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Chapter 1

Chapter 1

General Introduction

1.1. Introduction

Polyolefins, which are synthesized through polymerization of alkene monomers,
play essential roles in our daily lives. A wide variety of polyolefins have been
synthesized over 200 million metric tons every year and commercially utilized in a wide
range of plastic products like pipes, packaging films, household bottles, automobile
parts, disposable diapers, food containers, etc. [1-5]. These days, demands of polyolefin
keep its growth by about 5% every year, as the global population grows [5]. Therefore,

improvement of production efficiencies and material properties are strongly desired.

For efficient production of polyolefins, catalysts are typically used to reduce the
activation energy for the polymerization process, thereby speeding up the reaction and
allowing it to proceed even under mild conditions. Since the great invention of Ziegler—
Natta catalyst for ethylene polymerization in the 1950s [6-8], olefin polymerization
catalyst has developed remarkably to meet the demand for versatile and cost-efficient
plastics [9,10]. Although Ziegler-Natta catalysts are still used to produce large volumes
of polyethylene and polypropylene, broad molecular weight distributions (MWDs) of
the produced polymer materials indicate that the catalysts have a several types of

catalytic active sites.
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In the late 20" century, the major focus in polymer chemistry was placed on
producing materials with controlled molecular architectures and polymer morphology
[11-13]. In this aspect, the discovery of the metallocene catalysts in the late 1970s,
which have only one kind of active metal center [14-20], opened the possibility to
synthesize polymers with a narrow MWD, highly defined microstructure, controlled
tacticity, and stereoregularity. Besides, copolymerization of ethylene with propylene
or higher a-olefins by metallocene catalysts enabled the commercial production of
polyolefin elastomers with a wide range of properties through changing the type and

ratio of the a-olefin comonomers [21-27].

In more recent years, a wide variety of “post-metallocene” catalysts with non-
cyclopentadienyl ligands have been developed, which offer rich and unique
mechanistic features and novel polymer microstructures [28-30]. Among them,
(pyridylamido)Hf(IV) catalyst [31-34] is attracting attention for its strong ability to
incorporate a-olefin comonomers and thus utilized for industrial-scale production of
various polyolefins. Notably, this catalyst is applied in the chain shuttling
polymerization (CSP) technology [34-36], where multiblock copolymers with highly
crystalline polyethylene and amorphous poly(ethylene-co-a-olefin) blocks can be
obtained by introducing a chain transfer agent (CSA) such as ZnEt, into a solution

mixture of two catalyst species with different 1-octene incorporation abilities.

It should be noted here that the group 4 metal catalysts, which have been developed
as the main group of polymerization catalysts, cannot work alone: they must be activated
by cocatalysts before starting the polymerization reaction to become their cationic active

form. Two types of activating cocatalyst have been commonly used to activate group 4
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metal complexes; methyl aluminoxane (MAO) and boron-based cocatalysts [37], which
become counteranions (CAs) after the catalyst activation and work with the cationic
active catalyst, forming ion pairs (IPs). It is well known that CAs derived from the
cocatalysts have significant effects on the yield or physical properties of the polymers
produced by the metallocene catalysts [14—20] and post-metallocene catalysts [38-43].
Thus, the mechanism of catalytic polymerization (CP) reactions in the presence of CA

should be elucidated in order to determine how CAs affect the properties of polymers.

To systematically understand the CP reaction mechanisms in the presence of CAs,
the fundamental reaction, monomer insertion reaction, would be essentially regarded as
a bimolecular reaction between a catalyst and a monomer, with a CA coexisting near the
catalyst. Then, the insertion reaction can be divided into the two characteristic
processes; a diffusion process, where the catalyst and monomer diffuse in solution to
encounter each other, and an activation process, where the insertion reaction takes place
between the encountered catalyst and monomer [44]. Under this assumption, in the
diffusion process, CAs are expected to affect the encounter rate between the catalyst and
monomer by moving around the active site to allow or block the monomer coordination
to the catalyst [45,46]. On the other hand, in the activation process, CAs should affect
the thermodynamic properties of the reaction, i.e., the probability of the actual reaction
taking place between the encountered catalyst and monomer, through the electrostatic
interaction with the cationic catalyst [47]. For the sake of simplicity, in this thesis, the
above effects in the diffusion and activation processes would be hereafter called

“dynamic” and “electronic” effects, respectively.
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It is difficult to experimentally investigate the “dynamic” and “electronic” effects
in the instantaneous phenomena of the CP reaction. For this reason, computational
chemistry methodologies have been utilized as alternatives providing complementary
information to the experimental ones, which enables a better understanding of the effect
of CAs. For example, a lot of theoretical studies have been conducted on the activation
process of the monomer insertion reaction using the quantum mechanics (QM) method
[48] to reveal the “clectronic” effect of CAs, especially in the metallocene-based CP
systems [45-47,49-61]. On the other hand, only a limited number of studies have
investigated in the diffusion process by employing the molecular dynamics (MD)
method [62] to analyze the “dynamic” effect of CAs through simulating the atomistic
motions of catalysts and CAs [63-66]. However, to make a computational study
comparable to the experimental one, both diffusion and activation processes should be
dealt with, which eventually leads to a better understanding of the electronic and

dynamic effects of CAs in the overall CP reaction.

For this purpose, Red Moon (RM) method [67,68] should be effectively employed,
which enables a full-atomistic molecular simulation of so-called “complex chemical
reaction”, i.e., the whole CP reaction, as a succession of elementary reaction processes,
i.e., the monomer insertion reaction. In this method, diffusion and activation processes
could be reasonably described by using MD and Monte Carlo (MC) methods,
respectively. Hence, RM method has great potential to provide deeper insights into the
overall CP reaction mechanisms with CAs, which cannot be simulated using

conventional QM and MD methods.
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In this thesis, therefore, using these computational methods, | conduct a
comprehensive study of the dynamic and electronic effects of CAs on monomer
insertion reaction and the overall CP reaction in order to obtain some new insights into
the role of CAs. In particular, | focus on the catalytic activities of (pyridylamido)Hf(1V)
catalyst [38-40] and on the MWD of its produced polymers [39], which has been
experimentally reported to be affected by the boron-based CAs, MeB(CeFs)s and
B(CesFs)a~. Therefore, | investigate the mechanism of olefin monomer insertion
reaction into the Hf-alkyl bond of (pyridylamido)Hf(IV) catalyst by taking advantage
of QM and MD methods in combination to reveal the dynamic and electronic effects
of CAs on the catalytic activity. On the basis of the mechanistic insight, | also perform
full-atomistic simulations based on RM method, which can deal with the whole CP
reaction process and thus enables the virtual production of a growing polymer chain
on the catalyst, to investigate the effect of the CAs on the MWDs of the produced

polymers.

To save space and make the discussion easier to understand, abbreviations have

been introduced throughout this thesis, as shown in Table of Abbreviations.

Table of Abbreviations

Abbreviation Full name or description

HfCat* The initial cationic active species of (pyridylamido)Hf(IV)
catalyst

CP Catalytic polymerization

CA Counteranion

3PFB MeB(CeFs)s~ (methyltris(perfluorophenyl)borate)

4PFB B(CsFs)4 (tetrakis(perfluorophenyl)borate)

10
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QM Quantum mechanics

MD Molecular dynamics

REMD Replica-exchange molecular dynamics

IP lon pair

ISIP Inner-sphere ion pair

OSIP Outer-sphere ion pair

AASO Associative active site opening

MS Minimum-energy state

RS Reactant state

TS Transition state

PS Product state

CK Chemical kinetics

IDE lon pair dissociation energy

CTE Conformational transition energy

FE Free energy

FES Free energy surface

HfCatP™ The cationic active species of (pyridylamido)Hf(1V) catalyst with
1-octene n-mer chain

MWD Molecular weight distribution

PDI Polydispersity index

1.2. Chemical Kinetics of Second-Order
Reaction

In the CP reactions, the principal reaction is essentially considered a bimolecular
second-order reaction between an olefin monomer and a polymerization catalyst, and is

in general described by the following typical second-order reaction scheme [44],

11



Chapter 1

A+B X C, (L.1)
where Aand B correspond to the catalyst and olefin monomer, and C does to the catalyst

with ‘one monomer’-longer growing chain, and ko is the reaction rate constant for the

CP reaction.

1.2.1. Diffusion and Activation Processes

In the chemical kinetics (CK) treatment, it is common that the second-order reaction
in solution can be modeled as a combination of two successive processes, i.e., a diffusion
process and an activation process [44]. The former is a process in which the reactants A
and B diffuse in solution and then encounter each other to form an association complex
A---B, while the latter is a process in which A---B turns to the product C.

Considering these two processes, the scheme (1.1) can be expressed more precisely as

[44],
A+B#A-~BL>C, (12)
d

where Ky is the rate constant of association of A and B, and kq' is that of dissociation of
A---B through the diffusion process, while ka is the rate constant of the activation
process to form the product C. The reverse reaction in the activation process is not

considered for simplicity.

12
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1.2.2. Steady-State Approximation and Two-Limiting

Schemes
a. Activation-Controlled Scheme

If the steady-state approximation is to be applied to the concentration [A:-B], k2 is

obtained as,

k,=—2—d (1.3)

Further, if the second-order reaction is activation-controlled, i.e., ka << kq' is satisfied,
ko is approximately estimated as,

LI

Ra
k +k, Kk,

=k, -K,, (1.4)

a

where Kgq is the equilibrium constant, defined as ka/kd'. This means that the kinetic
constant ka and equilibrium constant Kq essentially determine kz in the activation-
controlled scheme.

Then, ka can be obtained by the transition state theory as,

k.T G
k, =« E;] exp[— RTTSJ (1.5)

where x and T are the transmission coefficient and the temperature, respectively, and
Grs is the activation energy, assuming that the transition state (TS) (A---B)* exists

between A---B and C.

On the other hand, K4 can be obtained as,

13
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B [A . B] (1 6)
" [AlB] |
because the relation
[A-B] k, K w7

N

[AlIB] Kk +k, K,
can be obtained from the inequality ka << kq' in the activation-controlled scheme.
In this scheme, therefore, both Gts and the concentrations [A], [B], and [A:-*B] in

equilibrium are necessary parameters.

b. Diffusion-Controlled Scheme

On the other hand, if the second-order reaction is diffusion-controlled, i.e., ka >> kg’

is satisfied, ko can be approximately estimated as

k, =—2 ~k,. (1.8)

This means that only kq determines k2. Thus, the precise scheme (1.2) can simply
become:
A+B S C. (1.9)
Then, the rate equation in terms of the concentration of B at a certain time t [B]; is
expressed using kq and the concentration of A at a certain time t [A]: as,
—% = k,[AL[B], . (1.10)

When both sides are integrated with respect to t in the time interval [0, t], kq is derived

as,

14
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_ In[B], ~In[B},

kd t
[ TALdt

(1.11)

In this scheme, therefore, the time-dependent concentrations [A]: and [B]: are necessary.

1.3. Thesis Outline

In the present thesis, to discuss systematically the effects of CAs in olefin
polymerization reaction catalyzed by (pyridylamido)Hf catalyst, I divide this thesis into

four chapters.

In Chapter 2, | investigate the 1-octene insertion reaction into the Hf—Me bond in
the initial structure of the cationic active species of (pyridylamido)Hf(IV) catalyst
(HfCat"), focusing on the effect of the boron-based CAs, MeB(CsFs)s~ and B(CeFs)4 on
the catalytic activity. It is experimentally reported that the 1-octene polymerization
reaction proceeds about twice faster with B(CsFs)4 than with MeB(CeFs)3™. Therefore,
to reveal the origin of this phenomenon, | analyze the activation and diffusion processes
of 1-octene polymerization reaction catalyzed by HfCat™ with these CAs using QM and
replica exchange molecular dynamics (REMD) calculation, respectively. Then, |
investigate the difference in the IP structures between HfCat™—MeB(CsFs)s~ and
HfCat*—B(CsFs)s~ IP complexes, which are expected to significantly influence the CP
reaction rates. Using the data obtained from the QM and REMD studies, | numerically
evaluate the rate constants of 1-octene polymerization reaction catalyzed by the two IP
complexes and compare them with the experimental ones. Finally, I discuss the crucial
factor that determines the difference in the catalytic activities between HfCat™—

MeB(CsFs)s~ and HfCat*™—B(CgFs)4~ IP complexes.

15
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In Chapter3, on the basis of the findings in Chapter 2, | conduct atomistic
simulations of 1-octene polymerization reaction by (pyridylamido)Hf(IV) catalyst
based on RM methodology. Through the RM simulations, | investigate the effect of the
CAs, MeB(CsFs); and B(CsFs)a~ on the activity and living character of 1-octene
polymerization reaction by (pyridylamido)Hf(IV) catalyst with growing polymer chain
(HfCat™) during the polymerization reaction. | demonstrate that RM simulation
reproduces the faster reaction rate with B(CeFs)s~ than with MeB(CsFs)s™. Notably, |
reveal the origin of a comparably slow initiation of polymerization reaction
experimentally observed with MeB(CeFs)s~. Then | discuss the IP structures of
HfCat™*—MeB(CesFs)s~ and HfCat™—B(CsFs)s~ during the polymerization reaction,
which is supposed to determine the polymerization reaction rates. Finally, | try to
elucidate the origin of the experimentally reported MWD value of the polymer being
broader with B(CeFs)4~ than with MeB(CsFs)s-, which means that the former CP reaction
system has a less living character in its polymerization reaction than the latter one.
Through the trajectory analyses of the RM simulations, | discuss the relative probability
of the termination reaction to the 1-octene insertion reaction being influenced by the IP

structures, which determines the living character of the CP reaction system.

In Chapter 4, the general conclusion of this thesis is provided, including future

perspectives.

16
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Chapter 2

Theoretical Elucidation of the Effect of
Counteranions on the Olefin Polymerization
Activity of (Pyridylamido)Hf(1V) Catalyst by
QM and REMD Studies: MeB(CsFs)3™ versus
B(CeFs)s

2.1. Introduction

(Pyridylamido)Hf(1V) catalyst [1-4] is attracting attention as an ethylene/a-olefin
copolymerization catalyst, which can be utilized in the chain-shuttling polymerization
(CSP) technique for the production of ethylene/1-octene multi-block copolymers [4—6].
Hence, a lot of mechanistic studies [7-22] and ligand modifications [23-26] of this

catalyst have been conducted so far.

The (pyridylamido)Hf(1V) catalyst needs to be activated by a cocatalyst to initiate
a polymerization reaction (Figure 1). The activation process consists of the following
steps: First, the Me group in precatalyst 1 is abstracted by the cocatalyst to yield cationic
catalyst 2%, which works with a counteranion (CA) generated from the cocatalyst,
forming an ion pair (IP) [27]. Next, a monomer is inserted to the Hf—naphthyl bond to

form the catalytically active species, called “monomer-inserted” active species 3" [8,9].

23
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monomer-insesrted

precatalyst active species
Me\ yMe cocatalyst
COE—
N —
J - e
=
1 2 + [counteranion] 3® <+ [counteranion]

Figure 1. Schematic representations of activation process of (pyridylamido)Hf(IV) complex by a
cocatalyst and the following monomer insertion process.

There are two types of activating cocatalyst commonly used for group 4 metal
complexes: methyl aluminoxane (MAO) and boron-based cocatalysts [28]. The former
does not have a defined chemical structure, and the required MAO/catalyst ratio ranges
from 500:1 to 10000:1 in metallocene catalysts to achieve high activities [29,30]. In
contrast, the latter has a structure that can be easily identified, and only about a 1:1 ratio
of cocatalyst/catalyst is required. Therefore, in recent years, boron-based cocatalysts

have been widely used in homogeneous olefin polymerization reactions.

Among the boron-based cocatalysts, perfluorophenyl borane B(CsFs)s and trityl
borate salt [C(CeHs)3][B(CsFs)4] are the most widely used [31]. The catalyst activation
processes with these boron-based cocatalysts proceed, as shown in Figure 2. The
methide abstraction of precatalyst 1 by B(CsFs)s yields cationic catalyst 2, and
MeB(CsFs)3~. On the other hand, the methide abstraction of precatalyst 1 by
[C(CsHs)3][B(CsFs)4] yields cationic catalyst 2*, the neutral byproduct MeC(CsHs)s,
and B(CsFs)4~. Although the structural difference between MeB(CsFs)s~ and B(CeFs)a

is slight (only one substituent on B atom), it is experimentally reported that olefin
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polymerization reaction by (pyridylamido)Hf(IV) catalyst with B(CsFs)s~ tends to

proceed faster than with MeB(CeFs)3™ [11,14,16].

B(CsFs)3 o
1 — > 2° MeB(CeFs)s

[Ph3C][B(CgF5)4]
1 — > 2 B(CgFs)y
- PhsCMe

Figure 2. Schematic representations of activation process of (pyridylamido)Hf(IV) complex by
B(CsFs)3 and [PhsC][B(CsFs)4] cocatalysts. B(CeFs)s yields MeB(CsFs)s~ and [PhsC][B(CesFs)4]
yields B(CsFs)s as CAs after activation.

Such a fact has been observed not only in the (pyridylamido)Hf(IV) catalyst but
also in other group 4 metal complexes such as Kaminsky catalysts [32—38]. Hence, the
mechanisms of the polymerization reactions of Kaminsky catalysts with these CAs have
been intensively studied so far by experimental [39-41] and theoretical methods [42—
60]. It is a well-established fact that weakly coordinating CAs can facilitate monomer
coordination, leading to higher catalytic activity [27,28,39,56-62]. It was also suggested
that the monomer capture process plays an important role in determining the
polymerization reaction rate [63], and CAs are likely to be relevant in this process [58].
However, among the previous computational studies, only a few theoretical studies have
focused on the dynamic aspect of the effect of CAs [53-55]. Therefore, it would be
valuable to conduct a comprehensive study on the polymerization reaction mechanism
by using both quantum mechanics (QM) and molecular dynamics (MD) methods to

reveal the microscopic origin of the different reaction rates depending on the CAs.
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In our group, the theoretical studies on the polymerization mechanism with the
cationic (pyridylamido)Hf(1V) catalyst and the MeB(CsFs)3~ anion have been conducted
using computational chemistry methods at the atomic level. In particular, we have
determined the associative active site opening (AASO) mechanism in the activation step
of ethylene insertion reaction using MD method [64]. In addition, we have elucidated
the important role of MeB(CsFs)3™ in the stereoregularity of propylene insertion reaction
using QM method [65]. On the basis of these findings, in this study, | attempt to
elucidate the microscopic effect of each MeB(CsFs)3~ and B(CeFs)s on the 1-octene
polymerization process with the (pyridylamido)Hf(IV) catalyst from both electronic and
dynamic aspects using QM and MD method in combination and theoretically elucidate

the crucial factors affecting the polymerization rates.

Therefore, first, | analyze the electronic and dynamic effects of the CA on 1-octene
insertion reaction by using QM and replica exchange molecular dynamics (REMD)
calculations, respectively. Then, from the obtained calculation results, | theoretically
estimate the reaction rate constants based on the chemical kinetic formulation and
compare them with the experimentally reported reaction rates. Throughout the chapter,
| try to theoretically understand the microscopic origin of the 1-octene polymerization
reaction rate being larger with B(CsFs)s~ than with MeB(CeFs)3™ theoretically [14]. This
chapter is organized as follows: Section 2.2 describes the model systems, QM and
REMD calculation methods, and the treatment of chemical kinetics. In Section 2.3,
results and discussion are provided. Finally, in the last section, the findings of this study

are summarized.
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2.2. Models and Computational Methods

2.2.1. Model Schemes of 1-Octene Insertion Reaction

by (Pyridylamido)Hf(1VV) Complex

In this study, | adopt the “ethylene”-inserted active species (HfCat" in Figure 3) as
a monomer-inserted active species 3" (Figure 1), for the sake of simplicity. Thus, the
polymerization proceeds with the successive monomer insertion to the Hf-alkyl bond
of HfCat* to form HfCat™*, where n is the number of inserted monomer units (n > 0),
assuming hereafter HfCat™* denotes HfCat™ itself (Figure 3). This chapter will treat the
first insertion process of 1-octene monomer to HfCat™* giving HfCat™*, as an essential

reaction process for the targeting polymerization reaction.

"ethylene"-inserted

active species Hex._ Poly
n ZHex Hex
@
—_—
—_—
|
_— =

@ © (C] €]
Hfcat®?®) + [counteranion] HfCat™™ + [counteranion]

) S e

[counteranion] = MeB(CgFs); or B(CgFs)s
Figure 3. Schematic representation of 1-octene polymerization reaction by the “ethylene”-inserted
active species (HfCat*) adopted as a model of the active catalyst structure, which gives HfCat™™

with n-meric 1-octene polymer chain. “Poly” represents a polymer chain. Only the first insertion is

considered in this study.
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According to the previous study [13,65], two types of coordination sites can be
assumed in HfCat", which are defined as trans and cis to distinguish them relative to the
pyridine nitrogen atom of HfCat"™ (Figure 4(a)). In addition to the coordination sites, it
IS necessary to consider the orientation of 1-octene coordination, i.e., 1,2-insertion and
2,1-insertion (Figure 4(b)), which is expected to influence the molecular weight
distribution of the polymer [14]. Thus, | examined the four insertion patterns of 1-octene

insertion: trans-1,2; cis-1,2; trans-2,1; and cis-2,1.

(a) (b)

trans . .
Hex Ti2-insertion  me  Hex

M
L —— T
- Hf Hf

~
f—N

. H _ Q Me | | 2,1-insertion e
. 1 = 2 —_— l
cls O /N' H Hf Hex Hf " ~Hex

Figure 4. Schematic representations of (a) trans/cis and (b)1,2-/2,1-insertion to HfCat*.

2.2.2. QM Calculations for Reaction Energetics

2.2.2.1. QM Model Preparation

To examine the influence of MeB(CsFs)s~ or B(CesFs)s~ on the 1-octene insertion
process, | prepared two types of calculation models: Each of them consists of a 1-octene
monomer and HfCat™ with either MeB(C¢Fs)3™ or B(CsFs)a™ as CA. For each calculation
model, the following six-step procedure was conducted: (i) MD simulations of the
model system containing HfCat", CA, and 1-octene monomer (see Appendix A for
details of the computational model and conditions) were performed to sample a wide
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range of structures for the QM computational model of the monomer insertion reaction.
(i1) A collection of 4000 structures was taken from the MD trajectory and classified into
80 representative configurations using the K-means clustering algorithm [66]. (iii) By
performing QM calculations for these 80 structures, the five most stable structures for
each insertion pattern were selected (in total, 20 structures), including the minimum-
energy state (MS) structure. (v) Using these 20 structures as initial structures, the
transition state structures of the four insertion patterns are searched for by using QM
calculation. (vi) The most stable transition state (TS) structure was determined for each
of the four insertion patterns. From this structure, the reactant state (RS) was obtained
by IRC calculations, followed by structural optimizations. The most stable product
structures obtained from the IRC calculation was defined as the product state (PS)

structure.

2.2.2.2. QM Calculation

All QM calculations were performed with the Gaussianl6 package [67].
Geometrical optimizations were conducted under vacuum using the M06 functional
[68,69]. The LanL2DZ basis set with the associated effective core potential and
additional f orbitals was used for Hf atom, and the standard 6-31G(d,p) basis set was
used for the other atoms. Frequency analyses were carried out to confirm that each
structure is a local minimum (i.e., no imaginary frequency) or a transition state (i.e.,
only one imaginary frequency). IRC calculations of the obtained transition states were
performed to confirm the connectivity of the TSs to RSs and PSs. The energies of the

optimized structures were further estimated through single-point calculations in the
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toluene solvent with SMD model [70], using the M06 functional and the def2-TZVPP
basis set for all the atoms. The Gibbs free energy of each optimized structure was
calculated including thermal correction. The basis set superposition error (BSSE)
correction with the counterpoise method of Boys and Bernardi [71,72] was included in

the cation—anion interaction energies.

2.2.3. REMD Calculations for Free Energy Surfaces

2.2.3.1. Model System for REMD Calculations

To investigate the relationship between coordination of the 1-octene monomers and
dissociation of the CAs, the following two model systems | and Il were prepared for
each REMD calculation in the cases of the HfCat*—MeB(CsFs)s~ and HfCat*—B(CgsFs)a
IP complexes, referring to our previous work [64]. Model system | consists of one IP
and 180 solvent toluene molecules, while model system I1 consists of one IP, 50 1-octene
molecules, and 100 solvent toluene molecules. The box sizes of the HfCat*—
MeB(CsFs)s and HfCat*—B(CsFs)4~ IP model systems (for both | and I1) were (32.7 A)®
and (32.5 A)3, respectively. The concentrations of 1-octene monomers in the HfCat*—
MeB(CsFs)s~ and HfCat*—B(CeFs)sa~ IP model systems Il were 2.38 mol/L and 2.41
mol/L, respectively, which were both about five times denser than the experimental
conditions of 0.5 mol/L [14]. The simulation boxes used as model system Il in this study

are shown in Figure 5.
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(a)

chat +—MEB(C6F5)3_

(b)

chat +—B(C5F5)4_

Figure 5. Side-by-side stereoviews of the model system Il for (a) the HfCat*—MeB(C¢Fs)s~ complex
and (b) the HfCat*—B(CsFs)a~ complex (red, HfCat*; green, MeB(CsFs)s; blue, B(CsFs)4; orange,

1-octene; gray, toluene).

2.2.3.2. REMD Calculation Method

All REMD calculations [73] were executed using the pmemd module in AMBER14
[74] under the periodic boundary condition and the NVT condition. Each REMD
calculation consisted of 18 replicas with temperatures ranging from 330 to 500 K. Only
the trajectories at 330 K were used in our analysis. The temperatures of the replicas were
distributed roughly exponentially to obtain uniform acceptance ratios between
neighboring replicas. The replica exchange was attempted 50000 times every 1 ps (in
total, 50 ns of MD trajectory). The weak-coupling algorithm with a time constant of 1
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ps was applied to control the temperature. The integration time step was set to 1 fs, and
the SHAKE algorithm was used to constrain the bond distances including hydrogen

atoms.

The atomic charges were determined by the QM calculations with the Mertz—
Singh—Kollman method [75,76]. The force field developed in our previous study [64]
was used for the HfCat™ molecule, and the general AMBER force field (GAFF) version
1.7 [77] was applied for all the other molecules. The Lennard-Jones (LJ) interaction
parameters between the Hf atom and borate anion atoms developed in our previous
study [64] were also used in the present study. Besides, the LJ interaction parameters
between the Hf atom and the olefinic carbon atoms in 1-octene were developed in the
same way with those between the Hf atom and carbon atoms in ethylene [64]. (Table

B1, and see Appendix B for more details of the force field developments)

2.2.4. Kinetic Parameter Calculations

Table 1 shows the numerical values of ka and Kq obtained from the QM and REMD
calculations for the HfCat"™~MeB(CsFs)3~ and HfCat*™—B(CsFs)4~ IP systems. The former
ka values were evaluated by Eq. (1.5) with Gtsvalues obtained from the QM calculations,
assuming the transmission coefficient x was 1.0. The temperature was set to 323 K,

referring to the previous experimental report of the 1-octene homopolymerization [14].

Following the definition that HfCat™ (n > 0) denoting HfCat* with a growing n-
meric 1-octene polymer chain and 1-OCT denoting 1-octene monomer correspond

respectively to A and B, the Kq value in Eq. (1.6) for
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K

HfCat™ + 1-OCT —— HfCat"™-1-OCT, 2.1
—

d

can be evaluated by the time duration of the HfCat™"--1-OCT state with respect to all

the observed time duration of the HfCat™" state in the REMD trajectories, as follows,

Y [HfCat™ --1-0CT] ~ X 22
’ (Zn[HfCatP”*]—Zn[HfCatP“ . -1-OCT])[1—OCT] ~(@-wpoct
where X is defined as
> [HfCat™ --1-OCT]
Xx==" (2.3)

S [HfCat™]

Table 1 shows the numerical values of Kq obtained from [HfCat™*--1-OCT] and

[HfCat™*] that can be evaluated from the REMD simulation assuming n = 0 in Eq.

(2.2) and (2.3). I used the numerical values of 1-octene monomer concentration [1-OCT]
and x shown in Table 2, reducing them by a scale factor of 1/5 to evaluate Kq because
the values of [1-OCT] used in the present REMD calculations are five times larger than
the experimental ones (see Subsection 2.2.3). Accordingly, the values of x in Table 2
are expected to be five times larger than those in the experimental situations [14].
Table 1 also shows the numerical values of kg, which were estimated, using Eq.
(1.11), from the REMD calculation results of the HfCat*~MeB(CsFs)s~ and HfCat'—
B(CsFs)a~ IP systems. Here, | assumed that the concentration of HfCat™ (i.e., the

chemical compound A in Eqg. (1.9)) does not decrease during the CP reaction and is kept

constant, i.e., [HfCat"],,

[A], =[HfCat"], = const. (2.4)
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Then, kg was obtained as

( _ In[1-0CT], - In[1-OCT],
‘ [HfCat'], -~ '

(2.5)

where | estimated, from the REMD trajectories, the average time interval z of
association complex formation between HfCat* and 1-octene molecules and the 1-
octene concentration at z ([1-OCT]) after one 1-octene monomer had been inserted to

the HfCat" in the model system.

Table 1. Rate constants k, and kg, and equilibrium constant Ky for HfCat*—MeB(CsFs)s~ and HfCat*—
B(CeFs)4™ IP systems (see Section 1.2 for the definitions of these terms).

complex ka(s?) Kg (L-mol?)  kq(L-mol?-s?)
HfCat*~MeB(CsFs)s~  8.7x10° 1.4x1071 5.8x101°
HfCat*—B(CeFs)a~ 5.6x10° 3.6x10! 1.7x101

Table 2. Ratios of the HfCat* in association states with 1-octene in the REMD trajectories (x) and
the 1-octene monomer concentration in the simulation boxes ([1-OCT]) in HfCat*—MeB(CsFs)3 and
HfCat*—B(C¢Fs)s IP systems.

complex X [1-OCT] (mol-L?)
HfCat*MeB(CsFs)s~  0.32 2.38
HfCat*—B(CsFs)s 0.74 2.41
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2.3. Results and Discussion

2.3.1. Energetics Influenced by the Counteranions

MeB(C6F5)3‘and B(C6F5)4_

2.3.1.1. Favorable Pathway of 1-Octene Insertion Reaction:

Structures and Energetics

Figure 6 shows the free energy diagrams of 1-octene insertion reaction in the
HfCat*—MeB(CsFs)s and HfCat*-B(CsFs)s catalytic IP systems, together with their
MS, RS, TS, and PS structures, both obtained from the QM calculations. The insertion
patterns in the most stable reaction pathways (see the insertion patterns in Subsection
2.2.1) were trans-1,2 and cis-1,2 in the HfCat*-MeB(CsFs)s and HfCat™—B(CsFs)4
complexes, respectively (Table C1 and C2, and see Appendix C for the results of the
other insertion patterns). The preference for trans-1,2 insertion in HfCat™—MeB(CsFs)3
complex is consistent with our previous report on propylene insertion reaction with this
IP [65]. In contrast, the preference for cis-1,2 insertion in HfCat™—MeB(CsFs)s~ complex
is the same with the previous study where no CAs are included in the model system [13],
which might be because of the weak coordinating ability of B(CsFs)4 . Hereafter, 3PFB
and 4PFB  will be appropriately used to denote  MeB(CeFs)3™
(methyltris(perfluorophenyl)borate) and B(CeFs)4~ (tetrakis(perfluorophenyl)borate),

respectively, as well as in Figure 6.
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Figure 6. Free energy diagrams of 1-octene insertion reaction, together with the MS, RS, TS and
PS structures of trans-1,2 and cis-1,2 insertion in (a) HfCat*—MeB(CsFs)s~ and (b) HfCat™—

B(CsFs)s complexes, respectively. The energies E"CAs show the single-point potential energies of

the corresponding structures excluding the CAs from the IP complexes. Gs and E"As are the

relative values to those in each MS. Herein “3PFB” and “4PFB” denote MeB(CeFs)3~ and B(CesFs)4,

respectively. Values are given in kcal/mol.
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Initially, in MSsprs and MSaprg states, the MeB(CsFs)s~ and B(CsFs)s4~ anions are
both coordinated to the HfCat™ with the Me group and with the F atom, respectively.
Both catalyst structures are the penta-coordinated “inner-sphere” ion pairs (ISIPs) where
the cation and anion are in close contact with each other [10,40], with the MeB(CsFs)3™
and B(CsFs)4~ anions being coordinated to HfCat™ in cis and trans positions, respectively.
This site difference should be because the latter anion is so bulky that its cis coordination
is less stable due to the steric hindrance of the naphthyl and 2-isopropyl phenyl groups

of the HfCat*.

In the pathway from MSs to RSs for the considered catalyst system, the structure
transformation like the backbone rearrangement (BBRA), as reported in the metallocene
catalyst [63], was observed, which allows a monomer to enter the inner coordination
sphere of the catalyst. It can be seen that monomers are located outside the coordination
sphere in the MSs, while a monomer coordinate to Hf center and form the n-complexes
in the RSs in the presence of both CAs. It is clarified here that the manner of the BBRA

is largely dependent on the CAs [58] for this catalyst.

In the case of HfCat*—MeB(CsFs)s~ complex, the MeB(CeFs)s~ anion keeps its
coordination to the HfCat™ from MSsprs, forming a hexa-coordination but keeping the
ISIP structure in both RSsprs and TSsprs, as reported in the theoretical study on the
propylene insertion reaction [65]. However, in the case of HfCat™-B(CsFs)4~ complex,
the B(CsFs)4 anion is dissociated from the HfCat* in both RSaprs and TSasprs, keeping
the penta-coordination of HfCat" but forming an “outer-sphere” ion pair (OSIP), where

the cation and anion are rather separated each other [10,40]. In spite of this structural
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difference, the Grss of the HfCat™-MeB(CsFs)s~ and HfCat™B(CsFs)s~ complexes are

17.6 kcal/mol and 17.9 kcal/mol, respectively, almost in the same range.

However, finally in the PSsprs and PSaprs states, MeB(CeFs)s™ and B(CeFs)s are
coordinated to the HfCat™ in the cis and trans position with respect to the N atom in the
pyridine ring, respectively, forming penta-coordinated ISIPs. Note that B(CesFs)s™
coordinates to HfCat" again. The Gpss become -6.6 kcal/mol in the HfCat™-
MeB(CsFs)s-, and —10.5 kcal/mol in the HfCat*—B(CsFs)a~ complex. It is worth noting

that the overall reactions are exergonic for both cases.

2.3.1.2. Differences in ISIP/OSIP Structures of TSs (/RSs)
between HfCat™—~MeB(CeFs)s~ and HfCat™—B(CeFs)4™
Complexes: Trade-Offs between Conformation Transition

Energy (CTE) and lon Pair Dissociation Energy (IDE)

It is notable that some structural differences were observed in TSs (or RSs) between
HfCat™—MeB(CsFs)s~ and HfCat™—B(CsFs)s~ complexes (Figure 6). In the former
complex, the monomer is inserted via trans-1,2 pattern, whereas in the latter complex,
cis-1,2 insertion is preferred. The reason for the preference for trans-1,2 in HfCat*—
MeB(CsFs)3™ is that its transition state of cis-1,2 insertion complex is an OSIP, where
the electrostatic interaction between HfCat™ and CA is weaker than ISIPs. Due to the
steric repulsion between the naphthyl ring of the HfCat* and the hexyl chain of 1-octene
monomer, | could not find any stable ISIP structure with 1-octene coordination in the
cis position for the HfCat*—-MeB(CsFs)s~ complex. In contrast, the reason for the
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preference for cis-1,2 insertion in HfCat*™-B(CsFs)4 is that the structural stability of
HfCat™ with Me group at the trans position (with respect to the N atom in the pyridine
ring) is more stable than that with Me group at the cis position by about 6 kcal/mol (see

Table D1 in Appendix D).

To elucidate the origin of the IP structure difference of TSs (or RSs) between the
HfCat"™—MeB(CsFs)s~ and HfCat*™—B(CeFs)4~ complexes, | focused on the energy loss of
the IP dissociation and that of the conformational transition of HfCat™, associated with
the ISIP/OSIP alternation. It can be assumed that the transformation from ISIP to OSIP
leads to the unfavorable energy loss of the cation—anion electrostatic interaction, i.e.,
the ion pair dissociation energy (IDE). The transformation from OSIP to ISIP would
lead to a favorable contribution by the electrostatic interaction energy between HfCat*
and CAs (i.e., negative value of IDE). However, | found that the transformation from
OSIP to ISIP inversely leads to an unfavorable energy contribution due to the distortion
of the HfCat" from a penta-coordinated structure without coordination of CAs to a more
sterically constrained hexa-coordinated one with coordination of CAs, i.e., the
conformational transition energy (CTE). Therefore, in the present two catalytic IP
complexes, it can be said that the IDE and CTE are assumed to be in a trade-off
relationship, and their mutual compensation should be the key to determine the IP

structures toward each TS (or RS) from each structural region of MS.

It was found that the IDEs of the HfCat*-MeB(CsFs)s~ and HfCat*—B(CgFs)s IPs
are ~30 and ~5 kcal/mol, respectively (Table E1, and see Appendix E), while the CTE
of HfCat™ from a stable penta- to unstable hexa-coordinated configuration is ~20

kcal/mol (Table D1, and see Appendix D). It is, therefore, suggested that the hexa-
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coordinated ISIP at TSsprs (0Or RSaprs) is more stable than its penta-coordinated OSIP
because the IDE of the HfCat"™—MeB(CsFs)3~ (~30 kcal/mol) is larger than the CTE of
the HfCat* (~20 kcal/mol). In contrast, the penta-coordinated OSIP at TSaprg (Or RS4prs)
is more stable than its hexa-coordinated ISIP because the CTE of the HfCat™ (~20
kcal/mol) from the penta- to the hexa-coordinated configuration is larger than the IDE

of the HfCat™—B(CeFs)4 (~5 kcal/mol).

2.3.1.3. Gts in HfCat*™-MeB(CeFs)s~ Complex Almost Equall
to That in HfCat™-B(CsFs)s~ Complex despite the Structural

Difference in TSs

The Grs values of the HfCat*—MeB(CeFs)s~ and the HfCat*™—B(CesFs)4~ complexes
turned out almost equal to each other, i.e., 17.6 and 17.9 kcal/mol, respectively (Figure
6). To understand this coincidence despite the remarkable difference in the TS structures,
it is worth elucidating if and how the following relation of energy decomposition should

stand,

AG =G~ Gy 6 (2.6)
~ (E¥§CA _ EI&OSCA) + (AE_lc_z;tion—anion _AEE/?;ion—aniton) (2.6b)
:AEnoCA +AAEcation—anion (2.6C)

where E™“* values denote the single-point potential energies of the structures

containing only the HfCat™ and 1-octene monomers, excluding the CAs from the IP
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complexes while fixing the remaining geometries, and AE°MamoN yalyes are the

corresponding cation—anion interaction energies without 1-octene monomers.

Figure 6 also shows such E™* values of the corresponding IP complexes, with
each E;«* of the HfCat™-MeB(CesFs)s~ and the HfCat™—B(CeFs)4~ complexes set to
the origin of energy (0.0 kcal/mol). Note that E[2“* values are more stable than E %"

values (see Figure F1 in Appendix F). In the HfCat*~MeB(CesFs)s~ complex, EJ“* of

TSspre showed a positive value of 1.4 kcal/mol since the destabilization energy due to
the structure change of HfCat* from penta- (at MSsprg) to hexa-coordinated (at TSzprs)

structure exceeds the stabilization energy by 1-octene coordination to HfCat*. In

contrast, in the HfCat*—B(CeFs)a~ comple, it is reasonable that EJ2** of TSsprs is —

12.1 kcal/mol because of the stabilization by the coordination of the 1-octene monomer

to the HfCat™ without any changes in the coordination number of HfCat*. Accordingly,

the large deviation of E[2** values from Grs values suggests that the CAs should play

crucial roles in determining the Grs energies. | found that such energy deviation of

E°®stems from the changes in cation—anion interaction energies, AE®1"-4mon That s,

AEStion-anion changes by 17.5 kcal/mol from MSgprs to TSzere because the cation—anion
interaction becomes relatively weaker in TSsprs 0wing to the influence of the 1-octene
monomer coordination to HfCat* (Table G1 in Appendix G). However, AEcaton-anion
changes more largely by 26.4 kcal/mol from MSsprs to TSasprs, due to the IP dissociation,
in addition to the influence of the 1-octene monomer coordination (Table G2 in

Appendix G). Thus, it is understood that the changes in AE®1°"20N of the |P complexes
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make Grs values of the HfCat'—MeB(CsFs)s~ and the HfCat™—B(CeFs)s~ complexes

almost equal.

To sum up, the origin of the structural difference in TSs is attributed to the IDEs of
HfCat"™—MeB(CsFs)s~ and HfCat™—B(CsFs)s~ IPs (about 30 kcal/mol and 5 kcal/mol).
However, it is characteristic that the Gts values for both complexes are almost the same

because the changes in the cation—anion interaction energies from MSs to TSs, i.e.,

AAE®™n s - eventually cancel out, in a compensatory way, the energy difference of

AE™* between in the HfCat*~MeB(CsFs)s~ and HfCat*—B(CsFs)a~ complexes.

2.3.2. Competition of Anion vs. Monomer

Coordination to HfCat*

2.3.2.1. Four Characteristic Regions on Free Energy

Surfaces (FESS)

In Subsection 2.3.1, it was understood from the QM calculations that the electronic
aspect of the IP structures in the course of the activation process is significantly different
between the HfCat™-MeB(C¢Fs)s~ and the HfCat™-B(CsFs)4~ complexes. Likewise, it is
reasonable to assume that a dynamic aspect of the IP structure during the diffusion
process also influences the monomer capture step, where monomers approach the active
center of HfCat", i.e., the initiating process that triggers the following process from the

MS state toward TS through the RS state.
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Thus, in order to investigate the characteristic change of the IP structure in the
presence or absence of 1-octene monomers, | performed REMD calculations using the
model system | (without 1-octene monomers) and Il (with 1-octene monomers) for both
HfCat"™-MeB(CsFs)s~ and HfCat™—B(CeFs)a~ complexes (see Subsection 2.2.3 for the
details of the REMD simulations). Thus, in order to investigate the characteristic change
of the IP structure in the presence or absence of 1-octene monomers, | performed REMD
calculations using the model system | (with 1-octene monomers) and Il (without 1-
octene monomers) for both HfCat*—MeB(CsFs)s~ and HfCat™—B(CsFs)s~ complexes (see
Subsection 2.2.3 for the details of the REMD simulations). Then, to draw characteristic
free energy surfaces (FESs) using the obtained REMD trajectories, the interatomic
distance r between Hf and B atoms and the angle ¢ formed between the straight lines
connecting Hf to B and Me (Figure 7) were taken as the two coordinates to map the
FESs. To distinguish the anion location relative to the HfCat™ on the 2-dimensional free
energy (FE) maps, it was convenient to divide the FE maps into the four characteristic
regions; i) Region A satisfying 4 A <r <5 A and 40° < ¢ < 100°, ii) Region B satisfying
5A <r<7Aand20° < ¢ <100°, iii) Region C satisfying 7 A <r <10 A and 20° < ¢

< 100°, and iv) Region D satisfying 7 A <r < 10 A and 100° < ¢ < 180°.

Figure 7. Definition of the distance r and the angle ¢.
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2.3.2.2. ISIPs Mainly Observed on the FESs of HfCat™-
MeB(CsFs5)s~ Complex in the Presence or Absence of

Monomers

Figure 8 shows the FE maps of the systems | and Il for the HfCat'—MeB(CeFs)3~
complex, which can be assumed to correspond almost to MSsprg and its surrounding
states closer toward RSsprg (see Figure 6(a)). In addition, Figure 9 shows the four
typical catalyst structures asers, bsprs, C’sprB, and d’sers that appeared in the defined
four regions A-D. In the FE map of system | (Figure 8(a)), the states of the complex are
distributed in the regions A and B, where the ISIP structures asrrs and bsprs are
observed with Me group and F atom coordinated to HfCat", respectively (Figure 9). It
is understood that the structure asprs is more energetically stable than the structure bsprs,
which corresponds to the fact that the Me group is coordinated to the HfCat* in MSapes,

obtained by the QM calculation in Subsection 2.3.1 (Figure 6 (a)).

In the FE map of system Il for the HfCat*—MeB(CsFs)s~ complex (Figure 8(b)), the
states of the complex are distributed in all the regions A—D. As observed in system |
(Figure 8(a)), region A is the most stable among them. In regions A and B, the ISIP
structures asprs and bsprs are respectively observed with no 1-octene monomer
coordination to HfCat™ (Figure 9). In regions C and D, the OSIP structures ¢’sprs and
d’sprs are observed, where 1-octene monomers are coordinated to HfCat™, instead of

MeB(CsFs)s~ anions (Figure 9). Meanwhile, it should be noted that in these regions,
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~35% of those structures are also observed without 1-octene monomer coordination to

HfCat"™ (not shown in Figure 9).

From the above results, | determined the structural transition process of the HfCat*—
MeB(CsFs)3~ IP along with the coordination of 1-octene monomer (Figure 9). Herein,
the chemical equilibrium between the structure asers and structure bsprs Is biased
toward the structure asprs. When a 1-octene monomer approaches the IP complex, the
MeB(CsFs)s anion in the structure bsprgs dissociates from HfCat™ to form the structure
¢’spre. Then, the MeB(CesFs)3~ anion moves to the opposite side from the active site to
form the structure d’sprs. It is worth noting that this structural transition mechanism is
essentially identical to that of the associative active site opening (AASO) mechanism

reported in our previous study on the activation process with ethylene monomers [64].
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Figure 8. Free energy maps with respect to r and ¢ for the HfCat*—MeB(CsFs)s~ complex; (a)
system | (without 1-octene) and (b) system Il (with 1-octene). The free energy at the most stable
point in region A is set to the origin of energy (0.00 kcal/mol). Calculations were performed by
using bins with size of (0.05 A, 2.0 deg.).
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Figure 9. Schematic images of the structure transition of the IPs in the 1-octene coordination
process with MeB(CeFs)s™. The structures asprs, bsprs, ¢’sprs, and d’sprs are the representative
structures of regions A-D in Figure 8(a) and 8(b), respectively.

2.3.2.3. ISIPs Mainly Observed in the Absence of Monomers
while OSIPs Observed Only in the Presence of Monomers in

the FESs of HfCat*-B(CeFs)4s~ Complex

Figure 10 shows the FE maps of systems | and Il for the HfCat*—B(CsFs)4 complex,
which can be assumed to correspond almost to MSsprs and its surrounding states closer
toward RSspre (see Figure 6(b)). In addition, Figure 11 shows the four typical catalyst
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structures baprs, Caprs, ¢’sprs and d’sprs that appeared out of the defined four regions
A-D. In the FE maps of system | (Figure 10(a)), the states of the complex are distributed
in regions B and C, where the ISIP structure bsprs and the OSIP structure csprs are
observed, respectively (Figure 11). Herein region A is not observed because the
B(CsFs)s~ anion does not have a Me group. It is understood that the structure basprs is
more energetically stable than the structure csprs, which corresponds to the fact that F
atom is coordinated to HfCat" in the state MSaprg, oObtained by the QM calculation in

Subsection 2.3.1 (Figure 6 (b)).

In the FE map of system Il (Figure 10(b)) for the HfCat*—B(CsFs)s complex, the
states of the complex are distributed in regions C and D. Compared to the FE map of
system | (Figure 10(a)), it is clarified that region B has disappeared, that is, the ISIP
structures are no longer observed, which suggests that the IP separation would be further
promoted by the monomers present in the solvent. In regions C and D, the OSIP
structures ¢’4prs and d’sprs are observed, where 1-octene monomers are coordinated to
HfCat", instead of B(CsFs)4 anions (Figure 11). Meanwhile, it should be noted that in
these regions, ~35% of those structures are also observed without 1-octene monomer

coordination to HfCat*™ (not shown in Figure 11).
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Figure 10. Free energy maps with respect to r and ¢ for the HfCat*—B(CsFs)s~ complex; (a) system

I (without 1-octene) and (b) system Il (with 1-octene). The free energy at the most stable point in

(a) region B and (b) region C are set to the origin of energy (0.00 kcal/mol), respectively.

Calculations were performed by using bins with size of (0.05 A, 2.0 deg.).
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Figure 11. Schematic images of the structure transition of the ion pairs in the 1-octene coordination
process in HfCat*—B(CsFs)a~ complex. The structures baprs, Caprs, ¢’aprs, and d’spes are the
representative structures of the regions B and C in Figure 10(a) and regions C and D in Figure 10(b),
respectively.

Accordingly, | can confirm the structural transition process of the HfCat™—B(C¢Fs)4~
IP along with the coordination of 1-octene monomer (Figure 11). The chemical
equilibrium between the ISIP structure baprs and the OSIP structure caprs is strongly
biased toward the structure bsprs. When a 1-octene monomer approaches the complex,
the B(CeFs)4~ anion in the ISIP structure baprs dissociates from HfCat™ in accordance
with 1-octene monomer coordination to form the OSIP structure ¢’4prs. Furthermore,
capre becomes ¢’sprs after 1-octene coordination to HfCat™, keeping the OSIP structure.

Then, the B(CsFs)4~ anion moves to the opposite side from the active site to form the
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OSIP structure d’sprs. Once more, | would like to mention that this structural transition
mechanism reminds us of the AASO mechanism that was reported in our previous study
on the activation process [64], suggesting that the B(CsFs)4~ anion, which coordinates
to HfCat* only with a weakly coordinating F atom, is more likely to dissociate from
HfCat* than the MeB(CsFs)s~ anion, which has a strongly coordinating Me group. The
complete disappearance of the HfCat"™—B(CsFs)4 ISIP structure in the presence of 1-
octene monomers (Figure 10(b)), which is in contrast with the retention of the HfCat™—
MeB(CsFs)3™ ISIP structure (Figure 8(b)), suggests that the AASO mechanism is more

likely to occur in the HfCat™-B(CsFs)4~ complex than HfCat™—-MeB(CsFs)3™ one.

2.3.2.4. Ratio of the HfCat™ Capturing 1-octene Monomers:

Influenced by Anion Coordinating Ability to HfCat*

Table 2 shows the ratio x (Eq. (2.3)) of the HfCat™ capturing 1-octene monomers
among all states of HfCat™ observed in the REMD simulations, together with the values
of the 1-octene concentration [1-OCT] in the HfCat—MeB(C¢Fs); and HfCat™—
B(CsFs)s~ complex systems. For determining the association states, the following
criteria were considered: The distances between the Hf atom and each of the two sp?
carbon atoms in 1-octene are within those distances in the MS structures obtained from
the QM calculation. It is revealed that the value of x in the HfCat*™—B(CeFs)4~ complex
was ~2.5 times as large as that in the HfCat™~MeB(CsFs)s~ complex, although the 1-
octene monomer concentrations ([1-OCT]) were almost the same. This is because the
B(CsFs)4~ anion is more likely to dissociate from HfCat* than MeB(CsFs)s™ anion, so

that monomer coordination is less likely to compete with anion coordination.
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2.3.3. Relationship between the Reaction Rates and

the Microscopic Reaction Mechanisms

Kinetic constants ki, K¢, and kq were obtained based on the chemical Kinetic
formulation (see Subsection 2.2.4). Using these constants, | calculate the k> values for
the HfCat"™~MeB(CeFs)3~ and HfCat™—B(CeFs)s~ complexes and compare them with the

experimental ones.

2.3.3.1. Ka, Kg, and kq in HfCat*— B(CsFs)s~ Complex Are

Larger than Those in HfCat'—MeB(CsFs)3~ Complex

It was found that the ka value in the HfCat™—MeB(CsFs)s~ complex is about 1.5 times
larger than that of the HfCat™—B(CesFs)4~ complex, while the Kqg value of the HfCat*—
B(CsFs)4~ complex is ~2.5 times larger than that of the HfCat™—MeB(CsFs)3~ complex

(Table 1).

The calculated kq value for the HfCat™-B(CsFs)4~ system was about three times
larger than that for the HfCat"™—MeB(CesFs)s~ system (Table 1). Compared to the
theoretical association rate constant, ke, assuming a diffusion-controlled reaction of
spherical particles in the law of mass-action [78] with the numerical diffusion
coefficients of HfCat* and 1-octene molecules (Table H1, and see Appendix H), the
present kg values in Table 1 are both close enough to that of k" that was obtained
theoretically under the simple but essential approximation. Thus, it can be said that the

present rather precise and characteristic difference in their numerical values is
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reasonably obtained owing to the successful and microscopic description of the

intermolecular interaction between 1-octene and HfCat™.

2.3.3.2. Calculated k2 Values Reproduced the Tendency of
the Experimental Values: Difference in the Coordination
Ability

Table 3 shows the values of the calculated reaction rate constants, ko2t
assuming an activation-controlled reaction and k%9 assuming a diffusion-controlled
reaction, and that of the experimental one, ko®. The values of ko®¥¢-2t and k,¢!°-4If are
calculated from the results of ks, Kq, and kq shown in Table 1 using Eq. (1.4) for the
activation-controlled assumption and Eqg. (1.8) for a diffusion-controlled assumption,

respectively. The values of ko*** are calculated using the 1-octene monomer half-life

7., » Which is reported in the experimental study [14] (see Appendix I).

It was found that the values of k2% are comparatively closer to those of ko,
especially in HfCat*—B(CeFs)4~ system, whereas the values of kx"°-9iff gre significantly
different from those of k*® (Table 3). It is suggested, therefore, that the present CP
reaction occurs in the activation-controlled scheme, which can be normally expected for

such kinds of catalytic reactions with activation energies larger than ~3 kcal/mol.
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Table 3. 1-Octene polymerization reaction rate constants, i) the experimental one k>*® ii) the
computational one for activation-controlled reactions k.°@°-2%t, and iii) the computational one for
diffusion-controlled reactions k.®cdif jn HfCat*—MeB(CsFs)s~ and HfCat*-B(CsFs)s~ complexes.

Values are given in L-mol?*-s1.

complex kzexp kzcalc_act kzcalc_diff

HfCat*—MeB(CeFs)s-  3.5%x10? 1.3x10° 1.4x10%
HfCat*—B(CsFs)4~ 5.6x102 2.0x10° 3.1x10%

Under the above suggestion, | can further assume that the slight deviation of k-2t
values from k> ones should come from the following uncertain factors: the validities
of calculation models, calculation methods, and reaction schemes. For example,
although | have revealed that both HfCat™-MeB(CsFs)s~ and HfCat™B(CsFs)s
complexes take the ISIP structures at their MSs, it might not be the case for the
HfCat™*—MeB(CsFs)s~ or HfCat™—-B(CsFs)a~ complex, having a bulky n-meric 1-
octene polymer chain (n > 1) attached on HfCat*. Probably, these complexes may also
take OSIP structures, which | can expect would somehow improve the deviation of
ko®@c-2t from ko> in the HfCat*—MeB(CeFs)s~ system. It is also plausible that further
improvement must be obtained by changing the calculation model from “ethylene-
inserted” active species to “l-octene-inserted” one, or reconsidering the reaction
schemes. Moreover, it is well-known that the choice of the “level of theory” in QM
calculation significantly influences the k22! values. In particular, in an activation-
controlled reaction, k22>t js approximated by a product of ka and Kq (Eq. (1.4)), which
are expressed by Eq. (1.6) using Gts and by Eq. (2.2) using the ratio x of the HfCat"
forming association complex with 1-octene monomer, respectively. Thus, it is

understood that such values of k%°-2 being smaller than that of k. suggest that either

54



Chapter 2

those Grs values should be overestimated or x values should be underestimated. Under
these assumptions, therefore, | should note that the agreement between the ratio of
kocale-act (HfCat*—B(CsFs)s /HfCat™—MeB(CsFs)3) and that of k-*®, i.e., ~1.6, might be
fortuitous and need further careful examination, due to not only the uncertainty

discussed above, but also to the uncertainty of k2*® estimation (see Appendix 1).

From the QM calculation in Subsection 2.3.1 to see the electronic effect of the
counteranions, | found that the Grs values are almost identical in both HfCat™—
MeB(CsFs)3~ and HfCat™—B(CsFs)s~ complexes in spite of the OSIP/ISIP difference in
TSs (see Figure 6). From the REMD calculation in Subsection 2.3.2 to see the dynamic
effect of the counteranions, | found that the ratio x of the concentration of HfCat*
forming association complex with 1-octene monomers was ~2.5 times larger in
HfCat™—B(CsFs)4a~ complex than that in HfCat™—MeB(CsFs)s~ one (see Table 2)
because B(CeFs)s~ is more likely to form the OSIP structure along with 1-octene
monomer approaching HfCat* (see Figure 8 and Figure 10). From the above
discussion, it is proved that, although the reaction is activation-controlled, the Kq was
responsible for ko of the HfCat™—B(CsFs)s~ complex being larger than that of the
HfCat*—MeB(CsFs)s~ one, which becomes larger with the weaker coordination ability
of CAs. Itis, therefore, the monomer capture step observed in the REMD study, which
is significantly influenced by the dynamic effect of counteranions, is the essential key
factor to bring about the 1-octene polymerization reaction rate larger with the B(CeFs)4

than with MeB(CeFs)s™ anions.
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2.4. Concluding Remarks

In this study, the effects of MeB(CeFs)s~ and B(CeFs)s~ on the 1-octene
polymerization reaction catalyzed by the ethylene-inserted cationic active species of the
(pyridylamido)Hf(IV) catalyst (i.e., HfCat™) were analyzed using computational
chemistry methods. For comprehensive understanding of the reaction mechanism, |
regarded a combination of the successive two processes of the diffusion and activation
processes as the elementary reactions of this CP reaction of the HfCat™ and 1-octene

monomers.

First, 1 analyzed the microscopic mechanism of 1-octene insertion reaction
throughout the activation process, using QM calculation. | found that the MeB(CsFs)3™
anion is coordinated to the HfCat" in its transition state (TS), forming an “inner-sphere”
ion pair (ISIP) structure. However, the B(CsFs)4~ anion is separated from the HfCat™ in
its TS, forming an “outer-sphere” ion pair (OSIP) structure. In spite of these structural
differences, the Grs values in HfCat*™-B(CsFs)s~ and HfCat™—MeB(CsFs)s~ complexes
are almost the same due to the energy compensation from the cation—anion interaction,
i.e., the electronic effect of the CAs, to cancel out the difference in the stabilities

between penta- and hexa-coordination structures.

Next, | analyzed the dynamics of the MeB(CeFs)3~ and B(CeFs)s~ anions in the
diffusion process by using replica exchange MD (REMD) calculation and investigated
their difference characterized through their diffusion processes. Then, it was found that
B(CsFs)4~ is more likely to dissociate from HfCat* to form OSIP than MeB(CsFs)3,
because of its weaker coordination ability, so that the coordination of monomer is less

likely to compete with the coordination of B(CsFs)s~ anion than with that of
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MeB(CsFs)3~ anion. Thus, it was found that, in REMD trajectories of the HfCat™—
B(CsFs)4a~ complex, the time duration ratio x of HfCat"™ forming such association
complexes with 1-octene monomers with respect to the time duration of isolated HfCat*
was ~2.5 times as large as that of the HfCat"™—MeB(CsFs)s~ complex due to the dynamic

effect of the CAs.

On the basis of the above calculation results, I calculated the values of the reaction
rate constant for the polymerization, ko, in the activation-controlled scheme and found
them to be in good agreement with the experimental ones. Furthermore, it was revealed
that the larger x value of HfCat™-B(CsFs)s~ complex in the diffusion process leads to
qualitatively reproducing the larger ko value for HfCat*™—B(CsFs)4 than that for HfCat™—
MeB(CeFs)3~, which is brought about from the weaker coordination ability of B(CeFs)4 .
Therefore, it is computationally confirmed that the coordination ability of CA in the

dynamic aspect is the key factor in determining the polymerization reaction rate constant.

It is computationally clarified that the microscopic mechanism of 1-octene insertion
reaction by HfCat™ with MeB(CsFs)s~ and B(CsFs)s~ in both electronic and dynamic
aspects using QM and REMD methods in combination. Above all, it was demonstrated
that the monomer capture step [63], which is largely influenced by the dynamic effect
of counteranions, determines the polymerization reaction rates in this catalytic system.
| believe that this work might be the first example of numerically estimating the CP
reaction rate constant by computationally simulating the reaction mechanism from both

electronic and dynamic viewpoints.
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Appendix A:
Details of MD Calculation to Sample the Desired

Configurations for the QM Calculation

In order to sample the initial structures for the QM calculations, | performed NV T-
MD simulations in vacuum for 1 ns at 800 K controlled by the weak-coupling
algorithm with a time constant of 1 ps using AMBER14 [74]. In each calculation, |
imposed harmonic constraints on the position of the 1-octene monomer to efficiently
sample the four desired configurations of 1-octene monomer coordination: trans-1,2;
trans-2,1; cis-1,2; and cis-2,1. | sampled the configurations every 1 ps from each
trajectory, and obtained 1000 configurations for each monomer coordination pattern

(in total, 4000 configurations).

In these simulations, | used the intramolecular force field parameters obtained in
the previous study for ethylene-inserted active species, as well as those for the
intramolecular force field of borate anion. For the intramolecular force field of ethylene

and all the intermolecular force fields, | used the parameters of GAFF 1.7 [77].

Appendix B:
Details of Intermolecular Force Field Development

for the HfCat™1-Octene Interaction

To describe the intermolecular interaction between the cationic HfCat* and 1-octene

monomers, | modified the LJ parameters of Hf-(C1 atom in 1-octene) and Hf-(C; atom
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in 1-octene), with reference to our previous work [64]. For this purpose, | consider a
system composed of a HfCat™ and a 1-octene molecule. First, | performed QM partial
optimizations with the constraint on either ry: Hf-(C1 atom in 1-octene) or r,: Hf-(C>
atom in 1-octene) (Figure B1), using each stable configuration of the four coordination
patterns obtained by full geometry optimization as initial structures. The r; ranges from
2.6106.0 A and r, from 3.0 to 6.0 A at intervals of 0.2 A. Then, | performed MM partial
optimizations starting from the obtained QM optimized configurations with the
harmonic constraints on either r; or r.. | defined an evaluation function S for fitting LJ

parameters as follows:

>, exp{—(AEZ} — AEQ . YHAAER, V™M)

S — X, min X,r
ZX Z:r exp{—(AEg'\f - AES'\:'nln )}

where

AE;r = E;r - E;['rmax (a = QM or MM),
ANEPI™ — MBS — AEMY,

X is the index for coordination patterns, r is the index for distances, rmax is the index for

the longest distance, and E".  is the minimum value of E}".

X ,min

By minimizing the S value, | optimized the LJ parameters of Hf-(C. atom in 1-
octene) and Hf-(C, atom in 1-octene). As a result, the parameters in Table B1 were

obtained.
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Figure B1. Schematic representation of the constraints on Hf-(C; atom in 1-octene) and Hf-(C;

atom in 1-octene) distances.

Table B1. LJ parameters for Hf~C; and Hf—C; after modification,

¢ (kcal/mol) a(A)

Hf-C, 7.36 2.61
Hf-C> 5.65 3.29

Appendix C:

Reaction Free Energies for All the Insertion Patterns

As | stated in Subsection 2.2.1, | have searched for the transition state structures
of the expected four insertion patterns, trans-1,2; trans-2,1; cis-1,2; and cis-2,1. Table
C1 and Table C2 show the obtained energies for four insertion patterns in HfCat*™—
MeB(CsFs)s~ and HfCat™—B(CsFs)s~ systems, respectively. The reaction pathway

shown in Figure 6(a) corresponds to trans-1,2 insertion in the HfCat*—MeB(CsFs)3~
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complex, and that in Figure 6(b) corresponds to cis-1,2 insertion in the HfCat™—

B(CeFs)a complex.

Table C1. G™ and GRS values, which are the Gibbs free energies of TS and RS states relative to MS,
in each configuration of 1-octene insertion reaction with MeB(CeFs)3™.

trans-1,2 cis-1,2 trans-2,1 cis-2,1
G'S (kcal/mol)  17.6 25.4 19.1 24.8
GRS (kcal/mol)  12.6 13.5 10.2 15.2

Table C2. G™ and GRS values, which are the Gibbs free energies of TS and RS states relative to MS,
in each configuration of 1-octene insertion reaction with B(CsFs)4 .

trans-1,2 cis-1,2 trans-2,1 cis-2,1
G™S (kcal/mol) 22.4 17.9 23.2 19.4
GRS (kcal/mol)  15.3 13.0 211 11.8

Appendix D:
Conformation Transition Energy of HfCat* from

Penta- to Hexa-coordinated Structure

To examine the conformation transition energy (CTE) of HfCat* from the penta-
to hexa-coordinated configuration, | adopted HfCat™ TSsprs, HfCat™ TSaprs.cis, and
HfCat™ TSaprgrans (Figure D1) as model structures for the hexa- and penta-

coordinated configurations, which are taken from the coordinates of the cationic
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HfCat" in TSspre, TSsrrs, and the transition state of trans-1,2 insertion reaction in
HfCat"™-B(CsFs)4~ complex (Table C2) respectively. Then, | performed QM single-
point calculations for these configurations at the M06/def2-TZVPP level of theory. I
also performed geometry optimization of the cationic HfCat™ at the M06/6-31G(d,p)
(LanL2DZ+f for Hf atom) level of theory, followed by single-point calculation at the
MO06/def2-TZVPP level of theory. Table D1 shows the obtained potential energies at
the model structures relative to that of the optimized structure of cationic HfCat™ set as
0.0 kcal/mol. From this result, | found that the CTE of HfCat™ from the penta- to hexa-

coordinated configuration is about 20 kcal/mol.

(a) (b) (0

chat_TS3p|:B chat_TS4p|:B’cis HfCat_TS4pFB,t,.ans

Figure D1. Structures of (a) HfCat*_TSsprs, (b) HfCat*_TSaprs.cis, and (¢) HfCat*_TSaprs trans.

Table D1. Potential energies of HfCat™_TSsprs and HfCat*_TSsprs relative to the optimized structure

of cationic HfCat"*.

HfC at+_T83P|:B chat+_TS4p|:B,cis chat+_TS4p|:B,1rans

E (kcal/mol) 39.3 19.2 25.5
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Appendix E:
lonpair Dissociation Energy of the HfCat™—
MeB(CeFs)s~ and the HfCat™—B(CesFs)4 lonpairs

To examine the ionpair dissociation energies (IDESs), | considered the reference
structures of TS’sprg (OSIP) and TS’4prs (ISIP) as shown in Figure E1, where the
HfCat"™—MeB(CsFs)s~ and HfCat™-B(CeFs)a~ IP configurations correspond to those in
TSsprs (OSIP) and TSzpes (ISIP) in Figure 6, respectively. Table E1 shows the values
of the cation—anion interaction energy AEcation-anion (= pionpair _ peation _ panion) jy TGg
and TS’s, where E™O"ar Ecation and E3o" are the single-point calculated potential
energies of the IP, cation, and anion, respectively. The difference of the AECaton-anion
values between the ISIP and OSIP complexes corresponds to the IDE, i.e., between
TSsprg (ISIP) and TS’spre (OSIP) (—81.0 kcal/mol and —50.8 kcal/mol), or between
TS’spre (ISIP) and TSasprs (OSIP) (—60.7 kcal/mol and —54.9 kcal/mol). Thus, the IDEs
of the HfCat*—MeB(CsFs)s~ and HfCat*™-B(CsFs)s IPs are estimated as ~30 kcal/mol

and ~5 kcal/mol, respectively.

(a) (b)
Hex\[:l:-‘r\j:@/ N@
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Figure E1. Structures of (a) TS’spre and (b) TS 4pre, Whose catalyst configurations correspond to
those of TSapes and TSs3pes.

Table E1. Cation-anion interaction energies AECon2anion in TS and TS’ structures of HfCat*—
MeB(CsFs)s~ and HfCat*—B(CsFs)4~ complexes.

TSsprs TS’spre TSaprs TS 4pr8

AEeation-anion (iccal/mol)  -81.0 -50.8 -54.9 -60.7

Appendix F

Potential Energies of the Structures without CAs in
HfCat™—MeB(CsFs)s~ and HfCat™—B(CsFs)4~
Complexes

Figure F1 shows the potential energy diagrams of E"°°A’s, which are the single-
point potential energies of the structures containing only the HfCat™ and 1-octene
monomers, excluding the CAs from the IP complexes while fixing the remaining
geometries of MSs, RSs, TSs, and PSs. Herein E"C”*s are the relative values to the

E°CA> in MSsprs, While E™CAs is Figure 6 are the relative values to those in each MSs.
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Figure F1. Potential energy diagrams of the MSs, RSs, TSs, and PSs in Figure 6 without CAs in
HfCat*~MeB(CsFs)s~ and HfCat*—B(CsFs)s~ complexes. E"°“A’s are the relative values to the energy
in MSzpes. Herein “3PFB” and “4PFB” denote MeB(CgFs)s™ and B(CsFs)a, respectively. Values are

given in kcal/mol.

Appendix G:

Cation—anion Interaction Energies of the 1-octene

Insertion Reaction Intermediates

Table G1 and G2 shows the values of the cation—anion interaction energies

AE¢ation-anion (— pionpair _ peation _ anion) iy \Ss, RSs, TSs, and PSs of the HfCat*—

MeB(CsFs)s~ and HfCat*™—B(CeFs)4~ complexes, respectively.
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Table G1. Cation-anion interaction energies AE®"™2mon jn MS, RS, TS, and PS structures of
HfCat*—MeB(CsFs);~ complex.

MSzprs RSapr TSapra PS 3pra

AEcator-anion (kcal/mol)  -98.5  —77.7 810 -94.1

Table G2. Cation-anion interaction energies AECUom-anion jn MS RS, TS, and PS structures of
HfCat*—B(C¢Fs)s~ complex.

MSsprs RSspre TSapre PS spre

AEcator-anion (kcal/mol)  -81.3  -56.8 549 574
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Appendix H:

Theoretical Estimation of kq"* Based on the
Smoluchowski’s Equation on the Association Rate
Constants of Spherical Particles at Mass-action Law

Level

According to the work by Smoluchowski [78], the theoretical association rate
constant in diffusion-controlled reaction of suspended spherical particles at the level of

mass-action law is obtained by using the following equation:
k,=47R'N, (D, +D,), (H1)

where effective radius R is the critical distance between the chemical species X and Y,
Na is the Avogadro constant, Dx and Dy is the diffusion coefficients of X and Y,
respectively.

For calculating the rate constant kq in the present catalytic system, it is necessary to
determine also the diffusion constants for HfCat™ and 1-octene. For this purpose, |
performed MD calculations for HfCat™ and 1-octene. The model system consists of a
HfCat" molecule, 40 1-octene molecules and 480 solvent toluene molecules and NV T-
MD simulation was conducted for 1 ps. From the mean-square displacement (MSD)
data obtained from the trajectory, | estimated the diffusion coefficients of HfCat™ and 1-
octene molecules.

By applying the obtained values of the diffusion coefficients to Eq. (H1), the
association rate constant kq was calculated, and is shown in Table H1, together with the

diffusion constants of HfCat* and 1-octene, denoted as Dnic and Dioct. Here, the
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effective radius R* was set to 3.3 A with reference to the distance between Hf atom and
olefinic carbon atoms in the coordination structure obtained from the QM calculation of

the 1-octene insertion reaction.

Table H1. Diffusion constants Dnc and Di-ocT, and the estimated association rate constant kq based
on the Eq. (H1) with the critical distance R* 3.3 A.

Dric (m?-s1) Di-oct (m?-s1) kg (L-molt-s1)

1.86x10°° 4.03x107° 1.47x10%°

Appendix I:

Theoretical Estimation of kP

To estimate the ko®®, | have assumed the second-order reaction
HfCat™ + 1-OCT —X2 HfCat"™?* | (12)

and k2 can be estimated from the second-order reaction rate law as
’ In[l-OCT]0 - In[l-OCT]TM
jo”“ [HfCat™ ], dt

(12)

using the 1-octene monomer half-life z,,,, which are 30 s and 60 s with MeB(C¢Fs)s~

and with B(CsFs)s, respectively reported in the experiment [14]. Herein, the

denominator in Eq. (12) can be obtained from the integral of the active site concentration

of Hf catalyst fromt=0tot= 7,,. Even though the manner of activation is different

between in MeB(CsFs)s~ and in B(CsFs)4~ in the experiment [14], it is clearly shown that

the active site count increases from ~30% to ~45% with MeB(CsFs)3~ due to the slow
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initiation and decreases from ~60% to ~45% with B(CeFs)s~ due to the catalyst
deactivation [82] fromt=0tot= 7,,.
Thus, | supposed that it is reasonable to assume the following equation
[ HfCat™ ], dt = 7, [HfCat™ ], . (13)

to obtain the denominator in Eg. (12). To approximately deal with the time-dependent
concentration of [HfCat™];, | solved Eq. (I2) and obtained the average active site
concentrations of HfCat™™ ([HfCat™ave) with MeB(CsFs)s~ and B(CeFs)s~ with 2
significant digits as 40% and 50% of the initial precatalyst concentration, respectively
[14]. In this way, the intrinsic k2**® values can be estimated, which are comparable with
our computational study within the present theoretical assumptions and computational

approximations.
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Chapter 3

Atomistic Simulation of the Polymerization
Reaction by a (Pyridylamido)hafnium(1V)
Catalyst: Counteranion Influence on the
Reaction Rate and the Living Character of the

Catalytic System

3.1. Introduction

These days, the major focus in polymer chemistry has been placed on the concept
of green chemistry and sustainable material development in an ideal way to reduce the
negative impact of the industrial chemicals on human health and the environment [1].
In this aspect, better insights into microscopic reaction mechanisms of catalytic
polymerization (CP) reactions are strongly needed for the sustainable development of

new generations of polymerization catalysts.

Understanding the detailed mechanisms of CP reaction has been a great challenge
due to its complexity and the difficulty of isolating reaction intermediates. In general,
CP reaction mechanisms are experimentally investigated by various methods such as
NMR spectroscopy, stopped-flow technique, quench-labeling, FT-IR, GPC, and so on
[2-6]. Nevertheless, it is still difficult to observe the instantaneous and microscopic

phenomenon of the reaction at each moment of the polymerization process.

7



Chapter 3

In this aspect, computational chemistry methodologies have become powerful
tools that are not only complementary to experimental approaches but also essential
for investigating the microscopic chemical phenomena. In particular, mechanistic
studies of CP reactions using quantum mechanical (QM) method [7] have been
intensively conducted [8-19]. Some studies have utilized molecular dynamics (MD)
method [20] to simulate the atomistic motion of catalysts [21-24]. Nevertheless, these
conventional methods can deal with just either initial or partial reaction step out of the
whole polymerization process and thus cannot adopt a catalyst with a growing polymer
chain attached to its metal atom as a calculation model. However, for a comprehensive
understanding of CP reactions, it is strongly expected that the whole CP process should

be dealt with by alternative and advanced simulation methods.

For this purpose, the Red Moon (RM) methodology [25,26] should be a promising
one, which can deal with the whole reaction process. It is demonstrated that RM
simulations can reasonably reproduce the experimentally observable macroscopic
physical quantities, assuming the appropriate reaction schemes based on the chemical
kinetics framework [27-32]. In this method, diffusion and reaction processes could be
reasonably described by MD and Monte Carlo (MC) methods, respectively. Thus, the
RM methodology should become an effective and efficient method to reveal the

mechanism of the whole CP process from a microscopic point of view.

Therefore, in this chapter, | would like to conduct RM simulations of the 1-octene
polymerization reaction catalyzed by (pyridylamido)Hf(IV) complex [33-35], aiming
for its future application to more complex chemical reaction, like chain-shuttling

polymerization (CSP) catalyst system [35-37], where ethylene/1-octene block
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copolymers are produced. | would like to focus on the most important properties that
have been paid attention to, i.e., activities and the living characters of the catalytic
systems, which determine the molecular weight distribution (MWD) of the polymers
[38-45]. It is reported that the 1-octene polymerization by the (pyridylamido)Hf(IV)
catalyst proceeds about twice faster with B(CeFs)4~ than with MeB(CsFs)3™ [42], which
means that the activity of the catalyst is higher with B(CeFs)s~ than with MeB(CeFs)3™.
Notably, not only the catalytic activity but also the living character of the catalytic
system is dependent on the CAs; It is experimentally reported that polydispersity index
(PDI) of 1-hexene polymer produced by the (pyridylamido)Hf(IV) catalyst with
B(CsFs)4 is relatively larger, that is, its MWD is broader than that produced with
MeB(CsFs)3™ [38]. This implies that the catalytic system has a lesser living character

in its polymerization reaction with B(CeFs)s than with MeB(CeFs)s .

Thus, | perform full-atomistic simulation of olefin polymerization reaction by the
(pyridylamido)Hf(1V) catalyst with MeB(CsFs)s~ and B(CsFs)4~ using RM method, and
investigate the ion pair (IP) structures during the polymerization reaction, which
should significantly affect the reaction rates. Then, | analyze the MD trajectories of
RM simulation to estimate the chain termination reaction rate in the presence of each
CA, which critically affects the MWD, in order to elucidate the origin of the living

character of the polymerization reaction that is dependent on the coexisting CAs.

This chapter is organized as follows: In Section 3.2, the reaction scheme and
elementary processes of the present catalytic system are described. In Section 3.3, the

theoretical treatment of Red Moon method is described. In Section 3.4, computational
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details are provided. Then, in Section 3.5, results and discussion are described. Finally,

in the last section, the findings of this study are summarized.

3.2. Reaction Scheme and Its Elementary

Processes

In general, the fundamental mechanism of a typical catalytic olefin polymerization
includes (i) initiation, (ii) propagation, and (iii) termination reactions. Additionally, in
the present CP reaction system, the catalyst needs to be activated before the
polymerization reaction ((0) activation reaction). Then, the reaction scheme of the
present CP reaction can be described in Scheme 1 [31], where M stands for a monomer,
P and D stand for growing and dead (or dormant) chains, respectively, and T stands for

a termination agent. The reaction starts with the activation reaction of catalyst (Cat) to

Cat ——Cat” (0) Activation (R1)
Cat' +M ——P, (i) Initiation (R2)
P+M —>P (i) Propagation (R3)
P +T——>D, +Cat’ -T (iii) Termination (R4)

an active catalyst (Cat™) (in (R1)) and chain initiation by creating a monomer-inserted
species P, from Cat” with M (in (R2)). Then, the chain propagates (in (R3)), where
P stands for a growing chain attached to an active catalyst, possessing a total number
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of n monomer units. In the last reaction (iii), a growing chain becomes a dead (or
dormant) chain D, with or without a termination agent T (in (R4)). In general, there
are some possible mechanisms of termination reaction in the CP system, such as f-
hydride transfer (T = M, Cat™—T = P1), -hydride elimination (T = none, Cat™—T = metal
hydride complex), hydrogenolysis (T = H, Cat™—T = metal hydride complex) reactions,

and so on.

In the RM simulations of the present study, however, the last reaction (iii) is not
explicitly considered because the present CP reaction is assumed to proceed in a living-
like way, and (iii) itself is actually a very unlikely event. Besides, since some
experimental studies employed a preactivation procedure to obtain the active catalyst
before starting polymerization reaction [42,44], | would not consider (0) activation
reaction explicitly but focus on (i) initiation and (ii) propagation reactions, in order to
compare the simulation results with the experimental ones. Therefore, for the RM
simulation of the present CP system, | introduce the elementary processes of the two

steps (i) and (ii) in the reaction scheme.

3.2.1. Catalyst Activation Reaction with Two

Elementary Processes

In Figure 1, shown is the schematic representation of 1-octene polymerization
by (pyridylamido)Hf(1V). It should be noted that, before the initiation reaction (i) and
the propagation reaction (ii) with subsequent monomer insertion, the activation

reaction (0) occurs, involving the two elementary processes, i.e., (0-i) catalytic IP
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formation from precatalyst 1 via methide abstraction by a cocatalyst and (0-ii)

monomer insertion processes.

(0) Activation
(i) Initiation (n = 1)

(0-i) IP Formation (0-if) Monomer Insertion  active species (ii) Propagation (n > 1) Hex_Poly

precatalyst
Hex

Hex, Me Hex,
Me @ P
Me\ /Me cocatalyst @y 7 Hex 7 12 "Hex @
Q Hf—N I—l{f—N Fl'f—N _— I-IIf—N
L — S — s = o LS
- N N T
’NH - Me ’tH I Y
R I < X

® ®
1 2%+ c® HfcatPO + ca® HfCatP" + ca®

[S] ©
{ cocatalyst = B(CgF5)3; CA = MeB(CgF5)3

cocatalyst = [CPh3][B(CgF5)4l; CAO= B(CGF5)46

Figure 1. Schematic representation of 1-octene polymerization reaction by (pyridylamido)Hf(IV)
catalyst: (0) Instantaneous activation consisting of (0-i) IP formation and (0-ii) monomeric 1-octene
insertion, (i) initiation and (ii) propagation reactions. The 1-octene-inserted active species (HfCat*)
shows initiation reaction (i) to form HfCat"** with monomeric 1-octene and further propagation
reaction (ii) to form HfCat™ with n-meric 1-octene polymer chain. “Poly” represents a polymer

chain, while “Hex” is a hexyl group.

The former process (0-i) is the formation process of an IP of cation 2" and CA out
of (pyridylamido)Hf(1VV) complex 1 and a cocatalyst. Among the cocatalysts to activate
the precatalyst, boron-based cocatalysts B(CsFs)3, and [C(CesHs)3][B(CesFs)4] are the
most widely used [38,39,42,46]. The activation of the precatalyst 1 by B(CeFs)3 yields
the cationic catalyst 2* and MeB(CeFs)3~ as CA, while that by [C(CeHs)3][B(CésFs)4]

yields 2* and B(CsFs)s~ with the neutral byproduct MeC(CegHs)s.

The latter process (0-ii) is a process of a monomeric 1-octene insertion into the
Hf-naphthyl bond of 2%, which forms the catalytically active species called “monomer-

inserted active species”, i.e., “l-octene-inserted active species” HfCat™ (Figure 1)
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[47,48]. Although there are some possible isomeric 1-octene-inserted active species,
HfCat" in Figure 1, where the hexyl chain in the p-position is oriented back toward the
pyridine ring of the ligand, is suggested to be kinetically favored in the experiment

[48].

Thus, in Scheme 1, Cat corresponds to a pair of 1 and either B(CsFs)3 or
[C(CeH5)3][B(CeFs)4], while Cat* does to an IP of HfCat* and either MeB(CsFs)3™ or

B(CesFs)a.

3.2.2. Initiation and Propagation Reactions

In general, the monomer insertion process in the CP reaction, common to both (i)
initiation and (ii) propagation reactions (Figure 1), consists of the following steps:
First, a monomer coordinates to the active site of the catalyst to form a suitable
configuration for insertion process. Then, two chemical bonds are created between the
polymeryl carbon atom on Hf and a sp? carbon atom of the monomer and between Hf
and the other sp? carbon, leading to the chain elongation by one monomeric unit. In
this way, the present polymerization reaction proceeds with a successive monomeric
1-octene insertion to the Hf-alkyl bond of HfCat" to form HfCat™ where the
superscript Pn denotes an n-meric 1-octene polymer chain attached to the Hf atom (n
> 0), assuming hereafter that HfCat™®* denotes HfCat" itself (Figure 1). Thus, in

Scheme 1, Py, stands, as a whole, for an IP of HfCat™ and CA, in general.

Concerning the possible configuration for the monomer insertion reaction, two

types of coordination sites can be assumed in HfCat™*, which are defined as trans and
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cis to distinguish them relative to the pyridine nitrogen atom of HfCat™" [18,19]
(Figure 2(a)). In addition, it is necessary to consider the orientation of 1-octene
coordination, i.e., 1,2-insertion and 2,1-insertion (Figure 2(b)), which is expected to
influence the molecular weight distribution of the polymer [42]. Thus, there are four
possible coordination patterns of 1-octene insertion, i.e., trans-1,2, cis-1,2 trans-2,1

and cis-2,1 [49].

(a) (b)

trans
1,2-insertion  Poly.__Hex

Poly 2 Hex
‘Q I1|f 1 ﬁ Hf
Pc\y\Hf@}N

| Poly 2,1-insertion  Poly
cis O ol |l —
O 4 Hex Hf Hex Hf” “Hex

Figure 2. Schematic representations of (a) trans/cis and (b)1,2-/2,1-insertion to HfCat™™*. “Poly”

represents a polymer chain, while “Hex” is a hexyl group.

3.3. Theoretical Treatments

To investigate the microscopic polymerization process in the present catalytic
system, | employed the RM methodology [25,26], which is implemented by alternately
using the molecular dynamics (MD) and the Monte Carlo (MC) methods. The former
describes the dynamics of molecules in a long-time scale, while the latter describes the

reactions that accompany the bond breaking and formation in a short-time scale.

Such one cycle consisting of the above process, including MC and MD process, is

called an “RM cycle”. By repeating this RM cycle, we can stochastically simulate a
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succession of the chemical reaction, and we can realize reasonably the atomistic
dynamics of the whole system [27-31]. Thus, the RM simulation would enable us to
simulate the 1-octene polymerization reaction from HfCat* to HfCat™™ (n > 1) as
shown in Figure 1. The detailed algorithm of RM simulation is provided in Appendix

A

Additionally, before executing the simulations, for all the molecular species
necessary for the present purpose in the reaction scheme (Scheme 1), atomic
parameters in the molecular mechanical (MM) force field, such as the force constants,
Lennard-Jones (LJ) parameters, and atomic charges, are required to be prepared (see

Section 3.4).

3.4. Computational Details

3.4.1. (Pyridylamido)Hf Complex, Counteranion, 1-

Octene, and Toluene Solvent

| prepared two CP systems for the RM simulation, each of which contains an IP of
HfCat* with either MeB(CsFs)s~ or B(CesFs)a~ as a counteranion, 120 1-octene
monomer molecules, and 480 toluene solvent molecules, hereafter denoted as

HfCat™*—MeB(CsFs)s~ or HfCat™ —B(CsFs)4~ IP systems.

As the molecular mechanical (MM) force field parameters, the general AMBER
force field (GAFF) 1.7 [50] was used for both 1-octene and toluene. Meanwhile, for

the CAs and HfCat™, those parameters developed in our previous study [24] were
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employed. The atomic point charges in the MM force field were assigned by the Merz-

Singh-Kollman method [51,52].

In addition, to correctly represent the intermolecular interactions of cation—anion
and cation—monomer, the Lennard-Jones (LJ) interaction parameters are introduced
between the Hf atom and borate anion atoms and between the Hf atom and the olefinic

carbon atoms in 1-octene, which have been developed in our previous studies [24,49].

3.4.2. Reaction Conditions and Control Parameters

for RM Simulation

All MD calculations were performed by pmemd program in AMBER214 [53] under
the periodic boundary condition. The box sizes of the HfCat™*—MeB(CsFs)s~ and
HfCat™—B(CsFs)s~ IP systems were both 50.5% A3, The concentrations of 1-octene
monomers were 1.55 mol/L in both IP systems, about three times denser than the
experimental conditions of 0.5 mol/L [42]. This is because when the concentration is
set equal to the experimental one, | found it much more time-consuming to
computationally reproduce the selectivity of the four reaction patterns in Section 2.2,
which can be estimated from the QM study on 1-octene insertion reaction in Chapter
2 [49]. A weak coupling-algorithm with a constant of 1 ps was applied to control the
temperature and the pressure, and SHAKE algorithm was used to constrain the bond

distance including hydrogen atoms.

The initial CP systems were prepared according to the following procedure: First,

all the molecules were allocated in the simulation box. They were then equilibrated by
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one NPT-MD calculation performed for 100 ps at 323 K under the pressure of 500 bar.
Then, NPT-MD calculations were performed for 500 ps at 323 K under 1 bar. Finally,
NVT-MD calculations were performed for 1 ns at 323 K to obtain ten initial structures
from the trajectories of the last 200 ps for each of the HfCat™—-MeB(CsFs)s~ and

HfCat™—B(CesFs)4~ IP systems.

The RM simulation was performed in NVT ensemble at 323 K. The NVT-MD
calculation (process 2(a) in Appendix A) was performed for 100 ps with the time step
of 2 fs. From the trajectories, configurations were sampled every 2 ps, and thus, in total,
50 configurations were obtained. The numerical value of AEE" for each 1-octene
insertion process (R;) was taken from the QM calculation in our previous research [49].
Under this calculation condition, ten RM simulations were performed for 3000 RM
cycles, starting from the ten different initial structures, for each HfCat™*—MeB(CsFs)s™

and HfCat™—B(CsFs)s~ IP system.

3.4.3. QM Model Preparation

To examine the activation free energies of possible termination reactions, which
affect the MWDs, a model system consisting of an ethylene monomer and HfCat™*,
which is made through 2,1-insertion of 1-octene monomer after the first 1,2-insertion,
was prepared. Using this model, the following six-step procedure was conducted: (i)
MD simulations were performed to sample a wide range of structures for the QM
computational model of the insertion reaction. (ii) Then, 1000 structures were taken
from the MD trajectory and classified them into 20 representative configurations by
using the K-means clustering algorithm. (iii) By performing QM calculations for these
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20 structures, the most stable five structures were selected. (v) Using these five
structures as initial structures, the transition state structures of the s-hydride elimination
reaction are searched for by using QM calculation. (vi) The most stable transition state
(TS) structure was determined for each of the four insertion patterns, and from this
structure, the reactant state (RS) and product state (PS) structures were obtained by IRC

calculations, followed by structural optimizations.

To sample the initial structures for the QM calculations, | performed NVT-MD
simulations in a vacuum for 1 ns at 800 K controlled by the weak-coupling algorithm
with a time constant of 1 ps using AMBER14 [53]. In each calculation, | imposed
harmonic constraints on the position of the 1-octene monomer to efficiently sample the
desired configurations. I sampled configurations every 1 ps from each trajectory and

obtained 1000 configurations for each monomer coordination pattern.

3.4.4. QM Calculation Details

All QM calculations were performed with the Gaussianl6 package [54].
Geometrical optimizations were conducted under vacuum using the M06 functional
[55,56]. The LANL2DZ basis set with the associated effective core potential and
additional f orbitals was used for the Hf atom, and the standard 6-31G(d) basis set was
used for the other atoms. Frequency analyses were carried out to confirm that each
structure is a local minimum (no imaginary frequency) or a transition state (only one
imaginary frequency). IRC calculations of the obtained transition states were
performed to confirm the connectivity of the transition states to the intermediates. The
energies of the optimized structures are further estimated through single-point
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calculations in the toluene solvent with SMD model [57], using the MO06 functional
and the def2-TZVPP basis set for all the atoms. The Gibbs free energy of each

optimized structure was calculated including thermal corrections.
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3.5. Results and Discussion

3.5.1. Difference in the Initial Stage of Polymerization
Reaction: Slow Initiation with MeB(CesFs)s™ vs. Fast

Initiation with HfCat™™*—B(CsFs)4

3.5.1.1. 1-Octene Consumption Rates Reproduced the
Experimental Tendency: Faster with B(CeFs)4~ than with

MeB(CeFs)3

Figure 3 shows the average 1-octene consumption rate progress during the
polymerization simulations of the HfCat™*-MeB(CsFs); and HfCat™"*—B(C¢Fs)s~ IP
systems until 3000 RM cycle. Table 1 shows the polymerization reaction rate constant
k2P in each IP system that can be estimated from the experiment [42,49]. In Figure 3,
the polymerization reaction in the HfCat™"—B(CsFs)4~ IP system proceeds about twice
faster than that of the HfCat™™*-MeB(CsFs)s~ system throughout the simulation, which
is consistent with the experimental result that is shown in Table 1 [42]. The RM
simulations of 1-octene polymerization reaction for 3000 RM cycles resulted in the
average of ~33-mer (n = 33) and ~63-mer (n = 63) production by the HfCat™"—
MeB(CsFs)s~ and HfCat™ -B(CsFs)4~ IPs, respectively. | found that the difference in
the 1-octene consumption rate with respect to RM cycle comes from the difference in
the total number of reaction candidates found during the NVT-MD process of RM
simulation (process 2(a) in Appendix A), since the average ratio of all accepted

reactions to all reaction candidates per one RM simulation was almost the same
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between the HfCat™*—MeB(CgFs)s~ and HfCat™*—B(CsFs)s~ IP systems (0.070 and
0.069, see Table B1 in Appendix B). The average of the total number of all reaction
candidates per one RM simulation in the HfCat™*—B(CsFs)s~ IP system was double
that in the HfCat™*—MeB(C¢Fs)s~ one (see Table B1 in Appendix B). This result
reflects the observation in the replica-exchange MD (REMD) simulations that the
frequency of 1-octene coordination to HfCat®™ with B(CeFs)s as a counteranion was
~2.5 times larger than that with MeB(CsFs)s™ due to the dynamic effect of the CAs in
Chapter 2 [49]. Therefore, the reaction “rate” with respect to RM cycle (Figure 3) is
dependent on the monomer capture step, where a monomer coordinates to the catalyst.
In fact, the finding in Chapter 2 showed that the “rate” difference in the polymerization
reaction between with MeB(CsFs)s~ and with B(CsFs)s~ can be mainly attributed to the
monomer capture step [49], therefore, RM cycle could be considered as the physical
time. In our theoretical estimation based on the transformation theory [26], 1 RM cycle
was evaluated, on average, to be ca. 20-25 ps of the physical time (see Table C1 in
Appendix C), by assuming k2**® values in Table 1 as the propagation rates in the RM

simulations ((R2) and (R3) in Scheme 1).

Taking a closer look at Figure 3, the large difference in the 1-octene consumption
rate can be found in the initial stage of the polymerization reaction (until ~500 RM
cycle) between the HfCat"™—MeB(CsFs)s and HfCat™-B(CsFs)4~ IP systems. In the
case of HfCat™-MeB(CsFs)s~ IP system, the 1-octene consumption rate grows
comparatively more slowly, since no 1-octene propagation takes place in seven RM
simulations out of the total of ten RM simulations before the 500 RM cycle. It is worth
noting that, in one RM simulation out of the total of ten RM simulations of the

HfCat™—MeB(CeFs)s~ IP system, no insertion reaction was observed throughout the
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simulation for 3000 RM cycles. | suppose that this phenomenon might have some key
to the relatively slow rise of the 1-octene consumption rate observed with MeB(CsFs)3™
experimentally in the initial stage of the 1-octene polymerization reaction, even when
the catalyst is pre-activated [42]. On the other hand, as for the HfCat™""—B(C¢Fs)s
system, the reaction rate at the beginning of the polymerization reaction looks slightly
higher than that afterward. This phenomenon should have some relationships with the

bulkiness of the growing polymer chain around the active site of the catalyst.

HfCat""*—MeB(CgFs5)3~ -
680 - HfCatP"*-B(CgFg)y™ ——

Degree of polymerization

1500 2000 2500 3000
RM cycles

Figure 3. Averaged degree of polymerization vs. RM cycle for each HfCat""*—MeB(CgsFs)s;~ and
HfCat"™—B(CsFs)s~ IP system until 3000 RM cycles. The average degree of polymerization was
calculated by counting the average number of 1-octene molecules that are incorporated into
HfCat™ out of the 10 RM samples at the end of each RM cycle in each IP system. The error bars
correspond to the standard errors of the average degrees of polymerization of the 10 RM samples

at each moment of every 100 RM cycles.
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Table 1. Experimental 1-octene polymerization reaction rate constants k®® in HfCat™™—
MeB(CsFs)s~ and HfCat™™—B(CgFs)4 IP systems.

IP system ko>® (L-mol-s71)

HfCat™™-MeB(CsFs)s~  3.5%x10?
HfCat™™*-B(CeFs)s 5.6x10?

3.5.1.2. Monomer Distribution Influenced by the Growing
Polymer Chains: Difficulty of the First Monomer Insertion

with MeB(CsFs)3

Since the polymerization reaction rate in RM simulation is controlled by the
frequency of monomer coordination to the catalyst, monomer distributions around the
active site would help us understand the difference of the 1-octene consumption rates
in Figure 3. Figure 4 shows the radial distribution functions g(r) between the sp?
carbon atoms of 1-octene monomer and Hf atom of either HfCat™*—MeB(CsFs)3™ or
HfCat™—B(CgsFs)4 having an n-mer chain on Hf, where n is set to 0, 1, 6, 12, 24, or
36 (see Appendix D). Table 2 shows the equilibrium constant Kq(in) for the pre-
equilibrium state of monomer insertion reaction (see Section V in Supporting
Information) estimated from the MD trajectory in each IP system, which is an index
of the frequency of monomer coordination to HFCat™. In Figure 4, the two
remarkable peaks of g(r) around 3-4 A correspond to the two carbon atoms

coordinating to the Hf center. It is remarkable that, in the initial HfCat™*—MeB(CsFs)s-
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IP system, i.e., the system with 0-mer, 1-octene monomers cannot coordinate to HfCat
PO+ for there are no peaks observed around 3-4 A (Figure 4(a)). However, in the
HfCat™*—MeB(CeFs)s~ IP system with 1-mer, the 1-octene coordination to HfCat™*
around r = 3-4 A can be observed (Figure 4(a)). Accordingly, the Kq(in) value
increases drastically from n =0 to n = 1 in the HfCat™**—MeB(C¢Fs)s~ IP system (Table
2). It is suggested, therefore, that the MeB(CeFs)3~ coordinates to HfCat* so strongly
that first monomer insertion, i.e., the initiation reaction ((R2) in Scheme 1), hardly
occurs. Then, after the first insertion, the HfCat™™—MeB(CsFs)s~ interaction would
become weakened by the steric hindrance of the inserted 1-octene monomers on the

Hf atom, so that a successive monomer insertion can take place more easily.

Table 2. Equilibrium constant Kg(in) (L-mol?) for the pre-equilibrium of monomer insertion
reaction in the HfCat"™™—-MeB(C¢Fs)s and HfCat™—B(C¢Fs)4~ IP systems, where nis setto 0, 1, 6,
12, 24, or 36.

IP system n=0 n=1 n==6 n=12 n=24 n =36

HfCat""—MeB(CsFs)s~  9.4x10%  1.9x10t 3.6x10° 1.1x10° 2.4x10° 4.0x10°3
HfCat™*-B(C¢Fs)s 1.7x10° 1.4x10t  7.5x10°% 52x10°% 29x10° 5.7x10°3
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Figure 4. Radial distribution functions between the sp? carbon atoms of 1-octene monomers and
the Hf atom of HfCat™ (a) in the HfCat"™™*—MeB(C¢Fs)s~ IP system and (b) in the HfCat™*—

B(CeFs)4~ IP system, obtained from 200-ns-long NVT-MD simulations. Here, “n-mer” represents

n-meric 1-octene polymers produced through RM simulations. The initial structures were selected

from RM simulation at random.
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Contrary to the HfCat™"—MeB(CgFs)s~ IP system, in the HfCat™"*—B(CgFs)4~ One,
the monomer coordination peaks of g(r) around r = 3—4 A, is higher with 0-mer than
with 1-mer. This suggests that B(CeFs)s~ does not hinder monomer coordination to the
Hf center, unlike MeB(CsFs)s, since B(CsFs)4~ has weaker coordination ability than
MeB(CeFs)3~, which can be also confirmed from the larger Kq(in) value whenn =0, in
comparison to that when n = 1 in Table 2. Therefore, the initiation reaction ((R2) in
Scheme 1) proceeds very rapidly in the HfCat™—B(CsFs)s~ IP system. It is confirmed
that the g(r) around r = 3-4 A decreases as the polymer chain grows from 0-mer to 6-
mer in both IP systems. It is interesting, however, that there is no significant difference
in g(r) after the polymer chain becomes larger than 6-mer (n > 6) in both HfCat™*—
MeB(CsFs)s~ and HfCat™ —B(CesFs)4~ IP systems. Although the Kg(in) values fluctuate
from n =6 to n = 36 due to the limited time length of the MD simulation, they are
within the same range of values, i.e., from 10~3 to 102 (Table 2). This implies that, as
polymerization proceeds, the bulkiness of the growing polymeryl chain does not make
a significant difference in the monomer distribution around the HfCat™ active site.
Therefore, in the HfCat™—B(CsFs)s~ IP system, the 1-octene consumption rate
becomes slower but roughly constant after several monomer insertion reactions take

place.
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3.5.2. Different IP Structures with MeB(CgFs)3™ vs.
B(CeFs)s~ Largely Influence the Monomer

Coordination to the Active Site

3.5.2.1. Five Characteristic Regions on Free Energy

Surfaces to Distinguish between ISIPs and OSIPs

I have demonstrated in Subsection 3.5.1 that 1-octene monomer distribution
around the active site of HfCat™ changes as the polymerization proceeds due to the
steric hindrance of the growing polymer. Further, during the successive polymerization
process, it can be reasonably expected that the dynamics of CA should also be
influenced by the polymeryl chain growing on HfCat™. It is assumed that the IP
structure critically affects the frequency of monomer coordination to the active site,
which thus significantly differentiates the polymerization reaction rates. Thus, |
analyzed the IP structures of the HfCat™™—MeB(CsFs)s~ and HfCat™*—B(CsFs)s

complexes during the RM simulations.

For drawing the characteristic free energy surfaces (FESs) using the obtained
trajectories, in the present study, the interatomic distance r between Hf and B atoms
and the angle ¢ formed between the straight lines connecting Hf to B and N in pyridine
ring (Figure 5) were taken as the two coordinates to map the FESs (see Appendix E).
To distinguish the anion location relative to the HfCat™ on the 2-dimensional free
energy (FE) maps, it is convenient to divide the FE maps into the five characteristic
regions; i) Region A’ satisfying 4 A <r <5 A and 100° < ¢ < 160°, ii) Region A
satisfying 4 A <r <5 A and 40° < ¢ < 100°, iii) Region B satisfying 5 A <r <7 A and
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30° < ¢ < 100°, iv) Region C satisfying 7 A <r < 11 A and 0° < ¢ < 40°, and v) Region
D satisfying 7 A < r < 11 A and 40° < ¢ < 100°. Each of these five regions roughly
corresponds to each characteristic IP structure; regions A and A’ correspond to “inner-
sphere” ion pair (ISIP) structures with Me group coordinating to the Hf center, region
B corresponds to ISIP structures with F atom coordinating to Hf center, and regions C
and D correspond to “outer-sphere” ion pair (OSIP) structures where CAs are located
at the same side and the opposite of the active site across the pyridine ring of the

HfCat™, respectively.

Figure 5. Definition of the distance r and the angle ¢.

3.5.2.2. ISIPs Mainly Observed Initially While OSIPs
Increased as Polymerization Proceeds in the HfCat™"—

MeB(CsFs)s™ IP System

Figure 6 shows the FE maps of the HfCat™—MeB(CsFs)s~ IP system during the

RM simulation from 1 to 500 RM cycle (Figure 6(a)) and from 501 to 3000 RM cycle
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(Figure 6(b)). Besides, the typical five catalyst structures a’sprs, asprs, bsprs, C3pFs,
and dsers are shown in Figure 7, where the subscript 3PFB denotes MeB(CeFs)s™
(methyltris(perfluorophenyl)borate), which are typically found in the five regions A’,
A, B, C, and D defined in Figure 6(a) and 6(b), respectively. From 1 to 500 RM cycle
(Figure 6(a)), region A’ is more stable than A, since the structure a’sprs (Figure 7),
mainly observed in region A’, is the initial structure of the IP ((R2) in Scheme 1), while
the structure asprs observed in region A corresponds to the catalyst structure of IP
complex with a growing polymeryl group on the Hf atom (Figure 7). Due to the steric
hindrance of the polymer, the angle ¢ in structure asprs is lower than that in a’sprs t0
avoid the steric repulsion. Although 1 also observed the F atom coordinated ISIP
structure bsprs and OSIP structures csprs and dsprs respectively in regions B, C, and

D (Figure 6(a)), mainly observed is a’sprs, and the FE minimum is within region A’.

It can be seen from Figure 6(a) and 6(b) that the relative FEs in the regions A, B,
C, and D become lower as the polymerization reaction proceeds. From 501 to 3000
RM cycle, the FE minimum is still within region A’, since the first insertion took place
after 500 RM cycle in most of RM simulations (Figure 6(b)). It is reasonable that
region A becomes more stable after the 500 RM cycle than before 500 RM cycle, due
to the bulkiness of growing polymer chains. In the FE map from 501 to 3000 RM cycle
(Figure 6(b)), two FE minima in regions C and D, which correspond to the OSIP
structures csprs and dsprs, respectively, were both ~0.9 kcal/mol. Compared with the
FE map from 1 to 500 RM cycle (Figure 6(a)), where two FE minima in regions C and
D were both ~1.8 kcal/mol, we can see that the relative stability of the OSIP structure
is enhanced by the steric effect of the polymeryl chain. Actually, 98% of the monomer

insertion reaction candidates were observed in regions C and D throughout the RM
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simulations. On the other hand, it is worth noting that even in the IP systems with a
bulky 36-mer on the Hf active center, the IP state distributions were still observed in
regions Aand B, i.e., r ~4 A and ~5 A, which correspond to two ISIPs asprs and bsers,
respectively. Thus, it is confirmed that the MeB(CsFs)3~ anion can coordinate to
HfCat™" with the Me group even after the polymeryl group on the Hf atom becomes

comparatively bulky.
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Figure 6. Free energy maps with respect to r and ¢ for the HfCat™™-MeB(C¢Fs)s~ complex in RM
cycles; (a) from 1 to 500 RM cycles and (b) from 501 to 3000 RM cycles. The free energy at the
most stable point in region A’ is set to the origin (0.00 kcal/mol). Calculations were performed by

using bins with size of (0.05 A, 2.0 deg.)
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Figure 7. Schematic images of the structure transition of the HfCat™*-MeB(CsFs)s~ IPs in the 1-
octene polymerization process. The structures a’sprs, asers, Dapre, Capre and dsprs are the

representative structures of regions A’, A, B, C and D in Figure 6(a) and 6(b), respectively.
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3.5.2.3. OSIPs Mostly Observed in the HfCat™™*—B(CsFs)4

IP System throughout the Polymerization Process

Figure 8 shows the FE maps of the HfCat™—B(C¢Fs)s~ IP during the RM
simulation from 1 to 500 cycle (Figure 8a) and from 501 to 3000 cycle (Figure 8b).
Besides this, the typical two catalyst structures csprs and daprs are shown in Figure 9,
where the subscript 4PFB denotes B(CeFs)4 (tetrakis(perfluorophenyl)borate), which
are typically found in the two regions C and D defined in Figures 8(a) and 8(b),
respectively. In both FE maps from 1 to 500 RM cycle and from 501 to 3000 RM cycle,
the states of the HfCat™*—B(CsFs)s IP are distributed mainly in regions C and D,
where OSIP structures csprs and dsprs are mainly observed, respectively (Figure 9).
However, ISIP structures are scarcely observed throughout the polymerization process,
because of the weak cation—anion interaction energy of the HfCat™™-B(CesFs)s™ IP
system, which can be easily separated by the stronger interaction between HfCat™"

and monomers.

Although there is no remarkable difference in FE maps between 1-500 and 501—
3000 RM cycle (Figure 8), the IP state distributions in region D and around r ~ 9.5 A
in region C, where the B(CsFs)4 anion is located far from the active site, become a
little more stable in the FE map from 501 to 3000 RM cycle (Figure 8b) than before
500 RM cycle (Figure 8a), probably due to the steric hindrance between B(CsFs)s and

the bulkier polymeryl groups of HfCat™*.
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Figure 8. Free energy maps with respect to r and ¢ for the HfCat™*—B(CsFs)s~ complex in RM
cycles; (a) from 1 to 500 RM cycles and (b) from 501 to 3000 RM cycles. The free energy at the
most stable point in region C is set to the origin (0.00 kcal/mol), respectively. Calculations were

performed by using bins with size of (0.05 A, 2.0 deg.).
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Figure 9. Schematic images of the structure transition of the HfCat™*—B(CsFs)s~ IPs in the 1-octene
polymerization process. The structures csprs and dsprg are the representative structures of regions

C and D in Figure 8, respectively
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3.5.3. Chain Termination Reaction Possibly
Influenced by IP Structures: Origin of Different

Molecular Weight Distributions

3.5.3.1. Chain Termination Reaction from 2,1-Inserted
Complex: p-Hydride Transfer More Reasonable than g-

Hydride Elimination

I have demonstrated that the IP structures during the polymerization reaction are
significantly different between in the HfCat™*—MeB(CsFs)s~ IP and in HfCat™*—
B(CeFs)s~ IP. From those results, it is natural to suppose that the IP structure affects not
only the polymerization reaction rate ((R2) and (R3) in Scheme 1) but also the chain
termination reaction rate ((R4) in Scheme 1), which critically affects the molecular
weight distribution of the olefin polymers. Hence, | propose a hypothesis that the
MWD is broader for HfCat™"—B(CsFs)4~ than HfCat™""—MeB(C¢Fs)s~ IP system due to
the difference in the chain termination reaction rates. To examine this hypothesis, |

have analyzed the RM simulation results.

It was reported in an experimental study that chain termination reactions were
detected only after 2,1-insertion, not after 1,2-insertion (Figure 2(b)) [42]. Thus, the
different MWDs of the polymers produced by the HfCat*—-MeB(CsFs)s~ complex and
the HfCat™-B(CsFs)4 one can be attributed to the probability of 2,1-insertion taking
place, which would be eventually followed by a chain termination reaction. In this

regard, however, QM studies on 1-octene insertion reaction showed that the activation
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FE of 2,1-insertion was only 1.5 kcal/mol higher than that of 1,2-insertion in either
HfCat"™—MeB(CsFs)s~ or HfCat"™—B(CeFs)s complex [49]. Therefore, under this
circumstance, it is reasonable to assume that the competition between 1-octene
monomer insertion and chain termination reactions after 2,1-insertion reaction should

determine the living character of the catalytic system.

Figure 10 shows the schematic representation of two possible reaction schemes
of the chain termination reaction ((R4) in Scheme 1) from a 2,1-inserted structure, (a)
S-hydride elimination (Figure 10(a)) and (b) g-hydride transfer (Figure 10(b))
reactions, which have been generally thought of as the most likely causes of chain
termination reaction in transition metal polymerization catalysts [58-61]. | performed
QM calculations of these two possible chain termination reactions from a 2,1-inserted
catalyst model structure without any CAs. | observed no transition state of (a) S-
hydride elimination reaction and found that the dissociation of the hydride complex
and the product olefin molecule takes more than 35 kcal/mol. In contrast, a transition
state of (b) p-hydride transfer reaction was found with the activation FE of ~25
kcal/mol (see Figure F1 in Appendix F). This is consistent with the commonly
accepted fact that the g-hydride transfer reaction pathway is generally preferred over
S-hydride elimination in noncrowded catalysts like nonmetallocene catalysts, where
the space around the metal atom is not restricted [59,60]. Therefore, among the present
two reaction schemes, the g-hydride transfer reaction should be more suitable as the
reasonable scheme of chain termination reaction, which is comparable with 1-octene

insertion as a competitive reaction.
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Figure 10. Schematic representation of possible chain termination reactions ((iii) in Scheme 1)
from 2,1-inserted structure, (a) S-hydride elimination, where T in Scheme 1 corresponds to none
and Cat™T corresponds to the metal hydride complex [Hf]*~H; and (b) g-hydride transfer, where
T corresponds to a monomer and Cat™T corresponds to a monomer-inserted complex HfCat"*.
“Poly” represents a 1-octene polymer chain, while “Hex” and “Pen” a hexyl and a pentyl group,

respectively.

3.5.3.2. Relative Reaction Probability of g-Hydride Transfer
to 1-Octene Insertion Higher with B(CsFs)4~ than with

MeB(CsFs)s™

Figure 11 shows schematically the competition between S-hydride transfer and
1-octene insertion reactions from a 2,1-inserted complex. In the case of S-hydride
transfer, both g-hydride atom and 1-octene monomer should come close to the active
site of HfCat™, i.e., Hf atom. Hence, it can be reasonably considered that the IP

structure also affects the S-hydride transfer reaction rate. To confirm this, | compare
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the probabilities of p-hydride transfer reaction relative to 1-octene insertion reaction
by estimating the numerical values of their reaction rates, ko(tr) for -hydride transfer
reaction and ko(in) for 1-octene insertion reaction from a 2,1-inserted complex. Under

this assumption, ka(tr)/kz(in) determines the living character of the catalyst.

Pen Hex
@
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[Hf]
+
Hex
ZHex \ CD/\‘)\,F'OW
. [Hf]
k: (ll’l) Hex

Figure 11. Schematic representation of competition between f-hydride transfer reaction and 1-
octene insertion reaction from a 2,1-inserted HfCat™ complex. ka(tr) denotes the rate constant of

S-hydride transfer reaction, while k2(in) does that of 1-octene insertion reaction.

To evaluate ko(tr) and ka(in), it is necessary to consider the pre-equilibrium state
for each reaction, as shown in Figure 12. The equilibrium constants Kq(tr) for -
hydride transfer reaction and Kgq(in) for 1-octene insertion of 2,1-inserted complexes
(Figure 12) can be estimated using the trajectories of equilibrium MD simulations.
Thus, to estimate Kg(tr) and Kq(in), I analyzed all MD trajectories of the RM
simulations (process 2(a) in Appendix A) where HfCat™" is a 2,1-inserted complex

(see Appendix G).
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Figure 12. Schematic representation of the pre-equilibrium states of (a) g-hydride transfer reaction

Z-|—Z------

and (a) 1-octene insertion reaction from 2,1-inserted HfCat™* complex. “R” represents alkyl groups.
kg and kg’ respectively represent association and dissociation constants, and Kg represents the

equilibrium constant for each reaction.

Table 3 shows the calculated values of Kq(tr), Ka(in), ka(tr), kz2(in), and the ratio
ko(tr)/kz(in) of the HfCat™™-MeB(C¢Fs)s~ and HfCat™™*—B(CsFs)4~ IP systems. It was
revealed that both Kg(tr) and Kg(in) in the HfCat™-B(CsFs)s~ IP system are
respectively larger than those in the HfCat™—MeB(CsFs)s~ one. This should be
because, as | have demonstrated in Subsection 3.5.2, the B(CsFs)4~ anion is more likely
to dissociate from HfCat™ than the MeB(CsFs)s~ anion, so that 1-octene monomer
coordination is less likely to compete with anion coordination. It is also noteworthy
that the CAs also influence the f-hydride coordination to the Hf atom itself (see Table

H1 in Appendix H).
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Table 3. Calculated pre-equilibrium constants Kq(in) and Kg(tr) and reaction constants ko(in) and
ko(tr) for 1-octene insertion and p-hydride transfer reaction of HfCat"™™-MeB(CsFs)s~ and
HfCat™*—B(C¢Fs)4~ IP systems, and their ratio kao(tr) / ka(in).

IP system Ka(tr) @ Kq(in) @ ka(tr) © ka(in) ka(tr) / kz(in)

HfCat™*—MeB(CsFs)s~  3.0x107* 1.6x10°3 2.1x108 7.1x10°3 3.0x10°
HfCat"™—B(CsFs)4 9.3x10* 3.6x10°3 6.6x108 1.6x1072 4.1x10°

2 Values are given in L-molL. ® Values are given in L-mol*.s1,

Accordingly, both ka(tr) and k(in) are larger in the case of the HfCat™*—B(CesFs)s
IP system than the HfCat™*—-MeB(CsFs)s  one. From the data in Table 3 and the
difference of 1.5 kcal/mol between the activation FE of 1,2-insertion and that of 2,1-
insertion reaction [49], the frequency of p-hydride transfer reaction, i.e., chain
termination reaction ((R4) in Scheme 1), can be estimated as about once in 10°-10’
insertion reactions ((R3) in Scheme 1) in both complexes. The estimated frequency of
the termination reaction is relatively far from the experimentally reported value (one
vinylidene formation per 4500 insertion reactions by the HfCat™*—B(CsFs)4~ IP [42]),
presumably due to the uncertainty of the activation FE values, which depends strongly
on the adopted theoretical level of QM calculation. That is, the activation FEs might
have been overestimated for g-hydride transfer reaction, or underestimated for 1-

octene monomer insertion.

Furthermore, the ratio ka(tr)/kz(in) of the HfCat™ —B(CgsFs)4~ IP system was ~1.4
times higher than that of the HfCat™"*—MeB(CsFs)s~ one, which suggests the living
character of the HfCat™"—B(CgFs)s~ IP system is lower than that of the HfCat™"—
MeB(CeFs)s™ one. It should be noted that the difference in ko(tr) or kz(in) between the
HfCat™—MeB(CsFs)s~ and HfCat"™""—B(C¢Fs)s~ IP systems directly reflects the

111



Chapter 3

difference in Kq(tr) or Kq(in), since the same activation energy was assumed for both
IP systems in each case of p-hydride transfer and 1-octene insertion reaction (see
Appendix I). In other words, I did not consider the electronic effects of the CAs but
considered only the dynamic effects. In this situation, the reason for the less living
character of HfCat™ —B(CsFs)s~ IP system lies in the ratio of Kg(tr)/Kq(in), which is
about 1.4 times larger in the HfCat™-B(C¢Fs)s~ IP system than in the HfCat™™—
MeB(CsFs)3~ system due to the dynamic effect of the CAs (Table 3). This should be
because the required condition for the candidate configuration of the S-hydride transfer
reaction is more restrictive (or difficult to be realized) than that of the 1-octene
insertion. In the case of p-hydride transfer reaction, the complex should necessarily
take a more constrained six-membered ring structure, which needs more space around
the active site, while a less constrained four-membered ring structure should be taken
in the case of monomer insertion reaction. It is, therefore, reasonably suggested that
the relative probability of p-hydride transfer reaction to that of 1-octene insertion after
2,1-insertion should be higher with the HfCat™-B(CsFs)4~ IP than with the HfCat™*—
MeB(CsFs)3™ IP system, since the former reaction should be more sensitive to the IP
structures in the diffusion process, i.e., the dynamic effect of the CAs, than the latter.
This should be a possible origin of the MWD being broader in the HfCat™ —B(CsFs)4~

IP than the HfCat™*—MeB(CsFs)s~ IP system.
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3.6. Concluding Remarks

In this work, 1-octene polymerization reaction by the (pyridylamido)Hf catalyst
with two counteranions (CAs), MeB(CeFs)s™ and B(CeFs)4~ was studied with the help of
QM calculations and Red Moon (RM) simulations. | focused on the activities and the
living characters of the catalytic systems, which are expected to be influenced by the IP

structures.

First, 1 have certified that RM simulation reasonably reproduces the 1-octene
polymerization reaction rate ((R2) and (R3) in Scheme 1) that is about twice larger in
the HfCat™*—-B(CsFs)s~ IP system than in the HfCat™"—MeB(CsFs)s~ one. This is
because the 1-octene consumption rate with respect to the RM cycle is proportional to
the frequency of the monomer coordination in the MD trajectories of the RM
simulations, which is influenced by the dynamic effect of the CAs. Notably, in the
HfCat™*—-MeB(CsFs)s~ IP system, | have observed the comparatively slow initiation
((R2) in Scheme 1) of the polymerization reaction as observed experimentally [42] and
understood it emerges due to the strong coordinating ability of MeB(CsFs)s~. However,
after the first insertion ((R3) in Scheme 1), the interaction between HfCat™" and
MeB(CsFs)3™ is weakened by the steric hindrance of the inserted polymer chain and thus

the insertion can proceed rapidly.

Then, the HfCat™-MeB(CsFs)s~ and HfCat™™-B(CsFs)4 IP structures during the
polymerization reaction were investigated, which are expected as the origin of the
difference in the polymerization reaction rates. | found that both IPs would be separated
more or less by the growing polymeryl chain. However, MeB(CsFs)3™ can coordinate

to HfCat™ even after the polymeryl chain becomes sufficiently bulky, while it is
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interesting that B(CeFs)s is totally dissociated from the Hf center throughout the

polymerization process.

Finally, I examined the possibility of the chain termination reaction ((R4) in
Scheme 1) depending on the influence of the CAs. Although g-hydride elimination
reaction and S-hydride transfer reaction can be generally considered as possible chain
termination reaction mechanisms, | found that g-hydride transfer reaction is more
reasonable from the QM calculations. According to this finding, since the chain
termination reaction is experimentally observed only after 2,1-insertion, | analyzed the
RM trajectories of 2,1-inserted HfCat™ to estimate and compare the reaction rate
constants between 1-octene insertion and S-hydride transfer reactions. As a result, |
found that the ratio of the chain termination reaction rate to that of insertion reaction
is a little higher in the HfCat™*—B(CsFs)4~ IP system than in the HfCat™™*—MeB(CgFs)3-
one, which is consistent with the experimental observation of the larger polydispersity
index (PDI) value in the HfCat"™""—B(C¢Fs)s~ IP system than in the HfCat™—
MeB(CsFs)3™ one [38]. It is reasonably understood that the S-hydride transfer reaction
would be more sensitive to the IP structures in the MD trajectories, i.e., the dynamic
effect of the CAs, because it involves a six-membered structure, whereas 1-octene

insertion involves a less constrained four-membered one.

It might be true that there are some other possible causes as well for the broader
molecular weight distribution (MWD) observed in the HfCat™*—B(CsFs)4~ IP system,
such as multiplicity of the active species or an increase of the active species during the
polymerization reaction due to the relatively slow catalyst activation reaction

compared to the monomer insertion reaction. However, it can be concluded that the
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present theoretical study reasonably suggests that the dynamic effect of the CAs affects
not only the polymerization reaction rate ((R2) and (R3) in Scheme 1) but also the
chain termination reaction rate ((R4) in Scheme 1), which should be one of the possible

reasons for the MWDs that are dependent on CAs.

It is notable that this work demonstrates the potential feasibility of RM simulation
as a powerful tool to reveal the dynamic aspect of the overall CP reaction, which is

difficult to model or compute with conventional QM or MD methods by themselves.

Finally, 1 have to note that there is room for testing my hypothesis regarding the
MWDs. It would be more valuable to quantitatively examine how the estimated kinetic
constants in this article affect the PDI values of the produced polymer, for example, by
explicitly considering the termination reaction in RM simulation. Therefore, | expect
this issue to be addressed in the near future through the establishment of a method to

quantitatively evaluate the polymer’s physical properties based on the RM simulations.
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Appendix A:

Detailed Algorithm of Red Moon Simulation

For the application of the RM methodology, | first assume a reaction scheme which
consists of a set of chemical reactions Ri1, Ro, ... . Then, | provide them their
corresponding activation energies AE;{1 , AEéf{2 , ... . Each activation energy is
obtained properly as the “free” energy of activation that is estimated in advance, within
the continuum model, the free energy gradient method [62-64], or some experimental

methods for each chemical reaction.
The present RM simulation consists of a combination of the following processes:

1. Equilibrate the whole system through the classical NVT-MD simulation and

obtain configuration states.

2. Generate reaction steps with the NVT-MC procedure and classical NVT-MD

simulation, consisting of the following steps:

(@) Search for some reactant molecules in given configuration states,
according to some criteria for the possible chemical reactions R, Ro, ....

As a result, the number of candidates NRi

cand

for each possible chemical

reaction is obtained in given configuration states.

(b) In principle, randomly select a chemical reaction Rj among Ri, R, ...
according to their corresponding relative weights of selection w1, wRz,
., where a relative weight wRi for R is expressed by the product of

NRi

cand

and exp(-BAELY) as follows,
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W =N&, exp(-BAE! ). (A1)

If there is no candidate pair, return to the process 1 instead of the following

step (c) and (d) to obtain new configuration states.

(c) Switch the atomic potential parameters and potential function forms of the
reactant atoms in the selected reactant state “r” to the product ones, and
virtually react them to generate a possible configuration states, relaxing the
whole system to obtain the product state “s” through a short NVT-MD

simulation.

(d) Compute the energy change of the system AU, (= Us-U,) and accept
(or reject) the reaction step according to the transition probability W,_

under the Metropolis scheme [65-67],
W, =min{Lexp[-AAU, ]} . (A2)
In the present study, AU, is approximately estimated as follows,
AU, =AUM + AUS* (A3)

where AUMM s the naive difference of total potential energies obtained in
the MM force field, corresponding to a change of the atomic potential
parameters and potential function forms, and AU§®*¢ represents a proper
correction of the “zero” point of energy by the corresponding potential

energy of the reaction.

3. If the molecular mixture composition might scarcely change, then stop.

Otherwise, return to process 2.
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Appendix B:
Average Number of All Reaction Candidates and All
Accepted Reaction and Their Ratio Per One RM

Simulation

The reaction rate in RM simulation can be determined by the two possible factors:
the number of reaction candidates and the ratio of accepted reactions to all reaction

candidates. | have investigated the number of all accepted reactions Y.; Nac. and all

reaction candidates ZjZiNiiI'fd found in the process 2(a) in Appendix A, where i

denoted the index of reaction and j denotes the index of RM cycles (j = 1-3000), for

10 RM simulations of each HfCat™™*—~MeB(CsFs)s~ and HfCat™*-B(CsFs)4~ IP systems.

Table B1 shows the average numbers of }; Nacc, ZjZiNch{d ,and Y ;Nac/

ZjZiNiiI'{d per one RM simulation ( X Ny ., 2, N

1" "cand

and

Y Nace/ 2,20 Ni‘r'{ o) for HfCat™"~MeB(CsFs)s~ and HfCat™ ~B(CsFs)s~ IP systems.
It was clarified that the difference in the 1-octene consumption rate between HfCat™ —

MeB(CsFs)s~ and HfCat™ —B(CsFs)4~ IP systems shown in Figure 3 comes from the

difference in the number of all reaction candidates };; ¥’ N

cand’
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Table B1. Average number of all reaction candidate :; ¥’; Ni"gd, all accepted reaction 3 ; Nac., and

their ratio Z]-NACC/Z]-ZL-NR” per one RM simulation for 3000 RM cycles in HfCat™—

cand

MeB(CsFs)s~ and HfCat™™-B(CsFs)s IP systems. j represents the index of RM cycles.

R, R,
IP system Z] NAcc Z] ZlNcar{d Z] NACC/Z]ZlNcar{d
HfCat™*—MeB(CeFs)s~ 33.4+5.0 499 73 0.070 £0.011
HfCat™™*—B(CsFs)s 62.9+3.0 1023 +116 0.69  0.007

Appendix C:
Estimation of the Average Time Length of 1 RM
Cycle

To estimate the time corresponding to 1 RM cycle, | assumed the second-order

reaction
HfCat™ + 1-OCT —*2 HfCat™™* | (C1)

where 1-OCT denotes 1-octene monomer, and the following equation can be obtained
from the second-order reaction rate law;

_ In[1-OCT], - In[1-OCT],

K, 8
jo [HfCat™],dt

, (C2)

where k is a polymerization rate constant and 7 is an arbitrary time. Since [HfCat™] is
constant in the RM simulation, z can be obtained as follows, using the k> values that can
be estimated from the experimental report [42] and [1-OCT]z value in n RM cycle in

the simulation,

__ In[1-0CT], ~ In[1-0CT],
k,[HfCat™ ] !

(C3)
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which corresponds to the time length of n RM cycles. In this way, the average time
length of 1 RM cycle, ©/nh (trm), can be numerically obtained using Eq. (C3).

Table C1 shows the obtained average time length of 1 RM simulation for each of
the HfCat™*—MeB(CesFs)s~ and HfCat™—B(CsFs)4~ IP systems. From this result, we

estimated that 1 RM cycle roughly corresponds on average to 25 pus in the experiment.

Table C1. Obtained average time length of 1RM cycle (tgy) in HfCat™™—-MeB(CeFs);~ and
HfCat"™*-B(CsFs)4~ IP systems.

IP system TRM

HfCat"™™*-MeB(CsFs)3- 22 us
HfCat™*—B(CgFs)a 28 us

Appendix D:
Details of MD Simulation to Obtain RDF of 1-Octene

Monomers

For each model system, MD calculations were executed using the pmemd module
in AMBERZ14 [53] under the periodic boundary condition in NVT ensemble at 323 K
for 200 ns to obtain radial distribution function (RDF) between the sp? carbon atoms of
1-octene monomer and Hf atom in each model system. The weak-coupling algorithm
with a time constant of 1 ps was applied to control the temperature. The integration time
step was set to 1 fs, and the SHAKE algorithm was used to constrain the bond distances
including hydrogen atoms. | employed the same force field parameters with those used

in the RM simulations.
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Appendix E:
Method to Obtain FE Map from MD Trajectories

To obtain the FE maps from the MD trajectory using the two axes, i.e., the
interatomic distance r between Hf and B atoms and the angle ¢ formed between the

straight lines connecting Hf to B and N in pyridine ring, the whole region in the FE map
was divided into each region with a bin size of (0.05 A, 2.0°). We calculated the

following Z; value in each region i,

W,
Z = Z—W (E1)

where Wi corresponds to a number of states in each region. Then, the free energy of the

region i can be described by
FE=—k.TIn(Z,). (E2)

By calculating FE for each region, we obtained the FE maps in Figure 6 and Figure
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Appendix F:
FE Diagram of f-Hydride Transfer Reaction

50
40
30
20

10

Free Energy (kcal/mol)

-10

Figure F1. FE diagram of g-hydride transfer reaction with an ethylene monomer. The QM

calculations were performed at the M06/def2-TZVPP level of theory.

Appendix G:

Estimation of K4(tr) and Kq(in) Values

Numerically, Kq values can be estimated using Eq. (2.2). To evaluate the
concentration of the isolated catalyst and monomer ([HfCat"] and [1-OCT]), or the

complex of the catalyst and monomer taking the favorable configuration
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([HfCat™--1-OCT]) for each reaction in MD trajectories, it is necessary to set some

criteria to distinguish between the former and the latter configurations.

For the pre-equilibrium constants Kq(tr) and Kq(in) in Figure 12, the following
criteria were considered to determine the reaction candidate configurations, referring to
the reactant structures obtained from the QM calculation (see Section 1V); For p-hydride
transfer (Kq(tr)), the dihedral angle between the Hf-C, (polymeryl) and p-H-Cg
(polymeryl) is within 35.0 degrees, and both two distances between Hf and one sp?
carbon atom in 1-octene and between S-H and the other sp? carbon atom are within 4 A
and 5 A, respectively. For 1-octene insertion (Kq(in)), both two distances between Hf
and one sp? carbon atom in 1-octene and between C, (polymeryl) and the other sp?

carbon atom are within 5 A.

Appendix H:
Pre-equilibrium State for g-Hydride Elimination and

Its Constant Kq(el)

| investigated the equilibrium constant of S-hydride coordination to the Hf atom
Ka(el), which corresponds to the pre-equilibrium state for s-hydride elimination reaction
of 2,1-inserted complex as shown in Figure H1. The equilibrium constant Kq(el) can be
estimated using Eq. (2.2). To examine the influence of the MeB(CeFs)3~ or B(CeFs)4a~
counteranions on the Kq(el), I analyzed the MD trajectories of the RM simulations where

HfCat™ corresponds to the 2,1-inserted complex.
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To determine the configurations in the right side of the pre-equilibrium states
(Figure H1), the following criteria were considered; the dihedral angle between the Hf-
Ca (polymeryl) and p-H-Cp (polymeryl) is within 35.0 degrees, and the distances

between Hf and -H atom is within 3 A.

Table H1 shows the obtained Kq(el) values for the HfCat™—MeB(CsFs)s~ and
HfCat™—B(CsFs)s~ IP systems. | found that p-hydride coordination is also influenced
by the counteranions. The Kg(el) is smaller in HfCat™-MeB(CsFs)3~ IP system than in
the HfCat™ —B(CsFs)4~ one. That should be because MeB(CsFs)s~ forms more ISIP than

B(CsFs)4-, which thus makes less space for s-hydride to coordinate to the Hf atom.

K, (e)=k,(eD/k,/(e]) 4 ]

rR?-}-1
C:) /VNQ ky(e) R1t‘|§|®/vf:'Q
)?? = = r
e SR

R'= hexyl; RZ= polymeryl
R'= polymeryl; R%= pentyl

Polyj\

Hex H
I
I
N
/4

Figure H1. Schematic representation of the pre-equilibrium state of -hydride elimination reaction

from a 2,1-inserted HfCat™" complex.

Table H1. Equilibrium constants Kg(el) in HfCat™*-MeB(CsFs);~ and HfCat"*—B(CsFs)s IP

systems.

IP system Kq (el)

HfCatP”tMeB(Cer)g* 0.10
HfC&thfB(Cer)[ 0.16

124



Chapter 3

Appendix I:

Estimation of k, Values

To calculate the values of ko for 1-octene insertion reaction and S-hydride transfer
reaction, the corresponding kias and Kgs need to be calculated from QM and MD
simulations. As for the 1-octene insertion, | have already calculated the activation free
energies of 1-octene insertion reaction using ethylene-inserted active species of
(pyridylamido)Hf catalyst, which are 17.6 and 17.9 kcal/mol, respectively with
MeB(CeFs)3~ and B(CsFs)s anions. In this study, I must assume 1-octene insertion
from a 2,1-inserted structure. However, due to the computational cost, | could not
perform QM calculations of 1-octene insertion reaction from a 2,1-inserted structure.
Thus, | decided to approximate the activation energies of 1-octene insertion reaction
from 2,1-inserted structure to 18.0 kcal/mol for both HfCat™—MeB(CsFs)s~ and
HfCat™—B(CsFs)4 IP systems. As for the g-hydride transfer, | used the activation free
energy obtained with the cationic model system described in Appendix F (25.1
kcal/mol) for both HfCat™*-MeB(CsFs)s~ and HfCat™ -B(CsFs)a~ IP systems.
Therefore, the differences in ko(in) or ka(tr) between HfCat™—-MeB(C¢Fs)s~ and
HfCat™™—B(CsFs)s~ IP systems directly reflect the differences in Kqg(in) or Kq(tr),

respectively.
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Chapter 4
General Conclusion

In this thesis, | investigated the effect of counteranions (CAs) on olefin
polymerization reaction by (pyridylamido)Hf(IV) catalyst with the commonly used
boron-based CAs, MeB(CsFs)s~ and B(CsFs)4~. For a comprehensive understanding of
the effect of the CAs from both dynamic and electronic points of view, | performed
molecular dynamics (MD) and quantum mechanical (QM) studies to analyze the
diffusion and activation processes of monomer insertion reaction, respectively. In
addition, to better understand the catalytic polymerization (CP) reaction process in the
presence of CAs, | also adopted Red Moon (RM) method, which can reasonably
simulate the overall CP reaction process as a succession of monomer insertion

reactions.

In Chapter 2, the 1-octene insertion reaction by the cationic active species of
(pyridylamido)Hf(IV) catalyst (HfCat®) was investigated, focusing on the effect of
MeB(CsFs)s~ and B(CeFs)s~ on the catalyst activity. QM calculation showed a
remarkable difference in TS structures that HfCat*—MeB(C¢sFs)s~ complex forms an
“inner-sphere” ion pair (ISIP), while HfCat™—B(CsFs)4~ forms an “outer-sphere” ion pair
(OSIP). However, the activation free energies of the 1-octene insertion reaction by both
complexes are almost identical to each other due to the trade-off relationship between
the stability of the cationic system and cation—anion interaction energy, i.e., the
electronic effect of the CAs. Meanwhile, replica exchange molecular dynamics (REMD)
simulation has revealed that the time duration of the HfCat™ capturing 1-octene

monomers throughout the REMD trajectories of HfCat*™—B(CsFs)s~ complex was ~2.5
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times as large as that of HfCat"™-MeB(CsFs)3~ one due to the dynamic effect of the CAs.
In other words, B(CsFs)4 is more likely to dissociate from HfCat* to form OSIP than
MeB(CsFs)3-, and thus allows monomers to approach HfCat* more easily. Using these
microscopic data, | numerically evaluated the 1-octene polymerization reaction rate
constants based on the chemical kinetic formulation and succeeded in reproducing
qualitatively the experimentally observed tendency of the polymerization reaction with
B(CsFs)4 faster than with MeB(CsFs)3™. Finally, it was theoretically elucidated that the
monomer capture step in the diffusion process, which is largely influenced by the
dynamic effect of the CAs, determines the overall polymerization reaction rates in this
catalytic system, rather than the following monomer insertion step in the activation
process. | believe that this is the first example of numerically estimating the CP reaction

rate constant by using MD and QM methods in combination.

In Chapter 3, atomistic simulation of the whole 1-octene polymerization reaction
process, i.e., a succession of monomer insertion reaction, by (pyridylamido)Hf(I1V)
catalyst based on RM methodology was conducted in the presence of the CAs,
MeB(CsFs)s~ and B(CeFs)4~ to investigate the effect of the CAs on the activities and the
living characters of the catalytic systems, which affect the polymer’s physical and
mechanical properties. | demonstrated that RM simulation reasonably reproduces the
faster reaction rate with B(CeFs)s~ than with MeB(CsFs)z~, since the 1-octene
consumption rate with respect to RM cycle proportional to the total number of reaction
candidates, which reflects the dynamic effect of the CAs. Notably, the initiation of
polymerization reaction with MeB(CeFs)3™ is comparatively slow due to the strong
coordinating ability of MeB(CsFs)3~; however, after the first insertion, MeB(CeFs)3~

would be separated from the active site by the steric hindrance of the inserted polymer

133



Chapter 4

and thus monomer insertions can proceed drastically. Then | investigated the ion pair
(IP) structure consisting of each CA and the cationic (pyridylamido)Hf(IV) catalyst with
a growing polymer chain (HfCat™) in the RM simulations, which determines the
polymerization reaction rates. | found that a HfCat™*—MeB(CsFs)s~ can form ISIP even
after the polymer chain becomes sufficiently bulky, while HfCat™*—B(CsFs)s~ forms
mostly OSIP. Finally, | further sought to elucidate the origin of the experimentally
reported molecular weight distribution (MWD) of the polymer being broader with
B(CsFs)4 than with MeB(CeFs)3~, which means that the catalytic system with B(CeFs)4
has less living character than that with MeB(CsFs)3™. | hypothesized that the IP structure
influences not only the chain propagation rate but also the chain termination reaction
rate, which eventually determines the MWD of the polymer. Trajectory analyses of RM
simulation showed that the chain termination reaction would be more sensitive to the
dynamic effect of the CAs than the monomer insertion reaction. This is presumably
because the former involves a more constrained structure than the latter and thus needs
more space around the active site, which should be one of the possible origins of the

MWDs being broader with B(CeFs)s~ than with MeB(CsFs)3 .

In summary, | conducted a comprehensive study on the dynamic and electronic
effects of the CAs in the 1l-octene polymerization reaction by (pyridylamido)Hf
catalyst and numerically evaluated the polymerization and termination reaction rate
constants, which provided some new insights into the reaction mechanism. Notably, it
was found that the monomer coordination frequency in the diffusion process is crucial
to the polymerization reaction rate. Besides, | proposed that the characteristic IP
structures during the polymerization reaction should affect not only the polymerization

reaction rate but also the termination reaction rate, which eventually determines the
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polymer’s MWDs. Therefore, in this thesis, | succeeded in demonstrating the
importance of the dynamic effect of CAs in the diffusion process, which determines

the catalytic activities and the physical properties of the polymers.

| expect that these findings will contribute to a further understanding of the CP
reaction mechanisms with coexisting CAs. For example, the effect of other kinds of
CAs, such as methyl aluminoxane (MAQ), which has long been considered a “black
box” in polymer chemistry, should be addressed by taking advantage of QM and MD
methods in combination, and further, RM method as well. As | have demonstrated in
the case of boron-based CAs in this thesis, the dynamic effect of MAO in the diffusion
process should also play a crucial role in determining the catalytic activities. | believe
that this thesis would be a practical example of the comprehensive mechanistic study

of CP reaction focusing on the effect of CAs.

Although this thesis demonstrates the applicability of RM method to CP reaction
systems, | would like to note that there is a problem to be solved: difficulty in
reproducing reaction selectivity. In the RM simulation of 1-octene polymerization in
Chapter 3, | found that the ratio of the four possible 1-octene insertion patterns, i.e.,
cis-1,2; cis-2,1; trans-1,2; and trans-2,1, of all the insertion reactions taking place in
the RM simulations was not close to the ideal one, which can be estimated from the
QM calculation of 1-octene insertion reaction in Chapter 2. This might be because of
the limited time length of MD simulation to search for the reaction candidates. To
improve this problem, I think it is necessary to improve the efficiency of the search for
reaction candidates, for example, by adopting REMD instead of the conventional MD

in the RM simulation procedure.
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Nevertheless, one of the advantages of the atomistic simulation of CP reaction
based on RM method is that the product polymer materials with observable physical
properties that are comparable with experimental ones can be virtually synthesized
through the simulation if appropriate reaction schemes are employed. Therefore, |
expect that RM simulations would reveal the detailed mechanism of the chain shuttling
polymerization (CSP) reaction to some extent, whose complex mechanistic nature
makes the polymer’s chemical structure quite complicated. In particular, the chain
transfer reaction rate between the catalyst and chain shuttling agent such as alkyl zinc
is expected to be significantly dependent on the bulkiness of the polymer chains.
Therefore, RM simulation would help us establish a fundamental insight into how
catalyst architectures affect the polymer’s molecular structures or mechanical

properties in the CSP reaction system.

I hope that my work in this thesis will provide some hints for the design principles
of efficient CP reaction systems and eventually help someone in the future to pave the

way for the development of new and innovative CP systems.
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