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895. Cationic and Pseudocationic Polymerisation of Aromatic OleJins. 
Kinetics and Mechanism of the Pseudocationic Polymer- Part I .  

isation of Xtyrene by Perchloric Acid 
By A. GANDINI and P. H. PLESCH 

The kinetics of the polymerising system styrene-perchloric acid- 
methylene dichloride have been studied in the temperature range +19" to 
- 19", by a calorimetric technique. The propagation is pseudocationic, its 
rate constant a t  19" is K, = 10.6 1. mole-l sec.-l, and Ep = 11.6 kcal. mole-'. 
The elementary reactions are interpreted in detail by a mechanism involving 
an ester as chain carrier. 

WE have reported 112  that the polymerisation of styrene catalysed by perchloric acid in 
methylene dichloride and 1,2-dichloroethane proceeds rcomally in absence of carbonium 
ions (free or paired) and that the chain carriers are l-phenylethyl perchlorate and the 
analogous oligomeric esters ; this newly discovered kind of polymerisation we called 
'' pseudocationic." Subsequently, we investigated a series of polymerisation systems 
in order to ascertain whether they belong to the class of cationic polymerisations as 
previously suggested by other authors, i.e., whether carbonium ions propagate the 
polymerisation, or whether they represent further examples of pseudocationic polymeris- 
ation. The present Paper is the first of a Series in which we will report on the behaviour 
of a wide range of polymerising systems in an attempt to map out the conditions under 
which cationic and pseudocationic reactions occur. 

Pepper and Xeilly3 studied in detail the kinetics of the polymerisation of styrene by 
perchloric acid in 1,2-dichloroethane and in mixtures of 1,2-dichloroethane and carbon 
tetrachloride. Our investigation of the spectroscopic and conductimetric behaviour of 
this monomer-catalyst pair was carried out in methylene dich1oride.l Since the evidence 
obtained from our work was in conflict with Pepper and Reilly's interpretation of the 
chemistry of the system, we decided to supplement our results by kinetic studies with 
methylene dichloride instead of 1,2-dichloroethane, so that mechanistic conclusions could 
be drawn from a self-consistent group of results, without any assumptions about the 
similarity of the solvents. 

EXPERIMENTAL 
Techniques.-Reactions were followed in an adiabatic calorimeter according to the 

procedure described.5 At the end of the polymerisations, the reaction mixture was quenched 
with ethanolic ammonium hydroxide and evaporated to constant weight in a vacuum oven 
at  40". 
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Materials.-Methylene dichloride 6 and perchloric acid were purified and dosed as described. 
Silver perchlorate (B.D.H.) was treated in vacuo for a few hours before use. l-Phenylethyl 
bromide (Eastman-Kodak) was fractionally distilled under high vacuum and the middle 
fraction was collected into breakable phials; since this compound undergoes a slow decom- 
position, yielding hydrogen bromide and styrene, when kept in bulk, solutions of it in methylene 
dichloride were prepared from the original phials by the tipping technique.' Styrene was 
purified,8 dried, and stored Shortly before use it was vacuum-distilled into 
breakable phials from a microburette. 

Determination of iWoZecular Weight.-Owing to the very low degree of polymerisation of the 
polymers obtained, molecular weights (M,) were determined with a MECROLAB Vapour 
Pressure Osmometer, model 301 A with benzene as solvent. For values of fifn ranging between 
400 and 2000 the reproducibility was &30 units. 

as described. 

RESULTS 
Catalysis by Perchloric Acid.-All reactions at  19, 0, and -19" were of the first order 

internally, up to at  least 90% conversion, and all went to completion. Details are given in 
Tables 1-3. The first-order rate constant, K,, is directly proportional to the acid con- 
centration as shown by the constancy of the values of k, = k,/[HClO& The Arrhenius plot 

TABLE 1 
Reaction data for experiments a t  19" & 0.5' 

[HClO4] o kl  k, 
(1. mole-1 sec.-l) Expt. ( 1 0 4 ~ )  (lo3 sec.-l) Mn 

SGP3 ................................. 4-30 4.53 540 10-53 
SGP4 ................................. 6-72 7.17 550 10.67 
SGP6 * .............................. 13.2 14-0 580 10.61 
SGP8 ................................. 18.0 19-3 690 10.72 - SGP7 t .............................. 18.0 10.0 590 - 

Av. 590 10.63 
[Styrene] = 0 .334~ .  

* Wet solvent (vessel pumped out for only a few minutes). t The acid phial contained approxi- 
mately 50% of HClO,,H,O (white crystals) and 50% HC10,; the actual [HClO,],, is therefore ca. 
9 x 1 0 - 4 ~ .  

TABLE 2 
Reaction data for experiments a t  0" f 0.5" 

[Styrene] [HClO,], k2 k* 
Expt. (M)  ( ~ O * M )  (lo3 sec.-l) M ,  (1. mole-' sec.-l) 

SGP9 ........................ 0.334 17.2 4-60 790 2-67 
SGPlO ........................ 31.0 8.25 830 2.66 
SGPl l  ........................ Oei'34 55.5 14.7 2.65 
SGPl l  * ..................... 0.132 54-9 14.2 710 2-59 

* Second addition of styrene. 

TABLE 3 
Reaction data for experiments a t  -19" f 0.5" 

[Styrene] [HClO,], k l  k?? 
Expt. (4 (lo4 M) (lo3 sec.-l) &In (1. mole-l sec.-l) 

SGPl9 ........................ 0.226 23-0 1.38 1340 0-600 
SGPl4 ........................ 0.264 73.0 4.4 1140 0-603 
SGP17 ........................ 0.236 91.5 5.5 1000 0.601 

for K ,  gave E, = 11.6 & 0.2 kcal. mole-1 and A,.= 8-9 x loe 1. mole-1 sec-1. Addition of 
further monomer at the end of the first polymerisation reaction resulted in a second polymeris- 
ation which had the same absolute rate constant (Exp. SGPl1, Table 2). 

Water present in the monomer solution before the addition of perchloric acid did not affect 
the rate of polymerisation (Exp. SGP6, Table l), but if water was added to the catalyst solution 

13 W. R. Longworth, P. H. Plesch, and M. Rigbi, J., 1958, 451. 
A. Gandini and P. H. Plesch, J., 1965, in the press. 
R. 0. Colclough and F. S. Dainton, Trans. Furuduy SOC., 1958, 54, 886. 
A. Gandini and P. H. Plesch, J. ,  1965, 4865. 
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before the polymerisation, with consequent formations of HClO,,H,O, which is insoluble in 
methylene dichloride, only the anhydrous acid was found to be an active catalyst (Exp. SGP7, 
Table 1). 

During virtually the whole of the polymerisation the solutions remained colourless. A 
yellow colour always developed towards the end of the polymerisation; its origin and 
phenomenology will be discussed in the next Paper of this Series. No colour formation was 
observed if water was present a t  a concentration higher than that of the perchloric acid. 

DISCUSSION 
Mechamism.-We have shown 192 that, in the polymerisation of styrene by perchloric 

acid under the conditions reported here, the initiation reaction does not produce carbonium 
ions and that the monomer is polymerised by non-ionic chain carriers. Since the most 
likely non-ionic reaction product formed from perchloric acid and styrene is the ester 
1-phenylethyl perchlorate we attempted its preparation in order to try it as catalyst for 
the polymerisation of styrene. However, we found this ester to be unstable in methylene 
dichloride solution. It forms styrene oligomers, polystyryl ions, and perchloric acid, and 
the preparative technique and the mechanism of the reactions involved will be discussed 
in a Paper dealing with the spectroscopic behaviour of polymerising and polymerised 
systems. 

Since we could not prepare a stable solution of the ester, we attempted its preparation 
in the styrene solution to be polymerised. Silver perchlorate was dissolved in this and 
the reaction was started by the crushing of a phial containing 1-phenylethyl bromide 

Time CinJ 
A comparison between a perchloric acid-catalysed polymerisation (SGPl 1, Table 2) 

and one catalysed by an equivalent amount of 1-phenylethyl perchlorate (SGP.21). 
For SGP21: [Styrene] = 0-158~,  [CH,CHPhBr] = 5-56 x ~O-,M, [AgCIOJ 
N" 1 X 10-,M, T = 0" 

u indicates the crushing of the acid phial (SGP11) and of the 1-phenylethyl bromide 
phial (SGP.21); b and b' indicate the time at  which the colour appeared in the 
reaction mixtures. 

(under our conditions styrene was not polymerised by the silver perchlorate alone). The 
solutions became cloudy because of the formation of colloidal silver bromide, but no colour 
formation could be observed until the end of the polymerisation; then the solutions became 
yellow, very like the reaction mixtures in which perchloric acid had been used as catalyst. 
The ester was found to be as effective a catalyst as anhydrous perchloric acid. Equal 
concentrations of the ester and the acid produced very similar polymerisations as shown 
in the Figure; the accelerating parts of the curves obtained with the ester as catalyst are 
readily explained by the fact that the reaction between silver perchlorate and 1-phenyl- 
ethyl bromide is not instantaneous and therefore a steady increase in catalyst concentration 
characterises the first part of the polymerisation. 

The DP's of the polymers obtained from these experiments were the same as those of 
the polymers from the corresponding acid-catalysed reactions. 

The above evidence strongly suggests that the pseudocationic reactions involve the 
ester 1-phenylethyl perchlorate and its oligomeric homologues as catalyst. It also shows 
that the ester is only stable when an excess of styrene is present in the reaction mixture. 
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Spectroscopic and conductimetric studies on the present system confirmed this interpret- 
ation and indicated that at least four molecules of styrene are required for the stabilisation 
of one molecule of ester. Details of the experiments carried out to investigate the 
stoicheiometry of ester stabilisation will be given in a later Paper. The mode of this 
stabilisation is not clear a t  present and we do not known the location of the four styrene 
molecules with respect to  the ester. 

For the system styrene-perchloric acid-methylene dichloride we can now write the 
following reactions on the basis of what has just been discussed and of our findings on the 
state of perchloric acid in methylene dichloride solutions: 

( i )  Initiation 

(ii) Propagation 

ki 
5CgH8 + (HClOa),J4 (CH3*CHPh*O*CI03)-4CgH8 

kP 
(CH3*CHPh*O*CIO3)4CgH8 + CsHg __t (CH3*CHPh*CHz*CHPh*OnC103)-4CgH8 

The transfer reactions, undoubtedly important because of the low DP’s, were not 
studied in detail, but both double bonds and indanyl end-groups were detected from the 
ultraviolet and infrared spectra of the polymers. Most probably the two types of transfer 
studied by Pepper and Reilly lo are responsible for these groups: one dependent on 
monomer concentration, giving indanyl end-groups, and one which they termed spon- 
taneous transfer, giving terminal double bonds. Since these authors’ method could not 
distinguish between a truly unimolecular chain-breaking reaction and one which, though 
independent of monomer concentration, involved an unknown transfer agent, we prefer 
t o  call this second reaction non-committally ‘‘ monomer-independent .” We formulate 
these chain-breaking reactions as follows : 

( i i i )  Monomer transfer 
ktm 

CIHl 
(CH3CH Ph*[CH ZCH P h*],*CH z*CH P h*O*CI03)-4C gH 8 + CSH g 

CH3CHPh*[CHz.CHPh],*CH2*CH-CH2 + (CHS*CHPh*O*CIOJ-4C,H~ 
I 1  

b’”” 
( i  v) M o n om e r- i n d e p e n d e n t transfer 

kt 
(CH3.CH Ph~[CHzCHPh],*CHz~CHPh*OC103)-4C8H8 

CIH~ 
C H3.C H P h*[CH 8.C H P h1R.C H :C H P h + (CH 3.C H P h *OClO3)4C g H g 

This mechanism applies equally well, as we have shown,2 to the system styrene- 
perchloric acid-l,2-dichloroethane, studied by Pepper and Reilly and therefore replaces 
their interpretation based on carbonium ions. 

We propose to explain the mechanism of the propagation and transfer reactions in 
terms of even-membered cyclic transition states such as structure (I) for the propagation 
step (ii), structure (11) for reaction (iii), and structure (111) for reaction (iv). 

An analogous structural interpretation was recently advocated by us to explain the 

lo D. C. Pepper and P. J. Reilly, PYOC. Chem. SOC., 1961, 460. 

mode of catalytic dehydration of aromatic carbinols by acids.‘ 



4830 Pseudocationic Polymerisation of Aromatic OleJins. Part I 
The E'ect of Added Water.-The observation that traces of water do not influence the 

rate of polymerisation if the water is present in the reaction medium before the acid is 
added (Exp. SGPG, Table 2), indicated that: (a) The reaction leading to the formation 
of an ester is much faster than the addition of water to  HClO,; jb) the ester is fairly 
insensitive to quantities of water up to about 10 times its c~ncentration,~ i.e., hydrolysis 
under these conditions is negligible. On the other hand, if H,O+ClO,- is already present 
when the polymerisation is started, this is found to have no catalytic activity, most 
probably because it is insoluble in methylene dichloride (Exp. SGP7, Table 2). The 
destructive effect of water upon the carbonium ions formed at  the end of the polymerisations 
will be discussed in a future Paper. 

Kirtetics.-The facts that (a) the polymerisation reactions are of the first order 
internally, (b)  their first-order rate constant is directly proportional to the initial acid 
concentration, and (c) a second addition of styrene results in a second polymerisation with 
the same absolute rate constant of propagation, clearly suggests that we are dealing with 
stationary-state conditions. These facts, however, do not indicate whether this is of the 
First Kind (rate of initiation equal to rate of termination), or of the Second Kind (rapid 
and complete initiation, no termination). We have collected during the present work 
evidence which points unambiguously toward a stationary state of the Second Kind. 
Complete initiation is suggested by the twin experiments typified in the Figure; equal 
starting concentrations of ester and acid produce " carbon copy " polymerisations, Le., 
all the acid added reacts with styrene and an equivalent amount of l-phenylethyl 
perchlorate is formed. After one experiment, the polymerised mixture was shaken with 
aqueous ammonia, and the perchlorate-ion concentration in the water layer was determined 
gravimetrically; 85% of the initial acid could be accounted for. Tests for chloride and 
chlorate ions were negative. Because of the small quantities involved (1 mmole of acid 
was used) and the absence of the possible degradation products, we concluded that virtually 
all the perchlorate ion was still present a t  the end of the polymerisation and that this rules 
out termination reactions involving destruction of the perchlorate moiety. 

The kinetic equations for reactions (i)-(iv) can therefore be written as follows: 

Ri = ki [HC104]01/4 [MI5, fast and complete 
R, = k,  [HCIO,]o [MI = k,  [MI 
Rt = k b  [HClO,], 
Rtm = ktm [HC10,I0 [MI 

where [MI indicates the styrene concentration and [HClO,], is both the initial acid and the 
stationary ester concentration. 

Our kinetic results agree both qualitatively and quantitatively with Pepper and 
Rei l ly '~ ,~ if the comparison is made between solutions having the same dielectric constant ; 
thus for runs at O", the value of k,.predicted by Pepper and Reilly for our conditions 
(I/& = 0.117) is 2-6 1. mole-l set? which agrees with our results in Table 2. 

Since, however, we have disproved the chemical interpretation in terms of ions 
proposed by these authors we can conclude that the values for the rate constants and for 
the corresponding activation energies do not refer to cationic but to pseudocationic 
polymerisations. This distinction is most fundamental not only because of its chemical 
significance, but also because the two chain carriers, i.e., the carbonium ions and the ester 
molecules, exhibit a vast difference in activity, the former giving reaction rate constants 
several powers of ten higher than the latter.2 The true cationic polymerisation of styrene 
will receive our attention in a later Paper of this Series. 
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