CHAPTERIII

THEORY

One of the most important achievements in the field of synthetic polymer
chemistry during the past 50 years has been the discovery in 1953 by Ziegler and
his co-workers [1,2] that aluminum alkyl compounds used along with many
transition metal halides in an inert hydrocarbon medium could polymerize
ethylene under conditions of normal temperatures and pressures to yield a solid
polymer of high molecular weight and of linear structure.

Ziegler and his co-workers were mainly concerned with the
polymerization of ethylene and its copolymerization with oc-alkenes, and it was
égreed that research could be carried out on the polymerization of oc-alkenes.
Using a combination of titanium tetrachloride and aluminum triethyl Natta and
co-workers [3] established that propylene could be polymerized to give a product
which could be separated into largely crystalline and amorphous fractions.
Subsequently Natta and his co-workers [4] extended the type of transition metal
halide used to solid crystalline transition metal salts in a lower valence state, e.g.
TiCly , VCl; , etc. It was also established that stereoregular polymers of butene-1,
styrene, dienes, etc., could be prepared.

Ziegler’s discovery, together with the ensuing work into the

- polymerization of propylene and other «-alkenes by Natta, has given rise to the



development of new classes both of catalysts and polymers. In the case of
ethylene, the essential advance which was achieved was the preparation of a more
linear type of polyethylene, whilst in the case of propylene and other «-alkenes,

it was the control of the propagation step so as to give linear unbranched

stereoregular molecules [3]. The commercial advantage was that this control

could be achieved in the polymerization of such readily available and cheap
monomers as ethylene and propylene. In recognition of their contributions the
1963 Nobel Prize for Chemistry was awarded to Ziegler and to Natta.

Independent and concurrent research carried out in the USA in several
industrial laboratories during the early 1950s led to the discovery of a related class
of polymerization catalysts, which are formed from oxides of transition metals
from Groups V-VII of the periodic table. To increase catalytic activity the
transition metal oxides were supported on high area substrates such as silica,
magnesium chloride, etc.

Due to the commercial and scientific importance, Ziegler-Natta and related
catalysts have been extensively reviewed in the scientific literature and in

publications of symposia proceeding.
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3.1 DEFINITION OF THE ZIEGLER-NATTA CATALYST

Ziegler-Natta catalysts are broadly defined in terms of their preparation
which involves reacting compounds (commonly halides) of groups IV - VIII
transition metals (e.g. Ti, V, Cr, Zr) with organometallic compounds (e.g. alkyls,
aryls or hydrides) of groups I - III metals (e.g. Al, Mg, Li) as shown in 3.1
This definition is in fact too broad since not all such reactions yield catalysts
suitable for preparing stereoregular polymers. Nevertheless, for each monomer

there is a wide range of catalysts that are suitable [37].

Transition metal compound =~ + Metal alkyl ,aryl, ----> Active Ziegler-
or hydride Natta catalyst
(3.1)

The type of solvent or diluent should not be omitted in reporting a catalyst
system. Ziegler-Natta polymerization are usually carried out in inert solvents, e.g.
heptane or toluene. The use of polar solvents can drastically alter the re;ction
mechanism. Both monomer and diluent or solvent must be clearly specified in

defining a particular Ziegler-Natta catalyst system [38].
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3.2 POLYMER STRUCTURES

In polymerization with Ziegler-Natta catalysts, propene or longer-chained-
olefins are inserted into the growing chain in a head-to-tail fashion with high
selectivity. Every CH, group (head) is followed by a CH(R) group (tail) with a

tertiary carbon atom bearing a methyl or even larger alkyl group:

Cat-CH,-CH - CH, - CH -

CH, CH,

This construction principle is mandatory for the stereoregular structure of

the polypropylene molecule. In addition, head-to-head

Cit- CH- CH, - CHL -CH -

CH, CH,

and tail-to-tail

Cat'CHz'CH'CH'CHz‘

CH, CH,
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arrangements occur. These links can be detected by bands at 750 and 112 cm™ in
their infrared spectra. Exclusive head-to-tail bonding is a mandatory but not a
sufficient condition for stereoregularity. Another important detail is the sterical
orientation of the pendant methyl groups with respect to the main C-C axis of the
polymer molecule.

Natta [39] formulated three different structures as shown in Figure 3.1:

1. In the structure all pendant methyl groups are located on one side of the
zigzag plane; these polymer§ are called isotactic.

2. For polymers in which the position of the pendant methyl groups is
alternatingly above and below the backbone plane, the term syndiotactic is used.

3. When the pendant methyl groups are randomly positioned above and
below the plane, the polymer is said to be atactic.

The tertiary carbon atoms in polyalkene chains are not strictly asymmertric
since two substituents are constructed from infinite monomer sequences, and are
thus similar, and so the symbols of asymmetric carbon atoms, R and S, can not be
usefully applied. Normally the symbols D and L are used to designate the two
possible configurations of the tertiary carbon atoms in polyalkene chains:
DDDDDDD or LLLLLLL, an isotatic sequence; DLDLDLDL, a syndiotactic
sequence; DLDDLDDDLLDLLLDDDDLL, an atactic sequence.

In reality, the polymer chain never adopts the flat extended forms shown

in Figure 3.1 but is coiled in a helix since such a structure results in the least
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crowding between the hydrogen atoms. Helical structures for isotactic and
syndiotactic polypropylene are shown in Figure 3.2.

The polymerization of propylene by heterogeneous Ziegler-Natta catalysts
produces a mixture of isotactic and atactic polymer, and one of the many
significant contributions made by Natta and his co-workers was a rapid method
they devised for catalyst characterization which was based on simple
stereoisometric fractionation procedures involving the use of boiling solvents, e.g.
ether, heptane, xylene, etc. However, different solvents tend to extract varying
fractions of lower molecular weight material, as well as removing atactic polymer.
The most common procedure adopted in industrial laboratories is extraction using
boiling n-heptane, and the percentage of polymer insoluble in this solvent under
these conditions is normally referred to as the Isotactic Index ( I.I. ). It should,
however, be realized that the term atactic is used loosely since the soluble fraction
may contain chains made up of blocks of isotactic or syndiotactic placements in

addition to purely atactic material [38].
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_ Figure 3.1 Planar representation of chains of polypropylene [39]



Isotactic

Figure 3.2 Chain models of helices of

_ polypropylene [40]
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3.3 MECHANISM OF PROPYLENE POLYMERIZATION
3.3.1 Mechanism of Propagation Site Formation

The Ziegler-Natta catalyst systems for the stereoregular polymerization of
a-olefins generally contain a crystalline solid phase which consists essentially of a
transition metal halide. The physicochemical condition at the surface of these
crystals undoubtedly plays a major role in governing stereospecificity. Various
mechanisms have been proposed to describe the surface condition. Several basic
idea have been brought forth [42,46,47].

The proposéd mechanisms are classified according to the structure of the
growth center [40] :

(1) the center is a transition metal-carbon bond,

(2) the center is a base metal-carbon bond,

(3) the center is a bound radical , and

(4) the center is a bound anion.

The literature uses the terminology "monometallic" and " bimetallic" in
describing both mechanisms and catalysts. When talking about mechanisms, the
notations monometallic and bimetallic have been used to show that one or two
metal atoms are involved (and are essential) in the growth step, respectively. On

_ the other hand, some workers refer to metal alkyl-free catalysts and Ziegler-Natta

25



catalysts as monometallic- and bimetallic-coordination anionic catalysts,
respectively.

Natta and co-workers judiciously avoided this problem by using the
simple designation Me-C (or M-C or cat-E) for the active center without
requiring M to be the base metal or the transition metal [15]. Natta and co-
workers accepted the bottom scheme (b) in Figure 3.3 as applicable to isotactic
polymerizations and used it advantageously in kinetic treatments.

This mono and bimetallic nomeclature can get cumbersome for certain
mechanistic proposals. Consider, for example, three types of active centers that
have been proposed for the active metal-carbon bond M-Pn (Pn is the growing
polymer chain, M is Ti or Al, and Cl is chlorine ligands of TiClj3 crystal surface
or attached to Al) (see structures I, II, and III in Figure 3.4). A common feature of
growth at all three structures is the complexing of olefin at the Ti center. In
structures I and II, however, growth takes place in the Ti-Pn bond, while in

structures III, the Al-Pn is the growth bond. The presence of AIR3 as part of the
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complex is essential for a number of reasons : (1) it stabilizes the transition metal-

carbon bond and prevents its decomposition, (2) it makes the transition metal-
carbon bond more active for polymerization, and/or (3) it is necessary to orient the

complexed o-olefin in the isotactic configuration [40].
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3.3.2 Proposed Mechanisms

The proposed mechanistic schemes are presented here in four
classification that serving a worth-while purpose in advancing Ziegler-Natta
chemistry [1-4]. They deserve some attention even though most are now

outdated.

3.3.2.1 Propagation at a transition metal-carbon bond

The most generally accepted and the most comprehensive
mechanism for olefin polymerization is that of Cossee [42-45]. He proposed that
the active site was a transition metal atom in an octahedral configuration and that
one position was vacant, I:l , due to a missing ligand, the remaining position
being occupied by one alkyl and four ligands [42]. In structure shown below, M
is the transition metal ion, R is the alkyl derived from metal alkyl or growing
polymer chain, X is the ligands of crystal (Cl in TiCl3) and D is thé vacant

octahedral position.

X4- E{ XIil

)
X1 X3

One growth step in Cossee's mechanism is shown here, as R is the

- growing polymer chain and is the vacant octahedral position.
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A mechanism was proposed by De Brujin [46] in which the olefin
coordinated at one titanium but is interposed into a metal-carbon bond of another
titanium atom, as shown in Figure 3.6.A The growing alkyl migrated between two

adjacent titaniums on the surface of the TiCl3 crystal surface.

Gl % & Cl Cl Cl Cl
Ck-1i t CI-Ti-Cl—s CI-Ti «----CIi-Cl — CI-Ti—Cl } Ti-Cl
H,CiCH, £ CHp CHACH, CHy
"""""" CHy CHy

Figure 3.6 De Brujin’s monometalic mechanism [46]

Rodriguez and van Looy [65] require a complexed aluminum alkyl
as an integral part of the center, even though growth takes place at a transition
metal-carbon bond, as shown in Figure 3.7, where denotes Ti and  denotes a
chlorine vacancy. This mechanism has features of the Cossee model [42], as well
as of earlier bimetallic models proposed by Nattta and co-workers [48], and Patat
and Sinn [49]. Steric interactions between the metal alkyl and the complexed o.-

olefin are said to be responsible for stereochemical control.



32

, R R
Cl R TR ot
Cl - Cl
+ AIR3 | + AIR)Cl R |:+CHp=CHCH3
Cl cl cl Cl
cl Cl
cl
cl
'
R R
HsC) H }\Kf = Mc R----~----I-\A( A e N
C I
HaC / Cl
Cl Cl cl cH” cl
Cl >K:) Cl >I<CH2 Cl
Cl

Figure 3.7 Rodriquez and van Looy’s mechanism [47]



3.3.2.2 Propagation at a base metal-carbon bond
In the early days of Ziegler-Natta history, most workers believed
the growth center to be the base metal-carbon bond, that is, the Al-C bond in the
catalyst AlEt3-TiCl3. Of these mechanisms, those ﬁroposed in 1960 by Natta and

in 1958 by Patat and Sinn contain the most cogent features.

Wt et > oty P
Ti Al
RN AR N
Pn

The structure shown above (where Pn is the growing polymer
chain and X is halogen) is common to both bimetallic mechanisms. The
monomer is coordinated to the titanium while the Ti-polymer partial bond is
simultaneously broken.

In the Natta mechanism [48], the olefin becomes polarized and

inserted into the aluminum-carbon bond.
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Figure 3.8 Natta’s mechanism [48]



In the Patat-Sinn mechanism [49], the olefin becomes partially
bonded between the methylene of the last added monomer unit and the titanium
atom. The latter is partially bonded via an alkyl bridge to the aluminum. When a
bond forms between the olefin and the methylene, the methylene unit becomes

detached from the aluminum and now the new methylene unit becomes partially

bonded to both metal atoms.
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Figure 3.9 Patat-Sinn’s mechanism [49]
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3.3.2.3 Radical mechanism

Nenitzescu and co-workers [41] suggested the possibility of a

radical mechanism, shown below.
nR-Al +TiCly —, RyTiClg., +n AICI (n<4) (3.2)
RIiCl3 . R +TiCl3 (3.3)
R'+CHp=CHy —_, R-CHPCHy__, polymer 3.4

About the same time (1956), Friedlander and Oita [50] proposed a
free radical mechanism in which initiation occurred when an electron was

transferred from the metal to the olefin (Figure 3.6).

I20H602234
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by the transfer of an electron from the transition metal to the olefin [50].
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Topchiev, Krentsel, and co-workers [51] proposed that initiation

occured by a R. radical, which is bound to the surface of the TiCl3 as shown

below.

R R
R-ALR  CLARR R CHp-CHp R-CHy-CH,
Cl Cl R Cl ' Cl

\P'{* %iz Ti/2+

Figure 3.11 Tophiev, Krentsel’s radical mechanism [51]

The chemisorbed aluminum alkyl alkylates the TiCl3 surface, and
the formed Ti-R decomposes to yield an R. radical that adds to ethylene to form a
new radical. The new radical also remains bound to the surface and adds another
chemisorbed ethylene molecule. This process is repeated with the radical being
transferred to the last added monomer each time. Repetition of this step
constitues the polymerization; both the radical and the reacting ethylene

molecules are bound to the TiCl3 surface.

3

The source of the radical is the aluminum in the mechanisms of Duck [52] and

Van Helden, Kooyman, and coworkers [53]. In the Duck mechanism, one aluminum

center is involved (Figure 3.12)
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Figure 3.12 Duck’s radical mechanism [52]

while in the Van Helden, Kooyman mechanism two aluminum atoms participate

(Figure 3.13). In both mechanisms, the TiCl3 stabilizes the radical species.
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Figure 3.13 Van Helden and Kooyman’s radical mechanism [53]
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3.3.2.4 Anionic mechanism

Gilchrist [54] suggested an anionic mechanism that differs from
the coordinative-anionic types in that the anionic end of the polymer chain is not
fixed to a metal center (Figure 3.14). A transfer of R anion from the adsorbed
metal alkyl to the adsorbed olefin initiates the polymerization. Propagation occurs

because this anionic end continues to add to adsorbed olefin molecules.
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3.4 TERMINATION AND CHAIN TRANSFER

Termination of chain growth in Ziegler-Natta polymerization can
be caused by specific reactants and complexing agents or by thermal cleavage.
Only a small number of these reactants are known that behave as transfer agents;
that is they do not simultaneously destroy the transition metal bond center.
Examples of transfer agents are Hy and ZnEt), and these have become the
practical agents for control polymer molecular weight in most olefin
polymerizations.

Using Pn to represent the growing polymer chain, these reaction
can be expressed in two ways :

(1) those in which the active center is simultaneously killed, as shown in

Eq. 3:3.

Ti-Pn+ BuCl — Ti-Cl+ Bu-Pn (3.5)
active dead
center center

The active Ti-C bond is converted to an inactive Ti-Cl bond and Pn is

exchanged for Cl.

(2) those in which the active center continues to polymerize, as shown in

Eq. 3.6.



Ti-Pn + ZnEt) —— Ti - Et + PnZnEt (3.6)
active active
center center

The polymer chain, Pn, becomes detached from the Ti center by exchange

of Pn for Et.

3.4.1 Termination by organic and inorganic compounds

Typical compounds included alcohols, alkyl halides, alkane thiols,
HjS, SnCly, SiCl4, NaCl and BCl3.

In practice, none of these resulted in attractive molecular weight
control agents, for two reasons. Firstly, in all cases the reaction center was
‘simultaneously destroyed, with a concomitant decrease in catalyst activity. Only
if the activity of the catalyst was very high could the lowering of molecular

weight be justified by the loss in polymer yield. Secondly, a problem arose

because the compound reacted so fast with the metal alkyl that little was available:

for termination of chain growth. This reaction often resulted in the generation of
the second metal alkyl that could function as a site former, and in the loss of the
first metal alkyl. It is easy to see that any number of effects can be obtained,

depending on the rates of these reactions and the nature of the formed metal alkyl.
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3.4.2 Termination by metal alkyls

Metal alkyls can act as terminators of chain growth and under
suitable conditions, they function as true transfer agents. Natta and Pasquon [55]
first recognized that in a polymerization of propylene with the AlEt - oTiCl3
catalyst the molecular weight decreased at higher concentrations of AlEt3. To
support their view that variations in molecular weight with AlEt3 concentration
were due to chain transfer with participation of the Et groups of AlEt3,

14

polymerizations were done with ~'C-labeled AlEt3 and the polymer was

analyzed for radioactivity.

Natta and co-worker [56,57] later demonstrated that ZnEt) was a
considerably more effective transfer agent when added to the AlEt3-TiCl3 catalyst
and used of propylene polymerization. The process by which aluminum and zinc
alkyls terminate chain growth was shown to involve alkyl exchange between ethyl
groups of the ZnEty and the growing polymer chains on the active centers. Using
Natta's notation, [cat] = the catalyst complex on which the polymer chain Pn is

growing, the reaction may be represented as follows.

[cat]Pn + ZnEty —— >  [cat]-Et + PnZnEt (3.7)
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Its use left the question of the metal open in the active metal-
carbon bond, that is, Al-C or Ti-C in the AIEt3-TiCI3 system. The rate of this
exchange reaction was first-order with respect to the ZnEt) concentration and was
independent of the partial pressure of propylene. The formed Pn-ZnEt alkyl does
not further participate in the polymerization. This view was supported by their
observation that ZnEt) was consumed during the polymerization. To obtain a
polymer having a constant average molecular weight throughout the
polymerization, additional ZnEty must be added to replace the consumed portion.
Natta attributed the lower transfer ability of aluminum alkyls to their being

closely associated as dimers, where as ZnEt) exists in the undimerized form.

3.4.3 Termination by molecular hydrogen

As a terminating agent, molecular hydrogen is the most attractive,
It does not simultaneously kill reaction centers. It is a true transfer agent. Side
reactions can occur that will affect catalyst activity. Natta [58] proposed that
chain termination involves hydrogenolysis of the live metal-carbon bond centers,

as shown in Eq. 3.8.

[cat]lPn+Hy -----ene- > [cat]-H +PnH (3.8)



By infrared spectroscopy, they showed the presence of isopropyl end groups in
the polymer when propylene polymerized. The active center (M-C bond) is

regenerated (Eq. 3.9) when an olefin molecule adds to the M-H bond.

[cat]H + CH3CH=CHy — [cat]-CHyCH,CH3 (3.9)

The patent literature strongly suggest that hydrogen is the preferred
transfer agent for decreasing molecular weight of polyolefins. Without hydrogen,
most catalyst processes would produce polyolefins that have too high a molecular
weight for most practical applications. The hydrogen method is inexpensive, easy

to use, and does not leave a residue in the polymer.

3.4.4 Termination by thermal cleavage

Two chain termination reactions have been postulated to explain

the formation of vinylidene and vinyl and groups, as shown below.

low
M-CHy-CH-PN —— M-H+CHy=C-Pn (3.10)
éH3 temp CH3
high
M-CH-CH-Pn + CH3CH=CH —— M-CH-CH=CHj + Pn-CH-CH3
CH;3 temp CH3

(3.11)
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propylene
M-CHy-CH=CHp; — M-CHZ-QH-(CHz-Cmn-CHZ-CH=CH2 (3.12)
nC;H, CHj3 CH3

Longi and co-worker [59] showed that the ratio between vinyl and
vinylidene end groups increased from 1.0 at 100°C to 2 at 200 °C. Spontaneous
dissociation type of chain cleavage (Eq.3.10) apparently is insignificant for Ti-

based catalysts at low polymerization temperatures, that is , below 60° to 80 °C.

3.4.5 Termination by mechanical forces

Kissin [60] presented evidence for his proposal that mechanical
termination takes place during the stereospecific polymerization of propylene.
Because mechanical termination is proportional to polymerization rate, it is not
distinguishable from chain transfer through the monomer. Kissin suggested that
the cleavage of the metal-carbon bond occurred during a temporary
discontinuation of monomer addition at the center. This bond broke because of

stretching of segments of the polymer chains in the crystallite bundles.
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3.5 MODIFICATION OF ZIEGLER-NATTA CATALYST BY THIRD

COMPONENTS

Most of the third components cited in the literature can complex or react
with aluminum alkyls [61]. When they also complex or react with the transition
metal salt or with the reaction by-product formed when the aluminum, alkyl and
the transition metal salt react, several equilibria or reaction paths are possible.
Consider, for example, the following complexs formed when Et3N is added to a

mixture of AIEt2Cl and TiCl3.

Et3N + TiCl3 —— Et3NTiCI3 (as a surface complex)
Et3N + AIEtpC1 ——  Et3N'AIEt)Cl (in solution)
Et3N + AIEtClp ——Et3N'AlIEtCl) —— AIEtCl + Et3N'AICI3
(in solution)
(3.13)
(AIEtCl2 can be formed during site formation, that is, alkylation by

AIEt2Cl of the TiCl3 species located on surface of the TiCl3 crystallite.)

If the third component reacts with both the metal alkyl and transition

metal salt, then the actual catalyst is a mixture of several reactants, as shown in

Eq. 3.14.
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EtOH+TiCl4 — " TiCln(OEt)4.n

EtOH + AIEt3 —— AIEtQOEt— AIEt(OEt))

EtOH + AIEt2Cl — - AIEt(OEt)Cl

EtOH + TiCl3 — TiClp(OEt) (as a surface Ti species)

(3.14)

(AIEt2Cl and/or AIEtCl may be formed during the reduction of TiCl4 by AlEt3.)

Depending on the concentration of reactants, mode of mixing, temperature
and time of reaction and use in polymerization, and other factors, the working
catalyst may have a variable composition. It is most difficult, if not impossible, in

many of these cases to explain the role of the third component precisely.

3.5.1 The Different Ways that a Donor Can Affect a Ziegler-Natta Catalyst

1. Activity and Isotacticity

As mentioned in Chapter 2, electron donor always increase
isotacticity of Ziegler-Natta catalyst but decrease catalyst’s activity [25,26,29].

This behavior was described by Kashiwa, Yoshitake and Toyota
[26]. They proposed two assumption about the action of electron donor to the
active center.

Assumption (1): the change of the propagation rate constant by
electron donor. electron donor would associated with the active centers mildly or

strongly depending on the concentration of electron donor and stereospecificity of
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the active centers having the different acidity (the more stereospecificity would be
less acidic). The mild association would result in the increase of both propagation
rate constant (kp) by the unknown effects and the steric hindrance at the subject
active center, while the strong one would result in the deactivation by the
saturation of the coordination sites (Figure 3.15). Thus the increase of isotactic
polymer would be explained by the mild association of electron donor to the
highly stereospecific active centers.

Assumption (2): the change of the number of the active centers by
electron donor. A part of electron donor would transform the less or non-
stereospecific active centers into the highly stereospecific active centers to result
in the increase of isotacticity, for example, by the partial saturation of the plural
vacant coordination sites, increasing the steric hindrance at the active centers.
Another part of electron donor would lower the number of the active centers by
the complete saturation as shown in Figure 3.16.

In summary, electron donor directly takes part in the formation of apart of
the highly stereospecific active centers to increase yield and stereospecificity and
at the same time, electron donor would deactivates the less or non-stereospecific

active centers with high efficiency.
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2. Copolymerization Behavier

The copolymerization behavior of a catalyst can be altered. An improved
copolymerization catalyst was reported if VCI3 was reacted with R4NCl, as

shown in Eq. 3.15, and the product was combined with Al-i-BuCl [62].

VCl+ R,NCl —— R,NT(VCL*HOC,H,)

(3.15)

The molecular weight of ethylene-propylene copolymer was regulated by

use of pyridine N-oxide when the catalyst AlpEt3CI3-VOCI3 was used [63].

3. Molecular Weight Control

Dost and co-workers [64] recognized that electron donors can increase or
lower molceular weight of formed polyethylene when added to Ziegler-Natta
catalysts ; for example, aldehydes, esters and amines were added to the AIR3-
TiClg4 catalysts. The molecular weight distribution can be altered by presence of
donors. Erofeev [65] reported that the width of the molecular weight distribution
was narrowed by the presence of anisole in the AIEtQCl-TiCl4 catalyst. This was
attributed to diminution of low molecular weight fractions. Myw/Mn valﬁes 4.3 to

9.4 were observed, compared to values 13 to 16 for unmodified catalysts.
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3.5.2 Selected Mechanistic Proposals
1. Inactivation of the Poison by a Donor

A poison is formed during site formation, and the donor removes
this poison by complexing it. This argument was put forth by Caunt [66] to
explain the activating effect of inorganic halides (KCl) and electron donors
(amines) when added to the AIEt2Cl - TiCl3 catalyst. Specially he proposed that
third components complex and inactivate the poison AIEtCl2 , which was formed
when AIEt2Cl and TiCl3 were mixed.

Burfield and Tait [67] examined in great detail the effect of Et3N on the
polymerization of 4-methyl-1-pentene in benzene solvent in the presence of VCI3
+ Al-i-Bu3 . The activating deactivating effect of Et3N was explained in the
following way : activation at low amine concentration was due to the removal of
all adsorbed chloroaluminum species from the catalyst surface, where they
blocked potential active centers. The chloroaluminum alkyls were by-products of

the site formation stepwhich is shown by

VCl; + Al-i-Bu; —  VCl,-i-Bu + Al-i-Bu,Cl (solution)
VCl; + Al-i-Bu,Cl — VCI3* Al-i-Bu,Cl (at surface centers) (surface blocked)
VCl3* Al-i-Bu,Cl + Et;N — VCl; +Al-i-Bu,Cl * Et;N (solution) (surface free)

(3.16)
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The first equation show the formation of the active center VCl,-i-
Bu. Site formation is prevented when the surface of VCl; is complexed with the
chloroaluminum alkyl. A similar role was suggested for excess Al-i-Bu3, as

shown in Eq. 3.17.

VCl;* Al-i-Bu; Cl +Al-i-Buy —»  VCly +Al--Bus * Al-i-Bu,Cl
(3.17)

2. Lowered Concentration of the Metal Alkyl

An electron donor complexes the metal alkyl and decreases its effective
concentration. Processes such as site formation and chain transfer reactions are
affected. Vinogradov and co-workers [68] studied the effect of electron donors
and acceptors on the polymerization of butadiene in the presence of the Al-i-
Bu)Cl-CoCly catalyst. They suggested that the effect of the additives was to shift

the reaction as shown in Eq 3.18.
—_—
MAIC) +—r= RAICI, +R3Al (3.18)

Those donors which shifted the equilibrium to the right (RSR, ROR, R3N,
KCl and NaCl) enhanced the reduction efficiency of the system. Consequently,
the catalyst was less active, lower molecular weight polymers were formed, and

1,2-microsturcture was favored. But if donors were added that shifted the



equilibrium to the left (such as AICI3, RAICIp, Brp, HpO, and aloxane of
AIEt2Cl), an increase in catalyst activity, an increase in cis-1, 4 structure, and

higher molecular weight polymers were obtained.

3. Diminished Reactivity of the Metal Alkyl

When the metal alkyl is complexed with an electron donor, its
coordination capacity is diminished and, consequently, the reactivity of metal-
carbon bond is decreased. Bacskai [69] proposed this idea to explain the activity
of the AIEt3 - TiCl3 - pyridine system for the copolymerization of propylene and
6-chlorohexene-1. The chlorine in 6-chlorohexene-1 reacts readily with

uncomplexed AlEt3 but not with the AIEt3 - pyridine complex.

4. Formation of the New Metal Alkyl

The third component reacts with the metal alkyl to generate a new metal

alkyl ; for example

AlEt3 + EtOH — AIEt) Et + ethane (3.19)
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The catalyst may exclusively contain the new metal alkyl or a mixture of
AlEt3 and AIEtQOEt. Any compound that can react with the active metal-carbon
bonds of the metal alkyl may act similarly, such as EtSH, COS, CS202, RCHO,
R2CO, alkyl holides. If the reaction of the third component and the metal alkyl is
incomplete, then unreacted molecules may also react with the active centers (the
transition metal-carbon bonds). Thus, a decline in rate due to the reactant may

also occur in this way [70].
5. Formation of the New Catalyst.

Gippin [71] found that, for the polymerization of isoprene with the Al-i-
Bu-TiCl4 catalyst (AUTi 21), water and diphenyl ether acted synergistically in
raising the catalyst efficiency. According to Gippin, these catlayst components

react to form the real catalyst, as shown in Eq. ootk
Al-i-Bu; + TiCl, — PTiCl3 + Al-iBu,Cl (3.20)

When the Al-i-Buz/TiCly ratio is either Jess or greater than 1, lower
efficiencies are obtained than if this ratio was 1. The maximum efficiency was
obtained at lower ratios by the addition of diphenyl ether. When the ratio was 1.1,
however, both diphenyl ether and water were needed to restore the maximum

efficiency. Gippin [71] stated that water acts to hydrolyze and deactivate the
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poison i-BuTiClp, which would form from the excess Al-i-Bu3 when the Al-i-
Bu3/TiCl3 ratio was 1.1 (According to him, i-BuTiCly causes isoprene to form
dimers, trimers, and low molecular weight oils.) Diphenyl ether acts to complex
Al-i-BupCl and thereby prevents the formation of higher Lewis acids by
hydrolysis; for example, i-BuAl(OH)CI or i-BuAl(C1)-O-Al(Cl)-i-Bu.  These
other components were believed to be responsible for wanted gel formation and
perhaps cyclization by a cationic mechanism. In developing a practical

commmercial process, the action of those components must be eliminated.

6. Deactivation of the Active Centers.

Mezhikovskii and co-workers [72] examined the effect of water and
alcohols on the polymerization of propylene when the AlEt3-aTiCl3 catalyst was
used. Rather complex relationships were obtained when the rate of polymerization
and isotacticity were measured as the concentratioﬁ of water was increased. The
observed induction period was attributed to adsorption of water on the surface of
the o-TiCl3 (sites were blocked). But as this adsorbed water was reacted with
AlEt3, and thereby removed from the surface of TiCl3, the polymerization
commenced. Because the adsorption was fast, the induction period was
tantamount to the time. required for the adsorbed water to be reacted off the
surface by AlEt3 molecules. The reaction product, AlEtyOH, however, is also a

- poison and can be removed by reaction with additional AIEt3 molecules. These
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workers speculated from their kinetic data that higher concentrations of water
promoted the polymerization by stabilizing reaction centers, which they assumed

to be trivalent alkylated titanium alkyl-aluminum complexes.

7. Activation of Dead Centers.

Under the condition of the polymerization, the active centers undergo
reduction to a lower valence state metal species that are no longer active for
polymerization of the olefin. The third component oxidizes this inactive species
to a higher valence state compound, which is easily realkylated to form an active
center.

Chirstman [73] examined the effect of a series of polyhaloorganic
molecules on the activity of several soluble vanadium-based catalysts for the
polymerization of ethylene at 120 ©C in some detail. In the absence of a
promotor, yields were low. When promotor was added continuously throughout

the polymerization, high yields of polymer per mmole vanadium were obtained.

8. Change in the Physical State of the Transition Metal Salt.

Some distinct schemes were suggested. Minsker and Bykhovskii [74]

suggested that amine molecules that complexed on the surface of TiCl3 facilitate



the breakdown of the crystals along the plane of cleavage. By virtue of a grater
surface area, more sites can form for polymerization of propylene.

Razuvaev, Minsker, and Chernovskaya [75,76] proposed that aromatic
type electron donors in the AlEt3-TiCl3 catalyst (propylene) changed the
energetic conditions at the surface of TiCl3 and the strength of the AlEt3-TiCl3
complex. Compounds at concentrations of 0.2 to 3 moles per liter solvent
increased activity but lowered polymer isotacticity and molecular weight . But in
other experiments, they observed that ethers increased catalyst activities and
molecular weights and proposed that the donor aids in the complexing of

propylene at the center [77].



3.6 SUPPORTED ZIEGLER-NATTA CATALYSTS

The term supported catalyst is used in a very wide sense and includes not
only systems in which the transition metal compound is linked to the substrate by
means of a chemical bond but also systems in which the transition metal atom
may occupy a position in a lattice structure, or where complexation, absorption, or

even occlusion may take place.

1. Catalyst based on reaction products of hydroxyl-containing compounds

with transition metal compounds

The use of SiO,, Al,Os, etc. to chemically anchor transition metal
compounds has been widespread since the early 1960s. Heat treatment of SiO,
can control the number and type of surface hydrqul groups and indirectly the
amount and distribution of transition metal atoms which are anchored to the

surface (equation 3.21) [78-84].

x b ®
O O
-Si-OH + TiCly ——-Si-OTiCl, (3.21)
0 O
> 4
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Chemically anchored transition metal catalysts have been used industrailly
for the preparation of high density linear polyethylene and ethylene-cc-alkene
copolymer. Karol [85] has divided such catalysts in to three classes: (i) metal
oxide, particularly CrO/SiO,; (ii) Ziegler, particularly Mg(OH)CI/TiCl, + AlR;;
and (iii) organotransition metal, particularly (CsH;),Cr/SiO,.

Many of these catalyst systems exhibit high activity in the polymerization
of ethylene, but are not, however , useful for the polymeriztion of pfopylene and

o«c-alkenes. Typical examples are listed in Table 3.1.
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Table 3.1 Catalyst Based on Reaction Products of Surface Hydroxyl-containing Compounds with

Transition Metal Compounds [124]

Catalyst

Company

Patent Number

Transition metal compounds reacted with SiO,, Al,O,
Si0,-Al,0,, ZrQ,, TiO,, ThO, MgO, ¢tc

Transition metal compound reacted with a hydroxy
chloride of a bivalent metal preferably Mg(OH)CI

Transition metal halide reacted with Mg(OH),

Transition metal benzyl and allyl compounds reacted with

Slol, AleJ A]zOJ—ZnO, Allo_""MgO

B.igtriphcnylsilyl) chromate rcacted with SiO,~Al,0, or
1Y,

Cabot

Solvay & Cice

Mitsui Petrochem. Ind.
Solvay & Cie
Montecaltini

Hocechst AG

Imperial Chemical Industrics

Union Carbide

Br. 969 761 (1960-1963)
969 "67
916132
1038882

Belg. 630679 (1963)

Br. 1024336 (1963)

Jpn. 7040295 (1967)
Belg. 726839 (1968)
Belg. 728002 (1968)
Belg. 725291 (1968)

Br. 1265747 (1969)
Br. 1 313828 (1969)

US 3324095 (1967)
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2. Catalysts based on reaction products of magnesium alkoxides with

transition metal compounds

Superactive catalysts for ethylene polymerization have been prepared by
reacting titanium tetrachloride with magnesium alkoxides. The original structure
of the alkoxides is ususlly destroyed during reaction and new species of

increased surface area produced.

Bohm [86] has described the use of a highly active catalyst containing 8.5

% by weight Ti, derived from Mg(OEt), and TiCl, and using AlEt; as cocatalyst.
The solid catalyst produced from Mg(OEt), and TiCl, was amorphous and had a
surface area of 60 m’g” and a high porosity, 61 % of the catalyst particles
consisting of cavities. These hollow-type structures would account for the
complete disintegration of the catalyst particles observed during polymerization.
Final catalyst residues were reported to be smaller than 0.0005pm in diameter.
High ratios of Al:Ti are required for maximum activites. BOhm reported
the use of Al:Ti of 80-100:1. These catalysts show no settling periods and reach
their high activity right at the start of the polymerization. Some typical examples

are listd in Table 3.2.
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Table 3.2 Selected Catalyst Based on Reaction Products of Magnesium Alkoxides with
Transition Metal Compounds [124]

Catalyst Company Patent Number
1. Transition metal halide reacted with Mg(OR),, etc. Hoechst AG Belg. 737 778 (1968)
US 3644 318 (1968)
Y. Transition metal halide reacted with Mg(OR),, erc. Solvay & Cic Belg. 743 325 (1969
3. Transition metal compound reacted with Mg(OR), and Hoechst AG Belg. 780 530 (1971)
acid halide
1. TiOPr), + Mg(OE), + SiCly Hoechst AG Br. 1357474 (1974)
3. TiCi, + Mg(OEW, + THF, etc. Hoechst AG Ger. 3231031 (1984)
6. (Mp(OEV, + AIEL,) + TiCl, + 1.2-dichlorocthane + EB Standard Oil (Amoco) LS 4567 155 (1986)
. MgOE, + TiCl, + EB ' Shell Int. Res. Mij. BV Cuc. D 159736 (1985)
US 4535068 (1983
S (MgtOEY, + SiHCly) + TiCly Toa Nenryo Kogyo KK Eur. 0227455 (1987)
v. Ti(OBu), + Mg(OSiMeBuPh), Conoco US 4440869 (1984)
Phillips Petrolcum Co. US 4559317 (1985)

10. Mg[OCH(CF,), ], + TiCl, + HSiCl,




3. Catalysts based on reaction products of magnesium alkyls and titanium

compounds

The reaction between magnesium alkyls and titanium compounds have
been used as a means of preparing highly active catalyst systems. Stamicarbon
[87] have prepared highly active catalysts using AlEt,Cl,, Bu,Mg and TiCl,.
Shell Internation Research [87,88] have used the reduction of TiCl, with
organomagnesium compounds to prepare highly active catalysts for ethylene
polymerization. These catalyst systems have been extensively investigated by
Haward and co-workers, [12] as well as by Radenkov et al. [89-92]
Characterization studies have revealed that the catalysts contain appreciable
amounts of magnesium chloride and that they have nodular structures. The size of

the primary particles is believed to be less than 0.05 pm.

4. Catalysts based on reaction products of magnesium chloride with

transition metal compounds

An early patent in 1960 described the use of ground MgCl, with electron
donors in propylene polymerization [18]. However, it was the discoveries by
Montecatini-Edison Co. [17] and Mitsui Petrochemicals Ind. [18] that catalysts,

prepared from MgCl,, TiCl, and electron donors, and activated by a mixture of
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trialkylaluminum and electron donor, could polymerize propylene with a high
yield and with good stereospecificity.

Since 1968 many hundreds of related catalysts have been claimed in the
patent literature for ethylene, propylene and other cc-alkene polymerization.
Some selected examples are listed in Table 3.3 with addition examples to be
found in the literature.

‘Activated’ MgCl,, a key ingredient of these catalyst systems, has been
known for some time, being mentioned by Bryce-Smith [15] in 1959, and
described by Kaminski [16] in 1967. A number of preparation methods are
available and include; (i) treatment of MgCl, with activating agents such as
electron donors; (ii) ball milling MgCl, ; and (iii) reaction of compounds such as
Grigfnard reagents with chlorinating agents. All three procedures have been found
useful in catalyst preparation.

(a) Effect of ball milling. Magnesium dichloride seems almost uniquely
suitable as a support in propylene polymerization, other possible substrates
including calcium hydride [93] and manganese dichloride. The reason for this
unique behaviour is believed to be associated with similarities between the ionic
radii of Ti*" and Mg2+ which are 0.68 and 0.65 A° respectively. Magnesium
dichloride may exist as a cubic close-packed structure of double chlorine layers
with interstitial Mg2+ ions in six-fold coordination [94]. This layer structure is of
the CdCl, type and leads to a characteristic X-ray diffraction spectrum with a

strong reflection 104 at d = 2.78 A°.
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Table 3.3 Some Selected Magnesium Chloride Catalyst [124]

Company

Fhillips Petroleum Co.

Montedison Spa
Mitsui Petrochem. Ind. KK
Mitsui Toatsu Chem. Inc.

Mitsui Petrochem. Ind. KK

Exxon Res. and Eng. Co.
BASE AG

Montedison Spa

Cutalyst System

Patent Number

MgCl, milled with "TiCl, ethyl benzoate complex and
durenc; usad with AiEt; + ethyl anisate

MgCl, milled with "(iCl, ethyl benzoate complex; used with
AlEty + methyl p-toiuate

Mg(OPh), milled with ethyl benzoate; reacted with TiCly;
used with AlEty and p-toluate

MgCl, milkd with AICly ethyl benzoate; trear~1 with
TiCl,, used With Alifty

MgCl, milled with < thyl benzoate and silicone oil; p-cresol
added then AlELy: then TiCly; used with AlLt, 4 methyl
p-toluate ,
MgCl, miied with TiCly ethyl benzoate complex; preduct
treated with TiCly; used with (Me,SiCH.,),AlEL

Mg(OED, aulled with PhCOCT: treated twice with TiCly:
used with EtyAl + cthyl anisate

MgO (reaied with SOCI,; product treated with cthyl
benzoate and EtOH and then TiCl,

Belg. 843224 (1975)
Belg. 845593 (1975)
Belg. 856 189 (1976)

Ger. 2734652 (1976)

Ger. 2809 318 (1977)

Eur. 4739 (1978)
Ger, 2831830 (1978)

Belg. 875494 (1978)
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The introduction of structural faults is believed to explain the activity of
ball-milled magnesium dichloride.

Giannini [95] has reported that during ball milling the X-ray reflection at d
=2.5 A° gradually disappears and is replaced by a broad halo at d = 2.65 A°, a
position intermediate between reflections 104 for cubic and hexagonal structures,
and Giannini has attributed this behaviour as arising from stacking faults induced
by the rotation of Cl-Mg-Cl layers. From their extensive studies on activated
MgCl, (in presence of TiCly) is similar to that proposed for 8-TiCl;. [96]
Additional factors such as surface area and porosity are also believed to be
important in determining activity. However, studies by Gerbasi et al. [97] would
indicate that activity is related to the introduction of defects alone.

Representations of commercial and ball-milled MgCl, crystallites are
shown in Figure 3.17.

Goodall [98] has proposed the existence of three different types of surface
magnesium ions in milled MgCl,: (i) type 1, present on lateral faces, with single
vacancy Mg ions, having an effective charge of Oe; (ii) type 2, present on corners,
with single vacancy Mg ions having and effective charge of -2/3e; and (iii) type 3
, present on corners, with double vacancy Mg ions having an effective charge of

+1/3e. The various types of surface magnesium ions are shown in Figure 3.18.
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Figure 3.17 Influence of milling on magnesium cholride (i) MgCl, crystalline in

which a = basal edge, b = lateral facet, ¢ = corner, d = lateral edge; (ii) commercially

available MgCl, ; and (iii) ball milled MgCl, [124]
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As the size of the crystallite decreases, the fraction of double vacancy Mg
ions increases more rapidly than that of single vacancy ions.

During the ball-milling procedure of MgCl, in the presence of ethyl
benzoate, the agglomerates are broken down to yield primary crystallites, when
the freshly cleaved surfaces are coated with ethyl benzoate preventing
reaggregation (cf. protected colloids). At the same time absorption of
ethylbenzoate between layers in the MgCl, structure, or even solid solution

formation can take place.

(b) Interaction of MgCl, with electron donors. The use of aromatic esters
as internal donors seems the only choice for high stereospecificities although
some sterically hindered alcohols offer distinct possibilities. Keszler et al. [99]
have concluded from thermal studies that rapid adsorption of ethyl benzoate
occurs followed by slower complex formation. Chien et al. [100] have
investigated the effects of ball-milling MgCl, with ethyl benzoate by means of
BET, mercury porosity and X-ray techniques, and have concluded that the milled
material (60h) has higher surface areas, (5.1-7.3 ng'l) , smaller pore radii, higher
pore surface area and smaller crystallite dimensions that unmilled material.

The interaction between MgCl, and ethyl benzoate has been extensively
studied using IR techniques. Goodall [98] has reported shifts in the C=0
stretching frequency from 1721 cm™ in the free ester to 1678-1688 cm™ in the

MgCl, complex. Kashiwa [101] and Chien [102] report similar observations.
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Goodall [98] concluded that virtually all the surface sites were complexed with
ethyl benzoate. Adsorption at around 1680 cm™ was assigned to molecules bound
via their carbonyl groups to the basal edges and comners of crystallites , whilst
that around 1700 cm™ was assigned to molecules absorbed at lateral faces. Chien

et al. [102] have proposed complexes (1) and (2) to explain the observed shifts.

, Bty
Ph “\ Ph
1) 2

(c) Effect of TiCl, treatment. The second step in the catalyst preparation
involves treatment of the solid products from ball milling with hot neat TiCl, at
80-130°c. During treatment with TiCl, some ethyl benzoate is extrated by the
TiCl, and typical catalyst will contain only 5-20% ethyl benzoate after treatment.
Ethyl benzoate is lost not only from weakly bonded sites on the lateral faces
(1700 cm™ absorption) but also from the more strongly coordinating corner sites
(1650 cm™ absorption) . It is believed that the TiCl, coordinates to these sites by
replacing the ethyl benzoate molecules.

Electron micrographs of polymer growth when using MgCl, supported
catalysts show [103] that growth is more evident on the edges and corners rather
than on the basal faces, which is consistent with the belief that these sites may

~accomodate Ti atoms with higher activity.
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The oxidation state of the titanium complexed to MgCl, has been
investigated by several authors. [105-106] Baulin et al. [105] have concluded
from electron paramagnetic and elemental analytical studies that all the titanium
exists as Ti''. Chien’s CW catalyst [106] is more complex since the procatalyst
preparation involved AlEt; treatment. Figures of 8% Ti", 38% Ti™ and 54% Ti""
have been reported for this catalyst. On the basis of their results Chien and Wu
[106] have proposed structures (3) , (4) and (5) for the surface Ti™ species.
Activation of the procatalyst by a cocatalyst system involves reduction of Ti'’ to

lower valence states.

B ol o
ol b Ci Cl a ja}
e O e o
Cl Cl C'l ci ’?l C:l ci

M M Mg Mg
.\1g\ /‘“g kCl/ g\C]/ 3 /Mg\ NG /.\lg\
3) “4) ()

(d) The cocatalyst system. These MgCl,/EB/TiCl, catalyst systems may be
activated with trialykylaluminium compounds and used for the polymerization of
ethylene. However, for propylene polymerinzation the addition of an electron
donor (external donor) to the trialkylaluminium solution is necessary in order to

achieve high stereospecificity. Benzoates, toluates, anisates and various amines
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have been successfully used with MgCl,/EB/TiCl, catalyst systems, whilst
various di- and tri-alkoxysilanes have been used with MgCl, /phthalate/TiCl,
systems.

The role of the external donor is complex and includes the following
reaction. [107] (i) Complex formation with the aluminium alkyl compound
leading to a reduction in its capacity to reduce the titanium entity. (ii)
Deactivation of the specific centres. (iii) Alkylation and reduction of the donor
compounds; these reactions have been extensively investigated and it has been
suggested that the products may themselves act as catalyst modifiers.

The exact role of the external electron donors is still unresolved but their
presence is a crucial feature of these polymerizations, affecting both catalyst
activity and stereospecificity. Under experimental conditions where extensive
chemical reaction between the donor and aluminium alkyl takes place [98,109] the
use of large concentrations of alkyl are necessary. Hence the use of modifiers
already built into the procatalyst system itself may obviate the need to use high

alkyl concentrations.
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