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Preface

The present thesis is submitted for the Degree of Doctor of Philosophy at Japan Advanced Institute
of Science and Technology, Japan. The thesis is consolidation of results of the research work on the
topic “Machine Learning-Aided Structure Determination for Ziegler-Natta Catalysts Primary
Particles and their Performance Elucidation” under the supervision of Prof. Toshiaki Taniike.

Chapter 1 describes a general introduction and the purpose of this thesis. Chapter 2 focuses on
the development of non-empirical structure determination for TiCls-capped MgCl. nanoplates of
heterogeneous Ziegler-Natta catalysts. Chapter 3 pursues the structure determination for TiCls-
capped MgCl, nanoplates with various sizes and chemical compositions. The obtained results are
subsequently analyzed to estimate structural and electronic distributions as an intrinsic nature of the
TiCls-capped MgCl, nanoplates. Chapter 4 addresses the impact of the structural and electronic
distribution on the propylene polymerization performance of a Ziegler-Natta catalyst, which relates
to the origin of the stereospecificity of the donor-free Ziegler-Natta catalysts. Chapter 5 describes
implementation of a distributed genetic algorithm based on the migration from a structure database
for solving the premature convergence problem and realizing the structure determination for TiCls-
capped MgCl> nanoplates with a size comparable to that of real Ziegler-Natta catalysts. Chapter 6

delivers the general conclusion of the thesis.

Gentoku Takasao

Graduate School of Advanced Science and Technology
Japan Advanced Institute of Science and Technology
March 2022
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Chapter 1:
General Introduction



1.1. First-principles calculations

“First-principles calculation” is a method of calculating physical properties of molecules such as
energies, structures, electronic states, spectroscopic characteristics, etc. on the basis of the principles
of quantum mechanics. In other words, the calculation derives electronic states by solving the
Schrédinger equation for a given atomic configuration without using empirical parameters such as
experimental parameters. From the calculation of the electronic state, one can predict the stability of
a model structure with a certain atomic configuration, optimize the structure toward a minimum in
the potential energy surface, evaluate the feasibility of a reaction by calculating a transition state,
and simulate various spectroscopic characteristics of the structure such as IR, Raman, UV, and NMR
spectra of the structure. With significant advances in computational methods and resources, the first-
principles calculation has been an indispensable method for understanding the properties of known
materials as well as predicting the properties of hypothetical materials.

The calculation of electronic states of atoms or molecules except hydrogen-like atoms, i.e., multi-
electron systems, is a many-body problem, and it is impossible in principle to obtain an exact
solution of the Schrodinger equation in an analytical form, and even using a numerical method due
to the unaffordable computational cost. For those reasons, in first-principles calculations, various
approximations are made to simplify the calculations and obtain an approximate solution in a
feasible cost. Various approximation and calculation methods for many-electron systems have been
developed, staring from the Hartree-Fock (HF) method [1], which does not consider electron
correlation. From the viewpoint of balancing chemical accuracy and computational cost, recent

studies mainly use the calculation based on the density functional theory (DFT).



1.2. Density functional theory (DFT)

Density functional theory (DFT) is a theory that the energy of a system can be calculated as a
functional of the electron density. According to the Hohenberg-Kohn theorem [2], there is a one-to-
one correspondence between the wave function and the electron density, and physical quantities such
as energies can be derived from the electron density instead of the wave function. The wave function
of an N-electron system in 3D space is a function that depends on 3 coordinate variables for each
electron, i.e., 3N coordinate variables, but the electron density depends only on the xyz coordinates
in 3D space, i.e., 3 coordinate variables, regardless of the number of electrons, N. In other words,
DFT offers a potential advantage of requiring far fewer dimensions in the numerical calculation than
the wave function-based methods. In the practical DFT calculations, the electron density is obtained
by solving the Kohn-Sham equation [3] just as the wave function is obtained by solving the
Schrodinger equation. The exchange-correlation functional describes the interelectronic interaction
excluding the classical Coulomb interaction, in particular the electronic correlation and exchange
interaction. A variety of functional forms have been developed, such as PBE [4] used in this thesis,
B3LYP, TS1, etc, which are selected according to the system and accuracy needed. The general DFT
calculation scales on the order of the third power of the number of electrons similar to the HF method,

while it can capture electronic correlation, which is not in the HF method.

1.3. Non-empirical structure determination

Geometry optimization in quantum mechanical calculations is generally a calculation to obtain a
stable structure by successively adjusting the input structure toward a minimum on the potential

energy surface. It is an operation to search for a minimum point belonging to the same valley of the



potential energy surface. The stable structure obtained by geometry optimization is a minimum
located in the neighborhood of the input initial structure, but since potential energy space is a
multidimensional and multimodal space consisting of many combinations of atomic coordinates, the
minimum in the neighborhood is not necessarily the global minimum i.e., the most stable structure
in the system. In other words, geometry optimization only seeks local solutions in the neighborhood
of a given structure, and does not perform a search that jumps from valley to valley. Hence, in order
to obtain an accurate structure, it is necessary to give a sufficiently plausible structure at the time of
initial structure construction. In general, the initial structure is constructed based on empirical
information, such as physicochemical guesses and experimental findings, but it is difficult to
uniquely determine the structure for a complicated system such as solid catalysts that often lack
experimental information at a molecular/atomic precision.

In order to cope with the problem of guessing accurate initial structures, it has been attempted to
obtain the most stable structure in a non-empirical fashion by repeatedly optimizing the structures
while changing the initial structures from valley to valley in the potential energy surface using a
search algorithm such as simulated annealing [5], basin hopping [6], and genetic algorithms. In
particular, the genetic algorithm is highly compatible with chemical structure search because it can
perform optimization without depending on the starting point, it is easy to express the atomic
coordinates in the algorithm, and it can acquire various metastable structures in the search process
in addition to determining the most stable structure. Optimization using the genetic algorithm has
been studied since 1990s. This thesis also employs the structure determination by the genetic

algorithm.



1.4. Genetic algorithm

The genetic algorithm is a global search algorithm proposed based on the analogy to natural
selection and genetics in evolutionary theory [7]. The genetic algorithm searches for optimal
solutions to complex problems by mimicking the processes of evolution in nature, especially the
principle of survival of the fittest proposed by Charles Darwin. In other words, it is a method of
evolving a solution to an optimal solution by identifying the solution that produced better results as
an individual that has adapted to the environment and is superior, and passing on the characteristics,
or genes, of that solution to the next generation of solutions.

In the genetic algorithm, the numerical representation of the solution to be searched corresponds
to the genes, chromosomes, and individuals. Genetic algorithms are meta-heuristic algorithms that
can be used universally for any problem, not just for a specific problem, so the actual coding is
arbitrarily determined for the target problem. In the structure determination problem, as pursued in
this thesis, the structure itself corresponds to the individual, the atomic coordinates that make up the
structure correspond to the genes, and the combinations of the genes correspond to the chromosomes.
The inheritance of genes in nature is done by male and female individuals leaving offspring, and the
accumulation of genetic diversity is caused by mutation. In the genetic algorithm, two individuals
with a high degree of adaptation, which is an indicator of the excellence of the solution, are
preferentially selected, and a new solution is generated by crossover operation multiplying the
characteristics of the solutions and mutation operations randomly recombining parts of the solution.

In principle, the genetic algorithm is a search algorithm that does not guarantee an optimal solution.

However, they are effective in reaching a reasonable solution at a practical computational cost for
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unknown solution spaces where no solution method has been established or for problems where the
optimal solution is unrealistic. It is also possible to search for solutions in a multi-modal solution
space, i.e., when there are local solutions in addition to the global optimal solution, and it is robust
against noise.

In the early days, research on the genetic algorithm was conducted on problems such as the traveling
salesman problem and the eight queens problem. In recent years, various improvements have been
made and applied to a wide variety of fields. One of the most famous examples is the nose shape of
the N'700 series bullet train, which was designed by the genetic algorithm. According to Wolpert et
al.'s no-free lunch theorem [8], "any algorithm, any elevated performance over one class of
problems is offset by performance over another class”. This means that there is no universal
algorithm that can solve all problems efficiently, and if we want to perform an efficient search, we
need to specialize our algorithm using knowledge about the problem domain. For this reason, it is
common to add constraints in the solution space based on domain-specific knowledge. In case of
structure determination, this corresponds to the elimination of physicochemically unrealistic
structures from the configuration space. In this thesis, | implemented a structure determination

program based on knowledge of the target system, MgCl2/TiCls, and the details are shown in Chapter

1.5. MgClz

MgCl> is a common support for heterogeneous Ziegler-Natta catalysts and has been used since the
1970's [9]. MgCl> has three crystal polymorphs: a, B, and 5. Among these, the a crystal is the most

stable form of MgCl,, which has a cadmium chloride type crystal structure with Mg?* cations in
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octahedral voids and with CI~ anions arranged in a face-centered cubic configuration. As shown in
Figure 1.1, in the a form, the MgCl> layers are stacked by electrostatic attraction in order to arrange
the CI~ anions in a face-centered cubic arrangement. The main difference between the o and 3
crystals is due to the stacking of the MgCl> layers. Since the electrostatic force acting between the
layers is small compared to the interactions within the layers, the structure within the MgCl. layer

is almost identical in both crystal structures.
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Figure 1.1. (a) a-MgCl. and (b) B-MgCl> structures. Adapted from Ref. [10].

In Ziegler-Natta catalysts, to obtain a highly active catalyst, physically or chemically activated
MgCl> is used as a catalyst support. The activated MgCl; that acts as a catalyst support is called 8-
MgCl2, whose identity has been the subject of historical discussion in the field. Broad XRD patterns
obtained from 6-MgCl; indicate that the periodicity of the crystal is highly disordered [11], but there
are various structures that can be inferred from such XRD patterns, and the detailed morphology of

8-MgCl; is still insufficiently understood. To date, the most widely accepted structure is nanosized



MgCl, with an irregular stacking of MgCl> monolayers and exposing mainly three planes, (110) and
(104) planes terminating the horizontal or lateral sides and the (001) plane terminating the vertical

or basal direction, which is shown in Figure 1.2.

Figure 1.2. Model of a MgCl> monolayer together with indication of the basal (001) plane, and

two lateral cuts: (110) and (104). Adapted from Ref. [10].

1.6. Ziegler-Natta catalysts

Heterogeneous Ziegler-Natta catalysts are the industrial catalysts responsible for the majority of

polyolefin (polypropylene, polyethylene, etc.) production, and after about 60 years of research and



development, TiCls/MgClz-based catalysts is currently used in industry. Solid catalysts typically
consist of MgCl> as a support, TiCls as an active species precursor, and Lewis base as a modifier.
The Lewis base, called donor, exerts steric and electronic effects on the active site, alkylated Ti®",
leading to improvements in important properties such as stereospecificity [9], [12]. For Kinetic and
morphological reasons, macro-scale Ziegler-Natta catalyst particles form a multigrain structure
formed by the hierarchical aggregation of smaller catalyst particles, resulting in micro- to macro-
sized pores [13], [14]. The smallest constituent unit in this aggregation is called the primary particle.
The structure of the primary particles of the catalyst has been represented as MgCl> nanoplates with
stacking disorder in the c-axis direction [11], [15] and their lateral surfaces terminated by the
adsorption of TiCls and donor molecules. However, this is based on the interpretation of the broad
XRD patterns obtained from activated MgCl,, and experimental knowledge on its detailed
morphology including surface exposure is still scarce, even though it is the important basis for the
adsorption of catalytic components and the catalysis.

Apart from the uncertainty of the primary particle structure, a number of DFT calculations have
been performed on Ziegler-Natta catalysts. Most of them concern the (co-)adsorption of TiCls and
donor molecules on ideal single-crystal surfaces of MgCl., such as the (110) or (104) plane [16],
[17], [26]-[33], [18]-[25]. The consistent conclusions of these calculations are that TiCls
energetically prefers unimolecular adsorption onto the (110) surface, and that its interaction with
donor molecules co-adsorbed nearby improves the properties of stereospecificity, regiospecificity,
and molecular weight control. In recent years, the non-ideal nature of the catalyst primary particles

has been taken into account in the calculations. Typical examples are the evaluation of step defect



stabilization by donor adsorption by introducing step defects into the slab model [34], [35], and the
derivation of structure-performance relationships for polypropylene polymerization against external
donors in the alkoxysilane system by introducing active point models on edge defects. The nano-
size of Ziegler-Natta catalyst primary particles has been represented in the form of MgClI2 nanoplates
exposing (110) or (100) planes whose lateral ends are terminated by CI-Ti-Cl trilayers [36]-[38].
Thus, computational studies on the primary particles of Ziegler-Natta catalysts are progressing from
understanding the surface chemistry using simplified surface models to establishing accurate surface
models. In this regard, one of the important insights into MgCl> that is still unclear is the dynamic
response of MgCl; to a given environment. Recent experimental results have revealed the fact that
MqgCl; flexibly changes its structure depending on the presence of coordination molecules; Andoni
et al. observed the effect of different donors on the crystal morphology of MgCl. by electron
microscopy [39]. D'Amore et al. reported that the presence of alcohols significantly affects the
morphology of activated MgCl. and that methanol stabilizes certain surfaces such as (012), (015),
and (110) surfaces using CO adsorption IR and other techniques. As shown in Figure 1.3, the
coexistence of (110) and (104) surfaces in activated MgCl. was observed by high-resolution TEM

[40].
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Figure 1.3. Representative HR-TEM pictures of activated MgCl,. White segments are a guide to

highlight the edges of the nanocrystals. Both 90°and 120° edge angles can be found. Adapted from

Ref. [40].

Taniike et al. demonstrated the surface reconstruction due to the presence of adsorbates in MgCl»

thin films terminated by (001) surfaces by low-energy electron scattering in ultra-high vacuum [62].
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These previous studies show that surface reconstruction is an important factor in the simulation of
Ziegler-Natta catalytic primary particles and that it is not sufficient to use slab and cluster models
that represent only certain predefined surfaces, such as (100) and (110) surfaces and defects on them.
Therefore, in order to simulate the primary particles of the Ziegler-Natta catalysts, it is necessary to
explore the vast configuration space consisting of MgCl, and adsorbates, but there is no precedent
for such calculations. Thus, this thesis challenges this problem by combining the genetic algorithm
and DFT calculation.

1.7. Objective

The heterogeneous Ziegler-Natta catalyst is a major catalyst for the industrial production of
polyolefins. The detailed morphology and surface exposure of its primary particles are fundamental
to the adsorption of catalytic components and catalysis; however, they have not yet been
experimentally accessed. The computational studies on this catalyst mostly assumed pre-defined
surfaces, despite of the importance of the reconstruction of the support surfaces upon adsorption.

This thesis aims to determine the structure of TiCls-capped MgCl. nanoparticles for the primary
particle of Ziegler-Natta catalyst and to elucidate the origin of its catalysis by derived structure
models.

For this purpose, in Chapter 2, | developed the non-empirical structure determination program by
a combination of the genetic algorithm and the DFT calculation, where reconstruction of MgCl. by
the chemisorption of TiCls was explicitly handled.

In Chapter 3, | performed a series of machine learning-aided structure determination for TiCls-

capped MgCl2 nanoplates of different sizes and chemical compositions. The morphology and surface
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structure of the catalyst nanoparticles, as well as the structure and distribution of the active species,
were determined by analyzing the structure determination process and the resulting structures, thus
| propose a new hypothesis for the multisite nature of the Ziegler-Natta catalyst.

In Chapter 4, propylene insertion simulation was performed for the active sites on TiCls-capped
MgCl; structures derived by non-empirical structure determination and the origin of stereospecificity
in donor-free catalyst was clarified.

In Chapter 5, | improved an efficiency of the structure determination program and demonstrated
determination for the systems with sizes comparable to real catalysts.

| believe that the research works important advances not only in understanding the catalysis of the

Ziegler-Natta catalyst but also in establishing a realistic model of complicated supported catalysts.
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Capped MgCl; Nanoplate of Heterogeneous
Ziegler—Natta Catalyst
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Abstract

Dynamic reconstruction under a physicochemical environment is an intrinsic nature of solid surfaces,
in particular associated with catalysis on nano-sized or nano-structured materials. This chapter
reports non-empirical structure determination of TiCls-capped MgCl, nanoplates based on
combination of a genetic algorithm and density functional calculations. The methodology for the
non-empirical structure determination was developed, and its application was demonstrated for
7MgCl,, 15MgCl>, and 15MgCl./4TiCls in relation to the hidden identity of primary particles of the
Ziegler-Natta catalyst. Bare MgCl. nanoplates dominantly exposed {100} surfaces at their lateral
cuts, but the chemisorption of TiCls induced reconstruction by stabilizing {110} surfaces. The most
important finding of this chapter is that TiCls exhibited distributed adsorption states as consequences
of chemisorption on nonideal finite surfaces and the diversity of thermodynamically accessible
structures. The assessment of the Ti distribution is essential for the distribution of primary structures

of produced polymer and this chapter realized it.

Keywords: Ziegler-Natta catalyst, genetic algorithm, structure determination, density functional

theory, surface reconstruction
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2.1. Introduction

Recent developments in computers and first-principle calculations have enabled realistic
simulation of complicated systems. The role of computational chemistry in materials science is
shifting from one of characterization tools toward the mechanistic elucidation at a molecular level
[1]-[3], and even the prediction of unknown materials [4]-[7]. All computational chemistry requires
a molecular model of materials as an initial structure, while it is still hard to experimentally acquire
molecular-scale knowledge of complex materials like solid catalysts. In many cases, the construction
of molecular models relies on physicochemical inference or limited experimental clues, and
inaccurate molecular models fall in wrong local minima as a result of usual geometry optimization.
Accordingly, a method for non-empirical structure determination is desired.

Combination patterns of atomic and molecular arrangements explode exponentially with their
numbers; hence it is impossible to search structure candidates by brute force. To efficiently explore
this huge configuration space, non-empirical structure determination methods typified by simulated
annealing method [8], basin hopping method [9], and an evolutionary algorithm have been devised.
Structure optimization using the genetic algorithm has been studied since 1990s. It starts from
randomly generated structures, and evolves them for a predefined index (mostly energy) through
operators that mimic the evolution of creatures, such as crossover, mutation, and natural selection.
Compared to other contemporary methods, the genetic algorithm method is not often as efficient,
but robust in exploring a vast configuration space without pre-knowledge. Moreover, a large number
of meta-stable structures are obtained in the course of the evolution, which are of thermodynamic

and catalytic interests.
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Table 2.1 summarizes selected efforts on the development and applications of non-empirical
structure determination [9]-[33]. A majority of previous efforts were devoted to the methodological
development and demonstration for molecular clusters or crystals using empirically built potentials.
Since 2005, the focus of the non-empirical structure determination has shifted to practical
applications as exemplified by noble metal clusters as well as the utilization of DFT calculations for
“local” geometry optimization and energy assessment. To be more relevant, structure determination
of noble metal clusters on solid surfaces has started to emerge in 2010s, where the structure of the
metal clusters was optimized on the assumption of a non-reconstructable or even non-relaxable
single-crystal surface [11], [19]. So far, dynamic reconstruction of the support surfaces upon

adsorption has been scarcely accounted at the best of our knowledge [33].

Table 2.1. Selected efforts on non-empirical structure determination.

Ref. Year Method Potential System
Genetic algorithm )
[10] 1995 Born LisRuOg crystals
(GA)
Basin hopping
[9] 1997 Lennard-Jones (LJ) (LJ cluster)2-110
(BH)
[21] 1997 GA LJ, TIP3P (LJ cluster)is 19, (H20)2-13
Crystals of binary and ternary oxides (e.g. TiO»,
[27] 1999 GA Born y y y (e.0. TIO
MgAI204)
[28] 1999 BH Born-Mayer-Huggins (NaCl)ssCl-
[29] 2000 GA LJ Sig 23
[30] 2003 Parallel tempering LJ, Murthy (CO2)6-19
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[31] 2005 GA DFT (B3LYP) Lis /001

[32] 2007 GA LJ, Williams and Starr (LJ cluster)io se1, (CeHs)3o
[33] 2010 GA DFT (PBE) Ag7(SR)s
[11] 2014 GA DFT (PBE) PdnAg( n), PdnPtia ny on MgO (100) (0 <n < 4)
[12] 2014 GA LJ, Coulomb (CO2)213
[13] 2014 BH DFT (BLYP) (H20)4-10, NO3 (H20)1.7, C2042 (H20)1.6
[14] 2014 GA DFT (PBE) LisGe; crystals
[15] 2014 GA,SA Coulomb-Backingham (CB) (TiO2)112
[16] 2014 GA siTnuIated Born-Meyer, Coulomb (MgO)2.15
annealing (SA)
[17] 2015 GA, SA CB (MgF2)2-10
[18] 2015 GA DFT (PBE) 1020
[19] 2016 GA DFT (PBE) Pdn, Aum, AunPd;, (n+m = 4-10) on MgO (100)
[20] 2017 GA DFT (PBE) RUs 12, Pts 10, RUnPty (3 <m +n < 8)
[22] 2017 GA DFT (PBE) g—CsNs crystals
[23] 2017 GA DFT (PBE) AunRh, (6 <m+n<10)
[24] 2017 BH DFT (PBE) Az 25~
[25] 2017 GA DFT (PBE, TPSS) Auz7-30
[26] 2017 Parj[ic!e S\.Narm LJ (LJ cluster),-s0
optimization

The heterogeneous Ziegler-Natta (ZN) catalyst is a main catalyst for the industrial production of
polyolefins. The constituents of its solid procatalyst are MgCl, as a support, TiCls as an active site
precursor, and an organic Lewis base as a modifier. The Lewis base, called donor, exerts steric and

electronic influences on active sites (alkylated Ti**) so as to improve their stereospecificity and
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modify other important properties [34], [35]. For kinetic and morphological reasons, catalyst
macroparticles are composed by hierarchical agglomeration of smaller particles, resulting in the
formation of pores whose sizes range from micro to macro [36], [37]. The smallest building unit of
this agglomeration, hence that of the catalyst, is termed primary particle. For the identity of the
primary particles, a certain consensus exists in the community: MgCl, nanocrystals are featured with
stacking discontinuity and/or fault along the c-axis [38], [39] and its lateral surfaces are capped by
TiCls and donor molecules. However, this consensus has been reached mainly based on the
interpretation of broad XRD patterns of activated MgCl,. The detailed morphology and surface
exposure of the primary particles are still experimentally unaccessed, even though they offer a basis
for the adsorption of the catalytic constituents and catalysis.

Apart from the uncertainty of the primary particles, a number of DFT studies have been reported
on this system. Assuming ideal single-crystal surfaces of MgCl, such as (110), (104) or (100), the
adsorption of TiCls and donor molecules and their interaction upon coadsorption were studied [5],
[40]-[56]. Consistent conclusions from these calculations are that TiCls prefers unimolecular
adsorption on the (110) surface, and its interaction with a donor molecule explains experimentally
known consequences of the addition of donors. Recently, non-ideal aspects of the catalyst primary
particles have been taken into account. For instance, step defects were expressed in a slab model in
order to examine potential stabilization of the defects by the adsorption of donors [57], [58] and an
active site model at an edge defect was employed to describe the structure-performance relationship
of alkoxysilane external donors in propylene polymerization [5], [59]. The finite size of the primary

particles was expressed by employing MgCl, nanoplates consisting of a single CI-Ti-Cl trilayer that
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exposes either the (110) or (100) surface on their lateral terminations [60]-[62]. Likewise,
computational studies on the ZN catalyst has advanced from understanding the surface chemistry on
simplified models to establishing accurate surface models. In this light, yet an unaccounted
important aspect of MgCl is its dynamic response to a given environment. Recent experimental
results have uncovered the fact that MgCl, flexibly adjusts its structure in the presence of
coordinating molecules. Andoni et al. observed a structure directing role of different donors in the
formation of MgCl, crystal morphology [63]. D’Amore et al. reported that the presence of alcohol
significantly affects the morphology of activated MgCl, by means of high-resolution TEM and CO-
probed IR [64]. Taniike et al. demonstrated the reconstruction of (001)-terminated MgCl, films in
the presence of donors based on ultrahigh vacuum low-energy electron diffraction [65]. For
incorporating the said reconstruction as a factor of the simulation, calculations on predefined
surfaces of slabs and clusters are not sufficient. A vast configuration space spanned by combining
MgCl, and adsorbates needs to be explored, and such simulation has never been reported.

In this chapter, a methodology of non-empirical structure determination for MgCl/TiCl4 primary
particles was developed based on the combination of the genetic algorithm and DFT calculations,
where reconstruction of MgCl, by the chemisorption of TiCls was explicitly handled for the first
time. The structure determination was implemented for 7MgClz, 15MgCl,, and 15MgCl,/4TiCl4 not
only to confirm proper operation of the method, but also to investigate potential reconstruction of

MgCl> and other effects caused by the chemisorption of TiCla.
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2.2. Numerical methods

For the primary particles of the ZN catalyst, a structure determination program was developed by
combining the genetic algorithm for global structure exploration and DFT for local geometry
optimization. The program targets MgCly/TiCl4, where a MgCl monolayer capped with TiCls
molecules was presumed. The program flow is illustrated in Figure 2.1. First, initial structures are
generated based on random numbers under restrictions that are later defined. Then, generated
structures are subjected to geometry optimization by DFT. To the optimized structures, the “fitness
score” is individually assigned according to their energy. A structure having a larger fitness score
has a higher opportunity to be selected for crossover, mutation, and elitism operations, thus
inheriting its feature to the next generation. The repetition of this cycle evolves the structures in a
way to lower the energy. In principle, the genetic algorithm does not guarantee the optimal solution
in finite generations. For this reason, the solution was regarded as the optimal one (i.e. the most
stable structure), when the solution satisfied the requirement that multiple runs independently
converged to the same physicochemically reasonable structure after a sufficient number of

generations. The details of the program and other numerical information are described hereafter.
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Figure 2.1. Structure determination program developed in this work.

2.2.1 Initialization

The first step of the program is initialization. A pre-defined number of initial structures (the
population in one generation) are generated based on random numbers according to the procedure
of Figure 2.2. The skeleton of a MgCl, monolayer is expressed by mutually connected hexagons that
represent the ionic lattice of MgClo. When projected to a two-dimensional space, Mg?* cations are

placed at the center of the hexagons while CI™ anions are placed at their apexes.
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Mg?2* cation placement Anion site definition (2N-2) ClI- anion placement Adsorption site definition

@ :Mg cations
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Figure 2.2. Schematic representation of initial structure generation (e.g. 8MgCl»/2TiCls). The skeleton of MgCl,
is projected onto a two-dimensional space, where the mutually connected hexagons represent the ionic lattice of
MgCly. Mg?* cations (yellow) are located at the center of the hexagons and anion sites are defined at their apexes.
The coordination numbers of the anion sites are classified by the depth of the color (black: 3-fold, dark gray: 2-
fold, light gray: 1-fold). The 3-fold and 2-fold coordinated anion sites are unequivocally occupied by (2N-2) CI~
anions (red). Adsorption sites are defined at the periphery of the skeleton. TiCls and the remaining two terminal

CI" anions (red with a blue circle) are placed at randomly selected appropriate sites in this order.

First, N Mg?* cations are placed according to self-avoiding random walk, which spans connected
N hexagons (non-convex morphologies were excluded for an energetic reason). To the potential
anion sites, (2N—2) Cl™ anions are placed in the descending order of the coordination number to the

Mg?" cations for keeping the local electronic neutrality. Note that the self-avoiding random walk
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results in skeletons having (2N—2) anion sites of the coordination number of 2 or 3, so that these
anion sites are unequivocally occupied by (2N—2) Cl™ anions. Adsorption sites are defined as
additional hexagons at the lateral periphery of the Mg skeleton. The adsorption sites are classified
according to the occupation pattern of anion sites. For example, the adsorption of TiCls molecules
occurs in a way that a Ti*" cation is centered at the hexagon of an adsorption site that possesses 3—4
CI” anions from MgCly, resulting in the coordination number of Ti*" cation of 5—6. Finally, TiCls
molecules and the remaining two terminal Cl™ anions are placed at randomly selected appropriate
sites, where the terminal CI™ anions are placed in the end to avoid the lack of available sites,

especially at a high surface coverage.

2.2.2. Evaluation

Each structure is evaluated based on the energy after geometry optimization. The DFT geometry
optimization was performed at the level of GGA PBE[66] using the basis set of DNP[67] with
effective core potentials [68], [69] in DMol® [67]. All the atoms were allowed to relax from their
original positions. The convergence criteria for geometry optimization were set to 0.01255 kcal/mol
in energy, 2.510 kcal/(mol A) in force, and 0.005 A in displacement. These computational methods
were chosen for a balance between the computational cost and accuracy [56], while the program is
readily applicable for a higher level of methods [43], [62]. The energies obtained after the geometry

optimization are used to derive the fitness of the corresponding structures according to

Ei—Emin
PE T B Emin 1)
fi = exp(=3p;) (2.2)
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where Ei, Emin, Emax, and f; are the energy of the i structure in a generation, the energies of the

most and least stable structures in the same generation, and the fitness of the i structure, respectively.

2.2.3. Evolution

The evolution is performed by creating new structures from the structures of the last generation
through genetic operators: Crossover, mutation and elitism. The elitism carries over a predefined
number of lower-energy structures from the last generation. The other operators work as follows and
as exemplified in Figure 2.3.
Crossover: Succeeding features of selected two structures by extracting a shared part of Mg?* cations
while randomly inheriting unshared Mg?* cations from the two structures. After defining a new
skeleton, (2N-2) CI™ anions are similarly relocated, adsorption sites are similarly redefined, and the
adsorbates are inherited from the parent structures as long as the adsorption sites are still available.
If unavailable, un-inherited adsorbates are randomly relocated on available sites.
Mutation (skeleton): Randomly relocating a part of Mg?* cations of selected one structure. The CI
anions and adsorbates are similarly treated.
Mutation (adsorbate): Randomly relocating a part of TiCls molecules and terminal CI™ anions of
selected one structure. The skeleton is kept unchanged.

Structures used in these operators are selected based on fitness proportionate selection, which is
also called roulette wheel selection. The newly generated structures are subjected to the above-

mentioned evaluation, and this cycle stepwise updates the generation.
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Remove

Remove
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Figure 2.3. Schematic representation of crossover and mutation operations. In the crossover, a shared part of the

skeletons for the parents is colored as dark blue. The unshared part is randomly inherited from either of the parents.

In the mutation, a specified portion of the hexagons (i.e. Mg?" cations) or adsorbates are randomly relocated.

2.2.4. Demonstration

The developed program was demonstrated by implementing structure determination on 7MgCly,

15MgCl; and 15MgCl2/4TiCla. The structure of the lowest energy was already reported for 7MgCl>

33



by Luhtanen et al. at the MP2/6-311G* level (based on manual exploration) [70], so it was used for
the initial validation. Dynamic reconstruction of MgCl: in the presence of TiCls was investigated by
comparing the structures between 15MgCl, and 15MgCl2/4TiCls. The size of 15MgCl, was
computationally facilely tractable, but believed to be not too small compared to the reported primary
particle size [39], [71], [72] (ca. 1.1-2.0 nm vs. 2.4-4.0 nm). Parameters used in the genetic

algorithm are summarized in Table 2.2.

Table 2.2. Parameters of the genetic algorithm®

7MgCl;  15MgCl,  15MgCI/4TiClq

Population 16 26 36

Crossover [%] 57.1 38.5 27.8
Mutation (skeleton)® [%]  14.3 15.4 16.7
Mutation (adsorbate)® [%] 14.3 15.4 11.1
Elitism [%] 14.3 30.7 44.4

“The population represents the number of structures in one generation. Except the 1% generation,
the structures are produced based on crossover, mutation, and elitism operations, whose proportions
in a generation are described by percentages. °In the mutation, the maximum percentage of relocated
1ons (skeleton) or molecules (adsorbate) was set to 20%. The number of relocated ions and molecules
is stochastically chosen from integers excluding zero in the range of 0-20%.

2.3. Results and Discussion

Figures 2.4 and 2.5 show evolutionary progress plots of the genetic algorithm for the structure

determination of 7MgCl. and 15MgCly, respectively. The progress was monitored by the energy of
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the best-of-generation individual (i.e. the most stable structure in a generation). The energy was

expressed as the cluster energy (Eciuster) according to
Ecluster = E — Nmgct, X Emgcl, — Nrict, X Ericl, (2.3)

where E is the energy of a structure after the geometry optimization, Ny, isthe number of MgCl,
units, Emgcr, IS the energy of @ MgCl2 unit in the a form (bulk), Nricj, is the number of TiCla
molecules, Eric, is the energy of an isolated TiCls molecule in vacuum. Eciuster cOrresponds to the
sum of the surface energy of a bare cluster and the adsorption energy of TiCls on it, and evaluates
the competition between the penalty to expose a coordinatively unsaturated surface and its
stabilization by the adsorption. The declining tendencies along the generation were confirmed for
the energy of the best-of-generation individual, encompassing proper learning. Moreover,
independently implemented runs converged into the same reasonable structure as a result of the
evolution over sufficient generations (40 for 7MgCl, and 80 for 15MgCl>). The final structure of
7MgCl; possessed a isosceles trapezoid morphology, which was identical to the most stable structure
reported by Luhtanen et al. [70]. The structure of 15MgCl. has not been determined in literature, but
the obtained parallelogram structure equipped similar features with that of 7MgCl.: The lateral
termination was fully done by the most stable {100} surface (except {001} for the basal plane), and
two terminal CI™ anions were symmetrically placed for minimizing overall polarization. Though
7MgCl, and 15MgCl> were much smaller than the experimentally reported primary particle size
around 3 nm [39], [71], [72] (corresponding to 100MgCl.), stable structures of larger MgCl. clusters

are expected to have similar features. The Eciuster value of 15MgCl. was 34.3 kcal/mol larger than
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that of 7MgCl, as the former exposed more unsaturated Mg?* cations. When normalized by the

number of the MgCl; units, the penalty of the exposure was smaller for 15MgClo.
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Figure 2.4. Evolutionary progress plot for the structure determination of 7MgCl,. The energy of the best-of-

generation individual (i.e. the most stable structure in a generation) is plotted against the generation. The structure

of the most stable individual is also shown for each of 10 generations.
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Figure 2.5. Evolutionary progress plot for the structure determination of 15MgCl..

The above results for bare MgCl. clusters validated the proper operation of the developed program.
Accordingly, the program was applied to the structure determination of 15MgClI./4TiCls. From the
evolutionary progress plot in Figure 2.6, the feasibility of non-empirical structure determination in
the presence of adsorbates was proven by the monotonic decrement of the energy as well as by the
convergence of multiple runs into the same structure. To be interesting, the number of generations
required for the convergence was dramatically increased from 80 to 600 by the addition of 4TiCl,
molecules, while it was not the case when 4MgCl> units were added to 15MgCl> (19MgCl., not
shown). This is because the number of isomeric structures having similar energies was significantly

diversified in the presence of TiCls. This observation is later addressed in detail. The MgCl. skeleton
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of the final structure was at glance different from that of bare 15MgCly, i.e. the reconstruction of the
MgCl2 nanoplate in the presence of TiCls was non-empirically confirmed for the first time. To
elaborate on this reconstruction, three structures and their energies are compared in Figure 2.7. As
mentioned above, the most stable structure of bare 15MgCl» was fully terminated by {100} surfaces
with 60°/120° edges at the intersection of two lateral surfaces, thus forming a parallelogram
morphology (Figure 2.7a). When the placement of 4TiCl4 molecules was optimized assuming this
morphology (i.e. no reconstruction), two dinuclear species were formed on the longer-side surfaces
(Figure 2.7b). Its energy was 36.7 kcal/mol lower than that of the bare cluster, corresponding to the
adsorption energy of 9.2 kcal/mol per TiCls molecule. When the reconstruction of the skeleton was
allowed using the developed program, the skeleton of the final structure exposed both of the {110}
and {100} surfaces, and the {110} surfaces were necessarily capped by TiCls (Figure c). In detail,
one MgClI> unit was removed from a 120° edge of the parallelogram and instead put it on a longer-
side {100} surface, which afforded three small {110} terraces, and these were capped by TiCls
mononuclear species. The remaining TiCls molecule was placed on a shorter-side {100} surface.
The energy of the most stable 15MgCl2/4TiCls was about 4 kcal/mol lower than that of the non-
reconstructed structure (Figure 2.7b), indicating that the penalty of exposing coordinatively more
unsaturated {110} surfaces was overcome by stronger adsorption on the same surfaces and this was

the driving force of the reconstruction.
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Figure 2.7. Comparison of the morphology and energy of 15MgCl,. a) The most stable structure of bare 15MgCls.
b) The placement of 4TiCls was optimized assuming the structure of a). c¢) The most stable structure of

15MgCly/4TiCly.

To show the convergence of the genetic algorithm, the progress of the savings, the repetition of

the structures, the appearance of energetically accessible structures are summarized in Figure 2.8.
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Figure 2.8. Progress of savings, repetition of structures, and appearance of energetically accessible structures along
the generation: a) 15MgCl, and b) 15MgCl,/4TiCls. The progress of savings corresponds to the cumulative number
of structures along the generation, which excludes repeated structures. The repetition of structures describes the
percentage that generated structures are already saved. The appearance of energetically accessible structures shows
when metastable structures whose energies were not greater than 6 kcal/mol with respect to the energy of the
corresponding most stable structure are generated in the cumulative percentage. It can be seen that the number of
newly generated structures continuously increases along the generation, while the appearance of energetically
accessible structures more or less converged in the later stage. This corresponds to preferential sampling of

energetically advantageous structures in the genetic algorithm.

The implementation of the structure determination derived not only the most stable but also a huge
number of metastable structures of 15MgCl. and 15MgClI./4TiCls. The analysis of these structures
and energies were expected to confer important aspects of the MgClI./TiCls system in relation to the
ZN catalyst. Figure 2.9 lists up isomeric structures of 15MgCl, and 15MgCl./4TiCls, whose energies
were not greater than 6 kcal/mol with respect to the energy of the corresponding most stable structure.
In this energy range, bare MgCl. afforded only 6 isomeric structures. This is because the exposure
of the bare {110} surface is energetically demanding, and only these 6 structures can dominantly
expose the {100} surfaces. Contrary, over 50 isomeric structures were listed for 15MgCl2/4TiCla.
This diversification by the adsorption of TiCls arose from the following two reasons. First, the

energetic penalty of TiCls adsorption on a non-reconstructed {100} surface is not extremely large in
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comparison with the reconstruction and subsequent TiCls adsorption on a newly created {110}
surface. Second, there are many ways of reconstruction that can create small {110} terraces on {100}
surfaces. The diversification necessarily meant an expansion of the relevant configuration space,
which explains why the number of generations till the convergence was significantly increased for

15MgCl2/4TiCla.
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Figure 2.9. List of thermodynamically accessible structures for 15MgCl,/4TiCls and bare 15MgCly. The energy is

denoted with respect to the energy of the corresponding most stable structure. Note that the number of accessible

structures significantly increased in the presence of TiCla.

43



The presence of many isomeric structures suggested that the structure of the MgCI2/TiCls system
is largely distributed and interconvertible as its intrinsic thermodynamic nature (at least true for
15MgClI2/4TiCls). This suggestion may also explain why the polymer produced by the ZN catalyst
is always distributed in the stereoregularity, molecular weight, and chemical composition. In order
to understand the distribution produced by the adsorption of TiCls, the equilibrium distribution of

individual structures was estimated based on the Boltzmann factor

AEcluster

p=e RT (2.4)

where p is the relative population of a structure with respective to the most stable one, and AEciuster
is its relative energy to that of the most stable one. Note that the estimation of the distribution based
on (2.4) accompanied the following assumptions: The entropic difference among structures was
ignored since structures of the same composition possess similar vibrations. Structures are purely
under thermodynamic control, not kinetic control. Hiraoka et al. reported that the catalyst preparation
protocol does not affect the stereospecificity of individual active sites as long as the same internal
donor is employed, while the proportion of these active sites was affected by the preparation method
[73]. Hence, it is believed that the presence of the distribution itself is not eliminated by a kinetic
reason, but the kinetic factor modulates the distribution from the thermodynamic one; the
heterogeneity of the chemical composition of primary particles was neglected as it has never been
experimentally reported.

In spite of these assumptions, this is the first ab-initio estimation of the distribution in the ZN
catalyst, which is important to understand the intrinsic nature of this catalyst and is never realized

when predetermined MgCl> surfaces and clusters are employed. After calculating the equilibrium
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population of individual structures for 15MgCl./4TiCls, the population of three different TiCls
species was derived, that is, mononuclear species on {110}, mononuclear species on {100}, and
dinuclear species on {100}. The structure of these species and the corresponding population are
shown in Figure 10. The mononuclear species on the {110} surface was found to be dominant
(76.1%), consistent with the prior conclusion obtained using ideal infinite surfaces [43], [56].
However, the presence of the other two species was not negligible: They were formed as a result of
the fact that a MgCl> nanoplate could not offer a sole ideal surface due to the finite size. Even in the
most stable structure, one mononuclear species was observed on {100} (cf. Figure 2.7c). Based on
this result, it was postulated that TiCls exhibits distributed adsorption states as combined
consequences of the adsorption on nonideal finite surfaces and the diversity of thermodynamically

accessible structures.

Mononuclear on {100} Dinuclear on {100}

76.1 % 19.1% 4.8 %

Figure 2.10. Equilibrium distribution of TiCly species (T = 350 K).

In the same way, the coordination number distribution of Mg?* cations was estimated for 15MgCl.
and 15MgCl2/4TiCls. The results are shown in Table . 4- and 5-fold coordinated Mg?* cations are
mainly attributed to the {110} and {100} surfaces, respectively. 3- and 6-coordinated Mg?* cations

correspond to the edge and bulk parts. In the absence of TiCls, the majority of the undercoordinated
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Mg?* cations was 5-fold coordinated, in agreement with the dominant exposure of the {100}
termination. The addition of 4TiCl, significantly decreased the proportion of 5-fold coordinated
Mg?* cations and instead increased the proportion of 4- and 6- coordinated ones. The increased
population of the 4-fold coordinated Mg?* cations corresponded to the exposure of the {110} surface
by the adsorption of TiCls, and this resulted in a rounder morphology of the skeletons surrounded
by small {110} and {100} terraces, which in turn increased the population of the 6-fold coordinated
Mg?* cations. Hence, the energetic penalty to expose the {110} terraces was compensated in one
part by the adsorption of TiCls and in the other part by a smaller number of undercoordinated Mg?*
cations. The reconstruction of MgCl, skeletons by the adsorption of TiCls was again clarified in

terms of the thermodynamic equilibrium.

Table 2.3. Equilibrium distribution of Mg?" cations having different coordination numbers®°

Equilibrium distribution of Mg?* cations (%)
System
2-fold 3-fold 4-fold 5-fold 6-fold

15MgCl; 0.0 13.3 13.7 52.7 20.3

15MgClI./4TiCls 0.1 17.3 26.8 20.4 35.4

Difference +0.1 +4.0 +13.1 -323 +15.1

At 350 K.

® The coordination numbers were counted after removing terminal C1~ anions and TiCla.
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2.4. Conclusion

In this chapter, a methodology was presented for the non-empirical structure determination of
TiClscapped MgCl2 nanoplates in relation to the primary particles of the ZN catalyst. The
methodology was based on the combination of the genetic algorithm for the global exploration of a
configuration space and DFT calculations for local geometry optimization. The presence of
adsorbates was explicitly handled to simulate potential reconstruction of MgCl> upon the
chemisorption of TiCls. The developed program successfully derived the most stable structures of
7MgCl2, 15MgCly, and 15MgCl,/4TiCls as model primary particles of the ZN catalyst without
requiring any pre-knowledge. Stable structures of bare MgCl, were predominantly terminated by the
least undercoordinated {100} surfaces, and this limits the variety of thermodynamically accessible
structures. The adsorption of TiCls induced the reconstruction of MgCl> in a way to expose small
{110} terraces, and the energetic penalty of the exposure was overcome by the strong adsorption.
Moreover, the adsorption of TiCls significantly expanded the variety of thermodynamically
accessible structures. This diversification and non-ideal finite surfaces led to the distribution of
adsorption states of TiCls as an intrinsic nature of the MgCl2/TiCls system. This chapter brings
important advances not only in understanding the hidden identity of primary particles of the ZN

catalyst but also in establishing a realistic model of complicated supported catalysts.
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Chapter 3:
Insight into Multisite Nature of Heterogeneous
Ziegler—Natta Catalyst from Non-Empirical
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Abstract

A structural distribution is an intrinsic nature of TiCls-capped MgCI, nanoplates, and its
comprehension would uncover the origin of distributions in the primary structure of polyolefins
produced by Ziegler—Natta catalysts. Such fundamental understanding is one of the prerequisites of
the systematic design of catalysts. In this chapter, a series of machine learning-aided structure
determination was performed for TiCls-capped MgCl, nanoplates of different sizes and chemical
compositions. Structural and electronic distributions of TiCls were analyzed on the basis of 10°
structures, which were obtained in the course of the structure determination. Such a systematic
investigation revealed that i) TiCls tends to adsorb on {110} surfaces as mononuclear species, while
adsorption on {100} is not negligible, and that ii) even within the same mononuclear species on
{110} surfaces, the steric environment and charge state of TiCls are distributed. A preliminary
examination on ethylene insertion suggested that the TiCls distribution would generate the polymer

primary structure distribution obtained by Ziegler—Natta catalysts.

Keywords: Ziegler—Natta catalyst, genetic algorithm, structure determination, density functional

theory, surface reconstruction, active site distribution
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3.1.Introduction

The reality of first-principle calculations is determined by the accuracy of the computational
method and that of the employed molecular model in representing the structure of materials.
However, for complex materials such as solid catalysts, the construction of molecular models is
often an empirical process that relies on limited experimental knowledge and physicochemical
inference. Furthermore, the structure of nanoparticles and surfaces is known to be sensitive to the
surrounding physicochemical environment, where the adsorption plays a critical role in stabilizing
coordinative unsaturation and this modulates the structure [1]-[6]. So far, most of simulations on
solid catalysts assumed infinite ideal surfaces or clusters consisting of ideal surfaces that are cut out
from the bulk, otherwise magic number clusters of bare particles [7], [8]. Thus, non-empirical
structure determination of complex materials, especially in the presence of adsorbates, is highly
demanded.

In Chapter 2, non-empirical structure determination of nanoparticles in the presence of adsorbates
was realized by combining local search with DFT geometry optimization and global search with a
genetic algorithm. Structure optimization using the genetic algorithm has been studied since 1990s
[9]-[14]. However, reconstruction of the support surfaces upon adsorption has been scarcely
accounted [15]. Structure determination was performed for TiCls-capped MgCl> nanoplates
(15MgCl,/4TiCls), which was regarded as the building block of the Ziegler—Natta catalyst for olefin
polymerization. The majority of past DFT calculations on the same catalyst presumed ideal surfaces
of MgCl; such as {110} and {104}, and adsorption of catalytic components was examined on the

basis of non-reconstructable (i.e. static) surfaces [16]-[34]. The chapter 2 firstly incorporated the
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dynamic aspect of MgCl. structures upon adsorption. It was revealed that the adsorption of TiCls
induces the reconstruction of MgCl> nanoplates in a way to expose small {110} terraces, and the
resultant structure is not similar to that of ideal surfaces. Another important consequence of the TiCl4
adsorption is the structural diversification: The MgCl2/TiCls system provided a dozen of metastable
structures in a narrow energy span, while bare MgCl> of the same size offered only several. This
observation suggests that the structure of the MgClI./TiCls system is intrinsically distributed.

A distribution is an intrinsic nature of many supported catalysts of practical use, while its origin
and roles in catalysis have not been sufficiently studied until recently [35]. This is an essential feature
of classical olefin polymerization catalysts, in particular Ziegler-Natta and Phillips catalysts [36]—
[38]. A distribution in the function of active sites, also known as the multisite nature, directly leads
to a distribution in the primary structure of produced polymers, which helps these polymers to equip
balanced physical properties as well as high tunability. The Phillips catalyst consists of
oxochromium(VI1) species covalently grafted on amorphous SiO2. Its multisite nature is largely
attributed to the amorphous structure of the support: Grafting sites are distributed in terms of the
silanol reactivity and the siloxane ring strain [39], [40]. In recent publications, significant progress
was made on computational prediction of the distribution in the Phillips and relevant catalysts [41],
[42]. Reaction of metal halides with hydroxylated surfaces of a quenched disordered structure was
simulated with the aid of microkinetics, and this afforded a practical representation of a distribution
of metal species as well as site-averaged kinetics of ethylene polymerization. Because of the
industrial importance, studies on mechanistic insights of Ziegler-Natta catalyst are still active [26],

[43]. However, understanding and modeling of the multisite nature in the Ziegler-Natta catalyst are
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largely behind. Lattice-matched adsorption of TiCls on highly ionic MgCl, crystalline surfaces
evokes a completely different mechanism to create a distribution.

In this chapter, non-empirical structure determination of TiCls-capped MgCl, nanoplates was
performed for a wide range of sizes and compositions. The aim of such a systematic examination is
to withdraw generalized features of the MgClI./TiCls system and extend our understanding to the
real catalyst. In particular, the non-empirical structure determination generates a numerous number
of structures, and the analysis of these would provide a useful insight into the distribution in Ziegler-

Natta catalysts.

3.2. Numerical methods

Non-empirical structure determination was performed for xMgCl2/yTiCls (x = 6-19, y = 0-4; [Ti]
< 10 wt%). The size of 6-19MgCl, was chosen for computational feasibility, while 19MgCl, was
expected to be not far from the experimentally observed primary particle of ca. 2.4-4.0 nm [44]-
[47]. The number of TiCls molecules was decided by referring to a typical Ti content of Ziegler—
Natta catalysts, which is 1-3 wt% for propylene polymerization and up to 10 wt% for ethylene
polymerization. The structure determination was performed on the basis of the program developed
in Chapter 2. The program targets MgCl./TiCls nanoplates, in particular a convex MgCl, monolayer
whose lateral surfaces are capped with TiCls molecules[48]. Initially, Mg?* cations are placed on the
basis of the self-avoiding random walk, and CI~ anions are placed in the order of the coordination
number of Mg?* cations. Then, adsorption sites are defined on the lateral periphery of the MgCl.

skeleton, and TiCls molecules are randomly placed onto available sites. Thus, generated structures
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are subjected to DFT geometry optimization, and their fitness is evaluated by the corresponding
optimized energy. Next-generation structures are created through genetic operators on the basis of
current-generation structures. The crossover operator inherits a common part of Mg?* cations of two
structures while randomly inheriting different parts from either of the two structures. The mutation
operator randomly relocates a part of Mg?* cations or adsorbates. The elite operator carries over a
stable structure to the next generation. The parent structures in the crossover and mutation operation
are chosen by fitness proportionate selection. The next-generation structures are similarly optimized,
evaluated, and evolved. This cycle updates structures to lower the energy.

In the developed program, newly generated structures were cumulatively added to a database
without allowing registration of mutually redundant structures, and repetitive calculations were thus
avoided. To maintain the structure diversity in a generation, the crossover and elitism operators
restricted structures having similar skeletons. The similarity of skeletons is defined as the proportion
of a common part of Mg?* cations, and structures having similarity higher than a predefined
threshold are regarded as similar structures. The solution of the genetic algorithm was regarded as
the optimal one, i.e. the most stable structure, when the solution satisfied the requirement that
multiple runs independently converged to the same physicochemically reasonable structure after a

sufficient number of generations. The energy of structures was expressed by the following equation:

Ecluster =E— NMgClz X EMgClz - NTiC14 X ETiC14 (31)

where E is the energy of a structure after the geometry optimization, Ny, isthe number of MgClz
units, Eygcl, is the energy of a MgCl unit in bulk, Nric, is the number of TiCls molecules,

Eric1, is the energy of a single TiCla molecule in a vacuum. Eciuster €Xpresses the formation energy
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of a cluster on the basis of the sum of the exposure penalty of coordinatively unsaturated MgCl>
surfaces and its stabilization by the TiCl adsorption.

DFT geometry optimization was performed by DMol®, using the same conditions as our recent
works [48]: The GGA PBE functional [49] and the DNP basis set [50] with effective core potentials
[51], [52]. These computational methods are feasible in terms of computational costs, while their
validity was confirmed by the fact that the calculated results consistently reproduced a series of
experimental results [33].

Parameters used in the genetic algorithm were appropriately tuned for each system because the
configuration space largely depends on the cluster size and the number of TiCls molecules. The
population was basically increased with the increase of the complexity of the system to avoid being
trapped in local minima. In the mutation, the maximum percentage of relocated cations and
adsorbates was set to 20%. The number of relocated cations and adsorbates is stochastically chosen
from positive integers in the range of 0-20%. The threshold of similarity was set to 90%, and the

maximum number of similar structures in elites was set to 2.

3.3. Results and discussion

3.3.1 Most stable structures of xMgCl2/yTiCls clusters

Non-empirical structure determination was performed for xMgClo/yTiCls clusters (x = 6-19,y =
0-4). The successful convergence of the evolution was verified for individual clusters on the basis
of the fact that multiple independent searches reached the same structures. Figures 3.1-3.4 show

evolutionary progress plots of the genetic algorithm for the structure determination of 12MgClo,
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12MgClL/3TiCls, 19MgCl,, and 19MgClL/4TiCls as representative examples. The progress was

monitored by the energy of the best-of-generation individual (i.e. the most stable structure in a

generation).
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Figure 3.1. Evolutionary progress plot for the structure determination of 12MgCl,. The energy of the best-of-
generation individual (i.e. the most stable structure in a generation) is plotted against the generation. The structure

of the most stable individual is also shown for each 10 generations.
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Figure 3.4. Evolutionary progress plot for the structure determination of 19MgCl,/4TiCls.

The evolution was continued until further evolution hardly introduced new metastable structures
whose energies were not far from that of the most stable structure. The slower convergence in the
presence of TiCls was confirmed and it indicates that the adsorption significantly enlarges the
diversity of energetically accessible structures. The cause of this diversity is that TiCls allows the

exposure of coordinatively less saturated {110} surfaces caused this diversity [48].

The most stable structures determined for bare xMgCl> clusters are summarized in Figure 3.5
together with the corresponding cluster energies (Eciuster). Comparison of these structures having

different sizes dictates two important features that govern the energy of the structures. First, lateral
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termination was almost exclusively made by the exposure of {100} surfaces to minimize
coordinative unsaturation of surface Mg?* cations. Second, the shape of the structures is mostly
symmetric, especially in terms of the placement of two terminal CI~ anions at the corners [21], [48].
This observation suggests that minimizing the polarization plays an important role in stabilizing
MgCl; clusters. In Figure 3.6, Eciuster Of the most stable structures is plotted against the number of
MgClI2 units (Nygcy,, identical to x). The Eciuster Value basically increased along with Nygc, as the
length of lateral termination increased. On the other hand, when the Eciuster value was normalized by
the number of MgCl units, it tended to decrease with Nygc, due to the increasing contribution of
the bulk. In an attempt to identify a descriptor for the cluster energies, it was found that the Ecjuster
value linearly increased with the total number of coordinative vacancies (Figure 3.7), where a 5-fold
coordinated Mg?* cation affords one vacancy, 4-fold coordinated Mg?* cation affords two vacancies,
and so on. This result is consistent with a previous conclusion obtained by DFT calculations on
symmetric MgCl2 clusters with different sizes [21]. However, it must be also noted that the linear
relationship with the number of coordination vacancies held only for the most stable structures, and
the cluster energy of metastable structures was not solely described by it (Figure 3.8). This fact

suggests the presence of other factors (such as polarization) that affect the energy of the structures.
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Figure 3.5. The most stable structures of bare xMgCl, clusters. The type of lateral termination is indicated by blue

and red lines.
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Figure 3.7. Eciusier of the most stable structures plotted against the total number of coordination vacancies of surface
Mg?* cations. The number of coordination vacancies present in a structure is summed, where a 5-fold coordinated

Mg?* cation corresponds to one vacancy, a 4-fold coordinated Mg?* cation to two vacancies, and so on.
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Mg?* cations for 19MgCl,. The correlation was found to be largely inferior to that for the most stable structures in

Figure 3.5.

Next, the most stable structures are shown for xMgCl./yTiCls in Figures 3.9 and 3.10. Here, the
columns correspond to the variation in the number of MgCl. units (x), while the rows correspond to
that in the number of TiCls molecules (y). Stepwise increasing the number of TiCls molecules, the
change in the structure of MgCl> was tracked. As can be seen in the figures, the occurrence of the
reconstruction of MgCl> in the presence of one TiCls molecule depended on the cluster size. In the
case of 6, 7, 9, and 12MgCl», the TiCls adsorption occurred on the as-exposed {100} surfaces without
reconstruction. On the other hand, 8 and 15MgCl> transformed its morphology from a parallelogram
to a diamond whose one corner was removed to expose a {110} terrace. Then, the terrace was capped

by a TiCls molecule to complete the diamond. In the case of 19MgCl, the bare cluster originally
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exposed a {110} terrace, and it was capped by TiCls. The addition of three TiCl4 molecules induced
reconstruction irrespective of the cluster size. The reconstruction accompanied relocation of MgCl.
units to expose multiple {110} terraces, which were necessarily capped by TiCls molecules.
Likewise, a propensity for reconstruction increases for a larger number of TiCl4 molecules per cluster,
and a larger cluster has more chances for reconstruction simply because the number of TiCly
molecules per cluster increases at a fixed Ti content. The structure diversity also plays an important
role: Reconstruction happens only when a metastable structure (of MgCl.) that can better stabilize a
given number of TiCls molecules exists. In this sense, a larger cluster with increased diversity is
more susceptible to reconstruction. Another important finding is that the reconstruction never
occurred in a way to expose uncapped {110} terraces. This restriction resulted in the formation of
short and segmented {110} terraces rather than long and connected {110} terraces, as shown in
Figure 3.10. It is possible that ideal or flat {110} surfaces do not represent active surfaces of the real
catalyst system, while short {110} terraces are introduced as defect sites on {100} terraces to bind
TiCls molecules. Indeed, a structure-performance relationship of alkoxysilane external donors was
successfully simulated on the basis of a {110} edge structure introduced on {100} surfaces [53].
Ecister COrresponds to the formation energy of a specific structure of MgCl.. It reflected the
energetic penalty for exposing coordination vacancies of Mg?* cations in the absence of TiCly (cf.
Figure 3.7). Stabilization of such coordination vacancies by the adsorption of TiCls led to a decline
of Eciuster along with the number of TiCls molecules (Figures 3.9 and 3.10). The extent of the Eciuster
decline on the addition of one TiCls molecule was compared among different cluster sizes. In the

case of 6, 7, 9, and 12MgCly, the Ecuster decline of 8-10 kcal/mol corresponded to the adsorption of
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a TiCls molecule on a {100} terrace without reconstruction. In the case of 19MgCl», the adsorption
of a TiCl4 molecule on a {110} terrace caused an Eciuster decline of 17 kcal/mol. These values were
consistent with the adsorption energies of TiCls calculated on ideal {100} and {110} surfaces [18],
[20], [33]. For 8 and 15MgCl_, the addition of one TiCls molecule induced reconstruction, and the
Eciuster decline respectively became 11 and 14 kcal/mol. These values were greater than those for 6,
7,9, and 12MgCl>. Hence, stronger adsorption of TiCls on a {110} terrace overcame the energetic
penalty for reconstruction. Similar energy tendencies were obtained when the number of TiCls

molecule was increased, and therefore not described in detail.

..... {100} surfaces — = {110} surfaces MgCl2
6 7 8 9
o| YA SAININE
@ q P AT D T
E\uster = 84.0 kcal/mol Euster = 90.1 kcal/mol Euster = 95.8 kcal/mol Euster = 100.7 kcal/mol
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Figure 3.9. The most stable structures of xMgCl»/yTiCls (x = 6-9). Columns correspond to the number of MgCl,
units, and rows correspond to the number of TiCls molecules. The type of lateral termination is indicated by blue

and red lines.
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Figure 3.10. The most stable structures of xMgCly/yTiCls (x = 12, 15, and 19).

3.3.2. Distribution of TiCl4 on MgCl2

In the course of structure determination, not only the most stable but also a huge number of
metastable structures were obtained for each of xMgCl./yTiCls. A part of them had energies close to
that of the most stable structure, i.e. energetically accessible. The number of energetically accessible
structures increased for a larger cluster size and in particular when TiCls was added, which was
reflected by slower convergence in the genetic algorithm (cf. Figures 3.1-3.4). In Chapter 2, it was

concluded that TiCls on MgCl: is intrinsically distributed as combined consequences of the structure
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diversity and non-ideal surfaces. Here, we analyzed the distribution of TiCls in terms of steric and
electronic environments for different cluster sizes and chemical compositions with an expectation to
get insights into the distribution in the real catalyst system. To do so, the contribution of individual

structures was estimated by the Boltzman factor,

AE luster

p=e & (3.2),

where p is the relative population of a structure with respective to the most stable one, AEcuster IS itS
relative energy to that of the most stable one, and T was set to 350 K. It must be noted that the true
distribution is not given without fully describing kinetics of catalyst formation, while relevant
elementary reactions are hardly understood and expected to be extremely complicated. Hence, the
distribution weighed by the Boltzman factor does not necessarily represent the true distribution, but
it estimates relative availability of the structures at the given conditions. Besides, the structure
database nearly completely collected all possible energetically accessible structures in a non-
redundant manner. Such perfection is a prerequisite for evaluating a distribution. The modes of
adsorption of TiCls on MgCl, are classified into mononuclear species on {110} surfaces, and

mononuclear and dinuclear species on {100} surfaces (Figure 3.11).
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Figure 3.11. Classification of TiCl4 molecules adsorbed on MgCl,. The mononuclear species on {110} surfaces

are further classified according to a three-site model [54].

Among these, the mononuclear species on {110} surfaces is believed to be catalytically most
relevant [33], so that it was further classified into three different species (Types 1-3) according to
the presence or absence of stereocontrolling ligands at two neighboring metal ions within the
framework of a three-site model [54] (Figure 3.11). From the analysis of metastable structures with
non-zero population at 350 K, the relative population of specific TiCls species was derived for each

of xMgCl2/yTiCls, as demonstrated in Figure 3.12.
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19MgCly/4TiCly_1 19MgCly/4TiCly_2 19MgCl,/4TiCl,_3 19MgCl,/4TiCly_4 19MgCl,/4TiCly_5
Ecluster = 93.18 [kcal/mol] Eciuster = 93.21 [kcal/mol] Ecjuster = 93.30 [keal/mol] Ecluster = 94.23 [kcal/mol] Ecluster = 94.24 [kcal/mol]
Population = 16.5% Population = 15.9% Population = 13.9% Population = 3.7% Population = 3.6%

19MgCl,/4TiCl,_6 19MgClI,/4TiCl,_7 19MgCl,/4TiCls_8 19MgCl,/4TiCly_9 19MgCl,/4TiCl,_10
Ecluster = 94.33 [keal/mol] Eciuster = 94.53 [keal/mol] Ejuster = 94.53 [keal/mol] Ecluster = 94.65 [kcal/mol] Ecluster = 94.68 [kcal/mol]
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Figure 3.12. Top 10 structures of 19MgCl»/4TiCl4. The relative population at 350 K and the classification of TiCls

species are given.

The results are shown in Figure 3.13. It can be seen that the distribution of TiCly is sensitive to the
cluster size and chemical composition. When the cluster size is small (x = 6, 9, and 12), the
distribution is not present or small, and the mononuclear species on {100} surfaces is dominant in
its population. This agrees with the earlier obtained conclusion that small clusters are not prone to
the reconstruction, and TiCls tends to adsorb on originally exposed {100} surfaces. The addition of
two TiCls molecules more or less induces the reconstruction of these small clusters, leading to the
appearance of the mononuclear species on {110} surfaces. However, the dominant species are still
those on {100} surfaces. The situation was found to be very different for larger clusters (x = 15 and

19). As larger clusters easily reconstruct by the addition of TiCls molecules, the mononuclear species
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on {110} surfaces is most popular regardless the chemical composition. On the other hand, the
addition of TiCls molecules also expands the structure diversity, which broadens the distribution,
e.g. the two species on {100} surfaces occupy over 20% when more than one TiCls molecule is
added. The most interesting observation is that mononuclear species on {110} are not identical in
terms of the surrounding steric environment. At the lowest coverage (= one TiCls molecule per
cluster), Type 1 without having stereocontrolling ligands dominates. However, in increasing the
coverage, the population of Type 2 largely increases, and minor presence of Type 3 is also observed.
This result suggests not only the distribution of stereospecificity of individual active sites but also
the variation of average stereospecificity according to the surface coverage. It is experimentally
known that the stereospecificity of a catalyst monotonously increases by immobilizing a larger

amount of TiClz on a MgCl. support of a fixed surface area [55], [56], which is likely consistent

with the present results.
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Figure 3.13. Distribution of different TiCls species on MgClo. Adsorbed TiCls molecules were classified into
different species according to Figure 3.11. The distribution of individual species was derived for each of

xMgCly/yTiCls using Boltzman factor weights at 350 K.

Previous DFT calculations on a slab model reported that electron transfer between MgCl; and
TiCl4 largely depends on the adsorption mode of TiCls species, which in turn affects the function of
resultant active sites [18], [30]. Hence, the distribution of the charge state of TiCls was derived, and
it is exemplified in Figure 3.14 for 19MgCI2/4TiCls. The results for other clusters are summarized
in Figures 3.15-3.17.

It was found that the mononuclear species on {110} surfaces are negatively charged as a result of
an electronic donation from MgCl.. The species on {100} surfaces are nearly neutral (dinuclear) or
even positively charged (mononuclear). These findings are consistent with the previously reported
results, while the distribution analysis gave an additional insight that the charge state of TiCls is
sensitive to the coordination environment. For example, species of Type 2 is less negatively charged
than those of Type 1. The charge of Type 1 species is distributed due to the difference of coordination
environments at positions farer than the ligand positions in the three-site model. As such, an ionic
nature of the system allows TiCls to electronically feel the surrounding environment in a remote

fashion, which leads to the distribution in the charge state.
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Figure 3.14. Charge-state distribution of TiCls for 19MgCl,/4TiCls. The charge analysis was performed on the

basis of the Hirshfeld method [57].
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Figure 3.16. Charge-state distribution of TiCls for 15MgCly/1-4TiCls.
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Figure 3.17. Charge-state distribution of TiCls for 19MgCly/1-4TiCls.

3.3.3. Influences of TiCly distribution on the ethylene insertion
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Lastly, a preliminary investigation was performed to infer whether the structural and electronic

distributions of TiCls can affect the polymerization performance when activated. For this, 12

structures of 19MgClI./4TiCls were chosen according to the energetic accessibility and the variation

in the type of TiCls species. The selected structures are listed in Figure 3.18.
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Figure 3.18. Selected structures for calculating the activation energy of ethylene insertion at mononuclear species

of different types on {110} surfaces.

30 mononuclear species on {110} surfaces were identified in the 12 structures, and the activation

energy of ethylene insertion was calculated for each of these species. In detail, TiCl4 was converted

to TiCloMe [58], and then the apparent activation energy of ethylene insertion into Ti-Me was

calculated. The transition state was approximated by the structure obtained at 2.2 A of the distance

between the carbon of the incoming ethylene and that of the methyl group. This approximation was



validated with the more accurate transition state determination. Further details are given in the
literature [19,34,59]. Figure 3.19 shows the relationship between the calculated activation energy
and the charge state of TiCls (before its activation). It can be seen that the activation energy tends to
decline as the Ti species becomes more electron-deficient [34]. This is because an electron-deficient
active site enhances both of the m-complexation and the agostic interaction within the a-agostic-
assisted Cosse—Arlman mechanism [59], [60]. Note that the calculations were performed for the
sterically least demanding combination between ethylene and Ti-Me; thus, the difference of the
steric environment affects the activation energy mainly through the charge state. Nonetheless, the
obtained results strongly suggested that the distribution of TiCls as an intrinsic nature of the
MgClI,/TiCls system is impactful for the active-site performance. The distribution of the polymer
primary structure in Ziegler—Natta olefin polymerization is well known and it has been explained as
a result of the multisite nature of the catalysts. The present results correspond to the first non-

empirical explanation of its origin.
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Figure 3.19. Distribution in the activation energy of ethylene insertion. 30 mononuclear species on {110} surfaces
were selected from energetically accessible metastable structures for 19MgCl,/4TiCly. Converting TiCls into
TiCI,CH3, the apparent activation energy of ethylene insertion was calculated for individual species. The

relationship among the Hirshfeld charge, the apparent activation energy, and the steric environment is represented.

3.4. Conclusion

TiCls-capped MgCl2 nanoplates as a building block of heterogeneous Ziegler—Natta catalysts have
a distribution in their structures. This distribution is expected to be relevant to the polydispersity in
the produced polymer. In this work, we performed a series of non-empirical structure determination
for TiCls-capped MgCl2 nanoplates of different sizes and chemical compositions. The results of the
structure determination suggested that most of TiCls adsorb on {110} surfaces, although TiCls
adsorption on {100} surfaces is not negligible. Structural and electronic analysis on energetically
accessible structures revealed that TiCls has a distribution in the steric environment and the charge

state. Preliminary calculations on the ethylene insertion activation energy suggested that such a
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distribution is potentially important for the active-site performance. Thus, the present study proposes

an important hypothesis that the multisite nature of heterogeneous Ziegler—Natta catalysts, hence,

the polydispersity of the obtained polymer, is a general characteristic of the MgCI./TiCls system.

Understanding the multisite nature of the catalyst is expected to contribute to the systematic design

of catalysts.
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Chapter 4:
Origin of Stereospecificity in Donor-Free
Ziegler—Natta Catalyst Studied Based on
Machine Learning-Derived Catalyst Models
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Abstract

Mononuclear TiCls species adsorbed on the {110} surfaces have been considered to be a catalytic
relevant species of heterogeneous Ziegler-Natta catalysts for propylene polymerization; however, a
satisfactory explanation for the origin of stereospecificity in donor-free catalysts has not been given.
Here, propylene polymerization simulations were performed based on MgCly/TiCls nanoplates
derived by machine-learning aided structure determination. The results addressed that the
stereospecificity in absence of donor molecules originated from the presence of stereocontrolling
ligand such as bridged CI” anions and terminal CI~ anions of TiCls, which are provided by the

defective surface and high coverage.

Keywords: Ziegler—Natta catalyst, genetic algorithm, structure determination, density functional

theory, surface reconstruction, active site distribution
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4.1. Introduction

Nowadays, global world production of polyolefins has exceeded 100 million tons. Polypropylene
(PP) and high-density polyethylene (HDPE), the main constituents of polyolefins, are produced by
Ziegler-Natta catalysts (ZNCs) [1]. This industrial significance has positioned the ZNCs as the
subject of extensive research and development for almost 70 years since their discovery. Of the many
variations, the most important form of the catalysts is MgCly/TiCls, where lateral surfaces of
disorderedly stacked MgCl, nanoplates are capped by TiCls as the active site precursor and can be
modified with organic Lewis bases called donors [2].

The stereoregularity or the isotacticity of PP greatly affects its properties such as rigidity and
toughness through crystallinity. In current industrial catalysts, internal and external donors are
usually added to improve stereospecificity, but polymers obtained from donor-free catalysts are also
known to be more or less isotactic [3]-[6]. The origin of the stereospecificity in donor-free catalysts
has been a long-standing question, although it is essential for clarifying the fundamental mechanism
of ZNCs.

The earliest hypothesis on the stereospecificity of MgCla-supported ZNCs was that dimeric TiCls
on {100} or analogous surfaces of MgCl» is isospecific, while monomeric TiCls on {110} surfaces
is aspecific [7], [8]. It was also presumed that donors improve the stereospecificity of the catalysts
by poisoning the {110} surfaces [9]. However, this hypothesis is nowadays not believed plausible.
The two main counter-evidences are that the latest DFT results reject the adsorption of TiCls on the
{100} surfaces in a thermodynamic condition, and that the polymer microstructure reflecting the

active site structure is sensitive to the molecular structure of donors, suggesting that the donor
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molecules are directly involved in the active site [10]. Accordingly, the {110} surfaces, which allow
the adsorption of TiCls, are now believed as the catalytically relevant ones. Researchers believe that
donor molecules adsorb on the {110} surfaces and interact non-bondedly with nearby Ti species,
thus enhancing the stereospecificity of the Ti species. However, such an idea does not explain the
origin of the stereospecificity of MgCl/TiCly lacking donors, as the TiCls mononuclear species on
the {110} surfaces is regarded non-stereospecific.

In this chapter, I perform propylene polymerization simulation based on MgCl./TiCl4 nanoplates
derived in Chapter 3. These are considered to be the most realistic model for donor-free ZNCs. By
comparing the propylene polymerization performance of Ti species situated in various environments,
the origin of stereospecificity as well as the structure-performance relationship of the active sites is

clarified.

4.2. Numerical methods

The DFT calculations were performed by DMol® of Materials Studio [11] with the following
conditions: The GGA PBE [12] for the exchange-correlation functional, and the DNP [11] basis set
with effective core potentials [13], [14]. For the optimization of the transition state, the convergence
criteria for geometry optimization were set to 0.001255 kcal/mol in energy, 1.255 kcal/(mol A) in
force. Thermal smearing was used to improve the self-consistent field (SCF) convergence with a
value of 0.005 Hartree. The orbital cutoff radius was set to 4.500 A.

Two systems, 19MgCl2/4TiCls and 19MgCl2/9TiCls, which are equal in size and have different

surface coverage, were employed. The chosen size of 19MgCl2 is computationally feasible and
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believed to be not far from the experimentally observed size. The chemical compositions referred
the experimental observation that the MgCl, of ZNC catalysts is fully covered by TiCls and donors.
19MgCl1,/4TiCl4 is equivalent to the TiCls coverage after removing donor. 19MgCl/9TiCls is
equivalent to the coverage replacing donors by TiCla.

The 19MgCl/4TiCly system was obtained from Chapter 3, and the 19MgClo/9TiCly system was
determined in this Chapter by the structure determination method described in Chapter 3. For
energetically accessible and selected structures, the apparent activation energy of propylene insertion
was calculated for each of Ti species.

It is widely accepted that the active sites of the ZNCs in propylene polymerization are alkylated
and trivalent Ti species. Accordingly, TiCls was converted to TiClxiBu, and then the apparent
activation energy of propylene insertion into Ti-/Bu was calculated. The insertion reaction for chain
growth follows the Cosse-Arlman mechanism assisted with agostic interaction [15], [16] as shown
in Figure 4.1. For the propylene insertion, four insertion pathways, namely, 1,2-re, 1,2-si, 2,1-re,
and 2,1-si exist and the same number of pathways exists for insertion from the front and back sides
of MgCl: layer corresponding to the position of growing chain. According to previous studies, the
favorable orientation of the growing chain is a-agostic conformation with the anti-placement of the
methyl group of propylene with respect to the Co—Cp bond for the 1,2 insertion, and the syn-
placement for the 2,1 insertion, respectively [17], [18]. Thus, the activation energies of eight
different pathways were calculated for each Ti species as shown in Figure 4.2.

The transition state was approximated by the geometry-optimized structure obtained at 2.2 A of

the distance between the carbon of the incoming propylene and C, of the iBu group, i.e. the Co—C,
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distance for the 1,2 insertion and the C1—C, distance for the 2,1 insertion. Such approximation is
known to be accurate as the potential energy profile of ethylene/propylene insertion shows a gentle

slope as a function of the reaction coordinate, i.e., the intercarbon distance [19], [20].

Figure 4.1. Energy diagram for propylene insertion reaction. 1,2-re insertion is chosen as example.

104



JI~o a

L, cI—Ti—cl ;-
o/ Sy \

—M—Cl Cl-M—
/ \ / \

Figure 4.2. Eight different insertion pathways for propylene insertion reaction.

4.3. Results and discussion

For obtaining structures of a high-coverage system, non-empirical structure determination was
performed for 19MgCl./9TiCls. The successful convergence of the genetic algorithm was verified
based on the fact that two independent searches reached the same energies and structures as shown
in Figure 4.3. The convergence within 100 generations was much faster than that for 19MgCl. and
19MgCl2/4TiCls as shown in Chapter 3. The configuration space can be expressed by the pattern of
the MgCl. skeleton X the pattern of adsorption of TiCla. In a system close to the full coverage such
as 19MgCl2/9TiCls, the pattern of TiCls adsorption was significantly reduced, resulting in the early

convergence.
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Figure 4.3. Evolutionary progress plot for the structure determination of 19MgCl/9TiCls.

The obtained most stable structure dose not expose any coordinatively unsaturated Mg?* ions. It
is highly reconstructed in a way to expose {100} and {110} short terraces as well as many corners.
Similar to low-coverage systems determined in Chapter 3, 19MgCI./9TiCls clusters have a
distribution in the environment of Ti species, as shown in Figure 4.4. Ti species were classified into
Type 1, 2 and 3 according to the presence or absence of stereocontrolling ligands. As a result of the
high coverage, Type 2 and 3 with stereocontroling ligands became dominant among mononuclear

species on {110}, and the fraction of {100} dinuclear species also increased.
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Figure 4.4. Distribution of different TiCls species on MgCl,. Adsorbed TiCls molecules were classified into

100

80

60

40

20

T [100]

KK

{100} di

{100} mono

o p

L, ci—Ti—cl b
“ o/ Sh \

—M—Cl CclI-M—
/ \ / \

Three-site model

{110} mono_3
(Type 3)

{110} mono_1
(Type 1)

{110} mono_2
(Type 2)

{100} di
s {100} mono
{110} mono_3
[ e {110} mono_2
B {110} mono_1

19Mg4Ti

19MgOTi

different species according to the three-site model.

The distribution of individual species was derived for each of xMgCl2/yTiCls using the Boltzman

factor at 350 K.

In order to investigate the effect of the structural distribution of the active sites on the catalytic
performance, propylene insertion simulations were performed. For this, six energetically accessible

structures of 19MgCI./4TiCls and 19MgCIl./9TiCls were selected in the order of stability,
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respectively. These correspond to energetically accessible structures in the range of 2—3 kcal/mol
from the most stable structure, and account for the majority of the Boltzmann factor-weighted
distribution. In the selected structures, about 70 Ti species were identified, which belonged to either
the mononuclear species on {110} surfaces or the dinuclear species on {100} surfaces. Note that the
mononuclear species on {100} surfaces were excluded due to plausible irrelevance in catalysis. iBu
group was used as a model of the growing chain, and calculations for the dinuclear species on {100}
were performed for each of the two Ti species. The activity of each Ti species was evaluated by the
lowest activation energy (4Ea, min) among 8 insertion pathways, i.e., stereo- and regiochemically
different four insertion pathways from both of the front and back sides of a MgCl. plate.

The distribution of the lowest activation energy for each Type of Ti species is shown as a box-
whisker plot in Figure 4.5 with further classification of Ti species. Note that when a terminal CI
anion was involved as a stereocontroling ligand, such Ti species were distinguished from those only
having bridged CI™ anions as the stereocontroling ligands. This leads to subclassification of Types 2
and 3 into 2b and 3b only with bridged CI~ anions or CI~anions as a part of dinuclear species, and 2t
and 3t with a terminal CI~ anion. Also note that there are only two terminal CI~ anions per cluster,

so Type 2t and 3t become less and less important as the cluster size increases.
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Figure 4.5. Distribution in the lowest activation energy of propylene insertion. About 70 Ti species, either of

mononuclear species on {110} surfaces or dinuclear species on {100} surfaces, were selected from energetically

accessible structures of 19MgCl/4TiCly and 19MgCly/9TiCly. Converting TiCls into TiCloiBu, the apparent

activation energy of propylene insertion was calculated for individual species. The letters b and t distinguish the

non-involvement and involvement of a terminal CI~ anion as a stereocontrolling ligand, respectively. Inside of

brackets indicate the breakdown of the ligand, with Cl, corresponding to bridged Cl™ anions, Cl; to terminal CI-

anion, and Clr;i to the terminal CI~ anion of dinuclear species.
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Compared to the ethylene insertion into Ti-Me shown in the previous chapter, the activation
energy of the propylene insertion into Ti-iBu was generally higher due to the steric congestion in
the transition state. Besides, Ti species with a terminal CI~ anion as a stereocontroling ligand showed
about 5 to 6 kcal/mol higher activation energies than those without. This was due to that, in the
resting state, a labile terminal CI- anion coordinated to the Ti species, which stabilized the resting
state by about 13 kcal/mol. On the other hand, the stabilization of the transition state was smaller,

about 7 kcal/mol, and this gap gave rise to the increase in the activation energy.

Figure 4.6. Stabilization of the resting state with a terminal CI~ anion.

AEa, min Of Type 1, mononuclear species without stereocontrolling ligands, was centered at 1.6
kcal/mol. On the other hand, AEa min Of mono_2b was about 1 kcal/mol lower than that of Type 1.
This was explained by the asymmetry of the active site. For the same Ti species, there are two
insertion directions corresponding to the front and back sides. When the carbon in the monomer is
forming a c-bond with the Ti center, the distance between Ti and Cl in the trans position of the

monomer elongates. The asymmetry of the surrounding environment, especially in terms of the
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stereocontroling ligands, causes the asymmetry of the insertion from different sides through the
distance between Ti and Cl in the trans position. Specifically, in mono2_b, monomer insertion from
the same direction as the ligand, i.e., growing chain orientation opposite to the ligand, was preferred.
Thus, the asymmetric presence of the stereocontroling ligand lowers the activation energy for
mono_2b as compared to mono_1.

Such asymmetry in the activation energy for the insertion position gives a suggestion for a chain-
propagation mechanism of the Ziegler-Natta catalyst. Figure 4.7 plots the difference of the minimum
activation energies between insertion from the front side and that from the back side, 44 Efrontback.
The Ti species of Type 2, which have only one stereocontroling ligand, and Types 2t and 3t, which
have a particularly electron-withdrawing terminal CI~ anion, showed an average A4Efronyback value
of about 1.5 kcal/mol. In this value, the probability of insertion from one side was estimated to be
high at about 90% at 350 K. The mechanism of chain propagation has been classified into migratory
insertion, in which the growing chain moves to the opposite side at each catalytic cycle, and back-
skip insertion, in which the growing chain returns to the original position. At an active site where
insertion from one side is dominant, chain-propagation is considered to proceed in the back-skip
fashion. In addition, as seen in Type 2t, the coordination of the terminal CI~ anion greatly enlarged
the asymmetry of the active site and thus 44 Efonuback.- Such an electron-withdrawing ligand may
enhance the insertion from the direction having the ligand, while the electron-donating ligand may

enhance insertion from the opposite direction.
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Figure 4.7. Distribution in the difference of minimum activation energies between insertion from the front side

and that from the back side of a MgCl; layer.

The difference in the minimum activation energy between the 1,2-si and 1,2-re insertion, 44Estereo,
Type 1, dictates the stereospecificity of Ti species. The distribution in A44Estereo for each type of Ti
species is summarized in Figure 4.8. As expected, Ti species of Type 1 without stereocontroling
ligands did not show any stereospecificity. Type 2 Ti species with one stereocontroling ligand
showed limited stereospecificity. This is because, in the light of the asymmetry, insertion from the
ligand site, i.e., the case where the growing chain is on the opposite side of the ligand, is energetically
favorable. In such orientations, the stereocontrolling ligand does not interfere with the growing chain
for both 1,2-re insertion and 1,2-si insertion.1,2-re and 1,2-si insertions. When limiting the insertion
direction to opposite side of the stereocontroling ligand, Type 2 species showed the stereoselectivity

about 1.0 to 1.5 kcal/mol.
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On the other hand, Ti species of Type 3 and dinuclear species with stereocontroling ligands on

both sides

show stereospecificity of about 0.75 kcal/mol to 1.5 kcal/mol. In addition, the increase of

stereospecific Ti species of Type 3 and dinuclear species in 19MgCI2/9TiCls shown in Figure 4.4 is

in agreement with the experimentally observed enhancement of the stereoregularity of the produced

polymer by donor-free catalyst with increasing Ti content [5]. Thus, it is suggested that the

stereospecificity of the donor-free catalyst is originated from the Ti species having two

stereocontrolling ligand on both sides, which are produced by high coverage.
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4.4. Conclusion

In this Chapter, propylene insertion simulations were performed for Ti species present in machine

learning-derived structures of MgCl2/TiCls. The relationships between the structure of Ti active sites

and their performance were extensively studied. Ti species having two stereocontrolling ligands,
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such as mononuclear species of Type 3 on {110} surfaces and dinuclear species on {100} surfaces,
were identified as the main species responsible for producing moderately isotactic PP in the absence
of donors. The stereocontroling ligands in the MgCI2/TiCls system are mainly bridging CI from
MgCl, and TiCls and terminal CI~ anions on TiCls for dinuclear species. Ligands with a
stereocontrolling ability are bridging CI~ anions and terminal CI~ anions of TiCls as a part of
dinuclear species. Defective surfaces and high coverage are the way to afford such the ligands. In
conclusion, this Chapter clarified, by using machine learning-derived realistic molecular models of

MgCI,/TiCls, the origin of the stereospecificity of the donor-free Ziegler-Natta catalysts.
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Chapter 5:

Preventing Premature Convergence in
Evolutionary Structure Determination of
Complex Molecular Systems: Demonstration in
a Few-nm Sized TiCls-Capped MgCl, Nanoplate
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Abstract

The combination of a genetic algorithm for global search and local geometry optimization enables
non-empirical structure determination for complex materials such as practical solid catalysts.
However, premature convergence in the genetic algorithm hinders the determination of the global
minimum for complicated systems. Here, we implemented a distributed genetic algorithm based on
the migration from a structure database for avoiding the premature convergence, and thus realized
the structure determination for TiCls-capped MgCl> nanoplates with the size comparable to that of
real Ziegler-Natta catalysts. The resulting molecular models are featured with a realistic size and

non-ideal surfaces, and believed to be useful for decoding various spectroscopic observations.

Keywords: Structure determination, genetic algorithm, premature convergence, Ziegler-Natta

catalyst
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5.1. Introduction

In today's chemistry and materials science, computational science has become a powerful tool for
understanding materials structures and properties at a molecular level. However, for complex
materials such as practical solid catalysts, it is still hard to construct reliable molecular models due
to limited experimental characterizations, which motivates the development of non-empirical
structure determination methods. A combination of global search by a genetic algorithm (GA) and
local geometry optimization has been attempted for such structure determination since the 1990s
[1]-[7]. Only recently, the same method has been used to study practical materials such as catalysts
at a level of DFT precision. | realized non-empirical structure determination for TiCls-capped MgCl>
nanoplates, which correspond to primary particles of the heterogeneous Ziegler-Natta catalyst [8]—
[10]. The structure determination was performed for 6-19MgCl2/0-4TiCls, where the size of the
nanoplates is smaller than the experimentally observed 2.4-7.6 nm [11]-[14]. The challenge of
increasing the size of structures arises from the exponential expansion of a parametric space to be
explored. In other words, the number of local minima in the potential energy surface increases
exponentially with respect to the number of atoms, causing the local minima entrapment in GA,
generally called the premature convergence problem.

Here implemented a distributed genetic algorithm (DGA) [15] for the non-empirical structure
determination of large structures. The strategy is based on the migration from a structural database
that collects the outputs of multiple GA runs. In usual DGA, subpopulations evolve in parallel and
independently, and exchange individuals at a certain interval. My strategy is to collect the outputs

of multiple GA runs into a single global database, and use this database as a pool of genes through
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a migration operator (Scheme 5.1). The use of a global database maximizes the diversity of migrants,
and enables asynchronous implementation of multiple GA runs, which allows the addition of
subpopulations in the middle of structure determination. In the field of non-empirical structure

determination, DGA was hardly implemented to avoid premature convergence.

= =
Database

Registratio/n1 \
A’Iigration \

Scheme 5.1. Scheme of a distributed genetic algorithm in this Chapter. The database holds all structures and
calculation results without allowing the registration of mutually redundant structures. In each GA run, a migration

operator is executed at a certain generation interval to add structures from the global database to the population.

The developed DGA was demonstrated in the structure determination of 30MgCly,
30MgCl2/2TiCla, 40MgCl2, 50MgCl2, and 50MgCl2/3TiCls. In particular, 50MgCl2/3TiCls has a size
of 3 nm and a Ti content of 2.7 wt%, both of which are consistent with experimental observations.
By introducing the migration operator, premature convergence was successfully avoided; thus
realistic models of Ziegler-Natta catalysts were successfully obtained.

5.2. Computational details

In Chapter 2, a structure determination program was developed for MgCl./TiCls nanoplates

combining the genetic algorithm for global search and DFT for local geometry optimization [8]. The
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program generates the structure of the MgCl> monolayer whose lateral surfaces are capped by TiCls
on the basis of random numbers under physicochemical restrictions. These generated structures are
subjected to geometry optimization by DFT, and the optimized structures are evaluated based on
their energy and individually assigned a “fitness score.” A structure with higher fitness has a higher
opportunity to be selected for genetic operations such as crossover, mutation, and elitism operations,
thus inheriting its feature to the next generation. The repetition of this cycle evolves the structures
in a way to lowers the energy. For avoiding redundant calculations, the structure determination
program registers newly created structures and their calculation results in a database to avoid
redundant calculations. Different GA runs share the same structure database, which is referred to as
the global database. The migration operator proposed herein utilizes this global structure database,
where the migration operator refers to the global database and copy structures to the population of
each GA run with certain intervals. The migrant structures are selected from the global database
using the fitness-based roulette method, where structures with lower energy than the most stable
structure within the destination GA run are excluded from the selection, i.e. the migration does not
directly update the best-scored structure of the GA run. In the actual implementations, the population
in a single GA run was set to 92, which consisted of 30 structures for crossover, 18 for skeleton
mutation, 12 for adsorbate mutation, and the remaining 32 for elitism. The migration was typically
applied by adding 8 migrants from the global database every 5 generations.

All DFT geometry optimizations were performed by DMol® [16] at the level of GGA PBE[17]
using the DNP basis set [16] with effective core potentials [18], [19]. Further details are found in the

previous Chapters or in literature [9], [10], [20].
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5.3. Results and discussion

Figures 5.1a and 5.1b show evolutionary progress plots of three GA runs for the structure
determination of 30MgCl> with and without the migration operator, respectively. Without the
migration operator, two of the three runs did not converge to the most stable structure, and could not
escape from a metastable structure with an energy about 1 kcal/mol higher than the most stable one.
The most stable structure and that metastable structure have similar structural features in terms of
preferential exposure of the {100} lateral surfaces and symmetrical placement of the two terminal
Cl™ anions (Figure 5.2). However, these two structures are located far apart in the parametric space
spanned by the atomic coordinates, and metastable structures present in the intermediate area of the
parametric space are not as stable. This is why the two runs failed to escape from the metastable

structure once trapped.
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a) 30MgCl, without migration b) 30MgCl, with migration
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Figure 5.1. Evolutionary progress plots for the structure determination of (a,b) 30MgCl, (c) 30MgClI./2TiCla, (d)

40MgCly, (e) 50MgCl, and (f) 50MgCl»/3TiCls. The energy of the best-of-generation individual (i.e. the most

stable structure in a generation) is plotted against the generation. Structure determination of (b-f) is performed with

the migration operator at an interval of 5 generations.
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Figure 5.2. (a) The most stable structure of 30MgCl,. (b) The second stable structure of 30MgCl, causing local

minima entrapment in structure determination without the migration operator.

By introducing the migration operator, all three runs converged to the global minimum in Figure
5.2a. The impact of the migration on the genetic diversity is compared in Figure 5.3, where the
structures of 30MgCl. explored in the course of evolution in the absence and presence of the
migration are respectively projected onto a two-dimensional space. The structures were fingerprinted
in two steps: The molecular structures were converted to pair distribution functions (PDFs), and the
PDFs were dimensionally reduced by principal component analysis (PCA). The obtained principal
components were used as descriptors. As can be seen in Figure 5.3, where the distribution of the
data expands in terms of quartile ranges and tails and quartile ranges, the introduction of the

migration operator increased the diversity of structural features explored.
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Figure 5.3. Representation of the diversity of structural features explored by GA in the absence and presence of

the migration operator. The structural features created in the structure determination of 30MgCl. are compared.

Structural features were obtained by dimensional reduction of pair distribution functions of molecular structures

by principal component analysis. The values written in the data distribution on each principal component

correspond to the quartile range.
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The developed DGA with the migration operator was employed for the structure determination of
further larger systems, 30MgCl2/2TiCls, 40MgClz, 50MgClz and 50MgCI2/3TiCla. In all the cases,
DGA successfully converged into the same global minimum without premature convergence
(Figures 5.1c to 5.1f).

The most stable structures of bare 30MgCl,, 40MgCl,, and 50MgCl. are shown in Figures 5.4a—c,
respectively. In general, when the size of the MgCl> cluster is small, the stable structure tends to
possess a parallelogram or trapezoid morphology, which is necessary to make the lateral surfaces
consist mainly of {100} terraces and to keep the two highly polarized terminal CI~ anions away from
each other. Indeed, the most stable structures of 30MgCl> and 40MgCl. possess a parallelogram
shape with symmetrical placement of terminal CI~ anions to eliminate the overall polarization.
Contrary, the most stable structure of 50MgCl, became hexagonal. As the cluster size increases, the
distance between the two CI~ anions becomes farther, and the morphology that can reduce the ratio
of surface atoms to the bulk becomes more advantageous. The hexagon is the shape closest to the

circle that can be created by combining the {100} terraces.
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Figure 5.4. The most stable structures of 30MgCl,, 40MgCl,, 50MgClz, 30MgCl/2TiCls, and 50MgCl2/3TiCl..

Figures 5.4d and 5.4e show the most stable structures of 30MgClI./2TiCls and 50MgCl./3TiCla.
30MgCl,/2TiCls exhibited a symmetrical shape based on a rhombus consisting of 6 x 6 MgCl. units,
with 3 x 2 Mg?* cations removed to form {110} steps. 50MgCl2/3TiCls had a shape that corners of
a hexagon were removed to expose {110} terraces. In line with smaller systems [9], the addition of
TiCls, which preferentially adsorbs to {110} surfaces, reconstructed MgCl. to expose {110} terraces,
and, all the exposed {110} terraces were capped by TiCls. The decrease in Eciuster by the addition of
TiCls molecules corresponds to the sum of the adsorption energy and the penalty of exposing

coordinatively unsaturated surfaces by surface reconstruction. In the cases of 30MgCl, and 50MgCl>,
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the Eciuster declined by 12.3 and 13.9 kcal/mol per TiCls, respectively. This indicates that the
adsorption energy of TiCls gradually increases as a larger MgCl> cluster facilitates the charge

redistribution upon chemisorption.

5.4. Conclusion

In this Chapter, an asynchronous distributed GA was implemented for non-empirical structure
determination, which is based on the migration from a global structure database. This enabled to
solve the premature convergence problem, i.e., the local minima entrapment, and realized the
structure determination for 30MgCl2, 30MgCl./2TiCls, 40MgCl,, 50MgCl;, and 50MgCl2/3TiCla,
which have realistic sizes compared to actual primary particles of Ziegler-Natta catalysts. The
qualitative property of having a TiCls distribution is invariant to size, but the size of MgCl»
quantitatively affects the TiCls distribution on MgCl> such as that MgCl, surfaces are easily
reconstructed, and TiCls on the {110} surface becomes dominant in larger sizes. This study provides
the practical model of Ziegler-Natta catalyst which is applicable for the various applications such as

spectroscopic simulations [21], [22].
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General Conclusion
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Heterogeneous Ziegler-Natta catalysts are the main catalysts for the industrial production of
polyolefins. The detailed morphology and surface exposure of their primary particles are still unclear
despite its importance for understanding of the adsorption of catalytic components and catalytic
performance. Computational studies on this catalyst assumed slab and cluster models that
represented by predefined surfaces, but such assumption did not give an explanation of the origin of
multisite nature, which is important properties of this catalyst, i.e., the distribution of produced
polymers. In this thesis, | realized non-empirical structure determination for primary particles of
heterogeneous Ziegler-Natta catalysts by means of combining the genetic algorithm and DFT
calculation for modeling the real nanocluster of Ziegler-Natta catalysts, and I clarified the origin of
the multisite nature and the stereospecificity in the donor-free catalyst, which are the long-standing
question in this field thorough simulations on derived models.

In Chapter 2, | developed a non-empirical structure determination program for TiCls-capped
MgCl, nanoplates of Ziegler-Natta catalysts by a combination of a genetic algorithm for global
search and DFT geometry optimization for local optimization. The program was demonstrated for
7MgCl2, 15MgCl; and 15MgClI2/4TiCls and their most stable structures were successfully obtained
without pre-knowledge. The stable structure of bare MgCl, was terminated by the {100} surface
with the lowest coordinative unsaturation, which limits the variety of energetically accessible
structures. In contrast, in TiCls-capped MgCly, the preferential adsorption of TiCls on the {110}
surface reconstructed MgCl> to expose small {110} terraces. Furthermore, the adsorption of TiCls

greatly increased the variety of energetically accessible structures. In this chapter, I concluded that

135



TiCls reconstructs the MgCl> skeletons and that TiCls is intrinsically distributed as a combined
consequence of non-ideal surfaces and structural diversity.

In Chapter 3, | attempted to determine the structure of TiCls-terminated MgCl> nanoplates of
various sizes and compositions to derive catalytic chemical knowledge. The system of interest is
XMQClo/yTiCls (X = 6-19, y = 0-4; [Ti] < 10 wt%). The structure and charge distributions were
analyzed for a million structures obtained in the process of structure determination. These systematic
investigations revealed that TiCls prefer the monomeric adsorption on the {110} surface, but
adsorption on the {100} surface cannot be ignored, and that there is a distribution of the steric
environment and charge state of TiCls among the same mononuclear species on the {110} surface.
Furthermore, | calculated the activation energy for the ethylene insertion reaction and showed that
the distribution of TiCls could cause the performance distribution, i.e., the primary structure
distribution of the synthesized polymer. This is the first hypothesis for the origin of the multi-site
nature of the Ziegler-Natta catalysts derived from computational chemistry.

In Chapter 4, | performed propylene polymerization simulations based on MgCly/TiCls
nanoplates derived in Chapter 3. The relationships between the structure of Ti active sites and their
performance were investigated. As suggested in Chapter 3, the distribution of structure also
produced a distribution of catalyst performance in propylene polymerization. Ti species having two
stereocontrolling ligands, such as mononuclear species of Type 3 on {110} surfaces and dinuclear
species on {100} surfaces showed isospecificity. The ligands with steric control ability are bridging

Cl~anions and terminal CI~ anions on TiCls, which are part of the dinuclear species, and the defective
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surface and high coverage produce such ligands. This chapter clarified the origin of stereospecificity
in the donor-free catalyst, which is a long-standing question for Ziegler-Natta catalysts.

In Chapter 5, I improved the search efficiency of the structure determination program by
implementing an asynchronous distributed genetic algorithm with migration operators from the
structure database. A structure database holds all the structures and calculation results generated in
different GA runs, and each GA adds structures from the database to the population every certain
generations as migrants. This implementation solved the premature convergence problem by
preserving genetic diversity in the population of GAs and significantly improved convergence to the
global solution. This resulted in structure determination for 30MgCl;, 50MgClz, and
50MgCl2/3TiCls, systems with sizes comparable to those of real catalysts.

In conclusion, this thesis has achieved non-empirical structure determination by incorporating
adsorbate adsorption and dynamic surface reconstruction and established a highly accurate and non-
empirical modeling method for complex solid materials with sizes comparable to real catalyst
nanoparticles. On the basis of the non-empirical structure determination, | proposed an important
hypothesis that the multisite nature of heterogeneous Ziegler—Natta catalysts, hence, the
polydispersity of the obtained polymer, is a general characteristic of the MgCl./TiCls system. The
origin of the stereospecificity, which is one of the important properties in Ziegler-Natta catalyst was
also clarified.

| believe that the research in this thesis brings essential contributions for the systematic design of

catalysts for Ziegler-Natta catalysts and important advances in establishing a methodology for
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modeling complicated supported catalysts and elucidation of their structure-performance

relationship.
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