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The effects of  the nature of  halogens in the initiating tert-butyl halide--aluminum- 
containing Lewis acid system on the number average molecular weight ?'4n and the structure 
of end groups of  polyisobutylene macromolecules obtained in the cationic polymerization of  
isobutylene in hexane at - 7 8  *C were studied. An increase in /14" n is observed in the 
transition from chlorine to bromine and iodine, accompanied by a decrease in the fraction of  
end C = C  groups and an increase in the relative content of  C- -Hal  groups (Hal = CI, Br, and 
I). When atoms of  different halogens are present in the counterion, more bulky atoms 
preferentially participate in the formation of  the end groups. The results are interpreted 
within the framework of  the principle of  hard and soft acids and bases. 
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Polyisobutylene (PIB)  and the  copo lymer  o f  isobuty- 
lene (IB) with dienes (butyl resin) have long been pro-  
duced on industrial scales, t but  many  aspects related to 
the control  o f  molecu la r  weights (M) of  these polymers  
are still unclear.  In part icular ,  the effect o f  the  nature o f  
the  counte r ion  on chain  restr ict ion reactions is poorly 
studied, a l though the exis tence o f  this effect is doubtless. 2 
In this work, we a t t empted  to es t imate  the effect o f  the 
counte r ion  compos i t ion  on both the  molecu la r  weight  o f  
PIB and individual reactions that  de te rmine  this value. 
For  the  ini t iat ion o f  the  po lymer iza t ion  o f  IB in hexane at 
- 7 8  °C, the known 3,4 catalyt ic  tert-butyl ha l ide - -Lewis  
acid systems (ButX--MYn)  were  used. 

Experimental 

Hexane was shaken with H2SO4, washed with a solution of 
NaOH and water, and dried over CaCI2, molecular sieves 4 A, 
and a potassium--sodium melt. Isobutylene was kept over alkali 
and additionally dried over Call  1, butyllithium, and trialkyl- 
aluminum. Lewis acids were dried by distillation (EtAICI 2, 
BuiAICI2 ) or sublimation (AIBr 3) in vacuo. 

tert-Butyl chloride was dried over CaCI 2 and molecular 
sieves and distilled. Tea-Butyl bromide and tert-butyl iodide 
were obtained by shaking a solution of IB in hexane with 
aqueous solutions of the corresponding acids. After drying over 
CaCI 2 and molecular sieves, the organic layer was fractionally 
distilled to yield tert-butyl halide, which was finally dried in 
vacuo as ButCI. 

Solutions of components of initiating systems in hexane were 
dosed, using thin-wall glass balls. 

Polymerization was studied in a high-vacuum all-sealed 
setup at the residual pressure of 10-3--10 -4 Ton-. In the experi- 
ments, the results of which are presented in Table 1, solutions of 
components of the initiating system were preliminarily mixed in 
a separate branch, and then a solution of  the monomer was 
immediately admitted. In the other series of experiments (Table 
2), balls with solutions of BuiAICI2 and ButCl were broken 
directly in a solution of the monomer, and the change in 
conversion was registered dilatometrically. Polymers were pre- 
cipitated with methanol and dried in vacuo, and their yields were 
determined. Before the analysis of  the content of functional 
groups, samples were additionally reprecipitated with methanol 
from solutions in hydrocarbons or CCI 4. _ 

Number average molecular weights (M n) of PIB were deter- 
mined by gel permeation chromatography, using a Waters-200 
chromatograph equipped with a standard set of  columns with 
Styrogel with different sizes of pores (toluene as the solvent, a 
refractometer as the detector). Calibration was performed by 
standard polystyrene samples. Viscosity of solutions of PIB in 
chloroform was determined at 30 °C on an Ubbelohde viscosim- 
eter. The viscousity average molecular weight (/Qv) was calcu- 
lated by the equation 

1,11 = 1.2.10 -3. ~o.s3 

The content of halogen in polymers was determined by X- 
ray fluorescent analysis on a VRA-2 spectrometer. The amount 
of C=C groups was determined by the ozonization method on 
an ADS-4 instrument. 
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TIble 1. Results of the study of polymerization of isobutylene under the action of the initiating tert- 
butyl halide--Lewis acid (AIBr 3 or EtAICI2) system in hexane at -78 *C ([IBl0 = 1.15 mol L -t,  
[ButX] = [MYnl = 0.8 mmol L -I, 30 min) 

Parameter AIBr 3 EtAlCl 2 
ButCI ButBr Butl ButCI ButBr Butl 

Q (%) 99 98 98 99 99 98 
'Q'n" 10-3 39.2 52.0 66.9 19.0 41.7 54.0 
Y/X a Br/CI = 3.0 -- Br/l = 3.0 -- CI/Br = 2.0 CI/I = 2.0 
fc -c  b 0.54 0.35 0.14 0.77 0.36 0.17 
fc_ci b j 0.11 -- -- 0.22 0.12 0.07 
fC_Br b 0.41 0.64 0.27 -- 0.52 -- 
fC_l t' -- -- 0.52 -- -- 0.65 
(Y/X)p c Br/CI = 3.7 -- Br/I = 0.5 -- CI/Br = 0.2 CI/I = 0.1 
El, 2.06 1.55 1.20 4.23 1.93 1.49 
El, "fC-Hal 1.13 0.99 0.95 0.93 1.24 1.07 

a The ratio of amounts of halogen atoms in Lewis acid and ButX. 
b The amount of the corresponding end group per macromolecule. 
c The ratio of amounts of halogen atoms in the polymer. 

Results  and Discuss ion  

The polymerization of IB in hexane at - 7 8  °C under 
the action of the initiating systems involving ButX and 
AIBr 3 or EtAIC12 almost ceases for 30 min under the 
conditions indicated in Table 1. Information on chain 
termination reactions can be obtained from the results of 
the analysis of polymers on the content of end C = C and 
C--Hal  groups. The data presented in Table 1 make it 
possible to draw several conclusions. 

1. An increase in M', and a decrease in the concentra- 
tion of C=C groups in PIB are always observed in the 
transition from ButCl to ButBr and then to ButI (when 
MY, is constant). 

2. When ButX and MY;, contain atoms of different 
halogens (X ¢ Y), PIB molecules with the end C--Hal  
groups in which the halogen has the higher atomic weight 
are preferentially formed. 

3. The overall functionalization of macromolecules by 
end C=C and C- -Hal  groups is close to unity. A some- 
what lower sum is obtained for PIB synthesized under the 
action of iodine-containing systems, which can be ex- 
plained by the partial alcoholysis of the ~CH2CMe2I 
groups under the conditions of isolation of polymer. 5 
Apparently, the fraction of end groups that fail to reach 
unity can be assigned to the primarily formed C-- I  groups. 

Table 2. Effect of concentrations (mmol L -i) of BuiAICI 2 and 
ButCI on M of PIB (hexane, -78 °C, [IB]0 = 1.45 mol L -I, 
yields of PIBV>95 %) 

[BuiAICI21 [ButCIJ /~v" 10-3 

1.6 0.2 14.8 
0.8 0.2 14.2 
1.6 0.4~ 12.5 
0.4 1.6 10.9 
0.2 1.6 10.3 

Nevertheless, only experimental data on the content of 
end groups were used in our further calculations. 

4. The transfer of the ethyl group from the counterion 
EtA1C12X- to the growing carbocation, if any under the 
given conditions, occurs sufficiently slowly. In the oppo- 
site case, it should be expected that the overall 
functionalization by the end C= C and C- -Hal  groups is 
considerably lower than unity upon the polymerization in 
the presence of EtAICI 2. 

On the whole, the polymerization process can be 
presented as follows (reactions (1)--(6))6: 
- -  initiation under  the action of the cationogen--Lewis 
acid system 

Me3C---X + CH2=CMe2 + MYn , 

-~ Me3CCH2CMe~, MYnX- ; (t) 

- -  chain propagation 

Me3CCH2CMe~, MYnX- + m CH2=CMe 2 J, 

" Me3C(CH2CMe2)raCH2CMe ~, MYnX- ; (2) 

- - c h a i n  restriction that can be caused by several 
reactions. 

The "termination on the counterion" (reaction (3)) is 
a reversible process, because oligomeric tert-alkyl halide 
formed in this case can react with Lewis acid to generate 
the ternary carbocation again. 

-CH2CMe2 +, MYnX- - ~CH2CMe2_ x + MY n 

or -CH2CMe2--Y + MYn_IX 
(3) 
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This termination results in the formation of PIB mol- 
ecules with end C--Hal groups. The direct chain trans- 
fer to the monomer (reaction (4)) and indirect chain 
transfer to form superacid as the intermediate product 
(reaction (5)) result in the appearance of macromol- 
ecules with end exo- or endo-C=C groups. 

~CH2CMe2 +, MYnX- + CH2=CMe 2 
I 

,, ~CH2CMe=CH 2 + Me3C +, MYnX 

or ~CH=CMe 2 + Me:~C +, MYnX- 

(4) 

~CH2CMe2+ MYnX- a ,, 

~CH2CMe=CH 2 (or --CH=CMe2) + HMYnX 

CH2=CMe 2 [ b 

Me3 C+, MYnX- 

(5) 

The chain transfer to this reagent can take place in the 
presence of free butyl halide. 2 

~CH2CMe~, MYnX- + Me3C--X 

- " -CH2CMe2--X + Me3 c+, MYnX 
(6) 

Macromolecules with end C--Hal groups should also be 
formed due to reaction (6) .  

According to the analysis of PIB to the content of 
various end groups (see Table 1), the amounts of C=C 
and C--Hal groups in the samples are comparable. Let us 
try to estimate the contribution of each of the chain 
restriction reactions. 

It has been established previously 7 that under similar 
conditions (hexane, -78  °C) the direct chain transfer to 
the monomer (see reaction (4)) does not occur upon the 
polymerization of IB under the action of the acyl complex 
MeC(O)Br-ZAlBr 3, while the indirect chain transfer is 
limited by the formation of superacid (see reaction (5, a)). 
This conclusion was made on the basis of the fact that 
almost all macromolecules obtained contained head 
MeCO groups, although C=C groups comprised a consid- 
erable fraction of the end groups. It is reasonable to 
assume that the direct chain transfer to the monomer is 
also improbable for the systems considered in this work. 
To estimate the possibility of the second stage of the 
indirect transfer (see reaction (5, b)), let us calculate the 
apparent efficiency of the initiator (Ein) determined by the 
ratio of molar concentrations of PIB obtained and 
initiator: 

E,, = [ PI = [MIo'Q'56 
[ButX] M n.[ButX] ' 

where [M]0 is the initial concentration of the monomer, 
56 is its molecular weight, [P] is the concentration of 
the polymer, and Q is the degree of conversion. When 
Ein > 1, it is evident that a portion of macromolecules 
is formed due to the chain transfer. It follows from the 
data presented in Table 1 that this is valid for all samples 
of PIB obtained. 

If it is assumed that reaction (5) proceeds to com- 
pleteness, the degree of the participation of the initiator in 
the polymerization can be estimated from the product 
Ein "fC--HaI' where fC--Hal is the fraction of macro- 
molecules containing end C--Hal  groups. At 
~n "fC--Hal << 1, only a slight portion of ButX molecules 
reacts. On the contrary, if the product mentioned is close 
to unity, which is observed for the samples synthesized 
(see Table 1), then almost all of the initiator participated 
in the polymerization, and the chain transfer reaction (5) 
was complete. 

Now let us estimate the possible contribution of the 
chain transfer to ButX (see reaction (6)). When this 
reaction predominates in the formation of the end C--Hal 
bonds, it should be expected that the atoms of the halogen 
that is part of the ButX molecule are mainly the terminal 
Hal atoms in PIB macromolecules. However, the analysis 
of the polymer obtained, for example, in the presence of 
the ButC1--A1Br3 system, shows that Br (not CI) atoms 
are the main fraction of the terminal Hal atoms. As shown 
in Table 2, using the BuiAlC12--ButCl system (hexane, 
-78 °C) as an example, the eightfold increase in the 
concentration of ternary alkyl halide decreases 34" v of the 
polymer only by 30 %. Therefore, ButCI is low active as a 
chain transfer agent under these conditions, and the 
mentioned decrease in My at relatively low values of Ein 
can be caused, at least partially, by a decrease in the 
monomer/initiator ratio. Since even higher-molecular 
polymers are formed in the presence of ButBr and Butl 
(see Table 1), the alkyl halides mentioned also cannot be 
active transfer agents. All these data make it possible to 
consider that reaction (6) under the chosen conditions 
can be only of secondary significance, and hence will not 
be taken into account in further analysis. 

Thus, the most probable chain restriction processes 
are reactions (3) and (5) resulting in the formation of 
macromolecules with end C--Hal and C=C groups, re- 
spectively. The observed dependences of Mn and the 
structure of end groups in PIB on the type of halogen in 
the counterion can be interpreted in terms of the principle 
of hard and soft acids and bases (HSAB), s which has been 
used previously to explain the relative activities of mono- 
mers in addition reactions of nucleophilic species. 9 In this 
work, the application of the HSAB principles to reactions 
(3) and (5) makes it possible to suppose that the exchange 
of small weakly polarizable halogen atoms X and Y in the 
counterion for more bulky and easily polarizable ones, 
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i.e., the transition from CI to Br and especially to I, 
"softens" the anion, decreasing its tendency to the reac- 
tion with a hard proton (see reaction (5, a)) and resulting 
in a decrease in the fraction of  end C = C  groups, which is 
observed in fact (see Table 1). A decrease in the probabil- 
ity of  reaction (5) favors an increase in the molecular 
weight. At the same time, the end of  the growing chain 
can be 'considered a sufficiently soft, easily polarizable 
cation. ~ a consequence, in the reaction of  reversible 
termination on the counterion, ~ e  addition of  the most 
easily polarizable halogen atom', which is present in the 
MY,X- counterion, to the cation should predominate, 
i.e., the preferableness of  the participation of  halogen in 
the formation of  the end C- -Hal  group increases in the 
series CI < Br < I. 

According to the HSAB principle, the situation con- 
cerning the redistribution of  halide ions between Lewis 
acid and the compound with the active C--Hal  bond can 
change, when softer Lewis acids are used. In fact, as 
shown previously, l° the exchange of  halogen atoms oc- 
curs even at negative temperatures (the data of  IH N M R  
spectroscopy) in mixtures of  zinc-containing rather soft H 
Lewis acids ZnY 2 with adducts of  the MeCH(OBui)X 
type used for the initiation of  the "living" cationic poly- 
merization of  isobutyl vinyl ether. As a result, atoms of  
more polarizable halogens preferably move to zinc, and 
those of  less polarizable halogens move to carbon. 

The data presented in this work make it possible to 
indicate the directions for the selection of  counterious 
that provide required values of  molecular weights upon 
the IB po lymer iza t ion  in hyd roca rbon  solvents.  
Counterions with bulky, easily polarizable atoms (or 
groups) are recommended to be used to increase M n. It is 
likely that heterogeneous systems of  the type of  the 
Wichterle catalyst, 12 in which counterions enter the crys- 
talline lattice of  the solid phase, are one of  the extreme 
cases in this approach. In addition, the analysis of  the 
results obtained allows one to predict the most probable 
composition of  end groups in PIB macromolecules. Fi- 
nally, the most important, in our opinion, conclusion is 

that the systems of  the ButX--MY n type can possess a 
very high efficiency, which provides for the almost com- 
plete inclusion of  the initiator in the composition of  
macromolecules formed. It is evident that in this case the 
ratio of  concentrations of  the monomer  and initiator 
should be taken into account (as for the "living" cationic 
polymerization 13) upon the selection of  conditions for 
preparation of  high-molecular polymer. 
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