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CHAPTER |

INTRODUCTION

One of the most important discoveries in the petrochemical industries in the
last century is that of the Ziegler-Natta catalysts for the olefins polymerization.
In 1953, Karl Ziegler discovered the catalyst based on titanium tetrachloride and
diethylaluminium chloride as a co-catalyst for the polymerization of ethylene into
high density polyethylene at room [1]. Then, in the spring of 1954, this catalyst was
employed by Giulio Natta to polymerize propylene into crystalline polypropylene.
Ziegler and Natta are both awarded the Nobel Prize for Chemistry 1963 in recognition
of their work on the Ziegler-Natta catalyst [2].

Nowadays, heterogeneous Ziegler-Natta (ZN) catalysts remain the top priority
in the olefin polymerization industries. They are particularly around 62 million
tons/year of isotactic polypropylene (PP) and more than 57% of PP capacities were
built in the Asia-Pacific region [3]. Most of the commercial catalysts used for PP
manufacture are modifications of the original ZN system. The catalyst for the
production of isotactic polypropylene with high activity and stereospecificity consists
of the MgCl,-supported TiCl, catalyst in conjunction with triethylaluminum (AlEts)
co-catalyst and organic additives (Lewis bases) which are normally referred to as
electron donors. Electron donors can be added either during the catalyst preparation
(internal donor) or the propylene polymerization process (external donor) [4].

Ziegler-Natta catalysts have advantages of producing products with high
molecular weight, high melting point and controllable morphology. However, the
drawback when using ZN catalysts is the acclaimed isotactic PP is a mixture of

different types of PP: short atactic chains are present even in most isotactic



commercial PP. Obtaining isotactic PP of varying molecular weight, while keeping

isotacticity almost constant, is not possible [5].

1.1 Literature Review of Roles of Electron Donors

1.1.1 Experimental Significance Studies

Both internal and external electron donors are necessary in supported ZN
catalysts for PP polymerization. It is widely accepted that the internal donor can be
extracted by cocatalyst AlEts [6, 7].

In 1991, Sacchi et al. [6] proposed some equilibrium reactions, shown in
Figure 2.1. They suggested that electron donors coordinating with active sites could
be removed by AlEt; but these reactions were reversible. If the internal donor in the
active sites is removed, it is possible for the external donor to interact with the
resulting active sites. This leads to a decreased stereoblock structure which mainly

exists in the polypropylene fractions with low isotacticity [7].

C*®IED + AlEt; <@  C* + IED®ALEL

C*®EED + AlEt; <>  C* + EED®AIEt

(C*: Active site; IED : Internal Electron Donor; EED : External Electron Donor)

Equilibrium between AlEt; and electron donors [6].

In 2008, Andoni and coworkers [8] have been prepared an active model for a

ZN propylene polymerization catalyst by spin-coating of MgCl,-donor-nEtOH from the

ethanol solution onto a flat silicon wafer. They were investigated the effects of



diether and ester as internal donors in the controlling the crystallite faces of MgCl,
by AFM and SEM analytical techniques. The results revealed that the presence of a
diether leads to the formation of MgCl, crystallites only 120° edge angles which
confirmed a strong preference for the formation of a particular crystallite face.
In contrast, the use of a monoester or diester as internal donor generates crystallites
with 120° and 90" edge angles indicating the presence of both the (110) and the
(104) edge surfaces of MgCl,. From this experiment provides strong evidence that the
formation of the MgCl, crystallite face depend on the nature of the internal donor
and the ability of the donor to steer with the MgCl, surface during catalyst
preparation.

In 2011, Zhang et al. [9] studied the effect of the electron donors on catalyst
activity, isospecificity, molecular weight and molecular weight distribution of PP. The
results revealed that the catalyst activity with different internal donors decreases in
the following order: diether > phthalate = succinate. Moreover, they were also
investigated the effect of the structures of external donors on catalyst activity, The
conclusions from this work, more or the bulkiness of alkoxy groups leads to
decrease the catalyst activity, the isotactic index value and molecular weight of
obtained PP. For the linear alkyl groups do not deactivate the active centers of
catalyst, while the molecular weight increased with the increasing the alkyl group
size in external donor.

In 2012, Guo et al. [10] investigated the catalytic activity, isotacticity and
melting temperature of PP by use six different catalytic systems. The results
indicated that the catalytic activities and thermal properties of PP were improved by
adding cyclohexylmethyl dimethoxysilane external donor when diethyl ester or
diester was used as an internal donor. Moreover, when 1,1-biethoxymethyl pentane

(diether donor) was used as internal donor and without adding external donor which



gave the highest % Ti content, the highest catalytic activity, and the excellent

isotacticity PP.

1.1.2 Theoretical Significance Studies

Many theoretical studies were carried out to study the mechanism of the ZN
catalyst for PP polymerization. However, the mechanism underlying the role of the
donor in PP polymerization has not yet been well understood. Some interesting
research that relate to this research were revealed below.

In 2007, Correa et al. [11] investigated the interaction between the internal
donors (1,3-diethers, alkoxysilanes, phthalates, succinates) and the MgCl,(110)
surfaces using the BP86 functional in the TURBOMOLE package. The results indicated
that donors can be separated into two classes. Only the chelate coordination mode
(the two O atoms of donor coordinate to the same Mg atom) is allowed for donors
with a short spacer between the coordinating O atoms (alkoxysilanes and
1,3-diethers), whereas donors with a longer spacer (succinates and phthalates) can
adopt a variety of coordination modes. The stereoselective and regioselective
behavior of possible active Ti species with and without two succinate molecules
coordinated in the proximity of the Ti atom have been investigated. Two succinate
molecules give a remarkable stereoselectivity in both primary and secondary
propene insertions. This study concluded that 1) Isolated Ti species on the MgCl,
(110) monolayer would lead to a substantially atactic polyproplylene. 2) Ti species
on the MgCl, (110) monolayer flanked by two donors (110)-bridge coordinated would
lead to a substantially isotactic polyproplylene.

In 2009, Lee JW et al. [12] investigated the effect of the chemical structure of
1,3-diether in ZN catalyst for PP polymerization using the VWN functional corrected
by the exchange functional of Becke and the correlation functional of Perdew in the

ADF package and the MM using the universal force field in Cerius2 program. The



energy barriers during insertion of propylene have been calculated. It revealed that
the isospecific active site created on the (100) surface of MgCl, is more active than
the aspecific active site which created on the (110) surface of MgCl, for propylene
polymerization. This work can concluded that the primary function of 1,3-diether is
to prevent the formation of aspecific site on the MgCl, (110) surface into isospecific
site created on the MgCl, (100) surface. Moreover, the analysis of the adsorption
energy of various model compounds for 1,3-diether on the (110) and (100) surfaces
of MgCl, revealed that the substitution of highly branched hydrocarbon at the C,
position of 1,3-diether increases the adsorption energy difference as compared with
the substitution of linear hydrocarbons, indicating that the substitution of highly
branched hydrocarbons is more effective for better productivity and isotacticity of ZN
catalyst.

In 2010, Vanka et al. [13] employed the PBE functional in TURBOMOLE
program for investigation the roles of electron donors. Two phthalates (di-isobutyl
and di-ethyl phthalates) and three alkoxy benzoates (p-isopropoxy, p-ethoxy, and p-

tert-butoxy benzoates) as representative internal and external donors, respectively.

Models for the O and the ﬁ phases of the (110) MgCl, lateral cut have been
considered. The comparison of three different models of the MgCl, support i.e., the
fully fixed (where the atoms in the MgCl, lateral cuts were kept fixed), the partially
relaxed (some of the magnesium and chlorine atoms unfixed), and the fully relaxed
(all atoms free) models indicates that the fully fixed model gave the best result. This

work indicated that the phthalate donors would preferentially stabilize the A phase

of MgCl,, while the alkoxy benzoate donors would stabilize the ,B phase more.
Moreover, they proposed four adsorption models (mono, chelate, bridge, and zip
modes) of phthalate donors. The results from comparison revealed that the zip

mode is preferred over the mono and chelate modes whereas it is competitive with



the bridge mode. In addition, the presence of nearby zip-coordinated di-iso-butyl
(DIBP) phthalate donor gives regioselectivity and stereoselectivity to the catalyst
center, with the si-primary mode being the preferred route for insertion. Finally, the
study of possible replacements to a zip-coordinated DIBP at the MgCl, surface
indicates that 1,3-diethers would serve as the best external donors to DIBP. The
obtained results provide a basis for explaining why certain donor combinations are
experimentally very effective in ZN polymerization systems.

In 2011, Wondimagegn et al. [14] have been investicated the effect of the
structures of external alkoxysilane donors in ZN catalyst on stereoslectivity and
molecular weight distributions of polypropylene by QM/MM calculations. The
conclusions from this work, the molecular weight and the stereoselectivity are relying
on the three factors: 1) the number of alkoxy groups. 2) the size and type of
substituent (R; and Ry). 3) the nature of the hydrocarbon attached to the central
silicon atom. Additionally, larger substituents, branched and cyclic hydrocarbons
show highly isospecific catalyst performance. However, one bulky substituent on R,
or R, does not produce highly isotactic PP polymers.

In 2012, Taniike et al. [15] have been conducted to clarify the mechanism for
ethyl benzoate (EB) donors to influence polymerization performances of MgCl,-
supported ZN catalysts by periodic DFT calculations using GGA-PBE with DNP basis
set which implemented in the DMol3 package. They conclude that TiCly
preferentially adsorbs as mononuclear species on the MegCl, (110) surface.
Furthermore, when the absence of donors, the Ti mononuclear species on the (110)
surface is aspecific. In addition, the coadsorption of EB can convert the aspecific Ti
mononuclear species into the isospecific one by sterically controlling the orientation
of the growing chain at the transition state. It also improves the regiospecificity as a

result of the increase electrostatic repulsion for the 2,1 insertion. Moreover, the EB



donor prevents chain transfer to propylene, thus the molecular weight of the

polypropylene increase.

1.2 Research Objectives
1) To investigate the relationships between the polypropylene activity/property
and molecular properties of electron donors using the QSAR/QSPR techniques
2) To study the adsorption location of the malonate donors on the ZN catalyst
3) To investigate the ZN mechanism on the primary (1,2) and the secondary (2,1)
both with re and si faces of insertion steps with the malonate donors by

quantum chemical calculations

1.3 Scope of This Dissertation

The main goal of this research is to design new electron donors in
heterogeneous Ziegler-Natta catalyst for PP polymerization by investigating the
relationships between the activity/property and the electron donor structures using
the QSAR/QSPR approaches. In this work, we are particularly interested in malonate
donors because of this type of electron donors had never been theoretical studied.
Then, the adsorption locations of the malonate donors on the ZN catalyst will be
studied. After that, we will investigate the mechanism of ZN at the propylene in the
primary (1,2) and the secondary (2,1) insertion steps with the malonate donors using
quantum chemical calculations. Furthermore, we will also examine roles of
malonate donors in the mechanism of the ZN catalyzed PP polymerization on

activity and isotacticity.



CHAPTER Il

THEORETICAL BACKGROUND

2.1 Background on Ziegler-Natta Catalyst and Electron Donors in Polypropylene

2.1.1 Ziegler-Natta Catalysts

The generations of ZN catalysts for the PP polymerization were reported in

Table 1 [16].

Table 1 Generations of ZN catalysts for the PP polymerization [16].

Generation Catalyst system Productivity LI Morphology
(kg PP/g Cat.) | (Wt%)

First TiCl;3 0.33AlCL3+DEAC 2-4 90-94 Powder

Second TiClz+DEAC 10-15 94-97 Granular

Third TiCly/Ester/MgCl+ 15-30 90-95 Spherical
AlRs/Ester

Fourth TiCly/Diester/MgCl+ 30-60 95-99 Spherical
AlEts/Silane

Fifth TiCly/Diether/MgCl,+ 100-130 96-99 Spherical
AlEt,

Polymerization condition: bulk, 70 OC, 2 h.

DEAC = Diethylaluminum chloride, AlR; = Alkyl aluminum, AlEts;= Triethylaluminum,

l.I. = Isotactic Index



Several generations of ZN catalysts have been developed based on high yield
productivity. The first and second generations of ZN catalysts were composed of
crystalline TiCls. It can be activated with a DEAC co-catalyst. The third generation
came when TiCl; was supported on the MgCl, particles. The third generation
(TiCly/MgCl,) ZN catalysts had higher productivity than those of the first and second
generations. The fourth generation ZN catalysts are also composed of TiCly
supported on the MgCl,, but with controlled morphology and with better
productivity than the third generation. The fifth generation of catalysts used diether
as internal donor with no requirement for an external donor, have become most
successful in producing highly activity and isotacticity [16]. However, the use of 1,3-
diethers donor leads to polypropylenes with narrow molecular weight distribution
[17]. As the electron donors play a major role in the ZN catalyzed PP polymerization,
therefore, the development of new electron donors becomes one of the key targets

in designing of new generation polypropylene catalysts.

2.1.2 Mechanism for Ziegler-Natta Polymerization

2.1.2.1 Cossee-Arlman Mechanism

The most commonly accepted mechanism for the polymerization was
proposed by Cossee and Arlman in 1964 as shown in Figure 1 [18, 19]. The first step,
the coordination of the propene monomer at the vacant octahedral coordination site

to the transition metal complex where the d-orbitals of the transition metal overlap

with the TT bonds of the monomer. This step called Tt-complex or the complexation
step. The second step shows the formation of the transition state is assumed to be a
four membered ring of Ti, the last carbon atom of the growing chain and the two
carbon atoms forming the double bond of the monomer. Third step is the insertion

step where the monomer is inserted between the transition metal atom and the
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carbon atom of the alkyl group occurring as a syn addition (the insertion of
propylene into Ti-C active centre). Finally, the migration step takes place, in which
the alkyl group and the vacant site go back to their original position. For obtaining an
isotactic polypropylene polymer, the next propylene monomer must undergo

complexation and insertion after the migration occurs.

CH,
R'THZ CH, R-Tm /

Clu,,, ol / ( H
5 Complexation Clim,y ] o C

T — /  Complexation " ""pentl L
CI/ |lh + CH, CH [ —. CI/T|I
Cl

CH,
Cl
R-CH,
~
HC
CH;
Formation of R-CH, __ / R-CH, CH; |
transition state T L] CH,
Clu, wCl Insertion L
 — ;Ti'::“\ : —» Cly,, | nm\\m CH Migration Cluy,,, ‘__\“\\\\Cl
Cl “Ti » Til_
| CH2 Cl/| \ Cl/' ..
“ a cth a U

Figure 1 The Cossee-Arlman mechanism for a heterogeneous Ziegler-Natta catalyst
[18, 19].

2.1.2.2 Brookhart-Green Mechanism

An alternative and well-accepted mechanism to the Cossee-Arlman was
proposed by Brookhart and Green in 1983 [20]. It is sketched in Figure 2, the
insertion of the olefin proceeds from a Tl-complex configuration similar to the
Cossee-Arlman but is assisted by the Ol-agostic interaction of the Ti and nearby
hydrogen belonging to the growing polymeric chain. This reduces steric repulsions

between H atoms of the chain and those of the alkene.
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H,

Figure 2 The Brookhart-Green mechanism for a heterogeneous Ziegler-Natta catalyst

[20].

In summary, the ZN catalyzed propylene polymerization is composed of three steps:

insertion, propagation, and termination.

2.1.3 Electron Donors

It has been reported that the internal donor is bonded directly to the MgCl,
support [21]. This direct bond between the electron donor and MgCl, support
suggests that the internal donor has a higher impact on properties of the PP product
than the external donor. The internal donor takes part in the active site formation,
while the external donor only selectively poisons these sites and replaces the
internal electron donors from the catalyst [22]. Specific combinations of internal
donor and external donor have major influence on the activity of the catalyst, as

well as the isotacticity of resultant polypropylene [23]. Figures 3 and 4 display the
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most common chemical formulas for internal donors and external donor types,

respectively.
O
o O
©)KO N O—R R'>< OR o/\
O0—R (e}
Rll OR v
O
0
Ethylbenzoate Phthalate 1,3-diether Succinate

Figure 3 Chemical formulas of the most commmon internal donor types.

| | _

o~ °
o Si/O Ny
R/ \R

Alkoxysilane Aminosilane

Figure 4 Chemical formulas of the most common external donor types.



2.1.4 Polypropylene

2.1.4.1 Physical Properties of Polypropylene

The physical properties of polypropylene are displayed in Table 2 [24].

Table 2 Physical properties of polypropylene [24].

13

No. Properties Value
1 Density (g/cm’) 0.90-0.91
2 Young Modulus (GPa) 1.4
3 Glass Transition Temperature (°C) -20
il Limiting oxygen index (LOI) (%) 17
5 Melting temperature (°C) 160
6 Specific Heat Capacity: Conventional (J/kg-K) 1900
7 Specific Heat Capacity: Volumetric (10 J/m-K) 1700
8 Speed of sound (10 m/s) 34-39
9 Stiffness to weight ratio: Tensile (MN-m/kg) 1.2-1.5
10 Stiffness to weight ratio: Tensile, Ultimate (KN-m/kg) 25-39
11 Tensile Strength: Ultimate (MPa) 23-36
12 Thermal Conductivity Ambient (W/m-K) 0.15

2.1.4.2 Polypropylene in the World and in Thailand

Polypropylene is one of the fastest growing commodity plastics in the

world today. In 2012, the total for world polymer demand is 211 million metric

tons. The low-density polyethylene (LDPE), high-density polyethylene (HDPE),

linear low-density polyethylene (LLDPE) which types of Polyethylene (PE).

Therefore, the PE is the most popular and widely used polymer worldwide and



the second is PP (37% of PE and 25% of PP), as presented in Figure 3 [25]. The PP
consumption was greater than 100 million tons in 2006 and reached a total of 131
million metric tons in 2012 [26]. For polypropylene in Thailand, the PTT Chemical
produces 2.89 million tons of olefins per year, comprising 2.38 million tons of
ethylene and 512,000 tons of propylene [27]. Moreover, several company
produces high quality polypropylene which are raw materials widely used in
plastic industry such as Thai Polypropylene Co., Ltd. is a polyolefins manufacturer
wholly owned by SCG Chemicals Co., Ltd., and IRPC Public Company Limited is a
producer of integrated petrochemical products which included of HDPE, PP and

etc. for sell as raw materials to plastic converters.

Figure 5 A pie chart presenting world polymer usage [26].

2.1.4.3 Tacticity of Polypropylene

Since propylene is an asymmetrical monomer, PP can be produced with
different stereochemical configurations. Thus, tacticity is an important concept in

understanding the link between PP structure and properties [28]. PP chain
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structures have three stereoisomer as shown in Figure 4 [29], depending on how
the methyl groups are positioned along the polymer backbone: if all of methyl
groups are on the same side of the plane of the main backbone, the polymer is
called isotactic; if the methyl groups are on alternating sides, the polymer is called
syndiotactic; finally, if the methyl groups are randomly distributed on either side,
the polymer is called atactic. Commercial isotactic PP has a melting point that
ranges from 160 to 166°C, depending on atactic material and crystallinity.
Syndiotactic PP with a crystallinity of 30% has a melting point of 130°C [30]. The
fraction of isotactic chains in commercial PP is quantified with the isotacticity
index, generally measured as the mass fraction of PP insoluble in boiling heptane
or xylene. Hence, the stereoregularity of the PP structure influences crystallinity,
melting temperature, solubility and mechanical properties. Moreover, the
important factor which governs the quality of PP apart from tacticity of polymer is
molecular weight (MW). A polymer usually does not consist of molecules with
identical chain length thus distributions of chains with different molecular weight
are present and the best way of representing the size of the chains is the
molecular weight distribution (MWD) [31]. In general, the higher the molecular
weight the tougher the polymer. However, a very high molecular weight can cause
difficulties during the processing of the polymers. In addition, the MWD can
control various properties of PP, such as temperature resistance, stiffness, strength,

etc. [32].

15
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isotactic syndiotactic

atactic
Figure 6 Three stereoisomers of polypropylene structures; isotactic, syndiotactic,

atactic [29].

2.2 Background on Quantum Chemistry

2.2.1 Density Functional Theory

The foundation of density functional theory (DFT) was laid by Hohenberg-
Kohn and Kohn-Sham in 1964 [33]. They showed that the ground-state energy and
other properties of a system are uniquely determined by the electron density based
on one-electron orbitals [34-36]. Today, the most popular quantum chemical
approaches are still DFT[25]. The DFT is based on the performance of approximate
exchange correlation functionals [5-8]. Approximate functionals can be classified
according to the number of ingredients contained in the recipe used for their
development.

In DFT the energy of a system is given as a sum of six components:
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EDFT = ENN + ET + EV + ECoul + Eexch + Ecorr (2.1)

Where Eyy is the nuclear-nuclear repulsion, E7 is the kinetic energy of the electrons,
E, is the nuclear-electron attraction, £, is the classical electron-electron Coulomb
repulsion, E.., is the non-classical electron-electron exchange energies, however,
Eoxen different from those used in Hartree-Fock (HF) theory. The last term £, is the
correlated movement of electrons of different spin and is not accounted for in HF
theory.

In ground-state DFT one is interested in systems of N interacting electrons
described by the Hamiltonian, H with the kinetic, potential and two particle
interaction energy operatorsT, V and Vee, respectively. Where N is the number of

electrons.

)

(2.2)
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The Hohenberg-Kohn theorem states that the density p(r) of a non-
degenerate ground state uniquely determines the external potential v(r) up to an
arbitrary constant. This means one cannot find two potentials differing by more than
a constant that yield the same density. Thus, the ground-state energy as a functional

of the external potential V(I) according to

E(v) = (Y[v]|H,|®[v]) (2.4)
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The ground-state energy Eq and the ground-state density po(T) of a system
characterized by the potential V() can be obtained from a variational principle
which involves only the density, thus, the ground state energy can be written as a

functional of the density, Ey [p]

Eq = Ey,[po] < Ey,lp] (2.5)

There exists a functional F[p] such that the energy functional can be written as

Ey,[p] = Flp] + [ d®rvy (Dp(r) (2.6)

The functional F[p] is universal in the sense that, for a given particle-particle
interaction, it is independent of the potential V(I) of the particular system under
consideration, i.e., it has the same functional form for all systems.

The Hohenberg-Kohn theorem provides the basic theoretical foundation for
the construction of an effective single-particle scheme which allows the calculation
of the ground state density and energy of systems of interacting electrons. Therefore,
the Kohn-Sham equations are at the heart of modern DFT. They have the form of

the single-particle Schrodinger equation.

[~ 24 v ] 0 1) = 50 o

The density can then be computed from the N single-particle orbitals occupied in

the ground state Slater determinant
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n(r) = XP“loi (0| (2.8)

The Kohn-Sham scheme is to construct the single-particle potential v(r) in such a
way that the density of the auxiliary non-interacting system equals the density of the
interacting system of interest. To this end one partition the Hohenberg-Kohn

functional in the following way

F[n] = T¢[n] + U[n] + E,.[n] (2.9)
Where,
_ 1.3 3 n(n{’)
Uln] = fd°r [ d°r o (2.10)

U[n] is the classical electrostatic energy of the charge distribution n(r), and

Exc [n] is the so-called exchange-correlation energy which is formally defined by

E,.[n] = T[n] + V.o[n] — U[n]— T,[n] (2.11)

2.2.2 DFT Functionals
Main functionals consist of 1. Local-density approximations (LDA)
2. Generalized gradient approximation (GGA) 3. Meta-GGA (MGGA) 4. Hybrid-GGA

(HGGA) 5. Hybrid meta-GGA (HMGGA) [37].
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2.2.2.1 Local Density Approximations (LDA)

Local Density Approximations or LDA are a class of approximations to
the exchange-correlation (XC) energy functional in density functional theory that
depend on the value of the electronic density at each point in space [38].

In general, the exchange-correlation energy of a spin-unpolarized is obtained by
assuming that its density can locally be treated as a uniform electron gas. Thus, the

XC energy can be written as

Ex2[p]l = [ p(r) exc (p(r))dr (2.1

where P is the electronic density and Exc is the exchange-correlation energy per
particle of a homogeneous electron gas of charge density. The exchange-correlation

energy can be split into exchange and correlation terms

Exc (p(r)) = &y (p(r)) + & (p(r)) (2.13)

Additionally, the exchange part is given by the Dirac expression

ex (p(0) = — % (5)1/3 p(r)1/3 (2.14)

T

The correlation component E¢ has been determined by Monte Carlo calculations
for a uniform electron gas considering a number of different densities. For open-shell
states with an unequal number of A and B electrons, functionals of the two spin
densities lead to more accurate results. However, for certain states with an even
number of electrons, for instance the H, molecule at larger separation, the

unrestricted functionals perform significantly better because they allow symmetry


http://en.wikipedia.org/wiki/Exchange_interaction
http://en.wikipedia.org/wiki/Electron_correlation
http://en.wikipedia.org/wiki/Functional_(mathematics)
http://en.wikipedia.org/wiki/Density_functional_theory
http://en.wikipedia.org/wiki/Electronic_density
http://en.wikipedia.org/wiki/Electronic_density
http://en.wikipedia.org/wiki/Homogeneous_electron_gas
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breaking. Up to this point the LDA was introduced as a functional depend on p(r).
If we extend the LDA to the unrestricted case, we arrive at the local spin-density

approximation, or LSDA.

2.2.2.2 Generalized Gradient Approximation (GGA)

Because of inadequacies in the Local Density Approximation (LDA) method
[38] which lead to a modified the exchange-correlation functional. They try to treat
the non-uniformity of real systems by the inclusion of the derivatives of the density.

In density, contains terms for the density gradient:
GGA —
Exc®[papg] = [ f(Pa Pp. VP Vpg)dr (2.15)
EGGA . o . . . . )
xC  is usually split into its exchange and correlation contributions;

Exc" = Ex®* + E¢*4 (2.16)

One of the most commonly used non-empirical functionals is the Perdew-
Becke- Ernzerhof (PBE) functional [39, 40], while Becke 1988 (B88)[41] is certainly the
most commonly used empirical exchange functional. Other well-known functionals
include Perdew 1986 (P86) [42] and Lee-Yang-Parr (LYP) correlation [43] and Perdew-
Wang 1991 (PW91) exchange-correlation[44]. In all cases, the names of these
functionals refer to their respective authors and the year of publication. All
combinations of exchange and correlation functionals are possible, for example, the
commonly used BLYP method [41, 43] which combines Becke's 1988 exchange

functional with the correlation functional by Lee, Yang, and Parr.
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2.2.2.3 Meta-GGA

The kinetic energy density, T(r), is an additional Kohn-Sham contribution that can be

calculated. In general, MGGA functionals [45] have the following form:
Exc [l = [ p(Mexc(p(r), Vp(r)t(r))dr (2.17)

In addition, the kinetic energy density, T(r) of the Kohn-Sham orbitals can be derived

from,

o) = 3 TPV (0 218

The main advantage of including kinetic energy densities is that it mostly eliminates
self-interaction errors, causing inaccuracies with LDA and GGA functionals at low-
density and strong interaction limits. In intermediate regions, however, MGGA
functionals usually do not provide substantial improvement to corresponding GGAs.
A non-empirical example is the Tao-Perdew-Staroverov-Scuseria (TPSS) functional

[46], an empirical one is Truhlar and Zhao’s Minnesota 2006-local (M06-L) [47].

2.2.2.4 Hybrid-GGA

Hybrid DFT with exact exchange: An entirely different approach to improve
deficiencies in GGA functionals is to incorporate the so-called exact exchange energy
contributions. The exact exchange energy ESXat is 3 derivative from the Hartree-
Fock approximation, and is obtained by solving only the exchange part of the
exchange-correlation functional exactly. The result is an energy value that when
scaled according to provides a convenient cancellation of errors, making hybrid DFT
methods surprisingly accurate. Based on this idea, the highly popular hybrid DFT
method B3LYP[48] combines exact HF exchange with the Slater[49] local exchange

functional.
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Egeo" = E§OA + a(Egct — E§OA) (2.19)

As an example, the Becke-3-LYP (B3LYP) functional;
EXM =a E’+(-a,)E" +a,AE; + EX™ +a AES™ (2.20)

With three scaling factors parameters a,, = 0.80, a,; = 0.72 and a. = 0.81. These
values were obtained from fitting of a selected set of thermochemical data. The
term E'"is calculated using the Kohn-Sham orbitals in the manner of HF procedure
by computing the exchange integrals (V,ul,uv), E’ is Slater local density exchange,
E? is Becke’s 1988 [50], the Slater exchange along with correction involving the
gradient of the density. EX™ is Vosko, Wilk and Nusair [51]. Correlation functional
and ES™is the correction function of Lee, Yang and Parr [43]. Apart from B3LYP

wide popularity use PBEO [52], TPSSO[53] and BHLYP [41, 43].

2.2.2.5 Hybrid Meta-GGA

One of the above types of functionals with a portion of exact exchange from
Hartree-Fock theory added[54]. For example of Hybrid meta-GGA is TPSSh which
probably improvement over PBEO; perhaps increase fraction of HF to 25% [53].
For instance; the hybrid form of TPSSh functional is obtained by mixing TPSS with

exact exchange as follows:

TPSSh _ exact _ TPSS TPSS
Exc = aOEX +(1 aO)EX + EC (2.21)

TPSSh functional has one empirical parameter whose optimal value ay = 0.10 [55].
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The value of 3y = 0.10 in the TPSSh hybrid meta-GGA, being smaller than for a typical
GGA hybrid (by about 20%), indicates that the TPSS meta-GGA is a better
approximate exchange functional than the other GGAs. Furthermore, hybrid meta-
GGA approaches can be considered as an improvement over the pure meta-GGA

models, as the hybrid GGA have been an improvement over GGA’s [56].

2.2.3 Dispersion Part in the Functionals

A general drawback of all common GGA functionals, including hybrids, that
replace part of the local by nonlocal HF exchange, is that they cannot describe long-
range electron correlations that are responsible for van derWaals (vdW, dispersive)
forces. The vdW interactions between atoms and molecules play an important role
in many chemical systems. The density functional theory including the empirical
dispersion contributions was proposed by Grimme [57, 58]. For the dispersion part in

the functional the total energy is given by

Eprr-p = Exs-prr t Eaisp (2.22)

Where Eys-DFT is the usual self-consistent Kohn-Sham energy as obtained from the

chosen DF and Eg, is an empirical dispersion correction given by

cl
Egisp = Se Zg Zij f(Rij,g) R.T_G (2.23)
1.8

Where the summation is over all atom pairs i,j and lattice vectors g which define the

cells of the jth atom, with the exclusion of the i = j contribution for ¢ = 0; C16] is the

dispersion coefficient for the jjth pair of atoms; f is a damping function used to avoid

6

near-singularities for small inter-atomic distances Rl]

s Se is a scaling factor that
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depends on the adopted DFT method (for example, B3LYP Sg= 1.0 [59]; for PBEO Sg¢

= 0.6 [60].

2.3 Background on Quantitative Structure-Activity/Property Relationship
2.3.1 Theory in QSAR/QSPR Statistics
A wide variety of statistical techniques are used in QSAR/QSPR analysis. We select

only we used in our thesis.

2.3.1.1 Initial Data Analysis
The first step in statistical analysis of data should be to “look” at the data
with appropriate graphical tools to get an idea about the quality of the data [61].
Most statistical techniques assume that data follows a normal distribution. If the
input data diverges greatly from the expected distribution, the final results may have
little statistical significance. Thus, the univariate analysis should be used to inspect
the data, and see a number of statistics which will give the distribution details of the

data. The initial analysis techniques is available in QSAR:

1) Univariate analysis [62] is a technique for generating statistics independently for
a selected column of data. These statistics can be used to get an idea about the
distribution of the data concerned.

2) Standardizing data [63] is a technique that involves the creation of a new
column of data from another column of data, with those data being scaled and
translated to meet certain specified standardization requirements.

3) Transforming data [64] is a technique that involves applying certain simple

functions to the data with the idea of improving the distribution.
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2.3.1.2 Data Reduction

In analysis of the large data set, it is often necessary to calculate or measure
many variables as possible to describe the data samples. Although you can analyze
all of the variables thus generated, there is an increased risk of over fitting the data.
One way to reduce this risk is to look carefully at the data by using principle
components analysis or PCA before performing the main statistical analysis [65].
PCA is a technique that involves the determination of the principal components of a
multi-dimensional data set and the subsequent transformation of the data to a
smaller number of columns with minimal loss of information [66]. Alternatively, a
correlation matrix [67] is a table of all possible pairwise correlation coefficients for a
set of variables. It can be used to help identify highly correlated pairs of variables,
and thus identify redundancy in the data set. Correlation coefficient has value from
-1.0 to 1.0. If a correlation coefficient nearly 1.0/-1.0 which indicated that two
variables are perfectly correlated and if a coefficient equal 0.0 shows no correlation.
A negative coefficient means inverse relationship between variables. Example of the
correlation matrix for a group of four variables, i.e., a, b, ¢, and d as shown in Table 3

below;

Table 3 Example of the correlation matrix for a group of four variables.

a b c d
a 1.00 0.85 0.21 0.96
b 0.85 1.00 -0.71 0.62
C 0.21 -0.71 1.00 0.46
d 0.96 0.62 0.46 1.00

This correlation matrix shows that ab and ad are highly correlated pairs of variables.
It is likely that at least one of these four variables could be removed from the data

set without losing useful information.
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2.3.1.3 Model Building

Model building techniques allow you to generate parameters for a predictive
QSA/PR model to describe response data in terms of explanatory variables. There are
many statistical methods available to fit the model [68, 69]. Most used methods are
Multiple Linear Regression (MLR), Partial Least Squares (PLS), and Genetic Function

Approximation (GFA) techniques.

2.3.2 Regression Analysis for QSAR/QSPR Study
2.3.2.1 Multiple Linear Regression

MLR is a technique [70] that uses a stepping multiple linear regression algorithm to
generate a model. In simple multiple regression, all the input x variables are used in
the equation to predict y. In stepwise multiple regression, a selection algorithm is
used to choose a subset of the input x variables. A choice of stepping algorithm to
use for the selection of variables for the regression equation [71]. At each step of the
algorithm, the partial F values are calculated for each variable, and these are then
compared with user-defined parameters to determine which variable should enter or
leave the calculation.

The overall F statistic for a model is:

F = Explained Mean Square / Residual Mean Square (2.24)

Partial F values are an estimation of the contribution of each variable toward

the F for the final model [72]. Stepwise selection of the candidate explanatory
variables may be carried out with either a fixed number of steps or an automatically
determined end point. Moreover, the forward and backward stepping algorithms may
give regression equations that use different variables. This can be caused by

collinearity of variables in the data set and may indicate instability in the model.
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The major drawback of regression analysis is the danger of over fitting. This is
the risk that an apparently good regression equation will be found which is based on
a chance numerical relationship between the y variable and one or more of the x
variables, rather than a genuine predictive relationship. When an over fitted model is
used predictively, the predicted values for untested compounds can turn out to be
very different from the true values, when these are eventually determined, even
though the predicted values for the original tested compounds used to derive the
regression equation were close to the true values. Such a regression equation has no

predictive power.

2.3.2.2 Partial Least Squares

PLS analysis [73, 74] is a popular regression technique which can be used to
relate one or more dependent variable (Y) to several independent (X) variables. PLS
relates a matrix Y of dependent variables to a matrix X of molecular structure
descriptors. PLS is useful in situations where the number of independent variables
exceeds the number of observation, when X data contain collinearity. PLS creates
orthogonal components using existing correlations between independent variables and
corresponding outputs while also keeping most of the variance of independent
variables. Main aim of PLS regression is construct predictive models when factors are
many and highly collinear by employed cross validation technique [75]. This technique
used to estimate the true predictive power of every regression model to reduce the
risk of chance over fitting. RZCV is derived from cross validation. Mostly use leave-one
out cross validation. The comparison of RZCV with R’ can be used to help determine an
appropriate number of vectors for the analysis. This is a key measure of the predictive
power of a model. The closer the value is to 1.0, the better the predictive power. For

a good model, RZCV should be fairly close to RY.If RZCV is much less than RZ, the
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regression is probably over fitting the data. A model with an chv value of 0.0 or less

has no predictive power at all [ref]. To calculate chv following equation (1);

2 2
Rov=1- E(Ypred - Yact) / z(Yact - Ymean) (2.25)

Yoreds Yact, and Yean are predicted, actual, and mean values of the activity,

respectively. Z(Ypred - Yact)2 is the predictive residual error sum of squares (PRESS).

In addition, definitive validity of model is examined by mean of external
validation also, which evaluates how well equation generalizes. Training set is used
to derive an adjustment model that is used after to predict activities of test set. The
predicted power of equations was validated using predictive squared correlation
coefficients (Rzpred). To calculate the Rzpred following equation (2);

2 2
R pred = 1- Z(Ypred(Tes‘[) - YTest) / z:(YTest - YTraining) (2.26)

Where Ypreqresy and Yrest are predicted and actual activity values, respectively, of test

set compounds, and Yrgining is the mean activity value of training set.

2.3.2.3 Genetic Function Approximation

GFA is a technique [76] that uses genetic mutation of possible functions of
the explanatory variables to obtain @ model that best fits the response data. The
genetic algorithms are search algorithms that take inspiration from natural genetics
and evolution. The genetic algorithm works with a set of the string. Each string
represents a location in the search space. These strings can be called a population.

This population is evolved in a manner that leads it toward the objective of the
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search. This requires that a measure of the fitness of each string, corresponding to a
model in the GFA. The scoring criteria for GFA models are all related to the quality of
the regression fit to the data. Thus, three operations for GFA approach are performed
iteratively in succession: 1) Selection; two parents are selected from the present
population, with probabilities proportional to their fitness. 2) Crossover; a crossover
splices and rejoins the characters in the two parent strings to create a new child
string. 3) Mutation; in the GFA algorithm, mutations are performed with a
user-defined probability after each crossover. Furthermore, the GFA proceeds for a
user-specified number of generations which means that a number of attempted
crossovers equal to the size of the population. The GFA algorithm is assumed to
have converged when no improvement is seen in the score of the population over a
significant length of time, either that of the best model in each population or the
average of all the models in each population. When this criterion has been satisfied,
no further generations are calculated. The GFA algorithm approach has several
advantages over other techniques: 1) it constructs multiple models rather than a
single model. 2) It automatically selects which variables are to be used in the
models. 3) It can be created non-linear models. 4) It includes Friedman's lack-of fit
error which estimates the most appropriate number of variables by minimized least
squares error, resists over fitting. However, disadvantages of GFA procedure is it takes
too long to perform cross validation on each generation and, thus, you need to have

a reasonable idea of how many terms to keep before you start.
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CHAPTER IlI

STRUCTURE AND ACTIVITY DATA

3.1 Chemical Structure of Electron Donors

3.1.1 Data and Activity

There are three types of internal electron donors consisting of phthalates,
1,3-diethers, and malonates used in this study. Their structures and experimental
activities are listed in Table 4. The activities for each group were obtained from

different experiments.

Table 4 Chemical structures of 29 internal electron donors with different
substituents (R;, R, and Rs) [77-80]

(@)
Ry R,
o—R, S - <
R3 Rs3
O_R2 R2 O— O O
(@)

Phthalate group (P1-P8)  1,3-diether group (D1-D9) Malonate group (M1-M12)

Name R1 R2 R3 Activity Ref.

(kg PP/g Cat.)

P1 cyclohexyl cyclohexyl - 3.93 [77]
P2 ethyl ethyl - 10.01 [77]
P3 2-ethylhexyl | 2-ethylhexyl - 13.15 [77]

P4 octyl octyl - 15.83 [77]
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P5 isobutyl isobutyl - 24.25 [77]
P6 isoheptyl isoheptyl - 24.79 [77]
P7 butyl butyl - 26.12 [77]
P8 isononyl isononyl - 20.63 [77]
D1 H H - 2.00 [78]
D2 methyl H - 15.00 [78]
D3 methyl methyl - 17.50 (78]
D4 isopropyl methyl - 20.00 [78]
D5 isopropyl isopropyl - 21.00 [78]
D6 propyl propyl - 16.50 [78]
D7 isobutyl isobutyl - 30.00 [78]
D8 cyclopentyl cyclopentyl - 26.00 [78]
D9 cyclohexyl - 12.65 [78]
M1 H H butyl 0.30 [79]
M2 methyl H butyl 5.20 [79]
M3 cyclopropyl butyl 12.0 [79]
Ma methyl methyl butyl 16.40 [79]
M5 cyclobutyl butyl 15.20 [79]
M6 ethyl ethyl butyl 19.50 [79]
M7 cyclopentyl H butyl 24.80 [79]
M8 butyl butyl butyl 8.00 [79]
MO cyclopentyl F ethyl 25.30 [80]
M10 cyclopentyl Cl ethyl 27.80 [80]
M11 cyclopentyl methyl ethyl 28.60 [80]
M12 cyclopentyl H ethyl 25.20 [80]




CHAPTER IV

QSAR

4.1 Three Types of Electron Donors Groups

Because of electron donors have played a major role in the Ziegler-Natta
catalyzed PP polymerization. Therefore, the relationships between molecular
properties and activities of three types of electron donors groups consisting
phthalate, 1,3-diether, and malonate groups have been investigated. In this chapter
we are interested in designing new potent electron donors with high activity by QSAR
technique.

Quantitative Structure Activity Relationship (QSAR) is the study of the
quantitative relationship between the experimental activity of a set of compounds
and their physicochemical properties using statistical methods. The experimental
information associated with catalyst activity, which is used as dependent variables in
building a QSAR model. The QSAR model assists the design of materials from diverse
sample libraries. It provides the in silico screening of potential catalysts prior to the
material synthesis and gives the insight into mechanisms. The QSAR approach has
been evidenced as a reliable technique for finding correlations between the catalyst
structure and its activity [81-85]. Although this technique could not predict the
stereoregularity of the polymerized product, it is very useful as a screening study
because of its ease of use and speed.

Yao et al. [86] used QSAR approach to study a set of 10 silane external
donors of the ZN catalyst systems. The eleven molecular properties calculated from
the MD and MM calculations by Discover program were used for fitting the QSAR

model. The usage of models obtained from that work was limited because of the
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small size of the training set and molecular properties. Tanase et al. [87] synthesized
new malonate compounds (R;R,C(COOBu),) with various substituents and
investigated the relation between chemical structures of malonate compounds and
isotacticity/activity by using properties obtained from a computational method. The
results concluded that malonate catalysts with an appropriate molecular volume
indicated high isotacticity and high activity. However, only few properties such as
molecular volume, oxygen charge, and O-O distance were included in the model

fitting.

4.2 Geometry Optimization Details

All electron donor compounds were built by Materials Visualizer module as
implemented in Materials Studio5.5. [88]. All structures were optimized by the
generalized gradient approximation (GGA) [39] with the Perdew-Burke-Ernzerhof (PBE)
[89] functional using the DMol3 module [90, 91]. A double numerical polarized (DNP)
basis set [57] was employed. The convergence criteria for normal geometry

optimization were set to 0.01255kcal/mol in energy and 0.6275 kcal/mol A in force.

4.3 Molecular Descriptors for QSAR

After obtained structural geometries of three types of electron donors then
fukui function (Nucleophilic and Electrophilic attack), orbitals (HOMO and LUMO), and
population analysis (ESP, Mulliken, Hirshfeld charges) were computed to get more
structural and electronic properties. Moreover, quantum chemical descriptors which
give information about the electronic structure of the molecule were also calculated
such as the energy of the highest occupied molecular orbital, Exomo, Which is a
quantitative measure for the chemical reactivity of the compound, the energy of the
lowest unoccupied molecular orbital, E, yyo, Which accounts for the electron affinity.

The Eromo— ELumo gap or ionization potential can be import Ejouo ant descriptors for
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predicting how molecules will react. Thus, totally 123 descriptors can be separated
into six categories as follows: geometrical descriptors, fragment counts, atomistic
descriptors, VAMP electrostatics descriptors, DMol3 molecular descriptors, forcite
energetic descriptors, spatial descriptors were calculated using the QSAR module as
implemented in Materials Studio5.5. [88]

Before construction of QSAR model, the distribution of the data must be first
investigated. We used univariate analysis to evaluate the quality of the activity data
in each group of electron donor that show acceptable normal distribution. If the data
are not normally distributed, a numerical transformation to achieve a normal
distribution is applied.

The QSAR model was built using the QSAR module of Material Studio5.5
program with the initial analysis to find the properties correlation matrix and model
build to find the linear equation between activity and molecular properties. Due to
many structural properties, the correlation matrix of all properties is performed to
reduce the number of structural properties for the QSAR equation. Then, Genetic
Algorithm (GA) [76] was used to find the QSAR model between PP activities and
structural properties. Initial parameters were set with population parameter of 100,
maximum generations of 500, mutation probability of 0.1 and scoring with Friedman

LOF scale of 0.5.

4.4 Results and Discussions

4.4.1 QSAR model of Phthalate Group

The eight compounds of phthalate group were used to derive the model.
Two dominant descriptors were statistically selected into the model as shown in

equation 4.1.



Activity = - 3.3691*Torsion energy + 322.8069*0 charge + 212.4315

R°= 0.93, R'cy = 0.85,N = 8

(4.1)

Table 5 Relationship between the two dominant descriptors from the best QSAR

model of the eight compounds in phthalate group and experimental activity.

Name Activity =0 charge Torsion energy
(kg PP/g Cat.) (ESP) (Forcite Energetics)
P1 3.93 -0.502 13.4125
P2 10.01 -0.524 9.9450
P3 13.15 -0.458 14.7822
P4 15.83 -0.462 13.9785
P5 24.25 -0.488 8.9252
P6 24.79 -0.486 9.9676
P7 26.12 -0.465 10.0274
P8 20.63 -0.457 14.0942
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QSAR model in equation (4.1) has a correlation coefficient (R") of 0.93 and a

cross-validated correlation coefficient (chv) of 0.85. Both values are considerably

higher than the acceptable values (R220.8, RZC\/ZO.S) [92, 93]. The correlation

coefficients between the oxygen carbonyl charge and torsion energy is 0.53 which

less than 0.7, indicating no inter-correlation between variables in the model [94].

Table 6 shows the comparison between actual and predicted activity values

of the eight phthalate compounds. The residual values indicated that based on

predictive ability the model is satisfied. Moreover, the trend of predicted activities

from QSAR equation was corresponding to the actual trend.
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Table 6 Predicted activity and residual values of the eight phthalate compounds by

the best QSAR model.

Name Actual activity Predicted activity Residual values
(kg PP/g Cat.) (kg PP/g Cat.)
P1 3.93 5.19 -1.26
P2 10.01 9.77 0.24
P3 13.15 14.78 -1.63
P4 15.83 16.20 -0.37
P5 24.25 24.83 -0.58
P6 24.79 21.96 2.83
p7 26.12 28.54 -2.42
P8 20.63 17.42 3.21

The relationship between actual and predicted values of activity for the eight

phthalate compounds using the best QSAR model was plotted in Figure 7.
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Figure 7 Plot of actual versus predicted activity values from the best QSAR model for

the eight phthalate compounds with the GFA statistical method.

In QSAR study, the activity depends on all the variables presented in the
model, therefore, using only one variable to predict the activity is not appropriate
and it may not give a proper activity value. Then, we performed the analysis for two
dominant variables from equation 4.1. This suggest that the activity can be higher
when increase in the O charge (oxygen carbonyl atom) obtained from ESP method
and decrease in the torsion energy which calculated from forcite energetics of
phthalate donors. The phthalate compounds have the O charge in the range from-

0.457to -0.524. A positive coefficient of O charge parameter in the model indicates
that the compounds with less negative O charge are designed to have more activity.
For the torsion energy property in QSAR model, we can conclude that the PP activity

will be increased with small amount of torsion energy, which can be implied that the
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branch substituents (less torsion energy) are more active than alkyl chain or alkyl

cyclic (high torsion energy).

4.4.2 QSAR model of 1,3-Diether Group
The nine compounds of 1,3-diether group were used to derive the model. Two
dominant descriptors were statistically selected into the model as shown in equation

4.2.

Activity = - 1253.1711*Fukui-Nucleophilic + 21.5551*Dipole + 23.1990 (4.2)

R°= 0.94, R'cy = 0.84, N = 9

Table 7 Relationship between the two descriptors from the best QSAR model of

nine compounds in 1,3-diether group and experimental activity.

Name Activity Fukui-Nucleophilic Total dipole

(kg PP/g Cat.) at O atom (DMol3)
D1 2.00 0.035 1.0572
D2 15.00 0.025 1.0100
D3 17.50 0.020 0.9658
D4 20.00 0.021 0.9699
D5 21.00 0.013 0.6624
D6 16.50 0.012 0.3032
D7 30.00 0.008 0.7239
D8 26.00 0.014 0.9748
D9 12.65 0.016 0.6339
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QSAR model in equation (4.2) has a correlation coefficient (R) of 0.94 and a cross-
validated correlation coefficient (RZCV) of 0.84 which are higher than the acceptable
values [92, 93]. The correlation coefficients between the Fukui-nucleophilic at O
atom and total dipole variables was 0.60 which less than 0.7, indicating no inter-

correlation between each pair of variables in the model [94].

The comparison between actual and predicted activity values of the nine 1,3-
diether compounds is given in Table 8. The residual values indicated that the model

is satisfied based on predictive ability.

Table 8 Predicted activities and residual values of the nine 1,3-diether compounds

by the best QSAR model.

Name Actual activity Predicted activity Residual values
(kg PP/g Cat.) (kg PP/g Cat.)
D1 2.00 2.13 -0.13
D2 15.00 13.64 1.36
D3 17.50 18.95 -1.45
D4 20.00 17.79 2.21
D5 21.00 21.19 -0.19
D6 16.50 14.70 1.80
D7 30.00 28.78 1.22
D8 26.00 26.67 -0.67
D9 12.65 16.81 -4.16

The relationship between the actual and predicted values of activities for the nine

1,3-diether compounds using the best QSAR model is depicted in Figure 8.
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Figure 8 Plot of actual versus predicted activity values from the best QSAR model for

nine 1,3-diether compounds with the GFA statistical method.

Based on the obtained QSAR equation 4.2, there are two properties, total
dipole moment and Fukui nucleophilic charge at O atom. The dipole moment
representing the polarity of a polar covalent bond, shows positive coefficient value
suggesting that the 1,3-diether type with high dipole moment could increase the
activity. On the other hand, the PP activity will be increase with more negative Fukui
nucleophilic charge of oxygen. This is probably because the oxygen with more

negative Fukui nucleophilic charge has more reactivity to nucleophilic attack.
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4.4.3 QSAR model of Malonate Group

The halo-malonate compounds were excluded from the malonate group
because they arrived from the different experiment.

Before construction of QSAR model of malonate group we used univariate
analysis to evaluate the quality of the activity data. The result show not normally
distributed, then, a numerical transformation to achieve a normal distribution was
applied. The activity values were converted to the logarithm of the activity, which
was used as the dependent variable in the QSAR analysis as presented in Table 9.
After that, the eight compounds of malonate group were used to derive the model.
Two dominant descriptors were statistically selected into the model as shown in
equation 4.3.

Log activity = 43.2916*E,o\o - 5.6644*Rog + 33.9396 (4.3)

R’= 0.93, R'cy = 0.87, N = 8

Table 9 Relationship between the two descriptors from the best QSAR model of

eight compounds in malonate group and experimental activity.

Name Log activity Radius of gyration HOMO energy
(kg PP/g Cat.) (Spatial Descriptors) (DMol3)
M1 -0.523 4.3636 -0.225
M2 0.716 4.0868 -0.227
M3 1.079 4.1728 -0.214
M4 1.215 4.0747 -0.228
M5 1.182 4.0807 -0.223
M6 1.290 4.0155 -0.225
M7 1.394 4.0593 -0.226
M8 0.903 4.1049 -0.224
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QSAR model in equation (4.3) has a correlation coefficient (R) of 0.93 and a
cross-validated correlation coefficient (chv) of 0.87. Both values are higher than the
acceptable values[92, 93]. The correlation coefficients between the radius of gyration
and homo energy was 0.24 which less than 0.7, indicating no inter-correlation
between each pair of variables in the model [94]. The comparison between actual
and predicted activity values of malonate compounds is given in Table 10. The

predictions are quite reasonable with the residual values in the range of 0.01-0.24.

Table 10 Predicted log activities and residual values of the eight malonate

compounds by the QSAR model.

Actual Predicted Residual
Name log activity log activity values
M1 -0.523 -0.515 -0.01
M2 0.716 0.952 -0.24
M3 1.079 1.057 0.02
M4 1.215 1.009 0.21
M5 1.182 1.177 0.01
M6 1.290 1.439 -0.15
M7 1.394 1.157 0.24
M8 0.903 0.980 -0.08

The relationships between actual and predicted values of activities for the 8

malonate compounds using the best QSAR model is shown in Figure 9.
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Figure 9 Plot of actual versus predicted activity values from the best QSAR model for

the eight malonate compounds with the GFA statistical method.

The equation 4.3 suggests that the activity can be higher when the radius of
gyration and the highest occupied molecular orbital of malonate compounds are
decreased. The malonate compounds have HOMO in the range from -0.172 to -0.184
Ha. A negative coefficient of HOMO parameter in the model indicates that compound
with more negative HOMO is designed to gain higher activity.

The QSAR model for malonate compounds consists of radius of gyration and
HOMO properties. The radius of gyration (Rog) represents the spatial distribution of
atom in a molecule from its center of mass which shows negative coefficient, thus,
we can imply that less values of radius of gyration of molecules will increase PP
activity. HOMO is the highest occupied molecular orbital this property shows that the

lower energy level of HOMO could increase the PP reactivity.
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4.5 QSAR Summary

The obtained QSAR models provide good relationship between catalytic
activities and molecular properties of three types of electron donor groups with high
predictive power. From the best QSAR model of phthalate group suggested that
more potent phthalate compounds should contain the branch at Ry, R, substituents
(less torsion energy) and substituents should increase in the O charge (oxygen
carbonyl atom). Based on the obtained QSAR model of 1,3-diether group suggested
that the potent 1,3-diether compounds with high dipole moment and the
substituents at Ry, R, positions should increase the oxygen with more negative Fukui
nucleophilic charge. The best QSAR model of malonate group can indicate that less
values of radius of gyration of malonate molecules and the lower energy level of
HOMO could increase the PP reactivity. The prediction from QSAR approach can be
improved if number of compounds is large enough. Thus compounds can be
classified into training set and test set. Unfortunately, the number of compounds in

each group is rather small and not sufficient to divide into training and test sets.

Group Statistics QSAR model

N |R |Ry

Phthalate 8 10.93]0.85 | Activity = - 3.3691*Torsion energy
+ 322.8069*0 charge + 212.4315

1,3-diether | 9 | 0.94 | 0.84 | Activity = - 1253.1711*Fukui-Nucleophilic
+ 21.5551*Dipole + 23.1990

Malonate 8 [0.93|0.87 | Log activity = 43.2916*Eromo
- 5.6644*Rog + 33.9396




CHAPTER V

QSPR

There has been limited numbers of QSAR studies on catalysts. This is
probably due to difficulties in gathering the activity with same experimental
conditions, i.e., from the same laboratory. The term of adsorption energy has been
created to determine a good electron donor candidate. Since it has been
successfully to investigate structural and functional relationship on the
MgCl,/TiCly/Donors  complex system. In 2009, Lee et al. [95] found a good
relationship between the adsorption energies of 1,3-diethers to MgCl, surface and
the isotacticity and the productivity of polypropylene. Thus, for 1,3-diethers the
adsorption energy can represent the polypropylene activity. In this chapter, we
would like to seek the relation between the adsorption energy of other electron
donors and the activity of PP polymerization. If such the relation exists, the QSPR
model with large data set from adsorption energies of electron donors could be
made. The model could then be used for the design of more potent electron
donors. Firstly the relation between adsorption energies and activities of three types
of internal electron donors, phthalates, 1,3-diethers and malonates compounds was
considered. Then, QSPR models between adsorption energies and molecular
properties were sought and tested. Finally, the design of more potent electron

donors for ZN catalyzed PP polymerization was suggested.
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5.1 QSPR Model Setup

The cluster model was used for calculations of the ZN catalyst surface and
the adsorption complex. From previous theoretical studies [96-98] it has been
suggested that TiCly is predominantly adsorbed on the MgCl,(110) lateral plane.
In addition, Correa et al. [99] concluded that on the (110) surface the donor can
coordinate close to the active site while on (104) surface the coordination of the
donor is further away. Stukalov et al. [100] suggested the coordination of internal
donors in the near proximity of Ti species is believed to be the most reliable
molecular model for explaining the internal donors role in stereoregulation. Thus,
the MgCl, (110) lateral plane was selected as the adsorption plane for our study.

The ZN catalyst surface is modeled from the (MgCly),, clusters in the Q.
crystalline phase with the active Ti atom replacing a Mg atom on the (110) plane (the

active site [101]). This model is referred to as TiCl,/MgCl,(110), Figure 10.

Figure 10 The 3D-structure of TiCl; on MgCl,(110) surface used in this study.

(The color codes are as follows: Ti (yellow), Cl (green), and Mg (blue).
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The adsorption complex structure was generated by aligning the electron
donor over the MgCl,(110) lateral plane and within the proximity of the active Ti

species, Figure 11.

Figure 11 The adsorption TiCly/MgCl,(110) complex structure generated by aligning

the electron donor (Hydrogen atoms of donor are not shown for clarity).

Because of electron donor can bind to the MgCl, surface and adopt a variety
of adsorption modes such as mono, chelate, bridge and zip modes [102]. Lee et al.
[95] reported that all 1,3-diether donors are adsorbed on the MgCl, (110) surface in
the chelate mode. These results are in line with DFT calculations by Tanike et al.
[103] and Correa et al. [102]. Moreover, Tanike et al. [103] who studied adsorption
energies of four types of internal donors on the MgCl, surface reported that
phthalates also prefer to bind in the chelate mode. However, no study on the
preferred adsorption mode has been performed for malonate donors. Ratanasak and
Parasuk carried out calculations to investigate the preferred adsorption modes of

malonate compounds and the calculations suggested the chelate mode [104].
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Therefore, the chelate mode is selected as the adsorption mode for our study. The
aim of our work is to compare different types of electron donors; we believe that our

cluster model will provide a reliable chemical scenario.

5.2 Adsorption Energy Calculations

Adsorption energies (E,q4,) of electron donors on the MgCl, (110) surface were

calculated by equation (5.1).

E.gs = E(surface) + E(donor) - E(complex) (5.1)

Adsorption energies calculations were calculated using the Perdew Burke Ernzerhof
(PBE), Generalized Gradient Approximation (GGA) functional [105] and Double
numerical with polarization (DNP) basis set [106] were employed together with
effective core potentials (ECP) [107]. Geometries of donor molecules and the
MgCl,(110) surface were fully optimized while partial optimization were performed
for the complex structure in which geometries of MgCl, (110) surface was kept fixed.
The convergence criteria for geometry optimization were set to 0.01255 kcal/mol
in energy and 2.510 kcal/mol A in force [1]. All calculations were performed by

DMol3 module in the Material Studio 5.5 Suite [108].

5.3 QSPR Procedure

We define adsorption energy as the dependent variable Y and 47 molecular
properties as the independent variable X which included structural descriptors,
atomistic descriptors, spatial descriptors and quantum-chemical descriptors of

electron donors were calculated (see Appendix Table Al). Then, we divided the data
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set of 29 electron donors into a training set containing 24 compounds used for
model development, and a test set of 5 randomly selected compounds (P2, P7, D8,
M4, and M10) in Table 4 from three types of electron donors for model validation.
After that, we use the Partial Least Squares (PLS) technique for fitting the QSPR

models [109].

5.4 Results and Discussion

5.4.1 Adsorption Energy of Electron Donor on Catalyst Surface

Adsorption energy of electron donor on TiCly/MgCl,(110) surface (Eq,
kcal/mol) and their energy components of 29 electron donors in the phthalate (P1-
P8), 1,3-diether (D1-D9) and malonate (M1-M12) groups are listed in Table 11.
Phthalate groups showed adsorption energies ranging from 16 to 29 kcal/mol while
1,3-diether groups are in the range of 7-16 kcal/mol and malonate group are in the
range 16 to 30 kcal/mol. The average adsorption energy of phthalate, 1,3-diether,
and malonate compounds are 22.80, 12.27, and 24.53 kcal/mol, respectively. Hence,
malonate compounds gave higher adsorption energies than two types of electron

donors group.
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Table 11 Calculated adsorption energy of electron donor on TiCl,/MgCl,(110) surface

(E.gs, kcal/mol) and their energy components of 29 electron donors in the phthalate

(P1-P8), 1,3-diether (D1-D9) and malonate (M1-M12) groups.

Name E(complex) E(surface) E(donor) Eads
(au) (au) (au) (kcal/mol)
P1 -25781.61 -24703.81 -1077.77 16.09
P2 -25469.83 -24703.81 -765.99 17.55
P3 -25941.06 -24703.81 -1237.21 20.95
P4 -25941.06 -24703.81 -1237.21 21.42
P5 -25626.91 -24703.81 -923.06 25.89
P6 -25862.53 -24703.81 -1158.68 26.26
P7 -25705.46 -24703.81 -1001.6 28.99
P8 -26019.6 -24703.81 -1315.75 25.23
D1 -25051.69 -24703.81 -347.86 7.60
D2 -25090.95 -24703.81 -387.13 9.88
D3 -25130.23 -24703.81 -426.4 10.94
D4 -25248.02 -24703.81 -544.19 13.03
D5 -25287.29 -24703.81 -583.46 13.80
D6 -25287.3 -24703.81 -583.47 12.93
D7 -25365.83 -24703.81 -661.99 15.88
D8 -25441.97 -24703.81 -738.13 14.89
D9 -25246.84 -24703.81 -543.01 11.52
M1 -25435.35 -24703.81 -731.52 16.36
M2 -25474.63 -24703.81 -770.78 18.48
M3 -25512.67 -24703.81 -808.82 25.12
M4 -25513.9 -24703.81 -810.05 26.15
M5 -25551.94 -24703.81 -848.09 26.99
M6 -25592.43 -24703.81 -888.58 27.50
M7 -25630.51 -24703.81 -926.66 29.77
M8 -25749.51 -24703.81 -1045.66 24.82
M9 -25572.62 -24703.81 -868.77 24.10
M10 -25932.87 -24703.81 -1229.02 25.26
M11 -25512.7 -24703.81 -808.85 26.11
M12 -25473.43 -24703.81 -769.58 23.71
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5.4.2 Adsorption Energy and Experimental Activity

Relationship between adsorption energies and experimental activities for each
experimental set of three types of internal electron donors, phthalates, 1,3-diethers
and malonates compounds was studied. We found the correlation between the
experimental PP activity and E,y for each group of internal electron donor.The
squared correlation coefficient (Rz) of 0.88, 0.96, and 0.89 for the malonates
excluding halo-malonate, phthalates, and 1,3-diethers, respectively was obtained
from plotted in Figure 12. The halo-malonate compounds were excluded from the

malonate group because they arrived from the different experiment.
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Figure 12 Plotting graph relationship between the adsorption energy (E,4) and the
experimental PP activity for the three types of internal electron donor: malonate

(halo-maloate), phthalate, and 1,3-diether.
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From Figure 12, the high R® value suggests that there exhibits the linear
relation between adsorption energies of the three donors and PP activities. This is in
the same light to that reported by Lee et al. for 1,3-diether compounds [95]. Thus,
the compound with the strongest adsorption energy will have the highest activity.
Since malonate compounds have stronger adsorption energies among the three
groups of electron donors, they should also have higher PP activities. Adsorption
energies of 24 electron donors can be used to construct the QSPR model. The
prediction of this model will be more reliable than the model obtained from the

QSAR model of less than 10 compounds.

5.4.3 QSPR Model on the Adsorption Energy

The PLS analyses of equations with one, two, three, four, five, and six
descriptors were performed. The best regression equations with one, two and three
descriptors were listed in Table 12. Also, the correlation matrix between various

descriptors was constructed and used to identify highly correlated descriptors.

Table 12 The best QSPR models on the adsorption energy (E,q) of 24 electron
donors with one, two, three, four, five, and six descriptors shown with the square

correlation coefficient (R') and the square cross-validated value (RZCV).

2 2

Des. | Equations R R cv S F
1 E.qs = 1.8204BE + 6.1337 0.66 | 0.66 | 3.93 | 43.56
2 Eags = 3.4071Rog + 1.2591BE - 3.4834 0.84 | 0.83 | 2.79 | 54.44

3 | Eng = 2.3141Rog + 1.6036Dipole + 0.8552BE 0.84 | 0.83 | 2.61 | 64.00

+ 0.9902

4 | E,gs =1.6711Rog + 1.1580 Dipole + 0.6175BE 083 | 0.82 | 2.61 | 64.00

- 0.0393Hf - 0.4987
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5 | Eags = 1.3356Rog + 0.9255Dipole + 0.4935BE 0.80 | 0.79 | 2.61 | 64.00

- 0.0314Hf - 110.0500HOMO - 20.2945

6 E.qs = 1.0954Rog + 0.7591Dipole +0.4048BE 0.78 | 0.77 | 2.61 | 64.00
- 0.0257Hf - 90.2639HOMO

- 25.8824LUMO-HOMO - 8.1784

* Des. = Descriptor(s) , BE = Forcite bond energy,
Dipole = VAMP dipole moment Y component, Rog = Radius of gyration,
Hf = Heat of formation (VAMP Electrostatics),

HOMO = HOMO energy (DMol3), LUMO-HOMO = LUMO-HOMO energy (DMol3)

Considering the one-descriptor model with the BE descriptor has the squared
correlation coefficient (R') lower than the acceptable value (0.80 [110]) while it has
the squared cross-validated value (chv) exceeding the acceptable value (0.50 [111]).
Thus, the one-descriptor model was excluded. For the two-descriptor model with
the BE and the Rog descriptors, both R® and RZCV of the equation are higher than the
acceptable values, however both of Rog and BE are steric descriptors. The two-
descriptor model still lacks the electronic descriptor. “Cruz and co-workers [83]
studied the catalytic activity of the 25 metallocene catalysts data set by the 3D
QSPR model. That model was used to successfully predict the activity of three
additional catalysts within the experimental error. The study suggested that the
compound which can constitute the stronger LUMO field will have an enhanced
polymerization activity. Finally, we choose three-descriptor model with the BE, the
Rog, and Dipole descriptors. The meanings of descriptors in the best QSPR model
with three-descriptor are 1) the forcite bond energy (BE) reflects the stability of the
molecule due to the atomic alignment (molecular geometry) or molecular stress and

strain 2) The Vamp dipole y (Dipole) indicates the strength of the dipole interaction
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and the orientation of the molecule in the y-direction 3) the radius of gyration (Rog)
represents the spatial distribution of atom in a molecule from its center of mass.
Apart from R® and chv we found the standard deviation (s) of the three-
descriptor model (s = 2.61) is lower than that of the two-descriptor model (s = 2.79)
while the Fisher F statistic value of the three-descriptor model (F = 64.00) is greater
than that of the two-descriptor model (F = 54.44). The lower s and greater F values
suggest the three-descriptor model as the better regression model. Moreover, from
the Table 12, it can be seen that the R® and chv values are not improved when
more descriptors were added for the fitting. This suggests the over fitting for the
models with 4, 5, and 6 descriptors. Additionally, this equation has the value of RZCV
very close to R’ indicating the robustness of the equation. It implies that the statistic

of the equation is not dominated by just a few molecules.
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Figure 13 Relationship between calculated and predicted values of adsorption

energies for the 24 compounds as training set using the best QSPR model.
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The coefficient in front of the descriptor times the descriptor value suggests
the contribution of a particular descriptor to the activity/property. Then, we
calculated the % contribution of the 3 dominant descriptors in our QSPR model. The
results founded that Rog have 50% contribution of the adsorption energy while BE
and Dipole have 34% and 16% contribution, respectively. Hence, the Rog designates
the value of the adsorption energy. It could be seen that the adsorption energy of
the complex between donor and surface as well as the activity of propylene
polymerization by ZN mainly depends on the steric hindrance. Values of these three

molecular descriptors from 24 electron donors were presented in Table 13.

Table 13 List of three dominant molecular properties of 24 electron donors as

training set from the best QSPR model.

Name Rog Dipole BE
A (e A) (kcalVmol)
P1 4.0187 1.1100 8.4526
P3 4.4971 3.4340 9.0536
P4 5.6039 4.1940 8.1278
P5 4.3500 2.8080 8.6669
P6 5.4137 2.4360 9.1858
P8 5.9430 4.2690 8.8689
D1 2.7582 0.5650 1.9831
D2 2.6572 0.3500 2.1213
D3 2.7193 1.1650 2.6761
D4 2.8867 0.2900 6.4599
D5 2.9604 -0.3740 8.2722
D6 3.2288 -0.9530 a4.7067
D7 3.2503 -0.3130 7.9555
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D9 2.9600 0.6170 3.7525
M1 4.5790 2.2080 4.2111
M2 4.9675 1.6890 6.2102
M3 4.9704 3.7620 6.2860
M5 47776 2.5010 10.3581
Mé 4.6386 3.2380 9.9743
M7 4.7066 2.6140 9.6469
M8 4.6493 2.6100 8.4526
M9 3.6357 1.3630 12.8591
M11 3.5660 2.5790 12.1826
M12 3.6165 2.5040 9.2609

Considering the sign of the coefficient which tell the direction for
improvement of the activity/property. Coefficients of all three descriptors have
positive sign signifying that the compound with large values of Rog, BE, and Dipole
will have large adsorption energy and high activity.

In Table 13, Rog and BE values of phthalate and malonate compounds are
comparable, while those of 1,3-diethers are smaller. This signifies the smaller
molecular size of 1,3-diether as compared to other donors. The size of the
compound is also controlled by substituents R; R,, and Rs;. The Rog and BE increase
as the substituent becomes bulkier. Although both Rog and BE give the same trend,
their values arrive from different sources. Dipole values do not follow the same
trend. For phthalate and malonate donors, values of Dipole are comparable, while
they are much smaller for 1,3-diether. Dipole is a vector quantity. The positive sign

also suggests the preferred spatial alignment of atoms in the molecule. As it can be
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noticed compounds D5-D7 have negative Dipole values which are probably due to
the symmetric substitution at R; and R, positions.

Along with Rog, BE and Dipole values of 1,3-diether compounds have lower
adsorption energies and hence lower PP activities. In case of malonate compounds
have somewhat slightly lower Rog, BE and Dipole than phthalate compounds.
Nevertheless, phthalate compounds have very large R; and R, substituents causing
large values of Rog. Thus, the activity of the malonate donor could be improved by
using same substituents for R; and R, as those of the phthalate compound.
In addition, one could also replace n-Bu moiety of the malonates by other
substituents which could also enhance Rog, BE, and Dipole. Therefore, the more
potent electron donor could be yet developed from the malonate compounds than

the other two types of electron donors.

5.4.4 Validation of QSPR Model

As for the five compounds in the test set (P2, P7, D8, M4, and M10), three
dominant descriptors which consist of Rog, Dipole, and BE descriptors were

calculated as displayed in Table 14.

Table 14 The three dominant descriptors were calculated and predicted adsorption

energy for five compounds in the test set from the best QSPR model.

Name Rog Dipole BE Predicted Eads
A (e A) (kcalVmol) (kcalVmol)
P2 3.8162 1.5240 6.2668 17.62
P7 4.3988 1.8640 8.1836 21.16
D8 3.3023 -0.6920 10.0367 16.11
M4 4.8677 2.1450 8.8170 23.23
M10 3.6553 1.4140 13.6253 23.37
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Predicted versus calculated E,q for test set is depicted in Figure 14. The test set has
¢ of 0.77 which indicates the good predictive ability of the model. To justify the
three-descriptor over the two descriptor model, E,y4; of compounds in the test set

were also predicted using the two-descriptor model and the i’ of 0.42 was obtained.

Predicted E, 44 values (kcal/mol)

Calculated E, 44 values (kcal/mol)

Figure 14 The predicted versus the calculated E,4 values for test set using the best

QSPR model.

5.4.5 Suggestions for Potent Electron Donors

Based on the best QSAR model, more potent electron donors particularly for
malonate donors should have all substituents at R;, R, and Rs positions with bulky
groups and more electron-donating groups. As can be observed that the size of the
substituent increases values of Rog and BE are raised. Moreover, the increase of Rog
by changing Rs substitution is more obvious. It should be noted that the substitution
of electron withdrawing group at R, position should be avoided because it will

reduce Dipole. In addition, the electron donating group could help enhance the
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Dipole value as evident by values of Dipole in M11 and M12 compared to M9 and

M10. The potent malonate donors are illustrated in Figure 15.

Ri, Ry Ry should contain more bulky and electron-donating groups

Figure 15 Summary of structure for design new potent electron donors based on

malonate template by our QSPR model.

5.5 QSPR Summary

In this chapter, the QSAR between adsorption energies of 3 groups which
consists of phthalate, 1,3-diether and malonate, groups totally 29 internal electron
donors of the ZN catalyzed propylene polymerization and PP activities was
investigated. From this study revealed that adsorption energies of donors and
catalytic surface show a good correlation with experimental PP activities. Then, QSPR
model between adsorption energies and 47 molecular properties of the 24 electron
donors as training set were sought. The best QSPR model which contains 3 molecular
descriptors, the radius of gyration (Rog), the forcite bond energy (BE), and the Vamp
dipole y (Dipole) has the R°=0.84 and RZCV=O.83. The Rog, BE, and Dipole have the
contribution to the adsorption energy of 50%, 34% and 16%, respectively. Therefore,
the adsorption energy and hence the activity of PP polymerization is more directly
relevant to the steric contribution than the electronic contribution of electron

donors. The accuracy of our QSPR model was assessed by prediction of the test set
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of 5 compounds from three different electron donors groups. We obtained
Rzpredict = 0.77 which indicating a good predictive ability of the model. Moreover,
based on our QSPR model, the malonate group is the most promising template for
preparing potent electron donors. In summary, more potent malonate donors should
have both bulky and electron donating groups for R;, R,, and Rs; substituents.

This work can confirmed that the QSPR technique can be used to design potent

electron donors which saves a lot time and also reduces experimental research cost.
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CHAPTER VI

Mechanistic Study

6.1 Introduction

A catalyst is used to reduce the activation energy for the polymerization process
thereby speeding up the reaction and allowing it to proceed even under mild
conditions [25]. Also, a catalyst does not change the thermodynamics of a reaction,
meaning that the equilibrium remains unchanged. The rate of the reaction is
enhanced as a new and a more favorable reaction pathway is established. For
example, in the absence of the catalyst, ethylene does not undergo polymerization
in mild conditions and requires high-energy particle collisions to react. Hence, the
proportion of different structures formed is reliant on the relative rates of their
formation [112]. In the PP industry, ZN catalysts play a vital role in production;
however, to date the working mechanism of ZN systems have not been understood
completely. An understanding of this behavior would help in designing and
developing catalysts with desirable properties.

Many experimental [8-10, 97, 113-119] and theoretical studies [14, 100, 120-
125] have been carried out to study the mechanism underlying the role of the
electron donors in ZN catalyst of polypropylene. Most of the works have been
focused on ethylbenzoates [15, 116, 120, 126, 127], phthalates[13], succinates[122],
alkoxysilanes [14, 128] and 1,3-diethers [12, 129, 130]. Malonate compounds as
internal electron donor have been reported to be very potent electron donors which
show good activity and high isotacticity [79, 131]. However, there have not been

through studies on the role of this class of electron donors. More importantly, the
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molecular structure of malonate donors is different from phthalates and 1,3-diethers
and hence it could lead to the different mechanism. From the previous studied by
Correa group [122] they analyzed and separated electron donors into two classes.
The first class consists of alkoxysilanes and 1,3-diethers which have a short spacer
between their two oxygen atoms and could be adsorbed only at the MgCl,(110)
surface with chelate mode. The second class contains phthalates and succinates
which could be adsorbed at both the (100) and (110) planes of MgCl, with bridge or
chelate or zip coordination modes due to a longer spacer between the coordinating
O atoms. In this work, we investigated the four possible adsorption modes are mono,
chelate, bridge and zip modes (see Figure 15) for malonate donor on the MgCl, (110)

surface.

a) Mono mode

b) Chelate mode
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c) Bridge mode

d) Zip mode

Figure 16 Four adsorption modes of the malonate donor on the MgCl,(110) surface

(all hydrogens are not shown for purposes of clarity).

From the literature reviews have been reported the regio- and
stereoselectivity of the polymerized product are controlled by the insertion step
[132-134]. Thus, the role of the malonate donors for regio- and stereoselectivity in
the ZN catalyzed propylene polymerization at the propylene insertion step was
investigated. We choose the propylene insertion step for studying due to this step is

the rate determining step [135, 136]. For propylene, there are four possible modes
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of the insertion, the primary (1,2) and the secondary (2,1) both with re and si faces,
as presented in Figure 16. There are different orientation of methyl groups in

propylene monomer.

1,2-si ~N . 12re g

@ .

: ‘ . .
H H

2,1-si 2,1-re

o 0,7 ¢ 0,0

Figure 17 Four possible insertion modes of propylene monomer into a Ti-iBu

growing chain of polypropylene.

From Figure 16 the primary (1,2)-re have the steric interactions between the
alkyl group of growing polymer chain and the methyl group of the propylene

monomer. Therefore, in order to reduce steric interactions in the case of the primary
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(1,2)-re the methyl group trans-oriented to the growing chain was used. We define
the primary (1,2)-re (-) growing chain by following Corradini et al.[137]. They ever
been identified two chiral orientations of the growing chain are (-) and (+) growing

chains. The illustration of (+) and (-) growing chain of the primary (1,2)-re were given

in Figure 17.
(+) growing chain (-) growing chain
of 1,2-re H ) of 1,2-re

- 0N

‘ §
H
H H
H
H H

' H l @ ’ H H

o %

Figure 18 The primary (1,2)-re insertion of propylene monomer to a Ti - (+)/(-) iBu

growing chain.

From our QSPR model suggested that the malonate group is the most
promising template for designing potent electron donors. Thus, Knowledge about
basic principles of the roles of malonate donors on activity and stereoselectivity for
polypropylene Ziegler-Natta catalyst were necessary to investigate. In this chapter,
adsorption modes of malonate donors on MgCl,(110) surface were studied. The
di-n-butyl 2-cyclopentyl malonate was selected to represent malonate donors since
the compound gave a reasonably high activity.[79] Moreover, the kinetics of the ZN
catalyzed propylene polymerization reaction in the presence and absence of the
malonate donor through the primary (1,2)-si, the primary (1,2)-re, the secondary (2,1)-

si and the secondary (2,1)-re insertion steps were investigated using DFT calculations.
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6.2 Models and Computational Details

6.2.1 Four Adsorption Mode of Malonate Donor

Many theoretical studies have reported that the interaction of TiCly with the
MgCl,(110) face is strong[138, 139] while that with MgCl, (100) and (104) faces are
weak.[123, 140] Therefore, the MgCl,(110) lateral plane was selected over (100) and
(104). Also, the interaction between the Lewis bases and the MgCl, support
noticeably indicates that the electron donor could stabilize the(110) greater than
the(104) MgCl, surface.[100] The cluster was represented by Mg;;Cl,s to model the
Corradini site(110).[141] Thus, the [Mg;3Cl,.CL,Ti] cluster model was used for the pre-
activated MgCl,(110) surface. Four possible adsorption modes, i.e., mono, chelate,
bridge and zip of the di-n-butyl 2-cyclopentyl malonate donor displayed in Figure 15,
were investigated. In addition, the positions of atoms of the MgCl, cluster were kept
fixed. Assuming that atoms on the surface present a structure close to that in the
bulk of the crystal, the Mg-Cl distances and all the Cl-Mg-Cl angles were set to X-ray
values of 2.49 A and 900, respectively.[142] Besides, the A-MgCl,(110) surface has
been selected for the studies, with the distance of 5.9 A between the layers as
suggested by Vanka and co-worker.[13] Adsorption energies have been obtained using
the DFT method with B3LYP-D3 functional[143] and 6-31G(d, p) basis set for C, H, O,
Mg and Cl, and LANL2DZ basis set and ECP function for Ti atom.[144] All calculations

were carried out using the GAUSSIANO9 package.[145]

The adsorption energy of malonate donor, represented as E.y is calculated from

equation (6.1)

E.gs = E (complex) - [E( surface) + E(donor)] (6.1)
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Where E,y is the adsorption energy of malonate donor, E(complex) is the energy of
the complex formed by the malonate donor coordinating to the TiCly/MgCl,(110)
cluster, while E(surface) and E(donor) are energies of the TiCly/MgCl,(110) cluster and

the malonate donor compound, respectively.

6.2.2 Reaction Model Without Electron Donors

The growing chain was modeled by isobutyl (iBu) since it is the minimal unit
which can describe the growing chain as suggested by Taniike et al.[15]. The small
alkyl group such as methyl (CH5-Ti) does not have sufficient repulsion with the bulky
ligand, leading to the lower stereoselectivity as compared to isobutyl (iBu-Ti) [15].
The stereoselectivity of the propylene insertion into /Bu-Ti is similar to those of the
polypropylene growing chain as observed by e NMR[6, 146]. Therefore, the
[Mgy3Cly.CLLTi-Bu] was employed for the active surface model [122]. For the
titanium atom has the +3 oxidation state and contains one unpaired electron.
Consequently, doublet spin state was set for the calculations and spin-unrestricted
calculations for the open shell systems have been carried out throughout this
investigation using DFT calculations at the same level of theory as those in section
6.2.1. We have calculated the vibrational frequencies for confirming the transition
state. In addition, the top four MgCl, units involved in donor and Ti coordination

were relaxed. The remaining MgCl, units were frozen at the bulk MgCl, value[147].

6.2.3 Reaction Model With Malonate Donor

We use the same set up as in section 6.2.2 for the study of the reaction with
malonate donor. However, the active surface was modeled from the adsorption
complex between [Mg;3Cl,.CL,Ti-Bu] surface and di-n-butyl 2-cyclopentyl malonate

obtained from 6.2.1. Only the structure that yields the lowest adsorption energy
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where the malonate donor is coordinated close to the growing chain and the active

Ti atom was selected.

6.3 Results and Discussion

6.3.1 Favorable Adsorption Mode of Malonate Donor

The adsorption energies (E,4) and their energy components, the main
interatomic distances for the di-n-butyl 2-cyclopentyl malonate adsorbed on the pre-

activated MgCl, (110) surface were given in Table 15 and Table 16, respectively.

Table 15 Calculated adsorption energy (E,gs, kcal/mol) and their energy components

of di-n-butyl-2-cyclopentyl malonate adsorbed on the pre-activated MgCl, (110)

surface.
E(complex) E(surface) E(donor) Eads
Name
(au) (au) (au) (kcal/mol)

Mono -17395.3414 -16467.6573 -927.6025 -51.19
Chelate -17395.3633 -16467.6573 -927.6002 -66.38
Bridge -17395.3166 -16467.6528 -927.5951 -43.08
Zip -31963.9687 -31036.3328 -927.6048 -19.48

Adsorption energies of the mono, the chelate, the bridge, and the zip
coordination modes of the di-n-butyl 2-cyclopentyl malonate donor adsorbed to the
pre-activated MgCl, (110) surface are -51.19, -66.38, -43.08, and -19.48 kcal/mol,
respectively. When comparison of the mono coordination mode with chelate, bridge
and zip coordination modes. The calculations from Table 15 indicated that the

chelate coordination mode was the most favorable adsorption mode.
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Table 16 The main interatomic distances for the di-n-butyl-2-cyclopentyl malonate

adsorbed on the pre-activated MgCl, (110) surface.

Coordination Ry R>

Mode

R, = Cyclopentyl, R, =H

Interatomic distance (A)

=0;...Mg =0,...Mg -Os-...Mg -04...Mg
Mono 2.15 5.07 4.52 5.13
Chelate 2.07 2.11 4.17 4.08
Bridge 2.51 2.43 5.36 412
Zip 6.02 5.86 5.34 a7

From Table 16, the coordination modes of mono, chelate, and bridge modes have
distances between oxygen and Mg atoms of surface are 2.07-2.51 A for the carbonyl
0,/0, and 4.08-5.36 A for the ether 03/Q4. For the bridge mode, the O, atom
coordinates with another Mg atom on the surface, see Figure 15. Thus, the malonate
donor uses carbonyl oxygens to coordinate with the MgCl, (110) surface. This is
reasonable since not only the ether oxygen has less electron density but there are
also lots of steric hindrance between the ether moiety and the surface. For the zip
coordination, the 0,/0, to Mg distances are larger than 5 A. This suggests that the
donor molecule does not bind to MgCl,(110) surface. In addition, the zip
coordination mode is impossible because the malonate donor has the distance of
3.10 A between two coordinating carbonyl oxygens while the distance between

neighboring adsorption sites on the MgCl,(110) surface is 6.36 A.
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6.3.2 Ziegler-Natta Reaction Without Electron Donor

The results of our calculations are given in Table 17 and 18. The Tt-complex
formation energy (AE,) in Table 17 denotes the energy gained due to complexation
of the propylene to the Ti(lll) catalyst center on the MgCl, surface. It was computed
from the relative energy of the Tl-complex with respect to the sum of the energies
of a separated monomer and an active site. For AErs refers to the difference in
energy between the transition state and the Tt-complex and AEproduct refers to the
difference in energy between the product and the TT-complex (or reactant complex).
And the intrinsic activation energy (Ea) obtained from the difference between
energies of the four-membered ring transition state and the TT-complex.

Despite similar structures for 1,2-re- and 1,2-si insertion, the energetics of
propylene insertion was different from each other. The activation energy for re-
insertion (6.52 kcal/mol) was much higher than that for si-insertion (4.28 kcal/mol).
However, the TT-complex and the final product from re-insertion more stable than
that of si-insertion by 2.47 and 3.39 kcal/mol, respectively, as can be seen in

Table 17. This overall energetics indicates that the re-insertion more favorable rather

than the si-insertion in the first insertion step.
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Table 17 The Tt-complex formation energy (AE,), The energy difference between
the transition state and the Tt complex (AE+s), and The energy difference between

the product and the Tt complex (AEproduct), and the intrinsic activation energy (Ea)

when absence malonate donor.

Type of insertion AE7t AETS Ea AEproduct

(kcalVmol) | (kcalVmol) | (kcal/mol) | (kcal/mol)

Primary insertion (1,2)

si face -30.68 -26.40 4.28 -39.88

re face -33.15 -26.63 6.52 -43.27

Secondary insertion (2,1)

si face -30.72 -24.05 6.67 -40.88

re face -30.10 -24.23 6.87 -44.84

The energy difference between the primary (1,2) and secondary (2,1) insertion
of propene into the Ti-iBu bond at transition states can indicate the regioselectivity
of this active site. And the energy difference between two enantiofaces (si and re
faces) of transition states structures can also indicate the stereoselectivity of this
active site. From the Table 18, the small energy difference between the two
transition states, 0.2 kcal/mol, indicates that there is no preference for one of the
two propene enantiofaces (nonstereoselective). Moreover, two transition states of
the secondary (2,1) insertion are about 2.4-2.6 kcal/mol which higher in energy
relative to the transition states of primary (1,2) insertion. Therefore, the primary (1,2)
insertion take place more easily than the secondary (2,1) insertion. These theoretical
results were in good qualitative agreement with other theoretical results [13, 122,

148, 149]. Furthermore, it was notable that the transition state structure exhibit a
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strong Ql-agostic interaction which is obvious from an elongated Cq-Hg bond distance

(1.14 A) as compared with the normal C-H bond distance (1.10 A).

Table 18 The relative barriers of the insertion step of ZN catalyzed propylene
polymerization in the absence of the electron donor together with values of TS

imaginary frequencies.

Type of insertion Relative barriers* | TS imaginary frequency

(kcal/mol) (cm ™)

Primary insertion (1,2)

si face 0.2 -355.98

re face 0.0 -371.62

Secondary insertion (2,1)

si face 2.6 -423.34

re face 2.4 -494.94

* the relative insertion barriers for the four cases, with the lowest insertion barrier

(that of the re-primary insertion) taken as 0.0 kcal/mol.

Relative energy profile in kcal/mol for PP primary and secondary (both re and si

faces) insertion into Ti-C bond when absence malonate donor is shown in Figure 19.

This graph use relative energy of Tl-complex with respect to the sum of the energies

of a separated propylene monomer and an active site.



74

-20
e 1, 25
— 1, 2-1E
- - i ,
= 25 f“ ‘ e 7, 151
O S —
E a"ﬂ“.:. ‘]"l:. —2,1—!’(—:’
ae® ot ¢
b * ..‘ #‘.‘
< -30 & R
Y = %
— . “?"
2 P
o135 X
] 5%
c %
W -
S 40 E X a—
= "'-;_
= —

Reaction coordinate

Figure 19 Relative energy profiles (kcal/mol) for PP primary and secondary (both re

and s/ faces) insertion into Ti-C bond when absence malonate donor.

6.3.3 Influence of Malonate Donor on Ziegler-Natta Reaction

From the adsorption energy calculations revealed that the chelate
coordination mode was the most stable coordination mode. Consequently, we
investigate the effect of adsorbed malonate donor in chelate mode on the activity,
the stereo-, and regio-selectivity of the active site created on the MgCl, (110) surface
by performed calculation for the propylene insertion. The results of our calculations
were collected together in Table 19 and 20. In our case, only one molonate donor
was coordinated close to the active Ti atom and also close to the growing chain
used set up the model. We found that the primary insertion(1,2) was stereoselective,

while the secondary(2,1) insertion was nonstereoselective which in line with Correa
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et al. [150] were proposed. If the situation with the growing chain close to the donor

more stable, an isotactic polypropylene will be produced [150].

Table 19 The Tt-complex formation energy (AE,), The energy difference between
the transition state and the T complex (AE+s), and The energy difference between

the product and the TU complex (AEp,oduct), and the intrinsic activation energy (Ea)

when presence malonate donor.

Type of insertion AETC AETS Ea AEproduct

(kcal/mol) | (kcalVmol) | (kcal/mol) | (kcal/mol)

Primary insertion (1,2)

si face -40.94 -38.48 2.46 -52.66

re face -42.55 -36.97 5.59 -51.52

Secondary insertion (2,1)

si face -41.15 -35.72 5.43 -52.46

re face -42.37 -35.66 6.71 -56.52

From Table 17 and 19, we found the AE,; for insertion reactions with the di-
n-butyl 2-cyclopentyl malonate was lower than without donors in all cases of

insertions. Hence, the first role of malonate donor was observed it can be stabilized

the Tl-complex. Also, we observed that the TT-complex for 1,2-re insertion was the
most stable this situation similar to the insertion reactions without electron donors.
This situation can be also explained by the steric interaction between the methyl
group of the propylene and the alkyl moiety of the catalyst. Nevertheless, the

stabilization owing to the coordination with the malonate donor also plays roles in

the stability of the TT-complex. Besides, the TT-complex for the secondary (2,1)-re
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insertion has a comparable stability to that for the primary (1,2)-re insertion. This is
probably due to the position of the adsorbed malonate donor. Thus, the re face
insertion is better stabilized by the electron donor. The same reasoning could be as
well applied to the stability of the TS of the insertion reaction.

The primary insertion(1,2) with the molonate donor has lower activation energy
(E,) than the secondary(2,1) insertion with the molonate donor. Moreover, the large
difference between the activation energy for propylene insertion of 1,2-si and 1,2-re
complexes while the small difference between the activation energy for propylene
insertion of 2,1-si and 2,1-re complexes were observed. When comparison of the
corresponding E, values in the absence and presence of malonate donor (Tables 17
and 19) revealed that the coadsorption of malonate donor decreased the Ea values.
Thus, coadsorption of malonate donor can convert the aspecific Ti mononuclear
species (non-stereoselective, Table 18) into isospecific one (stereoselective, Table 20)

by sterically controlling the orientation of the growing chain at the transition state.

Table 20 The relative barriers of the insertion step of ZN catalyzed propylene
polymerization in the presence of the di-n-butyl 2-cyclopentyl malonate donor

together with values of TS imaginary frequencies.

Type of insertion Relative barrier* TS imaginary frequency

(kcal/mol) (em™)

Primary insertion (1,2)

si face 0.0 -336.28

re face 1.5 -343 56

Secondary insertion (2,1)

si face 1.2 -445.79

re face 1.3 -527.05
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* the relative insertion barriers for the four cases, with the lowest insertion barrier

(that of the si-primary insertion) taken as 0.0 kcal/mol.

The relative barriers of the insertion step of ZN catalyzed propylene
polymerization in the presence of the malonate donor together with values of TS
imaginary frequencies is given in Table 20. Also, only one imaginary frequency was
obtained for each TS structure of the four kinds of insertion by malonate donor.
From Table 20, the 1,2-re has the highest relative barriers which can be explain by
steric interactions between the methyl group of the propene close to the malonate
donor.

Energy profile in kcal/mol for PP primary and secondary (both re and si faces)

insertion into Ti-C bond when presences malonate donor is presented in Figure 21.

This graph use relative energy of Tl-complex with respect to the sum of the energies
of a separated propylene monomer, an active site, and malonate donor.
The transition states structures for primary and secondary propene insertion (both re
and si faces) with malonate donor in chelate mode into the Ti-Bu bond of this

model are displayed in Figure 20 and 21.



78

30— ,
&+
ve,.o"

35— . &
= ‘% e @ .’. w—,2-5]
o] o .
= ‘oQ, «_a | J— w—,2-re
S 40 “w@® 0 | e
= @ r w2, 1-si
_&’ ‘..Q © __..-;.-_'.:-.'__,.—'-
- ".:':'J" -K’ w—2, 1-re
ey 45 '-’ %
S
Q
c
L
v 50
>
—
By
U
. .55+

60

Reaction coordinate

Figure 20 Energy profiles (kcal/mol) for PP primary and secondary (both re and si

faces) insertion into Ti-C bond when presence malonate donor.

From Table 20, the relative insertion barriers for the primary (1,2)-si and
insertion was 1.2 and 1.3 kcal/mol more stable than those for the secondary (2,1)-si
and -re, respectively, while it is 1.5 kcal/mol more stable than that for the primary
(1,2)-re (see Table 20).

While the steric interaction between the methyl group of propylene and the
alkyl moiety of the catalyst destabilizes the TSs of the secondary (2,1)-re and -si
insertion, the repulsion between the propylene and the malonate donor in the
primary (1,2)-re insertion raises its TS energy. For in case of the primary (1,2)-re
insertion can be clarified by steric effect of the chelate-coordinated malonate donor

and the propylene monomer as can be seen in Figure 21. Moreover, we observed
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the energy difference between the TSs for the secondary (2,1)-si and -re propylene
insertion to be just 0.1 kcal/mol, which signifies the secondary (2,1) insertion to be
nonstereoselective. The TSs of the secondary (2,1)-re and -si are less hindered by the
donor as shown in Figure 20. The presence of the malonate donor in the chelate
mode favors the primary (1,2)-si insertion similarly to cases for the zip[13] and the
bridge[122] coordination modes. Hence, co-adsorption of the di-n-butyl 2-cyclopentyl
malonate converts the aspecific (nonstereoselective) Ti mononuclear species into
isospecific (stereoselective) one by sterically controlling the orientation of the
growing chain at the transition state. This finding is in line with DFT calculations for
phthalate donor by Vanka et al.[13], for ethyl benzoate donor by Taniike et al.[15]
for succinate donor by Correa et al.[122] and in agreement with the temperature
rising elution fractionation (TREF) experiment of polypropylene where it was found
that the inclusion of the electron donor causes the ZN catalyst to be moderately

isospecific[79].
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Figure 21 Steric effect of the chelate-coordinated malonate donor at the transition
state on the primary (1,2)-re insertion: the repulsion between the propylene and the

malonate donor.
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Finally, we also founded that the di-n-butyl 2-cyclopentyl malonate reduces
the intrinsic activation energy (E,) of the insertion step. Thus, the influence of the
malonate donor on the activity was the result of the electron transfer from the
malonate donor to the MgCl,(110) surface as evident by the enhancement of charge
density of the Ti species on the MgCl, (110) surface as can be seen in Table 22.
This observation is in agreement with periodic calculations by Taniike et al.[126]
Since the donor sits beside Ti species, the donor with the larger substituents will
yield the more stereoselective catalyst. Therefore, the potent electron donor should

provide electron to Ti species to enhance the activity.

Table 21 Comparison of transition state structure of the Ti active ZN catalyst when
absence and presence of malonate donor and their charge transfer through the

MgCl,(110) support.

Mulliken Charges

Transition state structure Ti Mg o1 02

Absence malonate donor
with the lowest relative -0.119 0.408 - -

insertion barrier (1,2-re)

Presence malonate donor.
with the lowest relative -0.125 0.330 -0.420 -0.417

insertion barrier (1,2-s/)
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6.4 Mechanistic Study Summary

The conclusion from this chapter, we founded that the malonate donor
preferable coordinates to the MgCl,(110) surface of ZN catalyst in the chelate mode.
When absence of the malonate donor, the ZN catalyst was regioselective in favor of
the primary (1,2) insertion but nonstereoselective. Hence, the regioselectivity was
controlled by the steric repulsion between the methyl group of propylene and the
alkyl moiety of the catalyst. When the presence of the malonate donor, it was found
that the ZN catalyst was both stereo- and regioselective. In case of regioselectivity
with malonate donor can clarified by similar as in the case without donor. However,
in case of the stereoselectivity was elucidated by the steric hindrance between the
propylene and the malonate donor. There is less steric repulsion between the
propylene and the malonate donor in the primary (1,2)-si insertion and, hence, the
reaction proceeds in the direction of this insertion mode. Moreover, we found that
the malonate donor reduces the intrinsic activation energy by the electron transfer
to the Ti species (more negative charge) on the MgCl, support. Therefore, the role of

the malonate donor is clearly seen.
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CHAPTER VII CONCLUSIONS

Electron donors play an important role in the Ziegler-Natta catalyzed
propylene polymerization. Consequently, a main goal for improvements of ZN
catalysts is to find more potent electron donors. Therefore, relationships between
the activity/property and the electron donor structures were investigated by using
the QSAR/QSPR techniques. The statistical coefficients (R2 and RZCV) of QSAR/QSPR
models show good relationships between activities and molecular properties with
good predictive power for Ziegler-Natta polypropylene catalysts. From all three QSAR
models of 3 groups of compounds which obtained from different experiments,
phthalates, 1,3-diethers and malonates donors showed satisfactory statistical quality
and good predictive abilities as show the R*>0.93 and RZCV>O.84. However, the usages
of QSAR models obtained were limited because the number of compounds in each
group is rather small and not sufficient to divide into training and test sets. Hence,
the prediction could be improved if number of compounds is large enough. In this
work, we use the adsorption energies of electron donors to catalyst surface which
related to the experimental PP activities for construct QSPR model. We divided the
data set of electron donors into a training set containing 24 compounds used for
model development and a test set of 5 randomly selected compounds from 3
different groups for model validation. The QSPR model between donor-surface
adsorption energies shows high correlation (R2=O.84, chv = 0.83, Rzpredict = 0.77).
Moreover, the QSPR model suggested that the steric effect (84%) which obtained the
radius of gyration (50%), and the forcite bond energy (34%) has more contributions to
the catalyst activity than the electronic effect (dipole moment, 16%). Among three
groups of electron donors, malonate compounds possess the strongest binding
affinity to the catalyst surface and hence are the most promising template for
preparing potent electron donors. Based on our QSPR model, potent malonate

donors should have both bulky and electron donating groups for Ry, R,, and R,
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substituents. Lastly, the roles of malonate donor were investigated by DFT using
B3LYP-D3 calculations. Adsorption energy calculations revealed that malonate
compound on the TiCly/MgCl,(110) surface was preferred in the chelate mode over
mono, bridge, and zip modes. From main results obtained in mechanistic studied the
roles of the malonate donor is evidently seen by in the presence of the malonate
donor, the ZN catalyst is both stereo- and regioselective. For that reason the
stereoselectivity is elucidated by the steric hindrance between the propylene and
the malonate donor and the regioselectivity is controlled by the steric repulsion
between the methyl group of propylene and the alkyl moiety of the catalyst.
Furthermore, with malonate donor, the reaction for primary or 1,2-si is favored and
hence, the reaction proceeds in the direction of this insertion mode. In addition, we
found that the malonate donor also stabilized the transition state structure by
transferring electrons to Ti resulting in the reduction of the activation energy and
hence the catalyst becomes more active.

In conclusion, the results from QSPR model and mechanistic studied gave
good agreement the catalyst activity of propylene polymerization mainly depended
on steric effect. Our theoretical investigation is highly consistent with experiments
and previous theoretical results and this research provided the valuable information
for molecular design of better electron donors to yield highly isotactic polypropylene

which save time and experimental costs
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APPENDIX-A

Table Al Input molecular properties of QSPR model analysis.

Methoxy Butyl Ethyl lsobutyl  Isopropyl  Methyl Propyl
(Fragment (Fragment (Fragment (Fragment (Fragment (Fragment (Fragment
Donor Counts) Counts) Counts) Counts) Counts) Counts) Counts)
P1 0 0 0 0 0 0 0
P3 0 2 a4 0 0 a4 2
Pd 0 2 2 0 0 2 2
P5 0 0 0 2 2 a4 0
P6 0 0 0 7 2 a4 0
P8 0 0 0 2 2 a4 0
D1 2 0 0 0 0 2 0
D2 2 0 0 0 0 3 0
D3 2 0 0 0 0 4 0
D4 2 0 0 0 0 6 0
D5 2 0 0 0 2 6 0
D6 2 0 2 0 0 a4 2
D7 2 0 0 2 2 6 0
D9 2 0 0 0 0 2 0
M1 0 2 2 0 0 2 2
M2 0 2 2 0 0 3 2
M3 0 2 2 0 0 2 2
M5 0 2 2 0 0 2 2
M6 0 2 4 0 0 a4 2
M7 0 2 2 0 0 2 2
M8 0 4 4 0 0 4 a4
M9 0 0 2 0 0 2 0
M11 0 0 2 0 0 3 0
M12 0 0 2 0 0 2 0
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Table A1 Input molecular properties of QSPR model analysis (con’t).

Total molecular Molecular area Molecular volume
Cyclohexane mass (Atomistic (VAW area) (vdW volume)
Donor (Fragment Counts) Descriptors) (Spatial Descriptors)  (Spatial Descriptors)
P1 2 330.424 388.2381 318.3656
P3 0 390.564 513.7978 409.2019
P4 0 390.564 522.6805 410.2128
P5 0 278.348 350.2051 274.7323
P6 0 362.510 478.6491 375.9589
P8 0 418.618 562.0794 442.6283
D1 0 104.149 158.0200 113.3358
D2 0 118.176 179.0118 130.4929
D3 0 132.203 196.6395 147.1442
D4 0 174.284 247.7814 196.6577
D5 0 188.311 264.0508 213.2042
D6 0 188.311 278.2692 214.2932
D7 0 216.365 315.5442 248.0816
D9 0 172.268 239.5806 185.4034
M1 0 216.277 293.2051 219.5355
M2 0 230.304 313.4778 237.1220
M3 0 242.315 318.9370 2449146
M5 0 256.342 337.8499 260.4916
Mé 0 272.385 368.2985 286.7648
M7 0 284.396 378.1584 293.4801
M8 0 328.493 455.4640 354.2877
M9 0 246.278 296.0774 230.4086
M11 0 242.315 305.4217 242.4994
M12 0 228.288 291.4950 226.0303
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Table A1 Input molecular properties of QSPR model analysis (con’t).

Atom count Element count
Molecular density Radius of gyration (Atomistic (Atomistic
Donor  (Spatial Descriptors)  (Spatial Descriptors) Descriptors) Descriptors)
P1 1.0379 4.0187 50 20
P3 0.9545 4.4971 66 24
P4 0.9521 5.6039 66 24
P5 1.0132 4.3500 42 16
P6 0.9642 5.4137 60 22
P8 0.9458 5.9430 72 26
D1 0.9189 2.7582 19 5
D2 0.9056 2.6572 22 6
D3 0.8985 2.7193 25 7
D4 0.8862 2.8867 34 10
D5 0.8832 2.9604 37 11
D6 0.8788 3.2288 37 11
D7 0.8722 3.2503 43 13
D9 0.9292 2.9600 32 10
M1 0.9852 4.5790 35 11
M2 0.9712 4.9675 38 12
M3 0.9894 4.9704 39 13
M5 0.9841 4.7776 42 14
Mé 0.9499 4.6386 a7 15
M7 0.9690 4.7066 48 16
M8 0.9272 4.6493 59 19
M9 1.0689 3.6357 36 12
M11 0.9992 3.5660 39 13

M12 1.0100 3.6165 26 12




Table A1 Input molecular properties of QSPR model analysis (con’t).

Donor

Principal moments

of inertia
(magnitude)
(Spatial

Descriptors)

Principal moment

of inertia X
(Spatial

Descriptors)

Principal moment

of inertia Y (Spatial

Descriptors)

Principal moment

of inertia Z
(Spatial

Descriptors)

P1
P3
P4
P5
P6
P8
D1
D2
D3
D4
D5
D6
D7
D9
M1
M2
M3
M5
M6
M7
M8
M9
M11
M12

5111.1540
7714.2190
12177.5300
4640.3780
10314.9600
14979.6500
774.6049
676.8947
786.2871
1192.4130
1416.6520
1703.9930
2023.5680
1302.2050
4284.2910
5420.4140
5721.1970
5543.5490
5691.3460
5818.6700
6735.0260
2630.2604
2671.7237
2580.0561

1969.3430
2809.4840
3894.7120
1078.8050
2457.9680
4744.8700
67.1008
194.6458
303.1326
589.7524
604.4416
825.5802
929.5988
453.1223
601.2599
288.9071
324.3324
409.4737
649.7478
1207.3080
1500.6940
997.1116
981.6454
953.8792

2490.5940
4485.6000
6510.1090
2909.8640
6331.7840
7999.2950
524.3691
403.5960
418.1427
604.6508
874.5208
910.9765
1135.7140
751.4633
2782.5920
3779.4280
3910.1150
3836.4100
3937.1140
3638.8090
4498.9670
1366.6247
1403.2654
1326.3293

4005.3120
5612.0730
9525.8590
3449.9250
7763.0800
11742.5500
566.1689
507.3556
592.8868
841.6881
936.3588
1179.8870
1393.1360
962.1440
3201.6900
3874.7060
4163.8810
3980.6070
4058.1260
4377.0300
4782.0270
2014.0445
2050.6892
19969112
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Table A1 Input molecular properties of QSPR model analysis (con’t).

Total energy

Electronic energy

Heat of formation

HOMO eigenvalue

(VAMP (VAMP (VAMP (VAMP
Donor Electrostatics) Electrostatics) Electrostatics) Electrostatics)
P1 -4201.9310 -33047.8900 -175.8403 -10.1236
P3 -4879.6470 -43104.3000 -197.5476 -10.2305
P4 -4880.0830 -39909.3600 -207.6093 -10.2771
P5 -3633.6430 -24406.3500 -158.3285 -10.1441
P6 -4568.4620 -35629.1500 -195.0456 -10.1499
P8 -5191.5030 -44057.7200 -215.5503 -10.2864
D1 -1446.8770 -5893.9060 -104.0479 -10.4507
D2 -1602.3760 -1372.3480 -103.1524 -10.3330
D3 -1758.0100 -8843.4620 -105.3479 -10.3183
D4 -2224.6260 -13898.0300 -105.4080 -10.2952
D5 -2380.4500 -15667.8400 -112.0204 -10.2472
D6 -2381.0990 -15111.1800 -126.9774 -10.3531
D7 -2691.7830 -19153.4300 -117.9533 -10.3036
D9 -2197.7860 -13203.4400 -116.2781 -10.2399
M1 -2967.2840 -16440.3500 -206.3821 -11.2994
M2 -3122.9300 -18211.2800 -208.8824 -11.1778
M3 -3249.4070 -19635.7500 -168.5454 -11.1254
M5 -3405.5290 -21941.1100 -182.0094 -10.9926
M6 -3589.6980 -24808.8300 -212.4340 -10.9064
M7 -3718.1590 -25920.5400 -217.8668 -11.0969
M8 -4213.0050 -33726.5800 -239.0888 -10.8388
M9 -3565.8846 -21966.5101 -227.6133 -11.0167
M11 -3250.4196 -21524.5844  -191.8953 -10.9250
M12 -3094.9893 -19155.1466 -194.3762 -11.0954
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Table A1 Input molecular properties of QSPR model analysis (con’t).

LUMO Molecular
eigenvalue surface area Total dipole Dipole x
(VAMP (VAMP (VAMP (VAMP

Donor Electrostatics) Electrostatics) Electrostatics) Electrostatics)

P1 -0.4866 390.0814 2.7020 1.4480
P3 -0.6724 514.2071 6.1470 -2.3300
P4 -0.6096 524.6824 5.1020 -1.3900
P5 -0.4703 351.0854 3.6650 0.3220
P6 -0.5923 477.5395 3.7100 -0.0720
P8 -0.6160 563.9319 4.9530 -1.8530
D1 2.8985 159.7732 1.7720 -1.5130
D2 3.0907 180.3738 2.0900 -2.0450
D3 3.0229 199.8834 2.0410 -1.4830
D4 3.0051 248.8046 2.0150 -1.9250
D5 2.7748 265.4429 1.1660 -0.4670
D6 2.8694 277.6669 1.6910 -1.2310
D7 2.6800 315.9147 1.3440 0.8390
D9 2.9364 237.9783 2.1030 -1.7890
M1 0.8168 292.8988 29120 -1.8020
M2 0.8513 316.4191 2.1810 1.3800
M3 0.8120 320.2358 4.3110 0.2890
M5 1.0139 338.6166 3.3120 1.7080
M6 1.0244 369.6437 4.1220 0.1000
M7 09121 380.7596 3.3700 -0.9450
M8 0.9728 457.0896 3.4140 1.2320
M9 0.6994 295.2733 1.8650 -0.2740
M11 1.0175 305.0293 3.4580 -0.9320

M12 0.9320 291.9105 3.2800 -0.8570
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Table A1 Input molecular properties of QSPR model analysis (con’t).

Dipole y Dipole z
(VAMP (VAMP Total energy Binding energy
Donor Electrostatics) Electrostatics) (DMol3 Molecular)  (DMol3 Molecular)
P1 1.1100 -1.9920 -1069.7640 -9.9435
P3 3.4340 -4.5350 -1227.8570 -12.4424
P4 4.1940 -2.5520 -1227.8520 -12.4371
P5 2.8080 -2.3330 -916.2621 -8.2129
P6 2.4360 -2.7970 -1149.9630 -11.3898
P8 4.2690 -1.6950 -1305.7550 -13.4990
D1 0.5650 0.7280 -345.3272 -3.2203
D2 0.3500 -0.2510 -384.2739 -3.7463
D3 1.1650 -0.7800 -423.2272 -4.2789
D4 0.2900 -0.5190 -540.0727 -5.8624
D5 -0.3740 -1.0010 -579.0209 -6.3900
D6 -0.9530 0.6610 -579.0261 -6.3952
D7 -0.3130 -1.0020 -656.9120 -7.4398
D9 0.6170 -0.9160 -538.9171 -5.6623
M1 2.2080 -0.5970 -726.2111 -6.4431
M2 1.6890 0.0420 -765.1613 -6.9727
M3 3.7620 -2.0870 -802.9074 -7.2536
M5 2.5010 -1.3400 -841.8588 -7.7844
Mé 3.2380 -2.5500 -882.0039 -8.5533
M7 2.6140 -1.9050 -919.7906 -8.8748
M8 2.6100 -1.8230 -1037.8090 -10.6755
M9 1.3630 -1.2430 -862.6670 -6.8008
M11 2.5790 -2.1060 -802.9448 -7.2911

M12 2.5040 -1.9370 -7163.9951 -6.7620
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Table A1 Input molecular properties of QSPR model analysis (con’t).

HOMO energy

(DMol3 LUMO energy LUMO-HOMO energy Total dipole
Donor Molecular) (DMol3 Molecular) (DMol3 Molecular) (DMol3 Molecular)
P1 -0.2255 -0.0839 0.1416 1.2623
P3 -0.2153 -0.0929 0.1225 23716
P4 -0.2237 -0.0886 0.1351 1.9382
P5 -0.2260 -0.0829 0.1432 1.5226
P6 -0.2268 -0.0920 0.1348 1.5167
P8 -0.2240 -0.0890 0.1350 1.8869
D1 -0.2057 0.0500 0.2557 0.6536
D2 -0.1987 0.0399 0.2385 0.7139
D3 -0.1984 0.0410 0.2394 0.6550
D4 -0.1999 0.0347 0.2345 0.7252
D5 -0.2035 0.0384 0.2420 0.3884
D6 -0.2037 0.0403 0.2441 0.7282
D7 -0.2086 0.0322 0.2408 0.5848
D9 -0.1970 0.0410 0.2380 0.6687
M1 -0.2338 -0.0440 0.1899 1.2314
M2 -0.2306 -0.0459 0.1847 0.7272
M3 -0.2151 -0.0361 0.1791 1.7096
M5 -0.2220 -0.0426 0.1794 1.0438
M6 -0.2157 -0.0387 0.1770 1.4488
M7 -0.2262 -0.0465 0.1797 1.3559
M8 -0.2250 -0.0379 0.1870 1.0588
M9 -0.2297 -0.0543 0.1754 0.7599
M11 -0.2224 -0.0425 0.1799 1.2659

M12 -0.2270 -0.0481 0.1789 1.3225




108

Table A1 Input molecular properties of QSPR model analysis (con’t).

Dipole x Dipole y
(DMol3 (DMol3 Dipole z Total energy

Donor Molecular) Molecular) (DMol3 Molecular)  (Forcite Energetics)
P1 0.8647 0.4324 -0.8116 50.8149
P3 -0.7317 1.1987 -1.9111 145.8020
P4 -0.2352 1.6351 -1.0138 120.3419
P5 0.3650 1.0874 -1.0013 77.9906
P6 0.1699 0.9064 -1.2041 48.5579
P8 -0.4231 1.7039 -0.6916 64.6455
D1 -0.5571 0.1848 0.2875 6.8050
D2 -0.7057 0.0437 -0.0981 36.5093
D3 -0.4460 0.4485 -0.1700 37.5068
D4 -0.7102 -0.0844 -0.1202 37.9030
D5 -0.1176 -0.2592 -0.2642 74.9133
D6 -0.4614 -0.5086 0.2423 73.9923
D7 0.4445 -0.2403 -0.2943 33.6166
D9 -0.6001 0.0778 -0.2846 63.1020
M1 -0.6867 0.9954 -0.2323 -24.8617
M2 0.4315 0.5853 0.0064 52.5953
M3 0.0659 1.4761 -0.8600 395.2334
M5 0.6534 0.7091 -0.3998 199.7786
Mé 0.1451 1.1083 -0.9217 151.5775
M7 -0.5459 0.9077 -0.8464 33.8008
M8 0.6250 0.6569 -0.5468 135.8764
M9 -0.3079 0.3933 -0.5727 168.1902
M11 -0.5732 0.7416 -0.8508 79.4904

M12 -0.5276 0.8624 -0.8526 -5.8107
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Table A1 Input molecular properties of QSPR model analysis (con’t).

van der Waals Electrostatic
Non bond energy energy (Forcite energy (Forcite Bond energy

Donor  (Forcite Energetics) Energetics) Energetics) (Forcite Energetics)
P1 12.5718 30.0002 -17.4283 8.4526
P3 98.1972 28.1260 70.0713 9.0536
P4 12.6767 22.2029 50.4738 8.1278
P5 32.0841 24.0654 8.0187 8.6669
P6 3.7697 30.3697 -26.6000 9.1858
P8 15.0986 27.3019 -12.2033 8.8689
D1 -1.8396 5.2898 -7.1294 1.9831
D2 26.3164 6.9025 19.4139 2.1213
D3 27.6746 10.6114 17.0631 26761
D4 17.3274 26.8952 -9.5678 6.4599
D5 47.0588 27.8042 19.2546 8.2722
D6 56.7836 16.1734 40.6102 4.7067
D7 -9.9433 22.6154 -32.5587 7.9555
D9 49.6796 16.5794 33,1002 3.7525
M1 -53.1707 9.0015 -62.1722 4.2111
M2 26.5236 11.2148 15.3088 6.2102
M3 93.3248 18.3144 75.0104 6.2860
M5 86.8153 15.0673 71.7480 10.3581
Mé 112.4079 21.3345 91.0734 9.9743
M7 -16.6305 12.2144 -28.8449 9.6469
M8 94.1888 20.0310 74.1578 8.4526
M9 122.4574 12.7694 109.6880 12.8591
M11 33.8890 20.3882 13.5008 12.1826

M12 -51.7069 11.4014 -63.1083 9.2609
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Table A1 Input molecular properties of QSPR model analysis (con’t).

Angle energy Torsion energy Inversion energy Valence energy
Donor  (Forcite Energetics) ~ (Forcite Energetics)  (Forcite Energetics) (Forcite Energetics)
P1 16.6269 13.0901 0.0735 38.2431
P3 23.5853 14.4821 0.4838 47.6048
P4 24,7679 14.5736 0.1960 47.6652
P5 22.4869 14.2535 0.4993 45.9066
P6 24.5430 10.6403 0.4191 44,7883
P8 26.1151 14.3931 0.1699 49.5469
D1 6.5820 0.0795 0.0000 8.6446
D2 7.7148 0.3569 0.0000 10.1929
D3 6.9617 0.1944 0.0000 9.8322
D4 13.5910 0.5247 0.0000 20.5756
D5 18.3306 1.2516 0.0000 27.8545
D6 11.8656 0.6364 0.0000 17.2087
D7 31.8755 3.7288 0.0000 43.5598
D9 8.6739 0.9959 0.0000 13.4223
M1 21.6948 2.3791 0.0239 28.3090
M2 19.3937 0.4363 0.0314 26.0716
M3 288.8629 6.7459 0.0138 301.9086
M5 94.1799 8.2485 0.1768 112.9633
Mé 26.0481 2.9014 0.2458 39.1696
M7 32.6834 7.9102 0.1908 50.4313
M8 28.4145 3.1787 0.0739 41.6876
M9 247122 8.0327 0.1289 45.7328
M11 25.2287 8.0595 0.1307 45.6014

M12 28.7412 7.7475 0.1466 45.8962
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