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0 I ef i n Poi ymer iza t io n and Cop0 i ymer izat i on 
with Alkyialuminum-initiator Systems. VII. 
initiation by Electrophilic Halogens* 

JOSEPH P. EhTXEDT and S. SEAR.4M 

Institute of Polymer Science 
The University of Akron 
Akron. Ohio 44325 

A B S T R A C T  

The discovery of initiation of eationic polymerization of 
isobutylene and styrene by electrophiiic chloriie generated 
by the reaction of chlorine and trimethylaluminum i n  the 
:emperahre range -40 to - 100: is reported. Bromine and 
trirnethyialuminurn is a very poor initiating system, and 
iodine and trimethylalumiium does not initiate the polym- 
erization of either isobutylene o r  styrene. Polymerization 
of isobutylene initiated by chlorine and trimethylaluminum 
shows a Linear plot of log 3 vs 1; T witki an overall EDP 
of -1.9 kcal, mole. The molecular weights (% of poly- 

styrene obtained with the C12, Me& system appear to be 
the highest ever reported for cationic polymerization of 
this monomer under comparable conditions. The mech- 
anism of initlation has  been investigated by model 

V 

W 

'For Part VI of this ser ies ,  see J. P. Kennedy, Abstracts, 23rd 
Lnternational Congress of -%re and Applied Chemistry, Boston. 
1971. Vol. 1, p. 105. 
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9 70 KENNEDY XND SIV.l.RXv1 

e-xperiments: The reaction between CI2, 41e3X1 and 
2,2,1-trimethyl- 1-pentene gave three chlorinated products 
(2-chIorornechyl-4,4-diAmethyl-1-pentene, l-ch!oro-2,4,4- 
trimethyl- 1-pentene, and 2-chloromethyl-2,4,4-trimethyl- 
pentane). The position of chlorine in these compounds 

indicate initiation by electrophilic chlorine, C1'. Some 
preliminary results obtained using dierhylaluminum 
chloride-halogens a s  coinitiator- initiator systems are 
also described. 

I N T R O D U C T I O N  

Lewis-acid-catalyzed addition of halogens to carbon- carbon 
multiple bonds are generally thought to proceed through the 
fo1Iowing steps [ 11: 

-c1-c-c-c1 * MCL 

where MCL is a Friedel-Crafts halide such as FeCL. We 
theorized that the mechanism of this reaction and that of initia- 
tion of a cationic polymerization a r e  similar. Therefore we 
postulated that halogens in the presence of an appropriate Lewis 
acid would function a s  effective initiators of cationic polymerization. 
Previous investigation in this area has established that alkyl- 
aluminum compounds in the presence of suitable protogens (HX) 
[ Zj o r  cationogens (RX) [ 31 a r e  efficient coinitiator-initiator 
systems for cationic polymerization. 

Our present study shows that chlorine in conjunction with tri- 
methylaluminum is indeed a powerful iniciacor system of cationic 
polymerization. T h s  paper concerns the scope and limitations 
of the new comitiator- initiator system. The species responsible 
for initiation in cNs system is an electrophilic c:hlorine atom. 

Prior  to th i s  study ver7 little !xis apDeared in the Iitamture 
regarding the reaction of halogens with crialkylaluminuns. It 
has been reported that the reaction between chlorine and trialkyl- 
aluminum compounds occurs very vigorously, often accompanied 
by spontaneous ignition even at -6O'C [ 41. The reaction was 
proposed to be a radical chain process. Ziegler and Weper [ 51 
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considered an ionic process  for the reactior. oi  alkylalumincrr. 
compounds wrth haiogens: however. because of the uncontrollable 
nature oi the reaction. a definitive characterization of products 
proved impossible. 

E X P E R I h l  E 9T A L 

All experiments were carr ied out under nitrogen atmosphere 
(<SO ppm moisture level) in a stainless s teel  enclosure [ 6 j .  The 
purity and anzlysis of isobut:;lene and methv! chloride have been 
previously described [ 61. Styrene was dried over calcium 
hydride and freshly distilled before use. Trimethylaluminum 
(Texas Auyls, Inc.) &as freshly distilled under reduced pressure.  
Diethylaluminum chloride was treated with XaCl a t  80'C for  2 h r  
to remove ethylaluminum dichloride and &stilled in vacuo. 
Chlorine gas (<99.5% pure, Linde specialty gases! p;as passed 
through a glass c o l u m  (12  X 1 in. i.d.i packed with barium oxide 
and molecular sieves (powder, 3Ai before condensation. t-Butyl 
chloride and 2,4,4-trimethyl- 1-pentene (AlarZch Chemica! C0.i 
were dried over rnslecular sieves and freshly &sti!led. arornine 
%as purified by &stiliation under a n  i i e r r  atmosphere, a d  iodine 
by vacuum sub!imation. 

Po!ymerizations were carr ied out in Pyrex glass tubes covered 
by a stopper. -4 2.8-3.0 11 solution of monomer in methyl chloride 
wxs cooled to the selected ternperature and a dilute methyl chloride 
solution of alkylaluminum cornpound was added. Ragid polymeriza- 
tion ensued upon adciition of dilute methyl chlsride solution of the 
initiator (chlorine o r  t-butyl chloride 1 to the quiescent system. 
Polymerization uas quenched by the addition of prechilied methanol. 
The precipitated polymer was washed and dried for 24 hr  in a 
vacuum oven (45',  -1 T o r r ) .  

were obtained from viscosity measurements of 0.17 polymer 
solutions in diisobutylene at  20'C. The viscosity-average molec- 
ular weight was calcubced from [ 71: 

The viscosiry-average molecular weights of polyisobutylene 

lnC\, = 12.48 - 1.565 h [ q ]  

- 
The molecular weights of polystyrene (z bl were determined 

lip gei permeation chromatography with a Waters Associates 
W' n 
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instrument and an 1. 85, solution of the polymer in degassed 
THF. 

M o d e l  C o m p o u n d  S t u d i e s  

Gas chromatogrsphic analysis was carr ied out with 311 X P  5750  
gxs chromatograch equipped vith flarrAe ionization detector. 
Molecular weights were determined using a Chromalytics 4IC- 2 
>lass Chromatograph employing SFi and COa car r ie r  gases and 
a dual channel 4Iose!y recorder.  N3ZR analysis was done using 
a Varian A-60 spectrometer equipped with a low-temperature 
probe. 

Reaction of 2,4.-k-TrZmethv!- 1-pentene with Clz., Me~XI 

placed 3.2 in1 (20.4 rnnolesi  2,4,4-trimethyt- 1-pentene and 3 rnl 
=ethyl chloride. The flask :vas cooled to -65: and 2.0 rnl 
( 2 1  rnmoles) trimethyIaluminum were added with s t i r r ing iol- 
lowed by 2.2 rnmoles chiorine in methyl chlorL?e solution. 
n-Nonane was added as an iqternal standard for G C  analysis. 
The reaction rniimre was s t i r red  fo r  30 min. The reacticn *&?as 
quenched by droplase addition o i  prechilled net,hanol. 

The aluminum alko.xides were coagulated by the addition of a 
saturated aqueous solution of sodium potassium tartarate.  The 
organic layer was diluted vi th  pentane, washed. and dried. GC 
analysis ( 5 %  carboxax. 12 It x 1, 8 in. on Chromosorb W, 80-175', 
6: min He Cow 35  rnl, min) showed 15 i 2% conversion based on 
rnonomer disappearance. A scaled up version of the above 
reaction was perfor-ned for product characterization. 

The reaction product 7.vas distilled and separated Lit0 three 
fractions. The f i rs t  fraction was mainly clnreacted monomer. 
The second fraction (low boilerj consisted of four components 
and the third, the high boiler. :vas 3 complex misture of five 
components. No atter-pr was made to identify these hign boiLig 
fractions. (See Discussion.) The najcr gezk ;66?'ti from che !ow 
boiler was idecriiied 3s ~-chIoromethyl-4,4-dirnech~!- I-pencene, 
MW 147.9 [ ? J l V  (c3!c: f o r  Cd€iLjC!, ?46.a]; NlVIX iCCI,;, 5 :3.92 

The NZIIR spectrum wasTdentical to that reported in t,.le Iitera- 
ture ( 8 1 .  

boiling fraction 1-23':) a g e a r e d  as tx.0 peaks of approximte!y 

In a round-bottom flask equipped with a therrnorr,eter ve l l  were 

(C-CH,, lo€?), 2.03 \-C.Xa-. 2H) ,  4.92 and 5.25 !=CFI,, 1H S P C ~ J .  

The product present in intermediate proportions in the low 
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equal areas .  However. under conditions used in mass chromato- 
graphic and preparative chromatographic analyses iless sensitive 
thermal conductivity detector i ,  the two peaks appeared to be merged 
into a single peak. This component had BIW 145.4 (e.upected for 
CaH15C1, 146.8) and i ts  ?;hm spectrum showed in CC1, ( 6 )  a singlet 
at  0.92 (C-CH3, - IOH), singlets mth  unresolved fine structures at  

I CH3 
/ -  1.8 and 2.01 \=C , 3H, 2nd -CHt-, ZH, respectively) and a 

broad multiplet 2.t 5 . 7  (=CHCl, 1Hi)consistenc with the structure 

It proved impossible to isolate preparatil-ely sufficient quan- 
ClCH=C(CHs) (CH2-t- CqHsj. 

tities of the minor component (6%) of the low-boiling fraction for 
XMR spectroscopy. From the mass chromatographic analysis of 
the product mixture, i t s  h W  w a s  found to be 161.0, close to the 
kIW expected for 2- chloromethyl- 2,4,4- trimethylpentane (162.5 ). 
This compound was independently synthesized by the reaction of 
2,2,4,4-tetramethylpentane with N-chIorosuccininide in refluxing 
CCL in the presence of a catalytic amount of benzoyl peroxide. 
The major produzt of this reaction was isolated by preparative 
gas chromatography. I ts  ?;LEI spectrum showed in CCL ( 6 )  a 
singlet at 3.33 (Cl-CCBI:--. ZH!, a singlet at  1.46 !-CHz--, 2H), 
and two srnglets at 1.F8 and 1.0 (C-CH3. 6H and 9H. Fespeccively), 
and had a MW of 165.0 as determinedTy mass chromatography, 
consistent with the structure of the e-xpected 2-chloromethyl- 
2.4.4-trinethylpentane. Comparison (peak superposition method) 
of this authentic material with the minor component (6%) of the 
low- boiling fraction using gas chromatography ( 5 %  carbowax 
20 M, 12 ft X 1.8 in. a d  5% SE-30, 12 it 'x 1: 8 in.) showed them 
to identical. 

R E S U L T S  A N D  D I S C U S S I O N  

P o l y m e r i z a t i o n  of S t v r e n e  a n d  I s o b u t v l e n e  w i t h  
C h l o r i n e ,  T r i m e t h l ; l a l u m i n u m  I n i t i a t o r  S y s t e m  

Olefins such as isobutplene and stprene dissolved in methyl 
chloride can be st i r red the presence of certain aLylaluminum 
compounds such as trimethylaluminun and diethylaluminum 
chloride without any reaction. However, izstantaneous polymer- 
ization occurs when small  a m o u t s  of cat ionoge-~c initiator HX 
o r  RX a r e  Litrodxed into the quiescent system. Depending on 
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the nature and amount of cationogen added. smooth, controlled 
polymerization o r  fast, even e-qlosive, reactions can be obtained 
P, 91. 

In the course of fundamental studies on the  mechanism of cationic 
polymerization we have inves t ig ted  the -hitiation of isobuQlene v i t h  
trialkylaluminum compounds and various cationogens, and --ve have 
discovered that the polymerization c m  be efficiently initiated by 
chlorine. This discovery was made by theorizing that the l q ~ o -  
thetical ion-counter ion pair  that is involved in the chlorination 
of trimethylaluminum 

could also initiate the polymerization of cationically active mono- 
mers,  e.g., isobutylene: 

C 

C 
/ 

+ C=C\ 

cia - >1e3A1 =[ CIS lIesAilC1 + ] - 

This e-xpectation was based on the finding that a small  amount of 
SCI, in conjunction vith EtrAlCl. i s  an efficient cationic Initiator, 
possibly by the following mechanism [ 21 : 

HC1 - EtrXlCl- [ ti' EtaAICla' :- CH, MerXIC1 1 c=c 
M I I  

[ ii-C-C EtzXIC!z+ 1 -P~olymer 
I 

These thoughts led to our e.uperiments L? whch chlorme L? 
methyl chloride soiutions w a s  added to quiescent isobutylene- 
trimethyhlumrnum mLYtures m the same solvent m the temperature 
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range -40 to - 100°C. Polymerizat im star ted immediately (flash 
poiymerizaeioni and attained limiting conversions withii  5- 10 mir,. 
Tabie 1 swnmar izes  our  data. For cozperison,  t-butpl chloride 
rt-BuC1) %as also used as an init-htor under identical conditions. 
and the resul ts  from these studies a r e  included in Table 1. 

Two obserrations stand out from an examination of Table 1: 
1) Under comparable conditions, C!2 is a mcre  active initiator 
of citionic polymerization than t-BuC1, and 2 )  chlorine is by far 
the best  initiator among the three halogens studied. 

It has been postulated chat iiiciator efficiency is determined by 
a judicious balance of the availability oi :he initiating Ion and its 
stability 9 1. Since Lhe highest initlaLor efficiency for isobutylene 
x a s  prenously observed wich t-BuC1. it was concluded that herein 
these two effects compensate each ocher. However, the present 
study snows that chlorine possesses  greater  initiating efficiency 
than t-BuCl under comparable conditions il5,OOO g PIBjmole for  
C12 v s  3.000 g PIB!mole for  t-SuC1: similarly,  28,000 g FStp,' 
n o l e  for Cln v s  1,300 g FSty,,mole for t-BuC!). ICicte that in 
these cases  the initiator efficiencies for  Zlz a r e  minimum values 
because conversions in these experinencs were quite high so that  
the ini:iator efficier,cy was prcbzbly limited by the a\-ailabilitp ~ ' f  
unccnverted m m o n e r  ("catalyst staryation"i. It is conceivable 
t h a t  the iov; concectration iavaiiabilityi of the initiating species  

I postulated as C1 -counter ion pair) is more t k n  conpensated 
fo r  by its exre-me reactivity toward i i i t iat ion of styrene o r  
isobutylene polymerization. Propagation in these s7stems is 
probably by the more stable styryl (Cl-C€iip-C3-00) or  t-aU?;l 

1 C ~ - C H ~ - C - C H J ~  ion-counterion pair .  

- .  

U - 

CH3 
The abdi ty  of the three halogens to i i i t ia te  polymerization in 

conjunction with Me3X1 r a r i e s  in the o rde r  C l r  > Br2 >> 12. All 
a t t e n p t s  to initiate the po!ymerization of isobutylene o r  styrene 
using IS ?Yie3.41 have proven unsuccessful. The reasons for  this 
a r e  at present purely a matter of speculation. Steric effects of 
the halogens to  cornpiexation with al&:!a!xninum compounds might 
$zi:; 3 -mrt LY determining the reaceirxy o i  ?.-zrious halcgens toward 
po!T;merizaticn. In this connection recent resul ts  f rom our labora- 
tories are cf interest. It %-as found t.bt the reactivity of t-butyl 
halides t o 3 2 r d  trimethylaluminum to form neopentane va r i e s  in 
the c rde r  t-BuCl > t-BuBr >> t-BuI L 10, 111. 
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M e c h a n i s m  o f  I n i t i a t i o r ,  w i t h  C l 2  Me3-4:. M o d e l  
C o m p o u n d  S t u d i e s  

To characterize the m t u r e  of the initiatbis species. we undertook 
model polymerization studies. X i  was mandatory that propagation be 
minimized so  as to facilitate product characterization. LVe chose as 
our model 2.4,4-trimethyl- 1-pentene ((1;. a monomer structurally 
s imilar  to isobutylene except that i t  is unable to propagate because 
of i t s  bulky substituents. The suitzbiLity oi this substrate  as a 
model for isobutylene po!vmerization has been established [ 121. 

Eeerimentaally. 2.4.4-trimechyL- 1-pentene was dissolved in 
methyl chloride containing NeLU at -65‘. Reaction was initiated 
by  the introduction of a methyl chloride solution of chlorine 
initiator. After -30 min of st irring, the reaction was quenched 
by the Litroduction of cold methanol. The products were separated 
and characterized. The low-boiling fraction of the reaction product 
was found (see Exnerimental) to consist of a m i m r e  of 2-chloro- 
rnethyl-4,4-dimethyl- 1-pentene (El, 1-chloro- 2,4.4-trimethyl- 1- 
pentene (a), and 2-ch!oromethsl-2.4,4-trimeth~lpentane (IVi in 
the relative prapoxion 66:28:6. Two peaks were observed in G C  

C 

C=C Ciz,  Me,M 
I 

MeCl 
-63’C C 

c-c-c 
C 

C C 
~ 

C 
iI 

Cl-c-c - CI-C=C - CI-c-c-c  
I I 
I I I 

C C C 

c-c-c c-c-c c-c-c 
C C L 

I 
I I 

I 

P 
I I i 

I n m Iv 

for Component m, although preparatively only the mL.ure could be 
isolated and ckaracterized. Tentatively we a s s i s  the two peaks to 
the geometrica1 isomers  of O le fn  III. S o  evidence f o r  the e.ulstence 
oi the t h u d  isomeric  olefm. 2-chloromerhyl-4.3-aime~hyl-2-per?tene, 
was found. This appears  consistent with the reported reluctance of 
the CsE ion (&methyl neopentyl carbenium ion)  to deprotorate to 
2 . 4 , 4 - t r i ~ ~ t h y l - 2 - p e n t e n e  [ 12:. 

soh t ion  of chlorine and trimetnyhlumlr.un m merhylene chloride 
In zn mdependent esperimen: we m x e d  e q u !  anoun:s of a 3 - 2  
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9 80 KEXNEDY X.XD SKV.lXL\I 

at -30aC in an N3lR tube and recorded i ts  spectra. We detected ~ A T O  

peaks, one corresponding, to methyl chloride protons ( 2 . 3 4  5 aqfield 
of CHZ Clz protons) and the  other assigned to the methyl groups 
attached to aluminum ( 3 . 6 7  3 upfield of CH? Clz protons) in a rela- 
tive intensity of 1:5.7.  This is consistent vith the stoic;?iomecy; 
f o r  the reaction bet'qeen cidorine and trimethylaluminurn: 

This reaction is analagous to the reaccicn between t-BuCI and 
trimethylaluminum vhich yie!ds neopentane [ 101 : 

On the basis of these resuIts we propose the fol!owing scheme for 
the reaction of 2,4,4-crirnethyI- 1-pentene mth  CIZ,  41edl:  

I c-c-c 

C 

1 / = -  
c1- c- c j 4fSXX12 a+ 

~ 

C 

- C Iv 

.Ut!!ough Olefins II and El could also arise by a simpie addikon 
of chlorme to 2.4,i-trimethyl- 1-penrene n the absence or tr:merhyl- 
duAnmum,  w e  beiieve cfiat 3ur iche-e :s consistent vnth ai l  
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observations. Tne reactior, of the chlorocation \vith the counterion 

I h k s  =IlaCi '1 to Si;'e IT' represents  a ' termination' reaction. Expulsion 
oi the proton from tne carbenium ion to give II and Iu: can be regarded 
as a "chain transfer" process.  This eliminated proton can either add 

to cholorolefiis \II and TI! o r  the monomer (1) to give a new Ca- 

cation w h c h  in rurz can add to another monomer to give C:E- cations. 
The products arising f r o m  such cations were assumed to be present 
in the higher-boiling fractions oi the reaction between I and Cl. 
Ke2X1 and no attempts x-ere made t G  identlfy these products. For - , ~ , ? o s e s  .T- oi establishmg the end group :L appears  sufficient to 
characterize oniy the products a r i smg  from the first-formed 
carbenium ion. 

ca.n then be postulated a s  

- 

Cationic initiation of cleiin polymerization by C12 and hIe3Ai 

C 

The role oi  3IeCl soivent in these Folymerizations appears quite 
s i r n i h r  to that postulated for G i e f b  polymerization using hkd i1  
and t - B u r l  as initiator and hzs been described 5 cetaiI elsewhere 
[ 1 3 ) .  

We bare aiso shown that 1.2-c!icnloro-2-methylpropane, ahich 
could presumab!y a r i s e  as a result  of an initial addition of chlorine 
:o iscbutylene, is i-10~ an h i t i a to r  of polymerization in conj-unction 
x i t h  ::imethylaluminurn. Under conditions v%erein chlorine o r  
t-bury! chioride b- :he presence 3 f  t r iniethylalu~l inum rapidly and 
e.uplosivelp initiates t h e  polymerization of isobutplene t > 80r: :on- 
version jx less than 3 mini, 1,2-dic~lcro-2-methyIpropane is 
totally mert .  So ?alymer was obtai7ed even af ter  2 hr of reaction 
at -50..  The  relarn'e inertness of 1.2-~chloro-Z-meti ' l~-lpropar,e 
CG soivc!:-tic substitutior, and e!irikacion 

- 1  

14: as :yell a i  i ts  
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inability to initiate polymerization in the presence of titanium tetra- 
chloride as the coinitiatoi [ 151 have Seen described previously. 

For the sake of simplicity we have represented the initiation 
process as a stepwise reaction, the first step invclving the reaction 
between CIa and SIe3X1, followed by addition ta olefin. We recognize 
that this might be an oversimplification of what is probably a com- 
plex reaction involving the halogen, aLkyIa!uminum, and olefin in 
the same transition state Ieading to the intermediate chrorccarbenium 
ion-counterion pair .  Consequently the e.xact nature of the attacking 
species is a matter of conjecture and we view the chlorine simply 
as an electrophilic reagent that is able to provide "chloriie cations." 
However, just as  f ree  protons in solutions, f ree  ,halogen ions should 
also be considered fictional. Even ion-counterion pairs such as 
[ C1' Mesrll2Cli ] might have only a fleeting existence and are 
probably present in extremely small  concentrations. Since no 
polymerization o c c w s  in the absence of alkylaluminun compounds 
in these systems, it is conceivable that Lewis acids such as MeAl  
and other alkylaluminum compounds "solvate" the chloride ion by 
cornple.mtion, thus rendering the carbenium ion sufficiently stable 
to enter successfully in the propagation reaction. 

E f f e c t  of T e m p e r a t u r e  o n  t h e  M o l e c u l a r  W e i g h t  
of P o l y i s o b u t y l e n e  

The viscosity-ave-rage molecular ,weights of Folyisobutylenes 
obtained from the Me3A1 and t-BuC1, ?rIe3Al initiator systems 
at -40, -jO, -75 ,  and - 100°C 'were determined. The plocs of log 
molecular weight v s  1, T ivere linear in both cases and are shown 
in Fig. 1. The e-qerimental  points representing both the 
Clz,  Me3A and t-aucl, SIe3X1 systems fail on the same straight 
h e  with the overall activation e n e r g  (E: 
the slope of -1.9 kcali =ole. TIus is in excellent agreement with 
a value of EDP 5 1.7 kcal, mole observed previously fo r  the 

t-BuCl, ?&A1 system by Kennedy mnd Millinan [ 131. This points 
to the similarity in the overail polvmerization rnec.hanism with 
the two systems C12, Me& a d  t-BuCl. 4Ie3.U An expianadon 
for ths s b i l a r i t y  could be that except for the initiaticn step, 
the counterion associated with the propagating carbenium ion 
determines to o large degree the mechanism oi  propagation. 
t m s f e r ,  a i d  termination reactions. The collnterion produced 

) calculated f rom DP 
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-39 -40 -50 -7 5 -1co 'C 
, I  I ~ I I  I I 

4 0  5.2 6 0  
1 '  a 103 
/- 

,a4 I 
FIG. 1. The effect of temperature on 5 of polpisobutylene v 

obtai?ed -Kit,'? ailiy!aluninum iqitiator syscems ([ isobury:enej -3.0 - 11 
in methyl chloride).  

LTI D O K ~  systems, CIS Lie;X1 and t-BuCi Me3r?rl. mi$L be the same. 

i.e.. Sle+AlzCi- . 
For purposes of coxx~ar i son  the slope of the line obtained 

Kith X1CL o r  EtXICI2 is also indicated in Fig. 1. These Lewis 
acids do no: require the explicit addition of an initiator for 
poiymsrizzc:o-. and their log .GIt- 1-5 1 T plct is c,haracterized by 
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an overall EDP - 5.6 kcal, mole [ 131. Less acidic Lewis acids 

such a s  EtaXIC1, hfe3.11, and r . i B ~ ) ~ X l  require the addition of a 
suitable cationogenic compound for initiation. In the log cv vs 

1jT plot, these aLTlaiuminum compounds const ihte  a family of 
parallel  lines with an overall E oi -1.7 kcal, mole. The fact 

that the Clz;Me~Xl initiator system f i ts  in with the latter group 
once again shows that in this system the initiation is indeed 
controlled and that the stronger Levis  acids, such as MeAlC12 
and AlCL, which can conceivably arise from the successive 
reactions of Xfe3X1 and C12, a r e  not involved in the initiation 
mechanism. 

Table 2 summarizes the resul ts  obtained using halcgen and 
diethylalurninum chloride. It i s  c!ear that even Br2 is able to 
initiate isobutylene polymerization with a more powerful Levis 
acid such as diethylaluminum chloride. The initiator efficiency 
(defined as grams of PIB formed per mole of initiator) of bromine 
is lower than those of both chlorine and t-butyl chloride under 
comparable conditions at -30°C. A s  observed with Me&. 
chlorine possesses greater  initiator eificiencg than t- BuC1. 
Iodine, even in conjunction with EtrXiC1, appears to be a very 
inefficient initiator of isobutylene polymerization. The ability 
of halogens to initiate cationic poiymerizaticn in conjmction 
with EttXlCl follows the same order  as that observed itith 
Me3X1, i.e., Cla 7 Brz  >> It. 

The viscosity-average molecular veights of polyisobutyiene, 
obtained in these s t u h e s  in che range -30 to -1OO"C, are shown 
in Fig. 1. The results i'rom the C l t ,  Et2XIC1 and the t-BuC1, 
EtzXlCl initiator systems define a single L.e displaced upwards 
but pazallel to the h e  deiined by M e d  and the same tTo 
initiators. This once again .;oints to the esser, tkl  similarity in 
the polymerization m e c h n i s n  betveen the two initiators C l r  
and t-BuCI. The upward displacement of the EtaAlCI line rela- 
tive to the ?iIe3.1! linz has been previously observed [ 13 1 .  SotL 
the slope of the 10% !dl vs 1, T line a i d  the absolute values oi 11 
of polyisobuty!ene obtained dur-ks the ?resent smdy USL?~ t- BuC1, 
E ~ L X I C I  agree very vel l  mth  the values reporred ear l ier  Sp 
Kennedy and ?ilil!iman [ 131. However. using t- BuC!. M e d l  
initiator system we could only reproduce the slope of the line; 
the absolute values of the molecular weights were lower by a 
.factor of 2.5 when compai-ed with the previously reported valuas. 
Tke reason f o r  th i s  discrepancy is not c lear  I t  the pr2sent time. 

D P  

V V 
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965 

The molecular w e i g h s  of polyisobutylene obta'iied with the 
a r 2 ,  Et2AlC1 system a r e  consistently higher than those obtained 
u-ith either the Cl2, Et2XlCl o r  :he t-BuC1, EtzAIC1 systems in the 
range - 3 0  to -7S'C. The reason f o r  this is not entirely clear.  It 
may be that the relatively l a rge r  s ize  of the comterion (presumably 

Et+A12ClzBr' 'I enhances the ability of the ion pair  to dissociate 
further.  It has been observed before that among the three Lewis 
acids. Et4lC12, Alc13, and BF3, ELAlCla produces the highest 
molecular weight polymer [ 16 1.  'This has been attributed to the 
l a rge r  s ize  of the comterion that is presumably formed with 
EMIClt  relative to the other two Lewis acids.  

The zT, of polysobutylene obtained using the Br2, EtzAlC! a t  

- 100°C drops to approximately 200.000. -4t these low temperatures  
the initiating efficiency of this initiator-coinitiator system drops 
drastically and the rate  of polymerization (as observed visually 
from the rate  of precipitation of polymer from solution) is also 
considerably slowed down. Consequectljr, to realize reasonable 
conversions to polymer, one is forced to use 100-200 t imes  more 
SrornLie ti-iii whac was used at higher remperatures.  Therefore  
it ma:? be that t N s  e s c e s s  bror;line enters  into ;mwzcited side 
reactions (such as terrnixition and t ransfer ; ,  leading to lower 
m o l e c d a r  weight of the product. The same  appears  t rue even 
in the very few cases where iodine could be used as an initiator 
of polpmeri=ztion in conjunction with EtzAlC1. Only low molec- 
ular weight. oily polyisobutylene could be obtained. 

- 
P o l y m e r i z a t i o n  of S t y r e n e  w i t h  C l p  , M e 3 A I :  

Mn, and MJVD 

>Iw.  
- 

Molecular weights (%%-, , and hIWD1 of pc'v::tyrene a r e  n 
summarized in Table 1. These molecular weights a r e  among the 
h g h e s t  ever reported for polystyrene by cationic m e c h n i s r n  
m d e r  comparable conditions. These values a r e  all  the more 
?ernarkable since we have made c o  attempt to optimize our 
moiecular weights. 

weights decrease with increasing conversion. and 2 )  the molec- 
ular  weight distribution broadens with increasing conversior.. 
These two trends have been observed before [ 171. 

Exambation of Table 1 reveais fwo trends: 1) Molecular 
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These observations point to a polymerization involving relatively 
slow initiation and rapid propagation and termination (or  c h a b  
transfer!. The relatively !ow molecular weight at  high conversion 
can be qualitativety explained on the basis  of predicted proportional 
dependence of D P  on monomer concentration. X molecular weight 
distribution of 2, the most probable !vIWD, indicates a conventional 
cfiain propagation mechanism with probably one well-defined 
catalyst species as the growing site. TXS also represents the 
e-upected value for  a conventional cationic chain-growth nechanism 
in which cham transfer  is the dominant c.hin-breaking event. The 
broadening oi SIWD with convtrsion is also consistent %ith the fact 
that in a Qpical cationic polymerization the molecular weights a r e  
primarily determined by chain transfer. Broadness oi distribution 
can also arise as a result  of multiplicity of propagating ion pairs  
(tight o r  solvent separated) and the multiplicity of counterions 

(RJAICl', RaXICla' , etc.). Chain branching arising as a result  
of transfer to the polymer has also been proposed to e-qlain the 
unusually large LDVD values ( - 5 )  obtained a t  high conversion [ l a ] .  

In conclusion, our  continuins study in the cacionic initiation oi 
olefin polymerization with the aUy!aluminum-initiator systems 
has provided derivatized polymers with par t ia l ly  we!l-defined 
end-groups for the f i rs t  time. 

I 

~ 

I 

R-Cl t R3'XL - nC=C-R-[ C-y+n 

where R = t-awl. allyl, benzyl, o r  c.Uoro. T M s  is impossible to 
achieve using the conventional Lems acids such as BF3 and .UCIJ. 
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