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I.a. General Introduction

Vinyl polymerizations are repetitive addition reactions
brought about by free radical, ionic or coordinated ionic mecha-
nismsl. Free radical may be generated by thermal or photo-
chemical initiated reaction52 and ionic polymerizations may be
anionic or cationica’4. Free radical polymerizations, the
earliest discovered and still the widely practised industrial
method,have been investigated in great detail. The basic
features and mechanism of free radical polymerizations are very
well understood. However, in recent years, the coordinated type
of polymerization, more commonly alsc known as the Ziegler-Natta
polymerizations, have had the largest scientific and techno-
logical impact.

Ziegler, in the early 50's, discovered5’6

that higher
aluminium alkyls can be prepared by the reaction of ethylene
with aluminium triethyl at temperatures above 10000, and
pressures of 100 atmospheres. In the presence of colloidal
nickel, instead of expected 'Aufbau' reaction, quantitative

yields of 1-butene was obtainedT’B

9,10

by the displacement reaction.
Systematic investigations led to the discovery that ethylene
could be polymerized to high molecular weight polymer at ambient
conditions using transition metal compounds, particularly
titanium and vanadium halides, in combination with aluminium
alkyls.

Fatta investigatedll, in greater detail, the polymerization
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of %-olefins using catalyst systems consisting of titanium halides
and aluminium alkyls. Propylene was poly_merized12 to high melting
crystalline polypropylene using N;TiCIG-AlEtB catalyst system.

The polymer had a regular head-to-tail structure with pendant
methyl groups on the same side of the polymer chain and was
designated as isotactic polypropylenelz- Syndiotactic poly-
propylene, which has alternate pendant methyl groups on the

13,14

oppeosite sides of the polymer chain, was chtained by using

V014—A13t201 catalyst at -78%, Isotactic polymers of styrenel5,

4 methyl pen‘tene—ll6

etc. were also prepared by the proper choice
of catalysts.

Ziegler-Natta catalysts generally conﬂist17 of transition
metal halides of Group IV-VIII of the periodic table (catalysts)
in combination with base metal alkyls from Group I-III (cocata-
lysts). Though a variety of catalyst-cocatalyst combinations
are theoretically possible, the choice of the catalyst and
cocatalyst has an inherent specificity for every mcnomer17-
Heterogeneous catalyst systems generally result in isotactic
polymersl7.

Apart from isotactic and syndiotactic polymers of ~-o0lefins,
butadiene and isoprene have been polymerized with high selecti-
vity to cis, trans and vinyl polfdienesls, and polybutadienes
have been obtained with a steric purity of about 98%. In the
polymerization of racemic <-olefins, Pino and coworkers reported19

that optically active polymers were obtained by the use of

optically active aluminium alkyls as the cocatalyst. However,



use of optically inactive aluminium alkyls resulted in a racemic
mixture and the constituent optically active polymers could be
separated by chromatography.

Ziegler-Natta catalysts are formed by the interactions of
two components - a transition metal halide and a base metal alkyl.
The cocatalysts alkylate and reduce the transition metal halide.
The nature and the extent of the reaction is dependant on the
ratio of catalyst to cocatalyst and the time of the reactinnzo.
Moreover, a minute fraction ( <1%) of the catalyst concentration
employed22 is active for polymerization, making it extremely
difficult for the chemical identification of the active species.
Aluminium alkyls, the more generally employed cocatalysts, also

react vigorously21

with oxygen, moisture etc. which may be
inadvertently introduced as impurities in the system. It is
therefore not surprising that over the years, a large number of

mechanisms have been proposedza’24

for the propagation reaction
in Ziegler-Natta polymerizations.

The mechanism enjoying a wide acceptance envisages an
alkylated transition metal halide as the active specieszs. The
alkylated transition metal halide has a hexa~coordinated
configuration with a wvacancy for the coordination of the
incoming monomer. The monomer is coordinated at the vacant site
and subsequently inserted into the metal-carbon bond (transition
metal-alkyl bond). The crystal lattice in heterogeneous

catalysts provides the driving force for the stereospecific

addition and the necessary stabilization for the alkylated



transition metal species. In the homogenecus catalyst, the
gtabilization for the alkylated transition metal species, is
envisaged26 due to its complexation with the base metal alkyl.

The active centre concentration in conventional Ziegler-Natta
catalysts is very low. From the point of view of technolngical
implications, methods of increasing the activity of the catalyst
is the subject of intensive study in recent years. The most
significant advance in this direction is the development of

supported oatalyst327’28.

The transition metal component along
with aluminivm alkyls are deﬁnsited on inert carriers like
MgO, MgOH etc. In contrast to less than 17 of the transition
metal element being active in typical Ziegler-Natta catalysts,
30-50% of theoretically possible activity has been claimedzg
with the supported catalysts.

Most significant and comprehensive kinetic studies of co-

22 by Natta and

ordination polymerizations have been carried out
his colleagues using propylene as the monomer. With <*<--—’J'.‘iCl:3 and
AlE’tS, it was observed that the rate of polymerization attained
a steady state rate after amn initial settling period. With
propylene pressure higher than 1 atmosphere, the steady state
rate followed a first-order rate law with respect to monomer
and TiClS{ The rate was zero order with respect to AlEtS, when
A1/Ti > 1. At lower aluminium alkyl concentrations, the rate
increased with increasing aluminium alkyl concentrations.

The kinetics of polymerization of styrene is quite

30

ambiguous™™ probably due to the electron releasing and electron
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attracting characteristics of the aromatic ring. Both coordinated

31 and cation1032 type of initiations have been propnsed.

anionic
Burnett and Tait reported33 that the polymerization of styrene
in n-~heptane with qkTiGla - alEtzGl resulted in rapidly
decreasing rates followed by & slow decrease upto 400 min.
However, use of «-TiCl,-Allt, resulted in steady state polymeri-
zation after 200 min. Using TiCl4-AlEt3, Kern reporfudSQ that
the rate of polymerization of styrene in benzene, decrcased

exponentially with time. Burnett and Tait reparted3

3fnﬂqm®r
dependence of the steady state rate with respect to styrene above
a monomer concentration of 3.60 moles litre'l. At lower concen-—
trations, the rate was second-order. Otto and Parravano
reported35 three-half order of reaction rate with respect to
monomer for the steady state polymerization of styrene in
benzene using N;T1013—A1Et3 catalyst system.

Generally variable rates of polymerization with time are

6

observeda with tetravalent titanium halides in combination with

aluminium alkyls. Minsker et al repnrted37’38 steady state
polymerization of ethylene, after an initial decline in rate
lasting for about 30 min. when one of the halide ligands in
TiCl4 is replaced by an alkoxy group. The alkoxy group was
presumed to function as a microcarrier. Kinetic studies on
polymerizations using alkoxy titanium trichlorides have not been
reported with other monnmers.

Polymerization of styrene in n-heptane using butoxy

titanium trichloride and aluminium alkyls have been investigated



in this study, using a vacuum dilatometer. Two trialkyls, viz.
aluminium triethyl and aluminium triisobutyl were used as
cocatalysts. Steady state polymerization, after a short period
of declining rates, was observed. Kinetic parameters including
the effect of electron donors, have been investigated. The
declining rates during the short settling perind could not be
probed in detail. When diethyl aluminium chloride was used as
the cocatalyst, the rates of polymerization continuously
decreased with time and the kinetics of deactivation has heen

studied in some detail for this system.

I.b. Mechanism of Polymerization

The mechanism of free radical initiated polymerization is

well understood>’. The basic reactions involved are: (1) the

decomposition of initiator, generally a peroxide, hydroperoxide

or an azo compound, e¢ither thermally or photochemically yielding.

free radical species (2) the monomer adds on to the free radical
repeatedly during the propagation step, and (3) the deactivation
of the propagating species occurs either by recombination or
disproportionation of macroradicals or by chain transfer
processes.

The homogeneous ionic polymerizations proceed either by
cationic or anionic mechanismsz. The propagating species in
anionic pnlymerizations is a carbaninn3 and cationic polymeri-
zations, which generally need a cocatalyst as well, are brought

about by carbonium inns4. The propagating species can be a



free ion or ion-pair depending upon the polarity of the medium.
Anionic polymerizations are termination free® (1living polymer)
in the total absence of impurities such as water, carbon dioxide
etc. In cationic polymerizations terminations occur through
transfer and/or isomerization reactims®.

Mechanism of coordination polymerization, in contrast, is
very complex and is still not very well defined. Active Ziegler-
Natta catalysts are formed by the intoraction of transition metal
halides (catalyst) with base motal alkyls, generally alkyls and
hydrides of aluminium (cocatalyst). The reaction of catalyst
and cocatalyst results in fhe alkylation and reduction of
transition metal compound40. The extent of reaction depends on
the ratio of reactants and time of the reactinnzo. The simul-
taneous presence of several reaction products mukes it extremely
difficult to chemically identify the active species effecting
polvmerizations. Moreover, the carliest discovered catalytic
systems (and technologically still the most important ) are
heterogeneous in nature. The concentration of active species
responsible for polymerization depends on the surface area and
differs significantly as compared to its bulk concentration.
Several mechanisms for Ziegler-Natta polymerizations have been
proposed in literature. They are adequately covered in scveral
reviews23,26,41—-43_

Most of the mechanisms proposed for heterogeneous catalysts

are with reference to %-TiCl, as the catalyst and 41Rq as the

cocatalyst. However, the proposed mechanisms may be generalised



in terms of the transition metal compounds and base metal alkyls.
In recent times, most of the workers favour the Cossee's

mechanismzs’44

in which the active centre is an alkylated
transition metal sub-halide. For the sake of completeness, a
few of the significant earlier proposed mechanisms are briefly
presented here.

Early attempts to explain the mechanism assumed aluminium as
the centre at which the growth reaction took place. The 'Aufbau'
reaction involving aluminium alkyls led Natta to pr0p08645 a
bimetallie complex formed by the transition metal halide and
aluminium alkyl as the active centre. Adsorption of moncmer at
the transition metal and growth at the 2luminium centre was
proposed. In view of the accumulating evidence that the growth
reaction took place at the transition metal centre, Natta's
bimetallic mechanism was modified 0, The transition metal of
the bimetallic complex was proposcd as the centre for the
growth reaction.

The experimental findings that the free radicals are
detected in the reaction between titanium halides and aluminium
alkyls led to the mechanistic proposal based on free radical
propagation. Friedlander envisaged47 monomer adsorptirn on the
surface of TiCl3 and propagation by surface-bound free radical,
generated by the fission of chemisorbed aluminium alkyl on
Ticla. Topichiev envisaged48 the generation of free radicals

by the decomposition of the alkylated transition metal compound

which remained bound to the surface and propagated the

8



polymerization by reacting with the adsorbed moncmer. Uelzmann
propnsequ an ion-pair complex as the active species, the
monomer being activated on the titanium cation and migrating to

the aluminium anion for the propagation reaction.

I.b.1 Cossee's Mechanism

With overwhelming evidence in favour of titanium as the
active centre for the propagation reaction in Ziegler-Natta
catalysts derived from titanium compounds and that the activation
of the titanium~chloride is invarisbly effected by aluminium
alkvls, the alkylated titanium chloride as the chemical entity
effecting polymerization gained momentumBO. The earliest
mechanistic proposal in this connection is that of Ludlum, who

51

proposed a divalent alkylated transition metal compound as

the active centre. Carrick fnresaw52

the coonrdination of the
ethylene at the transition metal centre, similar to the 7
complexation of olefins on platinous compounds. These have been
elegontly systematized in the mechanism proposed by Cosseesa.

In addition, Cossee's mechanism offers a logical explanation for
the occurrence of stercospecific propagation in Ziegler-Natta
polymerizations.

Cossee proposed25’53

an alkylated transition metal sub-
halide formed by the interaction of the transition metal halide
and the base metal alkyl as the active centre. Cossee's
mechanism assigns only alkylating function $o aluminium alkyls

instead of becoming an integral part of the active centre.
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The transition metal is pentaconrdinated with alkvl and chloride
ligands. A vacancy exists in the nctahedral symmetry of the
active centre. The vacant sites are located at the edges,
corners, lateral faces, defects etc. nn the crystalline lattice
of titanium halide. Cossee visualised m-complexation of the
monomer perpendicular to the free valency of the tr.nsition metal
ion. The monomer coordination permits the w-electrons to be used
in o> bond formation. There is possibility of the overlap of
dxy orbitals with the antibonding m orbitals of the olefin.
Olefin complexation also brings about weakening of the transition
metal-carbon bond, thereby facilitating migration of the alkyl
group through a planar four-centre transition state.

The reaction sequence envisaged for propylene polymerization

is given below:

Alkylation b+ AlEt3 + T1018 -> AlEt201 + Et T1012 Cﬁ\ H
3 /

7o Feon

Propagation: Ol — i —{] +Cgfg —> cC1 - i
c1” g a1’
CGH, H ™ H
-t —————
[ o1 T2 ] c1 ¥ CH
| - LIRS
—> 01 — T% ¢y —> C1—Ti e
TN NN
1 H H c1 it t
1 1“2
25
HG (CH,)
201 -
Migration 1 ~— Ti’——]
? it le

Scheme- 1.
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The four chloride, ethyl and the vacancy surrounding the
titanium are not equivalent. The Cossee's active centre thus has
an asymmetric ligand environment. The asymmetry of the active
centre favours only one mode of addition of the monomer. With
the monomer insertion, the alkyl and the free vacancy would have
changed places. Migration of the alkyl ligands and the frec
vacancy to their original positions would enable same asymmetric
environment and thus isotactic additinn54. In the absence of
migration, syndiotactic addition would result.

The presence of vinylidene end group in the polymers of
%=-nlefins and the order of reactivity of different ~X-olefins are
in favour of carbenionic nature of the propagating speciesaz.
Electron microscopic studies by Rodrigues _revoaledS5 chain growth
on edges, lateral faces etc. nf the °<T--TiCl3 crystal, in
confirmity with Cossee's model. The four-centre planar
transition state envisaged is characteristic of cis-opening of

56

the double bond, which has been confirmed in the polymeri-

zation of cis and trans-1 deuteropropylene. Theoretical

57 the weakening

calculations by Armstrong and coworkers confirm
of the transition metal-carbon bond on monomer complexation
facilitating migration of alkyl group. In the case of %’TiCIB,
which has hexagonal close packing layer lattice structure,
theoretical calculations®® by Arlman indicate that less than 17
of the titanium present forms active centres for the polymeri-

zation., This estimate agrees with the experimentally found

active centre cnncentra’tionSq (at least in the order of
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magnitude).

Several investigators have attempted refinement of Cossee's
mechanism. Invariable presence of atactic polymer during
isotactic polymerization and the decrease of the atactic fraction
in the presence of an electron donor have led to the suggestion
that more than one type of active centresGO exist. Rodrigues

postulated61

two vacancies (instead of one propesged in the
Cossee's mechanism) for the active centre. One of the vacant
site is used for the complexation of the aluminium alkyl and the
steric interaction of the substituent of the olefin with the
aluminium alkyl, provides the necessary impetus for the isotactic

addition. Chirkov proposed®?

two vacancies in the basal plane,
the one being blocked by the polymeor chain, the other being
utilized for the conrdination. of the olefin. Transition metal
carbenes, which are responsible for olefin metathesisea, were

. i 64
also envisaged as active centres by Green and coworkers .

I.h. 2 Homogeneous Polymerization

Heterogeneous catalyst systems are complicated owing to
the involvement of surface controlled rcactions. Homogeneous
catalyst systems, more easily amenable to physico-chemical
methods of analysis, were therefore actively pursued with a
view to better understand the mechanism. At low temperatures

65

V014—A1Et201 forms a homogeneous catalyst ~. Natta discovered66

that cyclopentadienyl titanium halides in conjunction with

aluminium alkyls form soluhle catalysts at ambient temperaturcs.
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Soluble catalysts based on cyclopentadienyl titanium compounds

have been investigated in detail by Olive—01ive67, Fink68

69,70.

and
others
According to Olive and Olive®’, the bimetallic bridged
complex shown below is the active centre in the catalyst system
2T1012—A1Et012
P
C&\\ cl T Bt
/,n > i e ]
Ccl Ccl
P
The bimetallic active complex has titanium in quadrivalent
state., It has octahedral symmetry and a vacancy for the coordi-

nation of the monomer. Reduction of titanium to Ti+3

was shown,
by magnetic susceptibility and E.S.R mecusurements,to bring about
deactivation of the active centres. Monomer coordination at the
vacant site and its incorporation into the Ti-C bond was
visualised as in the Cossce's mechanism.
Armstrong ct a157,0n the basis of theoretical calculations,
assigned a bipyramidal structure for the bimetallic complex
which on monnmer coordination changes over to octahecdral symmetry.
Alkylated transition metal halides are unstable and only

OH,TiCl, has been isolated in the pure form-0?%°,

It has been
sugpested that the presence of B-hydrogen in alkylated titanium
halides brings about their instability and the existence of
crystalline lattice results in the required stability for the

alkylated transition metal halide in heterogeneous catalysts.
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Similar stability is envi saged by complexation with the aluminium

alkyls in case of homogeneous catalvst526.

I.b.3 Supported Catalysts

Typical Ziegler-Natta catalysts are of low activity. Iess
than 1% of the titanium forms active centres for polymerization.
High activity has been nbtain6627_2q by supporting the typical
Ziegler-Natta catalysts on inert c .rriers of high surface area
like alumina, silica, Mg0 etec. Isotactic polymerization of
propyléne has been affected by the use of Ti014—AlEt3—electron
donor deposited on magnesium dichloride. It is suggested27 that
isotactic polymerization in this case is possible because of

Similarity of the crystalline structure of NMgCl, with TiCl,.

The following structure has been proposed for the active centre

in the case of supported catalyst326’2?.
i R 0 /
| 7 s /R
/ 1™\ JEEAIN
R )

Monomer coordination at the vacant site and inscrtion at

the M-C bond as discussed earlier, are envisaged.

I.c. Kineties of Coordination Polymerization

Ziegler-Natta polymerization is a catalytic reactiﬁn'?1
initiated by an alkylated transition metal species. The monomer
is coordinated at the transition metal centre and inserted into
the metal-carbon bond. Kinetic studies do not discriminate

whether the propagating centre is a transition metal or a base



metal entity. The simultaneous presence of atactic and isotactic
fractions in “~olefin polymers prepared using several of these
catalysts indicates that more than one type of active centres
26

are present in the system The kinetic rate constants deter-

mined therefore refer to the overall rates of reaction.

I.c 1 Relevant Reactions

The chemical nature of the active species in coordination
polymerization is still not very well understood and explained
to the total satisfaction. Dyachkovskii et a172 have shown

that in the soluble catalyst, consisting of CpéP1012 and AlEt ,C1,

2
the active species is very likely a charged species. However,
the overwhelming evidence is in favour of an alkrlated transition
metal halide as the chemical species mainly responsible for
coordination polymerization. The alkylation reaction of the
transition metal halide with the base metal alkyls like

aluminium alkyls and the reduction of the alkylated transition
metal halide are well documented. A simplified picture of the
chemical reactions involved in the polymerization of ~X-olefins
by the use of coordination catalysts, mainly based on Cossee's

mechanism, is given below.

IT.c. 1 (1) Catalyst Forming Reaction

The initiating species are formed in situ by the interaction
of transition metal halides and base metal alkvlsgl. Initially,
an unstable alkylated transition metal halide is formed which

decomposes to low valent transition metal halide and hydroearbons.
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The extent of alkylation and reduction depends on the ratio of
the two components. One or more of the alkylated transition
metal Species formed initiate the polymerization. Typical
reactions involved may be illustrated40 taking TiCl, and

aluminium triethyl,; as an example.
Alkylation : TiCly + (CoHg)ahl -> CoHgTiCl, + (CoHg), A1C1
Reduction : 02H5T1013 -> (CZHS)' + TiCl,

(CpHg)"  => CoHy + CoHg + C4Hy

Alkylation : CylPiCly + (02H5)3A1 -> (02H5)2T1012 + (02H5)2u101
Reduction : (02H5)2T1012 -> Hydrocarbons + TiCl,
..... voe 8te.

The alkylated species R TiCl, and/or R TiCl, initiate
polymerizations.

Similar reaction sequences may be envisaged for other
combinations of transition metal halides and base metal alkyls.
In the case of crystalline TiClS, the alkylated transition
metal halide is believed to remain bonded to the surface and

initiate the polymerization.

I.c. 1 (ii) Initiation and Propagation

Both the initiation and propagation reactions involve the
coordination of the monomer at the vacant site followed by its
insertion into the transition metal-carbon bond. The formation
of alkylated species and the insertion of first monomeric unit

may be treated as the initiation S'I:evp?3 and subsequent monomer
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insertions as propagation. In polymeri~ation kinetics, propaga-
tion rate constants are deemed independant of the degree of
polymerirzation. Hence there is no basic difference between the
initiation and propagation reaction as far as the first insertinn
of the monomer is concerned and the rate of initiation is
primarily proportional to the rate of alkvlatiﬂn74. However, the
formation of propagating species are dependant on the existence
of coordination vacancies and these vacancies are located at the
edges, lateral faces, corners etc. of the crystalline lattice.
The rate of initiation will therefore be a very minor fraction
of the rate of alkylation. The reaction steps for initiation

and propagation are:

/
?1/01 é| 4
Initiation : Ti + AlR3 -> i + 31R201
At /| “r
7 ' 7
&,
i
s 0 41 e
| i o Vs
Propagation : T3 + R'GH=C}{2 ) i
41N 2 4\
7l R 71 R
/ 7
/ 1
K ?li _-ClL,=CH-R
Ao

where kl, k2 and kS are rate constants for adsorption,desorption

and insertion of the monomer respectively.

IT.c.1€1ii) Termination

The deactivation of the growing chain occurs mostly by
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transfer reactions. Transfer to base metal alkyl predominates

and transfer to transition metal complex is rare. Termination

otherwise is infrequentTl’?Sa
/ / !
Spont £ éi'/D Ksp //Il < CH !
pontaneous transfer: i 3 i + 5=Ceves
§| “CH,,~CHR " ﬁT 0
/ /
Ao s ]
Transfer with Ti + AR5 —==> i + R AID
metal alkyl : g' \'CHZ—CHR' ? N[

/ M / = '

é 0 Kep él __CH,~CHR 0
Transfer with /”1 + CH2=CH:R‘ /T i\ + CH2=C--
monomer :

7| “cly-GHR! 7 [

/ - Ho~  /
Transfer with ? /[—] % é /"H
added transfer /E“i\ + H2 —_— /Ti + H--Pn
agents like o ,
hydrogen & CHE CHR % \D

Al M Ho

where ksp, ktr , k‘br and k‘tr are the rate constunts for the
transfer reactions.

Several kinetic studies on the coordinatinn polymerization
of %-olefins using various catalyst systems under divergent

: oy " %9 %g,?l,'?s
experimental conditions have heen reported in the literatd .
Generally, overall rates of polymerization and transfer rate

constants have been reported. Rates of initiation and



19

74
termination have been reported in isolated cases .

I.c. 2 Active Centre Concentration

76

The overall rate of polymerization, R_, is related to

p
the rate constant for propagation(kp)by:

Ry = Kk, ] [cx)

(M) is the monomer concentration and (o] represents the concen-
tration of active centres. Knowledge of lc*] is of primary
importance for the determination of rate constants.
Radiochemical and kinetic methods have been employed for
the determination of the concentration of active centres. Natta
utilized the concentration of radiocactive aluminium alkyl
retained on TiCl3 after repeated washings and the amount of
aluminium alkyl incorporated into the polymer to deduce the
concentration of the active centres. Feldmen and Parry77
quenched the polymerization with tritiated alcohol and the [C*]
was estimated from the amount of tritium incorporated into the
polymer. Al-C bonds in the polymer due to the transfer reaction
with aluminium alkyl are also liable to be included in the metal-
carbon bond concentration estimated by this method. The initial
concentration of the metal-polymer bond extrapolated to zero
conversion or time was used for the estimation of [C*].

14 140

Yermakov and coworkers used C~ 0 and C

> as propagation
inhibitors and from the radiocactivity of the resulting polymer,
[c*]was evaluated. However, 0140 is liable t» be incorporated

as a comonomer into the polymer. ILater, Yermakov and cownrl-:'e:r-s'?8
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used PH3 along with 0140 to prevent the copolymerization. Non-
radioactive inhibitors have alsn been used for the determination
of [c*]. The prominent among these inhibitors is allene7q which
@dsorbs on the active centre. From the consumption of allene,
active centre concentration camn be estimated.

In the kinetic method, the molecular weight of the resultant
polymer and the values of the individual transfer constants are
utilized for the determination of amctive centre cnncentratinn7l’80.
The number of molecules formed at any given instant is the sum
of the number of molecules formed from all the termination
steps. The inverse of number-average molecular weigh#% at
different times is plotted against the time of polymerization.
The intercept accounts for the number of molecules formed from
the different transfer reactions and the slope gives 1/kp[MJ.
Thus the rate constant for propagation can be deduced and hence
[c*] from the overall rate of polymerization.

The active centre concentrations determined by different
methods lie in the range of 0.1 to 1.0 mole percent of the bulk
concentration of the transitinn metal element in the catalyst?G.
This estimate is in good agreement with that predicted by
Cossee-Arlman theory44. The average life-time of the growing
chain estimated frem [C*] range from few minutes to several
hoursel, as compared to short life-time of free radical

initiated chains.
I.c. 8 Rate Laws

Generalised rate laws governing the polymerization employing



coordination catalysts have not been accomplished due to inherent
complexities. 1In the very early stages of polymerization, a
settling period is generally observed during which the rate
either incrcases or decreases depending upon the physical status
of the catalystsz. Subsequently, a declining rate throughout

the remaining periond of polymerization have been obscrved in

very many cases4o. Higher valent transition metal b:).lides3

like
TiCl4, TC1l,, VOGl3 etc. along with aluminium alkyls and several
~f the homogeneous catalysta67 are typical examples of this case.
The declining rate with time has been dealt in a subsequent
section of this introductory chapter.

Catalysts derived from crystalline TiGl3 or V013, however,
yield a region of steady state polymerization lasting over a
sizeable period after an initial settling perind7l. The rate
declines again after the steady state. The kinetic rate laws
reported are generally valid for the stcady state polymcrization.

The dependence of the rate of polymerizatinn, Rp’ on
different reaction variables which affect the rate, have been

40,60

studied for different monomers with many catalyst systems.

The concentration of the monomer and the transition metal
compound greatly affect RP as expected. In agreement with the

earliest findings of Natta®

e (in propylene polymerization with
«JTiCIB-AlEtS), the concentration of the base metal alkyl docs
not greatly influence Rp. However, at very low concentrations,
Rp inereases with increasing alkyl concentration and beyond a

certain low concentration (usually base metal alkyl : transition
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metal compound = 1:1), the rate of polymerization is ~ero order
with reference to base metal alkyl. It has been rcpnrtede4 by
some investigators that Rp depends on the concentration of base
metal alkyl at very high alkyl concentrations .

The dependence of R_ on the concentration of the transition

P
metal compound for steady state polymerization, usually follows

a first order rate 1aw60’71.

The dependence of R_ on monomer concentration is not that

P
straightforward. In several cases, a first-order rate law with
reference to monomer during the steady state polymerization have
been ohserve660’7l. However, at low monomer concentrations (for
example bel»~w one atmosphere of propylen922 pressure and

33)

3.6 mole lit:re“1 of styrene , a second-order rate law has becn

reported. Dyachkowski has reported85 a zero-order rate law in
ethylene polymerization at very low temperatures.

In view of the above, for the steady state polymerizations
and at base metal alkyl and monomer concentrations not too low,

the following rate law appears to be valid.

Ry = & [m] [MT] [base metal alky1]” ¢~ E/RT

where [MT] is the concentration of transition metal compound.
Kineticist have uscd adsorption equilibrium in order to
account for the observed rate laws. As first pointed out by

Mark and coworker386’87

s the heterogeneous nature of a wide
variety of Ziegler-Natta catalysts implies that adsorption plays

a major role. Rideal and Langmuir-Iinshelwood isotherms have
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been employed to explain the observed rate law340’88’89.

In

the Rideal mechanism, an adsorption equilibrium exists between
the aluminium alkyl and the heterogeneous surface and the
monomer 1is incorporated into the metal-carbon bond directly
from the solution40. In the Langmunip -Hinshelwood mechanism4o,
adsorption equilibria exist for both monomer and aluminium alkyl
and the adsorbed monomer is incorporated into the metal-carbon
bond. The rate of polvmerization, Rp, in the case of Langmuir-

Hinshelwood mechanism, taking into consideration the competitive

adsorption of the two for the same sites, is given hy:

kK, [ [a] [ex]
C(a+ g lad + g )2

where K; and KM are the equilibrium constants for the adsorption
of the alkyl and the monomer respectively and [C*] is the

concentration of catalyst sites.

In the case of direct insertion of monomer into the metal-
case
carbon bond viz. in Rideal isotherg$ the rate of polymerization

is given by

Langmuir-Hinshelwood mechanism accounts for the experimentally

90

observed first order dependence with respect to monomer. A

maximum in rate, as the concentration of base metal alkyl is
increased, is also prediotedag. Rideal mechanism predict591

an initial increase of Rp with increase in the concentration of

23
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base metal alkyl, Rp becomes independent at higher concentrations.
Assuming that the propagation takes place with the catalyst
species incorporating the first monomeric unit, a second-order
dependence with respect to monomer can be deduced on the bhasis

of Rideal mechanismqo. Zero—-order dependence with respect to
monomer can he visualized with very high enuilibrium constant for
the adsorntion of monomer.

Several generalised reaction schemes have been published in
the literature to account for the kinetiecs of cnordination
pnlymerization. All the schemes treat the alkylated transition
metal entity as the active species. The monomer and alkvl are
reversibly adsorbed onto the active centre and the monomer
insertion, transfer etc. occur only with the adsorbed reactants.
In Tait's92 scheme insertion is the rate controlling step,
whereas in Yermakov's schemeqa, adsorption is the rate deter-
mining step. Tait's scheme has been used for explaining the
kinetics of polymerization of 4 methylpentene-1 with VCla--.—'le3
and Yermakov's scheme has been employed to account for the
kinetics of ethylene and propylene polymerization using TiCla—
AlEtS. Bohm has recently prnpnsed94 a reaction scheme which is
claimed to include hoth homogeneous and heterogeneous

coordination polymerizations.

Tic.4 Electron Donors

Electron donors greatly influence the coordination prlymeri-

zation of ﬂﬁnlefinsso. Stereospecific polymerization is also



possible by the use of transition metal halides along with

electron donors in place of aluminium alkylseo. These alkyl-free

catalyst systems have provided convincing evidence60

in favour
of the growth at transition metal entity. The use nf electron
donors along with transition metal compounds and base metal
alkyls bring about an increase in the isotactic fraction apart
from a decrease or an increasc in the rate of nnlvmerizatinnso.
The increase in the isotactic fraction has been attributed to
preferential complexation of electron donor on the more exposed
sites of the heterogeneous catalyst surface.

The variation in the rates of polymerization with the
incorporation of electron donor in the typical Ziegler-Natta
catalysts, however, is more complex. At very small ratios of
electron donrr-base metal alkyl, there is generally a decrease
in the rates of polymerization. At higher ratios (but still

less than 1) the rates increase6o’95

and in several cases

even higher than the rates in the absence of electron donor.
Llectron donors are capable of complexation with both the

catalyst and the cocatalyst components. The initial decrease

in rate may be ascribed to the complexation of the electron

95

donor at the active centre resulting in their reduced effective

concentration. The increased rates may be explaine691

in terms
of competitive complexation of the aluminium alkyl with the
electron donor and the transition metal halide. Depletion of
the complexed aluminium alkyl from the transition metal halide

surface provides additional sites for polymerization. Recently
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Simon suggestedq6 variation in the ponlarity of the active centre
with varying number of electron donor molecules complexed as

the reason for the variation in the rates of polymerization.
I.c. § Deactivation

It has been pointed out carlier that Ziegler-Natta catalvst
systems derived from higher valent transition metal compounds
such as TiCl,, VC1l,, VOCl3 etc. yield continuously varying rates
of polymerization. Bven in the case of low valent ffansition
metal halides which may yield steady state, 2 declining ratc is
observed at later stages of polymerization. 4An initial settling
perind of ‘varying rates is commen to all the Ziegler~-Natta
polymerizations.

The deactivation,especially at later stages of pnlymeri-
zation, can be due to physical restrictions such as diffusion
controlled reactions and/or chemical deactivation of sites.
Diffusion controlled polymerizations can be visualised in
heterogceneous polymerizations, especially at higher conversions.
In homogen:ous polymerizations, and in prlymerizations carried
out to low conversions, diffusion may not rlay a major role. '

In the context of the bimetallic complex proposed for the
active centre in the conordination polymerization, Kéhn
proposed’” that the presence of an alkyl ligand in the bridged
complex is necessary for the polymerization activity. He
proposed that the formation of two chlorine bridged complex

98

results in deactivation. Keii investigated’™, in detail, the



settling period (during the initial stages) in the polymerization
of propylene with ground *-TiCl, and AlEt,. He proposed the
migration of chloride ligands from the adjacent layer to the
surface defect as the cause of deactivation. Caunt asoribed80
the rate decay, in the propylene polymerization using TiClB—
AlEt,01, to the site poisoning by AlEtCl, formed. He demonstra-
ted the declining rates with addition of AlEtGlz to the system
and restoration of the rate by complexation of AlEt012 formed
with KBEt, NaCl etc.

There is no agreement amongst the different investigators
about the rate law of deactivation. First-order decay of
catalyst sites have been revorted in propylene polymerization

using TiCly-AlBt,, TiCl,-AlBt,C1 by Keii’®, Konn?” and Bier?’

respectively., Begley, however, cnncludedloo a second-order
decay of sites for polymerization of propylene with TiClS—
AlEt201. Karasev also ohserve6101 second-order deactivation in
the copolymerization of ethylene-propylene with colleidally
dispersed catalyst derived from VOCl,. Fricdlunder, on the
basis of analysis of several heterogeneous catalyst systems,
concluded that kinetics is more in agreement with mixed-nrder
mode of deactivatinnloz._ For homogeneous catalyst systems, a
second~order deactivatinn is observed due to the reduction of
the catalytically active higher valent transition metal to its
lower valent stateGT.

The first-order decay of catglytic sites is easily

understood. The second-order decay would involve site
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migration which is permissible in homogeneous systems only.
Therefore, second order deactivation in heterogeneous catalyst

systems is difficult to visualise.

I.4. Present Investigation

Kinetics of coordination polymerization of several =-olefins
have been reported in the literature. Polymerization studies
have been carried out under diverse experimental conditions
using several catalyst-cocatalyst combinations. As described
in earlier sections, tetravalent transition metal compounds like
TiCl4, V014 etc. when empnloyed in combination with aluminium
alkyls yield83 continuously varying rates of volymerization with
time. IKven in the case of soluble catalysts like Cp2 TiClz—
Aluminium alkyls, where the transition metal component is in the
tetravalent state, continuous variation of rates of polymeri-
zation with time have been observed67. alkoxy titanium halides,
with the transition metal in the tetravalent state, however,
have been reported.a8 to yield steady state polymerization of
ethylene (after an initial short duration of settling period)
when used in conjunction with aluminium trialkyls. In contrast,
Nowakrwska et 31103 reported continuously declining rates of
polymerization of ethylene when alkoxy titanium halides were
used with ethyl aluminium sesquichloride. Polymerization
kinetics with alkoxy titanium halides and aluminium alkyls have

not bheen reported for other monomers.

Kinetics of polymerization of styrene using butoxy titanium
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trichloride and aluminium alkyls are studied in this investi-
gation. The butoxy titanium trichloride was prepared from
titanium tetrachloride and n-butyl aleohol. Two trialkyls,
aluminium triisobutyl and aluminium triethyl were used as repre-
sentative trialkyl cocatalysts and aluminium triethyl used
was synthesized. In view that varying rates have been reported
in the polymerization of ethylene by the use of ethyl aluminium
sesquichloride (along with alkoxy titanium halide as catalyst),
diethyl aluminium chloride was also used as the cocatalyst.

The kinetics of polymerization have been studied using a
vacuum dilatometer so as to facilitate easy monitoring of the
rates of polymerization with time. The rates were deduced from
the volume contraction as monitored by the changes in the heights
of the meniscus by the use of dilatometer equation. In several
cases, the end conversions were cross checked by gravimetry and
the values determined by both the methods are in satisfactory
agreement with each other.

Steady state polymerization of styrene was observed when
aluminium trialkyls were employed along with butoxy titanium
trichloride. The rate laws and activation energies have been
determined for the steady state ponlymerization. 1In agreement
with the findings of Nowakowska et a1108 in the polymerization
of ethylene, diethyl aluminium chloride as cocatalyst yielded
continuously decreasing rates of polymerization. The results
have been analyzed in terms of first and second-order deacti-

vation of catalyst sites.
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The oxidation states of titanium at various Al+Ti ratios
have been deterﬁined. In analogy with the widely accepted nature
of the active species in heterogeneous coordination polvmeri-
zations ,apossible mechanism of polymerization with these

colloidally dispersed catalysts has becen pronosed.






II,a. Chemicals

Purification, preparation (if any) etc. of the chemicals
used in this study are detailed in this section. Monomer,
solvents, catalyst etc. for the polymerization were further
purified on a high vacuum manifnld which will be described under

a subsequent section.

IT.a.l. Styrene Monomer

Styrene was freed of the inhibitor by washing with aqueous
alkali, dried over fused calcium chloride and calcium hydride.
It was fractinmmally distilled under reduced pressure and the
middle fraction was collected.

Polymerization grade styrene (98% pure) obtained from
M/s. Pnlychem Itd., Bombay, was used. About 250 ml was taken
in a 500 ml separating funnel. One-fifth its volume of sodium
hydroxide solutinn (54) was added. The contents were thoroughly
mixed by shaking. The lower alkaline layer was withdrawn and
the styrene was washed with a fresh aliquot of alkali. The
alkali wash was reneated 3-4 times till the alkaline layer
remained colourless. The monomer was subsequently washed with
distilled water repeatedly and dried over fused calcium chl-oride
for 12-15 hrs. It was further dried over calcium hydride for
8-10 hrs. and fractionally distilled under reduced pressure.
Middle cut fraction boiling at 40-42°C (<» 20 mm Hg pressure)
was cnllected and stored in a stoppered round bottom flask at

5°C in a refrigerator.
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II.a.2. n-Butoxy Titanium Trichloride

Butoxy titanium trichloride (EuOTiClq) was prepared according

tn the method reported in the literatur0104’105.

Equi-molar
quantities of titanium tetrachloride and n-butyl alcohnl were
reacted at 0°C under a blanket of carbon dioxide gas. BuOTiCl8
formed was recovered by fractional distillation at reduced
pressure in nitrogen atmosphere.

TiCl, (~»99%) obtained from the Process & Development
Division, NCL, was refluxed over copper turnings (about 0.5 we ight
percent) for 3 hrs. and fracti-nally distilled at ambient
pressures. Middle fraction boiling at 132-133°C was collectea
and stored in a flask. The flask was stoppered with self sealing
screw rubber cap.

Purified n-butyl alcohol (26 g) was taken in a 500 ml three
necked round bottom flask. The flask was fitted with a dropping
funnel (bhaving a side arm for pressure equalisatirn), a gas inlet
and outlet tubes. It was placed in an enamel basin and
surrounded with crushed ice. Carbon dioxide gas was inlet to the
flask. The outlet tube was connected to a long rubber tuhe
(with one end outside the laboratory window) for venting the acid
vapours formed. Freshly distilled TiCly (75 g) was taken in the
dropping funnel. TiGl4 was added after the contents of the
flask have reached 0°C. Successive aliquots (2=3 ml) were added
after the cessation of: fumes. After the complete addition of
Ticl4, carbon dioxide supply was discontinued. The flask was

degassed (30 mm Hg pressure) for 20 min. to completely remove
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the HC1 formed. Carbon dioxide was again admitted and the
droppins funnel removed from the flask. Cyclohexane (10 ml) was
added through a syringe to dissolve the unreacted TiCl4. The
bottom cyclohexane layer was withdrawn with the syringe. The
flask was removed from the ice hath and placed on a heating
mantle. A condenser with a short fractionating column was
attached to the flask. Carbon dioxide was cut off and the
contents of the flask were blanketted by nitrogen. BuOTiCl3
formed was fractionally distilled at 127-129°C at reduced pressure
(40-42 mm Hg pressure). Middle cut fraction was collected in a
flask. Flask was removed under a positive pressure of nitrogen,
transferred to the high vacuum line and diluted by distilling
n-heptane. The diluted catalyst solution was removed under a
positive pressure of nitrogen and stoppered with self sealing

screw rubber cap. It was stored till use at 500 in a refrigerztor.

IT.a.3. Aluminium Alkyls

Aluminium Triethyl: AlEta was prepared106 by the reaction

of ethyl iodide with aluminium magnesium alloy.
itlzmig.3 + 6EBtI -> 2 A.lE‘c.3 + 3 Mgl,.

AlEta formed was dispersed in liquid paraffin and recovered by
fractional distillation under reduced pressure.
Aluminium-magnesium alloy (312Mg3) was obtained from the
National Metallurgical Laboratory, Jamshedpur. The alloy was
powdered using a brass pestle and mortar. Powdered alloy

(82.5 g) was transferred to a four necked round bottom flask.



The flask was fitted with a motor driven glass stirrer, a reflux
condenser, a pressure equalising graduated dropping funnel and a
gas inlet tube. Oxygen~free dry nitrogen was inlet to the flask
and the flask was heated. Purified ethyliodide: (155 ml) was
taken in the dropping funnel. When the contents of the flask
reached 70-80°C, about 5 ml ethyliodide was added to catalyze
the reaction. Remaining portion of ethyliodide was added in 10 ml
aliquots taking care that the drippings from the condenser ceased
before each subsequent addition. The heating of the flask was
continued for one more hr.w after complete addition of ethyliodice
and the flask was cooled to 30°C under a blanket of nitrogen.
The reflux condenser was disconnected from the flask and simul-
taneously 20 ml of dry liquid paraffin was added and the flask
was stoppered. The cake formed was dispersed in liquid paraffin.
The stirrer was disconnected under a fast stream of nitrogen. A
condenser with a short fractionating column was attached to the
flask. The disconnected stirrer rod dipped and the condenser
was washed with liquid paraffin as 360n as they were removed from
the flask. Aluminium triethyl formed was fractionally distilled
at 80°C at reduced pressure (c»3 mm Hg pressure). Middle
fraction was collected. The receiver was removed under a
positive pressure of nitrogen, stoppered with a self sealing
rubber cap and stored in a dry box.

Iriisobutyl aluminium (min purity 93%) was obtained from
M/s. Scherring A.G., West Germany. The requisite auantity of
the alkyl was transferred into a 100 ml round bottom flask

under total nitrogen blanketting. It was distilled under



reduced pressure (2 mm Hg pressure) and the middle fraction
boiling at 50°C was collected in a flask, stoppered with a self-
sealing rubber cap and stored in a dry hox.

Diethyl aluminium chloride (also from M/s. Scherring A.G.,
Viest Germany, min. purity 90%),was transferred under a positive
pressure of nitrogen and distilled under reduced pressure. The
fraction boiling at 89°C (w3mm Hg pressure) was collected,

stoppered with self sealing rubber cap and stored in a dry box.

IT.,a.4. n-Heptane

n-Heptane was freed of the olefinic impurities by treating
it with conc. sulphuric acid, washed, dried and distilled.

To about 500 ml of CP grade n-heptane taken in a one litre
separating funnel, 50 ml conc. H2304 was added and thoroughly
mixed by shaking. The acid layer was withdrawn, a fresh aliocuot
of H2804 added and mixed. The washings were repeated 3-4 times
t1ill the acid layer was pale yellow. n-Heptane was subseanuently
washed with aqueous sodium carbonate solution (10%) and repeatedly
washed with distilled water. It was dried over fused calcium
chloride for 18-20 hrs. The dried heptane was refluxed over
freshly cut sodium for 10 hrs. and fractionally distilled. The
middle fraction boiling at 95°C (ambient yressures) was collected

and stored.

IT.a.5. Other Chemicals

Triethylamine (CP grade) was refluxed first over sodium

hydroxide pellets for 3 hrs. and later over calcium hydride for



6 hrs. It was distilled over calcium hydride and the fraction
boiling at 85*8600 (ambient pressures) was collected and stored
over Linde Molecular Sieves (4 £ ).

Butyl alcohol (CP grade) was distilled over calcium hydride.
The fraction boiling at 115°C (ambient pressures) was collected
and stored over Linde Molecular Sieves (4 R).

Ethyliodide (CP grade) was dried for 6 hrs over P 05 and
distilled over calcium hydride. The middle fraction honiling at
66~-68"C (ambient pressures) was collected and used in the
preparation of triethyl aluminium.

Ethyl alcohol (commercial absolute alcohnl, 79%) was
refluxed over magnesium turnings and iodine. The middle cut
fraction boiling at 76°C was collected.

Sulphuric acid, nitric acid, hydrochloric acid, sodium
hydroxide, ammonium acetate, zinc sulphate, ethyvlene diamine
tetraacetate (disodium salt), dithiozone, ferric chloride
(sublimed), ceric ammonium sulfate, burium diphenylamine
sulphonate, silver nitrate, potassium thiocyanide etc. used for
analysis were AR grade chemicals.

Phosphorous pentoxide, silica gel, drierite, calcium
hydride, sodium metal, sodium hydroxide pellets and potassium
hydroxide pellets used as drying agents'were CP grade chemicals.

Anthraquinone sulphonic acid (sodium salt), lead acetate,
copper chloride, kieselguhr , liquid paraffin etc. used in
nitrogen purification were CP cr lahoratory reagent grade

chemicals.,

=]
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II.b. Apparatus
II.b.1. Vacuum Dilatometer

The principal use of dilatometry in polymerization kinetics
is that volume changes, more generally contraction, occurs dur ing
the course of polymerization. The change in volume is propor-
tional to the conversion. In its simplest form, the dilatometer
has a cylindrical bulb of about 30-50 ml capacity connected to
2 measuring capillary for monitoring the volume changes.

Initially the monomer/monomer solution is taken with the bulb
full and the meniscus in some part of the capillary. The small
changes in volume during'pnlymerizatinn are reflected in larger
fall in the height of the meniscus in the capillary. With a
knowledge of the specific volumes of the monomer and polymer, the
course of the polymerization can therefore be monitored by
measuring the changes in heights of the meniscus in the capillafy.

The vacuum dilatometer employed in this investigation is
shown in Fig.l. It is similar to that used by Amass and Tuek 7.
It consists of a graduated cylindrical (dilatometer) bulb A
(approx. 35 ml capacity) connected to the measuring capillary C
(precision bore: 0.2 cm dia, 31 cm length) through a side arm.
The dilatometer bulb A is connected to a graduated cylindrical
bulb B of about 100 ml capacity through a side tube Ty Two
T-tubes, T2 and TS are fused to the connecting tube T, such that
the dilatometer camn be attached to the high vacuum line for
vacuum manipulations. T, functions as a pressure equilastion

tube for rapid and easy dilatometer filling. The dilatometer
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is equipped with teflon rotaflo type stopcocks S, S, and Sy

for suitable manipulations.

IT.b.2. High Vacuum Line

Solvent, monomer etc. used for polymerization were rigorously
purified on a high vacuum line which is diagramatically repre-
sented in Fig.2. It was equipped with a rotary pump, mercury
diffusion pump (Pz), a Melerd gauge (G) and had a primary
manifold(A)and two secondary manifolds. One of the secondary
manifold By is shown in Fig.2. The secondary manifold was
connected to four quickfit B19 M joints through 6 mm stopcocks
51—54- The secondary manifold was connected through a side arm
M to a mercury reservoir open to the atmosphere. Two liquid
nitrogen-conled traps T, and T, were provided for efficient high
vacuum work. The manifold had five wider bore (8 mm) two-way

' 1
stopcncks 35—59. The whole assembly was supported by clamping

to a metallic scaffolding at various places. A three-way
stopcock S between the rotary pump and the diffusion pump was
used for releasing air to the system.

The ultimate vacuum consistantly obtained in the setup was

6

1x10"° torr. The operating vacuum during all the experimental

manipulations wore in the range of 10 ° - 107° tarr.

IT.Hs3 ~ Dry Box

All manipulations of the air sensitive organo-aluminium

compounds were carried out in a laboratory dry box. It was
a
constructed withArectangular wnoden frame having glass front
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and an ante-chamber. The manipulations inside the dry hox were
carried out using two armlength rubber gloves fitted air-tightdn-
to it. A 12" length fluorescent lamp was fitted inside the dry
box for suitaple illumination. Dry atmosphere was maintained
inside the dry box by keeping indicator-type silica gel and
drierite, P205 and molecular sieves (4 ﬁ). The dessicants were
periodically replaced. Oxygen-free dry nitrogen was continucusly

flushed through the dry box to maintain an inert atmosphere.

IT.b.4. Constent Temperature Baths
Polymerization experiments and viscosity measurements were
conducted in  thermostats regulated to + 0.02%. by the use of

electronic relays,toluecne mercury regulators etec.
IT.b.5. Viscometer

Viscosity measurements were carried out in an Ubhelohde
suspended-level dilution-type viscometer having a precision bore
capillary of 11.5 cm length and 0.04 cm diameter. The viscometer

had a flowtime of 96.6 + 0.1 scc. for benzene at 30°C.

IT.c. Experimental Methods
IT.c.1. Nitrogen Purification

The nitrogen gas used during the final stages of purifi-
cation of the catalyst, cocatalyst, monomer etc. was rigorously
freed of oxygen moisture and carbon dioxide. Nitrongen gas for
useé in high vacuum manifold was successively passed over heated

copper deposited on kieselguhx, FKOH, drierite and silica gel.
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A paraffin monometer was located prior to the entry of nitrogen
gas into the manifold tn ensure persitive pressure of nitrogen.
For use in the dry bhox, nitrogen gas was successively passed over
Fieser solution, 8~turated lead acetate sclution, KOH pellets,
P205 and silica gel prior to inletting into the dry box.

Activated Copper: To a 2 litre aqueous solution containing

250 g of CuC127H20, 250 g kieselguhr was added. The Cu012
snlution was precipitated by adding slowly 500 ml of 2% sodium
hydroxide solution at 60°C with stirring. The precipitated
copper oxide along with kieselguhr was filtered. The cake was
removed from the filter paper and packed into 2 2 mm I.D.
cylindrical tube. The cylindrical cake was pushed out of the
tube by a rod and cut into pieces of approximately 5 mm length.
The pieces were loosely packed into a glass tube (75 em lnong
and 4 cm wide) having a B19 M @ B29 M joints at either end of
the glass tube. A water trap with an outlet for hydrogen was
attached thfough the B19 F joint. A heating wire was wound alnng
the entire length of the tube and surrounded by a glass jacket
supported by asbestos rings. Hycfrogen gas was passed from the
top of the tube und simultaoneocusly its temperature was raised
to 170°C. The water formed collected at the bottem of the tube.
The heating of the c¢nlumn and passing of the hydrogén was
continued till the trickling of the water ceased. The colum
was cnoled to room temperature under continuous stream of
hydrogen.

The nitrogen gas prior to inletting it inte the vacuum
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line was passed over hot activated copper for freeing
from oxygen. The temperature of the column was maintained at

170~180°¢C.

Fieser Solution: To 100 ml of 20% potassium hydroxide solution

containing 2 g of anthraquinone sulphonic acid (sodium salt),

15.0 g of sodium hydrosulphite was added. The solution was heatc?
to 60°C for 10 minutes to affect complete dissolution of sodium
hydrosulphite. A blood-red coloured sonlution was obtained. The
Fieser solution thus prepared was used for freeing the nitrogen
from traces of oxygen before inletting into the dry box. Fieser
solution in the bubbler was replaced with a freshly prepared
snlution when the formation of precipitate and change in colour

was noticed.

IT.c.2. Polymerization Procedure

II.c.2 (i) Purification of n-heptane

A 250 ml round bottom flask with B19 F joint ond a side arm
connected to another B19 F joint through a rotafle'. teflon
stopcock was used as the n-heptane rescervoir. About 150 ml
purified heptane was taken in the flask and about 2 g freshly et
sodium piecés were added. The flask was stoppered with self
sealing rubber cap and attached to the high vacuum line through
the side arm opening. Heptane was frozen by cooling with liquid
nitrogen and evacuated to 10"5 torr. for about half-an-hour.
Stopenck Sé on secondary manifnld was closed and heptane thawed.

Freezing, evacuation and thawing were repeated 5-6 times, the
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rotaflo stop cock was closed and the flask was left in the vacuum
line for 3 days. Subsequently, heptuane was distilled and stored

over calcium hydride into a graduated cylindrieal reservoir. The
reservoir was equipped with a rotaflo stop cock for isolating it

from the high vacuum line. The solvent was left on the high

vacuum line till required after clogsing the stopeock.

IT.c.2 (ii) Purification of Styrene

Purified styrene (100 ml) was taken in a 250 ml round hottem
flask with a B19 F joint and 2 side arm connected to a B19 F
joint through a rotaflo stoncock. Freshly cut sodium pieces
a2 2 g) were added and the flask was attached to the high vacuum
line. After about 24 hrs. styrene turned slightly viscous due
to partial polymerization. The prepclymerized styrene was
evacuated to 10-'5 torr. for about an hr.,after freezing with
liquid nitrogen. The secondary manifold stopcock, Sé was closed
imnd styrene was allowed to thaw. Freezing, evacuation and
thawing were repeated for 3-4 times. Subsequently, the styrene
was distilled on the high vacuum line into a graduated
cylindrical reservoir containing activated calcium hydride. The
rotaflo stopenck on the receiver was clnsed. Styrene from the

reservoir was distilled into the dilatometer in about 4-12 hrs.

IT.c.2 (1ii) Tricthylamine

Triethylamine was similarly further purified on the high
vacuum line. TFreezing, evacuating and thawing were carriecd

over activated calcium hydride and the distillate also cnllected
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over activated calcium hydride on the high vacuum line. Triethyl-
amine was diluted with n-heptane by successively distilling con the
high vacuum line the required quantities of the two to another
container from the reservoir. The flusk was remnved under the
positive nitrogen pressure and stoppered with self sealing rubber
cap. The flask was weighed before and after transferring the
triethylamine and the molarity of the solution was calculated

from the km~n weights.

IT.c.2 (iv) Dilution of the Catalyst

The flask containing BulliCly was attached to the high
vacuum line, evacuated ' for 10 min. at 1072 teorr. Tt was talen
off the high vacuum line under a positive pressure of nitrogen,
closed with self sealing rubber cap and weighed. Evacuation anéd
weighings were repeated till two consecutive weights agreed
within + 0.005 g. The flask was again evacuated and heptane from
the graduated rescrvoir on the high vacuum line was distilled to
the predetermined extent by corling the catalyst container with
liquid nitrogen. The flask containing the diluted catalyst
solution was removed under a positive pressure of nitrogen and
weighed. The molarity of the catalyst solution was calculated

from the ¥nown weights of the catalyst and the diluted solution.

IT.c.2 (v) Dilution of the Cocatalyst

& weighed 50 ml round bottom flask was attached to the
sccondary manifold and purified n-heptane collected and stored

over calcium hydride was distilled inte the flask by conling it
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with liquid nitrogen. When requisite quantity of the solvent

had distilled over, the container was removed from the H gh
vacuum line under a positive pressure of nitrogen, closed with
s21f sealing rubber cap and weighed. The flask was transferred
to the dry bex and required quantity of aluminium alkyl was added
through a syringe. The flusk ﬁas stoppered, removed from the

dry hox and weighed. The molarity of the 2luminium alkyl

solution was calculated from the weighings.

IT.c.2 (vi) Catalyst Ageing

To the evacuated dilatometer assembly containing the
requisite quantity of n-heptane in bulb B, aliquots of diluted
snlutions of cocatalyst followed by catalyst were acdded with the
help of a syringe. The sclf sealing rubber cap (P in Fir.l) was
pierced by the syringe necdle for transferring the selutions.

The completion of the addition of the catalyst solution was taken
as the beginning of the aging period. The solutions were mixed
by shaking the dilatometer assembly and aged for predetermined
times at room temperature (c» 29°C) before mixing it with the
monomer. The colour of the solution changed from brown to black
immediately on mixing and a brnwnisﬁggggﬂipitate was obscrved

to settle down. No further changes were observed during the

course of aging.

IT. 452 (v11) Order of Mixing

Same order of mixing of the catalyst, cocatalyst, monomer,

snlvent etc. was maintained throughout the course nf this



investigation. The order of mixing was solvent/cocatalyst/

catalyst/monomer.

IT.c.2 (viii) Polymerization

The dilatometer assembly was attached to the high vacuum
line at the quickfit B19 F joint, the rotaflo stopcock S1 was

5 - 107® torr. for about an howr.

opened and evacuated to 10~
Simultaneously bulbs A and B, and the connecting tubes were
flamed to achieve efficient evacuation. Bulb A was cooled with
liquid nitrogen. Requisite quantity of monomer stored over
activated calcium hydride on the vacuum line was distilled into
the bulb A. ILiguid nitrogen container was removed. The monomer
was thawed with ethyl alcohol and allowed to reach room tempera-
ture by immersing bulb A in ethyl alcohol. Stopcocks 32 and 53
were closed. The bulb B was cooled with liquid nitrogen and
purified n-heptane from the reservoir on the high vacuum line
was distilled to the required graduation mark. Stopenck Sl
was closed and the assembly detached from the high vacuum line.
Requisite quantities of cocatalyst and catalyst were added
to the bulb B with the help of a syringe. After mixing and
aging the catalyst solution, the monomer was added by opening
stopencks 82 and S3 and suitably tilting and shaking the assembly.
The contents were transferred to the dilatometer bulb A. Stop-
cock 32 followed by S, were closed simultaneously manipulat ing
the level of the meniscus in capillary C to a convenient height.

The whole assembly was mounted in a thermostat set to the
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polymerization temperature. The contents of the dilatometer bulb
were continuously stirrecd magneticallyloa.

The level of the meniscus in the dilatometer began to rise
almost immediately and reached maximum height in about 7-8 min.
from the mixing time. The readings were commenced from the time
meniscus reached the maximum height. The fall in height was
continuously monitnred using a cathetometor reading to +0.002 cm.
The readings were continued +ill reaching limiting conversions
in the case of AlEtECi system (150-400 minutes). In the case of
trialkyl systems, the readings were monitored till the end of the
steady state period ( ca 200 and 400 minutes in the case of
aluminium triethyl and aluminium triisobutyl respectively).

The rates of polymerization at different times were
deduced from the known volume of dilatemeter bulb A and the
guantity of the monomer taken, using the known specific volumes

of the montmer and polymer.
II.c.2 (ix) Polymer Isolation

At the end of the polymerization experiment, the contents
of the dilatometer were poured to 3 times its volume of
acidified methanol. The dilatometer was rinsed with about 5 ml
benzene and the rinsings alsc poured to the Same acidified
methanol. The separated polvmer was allowed to settle overnight.
The supernatant layer was decanted and the polymer slurry
filtered through G3 sintered disc. The sintered disc along with

the polymer was transferred to an oven and dried at 60°C for
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3 hrs in vacuum.
II.c.2 (x) Mnlecular Weights

Viscosity measurements were carried out at 30°C in benzene
salutions in an Ubhelohde suspended-level dilutirn viscometer.
The flow times were determined to an accuracy of + 0.1 scc.
Dilutinng were carried out in the viseometer by pipetting aliquots
of solvent. Reduced viscosities were determined at five varying
concentrations and intrinsic viscosities ([n]) were deduced dy
linear extrapolations of ﬂsp/C vs C to zero concentration.
Molecular weights were calculated, using the relationship:
] = K ¥® . The value of K and a used were 9.52 x 107~ and
0.744 respectivelyl®?.

IT.c.3. analysis 110
II.c.3 (i) Aluminium Tricthyl

Aluminium alkyls were complexed with ethylene diamine
tetraacetate. Unreacted EITA was determined by titration with
0.2 N Zn30, using dithiozone as the indicator. The following
standard solutions were prepared:

0.5 N NaOH was prepared by dissolving 20£0.005 g of NaOH
pellets in distilled water in a 500 ml volumetric flask and
standardised by titrating against potassium hydrogen phthalate.

1N H,50, was prepared by dissolving 13 ml of conc. H,50,
in distilled water in a 500 ml volumetric flask and standardisca

against 0.5 N NaOH.

0.2 X ZnSQ4 was prepared by dissolving 5.4+0.005 g zinc
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sulphate (Zn8046H20) in distilled water and diluted to 500 ml in
a volumetric flask. The solution was standardised by titrating
against EDTA using dithiozone as an indicators

0.2 N EDTA was prepared by dissolving 15+ 0.01 g EDTA
(disodium salt) in 2 1.of distilled water and its pH adjusted to
4.8 with dilute HC1.

0.1 N aluminium solution: Aluminium sheet (1.355+0.005 g)
was taken in a 250 ml round bottom flask and a reflux condenscr
was attached to it. 5 ml of 0.5 N NaOH was added. After the
dissolution of the aluminium, 25 ml distilled water was added.
20 ml of conc. HC1l was slowly introduced through the reflux
condenser and the flask gently heated for half-an-hour. Subse-
quently, the solution was refluxed for 10 min. to ensure complete
dissolution. The flask was coonled and the contents were
transferred to a 500 ml volumetric flask. The volume was made
upto the graduation mark with distilled water.

To 40 ml of 0.2 N EDTA solution taken in a 250 ml conical
flask, 10 ml buffer solution (containing 38.5 g of ammonium
acetate and 28 g of glacial acetic acid in 500 ml) and 1 ml of
dithiozone indicator were added. The solution turned dark green

and was titrated to red colour against 0.2 N zinc sulphate.

. _  EDTA taken for analysis
Conversion factor =  TTRrzvalus of TSCL
To 5 ml of 0.1 N aluminium solution in a 250 ml beaker,

40 ml of 0.2 N EDTA solution was added followed by 10 ml buffer

solution and 1 ml indicator.
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The unreacted EDTA was titrated against ZnSO4 (to red eolour)

Normal it £ EDTA = ml of Al solution x its normality
y o ml EDTA -(ml Zn304x conversion factor)

Estimation of AlEtS

30 ml of purified n-heptane was transferred to a 500 ml
round bottom flask and stoppered with a self sealing rubber cap.
The flask was weighed. 1 ml AlEt3 was transferred to the flask
through a syringe. The flask was weighed. Alﬂta hydrolyzed by
adding 50 ml of 1 N H2SO4. The solution was transferred to a
beaker and heated on a water bath to evaporate the solvent. The
hydrocarbon-free solution was made upto 250 ml in volumetric
flask. 10 ml of the solution was pipetted in a2 250 ml beaker
and to it were added 40 ml of 0,2 N EDTA and 10 ml buffer
solution. The solution was titrated against 0.2 N ZnSO, using
dithinzrne the indicator. The percentage of aluminium is given

(w1l EDTA added xN,)-(titer value of ZnS0yxN,)

% AL = - - :
Weight of aluminium alkyl taken for analysis

X 2.698

Nl and N2 are the normalities of the EDTA and ZnSO4

solutions respectively.

Percentage of aluminium in Jlet3 - Found:23.2; Theoretical 23.7.
TT.c.3(ii) Butoxytitanium Trichloride-*

The titanium in BuQliCl, was estimated as Ti0, by igniting
a known weight of the sample. The chloride content was estimated
as AgCl by decomposing BuCTiClg with 1 N NalH and treating with

excess 0.1 N Agﬂoq. Excess silver nitrate is determined by



titration against 0.1 N KCNS with ferric alum as an indicator.

Estimation of Ti

To a known weight of BuOTiCl3 (e~ 0.6 g) in a silica crucible,
a few drops of conc. sulphuric acid were added. The crucible was
heated tc about SOOOC initially for 1 hr. Later the temperature
was raised to 1000°C, and maintained for 2 hrs to ignite the
titanium compound. The crucible was cooled and weighed. The
heating, cooling and weighings were repeated till constant weight

was obtained. The percentage of Ti is calculated as follows:

s ms = Yt.0f sample taken for analysis x 79.9
1.68 Ti = T102 = AR

Ti Found = 20.6% ; Ti theoretical 21.1%

Estimation of Chloride

The following standard solutions were prepared:

0.1 N AgN03 was prepared by dissclving 1.69+0.005 g AgNOS in
distilled water in a 100 ml volumetric flask and standardised
against 0.1 N NaCl.

0.1 N KCNS was prepared by dissolving 0.98 g KCNS in
distilled water in a 100 ml volumetric flask and standardised
against 0.1 N AgNOS using ferric alum as the indicator.

15 ml of 3% BuOTiCl; solution was trensferred to a 100 ml
flask by syringe and weighed. The solution was decomposed by
slowly adding 10 ml of 0.5 N NaOH and boiled on the water bath
for half-an hour to evaporate the solvent and cooled. The

solution was acidified with dilute HNOR. 20 m1l of 0.1 N Agli0,
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was added and the contents stirred. The unreacted n.gNO3 was back
titrated against 0.1 N KCNS containing (one drop of nitrobenzene)

using ferric alum as the indicator.
0.0354 x N; x (20-V;) x 100
LA

% C1 =

where V,, Ny are the ml of the unreacted AgNO3 and normality of
;-ﬂp;N(),3 respectively. Wl is the weight of BuO‘I‘iCl:3 taken for
analysis.

Chlorine Found 46.2% ; Thenretical 46.8%

IT.c.3(iii) Oxidation State of Titanium

The oxidation state of titanium in the catalyst employed
112
was determined by the method of Martin and Stedfeder as modified

by Mnyerlla. Known weights of BuOTiCl,; and aluminium alkyl were
mixed and aged for the required times in an inert atmosphere of
purified nitrogen. At the end of the aging period, the reaction
was quenched by cooling to 0% for the determination of total
oxidation and to -70°C for the determination of trivalent state.
The Ti-alkyl bonds were cleaved with ethanol and titanium
reacted with excess 0.1 N FeCla. Ferrous ion liberated were
determined by titration against 0.02 N ceric ammonium sulphate
using barium diphenylamine sulphonate as the indicater.
The following standard solutions were prepared.

0.1 N FeCl, was prepared by dissolving 1.62+0.005 g of
FeGl3 in purified absclute alcohol in a 100 ml volumetric flask.

0.02 N ceric ammonium sulphrate was prepared by dissnlving

1.008+0.002 g ceric ammonium sulphate in distilled water in



a 100 ml standard flask.

Total Oxidation of Ti

/of
The oxidation state/Ti was determined at the concentrations

at which they were employed in the polymerization experimentations.
The stock solutions were 40 m.moles and 20 m.moles in the case of

trialkyls and 3 m.moles in the case nf alkylaluminium chloride.

1

ml 31:.01‘1013 solution in n-heptane was transferred to the
flask uncfer a blanket of purified nitrogen, stopvered with self
cealing ruvber cap and weighed. To it 5-15 ml aluminium alkyl
snlution in n-heptane was added through a syringe. The catalyst
cocatalyst solutions were mixed gently by shaking, weighed and
aged for thc required period at ambient temperatures. At the end
of the aging period, the flask was immersed in a bath cooled to
0°C. 10 ml of ethanol (cooled to 0°C) was added through a
syringe "> decompose the metal alkyl bonds and 10 ml 0.1 N FeCl3
solution in alecohol was added to the mixture. The ferrous ion
formed wos titrated against 0.02 N ceric ammonium sulphate using

barium diphenyl-amine sulphonate indicator to bluish end peint.

vl X Nl X 000479

% Total oxidised Ti = v x 100
1

where Vl and Nl are the titre and normality of ceric ammonium
sulphate. ¥V, is the weight of the TiClsoBu taken for analysis.
Ti(iii)

Exactly the same procedure as above was followed except

that the reaction flask was cooled to -70°C to prevent oxidation
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of Ti%2 o 1173,

Ti!ii!
Ti(ii) content was estimnted as the difference between the

3

total Ti oxidation and the Ti+ content.



oo

A,
s
e

Ava
o S
L e A

iy
ot




III.a. Kineties of Polymerization of Styrene by BuOTiClB-AlR3

The kinetics of polymerization of styrene with IBv.OTiCl:3
and aluminium alkyls are studied in this investigation.
Generally reduced transition metal halides like Ticla, in combi-
nation with 3133, yield a period of steady state polymerizations.
Maximum valent tronsition metal halides, like TiCl4, yield
continuously declining rates of polymerizations (after an initial
sett ling period). Though the active species in homogeneous
polymerizations (like Cp,TiCl,-ilEt,Cl system) are in the maximum
valent state, a continuous decline in rates of polymerization is
characteristics of these systems as well. Minsker et al

reported37

the steady state polymerization of ethylene by the
use of alkoxy derivatives of TiCl, with aluminium alkyls.
However, total substitution of chloride ligands by =2lkoxy groups
result in homogeneous polymerizations. Catalyst formed by partly
substituted alkoxy titanium halides and aluminium alkvls are
¢olloidally dispersed. Except for e‘t:hy'lr:ne38 and pr0py1enell4.
the polymerization of other monomers with these alkoxy
derivatives of titanium halides has not been reported in
literature.

The kineties of polymerization has been studied by using
a vacuum dilatometer shown in Fig.l as already €@iscussed in
experimental section. Rigorously purified moncmer and solvent
were distilled into the dilatometer bulb 4 and B respectively.
The cocatalyst and catalyst solutions were added to n-heptane

in bulb B. After aging the catalyst to the requisite extent
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at room temperature, the aged catalyst solution and the monomer
were mixed and transferred to the dilatometer bulb 4 such that
the meniscus in the capillary C was at a convenient height. The
dilatometer was mounted in a thermostat set to the polymerization
temperature and the course of the polymerization was determined
by periodically monitoring the level of the meniscus in
Polystyrenes obtained in this investigation by
use of butoxy titanium trichloride with aluminium alkyls were
completely soluble in methyl ethyl ketone at ambient temperatures
showing the absence of stereoregular addition. I.R. spectrum
scanned in carbon tetrachloride showed the absence of splitting
of adsorption peak at 1070 cm_l confirming the atactic nature

of polystvrene obtained.

ITT.a.l. Treatment of Data

The height of the meniscus in the measuring capillary C
was measured at various times of polymerization with the help
of a cathetometer reading to +0.002 ecm. From the measured
heights, the conversions and hence the rates of polymerizations
were deduced.

IIT.a.1(1) Dilatometer Equation'®’11®

Assuming additivity of volumes, the density of the polymer

solution C?s) is given by:

Qs: -.--1!-2.—- = 1
V—-mr“Ah L S v
=V, (1-x) .




where W is the weight of the monomer, r is the radius of the
capillary, Ah the change in height at conversion x (in g). Vv is

the volume of the monomer and Gm and V_ are the specific volumes

P
of monomer and polymer respectively. From the above equation:
2
A
Conversion x = —ﬂTT‘-“.}}'—‘"
w(vm-vp)

1) x w_ 1

Rate of polymerization, Rp(mole.]."].' s )= TOXN XTI 1000

where M is the molecular weight of the monomer and V, is the
volume of the dilatometer bulb A and t is the time of polymeri-
zation in sec.
Substituting densities for specific volumes,

_ m?.an$h.1000 (1)

Rp Vo.(?p—?m).m.t
In the present case, r, the radius of the capillary was 0.1 cm.
Vo the volume of the dilatometer bulb was 36 ml. M, the
molecular weight for styrene is 104.
The rates of polymerization can also be calculated by

evaluating the maximum height difference, 8h for the total

monomer conversion.

?p-? W

o = Bl X 07
n p
where W is the weight of the monomer used in polymerizations.
Rates of polymerization, Rp, at time t corresponding to

a change in height A h 1is given by:

(=}



w

00%0°T
0E%0°T
0S%0°1T
08%0°T
S6%0°T
0TS0*T
Tw-3d)

o
auaafysfrog

d

08980 09
06480 0§
0488*0 o
0468°0 o€
0206°0 G2
9506'0 . 0¢
({-Tu*3) ()
suaxfyg sdua
LTTEorAEsUaT

wo 7*Q = snipex Arerride)

Tw 8+G¢ = qIng Jo aumfo\
T938W0TeTIq

sduTpead I898W0eTI(q

U3 WOIF Y JO UOTJELNOLE0 U] I0J Dosn ©3eq

T 8Tqeq



Table 2

Calculation of rates of polymerization
from dilatometric readings

[Styrene] = 3.60  Temp. = 50%
[Ti] = 0.04 [a1Et,] = 0.06
Aging time = 10 min.
Time of poly- Meniscus Ah 10:.
merization reading (orveragl ra*ie
(min.) (cm) in mole.l.
0 15.192 0 ~
15 15.026 0.166 8.40
25 14.920 0.272 8.26
45 14.756 0.436 7.36
55 14.690 0.502 6.93
75 14.510 0.682 6.90
95 14,328 0.864 7.39
115 14,072 1.120 7.29
135 13.896 1.296 7.34
155 13.694 1.498 7.34
185 13.414 1.778 7.30
205 13.360 1.832 6.78
225 13.212 1.980 6.69

B Rp from Eq. 1
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Rp:—%-]q}-l;x%x[M] | (2)
where, tM] is the molar concentration of monomer taken for
polymerization.

ITT.a.1(ii) Rates of Polymerization

The rates of polymerization were calculated from the
equations (1) and (2) using the values of the densitiesll7 of
polymer and monomer listed in Table 1.

4t the end of polymerization, the polymer was precipitated
with acidified methanol. In several of these experiments, the
final conversions were checked gravimetrically. Generally, the
results tallied within about 2-5%. However, in prlymerizatinns
carried out to very low conversions, espccially with AliBu.3 as
cocatalyst, the differences between the gravimetrically
determined conversions and these determined by the use of
equations (1) and/or (2) were about 8-10%. The greater diver-
gence at very low conversions is not surprising in view of the
difficulties in quantitatively isolating low conversion (0.5

to 4%) polymers.

IIT.a,1(iii) Course of Polymerization

& typical polymerization experiment is illustrated by data
in Table 2 as an example, The first column lists the times of
polymerization and the corresponding cathetometer readings are
listed in the column 2. The overall rates of polvmerizations
at different reaction times were calculated by the use of

equation (1) and are listed in the last column of Table 2.
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Fig. 3 represents the course of polymerizations in the
trialkyl systems. One representative plot for 'BuOTiGlB—AlEt3
‘and the other for BuOliCl,-A1iBug catalyst systems are included.
It is seen that an initial decline in rate is observed (upto
20 min. in the case of AlEt; and 40 min. in the case of AliBuy)
and beyond this period there-is a considerable period of steady
state polymerization lasting uptc 230 min. in the case of 41iBu,
and 150 min. in the case of AlEt,. The approach to the steady
state period is also reflected in the overall rates listed in
the last column of Table 2, which do not show significant
variation between 25 min. and 180 min. of polymerization. In
several of these experiments, the steady state rate lasted upto
about 400 min. in the case of AliBu‘.3 and about 200 min. in the
case of LlEt,. The data points in Fig.3 for the ilEt, systen
lie below the straight line drawn showing declining rates subse-
quent to the steady state polymerization (at times of polymeri-
zation exceeding 170 min.).

The overall rates of polymerizations were determined from
the ultimate conversions obtained at the end of polymerizations.
The steady state rates were determined from the slope of the

linear section of the time-conversion curves.

IIT.a.2, Effect of aging

The catalyst solution was added to the coeatalyst solution
and mixed. The mixture was aged for 10, 20, 30, 40 and 50 min.

at room temperature and the polymerizations were carried out at
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50°C using 3.60 mole.l-l styrene. 4 catalyst concentration of

Q.02 mole.l"l amd al/Ti ratio of 2 was used for BuOTiCls-:sliBua

system andc.04 mole.l 1 catalyst and 4l/Ti=1.5 was used for
Bu.OTi‘(}la—A]E‘l::3 system.

iAfter an initial decline in rates of polymerization lasting
upto 20-30 min. in the case of xllEta and 40-60 min. in the case
of AliBua, steady state rates were obtained. The overall rates
and steady state rates obtained for catalyst solutions aged for
dif ferent times are listed in Tables 3 & 4. In the case of
BuOTiCls-4liBu, system, the overall rates remained constant upt-
aging times of 30 min. and declined subsequently. The steady
state rates increased upto 20 min. aging and subsequently
declined. For BuOTiClg-ilEt, system, a continuous decline of
both the overall rates and steady state rates with increase in
aging time were observed.

For further experimentation, the catalysts were aged for
20 min. and 10 min. in the case of 131.10‘1.‘101:3 containing 4liBug

and JL.'LE'I:3 as cocatalyst respectively.

IIT.a.3. Effect of Aluminium .alkyl Concentration

The effect of varying aluminium alkyl concentration on
the rates of polymerization was probed at varying 41/Ti ratios
from 0.5 to 3.0. Extremely rapid polymerizations, beyond the
range of dilatometer used, were nbserved at .1/Ti = 0.5,
probably due to cationic initiation. The steady state rates

of polymerization and molecular weight of final polymers
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obtained are given in Tables 5 & 6 respectively for the two
systems, It is seen that in both the cases, an increase in the
rates of polymerization result during the initial increase in
#1/Ti ratio. The rates attained a maximun at .1/Ti = 1.5

6 -1 6 mole.l_l.sdl for the

(2.97 x-107® mo1e.17t.s™! and 7.05 x 10”
systems containing cocatalysts triiscbutyl and triecthyl respecti-
vely). With further increase in 41/Ti ratio, the rates declined.
For determining the kinetic rate laws, al1/Ti ratio of 1.0 and
1.5 were used for the catalysts containing 4liBuz and &4lBtg
respectively. In the case of AlEtB, the ratio chosen corresponds
to the maximum catalytic activity. However, in the case of aliBu3;
a lower A1/Ti ratio than that yielding the maximum activity, viz.
1.5, was chosen since steady state polymerization was observed
early at this 41/Ti ratio. The data are diagramatically
represented in Figs. 4 & 5 respectively.

4as discussed in the chapter on intrcduction, aluminium
alkyls alkylate and reduce titanium halides. The extent of
alkylation and reduction vary with the ratios of eceeatalyst to
catalyst. The data on the rates of polymerization can be guali-
tatively explained as follows: (2) 4n increase in the rate
occurs as the reduced alkylated transition metal species forming
the active centre builds up initially in the system and (b) A
decrease in the rate results as the oxidation state of the
transition metal further reduces at higher alkyl concentrations.

The oxidation states of titamium in the catalyst for

catalyst solutions aged similarly and containing identical
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s
ratios of Al/Ti were evaluated by redox titrimetryllz- The 7i%3

and Tifz contents obtained at varying ratios of al/Ti ratio are
listed in Tables 5 & 6 respectively for 41iBug and 4lEtg
containing catalyst systems. It is seen that upto a ratio of
1.0, the '.Pj.-“.3 increases, reaches a maximum at that ratio and
subsequently Ti¥2 content increases with a resultant decrease in
the Ti'® content. The initial increase in the Ti*3 content and
its decrease beyondauw Al/Ti ratio of 2 parallel the catalyst
activity as shown by the increasing and declining polymerization
rates. However, the maximum content of Ti+a results at an A1/Ti
ratio of 1.0, whereas maximum catalyst activity is observed at
Al/Ti = 1.5. The results qualitatively show that the active
species in the polymerization of styrene using BuOTiCla—A1R3
catalyst is in the trivalent state of titanium.

The maximum observed in the variation of rates as a
function of 41/Ti ratio is characteristic of polvmerization by
the use of higher valent transition metal halides. It has
already been pointed out (in introduction) that maximum in the
rate obtained by variation of 41/Ti ratio is better understood
in terms of Langmuir-Hinshelwood adsorption equilibrium, rather
than Rideal equilibrium prevailing in the polymerization system.

In the Langmuir-Hinshelwood mechanism89

, both the monomer
and the aluminium alkyl are reversibly adsorbed at the catalyst
surface and the adsarbed monomer is incorporated into the
transition metal-carbon bond. The rate of polymerization,

taking into consideration the competitive adsorption of the two,
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is given by:

O x, kg [ Du(C)
R (1+x, [al+ig, [)%

In the case where KM[MJ << KA[A], the above expression

predicts the occurrence of maxima in the plot of Rp vs. 41/Ti

90, 193

ratio Tait et 192 and Yermakov et a

have explained the
occurrence of maxima in the Rp vs.cocatalyst: catalyst ratio

in terms of reaction schemes involving different rate controlling
step on the basis of Langmuir-Hinshelwood isotherms.

89,90

Several attempts have been made in literature to

determine the relative importance of Rideal and Langmuir-
Hinshelwood mechanism governing the course of polymerigzation.
89 usea plots of A./RSt vs. A andV ﬁ— vs A (A is the

St
concentration of the aluminium alkyl and RS‘t’ the steady state

Keii

rate of polymerization) to judge their relevance in the steady
state polymerization of propylene with TiOla-ulEtB. Straight
line fit in the first case would indicate the predominance of
Rideal isotherm. A straight line fit in the sccond case would
similarly indicate the predominance of Langmuir-Hinshelwrod
isotherm. He concludedll8 that the data were in better accord
with Langmuir-Hinshelwood isotherm.

The plnts obtained by using the data listed in Tables 5 &
6 are shown in Fig.6. Only data during the declining rates of
polymerization are employed for this purpose. The limited data
available show a better linear straight line fit for the square-

root plot indicating that Langmuir-Hinshelwood case better
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represents the data.

ITT.a.4. Effect of Catalyst Concentration

BuOTiCly-41iBug and BuOTiCl,-alEt, were mixed in the ratio
of 1:1 and 1:1.5 respectively. Catalysts containing 41iBuy and
«1Et, were aged for 20 2and 10 min. respectively. The polymeri-
zations were carried out at 50°C using 3.6 mnle.l—l of styrene
by varying the catalyst concentration in the range of0.005 mf.-le-l—l
$06,06 mole.1 .

The course of polymerization for four varying concentrations
of catalyst are depicted in Figs. 7 & 8 for BuO‘IiG13—-4e‘L1:‘|~Bu3 ind
BuOT:i_(313-1.»1Et:3 respectively.

as discussed with reference to Fig.3, the time-conversinn
curves in Fig.7 & 8 show an initial declining rate lasting about
40-80 min. in the case of .'BuOTi(‘}ls-AliBuS ad 20-40 min. in the
case of BuOTiGla—u.lEta. Subsequently, steady state polymeri-
zations lasting upto about 400 min. with Bu()f.[‘iClS—;AliBu3 and
150 min. for BuOTiClg-4lEt, are observed. In the case of alBtq
cocatalyst, the duration of the steady state rate appears to
decrease with increasing catalyst concentration. But in the
case of AZLiBu.3 cocatalyst, no declining rate of polymerization
is observed beyond the steady state periond. The increasing
slope with increase in catalyst concentration shows the higher
rates of polymerizations at higher catalyst concenmtrations.

Steady state rates of polymerizations were obtained from

the linear portion of the rate conversion curves amd are listed
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in Tables 7 & 8.: The last ceolunn of these tables lists the
molecular weight of the final pnlymers obtuined at various
catalyst concentrations. The molecular weight of the polymer
initially increases with incrcasing catalyst concentration mnd
approached a limiting value at abouto.02 r:mle.l_l nf catalyst

concentration.

ITT.a.5+ Variation of Rate with Monomer Concentration |

Monomer concentrations were varied in the range of 1.2 tn
5.0 mole.1”+ and the offect of variation of [1] on thé rates of
polymerization was determined. These experiments were conducted
at 50°C using MuOTiC1,0.03 mole.1”!, i1/Ti = 1 and aging time
of 20 min. for the n.li_TSuS containing catalyst systems. For the
4lBt, containing catalyst system, the catalyst concentration of
Q.04 mole.1”%, A/ =1.5 and aging time of 10 min. were
atilized.

The time-conversion plots for the two systems are shown
in Figs. 9 & 10 for #our varying concentrations. The results
are similar to those presented in Figs.7 & 8. 1Initial decrea-
sing rates upto 40-80 min. followed by steady state polymeri-
zations upto 400 min. are observed in the case of ‘.BuOTicls-
41iBu,y. Similarly initial decreasing rate for the first
20-40 min. followed by steady state polymerization upto about
170 min. are observed for the BuOTiCl,-ilEt, systems. The
slopes of the steady state period comtinuously increase with

increasing monomer concentration. In both the Figs. the
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declining rates after the steady state period appear to set in
earlier at higher monomer concentration. Steady state rate of
polymerization deduced from the linear section of the time-
conversion curves, shewn in Figs. 9 & 10 and similar plots
are listed in Tables 9 & 10. The increasing slope of the
straight lines drawn in the time-conversion curves in Figs. 9 &
10 are reflected in the gradual increcase of steady state rates
listed in Tables 9 & 10.

The molecular weights of the polymers obtained at the end
of polymerizations with varying concentrations of the monomer
are listed in the last columns of Tables 9 & 10. TFor both the
trialkyls, the molecular weights increased with initial increase
in the monomer concentration and reaches an asymptotic value
at higher monomer concentrations. The asymptotic values appear

to be realised at monomer concentration of a@bout 3.60 mole.l_l.

I1I.a.6. Rate Laws

The kineti cs of polymerization of styrene were investigated
with BuOTiClS'as catalyst and AlEt3 and a"‘liBu3 as cocatalyst at
SOOC. The polymerizations have been carried cut at optimised
aging times and A1/Ti ratios for AlEt, containing catalyst.

For AliBu3 containing systems, the investigations have been
carried out at the optimum aging period but slightly lower Al/Ti
ratio than the ratio at which highest activity was observed.
The rates of polymerization at varying catalyst and monomer

concentrations have been listed in Tahles 7-10.



The dependence of the rates of polymerization on catalyst
concentration for both the trialkyl aluminiums are shown in
Fig.1l. 4 straight line passing through the origin and most of
the experimental data (upto 50 m.mole) in both the catalyst
systems show that the rate with respect to the catalyst concen-
tration is first order. Only at the highest catalyst concen-
tration €.06 mole.1”1) the data depart+ from the first-order
rate law. In the case of AliRuB system, polymerizations were
also conducted with varying concentration of the catalyst at
A1/Ti ratio of 1.5 corresponding to the maximum catalytic
activity. The rates of polymerization in this case also showed
a first order dependence with regard to catalyst concentration
upt00.05 mole.1 + catalyst concentration.

The variation in the steady state polymerization with
varying coneentrations of monomer is depicted in Fig.1l2, for
both the trialkyl aluminiume containing catalyst. 4 straight
line drawn through the data points and passing through the
origin is a good fit of the data. Thus wiwh réferenoe to
monomer also, steady state rates of polymerization follow a
first-order rate law.

It is interesting to note that in most of the cases where
steady state polymerizations have been reported, a first order
rate law with respect to catalyst and monomer is generally
observed40. This is especially so in the case of ‘propylene and
ethylene polymerization by the use of TiCl3 and AIRS. In the

case of styrene polymerization in n-heptame using «%TiGls and
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aluminium alkyls, Burnett and Tait reported a varying rate of
polymerization lasting about 200 min. Subsequently, steadyl
state polymerization was obscrved. More interestingly, they
reported a first-order dependence with respect to monomer only
above a certain mininwum concentration viz. 3.6 mole.l—l. In the
present case, the data show that first—order dependence holds
gnod to the lowest monomer crncentration examined (1.2 mole.'l"l).
Otto ond Parravano investigated35 the polymerization of styrene
in benzene with q—TiCla—LlEtS. They observed an initial
increase in rate upto 10C min. followed by a steady state period.
With reference to time-conversion characteristies, ouwr results
in n-heptane by the use of BuOTiCla-4lR, are similar to those
of Otto and Parravano {n that after a short initial settling
period steady state polymerizations are observed. However, Otto
and Parravano reported a 1.5 power depcendence of rates of
pnlymerizations with reference to monomer.

With first-order dependence of rate with (M) and [Cat] in

the present study, the rate law may be represented as:

R, = kp[MI (c]

where kp is thae rate constant of polymerization.

More generally,

Rp = aM) [c] e_Ea/RT

where B, is the energy of activation.
Polymerizations were conducted at 40, 50 and 60°C in

order to determine the effect of temperature on the rates of
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polymerization. For M_E’c3 gystem, a® 3.60 mole.l-.1 mon omexr
concentration, catalyst =0.04 mnle.l-]', Al/Ti = 1.5, and 10 min.
aging time were the experimental conditions used for this
purpose, Similarly, monomer at 4.05 mnle.l_l, Tio,03 mole.l-l,
21/Ti=1 and aging time of 20 min. were the experimental
conditions chosen. The steady state rates of polymerizations
for both the systems at these three experimental temperatures
are given in Table 11. The variation of the steady state rates
of pnlymerization with temperature is presented in the form of
hrrhenius plot in Fig.1l3. The activation energies obtained
from the slopes of the straight lines drawn in Fig.l1l3 are

46.0 kJ mole”! for BuOTiCl,-aliBu, system and 43.7 kJ mole !
for ]E‘.uOTi(113-—.£L1E'l::3 system. The activation energies obtained
are almost identical and are in the range of = 29=64kJ mole™

expected for coordinated anionic polymerizations.

ITI.a.7. Effect of Electron Donor

The addition of an electron donor to a typical conrdination
catalyst consisting of a transition metal halide and aluminium
alkyl brings about remarkable changes in the activity of the
ca‘talystso. In general, at low ratios of electron donor to
aluminium alkyl, there is a decrease in catulytic activity
followed by an increcase at higher ratios of the electron donor.
In some cases, at a suitable concentration of electron donor,
the catalytic activity may be even higher thom in the absence

of it60. a8 already pointed out earlier, the electron donors
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in combination with transition metal compounds can also form
'alkyl-free' catalysts, which bring about polymerization of
~~olefins (especially ethylene and propylene).

dnalysis of the coordination polymerization reactions in
the presence of electron donors is complicated by the fact that
electron donor cam complex both with tramsition metal component
as well as the base metal alkyls like aluminium alkyl. Several
of the reactions involving aluminium alkyls (other than pelymeri-
zations) are profoundly effected by electron donors®!. Hence
the effect of electron donors in the coordination polymerizaticns
were mainly explained nn the basis of its complexing ability
with the aluminium alkyls.

Boor tried60

to circumvent the complexities due to the
ability of the electron donor to compnlex simultaneously with
the aluminium alkyls and the titanium halides by employing ZnE‘cg
so that the resultant effect of the electron donor can only be
explained on the basis of its crmplexation with the transition
metal component. Comnlexes formed between electron doners and
aluminium alkyls are well known. Tait and Burfieldgsopine that
the complexing ability of ZnEt2 with electron donor cannot be
completely ignored.

The effect of triethylamine, an electron denor, in the
course of polymerization was probed in the two trialkylaluminium
containing catalyst systems investigated here. These polymeri-
zations were conducted at 5000 with styrene concentratien of

1

3.6 mole.1” . A catalyst concentration of ©.03 and 0.04 mnle.l_l,
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!
a1/Ti ratio of 1.0 and 1.5 and aging times of 20 min. and 10 min.
respectively were emplnyed for the nliBu3 and .'alEt3 containing
systems. The electron donor to alkylaluminium ratios were varied
from 0.25 to 2.0 and 0.25 to 1.0 respcctively. Fig.l4 shows the
time-conversion plnts at three varying ratios of electron donor
in the case of BuOTiCls—AlEtS. For comparative purposes, the
data for the electron doner-free system are alse given. Table
12 lists the overall and stati-nary state rate for both trialkyl
aluminium containing catalysts along with the molecular weight
of the final polymer obtained ffom the polymerization. The
variation of the steady state rate of polymerization with varying
ratios of electron donor to aluminium alkyl is shown in Fig.15.
It is seen (Fig.l15) that at very low ratios of electron donor:
alEtS, there is a sharp decrcase in the rates of peolymerization.
With further increase in electron donor concentration, the value
of Rp increases reaching a maximum at an electron donor to
aluminium triethyl ratio of 0.75. Furthcr increase in electron
donor concentration brings about a decreased rate. However, in
the case of LliBua, though investigated over wider range of
electron donor concentration, the variation in the rates of
polymerization is not significant. 4 shallow maximum is
obscrved at an electron donor:iliBu, ratio of 0.75. Significant
decrease in rate is obhserved only at the Emsﬂ:aliﬁua ratio of
2.0, the highest coneentration of electron donor investigated.

The fnllowing experimental results have to be taken into

consideration in order to explain the effect of electron donor
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on the rates of polymerization observed in this study. (a)
BuOTiClS-LliBu3 has lower polvmerization activity for styrene
as compared to BuOTiCls-AlBt,, (1) The electron donor has
insignificant effect on the rates of pnlymerization when .lliBu3
is used as cocatalyvst (c) The AlEtS containing catalyst system
has relatively higher polymerization efficiency and in this case
addition of electron donor has a large effect on the rates of
prlymerization.

Aluminium triisobutyl has bulky substituents as compared
to aluminium triethyl. The aluminium alkyls have to be
necessarily adsorbed onto the transition metal surface prior to
alkylation. Thus the reduced activity of 4liBug containing
catalyst may be ascribed to the lower effective active centre

concentration as compared to .'mlE‘t3 containing catalyst. It may

]R3

be presumed that the electron donor complexes on to the tramsiticn

metal and the varying polymerization rates are caused by this
effect. Due to the limited alkylation of the transition metal
(compound), in the case of 4liBug, blocking at the transition
metal centres would not greatly effect the rates, as a major
portion of the transition metal compound is anyhow inactive

(in the absence of alkylation). In contrast, due to the larger
extent of alkylation by AIEtB, any complexation of the electron
donor on the transition metal compound would necessarily effect
the polymerization activity. The initial decrease in the rates
of polymerization in the case of AlEtB is easily explained or
this basis. Differences in the polarity of the transition
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metal-carbon bond with the extent of complexation of elcectron
donor as provnosed by Simon et 3196 can explain the increased
activity at electron donor to aluminium triethyl ratio of 0.5 to
0.75 and decreased at s%#ill higher concentrations of EtsN.

The molecular weights obtainedffom final polymerization arc
also lited in Table 12. In the case of 4liBug, there is a large
and continuous increase in moleccular weight upto EtaN/nl ratio
nf 1l.5. Only slight decrcase in molecular weight with further
increase in electron donor concemtration is observed. In the
case of AlEta, the initial addition of electron donor brings «hout
2 large increase in molecular weight. With further increase in
electron donor concentration, the molecular weights do not
increase appreciably. The variation in molecular weights can
be attributed to the complexation of electron donor with the
aluminium alkyl resulting in depletion of aluminium alkyl and
hence lesser extent of alkyl transfer in the presence of

electron donor.

III.a.8. Chemical Nature of the ictive Centre

The chemical nature of the active species effecting
coordination pelymerization is still not established to the
total satisfaction. However, consensus appears to be emer-g?gg28
that the active species in the heterngeneous catalysts is the
alkylated o -bonded transition metal compound at a valence
state lower than the permissible maximum. In the case of

homogeneous catalysts, complexes of the maximum valent titanium



halide with the aluminium alkyl are believed to bring about
pnlymerizatinn67. Yermakov et a127 suggested a lower valent
alkylated transition metal compound bonded to the crystalline
lattice of the support as the active species in supported
catalysts.

The activity of the BuOTiClB—L1R3 catalyst investigated here
parallel the Ti+3 content implying a trivalent titanium halide
as the active species in these polymerizations. In analogy
with the reaction schemes proposed for TiCl4 and AlRa, the
possible reaction scheme in the case of BuOTiCl3 and AlRS can
be formulated.

The alkylation of the transition metal compound may follow
reaction sequences (a) involving exchange of butoxy ligand for
alkyl in the first reaction sequence (b) involving chloride
ligand exchange for the alkyl ligands.

(a) BuOTiCl, + 41Rg; —> RTiCly + 41R,0Bu
RT1Clqy —> R" + TiClg
and with further alkylation and reduction,
TiCl3 + ;llR3 —_— RTiCl2 + Llecl
RPiCl, ~—> R’ + TiCl, ete.

() BuOTiCl, + AlRy ——> RTiC1,0Bu + 41R,C1

/\H .
RTiC1l TiC1l,0Bu + R
2 2
TiclzoBu + ana —> RTIC10Bu + AleCl

The trivalent titanium speciles = possible are RT1012



and RTiC10Bu. TiClzoBu which may be formed in the reaction can
be ruled out as the active species for it does not possess a
transition metal-alkyl bond. RTi012 and RTiC10Bu are the other
possible alkylated transition metal halides. The low polymeri-
zation activity of the present system does not favour RT1012 as
the active species, since TiCla-z.lR8 catalyst system is generally
more vigorous in polymerization than observed in this case. TFor
example, the overall rate constant of polymerization of ethylene
with TiCl45-41R, are of the order of magnitude 2.5 1.mole L.s7 L.
Whereas both the overall and steady state rate constants of
polymerization observed here for both the trialkyl aluminium

8 l-molcﬂl.s_l. The low

systems are in the range of 1072 — 10~
reactivity would indicate that RTiClOBu as the possible active
species. The formation of B—TiCls in the reaction of BuOTiCl3
with aluminium alkyls has been inferred®’ on the basis of ESR
studies. Possibly, B—T1013 is the major product formed and
RTiC10Bu may be formed in very minor proportion. This may be
the reason for the low reactivity in these catalyst systems.

The proposal that RTiClOBu may be the active species responsible
for the polymerization in BuOTiOla—Ale catalyst system is in
accord with the conclusion of Minsker et a137that the alkoxy
group has a microcarrier characteristics. Because of the
presence of bulky butoxy group, site deactivation especially

due to bimolecular deactivation, is presemted to a very large

extent and this accounts for earlv onset of steady state

polymerization.

—p
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RTiC10Bu may be assumed to possess an octahedral symmetry
and a vacancy in analogy with Cossee's mechanism.
The reaction mechanism, coordinated—anionic type, on the

basis of activation energy observed may be formulated as follows.

R ~ H R
T’/OBu | /OBu N
01 — ri—0 + i}{ —> 01 — ‘in — —_——
oi | oH c1 CH,
c1 2 o1
I?./OBu i |
s, 0L — t\’;—-cHz-—T —R
o1
01 R

The mechanism propnsed is in analogy with Cossee's mechanism
in heterogeneous polymerizations.

Molecular weights at intermittent conversions corresponding
to 20,40 and 60 min. of polymerization werc determined in one of
the experiments for both the trialkyl systems. It was observed
that maximum molecular weightsobtained at the final conversion
were attained at 40 min. of polymerization showing that the life-
time of growth is short as compared to large life-time reported

by Bier et agl119 for propylene polymerization using nlEtZCI—-TiCl:B.
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III.b, Kinetics of Styrene Polymerization using
BuQTiC 13_-,L1Et 29-1;

The kinetics of styrene polymerization in heptane using
butoxy titanium trichloride and aluminium trialkyls has been
discussed in the last section. For the trialkyls containing
catalysts, the rates of polymerization initially decline for a
short period lasting from 10-60 min. Subsequent to the short
settling period, polymerizations achieved a steady state behaviour
lasting from 150 to 400 min. and subsequently showed declining
rates. The effect of various kinetic parameters such as aging
times, varying 41/Ti ratios, addition of electron donor etc. as
well as varying concentration of catalyst and monomer were
investigated. The steady state rate of polymerization showed a
first-power rate-law with reference to the catalyst and the
monorner. The rates exhibited a maximum with varying 4l/Ti ratio.

On the basis of steady state behaviour and cxidation state
of transition metal element, a trivalent alkvlated transition
metal species was proposed as the axtive centre for polymeri-
zation. However, the initial settling period during which the
rates declined before achieving a steady state, could not be
probed in detail due to the short luration of the settling period.

The polymerization of styrene in n-heptane was also studied
using BuOTiCla—nlEtQCI as catalyst. The rates of polymerization
were observed to decline continuoisly. Hence the catalyst
systen BuO’I‘iC].‘B—AIEtzcl was utilized for the study of

deactivation in some detail.
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The method of experimentation was identical to those
employed for trialkyl containing systems. The cocatalyst and the
catalyst solutions were mixed in the dilatometer and the catalyst
aged at ambient temperature. Monomer was mixed with the aged
catalyst and the mixture transferred to the dilatometer bulb.
The dilatometer was mounted in a thermostat and the course of
polymerization monitored by following the height of the meniscus
at various reaction times. The rates of polymerizations were
calculated by using equations (1) or (2)

Fig.16 shows the time conversion curves obtained for
catalyst aged to 10, 20, 30 and 40 min. It is observed that the
rates continuously declined and in some cases achieve limiting
conversions e.g. catalyst snlutions aged to 10, 20 and 30 min.
in Fig.16. In some of the experimentations, polymerizations
were monit-red upto 350 min. and in no case a period of steady
state polymerization could be observed.

The continuously declining rates of polymerization can
either be due to (i) physical limitations such as diffusion
controlled reactions, or (ii) decreasing activity of catalyst
with time. In heterogeneous polymerizations, especially for
ethylene and propylene polymerizations, diffusion control

has been proposed120

aé the cause of the lower activity at
higher conversions. However, Begley on the basis of theoretical
calculations conclu@edloo that even in such cases, diffusion
need not be the rate controlling factor. In the present case,

polymerizations were carried out to low ultimate conversioms



Ah (cm)

FIG. 16. CONVERSION vs. TIME OF POLYMERI—-
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(<20%). Polymer precipitation from the heptane-styrene medium
was not noticed during any of the perlymerization experiments.
Hence diffusion as the rate limiting factor is not thought
appropriate in this case. The results are therefore treated on
the basis of catalyst deactivation.

Catalyst deactivation may be envisaged through a first-order
or 2 sccond-orcer rate processes.

First-order deactivation: The rate of polymerization is given by:
R, K, [c*] ] ¢

where Pb is the rate of polymerization at time t. kp, [c*] ana
[MJ are the rate constant of propagation, active centre concen-
tration (at time %) a@ monomer concentration respectively.

The catalyst deactivation by first-order process is given by:

[o*] = [c*], e7¥a®

where [C*] and [C“‘jo are the active centre concentration at time
t and zero respectively. 'd is the first-order rate constant

for deactivation.

[¢]

h: 1
%o e X"

and lan=1nR

- klt ) 3
A (3)
where Rg is the initial (maximum) rate of polymerization.

Second-order deactivation: For the second-order deactivation,

the rate of change in active centre comcentration with time is



Table 13
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First and Second-Order rates of deactivation in styrene

Polymerization using BuOTiCl,-AlBt.C1 at 30°¢

Ml =1.677 [ri] = 0.002
[a1] = 0.006 Aging time = 40 min.
& h = 32.1036 cm
Rp = Ah x % x [nm]
Bl
Time Ah R 3 in Ry (]
(min.) (em) 0 10 Tl _ﬁ;__
0 - - -
10 0.560 1.740 -6.35 574
20 0.916 1.428 -6.55 700
35 1.218 1.084 -6.82 922
55 1.436 0.813 -7.11 1229
70 1.520 0.676 -7,19 1479
90 1.670 0.578 -7.45 1730
130 1.730 0.414 -7.78 2411
170 1.840 0.337 -7.99 2967
190 1.884 0.308 -8.08 3246

First-order deactivation

;UO
Il

g = 0.0182 min .

5.81x10_5 mole.l

Second-order deactivation

1

ls_l

. R® = 6.981&1(}—-5 mole.l

[c*],-ky = 0.039 min~*

ls—l

-
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given by:

I

1 * 1"
- r_g__ — 1{(.,_ [0-112
Recrranging and integrating,

1 l _ Ll

— - . = X _
[C*] [C*Jn ﬁt or
[c*], (0] K"
'[-E;i'"— = 1+ (C & kK, t©
R’ [c*]
Substituting o -—~——O—-,anf‘. hp [] IC*J for R
R, o) o T
1"
il BRSSP (4)
P P Kp

According to equaticn (3), a plot of 1nRP vs time resulting
in a straight line, indicates a first-order deactivation. The
first—-order constant k<'1 for deactivation is obtained from the
slope of such a plot. Similarly, a linear plot of R;l— vs. t
confirms an effective second order deactivation, in accordance
with Bq., (4), The slope of such 2 plot multiplied by the
inverse of intercept yields the cemposite second-order decay
constant [O*]O k'é .

The intercept in the first and sccond-order plots yield
initial rates valid for first mnd second-order deactivation rate
laws.

Table 13 lists the fall in height .ef the meniscus at varicus

times of pelymerization, the rates of nolymerization calculated

by the use of egquatien (2), In R, and ﬁ}___ as an example of the
Y
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data obtained. The data refer to the polymerization of styrene
in heptane at 30°C using BuOTiCl,-slBt,C1 with [Styrenel=1.677,
[11]=0.002, 41/Ti=3, aging time=40 min. The first and second-

order rates of deactivation obtained from the plots of 1ln % vs.

t and 1/Rp vs t are also included in the Table 13.

ITI.b.1. Effect of Kinetic Parameters

ITI.b.1.(i) Aging

Catalysts containing 0,003 mole.1 L of BuOliCls and
0.009 mnle.l-l of 4lEt,Cl were aged for 10 to 50 min. and polymeri-
zation activities were determined using 1.2 nole.1” T of styrene
in n-heptane at 30°C. From the time-conversion data obtained,
the first and second-order initial rates and rate constants of
dcactivation were determined as discussed above. The data are
listed in Table 14. The second column of the table lists the
limiting rates of polymerization obtained. The overall rates
were maximum for the catalyst aged for 40 min. In view of the
low alkylating ability of «1lBEt,Cl as compared to LlR,, it is not
surprising that longer aging perinds were needed for optimum
activity as compared to low aging perinds in AZLR3 containing
catalysts. For further experimentations to probe the effect of
other kinetic variables, the catalysts were aged for 40 min.

The first-order deactivation plots were linear only during
the initial stages of polymerization and seconé-order deacti-
vation plots were linear throughout the course of polymerization.

The deactivation kinetics is dealt in more detail in the next
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section (IIT.v.2).

IIT.b.1(ii) aluminium 4lkyl Concentration

Polymerizations were conducted at 30°C with 1.2 mole.l-l
styrene, catalyst =0.003 mole.1l” T, with 41/Ti ratio varying from
1 to 6 after aging the catalyst mixture for 40 min. at room
temperature. The limiting rates obtained are given in the thirad
columm of the Table 15. The oxidation state of Ti, as determincad
by redox titrimetry, are listed in the second colurm. The first-
order and composite sccond-order rate constants are also listed.
The molecular weights of the final polymers are listed in the
last column.

It is seen that the limiting rates of polvmerizations and
molecular weights continuously decrease with increasing ratios
of 41/Ti and maximum in rates have been obtained at the lowest
41/Ti ratio of 1.0 examined. The oxidation state of titanium
shows continous incresase in Ti'° with increasing «1/Ti ratio.

No Ti+2 content was detected even at the highest al/Ti ratio
(6,0) employed. Because of the known ability of the tetravalent

titanium halides to bring about cationie pnlymeriza’cionslzl

, it
is possible that some of the polymerization is due to cationic
addition. Cationic polymerizations are more vigorous than the
rates of coordinated aninnic polymerizations obtained by the use
of titanium halide-d‘dl’is as catalysts. In order to make the

reaction more representative of the coordinated type

addition, 41/Ti ratio of 3.0 was chosen for further experimen-
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tation, though low overall rates are obtained at this ratio.
In the case of these experiments.as well, first-order

deactivation could account only at the very early stage of

polymerization and second-order deactivaticn fitted the data

over a2 wide range of conversions.

IIL.b.1(iid) Catalyst Concentration

The effect of varying catalyst concentration on the couwrsec
of polymerization at 30°¢ using BuOT iC1l,y-alEt,C1l as the catalyst
was probed with varying concentrations of titanium from 0.001 -
0.005 mnle.l-l. 4 monomer concentration of 1.67 mole.l_l, and
A1/Ti ratio of 3 and catalyst aging time of 40 min. were used
for this purpose. The initial rates upto 30 min., overall rates
of polymerization upto 150 min. first and second-order rate
constants of deactivation and initial rates according to first
and second order deactivation are listed in Table 16. The last
column lists the molecular weight of the final polymers obtained.

It is scen that the overall rates and initial rates
increase with increasing catalyst concentration, whereas the
molecular weight of the polymer continuously decreases. Fig.l7
shows the variation in initial rates of polymerization with
varying concentration of catalyst on a log-log plot. The slope
of the straight line drawn ir 1.0 showing that the initial rates
follow a first order rate law with respect to catalyst

concentration.
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ITI.b.1 (iv) Mcnomer Concentration

The effect of varying monomer concentration on the course
of polymerization was investigated by varying the monomer concen-
tration from 0.95 to 3.10 mole.1”t. Catalyst concentration of
0.003 mole.1™t with A1/Ti=3 and catalyst aging time of 40 min.
were utilized for this purpose. The initial, overall (upto
150 min.) and limiting rates of polymerization obtained are
given in Table 17. The molecular weights of the polymers
obtained are listed in the last column. 4s expected, the rates
of polymerization (initial, overall and limiting) increase with
increasing monomer concentration. The variation in the initial
rate with monomer concentration is diagramatically shown in
Fig.17. The straight line fit to the data shows a 2.2 power
dependence of the initial rate of monomer. Similarly a 1.8
power dependence of the overall rate on monomer concentration
was observed and the limiting rate showed a first power
dependence with respect to monomer.

Kinetic rate laws are meaningful for the steady state of
polymerization only. With continuously varying rates of
polymerization and deactivation being dependant not only on
time but on other kinetic parameters as well, the rate laws
have only very qualitative significance in this case. However,
in view of the observed first and almost second-crder
dependence on catalyst and monomer concentraotions respectively,

the following rate law appears valid during the very early
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stages of polymerization.

¢
R, = & 122 [cat] o FBa/RE

In the case of Ziegler-Natta polymerizations with changing
rates, the rate laws reported in the literature widely differ.
McCarty and Parrava.nol22 chserved declining rates lasting over
considerable period prior to stecady state in the polymeriz. ti-n
of vinyl cyclohexane with TiClB—AlEt3 catalyst. They reportec?

a variable rate with respect to monomer depending on the mrnomor
concentration.

In the present investigation, where no steady state
polymerization was observed, the overall rate was almost propor-
tional to the second power in monemer concentration. The initial
rates show 2.2 power dependence on monomer, a first order
dependence law could be fitted through the data for the limiting

conversions.
III.b.1(v) Temper ature

Effect of temperature on the course of polymerization was

probed by conducting the experiments at 20, 25 and 30°%. For
1

this purpose, a monomer concentration of 1.677 mole.l ’

catalyst =0.003 mole.l—l, #1/Ti = 3 and aging time of 40 min.
were used. However, for this purpose, the catalysts were aged
at the temperatures of polymerization. The initial and limiting
rates of polymerization as well as the first and second-order
rate constants for deactivation are listed in Table 18. Fig.l8

shows the drrhenius plot for the initial rates. The activation
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energy obtained is -30.5 ki mole™ . The low negative value of

activation energy indicates a cationic type of addition.

ITT.b.2. Kinetics of Deactivation

First and second-order deactivation, as shown earlier are
given by Egq. 3 & 4.
(o] 1
In Ry = In R," - Kyt (®)
1 kl‘l

ok i

p R %

(4)

=
ot

4 linear fit of the data in the plots of 1n Rp vs t
indicates first-order deactivation and similarly a good straight
line fit in the plots of 1/1=Hj vs.t will indicate second-order
deactivation kineties. Figs. 19 & 20 show the first-order
plots obtained with five varying concentrations of catalyst and
four varying monomer concentrations respectively. It is scen
that straight line fits are obtained only at the initial stages
of polymerizations. The data points in the first-order plot
deviate considerably from linearity at higher times of polymeri-
zations, The first-order deactivation rate constants
obtained from the slopes of the straight lines drawn are
given in Tables 16 & 17 respectively.

Similar curves were obtained from the time-conversion
data with other variables such as varying aging periods, AL/Ti
ratio ete. The apparent first-order rate constants for

deactivation obtained from the slopes of the straight lines
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drawn in the earliest stages of polymerization, are listed in
relevant tables.

It is seen from Figs. 19 & 20 that first-arder deactivation
kinetics cannot represent the results, except at the early stages
of polymerization. Figd .21 & 22 show the second-order deacti-
vation plots for varying concentration of catalyst and monomer
respectively (according to Eq.4). The good straight line fits
obtained through most of the data points show that second-order
deactivation kinetics represents the data over a wide range of
conversions. Similarly other data obtained with varying aging
periods and Al/Ti ratios also yielded a good second order fits
of the data over a wide conversion range. Karasev et al trea%gé
the deactivation of the catalyst consisting of VOCl, and AlEt201,
in the copolymerization of ethylene and propylene by mixed order
mode of catalyst deactivation. However, for the colloidally
dispersed catalysts emplnyed,they observed that second-order
deactivation kinetics predominates as observed in this study.

The values of the apparent composite second-order deacti-
vation rate constants ([C*]o.k{‘i‘ ) obtained do not show any
consistent behaviour with reference tn the various kinetic
parameters. For example the randommess in the value of [C*]O.k;
with aging time and A41/T1i ratio is easily explained. Since
[c*]o the initial concentration of the active sites, is propor-
tional to the catalyst concentration, a direct dependence of
[O*]O'kd" on the catalyst concentration is expected. But the
values listed in Table 16 do not reflect these expectations.
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1"

[C*]O.kd shows almost a constant value with varying monomer
concentration except at the highest monomer concentration
examined. The values of apparent composite second-crder deacti-
vation rate constants tc*]o.k(: listed in the Tables 14-17 do
not show any systematic behavicur. With the variation of aging
time and Al/Ti ratios random values of [C*]O.ké‘ are possible
(since EC*]O can vary with these experimental variables).
However, [C“]O.kg should be proportional to the catalyst concen-
tration and independent of the concentration of the monomer.
Except for the highest concentration of the monomer examined,
the values of [C*]O.kg appear to be almost constant. However,
with varying catalyst concentrations, the values of [C*]O.k:]'
are almost constant upto 0.003 mole.1” ™ catalyst concentration
and increased values are observed only at 0.004 and 0.005 mole.1l +
catalyst concentration. The divergence in the values of
[c*] F)k(; is more clearly noticed in the varying slope of the
straight lines drawn through the data in Fig.2l.

The departure of the values of [C"]O-k[: from the expected
behaviour, as discussed above, may be due to (a) mixed order
deactivation rate law applicable as pointed out by Chirkov

et a1123

and discussed by Karasev and coworkers 0L (v) the non-
applicability of equation (3) and (4) to represent the deacti-
vation in heterogeneous catalysts.

It may be emphasized that equations (3) and (4) are valid

for homogeneous reactions. In the case of heterogenecus

catalysts (the colloidally dispersed catalyts employed here
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essentially fall in this category), surface reactions are to be
taken Into consideration for interpreting the results.

Schindler has given consideration40 that the deactivatimm
can occur only on the catalyst suface and the surface concentra-
tion and the bulk concentrations are necessarily different.

The surface concentration of the active sites, S at time t,

for second-order deactivation is given by40:

[s],

8] = —p——
kg 8]t +1

where [S]O is the initial surface concentration. Assuming thas

all catalyst particles have same surface concentration and that

the rate of polymerization is proportional to the surface

concentration of the active centres, the deactivation is related

to rate of polymerization Rp by :

1"
A Kg

1?_3; +1gp ) Tomt] © 54

In contrast to Eq.(4), Eq.(5) shows that the slopes of l/Rp
vs.t decreases inversely with the catalyst concentration, in
agreement with the results depicted in Fig.2l. The results
presented so far show that second-order deactivation accounts
for the data in a satisfactory way. The decrease of slope with
increasing monomer concentration in Fig.22 can be accounted both
on the basis of equations (4) & (5). The decrease in the slope

with increasing catalyst concentration in Fig.2l is explained
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on the basis of equation (5) which essentially incorporates the
effect of surface in these reactions. However, second-order
deactivation involving bimolecular termination of active centres
is difficult . to visualise except in terms of site-migration.

In the typical heterogeneous Ziegler-Natta catalysts, proposals
inveolving site migration are of very limited reality. In
contrast, bimolecular termination in these coiloidnlly diswersed
catalysts are not improbable due to their reduced size.

Burfield has shownlz4 that the initial complexation of the
monomer with catalyst components results in higher rates of
polymerization. The declining rates of polymerization with time
by second.order deactivation processes can alsn be accounted
by varying extents of complexation during the course of polymeri-
zation.

hccording to Greco et 01125

y incorporation of Mn012 in
TiOlS,the catalyst system results in partial solubiligation of
the TiCla-AlEt3 heterogencous catalysts in propylene polymeri-
zation. Similarly, it is possible that AlCl3 formed from the
reaction of BuOTiGlB and AlEtzGl in the catalyst results in

partial solubilization and second-order deactivation,

characteristics of soluble catalysts, predominates.

ITI.b.3. Deactivation due to Catalyst Poisoning
80

Caunt demonstrated™" that A1EtCl, formed by the reactimn
nf titanium halide with AlEtzcl acts as a catalyst poison. He

showed that the addition of AlEtClz tn the polymerization
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system caused decreased rates of polymerization and the comple-
xation of AlEtCl2 formed with KEt, NaCl etc. restored the
original rates of polymerization. Adsorption/complexation plays
a vital part in coordination polymerizations and some of the
products of the reaction between catalyst and cocatalyst
components like .ﬁ.lE’cCl2 are alsc capable of complexation ok the
site. Therefore data obtainecd here,are analyzed in terms of

site poisoning by the adsorbed reactant.
126

b

The method followed here is similar to that of Benson
who examined the clay catalyzed cationic polymerization of
styrene. a4 Langmuir tyne adsorption governing the reaction
kinetics was assumed. The expression obtained by Benson is

given below:

_a 1592 K, 0412 [s], )
v kg (14K [T 41 1, [])

where kp and kg, are the propagation and transfer rate constants
respectively. Dﬂ], [S]o and [I] are the concentrations of
monomer , total concentration of sites and inhibitor respectively.

In the above expression Ky and K; are the equilibrium
constants for the adsorptions of monomer and inhibitor
respectively.

Rearranging Eq.6 and integrating,

(1 + k. [1])
KNKPI njti —Hl)-ln;;g_:kp[slot (73
—— 8]

r
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FIG. 25. BENSON"SEOT FOR THE DEACTIVATION OF
THE CATALYST BY SITE POISONING
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In the polymerization of butodienc by the use of cobalt
catalysts, Van der Kamp o‘os',erve-:llz7 inhibition by certain
aromatic and amine compounds. The deactivation was related to
the equilibrium constant for the adsorption of the donor on the
catalyst site. An expression similar to Bern-on's was derived.

Depending upon the relative values of Ky and Kp, both
first and second-order rate law with respect to monomer are
possible on the basis of Ba.6.

Fig.23 shows the Benson plot for varying monomer concen-
trations. These data are for the experiments carried out at
30°C with A1/Ti = 3, Catalyst = 0.003 mole.1 > and aging tine
of 40 min. It is seen that str-ight lincs can be fitted through
the data and they extrapolate to a common intercept. The
common intercept indicates that assuming site inhibition by the
product of the reaction between BuOTiGl3 and alEtzcl, the first
order dependence of the limiting rates of polymerization on

the monomer can be explained.
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Vinyl polymers are formed by the repetitive addition
processes initiated by free radical, ioniec or coordinated ionic
modes through a chain mechanism. A combination of alkyls of
metals of Gr.I-III in the periodic table (cocatalysts) with salts
of transition metals of Gr. IV-VIII (catalysts) foarms the largest
body of coordination (Ziegler-Natta) catalysts. In polymeri-
zations involving these catalysts, the monomer is coordinated
to the catalyst site, and according to Cnssee, the coordination
occurs at the vacant site of the alkylated penta-coordinated
transition metal complex. The migration of the alkyl group to
the complexeﬁ monomer results in the creation of new vacant site
and the process occurs repeatedly. The metal-polymer bond is
finally cleaved either by hydride transfer or chain transfer
processes.

Typical Ziegler-Natta catalysts exhibit complexities not
common with other modes of vinyl polymerizations. Several
catalyst sites of varying nature and reactivity are simulta-
neously active at any given instant. The number of active sites
also vary during the course of polymerization. Kinetically,
therefore, non-steady state behaviour is generally encountered
in polymerizations involving these catalyst systems. However,
steady state kinetics are observed in a few cases such as
propylene polymerization with preformed 51‘101:3 or supported Ti014
and aluminium alkyls. More recently alkoxy titamium trichlorides
in combination with trialkyl aluminium are reported to function

as steady state catalysts in ethylene polymerization. Kinetics



(ii)
of polymerization of other vinyl monomers using alkoxy titanium
halides =and aluminium alkyls h-ave not been reported in literature

In this Study, kinetics of polymerization of styrene, a
ligquid monomer conveniently =menable to accurate kinetic experi-
mentation, is probed in n-heptane using butoxy tits-nium tri-
chloride and aluminium alkyls. Measurements were carried out in
a vacuum dilatometer and the rates of polymerization were deduced
from the changes in heights with time of polymarization using
known specific volumes of the polymer and the monomer. Triethyl-
aluminium, triisobutyleluminium and diethylaluminium chloride
were used as cocatalysts. The effect of triethylamine, =n
electron donor, on the rate of pnlymerization was also investi-
gated in the case of trialkylaluminium.

With trialkylaluminium as cocatalyst, the polymerizations
attained steady state rate after =an initial decline during the
first 10-60 min. The initial settling period was lower for the
A1Et,; containing catalysts. The steady state persisted uptn
about 200-400 min. when triisobutylaluminium w-s used. However,
in case of triethylaluminium as cocatalyst, the steady state
behaviour lasted upto about 100-200 min. The rates declined
subsequent to the steady state period. Optimum rates of poly-
merizations were achieved with an aging time of 10 min. and
20 min. for catalysts cont=ining triethylaluminium and tri-
isobutylaluminium respectively. The maximum rates of polymeri-
gation and molecular weights were obtained at Al/Ti ratio of

1.5 in both the cases. The highest steady state rates obtained



(iii)
were 2.97 and 7.05x106 mole.l-l.sfl,- for aluminium triisobutyl
and aluminium triethyl cont-~ining catalysts at a catalyst concen-
tration at 20 and 40 m.mole.l-'1 respectively. The steady state
rates exhibited a first order rate law with reference to the
monomer and the catalyst. The molecular weights of the polymers
were independent of the catalyst concentr-tion and attained
limiting values at higher monomer concentrations.

The steady state rates of polymerization exhibited a sharp
maximum in the plot of Rp vs.Al/Ti ratio indicating Langmuir-
Hinshelwnod mechanism governing the competition of the aluminium
alkyl and monomer at the active sites. However, the limited data
available did not clearly discriminate between Rideal and
Langmuir-Hinshelwood mechanism.

Triethylamine was observed to greatly influence the steady
state rates when triethylaluminium was used as the cocatalyst. In
contrast, triisobutylaluminium did not show any significant
variation with electron donor concentration. However, for both
the trialkylaluminium containing systems, a maximum in the r-te
of polymerization was observed at an electron donor to aluminium
alkyl ratio of 0.75. The observed results were explained by
competitive adsorption of aluminium alkyl and triethylsmine
at the active centre.

In contrast to the catalyst systems containing trialkyl
aluminium, BuOTiCly-AlBt,Cl catalyst exhibited higher activity
for polymerization and continued to decline in catalyst activity

with time. Higher aging times (40 min.) were needed for maximum



(iv)
s Ry -4 -5 -1 -1
catalyst activity. The initial rates were 10 -«» 10 ° mole.l L.s

6 mole.lpl-s_l. The initial and overall rates

as compared to 10~
were proportional to the square of the concentration of the
monomer. However, the limiting rates were proportional to the
first power of menomer concentration. The initial rates were
also pronortional to the first power of the concentration of the
catalyst.

The varying rates of polymerization with time were analyzcd
in terms of deactivation by first and second-order processes. It
was observed that the first-order deactivation was valid onlv for
the very early stages of polymerization. Second-order deactiva-
tion was observed to predominate during most of the course of
polymerization. Contrary to expectations, the composite second-
order rate constant for deactivation remained almost constant
upto 0.003 mr)le.l-1 catalyst concentration. Similarly, though
the values of [O‘]O k; were independent of the moncmer concen-
tration for most of the data obtained, the value was higher at
the highest monomer concentration examined. The results obtained
have been examined in terms of surface controlled reactions.,
Deactivation by catalyst poisoning could explain the first-order
dependence of limiting rates with monomer concentration on the
basis of competitive adsorption governed by Langmuir mechanism.

The activation energies for steady state polymerization for
the trialkyl containing systems were 44 ¥ .mole ». However, the
activation encrgy for the system BuOTiCl3-AlEt201 was

-30 ¥J.mole L for initial rates of polymerization. These values
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indicate a coordinated anionic type mechanism in the systems
containing trialkylaluminium and a cationic type initination when
11Et2C1 was employed.

The polystyrenes obtained were readily soluble in methyl
ethyl ketone. IR spectra showed atactic nature of polystyrene
formed.

In conclusion, the results demonstrate that trialkylaluminium
with BuGI1013 yield steady state catalysts for the polymerizaticn
of styrene after a short settling period. A cationic type
initiation is observed with BuOTiGlB—RlEtEGI. The catalyst
deactivation in BuOTiGls—AlEtzcl follows second-order kinetics
during the largest course of polymerization. Surface characte-
ristics of these colloidally dispersed catalysts, can explain
the variation of composite second-order deactivation rate
constant [Cf]o k"d with reference to catalyst concentration. A
probable mechanism of polymerization (similsr to Cossee's)
involving a reduced alkylated titanium halide in an octahedral
configuration for the active certre has been suggested. The
active centre also has a bulky butoxy ligand accounting for the

early onset of steady state polymerization.



