pt crystal having face-centered cubic (fcc) structure
was optimized with k-point sampling 8 X 8 x 8 and mesh cur off 200 Ry. The initial parameter
was set to 3.9242 A refer to the experimental lattice constant value [39]. The optimized value
4.0319 A was slightly longer than the experimental value. Then, the periodic slab model
composed of two Pt(111) surface layer was created from the optimized Pt crystal. The surface has
p(4x4) surface area (16 atoms per layer) and vacuum region about 15 A. In the following

calculations, all surface atoms and translational vectors were kept fixed at the initial positions.

3.2.3 Making a reaction route network of CO oxidation on a Pt(111) surface

A reaction route network for CO oxidation on a Pt(111) surface was created by using almost same



procedure as the H,O reaction on a Cu(111) surface described in 2.2.4. The reaction path search
was done by using the single component (SC-) AFIR method [32] implemented in the developer
version of global reaction route mapping (GRRM) program developing in our laboratory. Figure
3-1 shows the initial structure of the search. A CO molecule and an O, molecule adsorb on atop
site and bridge (t-b-t) site, respectively. This structure is also represented in the network (Figure
3-2) as MIN 127. The energy value is adsorption free energy AG,4qs at 7 = 300 K defined as
equation below:
AGags = Gmol+siab — (Geo + Go, + Gslab)

Gmol+siab Means the free energy of the total system consisting of a CO molecule, an O, molecule
and a Pt(111) surface. G¢o and G, correspond to the free energy of a CO(gas) molecule and
an O»(gas) molecule. Gg),, represents the free energy of the Pt(111) surface, but the value is
equal to the electronic energy because all surface atoms were fixed in this study. The model
collision parameter y of the AFIR function was set to y = 500.0 kJ/mol. Target atoms generating
the fragment pairs during the search are set to each atom of CO, O and the Pt central dimer. In
addition, to prevent adsorbates go away from the center of the surface, weak biases of yaqa = 25.0
kJ/mol were applied between each atom of CO, O» and the Pt central dimer by the AFIR function.
The weak biases were finally removed as described below. The obtained force-induced paths
(AFIR paths) were minimized by using the locally updated plane (LUP) method [40,41]. Then
the network composed of LUP paths was obtained. The Monkhorst-Pack grid and the mech cur

off were setto 1 x 1 x 1 and 150 Ry during the search.
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Figure 3-1. Initial structure of a reaction path search.

Next, further LUP calculations were done to remove weak biases which were added
during the search. In this calculation, The Monkhorst-Pack grid and the mech cur off were set to
2 x 2 x 1 and 150 Ry during the search. Furthermore, normal mode vibration analysis was applied
to all the obtained local minima (MINs) and highest energy points along the LUP paths. Finally,

a reaction route network including 139 local minima and 545 LUP paths were created.

3.2.4 Kinetic analysis of the reaction route network by using the rate constant matrix
contraction method

The bottleneck steps were extracted by applying the RCMC method to the obtained network using
almost same procedure as the H,O reaction on a Cu(111) surface described in 2.2.5. In other words,
LUP paths that are behaved as the bottleneck step were extracted by applying the RCMC method
at reaction temperature 7 = 300, 500, 1000 K and timescale # = 1.0 x 10™' s. Then the highest
energy point along the extracted LUP paths were optimized to the actual transition states (TSs).
The Monkhorst-Pack grid was set to 2 x 2 x 1. 26 TSs were obtained by this operation. After that,

the kinetic analysis by the RCMC method was applied again to this TS/PT hybrid network.



3.3 Results and Discussion

3.3.1 Reaction route network

139 MINs and 573 LUP paths (including 545 PTs and 27 TSs) were obtained by the search. The
reaction route network at 7= 300 K is shown in Figure 3-2. The network is composed on 133
nodes and 298 edges where these values correspond to the number of MINs and that of LUP paths
(272 PTs and 26 TSs). 6 nodes of 139 MINs obtained by the search were deleted because these
nodes were disconnected due to the numerical problems during the LUP calculations. This
problem is caused if changing the Monkhorst-Pack grid depending on the calculation stage.
However, the entire picture of the network is not changed. The number of edges is less than that
of LUP paths because the LUP path that connecting the same MIN and the multiple LUP paths
between the same pair of MINs were omitted. The thick and the thin lines represent the bottleneck
edges and the other edges, respectively. The nodes were labeled based on the relative free energy
of the structure from the most stable structure MINO. The shape of nodes was classified into six
groups based on the adsorption states; CO+0,, CO+20, CO,+0, COy(g) + O, OC-00 and COs.

The most stable structure of each adsorption state was shown in Figure 3-3.
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Figure 3-2. A reaction route network for CO oxidation on a Pt(111) surface at 7= 300 K.
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Figure 3-3. Adsorption states included in the reaction route network.

The energy value of the structures was adsorption free energy AG,qs at 7= 300 K. The stability
of the adsorbed structure depends on the adsorption states of each species and their relative
positions. MIN 114, shown in Figure 3-3(a), is the most stable structure among the reactant region
where CO molecule is adsorbed on fcc hollow site and O, molecule is adsorbed on bridge (t-b-t)
site. The most stable adsorption state of CO molecule in this study (fcc hollow site) was
inconsistent with the previous experimental studies that mentioned that of CO molecule is atop
site [42-46]. This problem was known as CO puzzle, although this study does not aim to give the
fundamental solution of the task (see Appendix of ref. 33). Figure 3-3(b) is the O, dissociated
intermediate where CO molecule and two O atoms were adsorbed on fcc hollow sites. In the case

of (¢), CO; adsorbs on the surface with the bended form and O atom adsorbs on fcc hollow site.



In this study, two kinds of CO; are distinguished: chemisorbed and bended CO; is depicted as
CO; and desorbed and linear CO:s is depicted as COx(g). (e) is the intermediate OC-OO complex

was formed on the surface for (e), and (f) is the byproduct CO3 was formed on the surface.

3.3.2 Time hierarchy of the reaction route network

The results obtained by applying the RCMC method at 7= 300 K and three kinds of timescale ¢
=1.0x10° 1.0, 1.0 x 10" s was summarized in Figure 3-4 and Figure 3-5. The values in Figure
3-5 means activation free energy (kJ/mol) for transitions between the superstates. These values
were obtained by calculating logarithm of the overall rate constant which is the non-diagonal term
of the n x n rate constant matrix acquired after applying RCMC to the original 133 x 133 rate
constant matrix. n = 1, 2, 3 correspond to the result of RCMC at = 1.0 x 10°, 1.0, 1.0 x 107" s,
respectively. The result at £ =1.0 x 10% 1.0 x 10" s was same as the result at £ = 1.0 s.

First, in the case of (a) ¢ = 1.0 x 10’ s, all structures were contracted into the one
superstate. This means all structures in the network can reach thermal equilibrium within this
timescale. Next, if the timescale is set to (b) = 1.0 s, two superstates were obtained. The reactant
CO+0; and O, dissociated intermediate CO+20 belong to the same superstate SS1, but to the
different the product CO»(g)+O which belongs to the superstate SS0. This indicates that the path
between MIN of SS1 and MIN of SS0, i.e. CO, formation step from an adsorbed CO molecule
and an adsorbed O atom, is the bottleneck path of CO oxidation on a Pt(111) surface. The result
is consistent with the previous studies that proposed the CO, formation proceeds with LH
(Langmuir-Hinshelwood) mechanism. Finally, in the case of (c) = 1.0 x 107" s, the network was
contracted into the three superstates. The representative structure of each superstate is CO»(g)+O
(S8S0), CO+20 (SS1) and CO+O; (SS2). Although SSO also includes the other three adsorption

states CO3, OC-O0 and CO,1+O, these states immediately convert into CO»(g)+O shorter within



1.0 x 107" s due to having the short lifetime 1072, 10~ and 10~ seconds.
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Figure 3-4. Time hierarchy of the reaction route network at 7= 300 K.
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Figure 3-5. Superstates at 7= 300 K and various timescale ¢.

Furthermore, the values of the overall rate constants 4; and k> shown in Figure 3-5(c)
were compared as shown in Table 3-1. k; is the overall rate constant from SS2 to SS1 and
corresponds to the O, dissociation step, while k; is the overall rate constant from SS2 to SS0 and

corresponds to direct CO, generation step through the MIN or TS having the shape of OC-OO.



From Table 3-1, it can be understood that the CO; formation path via O, dissociation is more

favorable at the all temperatures because the contribution of minor path &, becomes at most 10%.

Table 3-1. Rate constant ki, k», and contribution of minor path k / (ki + k2)

T[K] 300 500 1000

ki [s7] 439 x10° 537 x10° 4.10 x 10°
ka [s] 459 x 10t 4.95x 10* 5.03 x 10°
ko / (ki + ko) | 0.0947 0.0844 0.1093

3.3.3 Detailed mechanism of CO oxidation

As described above, two different CO, formation paths are known to the previous studies. The
energy profile for two kinds of CO- formation paths at 7= 300 is shown in Figure 3-6. The energy
values are adsorption free energy AG.4s at 7=300 K. In addition, this energy profile consists of
the most stable conformer of the adsorption states and the corresponding LUP path having the
lowest energy of TS/PT. This simplified model is called as the lowest conformer to single
transition state (LC-TS) model [34].

The blue line in Figure 3-6 shows (i) via O, dissociation route. The rate determining
step is the second step CO+20 — CO»(g)+0, corresponds to the step that CO, formed and
desorbed on the surface. On the other hand, the pink line shows (ii) via OC-OO complex route.
The rate determining step is the first step CO+0O, — OC-OQ, corresponds to the step generating
OC-00 complex. Note that the last step CO,+0 — COx(g)+O (CO; desorption step) is omitted
in Figure 3-6 because its reaction barrier is very small (about 2.3 kJ/mol). In the case of (i) via O
dissociation route, the reaction barrier of the first step (CO+0, — CO+20) is 69.7 kJ/mol (73.5

kJ/mol in electronic energy), and that of the second step (CO+20 — COx(g)+0) is 89.2 kJ mol/1



(90.5 kJ/mol in electronic energy). This indicates our result is in the range of previous theoretical
studies, 27.0— 74.3 kJ/mol (in ref. 14 and 17) and 37.6-111.9 kJ/mol (in ref. 9-12, 14—16 and 29),
respectively. Although route (ii) via the OC—OO complex on the clean Pt(111) surface has not
been calculated to our knowledge, a similar route was suggested from both experimental and

theoretical studies [18,23].
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Figure 3-6. The energy profile of the two kinds of CO, generation paths at 7= 300 K.

3.3.4 Impact of the reaction route network

To discuss the influence of the reaction route network on the overall kinetics, the result of RCMC
was compared to that of LC-TS model. The rate constant calculated by using the RCMC method
is different from the rate constant calculated by using the LC-TS model because the rate constant
by RCMC includes the entropic contribution of transitions among many structures having the
same adsorption state but different relative positions (migration paths) as well as bond
rearrangement paths connecting them. This effect is called as conformation entropy [34]. There

are two kinds of conformation entropies. One is the conformation entropy of MINs that decreases



the rate constant due to having various MINs. The other is the conformation entropy of TSs that
increases the rate constant due to having various configurations of bond rearrangement TSs.

The influence of the conformation entropy of MINs and TSs were investigated by
comparing the overall rate constant by RCMC with the rate constants excluding these entropic
contributions. ki, k» and k3 in Figure 3-5 (c) are represented as k(RCMC), and corresponding the
rate constants by LC-TS model and LC-mTS (lowest conformer to multiple transition states)
model are k(LC-TS) and k(LC-mTS), respectively. k(LC-TS) is calculated from the energy
difference between the most stable conformer of the reactant region and the bottleneck TS having
the lowest energy, regarded as the energy barrier 4A4G. k(LC-mTS) is the sum of the rate constants,
where the energy differences between the most stable conformer of the reactant region and all
bottleneck TSs are regarded as the energy barrier 44G. The difference between k(LC-TS) and
k(LC-mTS) corresponds to the conformation entropy of TSs, while the difference between k(LC-
mTS) and k£ (RCMC) corresponds to the conformation entropy of MINs.

ki1, k> and k3 calculated by the three different RCMC, LC-TS, LC-mTS model at 7= 300,
500, 1000 K is summarized in Table 3-2. Furthermore, the ratio of k(LC-TS) and k(LC-mTS)
refer to k(RCMC) is shown in Figure 3-7 to show the differences clearly. In Figure 3-7, some
trends can be understood although the dependency is not simple because the most stable
conformer and the bottleneck TS is changed by the temperature. First, the conformation entropy
of TSs affects to all the & (x = 1-3) and &(LC-mTS) becomes twice or three times bigger than
k«(LC-TS). This indicates that multiple TSs having the various configurations are important to the
bond rearrangement step. In other words, it is shown that the conformation entropy of TSs is
important for CO oxidation on a Pt(111) surface. The importance of multiple TSs was discussed
for the selectivity and/or reactivity of the other chemical reactions [47-55].

Focusing on k(LC-mTS), the conformation entropy of MINs is small especially the case



of k3 at low temperature. It is supposed that migrations on the surface in SS1 are inhibited because
all chemical species in SSI, i.e., O atoms and a CO molecule strongly adsorb (chemical
adsorption) on the surface. On the other hand, the conformation entropy of MINs for k; and & are
relatively large because of the smaller adsorption energy of O, molecule on a Pt(111) surface.
Furthermore, the overall trends is that the k(LC-TS) of k; and k; are consistent as a result of the
cancelling two types of conformation entropy, but this does not always occur. The elementary rate
constants considering both the conformation entropy of MINs and TSs can be evaluated to

compare k(RCMC) and the other models as described above.

Table 3-2. ki, k> and k3 calculated by RCMC, LC-TS and LC-TS model and the temperature

dependency

T [K] 300 500 1000

ki(RCMC) [s?] |4.39x10° 5.37x10° 4.10 x 10°
ki (LC-TS) [s] |5.03x10° 4.55x10° 2.73 x10°
ki (LC-mTS) [s] | 9.70 x 10°  9.96 x 10° 7.80 x 10°
ko(RCMC) [s?] |4.59x10" 4.95x 10* 5.03 x 10°
ko (LC-TS)[s!] |6.28x10 8.01x10* 5.35x 10°
ko (LC-mTS) [s*]| 1.24 x 10° 1.59 x 10° 1.60 x 10°
ks(RCMC) [s!] |4.41x10° 1.11x10* 4.23 x 108
ks (LC-TS)[s '] |2.04x10° 5.19x10° 3.25x 10°
ks (LC-mTS) [s'] | 4.48 x 10° 1.21 x 10* 8.51 x 108
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Figure 3-7. The ratio and temperature dependency of A(LC-TS) and A(LC-mTS) refer to
kK(RCMC)

3.4 Conclusion
In this study, the reaction path search by the AFIR method was applied to CO oxidation on a
Pt(111) surface. A reaction route network consists of 133 structures and connecting paths was
obtained. The network includes not only bond rearrangement paths but also short-range migration
paths. Furthermore, the time hierarchy of the network was elucidated by using kinetic analysis of
the RCMC method. From the results, it is elucidated that bottleneck step of the entire reaction is
CO; formation step occurring between adsorbed a CO molecule and an O atom. This is consistent
with the previous results that proposed CO oxidation is LH mechanism accompanied by the
dissociation of O, molecule.

In addition, short-lived intermediates such as CO,+0O, OC-OO and COs; were included
in the network. Then the kinetic influence of two kinds of CO, formation paths, via O, dissociation
and via OC-O0 complex, were discussed. Furthermore, temperature dependency of the entropic

contributions caused by the many transitions among the same adsorption states (migration paths)



and the connecting bond rearrangement paths were studied [60].
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Chapter 4. Theoretical analysis of decomposition reaction on Pt(111) surface: kinetic

importance of the major and minor reaction routes

4.1 Introduction

Platinum is a useful catalyst to generate syngas of carbon monoxide and hydrogen by
decomposition reaction of a methanol [1,2]. It is important to understand the reaction mechanism
since hydrogen is also paid attention to be energy resources. From previous experimental studies,
products and/or intermediates were elucidated by using the measurement techniques such as X-
ray photoelectron spectroscopy (XPS), electron energy loss spectroscopy (EELS), temperature
programmed desorption (TPD) [3-11]. It was pointed out that CO and H, are major product of
methanol decomposition reaction on a Pt(111) surface while CO, and H,O are generated on a pre-
oxidized Pt(111) surface or in oxygen gas [4,7,9,10]. In addition, temperature dependency [5] and
surface structure [6,11] were investigated. To see the results, reactions likely to occur at defect
sits of O, treated surface with low temperature, and using Pt—Re alloy prevents the surface from
being covered with carbons.

The detailed decomposition mechanism of a methanol on Pt clusters and surfaces has
been studied by theoretical methods. Some promising elementary steps and reaction intermediates
were investigated by density functional theory (DFT) calculations [8,11-25]. In addition to the
reactant CH3OH and the product CO and H», various adsorbed species such as CH3;0, CH,OH,
CH,0, HCOH, CH3, HCO, COH, and OH and paths connecting them have been discussed. From
these theoretical studies, the major path was specified to be CH;OH — CH,OH — HCOH —
HCO — CO [17,22]. Besides this, the path via COH is supposed to be a competitive path [17].
Then the reaction kinetics by using the rate constants of bond rearrangement steps between
adsorbed species were discussed [17,22]. Furthermore, microkinetic modeling was done using the

calculated reaction barriers for the elementary steps. Then the change of coverage of intermediates



and turnover frequencies for H, generation were simulated [22,25]. The reaction mechanisms and
kinetics of methanol decomposition reaction on Pt surfaces were clarified from these previous
studies.

In this study, a reaction route network for methanol decomposition reaction on a Pt(111)
network was represented [26]. Systematic reaction path search was done by using the artificial
force induced reaction (AFIR) method [27]. The calculated network consists of 292 nodes and
430 edges. Nodes and edges correspond to local minimum (MIN) structures and the connecting
paths, respectively. Then the time hierarchy of the network, the time evolution of the population
from reactant nodes to products nodes, the kinetically most favorable route was calculated by

kinetic analyzed of the RCMC method [28,29].

4.2 Computational method

4.2.1 DFT calculations

The potential energies and gradients were calculated by using the SIESTA 4.0 program [30,31].
The Perdrew-Burke-Ernzerhof (PBE) functional and DZP basis set were selected. The
pseudopotentials were prepared from GGA potential database [32]. The relativistic effect
including nonlinear core correction (NLCC) was applied to the platinum atom, and nonrelativistic
pseudopotential without NLCC was applied to the other hydrogen, carbon and oxygen atoms. The
smearing parameter was set to 10000 K with the occupation function of the Methfessel-Paxton
scheme [33]. The Monkhorst-Pack grid which determines k-point sampling and the mesh cut off

were changed depending on the calculation stage as described below.

4.2.2 Preparation of a Pt(111) surface

A periodic model of Pt(111) surface was prepared using same procedure as described in section



3.2.2. First, the lattice constant of Pt crystal having face-centered cubic (fcc) structure was
optimized with k-point sampling 8 x 8 x 8 and mesh cur off 200 Ry. Then, the periodic slab model
composed of three Pt(111) surface layer was created from the optimized Pt crystal. The surface
has p(4x4) surface area (16 atoms per layer) and vacuum region about 15 A. During the AFIR
calculations, a slab model created by the upper two layers of three-layered Pt(111) surface and all
surface atoms and translational vectors were fixed at the initial positions was used. Further
refinement calculations using three-layered and fixed the bottom layer and the translational
vectors were applied to the kinetically import elementary paths extracted from the network by the

RCMC method.

4.2.3 Making a reaction route network of CH3OH decomposition reaction on a Pt(111)
surface

A reaction route network for methanol decomposition reaction on a Pt(111) surface was created
by using almost same procedure as the H,O reaction on a Cu(111) surface (see 2.2.4) and CO
oxidation on a Pt(111) surface (see 3.2.3). The reaction path search was done by using the single
component (SC-) AFIR method [27] implemented in the developer version of global reaction
route mapping (GRRM) program developing in our laboratory, and this version has almost same
function as GRRM20. The model collision parameter y of the AFIR function was set to y = 300.0
kJ/mol. Target atoms generating the fragment pairs during the search are set to atoms in CH;0OH
and the Pt central dimer. In addition, to prevent adsorbates go away from the center of the surface,
weak biases of v .aa = 25.0 kJ/mol were applied by the AFIR function between six atoms in
CH3;O0H and the Pt central dimer. Figure 3-1 shows the initial structure of the search, that is, an
adsorbed methanol molecule on a Pt(111) surface. The kinetics-based navigation option, which

ranks MINs based on their kinetic importance and avoids to search from those of low rank, was



used [29]. The obtained force-induced paths (AFIR paths) were minimized by using the locally
updated plane (LUP) method [34, 35]. The LUP calculation was held twice, where the weak
additional bias was reduced to ya.qa = 8.3 kJ/mol at the second time. The Monkhorst-Pack grid and

the mech cur off were set to 1 X 1 x 1 and 75.0 Ry during this calculation.

@ H

@
® o

Top view Side view Q Pt

Figure 4-1. Initial structure for methanol decomposition reaction on a Pt(111) surface. CH;OH

weakly adsorbs on the surface.

Finally, a reaction route network consisting of 292 structures and 430 LUP paths were
found. The calculation took 70.2 hours by using 200 CPU-cores of Xeon Gold 6248 (2.50GHz).
Note that our purpose is obtaining a reaction route network with a moderate accuracy to gain the
overview of entire reaction mechanism. The kinetically important steps in the network were
treated with more accurate levels. Namely, the highest energy point of the corresponding LUP
paths were optimized to the actual transition states (TSs). In this calculation, three-layered surface
with fixing Pt atoms of the bottom layer was used, and the Monkhorst-Pack grid and the mech

cur off were set to 2 x 2 x 1 and 100.0 Ry.

4.2.4 Kinetic analysis by rate constant matrix contraction (RCMC) method
The bottleneck steps can be extracted by applying the RCMC method [28,29] to the network as
described in section 2.2.5. However, each element of the original N x N rate constant matrix for

a reaction route network including N MINs were estimated by using the following equation.



kgT _44E

kx_y = Te RT

AAE is a reaction barrier from state X to state Y along the corresponding LUP path, and
represented in electronic energy. 7'is reaction temperature and set to 7= 500 K. ks, /2, R correspond
to the Boltzmann constant, the Planck constant, and gas constant, respectively. In general
transition state theory (TST), the free energy is used instead of 44E. However, we used electronic
energy assuming that the contribution of vibration is not significant. In other words, no entopic
contribution was considered.

In addition, MINs were grouped by the bond-connectivity of the adsorbed atoms. The
distance which is shorter than 1.25 times of the sum of covalent radius was regarded as “bonded”.
Then the MINs in the same group are assumed to interconvert each other easily. Namely, if the
energy of MIN/ is higher than that of MINJ which belongs to the same group, the reaction barrier
from MIN/ to MINJ was set to 44E = 0 (no barrier). On the other hand, if the energy of MIN/
is lower than that of MINJ, the reaction barrier from MIN/ to MINJ was set to 44E = (4E; —
AE;) (energy difference between MIN/ and MINJ).

In RCMC, the original V x N rate constant matrix is reduced to z X n rate constant matrix
by applying the contraction procedure M times, where n + M = N. The contraction was applied to
state having shorter lifetimes than given threshold timescale z. To apply RCMC procedure aa
various timescale, the time hierarchy of the network and the time evolution that the initial

population was set to MIN(s) can be calculated.

4.3. Results and discussion

4.3.1 Reaction route network
The resultant reaction route network for CH3OH decomposition reaction on a Pt(111) surface is

represented in Figure 4-2. In this study, the search from kinetically less important MINs were note



done because of using the kinetic-based navigation option [29]. Therefore, the high-lying part of
the network is less meaningful. It was elucidated that 290 MINs of 292 nodes can be accessible
from the most stable CH;OH within 10~ seconds at 7 = 500 K. This means 290 MINs and the
connecting 640 paths (384 LUP paths and 256 added paths by grouping based on the bond
connectivity of the adsorbates as explained in 4.2.4) are kinetically important. Figure 4-2 shows
this kinetically important network consists of 290 odes and 640 edges (loop paths and multiple
edges connecting the same node pair were omitted). In Figure 4-2(a), color of nodes and edges
represents relative electronic energy.

CH,OH, CH;0, CH,O, HCOH, HCO, COH, adsorbed C atom, hydrocarbons (CH,, CH)
and H,O were obtained from the network. Then the various decomposition paths including
byproduct generation paths can be discussed. Furthermore, the number of paths in the network is
much more than expected for the simple species like CH3OH. This is because the network includes
migration paths between structures having the same adsorption states but different relative
positions as well as bond rearrangement paths between structures having different adsorption
states. In Figure 4-2(b), 13 kinds of adsorptions stated are distinguished by the color of nodes

(CH+H,O+H was omitted because it cannot access from reactant CH;OH within 107 s).
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Figure 4-2. Reaction route network for methanol decomposition reaction on a Pt(111) surface.
Nodes and edges represent obtained MINs and paths connecting them, respectively. 290 MINs
which can be accessible from reactant CH;OH within 10~ s were depicted. (a) Nodes and
edges are colored based on their electronic energies. Bold black line represents kinetically
favorable decomposition route (see Figure 4-6). (b) Color of Nodes represents adsorption

states.

4.3.2 Time hierarchy of the reaction route network

Next, the reaction mechanism was extracted from the complex network by the RCMC method.
Figure 4-3 shows a time hierarchy diagram of the entire reaction. Namely, obtained superstates
by applying the RCMC method at 7= 500 K and various timescale were represented. The vertical
axis means the applied timescale . Each frame corresponds to the representative (energetically
dominant) adsorption state. As shown in the top layer of Figure 4-3, all 292 original states are
contracted to one superstate at £ = 10° s. This means all MINs in the network can reach thermal
equilibrium within this timescale. The representative structure, the structure having the maximum
population among the structures belong to the superstate, is not CO+2H, but CO+4H. This
corresponds that H, favors dissociative adsorption energetically on platinum surfaces, and is

released into gas phase by entropic contributions. Assuming to moving hydrogen freely, it would



be required to additionally consider the entropic contribution of their motion to the H dissociation.

Next, the superstate of CO+4H obtained at = 10° s was divided into two superstates at
t =107 s (The second layer of the hierarchical diagram). The composition of superstates at ¢ =
10° and 1.0 s were same as the case of t = 107 s. One is main product CO+4H and the other is
byproduct CH+H,O+H. This means it takes >10* s to convert to CO+4H from CH+H,O+H. The
reactant CH3;OH is mainly contracted to the superstate of CO+4H. The result shows CO
generation is completed within this timescale.

The third layer of the hierarchical diagram is superstates obtained by RCMC at ¢ = 107°
s. The reactant CH3OH is contracted to the superstates of intermediate CH,OH+H. This means
decomposition reaction takes longer than 10~ s in this reaction route network. At this timescale,
tiny component of CH3OH is contracted to the superstates of hydrocarbons (CH and CH>) and
water, and it means these species are minor byproducts having small yields. These byproducts
have possibilities to generate at the actual experiment under the other experimental conditions [9].
The fourth layer show the result of RCMC at #= 10"’ s. The state of reactant CH;OH, intermediate
CH,OH+H, HCO+3H and product CO+4H can be distinguished at this timescale. This means the

most stable dissociation steps takes longer than 107 s.
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Figure 4-3. Time hierarchy diagram of methanol decomposition reaction on a Pt(111) surface.
The vertical axis represents timescale when applying RCMC. The representative adsorption

state of each superstate is given in each frame. The reaction temperature T was set to 500 K.

Figure 4-4 shows to which superstates each adsorption state belongs at each layer of
Figure 4-3. For example, methoxy (CH3O+H) belongs to the superstate which representative
structure is CH;OH at ¢ = 10~ s. This means CH3;O+H can convert to CH;OH within 10 s. The
column “ng,” represents the number of corresponding MINs in the reaction route network. Each
adsorption state has a lot of MINs having different relative positions of adsorbates. Note that not
all considerable structures for each adsorption state were obtained because of using the kinetic-

based navigation option.



timescale [s]
adsorption state n« 10° 106 103 106

CH,OH 8
CH,O0+H 11
CH,OH+H 66
CH,0+2H 55
HCO+3H 60
HCOH+2H 39
CO+4H 27
CH,+#H,0 2
CH,+HO+H 15
CH,+2H+O 2
CH+HO+2H 1
COH+3H 4
CH+H,0+H 2

Superstate: Reactant(CH;OH),
Intermediate(HCO+3H), Product(CO+4H),
Others(CH,+H,0, COH+3H, CH+H,0O+H)

1

Figure 4-4. Superstates for each adsorption state at reaction temperature 7 = 500 K. “ng”
means the number of corresponding structures in the reaction route network. Color of cells
corresponds to the superstate of reactant (red), product (blue), intermediate (orange or dark
blue) and others (gray). The seven structures written in bold are representative adsorption

states at timescale £ = 107 s (see the bottom layer of the hierarchy diagram of Figure 4-3).

4.3.3 Population change in adsorption states

The time evolution was investigated by using the kinetic simulation of the RCMC method where
the initial population was set to CH3OH in the reaction route network [29]. The population change
of each adsorption state at 7= 500 K was plotted in Figure 4-5. Sum of the population for all
states is unity at each timescale. Figure 4-5(a) shows the population change of reactant CH;OH
(red), intermediate CH,OH+H (orange) and main product CO+4H (blue). The population of
CH;O0H is almost 1.0 at # < 10°® s, while CO+4H becomes main product at ¢ > 10°® s. The

population of intermediate CH;OH+H is increased at = 107 s. From the result, it is clarified that



methanol decomposition reaction on a Pt(111) surface was occurred via CH,OH+H and
completed within ~107 s. The estimated overall reaction time from the reaction route network is
6.54 x 107%s. The value is slightly bigger than 3.98 x 10 s which was estimated by Kramer et al
[20]. The slightly overestimation was thought to occur by overestimation of the barriers in the
network. As shown in 4.3.4, the barriers are lowered if using the better calculation model like
partially fixed three-layered model.

Figure 4-5(b) shows the population change of minor adsorption states having the
maximum population over 10, HCOH+2H (light blue) and HCO+3H (dark blue) are
intermediate to form CO+4H. The population of these adsorption states are increased at = 107°
~ 107 s, but becomes not so high because these structures can convert to CO+4H within very
short timescale. In addition, the yield of byproduct CH,+H»O (green) is also small. As described
above, various elementary steps of the reaction were seen by kinetic analyses of the entire reaction

route network.
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Figure 4-5. Population change at reaction temperature 7' = 500 K, (a) for reactant CH3OH,
main product CO+4H and intermediate CH,OH+H, and (b) for minor adsorption states. The
horizontal axis represents logarithm of timescale # when applying the RCMC method and the

vertical axis corresponds to population of each adsorption state.

4.3.4 Detailed decomposition route of the methanol

To understand the detailed decomposition route, the energy profile for the most kinetically
favorable path was extracted by following procedure. First, the RCMC method was recursively
applied at £ =107 s to t = 10" s, and found important MINs as a representative structure of a
superstate. The calculated MINs were connected to the minimum energy path by using the
Dijkstra method. The obtained path CH;OH — CH,OH+H — HCOH+2H — HCO+3H —
CO+4H is consistent to the previous DFT calculation studies [17,22]. Then the MINs and TSs

along the extracted path were further optimized with three-layered Pt(111) surface which the



bottom layer was kept fixed and the other two layers were relaxed. Monkhorst-Pack grid and
mesh cut off were set to 2 x 2 x 1 and 100.0 Ry. The resultant energy profile was shown in Figure
4-6 and the reaction barriers were summarized in Table 4-1. Furthermore, the number of surface
layers and their relaxations were discussed in Supplementary information S1 of ref. 26, and the
structures along the path were summarized in S5 of ref. 26.

There are three possible paths for the first decomposition step of adsorbed methanol
molecule: C-H dissociation (CH;OH — CH,OH+H), O-H dissociation (CH;0OH — CH30+H) and
C-O dissociation (CH;0H — CH3+OH). The most favorable path obtained from the network is
C-H dissociation path which proceeds exothermically with the reaction barrier 58.4 kJ/mol. The
other paths are not favorable (see Supplementary Information S2 of ref. 26). O-H dissociation
step was also obtained with the reaction barrier 78.9 kJ/mol and exothermic process. C-O
dissociation was not obtained during the search of this study focused on kinetically favorable

paths because its reaction barrier was high (190.5 kJ/mol).

Table 4-1. Reaction barriers AAE [kJ/mol] along the methanol decomposition route.

CH3;0H— CHOH+H— HCOH+2H— HCO+3H—

CH,OH+H HCOH+2H HCO+3H CO+4H
AAE [kJ/mol]? 58.4 53.5 12.9 9.9
previous study® 59.8-74.3 56.9-60.8 14.5-52.1 22.2-34.7

* Values computed using the three-layered surface where the upper two layer were relaxed and the

bottom layer was fixed.

® Corresponding values in the previous theoretical studies.'>!"!%%2
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Figure 4-6. Energy profile of decomposition of methanol on a Pt(111) surface. The most
kinetically favorable path is extracted from the network by the RCMC method and the
Dijkstra algorithm. The energy values are electronic energies relative to the adsorbed CH;OH.
The structures shown at the bottom correspond to those further optimized using the partially
fixed three-layer surface model. The reaction barrier for each step is summarized in Table 4-

1. Color of the labels in the profile correspond to that of nodes in the network (see Figure 4-

2(b)).

Furthermore, byproducts generation processes were also studied, i.e., CH,OH+H —
CH,+H,0, HCOH+2H — CH+H,O+H, and COH+3H — CO+4H. The energy profiles and the
reaction barriers were shown in Figure 4-7 and Table 4-2. These paths were unfavorable compared
to the main path although CH, and H>O can be energetically generated at 7= 500 K. COH+3H
— CO+4H is also accessible but unfavorable compared to the main path. The structures along the

paths were summarized in S5 and S6 of ref. 26.



Table 4-2. Reaction barriers AAE [kJ/mol] of formation of byproducts.

CH,OH+H— HCOH+2H— COH+3H—

CH,+H,O CH+H,O+H CO+4H
AAE [kJ/mol]* 88.9 124.3 79.7
previous study® 81.0-93.6

# Values computed using the three-layered surface where the upper two layer were relaxed and the

bottom layer was fixed.

® Corresponding values in the previous theoretical studies.'>!"!*%
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Figure 4-7. Energy profile of formation of byproducts on a Pt(111) surface. The energy values
are electronic energy relative to the adsorbed CH3OH. The structures shown at the bottom
correspond to those further optimized using the partially fixed three-layer surface model. The
reaction barrier for each step is summarized in Table 4-2. Color of the labels in the profile

correspond to that of nodes in the network (see Figure 4-2 (b)).



4.4 Conclusion

In this study, a reaction route network for methanol decomposition reaction on a Pt(111) surface
was created by reaction path search of the AFIR method. The time hierarchy of the reaction was
elucidated from the kinetic analysis using the RCMC method at various timescale. Furthermore,
the population change over 10~ second was simulated. It was indicated that the path from reactant
CH;0H to carbon monoxides and four hydrogen atoms via intermediate CHOH+H is the most
favorable. In addition, it was also clarified that the paths to generate byproducts like hydrocarbons
and water can be ignored. We succeeded in explaining the reaction without any prior information
about the products and reaction mechanism by the combined procedure of the AFIR method and

the RCMC method.
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Chapter 5. Application to reaction on porous materials: propylene oxidation

reaction with hydrogen peroxides on titanium silicalite-1

5.1 Introduction

Porous materials have holes of various sizes, and are widely used as heterogeneous catalysts
because of large surface area and/or being selective reaction fields as the size of holes. Titanium
silicalite-1 (TS-1) having MFI zeolite framework is one of useful catalysts industrially [1,2].
Especially, oxidation of olefins with hydrogen peroxides as oxidants have been studied both
experimentally and theoretically [3-14].

TS-1 contains 2 ~ 3 wt% of Ti atoms in the unit cell [15]. Therefore, many experimental
and theoretical studies investigated the detailed reaction mechanism on TS-1 having one Ti site.
It is elucidated that a hydroperoxide reacts with the tetrahedral Ti site that one of the four sites
was terminated by -OH to form #?-(OOH) structure and catalyze epoxidation reaction [16-18].
On the other hand, the experimental result that selective propylene epoxidation was occurred at
low temperature (0°C) was recently reported [19]. It is indicated from the measurement of '"O-
NMR that TS-1 in the study had a partial structure having two Ti sites, and reaction occurred at
the sites. In addition, the proposed epoxidation mechanism by DFT calculation was showed: a
catalytic cycle includes TS1-(OOH), as a precursor of epoxidation where TS1-(OOH), was
generated from the TS-1 and two hydrogen peroxides. However, the detailed mechanisms and
reaction barriers are still unclear. For the mechanism of catalytic reaction on oxide catalysts such
as TS-1, it is required to consider the structural changes of the catalyst, i.e., reactions between
lattice oxygen and reactants and/or generation of defected catalyst structures. Therefore, it is
difficult to assume the complicated reaction mechanism.

As described in the previous sections, we enabled systematic reaction path search by the

artificial force induced reaction (AFIR) method [20] for surface reactions, a kind of heterogeneous



reactions, without any prior knowledge of the reaction mechanism [21-23]. The search of the
AFIR method can treat structural changes of catalysts by relaxing and considering both atoms in
reactants and atoms in catalysts as “target atoms”. Thus, in this study, the search using the AFIR
method was applied to epoxidation reaction of propylene on TS-1 having two adjacent Ti sites
with hydrogen peroxides. Then the resultant reaction networks were kinetically analyzed by
applying the rate constant matrix contraction (RCMC) method [24,25] to extract favorable paths

and/or paths to byproducts.

5.2 Method

5.2.1 Preparation of TS-1 cluster model

In this study, two types of TS-1 catalyst model structures, i.e., periodic PBC model and non-
periodic cluster model, were used. The created two TS-1 models are shown in Figure 5-1. First, a
zeolite structure which has MFI framework was obtained from the database [26]. Next, two
adjacent Si sites, T7 and T11 site were substituted into Ti atoms to get TS-1 unit cell. Then all
atoms in the unit cell was optimized. In this calculation, potential energies and gradients were
calculated by using VASP 5.4.4 software [27-29]. The functional is RPBE and Grimme’s
dispersion D3 is considered. The k-point sampling was set to 2 x 2 x 2, and all translational
vectors were fixed. The created TS-1 PBC model is represented in Figure 5-1(a).

The TS-1 PBC model is the system including 288 atoms (Ti,Si94019,). It takes too long
time to search by the AFIR method using such a large system. So, a smaller and non-periodic TS-
1 cluster model is prepared from TS-1 PBC model (Figure 5-1(b), (c)). Assuming that reaction
occurs near Ti atoms, the TS-1 model structure can be considered the simplified model like Figure
5-1(b). The all ends of the extracted cluster are O atoms. Then the edges of the cluster were

terminated by adding H atoms and optimized. In this step, energies and gradients were calculated



by B3LYP-D3/def2-SV(P) implemented in Gaussian16 [30]. The cluster atoms consisting of Ti,
Siand O were fixed in the calculation. Finally, TS-1 cluster model containing 90 atoms (Ti2S11604s
with 24 terminating H atoms) was obtained (Figure 5-1(c)). Note that two Ti atoms, seven O
atoms and six Ti atoms to the nearest to Ti were relaxed while the other atoms in TS-1 cluster
were fixed in the subsequent calculations.

As explained below, the semiempirical GFN2-xTB [31] was used during the search to
reduce computational costs. The important structures and paths were further optimized by using
Gaussianl16, In this calculation, more accurate DFT level like BP86 functional was applied with
Grimme’s dispersion function (D3) [32]. The Los Alamos LANL2DZ [33,34] effective core
pseudopotentials were applied to titanium, and a basis set of 6-31G(d) was applied for others.

Finally, the structures will be reoptimized by B3LYP-D3/def2-SV(P) to see the dependence of

functionals.
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Figure 5-1. TS-1 model structures. (a) TS-1 PBC model. (b) The extracted part for TS-1

cluster model. Remaining transparent atoms were not used. (c) TS-1 cluster model.



5.2.2 Making reaction route networks using TS-1 cluster model

Reaction route networks for epoxidation reaction of propylene on TS-1 with H,O, were created
by using almost same procedure as surface reactions described above, especially for the case of
methanol decomposition reaction on a Pt(111) surface (see 4.2.3). However, the reaction paths
were searched step-by-step because it was thought that the reaction is a multi-step reaction and
the reaction mechanism is very complicated. The considering steps were summarized in Table 5-
1. First, the reactions between the original TS-1 catalyst (represented as TS1-O) and reactants
were considered by (1) TS1-O+H»0,, (2) TS1-O+H,0, (3) TS1-O+propylene, (4) TS1-O+2H,0,,
and (5) TS1-O+H,0,+H,0. Then epoxidation steps from various precursors were searched by (6)
TS1-(OOH)(OH)+propylene, (7) TS1-O,-OH+propylene, (8) TS1-Ox+propylene, and (9) TS1-
O+H,O+propylene. These precursors were mainly selected from the result of (1) TS1-O+H,O..
The search of (10) TS1-(OH),+H,0O, targeted to find regeneration path of the catalyst structure
toward the next epoxidation steps. Finally, the paths proposed by the previous study [19] were

considered by (11) TS1-O>+H,05 and (12) TS1-(OOH),+propylene.



Table 5-1. Initial structures and the number of obtained nodes/edges.

Initial structure nodes edges
(D TS1-O+H,0» 617 1944
2) TS1-O+H,O 176 758
3) TS1-O+propylene 175 247
@) TS1-0O+2H>0, 2868 4901
5) TS1-O+H,0,+H,0O 1669 3064
(6) TS1-(OOH)(OH)+propylene 1942 4410
7 TS1-O,-OH+propylene 1775 4191
®) TS1-O,tpropylene 610 1375
) TS1-0,+H>O+propylene 2422 4959
(10) TS1-(OH)»+H»0> 1990 3739
(11) TS1-0O>+H>0; 1346 2652
(12) TS1-(OOH),+propylene 1385 2373




Each reaction path search was done by using the SC-AFIR method [20] implemented in
the developer version of GRRM program which is almost same as GRRM20. The model collision
parameter y of the AFIR function was set to y = 300.0 kJ/mol. Target atoms generating the
fragment pairs during the search are atoms in reactants, two Ti atoms, and O atoms next to Ti. In
addition, to prevent adsorbates go away from the center of the catalyst, weak biases 7 aa Was
applied by the AFIR function between reactants, two Ti atoms, and O atoms next to Ti, where
sum of the biases were set to 100.0 kJ/mol. The kinetics-based navigation option, which ranks
MINSs based on their kinetic importance and avoids to search from those of low rank, was used
[25]. The obtained force-induced paths (AFIR paths) were minimized by using the locally updated
plane (LUP) method [35,36]. The energies and gradients were calculated by GFN2-xTB

implemented in xXTB6.4.0 program [31].

5.2.3 Kinetic analysis

Each reaction route network obtained by the search is very complicated because of including
hundreds of thousands of structures and connecting paths. To extract the kinetically important
bottleneck paths, the RCMC method [24,25] was used as the same procedure as described in 4.2.4.
Note that a reaction barrier 44F by an electronic energy was used to calculate the rate constant
(see 4.2.4 in details). The extracted structures and paths will be further optimized using more

accurate DFT levels as explained in 5.2.1.

5.3 Results and Discussion
As explained above, the reaction mechanism of propylene epoxidation by TS-1 with H,O, were
discussed from the twelve reaction route networks. First, the result of (1) TS1-O+H,0; is shown

in the section 5.3.1. The other results of the searches were summarized in Supporting information



(see the section 5.5). A reaction network, population change to the reaction timescales, and
kinetically favorable paths are represented. Then the overview of the reaction mechanism was
discussed in 5.3.2. As a result, four types of epoxidation steps via the different TS-1 precursor
structures, were found and included in the mechanism. By comparing energy profiles, the most
kinetically favorable epoxidation path was determined. In the following sections, the energy
values are the relative electronic energies 4E compared to the energy of the “total system” Eio,
estimated by Eq (1).

Eii = E(TS1-0) + 2 X E(H,0,) + E(H>0) + E(propylene) €))]

E(X) corresponds to the electronic energy of X in gas phase.

5.3.1 Reaction path search of (1) TS1-O+H,0;

In this section, reaction of the original TS-1 catalyst (TS1-O) and one H,O, molecule were
systematically searched. The search was started from TS1-O+H,0O,, and 617 MINs and 3058 LUP
paths were obtained. Figure 5-2 shows the obtained reaction route network consists of 617 nodes
and 1944 edges (loop paths and multiple edges connecting the same node pair were omitted).
Colors of nodes and edges represents the relative electronic energies of corresponding structures
in Figure 5-2(a) while color of nodes represent a type of the structure in Figure 5-2(b). In addition
to conformers of the reactant TS1-O+H»0, and the proposed intermediate TS1-O,+H,O, various
intermediate structures were found. Especially, TS1-(OOH)(O) and TS1-(OOH)(OH) were
considered in previous studies at the process of regenerating the reaction precursor after

epoxidation.
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Figure 5-2. Reaction route network of (1) TS1-O+H,0,. Nodes and edges represent obtained
MINs and paths connecting them, respectively. (a) Nodes and edges are colored based on their

electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network was simulated by using the
RCMC method. The initial population was set to the most stable reactant TS1-O+H,O, (MIN121).
The reaction temperature was set to 7= 273.15 K referring to the experimental conditions. The
resultant plots were summarized in Figure 5-3. Figure 5-3(a) shows the population change of
kinetically major species. The reactant TS1-O+H,0- is immediately consumed to form TSI-
(OOH)(OH) at ¢t = 1077 s. Then the population of TS1-0,-OH is increased and that of TSI1-
(OOH)(OH) is decreased at 1= 10 °s. TS1-0,-OH is finally converted to TS1-O,+H,O at =107
s. According to the previous study, TS1-O,+H-O is the resting state structure which is identified
by 7O NMR spectroscopy [19]. Figure 5-3(b) shows the population change of TS1-(OOH)(O)

and minor species having the maximum population over 107,
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Figure 5-3. Population change of (1) TS1-O+H,0, at T = 273.15 K. (a) for kinetically
important structures, and (b) for TS1-(OOH)(O) and other minor structures having maximum
population over 107°. The horizontal axis represents logarithm of timescale ¢ when applying

the RCMC method and the vertical axis corresponds to population of each structure type.

In addition, the most kinetically favorable path from reactant TS1-O+H,O, was
extracted. The RCMC method was recursively applied to the network at = 1.8 x 107°s ~ 1.8 x
10* s. The obtained energy profile was represented in Figure 5-4. TS1-O,+H,0 is generated
following to dissociative adsorption of H,O, to form TS1-(OOH)(OH). Furthermore, it was
indicated that TS1-O,-OH is a resting state of the reaction. This is also understandable in Figure

5-3(a) that TS1-0,-OH becomes major species at £ =107 ~ 107 s.
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Figure 5-4. Energy profile of (1) TS1-O+H20,. The kinetically most favorable route was
extracted by applying the RCMC method to the network (see the text). The vertical axis shows

the relative electronic energy refer to Ei.

5.3.2 The most Kinetically favorable epoxidation path

The same analyses as in (1) TS1-O+H,O, were performed for all the other searches and
summarized. The overview of the entire reaction mechanism was shown in Figure 5-5, and
corresponding energy profiles were represented in Figure 5-6. Four types of epoxidation steps
were found from the twelve networks. Each step has the different TS-1 precursor structures: (a)
TS1-(OOH)(OH), (b) TS1-0,-OH, (c) TS1-O>, and (d) TS1-(OOH) . Note that the energy of the
structure and path tops in Figure 5-6 were extracted from the most stable structure among the
structures having same bond patterns, and the elementary step which has the lowest path top
energy. In other words, energies in Figure 5-6 are not always same as the energy profile (most

kinetically favorable route) for each reaction route network.
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Comparing the four epoxidation routes, the most kinetically favorable epoxidation path
was elucidated. Figure 5-7 shows each epoxidation path from the different TS-1 precursors. (a)
via TS1-(OOH)(OH), (b) via TS1-O,-OH and (c) via TS1-O, are intermediate of the reaction
between TS1-O and one H>O; molecule. (d) TS1-(OOH); is referred as a precursor state in the
previous study [19], and formed by TS1-O catalyst and two H,O» molecules.

In the case of (a) via TS1-(OOH)(OH), the precursor was generated with the barrier 29.3
kJ/mol. Then epoxidation occurred with the barrier 60.5 kJ/mol, and TS1-(OH), was formed.
Finally, TS1-(OOH)(OH) was regenerated by the reaction between TS1-(OH), and another H,O»
molecule. Assuming adsorption of propylene is barrierless or low barrier, this is the most

favorable path. (b) via TS1-O,-OH is similar to (a), only the difference is the precursor formation



step: TS1-(OOH)(OH) — TS1-O,-OH. In the case of (c) via TS1-O,, the precursor state TS1-
0,+H;O was formed in the multistep reaction from TS1-O+H,0,. After H,O desorption and
propylene adsorption, epoxidation reaction proceeded to form the original catalyst structure TS1-
O. The last step TS1-O+H,0, — TS1-(OOH)(OH) is same as the first step. In the case of (d) via
TS1-(OOH),, TS1-(OOH), was endothermically generated from the reaction between TS1-O, and
the second H,O, molecule. Then epoxidation reaction TS1-(OOH),+propylene — TSI1-
(OOH)(OH)+epoxide occurred with the barrier 20.0 kJ/mol. The similar epoxidation reaction
TS1-(OOH),+propylene — TS1-(OOH)(O)+epoxide was reported in the previous study [19] with
the barrier 30.5 kJ/mol (7.3 kcal/mol), although the corresponding path was not obtained in this
study. In summary, the most favorable precursor of the catalytic cycle is TS1-(OOH)(OH) because
the structure prefer to occurring epoxidation reaction rather than forming TS1-O,-OH, TS1-O,,

and TS1-(OOH),.
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Figure 5-7. Energy profiles of four epoxidation paths. The vertical axis shows the relative

electronic energy refer to Ei. Color of the states corresponds to the kind of TS-1 catalyst

structure. The highest energy point of the elementary step (path top) was used instead of the

transition state. The upper right part shows epoxidation cycle of each path. (a) epoxidation
path via TS1-(OOH)(OH). (b) epoxidation path via TS1-O,-OH. (¢) epoxidation path via TS1-
;. (d) epoxidation path via TS1-(OOH)s.



5.4 Conclusion
In this study, epoxidation reaction of propylene on TS-1 with H,O, were studied by the
combination of the reaction path search using the AFIR method and its kinetic analysis using the
RCMC method. The searches were done by TS-1 cluster model and started from the multiple
initial structures to consider multi-step reaction efficiently. Then the four types of epoxidation
route were found in the networks. From the kinetic analyses, the new catalytic cycle involving
TS1-(OOH)(OH) as the precursor of epoxidation was found while TS1-(OOH), was proposed in
the previous study. Furthermore, paths to generate byproducts and their kinetic contributions were
investigated from the network targeting epoxidation steps. It was indicated that epoxidation
proceeds selectively where byproducts formation paths were kinetically less favorable but most
generated species were thermodynamically stable. To determine the mechanism, further
consideration using DFT calculation is required.

The approach in this study can apply to any other reactions in porous materials or on

surface oxides.

5.5 Supporting information: reaction route networks and kinetic analyses for the reaction
of TS-1
In this section, the result of each reaction path search was summarized (see Table 5-1). See 5.3.1
for the result of (a) TS1-O+H,0,. A reaction route network with the number of obtained
structures/paths (nodes/edges), population change of the network, and the most kinetically
favorable path were represented. Here, the details of the kinetic analyses were described.

The time evolution of the reaction route network was simulated by using the RCMC
method. The initial population was set to the most stable reactant in the network. The reaction

temperature was set to 7 = 273.15 K referring to the experimental conditions [19]. To see the



population change with regards to the reaction timescale, kinetically major and/or minor species
were elucidated.

In addition, the most kinetically favorable path from the most stable reactant was
extracted. The RCMC method was recursively applied to the network at £ =1.8 x 10% s ~ 1.8 x
10* s refer to the reaction condition of five hours. The reaction temperature was set to 7=273.15
K referring to the experimental conditions. The obtained energies are summarized as the energy

profile by using the relative electronic energy AE with respect to Ei: of Eq. (1).

5.5.1 Reaction path search of (2) TS1-O+H,0

In the previous experiment, H>O, was introduced to the reactor as 30-wt% aqueous solution [19].
Thus, reaction of the original TS-1 catalyst (TS1-O) and one H>O molecule were also searched.
The search was started from TS1-O+H»O, and 176 MINs and 1510 LUP paths were obtained.
Figure S1-1 shows the obtained reaction route network consists of 176 nodes and 758 edges (loop
paths and multiple edges connecting the same node pair were omitted). By comparing Figure S1
(a) and (b), the energies of reactant TS1-O+H,O and intermediate TS1-(OH), are lower than the

other structures.
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Figure S1. Reaction route network of (2) TS1-O+H,0. Nodes and edges represent obtained
MINs and paths connecting them, respectively. (a) Nodes and edges are colored based on their

electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from TS1-O+H,O (MIN4) was
simulated. Figure S2 shows the population change of kinetically major species having the
maximum population over 10", Then the population of TS1-(OH); is increased and that of TS1-
O+H,0 is decreased at £ = 10* s ~ 107 s. Therefore, TS1-O and H,O is reacted at this timescale.
Considering that the reaction between TS1-O and H>O; is started from = 107" s (see Figure 5-3
(a)), the reaction of TS1-O and H,O is considered to be less kinetically favorable than that of TS1-

O and H»0,.



1.0
TS1-(OH),
0.8
c
S 06
©
2 04
o
o
0.2
TS1-0+H,0

0.0
10 10% 10° 10° 10% 106 109
timescale [s]

Figure S2. Population change of (2) TS1-O+H,O at T = 273.15 K. Kinetically important
structures having maximum population over 10~! were shown. The horizontal axis represents
logarithm of timescale ¢ when applying the RCMC method and the vertical axis corresponds

to population of each structure type.

In addition, the most kinetically favorable path from the reactant TS1-O+H,O was
shown in Figure S3. H>O reacts with TS1-O to form intermediate TS1-(OH), by a similar

mechanism to TS1-O+H,0, — TS1-(OOH)(OH).
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5.5.2 Reaction path search of (3) TS1-O+propylene

In this section, reaction of the original TS-1 catalyst (TS1-O) and one propylene molecule were
systematically searched to elucidate the precursor structure of TS-1 catalyst for epoxidation
reaction. The search was started from TS1-O+propylene, and 175 MINs and 1002 LUP paths were
obtained. Figure S4 shows the obtained reaction route network consists of 175 nodes and 247
edges (loop paths and multiple edges connecting the same node pair were omitted). By comparing
Figure S4 (a) and (b), the energies of reactant TS1-O+propylene is lower than the other structures.

The conformer of TS1-O+propylene is the most stable structure in the network.
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Figure S4. Reaction route network of (3) TS1-O+propylene. Nodes and edges represent
obtained MINs and paths connecting them, respectively. (a) Nodes and edges are colored

based on their electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-O+propylene (MINO) was simulated. Figure S5 shows the population change of the reactant
TS1-O+propylene. No reaction is occurred because the population of TS1-O+propylene is almost
1.0 at the all timescales. The population of other structures were less than 107'°. From the result,

TS1-O is not a precursor of epoxidation reaction.
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Figure S5. Population change of (3) TS1-O+propylene at 7= 273.15 K. The horizontal axis
represents logarithm of timescale # when applying the RCMC method and the vertical axis

corresponds to population of each structure type.

5.5.3 Reaction path search of (4) TS1-O+2H,0;

According to the previous study, the precursor of epoxidation reaction is TS1-(OOH), which is
generated by TS-1 catalyst and two H,O, molecules [19]. Therefore, reaction of the original TS-
1 catalyst (TS1-O) and two H>O, molecules were systematically searched. The search was started
from TS1-O+2H,0,, and 2868 MINs and 5306 LUP paths were obtained. Figure S6 shows the
obtained reaction route network consists of 2868 nodes and 4901 edges (loop paths and multiple
edges connecting the same node pair were omitted). The obtained network includes not only the
structures that is formed by the reaction of TS1-O and one H»O, but also the mentioned structure

TS1-(OOH),+HO.
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Figure S6. Reaction route network of (4) TS1-O+2H,0,. Nodes and edges represent obtained
MINs and paths connecting them, respectively. (a) Nodes and edges are colored based on their

electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-O+2H,0, (MIN1203) was simulated. Figure S7(a) shows the population change of
kinetically major species having the maximum population over 10", First, two H»O» molecules
are subsequently reacted with TS1-O to form MIN114 (TS1-(OOH)(OH)-OOH) within 107
seconds. Then the population of MINS (TS1-(OOOH)(OH)+H,O0) is increased at r = 10° s ~ 10?
s. Finally, the population of MINS is decreased and that of MIN2 (TS1-(03)(OH)+H,O) is
increased at # = 10> s ~ 10° s. On the other hand, Figure S7(b) shows the population change of
TS1-(OOH)(0)+H,0,, TS1-(OOH)(OH)+ H,0,, TS1-0,+H,0,+H,0, and TS1-(OOH),+H,0. As
the case of (1) TS1-O+H,0, the population of TS1-(OOH)(OH)+H,0; is increased from ¢ = 10"*
s, and that of TS1-O,+H,0,+H,0 is increased at t >10® s. However, the population of these
structures are relatively small at each timescale. Besides, it is indicated that the reaction path to

TS1-(OOH),+H;O0 is considered to be less favorable kinetically because of small population.
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In addition, the most kinetically favorable path from reactant TS1-O+2H,0, was shown
in Figure S8. Two H,O, molecules are reacted and MIN2 is generated in multistep reaction. The

passing structures are different from the case of one H,O, molecule depicted in Figure 5-4.
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5.5.4 Reaction path search of (5) TS1-O+H,0,+H,0

As explained in the section 5.5.1, H,O as well as H,O; has possibility to react with TS1-O. In this
section, reaction of the original TS-1 catalyst (TS1-O), one H>O, molecule and one H,O molecule
were searched. The search was started from TS1-O+H,0,+H,0, and 1669 MINs and 3543 LUP
paths were obtained. Figure S9 shows the obtained reaction route network consists of 1669 nodes
and 3064 edges (loop paths and multiple edges connecting the same node pair were omitted).

Various structures in which only H,O; reacted with TS1-O, only H>O reacted with TS1-O, and

both reacted were obtained.
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Figure S9. Reaction route network of (5) TS1-O+H»0,+H>0. Nodes and edges represent

obtained MINs and paths connecting them, respectively. (a) Nodes and edges are colored

based on their electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-O+H,0,+H,O (MIN489) was simulated. Figure S10(a) shows the population change of
kinetically major species. At = 10" s~ 10®s, the population of the reactant TS1-O+H,0,+H,O
is decreased and that of TS1-(OOH)(OH)+H-O is increased. Then MINO (TS1-O,-OH+H,0) is
formed at > 107" s. This is consistent to the result of (1) TS1-O+H,0,. In addition, Figure S10(b)
shows the population change of TS1-(OOH)(0O)+H,0, TS1-O,+2H,0 and minor species having
the maximum population over 1072 The population of TS1-O,+2H,0, corresponding to TS1-
0,+H,0 of (1) TS1-O+H,0,, is still small at £ = 10° s. From the results, H,O is considered to be
more reactive than H,O because MINO, which has the maximum population at = 10° s, is the

structure with unreacted water.
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Figure S10. Population change of (5) TS1-O+H,0,+H>0 at 7= 273.15 K. (a) for kinetically
important structures, and (b) for TS1-(OOH)(O)+H,0, TS1-O,+2H,0 and minor structures
having maximum population over 1072, The horizontal axis represents logarithm of timescale
¢t when applying the RCMC method and the vertical axis corresponds to population of each

structure type.

In addition, the most kinetically favorable path from reactant TS1-O+H>0,+H,O was
shown in Figure S11. Only H,O» reacts with TS1-O and TS1-O,-OH+H»O is generated via

multistep reactions similar to (1) TS1-O+H>O, shown in Figure 5-4.
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5.5.5 Reaction path search of (6) TS1-(OOH)(OH)+propylene

According to Figure 5-3(a), TS1-(OOH)(OH) was formed from TS1-O+H,0, within the short
timescale. Thus, epoxidation path from TS1-(OOH)(OH) were systematically searched. The
search was started from TS1-(OOH)(OH)+propylene, and 1942 MINs and 6330 LUP paths were
obtained. Figure S12 shows the obtained reaction route network consists of 1942 nodes and 4410
edges (loop paths and multiple edges connecting the same node pair were omitted). Comparing
Figure S12 (a) and (b), it is indicated that the energies of product epoxide and others were lower
than those of reactant propylene. The network includes not only reactants and main products

(epoxide) but also various intermediates and byproducts.
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Figure S12. Reaction route network of (6) TS1-(OOH)(OH)+propylene. Nodes and edges

represent obtained MINs and paths connecting them, respectively. (a) Nodes and edges are
colored based on their electronic energies. (b) Color of Nodes represents types of structures.
“epoxide” includes TSI1-(OH)(O)+epoxide and TS1-O+H>O+epoxide. “allyl alcohol”
includes TS1-(OH)(O)+allyl alcohol and TS1-O+H,O+allyl alcohol. “propylene” includes
TS1-O+H,O0x+propylene, and TS1-(OOH)(O)+propylene, TS1-O,-OH+propylene, and TS1-
(O2)(OH)+propylene. “1-propen-2-ol” includes TS1-(OH)(O)+1-propen-2-ol and TS1-
O+H,O+1-propen-2-ol. “l-propen-1-ol” includes TS1-(OH),+1-propen-1-ol and TS1-
(OH)(O)+ 1-propen-1-ol.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-(OOH)(OH)+propylene (MIN1274) was simulated. Figure S13(a) shows the population
change of kinetically major species having the maximum population over 10~". In Figure S13(a),
TS1-(OOH)(OH) likely to change into the other TS-1 catalyst structures such as TS1-O,+H-O.
Then the population of the main product TS1-(OH),+epoxide was increased at ¢ = 10* s. Figure
S13(b) shows the population change of other byproducts. Note that epoxide, allyl alcohol,
propylene, 1-propen-2-ol, 1-propen-1-ol means the sum of the population for the structures

containing the corresponding product. The population of these byproducts is very small.
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Figure S13. Population change of (6) TS1-(OOH)(OH)+propylene at 7= 273.15 K. (a) for
kinetically important structures, and (b) for some minor structures. The horizontal axis
represents logarithm of timescale ¢ when applying the RCMC method and the vertical axis
corresponds to population of each structure type. The meanings of structural labels were same

as that of Figure S12(b), and the sum of corresponding structures was plotted.

In addition, the most kinetically favorable path from reactant TSI1-
(OOH)(OH)+propylene was shown in Figure S14. The epoxidation step is TSI1-
O,+H,O+propylene — TS1-O+H,O+epoxide with the barrier of 69.4 kJ/mol, while the energy
barrier of the direct epoxidation step (TS1-(OOH)(OH)+propylene — TS1-(OH),+epoxide) is
60.6 kJ/mol (Figure 5-7(a)). Further investigation is required to understand the difference of

extracted paths.
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The network includes various byproducts as well as main product TS1-(OH),+epoxide
The reaction mechanism of these products is summarized in Figure S15. The shortest path to each
byproduct is calculated by applying the Dijkstra method from the reactant TSI-
(OOH)(OH)+propylene to each byproduct. Then these paths were grouped based on the passing
structures. It is shown that 1-propen-1-ol, 2-hydroperoxypropane, allyl alcohol, and propanol are
favored to generate from the reaction of TS1-(OOH)(OH), whereas 1-propen-2-ol and epoxide

are favored to generate from the other TS-1 precursor structures.
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Figure S15. Products and byproducts of (6) TS1-(OOH)(OH)+propylene. Color of letters

correspond to the color of nodes in Figure S12 and the color of datapoints in Figure S13.

5.5.6 Reaction path search of (7) TS1-O,-OH+propylene

According to Figure 5-3(a) and 5-4, TS1-O,-OH is a resting state of the reaction between TS1-O
and H,O,. Thus, epoxidation path from TS1-O,-OH were systematically searched. The search was
started from TS1-O,-OH+propylene, and 1775 MINs and 6246 LUP paths were obtained. Figure
S16 shows the obtained reaction route network consists of 1775 nodes and 4191 edges (loop paths
and multiple edges connecting the same node pair were omitted). Comparing Figure S16 (a) and
(b), itis indicated that the energies of product epoxide and others were lower than those of reactant
propylene. The network includes not only reactants and main products (epoxide) but also various

intermediates and byproducts.
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Figure S16. Reaction route network of (7) TS1-O,-OH+propylene. Nodes and edges represent

obtained MINs and paths connecting them, respectively. (a) Nodes and edges are colored

based on their electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-O,-OH+propylene (MIN1413) was simulated. Figure S17(a) shows the population change
of kinetically major species having the maximum population over 10", Selective reactions to
TS1-(OH),+epoxide was proceeded. The population of other byproducts such as 1-propen-1-ol

and 2-hydroperoxypropane were much smaller than that of main product TS1-(OH),+epoxide.
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Figure S17. Population change of (7) TS1-O,-OH+propylene at 7 = 273.15 K. (a) for
kinetically important structures, and (b) for some minor structures. The horizontal axis
represents logarithm of timescale ¢ when applying the RCMC method and the vertical axis
corresponds to population of each structure type. The meanings of structural labels were same

as that of Figure S16(b), and the sum of corresponding structures was plotted.

In addition, the most kinetically favorable path from reactant TS1-O,-OH+propylene

was shown in Figure S18. The energy barrier of epoxidation step is 40.6 kJ/mol.
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The network includes various byproducts as well as main product TS1-(OH),+epoxide
The reaction mechanism of these products is summarized in Figure S1929. The shortest path to
each byproduct is calculated by applying the Dijkstra method from the reactant TS1-
(OOH)(OH)+propylene to each byproduct. Then these paths were grouped based on the passing

structures. As seen in Figure S19, epoxide and 1-propen-1-ol can be directly formed.
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Figure S19. Products and byproducts of (7) TS1-O,-OH-+propylene. Color of letters

correspond to the color of nodes in Figure S16 and the color of datapoints in Figure S17.

5.5.7 Reaction path search of (8) TS1-O.+propylene

In this section, reaction of the intermediate TS1-O, and propylene molecule were searched. The
initial structure was TS1-Ox+propylene, and 610 MINs and 3390 LUP paths were obtained. Figure
S20 shows the obtained reaction route network consists of 610 nodes and 1375 edges (loop paths
and multiple edges connecting the same node pair were omitted). As shown in Figure S20(b), the
network includes TS1-O+epoxide. It is indicated that TS1-O can be a precursor of epoxidation
reaction. Furthermore, various byproducts were obtained: propylene epoxide, 1-propen-1-ol, 1-
propen-2-ol, allyl alcohol, propionaldehyde (propanal), acetone, and acrolein. Note that acrolein
is reported as a byproduct of epoxidation reaction of propylene by using Au-supported TS-1

catalyst with H>O and O in gas phase [37].
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Figure S20. Reaction route network of (8) TS1-O,+propylene. Nodes and edges represent
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based on their electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-Ost+propylene (MIN464) was simulated by using the RCMC method. Figure S21(a) shows
the population change of kinetically major species. The population of TS1-Ox+propylene is
almost 1.0 at < 10" s, while that of TS1-O+epoxide becomes almost 1.0 at > 10" s. This means
TS1-O+epoxide is main product, and the result is consistent to the previous study which showed
the selective epoxidation reaction with the selectivity at most 96% [19]. Figure S21(b) shows the

population change of other byproducts. The population of these byproducts is very small.
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In addition, the most kinetically favorable path from reactant TS1-O»+propylene was
shown in Figure S22. Propylene epoxide is directly generated from the reaction of TS1-O; and

propylene. Thus, TS1-0; is a candidate of precursors of epoxidation reaction.
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Figure S22. Energy profile of (8) TS1-O,tpropylene. The kinetically most favorable route
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The network includes various byproducts as well as main product TS1-O+epoxide The
reaction mechanism of these products is summarized in Figure S23. The shortest path to each
byproduct is calculated by applying the Dijkstra method from the reactant TS1-O,+propylene to
each byproduct. Then these paths were grouped based on the passing structures. For example, the
shortest path to TS1-O+acetone goes through TS1-O+1-propen-2-ol. According to Figure S23,
four products were directly formed: propylene epoxide, 1-propen-1-ol, 1-propen-2-ol, and allyl
alcohol. The reaction barriers (44F) and energies of these products (4E) were summarized in
Table S1. The reaction barrier to TS1-O+epoxide is the lowest (53.2 kJ/mol). The other products
are less kinetically favorable due to the reaction barriers while these byproducts are more
thermodynamically stable than the reactant TS1-O,tpropylene (AE = -273.2 kJ/mol).

Furthermore, the path top structures of corresponding LUP paths and product structures were



depicted in Figure S22. Although the structures are not actual but approximate transition states,
there are differences to the reactive part of propylene molecule. O atom of TS1-O; reacts with
double bond of the propylene for the case of epoxidation whereas with C atom of methylene group,
middle C atom, and H atom of methyl group for the case of 1-propen-1-ol, 1-propen-2-ol, and

allyl alcohol.
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Figure S23. Products and byproducts of (8) TS1-O»+propylene. Color of letters correspond to

the color of nodes in Figure S20 and the color of datapoints in Figure S21.

Table S1 Reaction barriers from TS1-Ox+propylene

Product AAE [kJ/mol] AE [kJ/mol]
TS1-O+epoxide 53.2 —398.7
TS1-O+1-propen-1-ol 112.8 —407.8
TS1-O+1-propen-2-ol 123.9 —418.7

TS1-O+allyl alcohol 170.8 —381.8
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Figure S24. Path top and product structures from TS1-Or+propylene to corresponding
products. The vertical axis shows the relative electronic energy refer to Ei. Only the atoms

of reaction center were depicted.

5.5.8 Reaction path search of (9) TS1-O,+H,O+propylene

As discussed in 5.3.1, the intermediate TS1-O,+H,O was generated from the TS-1 catalyst and
one H>O, molecule. Therefore, reaction between the intermediate TS1-O»>+H,O and propylene
molecule were searched. The effect of generated water is considered in this section while the
effect of the water is assumed to be ignored in the search of (8) TS1-O,+propylene. The initial
structure was TS1-O,+H,O+propylene, and 2422 MINs and 6432 LUP paths were obtained.
Figure S25 shows the obtained reaction route network consists of 2422 nodes and 4959 edges
(loop paths and multiple edges connecting the same node pair were omitted). There are structures
contained the same products but had different catalyst structures. For example, propylene epoxide
is included in TS1-(OH),t+epoxide, TS1-(OH)(O)+epoxide, and TS1-O+H,O+epoxide. The
obtained network was very complicated because of the variety of catalyst structures as well as the

variety of products. Furthermore, propylene glycol which is the reported byproduct in the previous



study [19] was included in the network (represented as TS1-O+propylene glycol).

TS1-O,+H,O+propylene
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1-propen-2-ol,
“ low 1’?1—9T2:hydr?p?r?x¥propane
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Figure S26. Reaction route network of (9) TS1-O,+H,O+propylene. Nodes and edges
represent obtained MINs and paths connecting them, respectively. (a) Nodes and edges are
colored based on their electronic energies. (b) Color of Nodes represents types of structures.
“epoxide” includes TSI1-(OH)(O)+epoxide and TS1-O+H,O+epoxide. “allyl alcohol”
includes TS1-(OH),+allyl alcohol, TS1-(OH)(O)+allyl alcohol, and TS1-O+H,O-+allyl
alcohol. “propylene” includes TS1-O+H,O,+propylene, TS1-(OOH)(OH)+propylene, and
TS1-(OOH)(O)+propylene. “1-propen-2-ol” includes TS1-(OH)(O)+1-propen-2-ol and TS1-
O+H>O+1-propen-2-ol. “1-propen-1-ol” includes TS1-(OH),+1-propen-1-ol, TS1-(OH)(O)+
1-propen-1-ol, and TS1-O+H,O+1-propen-1-ol.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-O,+H>O+propylene (MIN1221) was simulated. Figure S27(a) shows the population change
of kinetically major species. The population of TS1-Ox+propylene is almost 1.0 at < 107 s, while
that of TS1-O+epoxide becomes almost 1.0 at # > 10" s. This means TS1-O+epoxide is main
product, and the result is consistent to the previous study which showed the selective epoxidation
reaction with the selectivity at most 96% [19]. However, the timescale of generating major

product is different from the case of (8) TS1-O,+propylene that shows epoxidation reaction is



completed within 107" s. Figure S27(b) shows the population change of other byproducts. Note
that epoxides, allyl alcohol, propylene, 1-propen-2-ol, 1-propen-1-ol means the sum of the
population for the structures containing the corresponding product. The population of these

byproducts is very small.
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Figure S27. Population change of (9) TS1-O,+H,O+propylene at 7 = 273.15 K. (a) for
kinetically important structures, and (b) for minor structures. The horizontal axis represents
logarithm of timescale  when applying the RCMC method and the vertical axis corresponds
to population of each structure type. The meanings of structural labels were same as that of

Figure S26(b), and the sum of corresponding structures was plotted.

In addition, the most kinetically favorable path from reactant TS1-O,+H,O+propylene
was shown in Figure S28. To see the kinetically favorable path, the precursor of epoxidation step

is not TS1-O,+H,;O+propylene but TS1-(OOH)(OH)+propylene. This means TS1-(OOH)(OH),



the intermediate of (1) TS1-O+H,O,, can be a precursor of epoxidation reaction. The reaction
barrier of TS1-(OOH)(OH)+propylene — TS1-(OH),+epoxide is 43.7 kJ/mol whereas the barrier
of TS1-O,+H,O+propylene — TS1-O+H,O+epoxide (direct epoxidation path, PT937) is 36.6

kJ/mol. Further investigation is required to see the differences.
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Figure S28. Energy profile of (9) TS1-O,+H,O+propylene. The kinetically most favorable
route was extracted by applying the RCMC method to the network. The vertical axis shows

the relative electronic energy refer to Eio.

The network includes various byproducts as well as main product TS1-(OH),+epoxide
The reaction mechanism of these products is summarized in Figure S29. The shortest path to each
byproduct is calculated by applying the Dijkstra method from the reactant TS1-
O,+H,O+propylene to each byproduct. Then these paths were grouped based on the passing
structures. There are differences in the catalytic structures of the precursors in the path to the same

products.
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5.5.9 Reaction path search of (10) TS1-(OH),+H:0;

According to the result of (6) TS1-(OOH)(OH)+propylene and (7) TS1-O,-OH+propylene, TS1-
(OH), was formed after epoxidation reaction. Therefore, reaction between TS1-(OH), and H,O»
were systematically searched to see the catalyst regeneration steps. The search was started from
TS1-(OH)>,+H20,, and 1990 MINs and 4334 LUP paths were obtained. Figure S30 shows the
obtained reaction route network consists of 1990 nodes and 3739 edges (loop paths and multiple

edges connecting the same node pair were omitte
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Figure S30. Reaction route network of (10) TS1-(OH),+H,0,. Nodes and edges represent

obtained MINs and paths connecting them, respectively. (a) Nodes and edges are colored

based on their electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-(OH),+H,0, (MIN289) was simulated. Figure S31(a) shows the population change of
kinetically major species having the maximum population over 0.5. TS1-(OH), was reacted to
another H>O, molecule and TS1-O,-OH+H,O was formed. In Figure S32(b), the population
change of the structures over 0.5. Although its kinetic impact is small, various TS-1 catalyst

structures were found.
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In addition, the most kinetically favorable path from reactant TTS1-(OH),+H.O, was

shown in Figure S32. Dissociative adsorption was proceeded to TS1-O,-OH+H-O.
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5.5.10 Reaction path search of (11) TS1-O+H,0;

As discussed in 5.3.1, TS1-O reacts with the first H,O, molecule to generate intermediate TS1-
0O,+H;O0. In this section, reaction of the intermediate TS1-O, and the second H>O, molecule were
further studied. The search was started from TS1-O,+ H>O,, and 1346 MINs and 3292 LUP paths
were obtained. Figure S33 shows the obtained reaction route network consists of 1346 nodes and
2652 edges (loop paths and multiple edges connecting the same node pair were omitted). The

obtained network includes TS1-(OOH),, which is the precursor of epoxidation reaction in the

previous study [19].
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Figure S33. Reaction route network of (11) TS1-O,+H,0O,. Nodes and edges represent
obtained MINs and paths connecting them, respectively. (a) Nodes and edges are colored

based on their electronic energies. (b) Color of Nodes represents types of structures.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-O2+ H,0O, (MIN56) was simulated. Figure S34(a) shows the population change of kinetically
major species. The population of TS1-O+ H,0; is gradually decreased at = 10"s ~ 10* s. Then
MINS51 (TS1-(02)(OOH)) is formed at the peak of = 107" s. Finally, the population of MIN9
(TS1-0,-O0H) is increased at t > 10" s. Figure S34(b) shows the population change of minor
species having the maximum population over 10, The population of mentioned structure TS1-
(OOH);, becomes not so large. This means the reaction path to generate TS1-(OOH); is kinetically

less favorable, as is the case of (4) TS1-O+2H,0..
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Figure S34. Population change of (11) TS1-O,+H,O, at 7 = 273.15 K. (a) for kinetically
important structures, and (b) for minor structures having maximum population over 10~°. The
horizontal axis represents logarithm of timescale # when applying the RCMC method and the

vertical axis corresponds to population of each structure type.

In addition, the most kinetically favorable path from reactant TS1-O,+H>O, was shown

in Figure S35. TS1-(OOH), is an intermediate of the reaction to TS1-O,-OOH.
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5.5.11 Reaction path search of (12) TS1-(OOH).+propylene

In the previous study, TS1-(OOH), is assumed to be a precursor of epoxidation reaction [19].
Following this, reaction of TS1-(OOH), and propylene was searched in this section. The initial
structure was TS1-(OOH),+propylene, and 1385 MINs and 2815 LUP paths were obtained.
Figure S36 shows the obtained reaction route network consists of 1385 nodes and 2373 edges
(loop paths and multiple edges connecting the same node pair were omitted). There are structures
contained the same products but had different catalyst structures. For example, propylene epoxide
is included in TS1-O+H,0s+epoxide, TS1-(OOH)(OH)+epoxide, TS1-(OOH)(O)+epoxide, and
TS1-0,+H>O+epoxide. The obtained network was very complicated because of the variety of
catalyst structures as well as the variety of products. Furthermore, propylene glycol which is the
reported byproduct in the previous study [19] was included in the network (represented as TS1-

Oy tpropylene glycol).
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Figure S36. Reaction route network of (12) TS1-(OOH),+propylene. Nodes and edges
represent obtained MINs and paths connecting them, respectively. (a) Nodes and edges are
colored based on their electronic energies. (b) Color of Nodes represents types of structures.
“epoxide” includes TS1-O+H»O,tepoxide and TS1-(OOH)(O)+epoxide. “allyl alcohol”
includes TS1-O+H»O,+allyl alcohol, TS1-(OOH)(OH)+allyl alcohol, TS1-(OOH)(O)+allyl
alcohol, and TS1-O,+H,O+allyl alcohol.

Next, the time evolution of the reaction route network from the most stable reactant
TS1-(OOH),+propylene (MIN1186) was simulated. Figure S37(a) shows the population change
of kinetically major species. The population of the reactant TS1-(OOH),+propylene is decreased
at#=10" s and that of MIN1103 (TS1-O,-OOH-+propylene) is increased. Then the population of
the product TS1-(OOH)(OH)+epoxide becomes major product at + = 107 s. Finally, TS1-
O,+H,O+epoxide becomes major product at # = 10® s by the structural change of TS-1 catalyst.
These results are qualitatively consistent to the previous study which showed the selective
epoxidation reaction with the selectivity at most 96% [19]. Figure S37(b) shows the population
change of other byproducts. Note that epoxides, allyl alcohol, and 1-propen-2-ol means the sum

of the population for the structures containing the corresponding product. The population of these



byproducts is very small.
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Figure S37. Population change of (12) TS1-(OOH),+propylene at 7' = 273.15 K. (a) for
kinetically important structures, and (b) for minor byproducts. The horizontal axis represents
logarithm of timescale ¢ when applying the RCMC method and the vertical axis corresponds
to population of each structure type. The meanings of structural labels were same as that of

Figure S36(b), the sum of corresponding structures was plotted.

In addition, the most kinetically favorable path from reactant TS1-(OOH),+propylene
was shown in Figure S38. To see the kinetically favorable path, the precursor of epoxidation step
is not TS1-(OOH),+propylene but TS1-O,-OOH+propylene. The reaction barrier of TS1-O,-
OOH+propylene — TSl1-brokentepoxide is 48.4 kJ/mol. The reported path TS1-
(OOH),+propylene — TS1-(OOH)(O)+propylene with the barrier of 30.5 kJ/mol [19] was not

found in this study. Further investigation is required to see the differences.
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Figure S38. Energy profile of (12) TS1-(OOH),+propylene. The kinetically most favorable
route was extracted by applying the RCMC method to the network. The vertical axis shows

the relative electronic energy refer to Eio.

The network includes various byproducts as well as main product TSI-
(OOH)(OH)+epoxide or TS1-O+H,O+epoxide. The reaction mechanism of these products is
summarized in Figure S39. The shortest path to each byproduct is calculated by applying the
Dijkstra method from the reactant TS1-(OOH)>+propylene to each byproduct. Then these paths
were grouped based on the passing structures. There are differences in the catalytic structures of

the precursors in the path to the same products.
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Chapter 6. General Conclusion

In this study, the reaction path search by the AFIR method was applied to reactions on
heterogeneous catalysts: metal surfaces like Cu(111) and Pt(111), and a porous materials TS-1.
Then the systematic procedure to create reaction route networks of heterogeneous catalysts were
established. In addition, reaction mechanisms were analyzed with considering paths of
conformation changes (migration paths for surface reactions), side reaction paths to generate
byproducts, and the influence of these paths to the kinetics, by applying the RCMC method to the
networks.

In Chapter 2, a reaction of H,O molecule on a Cu(111) surface was studied. A reaction
route network was obtained by the reaction path search of the AFIR method. Although only four
kinds adsorption states, i.e., H,O, H+OH, H+H+O and H»+O, were included, the network was
very complicated than expected. This is because there are many conformers having the same
adsorption states but different relative positions, and both migration paths and bond
rearrangement paths. In addition, it was elucidated that the bottleneck step of the reaction is H,O
dissociation step to form H+OH by kinetic analysis of the time hierarchy of the network.

In Chapter 3, a reaction route network for CO oxidation on a Pt(111) surface was created.
The network includes not only reactant CO+0O,, product CO,(g)+O, and O, dissociated
intermediate CO+20 but also short-lived intermediated such as OC-O0, CO,+0, and COs. The
two types of CO, generation paths were also included in the network: one is via O, dissociation
and the other is via OC-OO complex. Then the kinetic analysis was applied to the network. The
bottleneck step that CO, generation step from adsorbed CO molecule and O atom, CO+20 —
COx(g)+0, is consistent with the results of previous studies. Besides, it is elucidated that many
stable structures and transition states in the network were affected to the overall rate constants

due to the entropic contributions of them.



In Chapter 4, methanol decomposition reaction on a Pt(111) surface was analyzed. A
complex network consists of 290 MINs and 640 connecting paths were obtained. From the kinetic
analysis of the network, the most kinetically favorable decomposition route, i.e., CH;OH —
CH,OH+H — HCOH+2H — HCO+3H — CO+4H, was extracted. The kinetic contributions of
the other intermediates and/or byproducts such as hydrocarbons and hydrogen were small.

In Chapter 5, epoxidation reaction of propylene on titanium silicate (TS-1) with
hydrogen peroxides as an example to application to reactions on porous materials. The TS-1
cluster model considering structural changes of the catalyst was prepared. The reaction path
search by the AFIR method was applied to each step in the proposed mechanism. The new
catalytic cycle of epoxidation via TS1-(OOH)(OH) was proposed.

In this study, a systematic reaction path search and its analysis procedure for reactions
on heterogeneous catalysts like metal surfaces or porous materials were developed. The
framework of this study can apply to any other heterogeneous reactions because no assumption
of the reaction mechanism is required. Thus, it is expected to use the method to predict reactions
and/or to understand reaction selectivity and controlling yields when conducting experiments. On
the other hand, the more complex reaction would require more computational costs. It is a future
challenge that further optimization to apply the method for more complex heterogeneous reactions

such as those involving surface reconstruction of surface-supported clusters.
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