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The interaction of ten-butyl chloride with aluminum bromide in methylene dibromide at 
-30 ~ leads to the formation of two types of adducts, which give signals with 8 2.4 and 3.2 
in the t H NMR spectra in addition to that of free alkyl halide. These signals are attributed to 
a polarized complex (PC) and ion pair ([P), respectively. An excess of AIBr 3 shifts the 
equilibria toward IP. The latter contains more AIBr 3 than the polarized complex. Based on 
the spectral data, we calculated the limiting values of some equilibrium constants. The ability 
of AIBr 3 to solvate counterions is consistent with the results of isobutytene polymerization 
under the action of the initiating ButCI--AIBr3 system at different ratios of the starting 
concentrations [AIBr3]0/IButCI]0 . An increase in this ratio results in both the acceleration of 
polymerization and an increase in the relative role of chain transfer reactions. 

Key words: tert-butyl chloride, aluminum bromide, complexes, IH N MR spectroscopy, 
isobutylene, cationic polymerization. 

tert-Butyl halide--Lewis acid systems are considered 
to be most suitable for studying isobutylene (IB) 
polymerization, since the tert-butyl cation formed 
during their interaction is close in structure and activity 
to the growing polyisobutenyl (PIB) cation. ! Due 
to this, the rate constants of  the reaction of  the mono- 
mer with the primary Me3C + cation and polymeric 
--(-CH2--CMe2~CH2Me2C + cation should be sufficiently 
close, which simplifies significantly the interpretation of 
the results obtained. Moreover, the tert-butyl cation 
provides, most likely, the highest "cationic activity" as 
compared to other carbocations during initiation of  IB 
polymerization. 2 The effect of  the concentration of  the 
cationogen and the tert-butyl halide/Lewis acid ratio in 
these systems on the polymerization kinetics was studied 
in detail by several authors. 3-5 However, no direct data 
on the effect of  the Lewis acid/cationogen ratio on the 
composition and structure of  products of their interac- 
tion were published. Meanwhile, this ratio affects sig- 
nificantly both the rate of IB polymerization and param- 
eters of the polymer obtained. 

The purpose of  this work is to study the ButCl - 
AIBr 3 system by IH N M R  spectroscopy and compare 
the data obtained with the results of  IB polymerization 
under the action of this system. 

Experimental 

Starting reagents and solvents were thoroughly purified and 
dried. Experiments on polymerization were carried out in a 

completely-sealed glass vacuum installation. These procedures 
as well as the methods of isolation of polymers and determina- 
tion of molecular weighLs by gel permeation chromatography 
and terminal groups in macromolecules are described in Ref. 6. 
The polymerization kinetics was studied by dilatometry. 

JH NMR spectra were recorded on a Tesla 60 spectrom- 
eter with a working frequency of 60 Mtlz. Chemical shifts 
were determined relative to signals of protons of the solvent 
(methylene dibromide) and then recalculated with respect to 
tetramethylsilane. 

Results and Discussion 

The IH N M R  spectrum (Table 1) of ButCl (sample 
1) contains a single singlet with 8 1.6. Mixing of  ButCl 
with an equimolar (sample 2) or double (sample 3) 
amount of AIBr 3 results in the appearance of  two new 
signals with 8 2.4 and 3.2. Signals of  protons of free atkyl 
halide appear as two peaks, and the more intense signal 
is shifted downfield by 0.2 ppm relative to the signal of  
the starting ButCl, which is retained as a shoulder. The 
peaks were broadened considerably upon heating to 
room temperature, but repeated cooling returned them 
to the starting state. This fact shows that mixing of  
ButCl and AIBr3 results in the formation of  at least two 
types of complexes, which were in equilibrium with each 
other and with the starting components. At - 3 0  ~ 
equilibrium is achieved in the time necessary for mixing 
of  the components, placing the ampoule in the N M R  
cell, and thermostatting, which requires -5 rain. How- 
ever, exchange of  molecules between free and bound in 
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Table 1. Chemical shifts, relative intensities, and assignment 
of signals in IH NMR spectra of solutions of Bu~CI and its 
mixtures with aluminum bromide in methylene dibromide at 
-30 ~ 

Sample Signal a 

(C/tool L--I) b /5 Assignment /~r 

I: Bu~CI (-3) 1.6 Me3CCI -- 
2: BuiCI (2.0)+ 1.6 Me3CCI 8 

+AIBr 3 (2.0) 1.8 Me3CBr ) 
2.4 Me3CX �9 2AIX 3 4 
3.2 MesC+AI2X7- 1 

3: ButCl (1.0)t- 1.6 Me3CCI i 1 
+AIBr 3 (2.6) 1_8 Me3CBr ., 

2.4 Me3CX �9 2AIX 3 2 
3.2 Me3C+A12X7 - 1 

a All spectra contained the signal of Ctt2Br 2 (-5.0 ppm), 
which was not taken into account in calculation of relative 
intensities. 
b Concentration in solution_ 

a complex tort-butyl halides occurs sufficiently slowly in 
the NM R scale at this temperature. Heating accelerates 
the exchange, which is the reason for broadening of 
resonance lines at temperatures of ~20--25 ~ 

Splitting of the peak at 1.6 ppm is probably related to 
the exchange of halogen between ButCl and AIBr 3. The 
component with 5 1.8 is attributed to free tort-butyl 
bromide (ButBr). The higher intensity of this signal rela- 
tive to that at 1.6 ppm agrees well with the tendency 
(which we have mentioned previously) to add more bulky 
halogen atoms to the end of the chain of PIB molecules in, 
tile presence of tert-butyl halides and Lewis acids with 
different halogen atoms. 6 This exchange is important to 
determine the preferableness of these or other atoms to 
enter into the terminal groups of PIB macromolecules, 
but most likely this is not essential for the mechanism of 
formation of active centers or their precursors. Therefore, 
hereinafter we do not take into account this exchange, 
and the system studied is designated as ButX - 
AIX;(AI2Xe), where X = CI and Br are in a ratio deter- 
mined by the starting molar [AIBr310/[ButCl]0 ratio. 

The presence of peaks with 5 2.4 and 3.2 indicates 
that protons of methyl groups of ten-butyl halide mol- 
ecules entering the complexes formed are less screened 
than those in unbound ButX molecules. This fact al- 
lowed us to assign the adducts obtained to polarized 
complex (PC) 1 (5 2.4) and ion pair (IP, 8 3.2), respec- 
tively. (The signal with 5 4.15 shifted strongly to the 
weak field, which was observed in Ref. 7 for a solution 
of Me3CF in SbF 5, is probably related to the free 
carbocation.) A similar shift of signals of protons of acyl 
halides during the formation of donor-acceptor com- 
plexes and acyl salts has been observed previouslyf1,9 
Alkyl halides ButCI and ButBr are weak electron-do- 
nors, and the main contribution to the formation of 
their complexes with a Lewis acid is made by polariza- 
tion interactions rather than charge transfer forces. There- 

fore, the adducts with chemical shifts 2.4 ppm can 
reasonably be assigned precisely to polarized molecular 
complexes. 

The position of the signals in the t H N M R spectrum 
is independent of the [AIBr3]0/[ButCI]0 ratio, but the 
relative integral intensities of these signals change sig- 
nificantly when this ratio changes (see Table 1). In our 
opinion, it is most important that as the [AIBr3]0/[ButCl]0 
ratio increases, the [I P]/[1] ratio of concentrations in- 
creases as well. This indicates that the concentration of 
AIX 3 in the ion pair observed in the spectra is higher 
than the content of the Lewis acid in compound 1. 

Based on our observations and taking into account 
tile data in Ref. 10, we can try to estimate the most 
probable composition of complexes I that formed. The 
authors of this work mixed equirnolar amounts of ButCl 
and AlCl 3 in CH3CI or CH2CI 2 at - 7 8  ~ the suspen- 
sion formed was filtered oft', and the liquid phase was 
slowly concentrated at a reduced pressure to obtain 
white or light-yellow needle-like crystals in 25--70% 
yield depending on the method of  introduction of AICI3. 
The assumed 1 : 1 composition of the complex is con- 
sistent with the data of elemental  analysis and cryos- 
copy. However, this complex is very unstable toward 
temperature increase: already at  - 3 0  ~ the crystals 
decomposed to yield HCI and a reddish liquid with an 
unknown composition. Since complex 1 formed under 
our experimental conditions exhibited no noticeable ten- 
denoy to decomposition even at ~20 ~ it is reasonable 
to assume that its composition differs from the equimo- 
lar one. 

In fact, due to the same reason, we can rule out the 
assumption that complex I has the AIX 3 �9 2ButX compo- 
sition. In this case, it should be expected that AIX 3, 
which is additionally introduced and favors the forma- 
tion of structures with an increased content of Lewis 
acids, gives the same thermolabite 1 : 1 (2) complexes 
according to the equation 

AIX 3 " 2 B u t X + A t X  3 ~ 2 B u t X - A I X  3. 

Let us emphasize once more that,  in fact, colored liquid 
products were observed in none of  the experiments, and 
the IH NMR spectra obtained at - 3 0  ~ were repro- 
duced after heating at room temperature and repeated 
cooling. 

Thus, it is most probable that complex 1 contains an 
excess of AIX 3 with respect to  ButX and has the 
ButX �9 2AIX 3 composition. If it is accepted that alumi- 
num halides in alkyl halides used as solvents exist pre- 
dominantly in the monomeric form, li the formation of 
1 can be presented as two sequential  reactions: 

K~ 
But)( § AIX 3 - ~ 2, (1) 

K, 
2 + AIX 3 : ;  1, (2) 

BuIX + 2 AIX a K :  1, (3) 
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where K 1 and K 2 are the equilibrium constant of stages 
(I) and (2), respectively; and K 3 = K I �9 K 2 is the effec- 
tive constant of complex formation: 

Ill 
K 3 = [ButXIr,~[AIX3]~,r162 . (4) 

where [ButX]frer and [AIX31f~ee are the concentrations of 
free (unbound in complexes) components. 

Most likely, under our conditions, the concentration 
of the intermediately formed thermolabile 1 : 1 com- 
plex 2 should be very tow, i.e., this complex reacts with 
the second AIX 3 molecule  more rapidly that its 
thermodecomposition occurs. Therefore, we observed 
no formation of the decomposition products mentioned 
in Ref. 10. It can be assumed that the preferred forma- 
tion of the 1 : 1 complex described t~ is due to the 
specific character of the procedure used, which is di- 
rected toward the isolation of the product (complex) in 
the crystalline state and/or to the special state of alumi- 
num tfichloride molecules at concentrations close to the 
limiting solubility. 12 

For the determination of effective constant K3, the 
[I], [ButXlfree, and [AIX3lrree values should be known. 
The two first values (or their ratio) can be calculated 
from integral intensities of the signals with chemical 
shifts 2.4 and 1.6--1.8 ppm taking into account the fact 
that complex 1 contains one ButX molecule (the results 
of the calculation are presented in Table 2). The deter- 
ruination of the concentration of AIX 3 unbound in a 
complex is a considerably more difficult problem. For 
the calculation of this value from material balance, the 
amount  of AIBr 3 in ion pairs should be known. The 
concentration of lP can be easily calculated from the 
IH NMR spectra (these data are also presented in 
Table 2), but the composition of these pairs is unknown 
and, as could be assumed, variable. The point is that, in 
fact, counter-anions in ion pairs are solvated by AIX 3 

Table 2. Results of calculation of concentra- 
tions of complex I, IP bound in these struc- 
tures, and free components for samples 2 and 
3 (see Table 1) 

Component Concentration/tool L -I 

Sample 2 Sample 3 

ill 0.615 0.50 
[IPl 0.154 0.25 
[BtdXlt 0.615 0.50 
[ButXhp 0.154 0.25 
[ ButX]l-rce 1.23 0.25 
[AIX3] t [.23 1.00 
[AIX3]IP >0.31 >0.68 
[AIX3]rree <0.46 <0.92 

Note. Limiting values of some eqnilibrium 
constants calculated from tile data presented 
in Table 2:1(3 -> 2.36 L tool -l ,  K 4 -< 0.25, 
Ks"/(6 >-- 2.37 L z tool -~. 

molecules. Solvation of this type occurs efficiently even 
at low concentrations of Lewis acid in both nonpolar 
hexane and more polar methylene dichloride_ t3 Pro- 
cesses of ion solvation are described by equations of the 
Langmuir type 14 or a system of successive equilibria. In 
our case, this system of equilibria is the following: 

K, 
1 " IP ' ,  

I P '  + A IX a : K ~ -  IP " ,  

K, 
[P"  + A IX 3 ~ - IP ' "  

... etc 

(6) 

~7) 

The formation of the ion pair IP '  due to the self- 
ionization of ! seems to be a rather real process, since 
the AI2X 7- counterion appearing in the process is rather 
stable and low-nucleophilic even in the absence of 
additional specific solvation. 13A5 

This mutual transition of polarized and ionic forms 
of adducts of ButCl with AIBr 3 (ButX with AIX3) makes 
it possible to assign these adducts to the so-called 
"endosphere complexes" or "ion-transfer complexes" con- 
sidered in detail, e.g., in the review) 6 Such complexes 
are characterized by the possibility to exist in two forms, 
one of which is all intermediate state of the type of 
charge-transfer complex, and the other is the ion state. 
Two potential wells separated by the energy barrier 
correspond to these states in the energy diagram. In our 
case, these states appear in the tH NMR spectra at 
-30  ~ as two separate signals with S 2.4 and 3.2. The 
complexes of ButX with AIX 3 have certain specific fea- 
tures: an excess of Lewis acid can participate in stabili- 
zation (sotvation) of the ion state; in the non-ion state, 
the polarization interaction contributes mainly to bind- 
ing rather than the charge transfer (this problem is 
discussed above). However, the polarization (Coulomb) 
interaction often plays an important (unless decisive) 
role in the formation of other molecular complexes, 
which are sometimes considered as charge-transfer or 
donor-acceptor complexes, t7 

Sequential equilibrium reactions (5), (6), (7) .... re- 
sult in the formation of a set of ion pairs with different 
degrees of solvation ( IP ' ,  IP", I P " ' ,  and others). This 
conclusion does not contradict the fact that we observed 
only one signal (3.2 ppm) in the IH NMR spectrum, 
which was attributed to ion pairs. The virtually un- 
changed position of signals in tH and t3C N MR spectra 
for acetylium salts CH3CO+SbF6 - or CH3CO+Sb2Fti- 
and mesitoyl salts with counterions AIBr 4- or A12Br 7- 
was demonstrated in Ref. 18. Thus, the relative inten- 
sity of the signal with 8 3.2 allows one to determine only 
the overall concentration of ion pairs (lIP]). 

The presence of a set of ion pairs with different 
degrees of solvation of counterions determined by the 
concentrations or the ratio of components (ButX and 
AIX3) is confirmed by the results of experiments on IB 
polymerization in the presence of the ButCI--AIBr3 
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system at different ratios of the components, which are 
considered in detail below. As for the possibility of 
quantitative determination of the K 3 constant and other 
equilibria constructs, we did not manage to perform this 
calculation because of an uncertain content of ion pairs 
with different compositions. In this case, 27A1 NMR 
spectroscopy can provide poor information, since the 
appearance of a large set of broad (A = 900 Hz) signals 
corresponding to the Alex 7- ions with different Br/CI 
ratios z8,19 should be expected, as well as signals from 
free, bound in 1, and entering in the solvate shell of IR 
of AIX 3 (AI2X6) molecules.  If a luminum remains 
tetracoordinated, all signals from the structures indi- 
cated should be arranged in the narrow 8 80--110 range. 2~ 

Nevertheless, some semi-empirical estimations were 
successful. For example, the ratio of concentrations of 
AIX 3 ([AIX3]rree) for samples 2 and 3 (the number of the 
sample is shown by the subscript) can be determined 
from Eq. (4) and concentrations calculated from the 
spectra (see Table 2): 

[AIX3] 2 tree.3 _ [i13 [Bu' X]frer 
[AIX312 (8) tree,2 [Bt X ]rfr 3 [112 

This ratio is equal to 2. Based on the data obtained, we 
also calculated the maximum concentrations of free 
halide AIX.3 for both samples. The [AIX3]frec,2,max con- 
ccntrat ion was calculated from the material balance with 
accotn3t of the fact that each particle of complex 1 
contains two AIX 3 molecules and each ion pair includes 
at least two AIX 3 molecules (i.e., the system of equilibria 
(5)--(7) was restricted only by reaction (5)). As a result, 
we obtained the value [AIX3] f ree ,2 ,max  = 0.46 mol L-I. : 
Therefore, [AtX3]frce.3,rna x = 2" 0.46 = 0.92 mol L -I.  
It follows from tile material balance for sample 3 that 
the consumption of AIX 3 in the formation of IP in this 
sample is not lower than 0.68 tool L - l  ([AIX3] 0 - 2 [1] 
- [A1X3lfree,3.ma• i.e., at least 2.7 AIX3 molecules fall, 
on the average, on one ion pair IP, and due to the 
solvation of one ion pair I P ' ,  at least 0.7 AIX 3 molecules 
are bound additionally in this sample. 

hlserting the [AIX3]fr~ema x values in Eq. (4), we 
obtain that K 3 >_ 2.36 L tool -I .  It follows from Eq. (5) 
and the [1] and [IPI values presented in Table 2 that K 4 
_< 0.25, i.e., equilibrium (5) is noticeably shifted to the 
left. When we restrict our consideration of the equilib- 
rium solvation of A12X 7- counter-anions (in the first 
approximation) by only three stages (5)--(7) (which 
seems reasonable taking into account the restricted ca- 
pacity of the solvate shell of the counterion in the ion 
pair and comparable sizes of the counterion and solvat- 
ing agent), the calculation gives the following inequality: 
Ks"/<6 >- 2.37 L 2 tool -2, 

Note that similar results are obtained when alumi- 
num bromide is assumed to exist in methylene dibromide 
mainly as a dimer. 

As follows from the IH NMR spectral results pre- 
sented above, the specific solvation of anions of IP by 

additional AIX 3 molecules even in relatively polar meth- 
ylene dibromide evidently plays an important role in the 
stabilization of the ionized state. We mentioned u the 
significance of this solvation for tile polymerization 
process in the study of the initiating capability of 
mesitoyl salts Me3C6HzC(O)+AIBr4 - ( M s t - l )  and 
Me3C6H?C(O)+AI2Br7 - (Mst-2). Despite the ionic char- 
acter, Mst-I did not initiate IB polymerization in hex- 
ane or methylene dichloride. However, this salt could be 
activated by small additives of  Lewis acids or even 
organic electron-acceptors (for example, chloranil). The 
Mst-2 salt itself initiated the IB polymerization in hex- 
ane and CH2C12, but the polymerization rate increases 
even more when the additives indicated above were 
introduced in amounts comparable with the amount  of 
the salt, i.e., at concen t r a t i ons  of an order of 
several mmol L -I.  

Based on these data, we can assume that the specifc 
solvation of counter-anions by an  excess of Lewis acid 
or organic electron-acceptors plays the main role in the 
determination of activity of cationic initiators, which, of 
course, does not rule out the influence of the solvent 
polarity on the rates of particular elementary reactions. 
The increase in the fraction of IP (established from the 
spectra) with an increase in the [AIBr3]o/[ButCl]o ratio 
should result in an increase in the content of active 
centers in the polymerization system and, hence, the 
polymerization rate. To confirm this conclusion, we 
compared the NMR spectral data obtained with the IB 
polymerization in hexane under the action of the initiat- 
ing ButCI--AIBr3 system. This comparison of the data 
obtained in different but low-polar solvents is quite 
reasonable in this case taking into account the afore- 
mentioned (for acyt salts) considerably higher sensitivity 
of carbocationic initiators precisely toward the content 
of specifically solvating additives rather than to the 
polarity of the medium, u 

The experimental  results of  }B polymerizat ion 
(Table 3) agree, as a whole, with the expected results: 
the initial polymerization rate ( W  o) increases by ap- 
proximately two orders of magni tude  as the molar 
[AIBr3]o/[ButCl]o ratio increases from 1 to 8. Moreover, 
such a sharp increase in the polymerization rate can be 
considered as an indica t ion  that the activity of 
carbocations in acts of polymer chain growth increases 
as well. 

Table 3. Results of polymerization of IB by the ButCI--AIBr3 
system (hexane; -78 ~ lIB] = 1.08 tool L-l; [ButCl]0 = 
1 mmol L-J; 20 min; conversion -100%, except for entry 1) 

Entry [AIBrqn t4," o M.-10-3 fc=c C(c=c),rej 
[ButCl]0 /tool t -I s -I 

/mol tool -I (..%) 

1 0.5 No polymer is formed 
2 1.0 2.1 �9 10 -3 126.5 27 8.2. I0 -3 
3 2.0 1.4 �9 10 -2 110_6 71 4.2 �9 10 -2 
4 4.0 -I .0 ,  10 -j 68.2 97 8.8" 10 -2 
5 8.0 -2.8, 10 -I 52.8 127 1.6"10 -l 
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The absence of polymerizat ion at the ratio 
[AIBr3]0/[ButCI]0 = 0.5 (see Table 3, sample 1) was 
rather unexpected. To explain the latter result, we can 
assume that an excess of Bu~CI decreases the probability 
of IP formation (i.e., decreases the [IP]/[I] ratio as 
mentioned above), but also solvates the carbocatious 
formed, thus decreasing their activity. This asst, mptiou 
is based on mass spectrometric data zl of processes oc- 
curring during laser evaporation/ionization of aluminum 
in the gas flow of the IB--ButC1--He mixture. The 
authors observed a set of clusters containing oligo- 
isobutenyl cations and ButCl molecules. The study of 
gas-phase equilibria for similar systems showed zz that 
the energy of binding of the carbocation and Bu~CI 
should decrease as the size of the oligomeric cation 
increases. In other words, an excess of ButCl prevents 
the addition of the monomer to, first of all, small 
carbocations, including the initial I P. 

In the analysis of the results obtained on polymeriza- 
tioq, it is reasonable to assume that an increase in the 
initial [AIBr3]0/[ButCl]0 ratio results in a change in the 
composition of active centers rather than in an increase 
in the concentration of IP and, correspondingly, the 
concentration of active centers. The aforementioned 
very sharp increase in the polymerization rate as the 
ratio indicated increases only 8 times agrees, most likely, 
with this assumption. 

Then, assuming that changes in the composition 
(structure) of active centers should be reflected in their 
relative activities in acts of chain growth and restriction, 
i.e., selectivity of these centers, we analyzed the param- 
eters of the polymers (see Table 3). For cationic sys- 
tems, we have suggested previously z3 the so-called crite- 
ria of "approach to viability," which allow one to esti- 
mate the relative disposition of carbocationic centers to 
side chain transfer or termination reactions. In the same 
work, z3 we showed that the proton elimination from the 
carbocation is usually the only possible chain restriction 
reaction for the I B polymerization under specified con- 
ditions (hexane, - 7 8  ~ under the action of acyl 
RCOX.2AIBr 3 complexes. In this case, the use of the 
second criterion of those suggested by us can be recom- 
mended: the ratio of rate constants of proton elimina- 
tion (kel) to chain growth (kgr). 

However, the experimental  results presented in 
Table 3 cannot be analyzed using this criterion, since 
the polymers formed at higher [AIBr3]0/[ButCI]0 ratios 
have a degree of functionalization fc= c exceeding t00% 
(more than one double bond C=C per macromolecule) .  
This increase can be explained only in part by errors in 
determination of the numerical-mean molecular weight 
Mn and content of C=C bonds. We believe that an 
increase in the [AIBr3]0/[ButCI]0 ratio leads to a de- 
crease in the selectivity of the growing carbocation, 
which results in an increase in the role of the reaction of 
proton e l imina t ion  and also (at the highest 
[AIBr3]0/[ButCI]0 ratios) in another side reaction, hy- 
dride shift (here A-  is the counter-anion):  

Me3C(CH2CMe2)nCH2CMe2~A - + CH2=CMe 2 

Me3C(CH2CMe2)nCH2CMe2H + CH2=C(Me)CH2+A -, 

CH2=C(Me)CH2+A - + n CH2=CMe 2 ~ chain growth. 

The contribution of this reaction should be notice- 
able only in the case where the reaction involves oligo- 
meric carbocations with small n values or even the 
starting tert-butyl catioq, since the low-molecular  
isoparaffins that lbrmed contain no terminal double 
C=C bonds and can be removed during isolation of the 
polymer. The nonisothermic character of the process, 
which most probably takes place due to very high poly- 
merization rates at a considerable excess of AIBr> can 
be an additional prerequisite for the hydride shift reac- 
tion. The temperature increase is known 2,24 to favor an 
increase in the relative role of processes associated with 
hydride ion transfer; in some cases (see, e.g., Ref. 25), 
these processes can become determining with respect to 
the structure of the polymeric product. However, further 
studies are necessary for a deeper understanding of the 
specific features of the hydride shift reaction. 

For the estimation of "viability" of polymerization 
processes involving various reactions of chain restric- 
tion, which result in the appearance of double bonds in 
macromolecules, we suggested 23 another criterion: 

qc=c>.~a = r e = c / P P .  , 

where C(c=c).vel is the relative content of double bonds 
in the polymer; DP~ is the numerical-mean degree of 
polymerization (ill this case, DP, = A~'J56). The 
decrease in C(c=c),rr indicates a decrease in the relative 
role of side restriction reactions. The application of this 
criterion for the comparison of "viability" of systems is 
possible at close conversions and initial concentrations 
of the monomer, which corresponds to the conditions of 
experiments, the results of which are presented in 
Table 3. The calculated C(c=c),~r values demonstrate 
rather clearly an increase in the role of chain restriction 
reactions with an increase in the [AIBr3]0/[ButCl]0 ratio. 
It is impo~ant that the increase in the criterion indi- 
cated is sufficiently great (almost 7 times) even for an 
increase in [AIBr3J0/[ButCl]0 ratio from 1 to 2 only, i.e., 
under conditions of moderate rates that provide a regime 
at least close to the isothermic one. 

Thus, an increase in the [A1Br3]0/[ButCI]0 ratio 
changes the concentration of active centers and their 
composition (structure) as well. Evidently, an excess of 
Lewis acid in this system is capable, in fact, of addi- 
tional solvation of counter-anions to decrease their nu- 
cleophilicity, which, in turn, increases the activity but 
decreases the selectivity of carbocations. This conclu- 
sion agrees well with the previous observations 26 of the 
very important role of nucleophilicity of the counterion 
for providing the "viable" character of cationic polymer- 
ization of vinyl monomers: a decrease in nucleophilicity 
of the counter-anion results, as a rule, in an increase in 
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the role of  side chain restriction (for example,  chairs 
transfer) reactions. 

This work was fitmncialty supported by the Russian 
Foundat ion for Basic Research (Project No. 97-03- 
32S25a). 

R e f e r e n c e s  

I . J . P .  Kennedy and E. Marechal, J. Polym. Sci., Macromol. 
Rev., 1981, 16, 123. 

2. J. P. Kennedy, Cationic Polymerization of Olefins: a Critical 
Inventory, J. Wiley and Sons, New York, 1975. 

3. J. P. Kennedy, N. V. Desi, and S. Sivaram, Makromol. 
Chem., 1972, 160, 41. 

4. J. P. Kennedy and S. Rengachary, Adv. Polym. Sci., 1974, 
14, l .  

5. A. Priola, S. Cesca, and G. Ferraris, Makromol. Chem., 
1972, 160, 41. 

6. A. V. Orlinkov, T. V. Chulochnikova, A. I. Nesmelov, 
V. B. Murachev, E. A. Ezhova, and A. M. Evtushenko. 
[zv. Akad. Nauk, Set Khim., 1996, 1184 [Russ. Chem. 
BalL, 1996, 45, 1124 (Engl. Transl.)]. 

7. G. A. Olah, E. B. Baker, J. C. Ewans, W. S. Tolgyesi, J. S. 
Mclntyre, and I. J. Bastien, ,I. Am. Chem. Sot., 1964, 
86, 1360. 

8. A. I. Nesmetov, A. V. Orlinkov, V. B. Murachev, [. S. 
Akhrem, V. S. Byrikhin, and M. E. Vol'pin, lzv. Akad. 
Nauk SSSR, Set. Khim., 1988, 2232 [Bull. Acad. Sci. USSR, 
Div. Chem. Sei., 1988, 37, 2006 (Engl. Transl.)]. 

9. A. V. Orlinkov, I. S. Akhrem, and M. E. Vol'pin, Usp. 
Khim., 1991, 60, 1049 [Russ. Chem. Rev., 1991, 60 (Engt. 
Transl.)l. 

10. S. Cesca, A. Priola, and G. Ferraris, Makromol. Chem., 
1972, 156, 325. 

t I. N.  M. Alpatova, V. V. Gavrilenko, Yu. M. Kessler, O. R.: 
Osipov, and D. N. Maslin, Kompleksy metalloorganicheskikh 
gidridnylch i galoidnyl<h soedinenii alyuminiya [Completes of 
Ovganometallic, Hydride, and Halide Ah~minum Compounds], 
Nauka, Moscow, 1970, 271 (in Russian). 

12. S. S. Voyutskii, Kurs kolloidnoi khimii [A Course in Colloi- 
dal Chemistry I, Khimiya, Moscow, 1976, Ch. 8 (in Rt~s- 
sian). 

13. V. B. Murachev, A. I. Nesmelov, E. A. Ezhova, V. S. 
Byrikhin, A. V. Orlinkov, and I. S. Akhrem, Izv. Akad. 
Nauk, Ser. Khim., t998, 52 [Russ. Chem. Bull., 1998, 47, 
50 (Engl. Transl.)l. 

14. V. I. Volkov, E- A. Sidorenkova, S. F. Tirnashev, and S. G. 
Lakeev, Zh. Fiz. Khim., 1993, 67, 1014 [Russ. J. Phys. 
Chem., 1993, 67 (Engl. Transl.)]. 

15. G. L. Gutsev and A. I. Boldyrev, Usp. Khim., 1987, 56, 889 
[Russ. Chem. Rev., 1987, 56 (Engl. Transl.)]. 

16. Th. Zeegers-Huyskens and P. t-[uyskens, Molecular Inter- 
actions, Eds. H. Ratajchak and W. J. Orville-Thomas, 
J. Wiley and Sons, New York, 1 981, v. 2. 

17. E. N. Gur'yanova, 1. P. Gol 'dshtein,  and 1. P. Romrn, 
Oonorno-aktseptornaya svyaz" [Donor-Acceptor Bond], 
Khimiya, Moscow, t973, CO,. I (in Russian). 

18. I. S. Akhrem, A. V. Orlinkov, V. I, Bakhmutov, k. V. 
Afanas'eva, and M. E. Vol 'p in ,  [zv. Akad. Nauk SSSR, 
Ser. Khim., 1990, 2490 [Bull. Acad. Sci. USSR, Div. Chem. 
Sci., 1990, 39 (Engl. Transl.)]. 

19. D. E. H. Jones, ,L Chem. Soc. D,7lton. Trans., 1972, 567. 
20. J. W. Connoly, D. S. Dudis, S. Kumar, L. T. Gelbaum, 

and N. Venkauastibramanian, Chem. Mater., 1996, 8, 54. 
21. G. M. Daly and M. S. El-Shall, J. Phys. Chem., 1995, 

99, 5283. 
22. D. K. Sen Shamaa, S. M. de Hojer, and P. Kebarle, .L Am. 

Chem. Soc., 1985, 107, 3757. 
23. V. B. Murachev, A. M. Evtushenko, A. I. Nesmelov, E. A. 

Ezhova, A. V. Orlinkov, and [. S. Akhrem, IN. Akad. 
Nauk, Set'. Khim., 1997, 745 [Russ. Chem. Bull., 1997, 46, 
714 (Engl. Transl.)]. 

24. J. P. Kennedy and R. S. Squires, Preprint [UPAC Sympo- 
sium on Macromolecular Chemistry, Prague, t965, N 1 I0. 

25. O. G. Akperov, V. B, Murachev, A. Kh. Bulai, and V. P. 
Zubov, Vysolcomol. Soedin., A, 1989, 31, 977 [Polym. Sci. 
USSR, A, 1989, 31 (Engl. Transl.)]. 

26. M. Sawamoto, Prog. Polym. Sci., 1991, 16, 1l l .  

l~eceived January 15, 1998 


