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D U C 7 I 0 N 

The technolo y of synthetic polymers has, in 

the l aot thirty ye rs , undergone vast dev lopments and 

mainly in the l ast ten years, pro ~ress in t hp field 

of new macromol ~ cules s uch s high melting la ~tics , 

strong r esist ant fibr es and synth .tic rubbers with 

superior perfornw nce in recovery and tread we t.~ r, ha ve 

been proved t o be revolutionary · n conmendabl • T. e 

credit goes t o the r e cent di s covery of truly s t er eo

epecifi c olymeri tlti on ro cess s e · .1· bl . of 1 ·din , 

by polyaddition of monosubs titut d ethylenic unit to 

high yields of s t •ric l l y r eg1.;.la ted olymers . Th se 

new polym I s with P~cept iona l roperti es are avail ~ble 

from certa in low cost hydrocarbon monomers l ik ethyl ene 

pro ylen and but ne. As a rosult, it has not only 

s timulated cons i rabl~ scienti fic inter t but has •·l s o 

opened up a new br~1n ch of ma cromolecular research w ic 

i s bo und to l ead f ar r ea ching develo ments of reat 

industrial im ort ~nce. T1e most strikin f aturP i s 

th c:~t for t h fi rst time, perhaps, i.n the hi story of 

me cromoloeul ar ch e-..mi s try, this sciont ific discovery h s 

b en followed r api dl y by v s t amount of research in 

scientifi c and industri al l·borat ori es al l over the 

world. 

7 h1s out stDn ing di ~ cov ry is t ha t of Zie ler-N tt a 

cat alys t which i s a n insoluble compl ex form ed by the 
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reaction of t i t anium tetr'chlori e with al uminium triethyl 

(Ti C14+ l ·t 3} in t he medi um of hy r oc• rbon solvent. The 

stereosp cifi city of polymer i s d fin d s t e pl aceme nt 

of the substituents on the monom r molecule in a definite 

orde r in a olym ric chain. It has been observed that 

Ziegl r-N r.~ttD CDtalyst has occuoied e un"t ue posit ion 

among di f r nt catnlyst s ystems w ich were used t o 

polymerize olar and nonpol ~r monom ers in order to obt :.:~i n 

stereos . e cific olymers . fJloreover , it hes been emphati cal ly 
• 

pointed out from all these proces es th at the control of 

propa ation step is very much ne cessary and can be o t Dined , 

generally, un ier the conditions suer as 1) t he eff ct of 

environment and temperat ure, 2) of soluble comp l exes of 

monome r with t h counter ion, 3) of immobilising , comp l exing 

and orienti ng indi vidual monomer. 

In thi s context , i t is worthwhile to study en 

application of Zie l er type catalysts for t he olymeriza

tion of styrene and isoprene, whi ch i s the present subj ct 

of investi cti on. Since t he subject i s entirely new one, 

it is desirable to have some ba ckgr ound of the topic. In 

this r espe ct, an underst anding of control of propn l~tion 

step followed by a short a ccount of diffe rent phenomena 

of polymeri zation wi ll be c nsi dered primar i ly end then 

Li e .ler-Natte catalyst will be de scribed in et ail with 

reference to i ts di s cov ry, nature of stereoregul atin 

forc es , mechanisms and kine ic of polymerization, foll owed 
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by an outlin of th ~ ~cop of r s nt investi ati n. 

It i s a cownon knowl d that in t h formation 

of acromolecule s of vinyl typ~, e ential l y t hree 1 

s teps a re inv: lved . TheBe are initiation , propagati n 

and ter inetion . For the producti n of us ful olymPric 
2 mater i al s , cont r ol of all these steps i s important . 

I ni tiation: Pre ~ ra dical, anionic or c tionic 

s pecie s pro uced fro th cat alys t are r es ... onsibl for 

i nitiating cl chain re£l ct i on . 

Propagat ion : It i s the addition of ea ch indivi dual 

monomE~ r occurr i nO' mc.J ny hundr ed and even t housand tim s 

in the cou1se of t he growt h of a macromolecule . 

Terminntion: Certain c e nical rea ents re a cting with 

free r adic l s or ions of growin O' cha ins are capabl of 

stoppin the fur t her growth of a macromole cul e . 

It is known t hat over all rate of polym ri zet :l. n 

can be controll d by r P ul ating initi tin and 

terminatin pr oces es . The eff ~ ctive control of initietin 

process 1~ possibl e by producing initiatin centres of 

certa in type i n any system (either aqueous or non . queous) 

at particul ar tem. eratw:-es and in th presence of diff erent 

monom"rs . Likewise, the control of av ra e l en th of 

chains ond vi th it of the mole cular w ight and of And 

groups c uld be o'tain d by t he addition of certain c. ain 

transfer or ce s s.tion agen~s to t he pol ymPri zing syst m. 

Th pro a gati ~n _roce ss; on t he oth r hond ,ha remained 
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es ~ entially uncontrol ed. . ny ucce ss ful control of 

propegation rea cti )n wou l d hel p not only to spP d up t e 

polym r format i on but lso t o produce ma cromo lecules of 

gr~nt geomet1ical regul arity vnd , as a consequ nee, of 

different me chanicHl and thermal behaviour. 

Polym rization rea cti ons w· ic' heve been known 

f r control of propagation step, have been c ns ider~d 

Polymer i zation reactionsc oncerning ith control of 
propagation step. 

1) Te 

of polyehlor 

r ature gr atly inf luences t he properti >s 

r ene and but•diene styren copolymer) in 

emulsi'n polymerization. The hi ~h molecul~ r wei ht cole 

rub ers 4 contDin diene units in a l arger proporti on of 

1, 4--trans bondin • The s ystema tic investi g~1 tion of the 

diff ranees in chain atructur det ail , s uch as 1,4-tr"n , 

1,4-ois and 1,2-addition of olybutadi enes , olychloro

prenes4 and polyi s opr enes5 prepar ed wi th differ nt typ es 

of cat alys t s free r di cal and ionic types reveal u the 

existence f a certa in influence of initiator and the 

environment on the propaga tion revcti n itself. 

2) I n fact, s tereor g l ,1r polymer s "''ere obtained in 

1948 by ca tionic polymerizDti n of vinyl alkyl ethpr6 

but it W!l S obs erved onl y after th -3 di cove·--y of Zie ,ler 

cat alys t. pecifieally, the vinyl butyl and vinyl 

isobutyl ethers yi el d polymers in bulk an solution, in an 
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amorphous and o crystalline f orm depending upon the 

initiator,the solvent and the tem er ature of polymeriza

tion. In case f this polymerizati n, concepts of 

configurat ional and conformational isomerism in linear 

ma cromol cules coul d be exposed to a cert ain energetic 

or steric control. 

3) Fr ee r adi cnl polymeri zation of vinyl and acryl ic 

monomers ~ t very low t mpe1·ature in homogenous medium 

can even le ; d to stereor~gulD r polymers . Polymethyl

meth~crylate prepared at - S0°C by f ree r adical poly

merization contains s yndtot actic structure. 20 Here , 

free chai n ends can exert ·~ regulating influence on the 

entry of the next monomer if the substituents ~re l arge 

and polar and i f other conditions s uch as solvent and 

temper ture f avour suffici ently the prevalence of one 

stereotransition state over the other. Certain control 

of propagation coul d be counted in the so called get effect 

which, however, s ems to be essentia l l y t he influence of 

the environment and part i cularly that or high viscosity on 

t he r atio of t he r at e constants of propagation and termi-

7 nation. 

4) l\1orton and coworkers 8 found the control of propa

gation reaction during the studies of t he action of 

certai n complex cat alys ts on butadiene and isoprene. 

These catalysts which are known as Alfin cat alys ts, are 

prepared by th~ interaction of an alkali al coholate such 

as sodium isopropoxide with an ole fin hali e s uch ns 
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allyl c 1loride . The pro du ct of ... his combina tion - e 

s lurry of NeC l on w ch (CH3)2 HO a and C' 2-CHCH f~ o are 

adsorbe - proved t polym rize butadi ne not only at e 

surprisingly hig ret., but also to a predominent ly 

1 ,4-trer-. .JJ specie as shown in the di gram below, without 

any f rmvtion o.f gollttinous by-products . But it was 

difficul t to understand t.e opecific action of the 

Cl\talytic system exc~pt by as suming a.n infl uence of the 

catalys t or the environment on 9ElCh individual propa~t~tion 

step. 

.. - .,. - J.t;t ......t &'lA+ 
- -~---Na.- --- Cl -·- - -1'-lo:- - - ·- -OR----~-- ·- -~- - - .,""'_-- - ·· 

~ : ; 
••• I - I 

~r:t:-· - - -Ci-ti:-· ·- <:~1 =--= C'Hl-

C.H .L 

t·'"-~K . 
'- + - 1\ ... -c. 1-.- - f\iQ - . - . -0 ~- . \\: . NCL--. - . ..0 R. 

• (1-f)_ 

' + - -- - c;: HrCH-... :: .. .- ~ H:l.. \')lev·-- -
I '\ i 
I+- - ' ~ t _ 

.. -·-f'let--· ·OR-- -- Na_.- ·- -cJ- ---

5) ~ddition polymerization can be gr eatly accelerated 

if the monomer mol cule:J are arran ed in a certain favour-

able pattern and hence held in a cert ain fi xed position 

before they are chemically linked together to fo r m e 

macromolecule. Szworc9 hae established t hat p-xyl lene 

and ot her r elat d monomers do not polymerize in the gas 

phase but react r ap idly and smoothly as soon a~ th ir 

vapour 1 con ensed on e surfa ce. At t e same time 
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Letort10 observed that p lyacetalde yde made under such 

conditions shows a r egular steric arrangement of t he 

methyl groups. 

6) Prearrangeme>nt of the monomer molecules also 

works in 'Re Jlica' olymerization. Melville and Watson 11 

showed thDt predis solved olymethyl met acrylate in 

methyl methacrylDte monomer induces a certain order in 

t he individual monomer molecules by "adsorption" into a 

pattern which favourably affects the pronagation 

reaction. Bamford and Ballarct12 have observed a strong 

influence of an already present polymer, namely ' ely

sarcosine dimethyl amide' on the formation of synthetic 

polypeptide. 

7) Solid surfaces can al so be used to adsorb and 

consequently ori nt the monomer. Molybdenum oxide 

deposited on alumina and chromium oxide ~on silica 

alumina which are known as Phillips catalysts, 13 can 

direct the polymeri zation of ethylene to linear high 

density polyethylene. 

-C.·-D ---Lr-0 --Cr-- 0-Cr--- 0 

It can now be very well visualized that the 

control of propagation rea ctions discus sed above is 

possible by i .mmobilizing , complexing and ori enting each 

i ndividuc. l monom e>r be f or it is introduced into the 
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chain nd chemie"l l y attached to its prede cessor . 

8) he c ntrol of ropa~ation process is even possible 

by t he effect of soluble complexes of monomers wi t h the 

counter ions i n ionic polymerization. The monomer 

molecule in he growing polymeric chain can be put i n such 

a position that it will be chemical l y incorpor ated into 

the growi macromol e cule under clearly res t ricted 

conditions. Lithium alkyls 14 and sodium alkyls 15 in 

hydrocsrbon medium can polym rize dienes and styrene by 

exerting cons i derable degree of control on the propa

gation step. In these anionic polymerization s ystems , 

with the aid of c mp lexing capa city of positive counter

ions, not only 1,4- addition polymerization of di ene can 

be obtained but steric r egul arity of the substituents in 

vinyl polymeri zation can also be control! d. According 

to this, stereoregul at ed a cryl ate ester16 and acrylsmide17 

polymers as well r1s ol yvinyl halides 18 have b en obt ai ned 

with anionic initiator in homogenous system. 

G 
_-CH:l-

. / " Li @ c-- Mt-

\i 
R CH 

C 
.. / 
H.l-

At the s am time, it was r e
4
orted t hat under ap ropr1Bte 

conditions of solvents and temperature cationic initiators 
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mploy d by ehlidkne e. t for p lymerization of vinyl 
19 

et hers can ster o olymeri ze styr ne derivetives in t he 

homo nous s ystem. I n ol l th~ se ceaes , it opp are th t 

eomplexing of the monomer with t he counterion before 1 ts 

introduction into the gr owi polymeric ehain is the 

re· uirPme nt for effe etiv steric control, and that t he 

nvera e life ti of these complexes has to be com~en-

sur ate. w1 th t he time interval b tween two subsequent 

propa tion steps of the growin macromolecule. 

9) C.C.Pric 21 indicat ed the use of optically active 

monomer like propylene oxide in ionic polymerization to 

visualize the pos sibi lity of control of propagation 

rea ction. Optical beheviour of the polym~r can be used 

to establish direct l y wheth~ r the pro agation steps have 

rn •. int~dned or destroyed stereospe ci ficity. 

\ / 
F-e.. 
I 

0 
I 

C.H 
1 2... 

~3C-<fH 
0 
I 
CH2-
I 

H C--CH 
:3 I 

Cl 
10 ) 

'* 
+ F~C \3 ---7>-CHg-~1-;H~ 

0 
I 

FeCij 

_J' 
0 - CH;-0-t() ' / -~, <-· ·Fe Cl-f / ' .3 

' r 
' + c) 
0 '-CH 

/ I 
CH2 C~S 

+ 
--~ C\-l z C. H-- 1-1 

J I 'l 

0 
I 

· FeCi~ 

Ct 
1.::.- Cl-~-cH- ~Hl. 

0 
I 

FeCI2 

The mos t import~nt and t he l ast on i s t. e a ction 

of t h met al or anic mi xed c t alysts which is f or 
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impressive Emd ape ctacul .. r in controllin propa ation 

reaction. These catalysts, discovered by Ziegler22 

immediately proved t o h v a hi ghly regul ative infl uence 

on the polymeri zati on of ethylene . Nonpolar, and hi ghly 

vol atile monomers as ethylene, propylene or butylene 

require a very strong compl exing capa city which can be 

contributed by an active centre which i s adsorbed on a 

soli d surface. This requirement i s fulfill ed by the 

application of Ziegl er catalyst. Their ca Deity to exert 

an amazin . steric control on the ropa ation step was 

soon afterw~rds established by G. Natta23 in a series of 

bril l i ant investigations on the structure of olefin 

polymers repar ed with Ziegler cat alys ts and certain 

modifications the ·~eof. Stereoregular polymerization "h'ith 

• iegler type catalyst h£~ s been r eviewed widely in the 

literatur by _ any workers. 2 ' 24-27· It would be ap ro

pri l!te end essential to i ntroduce it here in brief. 

Ziegler-Natta Catalyst 
22 Di s coveries by Professor Ziegler showed for t he 

first time that ethylene can be polymeri zed to hi gh 

molecular weight, line~r polymers at te erature and 

pressures very much lower than those used in the 

conventional hi gh pressure process. This catalyst of low 

pressure polymerization is t he combination of titanium 

tetrachloride or trichloride with a luminium triet yl which 

is now widely known as Zi gl er-Natt a catalyst. Zi egler 

type cata lysts cons i s t of transition m t al hal i de s from 
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gro ups IV to VI and organomet 81li cs from groups I to III 

from t he periodic t abl e. Professor Iatta23 t hen observed 

t hat by ap : lyinP this t' e of cataly~t, p~ rti cul a rly the 

titanium trichloride and aluminium tri ethyl comb ination 

to olefine such a s 1ropylene , t wo fractions of the 

clymer c l d be obtained . Out of t hem one fraction 

w l d b soft, soluble and rubbery and the other one 

dense, hard and of hi crh softening point . Crystallogranhic 

examination showed t . at the l atte r fraction c ntains 

monomer units arrana ed i n a pl:! rticul ar well ordered 

pattern. . ccordi n to the way in wh i ch monomer mole cules 

are arra nged in rel ation to their nei ~hbours, various 

basic states f t e cticity are nosoible, which Prof. G. 

Netta28 ca lled isot actic, syndiotactic and atactic . 

' tereoisomerism ond its effects on nroperties of polymers 

The simplifi ed ima e of an isotactic polymer is 

one where there are long sequences in the polymer chain 

in '"lhich th as ymm tric carbon atoms have i entical 

configurations. In the syndiotactic arrang ment , the 

asymmetric carbon toms have r egul arly alt rnating 

configurati ons, whe reao in the atactic structure the 

substituted groups ·re arranged around the polymer xi s 

unsystema tically and t random . The s ame definiti ons can 

be extended t o disubstituted olefins 29 and the y are 

distingui shed as erythr eodiisot;J ctic l i ke i sotactic and 

threodiisot ctic like syndi otacti c. 'l'hese polymeric 
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structure can e illustrated in t he Newmen3° projection. 

------· RH C 

I / R 

H -frJ-H 
1-1T / R 

i 
I 
I 

H 

H 

H 

CH;:----
p.toct1c 

C:.ttl.........----

1 sctc.c: tic 

These cha in~ of isot actic end syndiota ctic polymers 

will have a tendency to form a crystalline l attice , that 

is stereoche~aatry of polym rs . The stereochemical 

eff cts on the properti es of polym rs are quite considerable 

as ~iv~n below wh re the properties of conventional 

polymers ar co pared with the Ziegler pol ymers. 

Polyethrlene3° 

Conventional ZiAgler. 

Density 0 . 92 0 . 95 

tJiel t . Index 2 . 0 o. ; 
Softenin _ point 110° c 135° c 
Tensil strength 2190 2960 

PoliJ2rOQ;Ilene-_.3 1 

Conventional Ziegler 

Specific gravity o.aoJ 0. 909 

... oftening point ( 0 c) Below 25 146 

Tensi l e strength ;oe 5400 
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The pol ymers obt ined t hu~ , nerall y, should have 

s uch a degree of cryst, l l inity and isotacti city which may 

give f fici ent strength and ri i dity ~Q tho ut undue 

brittlen ss . 

The 71egl er Netta Cti t alys i s , with i ts posoibility 

of structure control , h· s also been appli ed to olefins 

higher than pro pylene , and it . as been noticed th : t with 

increasing atom density in clos e proximity to t he chain , 

there is an appr eci able increase in second order 

transition point (Tg ) as well as in t he crystalline 

meltin point (Tm}. In thi s conn ction , Isots ctic poly

styrene32 obtai ned by stereodirE'ctiVf' cat alysts con have 

melting poi nt of t he order of 240 J whic rovides a much 

hi .rrher service te per ature t han what one could g t from 

ordinary pol ystyrene . 

Crys t allinity i s some wh t importDnt for rubbers 

vlso because otherwise t he t ensile roperties of an 

unvulc ni zed rubber in the stretched state w·ould be 

useless ly low. Zi e l ~r typ catalysts with certain 

modific ti ona h ve 9 c nsi . erable structure controlling 

effect durin~ polymeri z~ti on . diene f t he type 

C. C- C = C can polymerize by 1,2-sdditi on, 3,4- d ition 
1 2 3 4 
or 1,4-addition , and 8S such monomers exi st in an isomeric 

equilibrium between cis and trans polym Prs. Or8ano

metal l i c cat a lysts33 pr oduce 1,4-ad i tion polymers by 

s upress in 1,2-additi on and thi s 1,4-eddition l ead to 

entirely t he cis -polymer with litt l or no trans polymer 
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or viceversa ci s 1,4-vddi tion polyisopr ene is sti ctur

ally i dentical to nat ura l rubber. 

Nc1ture of Stereoregul ~• ting Forces in iP.gl er Catalyst 
Polymerization 

Different stereore ul ating forces are c nsid e r~d 

for control of prope _a t ion reaction. In case of free 

radi cal olymerizs tion, low tem erature i s sh wn effective 

for producin r;r syndiatactic polymer.34 

The stereos pe cific polypropylene can be prepared 

by Ziegl er-Natta catalyst (titanium trichloride nd 

aluminium tr·iet yl ) at any t emper ature. Consi der able 

stereospe cificity was observed even when the experiments 

were conducted above 120°C .35 The steric consequences of 

polymer solvent interaction have been pos tuloted by 

Szwarc36 and Ham . 37 Both emphasized t he tendency by 

macromolecules to f orm a regula r helix in the crystalline 

state or in t he solvents of very low solveting power. 

Alkanes invari ably give a gre at er yield of cryst alline 

polymers i n al most any kind of polymerization. Very 

often, us e of a poor solvent for the growin polymer 

nec~ssarily ensures that the syntem contai ning t he 

c E~ ta l yst or growin j:T end f the chuin becomes hetero-

genous. Heterogenous cat Dlyst systems are undoubtedly 

the most effective means of stereoregul ating a pro a ation 

step. It is r ecently expla ined tha t if the polymer 

remains soluble in the rea ction medium, stereore ul arity 

remains undist urbed , 35 but the cat <. lyat speci es must be 
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in an undi ssolved state i n t e polymeric system, otherwise 

the stereospec_ficity would be affected. Dicyclopenta

dienyl tit anium dichloride/ aluminium diethylchloride, the 

s o l~ l e cat alyst system, 38 can produce line r ond high 

molecula r weight polyethylene but can not polym rize 

propyl ene monomer . Crystal size and type of the reduced 

transition ll'lPtal halide , and reducin~ rt ents23 play 

important role in controlli ng the rate, molecula r weight 

and stereochemi s try of the polymerizat ion.39 It has been 

actually shown th·t heterogenous catalyst can actual l y 

change its p8rticle size durin the po lymerization. 

Preperation gf Ziegler-Natts Catalyst 

Ziegler catalyst 22 was first prepared by adding e 

soluti n of a luminium triethyl to a solution of titanium 

tetrachloride in hydrocarbon solvents such a s heptane 

or hexane. The product of this re a ction i s a brown blDck 

insoluble compound which is essentially a reduced halide 

of titanium e.g. TiC1
3

, TiC12 and t his pr e cipita te 

together with its supernatant li uid is essenti al for 

catalytic a cti vity. Natta h s proposed thnt the active 

Ziegler type polymerization catalyst is a complex 

containin ~ or anometallic bonds and more t han one metal 

atom. It has been shown t h t the most a ctive and stereo 

specific catalysts40 .for polymerization of~ -olefins 

are formed by the rea ction between an al kyl of a highly 

electropositive metal having a small di ameter e .g. 

beryllium, aluminium, or lithium and a cryst alline 
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- - - - - - - - - - - - - - - - - - - - - -
Metal Electro- Atom Ionic 

negativity radius radius 
- - - - - - - - - - - - - -
Berylli um 1.5 0.90 0.35 

Aluminium 1.5 1.26 0.51 

Lithium 1. 0 1.33 o.6a 
Zinc 1.5 1.31 0.74 

--- - - - - - - - - - - - - - - - - - - - -
hali le of a transition m tal from groups IV-VI from the 

periodic table in whic h the metal is in a valency stnte 

less than the maximum, e.g. titanium trichloride or 

dichloride or Vanadium dichloride. When the catalyst is 

prepared from the unreduced transition metal halides the 

reducti n might proceed through a series of statee41 for 

example reaction between tri et ' yl aluminium end titanium 

tetrachloride can be consi ered as follows: 

l Et) + TiC1 4 ·---~ 

EtTiCl.; 

EtTiClJ +A1Et3 -~ 

Et 2TiC12 

TiClJ + A1Et 3 ·-~ 

> 

Al rt 2Cl + EtTiCll 

TiCl.; + Et • 

Et 2TiC12 + Et 2A!Cl 

EtTiC12 + Et • 

EtTiC12 + Et 2A1Cl 

TiC~+ Et • 

Recently unstable compounds like triehloroethyl 

titanium, ltTiC13, 41 have bee n isolated from reactions 

similar to that described above. 

Bridge complexes such as (1 ) whieh is formally 

analogous to the well established bridge dimers of 
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nlumin1.u tri t ly1 44 (2} rmd alumi nium hc lides42 (3) 
0. 

ha ve b en proposed ;:Js ff cti ve Ziegler ea1:J..ll ys ts f or med 

by rea ction of unused trial kyl a lu~inium and ei t he r 

titanium tric lori de or di cl:loride. 

(I) (l.) (3) 

Thus, ~ i egler type catalyst s coul d ma inly be used to 

prepare linear and in m ny cas es, stereoregular45 

pol ymers of hi h molecular w ight from almos t all 

olefinic hydro car bons \rl t h a b sic structure CH2 • CH 

and dine~ as well.45 

[e chanism of Pol ymeri zation with ' -i egler type c(. t alyst 

Until ~bout 1953, t he mechanism for addition 

ol~1eri zation could be cl as ified in three main gr ups 

conventi nally r eferred to c S cationi c , ani onic end 

free r adic 1 polymeri zation . 1 Si n ce then Zi gl er typ 

polymeri zation i s known , this may be termed as co-ordin te 

pol ymeri za ti on. This t ype of olymeriza ti on allows 

ma xi mum control f the propag· tion r a cti on and cannot 

r eadily be defined as nioni c or cationic in the conv n-

tional sense • 

. olymerizati on r ea cti on tudi d by Ziegler type 
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catalysts are s own ntir ly consistent with a surface 

controlled, heterogenous reaction. Several kinetic 

studies have been made with this type of catalyst systems 

but the studies of polymerization 0f propylene carried 

out in the presence of triethyl aluminium and the 

crystalline form of titanium triehloride39 have been 

used as the basis of all the studies of kinetics and 

mechanism of polymerization with Ziegler type catalyst 

systems. G. Natta has carried out much of the work on 

this catalyst system, reviewed in the following pages. 

Mechanism of Polymerizetion propos3d bY Natta 

The titanium trichloride crystals were reduced by 

grinding until the average particle size was less than 2fi1 

Hept ane was us ed ~ s solvent and the polyneri zation tempe

rature was varied from 31° to 70QC. The rate of poly

merization was roportional to the amount of solid catalyst 

(TiC13 ) , i ndependent of the concentrtJti n or triethyl

aluminium, indepen ent of the atomic ratio Al : Ti and 

proportionol t o the partial pre ssure of t he olefin. The 

activation energy measured by me ans of the reaction rate 

was 11500 ~ 500 cal/mole, and the mos t important chain 

termination process at temperatures below 80°0 and 

pressures slightly above a tmospheric pressure was a 

process t hat of first order with respect to monome and 

was most likely to be a chain transfer with the monomer. 

It has been concluded t hat the kinetics of polymerization 

of propylene leading to atactic vnd isotactic polymers 

were essentially the same. 
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In full accord with the kinetic dat a obtained, 

Natta 18 ,38 , 46 sug est ed the me chBni sms of reaction and 

he firmly beli eves that i n the complexes contatning 

titanium and aluminium, the polymeric chain grows from 

the £Jluminium-carbon bond and not from t he titenium carbon 

bond. The det ailed mechanism proposed is thet the 

initially incomplete coordinati on of titanium in the 

reduced state of di and trichloride f acilitates chemi

sorption of organometallic compounds of strongly electro

positive metals ha ving small ionic radius. This chemi

sorption leads to t he formation of electron deficient 

complexes between titanium end t he other metal which 

contains alkyl bridges similar to those present in the 

dimeric aluminium and beryllium alkyls. 44 This theory of 

bim tallic electron deficient complexes is supported3g by 

the isolation of soluble crystalline complex of the 

general formul a (C5H5)2TiC12AlRR containing Ti-carbon- l 

bridges from the reaction of dicyclopentadienyl tit nium 

dichloride and aluminium alkyls. Netta sup orted his 

mechanism with the help of certain evidences as described 

below. In the polymerization of ethylene Netta has used 

dicyclopentadienyl titanium dichlori e and trip enyl 

aluminium38 as a cataly'st .system and detected the presence 

of phenyl groups in t he polymer. Phenyl groups cannot be 

detected in the polymer if biscyclopentsdienyl diphenyl 

titanium 1 ~ used in place of biscyclopentediene titanium 

dichloride and A1Et 3 in place of Al(phenyl) 3• This 
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detection of phenyl groups in t he polymer was t aken by 

Net ta as a concl us ive proof of the growth of polymeric 

chaln at aluminium carbon bond. Ad itional evi dence for 

convincing about th same me ch·)nism was give n by the use 

of Tri ethyl alumini um containing 14C-l a~elled et hyl 

groups as one constituent of cata lyst for t he polymeri 

zati n of ethyl ne . 14c l abelled ethyl gr oups are adsorbed 

into the surfec of ti tanium trichloride and when t us 

whol e system was used s a polymeri zl!tion cat lyst •in t he 

pr s nee of non-labelled triethyl aluminium ,then the 

r esulting polymer cont ins as t er mi nal end groups 

pr actically all of the l abelled alkyl groups47 and 

chemical nalysis of the resulting polymers showed the 

nr esen ce of aluminium~ 
Now the Nl1tta' s me chvni sm can be formulrJted CI S 

given below. It may be ass umed that the parti al ionic 

dissociation of active com l ex cont aining org. nometal~ ic 

bonds snd more than one met al atom t akes pl a ce as shown 

below. 

Cl , R, , Cl 
~ // 

,.. / 
'Ai I:Z - c l Hs T : 

I 

"' / -
C. I ' ,R -' R 

A f irst step , then, will be an as sociation of the 

monomer with the transit ion met al, caus ed by the high 

el ectronic d ns it y of t he double bond and by the ele ctron 
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deficiency of the transition met a l and t us th~ monomer 

is incorporat ')d ..... n the growintt chain as visualized in the 

diagr ac1 elow. 
p 

x - ·CH 

(I 

. Ti 
C. l ,... ..... _ 

i 

', ~~ 

X 
C- ) I (:r) 

X 

Cli -= CHL_ { 
. L .j. 

p 
I 

x-C ti 
! C H - C..H . 2 

C:l '- (,1- ) 
l •J i 

CH - Cr\ - P 
' 2 

. CH2.. Cl 

Cl 
T1 

p 
l 

x.- c:H 

Cl l') <.- ; ' , 
. ' --- . ' -AI / 

. I\ 
C I / ',, , " R 

- R/ 

p 
I 

X - C H 

wherein, th e complex bond of the f: l ion shifts from the 

carbanion which is a part of t he polymer cha in to 

carbanion of t he newly compl exed monomer, alon with the 

establishment of a norma l ~bond betwe~n the negatively 



- 22 -

eharg~d carbon on the chain and t he positively charged 

carbon of the monomer. 

Netta's me chanism _rovides a very s atisfactory 

expl anation for t e ex erimental observation that the 

rate of certain transfer rocesnes and t e r ate of chain 

propagation are both of the same order with respect to 

monomer and behave as if t ey were two parallel reactions 

proceeding through the same transition stDte. This step 

should b followed by a polarisation of double bond of 

monome ric unit. The driving force of propagati n is, of 

course, the prima ry coordination of olefinic ll - electron 

with vacant orbit als i n the met 1. Only Potat and Sinn49 

have proposed a mech,.nism supportin . Netta's view. 

1echcmisrn proposed by others 

Many workers, however differ from Natta's view, 

believing that chain growth may occur at t he tit anium-

ec:.rbon bond. 

ecently, Carrick and Karpinka 50 have reinvesti

gated the us e of biscyclo-pentadienyl titanium diphenyl 

and triethyl aluminium as cat alyst for polymerization of 

ethylene and althou ' they confirmed Natta' s findings 

that no phenyl roups are i.neorporllted into the polymer, 

t hey concluded that this does not c nstitute any real 

evidence for growth on aluminium rather than on titanium. 

It is shown th<t in the reaction of biscyclopentadienyl

diphenyl titanium wi t h alkyl aluminium derivatives,there 

is Dn i mmediate exchange of alkyl and aryl groups between 
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aluminium and titani um vn d chain P" rowth occurs more 

r eadily at alkyl substituted metal atoms than at phenyl 

substituted sites . 

Ziegl er h .: s stron . l y objected Netta's m~chanism 

on the grounds t ha t by an;.:~ lo o-y with dimeric aluminium 

alkyls, electron deficient complexes containino- titanium 

and alumin:tum are not likely to be involved in the actual 

"growth" reaction even though such complexes may occur in 

the polymerizi ng systerns. 8ince dimeri c aluminium alkyls are 

no lon er ele ctrophilli c, they are unreactive in the ufbau 

reaction (that is chain extens ion) of alkyl aluminium 

compounds . 51 Aufbau r ea c··ion is as given below: 

Dimeric aluminium alkyls 

ll ~ Al . _ _... FL _ , Al / R etc 
2AlR

3
iP- -

H / -,R _/ ""R -----7 

Aufbau rettction 

Ziegler51 has further stated that alkyl exchange 

can occur readily in the complex of titcnium halide and 

aluminium alkyl, but the actual reaction could t ake place 

only at the monomeric titanium alkyl. 



- 24 -

This me ch' nism of gro\'1/th of _ olymeric chain at 

t i t anium carbon bond i P further supoorted by some more 

workers . They sug ~st t h initiation of polymerization 

of ethylene monomer by coordination of ethylene molecule 

with tl bivalent titanium and bivalent vanadi u.rn alkyl 

compounds 52 ' 5J a s hown in the following equation. 

C1Ti(C 2H4)nf. + c 2H4-tClT~-( C2H4 )n - ?C1Ti(C2H4)n+ 1 . R . 
• • 

It is well ill ustrated by t he work of Carrick53 

who showed that the relative reactivity r atio of two 

monomers namely ethylene and propyl ne in copolymerization 

ch nged when different transition metal compounds were 

used but was not affected by the use of different reducing 

agents with a common transition metal compound which could 

be the pri ncipa l active s eciea in Ziegler type catalyst 

systems. The ide a that an alkylat ed reduced halide of 

tit anium ( or any other transiti on metal ) i s the active 

catalyst h s received much support, of late and is further 

bo~e out by recent findin s that alkyl titanium hDlides 

like RTiClJ can themselves act as catalyst for polymerization 

of ethylene. 42 

Also active cat alys t c n be formed by ultraviolet 

irradiation54 or electron bombordment of reduced titanium 

halides 55 in the presence of ethylene. 

All th se i deas about i7rowth of chain Dt titanium 

carbon bond are incorpor nted in t he comprehensive mechan.ism 

proposed by Cos see,56 Cossee assumed that polymerization 
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occurs at on~ t i t anium ion in t he surface layer of a 

tit anium trichloride ( or presumably dichloride) l attice 

of which one surface chlorine atom i s repl a ced by an 

alkyl group R, while an adja cent chlorine site i s vacant 

in order to a ccommodate the incoming monomer molecule. 

Polymerization t hen proce eds in a manner similar t o t hat 

sugges ted by Ludlum, Anderson and Ashby.52 
C H~ 

(I-. _..--· Ci 
T · l 

C1 ,.,...- 1 

Ci 

~~ 

- Cl.........._~;' / ct 
~ Ci / I 

R 
I 

Ci 

H C- CH0 ct ---...._ / Cl I 
T r --- C\-ll.. 

Cl ....---- 1 

Ct 

Cw R--- I 
" 3 -- C'H 

\ ci ........_I Cl - -1 
-+ CH ,.. 1 . / __ - --1 

It - ./,;-=-----Cf-1 
CHl... Cl Ci 1.. 

After t .i s step t he active centre retains a titanium 

alkyl bond and a va cant site which, however, ha s changed 

pl aces. Uuri nv the polymerization t he aluminium alkyl is 

thou ht to act as a chain trans f er agent in r e- est ablishi 

lost centres and as a scavenger for adventitious i mpuri ties , 

but it is not essential for the propagation. This 

mechanism has consi der able merit and provides an adequate 

explanation for s everal experimenta l observations. 

Uelzmanrl7and Bier5g have insist ed independently on 

the mechc.,ni sm involving t he f ormati on of an ion pair 

structure i n the cat a lyst complex where the initi ation of 

polymeriza tion ma y be a t the titanium ion and t he pro aga

tion rea ction at the a luminium ion as s hown in the 
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B~wn27 ha s suggested that this mechanism may serve 

ac a ba sis for the rationalisation of most of other 

mechanisms. 

Dicyclopentadienyltitanium dichloride and derivatives 

of aluminium alkyls 59 form a homogenous system of catalyst 

in the hydrocarbon medium. In this system tetravalent 

titanium compounds like {C5H5)2TiEtCl. EtA1Cl2 were found 

active for polymerization and if the oxygen60 is introduced 

in this system of polyrneri zation, all the complex compounds 

in the trivalent state of titani um are converted to tetra-

valent state and the activity of the catalyst system for 

polymerization increased. 

Isolation of' crystalline compounds (C 5H
5

) TiEtCl. 

Et .lC12 is also possible and this compound bein~ tetra-

val nt and active for polymerization, it is being suggested69 

that it can also form the ion pair structur of Uelzmonn 

me chanism. These complexes proved effe ctive for the 

polymerization of ethylene only. 

These di s cus sions clearly show th[1t mechanism of 

polymerization with Ziegler type catalyst system is the 

most complicated one. vO the study of kinetics of poly

merization with these catalyst system is necessary. These 
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studi es would certainly hel p to reveal aomethinc., more of 

the mechanism of polymerization. 

Kinetics of Polrneri zati.on 

Kinetic studies of nolymeri zation 1o.1. th Ziegl er type 

catalyst are re uired t o be earri d out by taking into 

consideration the following f actors. 

1) The depe ndence of polymeri za tion r ate on monom r 

concentration ,, 2) The dependence of rate on organo met allic 

compound and transiti on metol h@lide concentrati na, J) the 

dependence of r ate on ca ta ly~t r atio, 4) the f a ctors upon 

w ieh t he molecular wei ht is dependent, 5) the effect of 

tern erature on molecular weight , 6) the effect of t m er~ture 

on polymerization rate. 

Collectively, these points will give a gener al 

scheme to explain in a qualitativ vnd ouantitvtive manner 

various features of ? iegler t p~ cat alys t. 

Earlier Ma rk a nd Gaylord2 have presented equations 

w ich relat ed polymerization r ete as e f unction of strength 

of monomer adsorption, n ture of the cat aly"'t eomple . , etc. 

but there was no explanation for the maxima obtained for 

va rious systems when polymerization r at e is plotted against 

catalyst r atio. 

Saltman and Coworkers61 also devel oped t heoretical 

relotionehip based on the olym r~.za ti n of isopr en wi th 

Zi eglP.r cat slyst, but the s cheme W'.H3 not elabor·lted. 
62 Recently Sa ltman proposed a more de t ailed scheme for the 

system, propylene-TiCl-AlEt 3 whi ch could expl ain 
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experimental res ,lts obt ined by Natta. 6 3,64Friedl~nd er 
nd coworkers65 have also present ed a kinetic scheme in 

order to explain the olymerizati n of ethyl ene by mEHms 

of molybdeno - alumina cata lyat in the presence of 

hydrogen . This scheme does not deal dire ctly with Ziegler 

eat s lyst and is limit ed. Very recently, L. Reich and 
66 ..., .s . Sti vala h • ., ve given quite genera l kinati c scheme for 

Ziegler type polymer ization. This scheme appears to be 

most comprehens ive end covers up the most polymerization 

reactions done with Ziegler type catalyst. Even, the 

soluble catEJl yst system of polymerization of ethylene like 

orthobutylti tan ;:~ te and aluminium alky167 which is not 

analogous to conventional z.. iegler type catalyst system could 

be expl ained with the help of this kinetic scheme. ''lith a 

view to follow the reaction kinetics of polymerization of 

Ziegler type catalysts, we will bz~iefly review the general 

kinetic scheme reported by Leich and 3tivala66 only. 

Kinetics of polymerization includes equilibrium 

processes and initi ation, propagation , transfer and 

t ermination processes . 

The basic assumption in the general scheme is 

that 7. iegl er type polymerization all involve a similar 

basic mechanism. However, depending upon the system, some 

step s will probably predominate over the others. It is 

also assumed t hu. t cata l yst r atio can play an import ant 

r ole i n changing the catalys t surface. However , reactions 

occurring on the surface are postulated as playins the 
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predominant role in de terminin the shape of the curves 

obtained in kine t.ic studies, provided there are no large 

surface alternat i ons as the catalyst ratio is mark0dly 
61 changed e.g. the system isoprene TiC14-Al(iBu) 3 • 

A general kinetic scheme 

Equilibrium processes have been presented for the 

adsorption of monomer and meta l vlkyl in a Zie.P'ler cet Dlyst 

surface. Both alkyl and monomer are adsorbed on the 

surface and compete for available sites. 

T(quilibria: 

Active a 
centre ~ 

+Metal- R --) ~ MeR 
~ ~ 

MeR - Metalalkyl. 

Active centres are formed by the reduced titanium 

halide and the metelalkyl. 

M - Monomer - ethylene 

The monomer has been postulated as being adsorbed 

a* 65 on an active dual site, ~2 , which can ori ent the 

monomer in a unique position. 

The monomer being hydrocarbon and hence non-pol ar in 

nature, is less strongly adsorbed than the polar metal 

alkyl. 

Initiation: 

ki }r..fe-CH 2CH 2R 

~s; 
- - - ) 

c -s;< I 
c 
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The initiation i s postulated as occurring between 

adsorbed alkyl and a neighbouring adsorbed or unadsorbed 

monomer. 

Propagation 

Natta63 has postulated t hat adsorbed monomer is inserted 

between the metal and alkyl portions of the aluminium

alkyl and in this inser tion hypothesis, two bonds are 

broken and two are formed but Huggins68 recently postulated 

that during the propagation process, every step is 

accompanied by the breaking of one bond and the form~tion 

of the other. The growing chain shifts its position 

alonrr the edge of a TiCl sheet molecule with each addition 
X 

of monomer. 

Monomer transfer 

• 

H 

- C - CHJ 

H 

+ p 

P - polymer! c 
molecule 

Terminntion may occur by monomer transfer. 
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Spontaneous transfer 

-H + p 

In this case termination may occur by spontaneous 

disproportionation. 

In both the cases a hydride ion ia considered to 

be involved. 

Transfer by means of cat alys t has blso been 

postulated viz. 

Catalyst transfer 

kt -·· ~ 

e- H +Me~ 

* 2 

In the gener al scheme, Reich and vtival a proposed 

another type of termination by the monom .r which involves 

termination by monomers: 

k't 
:> 

Me-r 
/ s'--cH 

2 2 

2 - i s no longer active. 

T d d 1 S ~ he eactivation of ua active site 2 
in this termination. 

would result 
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61 On the other hand, Saltman proposed a termination step 

which involved a site havine only termination activity. 

Termination could r esult from interacti n between this 

s ite and aluminium Alkyl or a growing polymer chsin 

containing the aluminium alkyl or a growin : polymer chain 

containin~ the aluminium alkyl moiety. A desorption step 

WDS t1 lso postulated which resul tE>d in a dormant long 

chain or anometallic (cf. Spontaneous transfer reacti n). 

!nteraction betw en adsorbed molecules: 

If we assume hi ~h stirrin speeds are us ed (where 

polymerization r ate is not diffusion controlled ) the 

monomer is ethylene and solvent becomes rapidly s aturated . 

e ma y write for the concentration of ethylene in 

solution 

• • • • ( 1) 

K
9 

- Equilibrium content at saturation and 

rzH4j g is the parti~l pressure of ethylene in 

ga s phase. 

The concentration of adsorbed monomer will be 

• • • ( 1 a) 

Cs - concenttr1ti on of bare surface sites . 

' imilorly for the ads orption of alkyl in solution 

( Al F.
3 

- l R2 Z. , etc. ) we may write: 

c~lK Ja 

L_c2H4la + 

.. K I (AlK 1 c s s 

l_AlK Ja + 

• 

C = L s 

• ( 2) 

• ( 3 ) 
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wher L i s the concentrvt i on of ~ ctive S l~fv ce s i t es 

when th sur f a ·e 1 ~ corrrpl etfll y b rf>. From quat i ns 

(1), (2) ond {J ) we obt a i n 

K [c~~ls 
[c ! ,Ja ,., 

K [c2H41!' + K ' ~lK Js 1 + 
• 

and 
-~L[~lKj 5 ~ .l t<}a -

+ K [c 2H 4ls + ' [ 1\ l K J s 
• 

1 

(4 ) 

( 5 ) 

From equat ions (4) end (5), t .e e- r essione for 

t e· frr~ ct i on of the s ·ur f a ce covered by t hP monom~ r nd 

t he a kylone a!'e r es e ct ively 

• •• ( 4a) 

Th over~ ~e of number of adsorb ed & kyl s Dd j a cent 

t o ' ny ~?" i ve n odsorbed monomer i s e Ut1l to S~ • , whe r e ~ is 

t hP m.a xi mum numbe r of po5sib l e near ne i ·. hb urs and 

~ '. ( l K) a/' . n t t ot a l numb r of sorb e tllkyl 

monome r pa irs b e comes : 

,. KK ' r c P . J [ lKJ ~ c 2 ' ~ - s ~ ·· · 5 

l hus it i s seen fr on t he ebove th ·,r i f t he s urfe ce 

r e.moin uni fo r m dur i n r:: t he r e a cti n ( S - ca nst nt), a 
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constant reactions temper ature is maintained , and if it 

i s assumed that partit ion funct t n s n , c+- i ·.rati n 

energies rema i n constnt , then t he reaction r ~te • r;y be 

expres~ d in terms of adsorbed monomer <nd alkyl. 

From the pro osed sch me , w .ay writ (negleeti g 

initi ation step) for t e r at e of monomer consumption per 

Q~it of act ive surface s itPs. 

~{folymer Ja . . . . . ( 6) 

kp - r ate consta nt for propagation . 

km - rate const ant for termination. 

tmd essumin steady state considerations: 

[Polymer] 5 

ki (AlK J ~ [c2H4 l ~ 
k5 + kt [~lK J~ + k~ [c2

1
- 4 J ~ 

... 

ki - r ote const ant for initiat i n. 

From equations (4a), (5a), (6) end (7) we obtain 

• • • • • ( 7) 

Equatio (8) can be reduced to any number of simple forms, 

depending upon \\thich processas in the scheme predominate. 

Thus if termination occurs essentially by means of monomer, 

and adsorbed monomer reacts with adsorbed alkyl on the 

surfaae, e . g . (8) becomes: 
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-d£.1/dt • 
ki(kp+km)KK; [AlKJ 3 lC2H~ 
( 1 + K [c 2H 4l s + K , G~lK J s) 2 

• • •••• ( 9) 

For the case where the concentration of active dual 

surface s ites varies again (9) becomes: 

Rnte • f.{Ti) ••••••• ( 10) 

where B • ki(kp+km), KK; a constant and f(Ti) is e 

function of active dual sites formed and denotes the 

titanium halid concentration introduced into the system. 6g 

By an ap roach similar t the one above, nearly ten 

different expressions may be obtained depending upon the 

mechanism, predominant termination step and the type of 

surface reaction. These can be appropriate l y used to 

calculate rate data of different Ziegler type systems . 

Relation of the catalyst ratio with the active 

surface can be explained by the use of rate expression($). 

Some molecular weight expression can also be 

derived from this scheme. For example, in case of termina-

tion by monomer and monomer transfer: 

• 

-

k (M ] 2: [ Polymer] 
p a ~""~ a ( ) • • • • • • • • • • • 1 1 

( km + k~ ) [ M ] 8 ~[PolymerJ8 

kl(km + k~ ) 
k - const ant for monomer transfer m 

k~ - constant for termination by monomer 
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If it is assumed that termination occurs by catalyst 

and monomer 

then 

1 

p 

Both these expressions of degree of polymerization are 

applicable to different reaction systems. 

The temperature dependence of polymerization rate 

can be predicted by applying the proper rate expression. 

For example, supposing tha t the predominant termination is 

via monomer and alkyl, and both are adsorbed on the surface 

Rate • B(Mj 5· lTi0 (AlK) 5 • • ....... ( 13) 

assuming high alkyl concentration or K [AlK Js ) ) 1+K 'l},!l .. 

In equation 13, K is a function of adsorption 

equilibrium constants and B = f (ki, kp' kt). Then the 

expression will be 

Rate 

n.F a 

-
A exp { l-(Et+Ep-E~) + AF0J} /RT 

A exp { ( A Fa - " E) /RT 1 . . ....... ( 14) 

free energy of adsorption. 

6 E Sum of activation energies of the 
initiation, termination and propagntion 
steps. 

Lastly, the beauty of this scheme and its general 

nature is that it can be used to explain homogenous catalyst 

system of Ti(OR) 4-AlR3
67 which is not analogous to any 

Ziegler type catalyst system. 
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Tt ua , if it i G sumo€l th t tern ina ion 1 by monomPr 

and m ..... nomer adsorption , vnd if both ol k 1 · n unrenctf!l!d mtl'l t~l 

bit li.de ( olkoxtde} . e rti cipate in th £i sorpt : on competition 

t hen th f o lo• ing ex resston can be obt -~. ned 

• • • • • • • ( 1 ' ) 

Thi t: c nf .. ,3 thi? rat CJt n .iven by Bawn nn\ oth r • 

'I'he X!1l a n£ .ti -:n for the incr~ ·sin,,. cut off r . sure tA'i t h 

1ncreo~ .: ng ~1 ( .) 4 concentr· tion woul d be th comp t i tion 

thnt Ti( :-:.} 4 off .·r the monom r for ~otivs s.urface sites . 

3 cop~ o~ n~sPnt 1nv~stig,tions 

. r . viotm 9t 'ies of the =>o1yme r1 7.t\tion with ? iE\ ,l r 

type catr:;lynts £Jre moinly p rtcinin · t o th oe of co~bina-

t ion f tit niuro tPtrr~ chlorid~ n lumin1.um a lkyl for 

the r)o ymeri.zoti n of ethylfln~ r~nd pro ylene . Certoin 

work 15 also r ported wit 1 et;yrene rolymer1~ ot1 n byte 

use of the S H c::st .alynt sys tem . 70 .. esioe s t is cetDlyat 

system , it 1o intere~sting to k .ow the be-h viour ·n· natur 

of di ~J;"S~r .ent c. nbi.ncJtions of variou:s tr~nsition metal 

hulid a a nd org nomet t.. lli c compou."'ldS in th po ym~ria{Jtion 

re~otions . Cotaly .t syot9cn like lit.h iumalkyl ~rid t i t. ·nium 

t~trr ehloride71 behoves quite differ n.tly from th Jt of 

alumi.nium ' lkyl Dnd titanium tetr<Jc .l orid • Thi eat ly t 

ay t~ on u~ed for t he olym ri11~ .ti n of et yl n 

nd r ro yl ~ n - en th bound rs 1 Cti l m-cht:ni::sm different 

from !.onic type, 71 i s poa.tul .ted . It is ma tti!r of some 
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studies to understand t he correct mechHnism involved in 

the polymerization by the use of this catalys t system, 

especially, when titanium tetra chloride 72 polymeri.zes 

styrene cationically and lithium alkyl 14 anionically. The 

use of combination of titDnium tetrachloride and lithium 

alkyl in the polymerization of styrene will natural l y give 

some interestin results. 

Similarly, C romium acetylacetonate and aluminium 

alkyl catalyst7J has been used onl y for the polymerization 

of diolefins to obtain sterespecific polymers. An 

interesting as ~ct of this catalyst system is that it is 

apparently homo ~enous. 

In t : e present studies, 1) Lithium isoamyl and 

tit nium tetrachloride, 2) Chromium acetylacetonate and 

aluminium triethyl, and 3) Chromium acetylacetonate and 

diethyl Dl.uminium bromide catalyst systems have been used 

for the polymerization of styrene and isoprene. Only 

recently, polymerization of styrene with lithium butyl and 

titanium tetrachloride catalyst system74 is reported.sa 

But these studies are restricted to know the effect of 

combination of catalyst constituents at different ratios 

of LiC4H9 to TiC14 on the molecular weight and stereo

specificity. Also, at different ratios of combination of 

LiC 4H9 to T1Cl4, the formation of trans-stilbene in situ 

is reported, which has s ome effects on t he molecular weight, 

rate of polymerization and stereospecificity. 

Our studies concerning t he overall behaviour 8r 
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these cat alyst systems in the polymerization of styrene 

and isoprene are based on the following aspects: 

1) AP'ei ng time of catalyst affer mixing of cat alyst 

constituents and its effect on the r at e of polymerization. 

2) Activity of catalytic co!rplex with reaction time 

from the percent conversi on of polymer with time . 

3) Ra tio of combination of catalyst consituents and 

nature of the catalyst complex formed at different ratios~ 

4) Rate l aw f rom the variat ion of the rate of 

polymeti.zation with monomer concentration and cata lysts 

. concentre~ tion. 

5) Dependen ce of the molecular weight on the r atio of 

combination of catolyst consituents, monomer concentration, 

metal alkyl concentration and tr8nsit i on metal halides 

concentration to know t he termination reaction. 

6) Termination rea ction in the homogenous and 

heterogeneous catalyst system. 

7) ~ff ect of trans stilbene on t he stereospecificity, 

t he r at e of polymerization and the mole euler weight in the 

presence of conventional catalyst syst ems like 'r!Cl
4 

-

A- •t
3

• 

8) Ultraviolet Emd Infrared examination for stereo-

s p cificity, isomerism of polymeri c units ~n incorporati n 

of trans stilbene in the polymer • 

• 4eehanism of polymerization is asceT"'cDined by 

observin the effect of additive like Zinc diethyl on the 

molecular weight vnd the r ate of po lyme ,--ization and by 

calculating the activation energy of polymerizati n with 

each catalyst system . 
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EXPERHIENTAL 

pry glov box: 

ince all experim nts had to be c ndueted under a 

dry nitrogen etmo"'phere, including dinpensing and mixing 

of catalys t oolutions, a glove box ·was got re'ady initiolly, 

made of wood and fitted with a glass window on top and two 

r bber c:loves for manipulat·l ons inside. The box o en.ed 

to rm nte chamber t hr o B::h tt sliding door and all materinls 

to be taken in or removed from ins i de w re first kept in 

this chamber befor() transportation ncross the sliding door 

or out so that th e dry box was never expos ed to the 

at mosphere of the room. The dry box wtts flushed const antly 

wit h dry nitro en throu h ~n inlet and th e outl et was 

u rdel by s ilica ge l tower. The nitrogen wns urifi ed , 

oxyge~ free, by successively passing through 4 columns of 

B" of F' i eser's solution end washed free of sulphurous 

gases in a blubber cont nin.insr aoueous saturatE-d basic 

le ad 'Ceta~e solution. After was ing with distilled w~ter 

it was dried over calcium chloride, sulphuric acid, P2o5 
and KOH pe l lets and silica gel in all ~l ass purification 

train before £Jdmission to the dry box t hrough polyethylene 

tubing. The box itself eont nined additional desiccants, 

silica gel and calcium sul .ha,e, kept in petri ishes 

whic1 were replaced evPryday by fr shly reactiv.ted lots. 

sm£il l amount of KOH pel l ets to facilitate quick r moval 

of ~ cid fum s ins i de and indicator type silica gel were 

also kept insi de . 
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The mouths of the gloves (provided for entering 

of the hands) were kept closed with tight fitting wooden 

sto pers wh n not in uoe. The whole box was ainted with 

oil paint . 

Reagents: 

Fieser's so tton75: 'or remov~ l of trace of 

oxygen from nitrogen it was pre ared by dissolving 15 gms 

sodium hydrosulphite (Na2s2o4) per 100 ml of an aqueous 

solution of 20 gms KOH followed by addition of 2 gms 

anthraquinone sulphonic acid sodium salt (silver salt ) . 

The solution was blood red initially rmd b came dull 

brown with f ormation of white scum when exhaus ted end was 

then discard d. If NaOH was used inste~ d of KOH, it was 

limited to less than 127 

J olvents 

All solvents and reagents uocd in the experiments 

were purified and dried vs co p etely as a os~ible and 

preserved under ni -crogen . 

Comn1erci~l Benzene , hexane and other hydroc rbons 

were wabhed by stirring repeatedly with 2so4 (C •• 

(100 ml for each litre c;f solvent) til the acid l ayer 

remained colourless, washed free of acid with di stilled 

water, dried over anhydro s CaC12, distilled and kept 

over sodium wire . The pure s olv ents were refluxed over-

night on sodium under pure dry nitrogen and di stilled 

first before use ~ n th polymerization experiments. 
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Isoamyl chloride 

(CH3)2CHCH2CH 2Cl76 was prepared by the reaction of 

1 gm mole distilled anhydrous isoamyl alcohol (125QC/710 mm) 

wit one gram mole cone. hydrochloric (33 by wt) and 2 gm. 

mole anhydrous zinc chloride. The mi xture was refluxed 

for 3 hours before distilling off the crude isoamyl chloride 

through an air condenser. The pure product was then refluxed 

for an hour with equal volume of cone. H2so4, distilled, 

was hed free of acid, dried over anhydrous sodium sulpha.te 

and fractionated to yield the pure isoamyl chloride, 

{95°C/710 mm) (Yield 30 o). I.R. confirmed isoamyl group. 

Lithium isoamy177 

3 gms of lithium metal (E.Merk) were flattened out 

into thin pieces, taken into the dry box and the oxide layer 

screp_ed out to expose the shinin£ metal surface under 

hexane in a flat petri dish. The metal was then cut into 

small pieces at the mouth of a three necked flask and 

quickly allowed to drop against a current of nitrogen into 

50 ml of hexane contained in the flask. 

The reaction flask was then stoppered, removed 

outside, fitted with pure nitrogen inlet, mercury seal 

stirrer and a dropping funnel containing 20 ml. isoamyl 

chloride in 25 ml. hexane which was added dropwise to the 

lithium metal with vigorous stirring. After initial 

addition of a few drops of the isoamyl chloride, the metal 

got tarnished. The fl ask was then quickly cooled with in a 

bath of ice and salt at -20°0 and the addition of the bulk 



- 43 -

of the chlorid completed in 20 minutes. Stirring was 

continued for 3 hours while t he reaction mixture was 

allowed to reach room temperature. The purpie black 

solution was allowed to settle overnight before the super

natant li uid was filtered through g l ass wool under nitrogen. 

The small amount of fine particles stil l suspended in the 

alkyl solution was further al lowed to settle down and the 

supernatant solution was removed with a syringe to 100 ml. 

flask with a ground glass stopper. This flask with stock 

solution of lithium isoamyl was enclos ed in a olyethylen~ 

bag and kept inside a desiccat6r with si lica gel and t he 

desiccator was stored at 5°C in a refrigerator. Lithium 

isoamyl stored t hus, was preserved without decompo91tion 

for 15-20 da ys. 

Aluminium triethyl 

It was prepared by the method of Z1egler,7g the 

reaction of ethyl bromide with an aluminium magnesium alloy 

conteining Al 40,v and Mg 6o% corresponding to Al~gJ. 

This initial reacti n product contained small amounts 

upto 30 ~" of the alumini urn ethyl bromide w' i ch was convert @I'd 

to the alumi nium triethyl subsequently with more of alloy 

or stoichiometric quantity of sodium.79 Alt~g3 wes prepared 

by the National Metallurgical Laboratory, Jamshedpur and 

analys ed as Al 36.5% Mg 66.5%. The brittle alloy could be 

provided easily and in a typical reaction 55 gms of it were 
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taken in three n ck d 250 ml. fl ask .fitted with nitrogen 

inlet, d_ropping funnel, reflux condenser and mer cury seal 

stirrer. A sli ht excess over required quantity of ethyl 

bfomide, (.viz. 204.9 g ) dried over P2o5 
distil l ed 

(35°C/710 mm} and preserved over anhydrous cal cium sulphate , 

was ed ed dropwise and t e reaction initiated with a little 

iodine. The exothermic reaction resulted a vigorous 

refluxin of ethyl bromi de which was controlled by 

surrounding the reaction flask with oil both 9nd t 1e 

evaporation loss minimised by circulating 1o•c water in the 

condenser. 'Ihe reacti n was allowed to proceed thus unde:r 

continuous stirring for about 2-3 hours till the refluxing 

of ethyl bromide had stopped Bnd taken to com letion by 

raising the te. perature to 160°C. 

The aluminium alkyl was soaked up in the evenly 

mass of rna nesium bromide and removed by distillation 

under vacuum. The bromine content of the alkyl was 

estimnted by hydrolysis and application of Vorld' s method. SO 

It was then added contiously to an equivalent omount of 

sodium and heat d to 160°C for 24 hours to obtain the pure 

triethyl aluminium vacuum distilled at about 1.2 mm 

(61°C/1mm). It would be stored in a ground glDss stoppered 

flask insi de the dry box without decomposition. 

imilarly, reacti on of Al~g?9 (also obteined from 

the Nattonal Nletellurgical Laboratory ( Al • 69 , ) (M • )) ,o)) 

with ethyl bromide was used to prepare the aluminium 

diethyl bromide. 
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Both Al(C 2H5)3 and Al{C2H5)2Br were anclysed for aluminium, 

after hydrolysis with sulphuric acid, as the EDTA complex. 

Stock solutions were prepared in benzene. 

Titanium tetrachloride 

Prepared in t he Inor·ganic chemistry division of the 

laboratory, was purified by distillBtion on copper 

fillin~s (132°C/110mm) ~ nd stock solution 25 ml (0.5N) 

prepared in hexane and stored in gl ass container. 

Chromi'Wil acetylacetonate81 

It was prepared according to the equation given 

below: 

16 gms chromium chloride ( CrC1
3 

H20, May and Baker 

analysed} was taken in 600 ml. water slon with 120 gms 

urea and he·ted overnight on a steam bath. The product 

formed in crimson red. shining crystals, was separated by 

filt.r ation of the cooled reaction mixture, dried and 

cryst allised from benzene-hexone. 

450 ml. hot hexane was add ed to a hot solution of 

20 gms Cr( AcAc) 3 in 120 ml. benzene and crystallisation 

compl eted by cooling gr adual l y to -20°C in ice-salt bath. 

~fter secon crystal l isation, the pure product was dried 

in vocuum at 4 mm, 60°C for 4 hours) and stored in the 

dry box. tock solutions were prepared in benzene. 
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Zinc diethyl82 

It was prepared by the metho of C. R.Noller 

Zn-Cu alloy containing about g % Cu was paepared by 

stirri ng inc dust 60 gms n~ay and Baker) with red cuprous 

oxide (Cu20 } 5.5 gms (B. D.H.} in hydrogen at 410°C but below 

the fusion point (419°0) of the alloy. The grey alloy was 

further treated with stoichiometric amount of et' .yl bt'omide 

ethyl iodide mixture in 1 equimolar proportion, adding a 

trace o iodine o s cataly!3t. Vigorous reaction ensued with 

refiuxin.,.. of the alkyl halides. After completion of the 

reaction for about 2 hours, the product was distil l ed off 

( 40° C/2mm). The Zinc !llkyl was redistilled with a 

fractionating column at atmospheric pressure, collecting 

pure product at 110° C/720 mm. yield 30 ml. The Zinc diethyl 

was easily decomposed even by slight atmospheric contamina

tion forming a black deposit end hence was handled £\nd 

stored carefully under pure dry nitrogen. 

Benzoin 

Benzoin83 was prepared by refluxin~ t he mi xture of 

20 gms benzaldehyde {Ridel Haen), 4 gms potassium cyanide 

in 15 ml. water and 40 ml. rectified spirit for about a 

hour. On coolin , yellow benzoin cryst ls separated out 

wh1 ch were recrystalli zed to yield u colourless product, 

m.p. 13Joc.83 
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Trans - stilbene 

Trans stilbene84 was prepared by the reduction ,of 

benzoin with zinc amalgam as described in Orge.nic 

Synthesis Vol. 23, p.86-87 by Spriner and Berges, except 

t h t the amal ern was re ar ed un er a cid condition , since 

oth r sie the yield WD S very poor. 

In a 600 ml. fl<:1sk, 7.5 gms . of mercuric chloride 

was t aken i n 75 ml. wat er end 1 ml. cone. HCl ad~ d . 

30 gms Zinc wool ( !.i ay and Baker) wBs rapidly sifted into 

the suspension, und ~r vigorous stirrin · of the mixture 

for 20 minutes , till HgC12 was dissolved complet ely. The 

bright shining am,il gam was al l owed to set t le and separ ated 

by filtration nd r epeatedly washed with distilled wat er. 

The zinc ama l gam was t aken i n the 500 rn l. 

Erlenmeyer f lask, cooled with ice. 75 ml. rectifi ed 

spirit and 15 gms benzoin were added to it. Un ·er 

vigorous stirri ng 75 ml. concentrated hydrochloric acid 

{33 % by wt.) solution was introduced dropwise in 5 hours 

through droppin." funnel. The reaction was maintained 

below 15° C t hroughout t his period. The stirr ing of 

re a cti n was still continued f or 2 more hours after complet e 

addit i on of hydrochloric acid . Large excess of cold 

distil l ed water was t hen adde d to precipitDte the reaction 

product which wvs filtered t hr ough a Buchner funnel and 

recryst llized f rom hot ~lcohol thrice. The pureproduct 

had m. p • 1 2.) ° C • 
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Estimation of Lithium isoemYl 

2 ml. isoamyl was t aken in an Erlenmeyer 250 ml. 

fl <3sk !lnd hydro l ysed by adding 20 ml. distil l ed water. 

It was titrated against 0.1 N hydrochloric acid with 

phenol phthalein as indicator. 

85 Estimation of Al(C2H5)3 and Al(C2 i 5)2Br 

Ne arly 1 ml. of ekyl was weighed into a 50 ml. 

well stoppered conical fl ask. Thi s wei ghed amount was 

dilut d with 30 ml. dry hexane and hydrolysed by slow 

addition of 50 ml. sulphuric acid ( 1 N ). The solution 

was transferred to a beaker and heated on a water b ath to 

evaporate t he hydrocarbon, then made upto 250 ml. in a 

st andard fl sk. 

Reagents 

Following rea ents have been prepar ed end used for 

the estimation of aluminium: 

1) Buffer solution .38. 5 g am.1onium acet ate and 

28.5 ml. gl aci al acetic a cid were dis solved in water and 

diluted to 500 ml. 

2) Di thi zone indicator 0.025 of diphenylthiocarba-

zone (B. D. I .) di ssolved in 100 ml acetone. 

3) ~DT~ solution Disodium et hyl ne di amine tetra-

a cet ate (EDTA ) 0.2 N was pr epared by dissolving 15 g. 

EDTA in 400 ml distilled water and filt ered through Whatma n 

filt er p~! per No.41. This was then diluted to t wo litres. 

The pH of the solut i on was adjusted to 4.8 by ad ition of 

hydrochloric a cid or sodium hydro xide solution . 
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4) inc sulphate solution 5.4 gms zinc sul hate 

( Znso
4

, 6H 20) waa dissolved in distilled water and diluted 

to 500 ml. Th e solution Wll S ap roximately 0.2 N and was 

accurately standardized. 

5) 3 tandard al uminium soluti on 1.3555 gm. aluminium 

sheet (E.' ,!erek) to the nearest 0.001 gm was weighed in 

100 ml. round bottom flask and 5 ml. of 0.5 N sodium 

hydroxide solution added to it and allowed the evolution 

of bubbles from the alumini um to subsi e. It was di luted 

with 25 ml. of distil ed water. The solut ion of 20 ml. 

37 HCl was introduced slowly through the r~flux condenser 

and t he mi ture heated gently to ensure complete dissolution 

of aluminium and refluxed for 5 to 10 minutes. After 

coolin , it wvs transferred to 500 ml. standDrd f lask and 

made upto the ma rk to yield a standard solution. 

This was subsequently used to standardize zinc 

sulphate and EDT • 

5 ml. standaed Al solut i on by pipette and 40 ml. 

of EDTA by Burette were t aken a ccurately into a 250 ml. 

titrating fl ask and 10 ml. buffer solution with 75 ml. 

rectifi ed spirit added to it. 1 ml . of dithi•one was used 

as indicator giving blue colour to the solution. The 

solution was titrated against zinc sulphate solution, t h e 

end no~ nt was yPllow colour of solutio n . 

Purification of Monomers 

Styrene monomer (Dow Chemical) was urified by 

washing with 5 ~ alkali solution for two to t hree times 

till the alkali did not be come coloured. Then it was 



- 50 -

washed wit h distilled water till it became free of alkali. 

It was dried ove ~nhy rous K2co 3 end stored over it ft~r 

distillation in N2 under reduced pres sure. Just b fore 

thee )f> r'im n", a small amount of purified monomer was 

allowed to stand over KOH pellets for S'"Jme time and 

disti ed fresh under woter pump v~~ cuum at 60° C under dry 

nitrogen g~ s · nd stood over activated silica gel till use 

in the polymerization experiment. 

Isoprene monomer (Phillips Pure Grade) was washed 

with 10 % alkali soluti on two or three tim~s, till aikali 

did not show any col our. After removing alkali by repeated 

washin with ! stilled water, the monomer was dried over 

anhydrous calcium chloride overni~ht and preserved on 

nhydrous P.1gSO 4 after distillation. For every experiment, 

this purifi ed isoprene was removed in small quantity on 

anhydrous Mgso4 and refluxed on sodium met al for some time 

in the fl c. sk ond distilled at 31°C at atmospheric pressure und 

under bubbling of pure dry nitrogen. 

EXPerimentEd 

The cat olys t syotems used consisting of the re active 

metal alkyls and transition metal compounds were highly 

sensitive to contamination by moisture and air and it was 

essential to the reproducibility of the experiments that 

the reaction vessels and dispensers be thoroughly dried. 

Al l additions 8nd mixing of the reagents were carried out 

in the dry box under an inert nitrogen blanket. 

Generally, the reaction flasks and magnetic lements 
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{enclosed in lass) used in the experiments were t horoughly 

cleaned wit h chromic a cid and washed with distilled water 

and dried overni ght at 160° C. Before t .e experimen·· , they 

were transferred inaida the dry box when still hot end 

cooled while purging with nitrogen inside. Similarly, all 

glass hypodermic syringes with stDinl es steel needles were 

cleaned with chromic acid and washed with distilled water 

and dried at 110°C and transferred inside t he dry box 

while hot. 

Stock soluti.ons of catalysts, dry solvents and 

monomers were preserved inside t he dry box and required 

amounts added with syringes (2-20 ml) in the predeterMined 

order. The ree ction fl ask was immediCJtely stoppered with 

well greased (Dow Cornin~ Silicone, Hig h vacuum grease) 

stande.1rd joints before being thermostatted. outside in a 

bath ( 20 litre) whose temperature was controlled to 

± 0.05°C by a toluene regulator connected to electronic 

relay. The stirring element inside the reaction flask was 

moved by a rot ating horse shoe magnet kept under it, 

enclosed · in a water proof brrtss case t.md carried on ball 

bearings. The magnet was connected by a flexible speedo

meter shaft cable to a BTC stirring motor and t he speed of 

rot tion adjusted. F.B.250 ml. three necked flask with 

st and~rd joints was used for LiC 5H11-TiC14 sys tem and 50 ml. 

coni c·Jl fl sk 1<1i th B1s cone joint with B13 stopper used 

for Cr( .cAc) 3-Al alkyls s ys tems. 

After olymerization had been ;~llo\'.red to proceed to 

the requi r time , i t was quenched by addition of a cidifie · 
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methanol and the polymer recipitated by further addition 

of l ar ge excess of methanol. Wit both syctems, methanol 

with 1 " HCl for styrene and methanol l,..,ith 2 %a cetic t:~ cid 

for isprene were used to destroy the catalyst, Since t he 

polymers were generally of low .molecular weight, 

considerably 1 rge excess of ( 5-10 times) of methr~nol was 

used ~nd precipitat ion completed while the mixture w~s 

cooled~ l ow as pos sible, usually -20°C (ice and s alt 

mixture ) . 

Molecular eight 

'loleculer weights were determined by intrinsic 

viscositi es of 0.5 to 0.1 ~solutions of po lymers in 

benzene in an Ostwald U-tube viscometer suspended in a 

Tower's viscometric bath at 25°C. 

For po l ystyrene the rel ationship of intrinsic 

viscos ity with chain length~6 given below, was applied. 

- 1770 [1 J 1•4 (in benzene) 

For polystyrene pr pored by aluminium triethyl 

and titanium tetrachloride, the relationship of intrinsi c 

viscosity with molecular weight as stated below; was used. 

M0• 725 (in toluene) n 

For polyisoprene intrinsic viscosity only was 

calculated. 

Infrared and Ultraviolet analysis 

; % polymer sample was prepared in redi stilled 



- 53 -

nal Dr c~rhon disul1hi de 89 ( • .Merck) ani the infrar~d 
GpE'ctra t'\fe r e m ts ured on infrachord a nd P~ rkin 1-i'l m. r 

vpektrophotometer 22 1. he cell used wao 0.1 m t .i ckness . 

··pectra of certain sam, l eo were obt~1 ined by the U"'e of 

pota s s ium bromi e pellets' t echni ue. Nearly 3 m~ sample 

was mi xed t,.,1.th 350 mg of anhydr ous pota nsium bromi de 

(B. D. H.) and press ed in the hydraulic press. Certain 

spectra of resinous polymers were t{lke.n by forming a film 

of the sampl e on t l e r ock salt pla te. 

Ultravi olet anr lys s were done of t he sa ~ les 

dissolved in . ur.ifi. eo ~ c.1l orof r:n. 90 T ·e sample ere 

repared 0.05 o in chl or oform. Pe r ki.n Elmer 350 r ecording 

pektrophoto .et r wa us~d for the mea s urements . 
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Polymerizntion of Styrene with Lithium ieomeyl aq~ 
Titpnium tetrachloride in Hexane and Benzene et )0°C 

Tit r;_ ium t trvchloride p lymerizes styr ne at room 

tem_era ure inn hexane and toluene enti nically72 nd 

l:tthium iso amyl polym ri zes styr ne enionic.!J l l y. 14 Date on 

initiation of styrene pol ymeri aati on by t itani tt'll t etra 

chloride hav been re rted by Plesch. Polymerization by 

lithium isoamyl wa conducted by us at 30°C inn hexane 

and t he r ates of polymerization for different concentration 

of lithium iso am yl have been given in the t able No.1. 

Tpble No, 1. 

Styrene 5 ml. n- Hexane • 45 ml. 

------------------------------------------~-------
[LiisoamylJ X102 

-'1/1 

4.0 

2.1 6 

Time in min. Ft.of 
Polmer. 
in gms. 

30 0. 92095 

0 1.0283 

9.799 

5-473 

-------------------------------~------------------

ithium i soamyl wao added to n h x"ne to h ve 

required concentration. 5 ml. styr n(" w s t hen added to 

that solution. Total solution was made 50 ml. ImmP ci t ely 

on addition of styrene the s ol ution t urnP-d orang • Polymer 

pr ecipitated out durin~ progress of t he revction due to 

its insolubili t y inn hexane. It was filtered, washed, 

dri ed nd weighed. 
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Titanium tetr;; chloride lithium iso amyl complex cat~lyst 
system. · 

ithium iso amyl readily reacts n th titenium 

tetrachloride and forms a brown catDlyst complex w ich 

pr ecipitates out i mmedi ately. This complex hus hi gh 

catalytic activity for the polymerization of styr ne. 

Ageing time of catplyst s ys tem. 

The variation of he e eti vi ty o f this complex on 

keepin was first studied during 10 to 30 minutes of a ein~ 

time. It was f ound th.:1t the activity of the catalys t did 

not chQnge or deterior~te durinu this interval upto 30 

minutes. Firs t ten minutes sufficed for complete reaction 

of the react nnts. The r esults are tabulat ed in the t oble 

Table No,2, 

n-Hexane • 45 ml. Styrene • S ml. 

Time of .. eaction • 15 minutes, 

[TiC14J • .02 M/1 

~olar -atio Li/Ti • 0.75 

--------------------------------------------~--4~-~ 
A~ein' tim~ Yield in gms. Rl lg 

in min. M 1 ~ 

10 

20 

30 

1.132S5 

1. 23767 

1.0S827 

2.303 

2.634 

2.316 

---------------------------------------------------
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Ratio of ~iisoamyl/TiC14 

The activity of the cata l yst and the compl ete 

forma tion of Ziegler type ca t alys t complex depend unon 

t he ratio of mi ing of t he constituents of the system. 

The activity of the cat alyst complex at different molar 

ratios of mixin of TiC14 and Liisoamyl from 0. 5 to 3.0 

Li/Ti was s t udied. The concentration of TiC14 was 

maintuined const ant and Lithium isomayl concentration 

was varied and increased. The amount of polymer 

isola ted from the experiments conducted for 15 minutes 

at different r atios was t aken as the index of the 

c&t alyst activity. The activity was found increasing 

and becoming nearly neg-lio-ible at ratio .3.0 Li/Ti. The 

colour of precipitate was yellow and in tense yellow 

below ratio 1 Li/Ti and brown and dark brown upto ratio 

2.25 Li/Ti; at the ratios 2.5 and 3.0 the colour of 

precipit te was completely black. The molecular weight 

'Wl~S fo und increasing With increasing uantity Of 

lithium isoamyl. 

The results are given in the Table No.3, Fi g . 2. 
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Table No.3. 

Ratio studies 

Styrene • 5 ml. ~ -Hexane • 70 ml. 

LT iC14] • 0.01 f•V 1 Time of reaction. 15 r:anutes. 

-----------------------------------,----------------------Ra~io lLiC5H1J Yield in RpX10 fYl] . W. 
L'h.· i/1 gms. r /1/S L t 

0 .2.5 0.0025 

0,5 0. 005 

1.0 0.01 

1.5 0.015 

2.0 0 .02 

2.2.5 0.0225 

2.5 0.025 

3.0 0.03 

0.3973 

0.5619 

0.7336 

0.8455 

1.2451 

0.4.531 

o. 3426 

0,02.3 

0,84.57 

1.1 95 

1. 561 

1.800 

2.649 

0.064 

0.728 

0.489 

0.0.5.31 

0.0504 

0.05.32 

0.0574 

0 .0652 

0.0870 

0.0827 

.3046 

2758 

3046 

.3.348 

4052 

6063 

56L,5 

---------------------------------------------------- ------
Percent conversion 

As soon as the r action st ar~ ed , the polymer 

precipitated out and the colour of the complex appeared 

faded out, probvbly due to getting mixed with polymer. 

Studies of percent conversion with tim showed th2l t the 

rate of polymerization after 15 minutes decreased sharply 

and became steady upto 3 hours. Conversion with time was 

studied clt different concentration of eat alyst fomed 

by mixing the components at consttlnt mol£ir ratio of 

Li E:TiC1
4 

• 1.5. It is s een thtat the molecular weight of 

the polymer remained fairly constant with varying 

reaction time s. 
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T 1~ o . 4 gives thE~ reau.l t a below. t'' i g . ,:o. 1 

a ows t h notur of th curve . 

0 erc nt conversi n Trl th tim 

tyrene • S ml. "rr-Hexane • 70 ml. 
_ ...,.. _. ____ . ____ ,.. _______ ,.. __________ ..,. _________ ... ________ .__~-- .. -..... ---- .... 

" 

') . 645 

f! 

" 

[I ] .... . . 
- ... - - - - - ... - - ~ - - - ~ - - . 
11.54 15 0 .7339 1· . 25 o. 3 20~ 

)0 0.7970 17.65 0.05340 )068 

60 o. ' 334 20 . 67 0 .0530lt. ) 0)9 

. - ~ - ~ - -
1 • 7 

fl 

15 0,55<?4 12. 39 0.05740 3'4S 

)0 0 . 6855 15.1 0 0.05526 )211 

6o 0 .776 17.1 9 0.04, 77 2539 

90 0.882 1 .53 0.04837 2665 

- - - - - ~ - - - ~ - - - - - - - - -
4.984 7.2)) 

tt " 

15 0.516~ 11.44 0.05 93 3595 

)0 0.5447 12.06 0.05)5) )074 

6o o.6oos 1J.Jo o.o5o24 2ao 

120 0.71 54 15.84 0 .05380 3095 

180 0.7480 16 . 53 0 .05400 3102 

- ~ - - - - - - - - - - - - - - -
0 • .323 

,, 

.l't 

" 

. 258 0 . 06205 3773 

30 0 .281 6 . 2)6 0 .05 ) 4 )554 

60 0 . ) 21J 7 .1 15 0 . 060)7 3620 

120 0 . 3205 7. 094 o .o -S74 3505 
----------------- , __________________________________________ _ 
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The rate of polymerizati n was found proportional to 

the concentratio of titanium tetrachloride, but the 

molecular wei~ht d creased with increasin · cataly~t concen

tration et the fi ·ed molar rntio of Li R/TiC1 4 • 1. 5 • . 

Varying r ates of olymerizetion with Ti+ ere t nken from 

table No.3. Results are given in the tablP No.5 and Fi .3. 

· Table Ho.5. 

Rate of olymerization with LTiC14] 

Monomer • 5 ml.(0.5766 M/1) 
Moler ratio Li/ l i = 1.5 

~· Hexane • 70 ml. 

--~----------------------~----------------~---------------
lTiClJ x103 

M/1 
[~iC5H 1 ~ x103 

M/1 

Rpx105 

r~Vl/S Ill M. W. 

- - - - - - - - - - - - - - --
8 . 976 

6.645 

4. 9$4 

3. 323 

11.54 

10.7 

7.233 

5.032 

10.45 0.05518 

7.966 0.05740 

7.350 0.05993 

4.0 23 0.06205 

3204 

3348 

3595 

3773 

-----~-------~----------------------------------~---------

1/Pn is also proportional to the s uare root of 

the concentration of tit anium tetrachloride given in t able 

No.6 end Fi . t o.8. 

Table No.6. 

Values are taken from the Table No .5. 

--------------------------------------------
1/Pn 

0.03278 

0.03119 

0.02882 

0.02767 

9.473 

8.151 

7.061 

5.76 

----------------------------~-~----------~--
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FIG.- 8 . 
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At the same mol~r r tio L1isoamyl/T1Cl4 • 1.5, the 

rate of polyrnerizQtion was linear with the monomer 

concentration upto 2.3 M/1 concentration of monomer and 

abov this molar r atio the r ate of polymer ization was f ound 

increasing rapidly end giving yiel d more then JO % in 15 

minutes. The molecular weight was found increasing with 

monomer concentration upto 4.5 M/1 and it was decreased at 

the monomer concentration 6.0 M/1 

Results are given in the table No.7 and Fig . No.4,6. 

Table No 1 7. 

Rete of polymerization with (Monome~ 

n -Hexane • 75.0 ml. [~1c14] • 6.645x1o-3 lVl 

[ Li c 5H 111- 1 o. 7 x 1 o-J M/ 1 

Mo l~t r r atio Li/Ti • 1.5. Tim of reaction • 15 minutea • 

------------~~--~--------~--------------------------------~ 
l Monomer] Yield RP.X104 [1J r.~ . w. 

M/1 in gms . M71/S 
- - - - _..., _____ - - - - - - - - - - - - - - -
0.346 0.4079 0.7330 0.04624 2500 

o. 5766 0 .5594 0.7966 0.05740 3348 

1.6 3.4839 5.009 0.08044 5429 

2.30 3.1157 4.417 0.09099 6450 

3.4 14.7590 22.23 0.1007 7256 

4.6 28 . 573 40.5S 0.08067 5417 

----------~----------------~----------~----------------~----

Effect of Zinc diethyl 

At the fixed molar r atio 1.5 Li/ Ti and titanium 

t etrachloride con centration 0.01 molar and Lithium isoamyl 
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concentration 0.015 1\1/1, effect of zinc diethyl on rate 

of polymerization and molecular wei. ht was studied, 

Concentration or zinc diethyl W8 S varied from 0.012S M to 

0.1 M. The r ate of polymeri zation was r und decreasing 

at lower concentrat ion of zinc diethyl but at higher 

concentration (0.05 to 0.1 ,o the rc:1te of polymerization 

increased but still this rate of polymerization is less 

than t he r at e of polymeri zation of styrene in absence or 

zic diethyl. The molecular weight of polymers decreased 

with increasing concentretion of zinc diethyl, 

Results ~re given in the table No,g and Fig.No.9. 

Table No, a . 

~Jionomer .. S ml. 

[TiC14l = ,01 I:~/1 

Molar ratio Li/Ti • 1.5. 

Hexane • 45 ml. 

[LiC5H1 J • ,015 M/1 

Time of reaction • 15 minutes. 

----------------------------------------------------~------
LZnEt 2] 

M/1 
Yield 
in gms. 

- - - - - - - - - - - - - -- - - - - - - - -
o.o 
0.0125 

0.025 

0.05 

0.1 

o • L.-e 17 5 2 • o so 
0.23125 0.9842 

0.21055 0.8960 

0 • 269 5 1. 11 5 

0.3505 1.492 

0.08744 

O.OSJ92 

0.07939 

0.08330 

0.07939 

6105 

5750 

S330 

569g 

5330 

-----~----~-~----------------------~---------~-~------~--~-

Activation en.ergy 

The tempe r a t ure dependence of the rate or poly

merization was studied between 22° C to 50°0, The 
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molecular-weight w s found fairly constant with temneratur~ 

The activat ion energy i s CDlculated f rom plot of ln .:.~ate 

of polymerizsti n versus 1/T (T is abs ol ute t empor8ture) 

as 2.047 K cal/mo l e . Fi .7. 

Polymerization of styrene with lithium isoamyl 
and titanium tetrachloride in ben1ene. 

The r at es are found much highe r in benzene than in 

hexane under· comparabl e conditions. Polymer was obf3erved 

soluble in the benzene medium. 

Pe rcent conversion 

Experiments of po lymerization of styrene were 

conducted in benzene medium at fixed molar ratio 1.5 Li/Ti 

with 0.0013 ·Vl titanium tetrachloride concentration during 

time intervals varyin from 10 minutes to 1 hour. 

Results of conversion versus time are shown in 

table No.9, Fi ~ . J o.1. 

T5!ble ~1o.9. 

Styrene • 5 ml.l0.5766 ·1/1) Benzene • 70 ml. 

lT1Gl4j• 1.329x10-3 M/1 [LiC5H11J • 1.9435x10-3 M/1 

Molar ratio • 1.5 Li/Ti Rea ction time • 15 minutes. 

--------------------~-------------~-----~------------------~ Time in 
minutes 

15 

30 

60 

yield 
in ms 

0.1641 

0.4589 

0. 8417 

3.634 

10.16 

18.64 

- - - - -
0.07111 

0.06708 

0.06536 

I . W. 

4567 

4205 

4061 

---------------------------------------------------~--~--~-~-
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The rate of polymerization WDS const ant without any 

decrease during re•ct ion times upto 1 hour, and plot of 

percent conversion against time w&s linear. 'l'he molecular 

wei ght of products obtained at various r eaction times was 

found constant. 

The r 8t e of polymerization with catalYst 
concentration and monomer concentration. 

The r ate of pol ymeri za tion was studied at different 

concentration of tit anium tetrachloride varying from 

0 .6x10-3!1 to 3 • .3x10-3r•1. 

Results are given i n the t able No .10, Fi g . 5. 

,!abl e No, 10. 

Styrene • 5 ml.(0.5766 M/1) 

Molar ratio Li/Ti • 1.S 

Benzene • 70.0 ml . 

--~------~- -------------~~~~-----~----------~---------
(TiC14Jx103 [Liisoamyl] x103 Rpx104 

M/1 M/1 M/-1/ S 
- - - - - - - - - - - - - - - .. - - ... - - - --

.3 • .32.3 5.032 2. H38 

2.659 .3.98!3 1.771 

1. 994 2.993 1.224 

1.662 2 .493 0.5321 

1.329 1.993 0.3258 

0.6645 0.9967 0.06384 

-------------------------------~-----------------------

The rate of polymerization showed linear relBtion

ship with titanium tetra chloride concentration . 
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The rate of polymerization was studied with varyi ~ 

concentration of monomer, 

The reaults are t?"i ven in t he Tabl e No • . 11 •. Fig.4,6 

Table Po,ll 

(T1c141 • 1, 329x1o-3l<V1. lLiC5H 1 ~ • 1. 99.35x1o-3t.Vl. 

Benzene • 75 ml, Molsr ratio I i/Ti = 1.5 

[ Monomer] 
Vl 

4.2128 

2.7064 

1.0532 

0,5766 

0,2.883 

Rpx105 
M/1/S 

2.000 

2.686 

1.362 

3.258 

2.437 

1\-' . w. 

- - - - - - - - - - - -

0.06708 

0.06005 

5895 

5926 

420S 

;612 

-------------------------------------------------------
The rate of olymerization was found unchanged at 

various monomer concentrations but the molecular weight 

increased upto 2.7 molar concentr · ti nn of monomer and 

afterwtrds remained constant. 

Effect of trans stilbene 

It was re orted by Taou et al that the molecular 

weight of polystyrene prepared by titanium tetrochloride 

lithium butyl catalyst system was considerably low, The 

reas ons for the decrease in t he molecular weight was 

given that trans stilbene formed in this system by the 

reaction of s tyrene with TiC14 and LiBu was incorporated 

into the polymer. This trans stilbene formed in situ 
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could act as a chain transfer agent, decreasing tle 

molecular weight and increasing the rate of polymerization. 

In our system of nolymerization of styrene with 

isoamyl lithium and titanium tetrachloride there was 

obtained low mol ecul ar weight polymer with remarkably high 

r ate of polymerization and polymer had blue fluorescence 

in the ultraviolet light. Even though the polymerizati on 

reacti.on was c m ucted at so• C. at molar ratio of 

Li R,TiC14 • 2.0, the incorporated trans stilbene in the 

polymer could be detected. The filtrate of methanol a ft~r 

separating the polymer on sintered disc of crucible was 

treated with concentrated hydrochloric acid. The acidified 

methanol was removed by vacuum distillation under nitrogen. 

The residual product remaining at the bottom of the flask 

was extracted with ether and ether from the product was 

again removed under vacuum and again the product was 

dissolved in methanol. This solution, intense yellow in 

colour, was concentrat ed and l eft for crystallization. The 

product separated at the bottom of the flask was found 

resinous and no pure cryst nls of i·rans stilbene could be 

separated. The resinous product might be oligomers of 

styrene which might have escaped precipitation. Infrared 

examination of the _ roduct showed a clear absorption btJnd 

et 964 em - 1 , char ncte.ris tic of trans KC.CH 72 end served 

to confirm formati on of trans stilbene 1n the reaction 

system. 
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Polymeriz8tion of styrene with titanium tetrachloride 
and aluminium triethyl in nresenee of trans stilbene 
at 306 C in benzene. 

Polystyrene prepared by this system has no blue 

fluorescence in t he ultraviolet light ~nd it 15 esta

blished that the polymer is highly isotactic with high 

molecular weight. Since trans stilbene c uld not be 

isolated from the reaction system of polymerization of 

styrene with lithium isoamyl a nd titanium tetrachloride, 

experiments were carried out with trans stilbene added to 

TiC14-AlCt3 catalyst system to r eveel any pos sible effect 

on the tacticity, r ate of polymerization and the molecular 

weig.ht. 

Results are given in the table No .12. 

Ti!ble No 1 ]2. 

Styrene - 2.5 ml. Benzene • 2.5 ml • 

LTiC14l • .02 I'-1/1 (A1Et 3] • .06 It1/l 

Molar ratio Al:Ti • 3.0 Ilea etion ti.me • 2 hours. 

-----------------------------------------~------------------
\Trans- J Yi eld 
t stilbene in gms . 

~"'l / 1 

0 

0.1 

0. 2 

0.09995 

0.15975 

0.15930 

3. 597 

5. 746 

5. 728 

cf 
""jf) 

amorphous 
product 

67. 83 

e6.42 

88.33 

% 
crysta
lline 
product 

32.13 o.9s6e z. a3a 

13.58 0.7543 1.954 

11.77 0.4095 0.8147 

-------------------------------------------------------------
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The rate of polymerization was found increased on 

a <.ldi tion of trann stil ben·e to polymer! zation system. The 

ataeticity was increased while the molecular weight was 

decreased with increasin concentrati n of trans stilbene. 

noth~r interesting observDti n is the ultraViolet 

absorbenc~ of 0.78 in agreement with the literature 

value. 89 Polystyrene prepared in presence of trans 

stilbene by TiCl4-A1Et 3 catalyst gave absorbence o.e2 

at 269 .~even after two repeated precipitations. The 

pol ystyrene prepared by lithium isoamyl titanium tetra-

chloride cate l yst system was found having absorbence of 

1.16 at the same wavelength. This increase in absorbence 

shown in fig .6A, mi ght be considered as the effect of 

trans stilbene incorporated in the polymer. Actually a 

mixture of trans stilbene and polystyrene was found to 

show a large increase in absorbence at the sa~e wave 

length 269 mAf 

ene 

Chromium acetyl acetonate reacts immediately with 

aluminium triethyl in benzene medium and. forms a dark 

brown reaction product. The solution is apparently 

homogenous. 

Ratio studies: 

(a) Vari ation of concentrotions of both constituents 
(CrAcAc and A1Et3 ): 

Chromium acetyl acetonate was taken in the reaction 
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flask ~nd aluminium triethyl added to it. The solution 

became dark brown. Ageing time of 10 minutes w s chosen 

to obtain cat alytic species of constant activity. Aft er 

ten minutes age~ng time, the required amount of styrene 

was added and polymerizqtions conducted by varying 

concentrations of both the components of the cat alyst 

and keeping the sum total of both concentrations constant. 

The vari ation of the catalytic activity for 

polymerization was studied at various molar r atios of 

i xing of catalytic components. The molar r ati os of 

aluminium alkyl to chromium a cetyl acetoDBt e was varied 

from 1 to 13. t he ma ximum activity was observed at 

molar r atio of 3:1 ~lalkyl/CrA cAc. 

The molecular weight of polymer at this r atio 

was f ound minimum compared to the molecular weight of 

polymers obtained at othPr r atios. 

The results are t ab lated in the t able No .13, 

and plotted in Fi g. 11 , 
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T~ble r: o,13 

Styrene • 10 ml. Benzene s 10 ml. Reaction time • 3 hrs. 

-2 I Tota l concentrati on of catalyst • 7,0x10 M 1 

--~------------------------------------~-------------·-~----
Rat io [crA cA~] ~lalky~x102 Yield 
Al/Cr x 102- M/t in 

M. W. 

1 

2 

3 

3.5 

4.4 

6 

9 

13 

M/1 mgm 

3.5 

2.35 

1. 75 

1.5 

1.3 

1. 0 

0.7 

0.5 

3.5 

4. 65 

5.25 

5.5 

5.7 

6.0 

6.3 

6.5 

174.67 56080 

198 .45 33360 

198 .45 33350 

168. 95 45160 

186.05 41 840 

160.9 39650 

121.7 48060 

106,2 30470 

Concentration 
of compl ex 
calculated at 
the ratio 
Al/Cr • 3 
x102 

i4i/l 

1.167 

1. 55 

1. 75 

1.5 

1.3 

1.0 

0.7 

0.5 

------------------------------------------------------~-----

(b) CrAcAc concentration constant: 

T ~e chromium acetyl a cet onate concentration was 

maintained constant and the al umini um triethyl concentra

tion vari d so a s to have molar ratios of Alalkyl/Cr ~cA c 

varying from 1 to 9. 

The yield of polymer increased abruptly to a near 

maximum value at r atio of 3 which was maintained f airly 

constant even at higher r atio 9 Al/Cr with onl y slight 

increase further. The variation of molecular weight at 

different r atios was studied and it was found decreasing 

with increasing mol ar ratio. 
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The r esults are given in t he t~ble 14, Fi g .13. 

Table No.llt 

Benzene • 10 ml. Styrene • 10 ml. 

1eaction time • 3 hrs. 

- - - - - - - - - - ~ - - ~ - - - - - - - - - - - - - - -
1 

3 

6 

9 

1.0 

" 
" 

" 

1.0 

3. 0 

6.0 

9 .0 

78.12 54610 1 0. 001914 

168. 9 37970 1.732 0.002749 

185.3 36180 2.507 0.0028$7 

190.0 23510 3.000 0.004442 

~rcent conversion 

The experiment s of polymerization wer e conducted 

at a fixed molar rat i o 3:1 AlR/CrAc c and the reaction time 

was vari ed from 1 to g hour s. The r ate of polymeri zation 

was f .airly constant upto 3 hours then it decreased slightly. 

The mole cular wei ght of polymers a t different 

reaction times did not show any regul ar vari ation and was 

also f airly constant. However all furthe r experiments 

were carried out for 2 hours reaction time onl y. 

The results are given below in the Table No.15, 

Fi g .1 O. 
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Amount of styrene • 10 ml. 

(9rAc~c] • 1.75x10-2 M/1 

Tota l volume "" 20 ml. 

Cl\ l alkyl] • 5.25x10-2 M/i 

---~-----~---~---~--------~------------------~--------~ 
Time 

_ i~ ~tS · -
Yield in mgm ~ .: .• w. 

2 

) 

4 

' 
6 

8 

148 

198.4 

256.9 

263.75 

3?.5.6 

J67.?e 

1.639 

2.198 

2.S4 

2.92 

3.606 

4.07 

... -----
23150 

3.3350 

18 510 

24820 

21470 

2.3210 

- --------------------~------~--------------~------------

DeHendence of rate of polymerization on catalyst 
concentretion and monQmer concentration. 

The r ote of polymerization was studied at a constant 

molar ratio 3 ~1/Cr for different concentrations of the 

catalyst and the monomer. l he rate of polym~rization 

showed half order dependence on Chromium acetylacetona te 

concentration and first order on monomer concentration. 

In the studies of molecular weigh" with catalyst 

concentration, moleculer weight decreased with increasing 

catelyst concentration and with monomer concentration, 

molecular weight increased with increasing monomer 

concentration. 

The results ara tabulated in the table 16 and 17 
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and plotted in Fi g.14, 15. 

Table No, 16 

Amount of at yrene • 10 ml, 

Reaction time • 2 hours. 

Benzene • 10 ml. 

-------------------~~-----------------------------------

2.625 

2.187 

1.75 

0.825 

0.437 

~lalkyl] x102 

M/1 

7.875 

6. 5625 

5.25 

2.62 5 

1.312 

11,86 

11.61 

9.858 

6.548 

5.856 

M. W. 

16440 

16400 

23150 

22510 

41170 

---~--------~~---------------------------~-------------~ 

Table No.17 

Total volume • 20 ml. -eaction time • 2 hours. 

(CrAcAc] • 1. 75x10-2 f-1/l [~ltriethyl j • 5. 25x10-2 r~/1 

--~-----------------~---------------------------------
~Monomer] 

M/1 
M. W. 

- - - - - - - - - - - - - - - - - - - - - - - - - - -
6.054 

4.325 

3.71.3 

2.16 

1.oa 
0.54 

15.56 

9.858 

8.065 

4 • .3777 

0.7782 

0.3715 

20290 

17000 

14000 

976o 

--------------------------------------------------------



(f) 

....... -....... 
~ 

\0 
0 
...... 
X 

a. 
Cl:: 

12 

10 

8 

6 

4 

2 

4 8 

0 

0 

• 

3 
(CrAcAc] X 10 M/ l 

12 16 

CrAcAc - TRIETHYL AI SYSTEM 

28 

STYRENE POLYMERIZATION 1/
2 

MOLECULAR WEIGHT VS [CrAcAc] 
1 
1'2 

RATE OF POLYMERAZATION VS (CrAcAc]. 

MONOMER = 4 · 325 

MOLAR RATIO = 3 · 0 AI I Cr 

k 

• 

• 

FIG.- 14 . 

32 

45.000 

37 ,000 ~ 

33 ,000 : 

27.000 

23.000 

19,000 



(/
) ' - ' ~
 

1
0

 0 )
(
 ct
. 

a::
 

0 

C
rA

c
A

c
 

T
R

IE
T

H
Y

L
A

l 
S

Y
S

T
E

M
 

R
A

T
E

 
O

F 
P

O
L

Y
M

E
R

IZ
A

T
IO

N
 

V
S

 
(M

O
N

O
M

E
R

] 

M
O

L
E

C
U

L
A

R
 

W
E

IG
H

T
 

V
S

 
[M

O
N

O
M

E
R

] 

[C
rA

c
A

c
] 

(A
1

E
t 3

] 

S
T

Y
R

E
N

E
 

P
O

L
Y

M
E

R
IZ

A
T

IO
N

 
-2

 
=

 1
·7

5
 

X
 1

0 
M

/1
 

-2
 

=
 5

·2
5

X
1

0
 

M
/1

 

M
O

L
A

R
 

R
A

T
IO

 
=

 
3

·0
 

A
I/

C
r 

-5
 

1j
2 

k 
=

1
·3

8
1

X
1

0
 

(1
/M

)/
S

 

0 

0 

/ 

2
2

,0
0

0
 

2
0

,0
0

0
 

1
8

,0
0

0
 .... ~ (!

) 

1
6

,0
0

0
 

U
J ~
 

a::
 
~
 _. :::>
 

1
4

,0
0

0
 (

.) 

1
2

,0
0

0
 

1
0

,0
0

0
 U

J _, 0 ~
 

0 
1 

2 
3 

6
0

0
0

 
4 

(M
O

N
O

M
E

R
] 

M
/l

 
5 

6 
7 



- 73 -

Effect of Tr~ns stilbene 

Effect of trans stilbene on the r ate of 

polymerization and the molecular weight w·s studied. 

The catalyst and monomer concentra tions were kept constant 

and polymerization conducted at molar r atio 6t1 alkyl/ Cr AcAc. 

The r ote of polymeri Z<:ition slightly inc ret sed and the 

molecul r weight was enerally lower in presence of stilbene 

but definite relation bet we n trans stilbene concentration 

and molecular weight or r ate of olymerization was not 

noticed. 

Results are given in the Table No.18. 

Table No.1a 

Styrene • 10 ml. 

frAcAc] • 1 .Ox1o- 2 14/l 

Rea ction time • 3 hours • 

Total volume • 20 ml . 

~lalkylJ • 6.00x10-2 •'Vl 

------------------~---------------------~-------------~ 
(Trans stilbene) Rpx106 

~1 . r{ . 

/1 ?-f/1/S 
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 . 02 9.723 30720 

0.01 9.506 30370 

0.005 9.076 27340 

0. 0025 9.754 27490 

o . o 8.21.3 36180 

-------------------------------------------------------
Effect of Zinc diethvl 

Effect of zinc diethyl was studied on the r ate of 

polymerization and molecular weight . Concentration of 
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zinc diethyl was vari ed and catalyst concentrati.on was 

maintedned fi xed at molnr r atio 6:1 Al R/CrAcAc. Monomer 

concentra tion was also kept constant. Rate of pol~neri

zati on and molecular weight decreased linearly with 

i ncreasing concentration of Zinc diethyl. 

Re sult s ere recorded i n Table ~o.1 9 and plotted 

in fig . 22. 

_!able No.19 

Styrene - 10 ml. Benzene - 10 ml. 

[crAcAc] • -2 I 1.0x10 !•! 1 [Alalk yl] • 6.0x10-2 ,1/1 
I>Iol ar r atio Alalkyl:CrAcAc • 6. Reaction time • 2 hours. 

------~---------------~-----------------------~-------
\Zinc di et hyl] 
L M/1 

0.1 

0.05 

0.025 

0.0125 

o.o 

6 Rpx10 
1171/"' 

3.9-21 

6.474 

8 .149 

8.925 

9.826 

16. V' • 1/?n 

- - - - ~ - ~ - - -
13570 

15190 

18310 

18500 

36180 

0.74 

0.66 

0.5 

0.5 

0.29 

----------------------------------------------~-------

Progress of re action in presence of zinc alkYl 

The concentration of zi nc alkyl, catal ysts end 

monomer we re maintained constent and the percent conver-

sion upto 4 hours was studied. 

Mo lecular weight remain~d f airly constant during 

4 hours. Res lts ar e given in the t nbl e No.20. 



M 
0 
.--

10 

• 

8 

7 

6 

3 

2 

0 

STYRENE POLYMERIZATION WITH CrAcAc- AlEt 3 

0 0 

2 3 

0 -RATE OF POLYMERIZATION VS . [ZnEt 2 ] 

e -MONOMER: 4 · 325 M/1 

CrAcAc = 0 01 M 

AIEt3 = 0 06M 

MOLAR RATIO= 6 · 0 AI /Cr 

/ • 

_j_ __ I --
4 5 6 7 8 9 10 

[ZnEt 2]X 10 
2 

M /I 

FIG.-22 

10 

8 

7 

(,f) 
........ . -........ 

6 ~ 
100 

..... 
X 

0.. 

5 
cr 

4 

3 

2 

1 

0 



- 75 .. 

Hat e of ol ym ri zation was considerably reduced 

with time. 
Tabl e No,20 

Styrene • 10 ml. Total amount of s l ution • 20.0 ml 

r ea cti n time • 2 hrs . (Cr.6.cAc] • 1.0x10-2 l\V 1 

[ ' na lk yl) = .05 ~-Vl ~l~ lkylJ= 6.0x10-2 
M/1 

------ - ~- -- ------------~-----------~----------------~-~-Ti me % c: nversion M. W. 
- _·:\'l,.h~~ -- - - - - - - - - - - - - - - - - - - - - - - -

2 1 . 056 15190 

3 1 . ~ 5 147 10 

4 1. 546 15260 ____________________________ ..., _____________ .. ___________ _,.., __ 

Monomer concentrot ion was vari ed 6nd other f actors 

like cat alyct zinc a l kyl were kept cons t ant nd f f ect of 

monomer concentration on t he r at e of polymerization and 

mole cular wei ght i n the presence of zinc alkyl was studied, 

The r 8t e of pol ymeri zation 1-md molecul ar weight increased 

with increasing monome r concentr~tion. 

Total volume • 20 ml. 

Reaction time • 2 hrs. 

c~inc alkyl] - .05 1/1 

Table No.21. 

[?rAcAc] • 

Q~ lE.! lkylJ-

1.0x10 - 2 M/1 

6.0x1o - 2 l-1/1 

-------- ---------------------5----------------------rMonomer] Rpx10 .I . W, 
L ri/1 Ivi/ 1/ S 

- - - - - - - - - - - - - - - - - - - - - - - - - - -
6. 054 

4.3 25 

3.71 3 

12 .34 

6. 474 

3. 202 

21390 

15190 

13110 

-----------------------------------~------------------
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Activption Energy 

The r ate of olymerization was studied at )0°, 40° 

and 50° C and the activation energy was calculated from 

slope of the plot of ln Rp against 1/T as 10.235 Kcal/Mole 

which is iven in the t6ble 22 and fi g .23. 

Monomer • 

~rAcP cJ • 

[ AlalkylJ. 

Table No,22 

10 ml. 

1. 75x10-2 l4/1 

5. 25x1o-2 M/1 

Benzene • 10 ml. 

Ratio of CrhcAc • ).0 
Alalkyl 

-----------------------------------------------------------
Temp er l!ture RpX106 M. rJ . 

cc M/1/S 
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

30 9. 858 23150 

40 1g.o5 14610 

50 28,g4 20600 

-- -~ --------------------------------------------------------

Copolymerizati on studies 

At the fi xed molar r ati o of 5.3 Alalkyl/CrAcAc 

at 30°C co olymerization of styrene and isoprene was 

studied. 

The polymer isolated even in presence of 

antioxidants was found to be easily susceptible to 

g~t,ing , thus vitiating vll attempts to estimate 

proportion of styrene in copolymer solutions by U.V. 

absorption. 
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Chromium acetyl aeeton<:1te and diethyl
aluminium bromide at 308 C in benzene. 

Chromiwn ac tyl a ceton~ te react ed with alumi nium 

di et-hyl bromide immedi~tely and formed a heterogeneous 

system. 

SimilDr to chromium a cetyl acetom;, te - aluminium 

triet hyl cat alyst sys t em , chromium cetyl acetonate was 

t aken in the r ea ction fl nsk Dnd aluminium di t hyl bromi de 

added to it. Rea ction product 1mmed1E~tely turned greenish 

and aft er 2 or 3 minutes the product precipitated and 

settled at the borrom while the solution turned da rk brown. 

Due to quick reaction of cat alysts co.mponents with each 

other and const ant cat alytic a cti vi ty for long time, the 

ageing time of 10 minutes was conveniently chos en to obtain 

cat alyst complex of constant a ctivity through out the 

experimental work. 

The cat alyst was allowed eing for 10 minutes ond 

the freshly di stilled styrene ad ed to it to conduct t he 

polymerization re ctions. 

~ercent Conversion 

Percent conversion studies were done duri ng time 

interval s varyi r.t from 1 to 6 hours . The r ate of poly

m rization showed sli ~ht tendency of de creasing after 

3 h urs . 

With the progress of the reect ion, studies of 

molecular weights were done. 

Molecular weia-htswere f oun havin f airly const ant 

val ue. 
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Results are given in the Tabl No. 23 and Fi g .10. 

Benzene • 10 ml. 

Styrene = 10 ml. 

Tt~ ble r o.23 

[crAcAc] • 

[AlR2BrJ • 

Molar r atio Al R2Br/CrAcAe • 3.5. 

1. 5x1 0- 2 M/1 

5. 5x10-2 M/1 

---------------------------------------~-----------
Time in hours % M.w. 

- - - - - - - - - - - - - - - - - - - - - - - -
1 2.224 17610 

2 3.754 19150 

) 5.350 15.31 0 

4 6.284 15280 

6 7. 891 20380 

----------------------------------·-----------------
Ratio studies 

Chromium a cetyl acet nat w reacted with diethyl 

aluminium bromide at different mol ar ratios of di thyl 

aluminium bromide to chromium acetyl acetonate varying 

from 1 to 13. The concentrations of both constituents 

were varie d in such a way as to have the sum tot e l of 

concentrati ons of both constant . . 

The maximum yield of polymerization was observed et 

the mola r ratios of 3.5 ldiet hylBr/CrAcAc. The molecular 

weight of polymer calcul ated at this ratio was found 

higher compared to nei ghbouring ratios but at ratios 6 and 

1) it was found consider ably high and incr asing. 

Results are in the Table No.24 and fi g . 1.3. 
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Table No,24. 

Styrene a 10 ml. Benzene • 10 ml. 

Total co ncentrDtion of both constituents • 0.7x10-2 M/1 

--eaction time .. 3 hours. 

---------~--------2-----------------~~---------~-----~-~~---Ratio [CrAcAe]x10 [A.ldiethylB!J x10 Yie ld M. W. 
Al/Cr M/ 1 M/1 in mgm 

- - - - - - - - - - - - - - - - . - - - ~ 

1 

2.5 

3 

3.5 

4. 0 

4.4 

6.0 

13.0 

3.5 

2.0 

1. 75 

1.5 

1.4 

1 • .3 

1.0 

0.5 

3.5 

5.0 

5.25 

5.5 

5.6 

5.7 

6.0 

6.5 

157. 25 

448. 6 

454.0 

483.0 

453.0 

401.0 

205.8 

110.25 

19SOO 

16900 

11250 

15310 

13060 

16670 

32550 

59710 

-----------------------------------------------------------~ 

Dependence of rate of polymerization on chromium acetyl 
ecetonate concentration and aluminium di ethyl bromide. 

Rate of pol ymeri zation at fixed molar ratio 

3.5 AlalkylBr/CrAcAc was studied with varying concentration 

of cat a lyst by keeping monomer concentration const ant. 

Secondly, the cat a l ysts concentration was kept constant and 

the monomer ex>ncentration VElried. 

The rate of polymerization was observed linear with 

chromium acetyl acetonate and monomer concentration ~ 

1olecular weight of polymers decreased with increasing 

concentration of chromium acetyl acetonate, unlike this, 

molecular weight increased with increasing concentration 

of monomer. 
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The results are tabulated in the tables 25 and. 26 

and shown in fig. No.16 and 17. 

Table ~o.25 

Styrene • 10 ml . Benzene • 10 ml . 

-eaction time • 2 hrs. Molar ratio • AlslkylBr = 3. 5 
CrAcAc 

-----------------------------------~------~--------------

2.25 

1. 8 

1. 5 

0.75 

0.375 

~~lalkylBrJ x1o2 

M/1 · 

8.25 

6. 875 

5.5 

2.75 

1.375 

n.w. 
- - - - - - - - - -

27.88 

26.44 

22,5 

12.15 

2.551 

11290 

16400 

19150 

2096o 

21 900 

-------------------~---------------~---------------~-----

Table No.26 

Benzene • 10 ml. 

(9rAcAc] • 1.5x10- 2M/l 

Q~lalkyl :J· 5.5x10- 2 
M/1 

[ Monomer] 
f1/l 

RP.X106 
l·1J1/S 

------ - - - - - - - - -
6.054 33.43 

4.325 22.5 

2.163 10.21 

1.0815 3.286 

0.9294 1.134 

TotDl volume 20 l . 

Ratio • 3.5 ~ 1/Cr . 

Ill£ . W. 

- - - - - - - -
12810 

19150 

4610 

2116 

8E38 . 6 
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Activation energy 

\ etivat io n energy of r&action was studied f rom the 

rates of polymerizat ion at 30°, 40° and 50°C. Activat ion 

energy from t he slope of plot of ln Rp against 1/T was 

obtained as 11.52 kcal/r, ole. 

The mo l ecular weight of product at differ ent 

t emperatures w n found giving no definit e r el at ion. 

Table No.27 Fi g , 2J 

Styrene • 10 ml. 

lcrAcAc] • 1. 5x1o-2 ~ /1 
~le lkylBr J .. 5. 5x1 o-2 M/1 

Ben zene • 10 ml. 

1ol ar ratio=3.5 Al/ Cr . 

Reaction time • 2 hours . 

------------------------------------------------------------
Temper ature Rpx106 

0 M/ 1/ S c - - - - - - - - -
30 22 . 5 

40 42 . 87 

50 59. 69 

M. IJ • 

- - - - - -
19150 

S804 

13420 

A. E. 
Kcnl/ mole 

10. 52 

------------------------------------------------------------

Polymerization of Isoorene with chromium acetyl 
a c~tonate and alumini_um triethrl at 4Q 6 :C. 

~ince polymerizati n of isoprene with the s ame 

cat alyst used in case of styrene was found absent ct )0°C, 

reactions were conducted at hi ~her temper cture 40°C end 

with higher concentrations of cat lyst s at the molar 

ratio of 5.3 J l alkyl/CrAcr c. 

The order of additi on of catalyst components was 



maintained the s me as i t was used with styrene polymeri

z~ti on . The ageing time us d was a lso of 10 minutes. 

Percent conversion 

The reacti n of polymerizati n was conducted with 

constant catalyst ·nd monom~r concentrat ions at fixed molar 

r at io 5.3 Al alkyl/CrAc c for various reacti on times changin ~ 

from 1 to 4 hours. The r ete of polymeri zation wes fairly 

constant and tl e intrinsic viscosity calculated of the 

crude products was ols fnirly constant with time . 

The r esults are tabulated in the t able No.28, F1~.18. 

I soor ene • 10 ml. 

natio • 5.3 1/Cr 

L~lalkyl] • 0 . 24 1/1 

Tabl No.28. 

Benzene .. 10 ml • 

\_cr eAc J • o. 045 ~1/1 

---------~---------------------------------------------Time in hours 10 r~1 - - - - - - - - - - - - - - - - - - - - - - -
1 7.021 0 .1302 

2 13.5 2 0.1584 

' 22 .38 0 .1 482 

4 28 .72 o. 1457 

In case of polyisopr ene , only intrinsic viscosity was 

calcul oted .,s t he polymer may contain mixtures of ell 

structur~s nd every structure would have sepDrate equati n 

for mol cul r weight relati n with intrinsic viscosity. 

Ratio studies 

The chromium a c tyl ecetonote concentration was 
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maintained const ant and t he aluminium rllkyl c ncentration 

was varied so es to obtain dif ·erent mola r r atios of 

mi xing of cat ·lyst compon nts. The molar ratios were 

varied from J t o 6 Al alkyl/Cr AcJ c. 

The sharp increase in yi eld Wcs found upto ratio 

4 Al/Cr and afterwards th yiel d remained f~irly c natant 

upto ratio 6. 

The intrinsic viscosit y calculated at various r atios 

was fairly constant. 

The r esul ts ar e in t ble No .29, Fi g .13. 

Table No.29. 

Isopr ene • 10 ml. 

Reaction time • 2 hours. 

Benzene • 10 ml. 

-------------------------------------------------------
Ratio 

AI /C-.. 

3 

4 

5.3 

6 

~rAlkyl] 
,1/1 

0.045 

" 
" 

LAlalkyl] 
r-1/1 

0.135 

0.1 g 

0.24 

0.27 

Yield 
in mgm 

227.2 

906.35 

918.35 

953.30 

0.1570 

0.1258 

0.1584 

0 .171 9 

-------------------------------------------------------
De"Qendence of rate of polymerizetion on catalyst concen
~rati n and monom r concentration. 

The rate of polymerization was studied with varying 

concentrations of catDlyst and monomer. The r ate of 

polymerizati n showed linear relation with catalyst 

concentration as well as m nomer e ncentration. 

Intrinsic viscosit y was fou nd increasing with 
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increas ing concentrations of catalyst and monomer . 

The r esul ts ar e iven in the table No .30 and 31. 

Ta~le No.30 F1~ . 1 9 

Isoprene ~ 10 ml. Benzene • 10 ml. 

Di olar rat i o .... 5. 3 Alalkyl/ Cr Ac Ac. 

--------------------------------------------------------
[_cr ~ c . c] 

"1/1 

0.045 

0. 0375 

0.030 

0.0225 

[~lalkylJ 
M/1 

0 .24 

0 .20 

0.1 6 

0,12 

9 .363 

12.34 

7.577 

5.75 

o. 1584 

0.08930 

o. 06841 

0.08226 

-------------------------------------~-------------------

Tabl No ,~1 Fig , 20 . 

Benzene = 10 ml. Isopr ene • 10 m1 . 

@rAcAcJ • 0.075 ·1/1 [}lalkyl] • 0.24 M/1 

------------------------------------------~--------------
Monomer Rpx10 5 

L11 i-1/l rf/1/S 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - -

4. 997 9.363 0 .1584 

2.498 4.693 0.07163 

1.499 2,504 

----------------------------------------------------------

Activnti n energy 

At the fi xed mol ar r at.i o of 5. 3 Alal kyl/CrAc c and 

for the s· me concentration of catalyst and monomer r ate of 
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polymeri zation wr s fou nd Dt t emper ature 40°C and 50° 0 ·. 

and the activ tion ~ner y calculat ed from t he plot of 

ln !p aga i ns t l/1' an 11.5.1-. Kcel/ l.iole . (Fi ,.23} 
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Discussion of Lithiwn isoamYil Titanium tetrachloride 
cat~lyst srntem. 

Reproducibility of Results: 

Since the cat alyst obtained by re r1 ction of the 

metal alkyls and the transiti on metal compounds and 

uaed in polymerizations here are extremely sensitive 

to traces of moist ure air an other i mpur iti es in 

solvent and monom r, kinetic studi s are beset with 

many difficulties . .s explained, in the experimental 

part, every effort was a e and all possible precautions 

und rtaken to purify and dry the reC>gents thoroughly 

and also to exclude contamination during mixing in the 

dry box and subse uent removal of t he reaction vessel 

t o the thermostat. The standardisation of conditions 

achieved thus could not be considered as thoroughly 

foolproof, since the particle size of the catalyst 

precipitate was still an uncontrolled variable and the 

effect of varieble surface area of th heterogeneous 

catalys t would not be negligible. The agitation of t he 

reaction mixture controlled by r.p •• of ma netic stirrer 

is another i mport nt factor not only for he ~t di ssipation 

to the thermost8t but also for dispersion of catalysts 

and possibly also for separ etion of polymer from the 

catalyst surface. Actually, significant chang a in 

reaction rate observed in polym~eri zation of propylene 
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I 

with Ziegler type catalysts due to variation in speed 

of a . itation have b en reported recently. 0 It was 

hence necessary to control the stirrin . of t he reection 

medium by adjustment of the vari able speed of t he 

stirring motor at const ant level ( 1000 rpm) • 

It was hence gr t yfyin to find th· t the results 

here were gene ra lly r eproduci ble to abo ut 5 ,b. The 

aecurncy of results obtai ned by other workers,9 1,92 

with s uch cat alysts are also in thi s r ange. 

Order of addition: 

It i s well known that lithium alkyls 14 and 

Titanium tetreehloride72 can act indi vidually as 

initi ator for polymerization of styrene which under goes 

f acile polymeriza ion by al l three mechanisms of 

polymerizati ons, cationic, anionic and free radic al. 

We confirmed tht1t lithium 1 so amyl at 1o-2r-1 concentrDtion 

yi eld 1 gm of polystyrene in half an hour when used 

alone with 5 ml. styr ne in 50 ml. hexane (Tab le No .1 

Page N • !S4- ) • So , the com lex me t al organic catalyst 

was :rref onned in hexane by mi xing lithium iso amyl with 

titanium tetrvchlori de and monomer was added finally. 

Al l the r esults reported t hus r ef er to catalyst prepared 

in absence of mo nomer. 

The pre sence or absence of monomer dur ing formation 

of the cat alyst from re action of t he components can have 

a profound effect on the behaviour of the catalyst. In 
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the case of polymerization of butene,93 the combinations 

LiBu - TiC14 is effective only if the addition is done 

in presence of monomer . For the polymerization of 

ethylene, however, the sa e components functioned 

eff ctively when mixed either in presence or absence of 

the monomer ethylene, 71 t hough the rate was lower when 

t'e catolyqt was f onned in the absence of ethylene . 

'l!hese differences would imply th t the olefin can take 

part in complex formation and could possibly leed, thus, 

to catalysts of different structure and reactivity. But 

these possibili t ie s could not obviously experimentally 

confirmed with styrene monomer which is re dily poly

merized by either lithium isoamyl or ti tani urn tetra

chloride. 

Formation of C8talyst species: 

There is n i 1.edi te formation of light brown 

to black coloured pr ecipitates on ~ddition of lithium 

isoamyl to titanium tetrachloride, the colour depending 

on the amount of the lithium isoamyl added . These 

preci pit( tes obviously are composed of the various 

complexes that can be formed with different atomic 

ratios of lithium to ti t[lnium and very likely also differ 

i n the valence state of titanium in them. A series of 

stepwise reacti ons, f ast or slow, can be visualised 

le adin~ to different Cctalytic species which mi ght 

d ecompo~e after different life time . 
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In order to have reproducible results of poly-

merizati on ~dth these cat alys ts, i t is neces sa ry to 

find conditions und r w ich the catalyst complexes, once 

f ormed, do not app rently change . It has been shown71,93 

th t the re F. dy reaeti n of lithium butyl and titanium 

tetrachloride i s e s venti al y complete in about 10 minutes . 

It can be expected the refor .. that t he re ction of 11 thium 

isoamyl with titanium tetra chloride will proceed to 

comple tion at compa rable rates . Results of olymerizetion 

described in (Tabl e N .2, Page No .55 ) on t he effect of 

a eing of the catalys t from 10 - 30 minutes confirm this 

ano also show that the activity of the stable catalyst 

compl ex does not vary during interval s upto 30 minutes . 

Hence the preformed cata.lyst complex was aged for 10 

minutes i n all experiments . Since the polymerizat ion 

reections were usua lly limited to 15 minutes after ageing , 

it is reas nable to consider that the date pertains to 

the maximum activity of the catalyst s pecies initi ally 

formed . The cat 9lyst activity ste dily deteriorated in 

keeping beyond 1 hour . 

Heterogeneous catelyst sites . 

The location of active catalys t sites on the 

pre eipi t ated complex could be surmise.d from the nature 

of the conve sion versus time plots (Fig.1 ) . 

It i s seen that the initi al high activity o/ the 

catalyst quickly decreases in less than 20 minut s to a 
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low ate· y r ate which is maintained for times even 

upto 3 hours (Fi g .1. urve .io .J ). The initit1l decre . se 

is probably, not due t deactivation of cstalyst but 

more likely due to clogqing of the catalyst surface by 

the polymer precipitated in the insolu le medium, hexane. 

The propetgation reaction slows down due to lesser 

availability of monomer at the catalyst sites on the 

surfaces and when the slow ste dy rate of polymerization 

is reached, it is probably entirely controlled by 

diffusi on of the monomer . spontaneous termination 

reaction would not be affected by rate of diffusion of 

monomer and the retardotion of propagation due to dif~

sion control will, hence, manifest itself by e decrease 

in rate of polym.erization . 

To confirm the validi ty of this explanation, same 

catalyst from lithium 1 so amyl end titanium tetrachloride 

w s prepared in benzene in which polystyrene is eQsily 

soluble . Now the conversion versus time curves were 

linear with the ini tiel catalyst activity maintained 

without de crease (Fig.1. Curve 5). The same phenomenon 

can be observed to opP.r ate in the experiments on effect 

of variation of monomer concentration. Initially, a 

linear relation is observed between rate of polymerization 

in hexane and monomer concentration. But with inore&se in 

styrene content in the medi um, the solubility of the 

polystyrene in the system res ults in ra pid accele r a' ion 
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of the r ate of polymerization (Fig . 4 } • Loss of 

catalytic activity due to deposition of polymer on the 

catalyst partial s has be n reported also for styrene 

polymerization with 11iC13 - Al Et 3 cata lyst syntem by 

Burnett . 92 Photomicrographs taken at various stages 

of the reaction , in fact, revealed considerable agglo

meration of pDrti cl s bound together by polymer . Re cently 

3 methyl butene-1 and ·Bu .... ene-194. has also been found to 

yield an insoluble crystalline copolymer with triiso

butyl alumi nium end ti t c: ni urn. trichloride catalyst system 

and hence the rate of polymer! zetion fell g r pdually to 

zero afte 1 about an hour . 'l' he same effect of agglo-

mer tion of parti ales has been determined from the 

temperature effect on the r ate of polymerization of 

ethylene with Zie er lia rtin Catalyst . 95 The rates were 

f und to decrens coasiderebly more rapidly at 20°0 than 

at 60° C. This effect is not expected due to poisoning 

of the catalyti c sites . The re asonable explanation 

given is the build up of a olymer coating around the 

catalyst pal:'·ticles and the diffusion ofethyl ene t br.ougb 

high density polyethylene co ul d be e possible rate 

limiting process if the catalyst is resent as a article 

l arger than 1 to 10fl-r in diameter. From the sedimentation 

and filtration behaviour, the agglomerat es were reported 

to be larger than 10.A-( • .i.he impo r t"nCe of the r ()ll of 

the s lvent in desor t i on or dissoluti n of the polymer 

from the catalyst surface to keep the active sites on it 
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acces sible and f ree for r enewed propagotion reaction 

is thus evid,ent. 

Al l t he availabl e evidence indicates that the 

reaction of lithium isoamyl with titanium tetra chloride 

employed in our investiga tion would result in highly 

complex mixtures of active s ites. Reduction of titanium 

tetra chloride wi th metal alkyls generally leads to 

Ziegl er type catalysts which are much less stereospe

cific than the cat alysts pr epared by addin metal alkyl 

to the reduced halide of the transiti on metal, though 

higher r at es f polymeri zation are obtain eod with the 

f or mer c~talysts. With Al R
3

- TiC1 4 for example , the high 

degree of polydiapersity in the polyethylene produced 

precludes any formation of a single well defined type of 

cat alyst site. Polystyrene pre_ ar~d by TiC14-A1Et
3 

cata lyst has low stereospee:tfi city (about 10 70 ) • 96 The 

highly stereospe c1 fie catalys t of NattG are made from 

crystalline TiC lj and Al( Ctt 5) .r 
The course of the reaction of lithium butyl with 

titanium tetra chloride end titanium trichloride hos been 

investigat ed i n det ail by M. H. Jones >t al.93 and found 

to differ consider ably i n the type of products formed 

and f i na l valence state of titani um from the rea ction of 

aluminium triisobutyl with TiC14 and TiC13• The solid 

reacti on product of U e system T1Cl
3

- Al{Isobutyl) J is 

shown to be pr i ncipally T1Cl3 t'etaini ng its eryst allini ty 

and X-ray diffraction pattern with small quantities of 
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aluminium alkyl adsorbed on it. The system TiC1
4

- AlR
3 

produced more complex productD and formation of TiC12 , 

TiCl etc. in addition to T1Cl
3

, indicated by the low 

chloride end alkyl c ntent of the solid precipitate. 

Exist~ne of olkyloted titanium compounds with titanium 

in the valence state of four wss also indicated and the 

catGlyst Dystem was t hus much more complicated and the 

followin series of reactions co uld be postula ted to 

account for the products. 

( 2a) 

(2b) 

(1) 

) 
) ( 2) 
) 

TiC1
4 

+2AlRJ ~ ( TiC12R+) AlR
3
Cl- + Al R2Cl (3a) ) 

) 
0 .• ) (3) 

) 
( T1Cl2 ) 2 + .{ AlR3Cl} 2~ ( 3b) ) 

( 4a) ) 
) ( 4) 

(4b) ) 

D composition reacti ns (2) and (4) can account 

for losn of alkyl or chlorine and th presenc o ethyl 

chloride in Al Et 3-TiC14 system has been rep rted by 

~al at esta~18 However, the high T1iv content of the 

analysis e uld not be based on the scheme of reactions 

shown abov • 

Th . c:;d it~_on f 11 thi urn butyl to T1Cl
3 

in 
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contrast to t he behaviour obs er ved with aluminium alkyl 

leads to t '1e f ormation of gr eenish preci pi ta t es containing 

t wo component as evidenced by -ray diffract ion pattern . 

One had a NaCl type cubic lattice with a l attice constant 

of 5. 2 . 0 which i3 higher tha n t he t of .uiCl which is 

5.14 A0
• The line i ntensi ti es of LiCl are diffe r ent from 

t hose of the cubic co ponent whi ch is supposed t o h e a 

mi xed crys t al of lithium and ti tonium chl or ides o f 

probabl e composi t i on { iCln) .TiC12 and {LiC1
0

}TiCl . The 

pattern of the second com on nt could not be i dentified 

with c e rta inty but 1 s tho ht to b e an a lkylat ed compound 

due t o its higher symmetry. 

Reaction of lith um butyl with TiC1
4 

yi el ded j e l l y 

like pr ecipi tDt es of brown colour wi t h no crystalline 

component below molar r a tio of LiBu/TiC14 of 1. ut 

at higher r atios of Li/Ti , two broad lines were observed 

in the pos ition of the two main lines of the cubic 

co pon ent obs erved in the reaction of Ti C13 with LiBu. 

The mi ed cryst· ls f Li and Ti chl orides are possibly 

fo rmed in thi s case also. The chlorine to tita nium 

rat i o in the solid precipita tes was J - 3 . 5 which i s 

much hi gher t h'm the atomic ratio observed in the 

alu.-nini um-ti t anium systems and Li Ti r atio in t he 

solid also increas ed with the r atio. of Lithium butyl to 

Titani um halide e . g . f rom 1. 34 at i R/ mi • 0 . 5 to 2 . 06 

ot Li R/ Ti • 2 employed i n the reaction whi ch i s egsin 

at a higher· l evel t _an t lw t observed i n the Al-Ti syst em . 
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The alkyl con tent in the pr eci itote was, however, quite 

low. R z Ti wes betw en 0.5 - 0.86 end R : Li wns from 

0.18 - 0.65. I os s of alkyl radicDls from the precipi t ~ te 

i s confirmed by t he isolation of butane snd butene in th 

gaseous roduets evolved. Al ~ these observations can stem 

frorn the )resence of LiCl as an intimate component with 

reduced titanium halides in the preci pi t ote. Since 

lithium i s consi derably more electroposit1ve 11t is 

proba ble t hat ti toni urn is boW\d in complex anions. Based 

on the suggesti ons of Uelzmann57 for Al R
3 

- TiCl
4

, the 

following reactions could be written for L1Bu - TiC14. 

I . 

II. 

( 5a) 

( 5b) 

Analogous rea ctions ·ith Ti G1
3 

can be written as 

I II. Li R+TiClJ --~ 11+ {TiC13R)- ~ 1iCl.TiC12+R• (7) 

2 i~-+TiClJ ~ L12+( TiC1
3

R2 ) = ~ 2LiCl. Ti C1+2R• (g) 

The exis t ence of tetravvlent titanium according 

to the vbove scheme, i s ntirely as 11+ (TiC14R)- complex 

or (Li*~( TiC14R2 )= , but t his conflicts with the poor alkyl 

cont ent to t it£mium (ratio of 0.5 - 0.86 R:Ti ) and hi gh 

Ti1V value, experim ntally found by Jones. It has been 

offered DS an ex l ana tion that Tiiv i s formed in the 
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hy rol T "' r ce n · n·ly• i r o:n co pl -ant ns 

cntiont; of J. of v 1 .ncy leo ':'! th-..n t ·1" ~ . 

It is co. ceivll le u R' n ~ Uel zmann h 1S o tu l .ated 

. ' tL TiC14 as f ol ow t form v 

di meri c t tr V&lent . tit ni urn compl x 

. . . . . ~ . . . . (9) 

a tl~ i s c n in som<=- m · O ure tJ l t;o cvu"'e lo"'' H: 'li with hi h 

Ti iv t t eon n . • 
I 

It ia t hus seen t h·· t ~.~s 5oli '-~ sub!3trate- i ed 

erystG l s of Ti e.Jn l Li are f .rmed elonP.: "tith nothe r 

Utlid ntifi Pd eomponPnt hich is probDbly ... n alkyl t ed 

compoun and the . o~nib_lity of fon~otion us indicuted in 

th above re£ct1 n ache. es , of many thcr compl exes of 

Ti end Li , s 1 1 bl o ond 1nsoluble , wh1ch w y be oc\sorb d on 

thA surf ac of th hnli e precipitate , l eods to n situDtion 

wh~r~ it i diffi cult t'3 d scribe the initiating sp ci s 

except in th u o~t , n ral t .rm • Takinr i nto consi ~ ~ r otion 

tbe evid nee de"'erib d l.Dt .. r, it c . only b said t h t 

initiati n o e r mo ... t prolY hly , t a m a l carbon bond , 

th r .1-'i - C or Li - G of an or ~j om ta l l i c complex present 

Li- -- R Cl 
: t / 
(a -Ti - Cl 

/ 1 : 
Cl R-- -Li 
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The vari · ti n of r·te of polymerization with molur 

ratio of ~i/ti in th catalyst lends ~vidence to the 

supr osition th£<.t polymeri zati on occurs by reaction of 

strongly adsorbed et f:l l alkyl with w kly adsorbed 

monomer . Treating thi s system on the basis of a Langmuir 

Hinshelwood type me chanism. 

If g & Q1 are t he fracti ons o f t h surfac cov red 

by mete l alkyl and monomer r enpect ively 

K1 ( A) 
g • --------------

1+K1!J.]+K(M) 
( 10 ) 

!":1 .Monomer 

A lkyl 

K 1 Adsorption constant of alkyl 

K(MJ 
Q 1 • -----=----

1+K{.11)+K1(A) 
( 11) 

K Adsorption constant of monomer 

If[S]is the concentratio of a ctive s ites , rate 

of polymerization is given by 

(12) 

For a weakl y adsorbed monomer we get 

H • p 
kKK 1 (")fM] (S) 

( 1 3 ) 

k ~ate cons t ant 
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Ac co1din~ly as th~ cone ntra tion of alkyl ( in our 

cane 1' thium isoamyl) i s increased, a maximum should be 

obs rved in th~ rate, after which as t hP more stron~ly 

adsorbed alkyl i s lD ce s t e monomer molecules , the rate 

woul - dro down . 

·p f the curve ( Fi • 2 ) with m· ximum 

rates at molar ratio Li:Ti • 2 is as predicted by this 

equation. 

Simila r rela tionship has b n observed in ease of 

polymeri zation of I s oprene with Titenium tetra chloride 

end triisobutyl aluminium where maximum r a tio of poly

merization i s a t molar r atio i/Ti • 1. 25. This hvs been 

inter preted c;S Ghown above on t he basis of oper ation of 

L ngmuir Hinshelwoo typ~ me chanism. 61 Such n relationship 

has ben observed wit m~ ny i egl er catal y ts when (N) is 

kept const nt and r~J i s vari ed e nd the rate of pol~neri-

z tion p an ses t ' rou h m ximum nd then decreases as the 

mor~ str n a ~ adsor bed re~ctont dis 1 ces t h other. 

It 1 relev nt now to comp~ r our re ults with th 

r cent fin in s of Tsou t. al.74 on the olymerization of 

styren by us.in a simila r cat ly t s ystem, Lithium butyl 

TiC1
4 

which w.:: s ublis1ed wen our studies h&d mostly been 

completed. 

The investigation of Tsou t~ a l. were meinly 

conce rned ~dth the influence of mol ar r atio of Li Bu/TiC14 
on yield, mole cul r w i ht and tacticity of the polymer 

formed; but r ates were not me•s ured · nd t he kinetics of 

the olymeri~ation not s tudied. Th conversions v.urin 
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20 hours (et 40° C) w.r e howev r easured and w .. en the 

tot 1 yi el d of polymer w·s plot t ed a &inst ~1/Ti r atio 

where (Ti C14) w s const ant, two maxima were observed in 

th curve; one at 1.5 Li/Ti ~nd another at 2.2. hen 

the experim nts were conducted at eoo c, one more m' xima 

appeared at ~.7 Li /Ti . T. i s might ari s e from a change 

in t e nature f t e octive catalyot at different 

temper tures. 74, 51 ,97 I n our experiments with lithium 

isoamyl and t i t anium tetr~ chloride , only a smct ll l a t eau 

i.s observed tit r c.; tio rv 1. 5 Li/Ti but not a well 

defined maxi mum which occurs only <: t rv 2 Li/Ti. It is 

usef 'l to menti on now t hu t the ex erim ntG were done at 

30° C and t e times were v ry short, only 15 minutes . 

Compared t o 20 hours llow d in Tsou's experiments at 

40°C , If th o chanF-e in t he nature of the ce t olys t is 

brought bout by s low r eacti on de en ent on the time 

and t mper at ure , it is re· di ly und rstPndable that the 

maximum ot 1. 5 was not observed cler1rly in our curve fo r 

)0° C. It is obvious th£lt bot h s ystems r i Bu-TiC1 4 and 

Liisoamyl - TiC14 produce mostly only amorphous olystyr ene 

and t he molecul ar weight f th e polystyrene i s ver y low 

3000 - 6000 . But Tsou et. al.74 have found a g nera l 

increase i n t he molecular wei~ht t o 45000 at ~i/Ti • 2 

and a ver y s'1a r p increase t 2.25 ··nd 2.7 ( 170900 and 

208000) and very smal l amounts of i s ota ctic polystyren 

e . g . 1 gm i n total . olymer yield in 20 hours varyin 

upto 2 . 5 ms . Beyon mo l ar ratio 3.6 at 40•c, t he oor 
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capacit of t h o c t al ·- i c s ys t ems fr .om Li alkyl-TiC1
4 

to 

produce s t r eosre cific ol y.mers seems to b t us clearly 

est bli shed , s i ne with lithium butyl-titanium tetra chloride 

l so, ven t hP. sm•l l amount r f isot ctic pol~ner could not 

be observed to be form , even in exp~rim nts w i ch '"'-ere 

conducted upto 20 l ours t 30°0. Th~ mol euler weight of 

the polym r WtS i 'er ·t 60°C and consi .:>ri ng t l e fl.lct 

th t a new maximum np e· rs at 3. 6 11/Ti at go•c and 

molecul ·r wei .hts of .. ol · er at Li/Ti , in the r onge of 

i/Ti = 3 to 5, are much higher than at lesser Li/Ti ratios, 

it se m~· t o indicated that t hi s effect 1 ~ ol so due to 

ch ng in t e n· tur P of c· t l yst with te 1 · eratu1·e. 

Since , n r lly, hi h molecular w ight and st reo-

s peciric olyrners · r f ormed with m~tol org~nic catalysts , 

t he form ion of only low molecular weight ~mor ous noly

styr n i :i.n th r an e of Li/Ti upto 1. 75 lead Tsou et. al . 

to su e:e"'t a cationic mf; chanism of olymer1zat1on wi t h 

~1Bu-TiC14 in this r ange. They have furt hP.r suggested 

th t pure anionic mech· nism operates at Li/Ti=2.7 and in 

betw en 1.75- 2.7 1/Ti on anioni c coordinated mech~nism 

oper at es . i mi l a r re sonin led l atta et. al. 98 to su gest 

t he formation of more amorphous polymer with v ry litt l e 

i "'otacti c polymer of styrene using 1Et 3 - TiC1 4 of 

cationic n d lni oni c me ch~nism res ectively. 

Ho"·ev r, it must be pointed out that the formation 

of amorphous pol yst yrene does not ne cessari ly imply 

cationic echbni .• There io much to f avour t he vi ew that 
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t he met 1 organic synthesi ~ r sulted high molecular weight 

polymer b y the anionic eoor ·nated mechani~m usin "iegler 

type cat alyst, can som times with ce r~cin combinations of 

metal alkyl ~ nd transition metal compound l ead to low 

moleculvr weight amorphous polymer by the s ame me chanism 

of growth at a met Dl carbon bond. It has unambigously, 

been shown in the case of polymeri zati n of styrene with 

phenyl MgBr-TiC1 4 system91 that t e low molecular weight 

polymers formed carri ed t he phenyl group of phenyl MgBr 

as end group . This must surely arise from initiati n of 

polym rization at 

+ ~ r4-CH 2 - 9H 
C6H5 

( 14) 

Under our experim~ntal c ndi tions of Li/Ti • 1. 5, 

t e presence of fr e TiC1
4 

is not a like ly possibi lity 

since even t 1.55 Li/Ti it has been shown by ·v·ns A. G.99 

t hat free TiCl
4 

is compl etely abs ent . In the prPsence of 

excess LiR the form ati on of TiOH speci s by hydrolysis of 

Ti compounds by trace moisture in the monomer can also be 

di counted. 

Further , the overall ectiv tion ner gy observed ~nth 

t his polym~ri zati n s ys t Pm 2.05 kcal/mole. ( ig . 7) does not 

support the occurrence of cc., tionic mechanism. Th value for 

cationic polymer! ation of styren by Ti Cl 4 is about -2 to 
72 ~8 kcGl/mole i s much lower than t~at obs~rv~d here, 

vi z . (2 .05 kc al/mole ) and there i s no reason to sup ose t t 
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a h terogeneouc c ti oni c anism will result in hiaher 

etiv ti n eneray. Thi v lu of 2. 05 kcal/mole is 

ad..rni t tedly m ch lower than h n that u .. ,ually o serv d 

\'lith 7ie 1 r typ cat aly t ( ~ 10-14 kcal/mol , ) • owev r 

wit l certoin syst ms like , l Et
3

- TiCl
4 

nnd A1Et
3

- TiC1
3

, 

in can~ of et hyl n and ropylene polymer! .ation at low 

temperaturo , activ t1 n Anergy 1, in the same ran e of 

2.5 kcal to 5 kca1 100 und v luen clo ~d to the obs rved 

a ctivation energy h re have been obtained . It i n true 

that the obs erved ov ,rall activ·ti n energy E is related 

to so many reacti m ... occurring with the complex catalyst 

end comparisons of such a composite uantity cannot be 

strictly a ccur~te . ut it is vary difficult also to 

negl ect the stron evidence that the fair agreement 

provides for a mech~nism similar to that of 7iegl er 

cat alyst. 

Again , the low ri ng of molecular w 1 ht of polymers 

by odded Zinc di t hyl discuns ed in et ail b low is also 

typical of the behaviour observed with '"'· iegler tYPe 

cat . lyst . (Tobl •1o . 8 . fig . 9) shows clearly thnt molecular 

wei ht is inversely pr ortional to Zinc 1ethyl . The 

mol cular weight of the polym~rs obtained in the presence 

or added ,~ inc diethyl (0 . 005 to 0 .1 _, i) is reduced pr o

port i o!lately to the concentration of Zi n c diethyl . This 

is the s ame r l~ tions ip en obtained for polypropylene 

polymeriz d by .1 Et 3 - T1Cl3 with Zinc ·U ethyl, 101 the 

hi ghly stereosp cific catalyst for roduction of isotactie 
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polypropylene. Hepresenting the growing cen tre as 

+ -polarized metal alkyl bond , ~r - CH2 - CH~ 

d6n5 
t .e r od cti n of mol culor ~ei .ht is account d by 

( a mol cula r chain t e!'i ination -kin , tic chain transfer) 

an alkyl e c a ~ r acti n wi t' Zinc di t hyl, whereby 

th gro-w-in polymer chain is transferred to th~ Zinc 

alkyl in s o l ution fr m wtich one c2H5 group has b en 

exchvn ed to t h c t lytic sit • 

( 15} 

Th Q raolecul a:r weight in t us r educed but the 

chemic~ l st1~etur e of the catalys t site - viz . a metal 

alkyl system i s pr served and hence the cat alytic 

act 5. vi ty also , 

It seems t hen th· t a ClJtionic growing end i s v ory 

improbBble in ow~ system. 

It is rel evant to point out tha t the presence of 

meta l hali es •ith TiC1
4 

as · i xed cryst al has been found 

to result in lowerinn· of ster eos peci fic ity, molecular 

weight an iner se f r nta . ~d ition of me t al 'elides 

s uch as 1013, ZnC12 or FeC12 as mixed cryst vl o ith 

TiClJ or TiCl2 i ncreac s the r ate of polym riz tion of 
102 propyl ene cons i d r abl y. Reduction in mo l ecul ar weight 

en.d crystall i nity of r oducts moy also occur , howeve r , 

halid s such • s FeCl~ r educes t he crystallinity ~reatly, 
£ 

pr s umably t e r esult of less effecient orient tion of 

monomer mol e cules in th(3 vicinity of catalyst site . 102 
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Formation of ~ t ilbene: 

An important observation made by Tsou et.al.74 is 

t he form,;tion in the polymerization reaction mixture of 

stilb~n which was isolated from t he filtr~te after 

removal of polymer by pr e cipitation with methenol . It was 

suggest ed that it might be formed via benzyne intermedicte 

as f ol l own ~ 

While t his appears V0 JY plausible, it is difficult to 

visualise free TiC14 present when Lithium alkyl is 

4-5 times in excess of TiC1 4 taken and even at 

Li/Ti • 5.4 stilbene is formed . We could confirm 

formation of trans stilbene in our experiments with 

Lithium isoamyl-titanium t _trachloride, though it could 

not be i sol ated as a crys t Dl l i .ne product. However, the 

resinous r esidue obtained on evaporati on of filtrate 

after removal of pr ecipitated polymer showed absorption 

bands in I R spectre, characteris tic of stilbene (mono

substi tuted benzene 698 and 760 cm- 1 (13.2 and 14.3~ ) 

6 -1 72 and trans uns aturati ons 9 4 em ). 
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The polystyrene from this system even ~ fter 

several repr .cipi t etion h· ~ strong blue fluorescence 

oa r e orted y Tsou {In th . I. R. also showed band for 

trans unnaturati on (974 cm- 1) and Para substitution . 

It is henc v~ry likely th~ t t he stilbene unit 

i o incorporated in t clymer to provide a conjugated 

syst em whi eh will result in fluorescence. 

Again Tsou et.al . sug est two mech~nisms, 

cationic (1) an anionic (2) for inc rporation of stilbene 

unit es a polymer end group via chain transfer step 

simil£jr to t ha t suggested by Overberger 101 r nd Plesch?2 

Since it has been shown thet CH • CH ( 1) is ortho para 

b6H5 
103 

disubstitution in electrophilic substitution , the above 

mechanism bendin to disubstituted roduct stands 

confinned . 

On the ot h r hand , trans-stilbene could first 

copolym~ rize wit an anionic growing polymer chain and 

then ternina t ion could occur by hydride transfer as 

follows 

-9H -CH2 + 

C6H5 

( 16) 

- ( HO 
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This would be in accordance with the observati ns, that 

yield of polymer were not reduced under c ndit i ons 

(variation of lit ium alkyl c ncentr ation) when l ar ge 

amounts of stilbene were formed, but only molecular 

weights wer e very low. Obviously the kinetic chain is 

not ter in 'ted con::>id.erably. The met el hydride can 

initiate polymerization again. 

The slight shift ob erved in the fluorescent 

maximum of th e polystyr ne compared to that of trans

stilbene w ~d also warrant considerati on of the above 

mechanism. 

It was of interest hence to study th~ effect of 

trans stilbene on the course of polymeri zt~ t i n with the 

clas s ical Ziegler catalyst , Al R3-TiCl
4

• The resul t s 

have been rewtU"ding (Table No.12. P·ge t~o.). The 

reduction in molE>cular w ight of polystyrene brought 

about by increasi ne- conc~ntrttti ons of trans stilb ne i s 

cle arly noticeable. \ e t a ve also tried to find the effect 

of stilbene on the proporti n of cry t alline polymer 

formed . (Table No .12). He nce, the increasing amount of 

amorphous olystyrene form d i n the r esence of trans 

stilbene i n evident. The results definitely show that 

stilbene can effect a reduction of molecular ~eight of 

the polymer growin~ by ani onic coordinated mechtmir;m 

f evourin equ9tions .i·o .17 an 1S above. 

The fluorescence of th~ polymer was not, however 

strong enough to be unambiguously proved certain by 

visuol obnervation. 
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It i s also observed th t the rates of olymeriza

tions ~re a ccelerated considerably by the presence of 

trtms stilbene. 

The reduction in the molecular weight and crysta

lline polymer with a concurrent acceleration of rate 

brought about by trans stilbene can be compared to the 

same effect resulting from t he addition of ether to 

lfin catalyst. 104 The 2 % addition of diethyl ether in 

hexane medium r educed t he crystallinity of the poly

styrene from a high to a low value. 

This is a very strong indication of complexing a t 

the catalyst surface of the added reagent. 

A natural extension would be a st.udy of the effect 

of stilbene on polymeri zation of other monomers, nlso 

with ~iegler type catalysts . 

~ e could not try influence of trans stilbene on 

cationic polymerizations. It woul d be interesting to do 

so. 

Kineticsof Polymerization. 

(1) The rate of polymerization in hexane ot constant 

ratio Li/Ti i s found to be proportional to the amount _of 

Titanium tetra chloride. '1 • 3. Table 10. This is in 

accordance with t he viewJ9 that the active catalyst sites 

ere formed on t he surface of the reduced transition metal 

halides. 

( 2) At constant Li/Ti • 1. 5 and with L11 C 5H11J • 
10.7.K10-3 M/1, (TiCl~ =- 6.645 X 10-3 M./1, the rate of 
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pol ym erization is proportional to monom r concentration 

in hexane, upto monomer concentration = 2.1 1/1 (Fig. 4. 

Table?). The rapid ris e in rate afte r monomer concen

tration. 2 .1 M/1 is to be att ributed, as discussed 

earlier (Page 5 ) to the solubilization of polymers 

from the catalys t surface and exposure of fresh catalyst 

s ites for polymerization . So, it is reasonable to take 

Rp versus [.MJ for the order of reaction below 2.1 1 

concentration of Monomer. This is furt 1er substantiated 

by calculating r ate law from r esults of Rp versus [cat] 

and Rp versus [M • Rate constants from both plots are 

in good agreement. 

Values of rate constant giv n below: 

' 
---------~--~--~~--~---~-----~--~-~--------

' 
' 
' 

R Vs [Catj 
p K 

1/M/ S x 10 2 
- - ---, 

R 
p Vs [M] 

K 
1/!t/ S x10 2 

3.0 

f 

' 
t 

'--------------------'--------------------' 
This value of rate constant is considerably higher than 

that value obtained in case of styrene polymerization 

with titanium trichloride and aluminium triethyl or 

diethyl aluminium halides. 
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Rate constants at 6o•c 
Burnett92 

-----------------------------------
Cat·lys t 

: -TiC13- 1Et 3 

' 
' 
' 

1.,_ 
K X 10 . 

- 1f1'I/ffiin.- -
13.7 ' 

12.6 

22 .7 

' 

t , 
---------------------------~-------

But t h r ate of olymerization is pro ortional to catalyst 

concentrat ion and monom concentration as observed with 

di fferent 7iegler type catalyst of olymerization of 

propylene, ethyl en and styrene . 

Rp K G·1J ( Cat) ( 19) 

K Overall co11Stant 
M Mon om er . Cat - Catalyst . 

In benzene also , rete of polymeri~ation is proportional 

to t he cat alys t concentration (Fig.5 ) but the general 

l evel ef rate is much higher o the same cat al yst 

concentration t han in hexane. Th retnoval or polymer 

from c atalyst surface and pr evention of clogging at 

catalyst site is e contri butory f actor to the higher 

rate. Again, it is also possible t ha t t he catalyst 

pr e cipitate formed in benzene is more finely dispersed , 

exposing a larger surfa ce area . Actually , it could be 

observed that t he ca talyst formed in benzene settled 

down much more slowly than was t cea e in hexane where 

qui ck agO'lomeration and sedimentation took ple ce in t ' e 

absence of adequate stirring. 
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·1olecular weight: 

i>n varies linE> arly with square root of titanium 

t etr achloride c 0ncentr~tion. (Table 6 , fi g .8 ). Hence 

soluble titanium compowtds probabl y t ake part in 

chai n t erminat ion . The formuti cn of s luble cat lyst 

component s like TiCln LiRP {R - ~lkyl group and 

P - growing chain) can be rwsumed simi l <.l r to that 

post uletted in case of polymerizati n of r opylene 1rJi th 

titanium tric l ol"ide and aluminium alkyls. 

'l'iCl LiR + LiRP n {20) 

Molecul .g r weight increnses initially with monomer con

centratio n but aft er cer·tvin monomer concentration at 

2.1 1olC~r , the molecul ar w-i ght d ~creases (TDble 7,fig. 6 ). 

This ressee th~t monomer han t aken part in the chai n 

transfer reacti on with the growing chain of polymerization 

and throu h the c l oin trannfer reaction, t he t ermination 

of polymer has t aken pl ace as shown in the following 

equation 

+ ~ Cet CH 2 - CH 2 + CH 2 
C6H5 

In cane of r atio study , the t i tanium tetra c loride 

concentration was constant and lithium isoamyl- concentra

tion was varied. It wcs found t .t:. t the molecular weight 
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of polymer insteC!d of de creasi ng increas ed with the con

centration f lithium isoamyl (T ~ ble ). Fi g .2). This 

indi cates tha t lithium isoamyl does not take part in the 

chain transfer reaction like a luminium alkyl taking part 

in the c hain transfer reaction in the polymerizati on of 

styrene with CrAeAc-Altriethyl catalyst system. So, 

there is no cha in transfer and termination through metal 

alkyl in this reaction system . 

The molecular wei ~hts are undoubtedly low and 

stereospecificity negligible. Methyl-ethyl-ketone 

extraction left little residue of high molecular weight 

istactic polymer. But I . R.spectrs did show some peaks 

1364 cm-1 , 1314 cm- 1, 1297 c~- 1 and 1185 cm- 1, specifically 

described for the isotacti eity of polystyrene. 105 

Morton106 has 0~seussed the absorption at 1070 cm-1 

in infra spectra of different polystyrene samples contain

ing hiuh isotacticity to nil isotacticity. According to 

the isotactici ty he found diffprent iradat1on of absorption 

at 1070 cm- 1• He clas ifi d t hem as nil, poor, feir, good 

tacticity peaks . He has observed very sharp absorption 

peak at 1070 cm- 1 for sample of no tacticity and the 

absorption peak at 1070 cm- 1 was bifurcated into 1080 cm-1 

and 1060 cm- 1 for good isota ctic polymer sample. For 

poor 1sotacticity, absorption peak i s not sharp and the 

fair 1sotact1c sample ha s absorption peak in between 

bifurcated absorption peak of good isotacti city and blunt 

peak of poor isotacticity sample os shown in the diagram. 
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~CLi ~ I I 

Ci oocl 

! 100 lD80 !060 jdfO 
<:..m-r 

ll 

en our soluti ons of polymers were examined by 

infrared, it was ob s erved that the absorption peaks at 
-1 1070 em were not definitely sharp but they did not 

have bifurcation into 1060 cm- 1 and 1080 cm-1 • So we 

can conclude that the isot acticity of polystyrene 

prepared by lithium isoamyl and TiC14 can be varying from 

poor to f air. 

It can now be 6ustified to attempt to write a 

mechanism of polymerization of styrene wi th lithium 

isoamyl and titanium tetra chl oride on lines similar to 

t hat pro posed by many workers for po lymerization of 
38 01 a 

p onyelene an d st yrene ' ' using AlR 3-TiC13, Phl1gBr-TiC14 . 



- 113 -

All the evi d nee di s cussed above indiceting t he 

kinetics of t he reaction ~nd effect of zinc di ethyl an 

trans stilbene stron ly su or t t he view that an anionic 

coordinated mechanism op~rat s in the Gyst 

proceed to write for ini tiation. 

Initi ation 

~ -~- -cn2 - C 2 - C ( CH J) 2 + CH2.. f H 

C6H5 

• 

1 - CH2 -
1
CH - CH 2 - CH2 - C. (CH

3
)2 

C6H5 

Prooagetion 

(22 } 

M - + CH 2 -
1
c • - CH 2 - fH - CH 2 - CH2 - CH ( CH .3 ) 2 

c6H5 c6H& 

• •.• • • ••••• ( 23) 

where ~ stands for m t a l cati n . It is not s ecifi~d 

wheth r r is Ti or Li . , ince our experiment3 do not 

provide evj_ dence conclus i v ly for either oupnos iti n . 

As S 10Wn e ~1 rlier Hi t h LH~-Ti C14 , the possibilities of 

many cat lytic compl xes b i .nO' form d ar nume r ous . 

Nstta38 , 46 ex licitly f avoured thE' growth of 

polymeric chain from vluminium c.rbon bond nd kinetic 

evidences are completely in t1gr eem nt with the reaction 
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mechanism whi ch he has ro os ed . In addition to t~is, 

he mad e it clear by detecting the presence of phenyl 

from phenyl alumini um in the growing polymeric chain 

of po ly thylene r epared by dicyclopentadi enyl 

titani um dichloride and a luminium triphenyl catalyst 

sys t em and further showed that if dicyclopentsdienyl 

tit anium phenyl is used with el~~i nium tri thyl, there 

was no . henyl gr oup ~r es nt in the growin~ olymer. By 

ins r tinr:. C 14 1 · b .11 d in • l umini urn. tri ethyl !'lnd us ing 

thi s radioactive ca~~b o n cont aininP" al uminium triethyl 

with dicyclo entadiAnyl •tit <.\ niu.l'1l di chlor i de for olymeri

zati on of et yl ne ,h poi nt d out a Ain th . pr esence of 

alkyl from or ga nometalli c compound in t e polyme r 

obt ained. 

But thi s was not concluaive proof of involvin 

alumini um carbon bond in t ho pro agati on of olymeri

zetion since it has b?en furt er proved by r e-investi

"atin ~tr the cat al ys t s yst m used a hove that t h alkyl or 

aryl gr oups can be transferred f rom aluminium to 

ti t c:. nium and growth of olymeric chains can be from 

tit nium c..., rbon bond. 

Thi s proposition i s f urther made strong by 
53 Carrick, s howntr that t he r t4te of olymeri zatipn of 

ethylene and t he r eactivity rat io of et hylene propylene 

cop lymer were diffor ent wi th diff rent trans ition m~t al 

l a lide with the s ame or "'anom~ta l li c compound , but t her e 

was no chang e in the r ate or react i vity \~th different 

orgtmom .t a l l ic contpounds with t ' e samf' transition metal 
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hali e . Of l ate, it was observed t ha t organo titanium 

chloride42 itself act as the initiator of polymeri zation 

of ethylene. 

It has b -en a f..l (•umed that ther·e is preliminary 

coordintltio n of olefin to a va cant-d-orbital of the 

transition metal . n a r earrangE>· ,ent to incorporate the 

polaris ed olefin into a growin polymer chain. 

Hechanism of propagetion using dicyclopentndienyl 

titanium dichlori de and alumini um triet ~ yl6o for the poly

m ri za tion of ethylene is described (; s the simple r , i tion 

of ethylene to the titan um ca rbon bond in the org<J no

tit?anium complex. Role of aluminium a kyl is to sup ,ly 

alkyl groups to titanium and to make more positive in 

charact er. First step in the olymerization would 

probably involve a Tf-type complex between the t itanium 

and the olefin • . 
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According t o thi s s tructure , alumini~~ i s t etra

coordina te and com 1 x of ol efin i a unlikely with107 

it. Thus only tit anium carbon bon - i s involved in t he 

propagation reaction • 

.:.> O there i muc h to sup ort, however, thot growth 

at Ti occurs by d gr ad tion or T1Cl4 produc d cat alys t 

sys t em by f ormi ng TT -complex wit h mo nomer as ostul ~ted 

by differ ent ' r k rs. 

The chain t r mi n t i on as di s cussed earli er c uld 

occur by ( I ) s nontaneous deco mposi t )_on , ( 2 ) monomor 

tnm er . 

Spontaneous Decon1posi tion 

1 ) H+ CH 2 - CH ( C H 2- CH ) n CH 2 - CH 2- CH ( CH .3 ) 2 
( 24) 

C6H5 C6H5 

~ M+H + CH2 = ~ ( CH2- qH ) n -CH2 -CH2CH( CH.3) 2 
c H5 C6H5 

Chain trans f er to Monomer 

2) ;t+ CH2 - qH ( CH2- qH ) n CH2-CH 2- CH ( CH3) 2 + CH2'. yH ( 25 ) 

C6H5 C6H5 C6H 5 

---, M+CH2-qH2 + CH2• 9(CH2- qH)n -CH2cH2CH( CH3) 2 
C6H5 C6H5 C6H5 
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Discussion of Chr omium ae tyl acetonate and 
Aluminium alkyl catalyst sy tem. 

Reproducibility of RP.aults. 

Chromium acetyl ac t onate and aluminium alkyls 

were found to be quit~ nt able in nitrogen atmosphere 

under our experimental condition of h8ndling and t he 

activity of the reaction compl ex formed by the reaction 

of aluminium alkyl and chromium acetyl acetonate at 

various con cent r ati ons were observed t o be quit conntc: nt 

even upto 8 hours, a ~ evid nt from the convorsion v rsus 

time plots (Fi g .10 ) . The cat alyDt from alumini um 

triethyl and chromium ac tyl acetonate was ap, ar ntly 

homo eneous in t he reaction system nd the vari ation 

in agitation of reoction mixture h ad little effect on 

the reproducibility of re sults which did not vary more 

than 2 ~ in any cane. 

Order of gddition 

Though chromi um acetyl aeetonat e or alumini um 

tri ethyl doPs not i nitiate polymeri zation of styrene 
108 inde endently, there i s evolution of gases ethylene 

and ethane , when the active ca t alys t c .mpl Px fo rm d 

by the rea ction of chromium acetyl acetonate and 

alumi ni urn tri ethyl. 

3Al(C2H
5

)
3 

+ Cr( AcAe).3 ~ 3(C 2H6 + C2H4 ) + X (1) 

(X • black reaction product) 
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Ethyl rBdieals ar e formed initial y in this reaction 

and s ubsequently disproportionat to form ethane and 

ethylene . To avoid radical polymeri~~tion of styrene 

initiated by these radicals in the reacti n system, 

styrene WllS added to t he reacti on flask aft~r f ormlltion 

and agei ng of the catalyst for 10 minutes , durin~ which 

time the initial reaction of the catalyst components 

was complete. Hence, the contribution of initi ation by 

ethyl radicala t o t he rates m as ured in our experim nts 

can be considered negligible. 

Formation of eat alyst sites 

Chr omium a c ~tyl acetonate and alwainium tri ethyl 

react instantaneously to form e br own bla ck reaction 

product, the i ntens ity of colour depending on the 

dilution of the system. The complex aP. ears quite 

stable as the colour of the solution was uncha nged 

during nearly S hours. Further it ha s been shown t ha t 

poly-butsdiene73 produced with this cat~lyst sy~tem 

showed little difference in the yield and the otructure 

of polymer after ageing the cat alyst syotem , even for 

240 minutes. Under our experimental conditions also , 

egeing time of 10 minutes was found sufficient to yi eld 

cat alyst of constDnt vctivity which would i ndicate t hat 

the s ame catalyst wes pr es nt t hroughout the polymeri

zation reaction extend t ng upto 4 hours . Only when 

exposed to air or kept in clos ed conditions f or many days 

at a stretch i n pr es ence of monomer, it turns gr een, 

possibly, due to slow de composition. 
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The reaction product of diethyl aluminium bromide 

with chro lium ac tyl acet ns.te was initial l y green and 

radually t e solution chan ed to black brown and a 

fine yel l ow precipitate s~t tl ed at the bottoom. The se 

chan ~es were over within 10 minutes of ag ing. This 

system is clearly heterogeneous with the fine precipitate 

separating out. The appearance of greenish colour 

instantaneous ly may be duo to oxidution of th chromium 

acetyl acetonate to trans! nt chromium hali : es 109 (Cr3+) 

which may b~ reduced i mmedia tely. 

t he use of dialkyl luminium bromi de instead of 

the trialkyl aluminium t hus results in a heterogeneous 

catalyst w ich al s o diff ers, in all probability, in 

chemi cal composition from the catalyst obtained with 

aluminium tri et hyl. 

In case of isopr n polymeri zation, higher 

coneentrati n of chr o!lli um ac tyl ac tonate ( 0. 451\'I) and 

al uminium. tri ethyl (0. 135. · ) was required to be us ed to 

obtain measurabl e r(.Jtes of polymerizat ion . At t hese 

higher concentrations, th amount of ent alyst compl ex 

formed obviously exceeded the limit of solubility in the 

medium of benzen in the pr esence of the C~liphatic 

hydrocarbon, isopr ene and a bl ack brown pr cipitate was 

f ormed and the cat lyst sys t em was het erogeneous, in 

cont r ast to t he homo eneous solution obtained of the same 

cat alyst at lower concentrati ons em loy d in polymeri

zation of styrene in benzene. 
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Thus, \'le ha v t he format ion of both heterogeneous 

and homogeneous catalyst sy~tems from t he same re~ ct ion 

product of chromium ace t yl acetonate and alumini um 

tri et hyl under different conditions. The i nsolubl e 

reduct of dietbyl aluminium bromi de with chromium 

acetyl a cetonatt:~, possi, ly, differs i n chemical composi

tion as mention~d earli er but its structure was not 

investigate • But with all these cat alyst syst ems a eing 

f or 10 minut s was suffic1 nt nough t o produce active 

spe ciPs for polymeri zation whose catalyt i c activity was 

al so maintained constant during the rea ction times 

employed i n our exp~riments . 

Cat alytic Species 

Th nature of the catalytic compl ex for med by 

the rea ction of chromium acetyl acetonate with aluminium 

trielkyl has been investigated in dPtai l by G. Sarton 

and G. Costa . 10g 

The product of the r action of alumini um tri ethyl 

with chromi um acetyl acet onate is dark brown end either 

solubl or highly dispersible in benzene. But it can be 

flocculat ed by n-heptane. I mmedi ately aft er reaction 

ethylene and et ha ne were evolved. Chromium acetyl 

a cetonat was r ea ct ed with increasing concentration of 

al umi nium triethyl, varyi ng the molar ratio of reacting 

of alumi nium tri ethyl to chromium a c~tyl acetonate from 
·-

1 to 9 Al/Cr. The amount of goses evolved and t he 

chromium acetyl acetonote reacted were estimated. One 
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mole of gas is (ethane + ethylene) i s o tained per 

Cr( AcAc) 3/3 react d . Since the reaction mixture is 

unstable even under nitrogen , it is V P J'"Y di ffi cult to 

is l ate reaction product . 

Th bla.ck r cipi t at e separates out s lowly in t he 

cone ntreted s lution or it can b obta i ned by addi t i on 

of dry n- h pt ane . Either solution and precipitate turn 

rapidly greyish gre en in air . Dec mposition of reaction 

mixtures with met hanol causes further evolution of ethane 

and ethylene which when added to g~Jses evolved durin the 

r a ction, amounted to 3 mol es of gas per mole of al uminium 

tri et hyl . 

Analysis of black brown pr cipi t ate is obtain as 

Al / Cr • 3 even lt high ratios of Al/Cr in rea ents . 

Al / Cr (reagents) 

t 7.01 
' 
' 7 .$3 
' 

9.79 
t 

- - - - - - - - -

1. 

' 

_, -

Al/Cr in ppt 
(by adding in 
heptane) 

3. )3 

) . 15 

.3 .1 41 

- - - - - -

' , 

In the I • .• Spectr 8 of r ea ction roducts (from 

rea ents Al / Gr • 6) and t he f locculation products, the 

characteristic of Cr (AcAo) 3 lik e parturbed double bond 

end carbonyl bonds nd al s o characteristic b·ndn of 

aluminium triethyl h ve been maintained 1n bot h the 

substances . 
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Magnetic e·suroments, by Gouy's m thod, on 

reaction solution in dry nitrogen .nre sho1t:n i n th . table 

below. The reaction product of Cr( AcAc) 3 and aluminium 

tri thyl has zero susceptibility. 

- - - - - - - - - - - - - - - - - - - - - - ~ ~ ~ - ~ - ~ 

ubstance 

cr3+ (AcAc} 

c r 3+ -in Crl a cad} 
3 

Al(C2H5}3 
eaction product 

between 

Sample + Solvent 
wei '!ht of 

0 . 030 5 + 1.0638 solvent 

0. 0) 06 in 1.0638 solv nt 

0 . 0742 in 0.9222 solv~nt 

Al (CzH 5}3 & Cr(AcAc} 3 0 .1 015 in 0 . 96g7 

Susc.ept.ibilit y 
106 

per g . 

+ 15.5 

+107 . 5 

+ 0.81 

o.oo 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - -

From composition of crude reacti· n product as 

isoleted by fiocculati n nd wash d " .. ,1-th dry n-heptnne 

as well as from amount of gases evolved, the stoichiometry 

of reaction r esults as : 

~ bere X i s reaction product in w i ch 1/Cr • 3. 

Chromium is reduced by the rea cti ~n to zero 

val ncy state, but charaot ristic structure of acetyl 

ac tonate ri n~ appea rs substantially unchanged. in 

reaction pro duct"' , two C2 H5 groups pe r mole 

react ed are present and can be r moved by de compositi on 

with water or met ha nol. 
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F'rom t he above r es 1 ts and aceountin o- for t he 

electron defici Pnt charact r of alumi ni ·um triethyl and 

as well as from the r esults from res~arches on reaction 

between or ano alumini um an carbonyl containing eompounds 

the following nechanism involvin . of one c2H5 group and 

formation of C-O-Al bond is depicted . 

Three new C-O- Al bonds are formed in pl ace of 

three C-0- Cr bonds . 

The chel at e ring structurE? of acetyl acetonate 

as well as the six C-O e uivalent bonds with intermedi Dte 

cha racter b t ween si ngl e and double bond will be maintained . 

All six 0- 1 bonds will also ha ve t he s¢lme bond 

character. It i s , hence , strongly indic· t ed t hat t he 

compl ex i s one shown above with a stoichiometry of 3 Al to 

1 Cr . 
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!#hen variation of rate of polymerization at 

different molar ratios of Al/Cr from 1 to 9 was investi

gated, the rate of polymerization was maximum at the 

molar r~tio of J Al/Cr. This molar ratio of maximum 

activity was verified under t wo different conditions. 

In one case. t be concentration of chromium acetyl aceto

nate was maintained constant and aluminium triethyl 

concentration was varied to yield different molar ratios 

of Al/Cr. In the second cas e, concentrations of chromium 

acetyl acetonate and oluminium t J•iethyl were VDried but 

the sum total of th eir individual concentrations was kept 

constant at all r at ios of Al/ Cr. 

The maximum activity in both sets of experiments 

was obtained a t the molar ratio of 3 Al/Cr. .lso by assum

ing a s toichiometry of reaction of 3 mol es of triethyl 

aluminium end one mole of chromium ae P.tyl eeetonate, the 

molar eoncentrntion of the catalyst complex formed was 

calculated in the second set of experiments (Table 13, 

page No.eq ). ~he rate of polymerization was found varying 

linearly with calculated value of concentrati ~ n of complex 

(Fi g.1 2} . It is hence reaso nable to conclude that t he cata

lys t complex of maximum activity in the polymerization of 

styrene is formed from the reaction of 3 moles of aluminium 

triethyl vvi th one mole of chromium oeetyl acetonate and 

which has probably the structure suggested above . Excess 

aluminium triethyl even upto Al/Cr • 13 does not produce 

any different maximum in cotalytic activity curve. This 
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i s in f:l r · ment v~i th the fact thDt even T.Jt diff ·,rent 

molar r a tios of 1/Cr employed initially, the molar r atio 

of combined 1/ Cr in the flocculat d reactio product is 

only J. 

There is e s . ift in mDximum catalytic activity t ·o 

molar ratio of Al/Cr • 4 in ca e of isoprene (Fi g . 13 ) • 

This shows that .;l nn differ nt m nomers ar olym rized 

with th s ame c t~lyst components, maximum activity n ed 

not be obserV·ed at the same molar ratio of components. 

Similar observrtio s have been made in c8se of 

isoprene and butene-1 polymeri zations with tit ~ nium tetra

chlorid and aluminium triisobutyl. lith i soprene the 

maximum activity i s at 1.2561 but in the case of butene-1 

t he ratio of m£•Ximum activity is 1.75. 110 Similorly, t he 

molar r atio of maximum aeti rity is different for ropyl ene 

nd t ylene with lithium butyl and titanium tetrachloride 

catalys t s y tem . For ethylen the r atio is 1.5 to 2.0 111 

and for propylene it is 1.8 to 2.5. 112 Hence it is not 

easy to conclude that the catalyst s ecies r es )onsible for 

polymeri zati on (of 1sopr ne nd styrene) in our experiments 

are r odi cal l y differ ent in ea ch case. They could essential l y 

bt) the sam • 

The product of tre reaction of di-ethyl aluminium 

bromide \dth chromium ac .tyl acetonate may form. by exchsn e 

reaction of halo en groups. 

It has been s hown in th case of di-ethyl aluminium 

chloride and cobalt acetyl acetonat e 11 3 that t e prec1pitat d 
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reecti l'm product i cobDlt chloride formed by the exchan"'e 

reection. 

R"'- R 91 
.......... 

1-Cl + . -Co-X ~ / Al + co - ( 2) 
p / 
! - R \ 

"j. 

(R = alkyl) 

~imilarly t h re cti n product of Vanadium ac etyl 

acQtonate and di ~ t yl chloride 114 in benzene is ethyl 

vanadium. dichloride, which is preci _, itated and settled vt 

the bottom. 

R action pro uct of et yl alumini um bromi de and 

chromium acetyl acetonate is much lena stabl e than t h t 

from tri-ethyl al~tnium and chromium ac tyl acPtonate 

and in about J how~s a g reenish tinge could be det cted 

in the reaction system indicating formati n of diff erent 

products . 

Duri g polymerization wit h both catalyst s , it is 

observed thE!t the molecular weights of t he polymers do 

not vary . This would not be t he case if the growing c ~ain 

has lon lifetime of growth as f ound with11 5 Ioe chst 

modifications of Ziegl er catalyst . With such catalyst 

roducing chains of lonR li f e time of t he orde of hours 

or many inutes, it has b en ossible to synth s i ze block 

polymers of incr asir g molecul a r weight and changing 

com osi ti n by admitting differ ent monomers after t he 

chains have b n grown to certedn l ength of time. But 

the c nst anoy of the molecul ar weight during the reaction 
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time used have indic ~ t ed t ha t the growing macromol ~ cul o 

do not have long lifetim.e as obs rved with the above 

catalysts of simil· r nature but are termim.lted aft~r 

short time of the order of one or t wo minutes or less . 

The number end the nature of catalyst sites obvious ly 

ar e not altered meaourably by this termination since 

constant polymerizati n rat es are observed t hr oughout 

the react io n times. Then t he catalysts are r egener ated . 

( Tabl e t- o • 1 5 , 2 J } • 

Kinetics of RQlymeri7.ation 

1) The rate of polymerizati ' n of styrene in homo eneous 

medium by the catalyst from chromium acetyl a cetonnte and 

aluminium tri-ethyl sy"'t m is h Et l f ord r with respect to 

chromium acetyl acetonat e concentration and first order 

wit h res eet to monome .· cone ntration. 

• • • • • • ( 3 ) 
1 able No . 16 , 17. 
Figs. 14, 15 • 

2) But the rat e of polymerizati n is fi rs t order with 

respe ct to isoprene concentration as well as chromium 

ac tyl ac t onate concent r ation. 

Rp o( [!v onomel] @r Ac cJ • • • • • • ( 4) 

Table t~o . 25 ,26 . 
Fi gs . 19,20. 

3) In case of h t erogeneous Gyst m of olymeri ?- ntion 

of di ethyl alu~tnium bromi e , th r ote of polymeri zation 

of styrene i s first order with r esp ct to chromium acetyl 
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a ceton~ te c neentrati n a~ wel l as monom r eoncentrati n. 

• • • • . • ( 5 ) 
1 a b 1 e r 0 • 30 , 31 • 
Fi • 16,17. 

Th ~ r at constants in ea ch case were calculat d 

from the slope of t he plots of rat e vorsu Monomer as 

well as Cr et c as shown in f i ur s 14, 15, 19 , 20, 16 , 

17 . Valu s of K obtain ed t hus from both p l. .. s aa-ree with 

ach oth er in each c s e. 

Styrene polymerization with CrAcAc and A1Et
3 

(GrA cAc) VDriation 

K X 105 ( 1/~-1} 1/ 2/ S 

1. 442 

( ~anomer] Veriation 

K X 105(1/M)1/ 2/ S 

1.381 

I . .:o oprene 1201 ymerization with Cr Ac!.e and l\1Et 3 

(CrAc 6J Val"istion 

K X 104 1/ VS 
5. 0 

(~·1onomer) Vari at ion 

K X 104 1/H/ S 

4.0 

Styrene polymerization ~ith CrAcAe and Et 2 l Br 

(CrAcAc) Variation 

K X 104- 1/M/ S 

3.276 

Q:tonomer] VaricH:ion 

K 104 1/r-1/S 

3. 3$8 

Th activity of th se c~t alyst systems was much 

more t han TiC1
3 

and Al umini um alkyl ~ nd diethylaluminiQm 

halides ~ 2g iven in the following table . 
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Rate constants at 60°C. 

- - - - - - - ... - - - - - - - -
' ' 10 4 (min:- 1 mole - 1 ' ' Catl.llyst. t K X l) ' 
t 

' 
t 

TiC13- Al 5t 2cl ' ' 13 . 7 ' 
' ' 

' TiClJ- t 2Br 12 . 6 

' 
' TiCl;- l :..tJ 22 . 7 t 

' 
l. - - - - - - - - _,_ - - - - - - - - - - - - - 1 

Chromium ace t yl acet onat and alumin ·um triet yl 

cotalyst sys t e is apvsr ntly hoaog ne us s y t m in 

benzene and bimol euler terrrdnation could t ake pl ace 

easily. But it will be iff icult to visualise a bimole-

cular termination of rowing speci es loca t d in hetero

gen~ou s catalyr.t sites . Indeed , i n the case of iso r ene 

polymeri7.ation wi t h the same chromium acetyl ac tonate 

t. nd aluminium tri ethyl ca t alys t ,;:) ys t em ic' comes 

h terogPneous at higher concentration , first order i s 

obtained . 

~'le can now deduce the r ate l aw as gi\"" e:n below: 

Since t h concentrat ion of growing catalyst s ecies 

[ c ~) will be proporti nal to the c t alyst cone ntration , 

t Ja t is [GrAef\~ 

~ e can write 

.Qs.)~( 

dt • K [CrAcAcJ • 
K - Rea ct io n C8 nstant 

• • • ( 6) 
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and for bimolecul ar termination 

polymer product • • • ( 7) 

i.e. .. 
kt - Terminat ion constant 

It is deb at abl whet he r a steady stat e can be asGumed, 

but if s te;:1dy s t at e with respe ct to C * is obtai ned, 

t hen 

i. e . 

= 

and since Rp - kp 

.. K CrAc!l.c 

1/2 r AcAc 

• 

• 

CrAe c 112 (1-1 ) • • 

kp - Propeg tion const ant 

K Initi ation constant 

• • U~) 

• • ( 9) 

• ( 10) 

s mentioned earlier this 1 ~ further s upported by the 

f act that with the St1me e t alys t species which is 

heterogeneous in i s oprene polymerization, where it is 

difficult to postul<.,te bimolecular termination, only 

firs t order reacti on is obtained. 

Bimol~ cular t ermination may be as aiven below: 

2( Cat): CH2- HC - CB 2- HC - CH2 - HQ - R --- 2 Catli 

5b6 H5b6 H5d6 

+ - CH 2 .. C
1 

- CH2-
1
cH - R • • ( 11 ) 

H5C6 C6H5 
Or 



CH S - f H - CH2-

C6H5 
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1
H - CH 2- ~H 

6H5 G6H5 

but I o.1 2 will be a r emote possibility. 

• • • ( 1 ) 

Similarly, bimol ecular termination has also b n 

obta i ned i n c' "e of et hyl .n polymerization with dicyclonenta

dienyl titanium d~. chlori de and aluminium trimethyl catalys t 

s y~tem. 116 Dicyclopentadiene titanium dichloride and 

trim thyl aluminium ca t alyr.:lt syot m i s ep ar ently homogenous 

i n toluene. In this nolymer i zation bimol cular terminat i n 

is f acilit ' t ed by solubility of cat al ys t specie ('! in medium. 

Reaction kinetics i s s t udi ed by r adioactive m t hod at )0° C 

in tolu n • Initi at ion i s stu l1ed by u~ing c14 1 belled 

Instantaneous concentration of prop aaati ng 

m t a l alkyl complex ( C J i s obt i ed by quenchin~ the 

ali uets of ·olym ri zi ng mi xtur es wit h I
2

• 131 The 

propD ation step i s firs t ord r in monom r and [OJ • 

Terminlltion i s second ord r with resnect to [cJ. These 

kinetics r el oti ns obtain d in case of mat al alkyl complex 

are us ed to find the ord r of r ate of polymeri zation with 

respect to actua l cat alyst used in the reaction. Squar e 

root of cone ntrGtion of dicyclopentadienyl titanium 

dichloridE' i s propor tional to met al al kyl co 1pl ex [ C J . 
1 

Rp • Kp C r.1 • Kp Qc H5) 2TiC1 2J2 . [M ] •••• (13 ) 

Kp r te constant of propagation. 

The pos sibility f r adical polym rization is r ul d 

out sine the overal l activation nergy of polymeri zation 

of ethyl ne with dicyclopentadienyl tit nium dichloride 
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and trimethyl alumi nium sy tern i s 11.75 kc al/mole which 

i s in a ree 1ent with th value of llCtiVlltion energy 

estimat ed as 11.5 keal/mole in the propyl ne polymeriza

tion with titanium trichloride and aluminium triethyl.39 

1hi s polymerization of propylene with titanium trichloride 

and aluminium t r iethyl i s proved as anionic. On the other 

bond in radiC£11 polymeri "r.ation of ethyl ne by di-azon 

methane117 the activoti n energy estimated i s 34.S kcal/rnole 

and in thermal polymerizati n of ethylene al so , it i s 

43 •7 kcal/mole. 118 B th th 1 f ti ti o , e v a ues o ac va on energy 

are ve ·y high as compa r ed to that of an ioni c polymeri

zation. It i s s howed that even though the bimol eul ar 

termination reaction works in homogeneous cat alyst sy~tem 

of polymerization, the mecha ni sm of polymerization can 

be an anionic type. 

Besides bimol ~ cula r termination in homogeneous 

catalyst sys t em for polymerizati on, certain other termina

tion reactions oper ate. 

It appear s tha t the aluminium alkyl has react d with 

the growing ch<: in of nolystyrene b ' a chai n transfer 

process since it w~s observed th~t the degree of polymeri

zation wa s inversly proportional t o the square root of 

aluminium tri ethyl concentration, at constant concentration 

of chromium acetyl acetonate. (Fi g .21. Table 14). It was 

further noticed th£t the r ate of polymeri zation did not 

increase or decrease wi th the increasing amount of aluminium 

tri ethyl, so it makes clear that the cha in termination is 

obtained through chain transfer to aluminium triethyl. 

(Fi g .13. Table 14). 
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It can b as s um d t at t he alumi nium t ·· i .t yl ets 

i n t h dissoei~t~d monomeric f or m i n th e chain t r an f er 

proce s s s ince al umi ni um tn1 et yl i s normally di me ric, i n 

equilibrium with monomeric structure. 

''e can write chein trans fer 

{ '\ lEt~ )
2

- } 2 A. l EtJ • • • ( 14) 

AL"tJ + Cat P -~ ~ 1Et2P + Cet Et • • • ( 1 5 ) 

Al ·t 3 - L l\ l Et J 1
h 

J 2 
• • • ( 16 ) 

hence 

1 
1;. 

Pn c/...... lltl.Et] ~ • • ( 17 ) 

l here can b e h t ropol ar di s oci ati on es f ol l ows besi dAs 

homo. olar di . soci ation 

It may t k ,o part in t he chain tran"' f er re ct:ion i the 

initi al st y~e of p l ym ri zeti on . 

(c t-)( +} Al(C H )(-) (CatJ( +){-) C.'
2

CR
3

+ a + t \ 2 5 4 .._,. ~ 

• • • • • • • • • • • '20 ) 

In t he l ate ·~ s t a. es of ol yme ri zati n 1 t i s os 1 ble t h. t 

t here may occur tran ~ fAr pr oces s involving more t hen one 
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et hyl (!'r oup per lumini um t om . In thi s way, the e t alys t 

wi ll be r g ner~1ted whil t e m n me l' nl kyl alumini um 

t akes l:lrt in the quilibrium of association with ot er 

alkyl s in s ol ution. 

In ces e of l u le species of c t alyst s in the 

s ol v~nt, there can be a t t 1 ubstitution of t h olym ric 

Blkyl aluminium compound '\"lhi ch i s bound to a c at alytie ~; ll y 

active com l x cont ini (l' t e tr·nsition meta l s follows : 

P • Polymeric chai n. 

Y • Alkyl roup (ethyl or p ,l yme ric chain) 

Thi~ i s ju~t kine ica l l y e uival nt t o t he s c. eme in 

equations 19 and 20 . Thi s typ e of ch~tn tr .. n fer me c oni sm 

involving luminium t r i ethyl ha b n obs rved in t e o ly

meri zati n of pro yl en :.> with titanium chloride and lumin ium 

t r i et y1. 64 Accor ding to equat i on 21, t er ination r ction 

in case of het erogene us polyme J-izstion of s tyrene with 

Al t 2Br - Cr cAc e n be by ch&in t r an fe r with cer t ain 

s ol u l e cat lytic p ci Ps in the r e c t i 0n s ys t m. sin ce th 

molec ul ar weight de crea es with increa~i ng concentrati on 

of chr omium acetyl a cet na t e . (Fi .16. T bl 25). But 

t hi s d. creas e in mol e cul a r we i ght with in cr ea r- i ng concen-

trat ion of cat al ys t s upports the bimolecular termination 

of t he polymeri~ati n rea cti n of styrene in t he homo ene us 

sys t Pm of chro ium cet l acet onot e and aluminil~ tri ~thyl 

(Fi • 14. Table 16) . 
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It s ms thot in i soprene polymeri ,..ati on with t he 

same cat~lys t sys tem usee for styr ne pol ymeri zation , the 

termination rea ction is altogether different. The mole 

cular weight increases with increasing concentration of 

chromium acetyl acetonfte , ( fig. 1 • Table 30), and at 

constvnt concentration of chromium ac tyl acetonate, the 

molecula r wei . ht i s f airly constant with incre sing 

concentration of aluminium alkyl (fig.13. Table 29 ). 

Since this catalyst system is heterogeneous for iso r en , 

these all data obtained above in ca e o f isopreLe poly

merization suggest th s ontaneous termination of poly

mer! ation of isoprene • 

...: trucrure of Polymers 

1he mole cul~r weight of pol ystyrene obtained with 

these c~talyot systems is comparatively low and varying 

between 6000 to 60,000 and nethyl ethyl ketone l eft 

little res idue of high mol oular w i .l:!ht isotactic olymer . 

But t he infrare d spe ctra analysis showe the absorpt i on 

bands at 1364, 1314, 1297 and 1185 cm- 1 which are charact~r-

istic of isotactic polymers . 105 On comparin the absorp-

tion ban at 1070 cm- 1 of these sample with that re orted 

by Morton, 106 it \'las f ound t ha t these polymers hav poor 

isotacti city. Morton and Ta ylor obs erved the t the shape 

of absor tion band at 1070 cm-1 changes eccording to the 

gradation of isot acticity in the polymer. For t he ~ood 

i~otactie polymer, there is bifUrc ~ ti n of the absorption 

band at 1070 cm- 1 into two bands at 1080 cm- 1 Bnd 1060 cm- 1 
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and for ataetic s~mple, ther _ is sharp absorpti n at 

1070 cm· 1 • This has been shown i n the picture drawn on 

the pa e No.ll2 

Microstructure of ~ olyisoprene 

By anionic mechanism , polym r structures iven below 

are pos nible. 

I 

III 

R - Radi cal. 1 - -•1.1etal. 

1 
I 
C - CH • CH 2 
I 
CH.3 

II 

R - CH - CH - C • CH 2 I I 
!>1 CHJ 

IV 

Polyiso rene obtDin d by chro ium ac tyl acetonate 

an aluminium alkyl cata ly~t ·'"' ystem wos found having strong 

a bsorption bands at 3077 cm-1 1645 em -1 890 cm ... 1 and 
' ' 

909 cm- 1 • Absorpt ion bands at 3077 cm- 1 , 1645 cm-1 and 

890 cm-1 are due t the isopro enyl groups L the polymer 

structure . Thi s showed t nt t he olymer c ntains J '4-

addition structure . 119 Si.milarly absorption bend at 

909 cm-1 indicates the pres~nce of vinyl groups in the 

structure and t 1ese vinyl groups indicdte 1, 2 addition 

structure in t e polymer. So 1 t can be concluded t ha t 

the polyisoprene is f or med mainly by 3,4-addition and 
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1 ,2-addition (Fig .24 ) • Polybutadiene73 obtained by the 

same catalyst sy tem, was shown containing 90-95 IJ 

1,2 addition and 4 ,6-~ 1,4 addition structur es . Polybut adi ene 

obtained by Ti 0Bu
4 
- Alalkyl 120 cat·11 ys t system al so contains 

mainly 1,2-addition structur. These all examples of 

formation of 1,2-addition str cture in t he diolefin 

polymerizations lead t o tho t heory of Tr -complex forma tion 

of monomer with transition metal compounds. 

•1echa nism of polymP-rizstion 

From a vr~i l<.. ble evidence, it can be ostul t ed 

that styrene and iso r ene react with chr omium met al in the 

co mplex catalyst f rmed by the rellction of chromium acetyl 

acetonate with aluminium tri et hyl, resulting in a 

-~-~· -complex of c r o i um . Chromi urn , Cobalt nd .Jickel are 

known to react ·ith butadiene, forming -il -complexes. 121 

Monomer forms e TI -m P.tal complex by overlap ing of its 

l\ - electrom1 1.-dth metal orbitals, probably the Jd 

orbital s of met al s . 122 

In the me ch<mism. postul et d for polymerizr~tion of 

ethyl ne with dicyclopentodiemyl titani um dichloride end 

trim t hyl aluminium, 116 the propagati on step i s t hrough 

the -n· -met t~l complex form ti n. The cat alyst may have 

ability to hold. the monomers via lT -bondin .· until the 

transition state complex i s formed . It is al so likely 

that the configuration of this complex nabl s e si r 

trens f~r of energies amon _ various vibrational modes of 

freedom t han in the cas e of free r adical pol ymerization . 
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7ei 1 3 h~s lso sh wn th~ t met al complex of 

chromi um as triphenyl chr mium forms in th~ reaction of 

chromiwn chl oride and phenyl man sium brom.ice in tet ra

hydrofuran. Thi s triphenyl chromium reacts wi th acetylene 

or s ubstituted acetylene , r sultin in cyclisation and 

polymerization reactions . 

le can et a better idea of this complex formation 

fr •m t he reacti on product of Nickel a cet yl a cetonate with 

organometnllic compounds. Intermedi<.l te compl ex form i n 

the Nickel acetyl ac -t n te reaction with organomet allic 

compoun s can be isol8ted.12 1 and t he nature of t hese 

complexes has be n studie d b y conducting reactions with 

butadiene. It has not been possible for us to is l ate 

intermedi ate pr oducts in ca ,·e of chromium compounds . 

Nick el ocetyl acet nate even reacts with P(C6H5)
3 

or As (C6H5 )
3 

and f orms a complex as Ni-( 0 )- P(C6H
5

)
3 4 

or Ni- (0 )- As (c6H5)3 4
, as an activ cata lyst . Nickel 

in t h se complexes i s reduced to zero v~lent state and 

t hese eompl oxes r~act with butadiene to pr oduce cyclo

octadiene , vinyl cyelohexane and cyclo-dode eatrien • 

# 
_! 
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Tn mechani sm of thi s re cti n from st udi E>s of nickel 

compounds is ass umed a s lT -complex f orma tion b t ween 

butadiene mole cul s and the transiti on met als , which are 

pr es ent in the low r valent states i n the cat alys t, will 

tend to fill up t heir electron s ystems as much as possible 

in order to attain t h next higher inert gas configuration. 

This will cause the transition metal atoms to share in t he 

1T - electron syst ems of the conjugated d uble bonds of 

butadiene molecules , leading to t he forma tion of TT - el ectron 

compl exes . Substitut ed met hyl groups in eonj .at ed diolefins 

influence the course of rea ction especially, i so r ene i s 

converted to open cha in dimer. 124 

1H3 
CH3 - CH • C - C 

9H3 
- CH • CH - C ( 22 ) 

Thus t her e i s a r dy reacti n of 1T -ele ctrons of 

olefins with 3d orbital s of transiti on met · ls, r esulting 

in the IT -complex format ion of di ff er ent stebili ties , 

leadi ng to differ nt reacti ·m s like cycli"'ation , nolymeri

zstion tc. But t he firs t st ep i s an activation o.f monomer 

by n· -compl ex fo rmo ti n. 

· Chromium acetyl ae t onate and aluminium alkyl i s 

al s o r eport ed pol ymerizing ecetylene t o linear high mole

cular w i ght pr oduct. 125 

Now i t can be j ustifiably aosumed th t styr ne 

reacts with the cat alytic com. l ex of the rea ction of 

chr omium acetyl ae t orult e ond aluminium triet hyl. 

Initi ally, the reacti on woul d be bet w en t he s tyrene and 

the chromi um met tJl which i s in the reduced vnl ence s t ate 
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in t he ca~alytic comple , r sulting the formation of 

m t a l complex of chromium ~~th styrene in the actiVPted 

state. Activat d state of styrene will be t he polarization 

of the monomer, facilitating a C - C bond formation as in 

th cyclisa tion reaction of butadiene. The C - C linking 

res . .:1 ts in the los s of double bonds and therefore of 

-~-~ -electrons from the sys tem. 

Propagation of olymer ization can be consider d by 

the insertion of this activated monomeric molecule across 

the metal carbon bond ju'"'t as postulated in the polymeri

zati n of olefins by different types of homogeneous and 

heterogeneous Ziegler type catalynt s y...,tems. 

This metal carbon b nd contains positiv l y charged 

metal and negc tively ch~ rged organic r adi cal from the 

organometallic compounds in the complex. Thi s metal carbon 

bond is a bridge bond which is dissociated ionically at 

time of activation of monomer and from this weaker type 

of bond the growth of polymer is pos s ible according to the 

following equat·ons: 

Cat(+) {-)cH
2

P + CH
2
·fF ~(Cat)+ _c-)C H

2
-?HCH

2
P (23) 

C6H5 C6H5 

P Polymeric chain. 

It is not certai whether synthesis of polymer occurs 

at alumihium carbon bond or chromium earbon bond. There h.gs 

been evidence of i nvolvi ng both types of bonds in the 

propagation reaction. 
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Esp cially, in the polymerization of styrene with 

chromium. acetyl acetom.ite and dietr1 yl aluminium bromide 

from the nature of the product as discussed in the 

formation of the catalyst species, chromi um carbon bond 

csn be considered as the propagating site. Vanadium 

ca rbon bond in the catalytic complex of Vanadium acetyl 

acetonate and diethyl aluminium chloride is also postulated 

as the nropagating site in the copolymerization of 1,3 

-butadiene and 1, 3--pent adi ene. 111 

e have already discussed n the first chapter 

about t his metal carbon bond and whether t i tant urn or 

aluminium is involved in the propagating bond. 

Here, som relevant discus sion of metal carbon 

bond is given in short. 

G. Natta38 ,46 favours the mechanism of propagation 

across aluminium carbon bond in the detailed studies of 

polymerization of propylene with titanium trichloride end 
30 

aluminium alkyls and further he brought aup _ .. ort to his 

mechonism from the studies of polymerization of et ylene 

with dicyclopent~dienyl titanium dichloride and aluminium 

phenyl catalys t system where the phenyl groups were 

detected in the polymer, also triethyl groups from 

triethyl aluminium con ... ai ni nP' 14 C l abelled were found in 

the polymor by the estimation of radioc arbon. 

This loca tion of phenyl roups or ethyl group in 

the olym r i s not conclusive proof for it ·r esence in 

the aluminium carbon bond since t hese groups can be 
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transferred from slum1.nium to titanium and growt h of 

polymerization could be from titanium carbon bond.50 

However, t he growth of olyme r ic chain across titanium 

carbon bond i s support ed by number of workers. 42 ,5 2,53,56 

It h~s been observed from the changes in the r ates 

of polymer ization and reactivity ratio of copolymer of 

ethylene ;propylene with v; rious transi tion met vl halides 

and one met al alkyl but with v~1rious metal alkyls end 

one transi tion metal, there is cons~ant r ate of poly

meri zation and al so reactivity ratio of copolymer ization 

of ethylene propylene remains unchanged.53 Propagation 

reaction i s assume d from transition met al centre. The 

reasonabl e mechanism involves preliminary coordination 

of the olefi n to a vacant d-orbital of t he transition 

meta l and rearrangem~nt to incorporate the polari s eQ 

olefin into a growing polymeric chain. 

In t he soluble catalyst system dicyclop ntadienyl 

titanium dichloride and aluminium alkyl or alkyl aluminium 

halides of ethylene polymer ization, the simple addition 

of ethylene to the t itanium carbon bond in the organa

titanium complex is considered and the role of aluminium 

alkyl io nothing but to supply alkyl groups to titanium 

and to ma ke titanium more , ositive in character to attract 

the olefin molecules more strongly. 
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Hence, though it is not est abli shed whether chromium 

or t~l umin i um is involved in the prop a ati ng met al C!lrbon 

bond , it can be beli ved t hat t he propagati n i s t~ t met c~l 

car b m b nd . 

Even tho ~h t he e act location of the propagation 

rea ction i s not definite v r all polymeri 'Zati on react ion 

i s beli ved as anioni c . Thi n is eviden t. from t he 

chain trans fer r ea ctions of alumini urn alkyl and zinc 

diethyl wit 1 the polym .. r ic chain. ChtJin trc-.nsfer reaction 

with aluminium triethyl a~ bPen al ready di s cused on 

pa es 

T. e degr ee of polymeri zat ion was observed decrea~ in 

wit h increosin~ concentra t ion of zinc diethyl . Thi s shows 

t hat zinc di et hyl i s involved as a chain tr"1nsfer at?' nt. 

Zinc diet yl can r ea ct at t he ani onic props ati ng end 

of the growing chain by trans f r r ing t hyl zinc to t hat 

end and s toppin t he ,rowt h of the chain . The e uat ion 

of the re action . iven b~low expl ains it clearly . 
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(C, t )CH2-9H -(CI 2-CH )n-R+Zn( C2H5)2 
C6H 5 ~6H 5 

101 (Cat) C2 5 ~a y n t be t at f ctive t o initi ate t 1e 

ryoly e i7. ati ~n , si ce t he rate of _olymeri zat i n w s f ound 

d creasin •i t h in creasing e ncentret!on f zi nc di et hyl. 

Thi s eff ct f zinc di et yl on the mo l e cular weight f 

po lymer i s also observed in the polymeri zati n of ro yl n 

\~1 t h tita n.ium trichloride and a lumini um tri ethyl and is 

the conclus ive" t est of ani oni c me chanism. 101 

Recently , polymerization ' f ethylene -w ith different 

fo rm of titan ium trichloride a well vs different tit()nium 

aluminium com 1 x a nd zinc diethyl s yst ems has been 

investi gated to observe the eff eet of zinc di t yl. 125 

Her e t hf' mol('cular weight est! a ed h~ - b n found 

decreasing with ,inc diethyl concentrati on indicatin thvt 

zinc di t .yl ects as a chain t ra nsfer agent whatever the 

nat ur e · f the transi t! n eta l may be . 

nionic echani sm i s a l o evid .nt from t he ov rel l 

activati n ener y. Fi ~ . I o . 23 . 

---------------------------------------------------------
Activation energy. Ca t alys t s yst em r·1onomer 

- - - - - - - - - - - - - - - - - - - - - - - - - -
Kcal/mole 

10. 235 CrAc cA1Et
3 

Styr ne 

11.52 Cr cAc/\ l Et 3Br " 
11. 52 Cr Ae cAl EtJ !so rene 

---------------------------------------------------------
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Overall activeti n energy esti ma t ed wi th polymeri

zat L .n by chr omium acetyl acet onate and aluminium al kyl 

i ~ i n a r ment with values f ~ ctivation energy of oly-

meri zeti n wi th di fferent c t~l y t s y. tr-.m'"' polymeri zin 

ani onic' l l y. The r esul ·re t obuleted bel o 

--------------------------------------~-----------------\ ctivation ner y. t aly t j!'onomer 

- - - - - - - - - - - - - - - - - - - - - - - - - - - --
Kcal/£ ol 

9. 4 Ti ClJ l ~t 3 90 3tyr n 

20 .0 91 PhenylMe:Br . TiC14 " 
17 .0 BuL1 14 n 

14 . 4 TiC14- Ali Bu
3 

61 I so rene 

------------------------------ ---------------------------
~o it can b viewed t ha t chromium a c tyl ac ton te el umini um 

triet hyl end di et 1yl aluminium bromi ee cat al yst syGt ems 

olymerize styr ne cmd iso r ene by coordina"- e anionic 

mtt.chanism. 

Now we can give t he complete mechanism of poly-

m rizati on as under : 

1) Ini ti ati n of polymerizati n by lT -co pl ex formation 

of s tyrene and isoprene with chr omi um in the cet alyti c 

compl ex . 

2) Propegation of polymeri r:at ion Dt met·l carbon bond . 

3) , nd bimolecul ar t er mina i ; n as well as t er rnin tin 

t hrou h chain trvns fer with al umini um al kyl i a for s tyr ne 

polymerization. But for i so r ne i s by s nt [· ne U'"' decom

ositi n of t he olyrneric m l eeule havi ng met al ~t one end 

into metal hydrid? nd r olymori c molecule . 
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SUMl1 ARY 

Th di s cov ry li/B S m de by ZiE>gler in 1 53 thnt 

ethylene c ul be olymeri zed at atmo heric res <- ure 

tmd n r ' 1 ·!i ·. tures to yield linear hi ~rh enni ty 

polyethylene by us i ng cat vlycts C) ,bination of "tr· nsiti n 

metal hal i des ·nd m t i l alkyl~ of ,roup I-III. T ese 

Zi egl r type cuta l ysts wE>r l c:•ter extended and modified by 

Natt. g t o t e · olymeri tlti on of lefins to f:'terE"orPgu.l r, 

c ryst tl llis ~ ble . olyme l~ o nin ce t en th d t· ilAd f' t Udy Of 

t e kinetics and m" Ch2nism of polym e· i ::r ati ons usin theB 

powerful C8t al yst s ystems ha s grown r rnDrkably in interest 

and import ance. 

Th present investig ti >ns rel t e to olymerizations 

of s tyrene with 

1) Lithium is amyl-TiC1 4 in n-hexane and ben zene. 

2) Alu_minium tri thyl chromi um acetyl aceton:.. te in 

in benzene. 

3) luminium di et hyl br)mi ie chromium acetyl acet nate 

in benz ene in the t ern Proture rnnge 30-59 C and polymeri

zation of i sopr ene with aluminium triethyl and chr omium 

ac etyl ace t na te Et 40°C. 

11 polyme .~i ~ at ions e; nd di s p · nsing of C<"Jtaly ' t 

sol uti 1ns w re d ne un er an inert at mo· here of nitrogen 

aint ained in t 'dry box' fabficated for the ur ose. 

Aetsl alkyl . us ed ~re r e ared by standard methods . 

The de Pndence of · -, lymeri zati n r c_te, molecul ar 

weight, struct r e ond s t ereos } ec i fici ty of pol ymers form~d 
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on the followin variables have been ~ tudied. 1) ord r of 

a d~ ition of cat alys t comp onentn und monomer, 2) a eing 

of cut alysts, 3) mole r atio of cat alysts compon ~~ts , 

4) time, 5) monomer c ncentrati n, 6) ca t alyst concen

tration, 7) solvent nedium, S) added reag ntr like stilbenP 

and zinc diethyl. 

below. 

The result a o~tai ned are sum . ari zed 
0 

vi nce the lithium i soamyl or titanium tetrachloride 

separately polymerize styrene, the mixin of the catalyst 

comronents was one pr1or to ad<ition of monomer to preform 

the brown precipitate of bimetallic complex catalyst which 

behaved re roducibly f t er an ageing time of 10 minutes 

durin~ which time evolution of gaseous products was observed. 

A maximu..'ll r ate of polymeri ,.,. at i on was obttdnecl at Li/Ti "' 2. 

The r ate decreased s . arply with polymer! zation time indi eati ng 

that the cataly~ t sit es were being covered probobly by preci

pit ~l t ed polymer in hexane . This was confirm d by t he dis

appearance of t his effect in benzene whi ch di t s olved the 

polymer. The molect. l ar weight of the olymer was cons t a. t 

which .... howed th!.i t the gro, ... Q.ng m<.J cromol~cule was shor t lived . 

The r ate of po lymerization was firnt order lrlth respect to 

monomer and the r CJ te w s directly )ropo1tional to (Ti+) at 

constant Li/Ti ratio which would mean thDt active cs t alyst 

sites are on th hetero eneou!3 surface of TiC13 formed in 

direct propor·tion t o titanium tetrachloride employed. 

Tran:J-stilbene wvs f oun among polymeric reaction pro ducts 

and was part of it al s o s own to b chemica l l y boun to 

the p ~lymer by obs rvvtion of fluorescence and infrared 
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spectra of the pu1·ified polymer, The effect of added 

stilbene on other conventional Ziegler type catalysts was 

hEmce tElken up and a measurable lowering of molecular 

weight and stereospecificity and increase of rate of 

polymerization were noticed. This is significant in view 

of the high rates of polymerization and low molecular weight 

snd poor stereospeci ficity of the polymer obtained with 

Li R-TiC1
4 

cataly~ t s ys tem, 

In contrast to the heterogeneous cdtelyst from 

Li~-TiC1 4 the c mbination of Cr(AcAc)
3 

with Al( Et)
3 

res ulted in ap .srent l y homogenous dark brown complex 

solution in benzene, The maximum rate of polymerization 

wa s observed at the r ntio of Al/Cr=3. There was no increa~ a 

in the rate of polymerization within 3 hours showing that 

there was no chonge in th nature of ~ ctive catalyst, The 

molecular weight of the polyme was fairly constant during 

reaction time upto g hours wlich showed that growing ma cro

molecule was short lived. The rate of polymerization was 

found to b proportional to CrAcAc 112 and first order with 

respect to Monomer at constant 1/Cr ratio. 

To gau . e better the effect of trvns-stilb ne formed 

in LiR-TiC1 4 system, known amounts of trans-stilbene were 

added to this catalyst system. Some increase in rate of 

polymerization with decrease in molecular weight was observed, 

but the bound stilbene in the polymer could not be detected 

as the product did not show fluorescence under ultraviolet 

light but infrared confirmed it. 
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Known amount of Zinc di t hyl was added to t he 

polymeric s yote n and reduction in the molecular weight 

wos fo nd pro ortionate to increasing amount of zinc 

diet yl. This helped to establish participation of 

Zn(Et) 2 in chain termination by the transfer of ethyl 

group fro m Zinc diethy _ to the growing polymeric ehain. 

Similar cat alyst s ystem of A1Et
2
Br and CrAcAc to 

triethyl Al and CrAcAc, unlike the CrAc Ac and l( t:'t) 
3 

formed heterogeneouc· dark brown pr oduct. The mHximum rate 

of polyme ~ization was noticed at the r ati o of 3.5 Al/Cr. 

The rate of olymer.i zation WDS first order ,.n t h respect to 

Mono.mer and dir~ctly pro ortional to CrAcAc • In both 

the s ystems molecular weight was found varying inversely 

with CrAcAc and directly proportional to Monomer • 

Activation energy of the overall polymerization 

reaction was determined to be 9-10 kca l/mole with both the 

cata lysts and 2.05 kcal/mole ~~th lithium isoamyl -

tita nium tetrac loride. This served to point out a mecha

nism as coordinate anionic type obtained in .these systems. 

In case of polymerization of i s o rene with Al( Et) 3 and 

CrAcAc, probably due to the pr~s~nce of the aliphatic 

hydrocarbon iso rene the cata lyst was found to be hetero

geneous and the kinetics confirrned to that observed in the 

case of other heterogeneouc catalysts used here and else

where and differed w1 th the r esults obtained with styrene 

when the same cat alyst was in homogeneoun solution. 

Copolymer of s tyrene and isoprene was prepared with 
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both the cat alys t systems. Further studies were held up 

due to t he i mmedi ate ge l ling of product. 

i t h the heterogeneous Cfltalysts, resul t s have been 

examined on the buois of s urfa ce r eactions after t he ini

tial reducti on of t he trcmsition met 1 compound to a lower 

val ency st ate by the metnl alkyl. 'Ihe important steps are 

cons idered to b e the adsorpt i on of monomer and metal alkyl 

on the active cat alys t sites followed by the propagation 

reaction and termina.tion by 1) dissociation of the growing 

macromolecule from the cat alys t site and/or 2) choin 

transfer with mP t al alkyl especially when Zn( Et) 2 was prestmt. 

The applicability of equations derived on the basis of a 

Langmuir Hinshelwo· d type mechanism h~s been tested and 

dis cus s ed. 
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