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## 5273905623 : MAJOR CHEMISTRY

KEYWORDS: ZIEGLER-NATTA CATALYST / DFT CALCULATION / MGCL2 SURFACE /

POLYETHYLENE
SUTIAM KRUAWAN: EFFECTS OF ELECTRON DONORS ON ZIEGLER-NATTA
CATALYZED ETHYLENE POLYMERIZATION AND COPOLYMERIZATION WITH
1-HEXENE BY QUANTUM CHEMICAL CALCULATIONS. ADVISOR: PROF. SUPOT
HANNONGBUA, Dr.rer.nat., CO-ADVISOR: ASSOC. PROF. VUDHICHAI PARASUK,
Ph.D., THANYADA RUNGROTMONGKOL, Ph.D., 101 pp.

The investigation of ethylene insertion reaction pathway using Ziegler-Natta catalyst (ZNc)
with the presence and absence of electron donors (EDs) systems on the (110) MgCl, surface of the
ethylene homopolymerization and ethylene/1-hexene copolymerization was carried out within the
density functional theory (DFT) calculations. Firstly, the ethylene homopolymerization where EDs
generated from mixing Mg(OEt), + SiCl, + TiCl, are Si(OEt),Cl, (m + n = 4) in the catalytic system
was considered. The coadsorption of four different EDs on the Mg atoms of catalyst surface was also
investigated by the adsorption energy (E.g). The calculation shows the strongest coadsorption of
Si(OEt), on (110) MgCl, surface with the preferential bidentate mode. The potential energy surface
(PES) maps indicated that the reaction mechanism of ethylene insertion to Ti-C bond at active center is
pseudo-concerted mechanism. We found that the EDs are not tended to decrease the (intrinsic)
activation energy (E,) but they stabilize the electron donor complexes and n-complexes by decreasing
the apparent activation energy (E..). The obtained E., values found in the order of absence-ED >
SIOEtClI; > Si(OEt),Cl, > Si(OEt);Cl > Si(OEt),, respectively. Therefore, presence EDs in ZNc system
can be lowered the E,, where Si(OEt), is found to be the most suitable ED for ethylene
homopolymerization. Secondly, the ethylene insertion pathway to the Ti-C bond at the Ti-HE
(H=hexane, E=ethylene) growing chain with presence and absence of EDs systems in the ethylene/1-
hexene copolymerization was investigated. Based on experimental data, the presence of
Si(OEt),(OtBu)(OiPr) donor molecule is the most active catalyst in which the strongest coadsorption
was found. The optimized geometry was found in the preferential bidentate binding mode on (110)
MgCl, surface. The calculation here revealed that the C-C double bond of dynamic ethylene molecule
can formed the stable n-complexes either orthogonal or parallel orientation to the Ti-C bond. Finally,
the Si(OEt),(OtBu)(OiPr) complex is the most active catalyst system due to the lowest E, found from

insertion of dynamic ethylene to either back and front side to the Ti-C bond at active center.
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CHAPTER |
INTRODUCTION

1.1 Introduction of Ziegler-Natta catalyst

The original of heterogeneous Ziegler-Natta catalyst (ZNc) was discovered
since 1953 in Germany for catalyzed a-olefin polymerization reaction: ethylene and
propylene homopolymerization. One of scientific breakthrough from heterogeneous
ZNc system is using transition-metal compounds (e.g. TiCls) in a numbery
combination with trialkylaluminum (AIR3) could polymerize ethylene to obtain the
high product of linear ethylene homopolymerization, so-called high density
polyethylene (HDPE) under the mild conditions of temperature and pressure. In 1954,
at the Polytechnic of Milan, other scientific breakthroughs of homopolymerization of
propylene were found again with the unexpected product when Natta applied
Ziegler’s concept to obtain the region and stereoselective polymerization into a
partially crystalline and stereoregular so-called isotactic polypropylene (PP) product.
These scientific breakthroughs, which allowed Ziegler and Natta to share the Nobel
Prize in 1963, were quickly running into industrial realities by Hoechst and
Montecatini, with the manufacture and commercialization of HDPE and isotactic PP,
respectively. The development of catalysts related o-olefin polymerization
technologies and product is still in progress ever since. Over the years, the property
envelope of polymerization of a-olefin has been greatly expanded by the generation
of improved the polymerization products that obtain the better products from the
previously available materials. For example, polymerization of ethylene with another

a-olefin comonomer e.g. 1-hexene has led to the synthesis of multiphase copolymers



offering and remarkable balance between rigidity, fluidity, transparency, impact
strength etc. Initially, the product from a-olefin polymerization reaction obtained just
a few thousand tons. At the present, the production of homopolymerization and
copolymerization via heterogeneous ZNc system is approaching a global volume of
65 million tons and growing exponentially in time. This is not only due to the intrinsic
properties and performances of these materials but especially to the availability of
every more efficient, sophisticated and versatile catalyst systems, and resulting in
manufacturing processes. Although in the middle of 1950s, studies of homogeneous
ZNc system, titanocene, single-site catalyst has more recently been developed [1],
which are based on late transition-metal complexes [2,3] or metallocenes [4-8] that
offer a number of advantages over the conventional heterogeneous ZNc systems, but
the heterogeneous ZNc system is still at the forefront of the scientific and industrial to

account for the majority of global a-olefin polymer market share.

1.2 a-Olefin polymerization via heterogeneous Ziegler-Natta catalyst

1.2.1 Ethylene homopolymerization

The homopolymerization is defined as a polymerization of one type of a-
olefin monomer such as ethylene, propylene. Due to the low price cost of
polyethylene (PE) product, the worldwide annual total from polymerization of a-
olefin production is approximately produced 19.6 and 31 million tons of linear low-
density polyethylene (LLDPE), high-density polyethylene (HDPE), respectively. The
product is widely used for packaging such as film, bags, sealing, bottles etc.

Moreover, another important PE product is used for piping and tubing, because it has



a good chemical resistance and strength, thus, the reactions are highly influenced by
the polymerization conditions, kinetics and catalyst. Polymer products that can be
synthesized with ZNc is not only homopolymerization, a number of polymerization
can be formed by this catalyst. Finally, this present work would investigate to the

ethylene homopolymerization via heterogeneous ZNc system (Figure 1.1).

H H _ H H

\C:C/ T1CI4,AlEt3,MgC12: / C|;_C|;

VAR \ T
H H

Figure 1.1 Ethylene homopolymerization catalyzed by heterogeneous ZNc

1.2.2 Ethylene/1-hexene copolymerization

The copolymerization is defined as the polymerization between two different
kinds of monomers such as ethylene with another a-olefin comonomer e.g. propylene
or 1-hexene etc. A wide range of copolymers can be synthesized using heterogeneous
ZNc. Each polymerization products have its own distinct properties and an enormous
range of different plastics can be synthesized through suitable choices of monomers,
comonomer and reaction conditions. The copolymerization of ethylene introduced

with other a-olefin monomers can form linear low-density polyethylene (LLDPE)

product which leads to reduce the crystallinity and melting temperature. Consequently
the product obtained will have a series of physical properties. Due to presence of
multi active sites, linear low-density polyethylene (LLDPE) are formed with broad
molecular weight distribution (MWD) and chemical composition distribution (CCD)

[9]. If the comonomer is found to be highly enriched in fraction, product forming will
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be formed in a low molecular mass which cause the unfavorable for CCD and poor
polymer properties. Therefore, there are strong demands to improve the LLDPE and
CCD of the product formed based on heterogeneous ZNc by broad MWD and narrow
CCD [10-15]. This could be realized by modifying the copolymerization properties of
heterogeneous ZNc. The modification of copolymerization properties can be related
to the homopolymerization rates of the individual commoners which have distinct
composition. Ethylene homopolymerization proceed significantly faster than those of
other a-olefins, and as a result, the copolymer formed in the reaction of ethylene and
another monomer will be made up mostly of ethylene. The reactivity of the monomers
is not the only factor determining the composition of a copolymer. The reaction
conditions, structure of the catalyst, identity of the cocatalyst, and particular
combination of monomers have also been shown to be important. Therefore, in this
work would also determine the ethylene/1-hexene copolymerization via

heterogeneous ZNc system. (Figure 1.2)

H H H H H H H T
|

/ \ /' TiCl,, AlEty, MgCl, I\ /]
C—C + C=—=C > CcC—C c—~cC

H H H CH,CH,CH,CH, I R B
H H H  CHyCH,CH,CH,

Figure 1.2 Ethylene/1-hexene copolymerization catalyzed by heterogeneous ZNc

1.3 Ziegler-Natta catalytic systems

Since the TiCIl4J/AIl(Et); catalytic system was originally discovered, the a-
olefin polymerization has been an enormous impact in the petrochemical industry.
The conventional heterogeneous ZNc system consisting of TiCl, supported on a

MgCl, substrate was later on found. However, many literatures reported many
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possible structures of active centers in ZNc. A few general features of the active

centers where is the a-olefin polymerization mechanism can be explained as follows:
1) The active centers are on the surfaces of catalyst surface particle
i) The active centers contain Ti atoms

iii) The active centers are generated between Ti species (TiCly) in the catalyst

and organomettallic co-catalyst (AlEt3)

iv) At initial of of a-olefin polymerization reactions, the alkyl groups from the

co-catalyst (AlEt;) form the initial ‘starting ends’ of polymer chain

v) From the growing reaction of a polymer chain is an insertion reaction of

the C=C double bond of a a-olefin monomer into the Ti-C bond in the active center.

Most other aspects of the polymerization mechanism and the chemical
structure of the active centers are much less clear; some of them are often contested.
Although extensive experimental studies on heterogeneous ZNc have been proposed
the basic mechanism, however in this present work we try to fill this gap and density
function theory (DFT) studies were undertaken in an attempt to model possible

mechanism for insertion step mechanism.

1.3.1 Ziegler-Natta catalyst for ethylene homopolymerization system
The preparation method of the catalyst by mixing of Mg(OEt), precursor with
TiCl4+AlEt;+SiCl; which result in formation on active MgCI, crystalline and

supported TiCly and a Lewis base (an Electron Donor, ED, e.g SiCl,(OEt), when m +
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n = 4) with formation of catalyst precursor. Finally, to generate active sites on the

MgCl, surface, the pre-catalyst is activated by addition of trialkylaluminum (AlEts).

Characterization studies of MgCl, supported ZNc corresponding to the more
stable (104) and less stable (110) MgCl, surface. However, calculations indicated that
TiCl, coordination to the (104) MgCI, surface is rather weak or even unstable,
whereas TiCl, coordination to the (110) surface is energetically quite favored [16,17].
Therefore, this present work was investigated the active catalyst as only (110) MgCl,

surface.

In order to model active catalyst, Ti species on (110) MgCl, surface was
generally considered. A wide variety of the TiCl, species on these surfaces were
proposed, but that which have no Cl vacancies at the Ti atom are the most interesting
since Raman spectroscopy shows that stable Ti complexes in the TiCl,/MgCl, system
include bound TiCls molecules with Ti atoms in octahedral surroundings. There are
known to be two stable TiCl, surface complexes corresponding to this condition:
mononuclear Ti atom on the (110) MgCl, surface. The complexes may
simultaneously exist on the activated MgCl, surface since they are located on the

different MgCl; planes.

On the mechanism to improve by addition ED for polypropylene
polymerization, the first microscopic proposal was made by Busico, Corradini, and
their coworker.[18] They propose that (110) MgCl, surface are preferentially
poisoned by selective adsorption of donors, which prevents the formation of the
aspecific mononuclear Ti atom on the surface and increases the fraction of the

isospecific dinuclear Ti atom on the 104 surface. Therefore, these will be suggested
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that the active site catalyst structures are sensitive to ED may involve to polyethylene
polymerization. Moreover, Busico et. al postulated a three-site model as a versatile
active site image in MgCl,-supported ZN-catalyst, which was modified by Terro et. al
[19] In our calculation only one model describes the active site catalyst is (110)
MgCI; surface supported mononuclear Ti atom with absence or presence of EDs
(SiCl,OEt, , m + n = 4), O or donor, at the neighboring under coordinated metal sites:
Mg. The idea is still evidenced by few aspects such as stronger adsorption on TiCl,
on the 110 or 104 surfaces for ethylene polymerization. Many other aspects remain
was not clarified such as energetic feasibility of the coadsorption of donors, steric

interactions upon coadsorption and energy barriers.

1.3.2 Ziegler-Natta catalyst for ethylene/1-hexene copolymerization

system

This presence work was emphasized the of ethylene/1-hexene
copolymerization. The ethylene/1-hexene copolymerization in the classical ZNc
system improved MWD dramatically by presence ED in the catalytic system was
reported by Zhi Liu et al. [20]. In the conventional ZNc with ED, they found that the
ED species adding in the reaction have different ability to increase the fraction of 1-
hexene in the polymer chain product as in the order Si(OEt)s < Si(OEt)3(OiPr) <
Si(OEt)3(0OtBu) < Si(OEt),(OiPr)(OtBu) (where, Et = ethyl, iPr = isopropyl and tBu
= tert-butyl). Therefore, this aim of this work is investigated the different ability of 4
EDs in the ZNc system for ethylene/1-hexene copolymerization, adsorption energy,

(intrinsic) activation energies with presence and absence of EDs by DFT calculation.
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The model of active catalyst for ethylene/1-hexene copolymerization was used
as the same as the ethylene homopolymerization as mentioned earlier: (110) MgCl,

surface supported mononuclear Ti atom.

The aim of the present study is also to offer convincing conclusion on the
ethylene insertion mechanism for electron donors to modify the ethylene
homopolymerization performance of ZNc by DFT calculation. For this purpose, we
have performed a reliable level and amount of DFT calculations to compare the
obtained results of (intrinsic) activation energies (E,) and the systems of presence and
absence of electron donors, SiCl;0Et, SiCly(OEt),, SiCI(OEt); and Si(OEt)s. DFT
calculation was chosen, since this method gave the good agreement with the

experimental E, of a-olefin insertion among several methods.
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CHAPTER Il
THEORETICAL BACKGROUND

2.1 Character of Ziegler-Natta Species

The role of each species of classical ZNc system: MgCl, + TiCl, + AlEts to the
ethylene homopolymerization and ethylene/1-hexene copolymerization were
considered in the molecular level. Additionally, to understand in the microscopic level

of EDs included in the catalytic system were also considered here.

2.1.1 Characteristic of MgCl,

The MgCl, using for heterogeneous ZNc can be used directly or prepared
from its derivatives with chlorinating agent such as Mg(OR), with TiCly, SiCl, [21].
The heterogeneous ZNc occur at the surface of MgCl, crystal where TiClz supported
on its surface as the active sites due to they have the similar crystal structure. The
MgCl, surfaces have CI-Mg-Cl consist of irregularly stacked like sandwich
monolayer characterized by the presence of crystal surfaces that are consisted by Mg
atoms with unsaturated coordination. The surfaces have been designated as (104) and

(110) MgCl, for five and four coordinated to Cl atoms in the bulk, making these sites

Lewis acidic (Figure 2.1) [22].
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Figure 2.1 Model for a monolayer of MgCl, crystal showing the most probable

surfaces

According to the a-olefin polymerization using ZNc occurs at the surface, the
stability of two surfaces MgCl, should be discussed here, (110) and (104). Due to the
Mg atoms in the bulk has 6 coordinatively octahedral Cl atoms, thus the (104) MgCl,
is more stable than (110) MgCl, surfaces because the coordinated Cl atoms are 5 and
4 respectively [23,24]. Moreover, the degree of acidity of (110) MgCl; surface is more

than (104) MgCl..

2.1.2 Characteristic of MgCl, supported TiCl,

As mentioned earlier, the discovery of heterogeneous ZNc based on MgCl,, or
with its precursors e.g. Mg(OR), (or other derivative transformed into MgCl, while
preparing the catalyst) can be determined as a major breakthrough of both scientific
and industrial. Initially with unexpectedly discovered, the MgCl, supported on TiCl,

based on heterogeneous ZNc is considered.



17

Base on the scientific method, two main reasons of Mg?* could support Ti(IV)

(and Ti(l1) in active form) in the molecular level was discovered. Firstly, the similar

ionic radii of Mg** and Ti(1V) ions [18] (Pauling ionic radius: Mg** = 0.65 A, Ti(IV)
=0.68 A) and the isomorphism of the crystal structure of MgCl, (« and S forms) and
the crystalline structure of TiCls (y and 8). Secondly, both Mg and Ti(lll) ions have
the same octahedral geometry and similar bond lengths M-CI (Mg-Cl = 2.57 A and
Ti-Cl = 2.51 A) [25]. This is possible to make TiCl, adsorbed on the MgCl, surface

where the a-olefin polymerization reaction occurred.
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Figure 2.2 Model for a monolayer of a TiClj; crystal

According to the isomorphism of MgCI, with TiCl,;, MgCl, allowed the
adsorption of TiCl, on the of MgCl, surface, the formation of catalytic sites, which are

identical to those present on the surface of pure TiClsz (Figure 2.3) [26,27].
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Figure 2.3 Dinuclear Ti(IV) species on the (104) MgCl, surface and great separated

mononuclear Ti(1V) species on the (110) MgCl, surface

Brambilla et al. proposed the structure of the complexes formed by TiCl,
molecule reacted with MgCl, during the precatalyst preparation from experiment. The
TiCls molecules can form the complexes with MgCl, surface both (110) and (104)
MgCl, surfaces. The mononuclear (TiCl) and dinuclear Ti atom (Ti,Clg) supported

on both surfaces could be possible (Figure 2.4) [28].

The experimental from FT-Raman spectra evidences found that three different
types of complexes were formed, model 1 (mononuclear Ti atom on (110) MgCly),
model 2 (mononuclear Ti atom on (110) MgCl,) and model 3 (dinuclear Ti atoms on

(104) MgCl,) (Figure 2.5).
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model 3

Figure 2.4 Models obtained from the Raman spectra evidences: TiCl, molecule
absorbed on the (110) MgCl, surface in an octahedral coordination (model 1), TiCl,
molecule absorbed on the (110) MgCl, surface in a tetrahedral coordination (model

2), dinuclear TiCly, species (Ti,Clg) on the (104) MgCl, surface (model 3).

This observation from the experiment showed that the more stable complex of
TiCly is absorbed on (110) MgCI, crystallites surface (modell). From DFT quantum
chemical calculations have been carried out on molecular models to predict the
Raman spectra. The less stable and minority species could be the dinuclear Ti atom,
Ti,Clg complexes on the (104) MgCl, surface (model 3). Quantum chemical energy
calculations support these hypotheses because the mononuclear Ti atom species along

(110) MgCl; surface was found to have higher complexation energy on MgCl, crystal
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with respect to the dinuclear Ti atoms on the (104) MgCl, surface. The experimental

observations can be summarized as follows:

1) during the milling process mononulcear and dinuclear Ti atom species are

formed
i1) the mononuclear Ti atom (TiCl,) easily complex along the (110) surface

iii) the dinuclear Ti atoms (Ti,Clg) difficultly complex along the (104)

surface
Iv) the dinuclear Ti atoms (Ti,Clg) are removed by washing with solvents

Therefore, the mononuclear species are the major complex of TiCl, with the
MgCl; also in the ZNc systems. This present work use the catalytic model only (110)
MgCl, surface absorbed with mononuclear Ti atom for both ethylene

homopolymerization and ethylene/1-hexene polymerization.

Theoretical studies have suggested that TiCl, absorbs on both (110) and (104)
MgCl, surfaces. The adsorption of TiCls on the (110) surface of MgCl; is strong,
while the adsorption on the (104) face is weak [16,29-31]. There are three possible
active sites to describe the adsorption between TiCl, and MgCl,. These models are
designed as Corradini, edge and slope sites (Figure 2.6) [22,32,33]. In the Corradini
model, the Ti atom has two bridging chlorine atoms and two surface chlorine atoms,
making it five-coordinate ((104) MgCl, surface). The Corradini model has only one
vacant site for monomer and base coordination. The edge site has two bridging
chlorine atoms both bonded to a single Mg atom. The slope site involves five-
coordinate Mg atoms, and Ti is bonded to two bridging chlorine atoms to form a four-

coordinate active site. The slope model has two vacant sites after alkylation and is
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suitable for the monomer and ED. The edge and Corradini sites involve four-
coordinate Mg atoms ((110) MgCl, surface) and are more acidic than the slope sites,

as they involve five-coordinate Mg atoms (104) surface.
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Figure 2.5 Active model of TiClz supported on MgCl, surfaces

2.1.3 Characteristic of MgCl,.TiCl, with AIR3

The active site of MgCl,.TiCl, was generated after mixing with an alkylating
reducing species, such as trialkylaluminum, AIR3 (R is alkyl group such as AlEt; (Et =
-CH,CHg) [34,35] . The TiCl,; molecule adsorbed on MgCl, surface are generally
suggested to be activated by reduction with trialkylaluminum, AlEt; to become Ti(ll1)

and to some degree of Ti(ll) species located on (110) MgCl, surfaces (Figure 2.7).
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Figure 2.6 The possible reduction of Ti(IV) to Ti (II) active site by AlEt; on (110)

MgCl; surface

From DFT calculation, Denis S. and Vladimir Z. has proposed the types of
chemical reactions occur at the active center [36]; reduction, alkylation, and
complexation of Ti species by trialkylaluminum compounds. As mentioned earlier, Ti
atoms in an octahedral Cl coordination are the most preferable in the MgCl,.TiCl,
system, mononuclear TiCl, complex on the (110) MgCl, surface and dinuclear Ti,Clg
complex on the (104) MgCl, surface can be considered as the most plausible
precursors of active centers, and so reaction of such Ti species with trialkylaluminum
must generate the basic variety of active centers in the catalyst. Interaction of the
surface Ti(IV) species with trialkylaluminum includes the following processes:
reduction of Ti(IV) species to Ti(lll) and Ti(ll) species, alkylation of Ti species with
formation of Ti—C bonds, and complexing between the reduced Ti species and

AICIR3.x compounds
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Figure 2.7 The possible mechanism for active site formation schematically illustrated

mononuclear TiCl, species on the (110) MgCl; surface

They proposed that the most possible way of active center formation with
MgCl,.TiCl, after Ti(IV) reduced by mixing AlEt; can be postulated in Figure 2.7:
firstly, Ti(IV) centers in six-coordinated Cl surroundings are reduced by AlEt; with
formation of complexes TiCls.AIEL,CI; then AIlEt; eliminates AIEt,ClI due to
formation of complexes AIEt,CI.AlEt; and at the same time complexes TiClz.AlEt;
and TiClz.2AlEt; are formed; finally TiCl;.2AlEt; complexes are decomposed with
formation of TiCl,-Et species, the structures generally proposed as active sites for a-
olefin polymerization. Finally, after mixing MgCl,.TiCl, with AlEt; it became
MgCl,.TiCl,-Et at the active center and readily for the next step: monomer of a-olefin

begins to start react as the a-olefin polymerization reaction. Therefore, the discussion

here focus only to the (110) MgCl,.TiCl,-CH,CHjs surface as a mononuclear titanium.
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2.1.4 Characteristic of MgClI,/TiCls/AlR3/electron donor

Over the period of time, ZNc has been improved from the simple system
TiCl4/MgCl; species to TiCl4/MgCl,/electron donor (ED) system. The ED is a Lewis
base that can be added during catalyst preparation (internal donors e.g. alkoxysilane,
1,3-diethers, aromatic esters) or possible mixed with a second electron donor with
alkylating reducing species (AlIR3) (external donor e.g. succinate). In principle, ED
can interact with MgCl,.TiCl4, MgCl,.TiCl,-CH,CHs, TiCl, and reducing agent
(AIR3) species in ZNc system. However, when ED interacts with Lewis acids e.g.
AIR;3 and TiCly species, in this case, the undesired by product is formed. Generally,
the EDs have been assumed to stabilize the primary MgCl, crystal and/or to influence
the distribution of MgClI,.TiCl,complex in the final catalyst. In the other hand, the ED
has to compete with TiCl, to coadsorb on the MgCl,.TiCl, surfaces complex. This
phenomenon possibly assumed that it leads to the stereoselectivity of
homopolymerization of PP final product. Although the role of ED in
homopolymerization mechanism of PP has widely mentioned from the literatures, for
ethylene homopolymerization and ethylene/1-hexene copolymerization have rarely
mentioned. Therefore, our research attempt to investigate the influence of ED effect to
the two reactions: ethylene homopolymerization reaction and ethylene/1-hexene

copolymerization, in the molecular level.

In the molecular level, all of EDs mentioned above have electron donor atoms
at the Lewis basic site, mostly O atoms. Therefore, the site in which the donors can
bind to the MgCl,.TiCl,-CH,CH3 surface is considered. Typically, it is believe that
there are three binding modes in which oxygen atoms that can bind to MgCl,.TiCl,-

CH,CHjs surface:
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i) one Mg atom at the surface coordinated with one O atom from donor

molecule, the ‘monodentate’ binding mode

i) one Mg atom at the surface coordinated with two O atoms from donor
molecule, the ‘bidentate’ binding mode, and

iii) two Mg atom the surface coordinated with two O atoms from donor
molecule, the ‘bridging’ binding mode

The double head arrow curves as shown in Figure 2.8 represent the possible

binding modes at the MgCl, surfaces.
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Figure 2.8 Possible binding modes at (110) and (104) MgCl, surfaces
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2.2 a-Olefin polymerization mechanism

2.2.1 The mechanism of ethylene homopolymerization

Over the year, many literatures have been studying to clarify the mechanism
of ethylene homopolymerization with classical ZNc, MgCI,.TiCl, [29,37,38].
Nevertheless, due to the chemical complexity of the system where the exact nature of
the active center is not yet fully understood, very few efforts have been devoted to
clarify the mechanism of this reaction. Despite these difficulties, Cossee and Arlman
have proposed a widely accepted mechanism [39-41]. While Cossee proposed that the
active center model is an octahedrally coordinated Ti atom, Arlman proposed that the
reaction occur at the vacancies presence on the surface of the crystal. The basic
mechanism of the insertion step of polyethylene polymerization is shown in Figure

2.9. This ethylene insertion reaction mechanism is divided into 3 steps:

i) The dynamic ethylene molecule forms 7r-complex with Ti-C, as a
reactant (R),

ii) 4-center covalent transition state complex: D1 (C1-C,)and D2 (C2-

Ti) are forming while Ti-C,, is elongating as transition state complex (TS), and
iii) the ethylene completed insertion, product (P) is formed.

In this work, DFT calculations have been employed throughout to this study.
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Figure 2.9 Reaction mechanism of ethylene insertion by classical ZNc derived by

Cossee-Arlman mechanism

2.2.2 The mechanism of ethylene /1-hexene copolymerization

Overall copolymerization reaction between ethylene with 1-hexene is shown
in Figure 1.2. For ZNc system, the active site of ZNc at surface was mentioned
earlier. When ethylene and 1-hexene comonomer are formed product at the active
center, over a dozen reaction pathways are possible due to the 1-hexene comonomer
has significant possible orientation when approaching to growing chain at active
center. The model examined in this present work is attempting to describe the
experimentally observed relative to the insertion barriers of ethylene and 1-hexene.
According to dynamicl-hexene molecule has much more steric than ethylene when
they are approaching to the bulk growing chain at the active center, for example
through an ED-complexed at catalyst surface adjacent to the Ti atom. Therefore, the
modification of ED in the catalytic system should favor ethylene insertion over 1-
hexene insertion. Therefore, the mechanism postulate for this work will focus to

ethylene insertion over 1-hexene insertion which proposed by Cossee-Arlman
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2.3 Introduction to quantum mechanics

In the late seventeenth century, physicists found that objects can be described
as the rigid body particles with mass, m. Their properties could be calculated

according to classical mechanics such as

1
Epin = EmvZ (2.1)

where  E;, is kinetic energy, F is the force acting on particle, v is the

velocity of the object, p is the momentum of the object, t is the time progresses

In the early twentieth century, it found that only classical mechanics alone
cannot describe several phenomena especially for very small objects such as electrons
and nuclei of atom and molecule. The behavior of such objects is explained by a set of

laws call quantum mechanics (QM).

An understanding of the behavior of the objects, Schrodinger wave equation is
usual formulation for solving QM problems or chemical problems. This equation is
based on the concept of dual properties, all matter exhibits both wave-like and
particle-like properties. According to Louis de Broglie suggested that the motion of
very small particle might have a wave-like property aspect: that an particle of mass,
m, and speed v would have a wavelength, 4, associate with it, where the linear

momentum is p.
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= _h (2.3)
P

Where h is Plank’s constant.

Hence, following this concept and mathematical description of the differential
equation for the standing wave, Erwin Schrédinger proposed an equation that bears

his name

h? _
(— - V74 V) Y = EY (2.4)
8m-m

Here W is the wave function, V is the potential operator, E is the system

energy, and V? is the Laplacian operator.

2 2 2
0 & 9 (2.5)
ax2  dy? 0z2

V2 =

In abbreviation, the equation is written as
HY(r) = E¥(r) (2.6)
H=T+7V (2.7)
where H is an Hamiltonian operator and T is the kinetic operator

In mathematics, an equation of this form is called an eigenvalue equation. ¥ is
called the eigenfunction and E is an eigenvalue. The goal of quantum chemical
approaches is the approximate solution of the time-independent, non-relativistic

Schradinger egaution:
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ﬁq‘,l‘(?l,?z, ---»77Ne»ﬁ1’1—i2» ﬁM) = Eilpi(?l,?z, "'?Ne'ﬁl'l_izl I_?)M) (28)
where H is the Hamiltonian operator for a molecular system consisting of M nuclei

and N, electrons in the absence of magnetic or electric fields. H is a differential

operator representing the total energy in atomic unit:

N, 1 M 1 Ne M 7 1 Ne N, 1
TR BN DR
i=1 A=1 A i=1 A=1riA i=1j=1 rij
1o 7,7 Z9
32 ) R
A=1B=1 AB
=Te+Ty+ Vye+ Voo + Vo (2.10)

Here, A and B run over the M nuclei while i and j denote the N, electrons in
the systems. The first term is the operator for the kinetic energy of electron( T,). The
second term is the operator for the kinetic energy of the nuclei (T,,). The third term is
potential energy of the attractions between the nuclei and the electron (V,,.), ;4 being
the distance between electrons i and nucleus A. The fourth term is potential energy of
the repulsions between the electrons (V,,) , r;; being the distance between electrons i
and j. The last term is potential energy repulsions between the nuclei (V,,,), Rap

being the distance between nuclei A and B with atomic number Z, and Zg.

The wave functions and energies of a molecule are found from Schrddinger

equation:

HY @ R) = EY(T R) (2.11)
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where 7 and R symbolize the electronic and nuclear coordinates, respectively.
Hamiltonian on eq 2.8 is formidable enough to terrify any quantum chemist.

Fortunately, a very accurate, simplifying approximation exists.

2.4 Born-Oppenheimer approximation

The Schrodinger equation is impossible to solve exactly with such complexity
Hamiltonian. The Hamiltonian operator can be separated into two parts to reduce the
complexity to a good approximation. Where one part describes the electronic motion
and another part describes nuclear motion. This approximation is called Born-
Oppenheimer approximation. Even the lightest nuclei, proton (*H), weight roughly
1800 times more than an electron. Thus, the nuclei move much more slowly than the
electrons. To compute electronic energy of these two motions, it is convenient to fix
nuclear position. Thus, the nuclear kinetic energy term is taken to be independent of
the electrons, the attractive electron-nuclear potential energy term is eliminated and
the repulsive nuclear-nuclear potential energy term becomes a simply evaluate

constant for a given geometry. Hence, the purely electronic Hamiltonian is taken to be

ﬁel = Te + ?ne + Vee (2.12)

and the electronic motion Schrddinger equations is

(Hel + ?nn)lpel(ﬁ R) = Eellpel(?' R) (2.13)
when E; is the electronic energy. Therefore, the electronic Schrdodinger equation 2.10
may solve to the get a set of electronic wave functions and corresponding to the

electronic energies. Moreover, the variable in 21.10 are electronic coordinates, V,,,, is
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not depended of these coordinate. Thus, to simplified the 2.10 we omitted T, and

V,,, term to obtain

Hellpel (1) = Eeiper (1) (2.14)

The total energy, U is given by

U=E,+V,, (2.15)
However, the Schrddinger equations for electronic system can exactly be
solved only for the one electron system. For many-electron systems, the

approximation has to be applied.

2.5 Spatial orbital and spin orbitals

Consider one-electron wavefunction, it is not accurate electronic wavefunction
to consider without spin. Spin of each electron must be included in the electronic
wavefunction to satisfy a very important requirement. However, there is no spin in the
solution of the Schrddinger equation. Under the orbital approximation, the electronic

wave function can be constructed from the slater determinant of spin orbital.

Therefore, for an orbital of one-electron wave function denoted ¢;(r) is a
function of the position vector r and give details of an electron spatial distribution
such that |¢;(7)|?dr is the probability of finding electron in the small proximity dr
surrounding r. To have such meaning, a set of spatial orbital satisfies the orthonormal

condition

[ aroi e, = 5, (216)

If the set of spatial orbitals {¢;} is completed, then any arbitrary function f(r) could

be exactly expanded as
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f@r) = Zm a;;(r) (2.17)
i=1

An electron is necessary to specify its spin. The wavefunction for an electron that
describes both its spatial distribution and its spin is a spin orbital, y(x), where x

indicates both space (r) and spin (w)coordinate x.

p(r)a(w)
x(x) = or (2.18)

p(r)B(w)

2.6 The Hartree-Fock approximation

According to orbital model is ultimate to be used successfully as the model for
atom, molecule and solid state. Hartree-Fock approximation can search to solve the
electronic Schrodinger equation for many-electron system by treating each electron
moves in the average potential out the effect of other electrons and the nuclei. Due to
the electron—electron repulsion term was taken as non-zero and Hatree-Fock
approximation cannot treat the refine details of electronic structure theory that are
caused by the instantaneous repulsion between electrons. Therefore, for many-
electron (N) system, the Hatree-Fock approximation defined the ground state of the

system by salter determinant.

Xi(x1) Xj(x1) o Xk(xq)
w = (vy-v2 |Xix2) X0 (xe) (2.19)
X)) L@ ke

Where in the case of restricted closed-shell Hartree-Fock N = 2n
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@1(xpa(x1) @10x1)B(x1) @2(x1)a(xy)
W = (2n!1)"1/2 <P1(9fz)“(xz <P1(x2)l?(xz) ‘Pz(xz?“(xz) (2.20)

P01 () a(2n)  P1(2)Bz) 92 (Xzn)a(Xzn)

where (2n!)~1/2 is the normalization constant

Although the system contains more than one electron system is no exact
analytical solution from the Schrédinger equation, the standard numerical techniques
can achieve approximate solutions. One approach in quantum chemistry is to build the
total wave function from the linear combination of a set of orthogonal functions called
‘basis function’. Basically, the basis set is referred to a set of atomic orbitals called
“Linear Combination of Atomic Orbital to form Molecular Orbital (LCAO-MO).

Therefore, the molecular orbital i (¢;) can be built from k atomic orbitals (¢y)

k

Pi = z CuiPu (2.21)

p=1

where c,,; is the molecular coefficient.

To constructs a determinant wavefunction from a set of LCAO-MOs, the
remains is to verify the molecular coefficient, c,;. This could be achieved by
optimizing the molecular wavefunction for a particular wavefunction for a particular
system with the variation method. The procedure would guarantee that the exact
energy obtained from energy eigenvalue is always an upperbound. Therefore, the
lowest energy from the minimized set for molecular coefficients will give the best
approximation to the exact wavefunction for the chosen basis set. The variation
constraint leads to a set of algebraic equation (Roothaan-Hall) for c,; expressed in

even more simply as matrices:
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FC = SCe (2.22)

where C is the matrix of molecular coefficient, F is the Fock matrix which is the sum
of a term representing the energy of a single electron in the field of the bare atomic
nuclear and a term describing electron-electron repulsion within an averaged field of
electron density, S is the matrix which describing the overlap of molecular orbitals

and e is a diagonal matrix of orbital energies.

Since the terms with the Fock matrix F depend upon the electron density,
which is turn, depends upon molecular wavefunction defined by the matrix of
molecular coefficient, C. The Roothan-Hall equation is nonlinear and must be solved
by an iterative method so, it is called ‘self-consistent field’ (SCF) method. Leading to
convergence of the SCF method, the minimum-energy molecular orbitals produce
electric field which generates the same orbitals (hence, the self-consistency).
However, each electron in Hatree-Fock approximation moves in an average field of
other electron and nuclear thus, this approximation neglects electron correlation that

can lead to the large deviation from exact values.

2.7 Density functional theory (DFT)

Density functional theory (DFT) is very famous for calculations of solid state
physics since 1970 because its results for solid state systems agreed well with
experiment data in many cases. Now, DFT is the most popular method for
investigation of electronic structures in chemistry and physics. This theory is called
density functional theory because this method to investigate the electronic structure

by considering the properties of system by using functionals of electron density. The
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DFT reduces the dimension of the electronic structure theory drastically. The only
problem left is that the universal functional connecting to the electron density is still
unknown. However, the major problems for recent functionals of DFT are the
inability to systematically improve them and the poor description of van der Walls

interactions.

The principle of DFT is based on two Hohenberg-Kohn theorems. The first
theorem expresses that the ground state properties of a N-electron system are uniquely
defined by the ground state electron density (p). Thus, the ground state energy (E,) in
the function of p, written as E, = E,[p]. However, this theorem did not propose the
means to obtain the exact p. The second theorem proves that the energy functional of

the trial ground state density, p, is an upperbound to the exact energy, E,.

Eirial [ﬁ] =E, [P] (2.23)

However, this theorem still was not proposed how to compute the energy from the
trial electron density. In 1965, Khon and Sham showed an idea to calculate the ground

state energy based on the N-electron with non-interacting system for this system.

Eo[p] = Ts[p] + Vne[p] +][p] + Exc[p] (2.24)

1 Zap(1) ;5 1 ®p2) 1 s
= =3 Ziol@il V2 |@i) + Bo [ 2o d¥ + 5 [[ S 7= dir i +Exc[p] (2.25)

where ¢; is Kohn-Sham orbital, T,[p] is the Kkinetic energy functional for

independent electron, V,.[p] is the electron-nuclear attraction functional or external
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potential, J[p] is the coulomb interaction functional and E,.[p] is the exchange-

correlation energy functional. p(1) can be expressed as

p= Zn |pil? (2.26)

i=1
The final term in eq 2.24 , the exchange-correlation energy functional, is the only
term that is still unknown. The first simple and good approximation is to assume that
the density is a slowly varying function. It means that the density is local and can be
treated as a uniform electron gas. For local density approximation, LDA, the

exchange-correlation energy functional (EL24[p]) can be written as

ELPA[p] = j p (Mex(p(r))dr (2.27)

when &,.(p(r)) is the exchange-correlation energy per particle of a uniform electron
gas of density p(r). This term can be split in to exchange (&) and

(g.) contributions.

£xc(p(M) = &:(p(M) + £c(p(1)) (2.28)

The exchange functional part is first given by Dirac formula and has been
developed by Slater (S) in 1972. The correlation functional part, which is purely
dynamical correlation, has been parameterized from the quantum Monte Carlo results
by Vosko, wilk and Nusair (VWN). This approximation can be extended to the

unrestricted open shell system and it is called the “local spin-density approximation”

or LSDA.

B [paps] = [ pexe (palr). pp(r)) dr 2.29
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To improve over the LSDA approach, the non-uniform electron gas must be
considered. The first derivative of the electron density has been included to the
exchange and correlation functionals. Such the approach is known as the “Generalized

Gradient Approximation” (GGA) or non-local approximation.

ES¢A[papy] = f p (M)exe (Pa(r), pp (1), Vpu(r), Vpys(r)) dr (2.30)

Using GGA, improved results for molecular geometries and ground-state
energies are obtained. In particular, the most widely used GGA functional for the
solid state system is the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional, a direct GGA parameterization, because it can give reasonable bond length
and good lattice constants in bulk solid. Although DFT results are usually accurate for
most systems, there is no systematically way for improving these functionals. Thus,
the current DFT approach cannot estimate the error of the calculation without

comparing to other methods or experimental results.

2.8 Basis sets

The beset set is defined by a set construct the molecular orbital of basis
functions from a linear combination of atomic orbitals approximate from the
molecular wavefunctions. The molecular orbital is a main tool to explain atomic and
molecular system, thus, they are center of atom. Due to the atomic orbitals are Slater
type orbitals that decayed exponentially with distance from the nucleus with difficult
to calculate analytically of the overlap and 2-electron integrals with slater type
orbitals, it lead to simpler integral to minimize the computational cost by using
Gaussian-type orbitals instead. On the other hand, the basis function which gives

numerical values on an atomic-centered spherical-polar mesh can be applied which is
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called “numerical basis set”. For the numerical basis set, the radial part is obtained by
solving the atomic DFT equations numerically. In addition, a reasonable level of
accuracy is usually obtained by using about 300 radial points from the nucleus to an
outer distance of 10 Bohr. A set of cubic spline for each of the 300 sections are stored
radial functions thus, the radial part is pricewise analytic. The use of exact DFT
spherical atomic orbitals has several advantages. The molecule can be dissociated
exactly to its constituent atoms. The basis set superposition effects has been
minimized. Therefore, it can give the excellent results even for weak bonds.
The most simple of the molecular orbitals operate only one basis function for each
atomic orbital up to the valence orbitals. These basis set is minimal basis set still
cannot describe well in most cases since; the exponent has only one value. This effect
lead to an inability to explain differently charge distribution on atom and the size of
orbital cannot be changed in the different environment. To increase the flexibility, the
basis set is decontracted. When two or more basis functions are used to describe each
atomic orbital cannot be changed in the different environment. To increase the
flexibility, the basis set is decontracted. When two or more basis functions are used to
describe each atomic orbital, the basis set is called the extended basis set. In the split-
valence basis set, two functions (or more) are required for description of the atomic
orbital in the valence space, while orbitals for inner core electrons are treated with
single function. Examples of the split-valence basis set are SVP, 6-31G and DN basis
sets. Nevertheless, the extended basis still gives the unsophisticated results in the case
of high polar of high strain systems. Since, the flexibility on the shape of orbitals is
needed to be included. The higher angular momentum functions are added to increase

the flexibility of the orbitals. This expansion is called polarization function. For
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example, DN basis set is added with single d function on all non-hydrogen atoms and
DND basis set is formed. DNP basis set is expanded from DND by including a p

function on hydrogen atom.
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CHAPTER Il
CALCULATION DETAIL

3.1 Model of active Ziegler-Natta catalyst structure

The first microscopic proposal made by Busico, Corradini, and coworker
indicated the coordination numbers of 5 for Mg atoms on 104 MgCl, surface and 4 for
Mg atoms on 110 MgCl, surface [22,42-44]. The calculation from Busico et al.
reported that TiCl, has stronger interaction on 110 surfaces with bearing species
(TiCly) than on 104 surface with dinuclear species (Ti,Clg) [18]. Moreover, the active
site models of Tebikie et al. found that TiCls has stronger binding than TiCl, to the
MgCI; surfaces. Therefore, the oxidation state for Ti active site was set to be +3
instead of +4. Busico et al. postulated a three-site model as a versatile active site
image in MgCl,-supported ZNc; slope, edge, Corradini, which was modified by Terro
et al. In this work, the model of titanium configuration relevant to the Corradini

model was chosen (Figure 3.1a).
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(b) "¢o"
H

Figure 3.1 Titanium configuration relevant as the Corradini model (a) and reduction

form : Ti(1l1), TiCl,-CH,CHj3 (b)

In our calculation, only one model as (110) MgCl, surface supported
mononuclear titanium, TiCl, (MgCI,.TiCl;) was chosen to investigate the
coadsorption sites with ED. Since the active site was alkylated by AlEts, the active

site model was MgCl,.TiCl,-CH,CH3 (Figure 3.1b).

3.2 Electron donor systems

3.2.1 Electron donors for ethylene homopolymerization

Our developed catalytic system was prepared by mixing of Mg(OEt), with
TiCly + AlEt;. Moreover, adding SiCl, in the catalytic system found that the activity
of the catalyst was increased significantly. To determine the effect of SiCl, to the
catalytic system two systems are divided as EA (absence SiCl;) and EAS (presence
SiCl,). According to the procedure of catalyst preparation, we can only carefully
summarize the possible complexes to create active site as follow the for EA and EAS

systems.
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For EA system, when mixing Mg(OEt), with TiCls, TiCl, acts as a
chlorinating agent to generate MgCl,. Besides, Ti(OEt),Cly (when x +y = 4) was also
possibly generated (eq. 3.1) [22]. Adding Al(Et); as alkylating reducing species will
possibly reduce Ti(IV) to Ti(lll) to generate active site of catalyst MgCl,.TiCl,-

CH,CHj3 (eqg. 3.2).
Mg(OEt), + 2TiCl; —  MgCI.TiCl, + Ti(OE),Cl, (whenx+y=4) 3.1
MgC|2T|C|4 + Al(CHzCH3)3 —> MgC|2TIC|2-CH2CH3 3.2

For EAS system, the same procedure as EA catalyst preparation is routinely
conducted. Nevertheless, at the first step, SiCl, substance is initially added to
Mg(OEt), before TiCl, which lead to the various complexes formation showing in the
eq. 3.3. We assume that SiCl, acts as chlorinating agent as the same role as TiCl, [22].

Therefore, Si(OEt),Cl, and Ti(OEt),Cl, were generated at the same manner (eq. 3.4).
2Mg(OEt), + SiCl;  —  2M(gCl; + Si(OEt)Cly(when m+n =4) 3.3
MgCl; + 2TiCls + Mg(OEt), - 2MgCl,.TiCls + Ti(OEt)Cly (whenx+y=4) 3.4
MgCl,.TiCl, + Al(Et); — MgCl,.TiCl,-CH,CH3 35

Applying the same polymerization condition, the EAS is found to be more
active than that of the conventional EA catalyst. The adding of SiCl, is somehow
affecting the polymerized activities. To investigate the role of EDs in EAS, we
believe that alkoxy group with silicon Si(OEt),Cl, ( m + n = 4) and titanium
Ti(OEt),Cly (x +y = 4), generated during the procedure could coadsorb at the surface
of catalyst. Although two ED species were generated, many reports shown that

alkoxysilane was successful in broadening the molecular weight distribution of the
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obtained polymer. Therefore, the role of 4 alkoxysilane with different number of
alkoxy groups to silicon: Si(OEt)4, Si(OEt)3Cl, Si(OEt),Cl, and Si(OEt)Cl; are

investigated.

3.2.2 Electron donors for ethylene/1-hexene copolymerization

The model of catalyst for ethylene/1-hexene copolymerization, the (110)
MgCl, surface, Mg13Cly6. TiCl,-CH,CHg cluster has been used as a model of ethylene
homopolymerization. Introducing ED in the ethylene/1-hexene copolymerization can
increase broad molecular weight distribution (MWD) and high molecular weight
products, Zhi Liu et al. [20] reported that the ZNc system with alkoxysilane group
highly impact the rang of MWD product. Experiment data revealed that the ability of
EDs can increase the wide MWD in the order Si(OEt); < Si(OEt);(OiPr) <
Si(OEt)3(0OtBu) < Si(OEt),(OtBu)(QiPr). Therefore, to describe the different role of
different ED to enhance the catalytic system, this all four EDs have been a studied for

ethylene/1-hexene copolymerization for this present work.

3.3 Geometry optimization

The geometry optimization search for alkyl conformation at active surface
catalyst and the adsorption energy calculations were carried out using the density
functional theory (DFT) calculations with a spin doublet manner of all systems in the
DMol® package (Accelrys Inc.) Material studio version 5.5 (MS) [45]. DMol®
instructs that the numerical basis sets are designed to minimize the basis sets

superposition error [46]. The other numerical parameters include the convergence
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tolerance, density of the integration grid and real-space cut off radius was set to those
the ‘medium accuracy’. The energy and force convergence criteria for geometry
optimization were set to 0.01255 kcal/mol and 2.51004 kcal/mol.A, respectively. The
exchange-correlation Perdew-Burke-Ernzerhof (PBE) functional [47] and a double
numerical polarized (DNP) basis set [46] were employed with effective core
potentials. The frozen-cores used for calculation are [Ar] for Ti, [Ne] for Mg and Cl,

[He] for C.

On the other hand, to calculate the (intrinsic) activation energy and
apparent activation energy, all geometries were carried out using the GAUSSIAN 09
program with PBE functional and 6-31G(d, p) basis set for C, H, O, Mg and ClI, and

LANL2DZ basis set and ECP function for Ti atom [48].

3.3.1 Conformation Search for alkyl group

The TiCl, supported by (110) MgCl, surface was modeled as active Zeigler-
Natta catalyst (ZNc). The appropriate active models consist of neutralized form of
MgClI; and TiCls. The cluster model contains MgCl, with Mg:Cl ratio of 1:2 and
active catalytic TiCls site with oxidation state of Ti(lll). Note that the numbers of
MgCl, unit were arbitrarily chosen. According to the most stable mononuclear Ti
atom with the model of Corradini site (110) MgCl, complex was chosen. Therefore,
our model was chosen by the 13 units of (110) MgCl, surface support mononuclear Ti
which was reduced by AIl(Et); as active oxidation state Ti(lll), corresponding to
M@13Clp6. TICl,-CH,CHs. The MgCI, cluster has been kept rigid to preserve the

structure as in the bulk crystal, whereas the rotation of TiCl,-CH,CH3 has been
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optimized to obtain the optimal conformation. The Ti-C bond distance is believed to
change when the ethylene insertion reaction occurs. The optimum conformation of -
CH,CH3 bound to Ti(lll) on the catalyst surface was observed (see the label for

dihedral angles Cl;-Ti>-C,-Cg in Figure 3.2).
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Figure 3.2 Assignment of four atoms for dihedral angles for (101) Mg;3Cl.TiCl,-

CH,CH3

3.3.2 MgCl,/Donor coadsorption

The geometries of Si(OEt),Cl, (m + n = 4) on Mg13Cl.TiCl,-CH,CH3 (EAS
system) was modeled to observe the effect of these EDs at the insertion step of
ethylene homopolymerization. The different binding modes, i.e., nomodentate,
bidentate and bridging have been determined (Figure 3.4a-c). Adsorption energy

(Eags) of the ED on catalyst surface was computed based on the following equation:
Eads = Ep.cpx - Ep - Ecat (3.6)

where Ep ¢px the energy of donor complex, Eca the energy of active catalyst, and Ep

the energy of donors.
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The two groups of electron donor were investigated adsorption energy are
Si(OEt)Cls, Si(OEt),Cl,, Si(OEt)sCl, Si(OEt)s, ( so-called 10Et, 20Et, 30Et, 40Et)
for ethylene homopolymerization and Si(OEt),4, Si(OEt);(OtBu), Si(OEt);(OiPr) and
Si(OEt),(OtBu)(OiPr) so-called ED1, ED2, ED3 and EDA4, respectively, for
ethylene/1-hexene copolymerization (Figure 3.3). The coadsorption of ED at the two
Mg sites (A and B) were indicated at the plausible location of Mg on (110) MgCl,
surfaces supported TiCl,-CH,CHj3 (Figure 3.4a). The interaction between O atom of
ethoxy group and Mg atoms which has a partial negative charge and positive charge,
respectively, is electronic interaction supposed to be preferential mode of interaction.
The O atom(s) from different ED can bind with different possible modes, i.e.

monodentate, bidentate and bridging modes (Figure 3.4a-c).

Cl OFt OFEt OFt
Cl—Si—OFEt Cl—Si—OFEt  Et0—Si—OEt E10—Si—OF!

Cl Cl Cl OFt

10Et 20Et 30Kt 40Et
(I)Et OFt >_ (}rt >L / ()n >L
EtO—Si—— OEt EtO—Si—O uo—sl—o %1——0

OEt OEt (}Ft ()|_,1
ED1 ED2 ED3 ED4

Figure 3.3 Structure of electron donors considered in this investigation for ethylene

homopolymerization and ethylene/1-hexene copolymerization
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Figure 3.4 Label the adsorption sites at the (110) Mg;3Cl6. TiCl,-CH,CHg surface (a)
binding modes of electron donors to Mg atom: monodentate (a), bidentate (b) and

bridging (c)

3.3.3 Insertion of ethylene

After the model of coadsorption sites of ED at the specific surface of
MgCIL,.TiCI,CH,CH; was considered, the insertion of ethylene monomer was
investigated. Although the active center is complicated, Arlman and Cossee have
proposed a widely acceptable general mechanism (Figure 2.9). At the active center,
the metal is bounded by four chlorine atoms which connect the Ti to the bulk of the
crystal and an alkyl group which develops into the growing chain, while the last

coordination position is occupied at each polymerization step by an incoming
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ethylene monomer molecule. Various theoretical studies have been elucidated to the
clarification of the elementary steps, however, all the considered systems always
focused on the insertion on a simple Ti-CH,CHs; bond (step iii) [49-58] (Figure 2.9).
However, in order to examine the influence of ED occur during the reaction, the
energy barrier of ethylene insertion reaction in step iii was considered. The key for the
ZNc is MgCl, supported TiCl, and the ED of alkoxysilane group with the largest
absence of clear answer for how is the combination of alkoxysilane coadsorb with
MgCl, can increase the catalytic properties of Ti active site. Thus, this work aims to
investigate theoretically of the ethylene insertion step and the energies with presence
and absence ED of two reactions, ethylene homopolymerization and ethylene/1-

hexene copolymerization.

3.3.3.1 Ethylene insertion for ethylene homopolymerization

Generally, Ti-CH,CHj3 and ethylene can grow the chain by insertion
reaction to with a reaction pathway R—TS—P . In this study, the chemical reaction
pathway with insertion of CH,=CH, to Ti-CH,CH3; were approximated by linear
potential energy scan (PES) at the relative energy maxima along the reaction

coordinate, the C1- C2 distance for insertion into Ti-C,. The reaction coordinate was

scanned over D1 (C1- C,): 1.8 — 3.0 A and D2 (Ti-C2): 1.4-3.4 A with the interval of

0.2 A (Figure 3.5a). All geometries were optimized by MS. This is useful for the
detail of reaction pathway that can be considered from bond shortening and bond

elongating pathway. The PES map could guide us to perceive the structures of i) R

(reactant) which form a m-complex between CH,=CH, and Ti-CH,CHjs, ii) TS
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(transition state) which form a 4 center activated complex, and ii) P (product) with the

formed D1 and D2.

3.3.3.2 Ethylene insertion for ethylene/1-hexene copolymerization

To investigate the role of alkoxysilane electron donors affect to
copolymerization ethylene/1-hexene reaction, insertion of CH,=CH, has to be
observed. To estimate barrier of ethylene insertion continuously, we performed
ethylene comonomer insertion step into Mg,Cl,6-TiCl,-HE, where H is 1-hexene and
E denotes ethylene. The issue of regioselectivity and reactivity of 1-hexene
comonomer has minor effect for copolymerization reaction of 1-hexene comonomer

due to the large proportion of ethylene in the polymer chain.
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Figure 3.5 Definitions of the two intermolecular distances (D1 and D2) between the
incoming ethylene and the (110) MgCl, surface where the atoms (C,, Ti, C1 and C2)
involved in the ethylene insertion reaction are labeled for homopolymerization (a) and

copolymerization (b)

3.4 The reaction barrier

All of the geometries in the chemical reaction pathway, R—TS—P for
ethylene insertion for both reactions: ethylene homopolymerization and ethylene/1-
hexene copolymerization were running GASSIANOQ9. To obtain the reaction barriers
for the presence and absence of ED, the (intrinsic) activation energy (E.) was

computed using the equation 3.7:

Ea=Ers— En:CpX (3.7)

where Ers is transition activated complex energy, E.cpx IS reactant complex energy

(R).
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CHAPER IV
RESULTS AND DISCUSSION

4.1 Ethylene homopolymerization

4.1.1 Conformation of ethyl group

To find the most stable ethyl conformation on Ti-CH,CHj; at the growing
chain, the Cl;-Ti,-C,-Cp dihedral angles was rotated every 20° from 20° to 180°. The
relative potential energy and the optimum geometrical structures are shown in Figure
4.1. From the relative potential energy of the rotational scan, the minimum is reached
at 100°. This growing chain was further optimized and then the optimum dihedral
angle is found at ~89°. The geometrical structure shows that the methyl end of ethyl
group is pointed out of catalyst support. The less repulsive effect between the methyl
end and atoms of catalyst support lead to energetically minimum structure. This
optimum conformation is used to be the starting structure for the ethylene insertion

study in the next step.
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Figure 4.1 Relative energy profile vs dihedral angles of ethyl on (110) MgCl, surface

and optimum structure (inset)

4.1.2 MgCl,/donor coadsorption

The coadsorption of EDs; Si(OEt)Cls, Si(OEt),Cl,, Si(OEt);Cl and Si(OEt),
with the two Mg sites (A and B) were indicated at the plausible location of Mg on
(110) MgCl; surfaces supported TiCl,-CH,CHj3 (Figure 3.4a). Since 10Et has one
oxygen atom, the binding with Mg site can be only monodentate binding mode. All
possible binding modes are possible for other three EDs. The adsorption energies

computed from equation 3.6 are shown in Table 4.1.
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Table 4.1 The adsorption energy (Eags) at different adsorption sites and binding

modes of electron donors 10Et, 20Et, 30Et and 40Et with (110) Mg;3Cl.TiCls-

CH,CHjs
Systems Bino(l :\r/llg )sites Ig/li?%?no; Adsorptzﬁgae”nrﬁ;gli)es (Eags)

L0t A monodentate -5.88
B monodentate -21.05

monodentate -7.71

A bidentate -5.72
20Et monodentate -24.57
° bidentate -30.98

AB bridging -4.94

monodentate 0.93

A bidentate 0.89
30Et monodentate -22.74
° bidentate -28.58

AB bridging -4.91

monodentate -2.81

A bidentate 0.79
40Et monodentate -20.41
° bidentate -33.7

AB bridging -3.28

It found that the preferential mode for 10Et complex at Mg-B has the lower

energy than that of Mg-A by ~15 kcal/mol. In case of 20Et complex, the bidentate

mode is more energetically favored than the monodentate mode at Mg-B, but trend is

reversed at Mg-A. However, adsorption energy of both binding modes at Mg-B atom
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is more energetically favored than the monodentate mode at Mg-A due to the steric

effect between the ethyl ends.

Similarly, the bidentate mode at Mg-B has the lowest E,qs for 30Et and
also 40Et complexes. On the other hand, the bridging mode of 20Et, 30Et and 40Et
at Mg-AB have the highest in energies due to the short distance of two O bridging
atoms of O-Si-O from all EDs (2.44 A) cannot coordinate to the two Mg atoms on the

catalyst surface (Mg-Mg distance = 6.31 A).

The Eags of bidentate mode for all OEt-complexes is 4EOt < 2EOt ~ 3EOt.
This agrees with that of Lee J. W. and Jo W. H.[64]. The optimized structures of
bidentate mode at Mg-B atom for all ED.Mg;3Cl.TiCl3-CH,CH3 complexes are
shown in Figure 4.2a-d. The bond distances between two ethoxy O atoms and Mg-B
is in the reverse order of the corresponding adsorption energies. The Mg-O bond
distances are in order of 40Et (2.19/2.22 A) ~ 30Et (2.19/2.21 A) < 20Et (2.28/2.24
A). It can be indicated that adsorption energy of ED-omplexes does not depend on the

increasing number of OEt group in Si(OEt),Cl,.
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Figure 4.2 The lowest adsorption energy binding mode structures of (110)

ED.Mg:3Cl5.TiCl,-CH,CH3 complexes: 10Et(a), 20Et(b), 30Et(c) and 40Et(d)

4.1.3 Insertion of ethylene

A dynamic CH,=CH, molecule begins to form a complex at the vicinity of the

Ti site, a -complex (R) is practically formed. In this work, the ED is expected to

indicate reaction pathway through the preferential coordination of such donor onto the
MgCl, surface. To check this assumption, the ethylene insertion reaction pathway

with EA and EAS were investigated by PES through R —»TS —P.

EA system

The PES for the 4-center covalent TS formation of EA system is plotted

relative to the R species as shown in Figure 4.3a. The PES map indicates the pseudo-



57

concerted mechanism of ethylene insertion. Generally, concerted reaction was defined
as while one bond is breaking another bond is forming at the same time. From the
PES map, D1 and D2 bond distances at local energy minima was started from the R at
D1 of 3.2 A and D2 of 2.6 A. The D1 was initially decreased from 3.2 A to 2.6 A
while the D2 of 2.6 A was kept constant. Consequently, TS structure was formed
where D1= D2 = 2.2 A. Afterwards, the reduction of D1 alone had led to a formation
of the stable P at D1 of 1.6 A. Overall, the pseudo-concerted mechanism of ethylene
was defined as the D1 and D2 bond distances are not initially decreased at the same

time at R — TS— P states.

It can be seen that two local energy minima corresponding to the R and P were
detected with a single approximate TS along the minimum energy pathway. Figure
4.3a shows the simplified overall relative energy profile along the chemical reaction
pathway extracted from PES. It is suggested that the ethylene insertion was
exothermic reaction which agreed with the experiment [59]. The newly product

formed is ~13 kcal/mol more stable than the reactants.

18- ———

’ 14 1.6 1.8 2.0 22 24 2.6 28 3.0 32 34
D1 A)




58

(a)
H
LRY
94 gt L 55;”0'”
: i‘& e @5
H."g"“q-r'\; @ " H.lz'”;H'H % @
e a® o ) o @
a @M € s ® Mg
ﬁs‘i»’ no € "o o
09 o8® %0 g 0% e
RyoE: TSyor: Poor:
(9)]
H
H_HH H HHﬁ .H §
.{._}‘3.12 é’H“ N
245 N 'H H!@m o1
H Ti . ." Ti - ’
ey o o
e
. Mg ’ Mg & ’
. Mg ’ . .
Ropt_OOEt PoptﬁUOEt
(©

Figure 4.3 PES for ethylene insertion of EA system and covalent complex formation
(a), The geometries of reactant (R), transition state complex (TS) and product (P)
determined from PES of the EA system (b), Fully optimized structures of reactant and

product for the EA system (c) running by MS

Figure 4.3b shows the partial optimized geometries of R, TS and P. It shows

that the hybridization of two carbon atoms on ethylene (i.e. C1 and C2) were
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gradually changed from sp? (reactant) to sp® (product), indicating by the increasing of
bond length from 1.37 to 1.52 A. The two forming bond distances decreased from
3.20 to 1.60 A and 2.60 to 2.20 A for D1 and D2, respectively, during the reaction
process. Meanwhile, the Ti-C, distance gradually increased from 2.19 to 3.58 A. The
R and P structures taken from PES were then fully optimized Figure 4.3c. The
obtained structures for both reactant and product were closed to those of PES with a
small change in distances within 0.01 A. Moreover, all distances of R, TS, P
complexes obtained here were agreed with many works [38,60,61]. Their works were
suggested the detail only bond distances from each state complex but PES map from
our work can investigate the details of all bond distance between R and TS complex

and TS and P complex.

EAS system

The PES of EAS systems with different 4 EDs of 10Et, 20Et, 30Et and 40OEt
complexes are shown in Figure 4.4a-d. The D1, D2 and Ti-C, of these two local
minima for the EA and EAS systems from both partial and fully optimizations are
summarized and compared in Table 4.2 and the optimized structures are shown in
Figures 4.5-4.8. Moreover, with presence and absence of ED, the hybridization of C1
and C2 atoms of the incoming ethylene was detected to change from sp® to sp®. Note
that the three important distances of optimized structures for all systems were almost
unchanged when compared to the constraint distances. As the PES maps of ethylene
insertion are flat along the reaction coordinate , such the linear scan was believed to

be accurate enough for the identification TS complex to investigate chemical reaction
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pathway R— TS—P [43]. The energy maxima mostly obtained in the D1/D2

distances range of 2.10-2.30 A were agreed with ref. [29,38].

Table 4.2 Comparison of the D1, D2 and Ti-C,, distances between the constraint and

fully optimized structures of reactants, transition states, and products for the EA and

EAS systems with different ED (i.e. 10Et, 20Et, 30Et and 40Et)

Reactant

Systems D1 (A) D2 (A) Ti-C4(A)
Const® | Opt” | Const | Opt | Const | Opt
EA | 0OEt| 3.20 32 | 260 | 26| 22 2.2
10Et| 320 | 3.2 | 260 | 25| 22 2.2
20Et| 320 | 32 | 260 | 25| 2.2 2.2
30Et| 3.20 32 | 260 | 25| 22 2.2
40Et| 3.20 | 3.1 | 260 | 25| 2.2 2.2
Product
EA | 0OEt| 1.60 15 | 220 | 22| 3.6 3.6
10Et | 1.60 15 | 220 | 22| 3.7 3.6
20Et | 1.60 15| 220 | 22| 3.6 3.6
30Et| 1.60 15| 220 | 22| 3.6 3.6
40Et | 1.60 15| 220 | 21| 3.6 3.6

EAS

EAS

3 Constraint structures "Fully optimized structures
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Figure 4.4 PES of the ethylene insertion for the EAS systems with presence electron

donors:10Et(a), 20Et(b), 30Et(c) and 40Et(d)

Although the four PESs were somewhat different, two local energy minima
with the minimum energy pathway were determined and the pseudo-concerted
mechanism for the ethylene insertion was likely suggested for ethylene
homopolymerization. The mechanism of the electron donors involve in the insertion
reaction from PES suggested that four-centered pseudo-concerted is possible (Figure

4.4a-d.
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Figure 4.5 The (a) constraint and (b) fully optimized structures of reactant (R),

transition state complex (TS) and product (P) taken from PES for 10Et running by

MS
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transition state complex (TS) and product (P) taken from PES for 20Et running by

MS
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Figure 4.7 The (a) constraint and (b) fully optimized structures of reactant (R),

transition state complex (TS) and product (P) taken from PES for 30Et running by

MS
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Figure 4.8 The (a) constraint and (b) fully optimized structures of reactant (R),
transition state complex (TS) and product (P) taken from PES for 40Et running by

MS

To obtain the E,, TS structure with one minus imaginary were searched by
GUASSIANQ9. The TS states with one imaginary frequency revealed the transition
state of reaction coordinate whereas the structures were shown in Figures 4.9-4.10.
The result of E, values computed by eq. 3.7 from all systems is given in Table 4.3.
Surprisingly, it is found that the EAS systems has similar energy barrier to the EA
system. This indicated that presence of EDs in the ZNc is not significantly decreased

the E, for ethylene homopolymerization at ethylene insertion reaction step.
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The results of bond distances changed from the reaction progress R —-TS —P,
obtained from GASSIANOQ9 (Table 4.4) were almost the same as those running by

MS that in PES maps (Table 4.2).

Table 4.3 Bond distances changed from reactant state (R) to transition state (TS) and

product (P) for all systems running by GAUSSIANO09

Reaction Bond distances (A)

SYSems | states DI | D2 | cic2 | TiC,
R 3.12 | 2.46 1.37 2.05

00Et TS 224|222 14 2.24
P 1.54 | 2.07 1.54 3.43

R 3.12 | 2.46 1.37 2.06

10Et TS 224|222 14 2.24
P 1.54 | 2.07 1.54 3.44

R 3.12 | 2.46 1.37 2.06

20Et TS 2251222 14 2.24
P 1.54 | 2.06 1.53 3.55

R 3.12 | 2.46 1.37 2.06

30Et TS 2271223 1.39 2.24
P 1.54 | 2.06 1.53 3.54

R 3.11 | 2.46 1.37 2.06

40Et TS 2251222 1.4 2.24
P 1.54 | 2.07 1.54 3.45
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Figure 4.9 The optimized structures of reactant (R), transition state complex (TS) and

product (P) for (a) the 1OEt system (b) the 10Et and (c) 20Et systems running by
GAUSSIANO09
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Figure 4.10 (a)The optimized structures of reactant (R), transition state complex (TS)

and product (P) for the 30Et and 40Et systems running by GAUSSIANO9.

According to presence SiCly in the ZNc system can increase the catalyst
activity of ethylene homopolymerization, 4 EDs generated in the EAS system were
not decreased the E, values significantly different. This indicates that the number of
OEt generated in the catalytic system is not significantly affect the energy barrier of
the ethylene insertion reaction. The only E, is not complete energy to respect system.
In chemistry, E; is the minimum enegy needed to cause a chemical reaction. A

chemical reaction between two substances occurs only when molecules of one
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collides with a molecule. However, the E, of complex reactions is a combination of
the activation energies of the elementary stages. This concept was called ‘apparent’
activation energy and used in addition to the true activation energy. In our case, 3
substances involved for the chemical reaction pathway: active catalyst, electron donor
molecule, ethylene molecule. The apparent activation energy (Ea.a) must be

considered. To obtained the energy, this is computed by each elementary step

step i) adsorption energy (Eags) from complexation between active catalyst with

electron from eq. 3.6
Eads = ED.cpx - Ep- Ecat (1)

step ii) m=-complex energy (4E,) from complexation between electron donor complex

with ethylene molecule
AEz= Ezcpx - Epcpx - Eeth (2)
where A4Ecpx IS reactant complex energy, Eem is dynamic ethylene molecule energy.
step iii) (instrinsic) activation energy (E,) from eq. 3.7
Ea = Ets - Eacpx 3
Finally, apparent activation energy was computed by summation of eq. (1) + (2) and 3
Eaa = Eags *4E, + Eq 4

The results of E,, values given in Table 4.3 shown that the presence of all
EDs (EAS) in the ZNc system has the lower E,, than the absence ED (EA).
Therefore, the role of EDs in the ZNc system to increase the catalyst activities is not

significantly decreased the energy barrier at the insertion step, but for the 3 substances
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complex system, stabilization of active complex from ED, E,ys and m-complexes

energy (4E,) must be included.

Table 4.4 The adsorption energy (Eags), T-complex energy (4E,), (intrinsic) activation
energies (E;) and apparent activation energies (Eaa) for the ethylene

homopolymerization running by GASSIAN09

Systems | Eags(kcal/mol) | AE, (kcal/mol) | E, (kcal/mol) | Eaa(kcal/mol)
EDO * -21.55 6.06 -15.49
ED1 -19.09 -13.60 6.04 -26.64
ED2 -29.32 -13.53 5.75 -37.09
ED3 -31.55 -15.03 6.05 -40.52
ED4 -34.41 -18.89 5.78 -47.52

In case of EAS system, the E,, for insertion reaction of all ED-complexes can
be found at -26.64, -37.09, -40.52 and -47.52 kcal/mol for 10Et, 20Et, 30Et and
40Et complexes, respectively (Table 4.3). The energy is decreased from -26.63
kcal/mol in 10Et system to —47.52 kcal/mol in 40Et system. The highest E,; is
observed for 10Et while the lowest is found in 40Et system. In case of 10Et, its high
Eaa is in accordance to those of its weakest adsorption interaction while the lowest Ea,
for 40Et is due to the strongest adsorption interaction. The results can be confirmed
here that mixing of Mg(OEt), with SiCl, can be possibly generated 4 types of ED:
Si(OEt),, Si(OET)3Cl, Si(OEt),Cl,, SiOEtCl; lead to lowering the apparent energy

barrier of the insertion reaction step of ethylene homopolymerization reaction
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catalyzed by ZNc. It’s seen that the completed chlorination (Si(OEt), donor complex

has the most ability to enhance the catalyst activity for this system.

4.2 Ethylene/1-hexene copolymerization

The coadsorption of ED1, ED2, ED3 and ED4; Si(OEt)s, Si(OEt)3(OiPr),
Si(OEt)3(OtBu) and Si(OEt),(OiPr)(OtBu) with the two Mg sites (A and B) were
indicated at the plausible location of Mg on (110) MgClI, surfaces supported TiCl,-
CH,CH3; . The interaction between O atom of ethoxy and Mg atoms which has a
partial negative charge and positive charge, respectively, is electronic interaction
supposed to be preferential mode of interaction. The O atom(s) from different four ED
can also bind with different possible modes, i.e., monodentate, bidentate and bridging

modes.

4.2.1 MgC,,/Donor coadsorption

Due to the asymmetric tetrahedral of OR groups bonded to silicon central
atom of ED2, ED3 and ED4, the bidentate mode at Mg-B can possibly bind with a
different pair of 2 O atoms from different OR groups. We denoted OR;/OR; as a
bidentate mode at Mg-B (Figure 4.11): OR; is denoted orientation at the same side to
the R group at Ti active site, and ORj3 is denoted orientation at opposite side. The

adsorption energies computed from eg. 3.6 are given in Table 4.5.
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OPCI“" ----MgCl,-surface

R

Figure 4.11 Label the bidentate mode at Mg-B on the (110) MgCl, surface (denoted

OR4/ORy)

It is found that the preferential mode for all ED-complexes is bidentate mode
at Mg-B site. The strongest bidentate mode, (OR;/ORj3) related to the lowest
adsorption energies are -33.7, -52.01, -53.12, -53.49 kcal/mol for ED1(OEt/OE),
ED2(OEt/QiPr), ED3(OEt/OEt) and ED4(OEt/OtBu) complexes, respectively. This
result shows that forming bidentate mode by two different OR groups leads to the
different ability of coadsorption. The weakest adsorption bidentate mode is found in
ED1 (OEt/OEt) complex and the strongest is found in ED4 (OEt/OtBu) complex.
Thus, increasing the number of carbon at bidentate OR groups led to the lower

adsorption energy.

Although the same bidentate OEt/OEt of the ED1 and ED3 found in the
complexes, the lower E,4s of -19.42 kcal/mol has found in ED3 (Figure 4.12b).
Therefore, the orientation of two uncoordinated OR,/OR,4 group must be cared: ED1
(OEt/OEt), ED3(OEt/OiBu). The lowest E,q4s of ED3 is due to the larger of OiBu at

OR4 caused of stronger adsorption coadsorption.
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Finally, the adsorption energies of bidentate mode for ED4 ~ED3 ~ ED2
complexes are quite similar but the highest energy is found in ED1 complex. All of
the optimized structures of bidentate mode at Mg-B atom for ED2, ED3 and ED4:

ED.Mg13Cly. TiCl3-CH,CH3 complexes are shown in Figure 4.12a-c.

To consider the bond distances between O atom from two OR1/OR3
group and Mg-B, we found that the Mg--O bond distances for ED4 (2.15/3.09 A) ~
ED3(2.19/2.17 A) < ED2 (2.18/2.17 A) (Figure 4.12a-c). All of this ED-complexes
structures corresponding to the lowest adsorption energy have been using to the next

step, ethylene insertion.

Table 4.5 The adsorption energies (Eaps) at different adsorption sites and binding

modes of (110) ED.Mg;3Cl.TiCl3-CH,CHj5 (i.e. ED1, ED2, ED2 and ED4) running

by MS
Systems | Mg-site Ilgﬂicr)]?j?nog OR groups A((jé;:)lo ;cli(ocr;lcjrr:]eorlg)Jy

A monodentate Et -2.81

bidentate Et_Et 0.79

ED1 monodentate Et -20.41
B bidentate | £kt 337

AB bridging Et_Et -3.28

monodentate iPr -24.01
A monodentate Et -19.17
bidentate Et Et -22.57
ED2 bidentate Et iPr -17.62
monodentate Et -46.79
monodentate iPr -48.15

B bidentate | Et ipr -52.01
bidentate Et_Et -38.93




bridging Et_Et -23.91
A B bridging iPr_Et 37.14

) bridging Et_iPr -19.22

monodentate Et -23.44

A monodentate tBu -20.02

monodentate tBu -24.36

monodentate Et -31.59

ED3 B bidentate Et tBu -50.61
bidentate Et Et -53.12

bridging tBu_Et -20.91

A B bridging Et tBu -22.81

- bridging Et_Et 117.08

monodentate iPr -22.77

A monodentate Et -24.38

monodentate tBu -23.47

monodentate iPr -26.24

monodentate tBu -23.64

monodentate Et -43.58

B bidentate Et_iPr -43.06

ED4 bidentate Et-tBu -53.49
bidentate Et Et -34.83

bidentate But_iPr -48.18

bridging iPr_Et -24.07

bridging Et Et -43.34

A B bridging tBut_Et -21.85

) bridging Et_tBut -42.64

bridging Et_iPro -25.61
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Figure 4.12 The most stable structures of (110) ED.Mg;3Cl.TiCl,-CH,CH3

complexes :(a) ED2, (b)ED3, (c) ED4
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4.2.2 Ethylene insertion

From the experiment result found that the fraction of 1-hexene molecule in the
polymer chain product from ethylene/1-hexene copolymerization improved by
presence of four alkoxysilane groups. The percent yield of triad distribution, EHE was
increased in the presence of ED4 > ED3 > ED2 > ED1. Therefore, in the absence
(EDO) and presence of EDs, 5 complexes were investigated: EDO, ED1, ED2, ED3
and EDA4. The insertion of dynamic ethylene molecule (E) to Ti-HE (where Ti-HE =

Ti-CH,CH(CH,CHs)(n-Bu)) was the elementary reaction step used to investigate.

4.2.2.1 Conformation of alkyl group

We start to study this part by linear energy scan the conformation of alkyl
group, -CH,CH(CH,CHj3)(n-But) or -HE at the growing chain where each dihedral
angles Cl-Ti,-C,-Cg on the catalyst surface are labeled in the Figure 4.13a (inset). To
find the most stable conformation of -HE, dihedral angles were rotated every 20° in
the direction from 20° to 180°. The relative potential energy and the optimum
geometrical structure are shown in Figure 4.13b-c. From the relative potential energy
of the rotation scan, the minimum is reached at 100°. This growing chain was further
optimized and then the optimum dihedral angle is found to be at ~107°. The
geometrical structure shows that the C,-Cg oriented out of MgCl, surface (Figure
4.13c). This optimum conformation is used to be the starting structure for the ethylene

insertion study in the next step.
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Figure 4.13 Relative energy profile vs dihedral angles of -CH,CH,(CH,CHj3)(n-But)
on (110) MgCl, surface and assignment of four atoms for dihedral angles for (110)
Mg13Cl6.TiCl,- CH,CH(CH,CH3)(n-But) surfaces (inset) (a), Fully optimized
geometry of (110) Mg13Cly.TiCl- CH,CH(CH,CHz)(n-But) front view (b), side

view (c) running by MS
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4.2.2.2 PES for absence of electron donor

We started to guess all bond distances D1/D2 of R, TS and P
substances by constructing PES map of EDO system (running by MS). The local
energy minima along the PES map indicated that the mechanism of ethylene (E)
insertion to Ti-HE is pseudo-concerted mechanism (Figure 4.14a). The geometries of
R—TS— P complexes taken from the PES map with the constraint bond distance
D1/D2 are shown in Figure 4.14b-1. The constraint and fully optimized bond
distances in Figure 4.14b-2 showed the slightly different about ~0.1 A. Therefore, to
investigate the chemical reaction pathway of 5 systems running by GAUSSIANO9,
the initial distances D1/D2 for R, TS and P complexes are (3.20/2.60 A), (2.20/2.20

A) and (1.60/2.20 A), respectively.
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Figure 4.14 (a) Potential energy surface for ethylene insertion of EDO (110)-MgCl,

and covalent complex formation,

(b-1) The constraint distance of reactant (R),

transition state complex (TS) and product (P) taken from PES and (b-2) fully

optimized structures of reactant (Rop) and product (Poy) running by MS
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4.2.2.3 Ethylene insertion to Ti-HE

According to the most stable ED-complexes catalyst was used as
initial, the different of two OR groups bidentate mode,(OR1/OR3) at Mg-B can
possibly affect to the incoming ethylene molecule. Thus, the two possibilities of
ethylene insertion were varied as back and front side insertion (Figure 4.15a-b). All
geometries in the chemical reaction pathway with all systms: R—>TS—P, were

optimized by runing GAUSSIANQ9.

(a) (b) H
H o i @
H . H ,':9 Hy
eH H L H i ':i‘%élu d lH
\ ?éH H 'b iy . HH X
b & ‘ca $
H? 22 5 a . H - o1
Hg@ @
c1 @m@ @" @”9@

Figure 4.15 Definitions of the two intermolecular distances (D1 and D2) between the
incoming ethylene and the (110) MgCl,.TiCl,-CH,CH(CH,CHz;)(n-Bu) surface where
the atoms (C,, Ti, C1 and C2) involved in the ethylene insertion reaction are labeled

(a) back (b) front
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Back Insertion

At the initial m-complex or R complex, the incoming ethylene molecule
forming a stable n-complexs at the Ti-C, active site was considered. We found the
two possible orientation of C1-C2 double bond to Ti-C, bond of m-complex were
formed: parrallel and orthogonal. The ED1 n-complex alone was found the orthogonal
orientataion (Figure 4.17), while the EDO, ED2, ED3 and ED4 n-complexes were
parralleled orientation (Figure 4.16, 4.18-4.20). This two possible orienatation of
ethylene insertion at the R state were also found from Mauro Boero et al. work [29].
They proposed that it can switch the orientation by little or no barrier existses between

them.

The bond distances D1/D2 at the R states were also determined. In case of
stable EDO, ED2, ED3 and ED4 w-complexes, the bond distances of D1 is 3.12 to
3.16 A and D2 is 2.46 to 2.47 A. Furthermore, the bond distances of stable ED1
orthogonal n-complexe are 2.46 A for C1-Ti and 2.47 A for C2-Ti (Table 4.6).
Moreover, the bond distances of SiO--Mg kept small changed within ~0.01 A from
the ED-complexes to the m-complexes. This indicated that the ED have been binding

on the (110) MgCl, surface catalyst along this two state.

Next, the TS complexes were considered. Although the orientation of
incoming ethylene molecule of ED1 system at the R complex is orthogonal, it is
turned to the parallel orienatation at TS state as a 4-center covalent bond finally
(Figure 4.17). For EDO, ED2, ED3 and ED4, all TS complexes are formed 4-center
covalent bonds (Figures 4.16, 4.18-4.21). To confirm TS structure, one frequecy

imaginary from all systems were labeled in Figures 4.16-4.21. The bond distances
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changed from R—TS are given in Table 4.6. The TS-complexes are formed by
decreasing D1/D2 and increaing Ti-C,/C1-C2 bond distances. We found that the
distances of D1 is 2.34-2.24 A, D2 is 2.22-2.27 A, Ti-C, is 2.12-2.24 A and C1-C2 is

1.39-1.40 A in all cases.

Lastly, the P complexes were determined. Figures 4.17-4.20 and Table 4.6
are shown all geometries and bond distances changed from R — TS — P complexes.
From R—P complexes, they show that the hybridization of two carbon atoms on
ethylene (i.e. C1 and C2) were gradually changed from sp? (reactant) to sp® (product),
indicating by the increasing of bond length from ~1.37 to ~1.52 A. Additionally, D1
and D2 bond distances decreasing from R— P of EDO, ED2, ED3 and ED4 systems
are ~3.12 — ~1.55 A and ~2.56 — ~2.07 A, respectively. For R—»>P of ED1 =-
complex, (C1-Ti) is changed from 2.46 —2.27 A and (C2-Ti) is changed from 2.47 A
to (C2-C,) 2.34 A. Meanwhile, for all systems, the Ti-C, distance gradually increased

from ~2.19 to ~3.58 A.
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Table 4.6 Bond distances changed from reactant (R) to transition state (TS) and

product (P) of back insertion of ethylene for all systems running by GAUSSIANO09

Bond distances (A)

Systems | Substances - - -
CI-Ti C2-Ti DI D2 ci-C2 Ti-C,
R 3.12 2.46 1.37 2.05
EDO TS 2.24 2.22 1.4 2.24
P 1.54 | 2.07 1.54 3.43
R 2.47 2.46 * * 1.37 2.02
ED1 TS 2.27 2.49 2.34 2.27 1.39 2.12
P * * 1.55 2.05 1.54 2.77
3.26 2.5 1.37 2.07
ED2 TS 2.3 2.25 1.4 2.14
P 1.55 2.05 1.54 2.76
R 3.15 2.46 1.37 2.07
ED3 TS 2.34 2.27 1.39 2.12
P 1.54 2.05 1.54 2.76
R 3.16 | 2.47 1.37 2.06
ED4 TS 2.34 2.27 1.39 2.12
P 1.55 2.05 1.54 2.76
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Figure 4.16 The various states of the ethylene insertion of EDO system. The
approaching of an ethylene to the Ti active center on Mg;3Cly.TiCl,.CH,CH(Et)(n-
But) (Repo), the m-complex form as the reactant state, (TSgpo) the 4-center covalent
bond shortening and elongation as the transition state and (Pgpo) the product state

running by GASSIAN09

To overcome the TS energy, the (instrinsic) activation energies, E, computed
by eq.3.6 were obtained in Table 4.7. We found that the E, values was decreased as
EDO > ED1 > ED2 > ED3 > ED4, respectively. These results was agreed well with

experimental data.
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Table 4.7 The (intrinsic) activation energies (E;) and imaginary frequency values

running by GAUSSIAN09

Systems Fnts?ﬂ[?gﬁ E. (kcal/mol) | imaginary frequency (cm™)
EDO * 7.04 -254.33
back 6.74 -254.56
ED1
Front 5.83 -196.76
back 5.14 -171.85
ED2
Front 4.96 -268.36
back 5.77 -252.18
ED3
Front 3.85 -207.89
back 3.17 -256.38
ED4
Front 3.57 -206.71

*back and front has the same geometry

Front insertion

Next, we investigated the ethylene molecule insertion to the front of Ti-HE.
Interestingly, the orientation of C1-C2 double bond of incoming ethylene molecule to
the Ti-C, bond for ED3 and ED4 complex at the R state are orthogonal (Figures 4.20-
4.21) while EDO, ED1, ED2 are parallel. All bond distances from R —- TS — P
complexes are given in Table 4.8. The bond decreasing and increasing of D1, D2, C1-
C2 and Ti-C, in Table 4.8 are confirmed the chemical reaction. The E, values of
ethylene insertion to the front side of Ti-HE is in the order ED4 < ED3 < ED2 < ED1

< EDO complexes, respectively (Table 4.7). This result was agreed well with the
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experimental data. This result shows that the ethylene insertion to the Ti-HE was

activated by the presence of ED to the ZNc system.

Table 4.8 Bond distances changed from reactant state (R) to transition state (TS) and

product (P) for back ethylene insertion from all systems running by GAUSSIANO09

Bond Distances ( A)

Systems | States - - -
CI-Ti C2-Ti D1 D2 | C1-C2 | Ti-C,
R * * 3.14 | 2.46 1.37 2.04
ED1 TS * % 226 | 2.22 1.4 2.06
P * * 1.55 | 2.04 1.54 2.78
- R 3.13 | 2.46 1.37 2.04
ED2 TS * K 228 | 2.24 1.4 2.06
P * v 1.56 | 2.82 1.55 2.57
2.42 2.46 * * 1.37 2.04
ED3 TS * % 223 | 2.22 1.4 2.06
P * * 1.55 | 2.04 1.54 2.82
243 2.47 < * 1.37 2.04
ED4 TS % i 224 | 2.22 1.4 2.06
P * * 1.54 | 2.04 1.54 2.84

We can summarize and explain the ethylene insertion for all 4 ED complexes
that the E;, for both sides insertion is in the order of ED4 < ED3 < ED2 < ED1 < EDO.
This can conclude that in the presence of EDs can enhance the activity of ZNc system.
However, among the presence EDs system, the favorable of incoming ethylene
insertion to the front and back to the Ti-C active center was different. The energy
barrier for back/front side ethylene insertion of ED1, ED2, ED3 and ED4 systems can

be found (6.74/5.83), (5.14/4.96), (5.77/3.85) and (3.17/3.57) kcal/mol, respectively.
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This result is shown that the incoming ethylene insertion is favor in the front side for
the ED1, ED2 and ED3 systems. Contrary, the back side insertion is favor for ED4
system. The highest barrier is found in ED1 system (back side insertion) while the
lowest is found in ED4 system (back side insertion). In case of ED1, its highest
energy barrier is in accordance to those of its weakest adsorption interaction. For the
lowest barrier of ED4 is corresponded to the strongest adsorption of ED4. For ED2
and ED3 complexes, ethylene insertion are favor to the front side of Ti-C accordance
to the less steric repulsion between dynamic ethylene molecules and OEt (OR3)
moiety of the coadsorbed donor part Figure 4.18-4.19. The high E, values of ED1
and ED2 complexes indicated the less favorable of ethylene insertion for both
direction to the Ti-C active center. However, ED3 has the moderate active catalyst due to
the significant low Ej, 3.85 kcal/mol from the front side ethylene insertion compared to the

front side, 5.77 kcal/mol.
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Figure 4.17 The various states of the back and front ethylene insertion of ED1
system. The approaching of an ethylene to the Ti active center on
Si(OEt)4.M@13Cl26. TiCl2.CH,CH,(CH,CHz)(n-Bu) complex, the n-complex form as
the reactant state (Rep;), the 4-center covalent bond transition state (TSgp;) and as

the product state (Pgp1) running by GAUSSIANQ9
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Figure 4.18 The various states of the back and front ethylene insertion of ED2
system. The approaching of an ethylene to the Ti active center on
Si(OEt)3(0iPr).Mg13Cl6.TiCl,.CH,CHa(Et)(n-Bu) complex, the n-complex form as
the reactant state (Rep2), the 4-center covalent bond as the transition state (TSgp,)

and as the product state (Pep2) running by GAUSSIANQO9
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Figure 4.19 The various states of the back and front ethylene insertion of ED3
system. The approaching of an ethylene to the Ti active center on
Si(OEt)3(0OtBu).Mg13Cla. TiCl,.CH,CHo(CH,CH3)(n-Bu)  complex, the m-complex
form as the reactant state (Reps), the 4-center covalent bond as the transition state

(TSep3) and as the product (Pep3) running by GASSIANO9
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Figure 4.20 The various states of the back and front ethylene insertion of ED4
system. The approaching of an ethylene to the Ti active center on
Si(OEt),(0tBu)(OiPr).Mg;3Cl2. TiCl,. TiCl,.CH,CH,(CH,CH3)(n-Bu) complex, the -
complex form as the reactant state (Reps), the 4-center covalent bond as the transition

state (TSgp4) and as the product state (Peps) running by GAUSSIANO9
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CHAPTER V
CONCLUSIONS

The DFT calculations have been carried out to investigate the ethylene
insertion pathway using Ziegler-Natta catalyst with presence and absence of electron
donors for ethylene homopolymerization and ethylene/1-hexene copolymerization on

the (110) MgCl, surface.

For ethylene homopolymerization, the adsorption energy (Eags) was that
Si(OEt), molecule is the strongest coadsorbed on (110) MgCl, surface. The bidentate
mode is more preferential than those of monodentate and bridging modes for the rest
coadsorbed molecules. The results from PES map indicated that the reaction
mechanism of ethylene insertion is pseudo-concerted mechanism. The (intrinsic)
activation energy indicated that in the presence and absence of all electron donors had
a similar energy barrier. However, the apparent activation energy (Eaa) with the
presence of all electron donors was lower than the absence of electron donor. In the
presence electron donor, the E,, was decreased in order of, Si(OEt)Cls, Si(OEt),Cly,
Si(OEt)3;Cl and Si(OEt),, respectively. Therefore, we assumed that within the
presence of electron donors, the completed chlorination, Si(OEt),, is the most active
electron donor for the ethylene homopolymerization in the Ziegler-Natta catalytic

system.

For ethylene/1-hexene copolymerization, the adsorption energy was shown
that all electron donors have the preferential coadsorption bidentate mode on (110)
MgCl, surface. The two preferential oxygen atoms for Si(OEt)s, Si(OEt)3(OiPr),

Si(OEt)3(OtBu), Si(OEt),(OtBu)(OiPr) are (OEYOEf), (OEYiPr), (OEY/OEt) and
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OEt/QiBu), respectively. The strongest coadsorption was in Si(OEt),(OtBu)(OiPr)
donor. The PES map for the absence of electron donor revealed that the mechanism of
ethylene insertion to Ti-HE is pseudo-concerted reaction. The ethylene insertion to Ti-
HE shows that the C-C double bond orientation was possibly form a m-complex in
either orthogonal or parallel to the Ti-C active site. According to experimental data,
Si(OEt),(OtBu)(OiPr) has the most active catalyst to enhance the fraction of 1-
hexene molecule in the polymer chain more than Si(OEt)3(OtBu), Si(OEt)3(OiPr) and
Si(OEt),, respectively. Not surprise that the lowest E, found in the presence of
Si(OEt),(OtBu)(OiPr) with the corresponding to the highest adsorption energy.
Moreover, the geometry of Si(OEt),(OtBu)(OiPr) complex along the reaction pathway
structures revealed that the dynamic ethylene molecule is strongly favor insertion to
the both side of Ti-C at the active center. However, for Si(OEt)3(OtBu) donor
complex , the dynamic ethylene insertion is significant favor only from the less
repulsion between ethylene molecule and steric alkoxy bidentate coadsorbed donor
(OEt). For the least active catalyst Si(OEt), donor was explained by the highest barrier

which corresponding to the lowest coadsorption energy.
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