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Summary: Published carbocationic propagation rate constants vary between 2
10° and 5 10° L-mols™, e.g. for k" with styrene in CH,Cl,. The low values were
deduced from  an evaluation of [P,'], the high values from competitive

experiments assuming diffusion-controlled termination. Recent kinetic and
spectrophotometric studies of indene living polymerization have given

intermediate values (5 10° to 5 10° L-mol™-sec’’). An explanation of the high
values obtained by the competition method is suggested.

Introduction

The values of the absolute rate constants of propagation in carbocationic polymerizations
have been a subject of discussion for a long time. For the same monomer, e.g. styrene, in the
same solvent CH,Cl, and at the same temperature (-80 °C), the published values of the second

order k,* for jon-pairs range between 2 10° @ and 5 10° L-mol™.s" @. An intermediate value

of 3 10° L-mol™.s” was obtained for kp+ in the radiation initiated polymerization of styrene in
bulk at 0°C © derived from the concentration of P,” deduced from conductivity data. The low

k," and k,* obtained in solution were deduced from [P,*] obtained by spectrophotometric UV

absorption 49 For other monomers in CH,Cl, solution, global k, deduced from the total

active centres concentration [P, J+[P,*] were similar with those of styrene, e.g.~104 L-mol’s™

for isobutylvinylether ® and p—methoxystyrene(6) at0°C.

The most detailed review of the kps obtained either in bulk or in solution was done by P. H.
Plesch in 1993.7® He proposed that for polymerizations initiated by radiation in bulk,
propagation was not a second order reaction between carbocation and monomer, but
corresponded to a unimolecular rearrangement of growing carbocations solvated by the
monomer. Assuming quantitative solvation, propagation becomes first order (zero order in

M]) and could not be compared with propagation measured at low [M] in solution. In that

case, he concluded that the k,” in chlorinated solvents were about 1 to 2 10* for

(7.9 an

isobutylene'”” and styrene -, as shown in table 1.
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t Styrene Isobutylene Isobutyl
Initiation | °C Vinyl ether Authors
Ko k. k. kL ko ke | k'
CloH [-80] 510°(210° | 210° Pepper (1973)
(CH,ClL) ]-60]1.510']|2510° | 31¢°
CF;SO;H |-10] 10° Vairon (1992)
(CHCL) |-62| 10
Ph;C*SbCls | 0 710° Sigwalt (1976)
(CH,CL,)
ClL-ELAICH | -45 1.2 10* Magagnini
(CH,CI) (1977)
vradiation | 15 3.510° s 10 Williams(1967)
: 0 1.5 10 Williams(1969)
inbulk | 78 7.5 10 Williams(1967)
0 410° Hayachi (1971)
Stannett (1977)
P,CI-TiCl, | -78 - 6 10° Mayr (1996)
(CH,CL)
P,CI-TiCl, Faust (2000)
CH,Cl/Hex | -80 10°
CHCI,/CH,CL, | -75 510°

Table 1. Propagation rate constants in carbocationic polymerizations (in L-mol™.s™)

More recently, very large kp* values of about 10° L-mol™.s™ @' (for isobutylene) or 5 10°

(for styrene)® have been measured at —80 °C in CH,Cl, , CH;Cl/hexane or CHCly/ CH,Cl,
solutions. These polymerizations, initiated by a halide and a Friedel Crafts activator such as

TiCL, are controlled (living) in these conditions. The k;* values were obtained by examining
the competition between propagation and deactivation reactions with various nucleophiles,

assuming that deactivation with the stronger nucleophiles was diffusion controlled.

The earlier methods of rate constants determination were all based on an evaluation of [P,
[P.] or [P.f] + [P,7), and different initiators led to similar small values, while the very large
kps were obtained with living systems by a completely different method. A direct comparison
might be made if [P;*] could be measured in a similar system. This is not possible with the

unstable polystyryl carbocations initiated by RCl and e.g. TiCl,, but kinetic data are available
for indene living polymerizations.(”’m They show that carbocations may remain stable for

long times and this was confirmed recently by spectrophotometric experiments. "> Since

manageable kinetics correspond to very low concentrations of cations (5106 molL™), [P.f]

was evaluated from the measured ionization equilibrium constant K; of the monomeric model,

1-chloroindane.
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Rate constants of propagation of indene on ion-pairs in CH,Cl,
Stable carbocations have been observed in CH,Cl,, after protonation of indene or its

unsaturated dimer by CF3;SO3H at -67 °C, and the molar extinction coefficient € was equal to

16 000 L-mol’.cm™ (with the dimer and excess acid)"”. Ionization of 1-chloroindane by

excess SbFs at -68 °C led to 16 000 <e<20 000 for the monomeric cation “*. With TiCl, and
SnCl,, ionization was always partial, but assuming £=16 000, K; at -65°C could be measured

since the amount of dissociated species was low at the concentration of ion-pairs present.
For the controlled polymerization of indene with CumCl and SnCl, at -40 °C (upto M, = 1.5

10%) the rate constants k; were obtained from equation (1) for a reaction first order in [M],

In [M]o/ [MIe=ki t= (k" [P5f] + k' [Pa ) t M

In the presence of a salt with a common anion SnCls’, formed with di-fers-butyl-methyl

pyridine (DBMP) and HCI present in SnCl,"?, propagation on free ions is suppressed and
k" =k,* [Py*] =k,* K; [CumCl] [ SnCly]

ki* is not available at -65 °C and it was necessary to evaluate the enthalpy of ionization AH; in
order to have K; at —40 °C. When only ion-pairs are present, k;* variation with temperature
leads to a global activation energy E,* (from the variation of In k;* with 1/T), which is the sum
of the activation energy for propagation E;* and of the enthalpy of ionization AH;.

Eg* = AH; + Ep*

Eg?* has been determined and is -1.4 0.6 kcal -mol™ . If k,* is practically independent
from temperature as assumed by Mayr and Faust, Ep* ~0 and Eg ~AH; ~ -1 kcal-mol™. With
K; (-65 °C) = 2 107, this leads to K; (-40 °C) ~1.5 10”%. In the experiment at -40 °C, [CumCl]
=10 and [SnCL]= 2 10 molL", k;* = 3.2 107 5! for the initial slope of In M/M versus

time (first 3 points during 1 min) %,

[P.%] = K; [CumCl] [ SnCly)= 3 10® mol-L" and k,*=3.2 10%/3 10 ~ 10° L.mol 5.
It seems however quite possible that Ep* in CH,Cl, might be different from zero, since Eg

(derived from ki) between 3 and 9 kcal-mol” have been measured for polymerizations of

styrene initiated by protonic acids. According to the chosen Ep* value, in the present case
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CumCl MtX, ki AH; K® P.4® ki
mol L™ molL" st Kcal ‘mol’! mol L Lmol™s!
107 |snCl:210° (32107 0 2107 410° 810"
-25 107 210° 1.510°
-5 5107 10°% 310°
-10 1.510° 3107 1.110°
5107 | TiCl,: 2103 | 210! 0 2400 | 4.810° 410
-25 1200 | 2410° 810"
-5 600 1210° 1.6 10°
-10 150 3107 710°

Table 2: Polymerization of indene at —40°C. Propagation rate constants on ion-pairs.
a) For SnCl,, [P.] = K; [CumCl] [SnCl,]. Reactions in presence of HDBMP", SnCls
For TiCl,, [P,}] = K,' [CumCl] [TiCl,]*. Reactions in presence of BuN', TiCly
b) Ki (SnCly: Equilibrium of I" order in {SnCl,] ; (TiCl,) : Equilibrium of 2™ order in [TiCl,]

AH; = Eg* - Ep* would vary between -1 and - 10 kcal-mol”! when Ep* varies between 0 and 9
kcal- mol™’. This is shown Table 2 in which K;s at -40 °C were calculated from the
experimental K;=2 107 for 1-chloroindane at -65 °C.

However, it has been observed that reaction rates with IB of polyisobutylene chloride models

H(CH,(CH3),C),Cl ionized by BCl; increase strongly when n increases, and this was

attributed to back-strain favoring ionization>'®. If a similar situation occurs with

chloroindane and polyindene chloride dormant species, K;s used for the above calculations are

too small and the k,'s would be smaller than those given in the table, which vary between 8
10* for Ep* = 1 (AH; = 0) and 1.1 10° for Ep* = 9 (AH; = -10).

The situation is more complex for polymerizations initiated by cumyl chloride and TiCly,

since with this activator a second order in [TiCls] has been observed for the polymerizations

of isobutylene and styrene when propagation occurs on ion-pairs. This seems to indicate that

propagation involves mainly active sites with Ti,Cly” anions, and

[P,", TiyCly] = K;"[CumCl] [TiCls)?
For indene polymerizations at -40°C with [CumCl]=5 10* and [TiCl;}=2 10° mol.L", in the
presence of [nBuyN*,TiCls1=5 10™ mol.L™, kj* =2 107 ', [P,#]= K;’[CumC]] [TiCL}} =2

10® K;. For 1-chloroindane, Ky’ = 2400 at —67 °C. If the same value is assumed for the
polymer end-groups and if AH;~ 0, [P*] =4.8 10° mol.L"" and k;* =k;* /[P,}] =2 107/4.8 10

~ 4 10* (see table 2). However, a AH; = 0 is still less likely than in the case of SnCl since Eg

observed with TiCl, are much more negative. For example, with indene, CumCl and TiCl, (in
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presence of DMSO) Eg = -4.3 kcal-mol™ "V, and since Ep* should be similar with P.* SnCls"
(or smaller with the Ti>Cls" counter ion), this may indicate that AH; is of the order of -3
keal-mol™ smaller, which would lead to k,* of the order of 10° (see table 2). And even if Ept=

6 keal-mol”' (and Eg* = -4 kcal-mol ™), k,* is still lower than 10°.

Rate constants of propagation of indene on unpaired ions

Polyindenes of high mol wts were obtained at —70 °C in CH,Cl, and propagation rate
constants k; measured by calorimetry, for polymerization carried out in high purity but “’non
living”* conditions "”. Initiation was probably by traces of HCI coinitiated by TiCls (10
mol-L™"; [indene] =2 10™ mol-L ™", and propagation occurred predominantly on unpaired ions.
The osmotic mol wt of the polymer was 4.6 10° corresponding to 5 10° molL™' of
macromolecules, i.e. of dormant species P,Cl in absence of transfer.

[Pnf] = K¢ [PnCl] [TiCLJ =2.4 10°x 5 10° x 10°=1.2 107 moLL"’

For C;H;", SbCls™ at -40 °C, Kp = 7 10°"®  and Kp should be similar (or larger) for
CoHy",Ti,Cly". Assuming a Kp = 10 at -70 °C (AHp = -1.2 kcal-mol™)

[Pn'] = (Kp[Pn*))"? = (10* x 1.2 107) 2 = 3.5 10° mol.L"!
With k,=1.1 s* "7, k* = k,/[Pn*] = 3.1 10° L-mol"s™. If transfer occurs, even with kem/k, =
10™* (which appears to be too large ‘), only 50% of the polymer would have been formed by
transfer ([P,C1]=2.5 107 mol.L!) and k=62 10° L-mol s, But if K;* for the high polymer

is larger than for GHgCl, k," would be reduced accordingly. The various estimated k," values

are in the range calculated for k,* with SnCl, or TiCl, at 40 °C.

Comparison of rate constants for indene and styrene

It might be considered that k," and k,* for indene could be much lower than for styrene, this

eventually resulting from steric hindrance for propagation and/or from a lower reactivity of
the carbocation. But living copolymerization experiments with p-methylstyrene (pMS) %
(more reactive than styrene) have shown that indene monomer reactivity is slightly higher
than that of p-MS, which is itself twice as reactive as styrene. More significantly, rates of
polymerization are independent from the relative indene / p-MS molar ratio, even for a

predominant indene content (e.g up to 80%). This shows that indene homopropagation is not
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hampered by strong steric effects and is confirmed by the comparison of the enthalpy of
polymerization AH; of indene (-13.9 + 0.6 keal-mol™, between +10 and -70 °C) with those of

cyclopentadiene (-14.1 kcal-mol™) and styrene (-16 kcal-mol') in CH,Cl, with TiCl, as

coinitiator. ®

Discussion

In his last publication ®®, P. H. Plesch proposes an explanation for the very large discrepancy
between the kps obtained at -80 °C by Mayr and Faust and those measured for other
“conventional polymerizations” in similar solvents. In this last case, the kinetics would

involve only 1** order propagation with monomer-complexed carbocations P,*,M (or P2 M),
Y P p

this resulting from the large monomer concentration (as for polymerization in bulk, see
above). True 2™ order ks between active species and monomer would only be observed, as in

Mayr’s experiments, by extrapolation to zero [M]. But this explanation is not convincing

since the ks of Pepper ® and Vairon ® were obtained for polymerizations performed at lower

concentrations (0.1 to 0.25 mol'L™!) than those of Mayr (9 and Faust @ experiments (1 to 2.5

mol- L") ®, With indene, the smaller k,s were also obtained at low [M] (< 0.2 mol.L ") ¢"1217,
Even if there are some discrepancies between the small k,* or k," for styrene measured in
solution and derived from the evaluation of [P;*] or [P,'], they are of the same order of

magnitude (10* to 10°) as those obtained for indene living polymerization in CH,Cl,. This
raised the question of the validity of the values, larger by a factor of 10* to 10°, obtained with
the same types of solvent and initiator but resulting from the competition method.

Using this indirect method for isobutylene (IB) oligomerization, diisobutylene and
triisobutylene cations (DIB* and TIB") were generated by ionization of the corresponding
halides by e.g. TiCly in CH,Cl, at -78 °C, and allyl silanes were used as terminators,
competitively with propagation on IB !”. The TIB* cations react about five times faster with
trimethyl (2-methylallyl)silane (a) than with IB, and assuming that the reaction of TIB* with
this silane is diffusion controlled (Kgeaet ~ 3 10° L-mol'l~s’1) the propagation rate constant kp* =
3 10%5 = 6 10® L-mol™".s” was obtained. The ratio of the rates of addition on (a) and on
trimethyl allyl silane (b) were measured for carbocations of increasing reactivity and
decreased from 200 for (4-MeCsH,),CH" to 2.4 for DIB*. The absence of selectivity of the

most reactive cations was considered a proof of a diffusion-controlled reaction.
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Large rate constants were also observed for deactivation of model R* by uncharged
nucleophiles (e.g. k*4eae=10 for Ph,CH* and IB(“))A But these reactions involve short-lived

cations (t<80ns) eventually not yet solvated by the solvent. And Kgeaer may result from the

intermediate formation of a R*,M complex. It would not correspond to propagation, which
involves monomer incorporation and formation of a new carbocation.

Faust et al measured the initial rates of the capping reaction of hydrochlorinated IB n-mers by
three strong nucleophiles, 1,1-ditolyl and 1,1-dibutylethylenes, and 2-phenylfuran ®. At low
concentrations of each nucleophile N, the rate was 1% order in {N] (up to [N}~5 10 molL™)
but the order changed to near zero for [N]~10" mol'L™". This was atiributed to a change in the
rate determining step from addition to the nucleophile to ionization of the halide. Since the
rates for various nucleophiles fitted on the same curve with the same limiting rate for [N] =
10, this was assumed to result from diffusion-limited addition, and kp* was obtained from
Kgeao= 3-10° L-mol s

Another interpretation may however be proposed if propagation also occurs in two steps in
solution, as suggested by Fontana® for propylene in solution and by Plesch ™® for reactions
in bulk. For propagation and termination reactions, the order in M or in N would be equal to

one for low concentrations of M or N (apparent first order) and become zero for sufficiently

large concentrations. This was observed by Faust for [N} ~ 0.1 mol.L”, nucleophile solvated

species P,*N becoming preponderant. (1533

P.*s
Scheme 1 KSbZ/' “
ki M

KSM
Kpq1)
PNt €—— piy "“”—‘" P.*M —_—> | G
N

As considered by Plesch with ion-pairs, one side of the carbocation plane would be occupied
by the counter-ion, and the other side by a molecule of either the solvent or the monomer,
these two species being in equilibrium. Propagation would only occur on monomer solvated

species Py™™ with a 1* order rate constant ky). With the nucleophile N, a similar reaction may
occur, termination giving inactive P,N* species (see scheme 1). The polymerization rate is

Ry = k%) [P M] = k') Kam [PS] [M].
The order in monomer concentration is one but the second order rate constant k; upp = kp® (1)

Ksv A similar situation may occur for termination with R, = k) Ksn[P*S] [N].
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In Faust’s experiments of deactivation by diarylethylenes, theoretical M, = [Mleons/[CumCl]

were obtained at partial conversion, showing that initiation was complete and that equilibria
between dormant and active species were rapidly established. This is also the case for the
equilibria between P*s and M or N. We should have DP, = Ry/R..

DP, =Ry/R: = kp(1y Ksm / ki) Ksn x [MJ/[N]
In these experiments (2), [N]=3 10" mol-L"" and it was observed that DP,/[M]}~80. This gives,
Kp(1y® Ksm / kiy* Ksw= 80[N] = 0.24. It only means that the apparent rate constant kytyp, = koy*
Ksu is smaller than that of termination kyy* Ksy, but does not give any information about the
unimolecular rate constants kyy* and kgy* since Kgv and Kgy are also unknown. The

equations - and conclusions - would be similar if competitive solvation by CH,Cl, did not
occur, but this hypothesis may explain more easily the large difference in rates between
polymerizations in bulk and in solution.

If those preliminary solvations of P,* or P,* by M or N occur, the unimolecular rearrangement
reactions cannot be diffusion controlled and second-order k,* or k," values cannot be

calculated using this last assumption. They can be obtained only if [P,¥] (or [P,*]) is known.
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