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Reaction mechanisms of ethylene polymerization catalyzed by the phenoxy-imine (FI)
and the nickel phenoxyphosphine polyethylene glycol (Ni-PEG) with alkali metals were explored
using DFT calculations. For Fl catalysts, the effect of group IV; transition metals substitutions was
investigated. The trend of calculated activation energies (E,) at the rate-determining step is Zr <
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sulfur (O, S) ligands on activity was also monitored. The results indicated that the sulfur (O, S)
ligand gives the lowest activation energy. Additionally, the reactivity of Ni-phenoxy-imine (Ni-Fl)-
based catalysts for polyethylene polymerization was studied. Our calculations suggested that
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CHAPTER |
INTRODUCTION

1.1 Research rationale

Polyethylene (PE) is an integral part of our daily life, for instance, plastic
shopping bags, food packages, shampoo and detergent bottles, containers, storage
boxes, toys, disposable diapers, sneakers, etc. [1]. PE is produced either by the addition
or radical polymerization of ethylene monomers. Commercially, Ziegler-Natta and
metallocene catalysts have been employed for the polymerization of polyethylene.
However, these catalysts are not perfect because of the existing of multiple active
sites in their structures. Therefore, the development of single-site metallocene
catalysts attracts the polyolefin industry. Phenoxy-imine (FI) catalysts, one type of post-
metallocene catalyst, have been introduced for olefin polymerization [2]. They are
composed of group IVB transition metal complexes with two phenoxy-imine ligands.
Many studies report that FI catalysts show high activity for ethylene polymerization
when activated with methylaluminoxane (MAQO). Moreover, several experimental and
computational studies have been performed to understand and improve catalytic
activities. The highly active catalyst should provide low activation energy [3].
Nevertheless, there are few studies that address the reaction mechanism of these
catalysts. Thus, it is in our interest to perform DFT calculations on mechanistic features
to gain insight into the ethylene polymerization catalyzed by FI catalysts.

Recently, heterobimetallic catalysts that contain two different metals in a
single platform have been found to significantly improve the catalytic reactivity [4].
The heterobimetallic catalysts can enhance polymerization reactivity with multiple
explicit interactions. The use of two different metals possibly affects the olefin insertion
and increases or decreases the rate of polymerization. The advantage of

heterobimetallic complexes is the significant improvement of the catalytic activity



when compared to monometallic catalysts [5]. The late transition metal catalysts
containing nickel with phenoxyphosphine ligand and polyethylene glycol were
introduced as excellent catalysts for ethylene polymerization [6]. However, no studies
on the catalysts’ reaction mechanisms have been conducted. Hence, the ethylene
polymerization catalyzed by nickel phenoxyphosphine polyethylene glycol (Ni-PEG)
catalysts with different alkali metals (M) was additionally investigated. The key factors
of Ni-PEG (M) catalysts were elucidated to provide a further design for Ni-PEG (M)
catalysts. The knowledge obtained in this study will lead to the development of a

more active catalyst for ethylene polymerization.

1.2 Catalysts for ethylene polymerization

1.2.1 Ziegler-Natta catalysts

Since Karl Ziegler and Giulio Natta were awarded the Nobel Prize during the
early 1950s, in 2015, polyolefin materials such as polyethylene (PE) and polypropylene
(PP) were accounted for nearly half of the 300 million tons of global plastics production
[7]. Several industrially relevant thermoplastic materials (polyethylene, isotactic
polypropylene) and rubbers (polybutadiene, polyisoprene, and ethene-propene
copolymers) are produced with Ziegler-Natta catalysts [8]. The Ziegler-Natta catalyst
mainly consists of four components: MgCl, as catalyst support, TiCl, as the active
catalyst precursor, AlR; (R = alkyl group) as a catalyst activator, and the Lewis base [9],
Figure 1. Many modern Ziegler-Natta catalysts have several advantages. They produce
higsh molecular weight polymers, exhibit high activity and better control morphology
[10]. However, the disadvantages of Ziegler-Natta catalysts are that they have less
control of the growing polymer chain because of the multiple active sites of transition
metals, the encapsulation effect of polymer chains, and the difficulty of removing the

catalyst from the final product [11].
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Ziegler-Natta catalyst
Figure 1 Component of the Ziegler-Natta catalyst for olefin polymerization.

1.2.2 Metallocene catalysts

Single-site metallocene catalysts have the ability to produce polymers with
controlled molecular weight, improved molecular weight distribution, specific tacticity,
and better co-monomer distribution and content [12]. General metallocene catalysts
are composed of transition metals sandwiched between two cyclopentadienyl rings.
Methylaluminoxane (MAO) plays a crucial part in generating a vacant site for ethylene

insertion of the metallocene catalyst [13]. The activation process of the metallocene

catalyst is shown in Figure 2.

R R
cocatalyst
Cl Me
~~~~~ ( ) @ ©
(Qn M MAo (Qn M + [MAO-Me]
Cl

free coordination site

M =Ti, Zr, Hf

- 14-electron species
R = alkyl, aryl or fused ring systems - strong Lewis acid

Figure 2 Activation of the metallocene catalyst for olefin polymerization [14].

The single-site metallocene catalysts have been developed into several
designs. By substitution of one Cp ring to other components, the catalysts are called

half-metallocene, and by completely substituting other ligands, they are called post-

metallocene, as shown in Figure 3.



Me Ph Ph
M(CH,Ph),
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1 (metallocene) 2 (half-metallocene) (post-metallocene)

Figure 3 Examples of metallocene, half-metallocene, and post-metallocene catalysts

for olefin polymerization [15].
1.2.3 Post-metallocene catalysts

In the last two decades, post-metallocene or non-metallocene catalysts have
been commercialized for the polymerization industry [16]. Based on the “ligand-
oriented catalyst design concept,” which believes that the flexible electronic nature
of ligands may possibly enhance catalytic activity [17], the development of post-

metallocene catalysts becomes attractive.

1.2.3.1 Phenoxy-imine (FI) catalysts

Phenoxy-imine (FI) catalysts, one type of post-metallocene catalyst, are
composed of transition metals connected to phenoxy-imine (O, N) ligands in
octahedral geometry. The pre-reaction structure in which the metal (M) center
connects to two imine nitrogens, two phenolic oxygens, and two chloro ligands is
shown in Figure 4. Previous DFT calculations revealed that the structure with cis-
N/trans-O/cis-Cl is the most stable isomer [18]. Several studies have reported that Fl
catalysts have high ethylene polymerization activity when activated with
methylaluminoxane (MAO) (see Figure 5) [2, 19]. However, there are few studies that
addressed the mechanism of ethylene polymerization catalyzed by Fl. The ethylene
polymerization activity of Fl catalysts with different metals was reported by Mitani et
al. [19]. The highest activity was obtained with Zr-FI, followed by Hf-FI and Ti-Fl

catalysts, respectively.



M=Ti, Zr, Hf

Figure 4 The pre-reaction structure of FI catalysts.

%Ao
R
),M c, Phenoxy—fmme complex )
“Bu2AI
M: Zr, 'I'| etc. Can
RS
Ph3CB(CgFs)s/
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Figure 5 Active species of FI complexes after being activated with MAO or borate as

cocatalyst systems [19].

1.2.3.2 Nickel phenoxyphosphine polyethylene glycol (Ni-PEG)

catalysts

Several heterobimetallic catalysts have been introduced for olefin
polymerization [20, 21]. Heterobimetallic catalysts have two different metals on a
single platform, which differs from homobimetallic and monometallic. The presence
of secondary metal could effectively accelerate the ethylene polymerization rate of
nickel phenoxyphosphine catalysts [4]. In this work, we focused on the nickel
phenoxyphosphine polyethylene glycol (Ni-PEG) with different alkali metals (Li, Na, K,
and Cs). Experimental results reported that the Ni-PEG with Li as a secondary metal
provided the highest activity at moderate temperatures, followed by Na, K, and Cs,

respectively [22]. Figure 6 depicts the pre-reaction structure of Ni-PEG catalysts, which
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consists of a nickel metal center, phenoxyphosphine ligand, trimethyl-phosphine,

phenyl, polyethylene glycol, and alkali metal (M = Li, Na, K, and Cs).

Me3P

N
/0
o'/\o/ e NI\PD

¢ IS
o R

M=1Li, Na, K, Cs

Figure 6 The pre-reaction structure of Ni-PEG catalysts.
1.3 Mechanism of ethylene polymerization

Ethylene polymerization mechanisms exhibit several features that differ from
other polymerization [23]. The idea for the proposed mechanism of ethylene

polymerization is based on the Cossee-Arlman mechanism, the Green-Rooney

mechanism, and the transition-state Ol-agostic mechanism, which are shown in Figure

7.

A Cossee-Arlman Mechanism

HH HH HE i
F DA S S

B Green-Rooney Mechanism
H H

. H H H H
w0 ey Lo ey — P w0

C Transition State a-Agostic Mechanism "

H K H A He
P S

-~

M

Figure 7 The proposed mechanism for ethylene polymerization is based on the
Cossee—Arlman mechanism, the Green-Rooney mechanism, and the transition-state

Ol-agostic mechanism [24].
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1.3.1 Fl catalysts

Based on the Cossee-Arlman mechanism, the mechanism of ET polymerization
by FI catalyst was originally suggested by Nikitin et al. [25]. As depicted in Figure 8, the
reactant TT-complex (R;) was selected as a starting structure for the reaction
mechanism. Then, the first ethylene was inserted into the transition metal-alkyl bond
via a four-membered ring transition state (TS;) and generated the {3-agostic product
(Py). The structure was then rearranged to form the active complex (A,) via a five-
coordinated ethylene insertion. The reaction continued with a new ethylene monomer

inserted into transition metal, which is similar to the first ethylene insertion. For the

second ethylene insertion, the reaction continues with the reactant T-complex (R,),

the four-membered ring transition state (TS,), and the 3-agostic product (P,).

e

9 O H, e Y,
N. |+/CH" N‘- +a“C‘ N"» * H N'~ |+
:M. M ° —_— M —— :M
N A N e . \>\ N
I NS G I
R, TS, P, A,

/0 5 *
Ne |, CsHy N.. +'\ . \\\
.M -~ B e
N | H N e \
o I C3H7
0 N M)
Py TS, R,

Figure 8 Reaction mechanism of ethylene polymerization catalyzed by phenoxy-

imine (FI) catalysts.
1.3.2 Ni-PEG catalysts

The proposed reaction mechanism for ethylene polymerization catalyzed by Ni-
PEG with alkali metal (M) was depicted in Figure 9. The mechanism is based on Tran

et al. [22], which suggested the cis-to-trans isomerization of the reactant state as the

key step. The reactant TT-complex (R) was selected as a starting structure to elucidate

the reaction mechanisms. The subscripts A (ethylene cis to oxygen) and B (ethylene
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trans to oxygen) represent the position of ethylene insertion into the nickel-metal

center. The ethylene insertion cis to oxygen is favored over its isomer. Therefore, the

favorable pathway begins with the most stable reactant TT-complex (Rn), which

proceeds via a pentacoordinate transition state of isomerization (TS,) step to obtain

a less stable reactant TT-complex (Rg). Then, the first ethylene inserted into the Ni-alkyl
bond via the four-membered-ring transition state (TSg) and generated the stable f3-
agostic product (Pg). Then, the second ethylene monomer is inserted together with the
R-hydrogen elimination (TSga) into the Ni-metal center to form the stable reactant Tt-
complex (Ryy). On the other hand, the Pg structure can be rearranged to generate a
vacant site complex (Vga) via an unstable tri-coordinated complex for the second

ethylene insertion. The subscript BA means the connection between the stable (-

agostic product (Pg) of the first ethylene insertion and the reactant Tt-complex (Ra,) of
the new ethylene monomer. For the second ethylene insertion, the isomerization

proceeds like the first insertion, which is followed by a transition state of isomerization

(TSis02), @ reactant Tt-complex (Rgy), a transition state (TSg,), and the B-agostic product
(Pg,) of the second insertion.

Another possible path, which is the kinetically unfavorable pathway, is where R,
is converted into the B-agostic product (P,) via the four-membered ring transition state
(TSa). Then, the structure is rearranged to generate a vacant site complex (Vpg). The

subscript AB means the process from the (-agostic product (P,) of the first ethylene
insertion to obtain the reactant Tt-complex (Rg,) of the second insertion. In addition,
the Ru, also undergoes the transition state (TS,,) and reaches the (-agostic product

(Pa2), like the first ethylene insertion.
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Figure 9 Reaction mechanism for ethylene polymerization catalyzed by Ni-PEG with

alkali metals (M).

1.4 Literature reviews

In 2002, Makio et al. [18] first introduced the FI catalyst and investigated its
macroscopic properties and catalytic behavior. The catalyst name FI comes from the
Japanese pronunciation of the ligand “Fenokishi-Imin”. They found that the octahedral
dichloride of the FI complex having cis-N/trans-O/cis-Cl is the most stable one among
five possible isomers. The X-ray structures of the Ti-FI and Zr-FI complexes were
reported. Moreover, the Zr-Fl displayed very high ethylene polymerization activity
under mild conditions.

In 2004, Mitani et al. [19] reported the catalytic activities of FI catalysts with
different transition metals. Under mild conditions, the Zr-FI exhibited the highest
activity, followed by the Hf-FI and Ti-FI.

In 2008, Matsugi and Fujita [17] introduced the designed concept for olefin
polymerization. Using Fl ligated with transition metals provided a highly active catalyst
for ethylene polymerization when compared with others, for instance, pyrrolide-imine
(PI catalyst), indolide-imine (Il catalyst), phenoxy-ether (FE catalyst), imine-phenoxy (IF

catalyst), phenoxy-pyridine (FP catalyst), which are shown in Figure 10.
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Figure 10 Examples of highly active ethylene polymerization catalysts [17].

In 2011, Terao et al. [26] studied the significant substituent effects on the
activity of Fl catalysts. They summarized that an increase in the steric bulkiness of the
substituent can enhance the catalytic activity.

In 2015, Damavandi et al. [27] introduced the Ni complexes with naphtholato
imine group ligands that were designed, synthesized, and characterized. However, the
catalyst displayed moderate ethylene polymerization activity.

In 2016, Nikitin et al. [25] conducted a study that describes the mechanism of
ethylene polymerization on Ti-FI catalysts to identify the major factors affecting the
catalytic activities. They performed DFT calculations using the BP86 exchange-
correlation functional and the SVP split-valence basis set for all atoms. The proposed
mechanism has four stages: pre-reaction, activation, propagation, and termination.
They found that the propagation reaction has a strong influence on the activity of the
catalysts. The electronic and steric effects of the ligand control the total catalytic
activity. The major factor affecting the catalytic activity depends on the structure of
the active site. Theoretical and experimental data on FlI catalysts with different
substitutions as well as activity values were reported. The substitution of tert-butyl (in
the R, position of Figure 4) with an allyloxy group (OALD) in the para position of the N-
aryl moiety (R; position of Figure 4) resulted in the highest Ti-FI activity. In addition,
their results suggest that HOMO-LUMO gaps in the active cations can affect the catalytic
activities.

In 2018, Chasing et al. [28] performed quantitative structure-activity relationship

(QSAR) studies of the Ti-Fl series to illustrate the structural properties of Fl catalysts
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related to the polymerization activity. The new design of the FlI catalyst with Ni was
proposed as a candidate catalyst for polyethylene polymerization.

In 2019, Tran and co-workers [6] first designed a new class of heterobimetallic
nickel-sodium phenoxyphosphine polyethylene ¢lycol called Ni-PEG (Na). They
discovered that the presence of sodium cations can affect the rate of polymerization.
The polyethylene glycol (PEG) group was enriched with nickel cations or alkali metal
cations. Four ether oxygens of the PEG group provide metal binding sites for cations
which control the architecture of the polymer during ethylene polymerization [29]. As
a result, the existence of secondary metals could significantly improve the catalytic
activity. Moreover, the influence of the PEG unit was able to enhance catalytic activity,
catalytic stability, and molecular weight [30].

In 2020, Tran et al. [22] investigated the effects of secondary metals (M) on Ni-
PEG catalysts and illustrated that Ni-PEG exhibited higher activity than monometallic
nickel catalysts because the metal-PEG group prevented interaction at the axial
position of nickel. The Ni-PEG with Li as a secondary metal provided the highest activity,
followed by Na, K, and Cs at moderate temperatures (30-50 °C). Differences in the
secondary metal sizes are possibly controlled and boost catalytic performance.
Consequently, the platform of phenoxyphosphine ligands connected to the PEG group

could easily be designed to accommodate several secondary metals.

1.5 Scope of this research

We performed density functional theory (DFT) calculations to elucidate the
mechanism of ethylene polymerization catalyzed by FI catalysts. The relative stability
of five possible isomers of pre-reaction Ti-Fl dichloride complexes was first determined
to select the most stable isomer. Then, the potential energy profiles of the active form
FI catalysts were calculated and employed to gain insight into the reaction mechanism
of Fl catalysts with different groups of IVg transition metals (M = Ti, Zr, Hf) substitutions.
Both activation energies and structural properties were mainly compared to catalytic

activities. The effects of ligand substitutions were investigated by changing the parent
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nitrogen (O, N) into oxygen (O, 0), phosphorus (O, P) and sulfur (O, S) ligands. After
that, we examined novel Ni-FI based catalysts to provide candidate catalysts for
ethylene polymerization.

On the other hand, the reaction mechanism of ethylene polymerization
catalyzed by Ni-PEG with different alkali metals was investigated. Both steric and
electronic effects on the activation energy were investigated. Finally, the influence of
pre-reaction structure on experimental activities was analyzed to design more active

catalysts for ethylene polymerization.
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CHAPTER Il
THEORY BACKGROUND

2.1 Quantum mechanics

Quantum mechanics (OM) has been developed over a century to describe
microscopic phenomena. QM is the fundamental theory of physics that describes the
physical properties of matter with energy at the atomic scale and subatomic particles.
Quantum mechanics is merged with many other areas of modern science. Thus,
understanding the main ideas and methods of quantum mechanics is important for

developing many branches of science, from nuclear physics to organic chemistry [31].

2.1.1 The Schrodinger equation

The Schrédinger equation is basically a differential equation and is widely used
in chemistry and physics to solve problems relating to quantum materials. The
Schrédinger wave equation describes the behavior of a particle in terms of force or
the change of a physical quantity over time. Schrédinger, who developed the equation,
was even awarded the Nobel Prize in 1933 for the discovery of new productive forms
of atomic theory. The Schrédinger wave equation is a mathematical expression based
on three considerations, which are the classical plane wave equation, De Broglie’s
hypothesis of matter-wave, and conservation of energy [32].

The general form of the time-dependent Schrédinger equation, which is used to

find the wave function depends on time, is represented as;
.. d =
lfla | W(t))=H|¥Y(1)) (2.1)

ih%np(ﬁ t) = [_gvz + V(7 t)] ¥(r,t) (2.2)
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where / is imaginary unit, ¥ is the time-dependent wavefunction, H is the Hamiltonian
operator, fi is the reduced Planck constant, and V(7 t) is the potential that represents
the environment in which the particle exists with the spatial coordinates @) at time (t).

The time-independent Schrédinger equation, which is used to find the wave-

function from the stationary state, can be expressed as;
HY = E¥ (2.3)

where E is the energy of the system, H is the Hamiltonian operator, and W is the time-

independent wave function.

The Schrédinger equation plays the role of Newton’s laws and conservation of
energy in classical mechanics to describe the behavior of a system in terms of a wave
function. The combination of kinetic and potential operators, so called the Hamiltonian
operator, acts upon the wave function. The Schrédinger equation gives the quantized
energies of the system. Moreover, several properties can be elucidated from the wave
function. However, this equation can be solved exactly for one electron system, for
example, hydrogen atoms and hydrogen-like ions (He®, Li**, Be**, and B**). Because the

Coulomb interactions between the electrons can be solved just difficult.

2.1.2 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation is the assumption that the nuclear
motion and electronic motion in molecules can be separated. Generally, the electronic
wave function can be determined as the electron positions and nuclear positions.
However, the electronic wavefunction depends on positions but does not include their
velocities. For example, nuclear motion is much slower than electron motion. Thus,
the Born-Oppenheimer approximation can neglect the motion of the atomic nuclei
when determining the electrons in a molecule. The Hamiltonian operator can be split
into two or more terms and can reduce the problem in which it is influenced by the
motion of the nucleus [33]. Thus, the time-independent Schrédinger equation for

molecular systems can be expressed as:



19

ZpZp

- %Zl Vzi - ZA 2M, ZA l + ZA>B + Zl>) lp(r R) Eeleclp(r' R) (24)

[Te +Ty+ Vey + VNN(R) + Vee(r)]lp(r' R) = Eeleclp(r' R) (2.5)

where j, j refer to the electrons (e), A, B refer to the nucleus (N), Z is the nuclear charge,
M, is the mass of nucleus A, Ris the distance between the nucleus, ry; is the distance
between nucleus A and electron J, r; is the distance between electron /and j, T, is the
kinetic energy of electrons, Ty is the kinetic energy of the nucleus, and V., Vi, and

V,e are the Coulomb repulsion.

The electronic wave function, which contains lots of useful information about

molecular properties such as dipole moments, polarizability, etc.

2.1.3 The Hartree-Fock method

The Hartree-Fock method was developed to solve the time-independent
Schrédinger equation for the system which contains electrons and nuclei [34]. The
Hartree-Fock method assumes that the wavefunction can be approximated by single
Slater determinant of the set of orbitals which can be obtained through variation

principle. The Hartree-Fock equation can be expressed as:
fx)xi(x1) = €x:(x1) (2.6)
f(x1) = h(xq) + X;J; (x1) — Kj(xq) (2.7)

where g; is the energy associated with orbital x;, h(xy) is the one-electron operator
Jixy) is the Coulomb operator, and K{x;) is an exchange operator. Thus, the equation
(2.6) is pseudo-eigen valued equation and its solution can be obtained using method

of self-consistent field (SCF).

The Coulomb operator gives the Coulomb interaction of an electron in a spin
orbital (x;) with the average charge distribution of the other electrons. The exchange

operator gives exchanges spin orbitals x; and x;.
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By the introduction of basis set, the Hartree-Fock equations can be transformed

into the Roothaan-Hall equations, which are expressed as:
FC = SCe (2.8)

where F is the Fock matrix, C is the matrix of molecular orbital coefficients, S

is the overlap matrix of the basis functions, and € is the matrix of orbital energies.

2.2 Density Functional Theory (DFT)

DFT is a quantum mechanical method used to investigate the electronic
structure of many-body systems [35]. The DFT provides low computational cost and
high accuracy, which makes the DFT technique applicable in most branches of
chemistry and materials science [36]. The basic idea is that the electron density at
each point determines the ground-state properties of an atomic or molecular system
[37]. The many-body perspective depends on all the spatial coordinates of all
electrons in the system, while the electron density is computationally determined as

a simple object (see Figure 11).

electron

e > density

X
e’ft

Many-body DFT
perspective perspective

Q7
\

Figure 11 Density functional theory (DFT) neglects the many particles electron in term

of electron density [38].
2.2.1 Hohenberg-Kohn theorem and Kohn-Sham equation

The basic foundation of DFT is the Hohenberg-Kohn theorem, which relates to
any system consisting of electron motion under the influence of an external potential

[39]. The first Hohenberg-Kohn theorem states that the ground state of interacting



21

many-particle systems is a unique functional of the electron density. The second
Hohenberg-Kohn theorem states that the ground state energy of the system is
obtained via minimization of the energy functional with respect to the electron density
[40]. However, this theory does not offer a way to compute the ground-state density
of a system in practice. The Kohn-Sham (KS) theory is formulated as a simple
expression of the ground state energy [41]. Solutions of the Kohn-Sham equation can
be used to describe the electronic structure of several nanostructures, such
as nanowires, nanotubes, or quantum dots [42]. Figure 12 displays the flow chart of
solving the KS equation starting from defining an initial/trial electron density. An
approximation of the potential energy was obtained by solving the Kohn-Sham
equations to find the single-particle wave function. The electron density is defined by
the Kohn-Sham single particle wave function. Then, the calculated electron density is
evaluated. If the calculated electron density and the electron density used in solving
the Kohn-Sham equations are the same, this is referred to as the “ground-state
electron density” and can be used to compute the total energy. If these two electron

densities were different, the trial electron density would be updated in some way.



22

Initial guess
n(r)
Calculate effective potential
Vt’ﬂ‘ (1) = Vet () +V apiree [+ V o [1]

Solve KS equation

m

Calculate electron density

n(r)—i%'(r)%(r)

i=l

Self-consistent ?
Yes

Output quantities

Potential Energy, Static structure,
Born effective charges, etc...

Figure 12 Flow chart for solving the Kohn-Sham equation [43].
2.2.2 Exchange correlation functional

The construction of the exchange correlation functional plays an important
role in calculating the functional of the electron density. The exchange correlation
functional is a part of the approximation in the Kohn-Sham equation. The exchange
correlation energy accounts for the remaining electronic energy not included in the
non-interacting kinetic and electrostatic terms. In modern exchange correlation
functionals, the electronic energy depends on several properties or functionals of the
electron density, local and nonlocal [44]. The reliability of the method depends on
the validity of the approximated functional. The exchange-correlation functionals are

classified based on their characteristics, which are composed of:

- Local density approximation (LDA): functionals of only electron density
- Generalized gradient approximation (GGA): functionals corrected LDA

functionals with the density gradient.
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- Meta-generalized gradient approximation (meta-GGA): functionals corrected
GGA functionals with the kinetic energy density.

- Hybrid functional: functionals mixed the Hartree—Fock exchange integral at a
constant ratio.

- Semiempirical functionals: functionals that reproduce accurate properties with
many semi-empirical parameters.

- Progressive functionals: functionals transforming with combined functionals

2.2.3 Basis set

The basis sets are the most important input data for computational models in
the chemistry, materials, biology, and other science domains that utilize computational
quantum mechanics methods [45]. It is the set of one-electron wave functions that
are combined to give the molecular wave functions. The minimal basis set integrated
the orbitals that were populated by electrons [46]. The minimal basis sets and
extended basis sets, such as Gaussian-type orbitals (GTOs), Slater-type orbitals (STOs),
double-zeta, triple-zeta, quadruple-zeta, split-valence, polarized, and diffuse, are used

for approximate theoretical calculations.
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CHAPTER Il
CALCULATION DETAILS

3.1 Fl catalysts
3.1.1 Computational models

The X-ray structure of the FI catalyst was reported in an octahedral dichloride
complex (Figure 13, left). Methylaluminoxane (MAO) is the most widely used as an
activator for olefin polymerization [47, 48]. In this present study, we employed MAO
to generate the vacant site before the ethylene insertion. Thus, the reactant m-complex
(Figure 13, right) was used as a starting structure to gain insight into the polymerization
mechanism. According to the experimental activities with different transition metal (M)
substitutions [19], M-1 is referred to the parent FI catalyst containing phenoxy-imine
(O, N) ligands (R; = H, R, = t-Bu, Rs = H). The M-3 is referred to as the Fl catalyst (R; =
para-allyloxy group (p-OAll), R, = t-Bu, R; = H), which exhibited the highest activity
among the Ti-Fl series reported by Nikitin et al. [25].

The M-1 was used to investigate the reaction mechanism of ethylene
polymerization with different groups of Vg transition metals (M = Ti, Zr, Hf).Then, we
employed the Ti-1 catalyst to study the effects of ligand substitutions by changing
parent phenoxy-imine (O, N) to (O, P), (O, 0), and (O, S) ligands. For the most active Ti-
3 (O, N), the most stable ligand from Ti-1 was applied to examine the effect of the
ligand. Finally, the M-3 model was applied to the nickel (Il) complexes based on the

(O, N) ligand system.
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Figure 13 The FI catalyst’s molecular structure for the pre-reaction complex (left) and

the reactant T-complex (right). Where M is group Vg transition metals (Ti, Zr, Hf).

Based on the proposed reaction mechanism as shown in Figure 8, the
activation energy and reaction energy, represented as E, and AE, are calculated
according to Equations (3.1) and (3.2).

E, = Ex - Eg (3.1)

pA s S (3.2)
where Eg, Eqs, and Ep are the energies of the reactant m-complex (R), transition-state
(TS), and the R-agostic product (P) for the ethylene insertion. The subscripts 1 and 2

refer to the first and second ethylene insertions, respectively.

3.1.2 DFT calculations

Several quantum calculations were performed to study the ethylene
polymerization reaction [25, 49]. Hence, to validate the accuracy of our model, the
octahedral dichloride complex of Ti-FI was optimized using the Gaussian 09 software
[50], and the optimized structure was compared with the X-ray structure [18]. The cc-
pVDZ basis set of Dunning [51] was used for non-metal atoms and the effective core

potential (ECP)/LANL2DZ basis set [52] was used for transition metal atoms. Our
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calculations were performed in gas phase conditions. The optimized stationery and
transition state structures were confirmed by their vibrational frequency calculations
with zero and one imaginary frequency. Moreover, the transition state structures were
verified by intrinsic reaction coordinate (IRC) calculations. The self-consistent reaction

field (SCRF) method was performed using the SMD solvation model [53].

Table 1 Comparison of bond distances (A) and bond angles (°) of the pre-reaction
complex (Ti-1) between X-ray structure [18] and seven theoretical methods with the

cc-pVDZ basis set.

Bond X-ray MO6-
distances (&) [18] HF B3LYP BP86 MO06  2X  MO6L MP2
Ti-O 1.85 1.84 187 183 186 185 187 1.85
Ti-N 2.24 2.23 228 227 226 226 228 227
Ti-Cl 2.31 2.29 2271 228 226 225 221 227

Bond X-ray MO6-
angles (%) [18] HF B3LYP BP86 MO06  2X  MO6L MP2

O-Ti-O 171.6 168.6 169.6 170.6 168.2 168.6 1685 166.1
N-Ti-N 76.4 85.4 7r7 768 759 740 739 713
Cl-Ti-Cl 103.1 99.6 103.5 1043 104.5 1048 104.8 106.3

Seven theoretical methods, i.e., HF, B3LYP, BP86, M06, M06-2X, MO6L, and MP2
were employed. The comparison of bond lengths and bond angles with different
theoretical methods is given in Table 1. We found that using M06-2X, similar to our
previous work [54], shows good agreement with the X-ray structure. In addition, the
hybrid-meta exchange correlation functionals M06-2X displayed good performance in
describing thermochemistry, kinetics, and non-covalent interactions compared with

other methods [55].
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3.2 Ni-PEG catalysts
3.2.1 Computational models

Using X-ray structures of Ni-PEG with alkali metals (M) [6, 22], pre-reaction
structures (Figure 14, left) with two different geometric isomers (A and B) were
optimized. According to an experiment, phosphine abstraction is the first step in the
activation process. From the *'P NMR spectroscopy [22], the PMe; group can easily be
removed from the nickel center. Thus, it is possible to generate a vacant site for
ethylene insertion. Generally, the migratory insertion is responsible for the growth of
the alkyl chain [56], while no evidence has been reported for the coordination with
the phenyl group during polymerization [22]. In this study, we employed CH; and C5H;
for the R group as growing chains for the first and second ethylene insertions,
respectively. Thus, the ethylene insertion complex model (Figure 14, right) was used
as a starting structure to study the reaction mechanism of the Ni-PEG catalysts for
ethylene polymerization.
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Figure 14 Heterobimetallic Ni-PEG with alkali metals (M = Li, Na, K, and Cs) for pre-
reaction model (left) and for reaction pathway model (ethylene insertion complex,
right). The geometric isomers A (top) and B (bottom) were defined. R = CH; and R =

CsH7 as a growing chain for the first and second ethylene insertions, respectively.
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Based on the proposed reaction mechanism in Figure 9, the activation energy
(Esuap), isomerization activation energy (E,o1), unfavorable route activation energy
(E.in), favorable route activation energy (E,yg), reaction energy (AE,,), and 3-hydrogen

elimination step activation energy (E,;,) were calculated using Equations (3.3) to (3.8):

Eatas) = Ersy = Er, (3.3)
Eatsot) = Ers  — Ery (3.4)
Eai = Ers, — Egy (3.5)
Eaie) = Evs, — Erg (3.6)
AE,, = EPB - ERA (3.7)
7, //Hh e By (3.8)

The E yap for ethylene polymerization catalyzed by Ni-PEG with different alkali metals
(M = Li, Na, K, and Cs) was first determined to compare with experimental activities
[22]. The subscripts 1 and 2 refer to the first and second ethylene insertions,

respectively.

3.2.2 DFT calculations

The calculations were performed using the Gaussian16 software [57]. DFT
calculations were carried out with the wB97XD functional [58] and the 6-31G (d) basis
set [59] for C, H, O, P, Li, Na, K, Be, Mg, Ca, Co, and Zn atoms, as well as the effective
core potential (ECP)/SDD basis set [60] for Ni, Sr, and Cs atoms. The optimized Ni-PEG
(Li) with different method/basis sets were compared with the X-ray structures [22] and
are shown in Table 2. All the optimized stationary and transition state structures were
confirmed by zero and one imaginary frequency, respectively, in normal mode analysis.
The process from reactant n-complex-TS—-agostic product was verified by intrinsic
reaction coordinate (IRC) calculations. The structures were calculated in gas phase
conditions. For the pre-reaction state, some selected key bond parameters in the

optimized structures were examined to find the correlation between the catalyst
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structure and experimental activities. Moreover, natural population analysis (NPA) [61]

was performed for the natural atomic charges (NBO).

Table 2 Bond lengths (A), bond angles (%), dihedral angles (°) of isomer A's optimized
Ni-PEG(Li) structure with different method/basis set.

Represent structure of isomer A of Ni-PEG(Li)

B3LYP-D3/ WB9TXD/
Xray 6-31G(d) B3LYP/  (MBI97XD/ 6-31G(d) & MBI7XD/
Parameters 2 & 6-31G(d)  6-31G(d) SDD 6-31G
Lanl2DZ & & (In this (d,p) &
[22] Lanl2DZ  Lanl2DZ work) SDD
Ni - P, 2.19 2.26 2.29 2.24 2.22 2.22
Ni - O 1.94 2.04 1.99 1.95 1.94 1.94
Ni - Cpp, 1.89 1.90 1.91 1.89 1.89 1.89
Ni - P, 2.19 2.24 2.27 2.22 2.21 2.21
Li- O 1.93 1.91 1.93 1.90 1.91 1.91
Ni - Li 3.21 3.32 3.37 3.13 3.14 3.13
Ni-O;-Li 112.0 114.4 118.5 108.7 109.3 109.0
P;-Ni-P, 168.5 170.9 168.7 171.2 171.1 171.1
Li-O/Ni-Ce, 5.4 8.1 12,9 28.9 28.0 315

P,-Ni-O-Li  79.7 76.7 75.9 76.7 75.6 75.3
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Fl catalysts
4.1.1 Stability of pre-reaction complexes

Phenoxy-imine with group Vg transition metal complexes having an octahedral
geometry. Around the metal (M) center, the structures are connected with two imine
nitrogens, two phenolic oxygens, and two chloro ligands. There were five possible
isomers of pre-reaction Ti-FI complexes with different rearrangements: cis-N/trans-
O/cis-Cl (isomer A), cis-N/cis-O/cis-Cl (isomer B), trans-N/cis-O/cis-C\ (isomer C), cis-
N/cis-O/trans-Cl (isomer D), and trans-N/trans-O/trans-Cl (isomer E) [2] were employed
to evaluate the stability of pre-reaction complexes. The relative potential energy (RE)
of the five possible isomers is given in Figure 15. Our calculation results revealed that
isomer A is the most stable form (RE = 0.0 kcal mol™), followed by isomer B (RE = 2.0
kcal mol™), D (RE = 6.6 kcal mol™), C (RE = 7.9 kcal mol™), and E (RE = 11.2 kcal mol™),
respectively. The relative stabilities show similar results with the Zr-FI complexes by
indicating that the structure cis-N/trans-O/cis-Cl (isomer A) was found to be the most
preferred [62]. Moreover, isomer A corresponds to an X-ray structure [18]. From our
observation, the octahedral geometry in isomer A’s structure allows the polymer chain
and ethylene monomer to be inserted into the cis-position easier than other isomers.

Hence, the isomer A is used to investigate the reaction mechanism in the next section.
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RE=6.6 RE = 11.2

Figure 15 The relative potential energy (RE) in kcal mol™ of the five possible isomers

(A-E) at the pre-reaction Ti-FI states. Isomer A is the most stable and is the reference.
4.1.2 Effect of metal substitutions

Before studying the reaction mechanism, the most stable octahedral dichloride
complex isomer A was activated by MAO. Then, the cationic Fl catalyst was created to
represent the catalyst with one vacant site as the starting point for the polymerization
reaction with the ethylene monomer. The methyl and propyl groups were used to
model the growing polymer chains for the first and second ethylene insertions.

Since the ethylene polymerization activity of general FlI catalysts (M-1) with
different metal substitutions was reported by Mitani et al. [19] The highest activity was
obtained by using Zr-1 as the metal center, followed by Hf-1 and Ti-1, respectively. In
this part, we investigated the reaction mechanism and examined the effect of group
IV transition metals (M = Ti, Zr, Hf) substitutions on phenoxy-imine (FI) catalysts for ET
polymerization based on our proposed mechanism as depicted in Figure 8 using the

DFT calculations.
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Figure 16 Relative potential energy profiles of ethylene polymerization by the FI
catalysts. Different groups of Vg (Ti, Zr, Hf) transition metals were compared. The

potential energies relative to R, are given in kcal mol™.
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Figure 17 Relative energy profiles for ethylene polymerization catalyzed by (Ti-1)-Fl
catalyst in the gas phase (blue line) and toluene (red line). The energies relative to R,
are given in kcal mol™. The relative Gibbs free energy (AG*) at 298.15 K is shown in

parenthesis.



33

The relative potential energy profiles of ET polymerization by the FI catalysts
are shown in Figure 16. From the starting complex R; to P, of the first ethylene
insertion, the activation energies (E,;) are 5.5, 2.7, and 3.5 kcal mol! and the reaction
energies (AE,;) are -23.5, -23.5, and -22.5 kcal mol™ for Ti-1, Zr-1, and Hf-1, respectively.
For the second ethylene insertion, the activation energies (E,,) are 7.5, 6.4, and 6.9 kcal
mol™ and the reaction energies (AE,,) are -22.2, -19.8, and -19.3 kcal mol ™ for Ti-1, Zr-
1, and Hf-1, respectively. In addition, the Gibbs free energy profiles at 298.15 K and 1
atm were reported in both gas phase and toluene solvent as given in Figure 17. The

experimental activities and our DFT calculation results are shown in Table 3.

Table 3 Experimental activities and our DFT calculation results. The energies are given

in kcal mol™.
Experimental results DFT calculation results
Metals Activity log
1.4 Eal Ea2 E(AZ-Pl) AErl AErZ
(kg mmol™ h™)  activity

Ti 33 QD205 7.5 3.8 -23.5 -22.2
Zr 519.0 272 27 64 59 -23.5 -19.8
Hf 6.5 0.81 35 69 4.1 -22.5 -19.3

Conditions: co-cat. MAO, 25°C, p(C,Hqg) 0.1 MPa. E,, is the RDS.

It was found that the trends of E,; and E,,, which Zr-1 < Hf-1 < Ti-1, showed good
agreement with experimental activities. The highest energy is displayed for the second
ethylene insertion. Thus, the second insertion is the rate-determining (RD) step of this
reaction, which corresponds to [25]. Therefore, the structures related to the second
ethylene insertion were further investigated as the key factors of ET polymerization by
the FI catalyst. In addition, the reaction energy exhibited an exothermic process for
both the first and second insertions. However, the trend of AE,; and AE,, is not related
to experimental activities.

According to the RD step, the R,-TS,-P, structures were mainly focused on

determining the factors that related to the experimental activities as well as the E,*>



34

and E % From the structures, the distance between the transition metal center (M)
and nitrogen (at the nearest ethylene insertion site) is possibly related to the catalytic
activities. The M-N distance for the TS, structures was found to be Zr-N (2.34 A) > Hf-
N (2.30 A) > Ti-N (2.23 A) and Zr-N (2.28 A) > Hf-N (2.24 A) > Ti-N (2.10 A), which showed
a similar trend to experimental activity. In contrast to the M-N distance trend of R,

structures, Zr-N (2.36 A) = HE-N (2.36 A) > Ti-N (2.24 A).

. ~0.67(0) (b)

+1.00(Ti)

~054(C)  _0.60(N)

-0.41(Cy)

-0.42(Cy)

Figure 18 The molecular electrostatic potential (MEP) maps and NBO charges of (a) (Ti-

1)-FI (b) (Zr-1)-FI (c) (Hf-1)-FI of the reactant Tt-complex (R,). The isosurface value is
0.002, with a range for the MEPs map of 0.06 to 0.12 a.u.

Then, we employed the molecular electrostatic potential (MEP) maps and NBO
charges of the R, structures to clarify the factors that affected catalytic activity, as
shown in Figure 18. The NBO charges are in the order of Hf-FI (+2.03) > Zr-FI (+1.81) >
Ti-FI (+1.00). We found that the electrostatic and electronic effects are not related to
the trend of experimental activities, but they do correspond to the size of metal
cations. Therefore, the structural M-N distance parameter would be focused on
determining the key factors for ET polymerization. We summarized that the elongation
of the M-N distances provided a larger space and, consequently, the ethylene

monomer could easily insert the metal center.
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4.1.3 Effect of ligand substitutions

In the previous part, the parent (Ti-1)-FI catalyst containing (O,N) ligands exhibited
the highest activation energy at the RD step among group IVg transition metals.
Therefore, by changing heteroatom (O, X) on ligands from nitrogen (O, N) into oxygen

(O, 0), phosphorus (O, P) and sulfur (O, S), the catalytic activities are possibly improved.

Table 4 The calculated activation energy (E,”°) and reaction energy (AE,"™) of different

ligand substitutions of Ti-1 (O, X) and Ti-3 (O, X) systems at the rate-determining step.

Ti-3
Energy Ti-1 (O, X) system (. X) syst
, X) system

(kcal mol™)

(O, N) O, P) O, 0) O, 9) O,N) (0,9
E,, 0 7.5 4.7 5.0 2.2 4.2 2.4
AE,,"™ -28.1 -24.3 -22.1 -19.6 236  -19.3

Table 4 displays the calculated activation energy (E,"™) and reaction energy
(AE ™) of the different ligand substitutions at the RD step. For the Ti-1 catalyst using
(O, N), (O, P), (O, 0), and (O, S) ligands with the E,**® values of 7.5, 4.7, 5.0, and 2.3 kcal
mol ! and the AE % values of -28.1, -24.3, -22.1, and -21.7 kcal mol™, respectively. The
results revealed that by substitution with P, O, and S for the Ti-1 system can decrease
the E,"%° as well as obtain a less exothermic reaction. By using P, O, and S instead of
N, they can provide a more potent catalyst than the parent Ti-1 system. The lowest
activation energy was found in the Ti-1 (O, S) system, which indicated the highest
potency for improving catalytic activities. For the Ti-3 catalyst using (O, N) and (O, S)
ligands with the E,"°° values of 4.2 and 2.4 kcal mol* and the AE, values of -23.6
and -19.3 kcal mol’’, respectively. The E,°> of Ti-3 (O, N) is lower than that of Ti-1,
which is in accordance with experimental activities reported by Nikitin et al. [25].
Moreover, the Ti-1 (O, S) still provided lower E."> than the Ti-1 (O, N) and Ti-3 (O, S).
The results correspond to those of Lapenta et al. [63], which suggest that using (O, S)

ligands contributes to a highly active catalytic system.
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Figure 19 Optimized TS structures of Ti-1 with (a) (O, N) (b) (O, P) (c) (O, O) (d) (O, S)
ligands and Ti-3 with (e) (O, N) (f) (O, S) ligands. The carbon, hydrogen, oxygen, nitrogen,
phosphorus, sulfur, and titanium atoms are shown in grey, white, red, blue, orange,
yellow, and light pink, respectively. The ethylene (ET) molecule is shown in a dark

pink. Distances (A) are given in blue and red.

According to the previous part, we suppose that the M-N distance plays a key
role in controlling the catalytic activity. Hence, the distance between titanium and the
heteroatom (Ti-X) was mainly determined. Figure 19a-d displays the optimized TS
structures of Ti-1 with (O, N), (O, P), (O, O), and (O, S) ligands. The Ti-X distance is
proportional to the activation energy in the following order: Ti-S (2.70 A) > Ti-P (2.55
A) > Ti-0 (2.25 A) > Ti-N (2.23 A).The longest Ti-S distance indicated that the weak
interaction between the metal center and the heteroatom easily generated the Ti-ET

formation and forwarded the polymerization reaction as a result of the lowest E,™>.
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Moreover, the optimized TS structures of Ti-3 with (O, N) and (O, S) ligands were
employed as shown in Figures 19e and 19f. The calculation results show that the Ti-
X distance of the Ti-3 catalyst using the (O, N) and (O, S) ligands is 2.20 A and 2.70 A,
respectively. As a result, we can conclude that the M-X distance is critical in the design
of Ti (O, X)-Fl-based catalysts. Furthermore, our calculations revealed that all of the
product structures had a strong f3-agostic interaction, as evidenced by the elongated
Cq-Hg bond distance (1.13-1.15 A) compared to the standard C-H bond distance of 1.10
A [64].

4.1.4 Novel Ni-phenoxy-imine (Ni-Fl) catalysts with (O, N) ligand

Nikitin et al. [25] have collected the experimental activity data of the phenoxy-
imine titanium catalysts for ethylene polymerization. From their report, the Ti-
phenoxy-imine (Ti-3) catalyst with (O, N) ligand is the most active Fl catalyst. Recently,
Chasing et al. [28] have proposed nickel (Il) complexes based on the phenoxy-imine
(O, N) ligand as candidate catalysts for ethylene polymerization. Thus, in this work, we
have calculated the activation energy at the RD step of the Ni-phenoxy-imine (Ni-FI)
catalyst by using Ti-3 as the template catalyst. Our calculation results revealed that
the E,"°° of the Ni-FI catalyst has very high activation energy (E,"% = 29.6 kcal mol™)
and the AE™ of -22.4 kcal mol™. From our observation, the high E,"°° value comes
from the C, symmetric octahedral geometry of the Ni-FI catalyst, which is in
accordance with the literature review reported [2]. This type of Ni-FI catalyst is an
inactive catalyst for the ethylene polymerization [65]. The result when we calculated
the nickel (I) complexes based on the phenoxy-imine (O,N) ligand in a square planar
half-geometry was quite interesting. Then, we found that the E,"°° of half the Ni-Fl
catalyst was decreased to 12.3 kcal mol ™ and the AE"™ is exothermic with -20.8 kcal

molL.

On the other hand, the E,"® and AE,™ of the half (Ti-3)-FI complex are 11.7

and -8.8 kcal mol!, which are calculated from the optimized geometry R,, TS,, and P,
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of the ET polymerization catalyzed by the half (Ti-3)-FI complex shown in Figure 20.
It is clearly seen that the Ni-Fl in a square planar geometry provided a stronger
interaction between ET and the Ni metal center. Therefore, the DFT results suggest
the geometry of the nickel (Il) complexes based on the phenoxy-imine (O, N) ligand in

half-geometry is more reactive than the C, symmetric octahedral geometry.

o -

/ 2.87 i

! o
AN 249 1.9 L

Figure 20 Optimized structures of the reactant m-complex (R), transition state (TS), and
R-agostic product (P) for the ethylene polymerization catalyzed by (a) octahedral Ni-Fl

and (b) square planar of half Ni-FI. Bond distances (A) are displayed in blue and red.

4.2 Ni-PEG catalysts

The ethylene polymerization catalyzed by nickel (Il) complexes based on the
phenoxy-imine (O, N) ligand in half-geometry has been investigated in several papers
[66-68]. However, some of their common limitations are that they exhibit moderate

activity, produce short chain polymers, and have poor control over polymer
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microstructures [6]. In addition, FI catalysts were specifically group Vg transition metal,
phenoxy-imine ligands, and their geometry, which are limited for catalyst design.
Hence, heterobimetallic Ni-PEG [22, 27], which provides the highest ethylene
polymerization activity among Ni-based FI catalysts, has been focused on. The DFT
calculations were performed to examine our proposed mechanism for ethylene
polymerization catalyzed by Ni-PEG. Firstly, relative potential energy profiles for
ethylene polymerization by each Ni-PEG catalyst in favorable pathways were focused.

Then, the effects of catalyst structures on experimental activities were elucidated.

4.2.1 Reaction pathways of Ni-PEG(M) for ethylene polymerization

N

N
30.0 4 o |195 Li*
15.1 [/*cu, rz.() —— Na*

s

11.5

200 4 04 —_— Kt

N M
p/ \O/
S
10.0 1
0.0 4
-10.0 4

-20.0 <

-30.0 4

Relative potential energy (kcal mol)

-40.0 4

-50.0 4

First ethylene insertion Second ethylene insertion

-60.0 = = = >
Reaction coordinates

Figure 21 Relative potential energy profiles for ethylene polymerization catalyzed by
Ni-PEG. Favorable pathways for alkali metals (M = Li, Na, K, and Cs) were

compared. The potential energies relative to the complex Ry are given in kcal mol™.

From the starting complex R, of the first ethylene insertion, the isomerization of
the Ni complex generates Rg. The activation energy for the isomerization from R, to Rg
(Eausor) is 7.7, 15.1, 18.3, and 19.5 kcal mol* for M = Li, Na, K, and Cs, respectively.
Then, the reaction proceeds along with Rg to Pg via TSg with a small activation energy

(Ea1g)- This is because the ethylene insertion into the trans position to the oxygen has
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less steric hindrance. Because the reaction starting complex R, is the more stable
reactant, the energy difference between TSg and R, is defined as the activation energy
(Eaiap)- The E,yap values for Ni-PEG with Li, Na, K, and Cs are 7.0, 10.1, 11.5, and 12.9
kcal mol™, respectively. The reaction energy (AE,), an energy difference between Py
and Ry, was calculated to be -24.6, -17.0, -15.2 and -12.6 kcal mol™ for M = Li, Na, K,
and Cs, respectively. The AE,; showed that the first ethylene insertion step is an
exothermic process, which is similar to that obtained from the previous DFT study for
the reaction mechanism of the palladium-catalyzed ethylene polymerization by
Masaev et al [69]. The R, to Pg reaction with Ni-PEG(Li) is the most exothermic when
compared with the other three alkali metal systems. This is because the distance
between secondary metal (M) and oxygen of the PEG group (M-Opg) in the Li system
significantly decreases when the reaction proceeds from R, to Pg. The activation
energies from Pg to Ry, Via TSga(Eai12), B-hydrogen elimination step, for complexes with
M = Li, Na, K, and Cs were found to be 7.2, 6.5, 5.9, and 3.4 kcal mol’, respectively.
Thus, with Ni-PEG (Cs), the reaction is the easiest to forward to R,, because it has the
smallest activation energy. The process is continued from Ry, to Pg, in a similar manner
to the first ethylene insertion.

For the second ethylene insertion, in the respective orders for Ni-PEG with Li, Na,
K, and Cs, the E 02, is 5.9, 9.7, 15.0, and 17.5 kcal mol’, the Eaxap), is 4.4, 6.3, 8.6, and
11.4 kcal mol’, and the AE,,, is -25.2, -22.6, -17.5, and -14.3 kcal mol™. Trends for E,gs)
and E,xap in the second ethylene insertion are similar to those for E i1 and Ezyag) in
the first insertion.

Based on the relative potential energy profiles in Figure 21, the E 1) provided
the highest energy barrier for ethylene polymerization catalyzed by Ni-PEG for all the
systems. Thus, the isomerization step is the rate-determining step of this reaction. This
is consistent with the experimental results, i.e., the preference of isomer A for Ni-PEG
(L) and Ni-PEG (Cs) and the preference of isomer B for Ni-PEG (Na) and Ni-PEG (K).

However, our calculation models for the reaction pathway are different from the pre-
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reaction model. Our calculations indicated that the ethylene insertion into the cis
position relative to the oxygen is favored over its isomer. Hence, the R, is more stable
than the Rg for all systems. However, the polymerization reaction preferred ethylene
insertion into the trans position to the oxygen due to the less steric hindrance, which
makes the E,yg possess a small activation energy. Therefore, the isomerization step is
always required for Ni-PEG before the polymerization reaction takes place. Previous
studies [69] have reported that the first ethylene insertion is the rate-determining step
for the ethylene polymerization reaction. However, they did not include the
isomerization step. To study the preference of isomers on cations, the E,jag), which
refers to the activation energy from R, to polymerization reaction via TSg, including the
isomerization step, was used to compare with experimental activities [22]. The
optimized structures of Ry and TSg for ethylene polymerization by Ni-PEG catalysts

with different alkali metals (M) are shown in Figure 22.

Figure 22 Optimized structure of the reactant (Ry) and transition state (TSp) for ethylene
polymerization by Ni-PEG catalysts with different alkali metals (M) (a) Li (b) Na (c) K,
and (d) Cs for the first ethylene insertion (R = CH3) of the favorable pathway. The H

atoms were omitted for clarity.
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Figure 23 Optimized structure of transition state (TSg) for ethylene polymerization by
Ni-PEG catalysts with different alkali metals for the first ethylene insertion (R = CH3) of
the favorable pathway. Distances (A) are given in blue, and NBO charges are shown in

black.

The Ni-metal center plays an important role in ethylene (ET) polymerization.
Thus, the interaction around Ni with the polymerization region was first determined.
Optimized structures of the four-membered ring transition state (TSg) for ethylene
polymerization by the Ni-PEG catalysts with different alkali metals (M) for the first
ethylene insertion (R = CHs) of the favorable pathway are given in Figure 23. Bond
distances and NBO charges were analyzed for both steric and electronic effects in four
Ni-PEG systems. From analysis, the order is as follows: Ni-Li(3.48 A) < Ni-Na(3.51 A) <
Ni-K(3.77A) < Ni-Cs(3.89 A) for Ni-M distance and Li-O4(1.98 A) < Na-0,(2.28 A) < K-
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0,(2.62 A) < Cs-0,(2.98 A) for M-O; distance. Moreover, the trend of NBO charges on M
atoms is Li(+0.88) < Na(+0.91) < K(+0.93) < Cs(+0.96). Interestingly, when Li is used as
a secondary metal, the charge of O; atom is more negative (—0.81) than the charge of
O, atom on Na(—0.79), K(—0.77), and Cs(—0.75). As evidenced by strong interactions
between metals, the Ni-M interaction suggests the significance of the cooperative effect
in catalysts. The positive NBO charge on the cation tends to be affected by the metal-
lisand interaction. The interaction between the metal and the PEG group might affect

the charge on M and possibly relate to the rate of polymerization.

4.2.2 Influence of catalyst structures on experimental activity

In the last section, we focused on the pre-reaction state of the Ni-PEG catalysts.
If there is a correlation between the structure of the pre-reaction state and
experimental activity, the computational effort for a predictive study would be much
less. Initially, our results revealed that Ni-PEG with Li and Cs are more stable in isomer
A, whereas those with Na and Kis more stable in isomer B. This suggestion corresponds
to the experimental finding on the existing isomer A:B ratio. Then, we employed the
most stable isomer to find the relationship between the catalyst structures and the
experimental activities [22]. Selected bond lengths, bond angles, dihedral angles, and

NBO charges of the optimized Ni-PEG catalysts were presented in Table 5.
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Table 5 Selected bond lengths (A), bond angles (%), dihedral angles (°), and NBO
charges of Ni-PEG. When M = Li, Na, K, and Cs

M (Isomer)” Li (A) Na (B) K (B) Cs (A)
Activity” 35000 18000 2900 360
log(activity) 4.54 4.26 3.46 2.56
Ni - P, 2.22 2.26 2.27 2.21
Ni - O, 1.94 1.91 1.92 1.92
Ni - Ope 4.25 4.80 5.40 5.15
M - O, 1.91 2.22 2.62 3.12
M - Opge 2.11 2.41 2.77 3.15
Ni - M 3.14 3.28 3.68 3.67
Ni-O4-M 109.3 104.4 107.4 90.1
P,-Ni-P, 171.1 102.7 103.0 175.6
M-O4-Ni-Cpp, 28.0 -50.0 43.3 30.4
Oni +0.28 +0.24 +0.23 +0.21
Jor -0.87 -0.80 -0.79 -0.79
Gorec 0.64 0.63 0.62 0.61
am +0.86 +0.91 +0.93 +0.99
Op1 +1.11 +1.10 +1.09 +1.12

“lsomer = the most stable form of isomer
“Activity in kg mol™ h unit at the experimental temperature 30 °C
“Opee = average of O,-O5 atoms

From the analysis, we found the best two parameters, the distance between
the secondary metal (M) and O; of the phenoxyphosphine ligand (M-O;) and the
average distance between M and four oxygens (0,-Os atoms) of the PEG group (M-
Oree), With a high correlation to experimental activities [22]. The relationship between
log(activity) and the M-O; and M-Opg¢ distances was plotted in Figure 24. To ensure a

high level of correlation with experimental activity, an R-square (R?) criterion of 0.8 was
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used [70]. From Figure 24, plots of the M-O; and M-Oggg distance parameters with log
(activity) showed an R” of 0.98 and 0.97, respectively. Hence, these two key parameters
could be used for the design and screening of potent Ni-PEG catalysts. To summarize,

the potent Ni-PEG catalysts should have shorter M-O; and M-Opg¢ distances.
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Figure 24 The relationship between log (activity) and the M-O; and M-Opg; distances

from the most stable isomer of Ni-PEG with four alkali metals (M cation).

Our study has also indicated that the catalyst with the shorter M-Opgg and M-
O, distances has the most enhanced catalytic activity and that with Li has the shortest
distances. Thus, it is interesting to use these geometrical parameters to predict the
activity of Ni-PEG with other secondary metals, such as the divalent cation. Thus, the
Ni-PEG with alkali-earth metals (Be, Mg, Ca, Sr) and other divalent transition metals
such as Co and Zn were investigated in the same way as the Ni-PEG system.

The optimized structures of Ni-PEG catalysts with M?* cations (Be, Mg, Ca, Sr,
Co, and Zn) were compared with the Ni-PEG (Li) complex and demonstrated in Figure
25a-g. The M-O;, distances for Ni-PEG with Be, Mg, Ca, Sr, Co, and Zn are 1.59, 1.94,
2.32,2.42,1.91,and 1.89 A, respectively. The M-Opgg distances for Ni-PEG with Be, Mg,
Ca, Sr, Co, and Zn are 1.85, 2.13, 2.47, 2.60, 2.17, and 2.13 A, respectively. Calculated
values for M-O; and M-Opg¢ of Ni-PEG with Mg, Co, and Zn are close to those of Ni-PEG

(Li). This suggests that the catalyst with Mg, Co, and Zn as the secondary metals could
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also yield high activity. On the other hand, the Ni-PEG (Be) exhibited the shortest
distance for both M-O; and M-Opgc. Thus, the PEG group in this catalyst is in the most
compact form and shows the strongest metal-ligand interaction. Therefore, the Ni-PEG
catalyst with Be cation is the most promising candidate. Recently, Xiao et al. [71] have
reported that nickel complexes with phosphine phosphonate-PEG ligand in
combination with Co and Zn cations can enhance the rate of polymerization. This
finding agrees with our results. Our study, therefore, provided key concepts for

designing highly active catalysts for ethylene polymerization based on Ni-PEG.

Mg-Opeq: 2.13
¥ Ca-Opq: 2.47

P Co-Opeq: 2.17

Li-Opeq: 2.14

Figure 25 Optimized structures of the Ni-PEG catalysts with (a) Be (b) Mg (c) Ca (d) Sr
(e) Co and (f) Zn cation. Their structures were compared with that of the most active
() Ni-PEG (Li) catalyst. The bond distances (A) are given in blue. The H atoms are

omitted for clarity.
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CHAPTER V
CONCLUSIONS

The reaction mechanism of phenoxy-imine (FI) catalysts and nickel
phenoxyphosphine polyethylene glycol (Ni-PEG) with different alkali metals (M) for
ethylene polymerization was investigated using DFT calculations.

For the FI catalyst, the relative potential energy (RE) of pre-reaction Ti-Fl
complexes revealed that the rearrangement in cis-N/trans-O/cis-Cl is the most stable
form and corresponded to the X-ray structure report. Then, the potential energy
profiles of the different groups of IVB transition metals were employed to compare the
activation energies with the experimental activities. The obtained results indicate that
the second ethylene insertion is the rate-determining (RD) step of this reaction. The
activation energy at the RD step (E,°%°) is Zr-1 < Hf-1 < Ti-1, which shows good
agreement with the experimental results. Furthermore, we found that the distance
between the transition metal center (M) and nitrogen is possibly related to the catalytic
activities. For the effect of ligand substitutions, the Ti-1 system with (O, N) was used as
the parent system to compare the E,"* and the structural properties with those of the
(O, P), (O, 0), and (O, S) systems. We found that using P, O, and S instead of N can
provide a more potent catalyst than the parent Ti-1 system. Our calculation results
suggest that the (O, S) ligand has the most potential to improve catalytic activities

because it provides the lowest E,*°

and the longest Ti-S distance. Moreover, the
results obtained from the Ti-3 system exhibited lower E,"*°, similar to the Ti-1 system.
Then, we investigated the Ni-phenoxy-imine (Ni-Fl)-based catalyst in octahedral and
half Ni-FI in square planar geometries. The results revealed that the nickel (II)
complexes based on the half phenoxy-imine (O, N) ligand in the square planar
geometry are more reactive than the octahedral geometry.

According to the potential energy profiles of the Ni-PEG catalyst, the

isomerization step is required for this reaction. Moreover, the reactant TT-complex with
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ethylene at trans to oxygen provides low activation energy. This finding suggests that
the highly active catalyst should have strong interactions with both metal-metal and
metal-ligand. Moreover, the catalyst with a less positively charged cation could affect
the polymerization rate. The key parameters, which are M-O; and M-Opg¢ distances,
were found to have a high correlation with the experimental activities, with an R* >
0.8. Thus, we employed these parameters to design and screen potential candidates
for Ni-PEG catalysts. The M-O; and M-Opg for the Ni-PEG containing Be, Mg, Co, and Zn
are similar to the Ni-PEG (Li). Therefore, we suggest that the Ni-PEG catalysts with Be,
Mg, Co, and Zn as the secondary metals are good candidates to produce high-activity
catalysts.

This study provided fundamental insights into the reaction mechanisms of both
FI catalysts and Ni-PEG catalysts. Moreover, the information provided the design and

development of the FI catalysts and Ni-PEG catalysts for ethylene polymerization.
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